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Dear Acta Biochmica Polonica community,

It is my pleasure to present this eBook compiling the manuscripts published
in Acta Biochimica Polonica in 2023 and 2024. This period was special for the
journal which joined Frontiers within the Publishing Partnerships program. This
collaboration has a significant impact on publishing the journal, by combining
the experience and expertise of editors with the excellent editorial service
provided by the publisher.

' would like to express my warm thanks to all the authors, editors, and reviewers
who have been contributing to Acta Biochimica Polonica. Because of their
passion, dedication and hard work it was possible to publish excellent papers
in virtually all fields of biochemistry in this broadly scoped journal, devoted to
all biochemical specializations, from gene expression regulation to medical
biochemistry, and from basic biochemistry to immunology.

Because of the broad biochemical scope of Acta Biochimica Polonica, this
collection contains papers representing a diverse range of topics, methods
and research subjects. However, all of these are connected to biochemistry,
as the common point of all articles included in this eBook.

After successfully joining Frontiers, we look forward to the continued growth
and impact of Acta Biochimica Polonica. | invite researchers, students and all
people interested in biochemistry to engage with the content of this eBook. |
hope you will enjoy reading the papers which can provide a field for discussion
and encourage starting new research in the fascinating field of biochemistry.

Grzegorz Wegrzyn
Editor-in-Chief
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The homochirality of biological molecules is one of the
basic mysteries of biogenesis. The predominance of L-
amino acids and D-hydrocarbons in living matter stands
in contrast to the chemical principle of symmetry be-
tween enantiomers. An answer to the puzzle needs to
include a plausible explanation of how the natural race-
mic balance was initially tipped in favor of one enan-
tiomer and how the initial tiny excess was amplified to
significant levels. It is also necessary to consider how the
imbalance was sustained from returning to a thermody-
namic equilibrium. This is a review of the main concepts
and observations, followed by a brief discussion.
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The processes by which life had arisen from nonliving
matter are almost certainly beyond our cognitive horizon,
but we can consider the milestone events that needed to
occur at the onset of life’s evolution. One of them is the
selection from the “primordial soup” of the enantiomers
that henceforth have determined life on Earth.

The biological predominance of L-amino acids and D-
sugars needs to be explained because it stands in con-
trast to the chemical principle of equivalence between
enantiomers (Fig. 1). As a rule, the chemical synthesis
of chiral compounds from nonchiral components re-
sults in a balanced mixture of enantiomers, known as
racemate. This natural balance was evidently broken in
the early days of life’s evolution on Earth, resulting in
the observed homochirality of biological molecules. By
an unknown mechanism, one enantiomer outweighed its
symmetric counterpart and then the initial imbalance was
somehow enhanced, leading to the near exclusion of the
other enantiomer. The predominance of L-amino acids
and D-sugars is found in all known life forms, indicating
that the initial enantioselectivity and the following enan-
tioenhancement must have occurred at the earliest stages
of life’s evolution.

Several models have been proposed of how the chem-
ical symmetry was broken. They use physical factors,
both internal and external to the molecules, probabilistic
effects that could break the symmetry and chemical pro-
cesses that could drive chiral resolution.

The purpose of this paper is to survey only the main
concepts and observations concerning enantioselectivity,
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and to consider how any emerging imbalance could be
sustained from returning to thermodynamic equilibrium.

Deterministic models rely on symmetry-breaking forces in
nature. The natural place to look for the origin of chiral
bias is the very fabric of nature, which is known to con-
tain a chiral component. One of the fundamental forces,
the weak interactions, violate parity-symmetry (Wu ez al,
1957). Weak interactions occur in the atomic nuclei, but
their effect permeates the electronic structure, modify-
ing its wave function and energy. Being chiral, the weak
interactions should stabilize one enantiomer and desta-
bilize the other (Fig. 2). This can possibly be detected,
but there are no conclusive obsetvations of such an ef-
fect (Avalos ef al, 2000). Initial theoretical calculations
yielded energies of approximately 10-* J/mol for simple
amino acids or sugars (Tranter, 1985; Tranter, 1987; Ma-
son & Tranter, 1985). Subsequent calculations on simple
molecules indicated that the effect could be as high as
10~ J/mol (Quack, 2002). This is taken as a free en-
ergy difference and corresponds to an excess of 100-10°
molecules of one enantiomer in a mole of the racemic
mixture, cotrelating to one molecule in ~10>-10'% (Ava-
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Figure 1. Biological molecules have distinct chirality.
Nucleic acids and carbohydrates (sugars) have the b-configuration,
while proteins have the L-configuration.
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Figure 2. Parity violating weak interactions break the mirror
symmetry in nature.

This is effectively demonstrated in particle physics but their effect
on the stability of small chiral molecules has only been estimated.
The electronic potential profile for enantiomers is not symmetric
but the predicted value of the parity violating energy difference
(PVED, A_E,) is very small, amounting to 10-"" J mol-".

pv el

los ez al., 2000). These amounts are orders of magnitude
below the statistical noise level; the Poisson noise is
8X%10" molecules per mole (Quack, 2012). To claim that
the weak forces are responsible for life’s homochirality
one would need to propose a mechanism zia which this
tiny difference could be amplified to give the observed
imbalance in life forms.

If the inner chirality of atoms is insufficiently chiro-
selective, one might look for external chiral factors that
could shift the balance between enantiomers in the “pri-
mordial soup”. Circularly polarized photons or spin-po-
larized cosmic particles have been considered, especially
those produced as a result of parity-breaking weak in-
teractions (Lee & Yang, 1956). Particles whose electric
vector spirals (clockwise or counterclockwise) along their
direction of motion are chiral in the same sense that
screws are right- or left-handed, and when they inter-
act with matter, they are absorbed differently by differ-
ent enantiomers. It was proposed that photons resulting
from B-decay should be circularly polarized and could
have a stereoselective effect on organic matter (Vester
et al, 1959). A number of experiments were performed
to verify the Vester-Ulbricht hypothesis, leading to the
conclusion that this was not an effective mechanism for
creating a chiral imbalance. This was reviewed in (Bon-
ner, 2000).

To conclude, the parity-breaking weak interactions
would be the best natural candidate to explain the non-
parity of biological molecules, were it not for the very
large energy gap between the parity violating energy dif-
ference (PVED) and the energy regime of chemical in-
teractions. An extensive perspective on the issue of par-
ity violation in chiral molecules and its possible role in
the emergence of biological homochirality was published
recently (Quack e al., 2022).

Probabilistic models rely on chance events. To explain
the observed homochirality of biological molecules, the
models require two components: an initial breaking of
the balance between enantiomers (enantioselectivity), fol-
lowed by an amplification of the initial imbalance (en-
antioentichment). In this scenario, the initial imbalance
stems from random fluctuations at the molecular level,
followed by amplification #ia asymmetric autocatalysis in
which a chiral molecule assists its self-production (Mis-
low, 2003). Such autocatalytic reactions have been inves-
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Figure 3. Scheme illustrating an autocatalytic reaction, with an
“isotope enantiomer” stimulating the production of one enanti-
omer and inhibiting the other.

tigated by Soai and coworkers (Soai ez al, 1995; Soai ef
al., 1999). Once set in motion, these self-propelling reac-
tions could amplify a small initial imbalance between the
enantiomers. One scenario that was considered involved
“isotope chirality”, as the source of the initial imbalance.
Isotope chirality is a result of C substituting a '>C atom
in otherwise achiral organic compounds (Kawasaki ez
al., 2009). The authors demonstrated that the presence
of an isotope bestowed sufficient chirality on an achiral
compound to set off enantioenrichment in an autocata-
Iytic mechanism (Fig. 3). The question remains how to
achieve the necessaty initial imbalance between the “iso-
tope enantiomers”, even a tiny one, that could then be
amplified. The isotope substitution in a molecule appeats
to be random and therefore expected to result in a 1:1
racemic mixture.

The Soai autocatalytic reaction, using an isotopically
(3C/12C) chiral molecule as the initiator, was recently
used to estimate the amount of energy needed to trig-
ger enantioselectivity (Hawbaker & Blackmond, 2019).
Multiple runs of the reaction were performed at vatious
dilutions of the initiator to assess its threshold concen-
tration sufficient to break the balance between the pro-
duced enantiomers. The threshold enantiomeric excess
for the initiator was estimated to be between 1 and 0.1%
of the initiator molecule. The authors then turned to
stochastic simulations to estimate the amount of energy
required to break the balance between the enantiomers
under autocatalytic conditions and they obtained values
between 1.5X107 and 1.5X10-% kJmol-!. This energy is
five to seven orders of magnitude larger than the cur-
rent estimates of PVED quoted in the previous section
(Quack, 2002), confirming that the weak forces were
unlikely to be the cause of biological homochirality. On
the other hand, this symmetry-breaking energy threshold
also is unlikely to be achieved by chance in the stochas-
tic scenario. Thus, the probabilistic models also have a
problem with delivering the necessary initial imbalance
which could then be amplified #iz an autocatalytic chain
reaction. Stochastic events tend to balance out, and if,
by chance, an imbalance between enantiomers arises at
some place, it is likely, that a compensating imbalance
arises somewhere else. To circumvent this, the size of
the “pool of the primordial soup” could be reduced,
and then the number of possibilities would be reduced.
Therefore, a fluctuation would have a better chance of
not being canceled out by another fluctuation in the op-
posite direction. However, reducing the size of the pool
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Figure 4. Chiroselective self-assembly leading to independently
evolving “libraries” of polymers having different chiralities. As
the populations evolve, they begin to differ. Eventually, homo-
chiral “winner sequences” emerge from one of the libraries.

also reduces the chance of a significant fluctuation oc-
cutring in the first place.

Another approach to breaking the symmetry of the
primordial racemic soup relies on the “chiroselective
self-assembly” of nucleobase sequences. In this model,
the chiral templates facilitate the synthesis of more oli-
gomers of the same chirality. In time, the L- and D-li-
braries grow and evolve independently. Eventually, they
diverge because the number of possibilities is greater
than what is able to be obtained in the limited pool of
resources. Eventually, “winner sequences” emerge in one
of the libraries, having no symmetric equivalents in the
other library (Fig. 4). Thus, homochiral seeds of biologi-
cal molecules could arise (Bolli ¢# al., 1997).

CRYSTAL-BASED MODELS

Some of the proposed models for enantioselectiv-
ity and enhancement rely on crystallization. Crystals be-
gin as seeds consisting of a small number of molecules
and grow as regular lattices, often reaching macroscopic
dimensions. Thus, crystallization can be considered a
means to amplify interactions occurring at the molecular
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Figure 5. (A) When crystals grow from a solution of a racemate,
they can be either racemic compounds (containing both enan-
tiomers) or conglomerates (enantiomers form separate crystals).
In specific cases, conglomerates can be nudged to homochiral-
ity by a physical factor (see text). (B) In racemic compounds,
the enantiomers sometimes pack asymmetrically, which means
that they can differ significantly in their structures and lattice
contacts in the crystal (see Kiliszek et al., 2021). (C) Section of
electron density (blue contours) of the crystal structure reported
by Kiliszek and others (Kiliszek et al., 2021), showing asymmetry
between the L- and D-RNA oligomers, with major differences in
their interactions with the solvent and crystal lattice contacts.
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level up to the macroscopic scale. Due to its amplifying
effect, crystallization is analogous to autocatalysis.

A racemate can crystallize in two different ways,
forming either separate crystals of L- and D-enantiomers
(“conglomerates”) or crystals containing both enantiom-
ers (“racemic compounds”) (Fig. 5A). In themselves,
these crystals do not change the enantiomeric balance,
but some mixtures of conglomerates can be nudged to
homochirality by a physical factor, such as stirring or
heating. This is possible under specific conditions. One
condition is that the compound remaining in the lig-
uid phase can undergo racemization, which enables the
shifting of the balance between the I- and D-crystals
(Kondepudi e al, 1990). Another possibility exists for
nonchiral molecules that can form chiral conglomerates
(Viedma, 2005).

With racemic compounds, the main concept is that
crystallization removes equal amounts of L- and D-mole-
cules from the solution. Therefore, any initial imbalance
in the quantities of the enantiomers is enhanced in the
liquid phase (Klussmann ez al., 2006; Breslow & Levine,
2006). For this model to work, a preexisting imbalance,
however small, is needed.

EXPERIMENTAL REPORTS

A number of research papers have been published
that report on observations considered to be significant
deviations from parity, with implications for the origin
of biological homochirality. In a study published in 1999,
crystals were grown from racemic solutions of sodium
ammonium tartrate as well as chiral complexes of cobalt
and iridium (Szab6-Nagy & Keszthelyi, 1999). The crys-
tals were collected, dissolved and the optical activity of
the resulting solution was analyzed, showing a chiral bal-
ance in the tartrate but an imbalance in the heavy metal
compounds. This result indicated that from the balanced
enantiomeric mixtures of the Ir and Co compounds, one
enantiomer crystallized more easily than the other. This
was interpreted as a sign of the parity-violating weak
forces biasing the intermolecular interactions. The au-
thors stated that “there is hope of detecting parity-vio-
lating energy difference in crystallization because macro-
scopic crystals consist of a large number of molecules”.
Further statistical analysis showed that the asymmetry
of the Ir data was significant, while the effect for Co
was inconclusive; thus, it could not be ruled out that the
observed effect was due to other factors (Avalos et al,
2000).

A paper from 2006 describes a study of L- and D-
polypeptides in solution by means of circular dichroism
(CD) and isothermal titration calorimetry (ITC) (Scolnik
et al., 2006). Subtle differences in the helix-coil transition
energies of the different enantiomers were reported. The
authors argued that the tiny effect of parity-violating in-
teractions could be amplified in the cooperative process
of helix formation. They also proposed that the o750 spin
isomers of H,O, having a magnetic field, could have a
preference for interacting with the L-polypeptides due to
their magnetic component induced by the weak forces.
A related work from the same research group reported
differences in solubility between L- and D-tyrosine, dis-
cerned by their rate of crystallization (Shinitzky es al,
2002; Deamer ¢# al, 2007). The authors suggested this
was due to the energy differences originating from parity
violation. This was challenged by (Goldberg, 2008), who,
having performed a series of crystallization experiments,
concluded that the difference “is the result of a diastere-
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omeric interaction between an airborne, non-racemic,
chiral influence — probably a fungal spore — and the ty-
rosine enantiomers, enhancing the degree of crystal nu-
cleation of D-tyrosine over L-tyrosine”. Another critique
came from (Lahav e al., 2006), who repeated the crystal-
lization experiments in their lab and observed that “sam-
ples provided by Shinitzky indeed displayed the effect he
reported in his article, however, their results could not
be repeated with samples obtained from other sources”;
thus they concluded that the observed bias was most
likely caused by impurities in the samples. In response
to this, the Shinitzky group published “Comments in a
Discussion”, in which they acknowledged impurities as
a major problem in their experiments aimed at pinpoint-
ing a very small effect (Shinitzky & Deamer, 2008). They
concluded that it would be easier to look for any parity
violating effects “in bulk phases, rather than in dynamic
processes such as crystallization” and referenced papers
reporting a Raman spectroscopic study of L- and D-RNA
oligomers in solution (Bolik e# a/, 2007) and a CD study
of L- and D-polyglutamate undergoing temperature-de-
pendent helix-coil transitions (Kodona e af, 2008). The
authors of both of these papers attributed the observed
differences to parity-violating weak interactions.

A more recent report describes a study of crystal-
line D-alanine by means of Raman scattering and neu-
tron powder diffraction (Belo ef al., 2018a). The authors
claimed to have observed significant differences in the
hydrogen bonding in comparison with L-alanine. Their
results were challenged by (Birgi & Macchi, 2018) who
raised a number of methodological objections and then
stated that “the conclusions drawn by Belo e al. are
deemed inappropriate as the data presented do not con-
tain sufficient information to reach such a conclusion”.
They added that the same objections also applied to the
Raman spectroscopic study (see the paragraph above) of
RNA oligomers (Bolik e a/, 2007). In response, Belo
and others (Belo e al, 2018b) denied that they had
drawn any conclusions concerning the parity-violating
energy difference in their original paper and added that
“properties of L- and D-alanine, and the L- and D-amino
acids in general, are a fascinating and important area of
study for our understanding of nature, irrespective of
whether they are related, or not, to the weak nuclear
force and parity violation.”.

A recent paper reported a crystal structure with
clear differences between the L- and D-enantiomers
of an RNA oligomer (Kiliszek es al, 2021). The enan-
tiomers assembled in the crystal in an asymmetric man-
ner (Fig. 5B), made different lattice contacts and had
different exposures to the water and metal ions present
in the crystal (Fig. 5C). Crystals in which enantiomers
are not constrained by crystallographic symmetry are
known as kryptoracemates; these have been observed in
small-molecule crystallography and represent irea 1% of
structures in which enantiomers are cocrystallized (Clev-
ers & Coquerel, 2020). These crystals could be relevant
to the issue of biological enantioselectivity/deracemiza-
tion because enantiomers exposed to different environ-
ments should have different stabilities. Consequently,
different amounts of L- and D-molecules will remain af-
ter a certain time. Two types of such RNA-containing
kryptoracemates were obtained, being mirror images of
each other; therefore, in large volumes, their effects on
the balance between the enantiomers should average
out. However, in small volumes, with a small number
of crystals, or perhaps just one crystal, the chances of
a significant imbalance developing between enantiomers
are greatly increased. The authors noted that this model

required no initial imbalance between the enantiomers,
as both enantioselection and enantioentichment were in-
cluded in the model; the crystal lattice provided a stable
asymmetric environment for the enantiomers, while crys-
tal growth amplified the effect up to the macroscopic
scale.

Another recent paper describes the crystallization of
ribo-aminooxazoline, an RNA precursor, on uniformly
magnetized surfaces, demonstrating a significant enan-
tioselective effect under some conditions (Ozturk e al,
2023). The authors discuss possible scenarios of enan-
tioenrichment occurring on the surface of magnetized
sedimentary rocks on the prebiotic Earth. Small magnet-
ite particles can sediment uniformly even in the Earth’s
weak magnetic field.

DISCUSSION

The formative events that defined life’s basic charac-
teristics, including the chirality of biological molecules,
are shrouded in the distant past. We may never know
exactly how life developed on Earth, but we can make
informed retrospective speculations based on our knowl-
edge of life’s present form and the knowledge of uni-
versal mechanisms that govern life’s processes. The
natural candidate for tipping the balance of a racemic
“primordial soup” toward homochirality would be the
chiral weak force, but it appears that the energy it im-
parts on molecules is orders of magnitude less than what
is needed for a significant effect on chemical processes.
Chance fluctuations have larger amplitudes locally but
tend to average out over space and time. We simply do
not know an enantioselective process that would deliver
a significant effect. Therefore, we need a massive ampli-
fication mechanism to turn any slight, innate or transient
imbalance into a dominant form. One possibility is an
autocatalytic process or rather some yet unknown “series
of persistent chemical and physical processes that act
synergistically and stepwise” (Hawbaker & Blackmond,
2019). The other possible means of “enantioenrichment”
is crystallization. Two models contain both of the re-
quired steps of enantioselection and enantioenrichment:
the evolutionary model of template-based “chiroselective
self-assembly” (Bolli e/ al, 1997) and the model based
on the crystallization of kryptoracemates (Kiliszek e al,
2021).

The deterministic and probabilistic models are differ-
ent in nature but share a common aspect: both operate
on an infinitesimal scale, meaning that the probability of
a significant outcome of their action is also low. Chiral
resolution (enantioselection) was an unlikely event. After
the racemic balance was tipped, the initial small excess
of one of the enantiomers was expanded (enantioenrich-
ment) by one of the proposed mechanisms or by some
other mechanism that remains unknown. Notably, how-
ever, such an expansion, even if significant, is still in-
sufficient to explain the persistence of the enantiomeric
imbalance over time. A lasting imbalance needs a mecha-
nism to support it. Otherwise, the system will sponta-
neously return to thermodynamic equilibrium, while
entropy is maximized. For instance, we can envision a
scenario in which a minute initial excess of one enanti-
omer is greatly expanded by some autocatalytic mecha-
nism. A significant imbalance appears, but there is no
reason why a corresponding autocatalytic reaction should
not also occur for the other enantiomer. At best, we can
get a head start in multiplying one enantiomer before
the symmetric process undermines the imbalance. The

20
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Figure 6. Result of enantioselection and enantioenrichment has
to be sustained from returning to a thermodynamic equilibri-
um. Living organisms are well suited for maintaining a nonequi-
librium thermodynamic state. It is probable that an enantioen-
riched solution evolved in or was engulfed by a primordial liv-
ing organism or some other dissipative thermodynamic system,
and thus it was stabilized.

likely result is the reestablishment of an equilibrium. To
maintain an imbalance, a cascade of processes, such as
the autocatalytic reaction is needed, and this is even less
likely to occur than a single such event. An alternative
way to maintain a thermodynamically unfavored state is
to establish a lasting nonequilibrium thermodynamic sys-
tem with a continuous flow of energy and matter. Life is
such a system. Therefore, it is possible that the enanti-
oselection and enantioenrichment were closely knit with
the emergence of early life in which the imbalance was
promptly embedded and has been sustained ever since

(Fig. 6).
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In the recently published article by Koza et al. (SAGE
Open, 2023, 13, doi: 10.1177/21582440231177974), the
authors analyzed the academic promotion system in Po-
land between 2011 and 2020. They concluded that “the
Polish system of academic promotions in the past dec-
ade can hardly be regarded as based on pure merit”,
suggesting the impropriety, based on the participance
of the members of the Central Board for Degrees and Ti-
tles in panels of experts evaluating the applications. Bio-
chemistry was provided as a research discipline in which
such an “impropriety” was the most pronounced, though
other disciplines were only slightly less “improperly af-
fected”. Although the calculations presented by Koza
and others (Koza et al., 2023) were proper, their conclu-
sions were affected by fundamental errors in assessing
the roles of the panelists and misinterpretation of the
data. The drawbacks of the interpretations of the facts
and in drawing conclusions are presented and discussed
in this paper, underlining the necessity of being very
careful when assessing any phenomenon and concluding
about any mechanism. Indeed, only very well substanti-
ated conclusions, strongly supported by objective data,
should be published. This rule is very well known in
biochemistry and other exact and natural sciences, and
should be mandatory in all other research disciplines.

Keywords: academic promotions, biochemistry, Poland

Received: 06 June, 2023; accepted: 06 June, 2023; available on-line:
06 June, 2023

=e-mail: grzegorz.wegrzyn@ug.edu.pl

INTRODUCTION: THE ANALYSIS OF THE ACADEMIC
PROMOTION SYSTEM IN POLAND, PERFORMED BY
KOZA ET AL. (2023)

There are various systems of academic promotion op-
erating in different countries. Their analyses might show
interesting processes, and could indicate strengths and
weaknesses of such systems which then could be im-
proved.

The academic promotion system, used in Poland be-
tween 2011 and 2020, was recently analyzed by Koza
and others (Koza es al, 2023). The authors presented
the system, based on two degrees, PhD and habilitation,
and the title of professor. During the analyzed period of
time, the procedures of academic promotions were over-

22

seen by the central (national) body called Central Board
for Degrees and Titles (henceforth Central Board). In
habilitation procedures, the crucial role was played by
the habilitation panel, composed of the president, secre-
tary, three reviewers, and two ordinary members. In the
procedures of processing the professorship applications,
the Central Board indicated five reviewers.

The analysis of the members of habilitation pan-
els and reviewers of the professorship applications, led
Koza and others (Koza ez al, 2023) to the conclusion
that “the Polish system of academic promotions in the
past decade can hardly be regarded as based on pure
merit”. In their opinion, members of the Central Board
were too often members of habilitation panels, and thus
they “controlled a substantial majority of academic pro-
motions beyond the PhD degree”. They also stated that
they “found that this relatively small group of academ-
ics held dominant control over academic promotions by
repeatedly serving on promotion panels”. The analyses
presented in their article indicated that biochemistry was
one of the most “affected” research disciplines, and the
members of the Central Board were present in 100%
habilitation panels, mostly as presidents of these panels
(Supplementary Table S3 in Koza et al., 2023). Never-
theless, a similar tendency was observed in most other
disciplines (Koza ez al., 2023).

The above-mentioned conclusions might indicate that
the Polish academic promotion system “is appropriated
by the so-called old boys”, and that there are mecha-
nisms “used to distribute power and prestige among
those old boys”. Such conclusions are strong, but the
question is whether they are substantiated. Unfortunate-
ly, the analysis of the work by Koza and others (Koza
et al, 2023) indicated that the authors made several fun-
damental errors in interpretation of the data and even
in describing the system which severely influenced their
conclusions, making them unsubstantiated. Below, I will
present the most important errors showing the cru-
cial problems with the above-mentioned conclusions. I
suppose that as a former member of the Central Board
(abbreviated by Koza and others (Koza er al, 2023) as
‘CK’) and current President of the Research Excellence
Council (the successor of the Central Board), I have a
sufficient knowledge about the system of academic pro-
motion in Poland and I am qualified and commissioned
to professionally comment on the work analyzing this
system.
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MAJOR ERRORS, MISINTERPRETATIONS, AND
UNSUBSTANTIATED CONCLUSIONS

Let me describe shortly the major weaknesses and
drawbacks of the analyses performed by Koza and oth-
ers (Koza et al., 2023). First, the authors informed that:
“CK members are elected by other senior academics”
seemingly overlooking that the members of the Central
Board were chosen by other researchers in the proce-
dure of democratic election form all scientists with the
title of professor. It should be highlighted that in each
research discipline all scientists with the title of profes-
sor could cast their votes. Therefore, one should assume
that they were recognized as leaders in specific research
disciplines, and persons who are able to oversee the aca-
demic promotion processes objectively. In other words,
they obtained the mandate of trust as scientists who
were elected to ensure the correctness of the procedures.
Koza and others (Koza ¢z al., 2023) did not mention that
this relatively small group of persons was responsible for
proposing reviewers for all habilitation and professorship
procedures which was an especially hard and responsi-
ble task. If so, this may put the members of the Central
Board in a different light, in contrast to the statement of
Koza and others (Koza ¢f al., 2023) suggesting that they
were the group of “old boys”, keeping the strong power
in their hands, and acting for their own purposes. I my
opinion, this is a totally improper suggestion, presented
by Koza and others (Koza et al, 2023). Members of
the Central Board had no interest in promoting one re-
searcher and declining application of another apart from
ensuring that all requirements for the promotion are ful-
filled to guarantee that academic degrees and titles were
awarded to researchers having appropriate achievements.
In contrast, the “old boys” model should only be valid
if the members of such a group had personal interest in
making specific decisions.

The errors found in the paper by Koza and others
(Koza et al., 2023) include even a wrong description of
the habilitation panel (further used as the major mod-
el in their analyses). They wrote “Of these seven panel
members, three were pre-selected by the degree-granting
university: the secretary, one of the referees, and one or-
dinary member” which is true. However, in the next sen-
tence they stated: “The CK selected the other four: the
chair, two referees, and two ordinary members” which
is an evident error, as 1 chair, 2 referees, and 2 ordinary
members would mean five, not four, members selected
by CK. Obviously, this error is not crucial for further
analyses, but indicates imprecision and inattention of the
authors in performing and describing their work.

The serious erroris, however, a lack of the information
that each member of the panel had a single vote, and
all these votes were equivalent during the procedure of
making the final decision. In other words, after analyzing
all the habilitation documents and thorough discussion
during the panel meeting, the decision was based on
voting of seven members of the panel, and the results
dependent solely on the number of voices “for” and
“against”, without any “weights of votes”, i.e. the power
of each vote was exactly the same. Moreover, written
evaluations, presented by reviewers, and oral opinions
presented by other members, had to be seriously con-
sidered, thus, any single vote could not easily change the
opinion of the whole panel. This also indicates another
serious oversight of Koza and others (Koza ef al., 2023).
The voting system determined that ecach member of the
habilitation panel had to carefully analyze all documents
submitted by the candidate and evaluate his/her achieve-

ments, irrespective of the formal function played in the
panel (president, secretary, reviewer or ordinary mem-
ber — the only difference was that reviewers were obli-
gated to write formal evaluation reports, whereas other
members should present their opinions during the panel
meeting).

Koza and others (Koza ez al., 2023) strongly criticized
the fact that members of the Central Board were often
presidents of habilitation panels. In their opinion “This
level of concentration of power is made possible by the
high degree of centralization in the Polish system of
academic promotions, with just a handful of influential
players (or, in extreme cases, just a single individual) be-
ing in control of academic promotions in a given dis-
cipline”. In the light of the procedure described in the
preceding paragraph, such a statement does not make
sense, as being one of seven (equal) members of the
habilitation panel it is not possible to control the aca-
demic promotion. The authors wrote “We have shown
that being selected to a panel of judges is positively re-
lated to membership in a central administrative body”.
Yes, this is true, and it was also reflected by the statisti-
cal analyses performed by Koza and others (Koza et al,
2023). However, this fact has never been questioned or
hidden. In contrast, it was a common decision of the
Central Board to select their members as presidents of
most of the habilitation panels. However, this was not
to “control the academic promotion” in the sense of ar-
bitrary decisions who should be promoted and who not,
but to help the panels to properly analyze achievements
of the candidates in the light of the obligatory rules and
required criteria which should be met. Actually, this is a
very responsible job which requires from the president
of the panel not only high competence in the specific re-
search discipline but also knowledge about the necessary
procedures and specific criteria in the process of award-
ing the habilitation degree. Therefore, the statement of
Koza and others (Koza ef al, 2023) that the role of the
president of the panel is “least absorbing yet most pres-
tigious (and influential) (...), as opposed to that of ref-
eree” is totally untrue. In fact, the Research Excellence
Council which replaced the Central Board, decided to
refrain from nominating its members as presidents in
most habilitation panels. However, this resulted in many
mistakes in the procedures and serious problems arising
from a lack of experience and required knowledge about
procedures by some presidents of panels who were not
involved in works of the Council or formerly of the
Central Board. Simply, some such presidents of panels
were high level experts in the specific fields, however,
they were not familiar with obligatory criteria and formal
rules. In fact, as researchers not formally involved in the
administrative procedures of the academic promotions,
they were not obliged to know details of such rules dur-
ing their daily work, contrary to members of the Central
Board or the Council. This can be another argument for
the importance of the role of the president of the panel
and can corroborate the validity of the previous decision
of the Central Board.

It is not my role to judge what was the reason of
such a false statement described by Koza and oth-
ers (Koza e al., 2023), misunderstanding of the proce-
dure or a lack of appropriate knowledge on roles of all
members of the habilitation panels. Nevertheless, such
a level of ignorance gives rise to serious doubts about
the quality of any conclusions about the academic pro-
motion system by the authors who either do not know
or do not understand the system. The claim about the
ignorance of the authors in this point is supported by
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their another statement: “The secretary was a crucial
role, because, despite being a glorified paper-pusher, it
was the secretary’s job to make sure the procedure ran
smoothly and conformed with the relevant laws and reg-
ulations”. Again, this statement is completely invalid. It
is true that the secretary’s role was extremely important,
not only because he/she should — like all other mem-
bers of the panel — analyze and evaluate the candidate’s
achievements, but also because of his/her responsibil-
ity to prepare all documents, like the protocol from the
panel’s meeting and the drafts of the final resolution and
its justification. However, “to make sure the procedure
ran smoothly and conformed with the relevant laws and
regulations” was the job of the president of the panel,
not the secretary. Thus, the suggestion of Koza and oth-
ers (Koza e al, 2023) that the members of the Central
Board selected themselves as presidents of habilitation
panels to occupy the position which was “least absorb-
ing yet most prestigious (and influential)” is totally false,
as actually the president’s role was one of the hardest
and most absorbing among the members of the panel.
This serious error of Koza and others (Koza e al., 2023)
can be corroborated by another statement of these au-
thors: “The easiest jobs were those of the chair and or-
dinary members, who were just additional voting mem-
bers of the panel”. As I mentioned above, all members
of the panel, including the president (the chair) and or-
dinary members, were obligated to thoroughly analyze all
the documents and especially the achievements of candi-
dates, as their votes were as strong as votes of reviewers.
Saying that they “were just additional voting members of
the panel” shows such a high level of ignorance of the
authors about the system they analyzed that in my opin-
ion they should never attempt to analyze it.

Another ridiculous suggestion found in the text of the
article by Koza and others (Koza e al., 2023) is that se-
lecting the members of the Central Board as presidents
of habilitation panels “might be related to the financial
remuneration received by all panel members”. It is true
that all members of the panel received financial com-
pensation for their work (a few hundred Euro per ap-
plication). However, this was just a remuneration for the
extra job which had to be done, and as indicated above,
this was neither easy nor quick work. Each member of
the panel was obliged to analyze all achievements of the
candidate which normally takes at least several hours (or
even a few days in the case of a more complex or dis-
putable application), and then a few hours for the panel
meeting. Suggesting that there was “money for nothing”
or “easy money” is simply absurd.
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CONCLUDING REMARKS

The Polish system of academic promotions is neither
easy nor perfect. It is obvious that detailed analyses of
the procedures are important and can indicate points
that should be improved. However, such analyses must
be professional and performed with care and deep un-
derstanding the problem if one should treat them seri-
ously. In fact, the statistical analyses performed by Koza
and others (Koza ¢ al., 2023) using data from academic
promotion procedures between 2011 and 2020 in Poland
were correctly performed and provided some interesting
results. However, the conclusions presented by the au-
thors were highly influenced by serious errors and misin-
terpretation of the data. The authors ignored significant
aspects of these procedures, and presented statements
and conclusions which were unsubstantiated and false, at
best. Therefore, the academic promotion system should
be deeply analyzed but with significantly more care and
with consideration of actual rules as well as roles played
by researchers involved in the procedures. Biochemistry
was indicated by Koza and others (Koza e al, 2023) as
a discipline which was the most severely affected by in-
adequate composition of the habilitation panels, never-
theless similar accusation was indicated for many other
disciplines. However, such an incrimination appeatrs un-
substantiated as it apparently arose from errors in data
analysis and ignorance of the authors in assessing the
roles of habilitation panels and their various members.
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Numerous Alpha-synuclein amyloid structures avail-
able in PDB enable their comparative analysis. They are
all characterized by a flat structure of each individual
chain with an extensive network of inter-chain hydrogen
bonds. The identification of such amyloid fibril structures
requires determining the special conditions imposed on
the torsion angles. Such conditions have already been
formulated by the Authors resulting in the model of ide-
alised amyloid. Here, we investigate the fit of this model
in the group of A-Syn amyloid fibrils. We identify and
describe the characteristic supersecondary structures
in amyloids. Generally, the amyloid transformation is
suggested to be the 3D to 2D transformation engaging
mostly the loops linking Beta-structural fragments. The
loop structure introducing the 3D organisation of Beta-
sheet change to flat form (2D) introduces the mutual
reorientation of Beta-strands enabling the large-scale
H-bonds generation with the water molecules. Based on
the model of idealised amyloid we postulate the hypoth-
esis for amyloid fibril formation based on the shaking,
an experimental procedure producing the amyloids.
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INTRODUCTION

Alpha-synuclein (A-Syn) is a protein whose biological
role and structural changes, despite advanced research,
remain to be identified (Burté ez af, 2018). The mutations
in A-Syn are considered as risk conditions (Ottolini e al.,
2017; Ghosh ez al., 2016). A large spectrum of forms of
A-Syn in the context of health and disease is discussed
in the paper of Lashuel and others (Lashuel e @/, 2013).
Post-translational modifications identified in neurode-
generation in patients with Parkinson’s disease concern
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the aggregation propensity of A-Syn (Beyer 2006). A sig-
nificant contribution of chaperones in the process of A-
Syn amyloid transformation is presented in the paper of
Burmann (Burmann e# a/, 2020). Thete is also a certain
degree of synergy between amyloid proteins, including
A-Syn and Tau, especially concerning land others iquid-
liquid phase separation (Guiney ef al, 2020; McDowall
et al., 2016). Difficulties in designing therapy arise from
the complexity of the amyloid formation mechanism
(Dehay et al, 2015; Sivanesam & Andersen 2016). De-
spite the failure to recognize the amyloid transformation
mechanism, analyses of the relationship between struc-
ture, function and toxicity are being conducted, focusing
on the pathogenesis mechanisms of the synucleopathies
phenomenon (Villar-Piqué ef al., 2016).

The transformation of A-Syn (described as a ‘native-
ly unfolded” monomer adopting an o«-helical secondary
structute only under the condition of binding to the li-
pid vesicles) into a highly B-structural one in the amy-
loid fibril is studied using many experimental techniques:
ultracentrifugation, z vitro cell-crosslinking and scanning
transmission electron microscopy (Bartels e al, 2011).
Adopting multivariate conformations identified under
diverse conditions, including complexing to nanoscale
surfaces, is treated as a potential way of targeting con-
formational plasticity (D’Onofrio e al, 2020). The A-Syn
affinity to the membrane and its ease of interaction is
considered a stimulus for therapy design (Bozelli e/ al,
2020; Kachappilly ez al, 2022). The concept of amyloid
transformation proposed for prion proteins is also being
considered (Lassen e¢f al., 2016.

Concentration-dependent transformation conditions al-
low the identification of the minimum concentration for
fibril production (Afitska ef al, 2019). This observation is
broadened by research on the impact of various types of
interphases on the reaction process, including air-water
and hydrophobic surface-water interphases (Ben-Amotz
2022; Schutzius ef al., 2015; Yi-Jie & Qu 2014; Eremin &
Fokin 2021; Kaplaneris et al, 2022; Ishiyama e al., 2022;
Gupta et al, 2022; Cannalire et al, 2022). The possibility
of transformation into an amyloid form — thus rich in
B-structure — as well as proteins with a high helical struc-
ture presence, is surprising in the first stages of these
studies (Jayawardena e¢# al, 2017). Another example here
may be A-Syn, which in 2/3 of the chain length in the
WT form exhibits a helical structure, with the remain-
der being a loose section with random coil configuration
(Ulmer et al, 2005; Tuttle es al, 2016). Considering the
breadth of literature on experimental studies, the avail-
ability of an increasing number of amyloid structures in
PDB resources makes it possible to analyse the structure
of amyloid fibrils as such (Goedert et al, 2017; Eisen-
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Table 1. Summary of the amyloids A structures discussed in this
paper (as available July 20, 2022).

The middle column shows the sections of the A-Syn chain present
in a given structure. In the case of superfibrils, the chain identifier
is provided, thus indicating the protofibril included in the analysis.
*In the case of 2NOA, only the fragment showing the fibrillar form
is included.

PDB ID Fragment Ref.

7LC9 - F 61-98 (Xiaodan et al., PDB)

6UFR 36-98 (Boyer et al., 2020)]

6A6B -C 37-99 (Li et al, 2018)

60S)J 37-97 (Ni et al,, 2019)

7NCG 37-97 (Loévestam et al., 2021)

6H6B 38-95 (Guerrero-Ferreira et al., 2018)
6FLT 38-95 (Guerrero-Ferreira et al., 2018)
6PEO 36-99 (Boyer et al., 2020)

6PES 36-99 (Boyer et al., 2020)

7NCH 14-25, 36-91 (Ni et al,, 2019)

7NCJ 14-25, 36-91 (Ni et al,, 2019)

7NCI 14-25, 36-91 (Ni et al,, 2019)

6XYO 14-94 (Schweighauser et al., 2020)
655X 14-25, 36-91 (Guerrero-Ferreira et al.,, 2019)
7NCJ 37-97 (Ni et al,, 2019)

7NCK 36-99 (Ni et al,, 2019)

6XYQ 14-94 (Schweighauser et al., 2020)
6L1U 1-100 (Zhao et al., 2020)

7NCA 37-97 (Ni et al,, 2019)

7LC9-A 46-96 (Xiaodan et al., PDB)

6L4S 45-99 (Zhao et al., 2020)

6LRQ 37-99 (Sun et al., 2020)

6CU7 38-97 (Li etal, 2018)

7L7H 36-79 (Hojjatian et al., 2021)

6SST 14-25, 36-96 (Guerrero-Ferreira et al., 2019)
60SL 39-97 (Li etal, 2018)

6L1T 1-100 (Zhao et al., 2020)

6XYP 14-94 (Schweighauser 72?

60SM 37-96 (Li et al., 2018)

6RTB 222_33355 6 (Guerrero-Ferreira et al., 2019)
7EOF 50-98 (Sun et al., 2020)

6CU8 43-83 (Li et al, 2018)

6RTO 14-25, 36-97 (Guerrero-Ferreira 2019)
7C1D 46-96 (Sun et al,, 2020

2NOA* 30-100 (Tuttle et al,, 2016)

berg & Sawaya 2017; Wei ¢f al,, 2020). Experiments con-
ducted in different environmental conditions indicate a
significant impact on the environment, and therefore, the
impact of external conditions (Ben-Amotz 2022; Sawaya
et al., 2021; Serpell 2000; Rana ez al, 2008; Lambley e/ al,
2020).

Identification of amyloid fibril structures as consist-
ing of chains with a planar structure requires determin-
ing the conditions that should be met in order to obtain

just such a form, additionally involving almost all C=0O
and H-N peptide bond groups in the construction of
the hydrogen bond network. Such conditions have al-
ready been defined when constructing a model of ide-
alised amyloid (Roterman e a/, 2022). The main aim
of the present study is to investigate the fulfillment of
the conditions formulated for idealised amyloid in the
group of A-Syn amyloid fibrils. We also describe the
specificity of the secondary structures in amyloids. The
primary specificity of amyloid structures is the flatness
(2D) of single-chain structures comprising fibrils with
a high presence of the B-structure. The combination of
several flat-structured chains in the B-form in a parallel
chain arrangement makes it possible to engage almost all
-N-H and -C=0 groups of peptide bonds in the con-
struction of inter-chain hydrogen bonds. Thus, it is pos-
sible that each amino acid — in the 7 chain — through
these groups participates in the construction of two hy-
drogen bonds (-N-H atoms engaged in the /-7-th chain
and -C=0O group with 7+7-th chain). It significantly sta-
bilizes the fibril structure, which is observed in experi-
ments. Such engagement is exhibited by amino acids in
the helix structure — with H-bonds oriented parallelly
and B-structure — with H-bonds oriented antiparallelly.
However, globular proteins contain chain fragments in
which H-bonds are not generated — like loops and twists
in hair-pin structures (Roterman e al, 2022; Roterman
1995). Additionally, the helical form introduces the struc-
ture’s spatiality (3D), while in theory, the B-structure has
the potential of unlimited propagation in a linear form
and, in the case of B-sheet, in 2D form as a flat plate.
The B-sheet structute — can be generated by different
sections of the same chain with different amino acid se-
quences, while in the amyloid, the B-sheet is formed as a
result of a combination of sections of the same sequence
originating from many adjacent chains in parallel mutual
orientations.

It is shown in this paper that the flat structure of the
chain can be reached for B-structural fragments repre-
senting special Phi, Psi angles with bends introduced by
single R- or L-helical conformation. The identification of
such an organisation in polymorphic forms of A-Syn is
shown (Peng et al, 2018). Two reference non-amyloid
proteins: all-helical and all-8-structural — are also present
in the analysis to verify the proposed model.

The role of a-sheet in amyloid construction in com-
parison to Beta-structural-based amyloids is also dis-
cussed (Prosswimmer & Daggett, 2022; Lee ¢/ al., 2002;
Trexler & Rhoades E. 2012; Balupuri et al. 2019, Milner-
White ez al, 2006, Hayward & Milner-White 2021). The
hypothesis of the external force field of 2D form influ-
ence of flat structure construction is presented with the
main role of loops linking Beta-structural fragments of
chains in native structures of proteins is presented.

Moreover, based on the already proposed model of
idealised amyloid we postulate the hypothesis for amy-
loid fibril formation.

MATERIALS AND METHODS

Data

The structures of A-Syn amyloids (as available in PDB
July 2022) analysed in this paper are provided in Table 1.
Two reference proteins are present in the analysis: the
GPCR bovine rhodopsin (PDB ID 1GZM — (Li ez al,
2004)) mainly Alpha Up-down bundle (CATH classifica-
tion 1.20.1070.10) representing the structure dominated
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by helical form and a FeS cluster assembly protein SufD
from Escherichia coli (PDB ID 27U0 (Wada et al, 2009))
The structure of the second protein is characterised by
the presence of large domain build by almost all Beta-
structural form.

The torsion angle-based relationship characterizing the
amyloid structures

The specificity of amyloid structures is, apart from a
high presence of 8 structure, the flatness of every sin-
gle chain, a component of the fibrils. The planarity of a
polypeptide chain (i.e. its linear propagation) is provided
by the rectilinear B-segments (satisfying the Psi=—Phi
condition) together with single R-a or L-a helical con-
formations which introduce a local bend while maintain-
ing a flat structure. Those single helical conformations
are characterized by the Psi=Phi condition. This is why
those two characteristics can be put in the common ex-
pression |Psi|=|Phi| constituting the basis of the mod-
el of idealised amyloid (described in detail in (Roterman
et al., 2022).

Quantification of the fit of the idealised amyloid model

The |Psi|=|Phi| relationship of idealised amyloid is
assumed here as the hypothetical criterion for amyloid
structure identification. The closer to this relationship is
the distribution of (Phi, Psi) angles, the more probable
the construction of a flat structure.

To enable the assessment of the degree of fit of the
idealised amyloid model, the operation of replacing the
Phi and Psi values with |Phi| and |Psi| respectively is
performed. This leads to a situation where all three lines
are in a common position (see the illustration in Figure
3 based on the amyloidogenic fragment (30-100) of the
2NOA).

The degree of fit of chain’s (Phi, Psi) angles to the
model of idealised amyloid is measured by a Pearson
correlation coefficient:

3% - F v, -7
C = i=1

D NCEE M) NOEE,

where x; stands for |Phi| and y, stands for |Psz|.

The correlation coefficient CC for the (|Phi|,|Psi|)
angles of residues in an analysed chain was calculated in
the following cases:

For all residues in an analysed chain (coefficient
marked as CC-0).

For the residues after elimination of outstanding
points: i.e. by eliminating them until a value of 0.8 is
reached (coefficient marked as CC-F).

For the residues participating in B-strands and satisfy-
ing the condition |Psi|=|Phi| with a tolerance of = 10
deg distance from |Psi|=|Phi| line (coefficient marked
as CC-B). Residues with a high CC-F coefficient value
are identified as responsible for the stabilization based
on a hydrogen bond network.

The described type of analysis will be used to identify
the amyloid form providing the maximum proportion
of residues with a conformation satisfying the condition
| Psi|=|Phi].

The polypeptide’s geometry-based model

This model has already been described on many occa-
sions (see for example Roterman 1995). Here, only the
basic assumptions facilitating an interpretation of the dis-
cussed results will be recalled. The main idea is to rep-
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resent the structure of the polypeptide chain using two
geometrical parameters. One of them is the curvature
radius R which is low and well-defined for the helical
structures and very large (theoretically infinitely large) for
the B-structures (straight line for certain Phi, Psi angles).
The value of the curvature radius is the result of the mu-
tual orientation of two neighbour peptide bond planes
expressed by the angle between two peptide bond planes
versus the axis defined by virtual Ca-Co bonds. This an-
gle — called the V-angle — is close to zero (parallel mutu-
al orientation) for helical forms and close to 180 deg for
the B-structure (anti-parallel mutual orientation) (Fig. 1).
There is one special B-structure with a V-angle=180 deg
which produces an ideal straight line (Fig. 1B).

Figure 1. The hydrogen bond system (marked with red arrows):
A - parallel in helical form, B - antiparallel in B-structural forms.
The arrows just simply visualise the mutual orientations of hydro-
gen bonds.

Programs used

To visualise the 3D structures of discussed proteins
the progtam VMD was used (https://www.ks.uiuc.edu/
Research/vmd/accessed July 2022; Humphtey e al,
1996).

RESULTS

General characteristics of secondary structures in
amyloids

In this section, the general characterization of amyloid
secondary structures based on the proposed earlier mod-
el of idealised amyloid will be presented,

The basic feature of amyloids is the flatness of the
structure of single chains that make up the fibril. The
planar amyloid structure of each polypeptide chain in
a fibril is stabilized by a specific system of hydrogen
bonds. In the B-structure with the Psi=—Phi conforma-
tion (corresponding to the idealised amyloid), each ami-
no acid participates in the construction of two hydro-
gen bonds with the adjacent chains. The arrangement of
the chains is parallel, which causes residues from corre-
sponding positions from adjacent chains to interact with
each other. Such a structure ensures the maximum use
of hydrogen bonds, thus providing much stability. Rec-
tilinear chain segments are terminated by single residues
with R- or L-helical conformation. A single residue with
such a helical conformation does not disturb the planar
structure, changing only the turn by introducing a bend
(Fig. 2B). The presence of two residues with such a con-
formation introduces a three-dimensional arrangement
disturbing the planarity (Roterman e al., 2022).

Introducing such a single residue with helical con-
formation results in a change of hydrogen bond order-
ing. In contrast to a helical structure (which represents
a parallel hydrogen bond system — see Fig. 1A), in the
ideal B-structure, the arrangement of hydrogen bonds is
antiparallel (Fig. 1B). A single residue with the R- or L-
helical conformation introduces a local perturbation to
this arrangement changing it to a parallel one.
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Figure 2. The B-structure propagation:

A - a hair-pin system, B — amyloid. The bend in the form of a hair-
pin engages four residues with N-H and O=C groups - H-bonds
system locally absent and introduces spaciousness. The one heli-
cal residue in the B-structural chain introduces a bend maintain-
ing the flat structure of the chain and additionally continuing the
system of H-bonds. The fragment presented in B is the fragment
36-53 of the A-Syn chain in amyloid form (PDB ID 2NOA)

2NOA 30-100
180 180

2NOA 30-100

IPsi|

Figure 3. Ramachandran map with the superimposed (Phi, Psi)
angles from the A-Syn amyloid (A) and after transformation
based on the absolute value of torsion angles (B).

The points representing the residue conformations in the fibrillar
sections are marked in navy blue. (30-100 aa).

w

Figure 4. Section 36-53 of the A-Syn chain present in amyloid
form (PDB ID 2NOA) in two perspectives.

Residues marked as red - single helical conformations introducing
the bend in chain propagation.

The planatity of a polypeptide chain (i.e. its linear
propagation) is provided by the rectilinear [3-segments
(satisfying approximately the Psi=—Phi condition) togeth-
er with single helical conformations meeting the Psi=Phi
condition (Fig. 4).

In contrast to the above-described structure present
in amyloids, changing the turn by means of hair-pins
(Fig. 2A) engages more than one residue (most fre-
quently 4 residues) and introduces spatiality. Moreover,
the mutual orientation of residues in the hair-pins does
not allow the formation of a hydrogen bond system in
such bends.

It must be emphasized that the beta-sheet super-
secondary structure in amyloids is different from the
known, classical structure in other proteins. The classi-
cal beta-sheet structures are characterized by a system of
hydrogen bonds binding fragments of the same chain.
This allows the presence of loops, including the beta-
turn (hair-pin) type, which just introduce spatiality. Beta-
strand fragments in amyloids remain in one plane due to

Figure 5. The profiles of Phi (red) and Psi (navy) angles for the
complete chain of A-Syn (1-140 aa) (Tuttle et al,, 2016).

Grey lines — mark the B conformation fulfilling the Psi=—Phi rela-
tion. Vertical lines denote positions of amino acids: red - with L-a
conformation, cyan - with R-a conformation. The purpose of this
picture is to visualise the differences between 30-100 aa — amy-
loid fragment to N- and C-terminal fragments, where the Phi, Psi
angles relation is significantly different with respect to 30-100 aa

fragment.
BC‘%{%M

Figure 6. A-Syn structure in the amyloid form (2NOA):

A - the structure of a complete fibril (chain A marked in red); B -
two chains with distinguished residues representing the R-a (cyan)
and L-a (red) conformation according to the identification provid-
ed in Fig. 5.

A B
) 6UFR
- il & .
90
45
el
c D

Figure 7. The plot of |Phi| versus |Psi| and 3D representation of
the discussed amyloids.

The eliminated residues (by CC-F calculations) are marked in red
on both the plots and 3D presentation. The points marked in blue
— are the positions for residues satisfying the condition |Psi|=|Phi|
for B-structural forms. For 6UFR the residues representing the
highly ordered B-structural fragments are in space-filling represen-
tation (blue).
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Table 2. Summary of CC-0 and CC-F values for the set of A-Syn amyloid forms analysed in this paper.
Residue d numbers eliminated in CC-F calculation are given. The CC-f values are given to express the high fulfillment of |Phi| = |Psi| rela-
tion. The % of residues in B-structural form for which the CC-3 was calculated is given.

PDB ID CcC-0 Residues Eliminated CC-F % F (et) % B
7LCO-F 0815 62,84 0.851 94 0.922 263
6UFR 0.722 69, 74, 85, 87 0.889 93 0.935 69.84
6A6B -C 0.687 74 0.714 98 0.964 158
605 0.636 44,50, 62, 63 0.799 93 0.952 283
INCG 0.580 59, 69, 84, 87, 93, 94 0.908 90 0.920 635
6H6B 0577 44, 47,58, 61, 66, 67, 75, 83, 87, 88 0.696 82 0.920 224
6FLT 0.564 39,42, 73, 74, 84, 86 0.777 89 0.909 24
6PEO 0.559 42,60, 61, 68, 72, 73, 85, 86, 87, 97, 98 0.946 82 0723 635
6PES 0.556 42,72,73, 85,87, 97, 98 0.906 89 0.785 593
7NCH 0.546 24, 25, 36, 37, 48, 57, 68, 83, 84 0.770 86 0.948 353
INCIG 0.544 24, 42, 47, 48, 57, 61, 62, 68, 79, 83, 84 0.849 83 0.908 47.0
7NCl 0.507 gg: oy 2037,42,48,57, 61, 62,68, 78,79, g4 79 0916 382
"""""" 0.500 35,73, 83, 85 0.642 95 0.790 284
0.464 59, 60, 67 72, 73, 83, 84 0.726 90 0.928 287
0.451 58, 59, 68, 69, 85, 87, 90, 91 0.882 86 0.829 442
0.438 43,58, 68, 72, 74, 85, 87, 97, 98 0.857 86 0.850 453
0436 35,37, 42, 73, 83, 88 0.610 92 0.862 259
0435 9,10, 24, 47, 60, 83, 99 0616 93 0.954 20.0
0.400 51,52, 58, 59, 68, 69, 85, 87, 90, 91 0.909 83 0.885 55.7
0.394 50, 51, 66, 67, 76 0.730 88 0.0.962 333
0.390 50, 53, 54, 67, 72, 74, 80, 84, 90 0.679 83 0.902 309
0372 38, 41, 46, 58, 68, 72, 85, 87, 97, 98 0.790 84 0.909 254
0.367 39, 40, 67, 68, 69, 83, 84,86, 90 0.665 85 0916 266
0.363 40, 44, 76 0.501 93 0.954 13
0.357 59, 60, 67, 72, 73, 83, 84 0.715 90 0.910 287
0.334 43,50, 60, 65, 66, 84, 85, 93, 94, 95 0.697 83 0.944 27.1
0327 3,22,29, 30 0.606 9% 0.945 130
0310 15, 35, 37, 43, 53, 73, 74, 83, 86, 0612 88 0.937 160
0276 38, 42, 50, 51, 52, 77, 84, 89, 94 0.626 85 0.937 200
0.220 13, 36, 52, 55, 67, 68, 69, 74, 86, 87, 88 0613 84 0.911 2238
0.202 52, 65, 72, 74, 79, 80, 84 0.507 85 0.894 244
0.200 44,50, 65, 67, 68 0.540 87 0.812 263
0.163 43,67,72, 73, 83, 84, 91 0.691 90 0.888 273
0.152 50, 60, 67, 72, 73, 76, 77, 83, 85, 87 0.480 80 - 19
(23%?{*00) 0.528 32,33, 34, 36, 57, 58, 59, 80, 85, 86,87, 98 0.899 83 0.847 450

a turn introduced by a single R- or L-helical conforma-
tions as shown in Fig. 4. Such a radical turn allows the
chain to propagate in one plane.

Figure 4 visualises the real conformation present in
36-53 fragment of A-Syn which appears to be almost
ideally accordant with the proposed model of idealised
amyloid. Linear propagation of B-structural fragments
with single residues representing helical conformation
results in a flat form with well-defined bends. The oti-
entation of hydrogen bonds in -fragments is antiparallel
with local, parallel orientation in single helical residues.

29

Analysis of the fit of the idealised amyloid model 2NOA
protein

In this section, the procedure of fitting the idealised
amyloid model will be presented based on the reference
A-Syn amyloid structure (2NOA — section 36-53). In
Fig. 4, the fragments of the chain (marked as navy blue)
show a rectilinear system obtained using the Phi and Psi
torsion angles satisfying the relation Psi=—Phi. The resi-
dues marked in red have an a-helix conformation result-
ing in a turn of the chain while maintaining its flatness.
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7LC9-F

Figure 8. Presentation of the 7LC9-F amyloid with the highest
CC-0 value (and the lowest number of outstanding residues).

A - distribution of points representing |Phi| and |Psi|. Only two
residues are considered outstanding (red points). Their location in
the chain is highlighted in red (space-filling) on the 3D represen-
tation (B).
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Figure 9. Examples with low CC values:

A - CC-0 - all points; CC-F blue points; The circled dot is the only
point satisfying the |Psi|=|Phi|. C - red points eliminated for CC-F
calculation, gray points — CC-F calculation, blue points - CC-f cal-
culation. B, D - 3D presentation of 6CU8 and 7C1D respectively
with red residues - residues eliminated for CC-F calculation

The torsion angle profiles of the mentioned fragment
are shown in Fig. 5. The fulfillment of relations Psi=—
Phi is visible for the amyloid part (positions 30-100 aa),
which is marked in gray. Within the clearly ordered and
constant values of the Phi and Psi angles for the 3 form,
single positions with the Phi and Psi angles correspond-
ing to the R (cyan) and L (red) helical conformations are
visible. The visualization of structures In this analysis is
shown in Fig. 6.

Analysis of the structure of A-Syn amyloid forms

Table 2 provides the CC-0 and CC-F values of the
chain as described in the Materials and Methods section.
The values of CC-$ express the status of residues satis-
fying the condition |Psi|=|Phi| in relation solely to the
B-structural form. The % of residues satisfying the con-
dition for CC-§ is also given to characterise the degree

Table 3. Characteristics of the reference proteins

of the presence of such restrictive structure in a particu-
lar protein.

Figure 9 shows examples with high values of CC-0
and CC-F arising from the location of the Phi and Psi
angles in accordance with the Psi=-Phi relationship. In
a 3D visualization, these sections are represented by a
rectilinear arrangement. The highlighted residues — red
points — on the plots of |Phi| and |Psi| angles are resi-
dues treated as outstanding, the elimination of which re-
sults in a CC-F value > 0.8 (Table 2).

In the amyloid with PDB code 7NCG, the rectilin-
ear [-structure sections are visible (Fig. 7B) and the
corresponding locations of the |Phi|versus|Psi| plot
(Fig. 7A). Items that do not satisfy the |Psi|=|Phi|
condition specified by the model are marked in red. The
number of residues that do not satisfy the model is low
and they do not disturb the overall form of this amyloid
leaving it close to the principles of the proposed model.

A similar arrangement is identified in the case of
O6URF (Fig. 7). It should be noted that this structure is
characterised only by a few residues with conformations
not satisfying model conditions.

The significant portion of a chain in 6PEO amyloid
meets the |Psi|=|Phi| condition, but a fairly significant
scattering of several residues deviating from the model
can also be observed.

The highest CC-0 value and the low number of resi-
dues deviating from the model are characteristic for
amyloid 7LCY9-F (Fig. 8). Eliminating only two residues
results in a very high value of CC-F=0.851.

Further examples are the structures present in 6CU8
and 7C1D exhibiting the lowest CC-0 values (Fig. 9).
In these two examples, no rectilinear propagation, but
rather an “undulating” form is observed. This means,
that the chain propagation is composed of sections with
a smaller radius R. This reduction of radius applies to
short sections, which, with an alternating arrangement
similar to the R- and IL-helical conformations, does not
result in a spatial form. In this case, the hydrogen bond-
ing arrangement is not parallel, although the deflection
from the perpendicularity to the chain’s plane is com-
pensated, resulting in maintaining the structure’s flatness.

Analysis of the structure of reference examples

Two reference proteins (Table 3) represent mainly hel-
ical and B-structural proteins. As shown in Fig. 10 their
structutre is highly ordered. The FeS cluster assembly of
SufD from Escherichia coli is a protein which for the most
part shows the @-structure (Banach e al, 2020). The
analysed fragment of this protein is limited to the beta-
sheets (I'ig. 10B).

The parallel orientation in the B-sheet (Fig. 10B) in-
dicates a structural similarity to amyloids. However, the
sequential B-strands represent a different sequence, while
in amyloids the sequences in all neighbouring chains are
identical.

The status expressed by CC-8 of sequential -strands
and B-sheets reveals differences with respect to the amy-
loid forms discussed (Table 4). The fragments showing
high accordance with the |Psi|=|Phi| criterion (hav-
ing high CC values) are accompanied by the fragments
with completely opposite characteristics (low CC val-

PDB ID NAME CC-0 CC-F cc-p %
2ZU0 FeS cluster 0.297 0.803 0.949 284
1GZM rhodopsin 0.334 0.803 0.970 24
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Table 4. Status (CC- B) of B-strands in B-sheets (as distinguished
in Fig. 10B).

The values in parentheses — denote the {-strand status for the
residues representing non-B-structural Phi, Psi angles. The values
given for B-sheets are calculated only for the residues belonging to
the B-structural area on the Ramachandran map.

B-sheet - red B-sheet - blue

FRAGMENT CC-B FRAGMENT CC-B

181-192 0.860 (0.501) 167-176 0.613

211-219 0.290 196-206 0.876 (0.361)
239-246 0.700 225-234 -0.012 (-0.477)
266-273 0.010 251-260 0.642 (0.263)
295-304 0.020 280-291 0.833

327-337 0.712 309-318 -0.374
357-364 0.587 341-351 -0.064
B-sheet 0.641 B-sheet 0.511

ues). The non-B-structural conformations are present in
the selected fragments (values given in parentheses in
Table 4). Visual analysis of two B-sheets suggests the
perfect B-structural organisation (Fig. 11). However, the
analysis of Phi and Psi angles reveals some residues in
the lower left quarter of the Ramachandran map. Some
B-strands having torsion angles typical for B-structure ap-
pear to be not organised as expected in amyloids. The
differentiation of B-strands can be observed. The status
of sequential $-strands in the amyloid is identical for all
fragments belonging to a common B-sheet. The distribu-
tion of |Psi|, |Phi| angles (Fig. 12A) identifies the large
number of points satisfying the |Psi|=|Phi| relation,
however, it also shows their dispersion over the chain.
The highest similarity is observed in the 181-192 frag-
ment (marked in Fig. 12B).

The mainly-helical protein is difficult to evaluate with
the |Phi|=|Psi| criterion due to the very low presence
of B-structural conformations. The distribution of Phi,
Psi angles along the chain (Fig. 13) shows high accord-
ance with the helical forms (dark lines on Fig. 13). The
CC-0 for this protein is equal to 0.347, the CC-F=0.807
(the eliminated residues marked as blue dots — Fig. 13.).
The number of eliminated residues constitutes 19.2% of
the whole length of the chain. The linear relation be-
tween torsion angles is mostly due to the Psi=Phi rela-
tion present in the helical conformation.

The eliminated amino acids (in the CC-F calcula-
tions) represent the unstructured fragments like loops
particularly those external with respect to the surround-
ing membrane. The space filling presentation (Fig. 12C
and 12D) distinguishes the segments satisfying to a large
extent the |Psi|=|Phi| relation, however, they belong
mostly to the helical region.

The proposed hypothetical mechanism of amyloid fibril
formation

The proposed hypothesis of amyloid fibril formation
presented here concerns the method and the reasons of
the transformation of a 3D structure into a planar form
characteristic to the amyloid structures.

We also want to refer here to the existing, different
hypothesis ((Prosswimmer & Daggett, 2022; Lee ef al,
2002; Trexler & Rhoades, 2012; Balupuri e¢f al., 2019) of
the formation of the amyloid based on the a-sheet struc-
ture as an intermediate in the aggregation process.

Shaking an aqueous solution of proteins as a labora-
tory technique for obtaining amyloid forms of proteins
consists in increasing the presence of air-water inter-
phase in the solution. Such a shaking process can simu-
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A

Figure 10. 3D structure 2ZU0O

A - chain A - with two B-sheets marked in red. B - two B-sheets
marked in red and blue — N-terminal residue — marked with space
filling.

A 357-364 211218

Figure 11. Phi, Psi profiles in the fragment with high (A) and
low (B) correlation according to Table 4.

IPHIl

% 180

Cc D

Figure 12. Characteristics of all-B and all-helical proteins.

A - |Phil, |Psi| angles as they appear in the B-structural part of the
protein — chain fragment selected as an aim-oriented example
for the analysis of the beta-structural form of the chain. B — 3D
presentation with conformations satisfying the relation |Psi|=|Phi|
- red. The space-filling — a fragment of the highest satisfaction
of |Psi|=|Psi| condition. C — |Phi|, |Psi| angles as they appear in all-
helical protein. D - 3D structure with amino acids satisfying the
|Psi|=|Phi| conditions distinguished by a space-filling presentation.
The red dots - all |Phi|, |Psi| angles to calculate CC-0, grey dots —
CC-F and red - CC-B. The same colours are used in 3D presenta-
tion (red and blue).

late the conditions in a cell of a living organism. The air-
water interphase has a surface structure, so it introduces
an external force field with 2D characteristics.
Occasionally, a protein undergoes some conformation-
al changes resulting in aggregation competent polypep-
tide chain. Such a chain, avoiding contact with air strives
for maximum contact with water, which is available
only on one side. The most thermodynamically favora-
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RHODOPSIN — Phi — Psi

Figure 13. Profiles of Phi and Psi angles in rhodopsin.

The black lines mark the range for the helical structure to visualise
the closeness to the Psi=Phi relation for helical fragments. Posi-
tions not satisfying this relation are marked by blue dots on the
X-axis.
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Figure 14. Structure of the transthyretin:

A, C- native form 104-125 fragment of transthyretin — green frag-
ment loop 113-115 - different orientation - orange - residues
104 - 112. B, D — amyloid form 104-125 fragment of transthyretin
- green fragment loop 113-115, orange residues - fragment 104-
112. E - as in A with water phase shown in gray with orange frag-
ment in contact with a water phase. F — as in B with water phase
shown in gray — complete chain in contact with water. G — native
form of transthyretin - red fragment loop 97-103. H - amyloid
form of transthyretin - red fragment loop 97-103. The orientation
in A, B, E and F figures is as follows: the H-bonds (red arrows) sys-
tem is perpendicular to the plane of the water surface. The gray
area — water, white area - air. The green fragment - the loop
causing the propagation of the chain in 3D space in native form
and in 2D space in the amyloid form. The red arrow crossed out
on D - the H-bonds system between two fragments of the same
polypeptide chain is not present. The groups participating in H-
bonds are oriented perpendicularly to the paper plane on C and

ble situation is the formation of a system of hydrogen
bonds with a planar chain where the polypeptide chain
“lies” on the water surface. In this way, the backbone
chain engages as many C=0O and N-H groups of peptide
bonds as possible in such an interaction. This explains
the reason for the almost planar form of the chain in
amyloid fibril.

A planar polypeptide chain formed due to the shak-
ing finds a thermodynamically favorable opportunity to
interact with another planar chain and the process of at-
taching the next flat chains continues until the aggrega-
tion nucleus is formed. The next phase starting from the
nucleus is characterized by a rapid formation of fibrils
composed of beta-sheet structures.

AMYL

P PE 97008 113115

— PHI —— Pl — §7-108 — 113118

Figure 15. Profiles of Phi and Psi angles for the amyloid and WT
forms of transthyretin with highlighted fragments responsible
for changing the orientation of the chain propagation as shown
in Fig. 14.

Amyloid transformation mainly requires conforma-
tional changes within the loops that change from 3D
orientation to 2D one.

The influence of the environment on amyloid trans-
formation with an unchanged sequence is widely recog-
nized (Serpell, 2000). The particular form of the environ-
ment in the form of mentioned 2D interphase seems to
favour the formation of the flat structure of the chains
— components of amyloid fibrils.

The proposed hypothesis for amyloid fibril forma-
tion is illustrated in Fig. 14. It refers to the transthyre-
tin (Ueda, 2022) which undergoes amyloid transforma-
tion relatively easily. A special object is a fragment of
a beta-sheet identified as A (11-19), G(104-112) and H
(114-124). Both the WT form (PDB ID 1DVQ (Klabun-
de et al, 2000) and the amyloid form (PDB ID 6SDZ
(Schmidt e al, 2019)) are available in PDB. Another
reason is the possibility to compare with the hypothesis
proposed in the works (Prosswimmer & Daggett, 2022,
Armen ef al, 2004) and based on a-sheet structure as in-
termediate.

Fragment beta-strand A(11-19) remains in this form
in range (13-15), fragment G (104-112) changes its form
to a disordered lineatly propagating segment, while frag-
ment H (114-124) remains in beta form on (118-124)
fragment. The shortening of beta-stand segments can be
observed.

The water-directed beta-structural fragment 104-111
can form hydrogen bonds with water molecules. The
shape of the loop directs the second part of the beta-
strand above the water surface, i.e. to the air zone. This
is due to the orientation imposed by the loop (113-115)
present in the native form of the transthyretin (green
fragment in Fig. 14A and C). The same fragment after
changing the conformation of the loop results in a pla-
nar structure of the entire fragment 104-124 (green frag-
ment in Fig. 14B and D).

It should be noted that the native Beta-structure seg-
ment (104-112) changes its form to a disordered pattern,
while the native-form beta-structure segment (114-124)
is limited to the amyloid segment (118-124). This means
that the conformational change within the loop (green
fragment in Fig. 14A-D) also applies to a short fragment
of the Beta-ordered segment. As a result of these chang-
es, the structure of the entire fragment 104-124 becomes
planar, allowing the generation of hydrogen bonds with
water molecules along its entire length (Fig. 14E and
I). The same analysis applies to loops 97-103 (Fig. 14G
and H), where a change in conformation within the loop
(red fragment Fig. 14G and H) allows backbone contact
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(groups -C=0 and -N-H of peptide bonds) with water
molecules leading to the formation of hydrogen bonds
with water molecules. The exact conformation changes
within the discussed loops are shown in Fig. 15.

The proposed amyloid formation hypothesis relies on
the 3D to 2D transformation engaging mostly the loops
linking beta-structural fragments. The loops structure in-
troducing the 3D organisation of beta-sheet change to a
flat form introducing the mutual reorientation of beta-
strands enabling the generation of large-scale hydrogen
bonds initially with water molecules to change into an
inter-chain H-bonds system in the next step.

The o-sheet structure, widely discussed in the con-
text of amyloids (Prosswimmer & Daggett, 2022; Lee
et al, 2002; Trexler & Rhoades, 2012; Balupuri e al,
2019) is the structure formed by amino acids with the
R- and L-helical conformations alternating in the poly-
peptide chain. Similarly to the Beta-sheet structure, the
a-sheet structure is characterized by the rectilinear form
(Fig. 2 in Prosswimmer & Daggett, 2022). The distribu-
tion of Phi and Psi angles in a-sheet structures discussed
in Prosswimmer & Daggett (2022) is consistent with
the model assumed in this work. The difference is only
quantitative. In the case of the a-sheet, the concentra-
tion of points on the Ramachandran map is significantly
greater in the positions corresponding to the R- and L-
helix with the presence of the Phi and Psi angles rep-
resenting the B-structure in a linear relationship. In the
current work, for the B forms, a much greater concentra-
tion of points on the Ramachandran map is observed.
The main point is concentrated on the 3D to 2D transi-
tion. The structure discussed in (Prosswimmer & Dag-
gett, 2022) introduces the 3D structuralisation which is
not present in amyloid formation. The linear propagation
of the chain in the form of Beta is the most frequently
observed secondary form. The linear propagation of the
chain is also possible in the form of R- followed by L-
helix by turns. Such a system allows the generation of
an H-bonds network. The mutual orientation of chains
shall be parallel to allow propagation in fibril formation.
However, the flat construction for individual chain is the
most important one.

DISCUSSION

The amyloid structure of the flat form of each poly-
peptide chain is stabilized by a specific hydrogen bond
arrangement. Each amino acid in an idealized form con-
tributes to the construction of two hydrogen bonds with
adjacent chains. The chain arrangement is parallel, caus-
ing identical residues to interact with each other in adja-
cent chains. The maximum use of C=0O and H-N groups
for the construction of hydrogen bonds is ensured by
the B-structure with the Psi=—Phi conformation. A recti-
linear form with C=0 groups facing in the opposite di-
rection to the H-N group of the same amino acid is an
arrangement that makes maximum use of the possibili-
ties of the hydrogen bonding structure. The rectilinear
sections are terminated by single residues with R-a or
L-a conformations. A single residue with such confor-
mation does not disturb the flat structure, only changing
the direction (introduction of a turn/bend). In this case,
the form of arranging hydrogen bonds is changed. In a
structure with the Psi=—Phi conformation, the hydro-
gen bond arrangement perpendicular to the plane of the
chain represents an anti-parallel arrangement (if a turn is
applied to the hydrogen bond).
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Numerous amyloid forms of A-Syn allow tracking the
structural variation of these amyloids. Among the struc-
tures satisfying the |Psi|=|Phi| condition, there are
structures showing some deviations from this condition.
The deviation also provides fibrillar structures.

On the Ramachandran map presenting the distribution
of radius of curvature R and V-angle (Roterman e/ al,
2022; Roterman, 1995) the area fulfilling the Psi=—Phi
condition represents the one with the highest value of
R (i.e. a straight chain section). A reduction of the cur-
vature radius R is observed moving up and down versus
this line gradually introducing the arc form. If this proce-
dure is performed stepwise (i.e. one above the Psi=—Phi
line followed by one representing Phi, Psi angles below
that line), this introduces the structural form as shown
in Fig. 9 for 7C1D (symmetrically located |Psi|, |Phi|
angles). The result of such Phi, Psi angle combination is
the sinusoidal arrangement of the chain as can be seen
in 7C1D (Fig. 9) and others. The local introduction of
an arc-like form in one direction is compensated by an
ark form oriented in the opposite direction. In conse-
quence, the linear propagation of the flat form can be
continued. Nevertheless, this symmetrical (with respect
to |Phi|=|Psi| line) set of altered Phi and Psi angles
generates a flat arrangement, but probably with reduced
stabilization derived from the hydrogen bonds (change
of angle between the C=0O and H-N groups in the hy-
drogen bonding arrangement of peptide bonds derived
from adjacent polypeptides).

The condition of the presence of an R- or L-helical
conformation at the turn of the chain can be satisfied in
a less perfect form by a conformation with a low cur-
vature radius R. Cyan and red lines in Fig. 5 and Fig. 6
illustrate the area with low values of V-angle and the
R-radius of curvature. The presence of Phi and Psi an-
gles from this area satisfies the condition for obtaining
a turn, although the hydrogen bond arrangement is not
as perfectly ordered as in the case of Phi and Psi angles
accurately representing the R-o- or L-a-helical conforma-
tion.

The phenomenon of polymorphism in the case of
amyloids is conditioned by environmental factors, as in-
dicated by numerous experimental studies (Ben-Amotz,
2022; Schutzius ¢ al, 2015; Zuo & Qu 2014; Eremin &
Fokin, 2021; Kaplaneris e al, 2022; Ishiyama ez al., 2022;
Gupta ¢ al, 2022; Cannalire ¢ al., 2022; Jayawardena ef
al., 2017; Ulmer et al., 2005; Tuttle ¢z al,, 2016).

This analysis complements the detailed structural anal-
ysis of A-Syn fibrils (Roterman e7 al, 2023) as well as the
transthyretin (Roterman ez a/, 2022), where the charac-
teristics of fibrils were considered from the perspective
of the tertiary structure and characteristics of those fi-
brils. Microenvironmental conditions were also indicated
as the cause of structural changes in A-Syn (Candelise ef
al., 2020; Stephens ez al., 2019).

The problem of describing the field in the form of
3D analyzed on a large-scale provides many forms of
mathematical notation to express its presence (Cheng ez
al., 2023).

CONCLUSIONS

The flat structure of single chains — components of
amyloid fibril — is a characteristic of amyloid forms. This
flatness is achieved through a B-type structure satisfying
the Psi=—Phi condition resulting in a rectilinear chain
propagation. Turns in chain arrangement are obtained
by single residues with R-o or L-o helical conformation
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(satisfying Psi=Phi condition). The combination of such
B-structures and single conformations allows the intro-
duction of the general model expressed by |Psi|=|Phi].
The hypothesis introduced in this paper is to treat the
presence of conformations satisfying this relation as a
criterion for amyloid identification and description. The
stabilization of such a form is achieved through the spe-
cial hydrogen bond arrangement. In (-structured sec-
tions, the hydrogen bond arrangement is antiparallel.
Each individual residue of the L-a or R-o conformation
introduces a local arrangement of these bonds as paral-
lel. Access to multiple structural forms of A-Syn amy-
loids reveals variation in the form of this ordering. This
variation is likely a result of different environmental con-
ditions (Roterman e/ al, 2023). Particulatly, the impact of
the presence of air-water interphase (increasing this pres-
ence during shaking) is most likely indicated as a factor
affecting the structuring, including the form of arranging
the hydrogen bond network in amyloids.

External conditions in the form of air-water inter-
phase also direct protein structuring to the planar form,
which can be stabilized by a significantly high number of
hydrogen bonds of -N-H and -C=O groups of peptide
bonds. The accessibility of these groups for hydrogen
bonds also includes segments that in their native form
represent loops introducing 3D structuring (e.g. two par-
allel B-sheets) resulting in a flat structure for the entire
polypeptide chain (Fig. 14G and H).
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Calcium-dependent peptidases of the calpain family are
widespread in eukaryotes but uncommon in prokary-
otes. A few bacterial calpain homologs have been dis-
covered but none of them have been characterized in
detail. Here we present an in-depth substrate specificity
analysis of the bacterial calpain-like peptidase Tpr from
Porphyromonas gingivalis. Using the positional scanning
hybrid combinatorial substrate library method, we found
that the specificity of Tpr peptidase differs substantially
from the papain family of cysteine proteases, showing
a strong preference for proline residues at positions P2
and P3. Such a degree of specificity indicates that this
P. gingivalis cell-surface peptidase has a more sophis-
ticated role than indiscriminate protein degradation to
generate peptide nutrients, and may fulfil virulence-re-
lated functions such as immune evasion.
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INTRODUCTION

Periodontal disease is the most prevalent chronic in-
fection in the world, affecting up to 90% of the global
population (Pihlstrom e# al, 2005). Inflammation of the
gingival tissues is caused by dysbiosis, a pathogenic shift
in the microbial community (Loesche & Grossman,
2001). Chronic inflammation leads to the destruction of
tooth-supporting tissues such as the gingiva, periodon-
tal ligament, and alveolar bone (Loesche, 1996). If left
untreated, periodontitis can result in tooth loss and the
systemic dissemination of petiodontal pathogens and/or
their products (Cobb ez al, 2009). This increases the risk
of cardiovascular disease (Friedewald ef a/., 2009; Wegner
et al., 2009), rheumatoid arthritis (de Pablo e a/, 2009),
aspiration pneumonia (Olsen & Potempa, 2014), diabetes
(Chee et al., 2013) and adverse pregnancy outcomes (Ide
& Papapanou, 2013).

The primary etiological agents of human periodonti-
tis include Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola (Griffen et al, 1998; Rogas e al., 2001).
The virulence factors these pathogens secrete include
peptidases that contribute to the initiation and progres-
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sion of periodontal disease (Dashper e/ al., 2011; Potem-
pa et al, 2003). In particular, the aggressive periodontal
pathogen P. gingivalis produces multiple proteolytic en-
zymes (Potempa ez al, 1995) that are required for impor-
tant bacterial processes such as nutrient acquisition and
immune evasion, driving pro-inflammatory responses
within the gingival pocket. The proteolytic enzymes se-
creted by P. gingivalis include serine proteases (Nonaka ef
al., 2014), cysteine proteases such as lysine-specific (Kgp)
and arginine-specific (Rgp) gingipains (Bhogal e al,
1997), PrtT protease (Tokuda ez al, 1998), periodontain
(Nelson et al., 1999) and thiol protease (Tpr) (Staniec e
al., 2015). Gingipains (Kgp & Rgp) account for 85% of
all extracellular protease activity for P. gingivalis (Potempa
et al., 1997). Accordingly, the influence of gingipains on
P. gingivalis virulence has been demonstrated but the role
of the other peptidases remains unclear (Imamura, 2003).

Tpr is a functional cysteine peptidase encoded by the
PG1055 gene (Staniec ef al, 2015). Distant sequence
homology and calcium dependence suggest that Tpr
belongs to the calpain family (EC 3.4.22.17; MEROPS
family C2) of calcium-dependent cysteine peptidases pro-
duced by almost all eukaryotes and some bacteria, but
not archaca (Rawlings, 2015). Calpains are ubiquitously
expressed in mammalian cells and are involved in es-
sential cellular processes such as cytoskeletal remod-
eling (Lebart & Benyamin, 2000), cell migration (Franco
& Huttenlocher, 2005), cell differentiation (De Maria
et al., 2009; Garach-Jehoshua ez @/, 1998) and apopto-
sis (Momeni, 2011). Gain-of-function calpain mutations
are associated with muscular dystrophy (Wadosky ez al,
2011), rheumatoid arthritis (Morita ez al, 20006), Alzhei-
mer’s disease (Huang & Wang, 2001), improper platelet
aggregation (Kuchay & Chishti, 2007), and Wolfram syn-
drome (Lu ez al, 2014). However, no examples of the
pathological effects of prokaryotic calpain-like peptidases
have been reported thus far.

Hukaryotic calpains are highly-conserved intracellular
enzymes that can be assigned to the categories y or m
according to their micromolar or millimolar requirements
for calcium 77 vitro (Suzuki et al, 1995). Intriguingly, the
specificity of both categories appears identical (Sorimachi
et al, 1997). The calcium-mediated regulation of pro-
teolytic activity (Hanna e# a/, 2008) may require coop-
erative interactions between several calcium binding sites,
including three EF hand motifs, the negatively charged
segments around the active site cleft, and an exposed
acidic loop (Reverter e al, 2001). However, the precise
molecular mechanism is unknown. Although the physi-
ological substrates remain poorly characterized, several
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have been identified 7 vitro, including selected B-integrins
(Du e al, 1995), focal adhesion kinase (Cooray ef al.,
1996), paxillin, and talin (Carragher ef af., 1999).

The autoprocessing and maturation of the Tpr precur-
sor requires millimolar levels of calcium (Staniec et al,
2015). This requirement prevents the premature activa-
tion of Tpr in the cytoplasm and ensures the structure
is resistant to degradation by gingipains (Staniec ef al,
2015). The elevated expression of the #r gene under nu-
trient-limited conditions (Lu & McBride, 1998) and the
location of the enzyme in the outer membrane (Park ez
al., 1997; Staniec ef al., 2015) suggest that Tpr is involved
in the production of small peptides that are used as sub-
strates for amino acid fermentation. Given that multiple
physiologically relevant proteins are degraded, including
key elements of the innate immune system and proteins
abundant in gingival crevicular fluid, Tpr may also con-
tribute to the pathogenesis of periodontitis (Staniec ez al,
2015).

A detailed analysis of Tpr substrate specificity is re-
quired to understand its contribution to the pathogenic-
ity of P. gingivalis, but only a superficial characterization
has been reported thus far (Staniec ¢f a/, 2015). Here, we
fully characterized the substrate specificity of the most
active form of Tpr using Hybrid Combinatorial Sub-
strate Library (HyCoSul) approach to gain insight into
the proteolytic mechanism and thus the function of this
cell-surface peptidase.

MATERIALS & METHODS

Regents and equipment

Isopropyl-1-thio-B-D-galactopyranoside (IPTG), ethyl-
enediaminetetraacetic acid (EDTA), lysogeny broth (LB),
L-glutathione, Tris-HCI, NaCl, dithiothreitol (DTT), so-
dium azide, and L-cysteine were purchased from Sigma-
Aldrich. A MonoQ column was obtained from Cytiva.

Protein expression

The inactive Tpr zymogen (Tpr55) was expressed in
Escherichia coli BL21 (DE3) cells and purified as previ-
ously described with some modifications (Staniec ez al,
2015). Briefly, the PG7055 coding sequence without the
signal peptide was transferred to the expression vec-
tor pGEX-6P-1, which provides the sequence for an
N-terminal glutathione S-transferase (GST) tag. This
construct was then introduced into electrocompetent E.
coli BL.21 cells, which were cultivated in LB at 37°C. As
soon as the culture reached an optical density at 600 nm
(ODgypm) ©f 0.7, Tpt55 expression was induced by sup-
plementing the medium with 0.5 M IPTG and incubat-
ing for a further 3 h at 37°C.

Protein purification

Transformed E. /i BL21 cells were hatvested by
centrifugation (8000Xg, 20 min, 4°C) and resuspended
in PBS containing 10 mM EDTA to bind any residual
Ca?* that would induce the premature autoprocessing
of Tpr55. To recover intracellular Tpr55, the bacterial
cell pellet was disrupted by sonication (60% amplitude
for 5 min with 30-s pulses) and the cell debris was re-
moved by centrifugation (18000Xg, 20 min, 4°C). Tpr55
was recovered by passing the supernatant through a glu-
tathione-Sepharose column and eluting the bound Tpr55
stepwise with increasing glutathione concentration in

elution buffer (50 mM Tris-HCI, 20 mM IL-glutathione,
pH 8.0).

To remove small molecular contaminants, the eluted
Tpr55 was dialyzed against PreScission Protease cleavage
buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA,
1 mM DTT, pH 7.0) and the GST tag was cleaved off
with 40 U PreScission Protease at 4°C for 16 h. The
sample was then dialyzed against 20 mM ethanolamine
(pH 9.0) and applied to a MonoQ column equilibrated
in dialysis buffer to separate Tpr55 from GST. Final pu-
rification was accomplished by gel filtration on a Super-
dex 75 column in 50 mM Tris-HCl (pH 7.6) containing
150 mM NaCl. The full-length Tpr55 was routinely puri-
fied with a yield >1 mg/L starting culture.

Proteolytically active Tpr (Tpr33) was obtained by au-
toprocessing the purified Tpr55 as previously described
(Staniec e/ al, 2015). Briefly, purified Tpr55 was incu-
bated in activation buffer (50 mM Tris-HCI pH 7.6, con-
taining 150 mM NaCl, 5 mM CaCl,, 0.2% sodium azide,
and 10 mM L-cysteine) for 7 h at 37°C.

Analysis of substrate specificity

Tpr33 substrate specificity was assessed using the Hy-
CoSul. screening approach and a defined P1 library with
the general structure Ac-Ala-Ala-Pro-P1-ACC, where P1
comprises one of either 19 canonical amino acids (ex-
cept cysteine) or norleucine, synthesized as previously
described (Kasperkiewicz ez al., 2015; Larsen ez al., 2007,
Porgba et al, 2014, 2017). Cleavage of the peptide sub-
strate was detected by monitoring the release of the
fluorescent label ~ 7-amino-4-carbamoylmethylcoumarin
(ACC).

To determine Tpr33 substrate specificity at the P4,
P3 and P2 positions, we used a HyCoSul. with arginine
fixed in P1 (Fig. 1). Each of the tetrapeptide sublibraries
featured an equimolar mixture of 19 amino acids (with-
out cysteine and methionine, but including norleucine) at
two positions and one of 19 canonical amino acids plus
102 non-standard amino acids in the position selected
for analysis (Fig. 1).

NH,
v N (O]
0 S OH

. Natural and unnatural amino acids

. Equimolar mixture of natural amino acids

Figure 1. HyCoSuL structure.
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Table 1. Kinetic parameters for selected substrates hydrolysis by Tpr33

Substrate Ky [uM] K [s1] [ﬁ:ﬁ/tl'/fs{'ﬂﬁ
P5 P4 P3 P2 P1 P1’
i A Phe Gy  Pro Ag  ACC 150 +1 143 14 9% w9
ii Ac Lys Gly Pro ) Arg ACC 166 +12 11”.8 1(7)7.3 }1 7777777 17 77777
i Ac Dap Gly Po A ACC 118 +1 143 +0.1 P £
v Ac Ide Po  Ag  ACC 71 +5 89 +0.6 127 7
N T T
vi NH Idc Cha  Arg  ACC 395 +34 032 002 08 01
vi A Gy  Thz  Cha  Ag  ACC_ 711 +42 112 +003 16 +01
Vil Ac The  Cha  Ag  ACC 169 +37 071 +0.06 a1 x12

Tpr33 was activated by incubating 500 nM of the en-
zyme in activation buffer for 30 min at 37°C. To detet-
mine the enzymatic activity of Tpr33 in each sub-library,
fluorescence was recorded (excitation=355 nm, emis-
sion=460 nm) 30 min after the addition of substrates.
The P4, P3 and P2 sub-libraries were tested at an ini-
tial concentration of 100 uM whereas the P1 library was
tested at 10 uM. The slope of the linear range of each
curve was recorded as relative fluorescence units per sec-
ond (RFU/s). Data from each sub-library were normal-
ized to the highest RFU/s value for each specific sub-
library.

Kinetic measurements

Selected substrates (Table 1) were prepared by solid
phase peptide synthesis as described elsewhere (Poreba ez
al., 2014). To determine the catalytic parameters of Tpr
against these substrates, Tpr33 was titrated with the ir-
reversible cysteine protease inhibitor E-64 as previously
described (Staniec ez al, 2015). Peptidase activity was de-
termined at increasing concentrations of each substrate
in 50 mM Tris-HCl (pH 7.6) containing 150 mM NaCl,
5 mM CaCl, and 0.02% sodium azide. Velocities of sub-
strate hydrolysis were plotted against the substrate con-
centration, and the £_, and K|; values were calculated us-
ing GraphPad Prism macro.

RESULTS

Substrate specificity of the Tpr33 protease

In our previous explorative study (Staniec e¢# af, 2015)
we found that Tpr33 preferentially hydrolyzes substrates
containing arginine at the P1 position (nomenclature ac-
cording to Schechter & Berger, 1967). Therefore, we ini-
tially investigated the amino acid preference at the S4-S2
subsites of Tpr33, followed by a more thorough inter-
rogation of the amino acid preference at the S1 subsite.
Accordingly, the P2, P3 and P4 sublibraries had arginine
fixed at the P1 position (Fig. 1).

Tpr33 showed exclusive specificity for substrates
that incorporated proline or alanine at the P2 position
(Fig. 2A). This exclusivity was maintained when non-
proteinogenic amino acids were included. None of the D
stereoisomers of standard amino acids and only six of 83
non-standard amino acids resulted in hydrolysis when in-
corporated at the P2 position. Among these non-stand-
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ard residues, only the thiazolidine-based residue L-Thz,
which structurally resembles proline, resulted in hydroly-
sis with similar efficiency to the proline-P2 sub-library
(Fig. 2B).
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Figure 2. Specificity of Tpr33 for substrates containing canonical
and non-proteinogenic amino acids at the P2 position as deter-
mined using the HyCoSuL screening approach.

The substrate preferences at position P2 were determined using
a combinatorial tetrapeptide library with the general structure
Ac-Xaa-Xaa-P2-Arg-ACC, where P2 represents (A) canonical or (B)
non-proteinogenic amino acids and Xaa represents an equimolar
mixture of 19 amino acids (all standard proteinogenic amino acids
except cysteine and methionine, supplemented with norleucine).
Abbreviated amino acid names are shown on the x-axis and ex-
plained in the Supplementary Materials at https://ojs.ptbioch.edu.
pl/index.php/abp/. The y-axis shows the mean activity expressed
as relative fluorescence units per second [RFU/s]. The data are
means of three independent measurements.
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Figure 3. Specificity of Tpr33 for substrates containing canonical
and non-proteinogenic amino acids at the P3 position as deter-
mined using the HyCoSulL screening approach.

The substrate preferences at position P3 were determined using
a combinatorial tetrapeptide library with the general structure
Ac-Xaa-P3-Xaa-Arg-ACC, where P3 represents (A) canonical or (B)
non-proteinogenic amino acids and Xaa represents an equimolar
mixture of 19 amino acids (all standard proteinogenic amino acids
except cysteine and methionine, supplemented with norleucine).
Abbreviated amino acid names are shown on the x-axis and ex-
plained in the Supplementary Materials at https://ojs.ptbioch.edu.
pl/index.php/abp/. The y-axis shows the mean activity expressed
as relative fluorescence units per second [RFU/s]. The data are
means of three independent measurements.

The specificity of Tpr33 at subsite S3 was less strin-
gent than at S2. Proline was the most preferred pro-
teinogenic amino acid, but Tpr33 also accepted amino
acids with short side chains (alanine and glycine) or large
hydrophobic side chains (norleucine, phenylalanine and
tyrosine) (Fig. 3A). The less stringent specificity com-
pared to S2 was maintained when substrates containing
non-standard amino acids were analyzed. More than half
of the substrates containing non-standard amino acids
were hydrolyzed at least as efficiently as the proline-P3
substrates (Fig. 3B). Multiple non-standard amino acids
were accepted including certain D stereoisomers of pro-
teinogenic amino acids (Fig. 3A, B). The proline analog
L-Thz was among the most preferred residues, match-
ing the pronounced preference of S3 subsite for proline
at P3 of a substrate. Interestingly in the context of sub-
strate design, the most efficiently hydrolyzed substrate
in the P3 sub-library featured an indoline-based residue
(L-Idc) at P3. Tpr33 showed more than five-fold increase
in activity against this L-Idc-P3 substrate than the stand-
ard L-Pro-P3 substrate.

In contrast to the other subsites, Trp33 showed broad
tolerance for the residue at subsite S4, accepting D ste-
reoisomers almost as well as 1. stereoisomers, and also
tolerating multiple non-standard amino acids at P4 po-
sition of a substrate (Fig. 4A, B). Interestingly in the
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Figure 4. Specificity of Tpr33 for substrates containing canonical
and non-proteinogenic amino acids at the P4 position as deter-
mined using the HyCoSulL screening approach.

The substrate preferences at position P4 were determined using
a combinatorial tetrapeptide library with the general structure
Ac-P4-Xaa-Xaa-Arg-ACC, where P4 represents (A) canonical or (B)
non-proteinogenic amino acids and Xaa represents an equimolar
mixture of 19 amino acids (all standard proteinogenic amino acids
except cysteine and methionine, supplemented with norleucine).
The y-axis shows the mean activity expressed as relative fluores-
cence units per second [RFU/s]. The data are means of three inde-
pendent measurements.

context of substrate design, several non-proteinogenic
amino acids were better substrates than canonical amino
acids. The most efficiently hydrolyzed substrate featured
a piperidine-based residue (I-Pip). Tpr33 showed almost
2.5-fold increase in activity against this substrate than

Ac-Ala-Ala-Pro-P1-ACC

G AV L INeP S TWYTFHMEKRDEA QN

Figure 5. Specificity of Tpr33 for substrates containing different
proteinogenic amino acids at the P1 position as determined us-
ing using the defined P1 substrate library.

The substrate preferences at position P1 were determined using
defined library with the general structure Ac-Ala-Ala-Pro-P1-ACC,
where P1 represents a standard proteinogenic amino acid. The
y-axis shows the mean relative activity expressed as a percentage
of the most efficient amino acid in the same position. The data
are means of three independent measurements.
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against the best substrate containing a canonical amino
acid (Fig. 4B).

Having documented the restricted substrate prefer-
ence of Tpr33 at subsite S2, we reevaluated the substrate
specificity at position S1 using a library containing pro-
line fixed at P2 (Ac-Ala-Ala-Pro-P1-ACC). Tpr33 pre-
ferred arginine at position P1 in a substrate, consistent
with the results of our previous explorative study (Stan-
iec et al., 2015). However, several other residues with dif-
ferent physicochemical characteristics were also efficient-
ly recognized, indicating that Tpr33 has low specificity
for a residue in position P1 of a substrate (Fig. 5).

Kinetic analysis of Tpr33 activity

The randomization of amino acids at certain positions
in the HyCoSuL as well as cooperation between subsites
may affect the efficiency of Tpr33. To validate the re-
sults generated by the HyCoSul. method, we designed
and synthesized a selection of substrates and determined
their kinetic parameters.

The k,/K, value of the substrate containing the
preferred canonical amino acids at each position (Ac-
Phe-Gly-Pro-Arg-ACC) was 96 pM-! (Table 1). A near-
identical substrate containing lysine at the P4 position
(Ac-Lys-Gly-Pro-Arg-ACC) had slightly inferior kinetic
parameters (k. /K =717 uM-") reflecting the lower ef-
ficiency of the Lys-P4 sub-library. Another near-identical
substrate, this time containing L-Dap at the P4 position
(Ac-Dap-Gly-Pro-Arg-ACC) was supetior to both of the
above (k,/K_ =12111 pM-), in agreement with the Hy-
CoSuL library screening data. Substrates containing pro-
line at position P3 (Ac-Idc-Pro-Arg-ACC) or glycine at
the same position (Ac-Dap-Gly-Pro-Arg-ACC) shared
comparable £_ /K, values, which appeared to contra-
dict the results of the HyCoSul. screening. However,
Ac-Dap-Gly-Pro-Arg-ACC is one residue longer than
Ac-ldc-Pro-Arg-ACC, and longer substrates are generally
better recognized by peptidases, so this may explain this
apparent discrepancy. Finally, substrates with Idc (Ac-
Gly-1dc-Cha-Arg-ACC and Idc-Cha-Arg-ACC) or Thz
(Ac-Gly-Thz-Cha-Arg-ACC and Ac-Thz-Cha-Arg-ACC)
at the P3 and Cha at P2 positions, respectively, were
hydrolyzed 17-150-fold less efficienty (based on 4/
K, values) than substrates with Gly-Pro and Idc-Pro at
the same positions. This contrasts with the efficiency of
hydrolysis of the P2 Cha and P3 Idc/Thz sub-libraries.

Tpr33 activity against the synthetic substrates mostly
agreed with the HyCoSul. screening method. Substrates
with non-standard amino acids were better recognized
than those containing the most preferred canonical ami-
no acids at positions P4-P2. Furthermore, the best-rec-
ognized substrate (Ac-Idc-Pro-Arg-ACC) had the lowest
K,, value. These data suggest that substrate recognition
site S4 is poorly defined, resulting in weaker interactions
between amino acids and the S4 pocket.

DISCUSSION

We investigated the substrate preference of the cal-
pain-like peptidase Tpr33 at the S4-S2 subsites and
reevaluated the specificity at the ST subsite using a com-
prehensive library of defined and highly efficient sub-
strates including the incorporation of non-standard ami-
no acids. Calpain-like peptidases are widespread among
eukaryotes, but homologous genes are present only in a
few bacterial phyla (Rawlings, 2015). Thus far, Tpr is the
only bacterial calpain-like peptidase that has been func-
tionally characterized (Staniec ef 4/, 2015). Given the
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small number of calpain-like peptidases in prokaryotes, it
is not unlikely that P. gingivalis acquired Tpr by horizon-
tal transfer from a mammalian host.

Like the m-calpains, a millimolar concentration of cal-
cium is required to activate the Tpr zymogen and such
concentrations are found in the extracellular fluid where
Tpr is secreted. The calcium-mediated activation of Tpr
prevents intracellular activation of the enzyme, which
may be cytotoxic. Due to their potential cytotoxicity if
left unregulated, peptidases are tightly controlled. Similar
mechanisms to prevent the deleterious activity of mis-
directed secreted peptidases are widespread, including
trypsin inhibitors produced by pancreatic cells (Hirota e#
al., 2000).

The HyCoSul. method allowed us to explore the sub-
strate specificity of Tpr, revealing the repertoire of phys-
iologically accessible substrates. As previously reported
for papain (Choe e# al, 2006) and calpain (Cuerrier e/ al.,
2005; Shinkai-Ouchi ez al., 2016; Tompa e/ al., 2004), the
specificity of Tpr is determined at the S2 subsite whereas
S1 is much less selective, albeit with some preference for
positively charged residues in all three enzymes. Howev-
er, the specificity of the S2 subsite differs between Tpr,
papain and calpain. Tpr strongly selects proline whereas
papain prefers valine but also accepts bulky aromatic
and large hydrophobic residues, and calpain accepts sev-
eral medium-sized residues. The S3 subsite also shows a
degree of selectivity, but again this differs between the
three enzymes. All three accept proline, but Tpr also
accepts bulky aromatic and small side chain residues,
whereas papain prefers arginine, lysine and medium-
sized side chain residues, and calpain tolerates multiple
residues with dissimilar physicochemical properties while
simultaneously excluding several residues. Tpr shows
broad specificity for amino acid residues in position P4
in a substrate.

Peptidases play a key role in nutrient acquisition by
P. gingivalis (Potempa & Pike, 2009). We found that Tpr
is not restrictively specific at any substrate-binding sub-
sites, but the combination of relatively high selectivity
at the S2 and S3 subsites may limit the number of sub-
strates susceptible to Tpr proteolytic activity. Such char-
acteristics are unexpected for a digestive peptidase and
suggest a more specialized role, possibly associated with
the evasion of host immune defenses.

Peptidases attack the most sterically accessible regions
of substrates, often cutting in loops and other unstruc-
tured regions. Proline residues are often overrepresented
in such regions (Fontana ez al, 1986), which also tend to
be functionally significant — for example, proline-rich re-
gions are known to be involved in protein—protein inter-
actions (Yu ef al, 1994). The relative preference of Tpr
for proline residues at positions P2 and P3 in substrates
may suggest the involvement of Tpr in the modulation
of protein—protein interactions. Eukaryotic proline-spe-
cific proteases mediate cell signaling events by modulat-
ing protein—protein interactions (Dunaevsky ez a/., 2020)
and the possibility that Tpr has a similar role should be
evaluated in future studies.

CONCLUSION

HyCoSul. screening revealed that the substrate speci-
ficity of Tpr is primarily determined at the S2 and S3
substrate-binding subsites, with proline being the most
preferred residue in both cases. The specificity of Tpr
therefore differs from that of the related eukaryotic pro-
teases papain and calpain, and is likely to play a more
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sophisticated role in bacterial physiology than indiscrimi-
nate protein degradation for the provision of nutrients,
which would be facilitated by non-specific protease ac-
uvity.
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Gaseous hydrogen sulfide (H,S) can function as a signal-
ing molecule similar to nitric oxide or carbon monoxide
under physiological conditions, ultimately exerting anti-
inflammatory, anti-apoptotic, and antioxidant activities.
Many studies have investigated the role of H,S in a va-
riety of biological contexts, and both endogenous H,S
and H,S donors have been leveraged as tools for fun-
damental biomedical research, and it has been suggest-
ed that they may provide value for the design of novel
therapeutic strategies in the years to come. Ferroptotic
cell death is a distinct programmed cell death resulting
from excessive lipid peroxidation in an iron-dependent
manner, and is characterized by high levels of iron ac-
cumulation, reactive oxygen species (ROS) production,
and peroxidation of cellular lipids. Several recent studies
have revealed a close relationship between ferroproteins
and their precursors, H,S, and the enzymes that produce
them. This review summarizes the current information
pertaining to the relationship between ferroptosis and
H,S, with a particular focus on the underlying mecha-
nisms and biological applications of this knowledge.
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INTRODUCTION

Hydrogen sulfide (H,S) is a gas that can serve as a sign-
aling intermediary and that, in mammals, it is produced by
several enzymes including cystathionine B-synthase (CBS),
cystathionine y-lyase (CSE), and 3-mercaptopyruvate sul-
fur-transferase (3-MST) (Wang, 2012). Many recent stud-
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ies have sought to elucidate the biological roles of H,S
and have demonstrated that its endogenous production
is related to processes ranging from vasodilation, micro-
bial antibiotic resistance, oxidative stress, and mitochon-
drial function to inflammatory activity, neuroprotection,
and endoplasmic reticulum stress (Kozich e a4k, 2019).
H,S functions as a reductant at physiological concentra-
tions, providing protection against inflammation, oxidative
stress, and apoptotic cell death (Kimura ez 4/, 2010). In
plasma, endogenously derived H,S levels are negatively
correlated with oxidative stress and aging (Hine e/ al,
2015). In addition, owing to the essential roles of H,S in
various physiological and pathological processes, its practi-
cal applications have been explored. For example, a novel
fluorescent probe, Rho-HS, was developed to detect H,S
and can be used for biological imaging (Guo e al., 2022).
Furthermore, a surface-filled H,S-releasing silk fibroin
(SE) h}drogel was developed to achieve small-dose local
administration and avoid volatile and toxic side effects
(Chen e al, 2022). These investigations shed light on the
potential clinical application of H,S. The production and
functionality of H,S have been identified as promising tar-
gets for the treatment of a range of conditions owing to
its significant role in regulating cell death and interactions
with the cell death pathway.

Multiple cell death pathways contribute to the occur-
rence and progression of vatious diseases, and H,S plays
a vital role in regulating or suppressing cell death, includ-
ing necroptosis, pyroptosis, and apoptosis (Rodkin ez @/,
2023) (Table 1). For instance, H,S upregulates the ex-
pression of Bcl-2 and P62 (Chen et al., 2022; Guo e/ al.,
2014) or downregulates NF-xB to reduce apoptosis in
organ ischemia/repetfusion (Kuo e al., 2013; Weirather
et al., 2014). Moreover, H,S can reduce the expression of
caspase-1 to exert an anti-pyroptosis effect on bone-de-
rived macrophages and aortic endothelium (Castelblanco
et al., 2018; Xi et al., 2016).

Ferroptosis is a subtype of regulated cell death (RCD)
with features distinct from those of necrosis, autophagy, or
apoptosis (Hadian & Stockwell, 2020; Jiang ez al., 2021). It
often results from iron-dependent accumulation of toxic
concentrations of lipid peroxides within cells (Rodkin ez 4z,
2023; Stockwell e al., 2017), characterized by the produc-
tion of high levels of lipid peroxides, accumulation of iron,
and downregulation of glutathione peroxidase 4 (GPX4)
(Fuhrmann & Briine, 2022; Mahoney-Sanchez e al, 2021).
These characteristics offer markers that can be used to spe-
cifically detect RCD (Hadian & Stockwell, 2020). Fetrop-
totic cells exhibit a rounded, small morphology with intet-
cellular separation, an intact crenulated plasma membrane,
and the absence of nuclear condensation. Mitochondria in
these cells often have ruptured outer membranes, increased
membrane density, and shrunken or absent cristac (Liang
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Table 1. Mechanisms of H,S on different cell death in disease models.

Cell death

Character

Disease model

Mechanism

Reference

Necroptosis

Following the activation of the tu-
mor necrosis receptor (TNFR1) by
TNFa

Diabetic cardiomyopathy

Alleviated myocardial
oxidative stress, ne-
croptosis and NLRP3

(Gong et al., 2022)

Diabetic vascular compli-
cations.

p38 MAPK signaling
pathway

(Lin et al., 2021)

Atherosclerosis

Attenuated the incre-
ased RIP3 expression

(Lin et al., 2018)

Pyroptosis A type of cell death culminating Ischemia-reperfusion (I/R)-  Inhibited the NLRP3/  (Ni et al., 2021)
in the loss of plasma membrane -induced acute kidney Caspase-1 axis
integrity and induced by activation injury (AKI)
of so-called inflammasome sensors. : X
These include the Nod-like receptor ~ Chronic obstructive pul- Targeted the TLR4/ (L. Wang et al.,
(NLR) family, the DNA receptor Ab- monary disease (COPD) NF-kB pathway 2022)
;err\itnlr:e!é/!eeletlg:)ma 2 (AIM2) and the Nephrotoxicity caused by ~ Upregulation of PI3K/  (Hu et al., 2023)

y P U exposure. AKT/mTOR pathway
Apoptosis The release of cytochrome ¢ from Asthma Reduced the airway (Mendes et al.,

mitochondria, regulated by a balance
between proapoptotic and antiapop-
totic proteins of the BCL-2 family,
initiator caspases (caspase-8, -9 and
-10) and effector caspases (caspase-3,
-6 and -7).

inflammatory infiltrate

2019)

Lipopolysaccharide (LPS)-
-induced memory impair-
ment (M)

Decreased c-Jun and
caspase-3 levels

(Kshirsagar et al.,
2021)

Myocardial reconstruction

Blocked ER stress-au-
tophagy axis

(Li et al., 2020)

Experimental glaucoma
model

Suppressed Bax,
caspase-3 and p53
activations

(Erisgin et al.,
2019)

Methotrexate (MTX) hepa-
totoxicity

Modulated IL-6/STAT3
pathway

(Fouad et al., 2020)

et al., 2019). Many diseases have been linked to ferroptosis,
including osteoporosis and cancer, and this form of RCD
also atises in the context of reproductive system functional-
ity and organ damage (Proneth & Conrad, 2019; Stockwell
et al., 2020). Ferroptosis is also associated with the efficacy
of a range of therapeutic modalities, such as chemotherapy,
radiotherapy, and immune checkpoint blockade treatments
(Lei et al, 2020). Several studies have reported the anti-fer-
roptosis effects of H,S in diseases such as cardiovascular
disease (Wang et al, 2023; Wu et al., 2023), air inflamma-
tion (Zhang et al, 2020), intracerebral hemorrhage (Zhang
et al., 2020) and acute lung injury (ALL) (Li ez al, 2022). For
instance, H,S reduces ferroptosis by regulating the Nrf2-
PPAR-ferritinophagy signaling pathway in PM-induced em-
physema (Wang ez al, 2022). It also protects DOX-induced
cardiotoxicity from ferroptosis by targeting the OPA3-
NFS1 axis (Wang e/ al, 2023). Overall, its functional path-
ways are diverse and complex.

This review provides a summary of the role of H,S
metabolism in mammals and the signaling pathways as-
sociated with H,S-mediated ferroptosis.

ENDOGENOUS MAMMALIAN H,S PRODUCTION

In mammals, H,S is generated via enzymatic and
nonenzymatic mechanisms (Fig. 1). Both CSE and CBS
are cytosolic pyridoxal 5’-phosphate (PLP)-dependent,
whereas 3-MST is a mitochondrial enzyme that functions
independently of PLP (Cao ef al., 2019).

CBS is formed by tetramerization subunit proteins of
63 kDa in size and generates H,S viz the catalytic pro-
cessing of L-homocysteine and L-cysteine, yielding H,S
and L-cystathionine through a mechanism compara-
ble to its role as a component in the trans-sulfuration
pathway. When L-cysteine is present, CBS mediates a
B-replacement reaction to generate H,S, while produc-

ing L-serine. An up to 23-fold higher rate of H,S gen-
eration was observed when l-homocysteine was available
compared to when only L-cysteine was available. CBS is
thought to be the main producer of H,S in the central
nervous system (CNS) and is expressed throughout the
brain, with the highest levels of expression in the cer-
ebral cortex, cerebellum, and hippocampus (Zuhra ef al,
2020). CBS expression is also detectable in lymphocytes
and organs, such as the liver, kidneys, pancreatic islets,
uterus, and placenta (Kaneko ef af, 2006; Patel e al,
2009).

Similar to CBS, CSE catalyzes the processing of ho-
mocysteine (Hey) to produce H,S, a-ketobutyrate, and
ammonia, in addition to catalyzing the processing of
L-cysteine to yield H,S, along with ammonia and pyru-
vate. When L-cysteine and Hcy are present at physi-
ological levels, CSE catalyzes the a- and B-climination of
L-cysteine to generate approximately 70% H,S, whereas
the o,y-elimination of Hcy catalyzed by this enzyme gen-
erates only 29% of the total H,S. However, when Hcy
levels atre elevated to concentrations similar to those ob-
served in the context of hyperhomocysteinemia (HHcy),
such o,y-elimination generates approximately 90% CSE-
derived H,S, indicating that relative Hey and L-cysteine
concentrations within mammalian cells are pivotal deter-
minants of the primary substrate utilized by this enzyme
(Chiku ez al., 2009).

Mitochondrially localized 3-MST is an H,S-generating
enzyme that was most recently discovered. Following the
initial cysteine aminotransferase (CAT)-mediated conver-
sion of L-cysteine to 3-mercaptopyruvate (3MP), 3-MST
transfers sulfur atoms from 3MP to 3-MST, resulting in
persulfide generation. When a reductant such as thiore-
doxin is present, H,S is released from the persulfide (Na-
gahara e al., 1998). Regulation of CAT activity ultimately
shapes the ability of 3-MST to generate H,S. CAT inhib-
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Figure 1. Endogenous generation mechanism of H,S in cells.
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The enzymatic and nonenzymatic generation pathway was presented in the above figure, in which the enzyme CBS, CSE and 3-MST
play pivotal role in producing H,S in enzymatic generation pathway, with L-cysteine being the main substrate. CAT, Cysteine aminotrans-
ferase; CBS, Cyststhionine -synthase; CSE, Cyststhionine y-lyase; GSH, glutathione; GSSG, glutathione disulfide; 3-MST, 3-mercaptopyru-

vate sulfurtransferase.

itors, such as aspartate, largely suppress the biosynthesis
of H,S and can therefore be leveraged as tools for phar-
macological studies to explore the functional importance
of H,S generated by this enzyme (Shibuya e a/., 2009).

Some endogenous H,S is also generated via the non-
enzymatic chemical reduction of sulfane sulfur through
the action of the ubiquitous cellular electron donor nico-
tinamide adenine dinucleotide (NADH), its reduced state
nicotinamide adenine dinucleotide phosphate (NADPH),
or other reductive equivalents (Searcy & Lee, 1998). Un-
der these conditions, the reduction of reactive sulfur
species present in polysulfides, persulfides, and thiosul-
fate can give rise to a range of metabolites, including
H,S (Olson ef al., 2013).

ENDOGENOUS H,S AND FERROPTOSIS

In mammalian cells, the transsulfuration pathway pro-
duces H,S as a byproduct of Hcy and cysteine process-
ing by CSE, CBS, and 3-MST. The functional Xc-system
subunit xCT (SLC7A11) is responsible for the import
of cystine into cells, where it is converted into cysteine,
which functions as the rate-limiting substrate necessary
for the biosynthesis of glutathione (GSH) (Liu e al,
2020; Stockwell ef al, 2017). GSH functions as a sub-
strate for GPX4, which mitigates ferroptosis by reducing
membrane phospholipid hydroperoxides to produce lipid
alcohols. When xCT expression or activity is suppressed,
immunotherapy- or radiotherapy-induced ferroptosis
is enhanced (Lang e/ al, 2019). The commonly utilized
xCT inhibitor erastin (Era) can also activate ferropto-
sis, although long-term treatment with Era may contrib-
ute to enhanced cellular resistance to ferroptotic death.
Moreover, Era treatment for extended periods has been
shown to improve CBS and CSE expression, indepen-
dently regulating ferroptosis (Liu e/ al, 2020). Disrupt-
ing xCT activity increases both CSE and CBS expression
yet significantly reduces endogenous H,S production.
The supplemental addition of the H,S donor GYY4137
[GYY, morpholin-4-ium-4-methoxyphenyl (morpholino)
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phosphinodithioate] reversed the loss of resistance to
5-fluorouracil (5-FU), which emerges upon the inhibition
of xCT, highlighting the functional importance of H,S
as a mediator of xCT-associated chemoresistance activity
(Chen et al, 2021). Interestingly, supplementation with
H,S increased the protein levels of xCT without influ-
encing its mRNA expression, suggesting that H,S has a
post-transcriptional regulatory effect on xCT. The H,S
axis maintains xCT stability through persulfidation of
OTUB1 at cysteine 91 (Chen e al, 2021). Correspond-
ingly, xCT and the trans-sulfuration pathway have been
identified as key ferroptotic regulators in cancer cells,
functioning primarily by producing cysteine as a precur-
sor for the production of the critical antioxidant glu-
tathione (GSH). When cells are treated with both Era
and AOAA, which inhibit CBS, the levels of GSH pre-
sent within cells are markedly reduced, thus contributing
to higher rates of ferroptosis associated with increased
PTGS2 expression at the mRNA level and higher lev-
els of MDA, which is a lipid peroxidation end-product
(Marrocco et al., 2017).

Hcy is an amino acid that contains sulfur and is im-
portant for methionine metabolism, gene methylation,
phospholipid biosynthesis, neurotransmission, and nucle-
ic acid biosynthesis (Shen ez a/, 2020). Given its essential
role as a mediator of Hcy transsulfuration, inhibition of
CBS increases the concentration of Hey in hepatocellular
carcinoma cells, triggering ferroptosis (Wang ez al., 2018).
Patients with excessively high levels of methionine, vita-
min B12, or folic acid deficiencies can have high serum
Hcy concentrations in the form of HHcy. This condi-
tion, in turn, contributes to the development of abnor-
mal bone metabolism and mitochondrial dysfunction
through oxidative stress and modification of collagen
cross-linking (Levasseur, 2009). Hcy may contribute to
more severe oxidative stress in nucleus pulposus cells
and aggravate the induction of ferroptosis, resulting in
increased lipid peroxidation, ROS production, and re-
duced GPX4 expression. Fer-1 is a ferroptosis inhibitor
that protects nucleus pulposus cells from degeneration
(Zhang et al., 2020). It also reduced Hcy-induced injury
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in ovarian granulosa cells in a dose-dependent manner
(Shi ez al., 2022). Vascular smooth muscle cells (VSMCs)
may become dysfunctional due to high hydrostatic pres-
sure (HHP) levels. HHP exposure induces ferroptosis in
VSMC, accompanied by high levels of ROS production,
lipid peroxidation, iron accumulation, downregulation of
CSE/H2S, and supptession of GSH production (Jin e
al., 2022).

The transcription factor nuclear factor erythroid 2-re-
lated factor 2 (Nrf2) is a vital mediator of ferroptosis
induction, and H,S has repeatedly been shown to ac-
tivate antioxidant activity mediated by Nrf2 in respira-
tory diseases, including rhinitis, sinusitis, conjunctivitis,
acute lung injury (ALI), chronic obstructive pulmonary
disease (COPD), and asthma (Han ¢ 4/, 2011; Khattak
et al., 2021). Wang et al. demonstrated that H,S was ca-
pable of inhibiting ferroptosis and ferritinophagy, while
this activity was impaired in mice or cells lacking Nrf2
expression, and on the other hand, the anti-ferroptosis
capability of H,S was enhanced when Nrf2 was over-
expressed because the ability of H,S to protect against
injury is regulated by Nrf2 activation and PPAR-y sign-
aling (Y. Wang et al, 2022). These results showed that
the upstream of the whole protective pathway is Nrf2
because the activation of PPAR-y and the inhibitory ef-
fects of H,S on ferritinophagy and ferroptosis were sig-
nificantly restricted when Nrf2 was knocked out, both in
vivo and in vitro.

The deubiquitinating enzyme OTUB1 stabilizes pro-
teins through specific mechanisms (Wiener ef al., 2012),
and OTUB1 overexpression stabilizes xCT in oncogenic
settings, thereby interfering with the ability of xCT to
regulate ferroptotic pathways (Koppula e a/, 2021; Yasu-
hara et al., 1997). Endogenous H,S production is closely
linked to interactions between xCT and OTUBI1, with
H,S stabilizing xCT' iz the persulfidation of cysteine 91
of OTUBI1 (Chen ez al., 2021).

H,S DONORS AND FERROPTOSIS

Inorganic sulfurized salts, including NaHS and sodium
sulfide (Na,S), are among the earliest known H,S donors
and are commonly used as H,S equivalents in research.
Currently, multiple H,S donors have been applied in var-
ious disease models and achieved remarkable effect via
different signal pathways (Table 2).

C2C12 cells treated with exogenously administered
NaHS could remediate abnormal redox conditions in-
duced in response to RSL3 through the upregulation of
GPX1 and GPX4, thereby normalizing lipid metabolism
and mitochondrial function while also increasing acetyl-

CoA levels. NaHS also inhibits the expression and acety-
lation of ALOX12, thus protecting C2C12 cells from fer-
roptosis via the CSE/H,S signalling pathway (Wang, Yu,
et al., 2021). Increased GSH content and GPX4 activity
took place in response to NaHS treatment. Decreases in
ROS, lipid ROS, and MDA levels have been reported
in both BV2 cells and in the prefrontal cortex (PFC) of
diabetic mice administered with NaHS. Mechanistically,
these effects were found to be mediated by the increased
expression of SLC7A11 protein in these BV2 cells or
in the PFC, indicating that NaHS may act in an antide-
pressant-like manner #a the upregulation of SLC7AT11.
NaHS can also improve PFC cysteine levels in a murine
model of type 1 diabetes, resulting in upregulation of
GPX4 (Wang, Wang, e/ al, 2021), indicating that NaHS
may exert its protective effect by upregulating the pro-
tein expression of SLC7A11 and cysteine levels.

In plants, bacteria, and some fungi, H,S is converted
to cysteine through sulfur assimilation. In contrast, stud-
ies have also found that the addition of Na,S as a do-
nor of H,S could promote the generation of cysteine in
mammalian cells in the presence of cystine. Since H,S
exists as HS- in a neutral solution, disulfide compounds
such as cystine can react with HS in the culture medium
as well as in the cell. This study demonstrated that af-
ter the addition of Na,S solution to the culture medium,
HS- was transiently generated and disappeared immedi-
ately through the reaction between HS and cystine to
form cysteine persulfide and polysulfides (see Fig. 10 in
Koike ez al., 2017). A significant increase in cystine con-
centration was observed after treatment with Na,S. The
mechanism by which Na,S protects SH-SY5Y cells from
MG cytotoxicity is 2z the activation of Nrf2, but not
HS itself. However, this mechanism has not been veri-
fied in ferroptosis, and further investigation is needed to
elucidate its molecular mechanism.

The slow-acting H,S donor GYY4137 can release this
gas for several hours (Chen e al, 2016). Ferroptosis is
an important component of sepsis-associated ALI, and
GYY4137 has been reported to protect against ALI by
alleviating oxidative stress through the removal of ROS.
GYY4137 also markedly suppressed COX-2 and NOX1
expression while increasing sepsis-induced GPX4 and
SLC7A11 expression, thereby inhibiting the occurrence
of ferroptosis in sepsis-induced ALIL (Ii ez al, 2022).

H,S AND IRON METABOLISM

The metabolism of iron is integral to the induction
and progression of ferroptotic pathways, whereas H,S
has a complex relationship with iron metabolism. Iron is

Table 2. Summarization of current H2S donors application in different disease models.

Disease model H2S donor  Mechanism Reference
Myocardial fibrosis AP39 PINK1/Parkin pathway (Yang et al., 2023)
. Upregulated the VSMC GSH content and cystathionine -

Hypertension NaHS gamma-lyase (CSE)/hydrogen sulfide (H25) (Ruxi Jin et al., 2022)
Intracerebral hemorrhage (ICH) NaHS Improved GPX4 and SLC7A11 via the CBS/H2S system (Y. Yu et al., 2023)
Retinal degenerative diseases. NaHS é‘g@ﬁ&;a;nd p62-dependent non-canonical NRF2-KEAP1 (M. Yu et al., 2023)

- . Inhibited the phosphorylation of BECN1 and increased
Sepsis-induced cardiomyopathy (SIC) ~ NaHS expression levels of SLC7A11 and GPX4 (Cao et al., 2022)
Beryllium disease NaHS 3eescreased the accumulation of Fe2+and lipid peroxi- (Liu et al, 2023)
Sepsis-induced acute lung injury (ALI)  GYY4137 Stimulated autophagy by blocking mTOR signaling (Jianhua Li et al., 2022)
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involved in H,S production #ia non-enzymatic processes.
Meanwhile, the uptake, transport, and accumulation of
iron is regulated by H,S. The interactions between H,S
and iron shape the cellular homeostasis of H,S and de-
fine the relevant signaling crosstalk.

In addition to the enzymatic mechanisms mentioned
above, non-enzymatic H,S in eukaryotes may come from
a cysteine reaction with iron and vitamin B6 or from
the reduction of elemental sulfur (Kolluru e a/, 2013;
Yang et al, 2019). Nucleophilic attack by vitamin B6
on cysteine forms a cysteine-aldimine, which reacts with
free or heme-bound iron to yield a quinonoid containing
cysteine. Subsequently, iron ions remove the thiol group
from H,S, and the resulting de-sulfureted aldimine is hy-
drolyzed to produce vitamin B6, ammonia, and pyruvate.

Free iron (Fe?!)is taken up by the cell through ion
channels or transporters, such as L-type Ca?" channels
on cellular membranes. H,S is also an endogenous gase-
ous ATP-sensitive K+ (KKATP) channel opener that in-
duces vasodilation (Arif e afl, 2022). H,S and iron may
interact to suppress L-type Ca?" channels via S-sulfhydra-
tion, as shown in mouse pancreatic B-cells (Tang e al,
2013). The influx of iron into cells through L-type Ca®*
channels has been demonstrated in cardiomyocytes (Arif
et al., 2022). The inhibition of these processes by H,S
decreases the amount of iron entering the cell. Ferropor-
tin 1 (Fpnl) and transferrin receptor 1 (TfR1) are essen-
tial regulators of iron homeostasis in most cells. Injecting
NaHS 7z vivo significantly increases serum iron levels and
transferrin saturation while significantly downregulating
TfR1 and Fpnl at the protein level (Zhang ez al., 2019).
Under the influence of ferric ions, cysteine catalyzes the
generation of H,S through a protective mechanism that
mitigates excessive iron concentrations by reacting with
iron and generating acid-labile iron sulfide, such that ex-
cessive iron cannot cause further oxidative stress (Tang
et al., 2023; Yang et al., 2019).

Recently, it was found that CBS is essential for iron
homeostasis, and the hepatic, splenic, cardiac, and serum
iron levels in CBS-deficient mice are elevated together
with oxidative stress-related marker levels; mice homozy-
gous for the knockout of CBS failed to survive for more
than 4 weeks (Zhou ez al, 2018). Moreover, hepcidin can
accelerate the degradation of Fpnl by interacting with it,
thereby reducing intracellular iron release into the sys-
temic circulation. Upregulation of hepcidin in both the
liver and systemic circulation has been reported to lead
to decreased Nrf2 expression. Elevated hepcidin levels
resulted in a marked decrease in Fpnl expression and
exacerbated iron retention, causing severe liver damage.
An adenoviral vector was used to restore CBS expres-
sion, and this attempt was able to reverse the damaged
phenotypes (Zhou ef al., 2018). Inflammatory cytokines
such as IL-6 promote the upregulation of hepcidin via
JAK-STAT3 signaling through interactions with activin
B and the SMAD1/5/8 pathway. In contrast, H,S sup-
presses the upregulation of hepcidin vz JAK-STAT sign-
aling zia the suppression of STAT3 phosphorylation,
thereby reducing IL-6 production (Zhang e/ al., 2019).
Similar findings were also reported by Xin and others
who demonstrated that H,S promoted the expression of
SIRT1, stabilizing SIRT1-STAT3 interactions to reduce
the acetylation of STAT3, thereby decreasing hepcidin
levels (Xin et al, 2016). Collectively, these results indi-
cate that H,S reduces hepcidin levels by acting upstream
of STAT3, which provides an opportunity for further
investigation. A better understanding of the mechanism
underlying the regulation of STAT3 »ia H,S may shed
light on its clinical potential.
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H,S AND LIPID PEROXIDATION

Lipid peroxidation is a hallmark of ferroptosis, which
results from the generation of excessive levels of ROS
due to increased intracellular iron concentrations, togeth-
er with the simultaneous depletion of GSH. The anti-
oxidant enzyme GPX4 is responsible for lipid peroxide
neutralization and can utilize GSH as a cofactor to pre-
serve membrane fluidity, thus shielding the membrane
against peroxidation-related damage (Su ¢ af, 2019).
Inhibition of GPX4 contributes to high levels of ROS
production, and its overexpression can conversely reduce
ROS generation and prevent ferroptosis induction. Iron
metabolism-related ROS generation is a major cause of
lipid peroxidation, given that iron is required for numer-
ous physiological processes, and excessive iron levels
ultimately disrupt normal cellular function through the
resultant oxidative damage, contributing to cell death (Su
et al., 2019).

H,S has been reported to exhibit concentration-de-
pendent pro- or antioxidant activities, such that plasma
lipid peroxidation is suppressed and enhanced by low
(10 uM) and high (1000 uM) concentrations of NaHS
(Sun ef al, 2012). Sun and others found that the use of
NaHS to pretreat neonatal rat cardiomyocytes resulted
in the generation of lower concentrations of ROS dur-
ing hypoxia/reoxygenation, and that H,S suppressed the
activity of mitochondrial complex IV while simultane-
ously enhancing superoxide dismutase activity (Sun et
al., 2012). In vivo, Wu and others reported that 50 umol/
kg NaHS per day for 16 weeks with a high-fat diet pre-
vented the increase in diet-induced lipid oxidation (Wu
et al., 2009), suggesting that NaHS has protective effects
against lipid oxidation. H,S is traditionally known for its
toxic effects on living organisms. Current studies are still
focused on cell and animal experiments, and relevant
data and safety for clinical use are needed.

Hcy has been suggested to increase the severity of
oxidative stress owing to the generation of free radicals
through the autooxidation of excessive Hcy concentra-
tions (Malinowska ez al, 2012). Yan et al. further re-
ported that H,S protected against HHcy-induced cellular
injury through its antioxidant activity, leading to a 55.8%
decrease in the overproduction of O** induced by Hcy
(Yan et al, 2006). Chang et al. found that the admin-
istration of H,S decreased total plasma Hcy concentra-
tion and lipid peroxidation. CBS- and CSE-knocked out
mice exhibit lower GSH levels and are more susceptible
to oxidative stress, further confirming the link between
stress and endogenous H,S (Chang e/ al., 2008).

Lipid metabolism is closely related to the conversion
of carbohydrates into fat. The cytoplasmic hydrolysis of
lipids is the first step in metabolism, resulting in the pro-
duction of glycerol and fatty acids. The two compounds
are then glycolyzed and B-oxidated, and H,S regulates
glycolysis and fatty acid metabolism through protein S-
sulfhydration (Cheung & Lau, 2018). Activated glycolysis
and the pentose phosphate pathway can increase anti-
oxidant activity (D’Alessandro et al., 2014). Exposure of
clonal HepG2 hepatocyte cells to NaHS (—10-100 pM)
reduced glucose consumption and glycogen levels
(Zhang et al., 2013). In addition, the CSE/ H,S pathway
has recently been shown to play a key role in the regu-
lation of glucose synthesis through pyruvate carboxylase
S-sulfhydration in gluconeogenesis (Ju ez al, 2015).

Further details regarding the association between H,S
and ferroptotic activity are shown in Fig. 2. The interac-
tion pathway between H,S and ferroptosis is shown in
Fig. 3.
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Figure 2. The effect of H2S on ferroptosis.

Cystine is imported by the Xc-system and converted into cysteine, which in turn serves as a GSH precursor. GSH is a GPX4 substrate.
Both cysteine and Hcy are also substrates for the production of H,S, and the H,S equivalent NaHS can increase GSH levels and GPX4
activity while suppressing the activity of the lipoxygenase ALOX12, thus remediating dysregulated lipid metabolism. Overly high Fe2+
concentrations can contribute to ROS generation via the Fenton reaction, whereas HHcy can drive enhanced ROS production and aber-
rant mitochondrial functionality. HHP promoted ROS generation by suppressing CSE/H2S expression and reducing GSH generation. TfR1
and FPN are important regulators of cellular iron homeostasis and NaHS can suppress their downregulation at the protein level. Hepcidin
interacts with Fpn1 to facilitate its degradation, whereas H,S reduces hepcidin expression via JAK-STAT signaling. The deubiquitinase
OTUB1 is capable of stabilizing the xCT Xc-system subunit via cysteine 91 persulfidation. The xCT inhibitor Era, when used to treat cells
for an extended period of time, upregulates CBS expression and enhances the resistance of cells to ferroptosis. In contrast, the CBS in-
hibitor AOAA, when administered together with Era, downregulated cellular GSH levels and enhanced ferroptotic death.

H,S AND FERROPTOSIS-ASSOCIATED MicroRNAs

MicroRNAs (miRNAs) are short RNAs of ~22 nu-
cleotides in length that lack coding ability and function
by supptessing translation and/or promoting the deg-
radation of complementary target mRNAs. Inhibiting
miR-30b-5p expression reportedly results in FPN1 and
SLC7A11 upregulation in trophoblasts, while the upregu-
lation of this mRNA under hypoxic conditions leads to
the downregulation of these two genes, causing troph-
oblast ferroptosis (Zhang et al, 2020). Members of the

miR-30 family have also been confirmed to target CSE
expression, thereby directly regulating the generation of
H,S (Shen e al, 2015). By targeting GPX4, miR-15a
can control ferroptotic induction in colorectal cancer
cells, whereas overexpression of miR-15a suppresses
GPX4 expression 2 vitro and in vivo, resulting in elevated
ROS generation, intracellular Fe?* accumulation, and in-
creased MDA levels (Liu e af, 2022). Fan et al. found
that miR-15a overexpression resulted in elevated GPX4
protein levels, with a concomitant decrease in ferroptotic
induction associated with fewer severe myocardial inju-

Table 3. An overview of H,S and ferroptosis-associated proteins and miRNAs

Protein or miRNA  Relation with H,S Relation with ferroptosis Disease involved

Enhances the anti-ferritinophagy and anti-

Nrf2 ferroptotic effects of H,S Anti-ferroptotic COPD

OTUB1 Eé?smfaﬁic?;tai?: g?%?ﬁgqigyt gztce-irntehrgﬂwh Stabilizes xCT Colorectal cancer

TfR1 lgl?ol-tlgiLng)i(k;i;cgstsl;gnd;vy/?vrgguIation of TfR1 Regulates cellular iron balance LPS

FPN1 glfol-tlgiLn?;kg:;sts?gndﬁ)%?JgguIation of Fpn1 Regulates cellular iron balance LPS

Hepcidin H,S reduces hepcidin expression ?lgﬁe%lerates the degradation of Anemia of inflammation
MiR-30b-5p Regulates H,S production Downregulates SLC7A11 and FPN1 ,s\fgr?cl?\ﬁ:';l ischemia/reperfu-
MiR-15a H,S upregulates miR-15a Z?rséizit\ll;Ié:ggt;lr?;eégigoptosis via Broiler thymus

MiR-194 Decreasing H,S can downregulate miR-194 Activates the Nrf2/HO-1 signaling Cerebral injuries.

pathway
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Figure 3. The pathway of H2S interacting with ferroptosis.
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NaHS is a donor of H,S, and once entered cells, it regulates ferroptosis-associated proteins to exert protective effect. First, it can be con-
verted into cystine, increasing the content of GSH and upregulating the activity of GPX4, resulting in reduced ferroptosis via antioxidant
effect. At the same, it maintains the stability of xCT through persulfidation of OTUB1 at cysteine 91. Second, it inhibits ferroptosis and
ferritinophagy via upregulating Nrf2. It reduces the expression of hepcidin via the JAK-STAT pathway, preventing the downregulation of
FPN1. Thirdly, NaHS itself upregulates the expression of FPN1 and TfR1 with or without inflammation, further regulating the metabolism

balance of iron in vivo.

ries (Fan ez al, 2021). Exposure to H,S also results in
miR-15a upregulation (Xueyuan ez a/, 2021). Additional
evidence suggests that miR-194 can mitigate the severity
of ischemia-reperfusion injury through the inhibition of
Bachl and introduction of signaling vz the Ntf2 /HO-1
pathway. Therefore, miR-194 inhibition reversed these
effects by reducing HO-1 and Nrf2 protein levels (Li ez
al., 2021). Reduction in H,S production reduces miR-194
expression and drives the deposition and realignment of
collagen under diabetic conditions to attenuate fibrosis
and renovascular constriction (John e al, 2017). The
proteins and miRNAs associated with ferroptosis are
summarized in Table 3.

CLINICAL POTENTIAL APPLICATION

In cancer, the clearance of H,S and the regulation of
the enzymes involved in its pathways are essential for
cancer therapy. A biocompatible fusiform iron oxide-
hydroxide nano-spindles nano system (FeOOH NSs)
was designed, which could be applied to magnetic reso-
nance imaging (MRI) to monitor ferroptosis. It can ef-
ficiently scavenge endogenous H,S by a reduction reac-
tion to inhibit the growth of CT26 colon cancer cells
(PMID:32789963). The biosafety of this nano-system has
been verified in animal models for three months, indi-
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cating its potential clinical translation. In addition, zinc
oxide-coated virus-like silica nanoparticles (VZnO) were
also tested to establish an H,S-responding nano-system
to scavenge H,S to alleviate ferroptosis in colorectal can-
cer (Pan e al, 2021). Additionally, fluorescent probes
that can be used for selective detection of hydrogen
sulfide have been developed to explore the biological
and pathological effects of H,S during ferroptosis (Di
et al., 2021; Guo et al., 2022). The two-photon fluores-
cent probe (PSP) exhibited excellent photostability and
two-photon imaging performance, and elevated levels
of H,S were observed during ferroptosis in tumors (Di
et al., 2021). Needless to say, these tools will enable a
more extensive expansion of H,S-related technologies
and knowledge for broad therapeutic applications in the
near future.

FUTURE DIRECTIONS

In recent decades, a broad range of physiological
functions of H,S have been gradually recognized. Accu-
mulating evidence has indicated that H,S plays a role in
various types of cell death. However, it is still not clear
whether the suppression of cell death occurs simultane-
ously across cell death or is more potent toward one
type of cell death than the others. As a relatively new
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area, the interactive mechanisms between H,S and fer-
roptosis need to be further explored, and the implica-
tions of H,S and ferroptosis interactions in various dis-
eases, such as chronic organ fibrosis, diabetes-associated
diseases, stroke, and other degenerative diseases, have
not been studied. More experiments are needed to de-
velop a safety profile and treatment regimens for H,S in
various disease models and human subjects. Currently,
the time and dosage of H,S in animal experiments are
being investigated, but the results are inconsistent (Wang
et al., 2022; Zhang et al., 2023). In addition, newly devel-
oped nanoparticles or fluorescent probes have not been
applied in clinical trials and require further validation
and biosafety tests. Minimizing H,S-induced toxicities re-
mains a challenge and H,S associated biomarkers need
to be identified for the better clinical use of H,S.

CONCLUSION

In summary, H,S functions as a key gastronomist
closely tied to ferroptosis with the substrates, enzymes,
and donors involved in the production of H.S, all of
which are related to ferroptosis. The metabolism of iron,
process of lipid peroxidation, and inactivation of antioxi-
dation systems all participate in the process of ferrop-
tosis. H,S can also regulate the uptake, transport, and
accumulation of iron, and reduce lipid oxidation by en-
hancing superoxide dismutase activity and regulating glu-
cose production. miRNAs are involved in nearly every
biological process, and several miRNAs have been found
to be involved in both H,S metabolism and ferroptosis.
As the interplay between H,S and ferroptosis has only
been explored in recent years, much work remains to be
done to adequately understand the relationship between
them. For example, additional research exploring the
production, storage, and release of H,S is needed, as are
efforts to understand how H,S affects mammals 7z vivo
under a range of settings and how it shapes the process
of ferroptosis.
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This report describes a comprehensive approach to local random mutagenesis
of the E. coli Ntn-amidohydrolase EcAIll, and supplements the results published
earlier for the randomization series RDM1. Here, random mutagenesis was
applied in the center of the EcAlll molecule, i.e., in the region important for
substrate binding and its immediate neighborhood (series RDM2, RDM3, RDM7),
in the vicinity of the catalytic threonine triplet (series RDM4, RDM5, RDM6), in
the linker region (series RDM8), and in the sodium-binding (stabilization) loop
(series RDM9). The results revealed that the majority of the new EcAlll variants
have abolished or significantly reduced rate of autoprocessing, even if the
mutation was not in a highly conserved sequence and structure regions.
AlphaFold-predicted structures of the mutants suggest the role of selected
residues in the positioning of the linker and stabilization of the scissile bond in
precisely correct orientation, enabling the nucleophilic attack during the
maturation process. The presented data highlight the details of ECAI
geometry that are important for the autoproteolytic maturation and for the
catalytic mechanism in general, and can be treated as a guide for protein
engineering experiments with other Ntn-hydrolases.

KEYWORDS

L-asparaginase, Ntn-hydrolase, random mutagenesis, enzyme engineering, AlphaFold
prediction

Introduction

N-terminal-nucleophile amidohydrolases (Ntn-amidohydrolases) are enzymes that
hydrolyze the amide bonds of amino acids, peptides, glycopeptides, and sphingolipids
(Linhorst and Liibke, 2022), using an N-terminal residue as the primary nucleophile. Ntn-
amidohydrolases are produced as inactive precursors which develop their enzymatic
activity in an autocatalytic cleavage maturation process that releases the nucleophilic
residue (Thr, Ser, Cys) at the newly formed N-terminus of subunit p (Michalska and
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(A) Overall crystal structure of EcAlll (PDB: 2zal, gray) with product (L-Asp, ball-and-stick) bound in the active site; the violet spheres represent
sodium ions coordinated in the stabilization loop. Panels (B, C) show detailed views (in different orientations) of the active site with color-coding of
the randomization regions (the color code is the same as in Panel (D)); randomized residues are in stick representation. (D) A fragment of EcAIll
sequence with randomization positions and numbers of the randomized residues marked below the sequence; sequence numbers of the Thr
triplet are marked in red; the full ECAlll sequence is presented in Supplementary Figure S1.

Jaskolski, 2006). The Escherichia coli ECAIII protein is an Ntn-
amidohydrolase with the L-asparaginase activity (Michalska
et al., 2005). L-asparaginases are a large group of enzymes
that convert L-Asn to L-Asp and ammonia. According to the
most recent classification, EcAIII is a potassium-independent
member of Class 2 L-asparaginases (Loch and Jaskolski, 2021; da
Silva et al,, 2022), formerly called plant-type L-asparaginases
(Borek and Jaskdlski, 2001).

The catalytic center of EcAIII is made of a threonine triplet:
Thr179 (the nucleophile), Thr197, and Thr230. In the close vicinity
of the triplet, other residues involved in substrate stabilization are
located. Among them, the most important is Arg207, which acts as
an anchor for the substrate a-carboxylate group, and Asp210,
which stabilizes its amino group (Figure 1). The EcAIIl molecule
also features a sodium-binding (stabilization) loop, which is
important  for  securing the proper of
Thr179 nucleophile (Michalska et al., 2008).

As all known Ntn-hydrolases, EcAIII requires a maturation

orientation

step to develop its enzymatic activity. Upon maturation, the
peptide bond between Gly178 and Thr179 is cleaved by the same
Thr179 nucleophile (Michalska et al, 2008). The precursor
protein is a homodimer, while the mature form of EcAIII is a
dimer of two heterodimers, each comprised of subunit a and
subunit B. After the autocleavage process, a flexible linker of
~20 residues remains at the C-terminal part of subunit a. The
linker is naturally disordered and undergoes degradation over
time (Linhorst and Liibke, 2022).

Our recent studies of the impact of random substitutions
(series RDM1, Supplementary Table S1) on EcAIII performance
revealed that initiation of autocatalytic cleavage is a complex and
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multistep process, highly sensitive to even small changes in
protein geometry and hydration pattern near the scissile
Gly178-Thr179 bond (Loch et al., 2022). Following the
previous run of local random mutagenesis, we performed
further randomization trials to probe how the selected regions
of the EcAIII molecule tolerate simultaneous multiple amino acid
substitutions. Moreover, we also hoped to identify new EcAIII
variant(s) with improved catalytic efficiency (kc,;) or substrate
affinity (K,,), for potential utilization in leukemia therapy (Tosta
Pérez et al., 2023).

In this work, segments of the EcAIII sequence for local
random mutagenesis (Figure 1; Supplementary Table S1) were
selected on the basis of crystal structure analysis. Residue
randomization was carried out in the center of the EcAIII
molecule, ie., in the region important for substrate binding
and its immediate neighborhood (series RDM2, RDMS3,
RDM?), in the vicinity of the catalytic threonine triplet (series
RDM4, RDMS5, RDM6), in the linker region (series RDM8) and
in the sodium-binding loop (series RDM9). Although mutations
usually led to inactive precursors, we were still able to identify
several factors that affect the enzyme performance. Our report is
one of few studies (Kim et al., 2010; Karamitros and Konrad,
2016; Xu et al.,, 2018; Loch et al., 2022) describing mutagenetic
modification of Ntn-hydrolases.

Methods

Random mutagenesis was performed according to the
QuikChange protocol with the use of the mutagenic primers

Published by Frontiers
Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)


https://doi.org/10.3389/abp.2024.12299

Loch et al.

listed in Supplementary Table S1. In the naming scheme applied
in this work, mutants are labeled as “RDMY-X,” where X is the
ordinal number of a particular bacterial colony that was screened,
and Y is the number of the mutagenesis trial (Supplementary
Table S1; Figure 1). All SDS-PAGE gels marked with names of
the mutants are presented at the end of Supplementary Material
(as Supplementary Appendix - raw experimental data).

As a matrix for PCR reaction, the EcAIII sequence cloned to
the pET11d (or pMCSG92) vector was used. After PCR reaction,
the matrix was digested using DpnI enzyme (Thermo Scientific).
Products of the PCR reaction were transformed to BL21 (DE3)
Gold cells. Clone selection procedure, L-asparaginase activity test
in cell lysate, and monitoring of autocleavage were performed
according to previously described protocol (Loch et al., 2022).
After monitoring of maturation by SDS-PAGE and testing for
activity in cell lysate, several clones (active or inactive) were
selected for plasmid DNA isolation and sequencing (Genomed
SA, Poland) to check the mutations present.

Large-scale expression and purification of selected variants
were performed according to previously described procedures
(Loch et al., 2022, 2023). L-asparaginase activity of mutants was
detected using Nessler method as describes earlier (Janicki et al.,
2023). Structure prediction for selected mutants was made using
AlphaFold2 (AF2) (Jumper et al., 2021) with the utilization of
Amber the
stereochemistry of the models.

relaxation refinement to assure correct

Results and discussion

The results presented herein are a continuation and
complementation of the random mutagenesis report on
EcAIII published previously as the RDMI series (Loch et al.,
2022). The randomization trials RDM2 - RDM9 were performed
in eight selected regions of the EcAIIl sequence (Figure 1;
Supplementary Figures S1, S2). Screening was carried out
of
(Supplementary Table S2). The differences in the numbers of

manually for relatively small numbers clones
analyzed clones in each series were correlated with the analysis of
the SDS-PAGE gels: if in a particular series a small number of
clones were capable of autoprocessing, we did not continue
the screening.

As the screening process was manual (not in a high-
all

sequencing due to a large number of plasmid isolations that

throughput mode), not clones were submitted to

would be too laborious for manual protocol. We decided to carry

out sequencing for several clones from each series
(Supplementary Table S3). The randomization trails allowed
us to identify new EcAIII variants with interesting properties
and to make several important observations related to the
enzymatic activity of EcAIII, as well as to sequence variability
observed in bacterial proteins annotated as Ntn-amidohydrolases

(Janicki et al., 2023).

Acta Biochimica Polonica

55

10.3389/abp.2024.12299

Role of residues 210 and/or 211
(RDM2 series) in EcAIll activity

In the RDM1 mutagenesis trial, four residues at the substrate
binding site, namely, Gly206, Arg207, Asp210, and Ser211, were
randomized (Loch et al., 2022). In the RDM1 series 64 new
EcAIII variants were analyzed. Most of them were not cleaved
into subunits, and those which were processed did not exhibit
L-asparaginase activity. In the RDM1 variants processed to
subunits a and P (Loch et al., 2022), L-Asn hydrolysis was
abolished by the absence of Arg207, which is crucial for
substrate binding (Figure 1). In order to analyze the behavior
of new variants with intact Arg207 (and Gly206), we decided to
run the mutagenesis trial RDM2, in which only Asp210 and
Ser211 were randomized (Supplementary Table S1).

Screening of 33 clones of the RDM2 series showed that only
11 variants were cleaved into subunits, and among them only
eight retained the L-asparaginase activity (Supplementary Table
S2). Sequencing revealed that six of the active clones had the wild
type (WT) sequence of EcAIIL, while the two other active clones
carried the mutations D210A/S211P (RDM2-25) and D210P
(RDM2-27) (Supplementary Table S3). We also found in the
RDM2 series three clones that were processed to subunits but did
not show L-asparaginase activity during screening. We
sequenced two of them, and identified the following
mutations: D210A (RDM2-17) and D210A/S211V (RDM2-32)
(Supplementary Table S3).

Although variants RDM2-25 and RDM2-27 were active, they
had a very slow autoproteolysis rate. These observations indicate
that the absence of Asp210 and/or Ser211 significantly slows down
the maturation process. Although residues 210 and 211 do not
seem to be directly involved in autoprocessing, as a polar residues
they are part of an H-bond framework that assures the correct
positioning of water molecules w3, w4, and w5 near the Gly178-
Thr179 scissile bond, as visible in the crystal structure (Michalska
et al., 2008) (Figure 2A). Although the AlphaFold2 models do not
include water molecules, comparison of the predicted structures of
mutants RDM2-25, RDM2-27, RDM2-17 and RDM2-32, and the
crystal structure of the ECAIII precursor (PDB: 3¢17) shows that in
the absence of side chains Asp210 and/or Ser211 the correct
network of water-mediated H-bonds near the nucleophilic
Thr179 cannot be formed (Figure 2A). These observations can
explain the slow autoproteolysis rate of the RDM2 mutants, as well
as the low enzymatic performance, as Asp210 is also involved in
substrate stabilization.

For the active mutants RDM2-25 and RDM2-27, large-scale
expression and purification were carried out. We observed that
only about ~50% of the RDM2-25 and RDM2-27 mutant
proteins were processed into subunits after 48 h. When
autoprocessing progressed, we observed the development of
L-asparaginase activity of variants RDM2-25 and RDM2-27.
As it was impossible to separate the populations of mature
we were not able to

and immature EcAIIl molecules,
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FIGURE 2

AF2-predicted structures of the new EcAlll variants. (A) Superposition of the RDM2-25 mutant (light pink) on the EcAIll precursor (PDB: 3c17,

gray); water molecules (red spheres) present in the precursor structure are H-bonded (gray dashed lines) to Asp210 and Ser211; due to the mutations,
this network of H-bonds is perturbed in the RDM2-25 mutant. (B) Superposition of the EcAIll structure (PDB: 2zal, gray) with bound L-Asp (black
sticks) and the RDM3-9 mutant (dark green); the presence of Arg209 in the mutant affects the position of Arg207. (C) Structural changes in

variant RDM3-11 (dark green); the side chain of GIn209 blocks the space reserved for the a-carboxylate group of the L-Asp substrate (black sticks,
PDB:2zal). (D) Superposition of the RDM3-34 model (green) and WT EcAlll (PDB: 2zal; gray); there are no significant conformational changes. (E)
Superposition of WT EcAlll (PDB: 2zal, gray) and the predicted model of mutant RDM7-12 (pink); the mutations resulted in atomic shifts and the
formation of new H-bonds (red dotted lines), not present in the WT structure. (F) Superposition of the predicted structure of the EcAIll precursor
(gray) and model of the RDM8-15 mutant (light green); major conformational changes were induced by the presence of Prol74 and Lys173; new

H-bonds are marked by red dotted lines.

determine the kinetic parameters for preparations of partially
cleaved proteins.

The data above suggest that mutations at positions 210 and
211 significantly reduce the autoprocessing rate, but mature
variants develop L-asparaginase activity. On the other hand,
reported earlier variants from the RDMI series carrying
similar mutations, e.g., RDMI1-3, RDM1-12 or RDM1-29, did
not exhibit any L-asparaginase activity at all (Loch et al., 2022).
However, in the RDM1 mutants the Arg207 residue was absent,
while the RDM2 mutants have intact Arg207 required as an
anchor for the a-carboxylate group of the substrate. These
observations indicate that the presence of Arg207 is absolutely
necessary to maintain substrate affinity, while stabilization of the
amino group of the substrate by a H-bond to Asp210 plays a less
important role in substrate positioning.
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Random mutagenesis near the
substrate binding site
(RDM3 and RDM7)

For the RDM3 series, the SDS-PAGE analysis showed that
most of the mutants were not cleaved into subunits. The only
clones that were mature and active, RDM3-12 and RDM3-19,
had sequence identical to WT EcAIIL. We also made attempts to
sequence several other immature RDM3 clones. Unfortunately,
sequencing was successful only for three mutants
(Supplementary Table S3): RDM3-9, RDM3-11, and RDM3-
34. These three variants were produced at large scale and
purified. Although at the screening stage we did not observe
autoproteolysis, the large-scale purification revealed a very slow
maturation process. Nevertheless, RDM3-9 and RDM3-11,
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remained enzymatically inactive, while variant RDM3-34
developed L-asparaginase activity. The predicted AF2 model
of this variant did not reveal any significant conformational
changes (Figure 2D), therefore, the reduced autoproteolytic
efficiency of RDM3-34 has unknown origin.

Screening of the RDM3 mutants indicated that simultaneous
mutations in the close neighborhood of Arg207 (positions 208,
209, 211, 212) is usually fatal for the catalytic activity of EcAIII
because of conformational changes leading to incorrect positioning
of the Arg207 side chain in the active site. In the RDM3 trial we
randomized the highly conserved Gly209, while the rest of the
mutated residues have only moderate or low conservation
(Supplementary Figure S1). These observations indicate that
Gly209 is important for maintaining the correct geometry of
the active site. Gly209 is located very close to Arg207 and
incorporation of residues with large side chains, such as Arg209
(in RDM3-9) or GIn209 (in RDM3-11) results in a positional shift
of Arg207. An AF2 model of the RDM3-9 variant revealed that
Arg209 and His211 strongly affect the position of Arg207, making
substrate binding ineffective (Figure 2B). The predicted structure
of mutant RDM3-11 reveled that GIn209 disturbs substrate
binding by affecting its positioning (Figure 2C).

Most of the RDMY7 clones, with randomization introduced at
positions Pro212, Leu213, Gly217 and Cys218 (Figure 1),
retained the ability to mature, but they lost their
L-asparaginase activity. Most of active RDM?7 clones
(Supplementary Table S2) turned out after sequencing to be
WT EcAIIL The predicted structure of inactive mutant RDM7-
12 revealed a positional shift of the entire 207-217 loop, resulting
in the formation of new H-bonds, the most important of which
links Asp210 and Thr179 (Figure 2E). Such an interaction most
probably disturbs substrate binding and affects the nucleophilic
character of Thr179.

In the RDM7 series we detected a high proportion of WT
sequences. A simple explanation might be an ineffective digestion
of the PCR matrix by Dpnl. However, we rather exclude this
possibility as we always run control transformations in parallel.
Another explanation might be that degenerated RDM7 primers
with WT sequence were annealed in the PCR reaction to the
DNA matrix with similar frequency as the degenerated
oligonucleotides with non-complementary sequences. This
observation suggest that the efficiency of random mutagenesis
depends on the DNA sequence itself. In some (rare) cases, when
it is not possible to produce new variants using only degenerated
primers, other mutagenic approaches must be considered.

Mutagenesis in conserved sequence
regions (RDM4, RDMS5,
RDM6 and RDM9)

SDS-PAGE analysis of clones from the RDM4, RDMS5,
RDM6 and RDM9 series (Supplementary Table S1) revealed
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that in most cases the new EcAIII variants were incapable of
splitting themselves into the o and B subunits. Absence of
L-asparaginase activity was observed for all clones of
RDM4 series. Plasmid sequencing revealed that selected
clones in the RDM5 and RDM6 series that were active had
the native WT EcAIII sequence (Supplementary Table S2). In
series RDM4, RDM5 and RDMS6, sequence randomization
took place in the close vicinity of the conserved region of
(Thr179, Thr197, Thr230;
Supplementary Figure S1). Mutants of the RDM9 series

the  threonine triplet
possessed random mutations in the conserved region of
sodium-binding (stabilization) loop (Glu61l, Cys63, Phe66,
Ala68). In this series, the one active variant had sequence
identical to WT protein (Supplementary Table S2).

These findings indicate that random mutagenesis in the
highly conserved fragments of the sequence is ineffective, and
it should be avoided or replaced by rational site-directed
mutagenesis. However, our recent analysis of residue
conservation near the catalytic triplet and the stabilization
loop (Janicki et al., 2023) revealed that in bacterial EcAIII
orthologs, substitutions in the Thr triplet and its close vicinity
are possible but very rare. For example, the most variable position
near Thr179 corresponds to Met177 in EcAIII sequence, which in
other proteins can be substituted by Phe, His or Tyr, while the
most mutation-prone position in the stabilization loop is
Cys63 which can be replaced by Asp, Asn or Ser
(Supplementary Figure S1).

Mutagenesis within the variable linker
region (RDM8)

It would seem that the chance of obtaining functional
EcAIIl variants via random local mutagenesis depends on
the sequence element that is randomized: the more
conserved the designated sequence fragment (associated with
a particular function), the lower the probability of obtaining
functional clones. From this point of view, the most promising
segment is the least-conserved fragment of the EcAIII sequence,
namely the flexible Glul59-Glyl178 linker immediately
preceding the nucleophilic Thr179 (Supplementary Figure
S1). The linker does not participate in substrate binding and
L-Asn hydrolysis of the mature enzyme. The role of the linker in
autoproteolysis is not clear; however, recently we reported that
correct positioning of the linker is essential for efficient
autocleavage of the scissile Glyl78-Thrl179 bond (Loch
et al., 2022).

The entire linker of ~20 residues is usually not fully visible
in the electron density maps, suggesting high mobility or
progressive digestion. As the only available experimental
model of EcAIIl with part of the linker visible (residues
165-178) is the crystal structure of the T179A mutant (PDB:
3cl7) (Michalska et al, 2008), we attempted to generate
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AF2 models of unprocessed EcAIIl. The AF2 predicted
conformation of the linker was significantly different from
the 3cl7 crystal structure. That structure of the inactive
T179A mutant that Glul73
Lys176 might be important for the stabilization of the

showed residues and
scissile bond (which is a part of the linker), as Lysl76 is
H-bonded to Glu234 and Glul73 forms a salt bridge with
Argl49 (Supplementary Figure S3). These interactions were
absent in the predicted model of immature WT EcAIIL Instead,
we observed an H-bond between the main chain carbonyl O
atom of Glul73 and nitrogen of Lysl76 (Supplementary
Figure S3), as well as an H-bond between the side chains of
these residues.

In the RDMS series we randomized four residues: Glul73,
Lys174, Lys176 and Met177, from the linker (Supplementary
Table S1). Sequencing revealed that in the RDMS trial four out
of the seven active variants had WT sequence (Supplementary
Table S2). However, clones RDM8-6 and RDMS8-15 (and
RDM8-17) carried mutations (Supplementary Table S3).
SDS-PAGE analysis showed that in variants RDM8-6 and
RDMS8-15
ultimately the proteins were converted to mature of

autoprocessing was rather slow, however,
subunits and attained their L-asparaginase activity (as the
active site region was not mutated). Variant RDM8-6 carried
four mutations: E1731/K174Q/K176A/M1771. The AF2 model
suggested that the K174Q substitution may lead to the creation
between GIn174, GInl152 and GInl19
(Supplementary Figure S3). According to the prediction,
substitutions K174Q and E173I may result in a flip of the
171-173 side chains, affecting the Ca backbone trace of
the linker.

For the RDM8-15 variant with the E173L/K174P/K176E/
M177K mutations, the AF2 model suggested that significant
conformational changes may be introduced in the linker by
the presence of Glul76, H-bonded to Argl49 and GInl52,
and by Lysl177, H-bonded to Ser274 (Figure 2F), as these
interactions are absent in the AF2 model of the WT protein.
According to the AF2 model, the substitution K174P of RDM8-

15 also contributes to the conformational changes of the linker.

of new H-bonds

The conformational changes in the linker region analyzed in this
section may potentially reduce autoproteolysis rate by hampering
proper orientation of the Glyl178-Thr179 scissile bond for
nucleophilic attack.

The results of mutagenesis in the linker region show that
by modifying this part of the EcAIII sequence one can tune
the efficiency of autoproteolysis without “touching” the active
site. This might be important for designing new EcAIII
with Also,
designing EcAIIl mutants with impaired autoproteolytic

variants controlled maturation process.
activity might be useful for crystallographic modeling of
the intact linker structure, as an important step towards
the elucidation of the mechanism of autoproteolytic

activation.
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Conclusion

This report describes a comprehensive approach to
random mutagenesis of EcAIIl and is a sequel to a
previously published work (Loch et al.,, 2022). Our studies
reveled that most of the new EcAIII variants had abolished or
significantly reduced rate of autoprocessing, and were in
consequence devoid of L-asparaginase activity. In this
that
mutagenesis of the EcAIII sequence is rather ineffective for

respect, we have demonstrated local random
designing better enzymes with increased substrate affinity.
The problem lies not in the randomization itself, but is rooted
in the biochemistry of Ntn-amidohydrolases. These enzymes
are produced as inactive precursors and it is usually difficult to
predict if the introduced mutations will affect the maturation
process only, or L-Asn hydrolysis as well. Even if a given
substitution could be beneficial for the ultimate substrate
hydrolysis, this effect may not be observed if the same
mutation is fatal to enzyme maturation. The only way to
avoid such problems is to use circularly permutated genes for
Ntn-amidohydrolase mutagenesis. This approach has been
used only once, for the human HsATIT enzyme (Li et al., 2012).

We also predicted the role of several residues in the proper
orientation of the linker and the scissile bond for autoprocessing.
Moreover, we generated genes of several new active and inactive
EcAIII variants that enrich the available library of ECAIII mutants
(Michalska et al., 2008; Loch et al., 2022; Janicki et al., 2023). We
believe that our randomization studies will help to better
understand the catalytic properties of Class 2 L-asparaginases
and will guide further engineering experiments with other Ntn-
amidohydrolases as well as mechanistic studies (Andjelkovic et al,,

2023) of the new Ntn-hydrolases.
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In the presented work, advanced methods of analysis and visualization were
used to compile trends and patterns in the scientific literature. The most
relevant information for the stability of biosensors was selected on the basis
of clusters constructed on the basis of keywords. The most significant
publications in the clusters appearing over time were analyzed. The most
explosive publications were identified, i.e., those that have had the greatest
impact on science in the area of the subject under study. The scientific trend in
the development of biosensor stability was determined on the basis of the most
frequently cited words in recent publications. A map of cooperation and
networking between countries in the field of interest of the above topic was
presented. Leaders were identified by country of origin.
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Introduction

The number of scientific publications increases every year with the development of
technology and the progress of civilization. Therefore, the need for a fast and accurate analysis
of the literature to keep track of the development of existing research topics and emerging
news in the world of science was naturally born. Previously used scientific analysis based on
web reviews or studying scientific databases such as Web of Science, Scopus, PubMed allowed
only retrospective analysis, i.e., chronological, recollective analysis without the ability to trace
connections. Domain map analysis means the use of graph network representations of the
source analysis, including the analysis of the relationships between data with the help of the
choice and appropriate distance measure, clustering, mapping the relationships into graph
nodes and edges. It allows us to determine the most significant resources analyzed temporal
development of the area determined tendencies (Liu et al., 2020; Geng et al., 2023).

One of the most popular tools for bibliometric analysis of domain maps is CiteSpace,
which is based on data mining, a process involving data extraction, pattern analysis and
sorting. It is a process that can be compared to mineral processing, where the mineral
must first be extracted, then cleaned and finally sorted. Data mining enables rapid
predictions and classifications to be made and facilitates decision making.

CiteSpace is a Java based application designed to analyze and visualize trends and
patterns in the scientific literature to present the structure and distribution of scientific
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knowledge. It focuses on finding critical points in the
development of a field or region, especially intellectual turning
points (Xu et al., 2022; Gao et al., 2023; Zhao et al., 2023). In
presented papers we used CiteSpace to group keywords and
highlight results related to biosensors stability.

The analysis is based on the theoretical trend (intellectual)
and the experimental trend. The intellectual trend is based on
articles presenting research findings or a scientific point of view,
while the experiential trend [as conceptualized by Price (1965)] is
based on collections of cited articles.

The functions of the CiteSpace application are based on three
central concepts:

1. The Kaliberg crack detection algorithm (Kleinberg, 2002),
which is used to identify test concepts.

2. The Freman intercentricity matrix, used to highlight potential
key points

3. The Heterogeneous Network, used to map between the
intellectual base and the experimental front.

Mapping can be used to identify the nature of the research
front, highlight specializations and identify emerging
trends over time.

The CiteSpace analysis are based on select single words or
phrases of up to four keywords from titles, abstracts and article
descriptions based on articles by the method LSI (Latent
Semantic Indexing) related to biosensors stability.

The research is based on a surge in citation frequency. Analysis
by cluster view and by temporal variation is possible. The CiteSpace
tool makes it possible to follow in real time the development of new
fields of knowledge and the links in the existing field of knowledge
(between institutions and countries), it also gives the possibility to
see the history of the emergence of a scientific question and the
impact of the main discoveries on the final view. The present article
analyses the stability of biosensors on the basis of experimental
studies. The analysis was carried out using the CiteSpace 6.2. R4 tool,
which selects the most important articles that cause the scientific
development of the topic, based on the keywords that appear most
frequently in the titles and abstracts. The novelty of the article is: 1)
the presentation of the latest trends, the indication of the direction of
research in the field of stability of biosensors, based on an advanced
analysis using the CiteSpace tool, 2) the identification of the scientific
leaders dealing with the studied issue, and 3) the presentation of the
mutual network of scientific links between research groups coming
from different countries.

Methods
Sources of data

In this paper we used the Web of Science (WoS) database as a
data source and through advanced search (TS= biosensor) we
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obtained 86,814  papers in  the range  time
(01.01.1974-01.07.2023).

Figure 1 shows the number of publications in the field of
biosensors from 1974 to 2022. We have chosen 2022 as the upper
limit of the time frame because this is the last full calendar year in
the WoS database (2023—not yet over). The graph shows a clear
increase in publications over time, indicating a growing interest
in biosensors, most likely related to the increase in environmental
pollution (Pohrebennyk et al., 2018) and the widening range of
biosensor applications [medicine (Grabowska et al., 2014),
environmental protection (Klos-Witkowska, 2016), food
industry (Dirpan et al, 2023) and the drive to improve
existing devices to achieve even better detection quality (Laad
and Ghule, 2022)]. It is worth noting the slight decrease in the
number of papers published in 2020 (5,875 papers) compared to
2019 (5,902 papers), perhaps due to the impact of the COVID-19
pandemic, which was felt all over the world.

Current research is carried out in two parallel streams:
experimental and theoretical.

In the experimental stream, work focuses on improving the
quality of detection and the stability of the device (Klos-Witkowska
and Kajstura, 2020), while the theoretical stream revolves around the
development of mathematical models (Martsenyuk et al,, 2021b),
often using already existing solutions for this purpose (Martsenyuk
et al,, 2021a), also recently, the interest of scientists in combining
biosensors with artificial intelligence has been noted. An extremely
interesting issue is the problem of stability in biosensors, which
is a very important problem not only from a scientific point of
view, but also from a commercial point of view. The stability of
biosensors directly translates into the longevity of use and the ability
to operate the device. Therefore, following the latest scientific
trends, the issue of biosensor stability was chosen to be analysed
in biosensor development based on advanced analytics using
CiteSpace 6.2.R4;

(1) Identifying the most important (so called “explosive
articles”) that generated the most interest among
researchers based on their citability.

(2) The most relevant keywords (most cited) in the titles and
abstracts were identified and clustered, i.e., grouped
according to their relevance.

(3) The most important clusters were described.

(4) The keywords with the highest number of citations on a time
scale were visualised.

(5) Identified scientific leaders working on stability issues in the
field of biosensors and showed the network of scientific links
between research groups from different countries.

Analytical method characteristics

We conducted a literature search using the following search
strategy using Web of Science Advanced Search: Publication
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FIGURE 1
Number of publication in the biosensor field from 1974 to 2022.

dates were from 01.01.1974 to 01.07.2023 and search criteria
were: for Dbiosensor stability (experimental research):
[TS=(biosensor)] AND [TS=(stability)] AND [TS=(empirical)]
OR [TS=(experimental)] in the Web of Science Core Collection.

We created visual graphs of keyword co-occurrence, keyword
clustering and scientific collaboration using CiteSpace
6.2 R4 software. We investigated the current status and trends

in the stability of biosensors.

Results
Biosensor stability

Biosensors are devices that are susceptible to ageing; this

phenomenon can be characterised as a decrease in
signal over time.

Stability of biosensors is critical for commercial success as
biosensors are now used in an increasing number of different
applications. Characterisation of stability in terms of shelf life,
reusability and the ability to be used continuously is inadequate,
although much work has been done in this area. Stability is very
important as it is a major factor affecting the operation of
the device.

The mechanisms of biosensor ageing are complex and still
poorly understood. However, it is known that the loss of stability
of a biosensor is the sum of all changes affecting both the
biological material used: for example: enzymes (Fernandez-
Lopez et al, 2017), antibodies (Oyetayo et al., 2017), as well
as the signal mediator (Ricci et al., 2003; Malinauskas et al., 2004)
and the binding material of complexes in the matrix (Panjan
et al., 2017).

The analysis presented below illustrates the current state of
knowledge and trends in biosensor stability research. As shown
in Figure 2, the efforts of researchers have focused on chemically
modified electrodes, reduced graphene oxide, direct electron

transfer, magnetic microspheres, FFT cyclic voltammetry,

Acta Biochimica Polonica

62

10.3389/abp.2024.12196

poly(o-phenylenediamine), LECTIMS and optimization. The
analysis presented was carried out on the basis of the most
frequently occurring keywords. These were used to create the
clusters shown in Figure 2.

The larger the cluster area, the more frequent the occurrence
of the keyword. In the analysis carried out, the keywords are also
the names of each of the most relevant clusters, those shown
in Figure 2.

Thus, it can be seen that the keyword for cluster #1 (#1) is
chemically modified electrode, similarly for the others:
#0 reduced graphene oxide, #2 direct electron transfer,
#8  fft

#10 poly(o-phenylenediamine), #11 lectins, #12 optimisation.

#6 magnetic microspheres, cyclic  voltameters,

The dots in each cluster represent publications; the names of
the most prominent can also be seen in the diagram.

The CiteSpace analysis allows us to select the most
significant sentences from the publications contained in
the clusters.

Thus, cluster: #0 “reduced graphene oxide” was formed on
the basis of 495 publications, of which the publications (Bai et al.,
2012; Dong et al., 2012; Wei et al., 2012; Xu et al., 2012; Bai et al.,
2013; Wang et al., 2013; Nalini et al.,, 2014; Zhou et al., 2014; Li
et al,, 2021) are considered to be the most significant, where one
can find information on the application of gold nanoparticles and
the development of an amperometric biosensor based on gold
nanoparticles decorated with graphene nanoparticles for the
detection of clenbuterol. Also of interest are electrochemical
biosensors based on hemin-modified graphene nanoplatelets
for the determination of l-tyrosine levels. Au nanoparticles
were used as a stabilizer.

In cluster #1 “chemically modified electrode”; among the
243 publications forming it, the publications (Arkhypova et al,
2003; Gamella et al., 2006; Mu, 2006; Rahman et al., 2006; Wang and
Zhang, 2006; Du et al,, 2007; Fan et al,, 2007; Fanjul-Bolado et al,,
2007; Di Fusco et al.,, 2010; Chalikian, 2016) are highlighted. The
main information in this cluster concerns: the optimization of the
biosensor design, as well as the influence of experimental variables
such as pH, working potential and temperature on the sensor
response. The research also focused on improving the analytical
characteristics of the fabricated biosensor, studies of direct electron
transfer reactions, optimisation of experimental conditions and
substrate affinity based on the Michaelis-Menten constant. pH,
working potential and temperature are known as stabilizing factors.

Cluster #2 of
460 publications. The ten most important publications are Lai
et al. (2008), Zhang et al. (2008), Hsu et al. (2009), Kong et al.
(2009), Nenkova et al. (2009), Zhang et al. (2009), Zhu et al. (2009),
Liu et al. (2010), Lu et al. (2010), and Garay (2015). They contain

information on factors influencing electron transfer. These include

“direct electron transfer” consists

the results of studies describing the effect of pH, the preparation of
new magnetic microspheres coated with chitosan by modifying
magnetic carbon-coated iron nanoparticles. The effect of gold
nanoparticles on electron transfer was also investigated.
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Keyword clustering analysis network

Cluster #6 “magnetic microspheres” consists of 215 papers.
The most important of these are papers (Liu et al., 2005; Tan et al.,,
2005; Shan et al., 2006; Fan et al., 2007; Tong et al., 2007; Liu et al.,
2010; Zhen et al., 2011; Heli and Yadegari, 2014; Ltaief et al., 2017;
Villani et al., 2018) devoted to the preparation of new magnetic
microspheres, control of sensor potential, detection limits and
response speed from the point of view of biosensor stability.

There are 62 publications in cluster #8 “fft cyclic
voltameters.” The most important are (Norouzi et al., 2010a;
Norouzi et al., 2010b; Norouzi et al., 2010c; Marinov et al., 2010;
Bohnenberger and Schmid, 2014; Cheraghi et al., 2017; Narwal
et al., 2017; Stepashkin et al., 2018; de Oliveira et al., 2023;
Kyomuhimbo et al., 2023). The key information is the application
of this method to the study of: pyruvate oxidase, multiwalled
carbon nanotubes immobilized on the surface of a glassy carbon
electrode by means of a polymer layer of Nafion, the effect of
individual components of an enzyme mixture containing gold
nanoparticles, acetylcholinesterase, bovine serum albumin and

glutaraldehyde on the current output of constructed
acetylthiocholine biosensors. The research also included a
biosensor for the detection and quantification of

organophosphorus pesticides. fft cyclic voltameters allow us to
investigate the stability of biosensors.

Cluster #10 “Poly(o-phenylenediamine)” was formed by
130 publications, of which the ten most important are
publications (Ahammad et al, 2011; Devi et al, 2013; Zhang
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et al, 2014; Dervisevic et al, 2015a; Baytak et al, 2015;
Dervisevic et al., 2015b; Chen et al.,, 2015; Tan et al., 2015; Wang
et al,, 2015), while clusters #11 “Lectins” and #12 “Optimization”
were formed by 65 and 163 publications, respectively. The most
important for cluster #11 are Bai and Shiu (2014), Gholivand et al.
(2014), Oliveira et al. (2014), Ribeiro et al. (2014), Ghanbari et al.
(2019), Bravo et al. (2022), Jalalvand (2022), Tvorynska et al. (2022),
Zalpour et al. (2022), Ramesh et al. (2023), while for cluster 12 (Hsu
et al,, 2009; Kong et al,, 2009; Liu et al., 2011a; Liu et al,, 2011a; Liu
et al., 2011b; Pasahan et al., 2011; Yang HC et al, 2011; Yang WY
et al,, 2011; Makhmudiyarova et al., 2015; Rakhi et al,, 2016) with
information on operational stability as well as sensitivity,
conductivity, detection limits, response speed, detection range,
calculation of the Michaelis-Menten constant, response gain.

Diagram 3 (Figure 3) shows an analysis of the most important
publications in the cluster that emerged over time. The red circles
indicate the most explosive publications, i.e., those that have had the
greatest impact on science. These publications were selected based
on the highest number of citations of words (extracted from titles,
abstracts, descriptors, and identifiers of bibliographic records) found
in these publications in the presented time scale.

The time scale in the graph makes it possible to determine
when the explosive publication appeared. A detailed analysis is
shown in Figure 4.

Thus, in the context of the stability of biosensors, it can be
seen that in 2003 there was a publication (Wang et al., 2003,
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267 citations) dedicated to the amperometric biosensor of

hydrogen peroxide with a sol-gel/chitosan layer as
immobilization matrix, which the authors describe as the
development of a new hybrid sol-gel/organic composite
material based on the cross-linking of the natural polymer
chitosan with (3-aoryloxypropyl) dimethoxymethylsilane. This
material was used to fabricate biosensors for H,O, amperometry.

A composite membrane was used to immobilize horseradish
peroxidase (HRP) on a gold disc electrode. The properties of the
sol-gel/chitosan-HRP

thoroughly characterized by atomic

sol-gel/chitosan  and layers  were

force and Fourier
transform infrared microscopy. Using fluorescent tracers, the
protein density in the sol-gel/chitosan was calculated to be 3.14 x
10" molecules cm 2. The developed biosensor had a fast response
in less than 2 s with a linear range of 5.0 x 10°-1.0 x 10”7 mol L™
and a detection limit of 2 x 10~ mol. L™". The reaction showed a
typical Michaelis-Menten mechanism. The activation energy of
the enzymatic reaction was calculated to be 8.22 k] mol ™. The
biosensor retained about 75% of its initial activity after about
60 days of storage in phosphate buffer at 4°C.

This was followed in 2004 by another publication (Wang and
Wang, 2004, 415 citations) on a novel hydrogen peroxide sensor
based on horseradish peroxidase immobilized on a colloidal Au-
modified ITO electrode. The authors described the development
of a novel method to fabricate a hydrogen peroxide sensor by
immobilizing horseradish peroxidase (HRP) on a colloidal Au-
modified conductive ITO glass substrate. The purified glass
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#0 reduced grephene oxide
#2 direct electron transfer

#1 chemically modified electrode

#6 magnetic microspheres

#10 poly(o-phenylenediamine)
# 8 fft cyclic voltammetry
#11 lectins

#12 optimization

first modified  with
trimethoxysilane (APTMS) to provide an interface for the

substrate  was (3-aminopropyl)
deposition of colloidal Au. Next, 15 nm colloidal Au particles
were chemisorbed onto the amine groups of APTMS. Finally,
HRP was adsorbed onto the surface of colloidal Au. The
immobilized HRP electrocatalytic

response to hydrogen peroxide reduction. The performance

showed an excellent
and factors affecting the obtained biosensor were investigated
in detail. The obtained biosensor showed a fast amperometric
response (within 5s) to H,O,. The detection limit of the
biosensor was 8.0 umol L' and the linear range was from
20.0 umol L' to 8.0mmol L. In addition, the obtained
biosensor showed high sensitivity, good reproducibility and
long-term stability.

This is an article that is particularly important for the
development of the issue related to the stability of biosensors.
Despite the fact that the topic of biosensor stability is developing
rapidly. An analysis conducted with the help of CiteSpace
showed that no explosive articles have appeared in the last
5years, which formed the basis for further scientific issues
related to the topic of stability.

The next landmark publication was a paper (Qian and Yang,
2006, 284 citations) describing a composite layer of carbon
the fabrication of
amperometric hydrogen peroxide biosensor. The paper
described the development of a novel amperometric hydrogen

nanotubes and chitosan for an

peroxide biosensor based on the cross-linking of horseradish
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FIGURE 4
Top 4 references with the strongest citation burst.

peroxidase (HRP) with glutaraldehyde with multi-walled carbon
nanotubes/chitosan (MWNTSs/chitosan) coated in a composite
layer on a glassy carbon electrode. The MWNTs were first
dissolved in a chitosan solution. The morphology of the
MWNT/chitosan composite layer was then characterised by
field emission scanning electron microscopy. The results
showed that the MWNTs were well soluble in chitosan and
that robust layers could be formed on their surface. HRP was
cross-linked with MWNTSs/chitosan by glutaraldehyde to
prepare a hydrogen peroxide biosensor. The enzyme electrode
showed excellent electrocatalytic activity and fast response for
H,0, in the absence of mediator. The linear detection range of
H,O, (applied potential: —0.2 V) was from 1.67 x 107 to 7.40 x
10™* M with a correction factor of 0.998. The biosensor showed
good reproducibility and stability in the determination of H,O,.
There was no interference from ascorbic acid, glucose, citric acid
and lactic acid.

The last of the four most explosive scientific publications was a
paper (Zhou et al., 2010, 441 citations) on a novel hydrogen peroxide
biosensor based on Au-graphene-HRP-chitosan biocomposites. The
paper used graphene very effectively to construct an H,O, biosensor.
Graphene and horseradish peroxidase (HRP) were co-immobilised
in a biocompatible chitosan (CS) polymer, and then a glassy carbon
electrode (GCE) was modified with the biocomposite, followed by
electrodeposition of Au nanoparticles on the surface to form an Au/
Graphene/HRP/CS/GCE layer. Cyclic voltammetry showed that
direct electron transfer of HRP was realized, and the biosensor
had excellent performance in terms of electrocatalytic reduction
towards H,O,. The biosensor exhibited high sensitivity and speed.
In addition, the biosensor showed good reproducibility and long-
term stability.

As can be seen from the most explosive publications, the
stability of biosensors is primarily related to the generation of
optimal substrates (i.e., receptor layers).
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The range of words considered to be the most explosive,
ie., those that appear most frequently in citations, is shown
in Figure 5.

CiteSpace 6.2 R4 software was used to highlight keywords.
The tool used performed a keyword analysis, i.e., it extracted the
most frequently cited words. The graph shows a time scale
indicating the period of the highest citation of a given
keyword. It can be seen that although the analysis covered
works from 01.01.1974 to 01.07.2023, the graph shows the
period from 1991 to 2023. It can be seen that the dominant
keyword is “glucose oxidase,” this term has also been cited the
longest, as can be seen in the figure. A similar reasoning can be
applied to the other words in Figure 5.

Analyzing the entries below, the terms that deserve special
attention are those that remain in quotation marks to this day.
Among them we can distinguish: “ Graphene oxide,” “high-
performance

nanocomposite,” “nanocomposites,”

“electrochemical ~sensor,” “platform,” “sensitive ~ detection,”

» <«

“surface plasmon resonance,” “amplification” and “immunosensor.”

It can be seen that these words refer both to the substances or
materials tested, e.g., non-composite, and to the test methods,
e.g., “surface plasmon resonance,” but also to the type of
biosensors, e.g., “immunosensor,” “electrochemical biosensor,”

» «

or to research questions, e.g., “sensitive biosensor,” “platform.”

Based on the most recent citations of keywords (the above
terms are related to the stability of biosensors), we can identify
scientific trends and directions of development of a given scientific
issue. From the point of view of stability of biosensors, it can be
seen that research is growing in the direction of electrochemical
biosensors and immunosensors in search of materials that are
optimal in terms of durability. The experiments mainly use surface
plasmon resonance as a leading research method.

From the point of view of scientific development,
international cooperation in the area of development of a
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Top 42 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End
glucose oxidase 1994 8.07 1994 2012
enzyme electrode 1994 6.62 1994 2007
polypyrrole 1996 4.62 1996 2009
construction 2000 4.972000 2009
horseradish peroxidase 2001 10.452001 2013
glucose biosensor 1993 5.632001 2011
phenolic compounds 2003 3.69 2003 2010
matrix 2004 4212004 2010
films 2003 5.032005 2014
film 1998 4.242005 2014
electrodes 1998 3.852005 2009
direct electrochemistry 2001 12.48 2007 2012
electrocatalysis 2002 7.18 2007 2014
carbon nanotube 2007 3.772007 2012
flow injection analysis 1998 3.552007 2010
direct electron transfer 2008 8.152008 2014
chitosan 2008 6.062008 2014
horseradish-peroxidase 2008 3.932008 2010
carbon nanotubes 2005 4.62009 2015
hemoglobin 2005 4.572009 2014
modified electrode 2005 3.582009 2014
au nanoparticles 2010 3.582010 2014
gold nanoparticle 2011 3.62011 2012
fabrication 2005 3.722012 2015
functionalization 2012 3.572012 2015
reduced graphene oxide 2013 5.172013 2019
glassy carbon electrode 2010 4.592013 2017
graphene oxide 2015 6.56 2015 2023
dopamine 2015 4.71 2015 2019
graphene 2013 4.54 2015 2020
performance 2013 4.512015 2023
oxide 2011 3.652016 2019
stability 2002 4.852017 2020
quantum dots 2012 4.64 2017 2018
nanocomposites 2017 4.44 2017 2023
nanocomposite 2011 6.91 2018 2023
electrochemical sensor 2014 6.272018 2023
platform 2016 3.98 2018 2023
sensitive detection 2015 7.71 2019 2023
surface plasmon resonance 2015 4.062019 2023
amplification 2019 3.622019 2023
immunosensor 2000 6.12020 2023

FIGURE 5

Top 42 keywords with the strongest citation bursts.

particular issue is extremely important. Cooperation between
countries, institutions and authors is more likely to lead to

progress in related research areas.
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Figure 6 shows a map of cooperation and networking
between countries in the field of biosensor stability. The
analysis showed that researchers from 69 countries were
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Map of cooperation and networking between countries in the field of biosensor stability.

POLAND

TABLE 1 Number of citations by country representative.

Citation counts References

437 Peoples R China
70 Iran

57 United States

44 India

40 Italy

33 South Korea

28 Taiwan

25 Spain

25 France

24 Turkey

working on biosensor stability. The areas marked with circles
show the citation rate of representatives of a country (the
detailed number of citations of representatives of a country is
presented in Table 1). In Figure 6 you can see that the larger
the marked area, the higher the citation rate (the graph does
not show all countries, but only those whose representatives
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turned out to be the most active in terms of cited works). Thus,
based on the figure below, it can be seen that the most cited
works devoted to the stability of biosensors were published by
representatives of China (437 citations), but also among the

leaders can be distinguished representatives of: Iran
(70 citations), United States (57 citations), India
(44 citations), Italy (40 citations), South Korea

(33 citations), Taiwan (28 citations), Spain (25 citations),
France (25 citations), Turkey (24 citations). In 2012, the
work of scientists from Poland was also cited.

In the diagram shown in red is the publication of the French
representative (as first author) and co-authors (from the
United States and Hungary), which generated the widest
cooperation in the area of biosensor stability issues. This
publication (Theavenot et al., 1999) is extremely important
not only in terms of international cooperation, but also in
terms of citations and content. The paper is dedicated to the
recommendation, classification and definition of electrochemical
biosensors. It contains a detailed description of guidelines for
reporting biosensor response and calibration characteristics:
sensitivity, working and linear concentration ranges, limits of
detection and limits of quantification. You will also find
information on biosensor selectivity and reliability, response
time, reproducibility, stability and device lifetime.
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TABLE 2 List of journals in which the most articles related to
biosensors have been published.

Citation counts References

711 Ibiosens Bioelectron
611 Anal Chem

576 Sensor Actuat B-Chem
553 Anal Chim Acta

466 Talanta

372 ] Electroanal Chem
361 Electrochim Acta

359 Electroanal

344 J Am Chem Soc

304 Analyst

Table 2 presents list of journals in which the most articles
related to biosensors have been published. It shows that the
highest ranked item in terms of number of citations are the
journals: Biosensors and Bioelectronics, Analytical Chemistry,
Sensors and Actuators B: Chemical, Analytica Chimica Acta,
Talanta and so forward as presented in Table 2.

Comparing the journals in which the most significant articles
were published (Figure 4) with the list in which the largest number of
articles related to biosensors are found (Table 2), it can be seen that
the most cited articles were published in journals: Biosensors and
Bioelectronics, Electrochimical Communication, Talanta and
Electrochimica Acta. In the table presented (Table 2), the journal
Biosensors and Bioelectronics is in the number 1 position, Talanta is
in the number 5 position, Electrochimica Acta is in the number
7 position, while Electrochimical Communication is not among the
top ten most cited journals.

Thus, it can be seen that there is a kind of correlation between
highly cited articles and their impact on the journal’s citability,
while the publications with the highest citations do not fully
reflect the journal’s cutability.

Conclusion

This article presents an analysis of the stability of biosensors.
This study provides a basic understanding and appreciation of
biosensor stability research and shows the direction of scientific
development of this topic.

Based on the CiteSpace, v.6.2.R4 tool, an analysis of
in the
performed. Based on the compilation of keywords, it was

trends and patterns scientific literature was
shown that the most frequent keywords in the analysed topic
are: chemically modified electrode, reduced graphene oxide,

direct electron transfer, magnetic microspheres, fft cyclic
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voltammetry, poly(o-phenylenediamine), lectims,

optimization.

This study identified the most important publications in
the development of biosensor stability. The 42 most
frequently cited words were extracted. Among them, we
can distinguish:

“graphene oxide,” “high-performance

nanocomposite, nanocomposites, electrochemical

» <« » «

sensor,

» «

platform,” “sensitive detection,” “surface plasmon
resonance,” “amplification” and “immunosensor.” From
these it can be seen that research is increasing towards
electrochemical biosensors and immunosensors. Optimal
materials in terms of durability are being sought. The
experiments mainly use surface plasmon resonance and fft
cyclic voltammetry as leading research methods.

A map of collaborations and transnational networks in
biosensor stability showed that researchers from 69 countries
were working on biosensor stability. The leaders in citability by
country of origin were found to be from China.

Although the Citespace tool has significant potential and
greatly facilitates analysis it has certain limitations,
inconsistencies and irrelevancies.

CiteSpace analyzes the citations received through the
publication of the co-citation network found in the Web of
Science bibliographic database.

Web of Science indexes only part of scientific literature. Thus,
all analyses, regardless of the methods and tools used, exclude
many journals and books.

In the second case, the influence of a specific publication
concerns studies whose results are described in publications
linked by a parallel citation network, ie., with smaller or
larger thematic links. In addition, it should also be noted that
keyword analysis on the basis of titles, abstracts, article
descriptions based on articles related to biosensors omits
important information contained in books as subsections.

However, despite the limitations of the database, which is the
basis of the analysis, CiteSpace remains a very important tool for

rapid retrospective and predictive analysis.
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Mercury is a major pollutant in the environment due to
its high concentration in the soil. In this study, a mercu-
ric reductase was extracted from Pseudomonas aerugino-
sa. The sequence of the enzyme was retrieved from the
literature and structural homologs were identified. The
protein bonded with Mercuric compounds and their in-
teraction was briefly studied. Autodock Vina was used
to perform a molecular docking with the target protein.
Results showed that the sequence consists of most of
the random coil 44.74% followed by a-helix and B-turns.
Moreover, the protein was predicted to have a FAD/
NAD(P)-binding domain. The virulence factor prediction
using different approaches of Virulentpred and VICM-
pred suggested that P00392 is non-toxic. Next, the mu-
tational analyses were performed to predict the active
site residues in the resulting models and to determine
mutants. The results show that the enzyme is involved
in the bioremediation of mercury by using in-silico tech-
niques. Finally, molecular docking studies were con-
ducted on the best-selected model to find the active site
residues and to generate a pattern of interaction to un-
derstand the mode of action of the substrate and its cat-
alytic activity which refers to the binding with mercury.
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INTRODUCTION

The proliferation of industrial waste into the environ-
ment has led to the grave predicament of heavy metal
contamination which has proved to be a peril to both
the biosphere and humankind. These heavy metals can
accumulate in the environment from various sources
(Gworek e al., 2020). Soil, water and especially air can
get contaminated with these heavy metal compounds
and hence, it is causing disastrous impacts on our envi-
ronment and health. Even at low concentrations, heavy
metals including mercury, cadmium, copper, lead and
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chromium are cytotoxic, carcinogenic and mutagenic
in nature. The main cause of the release of such heavy
metals into the environment is the utilization of non-bi-
odegradable materials which directly affect the biosphere
(Mandal & Mishra, 2023). The World Health Organiza-
tion has classified four of the ten heavy metals as being
of significant public health concern which includes: cad-
mium, arsenic, lead, and mercury (Budnik & Casteleyn,
2019).

Mercury can be produced in the atmosphere due to
natural eruptions i.c., volcanoes, forest fires and weather-
ing of rocks. Mercury can be found in a variety of forms
in the inorganic state; metallic mercury, mercury vapor,
mercuric salts, and mercury dioxide (Xu ¢7 al., 2022). The
organic state includes the mercuric compounds in which
the mercury is bonded to a structure containing carbon
atoms, and inorganic mercury in the form of compounds
like methyl, ethyl, phenyl, or similar groups. Although
the concentration of mercuric compounds in the air is
less concerning, it is causing more damage to the soil.
Human mercury exposure has adverse health conse-
quences, such as headaches, insomnia, neuromuscular ef-
fects, difficulty in breathing, irritability, chest pain, stom-
achaches and cognitive or motor dysfunction. Mercury
poisoning may also occur if the blood mercury levels ex-
ceed 100 ng/mL which will result in the malfunctioning
of muscles (Duan ez a/., 2020).

There are several conventional methods to decontami-
nate an environment containing mercuric compounds.
An alternative method to distinctively remove this heavy
metal is by utilizing a biological technique based on the
use of a biological enzyme mercuric reductase, extracted
from  Pseudomonas stutzeri with an ecofriendly approach
(Al-Ansari, 2022). Bioremediation is a safe approach
that can be utilized to decontaminate our environment
from these heavy metal pollutants by the use of micro-
organisms. Microorganisms are considered best for these
types of mechanisms as they are well-known for their
resistance against heavy metals. They have the potential
to adopt various detoxifying mechanisms which include
biomineralization, bioaccumulation and biosorption (Al-
Ansari, 2022). Therefore, the aim behind opting for this
topic is to use a mercury-resistant bacterium thriving in
a mercuric environment and study the enzyme which is
involved in the bioremediation of mercury by using in-
silico techniques. Mercury-resistant Pseudomonas stutzeri is
found in highly contaminated soil enriched with mercu-
ric compounds. It is a gram-negative, rod-shaped, motile
bacterium with greater metabolic diversity in the nature
(Wan e al., 2020).
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In this study, mercuric reductase from P. stutzeri was se-
lected as a candidate for further investigations (Zheng ez
al., 2018). The sequence of mercuric reductase retrieved
from literature and structural homologs was identified.
Structural analysis via using bioinformatic tools was per-
formed and validated to get good-quality protein struc-
tures and models. The protein bonded with mercuric
compounds and their interaction was briefly studied. The
models obtained from these strategies were further re-
fined to remove steric clashes with other compounds.
The main residue which is involved in ligand binding
was determined based on the active sites and binding
pockets identified in the structural homology (Bianchi
et al., 2012). Finally, docking studies were conducted on
the best-selected model to find the active site residues
and generate a pattern of interaction to understand the
mode of action of the substrate and its catalytic activ-
ity which refers to the binding with mercury. Lastly, the
mutational analyses were performed to predict the active
site residues in the resulting models and to determine
mutants. According to the study conducted, P. stutzeri
mercuric reductase is a non-virulent protein that may be
used for cheap and environmentally acceptable bioreme-
diation of mercury (Sodhi ez al., 2019).

MATERIALS AND METHODS

Sequence Analysis

Sequence Retrieval

The FASTA sequence of Mercuric Reductase protein
was tetreved from UniProt KB (https://www.uniprot.
org) with the specifically allocated UniProt ID: P00392.
The sequence contained a total of 561 amino acids and
the annotation score 5/5 which confirmed it as a se-
quence of good quality and useful for all kinds of bioin-
formatics analysis.

Sequence Characterization

The sequence characterization was done by the pre-
diction of Physiochemical Parameters. The computing
for the physiochemical parameters of the Mercuric Re-
ductase protein under study was performed by ExPAsy-
ProtParam  Tool (https://web.expasy.org/protparam)
which is an open-access online server by the Swiss Bio-
informatics Resource Portal. The sequence was submit-
ted in the FASTA format and various Physiochemical
annotations like Molecular Weight, Theoretical pl, Ali-
phatic Index and GRAVY were calculated.

Sequence Comparison & Multiple Sequence Alignment

MSA or multiple sequence alignment is a crucial tool
in understanding the interrelationships among sequenc-
es and identifying functionally important conserved re-
gions. To detect conserved regions in the sequences,
the ClustalW and MEGA version X MSA tools were
utilized. Furthermore, to determine sequence homology
and infer evolutionary relationships, phylogenetic analysis
was performed using MEGA version X with the neigh-
bor-joining algorithm and Poisson substitution method.

Function Prediction

The role of protein domains in protein function is es-
sential as they often determine the protein’s overall func-
tion, specificity, and interaction with other molecules.
Protein domains can carry out various functions, such

as binding to DNA, RNA, or other proteins, catalyzing
chemical reactions, and transporting molecules across
cell membranes. By containing specific sequence motifs,
domains can also be responsible for post-translational
modifications such as phosphorylation, glycosylation or
ubiquitination, which can alter protein activity, stability
or localization. Therefore, the protein domain prediction
was performed by CATH DB (http://www.cathdb.info)
which is an online bioinformatics tool for protein do-
main prediction. The protein sequence was inputted in
FASTA format, and the domains were predicted.

Virulence Factors Identification

Keeping in view that the protein is planned to be
used as a Bioremediator, it is necessary to make sure that
the protein should not be toxic or virulent (Muhammad
Naveed ez al., 2023). Therefore, the identification of viru-
lence factors was performed with VirulentPred (http://
bioinfo.icgeb.res.in/virulent), that is an online setver for
virulent factors identification. The protein sequence was
used as input and the results were obtained.

Secondary structure prediction

Secondary structure prediction was petformed by PSI-
PRED (http://bioinf.cs.ucl.ac.uk/psipred) which uses
position-specific matrices score that is produced by PSI-
BLAST to employ neural network methods (M Naveed,
I Ali, et al., 2023). It predicts the secondary structure of
the protein sequence. In addition to identifying protein
characteristics and recognizing folds, secondary structure
prediction is an intermediate step in predicting three-di-
mensional structures (Mohamadi ef a/., 2022).

The analysis of the secondary structure sequence was
also performed by the SOPMA online tool (https://
npsa.lyon.inserm.fr/cgi-bin/secpred_sopma.pl) which
analyzes the number of featutes of secondary structure
such as b-turns, a-helix and coil etc. In addition to ana-
lyzing the amino acid sequence of a given protein, this
tool offers information about protein secondary struc-
tures (Buchan & Jones, 2019).

Structure Prediction

Template Recognition

The PSI-BLAST program was used to carry out a
sequence similarity search against the PDB database
to provide a list of results that were most similar to
the query sequence to identify the template. The se-
quence with the highest sequence identity, the larg-
est query coverage, and the score with the lowest e-
value was chosen as the reference template. Based on
the outcomes returned by BLAST, the coordinates of
the template structure were obtained from the Protein
Data Bank (Bekker ez a/., 2022). The motif and domain
analysis were identified by Pfam and InterProScan. In-
terProScan (https:/ /www.ebi.ac.uk/interpro/search/
sequence-search) is an online tool used to obtain the
functional analysis and classify the protein sequences
into the families and domains as well as binding sites
(Blum ¢# al., 2021). The Pfam (https://pfam.xfam.org/)
is a database that contains a large collection of families
of proteins each represented by specific Markov mod-
els (HMMs) and modeling by multiple sequence align-
ment (Mistry et al., 2021).

Model Generation

The homology modeling for the three-dimensional
sttucture was performed by SWISS-MODEL (https://
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swissmodel.expasy.org/templates/) which is a tool for
automatic homology modeling and Phyre2 (http://www.
sbg.bio.ic.ac.uk/phyre2/) which is a tool that creates 3D
structures and remote homology service as well as finds
binding sites in the query structure to predict the 3D
structure of the mercury reductase protein (Naveed e/ al,
2023). The best-predicted structure from each tool was
chosen and was further validated for experimental analy-
sis (Komati e¢f al., 2020; Pasaribu e/ al., 2021).

Model Validation

The predicted structure from the two tools was fur-
ther validated by performing Ramachandran plot analysis
by using the PROCHECK (http://services.mbi.ucla.edu/
PROCHECKY/) via the platform of SAVES v5.0 (http://
servicesn.mbi.ucla.edu/SAVES/) (M Naveed, N Ain, ez
al., 2023), which outlines the stereochemical characteris-
tics of the structures (Reddy & Rao, 2020).

Docking Studies

Interaction Analysis

Autodock Vina, a free docking engine, allows for mo-
lecular docking. This is a collection of automated dock-
ing technologies that are integrated for the prediction
of the interaction of small molecules with the protein
(Eberhardt ez al, 2021). The docking analysis of a cho-
sen Mercuric compound was presented by Autodock
Vina. Protein and ligand were first prepared, then active
sites were identified, and finally a grid box was set up
(by default) (Naveed e/ al, 2023). The mercurial com-
pound with the lowest binding energies was chosen for
docking with the target protein.

Site Directed Mutagenesis

Mutant Identification

For mutation identification, four different tools were
used. The I-Mutant (http://gpct.biocomp.unibo.it/cgi/
predictors/I-Mutant3.0) online tool was used to observe
the impact of single nucleotide polymorphisms on the
stability of the protein. It predicts the effect of SNPs
on the tertiary structure of the protein value based on
the free energy change. PHD-SNP (http://snps.biofold.
org/phd-snp/phd-sap.html) is based on support vector
machines that predict whether point mutation links with
a genetic disorder or is a neutral polymorphism. It pre-
dicts the human deleterious SNPs (Mustafa ef al., 2020).
The other mutation identification tool is SIFT (Sorting
Intolerant from Tolerant) (https://sift.bil.a-star.edu.sg/),
which employs sequence homology to predict the impact
of amino acid substitution and whether it has a damag-
ing impact on protein structure or not. It gives the prob-
ability score less than or equal to 0.05 if it is deleteri-
ous or a prediction value greater than 0.05 when it is
tolerant. Another tool MuPro (http://mupro.proteomics.
ics.uci.edu/) predicts the stability of protein decteases or
increases and its effect on the protein structure (Naveed
et al., 2019).

Model Generation

The 3D structure of mutant mercury reductase pro-
tein was generated by using SWISS-MODEL (https://
swissmodel.expasy.org). It is an automated tool that
predicts the 3D structure of protein and generates the
model based on the homology modeling (Pasaribu e7 al,
2021; Komati et al., 2020).
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Model Validation

The tertiary structure was validated by the PRO-
CHECK through which Ramachandran Plot was created
for Mercuric Reductase P00391. PROCHECK checks
the stereochemical property of protein and analyzes the
geometry of the residues present in the protein structure.
The Ramachandran Plot was analyzed based on Rama fa-
vored regions present in the plots (Reddy & Rao, 2020).

Mutant Docking Studies

Prediction Of Binding Sites

Computed Atlas of Surface Topography of proteins
(CASTp) (http://cast.engr.uic.edu) is an online bioin-
formatic tool that locates, measures and delineates con-
cave surface regions on the 3D structure of the protein.
It finds out the binding pockets of protein that locate
or void buried in the internal of the protein surface. It
includes a flexible interactive, interface, visualization as
well as on the fly calculations for the input structure
(Chandran ez al., 2022).

Molecular Docking of the Mutants

After validating the best 3D mutant model, Autodock
Vina was run to perform docking upon the protein re-
ceptor. The selective structures as ligand were taken
from PubChem and were accounted for docking studies
with Mercuric (Hg) compounds and complexes. Through
this, the intramolecular interactions were evaluated in the
final docked complex. To put it simply, PubChem is a
repository for information about chemical compounds
and their performance in various biological experiments
(Eberhardt et al., 2021; Chandran ef al., 2022).

RESULTS

Sequence Analysis

The protein sequence of Mercuric Reductase from
Psendomonas aernginosa was obtained from UniProtKB
with the UniProt ID P00392. Analysis of protein do-
mains and motifs revealed that its function is in the

Table 1. Physiochemical characterization of the Mercuric reduc-
tase protein P00392

Number of amino acids 561

Molecular weight 58728.03
Theoretical pl 5.60

Negatively charged 60

residues

Positively charged 48

residues

Formula Cos71H4171N7330796520
Total No. of atoms 8291

Ext. coefficient 23420

30 hours (mammalian reticulocytes,
in vitro)

>20 hours (yeast, in vivo)

>10 hours (Escherichia coli, in vivo)

Estimated half-life

Instability index 30.67
Aliphatic index 95.40
GRAVY 0.092
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Figure 1. Phylogenetic tree of the Mercuric reductase P00392
generated by MEGA-X Neighborhood-Joining Method.

reduction of mercury and that the protein family is
predicted to have a FAD/NAD(P)-binding domain.
Physio-chemical properties of the sequence were com-
puted and are presented in Table 1. The instability in-
dex for P00392 was found to be 30.67, indicating its
higher stability in the test tube compared to the other
protein, which had a slightly higher instability index.
Virulence factor prediction using different approaches
of Virulentpred and VICMpred suggested that P00392
is non-toxic. Homologous sequences for P00392 were
identified using BLASTp, and 10 sequences were re-
trieved. These sequences were suitable for multiple
sequence alignment (MSA) to determine conserved
regions and phylogenetic analysis to infer the evolu-
tionary relationship. The phylogenetic tree constructed
by Neighborhood-Joining Method is given below in
Fig. 1. A sequence similarity search was performed to
search for crystal structures of the closest homologs
available in the Protein Data Bank (PDB).
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Table 2. Secondary structure analysis by the SOPMA tool
Alpha-helix
35.29

Random coil
4474

Beta turn
0.0

Extended strands
19.96

Structure Predication

Secondary structure prediction

As shown in Fig. 2, the predicted secondary struc-
ture of mercury reductase protein consists of a major-
ity of the coils as viewed by using PSI-PRED followed
by a-helix. The secondary structure of a protein plays an
important role in determining its stability, function, and
interactions with other molecules. In the case of mer-
cury reductase, the predominance of coils in its second-
ary structure suggests that it is a flexible protein that can
undergo conformational changes to interact with its sub-
strate and catalyze the reduction of mercury. The pres-
ence of alpha helices in the secondary structure also in-
dicates that the protein may have structural stability and
rigidity in certain regions. It is important to note that the
predicted secondary structure is based on computational
methods and may not precisely reflect the actual struc-
ture of the protein. Further experimental studies such as
X-ray crystallography or NMR spectroscopy would be
needed to confirm the actual secondary structure of mer-
curic reductase. The analysis of secondary structure by
SOPMA is given in Table 2.

Secondary structure analysis was performed by SOP-
MA. Results show that the mercury reductase sequence

Figure 3. Predicted 3D Model of Mercuric reductase P00391 by
Swiss-Model
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Figure 2. The predicted secondary structure of Mercuric reductase by PsiPred
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Table 3. Identified mutations and classification of mutants by in-silico approaches
ger:icuurlr‘iured proteobac- L 346 M Decrease Decrease Neutral Neutral
?ge;ce%);()rl,) Or;?uctase \Y 137 | Decrease Decrease Neutral Neutral
Aeromonas sp. ASNIH1 E 91 D Decrease Deleterious Neutral
S. maltophilia A 154 Decrease Decrease Neutral Neutral
?g‘e;cel:%(ilrll) orse(e;)iuctase A 114 \ Decrease Decrease Deleterious Deleterious
?ge;feulzgg) reductase A 192 \ Decrease Decrease Deleterious Neutral
?gg;;zzggr;g(:;cg\zg%) P 98 S Decrease Decrease Neutral Neutral
z\g.egztcjz(#l)s)reductase L 32 M Decrease Decrease Neutral Neutral
l{\g.e;sgp(/)(’l)l%irﬁesuctase \% 442 A Decrease Decrease Neutral Neutral
Mercury(ll) reductase T 240 A Decrease Decrease Deleterious Deleterious

(Proteobacteria)

consists of most of the random coil 44.74% followed by
o-helix and B-turns as shown in Table 2.

Generation of 3D Structure

The best model generated by Swiss-Model with the
highest scoring was selected for further analysis. The
generated 3D structure is given below in Fig. 3. The pre-
dicted 3D structure was further validated, and the Ra-
machandran assessment predicted the validation score of
the predicted protein model. The Ramafavoured regions
were observed to be 92.6% that possess the protein
model as stable and having good quality. Therefore, the
model was valid enough to be used for various kind of
bioinformatic analysis.

Site Directed Mutagenesis

The FASTA sequence of the Mercuric Reductase pro-
tein was analyzed by aligning it with the sequences of
other species. The local alighment was performed by
BlastP tool by NCBI, and the alignments tab accessed
all the present mutations. Top 10 mutations were select-

ed, and their effects were studied by I-Mutant, MuPro,
PHD-SNP and SIFT tolls. The mutants having negative
effects on the structure and function of protein were
further selected for the mutagenesis into the actual struc-
ture of protein so the effects could be accessed. The se-
lected SNPs are given below in Table 3.

SNPs with negative effects were selected and using
the PyMol mutagenesis was introduced into the protein
structure. The mutated structure of the Mercuric Reduc-
tase protein is given below in Fig. 4. It was further uti-
lized for interaction studies to analyze the effects of the
mutated structure of protein.

Docking Studies

Interaction Analysis

Autodock Vina was used to perform molecular dock-
ing between the chosen mercuric compound and the tar-
get protein. The docked model which was selected based
on the lowest binding energy retained the binding energy
of =7.9 kecal/mol, predicting the more efficient binding

Figure 4. Mutated protein structure with the highlighted mu-
tant areas.
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Figure 5. A docked complex of Bis[tris(p-dimethylaminophenyl)
phosphine] mercuric chloride complex with targeted protein
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Figure 6. Interaction complex of the Mercuric reductase with
Mercury compound.

with the protein. The docked Complex of Bis|tris(p-di-
methylaminophenyl) phosphine] mercuric chloride com-
plex compound with targeted protein is shown in Fig. 5.

Validation of docked complex:

Protein-ligand interaction profiler (PLIP) provided
interpretation of the interaction data by estimating the
bond length. As the range of hydrogen bond is between
2.7-3.3 angstroms, the three hydrogen bonds detected as
2.73, 3.19, 2.91 angstroms. Due to the slightly greater
distance of bond length of van der Waals forces (3.3-4.0
angstroms) it was predicted that two van der Waals or
hydrophobic bonds were present, with a length of 3.69
and 3.54 angstroms, respectively. The interaction predict-
ed by PLIP (Protein-ligand interaction profiler) is shown
in Fig. 6.

Prediction of binding sites

The analysis of active sites was performed by using
CASTp online tool. This tool analyzes the proteins sur-
face topography and measures the available surface arca
of the protein as a potential active site. The 3D model
highlights the active sites as seen in Fig. 7.

Interaction Studies of the Mutated Mercuric Reductase

Autodock Vina was utilized to produce a mutant pro-
tein docked complex, among which the best one was
chosen to make a docking complex with the maximum
binding affinity of -6.6. After this, a visualizer is used
to study the interactions among the ligand (S-Mercuric-N-
dansyleysteine) and the protein (Studio, 2008). For exam-

Figure 7. The 3-D structure and its active site.
The red area depicts the active site, while the grey area depicts
the rest of the structure as represented in cartoon style.

Figure 8. The docked complex of S-Mercuric-N-dansylcysteine
with the targeted mutant protein.

ple; hydrogen bonds, hydrophobicity, aromaticity, charge
distribution and ionizability etc., which confirmed the
stability of the complex as shown in Fig. 8.

Validation of mutated docked complex:

Protein-ligand interaction profiler (PLIP) was used for
the further interpretation of the interaction between the
mutant protein and the ligand by measuring the bond
length. According to the range, two hydrogen bonds
were detected with bond length of 2.53 and 2.48 ang-
stroms between the protein and the ligand, respectively.
Morteover, one van der wall force was detected between
them with value falling in between the range; 3.99 ang-
stroms. The interaction predicted by PLIP (Protein-li-
gand interaction profiler) is shown in Fig. 9.

DISCUSSION

Mercury toxicity (Hg) mainly depends on the route of
exposure and the chemical form of Hg. Its most toxic
form is Hg*?and its non-toxic form is Hg’. Its accumula-
tion in the food chain causes deleterious effects on hu-
man health (Gworek ¢ al., 2020). Lohren ez al., revealed
the toxic effect of Hg accumulation on the central nerv-
ous system that harms the blood-brain barrier and fa-
cilitates the entrance of other toxicants to penetrate into

B Protsin
Ligand
Water
Charge Center
Aromatic Ring Center
® Mefal lon

=== Hydrophobic Interaction
— Hydrogen Bond

=== Mefal Complexation

Figure 9. Interaction complex of the mutated Mercuric reduc-
tase with Mercury compound
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the brain (Gworek ¢ al., 2020; Al-Ansari, 2022; Singh &
Kumar, 2020).

Nowadays, the prime focus of different industries is
to abolish the effect of Hg toxicity by remediation of
Hg-polluted soil or water. Bacteria harbor an exten-
sively studied Hg-detoxification mechanism, Mer operon
which encodes the functional proteins for transportation
(merT, metP and/or merC, merF), lysis of organomercu-
rial compounds (werB), reduction of mercuric ion reduc-
tase (merA) and a secondary regulatory protein (merD)
to modify toxic Hg (II) to nontoxic elemental state Hg
(0) (Partia ef al, 2022; Nivetha et al, 2023). Structural
studies determined a unique fold of protein, MerB, which
is a significant conformational transformation that oc-
curred on the binding of the substrates as organomercu-
rial compounds. Structural as well as computational stud-
ies revealed that aspartic acid and two cysteine residues
in the active site are responsible for cleaving the carbon—
mercury bond. The second enzyme, mercuric reductase
(MerA) encoded by the merA gene is directly involved in
the reduction of the reactive ionic form Hg (II) to the
volatile form Hg (0) (Rahayu ez a/., 2021; Somayaji ez al.,
2022). MerT, a membrane-bound protein is responsible
for the uptake of Hg (II) and is arranged on the mer op-
eron under the control of MeR, a unique responsive
regulator of metal. Silver and Hobman ez 4/, reveal the
mercury reduction process by mercury reductase (Naguib
et al., 2019). The binding of Hg* to the carboxyl-termi-
nal subunit part of Cys 557- Cys 558 of mercury reduc-
tase then quickly move towards the thiol-thiol exchange
to the monomer pain of Cys 135-Cys 140. The Cys 135-
Cys 140 pair is the active site that causes the reduction
of Hg*? into Hg" by the FAD cofactor that helps in the
electron transport (Meyer e al., 2023).

Conventional methods such as bioreactors have been
used for the mercury cleanup of wastewater by up to
90%. Mercury-resistant bacteria have a major advantage
as conventional practices produce a large amount of
mercury load biomass (Duan e# af., 2020). A recent study
on a non-pathogenic bacterial isolate of Pseudomonas
putida SP-1, which volatilizes mercury by 89%, has
shown the efficiency of mercury-resistant bacteria in the
bioremediation process. However, case studies act as a
bridge to some extent to fill the gap between field appli-
cation and laboratory research. In-silico studies identify
the efficacy and potential of mercury-resistant bactetia
in the bioremediation of mercury toxication. The current
study shows that mercury reductase is the best candidate
as a bio-remediator and mercury accumulator (Gupta et
al., 2022; Priyadarshanee ez al., 2022).

In a recent study, the screening of the mercury reduc-
tase calcium complex compound that results in highly
competent attachment to the target protein of mercury
reductase isolated from the bacteria source was done
through computational analysis. Protein stability de-
pends on the instability index. The instability index of
the protein was less than 40 as shown in Table 1. Our
results are consistent with the statement given by Mir-
zael ef al. where protein having a stability index of less
than 40 is stable and when greater than 40 shows that
protein may be unstable (Gamage ¢f al, 2019). The ali-
phatic index was predicted to be where a higher value
of the aliphatic index shows the thermal stability of the
protein. This is in line with the statement given by Sahay
¢t al., that the aliphatic index is considered a positive fac-
tor for the increase of thermostability of globular pro-
teins. The GRAVY score was found to be positive with
a 0.092 value, which indicated that mercury reductase is
generally a hydrophobic protein. The reason for hydro-
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phobicity may be due to the presence of large numbers
of non-polar amino acids. Another study conducted by
Zhou and Pang supported our results by showing that
protein folding stability was mainly attributed to the hy-
drophobic interactions among non-polar amino acid resi-
dues. Thus, based on a few parameters of the Expasy
ProtParam, the mercury reductase could be considered a
stable protein (Sharma ez al, 2022; Naveed ez al., 2022).
The mutational analysis revealed that it affects the
binding sites of mercury reductase protein. The muta-
tions identified from five tools as shown in Table 3.
Docking studies have been found helpful to understand
the protein-ligand interactions (Eberhardt ez al, 2021).
The model was then generated and docking analysis of
both the non-mutated protein and mutant protein shows
that binding affinity energy reduces from —7.9 to 6.6
KJ/mol. The 3D structure of the mutant model genet-
ated from SWISS-MODEL shows the removal of two
ligands of FAD (Flavin Adenine Dinucleotide) that were
present in the non-mutated protein. As mutation T240A
was introduced it acts as an active binding site as shown
in the active site prediction Figure 7. The binding sites
and motifs for NADPH and FAD in different MerA
proteins vary among residues ALA, CYS, TYR, LEU,
THR, PRO, SER, ASN, VAL, GLY, ALA, ASP, LYS,
PHE, GLU and ARG. As the distance among binding
residues of FAD and NADPH varies in microorganisms,
no such correlation was observed between the protein-
ligand binding affinity and binding residues (Chandran ez
al., 2022). As a result of folding into a specific three-di-
mensional structure, the amino acids undergo conforma-
tional changes to perform the function they are designed
to perform. Thus, the binding affinity of mutant protein
reduces due to the conformational change of amino acid
residues and binding active sites (Afroz ef al., 2023).
Engineered proteins, particulatly enzymes, are being
used more frequently in vatious industries due to their
selective ligand binding, capabilities and catalytic abil-
ity as food additives. The urge to engineer or generate
proteins with higher specificity, activity and stability has
increased along with the number of possible applications
for engineered proteins (Gupta ef al., 2022). As the ap-
plication of protein technology develops, exploiting the
potential advantages of modulating remote regions will
become imperative. The present study reveals that the
mutation affects the binding pockets of mercury reduc-
tase, and it acts as a mercury accumulator and candidate
for bioremediation of mercury in the field of application.
It is a stable protein with an applicable Ramachandran
plot which validates its stability, and virulent predictions
show that it is non-virulent and causes no toxicity. Pro-
tein engineering bacterial mercury reductases can pro-
duce enzymes that reduce mercury more efficiently with
no toxicity, and that will function with additional con-
taminants (Wan e a/., 2020; Meyer ef al., 2023).

CONCLUSIONS

In conclusion, this study provides insights into the
molecular and structural features of mercuric reductase.
The results suggest that the protein has a stable struc-
ture and a specific function of reducing mercury. The
information obtained from this study could be useful
in developing strategies to bioremediate mercury-con-
taminated sites. Additionally, the methodology used in
this study, such as homology modeling, molecular dock-
ing, and virulence factor prediction, could be applied to
other proteins and enzymes to further understand their
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properties and functions. Overall, this study contributes
to our understanding of the biochemical and molecular
mechanisms involved in the bioremediation of mercury
pollution in the environment.
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Abstract: Extensive pesticides (herbicides) use is nega-
tively disturbing the environment and humans. Pesticide
bioremediation with eco-friendly techniques bears prime
importance. This study aimed to isolate and characterize
three different herbicides (metribuzin, clodinafop- prop-
argyl, MCPA (2-methyl, 4 chlorophenoxyacetic acids) and
Bromoxynil) degrading bacterial strains from agricultural
fields of Punjab University, Pakistan. Among the 12 bac-
terial isolates, 5 were metribuzin degrading, 3 were clo-
dinafop propargyl degrading and, 4 were MCPA and Bro-
moxynil degrading bacteria. Morphological, microscopic,
and molecular characterization revealed that the major-
ity of these bacterial strains were gram-negative and be-
longed to Bacillus and Pseudomonas genera. The isolates
A6, B3, and C1 were subjected to respective herbicide
degradation and the data was confirmed through GC-
MS analysis. The effect of herbicide concentrations, pH,
and temperature on bacterial growth was determined at
OD,,,. The strain A6 degraded 14.8% metribuzin out of
the provided concentration of 50 ppm by following the
deamination pathway. While the isolates B3 and C1 de-
graded 23.2% and 33.9% clodinafop, MCPA and bromo-
xynil, respectively, at a spiking concentration of 50ppm.
The clodinafop, MCPA & Bromoxynil were metabolized
into less toxic products i.e., dicarboxylic acids and 2-me-
thyl phenol respectively, and metabolized via decar-
boxylation and dehalogenation mechanism. The pre-
sent study evaluates the herbicides degrading bacterial
strains that could potentially be used for bioremediation
of agricultural contaminated sites.
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INTRODUCTION

Different varieties of chemicals used to repel or de-
stroy pests including animals, insects, plants, bacteria,
fungi, or other microbes; that are harmful to cultivated
crops and animals are known as Pesticides (Alam ef al,
2018; Nawab et al, 2015). They are classified according
to their chemical formulation and targeted organism, but
the latter is more common. Based on target organisms,
these are grouped as insecticide, weedicide and fungicide,
rodenticide, bactericide, etc. (Richardson ez al, 2019).

Pakistan is an agricultural country, and its economy
greatly depends upon this sector in terms of labor par-
ticipation; provision of food to the whole nation, and a
primary source of foreign exchange earnings (Khan er
al, 2021). The share of agriculture in Gross Domestic
Product (GDP) is 19.3% for the FY2020and it is grad-
ually shrinking in the last few decades. Different chal-
lenges like global warming, insect/pest attack, and water
shortage hinder the overall potential of this sector (GOP
2020; Koondhar ez al, 2021). Weeds are unwanted plants
that are not grown intentionally at a place and negatively
impede human activities. Almost, there are 250000 spe-
cies of plants in the world; out of which approximately
8000 species i.e., 3% are considered weeds. Weeds are
problematic because of their rapid growth, long-term
survival, and competition with normal plant growth for
sunlight, air, water, space, and soil minerals (Storkey ef
al., 2021).

To control the growth of weeds the most extensive-
ly used form of pesticide is herbicide. Herbicides are a
chemical used to eradicate or kill unwanted vegetation
(weeds) that interferes with normal plant growth and re-
strain the overall yield of several crops (Clapp 2021; Ok-
ieimen e# al, 2020). Although the global use of pesticides
ensures high production yield, on the other hand, it also
produces high levels of environmental contamination be-
cause of their excessive use (Bakshi e @/, 2020). These
deadly pollutants are directly exposing the trophic food
web and enter into the ecosystem either by direct ap-
plication, spillage, and disposal (Khan e @/, 2020; Lone
et al., 2014).

Physicochemical methods are mostly used as an alter-
native to chemical pesticides, which are costly because
these techniques require the excavation of polluted soil
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from the site of contamination and transferring it to an-
other place for treatment. As pesticides can accumulate
in food and water supplies, it is need of the time to de-
sign environmentally friendly and cost-effective technol-
ogies to replace hazardous pesticides.

Enormous biological techniques have been designed
in which toxic organic pollutants are degraded by mi-
crobes (Bakshi ez al, 2020; Oladipo et al., 2020). Biore-
mediation is one such technique in which naturally oc-
curring microbes such as bacteria and fungi are used for
the breakdown and removal of pollutants (Huang ef al,
2018). This method is relatively cheaper in comparison
to physicochemical methods. Without excavating the ma-
terial from the contaminated site, they have the poten-
tial to treat the polluted soil and groundwater because
of this reason it requires very less energy input and pre-
serves the soil structure which otherwise can either be
disturbed by excavation (Pertile e a/, 2020). The present
study is to focus on environment-friendly techniques for
the minimization and elimination of persistent herbicide
levels via biodegradation by using locally isolated bacte-
rial strains.

MATERIALS AND METHODS

Soil Sampling

Total 9 soil samples were randomly collected at the
depth of 0-12 inches from wheat fields of Punjab Uni-
versity located near the fishponds; where the soil had a
previous history of clodinafop and MCPA & Bromox-
ynil applications but had never been treated with met-
ribuzin over the last few years. The samples were taken
to the laboratory, air dried at room temperature, sieved
through 2 mm mesh size to remove stones and debris,
and mixed thoroughly to make a composite soil sample
and stored at 4°C.

Isolation and Screening of Bacterial Isolates

Four grams of soil samples were placed in 250 mL
Erlenmeyer flasks containing 100 mL. of mineral
salt medium (Glucose 5, KH,PO, 0.5, K,HPO, 0.5,
MgSO,.7H,0 0.2, NaCl 0.2 g/L). The stock solutions
of three herbicides (metribuzin, clodinafop, and MCPA
& Bromoxynil) were prepared in distilled water. Then,
100 uL of each respective herbicide stock solution pro-
viding the final concentration of 5ppm was inoculated
into the above sample medium. The samples were incu-
bated for one week in the dark at 30°C and 160 rpm
shaking. Afterwards, 10 mL of each culture medium
was transferred into 90 mL of fresh mineral salt medi-
um fortified with each of the herbicides at 10, 20, and
50 ppm by adding 200 pl., 400 ul. and 1 mL of each
herbicide stock solution, respectively. The samples were
again incubated for 7 days at 30°C at 160 rpm in dark.
After 7 days, 200 pl. from each subculture was spread
on L.B plates fortified with each respective herbicide at
a concentration of 20 ppm. The plates were incubated
for 4 days at 30°C and different bacterial colonies were
observed after 4 days.

Purification of Bacterial Colonies

Morphologically different bacterial colonies were
picked and streaked on L.B plates aseptically and in-
cubated at 30°C for 24 hours to obtain pure bacterial
colonies. The purified colonies were maintained on L.B
slants and stored at 40°C for further use.

Identification of Bacterial Isolates

The isolated bacterial strains were identified by per-
forming morphological analysis, gram staining technique,
and 16S tfRNA gene sequencing analysis.

Morphological analysis

Bacterial isolates were morphologically analyzed based
on color, shape, texture, and size. Morphological analysis
was catried out visually.

Gram staining

Bacterial isolates were analyzed microscopically by
gram staining technique and their cell shape, size, and
arrangement were determined.

Molecular identification of herbicides degrading bacterial strains

Extraction of bacterial genomic DNA. Almost
2-3 bacterial colonies from freshly grown cultures were
scratched and mixed well in DNase or RNase-free water
or clution buffer in sterilized Eppendorf tubes. Thermo
fFisher Scientific catalogue no AM9923. The bacterial
suspension was provided heat shock in boiling water for
about 10 min. The tubes were then ice-cooled and cen-
trifuged at 12000 rpm for 10 minutes. The supernatant
containing the template DNA was taken carefully; its
quality was observed by electrophoresis ion a 1% aga-
rose gel at 100 V and visualized under a UV-light illumi-
nator. (Daihan Scientific Model no. Wuv-1.50).

Amplification of 16S rRNA Gene and Sequenc-
ing reaction. 1.5 kb DNA fragment of 16S rRNA
gene was amplified using the following set of ribotyping
universal primers: forward primer 27F (5-AGAGTTT-
GATCCTGGCTCAG-3) and reverse primer 1522R
(5>-AAGGAGGTGATCCAAG)CCGCA-3’)  (Hasnain
et al, 1994; Johnson e al, 1994). Reaction was carried
out in 20 pL containing template DNA 5 ul, 10XPCR
buffer 2 pl, 25 mM MgCI2 2 pl, 2.5 mM dNT-
Ps 2 ul, Primer-forward 2 pl, Primer-reverse 2 pl.,
5 units/ul. 1 pl. and ddH,O (nuclease free) 4 pl.. The
template DNA was initially denatured at94°Cfor 5 min-
utes followed by 35 cycles of denaturation at 94°C for
30 seconds, annealing of primers at 54°C for 30 seconds,
and elongation at 72°C for 1 minute and 40 seconds.
The PCR reaction was finally extended for 10 minutes
at 72°C. The PCR was then separated on 1% agarose gel
observed under a UV light illuminator. Required DNA
bands were precisely cut with a sterilized surgical blade
and purified from gel and sent to Korea for sequencing
analysis. The sequencing analysis was performed by the
dideoxy chain termination method (Sanger e al, 1977).

Biodegradation of Herbicides by Soil Bacteria

Preparation of samples for GC-MS

L.B. broth (250 mlL) was taken in each 1 litter flask
and amended with each of the herbicide 50 ppm by
adding 2 ml. of each respective herbicide stock so-
lution. The herbicides (metribuzin, clodinafop, and
Bromoxynil+ MCPA) fortified media were then inocu-
lated with bacterial isolates A6, B3, and Cl, respec-
tively, aseptically and incubated for 4 days at 30°C and
160 rpm in datk. The controls contained the same her-
bicide concentration without bacterial culture. After 4
days, 50 mL of each sample was transferred in sterilized
50 mlL falcon tubes. Samples were centrifuged at 12000
rpm for 10 minutes. The respective supernatants were
collected carefully, transferred into new sterile falcon
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tubes, labeled, and underwent the liquid-liquid extraction
technique. For this 50 ml of each sample was placed
in a glass separating funnel with equal volume (50 ml.)
of dichloromethane. The samples with dichloromethane
were vortexed well to thoroughly mix both solvents and
allowed for separation until the two distinct layers were
formed. The components moved from the media phase
to the dichloromethane layer. The upper layer consist-
ing of the medium was discarded and the lower dichlo-
romethane layer containing the components was collect-
ed from each sample carefully without any mixing with
the above layer. Dichloromethane was evaporated and
the final volume of each sample was adjusted with n-
hexane. Final samples were then transferred in screw cap
glass sterile vials and stored at 40°C until preceded for
gas chromatography-mass spectrometry (GC-MS) analy-
sis. Statistical analysis was performed to determine Pear-
son’s correlation test between herbicide response factors
and the peak areas of herbicide residues in the sample
by using SPSS 16.0.

Effect of different parameters on herbicides degradation and
bacterial growth

Effect of herbicides concentrations on herbicides
degradation. L.B. broth (50 ml) was taken in each of
the 250 ml. flasks amended with different concentra-
tions (20, 50, 80, and 100 ppm) of each of the three
herbicides and inoculated with respective bacterial iso-
lates A6, B3, and C1 under aseptic conditions. The flasks
were incubated at 300°C and 160 rpm in a shaker incu-
bator. After every 24, 48, 72, and 96 hours, the OD,, of
each treatment was measured with a mass spectropho-
tometer and biodegradation in terms of bacterial growth
(ODy,,) was noted. It is recommended to monitor the
bacterial growth at 600 nm.

Effect of pH on herbicides degradation. L..B. broth
(50 mL) was taken in each of the 250 mL flasks with
pH values maintained at 5.0, 6.0, 7.0, and 8.0 and forti-
fied with herbicides at a concentration of 20 ppm. The
media were inoculated with respective isolates A6, B3,
and C1 and incubated in dark at 300°C and 160 rpm in
a shaker incubator. The OD,,, was measured every 24,
48, 72, and 96 hours with a mass spectrophotometer.

Effect of temperature on herbicides degradation.
L.B. broth (50 mlL) was taken in each of 250 mlL Er-
lenmeyer flasks with each of the three herbicides at a
concentration of 20 ppm and inoculated with respective
bacterial isolates. These culture media were incubated at
different temperatures ie., 30, 35, and 400°C and 160
rpm in a shaker incubator. The OD,, was measured
every 24, 48, 72, and 96 hours and the biodegradation in
terms of bacterial growth (OD,)) was noted.

Statistical Analysis

Statistical analysis was performed to determine the
effect of different parameters on herbicide degrada-
tion with the help of a three-way Analysis of Variance
(ANOVA) by using SPSS 16.0 (Wahla e# al., 2019; Pac-
ciani ez al., 2020).

RESULTS

Isolation and Screening of Herbicides Degrading
Bacteria

Bacteria were isolated by inoculating an aliquot of soil
sample into the mineral salt medium amended with three
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Figure 1. Morphological characteristics herbicide degrading bac-
teria (A, Metribuzin; B, Clodinafop; C, Bromoxynil)

different herbicides and incubated for 7 days at 30°C
and 160 rpm in dark. 10mL of this cell suspension was
transferred into a fresh mineral salt medium containing
each of the three herbicides at 10, 20 and 50 ppm and
incubated again under the same conditions as above.
Morphologically different bacterial colonies were puri-
fied and stored at 4°C. A total of 14 herbicides degrad-
ing bacterial colonies were isolated from soil samples.
Among these, 6 colonies (A1-AG) were found effective
in degrading metribuzin; 3 colonies (B1-B3) degraded
clodinafop and 5 of these bacterial colonies (C1-C6)
metabolized MCPA & Bromoxynil as shown in Fig. 1
(A-C).

Identification of Herbicides Degrading Bacteria

Morphological characteristics of bacterial colonies

The morphological characters (color, shape and tex-
ture) of herbicide-degrading bacteria were observed visu-
ally. The bacterial isolates were also gram stained and
their properties were observed under a light microscope.

Molecular characterization of herbicides degrading bacteria

The 16StRNA gene of 12 herbicides degrading bacte-
rial strains was amplified by PCR. The amplified prod-
ucts of the 1.5 kb fragment were purified and sequenced
for further conformation (Fig. 2).

Determination of Herbicides Degradation by GC-MS
Analysis

Herbicides degrading bacterial isolates were inoculat-
ed in 250 mL LB broth supplemented with 50 ppm of
each herbicide to assess their biodegradation potetial. Af-

1.5kb

Figure 2. Amplification of 16S rRNA gene of bacterial strains.
(M, DNA Marker; 10 kb 1-5 (Metribuzin degrading strains), 6-8
(Clodinafop degrading strains), 9-12, (MCPA & Bromoxynil degrad-
ing strains)
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Table 1. Percentage degradation of experimental herbicides through peak areas and response factor

Sample name Peak area of a sample

Response factor of standard

Degradation %

Metribuzin 148519263 3482815.62 14.8%
Clodinafop propargyl 5753002 149808.32 23.2%
MCPA & Bromoxynil 20651611 624497.74 33.9%

Pearson’s correlation at a=0.01(2-tailed test) was used to identify the relationship between the response factor and % degradation for studied

herbicides.

Table 2. Pearson correlations through SPSS

Response factor Degradation %

Pearson Correlation 1 -.748%*
response factor Sig. (2-tailed) 462
N 3 3
Pearson Correlation -.748%* 1
% degradation Sig. (2-tailed) 462
N 3 3

**Correlation is significant at the 0.01 level of significance (2-tailed)

Table 3. Variation in metribuzin concentration and optical density as a result of herbicide degradation by bacterial strain A6

Metribuzin concentration

Time period

20 ppm 50 ppm 80 ppm 100 ppm
Day 1 0.882 0.813 0.885 0.818
Day 2 1.804 1.78 1.77 1.705
Day 3 1.722 1.774 1.716 1.753
Day 4 1.712 1.701 1.708 1.675

Table 4. Variation in Clodinafop concentration and optical density as a result of herbicide degradation by bacterium B3

Clodinafop propargyl concentration

Time period

20 ppm 50 ppm 80 ppm 100 ppm
Day 1 0.405 0.447 0.491 0.147
Day 2 1.708 1.69 1.665 1.705
Day 3 1.726 1.792 1.767 1.806
Day 4 1.667 1.635 1.71 1.725

ter four days, the bacterial samples were further analyzed
through gas chromatography-mass spectroscopy (GC-
MS) to study possible degradative products after her-
bicide degradation. The results showed that metribuzin
was metabolized into deaminated metribuzin by Bacillus
sp. A6. Clodinafop propargyl, MCPA, and Bromoxynil
degraded into corresponding dicarboxylic acid and 2-me-
thyl phenol by strain and C1, respectively. Pearson cor-
relation between different herbicide response factors and
the peak areas of herbicide residues in each sample was
identified using SPSS 16.0 (Table 1 and 2).

Table 2 shows the resulting matrix of Pearson’s corre-
lation test which revealed that the co-efficient r is equal
to —0.748 which is statistically significant at p<0.01. It
confirmed a strong negative correlation between the re-
sponse factor and percentage degradation of all herbi-
cides. The more the response factor; the less will be the
percentage degradation.

Effect of Different Parameters on Biodegradation of
Herbicide and Bacterial Growth

Effect of herbicides concentration

The herbicide biodegradation at different concen-
trations (20, 50, 80, and 100 ppm) was determined by
measuring the optical density (OD) at 600nm (Table 3,
4, 5 and Figs 3, 4, and 5).

The metribuzin-degrading bacterium A6 showed the
highest growth rate on the second and third days (48-72
h) at concentrations of 20 ppm and 50 ppm. The iso-
late was able to degrade metribuzin at concentrations of
20 and 50 ppm. Strain A6 showed a moderate growth
pattern at (80-100 ppm) concentrations of herbicide.
Whereas clodinafop degrading bacteria B3 showed al-
most similar growth rates at all the concentrations but
the maximum clodinafop propargyl biodegradation was
observed on 2nd and 3rd day with peak metabolism at
the concentrations ranging from 50-100 ppm on the
3rd day. The MCPA & Bromoxynil degradation behav-
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Table 5. Variation in MCPA & Bromoxynil concentration and optical density as a result of herbicide degradation by bacterial isolate

MCPA & Bromoxynil concentration

Time period
20 ppm 50 ppm 80 ppm 100 ppm
Day 1 0.902 0.81 0.757 0.842
Day 2 1.286 1.093 1.259 1.1
Day 3 1.137 1473 1.52 1.393
Day 4 1.348 1.728 1.378 1.305
2 2
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Figure 3. Growth rates of metribuzin-degrading bacteria at vary-
ing herbicide concentrations
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Figure 4. Growth rates of Clodinafop degrading bacteria at vary-
ing herbicide concentrations
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Figure 5. Growth rates of MCPA & Bromoxynil degrading bacte-
ria at varying herbicide concentrations

ior by strain C1 was a little bit different than the two
herbicides i.c., the maximum degradation of MCPA &
Bromoxynil was noticed on the fourth day (96 hours) at
50 ppm.
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Figure 6. Growth rates of Metribuzin degrading bacteria at vary-
ing pH values
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Figure 7. Growth rates of Clodinafop degrading bacteria at vary-
ing pH values
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Figure 8. Growth rates of MCPA & Bromoxynil degrading bacte-
ria at varying pH values

Effect of pH

The biodegradation of herbicides at different pH lev-
els (5.0, 6.0, 7.0, and 8.0) was also studied (Tables 6, 7,
8 and Figs 6, 7, and 8). Results revealed that maximum
degradation activities in terms of bacterial growth were
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Table 6. Variation in pH and optical density as a result of metribuzin herbicide degradation by bacteria A6

pH
Time period

5.0 6.0 7.0 8.0
Day 1 1.905 1.918 1.95 1.926
Day 2 1.876 1.868 1.924 1.914
Day 3 1.765 1.737 1.756 1.807
Day 4 1.752 1.726 1.736 1.765

Table 7. Variation in pH and optical density as a result of clodinafop herbicide degradation by bacteria B3

pH
Time period

5.0 6.0 7.0 8.0
Day 1 1.968 1.918 1.799 2.008
Day 2 1.869 1.903 1.968 1.952
Day 3 1.683 1.729 1.732 1.768
Day 4 1.488 1.532 1.582 1.624

Table 8. Variation in pH and optical density as a result of MCPA & Bromoxynil herbicide degradation by bacteria C1

pH
Time period

5.0 6.0 7.0 8.0
Day 1 0.813 1.006 0.976 1.124
Day 2 0.573 1.756 1.784 1.825
Day 3 0.484 1.785 1.82 1.799
Day 4 0.367 1.483 1.667 1.533

Table 9. Variation in temperature and optical density as a result of metribuzin herbicide degradation by bacteria A6

Temperature
Time period

30°C 35°C 40°C
Day 1 1.05 1.55 0.871
Day 2 1.835 1.939 1.664
Day 3 1.877 1.879 1.461
Day 4 1.613 1.747 1.271

Table 10. Variation in temperature and optical density as a result of clodinafop herbicide degradation by bacteria B3

Temperature
Time period

30°C 35°C 40°C
Day 1 0.739 1.676 0.693
Day 2 1.221 1.957 1.348
Day 3 1.67 2.068 1.426
Day 4 1.528 1.854 1.232

observed at the end of day 1 and day 2 at pH 7.0-8.0
and minimum at pH 5.0. There was more biotic degra-
dation in alkaline ranges of pH than in acidic.

Effect of Temperatures

The biodegradation of herbicides at different temper-
atures (30°C, 35°C and 40°C) was determined and the
results are summarized in (Tables 9, 10, 11, and Figs 9,

10, 11). The results depicted that the optimized tempera-
ture for bacterial growth was observed at a temperature
range of 35-37°C. The metribuzin degrading bacterium
A6 showed maximum growth on day 2nd at 35°C and
40°C, while at 30°C maximum growth was recorded
on the 3rd day. On day 4th a slight decline in bacte-
rial growth rate was noticed at all temperatures. Almost
similar trends were observed for clodinafop degrading
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Table 11. Variation in temperature and optical density as a result of MCPA & Bromoxynil herbicide degradation by bacteria C1

Time period Temperature
30°C 35°C 40°C
Day 1 0.523 0.819 0.386
Day 2 0.978 1.085 0.767
Day 3 1.382 1516 1.258
Day 4 1.23 1.372 0.963
Table 12. Tests of between-subjects effects
Dependent variable: bacterial growth
Source Type Il Sum of Squares Df Mean Square F Sig.
Herb 2.244 2 1.122 460.575 .000
Conc .086 3 .029 11.824 .000
Time 22.610 3 7.537 3.094E3 .000
Herb* Conc .054 6 .009 3.718 .002
Herb* Time 3.522 6 .587 240.957 .000
Conc* Time 261 9 .029 11.917 .000
Herb* Conc* Time .607 18 034 13.832 .000%*
Error 234 96 .002
Total 298.956 144
Corrected Total 29.618 143
**Three-way interaction is significant at 0.05 level of significance
2.5 1.6
g 2 14
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*;' 15 m30°C % 1 YaC
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Figure 9. Growth rates of Metribuzin degrading bacteria at vary-
ing temperatures
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Figure 10. Growth rates of Clodinafop degrading bacteria at
varying temperatures

bacterium B3 and Bromoxynil + MCPA degrading bac-
terium C1, with the maximum optical densities recorded
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Figure 11. Growth rates of MCPA & Bromoxynil degrading bac-
teria at varying temperatures

at 35°C on 3rd day following a decline in growth on 4th
day.

Statistical Analysis of the Effect of Different Parameters
on Bacterial Growth

A three-way ANOVA with «=0.05 (level of signifi-
cance) was used to determine the statistically significant
effect of herbicides, concentrations, and time intervals on
bacterial growth. Table 12 illustrates that there is a sig-
nificant effect of the three-way interaction of herbicides,
concentration, and time on bacterial growth at p<0.05.
Similatly, the effect of herbicides, pH, and time intervals
on the bacterial growth also showed significant interac-
tion at a 95% significance level ie. p<0.05 as shown in
Table 13. The three-way interaction of herbicides, tem-
perature, and time intervals on bacterial growth was also
statically significant at p<0.05 (Table 14).
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Table 13. Test of between-subject effects on three-way analysis of variance

Source Type Il Sum of Squares Df Mean Square F Sig.
Herb 8.731 2 4.366 1.077E3 .000
pH 3.630 3 1.210 298.548 .000
Time .980 3 327 80.555 .000
Herb* pH 6.219 6 1.036 255.708 .000
Herb* Time 2.193 6 365 90.175 .000
pH* Time .891 9 .099 24433 .000
Herb* pH* Time 1.340 18 .074 18.366 .000%*
Error .389 96 .004
Total 408.869 144
Corrected Total 24.477 143

**Three-way interaction is significant at 0.05 level of significance

Table 14. Tests of between-subjects effects by three-way analysis of variance
Source Type Ill Sum of Squares Df Mean Square F Sig.
Corrected Model 20.1242 35 575 421.673 .000
Intercept 195.606 1 195.606 1.435E5 .000
Herb 5.843 2 2.921 2.143E3 .000
Temp 4.782 2 2.391 1.753E3 .000
Time 7.105 3 2.368 1.737E3 .000
Herb* Temp .801 4 .200 146.823 .000
Herb* Time 812 6 135 99.236 .000
Temp* Time .558 6 .093 68.262 .000
Herb* Temp* Time 223 12 .019 13.644 .000%*
Error .098 72 .001
Total 215.828 108
Corrected Total 20.222 107

**Three-way interaction is significant at 0.05 level of significance

DISCUSSION

The use of chemical pesticides to reduce the pest at-
tack on crops and to improve the yield has become rou-
tine in recent times. These hazardous chemicals are re-
sponsible for soil and groundwater contamination as they
have a long persistence time and can percolate through
the soil to the groundwater table and pose a serious
threat to human health. There is an increasing need to
identify different bioremediation approaches to degrade
and detoxify these toxic pesticides. Several studies have
demonstrated the use of bacteria, which can effectively
degrade herbicides (Huang ez 4/, 2018). Because of its ef-
fectiveness and low cost, bioremediation appeared as the
most favorable alternative treatment for the removal of
agrochemicals (Arora, 2018).

In the current study, three herbicides (metribuzin, clo-
dinafop propargyl, 2-methyl, 4-chlorophenoxyacetic acid
and Bromoxynil) degrading bacterial strains were isolated
and characterized. All the herbicide-degrading bacterial
isolates were rod=shaped and belonged to the Bacillus
genera. In a previous study conducted by Schrawat and
others (Sehrawat ez a/., 2021), it was examined that pesti-
cides in the environment are mostly mineralized and de-
toxified by bacterial genera like “Bacillus and Psendomonas”

because these bacteria possess a variety of enzymes that
are helpful in the degradation of toxic compounds.

Out of fourteen bacterial isolates, six were able to me-
tabolize metribuzin. The bacterial isolate A6 was further
used to study the metabolism of metribuzin herbicide
and results were confirmed by GC-MS analysis. Bacterial
isolate metabolized the metribuzin into the deaminated
metribuzin. The results showed that the bacteria adopted
the deamination pathway for sensor metribuzin degrada-
tion. The metribuzin herbicide was broken down into
degradative products by the release of an amino group
from the parental herbicide compound and convert-
ing it into a less toxic product i.e., deaminometribuzin.
The bacterial strain A6 degraded 14.8% metribuzin out
of the provided concentration of 50 ppm. In a similar
study Wahla and others (Wahla ez 4/, 2019) investigated
the biodegradation of two pesticides metribuzin and pro-
fenofos by three bacterial isolates “Pseudomonas aernginosa,
Staphylococcus anreus, and Bacillus subtilis” and determined
the effect of pH, temperature, and various carbon and
nitrogen sources on degradation. The strains exhibited
excellent growth at pH 6, 30°C in minimal salt broth
amended with 25 mg/L pesticides containing dextrose as
carbon and malt extract as nitrogen source. Bacillus subti-
Jis was found active in degrading the pesticides after that
Staphylococcus anrens and Pseudomonas aeruginosa.
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In this study, three Bacillus sp. were found efficient
in the metabolism of clodinafop propargyl and the bac-
terium B3 was further selected for biodegradation study
through GC-MS analysis. The bacterial strain B3 de-
graded 23.2% clodinafop propargyl out of the provided
concentration of 50 ppm. The isolate B3 degraded the
clodinafop into corresponding acids and adopted a de-
halogenation pathway for the breakdown of herbicide.
The bacterium released the chloride ions from the com-
pound, due to which the pyridyl ring underwent further
degradation and broken down into the corresponding di-
carboxylic acids which is an allosteric activator of acetyl
co-enzyme-A decarboxylase (Singh ez al, 2013). Aero-
monas sp. isolated from the crop field degraded 81.3% of
clodinafop propargyl with a concentration of 80 ppm as
the bacteria consumed it as a sole carbon and nitrogen
source (Dong e al, 2017). The formation of 4-(4-chloro-
2-fluorophenoxy) phenol as a main degradative metabo-
lite was reported. In another study conducted by Singh
and others (Singh ef al, 2013) the degradation efficiency
of clodinafop by Pseudomonas sp. was determined which
consumed about 87.14% of herbicide out of the initial
concentration of 80 ppm. The breakdown of clodinafop
propargyl released chloride ion and confirmed the break-
down of CF into 4-(4-chloro-2-fluorophenoxy) phenol
and clodinafop acid. The production of phenol as the
metabolic product reveals the presence of esterase activ-
ity (Yuan e al, 2015).

Were found to metabolize the MCPA & Bromoxynil.
The strain C1 was efficient in degrading MCPA through
the decarboxylation mechanism and forming 2-methyl
phenol as a major degradative metabolite. (Mierzejewska
et al., 2016) reported three bacterial strains Xanthomonas
maltophilia, Pseudomonas sp., and Rhbodococcus globerulus that
degraded 99% MCPA in non-contaminated soil and up
to 61% in the contaminated soil by Xanthomonas malt-
ophilia.

CONCLUSIONS

Bioremediation has become a popular environment-
friendly approach for the decontamination of a heavy
buildup of toxic recalcitrant compounds from the en-
vironment. Microbial degradation plays a pivotal role
to endorse a clean and sustainable environment. In this
study three bacterial isolates namely, A6, B3, and C1
were found efficient for degrading metribuzin, clodina-
fop, and Bromoxynil & MCPA herbicides respectively,
and their respective degradation capacities recorded as
14.8% for metribuzin, 23.2% for clodinafop and 33.9%
MCPA & Bromoxynil. The optimum temperature and
pH for the biodegradation of herbicides was 35°C and
pH ranging from 7.0-8.0. These bacterial strains were
found efficient in the metabolism of herbicides and can
be utilized for the bioremediation of polluted sites in the
future.
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Assessing inorganic phosphate levels seems crucial in
deciphering the biochemical state of organisms or tis-
sues. The concentration of inorganic phosphate in blood
is an order of magnitude smaller than in tissues and, on
top of that, it is dynamically used to fill temporary gaps
in tissues. This is the reason blood inorganic phosphate
level is considered a poor proxy for tissue levels. There-
fore, tissue biopsy seems to be the dominant method
when assessing inorganic phosphate levels for instance
in muscles. In this study, we attempted to derive a non-
invasive biomarker for phosphate tissue levels. We ana-
lyzed surface electromyography signals taken during
31P spectroscopy of leg muscles in five adult pigs. We
induced hypophosphatemia via 20 minutes-long hyper-
ventilation. It turned out that the proportion of the am-
plitude of the low frequency band and the high frequen-
cy band is significantly (p=0.002) correlated with the rel-
ative phosphate levels. The electromyographic signal did
not correlate significantly with pCO2 levels in the blood,
suggesting that the changes in the signal are a result of
inorganic phosphate levels, not hyperventilation. The re-
sults might lead to the development of a real-time phos-
phate fluctuations measurement procedure.

Keywords: EMG, phosphate, biomarker, MRI, hyperventilation, hy-
pocapnia
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INTRODUCTION

Disturbance in phosphate levels is an electrolyte dis-
order associated with many diseases, but hypophos-
phatemia is more common than hyperphosphatemia.
Hypophosphatemia is typically diagnosed when serum
phosphate levels drop below 2.0 mg/dl. The most com-
mon causes of hypophosphatemia are infection, refeed-
ing, and Fanconi syndrome (Saito e/ a/, 2014). It also
manifests as a complication in critically ill patients in the
postoperative phase, hypothermia, or trauma (Geerse ef
al., 2010). Symptoms of hypophosphatemia are potential-
ly life-threatening but at the same time nonspecific - it
includes muscle weakness, arrhythmias, respiratory fail-
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ure, hypercalciuria, and others (Assadi, 2010). The dis-
turbance in phosphate levels is associated with increased
morbidity (Felsenfeld & Levine, 2012; Sin ez al., 2021).

The relationship between phosphate levels in com-
partments is tightly regulated and complicated. As only
1% of total phosphate in the body is in the extracel-
lular compartment, the changes of concentration in
serum are dynamic and a poor indicator of total-body
phosphorus level (Felsenfeld & Levine, 2012). Rou-
tine phosphate monitoring is uncommon in patients
admitted to intensive care units (ICU), and hypophos-
phatemia is often not corrected (Berger er al, 2021).
31P spectroscopy is rarely a viable solution due to
equipment requirements.

As hypophosphatemia is associated with disturbanc-
es in muscle function and ATP synthesis (Pesta et al,
20106), the aim of this study was to determine if mus-
cle activity could be a non-invasive, real-time indicator
of phosphate level. The studies performed on cows
showed that phosphate deprivation could induce ab-
normalities in muscle activity that can be detected by
electromyogtraphy, but there is no data about transient
and immediate effects, which could have clinical impli-
cations in human studies (Pesta ¢ a/, 2016; Griinberg e
al., 2019, 2015). The approach of combining 31P with
surface EMG for studying muscle disorders and fatigue
has been used many times since 1993 (Roy, 1993; Gi-
annesini ef al., 2003; Rzanny ef al., 2006). But again, ex-
periments using this approach did not investigate fast
fluctuations of inorganic phosphate in healthy and un-
fatigued muscle. Our study fills this gap and might lead
to the development of a novel phosphate biomarker.

MATERIALS AND METHODS

Major protocol

The experiments were approved by the II Local Ethi-
cal Committee on Animal Testing in Warsaw, Poland
(permit number: 20/2015 from 23 April 2015) on behalf
of the National Ethical Committees on Animal Testing.
Three preliminary experiments were conducted: two ani-
mals under normo- and hyperventilation were performed
outside the MRI scanner chamber and one in the MRI
chamber under normoventylation (animal 0). In the main
part of this study, four female healthy piglets (animals
1-4) with an average body weight of 20 kg and an aver-
age age of 2 months were first sedated with azaperone


mailto:szczesny@ibb.waw.pl
https://doi.org/10.18388/abp.2017_

952

M. Habich and others

2023
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spectroscopy

EMG

time

Figure 1. Schematic of the main experiment - dashed and filled
rectangles indicate which fragments of data were taken into
further analysis.

Additionally, the range of hyperventilation and moments of blood
gasometry were shown as vertical lines and circles respectively.
Each spectroscopy measurement lasted 4 min 26 seconds. The
time between measurements slightly varied but the mean time
between blood tests was 5 min.

(Stresnil, 3 mg/kg body weight (b.wt), Janssen Phat-
maceutica, Turnhoutseweg, Belgium). Each animal was
then orotracheally intubated with an endotracheal tube
and mechanically ventilated with room air. The respira-
tion rate was set to zero (free respiration) during nor-
moventylation and 20/min during hyperventilation. To
evaluate muscle activity, the surface EMG electrodes
were placed on the trapezius and triceps (front leg), and
biceps femoris (rear leg) muscles. During the experi-
ment, a swine was placed inside the MRI scanner. Each
measurement lasted 4 min 26 seconds. In four cases,
between the measurements, the pig’s blood was drawn
to evaluate gasometry. After the first two control scans,
the next four were made in a hyperventilated state, fol-
lowed by another seven scans under normoventylation.
A schematic of the main experiment is shown in Fig. 1.
The well-being of animals was closely monitored by an
anesthesiologist and in case of suspected risk to animal
health, the experiment was terminated. In addition to
experiments with 3'P spectroscopy, EMG measurements
for two other animals upon normo- and hyperventilation
were performed outside of the MRI scanner chamber.

3P MRS data analysis

IP-MRS data was acquired using an MR750w 3T MRI
scanner (GE Healthcare, USA) with 3P/'H sutface coil
(Rapid Biomedical, Germany). Data was acquired with
parameters: TR 1s, Navg 2506, spectral bandwidth 5kHz,
acquisition time 102.4 ms, slice thickness 40 mm. No
shimming was applied for the 3'P-MRS acquisition. Data
were acquired before, during, and after hyperventilation.
Localization was done through coil sensitivity. The coil
was located on the biceps femoris. Raw data were quan-
tified with jMRUI software (Naressi e/ al, 2001; Stefan
et al., 2009) using the AMARES algorithm (Vanhamme
et al., 1997) according to published procedures and para-
metrization (de Graaf, 2019). Signal location and assign-
ment were done for each spectrum individually to ac-
count for pH-induced changes in the spectra.

Electromyography data analysis

The electromyography record was running continu-
ously throughout the whole experiment. Because be-
tween spectroscopy measurements the pigs were touched
by a technician for blood extraction, the analysis of elec-
tromyography measurements has been made only on
fragments of record that were recorded during spectros-
copy. The first part of the analysis was made using the
“signal” library from Python 3. The “spectrogram” func-
tion was used to create a signal spectrogram which then
has been converted into dB. To extract the spectroscopy
parts of the signal the sum of signal power in the 210
dB — 249 dB range has been taken and then the frag-

ments where the summed signal power went above the
average for the known spectroscopy time — 4 minutes
and 26 seconds — were chosen. Further signal analysis
has been done using the R language “psd” library. The
signal was further cleaned up, a spectrogram was cre-
ated, and then the relation between high and low fre-
quency bands was calculated according to the equation:
This approach to the analysis of EMG signals was al-

EMGscore = 2150-400nz(amplitude)/2;_49n,(amplitude)

ready used in clinical research (Allison & Fujiwara, 2002;
Badier ez al., 1993; Krogh-Lund & Jorgensen, 1993).

Gasometry data analysis

Between 3'P-MRS measurements, blood samples
were collected and further using a critical points ana-
lyzer RAPIDPoint 500 (Siemens, Erlangen, Germany).
The measured parameters were: pH, pCO, (mmHg), p0,
(mmHg), cHCO*(mmol/L), BE (ecf) (mmol/L), ¢SO,
(%), Na* (mmol/L), K+ (mmol/L), Ca**(mmol/L), CI
(mmol/L), ¢TCO, (mmol/L), Anion gap (mmol/L),
Anion gap K* (mmol/L), Hct (%), cHgb (g/dL), BE (b)
(mmol/L), Glucose (mg/dL), Lactate (mmol/L), Creati-
nine (mg/dL) (Supplementary Table 1 at https://ojs.pt-
bioch.edu.pl/index.php/abp/).

RESULTS

Hyperventilation induces hypophosphatemia in most
animals

Four hyperventilated animals were put in an MRI
chamber. Two measurements were done with nor-
moventilation and then animals were hyperventilated for
4 consecutive scans (see Materials and Methods for ex-
act protocol). Analysis of the 3P-MRS signal indicates
that inorganic phosphate content in muscles drops by as
much as 30% after 5 steps of the experiment (about 20
minutes of hyperventilation) (Fig. 2). Not all cases had a
drop in phosphate levels following hyperventilation, but
when blood gasometry analysis was performed, hyper-
ventilation robustly induces a drop in pCO2 levels (Sup-
plementary Fig. 1 at https://ojs.ptbioch.edu.pl/index.
php/abp/).

Phosphate level

1.00 i
1
« |
g 0.75 :
o ! ! --- animal 1
c 1 1
a- 050 : L e animal 2
0.25 : ! —— animal 3
! ! —-= animal 4
0.00 . .

1 3 5 7 9 11 13
step

Figure 2. Inorganic phosphate levels in muscles before, during
and after hyperventilation.

The total number of points per animal depended on its condition
- some experiments were decided to finish earlier. Phosphate lev-
els are normalized against the first measurement.
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Figure 3. Correlation between EMG score (see Materials and
Methods) and phosphate levels (panel A) and pCO2 (panel B).
Values on all axes were normalized against the first measure-
ment per animal.

EMG signal correlates with inorganic phosphate but not
with pCO, levels

The distribution of the collected EMG signal was
symmetrical, and values ranged typically between -100mV
and 100mV (Supplementary Fig. 2 at https://ojs.ptbioch.
edu.pl/index.php/abp/). The ratio of the power spec-
trum between high and low frequencies was calculated
for a window spanning 4 minutes during MRI acquisi-
tion (4 min 26 seconds). The window for EMG analysis
was taken slightly smaller to remove artifacts caused by
switching on/off of MRI scanning. Pearson cortelation
between this calculated ratio (called “normalized score”)
and normalized phosphate levels is negative and signifi-
cant: R is —0.45, and the p-value is 0.002 (Fig. 3A). We
made the same comparison between the score and not-
malized pCO, levels, and the Pearson test indicated an
insignificant correlation (Fig. 3B). Detailed trajectories
for each animal are in Supplemental Fig. 3 at at https://
ojs.ptbioch.edu.pl/index.php/abp/.
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Figure 4. Experiment with hyperventilation repeated outside of
the MRI chamber.

The start and end of hyperventilation are denoted as vertical lines.
Dots are the EMG score calculated every 1s.

Fast reaction to hyperventilation seen in EMG

The EMG signal collected during MRI scans is, de-
spite shielding and usage of carbon electrodes, quite
noisy. We repeated the hyperventilation experiment
outside of the MRI chamber. Phosphate measurement
wasn’t possible but the goal was to obtain a clear pic-
ture of changes in EMG following hyperventilation. It
turned out that the reaction of EMG to hyperventilation
is pretty fast - the changes in the EMG spectrum can be
observed tens of seconds after hyperventilation is started
(Fig. 4). To remove the possibility that the interaction
with a ventilating machine was the cause of EMG re-
sponse, another animal was put on ventilator but with
respiration rate set to 12 breaths. No significant changes
in EMG score (other than artifacts from body move-
ment) were detected (Supplemental Fig. 4 at at https://
ojs.ptbioch.edu.pl/index.php/abp/).

DISCUSSION

In this study, we presented the results of an at-
tempt to derive a non-invasive biomatrker of hypophos-
phatemia. We showed that hyperventilation induces hy-
pophosphatemia and that the level of inorganic phos-
phate in muscles correlates with changes in the power
spectrum density of a surface electromyographic signal.
The observed correlation is significant despite the limited
number of animals used for the research.

Animals appeared healthy, but we cannot rule out pre-
existing conditions (one animal needed a longer recov-
ery time after the experiment was concluded). This could
potentially explain why, not in all cases, we were able to
notice hypophosphatemia.

An interesting aspect of EMG response to hyperven-
tilation is the time needed to elicit it. MRI scans affect
the EMG signal, so we could not see when exactly the
EMG started to drift. Experiments outside of the MRI
chamber showed that a response is faster than 30 sec-
onds. Existing hypotheses about how hyperventilation
influences phosphate levels (O’Brien & Coberly, 2003)
support a fast response rate. O’Brien and Cobetly pro-
posed a model where an increased rate of glycolysis and
ATP production in response to trespiratory alkalosis is
responsible for a sudden drop in inorganic phosphate
levels. However, this study doesn’t provide evidence if
that is the mechanism that occurs.
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Endogenous electric fields (EFs) serve as a crucial signal to guide cell movement
in processes such as wound healing, embryonic development, and cancer
metastasis. However, the mechanism underlying cell electrotaxis remains
poorly understood. A plausible hypothesis suggests that electrophoretic or
electroosmotic forces may rearrange charged components of the cell
membrane, including receptors for chemoattractants which induce
asymmetric signaling and directional motility. This study aimed to explore
the role of Transforming Growth Factor Beta (TGFP) signaling in the
electrotactic reaction of 3T3 fibroblasts. Our findings indicate that inhibiting
canonical and several hon-canonical signaling pathways originating from the
activated TGF-f receptor does not hinder the directed migration of 3T3 cells to
the cathode. Furthermore, suppression of TGF-p receptor expression does not
eliminate the directional migration effect of 3T3 cells in the electric field.
Additionally, there is no observed redistribution of the TGF-p receptor in the
electric field. However, our studies affirm the significant involvement of
Phosphoinositide 3-Kinase (PI3K) in electrotaxis, suggesting that in our
model, its activation is likely associated with factors independent of
TGFp action.

KEYWORDS

electric field, electrotaxis, cell migration, TGFp signaling, 3T3 fibroblasts

Introduction

The existence of endogenous electric fields in diverse anatomical locations within
living organisms has been extensively documented across various research accounts [for a
comprehensive overview, refer to the work of McCaig et al.( 2005)]. These electric fields
emerge from polarized ion transport across epithelial tissues, resulting in the formation of
a transepithelial potential. Following the disruption of the epithelial layer, such as by
injury, this potential collapses at the center of the wound, while remaining stable in distal
regions where ion transport is unaffected. This creates a voltage gradient, forming a direct
current electric field (dcEF) with a vector parallel to the epithelial surface, and the wound
center acting as the cathode (McCaig et al., 2009). Evidence increasingly highlights the
pivotal role of electric signals in guiding cell migration during processes such as wound
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healing, embryonic development, and the metastasis of cancer
(Djamgoz et al., 2001; McCaig et al., 2005; Zhao, 2009). This
phenomenon is referred to as electrotaxis and is defined as an
active directional movement toward the cathode or anode.
While electrotaxis is well-documented in various cell types,
the molecular mechanisms employed by cells to sense electric

fields remain largely elusive. It is hypothesized that
electrophoretic or electroosmotic forces redistribute the
charged components of the cell membrane, including

receptors for chemoattractants. This redistribution could lead
to a higher concentration of these receptors on the side of the cell
facing the cathode (or anode), potentially driving asymmetric
signaling that underlies directional movement (McCaig et al.,
2005; Allen et al., 2013).

The role of chemoattractant receptor redistribution on the
cell membrane during electrotaxis is critically important. In
particular, the Epidermal Growth Factor (EGF) receptor has
been identified as a key player in the electrotactic responses of
various cell types, including corneal epithelial cells, keratinocytes,
and breast cancer cells (Fang et al., 1999; Zhao et al., 2002; Pu
et al, 2007). Small direct current electric fields not only
upregulate the expression of EGF receptors but also induce
their asymmetrical distribution within the cell membrane.
Nevertheless, it has been proposed that the electrotaxis
process depends on the redistribution of receptors specific to
additional chemotactic factors such as Basic Fibroblast Growth
Factor (bFGF), acetylcholine, Vascular Endothelial Growth
Factor (VEGF), and Transforming Growth Factor Beta (TGEF-
B) (Orida and Poo, 1978; Zhao et al., 1996; Zhao et al., 1999; Zhao
et al., 2012). However, the mechanism of receptor translocation
does not sufficiently explain the nature of the first rapid reactions
of cells to dcEF (Korohoda et al., 2000; Djamgoz et al., 2001;
Zimolag et al., 2017). Another significant hypothesis posits that
the mechanism underlying electrotaxis could stem from uneven
activation of different ion channels within the cell membrane.
Several ion channels have been implicated in the electrotactic
responses of diverse cell types. These include calcium channels
(Mycielska and Djamgoz, 2004), voltage-gated sodium channels
(Djamgoz et al., 2001), voltage-gated potassium Kv1.2 channels
(Zhang et al.,, 2016), inwardly rectifying potassium channels
(Kir4.2) (Nakajima et al., 2015), and ion transporters such as
Na, K-ATPase (NaKA) and Na+/H+ exchanger isoforms
(NHE1 and 3) (Ozkucur et al,, 2011). Additionally, Liu et al.
documented the activation of Na+ and K+ pumping modes of
(Na,K)-ATPase by an oscillating electric field (Liu et al., 1990).
Furthermore, large-scale screening methods identified several ion
channel genes as potential key players in electrotaxis (Nakajima
et al., 2015; Lasota et al., 2024).

In our previous investigation (Lasota et al, 2024), we
demonstrated that in slowly migrating 3T3 cells, the response
to a direct current electric field (dcEF) occurs quite swiftly, with
initial signs becoming apparent after just 1 min of exposure. This
strongly suggests that the primary mechanism governing the
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electrotactic response is linked to the activation of ion channels
rather than the translocation of cell membrane receptors. Indeed,
through comprehensive screening, we identified several ion
channel genes as potentially involved in 3T3-cell electrotaxis.
Notably, the electrotactic response of 3T3 cells was significantly
reliant on inwardly rectifying potassium channels (Kir4.2). Since
inhibiting the Kir4.2 channel only diminishes the directional
movement of 3T3 cells for approximately 1-2 h, followed by the
reappearance of electrotaxis, we proposed a biphasic mechanism
for the electrotaxis of mouse 3T3 fibroblasts. According to this
model, the activation of ion channels triggers the initial rapid
cellular response to an electric field, while the redistribution of
the
directionality of cell movement over the long term. Our

membrane receptors is responsible for sustained
preliminary findings indicated that the prolonged response
might be attributed to the relocation of the EGF receptor in
the membrane of 3T3 cells. On the other hand, we have proven
the involvement of TGFp signaling in the electrotaxis of another
cell type — human bronchial fibroblasts (Pavlenko et al., 2023).
Building on these findings, the current study delves into the role
of TGFp signaling in the long-term reaction of 3T3 fibroblasts to

an electric field.

Materials and methods
Cell culture

Mouse 3T3 fibroblasts (ATCC CRL-1658) were cultured in
DMEM HG (Dulbecco’s Modified Eagle’s Medium High
Glucose) (Sigma—Aldrich, St MO,
United States), supplemented with 10% FBS (Fetal Bovine
Serum) (Gibco, Waltham, MA, United States), penicillin
(100 IU/mL), and streptomycin (100 ug/mL) (herein referred
to as the ‘complete culture medium’) under standard conditions

medium Louis,

at 37°C and 5% CO,. Cells were passaged using 0.25% trypsin/
EDTA (Gibco, Waltham, MA, United States) approximately
every third day to maintain confluency below 80%.

Cell seeding and application of
electric field

To apply a direct current electric field (dcEF) to the cells, we
used a custom electrotactic chamber based on a previously
described protocol with minor modifications (Sroka et al.,
2018). The scheme depicting the methodology of electrotaxis
examination is presented in Supplementary Figure S1. We seeded
1x10* cells onto a sterile 60 x 35 x 0.2 mm cover glass using
400 pL of complete culture medium, achieving a final cell density
of approximately 2.5x10° cells/cm® Before the experiment, the
second part of the observation chamber was assembled using
another cover glass and two additional 60 x 10 x 0.2 mm glass
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pieces, connected with double-sided adhesive tape (tesa SE,
Hamburg, Germany). This assembly, once completed, was
filled with fresh complete culture medium or serum-free
medium and inserted into an external electrotactic chamber
made of PVC. Ag|AgCl electrodes (each 6 cm®) immersed in
PBS were connected to a power supply. These electrodes were
linked to the observation chamber using salt bridges made of
glass pipes filled with agar (2% in 0.5 M KCl). Applying a dcEF
with an intensity of 3 V/cm completed the setup. In the case of
experiments without a dcEF, cells were seeded onto 24-well plates
with glass bottoms (Eppendorf, Hamburg, Germany) in the
quantity of 5 x 10° per well.

Registration and analysis of cell migration

Time-lapse imaging was conducted using integrated modulation
contrast (IMC). For electrotaxis studies, a Leica DM IL LED
microscope (Leica, Wetzlar, Germany) equipped with a Moticam
3.0 camera controlled by Motic Images Plus 3.0 software (both Motic,
Xiamen, China) was used. For the registration in isotropic conditions
(w/o dcEF), we employed a Leica DMI6000B motorized microscope
with a Leica DFC360FX camera operated via LAS X 3.4 software (all
Leica, Wetzlar, Germany). A temperature of 37°C was maintained
inside the observation chamber using an environmental chamber and
a heating unit. To offset the lack of CO, control, HEPES buffer
(15 mM) was added to the complete culture medium before each
recording session. The images were captured every 5min for 4 h
(with the cathode on the right-hand side).

Analysis of single-cell migration was performed using Hiro
1.0.0.4 software (Krecioch et al., 2015; Sroka et al., 2016; Sroka
et al., 2018), where cell migration trajectories were constructed
from manually identified cell centroids. To obtain circular
diagrams, the initial point of each trajectory was placed in the
origin of the coordinate system. The following quantitative
parameters were calculated: (a) the speed of cell migration
(um/min)—the total length of the cell trajectory divided by
the time of recording; (b) cell displacement (pum)—the length
of the line segment from the first to the last position of a cell; (c)
average directional cosine y—y is the angle formed by the line
that connected the initial point of trajectory to subsequent cell
positions and the X-axis (parallel to the vector of EF); (d) CME
(Coefficient of Movement Efficiency)—representing the ratio of
displacement to the total length of the cell trajectory. It
approaches 1 when cell migration is persistent and decreases
toward 0 when the direction of movement changes frequently.

Pharmacological modification of
signaling pathways

To investigate the role of TGFp signaling in the electrotaxis of
3T3 fibroblasts, we utilized inhibitors targeting both the
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canonical and noncanonical TGF-f pathways. Specifically, to
block the canonical Smad-dependent signaling pathway,
SB431542 (10 pM) was introduced into the complete culture
medium during the preparation of the chamber. This inhibitor
was applied 30 min prior to recording cell migration and was
present throughout the duration of the experiment. To inhibit the
noncanonical signaling pathways, the following inhibitors were
added: U0126 (10 uM) for MEK1/2, SB203580 (10 uM) for p38,
Y-27632 (10 uM) for ROCK, and LY-294002 (20 uM) for PI3K,
following the protocol for the SB431542 inhibitor (all inhibitors
from Sigma-Aldrich, St. Louis, MO, United States). In
experiments without the presence of serum, the serum-free
medium was additionally supplemented with TGF-f1 at a
concentration of 5 ng/mL.

Knockdown of the TGF-p receptor gene

To verify the involvement of Tgfbr2 in the electrotaxis of
3T3 fibroblasts, the receptor was knocked down with a specific
siRNA. Briefly, 5 x 10* cells/well were seeded into a 12-well plate
the day before. Cells were transfected with 25nM siRNA
targeting mouse Tgfbr2 (#AMI16708, siRNA ID: 64894,
Ambion, Austin, TX, United States) or non-targeting control
(#AM4611, Ambion) using DharmaFECT 1 (Dharmacon,
Lafayette, CO, United States) as the transfection reagent. The
procedure was performed according to the manufacturer’s
instructions. Approximately 24 h after transfection, cells were
harvested and seeded into an electrotactic chamber to allow for
adherence.  Electrotaxis 24h  later as

was  analyzed

described above.

Western Blot analysis

Cells transfected with siRNA were harvested 48 h after
transfection and lysed with RIPA lysis buffer (Sigma-Aldrich)
supplemented with protease and phosphatase inhibitors
(Thermo Fisher Scientific, Waltham, MA, United States). The
lysates were then sonicated (3 x 10s) with intermediate
incubations on ice and centrifuged at 16.000 ¢ for 10 min at
4°C to isolate the protein fraction. Protein concentration was
measured using a BCA assay (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Samples were
then mixed with 4x Loading Protein Buffer Plus (Eurx,
Gdansk, Poland) and boiled at 95°C for 5 min 10 ug protein
samples were separated by SDS-PAGE using Miniprotean TGX
Gel, 4%-15% (Bio-Rad, Hercules, CA, United States) and
transferred onto a polyvinylidene fluoride (PVDF) membrane
using a Trans-Blot Turbo Transfer Pack Midi Format 0. 2 uM
PVDF (Bio-Rad) in a semi-dry transfer at 25 V, 1.3 A for 7 min in
the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes
were incubated in 3% BSA in TBST (0.05% (v/v) Tween 20 in
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Tris-buffered saline) for 90 min to block nonspecific binding
sites. The membranes were then incubated with primary
antibodies against TGFBR2 (#GTX55814, GeneTex, Irvine,
CA, United States) or GAPHD (#MA5-15738, Invitrogen/
Thermo Fisher Scientific) as a loading control overnight at
4°C with gentle shaking. The next day, the membranes were
washed three times with TBST and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies: goat anti-
rabbit IgG, horse anti-mouse IgG (#7074 and #7076, respectively,
both from Cell Signaling Technology, Danvers, MA,
United States) in 3% BSA in TBST for 50 min at room
temperature. After washing the membranes 3 times with
TBST, the signal was detected with the chemiluminescent
HRP substrate (Merck, Rahway, NJ, United States) in a
ChemiDoc XRS + imager (BioRad). Densitometric analysis
was performed using Quantity One software (Bio-Rad).

TGF-B receptor distribution

3T3 fibroblasts were seeded into a 24-well plate at a density of
2.5x10* cells per well and incubated overnight under standard
conditions. The next day, cells were transfected in accordance
with the manufacturer’s protocol (Thermo Fisher Scientific,
Waltham, MA, United States) using 0.75 uL of Lipofectamine
3000 reagent and 0.5pg of a plasmid vector encoding the
TGFBRI (ALK5) receptor fused to an mEmerald Green
fluorescent protein (Addgene, Watertown, MA, United States,
#62751) for each well. Twenty-four hours post-transfection, cells
were reseeded onto 60 x 35 x 0.2mm glass slides for the
electrotaxis chamber as outlined in the preceding section.
Given the rapid reduction in the expression of the protein,
transient transfection was scheduled 48 h before the planned
imaging of the receptor redistribution. Imaging was done
utilizing a Leica DMI8 inverted fluorescence microscope
equipped with a DFC7000 GT monochromatic CCD camera,
dry HCX APO U-V-I 40x/0.75 DRY UV objective, a GFP-
optimized filter set (all Leica, Wetzlar, Germany), and a
CoolLED pE-4000 LED illuminator (CoolLED Ltd., Andover,
Great Britain). Following the application of the electric field, as
previously described, images of fluorescent cells across various
fields of view were recorded. These images were then processed
with Image] Fiji software (National Institute of Health, Bethesda,
MD, United States) (Schindelin et al., 2012), i.e., the images were
shading corrected and used for designation of plot profiles along
lines with a thickness of 5 pixels, with the intention of
reducing noise.

Statistical analysis

The statistical significance of variances in cell migration
speed, cell displacement, and CME was evaluated using the
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A
Control (w/o dcEF)

cosy = 0.018 + 0.109
B dcEF 3 V/cm

0.799 £ 0.029*

cosy

FIGURE 1

Movement of 3T3 fibroblasts in an isotropic environment and
under the influence of a direct-current electric field (dcEF) of
physiological strength. Circular diagrams depict the combined
trajectories of individual cell migration (A) in the absence of
dcEF and (B) with a dcEF of 3 V/cm. The starting point for each
trajectory (formed by tracking 48 consecutive positions of the cell
centroid, recorded every 5 min) was repositioned to the origin of
the coordinate system. The dcEF cathode, when applicable, is
situated to the right in the illustration. Scale is provided in
micrometers (um). The directional cos y values below (referring to
the directionality of the cell migration), are provided as the mean
(for the cell population; n = 30 and 60, respectively) + the standard
error of the mean (SEM). *Statistically significant difference
between compared conditions (dcEF 3 V/cm vs. w/o dcEF)

(p < 0.05).

Student’s t-test. In contrast, for directionality, these differences
were examined using a non-parametric U-Mann-Whitney test
due to the nature of this parameter and its inherent lack of a
normal distribution (confirmed by the Shapiro-Wilk test). All
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%

The role of TGF- signaling in the electrotaxis of 3T3 fibroblasts examined in the presence of a serum. Circular diagrams illustrating composite
cell trajectories under various conditions: (A) control conditions (dcEF 3 V/cm, FBS 10%), and in the presence of (B) Smad inhibitor - SB-431542
(10 pM), (C) MEK1/2 inhibitor - U0126 (10 uM), (D) p38 inhibitor - SB-203580 (10 uM), (E) ROCK inhibitor - Y-27632 (10 uM), and (F) PI3K inhibitor -
LY-294002 (20 pM). The methodology for constructing and displaying these diagrams follows that of the previous figure (refer to Figure 1)

statistical analyses were conducted using GraphPad Prism
8.0.1 (GraphPad MA,
United States), with a threshold for statistical significance set
at p < 0.05.

version Software, Boston,

Results

The impact of inhibiting canonical and
non-canonical TGF-p signaling pathways
on 3T3 cell electrotaxis in the presence of
a serum

As previously communicated, 3T3 fibroblasts in a medium
with 10% FBS exhibit robust electrotactic activity (Lasota et al.,
2024). Indeed, as shown in Figure 1A, in the absence of an electric
field, the 3T3 cells displayed random movements (cos y = 0.018 +
0.109). However, following the application of an electric field (3 V/
cm), the cell migration became distinctly directional, with cells
moving toward the cathode (cos y = 0.799 £ 0.029) (Figure 1B).

To determine the role of TGFP in directing the migration of
3T3 cells in an electric field, we assessed the effects of inhibiting
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both canonical and non-canonical signaling pathways activated by
TGEFp, using specific pharmacological inhibitors at concentrations
validated in our previous studies (Paw et al., 2021; Pavlenko et al.,
2023). As presented in Figure 2 and Figure 3D, inhibition of the
canonical Smad-dependent pathway with SB431542 did not alter
the electrotaxis of 3T3 cells. Similarly, inhibitors of noncanonical
TGFp signaling pathways, specifically MEK1/2 (U0126), p38
(SB203580), and ROCK (Y-27632), did not affect the
directional migration of 3T3 cells in the electric field. However,
the PI3K signaling pathway stood out as its inhibition with LY-
294002 significantly reduced the directional cosine from 0.799 +
0.029 under the control conditions to 0.347 + 0.092 with the
inhibitor present (Figure 3D; Table 1), pointing to a critical role of
PI3K in migration directionality. Notably, while U0126 (MEK1/
2 inhibitor) and Y-27632 (ROCK inhibitor) significantly
influenced the speed of migration and cell displacement,
suggesting the importance of these signaling pathways for
motile activity, they did not affect the directionality of cell
movement (Figure 3; Table 1). A similar effect of these
inhibitors on the migration of 3T3 cells was found under
control conditions without the application of an electric field
(Supplementary Figure S2).
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FIGURE 3

inhibited component

The impact of TGF-p signaling inhibition on the electrotaxis of 3T3 fibroblasts in the presence of a serum — quantitative analysis. (A) Speed of cell
migration, (B) displacement, (C) coefficient of movement efficiency (CME), and (D) directionality of cell migration (presented as the average
directional cosine y), presented as the mean (for the cell population) + standard error of the mean (SEM). The number of cells (n) is detailed in Table 1.
*Statistically significant differences compared to the control (dcEF 3 V/cm, 10% FBS) (p < 0.05).

inhibited component inhibited component

TABLE 1 The impact of TGF- signaling inhibition on the electrotaxis of 3T3 fibroblasts in the presence of a serum.

Serum, dcEF 3 V/cm

Control (serum, Smad inh.- SB- MEK 1/2 inh.- p38 inh.- SB- ROCK inh.- Y- PI3K inh.- LY-
dcEF 3 V/cm) 431542 (10uM) U0126 (10 uM) 203580 (10 uM) 27632 (10 uM) 294002 (20 uM)
(n = 60) (n = 30) (n = 30) (n = 30) (n = 40) (n = 30)
Speed of 0.233 + 0.017 0.277 + 0.015 0.166 + 0.011 0271 + 0.016 0341 + 0.018° 0.233 + 0.010
migration
[pm/min]
Displacement 42.879 + 3.391 49.657 + 3.333 27.285 + 2.493* 47.910 + 4.025 56.967 + 3.693" 16.227 + 1.754*
[pm]
CME 0.758 % 0.015 0.739 + 0.022 0.673 + 0.030° 0.720 + 0.025 0.692 + 0.024* 0.312 + 0.035°
Cosine y 0.799 + 0.029 0.800 + 0.042 0.785 + 0.043 0.871 + 0.020 0.724 + 0.040 0.347 + 0.092°

“Statistically significant differences relative to control (serum, direct current electric field 3 V/cm) (p < 0.05).

The presented results underscore that among the TGEFp-
activated signaling pathways we explored, only the PI3K-
dependent pathway is crucial for electrotaxis. Nonetheless,
given that this pathway can also be activated by additional
factors within the FBS (e.g., EGF), we conducted additional
experiments to investigate the impact of the tested inhibitors
on the electrotaxis of 3T3 cells in a serum-free medium,
supplemented with exogenously added TGEp.

The impact of inhibiting canonical and
non-canonical TGF- signaling pathways
on 3T3 cell electrotaxis in a serum-

free media

In serum-free conditions, 3T3 cells demonstrated a distinct
electrotactic response, migrating toward the cathode in an

Acta Biochimica Polonica

100

electric field of 3V/cm (Figures 4A,C). The directional cosine
in these conditions was only marginally lower than in the
presence of 10% FBS (0.636 + 0.050 and 0.799 + 0.029,
respectively). However, both the speed of cell migration and
their final displacement were reduced in the absence of serum
compared to conditions with 10% serum (0.169 + 0.006* um/min
vs. 0.233 + 0.017 um/min and 20.098 + 1.364* um vs. 42.879 +
3.391 pm, respectively). Notably, adding exogenous TGEp (5 ng/
mL) did not alter the directionality of cell movement (Figure 4F),
yet significantly enhanced their migration speed and final
displacement (Figure 4E; Table 2).

As depicted in Figure 5 and Figure 6, in serum-free media at
the presence of TGFP (5ng/mL), SB431542, an inhibitor
targeting the canonical Smad-dependent signaling pathway,
did not impact the electrotaxis of 3T3 cells. Similarly,
inhibitors of noncanonical TGFP signaling pathways such as
p38 (SB203580) and ROCK (Y-27632) exhibited no discernible
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The impact of TGF-p1 on the electrotaxis of 3T3 fibroblasts in serum-free media. (A—D) Circular diagrams illustrate the combined trajectories of
individual cell migrations (A,B) without dcEF and (C,D) in the presence of a dcEF of 3 V/cm. All experiments were performed in serum-free conditions,
with the culture media in (B,D) further enriched with TGF-p1 (5 ng/mL). The approach for chart creation and presentation is consistent with that
described previously (see Figure 1). (E,F) Graphs showing quantitative parameters summarizing the effect of TGF- p1 (5 ng/mL) addition to the
culture medium. (E) Speed of cell migration normalized to corresponding control (-TGFp,) and (F) directionality of cell migration (shown as the
average directional cosine y), presented as the mean (for the cell population) + the standard error of the mean (SEM). The number of cells (n) is 30, 30,
60, and 30, respectively. *Statistically significant differences compared to the corresponding control (serum-free, w/o TGF-p1) (p < 0.05).

TABLE 2 The impact of TGF- signaling inhibition on the electrotaxis of 3T3 fibroblasts in the serum-free medium containing TGF-p;.

Serum-free + TGFp; (5 ng/mL), dcEF 3 V/cm

Smad inhibitor -
SB-431542
(10 M) (n = 30)

Control (serum-free
+ TGFp1 5 ng/mL,
dcEF 3 V/cm) (n = 30)

p38 inhibitor - SB-
203580 (10 puM)
(n = 40)

ROCK inhibitor -
Y-27632 (10 pM)
(n = 35)

PI3K inhibitor-
LY-294002
(20 uM) (n = 30)

Speed of 0.243 + 0.015 0.233 + 0.014 0.251 + 0.014 0.190 + 0.012° 0.191 + 0.013°
migration

[um/min]

Displacement 35.990 + 3.265 41918 + 3.457 33.711 + 3912 27.825 + 2.853 19.756 + 3.029"
[pm]

CME 0.608 + 0.030 0.736 + 0.029* 0.518 + 0.039 0.586 + 0.035 0.396 + 0.044"
Cosine y 0.666 + 0.045 0.767 £ 0.035 0.517 £ 0.072 0.539 + 0.073 0.506 + 0.081

“Statistically significant differences relative to the control (serum-free + Transforming Growth Factor Beta 1, direct current electric field 3 V/cm) (p < 0.05).

effect on the directional migration of 3T3 cells in the electric field.
Intriguingly, even the inhibition of the PI3K signaling pathway
did not
experimental conditions. It is worth emphasizing that the
inhibitor of MEK1/2 (U0126) completely halted the migration

significantly diminish electrotaxis under these
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of 3T3 cells (Figure 5C). It is important to note that data from
non-migrating cells were excluded from further analysis, as
movement parameters could not be determined. The effects of
all these inhibitors on the migration of 3T3 cells in the absence of
an electric field are detailed in Supplementary Figure S3.
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of (B) Smad inhibitor - SB-431542 (10 uM), (C) MEK1/2 inhibitor - U0126 (10 pM), (D) p38 inhibitor - SB-203580 (10 uM), (E) ROCK inhibitor - Y-27632
(10 pM), and (F) PI3K inhibitor - LY-294002 (20 pM). The methodology for constructing and displaying these diagrams follows that of Figure 1.
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The impact of TGF-p signaling inhibition on the electrotaxis of 3T3 fibroblasts in the serum-free medium containing TGF-B; — quantitative
analysis. (A) Speed of cell migration, (B) displacement, (C) coefficient of movement efficiency (CME) and (D) directionality of cell migration (presented
as the average directional cosine y), presented as the mean (for the cell population) + the standard error of the mean (SEM). The number of cells (n) is
detailed in Table 2. *Statistically significant differences compared to the control (dcEF 3 V/cm, serum-free, TGF-B; (5 ng/mL)) (p < 0.05).

The obtained results suggest that although the PI3K pathway

emerges as a crucial component in the response of 3T3 cells to an

electric field, its activation in this context does not appear to be
directly related to TGFp. Instead, it is likely associated with other
factors present in the serum that stimulate this pathway.
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Given that our findings do not affirm a substantial role of

TGFp in driving electrotaxis, we endeavoured in subsequent
experiments to validate the hypothesis concerning the
translocation of the TGFp receptor within the cell membrane
under the influence of an applied electric field.
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FIGURE 7

The distribution and role of TGF receptors during the electrotaxis of 3T3 fibroblasts. (A,B) Fluorescence images of cells expressing TGFBR1

(ALK5) fused to a fluorescent protein (green) both in the absence of an electric field (A) and following a defined period of stimulation by a dcEF of 3 V/
cm (B). The scale bar in (A), representing 50 um, applies to all images. When applicable, the dcEF’'s cathode is positioned on the right side of the field
of view. Each image is accompanied by a corresponding plot profile that illustrates the normalized intensity of green fluorescence along the

indicated white line. (C) Western blot analysis demonstrates reduced levels of TGFBR2 protein in cells transfected with specific sSiRNA compared to
wild-type cells and those transfected with non-targeting siRNA. (D) A circular diagram shows the combined migration trajectories of individual cells
(with Tgfrb2 silenced) in a dcEF of 3 V/cm. The approach for diagram creation and presentation is consistent with that described in a prior figure (see
Figure 1). Quantitative parameters: V - speed of cell migration, D - displacement and directional cos y (referring to the directionality of cell migration),
are provided as the mean (for the cell population n = 30) + the standard error of the mean (SEM). *Statistically significant differences compared to the

control (dcEF 3 V/cm, 10% FBS) (p < 0.05).

TGFp receptor redistribution in an electric
field and its implication in 3T3 fibroblast
electrotaxis

To test this hypothesis, we investigated the kinetics of TGFR
redistribution within the cell membrane of the 3T3 cells exposed
to a direct current electric field (dcEF) of 3 V/cm, focusing on
potential receptor displacement within a specified time frame.
The results, illustrated in Figures 7A,B, reveal that after
15-60 min of exposure to a 3V/cm dcEF, there was no
detectable accumulation of TGEp receptors on the cathode- or
anode-facing side of the cell.

As this result aligned with our earlier observations, we
proceeded to investigate the impact of TGFP receptor
silencing (Figure 7C) on the electrotaxis of 3T3 fibroblasts in
a medium containing 10% FBS. As depicted in Figure 7D, the
silencing of the receptor led to only a minor reduction in the
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average directional cosine, with values slightly lower than the
control (cos y = 0.616 + 0.058% compared to 0.799 + 0.029).

Discussion

The understanding of the intricacies of electrotaxis remains
incomplete, with two main hypotheses competing to explain this
phenomenon. The first hypothesis predominantly concentrates
on the asymmetrical activation of ion channels within the cell
membrane, triggered by hyperpolarization of the cell membrane
at the anodal side and depolarization at the cathodal side of the
cell in response to an external electric field, or induced by
mechanical effects from dcEF (Mycielska and Djamgoz, 2004;
Gao et al, 2011; Allen et al, 2013). Although effective in
elucidating the initial rapid responses of cells to dcEF
(Korohoda et al., 2000; Djamgoz et al., 2001), this hypothesis
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does not effectively explain the unclear mechanism responsible
for the asymmetrical activation of these ion channels by the
electric field (Mycielska and Djamgoz, 2004).

On the other hand, the second plausible hypothesis posits
that electrophoretic or electroosmotic forces alter the distribution
of charged components on the cell membrane, including
receptors for chemoattractants. It is proposed that an
increased concentration of these receptors on the side of the
cell facing the cathode (or anode) triggers asymmetric signaling
and directional motility (McCaig et al., 2005; Allen et al., 2013).
However, this hypothesis does not fully explain the swift initial
reactions of cells to dcEF (Korohoda et al., 2000; Djamgoz et al.,
2001). Nevertheless, it should be acknowledged that both
mechanisms, whether activation of the ion channel or
receptor redistribution, are not mutually exclusive and may
synergistically contribute to the process of
electrotactic migration.

In our previous study (Lasota et al., 2024), we demonstrated
the rapid response of 3T3 cells to a direct current electric field
(dcEF), manifesting within the first minute of exposure. This
response was notably reliant on inwardly rectifying potassium
channels, particularly Kir4.2. Inhibiting these channels led to a
transient reduction in the directional movement of 3T3 cells
lasting approximately 1-2h, followed by a reappearance of
electrotaxis. We proposed a biphasic mechanism for the
electrotaxis of mouse 3T3 fibroblasts, suggesting that ion
channel activation underlies the initial rapid cellular response
to an electric field, while the long-term maintenance of
directional movement is facilitated by the redistribution of
Notably,
accumulation of EGF receptors on the side of the cell facing
the cathode after 30-60 min in a dcEF (3 V/cm). Moreover,
inhibition of the EGF receptor signaling pathway partially
impeded the electrotaxis of 3T3 fibroblasts. Given that the

relocation of EGF receptors has been established as a crucial

membrane receptors. we observed a distinct

factor in electrotaxis for various cell types (Fang et al., 1999; Zhao
et al, 1999; Zhao et al., 2002), we postulated that the EGF
pathway may underlie the sustained electrotactic response
in 3T3 cells.

However, beyond the EGF receptor, the importance of
receptor redistribution in the electrotaxis process has been
suggested for additional chemotactic factors (Orida and Poo,
1978; Zhao et al., 1996; Zhao et al., 1999; Zhao et al., 2012),
including Transforming Growth Factor p (TGEp). Zhao et al.
(1996), Zhao et al. (1999) reported that TGEp restored cathodal-
directed migration of corneal epithelial cells (CECs) under
these did not
examine how the inhibition of TGFp-activated signaling

serum-free conditions. However, studies
pathways might affect CEC electrotaxis.
Nevertheless, our research (Pavlenko et al., 2023) has shown
that adult human bronchial fibroblasts respond to external
electric fields by orienting themselves perpendicular to the

field lines and exhibit efficient electrotaxis toward the anode.
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These processes depended on both canonical and non-
canonical TGF-B pathways. This observation suggested the
possibility that the electrotaxis of 3T3 fibroblasts might also
be dependent on TGFp.

Transforming growth factor beta (TGF-f) is a cytokine
known to activate a variety of signaling pathways, leading to
diverse biological effects including the stimulation of cell
migration (Hao et al., 2019; Tie et al., 2022; Massagué and
Sheppard, 2023). Within TGF-B-induced migratory signaling,
two main types of pathways are recognized: canonical and
noncanonical. The canonical pathways are Smad-dependent,
where TGF-f receptor activation leads to phosphorylation
and activation of Smad2 and Smad3 proteins. These
phosphorylated Smad proteins then form a complex with
Smad4 to move into the cell nucleus, regulating the
expression of genes associated with cell migration
(Costanza et al., 2017; Tie et al., 2022). On the other hand,
the noncanonical MAPK pathway, comprising ERK, JNK, and
p38 MAPK, can be activated by TGF-p, affecting cytoskeletal
Additionally,
noncanonical pathways include the Rho GTPase pathway
(involving RhoA, Racl, and Cdc42) and the PI3K/Akt
pathway, each playing a role in cell migration regulation
(Ridley et al., 2003; Costanza et al.,, 2017; Tie et al., 2022).
Nevertheless, there is a lack of genetic evidence and a

dynamics, cell adhesion, and migration.

structural foundation supporting the notion that MAPKs
and PI3K directly act as mediators in TGF-p receptor
these
established agonists which are commonly present in the

signaling. Moreover, pathways already have

microenvironment of TGF-P target cells in vivo, prompting
inquiries into the significance of TGF-p as an activator of these
pathways (Tie et al., 2022).

Unexpectedly, in our hands, inhibiting both the canonical
and several non-canonical signaling pathways from the activated
TGEF-B receptor did not hinder the directional migration of
3T3 cells toward the cathode. Notably, the only statistically
significant reduction in electrotaxis occurred with the
inhibition of PI3K kinase (Figure 2; Figure 3).

This

highlighting

observation with  previous
the of PI3K
electrotaxis. For instance, Zhao et al. (2006) found that
the genetic disruption of phosphatidylinositol-3-OH
kinase-y (PI(3)K vy) diminished electric-field-induced
signaling and abolished electrotaxis of healing epithelium

aligns reports

essential role activity in

in response to electric signals. Similarly, Meng et al. (2011)
demonstrated the significance of the PI3K pathway in the
electrotaxis of neural progenitor cells (NPCs) driven by
electric fields in the presence of growth factors.

However, given that PI3K activity can also be induced by
additional factors in FBS (such as EGF) (Zhao et al., 2006; Meng
et al., 2011), subsequent experiments were conducted to
influence of the tested inhibitors on the
of 3T3

examine the

electrotaxis cells in a serum-free medium,
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supplemented with exogenously added TGFp. This approach
the of PI3K-activating
chemoattractants other than TGFp. In this simplified model,
none of the inhibitors used, including LY-294002 (PI3K
inhibitor), affected electrotaxis. This suggests that while

aimed to minimize influence

PI3K plays a crucial role in the induction of directional
migration of 3T3 cells in an electric field (as evidenced by
the inhibition of electrotaxis in the presence of FBS after the
addition of LY-294002), its activation in our experiments was
probably related to the action of factors other than TGFp
present in the serum. Literature reports, including our own
(Zhao et al., 1996; Zhao et al., 1999; Meng et al., 2011; Lasota
et al,, 2024), suggest EGF as a possible activator.

The negligible effect of TGF signaling on the electrotaxis of
3T3 fibroblasts is further confirmed by the observation that the
addition of TGFp in serum-free conditions does not substantially
influence the directionality of cell movement (Figure 4).
However, it is important to note that the presence of TGF(
does induce a significant increase in the velocity of 3T3 cell
movement (Figure 4E).

Our findings of TGFp's limited role in the regulation of
electrotaxis in 3T3 cells were further supported by experiments
investigating the redistribution of TGFp receptors in an electric
field. After 60 min in a dcEF of 3 V/cm, we did not observe any
discernible accumulation of TGFp receptors on the cathode-
facing side of the cells (Figure 7B). This is in line with Zhao et al.
(1999), who also reported no clear asymmetry in TGF( receptor
distribution under a 1.5 V/cm electric field, even after 3 h.
Substantial accumulation was only noticeable after 12-16 h
in the electric field. Although TGF( partially restored
cathodal-directed migration of corneal epithelial cells (CECs)
in a serum-free medium over a 5-h period, the mechanism
responsible for the observed electrotaxis remained unclear
(Zhao 1999). the
electroosmotic mobilities of the TGF( receptor also align
with the theoretical model proposed by Sarkar et al. (2019).
The non-involvement of TGFp in the regulation of electrotaxis

et al, Interestingly, relatively low

in 3T3 fibroblasts was further validated through experiments
where the silencing of TGEp receptors in 3T3 cells led to only a
marginal ~ reduction in  the average  directional
cosine (Figure 7D).

By systematically inhibiting both canonical and non-
canonical TGF-f signaling pathways, we demonstrated that
TGE-B signaling does not play a major role in the directional
migration of 3T3 fibroblasts in an electric field. The use of both
further

strengthens the reliability of our findings. Simultaneously, our

serum-free and  FBS-supplemented  conditions
study highlights significant insights into the role of PI3K kinase
in the electrotaxis of 3T3 fibroblasts. However, our in vitro model
has limitations, as it may not fully replicate the complex in vivo
environment. Moreover, the findings, based on the 3T3 fibroblast
cell line, may not represent the behavior of all fibroblast types.

Notably, as mentioned before, we previously found that human
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bronchial fibroblasts, which exhibit electrotaxis towards the
anode, contrasting with the cathodal migration observed in
3T3 cells, rely on the TGF-P signaling pathways (Pavlenko
et al., 2023).

While we focused on TGF-B and PI3K pathways,
alternative signaling mechanisms such as ion channels and
other growth factor receptors require further exploration. Our
and EGFR
involvement in 3T3 electrotaxis has begun to explore these
additional (Lasota 2024). Further
investigations will focus on the dynamics of membrane

recent publication on ionic mechanisms

pathways et al,
receptors redistribution, aiming to validate the biphasic
model proposed in our work.

Although specific in vivo experiments concerning the
detailed  cellular of

challenging, the application of electrostimulation in treating

mechanisms electrotaxis may be
hard-to-heal wounds underscores the clinical relevance of
these
McCaig, 2013). A deeper comprehension of electrotaxis could
the of

electrostimulation with pharmacological interventions

understanding mechanisms (Martin-Granados and

significantly ~ enhance efficacy combining
in
wound care. This integrated approach could lead to more
targeted and effective treatments, paving the way for

innovative therapeutic strategies in wound management.

Conclusion

Our study has shown that inhibition of both canonical and
several non-canonical signaling pathways associated with the
activated TGF-B receptor did not impede the directional
migration of 3T3 cells to the cathode. Furthermore, silencing
the expression of the TGF-p receptor failed to eliminate the
directional migration of 3T3 cells in the electric field.
Additionally, there was no redistribution of the TGFp receptor
under electric field conditions. Nonetheless, our research
confirms an important role for PI3K kinase in electrotaxis,
but its activation in our model was probably related to the
action of factors other than TGEFp.
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Background: Postoperative delirium (POD) is a common
complication after anesthesia and surgery, especially in
the elderly. RNF146 has neuroprotective effects in cer-
ebral ischemia, hypoxia, and chronic neurological dis-
eases. However, whether RNF146 expression is related
to the occurrence and development of POD remains
unclear. Therefore, in this study, we aimed to deter-
mine whether RNF146 is involved in the occurrence of
POD. Methods: (Sprague-Dawley) male rats (18 months
old) were splenectomized under sevoflurane anesthe-
sia. The cognitive function of rats at 1, 3, and 7 d after
anesthesia and surgery was evaluated. Changes in the
expression of neuroinflammatory cytokines, IL-6 and IL-
10, and RNF146 were measured in the hippocampus in
both control group (con) and anesthesia (AS) group. We
examined cognitive outcomes and expression of inflam-
matory factors and RNF146 in con and AS mice using
cluster analysis. Results: The cognitive ability and mobil-
ity of rats after anesthesia and surgery at day 1, 3, and
7 decreased, especially at day 3. Similarly, the expres-
sion of neuroinflammatory factors and RNF146 increased
after anesthesia and surgery at day 1, 3, and 7, and the
increase was highest at day 3. The clustering and corre-
lation analysis of RNF146 expression in the hippocampi
of elderly rats revealed a correlation between POD and
neuroinflammation resulting from anesthesia and sur-
gery. Conclusion: Anesthesia and surgery can lead to
POD and neuroinflammation. The expression of RNF146
correlates with delirium and neuroinflammation caused
by anesthesia and surgery.
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INTRODUCTION

With the progress of modern medicine and the aging
of the population, the number of elderly patients under-
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going surgery and anesthesia is increasing (H ez al, 2017;
Lin e al., 2020). Postoperative delitium (POD) is a com-
mon complication of anesthesia and surgery in elderly
patients. POD is characterized by mild cognitive impair-
ment, impaired memory, decreased ability to process in-
formation, and reduced attention accompanied by a se-
ries of negative outcomes, including changes in mood,
personality, and loss of labor ability (Evered ez al, 2018).
Having POD may result in increased morbidity and
mortality, deteriorating quality of life, and causing other
physical and psychological diseases, which negatively af-
fect social stability (Carr et al., 2018; Deiner e# al., 2017).
A study reported that patients with POD were nearly
twice as likely to die within 1 year within 3 months of
surgery compatred with patients without POD (Fodale ef
al., 2010). According to the International Postoperative
Delirium Study, the incidence of POD in elderly patients
(>60 years old) is approximately 25.8% within 7 days of
surgery and 10% within 3 months of surgery (Moller e#
al., 1998). The incidence of POD within 3 months and
1 year after surgery is approximately 29% and 33.6%, re-
spectively (Deiner ef al., 2017; Liu e al., 2022). However,
the mechanism of POD is unclear. POD occurs due to
the combined action of susceptibility and predisposing
factors, and aging is the only independent risk factor
for the occurrence of POD (Evered ez al, 2018). The
pathogenesis of POD is believed to be mainly caused by
central nervous system inflammation (Feng ez al., 2017),
oxidative stress (Chen e# al, 2020), dysregulations of the
cholinergic system (Zuo et al., 2018), increased neuronal
apoptosis (Zhang et al, 2020), and decreased neuronal
regeneration and synaptic plasticity caused by amyloid
deposition (Evered et al, 2018). However, neuroinflam-
mation is an important pathological basis for the occur-
rence of POD (Li 7 al., 2022).

The E3 ubiquitin ligase RNF146 is present in the
brain, spleen, heart, kidney, and testis (Matsumoto e a/,
2017). Neuronal cytoplasm mainly expresses RNEF146
at a relatively high level in the cortex and hippocampus
(Yang et al., 2017). Studies have confirmed that RNF146
has a neuroprotective effect in cerebral ischemia, hy-
poxia, and chronic nervous system diseases (Kim ef af,
2017; Mu et al., 2020) and mediates DNA damage repair
through PAR-dependent ubiquitination to degrade PAR-
mediated proteins (Andrabi et al., 2011; Koo et al., 2018).
Cells overexpressing RNF146 exhibited higher survival
rates after y-irradiation (Andrabi ez a4/, 2011; Bensih et
al., 2023). In witro and 7n vivo experiments have revealed
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that RNF146 expression in nerve cells is significantly in-
creased after exposure to low-dose #-methyl-d-aspartic
acid (NMDA) receptor and sublethal glucose-oxygen
deprivation or transient bilateral common carotid ar-
tery occlusion in mice, protecting nerve cells from in-
jury (Belayev e al, 2017; Mu e/ al., 2020). The presence
of higher RNF146 expression in the brains of patients
with early Alzheimer’s disease supports a neuroprotec-
tive role for RNF146 (von Rotz et al, 2005). The oc-
currence and clinical manifestations of POD are similar
to neuroinflammation-related degenerative diseases, such
as Alzheimer’s disease (Belayev ez al, 2017; Evered et al.,
2018). However, whether RNF146 is involved in the oc-
currence and development of POD is unknown. In this
study, elderly rats were used to induce delirium-like be-
havior during anesthesia and surgery to evaluate changes
in RNF146 expression in the occurrence of POD. The
purpose of this paper is to investigate the changes of
RNF146 expression during POD development, whether
RNF146 can be a biomarker of POD development, and
to improve new insights for studying the pathogenesis,
treatment, and prevention of POD.

MATERIALS AND METHODS

The animal program was approved by the Animal
Care and Use Committee of Ningxia Medical University
Medical Center. All animal experiments were conducted
following the National Institutes of Health Guidelines
for the Care and Utllization of Laboratory Animals (No.
2016-124), revised in 2016.

Animals

A total of 72 healthy male SPF (Specific pathogen
Free) SD rats, aged 18-20 months and weighing 450—
600 g, were provided by the Laboratory Animal Center
of Ningxia Medical University IACUC Animal Use Li-
cense number: SCXK (Ning) 2020-0001). The rats were
randomly divided into six groups (12 animals in each
group): con group 1, 3, and 7 d without exposure to
anesthesia and AS group 1, 3, and 7 d after anesthesia
and surgical intervention. Each cage, measuring 27.94
cmXx15.24 cmX*11.43 cm, contained 3—4 animals under a
12-h light—dark cycle. The rats were provided free access
to food and water.

Anesthesia and Surgery

Splenectomy was performed under anesthesia with
sevoflurane in the AS group. In brief, rats were anes-
thetized in an airtight chamber prefilled with 3% sevo-
flurane in 100% O,. Anesthesia was induced by continu-
ous inhalation of 3% sevoflurane in 100% O, at a rate
of 1.5 L/min. As soon as the correct reflex disappeared,
the rats breathed spontancously after being fixed on the
operating table. In order to maintain the depth of an-
esthesia, rats were given 100% pure oxygen mixed with
3% sevoflurane. Splenectomy was performed in the AS
group according to the methods described in the litera-
ture (Kong ez al., 2017; Wang ez al., 2017). The operation
was performed on a heating table and the temperature
was maintained at 37°C. Skin disinfection was performed
routinely. First, an incision of lecm was made, and a sur-
gical field was created. The spleen was bluntly separated
from the surrounding tissue. Then the blood vessel was
ligated with 6-0 thread, and the distal blood vessel was
cut after the spleen was taken out. Abdominal muscles
and skin were sutured with 4-0 silk thread. The incision

was locally infiltrated with ropivacaine (1%, 1 mL), and
erythromycin ointment was applied to the incision. The
rats were kept at 37°C10.5°C from anesthesia until they
woke up. The entire operation was completed in 30 min,
and a sine individual performed all the surgical opera-
tions. The rats in the con group were placed in the air-
containing induction chamber for 30 min.

Morris water maze test

The Morris water maze (MWM) test of spatial memo-
ry and cognitive ability was performed in splenectomized
rats. The MWM consists of a circular pool of 120 cm
in diameter and 50 cm in height. The pool was divided
into four quadrants. A circular platform with a diameter
of 15 cm was fixed in the middle of the second quad-
rant. The platform was immersed 1 cm underwater, with
a water temperature of 22°CE2°C. A camera was placed
above the maze to record the rats’ movements. The test
included the following: (1) Positioning navigation experi-
ment: The experiment was conducted at the same time
every day, once a day for 5 consecutive days. The time
for rats to find the platform was recorded as escape la-
tency. The automatic camera system and computer analy-
sis and processing system recorded escape latency. If the
rat could not find the platform within 60 s after entering
the water, it was led to the platform and allowed to stay
on it for 15 s to guide its spatial learning and memory.
In such cases, the escape incubation period was recorded
as 100 s; (2) Space exploration experiment: The platform
was removed on the second day after the positioning
navigation experiment, and the rat was placed into the
watet facing the pool wall at the entry point of 1/2 atc
in the fourth quadrant. The computer recorded the time
it took the rat to reach the original platform position,
the number of times it crossed the platform position,
and the total swimming distance within 60 s. The sam-
ples were collected after the behavioral experiment.

IntelliCage test (automated IntelliCage testing)

The IntelliCage test (ISE Systems GmbH, Germany;
http:/ /www.newbehavior.com) assessed spontaneous be-
havior and spatial learning in rats raised in groups. Af-
ter surgery, the rats in each experimental group were
put in the IntelliCage box before adding water and feed
and changing the padding regularly. A miniature signal
transceiver was injected into the neck of the rats (used
to record activity) (Wu ef al, 2017). The labels of each
group of rats injected were input in the IntelliCage test
software (IntelliCage plus). The experimental test could
detect when the rats entered the corner, and the system
recorded it as a “visit”. Two water bottles were placed
in each corner, and the system records a “nose-poke”
when rats touch their noses. When a rat licks a water
bottle for a drink, the system records it as a lick. The
IntelliCage test was designed in four stages: (1) Free ex-
ploration: The number of corner visits and nose contacts
of cach rat was recorded to assess the ability of the rat
to adapt to the new environment for 3 d. (2) Nose-poke
learning: The times of corner visits and a nasal touch
of each rat were recorded to evaluate the learning and
memory ability of the rat for 5 d. POD modeling was
performed after nose contact learning. (3) Position learn-
ing: The correct access ratio of each rat was recorded to
evaluate the spatial position learning ability for 3 d. After
the end of the learning behavior, all rats had access to
all corners and vial vents. (4) Position reversal learning:
the diagonal corner of the “correct” area in the previous
spatial position learning stage was defined as “correct”
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and the rest as “wrong.” The number of times cach rat
visited the correct corner was recorded to evaluate the
learning ability of spatial position for 3 d.

Nesting test

The nesting experiment is used to evaluate the be-
havior and habits of rats. Before the experiment, each
rat was placed in a new sterilized cage, facial tissue was
added (the thickness of the cage was ~1.5 cm), and 10
pieces of clean, unscented tissue paper were placed in
the cage (close to the side wall of the cage, and not right
below the water bottle). The rectangular paper measured
10X6 cm. After the rats were put in, the cage was cov-
ered, and the room lights were turned off. The experi-
ment generally started from 16:00 to 18:00, and all rats
were placed within 1 h to reduce experimental errors.
The nesting situation of the rats was scored at 24 h.

Score with reference to the literature: 1 = no obvi-
ous bite marks on the paper; 2 = partial shredding of
the paper; 3 = scrap most of the paper; 4 points = flat
nest can be identified; 5 = perfect nest. The experiment
was double-blind, scored by more than three trained ex-
perimenters, and each experimenter’s rating of a rat was
evenly divided into the rat’s nesting score.

Western blotting

After MWM, six animals in each group were injected
with cold PBS (phosphate buffered saline) and normal
saline through the cardiac vein under deep anesthesia,
and their brains were quickly removed. Brain tissue was
homogenized in a mixture of RIPA lysis buffers, phos-
phatase, and protease inhibitors and incubated in ice for
30 min. The lysates were then ultrasonicated and cen-
trifuged at 13000Xg at 4°C for 30 min. Protein samples
were quantified using a BCA protein determination kit
(Thermo Scientific, Waltham, MA, USA) and concentra-
tions were determined using a spectrophotometer (MUL-
TISKAN MK3, Thermo Scientific). Subsequently, the
samples were mixed with 5X sample buffer, balanced with
double distilled water, and heated at 100°C for 5 min. An
equal amount of protein in each sample was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
on a 10% gel and then electrophoretically transferred to
a polyvinylidene fluoride membrane (Bio-Rad, Hercules,
CA, USA). Blocking was performed with 10% skim milk
in Tris-buffered saline and Tween-20 (0.1%) (IBST) for
2 h. Then the membranes were immunoblotted with pri-
mary antibodies (RNF146, 1:1000, ab2736529, Invitrogen,
USA; IL-6, 1:1000, ab9324, Abcam, USA; IL-10, 1:1000,
DF6894, Affinity Biosciences, China) overnight. After
being incubated with secondary antibody (1:5000, anti-
rabbit antibody, ab150077, Abcam), signal detection was
performed by Odyssey infrared laser imaging system, fol-
lowed by gray intensity analysis.

RT-PCR

Total RNA of the hippocampus was extracted using
TRIzol reagent according to the manufacturer’s protocol
(TransGen Biotech). The reaction system was config-
ured with a real-time quantitative PCR kit using 2 pL
DNA as a template, and the reaction was amplified
vitro by quantitative PCR. The expression level of miR-
RNF146 (internal reference GAPDH) was analyzed us-
ing the 2-22CT method. The primers used for real-time
fluorescent quantitative PCR are shown in Table 1. The
primers and sequencing reactions were sent to Shanghai
Sangong Bioengineering Co., Ltd.
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ELISA

The hippocampus was homogenized with an extrac-
tion buffer containing 5 mol/L guanidine hydrochloride
in 50 mmol/L Tris-HCl and a protease inhibitor cocktail
containing a serine protease inhibitor AEBSF, according
to the manufacturer’s instructions (Jiang Lai, China). In
brief, the samples were centrifuged at 16000Xg for 20
min at 4°C and the supernatant was diluted from 1:2
to 1:10, added to ELISA plates coated with anti-mouse
IL-6 or IL-10 antibody, respectively, and then incubated
for 2 h at RT. After the samples were washed, they were
incubated with 100 pLL of IL-6 or IL-10 detection an-
tibody for 1 h at RT, washed, and incubated with 100
uL of horseradish peroxidase labeled anti-rabbit antibody
for 30 min at RT. Then the stop solution was added,
and absorbance was measured at 450 nm with a spec-
trophotometer (Nanodrop2000C, ThermoScientific). The
protein samples were quantified using an ELISA assay
kit (Jiang Lai, China) and the concentration was deter-
mined with a spectrophotometer. The concentration of
IL-6 and IL-10 was expressed in pg/mg tissues.

Immunofluorescence

All six animals in each group were deeply anesthe-
tized with 5% chloral hydrate, infused with normal saline
through the cardiac vein, and bled simultaneously in the
right atrium. The animals were given 4% paraformalde-
hyde in 0.1 mol/L phosphate buffer (pH of 7.4) 24 h af-
ter MWM. The brain was removed and stored overnight
in 4% paraformaldehyde at 4°C. Continuous 30-um cot-
onal sections were cut from the frozen samples using a
cryoslicer (Thermo Scientific HM430, Microm, Germa-
ny). The frozen sections were warmed at RT for 30 min
and washed three times with TBS for 5 min each. The
sections were blocked with 5% BSA and incubated with
antibodies overnight at 4°C (RNF146, 1:200, ab2736529
Invitrogen, USA; IL-6, 1:200, ab9324, Abcam, USA; IL-
10, 1:200, DF6894, Affinity Biosciences, China). Then
the samples were washed three times with TBS, incu-
bated with CY3-labeled goat anti-rat IgG (H+L) (1<500)
at RT for 3 h, and washed with TBS three times for 10
min each. The tablets were sealed with anti-fluorescence
quenching tablets containing DAPI (4°,6-diamidino-
2-phenylindole) and photographed using a fluorescence
microscope (The Chongqing Optical Instrument Fac-
tory). Average fluorescence intensity was analyzed us-
ing the image analysis software Image]1.48. The coronal
plane of brain tissue in the hippocampus was included
in the samples of three rats in each group for observa-
tion and analysis. The middle piece was selected to be
photographed, and the average fluorescence intensity of
CA1 in the hippocampus of each sample was calculated
to compare differences between groups.

Statistical analysis

Data were analyzed using the SPSS21.0 software
(SPSS Inc., Chicago, 1L, USA). Measurement data wete
expressed as mean T standard deviation (mean £ S.D.).

Table 1. Primers used for real-time fluorescent quantitative PCR

Primer name Primer sequence (5'-3’)

RNF146-sense ATAAGAAGGCGAGTGAGACC
RNF146-anti AGGGCAGACTGACTGGATGA
GAPDH-sense ACAACTTTGGCATTGTGGAA
GAPDH-anti GATGCAGGGATGATGTTCTG
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Figure 1. Behavioral changes in aged rats after anesthesia and surgery

One-way analysis of variance (ANOVA) was used to
compare means between groups, SNK-q test (Student-
Newman-Keuls) was used for pairwise comparison, and
repeated measures analysis of variance was used for the
water maze test. P<0.05 was considered statistically sig-
nificant, and the test level of homogeneity of variance
was 0.1.

RESULTS

Learning and memory ability before anesthesia and
surgery

The water maze and IntelliCage experiments were
conducted to evaluate the learning and spatial memory
ability of rats before anesthesia and surgery. The repre-

sentative tracking’s of rats’ movement in the test session
were shown in Fig. 1A. During the positioning naviga-
tion stage of the water maze experiment, no statistical-
ly significant differences were observed in the learning
abilities of the rats in the AS and con groups (Fig. 1B,
1C). During the free exploration and nose-poke learning
stage in the IntelliCage system, no statistically significant
differences were observed in the total number of cor-
ner visits and lickings between the AS and con groups
(Fig. 1G, 1H). The results showed that the two groups’
cognitive learning ability was the same under normal
conditions. The test was performed at the end of spatial
learning on day 5. The learning ability level of the two
groups was the same, with no statistically significant dif-
ference (Fig. 1B). The influence of individual differences
and groups on the experiment was excluded.
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Figure 2. Neuroinflammatory response was induced in aged rats after anesthesia and surgery

Anesthesia and surgery induced decrease in learning
and memory and decreased purposeful behavior.

The rats underwent behavioral evaluation after anes-
thesia and surgery. In the water maze experiment, com-
pared with the con group, the escape latency of rats 1,
3, and 7 d after surgery in the AS group was longer
(Fig. 1D) and the number of platform crossings was
smaller (Fig. 1E). In the AS group, the escape laten-
cy time was the longest (Fig. 1D) and the number of
platform crossings was the lowest (Fig. 1E) on day 3 af-
ter surgery compared with days 1 and 7 after surgery,
whereas the parameters in the con group were not sta-
tistically different (Fig. 1F). During the spatial learning
exploration in the IntelliCage experiment, the number of
correct accesses and licks was significantly lower in the
AS group than the con group (Fig. 1I), suggesting that
learning and spatial memory decreased within 3 d after
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the operation. In the inverse spatial learning exploration
stage, the correct visits and licks of the AS group were
significantly lower than those of the con group (Fig. 1J),
suggesting that the learning and spatial memory ability of
rats decreased within 7 d after anesthesia and operation.
At the end of the experiment, the three groups of rats
did not lose weight, excluding the interference of post-
operative pain.

The nesting experiment was performed at the end of
the water maze experiment 3 d after surgery. The con
group rats tore most of the pieces of paper and the piec-
es were orderly stacked to build a complete nest, result-
ing in high nesting scores. Rats in the AS group tore a
few pieces of paper, stacked a few pieces of paper or did
not stack to build nests, with only embryonic nests or
no nests, and the nesting scores decreased significantly
(Fig. 1K). Compared with the con group, the difference
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Figure 3 Expression of RNF146 in aged rats after anesthesia and surgery

was statistically significant (Fig. 1L). The results indicated
that the executive function and daily activity ability of
rats undergoing anesthesia and operation decreased.

Anesthesia and surgery induced changes in the levels
of neuroinflammatory factors

To evaluate central nervous system inflammation in
rats after anesthesia and surgery, we tested the expres-
sion of IL6 and IL-10 in the CA1l region of the hip-
pocampus (Fig. 2A, 2E). Results from western blot anal-
ysis and immunofluorescence showed that the expres-
sion and fluorescence intensity of IL6 and IL-10 in the
hippocampus of the AS group increased at 1, 3, and 7
d after surgery compared with those of the con group
(Fig. 2B, 2D, 2F, 2H). In the AS group, the protein
content and fluorescence intensity of I1L-6 and IL-10 at
3 d after surgery were higher than those at 1 and 7 d
after surgery (Fig. 2B, 2D, 2F, 2H). ELISA results were
consistent with western blot and immunofluorescence
tests (Fig. 2C, 2G).

Anesthesia and surgery induced changes in RNF146
expression

We detected changes in the expression of RNF146
in CA1 region after anesthesia and surgery (Fig. 3A).
It shows that compared with the con group, the pro-
tein expression and fluorescence intensity of RNI146
in the hippocampus of the AS group increased 1, 3,
and 7 d after surgery (Fig. 3B, 3D). Compared within
the AS group, the protein expression and fluorescence
intensity of RNF146 in the hippocampus of the AS
group at 3 d after surgery were higher than those at
1 and 7 d after surgery. These results confirmed the
high expression of RNF146 protein content and flu-
orescence intensity in neurons induced by anesthesia

and surgical stimulation in aged rats. The results of
RT-PCR experiment showed that compared with the
con group, the expression of miR-RNF146 in the hip-
pocampus of the AS group was higher at days 1, 3,
and 7 (Fig. 3C). In the AS group, miR-RNF146 in the
hippocampi of rats 1 day after surgery was lower than
that in rats 3 d after surgery (p < 0.05), and miR-
RNF146 in the hippocampal region of rats 3 d after
surgery was lower than that in rats 7 d after surgery
(Fig. 3C).

Correlation analysis of RNF146 with behavioral and
neuroinflammatory factors

Experimental data parameters were analyzed by hi-
erarchical clustering and correlation testing. Figure 4
shows the correlation between RNF146, inflammatory
cytokines IL-6, IL.-10, and behavioral data. The rela-
tive expression of RNF146 was positively correlated
with the relative expression of inflammatory factors
IL-6 and IL-10 (Fig. 4) and was negatively correlated
with the escape latency in the water maze experiment,
which showed significant correlation (p<0.05). It is
indicating that after anesthesia/surgery, the expres-
sion of endogenous brain protective protein RNIF146
is associated with hippocampus-dependent cognitive
impairment and central nervous system inflammation.
The expression of RNF146 was negatively correlated
with the number of times that rats crossed the plat-
form in the water maze, again demonstrating its cor-
relation with hippocampus-dependent cognition. In
addition, the correlation coefficients between RNF146
expression and cognition-related indicators in the In-
telliCage system were concentrated between 0.1 and
0.4, but the correlation was not significant.
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DISCUSSION

The study investigated the involvement of RNF146
induced by anesthesia and surgery in aged rats and dis-
sected the molecular mechanism underlying this regula-
tion. Ho Chul Kang stated that RNF146 regulates cell
survival and DNA repair by ubiquitinating PAR and
blocking AIF nuclear translocation to inhibit parthana-
tos cell death (Kang et al, 2011). In the oxygen and
glucose deptivation/reoxygenation (OGD/R) model,
NPD1 induces activation of the Wnt/B-catenin pathway
through upregulation of RNF146, enhanced cell surviv-
al, decreased oxidative stress markers, and a lower level
of autophagy (Mu ez al., 2020). With reference to Ismail
Nurul Iman and others (Iman e# al., 2021), this study
combined the IntelliCage experiment and the traditional
water maze experiment and nesting evaluation of elderly
rats to assess learning and memory and ability to care
for themselves. The findings revealed that learning and
memory and ability for daily living of aged rats after an-
esthesia decreased on days 1, 3, and 7 after surgery, and
the abnormal neurobehavioral function recovered on day
7 after surgery. Clinical evidence also shows that POD
occurs mostly within 24-72 h after surgery. Most pa-
tients heal within 1 week, but some patients may devel-
op long-term cognitive dysfunction. Animal experiment
studies have shown that the appropriate time period for
observing delirium-like behavior changes in rodents after
anesthesia is 24—48 h, and neurobehavioral changes are
the most obvious at this time. These results are consist-
ent with our findings. Neuroinflammation causes deliri-
um after general anesthesia in rodents (Cao ez al, 2010;
Dong et al., 2016). In animal models, the synthesis and
release of proinflammatory factors can damage nerve
formation and synaptic plasticity and nerve repair func-
tion (Belarbi ez @/, 2012; Liu ez al, 2018). Studies have
shown that anesthesia and surgery increase the level of
IL-6 in the hippocampi of aged wild-type mice, result-
ing in cognitive dysfunction in aged mice. The use of
the IL-6 antibody can improve cognitive dysfunction af-
ter peripheral trauma in aged wild-type mice. In addition,
anesthesia did not affect the level of IL-6 in the hip-
pocampi of IL.-6 gene knockout rats, nor did it lead to
cognitive impairment in aged IL-6 gene knockout rats,
suggesting that the increase of IL.-6 may be involved in
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the cognitive dysfunction caused by anesthesia surgery
(Dong et al., 2016; Naveed et al., 2022; Muhammad AS
et al., 2023; Waseem et al.,, 2023). After anesthesia sut-
gery, aged rats exhibited impaired spatial memory and
significantly higher expression of inflammatory factor
IL-6 within 1 and 3 d after surgery. Spatial memory is
improved, and the expression of inflammatory factors is
downregulated 7 d after surgery (Cao e al., 2010). Stud-
ies have indicated that II.-10 is not only closely related
to autoimmune diseases and infectious diseases, but also
has neuroprotective effects in cerebral ischemia, hypoxia,
and chronic nervous system diseases (Morttis e al., 2018;
Sudheimer ¢f al., 2014; Wang ez al., 2019). Furthermore,
in 7n wvitro experiments, M2-type microglia produced
IL-10 and TGF-8 to reduce the neuronal cell damage
caused by OGD, and this response was downregulated
when the damage or pathogen was removed (Ahmad ez
al., 2023; Zhao et al., 2017). Li et al. reported that in the
rat model of acute cerebral ischemia, IL-10 increased
sharply 6 h after surgery, suggesting the activation of the
anti-inflammatory system (Li ¢/ /, 2001). In clinical stud-
ies, IL-10 in acute cerebral infarction began to rise at 24
h after surgery, reached a peak at 3 d after surgery, and
then gradually decreased (van Exel e a/, 2002) 11.-10 has
similar biological activities in humans and mice (Moore
et al., 2001). In our study, the expressions of IL-6 and
IL-10 in the hippocampi of aged rats at 1, 3, and 7 d af-
ter anesthesia were higher than that in the control group,
and the expressions increased most significantly on day
3 after anesthesia. Our findings coincide with the results
of other studies, suggesting that inflammatory and anti-
inflammatory effects exist simultaneously in the nervous
system after anesthesia and surgery.

RNF146, also known as Iduna, has two important
functional regions in its N terminus: E3 ubiquitin ligase
active region and PAR binding region, and the C3HC4
RING finger domain in amino acids 35-77 showed E3
ubiquitin ligase activity (Belayev ez al, 2017; Koo e/ al.,
2018). When glutamate excitatory toxicity, oxygen glu-
cose deprivation, and other sublethal stimuli caused
neuronal damage, RNF146 could recognize PARP1 to
ubiquitinate and degrade axin/tankyrase through WWE
domain-mediated PARP1, positively regulate Wnt/§-
catenin signaling pathway, and inhibit autophagy-induced
death. It can reduce the excitatory toxicity of glutamate
and damage of neurons induced by oxygen and sugar
deprivation, and play a role in protecting neurons from
damage (Mu e al, 2020). In addition, RNF146 binds to
apoptosis-inducing factor, a key death molecule in the
parthanatos death pathway, and prevents the nuclear
translocation of apoptosis-inducing factor in the mi-
tochondria (Andrabi ez al, 2077). Thus, glutamate and
NMDA receptor excitotoxicity-mediated cell parthanatos
death is inhibited and brain protective effect is generated
(Yang ez al., 2017). The Wnt signaling pathway plays an
important role in POD. A study showed that treatment
with 3.6% sevoflurane for 6 h inhibited the Wnt/b-
catenin signaling pathway, thereby increasing GSK-3
B- and decreasing [-catenin. By inhibiting this pathway,
sevoflurane downregulates annexin Al, thereby breach-
ing the blood—brain barrier and inducing POD. How-
ever, it is unclear whether increasing the expression of
RNF146 can activate the Wnt/B-catenin pathway and in-
crease the concentration of B-catenin, thus inhibiting the
occurrence of POD (Hu ez al, 2016). However, our find-
ings revealed that the expression of RNF146 in the hip-
pocampi of aged rats increased 1, 3, and 7 d after sur-
gical anesthesia, especially on day 3, when the increase
was the most obvious. This change was consistent with
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neurobehavioral changes and expression of neuroinflam-
matory factors IL-6 and IL-10 in the brain. Correlation
analysis showed that the relative expression of RNF146
was positively correlated with the relative expression
of inflammatory factors 1L-6 and IL-10, as well as the
escape latency in the water maze experiment, with the
correlation coefficients being 0.90 and 0.99, respectively,
and the correlation was significant.

RNF146 is an endogenous protective protein. When
the body receives injury, RNF146 increases its reactiv-
ity and defends against external injury. Studies have con-
firmed this phenomenon. After exposure to low-dose
NMDA and sublethal OGD or transient bilateral com-
mon carotid artery occlusion, the expression of RNF146
in mice nerve cells significantly increased to protect the
nerve cells from injury. RNF146 may play the same role
as anti-inflammatory factors such as IL-10 in the occur-
rence of POD.

CONCLUSION

Our findings reveal that after anesthesia and surgery,
rat spatial learning and memory ability decreases and
RNF146 expression increases and the level of IL-6 and
IL-10 increases. Hierarchical cluster analysis showed that
the expression of RNF146 was related to the degree of
central nervous system inflammation and spatial learning
and memory impairment. RNF146 may play a neuropro-
tective role similar to that of the anti-inflammatory fac-
tor 1L-10. However, the mechanisms involved need to
be investigated. In addition, the limitation of this study
is that RNF146 was not knocked down or overexpressed
in rats to verify the mechanism of action of RNF146 in
POD. This will be a topic of research for the future.
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Mitochondrial investigations have extended beyond their traditional functions,
covering areas such as ATP synthesis and metabolism. Mitochondria are now
implicated in new functional areas such as cytoprotection, cellular senescence,
tumor function and inflammation. The basis of these new areas still relies on
fundamental biochemical/biophysical mitochondrial functions such as
synthesis of reactive oxygen species, mitochondrial membrane potential,
and the integrity of the inner mitochondrial membrane i.e., the passage of
various molecules through the mitochondrial membranes. In this view transport
of potassium cations, known as the potassium cycle, plays animportant role. It is
believed that K* influx is mediated by various potassium channels present in the
inner mitochondrial membrane. In this article, we present an overview of the
key findings and characteristics of mitochondrial potassium channels derived
from research of many groups conducted over the past 33 years. We propose a
list of six fundamental observations and most important ideas dealing with
mitochondrial potassium channels. We also discuss the contemporary
challenges and future prospects associated with research on mitochondrial
potassium channels.

KEYWORDS

mitochondria, potassium channels, reactive oxygen species, cytoprotection,
potassium channel openers

Introduction

When investigating the fundamentals of mitochondrial function within cells, we can
identify several simple cations that form the basis of many processes (Szabo and Zoratti,
2014). It is well known that the proton gradient serves as the driving force for ATP
synthesis in mitochondria. The Ca** cations entering the mitochondria not only buffer the
cytosolic pool of these ions but can also contribute to some physiological situations such
as the mitochondrial mega-channel activation (Carraro and Bernardi, 2023; Zoratti et al.,
2024). The effects of Mg™* on mitochondrial functions such as energy metabolism,
mitochondrial Ca®" handling, and apoptosis are well established (Liu and Dudley, 2020).
Mitochondrial Na* have been discovered as a new second messenger regulating inner
mitochondrial membrane (IMM) fluidity and reactive oxygen species (ROS) generation
by respiratory chain complex III (Hernansanz-Agustin and Enriquez, 2022). In this study,
we will focus on the properties and the role of K* transport, via potassium channels
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FIGURE 1

Potassium channels identified in the inner mitochondrial membrane. All these types of channels were described in the manuscript. Additionally,
the biophysical role in mitochondria and physiological role within the cell is summarized. VDAC, voltage dependent anion channel (porin).

(mitoK channels) present in IMM (Szewczyk, 1996; Kicinska
etal., 2000; Debska et al., 2001; O’Rourke, 2007; Singh et al., 2012;
Szabo and Szewczyk, 2023) (Figure 1).

In general, proper mitochondrial function is based on the
integrity of mitochondrial membranes. Peter Mitchell in his
Nobel Lecture delivered in 1978 underlined the importance of
the low permeability of the IMM to ions (Mitchell, 1985).
Consequently, the discovery of multiple potassium channels in
the IMM was for many years considered to be an experimental
artifact. Nowadays, mitoK channels present in the IMM are
recognized as crucial players for regulating some
mitochondrial function (Kravenska et al, 2021; Szabo and
Szewczyk, 2023). The mitoK channels have attracted attention
for many years, especially in the context of the regulation of life/
death processes in the various cell types (Garlid, 2000). For
example, the activation of mitoK channels may induce
cytoprotective phenomena in cardiac tissue and in neurons
(O’Rourke, 2007). On the contrary, inhibition of mitoK
channels may cause cell death (Checchetto et al., 2021).

In this paper, we will present what we consider to be the most
significant discoveries/ideas in the field of mitoK channels over
the past 33 years. These subjective, proposed by author, list of six
the most important observations are as follows: 1). Discovery of
mitoK channels in various tissues and identification of their
2).
neuroprotection) induced by mitoK channels activation; 3).
Cancer cell death by mitoK channels inhibition; 4). Role of

molecular identity; Cytoprotection (cardioprotection,

mitoK channels in aging/senescence/life span; 5). Interactions
of mitoK channels with respiratory chain; 6). Druggability of the
mitoK channels.
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Mitochondrial potassium
channel discovery

In 1991, an ion channel selective for K* was discovered in the
IMM of rat liver mitochondria (Inoue et al., 1991), confirming
previous findings on channels in mitochondria by Catia Sorgato
(Sorgato et al., 1987). However, what significantly altered the
interpretation of this experimental data was the revelation that
the channel exhibited not only K" selectivity but also
susceptibility to inhibition by ATP and the antidiabetic
sulfonylurea, glibenclamide (Inoue et al,, 1991). This discovery
situated mitoK channels within a similar family to ATP-regulated
potassium channels found in the plasma membrane of pancreatic
beta-cells, cardiomyocytes, neurons, and others (Szewczyk, 1996;
O’Rourke, 2007). Undoubtedly, this observation served as a
pivotal starting point for numerous experiments identifying
ATP-regulated mitochondrial potassium (mitoK,rp) channels
across various tissues, notably cardiomyocytes (Szewczyk et al.,
2009; Szabo and Szewczyk, 2023). Following several years of
intensive investigation across multiple laboratories into the
functional role of these channels, it was demonstrated that the
activation of mitoK,rp channels (by potassium channel openers)
induces a cardioprotective phenomenon (Liu et al., 1999; Garlid,
2000; Szteyn and Singh, 2020; Lukowski et al, 2022).
Subsequently, similar findings in neural tissue suggested the
involvement of these channels in neuroprotection (Busija
et al, 2004; Bednarczyk, 2009). In summary, the association
of mitoK,rp channels with cytoprotection marked a significant
milestone in the rapid development of the mitochondrial
potassium channel field. Moreover, other mitoK channels
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(such
potassium—mitoBKc, channels) were later implicated in

as large conductance calcium-activated
cytoprotection across various cell types (Xu et al, 2002).
Despite a plethora of observations, however, the biochemical
mechanisms underlying these events remain unclear. It is
probable that the indirect modulation of ROS generation by
mitoK channels (via depolarization of mitochondria) contributes
to this phenomenon.

In recent years, researchers have demonstrated that the
family of mitoK channels constitutes one of the most
numerous classes of mitochondrial channel proteins. They are
also present in plants and in simple organisms (Koszela-
Piotrowska et al., 2009; Matkovic et al., 2011; Laskowski et al.,

2015). It includes not only mitoK,rp and mitoBKc, channels but

also intermediate conductance (mitoIlKg,), and small
conductance ~ (mitoSKc,),  voltage-regulated  potassium
(mitoKv1.3, mitoKv7.4) channels, mitochondrial

hyperpolarization-activated cyclic nucleotide-gated (mitoHCN)
channels, mitochondrial sodium-activated potassium (mitoSlo2)
channel and two-pore domain potassium (mitoTASK-3) channel
(Szabo and Szewczyk, 2023). The activity of potassium channels
are regulated by various stimuli, such as pH, Ca** and ROS
(Szabo and Szewczyk, 2023). The mitoK channels have been
identified in many tissues but at the same time their number of
molecules in mitochondrial membranes is relatively small
compared to other mitochondrial transport proteins. Probably
low density of mitoK channels and channel run down
phenomenon were reasons for questioning in the 90’s the
presence of these channels at all.

Another issue regarding mitoK channels is the following:
why is such a simple process, like K* influx into a matrix,
facilitated by a wide variety of potassium channels? For
example, in cardiac mitochondria, six mitoK channels have
been identified: mitoK,rp, mitoBKc,, mitoSKc,, mitoSlo2,
mitoHCN channels and mitoKv7.4 channels (Szabo and
Szewczyk, 2023). What is the physiological benefit of using
many different ligands and factors to regulate these channels?
Probably, potassium channels present in cardiomyocyte
mitochondria are activated under specific physiological
circumstances (Kulawiak et al., 2021). An early event
during cardiac ischemia is ATP depletion. This is followed
by mitochondrial membrane depolarization. Moreover,
because of ATP depletion, ion pumps cannot function,
leading to an increase in the cellular Ca®* concentration.
The rise in Ca®" during ischemia and reperfusion leads to
an overload of mitochondrial Ca®*, during reperfusion when
oxygen is reintroduced. The decrease in intracellular
pH during severe ischemia promotes the imbalance of
Na*
(Kulawiak et al., 2021). These complex changes may lead to

other cations and leading to cellular overload

channel activation/inhibition possibly explains why there are

few potassium channels in cardiac mitochondria. Most likely,
the timing of ATP, pH, Ca®*, and Na* concentration changes is
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critical to control K* flux in mitochondria stabilizing structure
of mitochondria.

Molecular identity of mitoK channels for many years was a
mystery. Lack of molecular mitoK identity was an argument
questioning the presence of potassium channels in mitochondria.
Let’s summarize this long way of channel molecular identity
recognition. Today we believe that mitoBKc, channel is one of
the splice variants of KCNMAL (Slol) gene (Singh et al., 2013;
Galecka et al., 2021). Properties of mitoBK¢, suggest that the
pore-forming subunit is encoded by the same gene coding for
plasma membrane BKc,. Several studies suggested that the
VEDEC BK, isoform is located in the IMM. With the
mitoKsrp channel there is a more complex situation. It can
not be excluded that K* influx is catalyzed by 2-3 various proteins
in various tissues. Recently, it was shown that the pore-forming
subunit of the mitoKsrp channel is a product of the
CCDC51 gene (Paggio et al,, 2019). The mitoK,rp is inhibited
by the antidiabetic sulfonylurea glibenclamide. Therefore, it was
speculated that the glibenclamide receptor (product of ABC8/
MITOSUR gene) is an integral part of the mitoK channel. Indeed
the mitoK,rp channel formed by these two proteins has the
established pharmacological properties of the mitoK,rp channel
(Paggio et al, 2019). Previous studies showed that also the
ROMK2 potassium channel isoform of the renal outer
medullary potassium channel could be the component of the
mitoKarp channel (Bednarczyk et al., 2018; Laskowski et al.,
2019). Detailed discussion on mitochondrial potassium channel
molecular identity was reviewed (Szabo and
Szewczyk, 2023).

The presence of various auxiliary  subunits in mitoBK¢,

recently

channels and sulfonylurea receptors in the mitoK,rp channel
causes that, despite undoubted progress in the identification of
channel proteins, the problem of their detailed identification is
still a challenge for the future (Piwonska et al., 2008).

From cytoprotection to cell death

The mitoK channels have been described as an important
player in cellular pro-life and death signaling. The activation of
mitoK channels (by potassium channel openers), such as ATP-
regulated or calcium-activated large conductance potassium
channels, may have cytoprotective effects in cardiac or
neuronal tissue (Liu et al., 1999; Busija et al., 2004). This
concept was a strong driving force of studies in many
laboratories. Potassium channel opener induced cytoprotection
is also induced by endogenous signaling via protein kinases
(Frankenreiter et al., 2017).

It has also been shown that inhibition with channel blockers
of the mitochondrial Kv1.3 channel may lead to pancreatic
cancer cell death (Leanza et al., 2014). But still there is an
open question to what extent mitoK channels are promising
drug targets in various organs and tissues? Future prospects of
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the druggability concept of mitoK channels was evaluated
recently (Wrzosek et al., 2020).

Searching for new functions of
mitochondrial potassium channels

The putative functional roles of these channels involve
alterations in mitochondrial matrix volume, mitochondrial
respiration, and protonmotive force (membrane potential)
(Czyz et al., 1995). Furthermore, the activity of these channels
influences the generation of ROS by mitochondria (Kulawiak
et al., 2008; Kulawiak et al.,, 2023). The activity of mitochondrial
potassium channels is subject to modulation by various intrinsic
signals, including Ca®* concentration, membrane potential,
phosphorylation, and membrane
Szewczyk, 2023).

It was demonstrated that BKc, channels are present in

stretching  (Szabo and

Drosophila melanogaster mitochondria, and channel mutants
induce structural and functional defects in mitochondria
leading to an increase in ROS (Gururaja Rao et al., 2019). It
was found that the absence of BK, channels reduced the lifespan
of Drosophila, and overexpression of human BK¢, channels in
flies extends their life. This suggested a potential role of mitoK
channels and ROS in regulating mitochondrial functional
integrity, and lifespan (Gururaja Rao et al, 2019). Probably
mitoBKc, play a role in cellular senescence induced by
oxidative stress (Gluchowska et al., 2023).

Mitochondrial context of potassium
channel regulation

The mitochondrial respiratory chain comprises a series of
complex organized redox reactions generating a protonmotive
force and, consequently, ATP synthesis. Certain redox centers,
such as complexes I and III of the mitochondrial respiratory
chain are sources of ROS. Mitochondrial generated ROS can
influence remotely the activity of mitoK channels. But there are
some indications proposing an alternative, a direct mechanism
for the regulation of mitoK channels by the respiratory chain.

It is well-known that mitoK channels interact with various
mitochondrial proteins, some of which are involved in the
These
summarized (Lewandowska et al., 2024). For instance, it has

respiratory  chain. observations  were recently
been suggested that mitoK,rp channels interact with succinate
dehydrogenase. In cardiac mitochondria, it was found that the
B1 subunit of the mitoBK¢, channels interacts with Cytochrome
(COX)

demonstrated that other respiratory chain protein complexes

¢ Oxidase subunit I. Furthermore, studies have

interact with mitoBK¢, channels in both cardiac and brain
Additionally,
domain K* channels TASK-3 interact also with the respiratory

mitochondria. mitochondrial tandem pore
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chain. A recent report revealed a similar interaction between the
mitoKv1.3 channel and respiratory chain complex I (for review
see Lewandowska et al., 2024).

We found that the activity of mitoBKc, channels in
glioblastoma cells is regulated by substrates and inhibitors of
the respiratory chain (Bednarczyk et al., 2013). This study
suggested that COX is a key element of this kind of channel
regulation (Bednarczyk et al., 2013). Moreover, given that COX is
the primary infrared-absorbing protein, it raises questions about
the potential light regulation of mitoK channels (Szewczyk and
Bednarczyk, 2018).

Further research will be important to clarify the functional
consequences of these interactions. Undoubtedly, this form of
regulation may prove to be unique for mitoK channels. The exact
nature and functional implications of these interactions remain
unclear. This kind of direct functional coupling between the
energy generating system (respiratory chain) with the energy
dissipation system (potassium channels) may lead to an
interesting putative regulatory mechanism in mitochondria.

Recently other functional/structural coupling within the
mitochondrial potassium channel was observed. It was found
that mitochondrial potassium channel ROMK2 may interact
with two lipid kinases: acylglycerol kinase (AGK) and
diacylglycerol kinase & (DGKE), which are localized in
mitochondria (Krajewska et al, 2024). Additionally, it was
found that the products of AGK and DGKE, lysophosphatidic
acid (LPA) and phosphatidic acid (PA), stimulated the activity of
ROMK2 potassium channels reconstituted in planar lipid
bilayers (Krajewska et al., 2024).

The
alongside other mitochondrial proteins

structure/function interplay of mitoK channels

suggests a new
dimension in mitoK channels regulation. The exceptionally
high membrane potential of the IMM and its potential for
ROS generation may characterize

significant  signaling

pathways within cells.

The troublesome pharmacology of
mitochondrial potassium channels

In order to influence activity of various mitoK channels,
numerous research groups continually explore novel compounds
hoping to find molecules with high specificity for mitoK channels
(Szewczyk and Marban, 1999; Augustynek et al., 2017; Leanza
et al., 2019). The existing literature already reports positive
protective effects on ischemia/reperfusion processes through
the activation of mitoK,rp channels by the potassium channel
opener - diazoxide, and the mitoBK¢, channels by potassium
channel opener NS1619 and its follower NS11021 (Szewczyk
etal,, 2006). Nevertheless, it is noteworthy that these compounds
exhibit limited specificity towards mitoK channels. Application
of these substances in the micromolar concentration range
unmasks a variety of side effects (Wrzosek et al., 2022). It is

Published by Frontiers
Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)


https://doi.org/10.3389/abp.2024.13126

Szewczyk

that molecules with

hydrophobicity of positive charge (in physiological pH) will

important to remember some
be accumulated by mitochondria. It is due to very high
membrane potential (up to—180mV) on the IMM, with
negative polarization of the mitochondrial matrix. For
example, a 10 nM drug present in cytosol could accumulate
up to 10 uM concentration in a matrix (Kowaltowski and
Adbulkader, 2024). At this concentration range the probability
of nonspecific interaction with some of ~1,500 mitochondrial
proteins is very high. In contrast, toxins isolated from the
venom of various scorpion species such as iberiotoxin
specifically (at low concentration) inhibit the activity of
2017). But

application of this peptide to block mitoBKc, channels on

mitoBKc, channels (Augustynek et al,
intact cells is practically impossible.
Developing very selective channel blockers and potassium
channel openers targeting mitoK channels is a significant
challenge in this field. Recently it was shown that selective
targeting of mitoIlKc, channel (Bachmann et al, 2022),
mitoTASK channel (Bachmann et al, 2021) and mitoKv

channel (Severin et al., 2022) is possible.

Discussion

Over the past 33 years since the identification of the first
potassium channel in the IMM, research in this field has
made significant progress (Kulawiak and Szewczyk, 2022).
This pathway started from identification of the mitoK
channels that met with skepticism by the bioenergetics
community to current research placing these channels in
the phenomena of cytoprotection, cellular senescence, and
neoplastic cell death. What limits further development of
this field?

First, access to good pharmacology is the “dark side” of this
field (Szewczyk et al, 2010; Olszewska and Szewczyk, 2013;
Leanza et al,, 2019). Because mitoK channels are similar to
those located in plasma membranes, it is very difficult to
identify pharmacological modulators specific only for mitoK
channels (Szewczyk and Wojtczak, 2002; Citi et al., 2018). The
unique high membrane potential of mitochondria may help to
discriminate targeting of some drugs to mitoK channels (Testai
et al., 2015; Wrzosek et al., 2020).

The second limiting factor for further progress is the
development of new techniques to measure channel activity
in situ, that is, within an intact cell. Majority of techniques
currently applied in the studies are based on cell fractionation
and mitochondria isolation (Walewska et al., 2022). By
definition in this process we lose a network of signaling
pathways where mitoK channels are potentially involved
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(Walewska et al., 2018). Probably progress in synthesis of
potassium specific fluorescent probes may solve this problem.
Unfortunately, there are other potassium transport proteins in
mitochondria.

The third challenge for the future involves further identifying
the molecular identity of various mitoK channels. This aim will
not only expand our understanding of the system but also will
start new avenues of research, such as in vitro translation with
lipid nanodiscs and the application of various biophysical
techniques. Additionally, it will aid in the identification of
protein  neighborhoods, clarification of the import
machinery, and more.

In summary, mitoK channels, considered the “younger
siblings” of the potassium channels found in plasma
membranes, play a crucial role in some cellular signaling
pathways. The mitoK location within mitochondria, which
serve as hubs for fundamental metabolic and signaling
functions, highlight their significance. The author believes that

the future of this field holds exciting prospects.
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Background: Estrogens have pleiotropic mechanisms
of action, and their cellular transduction pathways can
modulate various proteins with differential tissue expres-
sion. Proline-, glutamic acid-, and leucine-rich protein 1
(PELP1) is one such protein whose role seems important.
However, very little is known about the expression of
modulators involved in the estrogen-mediated pathways
in the tissues of the male reproductive tract. Methods:
In this study, we obtained autopsy specimens of testis
and epididymis from 13 men of Caucasian descent. Ex-
pression levels were analyzed for both estrogen recep-
tors (ESR1 and ESR2) and their co-regulators, including
PELP1 and kinase c-Src (SRC). Results: Protein expres-
sion was confirmed with western blot and immunocyto-
chemistry techniques. The expression of both SRC and
PELP1 was significantly higher in the testis compared
to the epididymis (p=0.040 and p=0.002, respectively).
Furthermore, a significant, positive correlation was ob-
served between SRC and PELP1, regardless of tissue type
(p<0.0001, R=0.78). In the testis, PELP1 expression posi-
tively correlated with ESRT expression (p=0.0367, R=0.6).
Conclusions: Our study suggests a possible relationship
between PELP1, SRC, and ESR1 in the human testis and
epididymis. This study makes a valuable contribution to
the field of estrogen-mediated pathways in the male re-
productive tract and describes trends of analyzed genes’
expression and presence. We think our results may open
some new research directions in the study of estrogen
signaling in the male reproductive system.
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INTRODUCTION

The predominant paradigm concerning the influence
of steroid hormones in the regulation of the male repro-
ductive tract’s functions was primarily focused on andro-
gens such as testosterone. However, in 1990 knock-out
animal models began to be extensively used and dem-
onstrated that estrogens play an important role in male
reproductive health (Carreau ez al, 2011a; Akingbemi,
2005; Carreau ¢t al., 2011b; Chimento ¢ al., 2020; Hess
& Cooke, 2018). These commonly considered female
hormones are indispensable for the proper develop-
ment of certain structures within the male reproduc-
tive tract, such as the prostate, epididymis, and efferent
ductules. Estrogens are synthesized in the testis, and
17B-estradiol is highly expressed in the rete testis fluid.
Studies have shown that the male reproductive tract has
extensive expression of both estrogen receptors (ESRs),
namely ESR1 and ESR2, starting from the neonatal pe-
riod through puberty to adulthood. However, expression
level differs with regard to tissue type and age (Cooke
et al., 2017; Cunha et al., 2021; Hess & Cooke, 2018).
Several findings also confirmed an association between
estradiol and a handful of physiological events such as
erectile function, spermatogenesis, Leydig cell self-reg-
ulation, testosterone production control, and auto- and
paracrine effects on germ cells (Hess & Cooke, 2018;
Solakidi e7 al., 2005; Carreau et al., 2011a; Cooke ¢t al.,
2017, Hammes & Levin, 2019; Lazari ez al., 2009). Fut-
thermore, the identification of an aromatase function has
been a tremendous breakthrough in defining the role of
estrogens in males (Carreau e¢f al., 2006; Otto e al., 2009;
Akingbemi, 2005; Rago ez al., 2007; Carreau et al., 2010;
Aquila ez al, 2003) and has directed the attention of
many researchers around the world to the influence on
the male reproductive tract of estrogen-like compounds
present in the environment (referred to as “xenoestro-
gens”). Previously, the idea of the potential negative
influence of estrogens and their role in disrupting the
function of the male reproductive system has become
widespread (Rahman ef a/, 2015; Mohamed e al., 2011,
Sikka & Wang, 2008; Hess e al., 2011; Bertolla, 2020).

The commonly identified pathways that control the
functional influence of estrogens on the tissues/cells of
interest (including those in the male reproductive tract)
classically involve either ESR or G protein-coupled es-
trogen receptors (GPER, GPR30). It cannot be exclud-
ed that recently discovered novel proteins, referred to
as putative ESRs (estrogen-related receptor, saxiphilin-
binding protein, ER-X, and ER-x), may play a similar
role in mediating estrogen signals in males (Barut ef al,
2020; Li et al., 2015; Eyster, 2016; Micevych & Dewing,
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2011; Toran-Allerand ez al., 2002; Cooke et al., 2017; Ak-
ingbemi, 2005). It is also essential to highlight the role
of certain co-regulators in mediating estrogen signals
in tissues/cells of interest. One of them is the scaffold
protein proline-, glutamic acid-, and leucine-rich protein
1 (PELP1), also known as MNAR (modulator of non-
genomic action of estrogen receptor). PELP1 was shown
to interact not only with nuclear receptors and transcrip-
tion factors (such as activator protein 1, specificity pro-
tein 1, or nuclear factor kappa B) but also with several
key modulators of cell cycle progression, such as proto-
oncogene tyrosine-protein, epidermal growth factor re-
ceptor, phosphoinositide-3 or ¢-SRC kinases (Vadlamudi
& Kumar, 2007; Sareddy & Vadlamudi, 2016; Vadlamudi
et al., 2001). This previous literature has shown PELP1
to be an important mediator of steroid hormone regula-
tion of cell or tissue functions. Moreover, our previous
studies demonstrated that the percentage of PELP1+
sperm cells is correlated with decreasing sperm quality
(Skibiniska e# al., 2018). Also, our investigation revealed
weak, negative ESR2/PELPT cotrelations in patients
with abnormal sperm values. Interestingly, SRC/PELP1
was moderately and positively correlated with all pa-
rameters within the WHO reference range in the sub-
group of patients (Skibiniska ez al, 2022). The literature
has identified that SRC-mediated signaling is coordinated
by binding PELP1 and ESR to SRCs SH3 and SH2 do-
mains, which is then stabilized by the ESR-PELP1 in-
teraction through PELP1’s LXXLIL motifs (Xiao ef al,
2019; Shupe et al., 2011; Batletta ez al., 2004). SRC has
been characterized as the downstream protein kinase of
the non-classical testosterone signaling pathway involved
in the release of sperm at spermiation. It cannot be ex-
cluded that close interactions between these two proteins
have implications for estrogen signaling in males.
Despite the broad availability of animal models for re-
search purposes, this is not the case for human tissues.
Therefore, data regarding estrogens and estrogen-medi-
ated pathways in humans do not currently provide clear
answers concerning the presence, localization, and inter-
actions between proteins involved in estrogen-mediated
signaling. It appears crucial in determining the potential
clinical repercussions of estrogens in the male reproduc-
tive tract, also in the context of impaired male fertility.
Where and when estrogen and/or an estrogen/androgen
balance might play a role in the development and func-
tion of the male reproductive tract needs to be deter-
mined. It is expected that with recent advances in mo-
lecular and cell biology techniques, many questions about
estrogen-mediated signaling in men will be answered
within the next decade. The aim of this study was to
analyze the potential links between ESRs, PELP1, and
SRC in human testis and epididymis, as these proteins
are considered important factors involved in estrogen-
mediated signaling in the male reproductive system.

MATERIALS AND METHODS

Testes tissue samples

Autopsy specimens of testis and epididymis were ob-
tained from 13 men of Caucasian descent at the Chair
and Department of Forensic Medicine of PUMS. The
mean age of participants was 4515 years (range: 23-76)
with a 45% coefficient of variation. Tissues qualified for
the study came from men with no significant spermato-
genesis disorders. The assessment of tissues stained with
the standard hematoxylin and eosin method was based

on the microscopic evaluation, accordingly to Cerilli ez
al. (Cerilli e al., 2010). Each testis and epididymal caput
sample was split into three fragments (equal in mass).
For RT-qPCR analyses, the tissues were immersed in
RNA protective medium (Englert-Golon ez al., 2021;
Camacho-Sanchez e al, 2013), and for protein isolation
were placed in phosphate-buffered saline (PBS, Chem-
pur; Piekary Slaskie, Poland). In both cases, the tissues
wete stored at —80°C until further procedures. The third
portion, intended for immunohistochemistry, was fixed
in 4% paraformaldehyde (Chempur; Pickary Slaskie, Po-
land) and processed for standard formalin-fixed paraffin-
embedding.

METHODS

Nucleic acid isolation and validation

Before nucleic acid isolation, the samples were thawed
to room temperature. The RNA protective medium was
removed, and testis and epididymis tissue samples were
patted dry with a paper towel. The tissues were imme-
diately placed in a chilled mortar and pulverized with a
pestle. Aliquots of 25 mg of tissue were immersed in
800 ul. fenozol reagent to deactivate endogenous RNas-
es (A&A Biotechnology, Gdynia, Poland). The samples
were dissolved by vortexing (15 sec, 1200 rpm, room
temperature) and incubated in a thermal mixer to per-
mit complete dissociation of the nucleoproteins (5 min,
300 rpm, 56°C). Then, 200 pL of chloroform (Avantor
Performance Materials Poland S.A., Gliwice, Poland) was
added to each aliquot, mixed by inversion, incubated
(3 min, room temperature), and centrifuged (15 min,
12000Xg, 4°C). The aqueous upper phase containing to-
tal cellular RNA was carefully transferred to a new tube,
avoiding transferring the interphase.

The aqueous phases were subjected to high molecular
weight RNA  extraction, without microRNA fractiona-
tion, using the double-column system for microRNA
and RNA isolation according to the manufacturer’s pro-
tocol (A&A Biotechnology, Gdynia, Poland) as described
previously (Englert-Golon e al, 2021). The quality,
quantity, and purity of extracted RNA were analyzed as
described previously (Andrusiewicz ef al, 2016) with the
use of NanoPhotometer NP-80 (IMPLEN, Miinchen,
Germany), and the integrity was evaluated by electropho-
retic separation under denaturing conditions (Andrusie-
wicz et al., 2016).

Reverse transcription and quantitative polymerase
chain reaction

Three-step reverse-transcription reactions were pet-
formed as described previously (Andrusiewicz ez al., 2016).
In brief, a mixture of 0.5 M universal oligo(d)T, primer,
1 mM random hexamer primer (Genomed; Warsaw, Po-
land), 1 pg RNA, and water (Thermo Fisher Scientific;
Waltham, MA, USA) were incubated for 10 mins at 65°C,
and samples chilled on ice. Then, 10 U transcriptor re-
verse transcriptase, 5 U RNasin ribonuclease inhibitor,
1X reaction buffer (Roche; Manheim, Germany), 0.1 U/
pl. E. coli poly(A) polymerase, 100 nM adenosine triphos-
phate (New England BiolLabs; Ipswich, MA, USA), and
100 mM deoxyribonucleotide triphosphates (Novayzm;
Poznan, Poland) were added with water to a final reaction
volume of 20 pl.. The subsequent steps of cDNA synthe-
sis were followed as described previously (Englert-Golon
et al., 2021). The cDNA was synthesized in duplicate for
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each sample and subsequently served as a template for
qPCR reactions. The threshold cycles mean values derived
from replicated samples were used for further analysis.

To determine primer sequences and hydrolysis Univer-
sal Probe positions for ESR7, PELPT, and SRC, the UPL
Assay Design Center was used (http://qpct.probefinder.
com, last accessed on September 28, 2017, product dis-
continued on December 30, 2020) (Skibiniska e# al., 2018).
Probe numbers and primers’ sequences are as follows:
ESR7 F: CCTTCTTCAAGAGAAGTATTCAAGG; R:
ATTCCCACTTCGTAGCATTTG; probe #69 (Roche
cat. no.: 04688686001; GenBank AC: NM_001122740.2,
NM_001122741.2, NM_001385571.1, NM_001291241.2,
NM_001385568.1, NM_001385572.1, NM_001385570.1,
NM_001385569.1, NM_000125.4, NM_001328100.2,
NM_001291230.2), PELP! F. CAAGGAGGAGACT-
CACAGGAG; R: CAAGGAGGAGACTCACAGGAG;
probe #24 (Roche cat. no.: 04686985001; NM_014389.3,
NM_001278241.2), and SRC F: GCCATGTTCACTC-
CGGTTT; R: CAGCGTCCTCATCTGGTTTC; probe
#21 (Roche cat. no.: 04686942001; NM_005417.5). Either
the forward or the reverse primers were designed for the
exon-exon junction of the analyzed mRNAs. The ampli-
con lengths were similar. With regards to ESR2, we ap-
plied a ready-to-use assay (PrimePCR, qHsaCEP0052206,
BioRad; Hercules, CA, USA). The hypoxanthine-gua-
nine phosphoribosyltransferase (HPRT7) gene assay
(UPL102079, Roche; Manheim, Germany) was used as a
reference gene.

The quantitative PCR reactions were carried out ac-
cording to the MIQE guidelines (Bustin ¢ 4/, 2009)
(Supplementary Materials: MIQE checklist and data set).
All qPCR reactions were made in a total volume of 20
ul. Standard cycling and acquisition steps were per-
formed with adjusted and standardized reaction mixtures
for Roche UPL probes in the LightCycler 2.0 glass-
capillary thermal cycler (Roche Diagnostics International
AG; Rotkreuz, Switzerland) (Englert-Golon e al., 2021;
Andrusiewicz e al., 2016). The expression level of each
gene, expressed as concentration ratios (Cr), was de-
rived from reaction efficiencies (obtained from the rel-
evant standard curves) compared with the appropriate
mean of two-reaction threshold values and normalized
to reference gene expression (Englert-Golon ef al., 2021,
Skibifska e# al., 2018).

Western blot analysis

Tissue samples immersed in PBS were used for pro-
tein isolation, followed by western blot. After mechani-
cal pulverization in liquid nitrogen, tissue samples were
suspended by pipetting in RIPA Lysis Buffer (Merck
Millipore, Darmstadt, Germany). Then, total sample ex-
tracts were shaken in an orbital shaker (1600 rpm, 60
min, 4°C) and centrifuged (14000Xg, 20 min, 4°C). The
supernatant was transferred into a fresh tube and centri-
fuged again (3000Xg, 10 min, 4°C), and then the super-
natant containing purified proteins was used in further
analyses.

Western blot analyses were conducted as described
previously (Englert-Golon e# afl, 2021). In short, protein
concentration was measured colorimetrically with Quick-
Start Bradford 1 X Dye Reagent (BioRad, Hercules, CA,
USA). Protein lysates (20 ug) diluted with Laemmli buffer
(BioRad, Hercules, CA, USA) were denatured at 70°C
for 10 min, loaded onto a 10% SDS-polyacrylamide gel
(TGX FastCast Acrylamide Kit 10%, BioRad, Hercules,
CA, USA), and separated by electrophoresis. After wet-
transfer, PVDF membranes (Merck Millipore, Darmstadt,
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Germany) were incubated on an orbital shaker at 200
rpm for 60 min at room temperature in TBS-T blocking
buffer (TBS with 0.1% Tween-20 and 5% bovine serum
albumin, pH 7.5; LabEmpire; Rzeszow, Poland). After
blocking, the membranes were incubated with primary an-
tibodies on an otbital shaker at 200 rpm overnight at 4°C.
The antibodies used are as follows: anti-ESR1 (1:1000,
1.S-C88420, Lifespan Biosciences, Seattle, WA, USA),
ESR2 (1:1000, ab3576, Abcam, Cambtidge, UK), PELP1/
MNAR (1:1000, A300-180A, Bethyl, Montgomery, TX,
USA), SRC (1:1000 orb379229, Biorbyt, Cambridge, UK),
pSRC (1:500, orb14869, Biorbyt, Cambridge, UK), and
GAPDH (1:2500, sc-25778, Santa Cruz Biotechnology,
Dallas, TX, USA). Subsequent visualization processing
steps were performed as described previously (Englert-
Golon ¢ al., 2021). Immunoreactive bands were compared
with the mass standard (3-Colour Prestained Protein
Marker; Blirt, Gdansk, Poland). For protein density analy-
sis Image] Software version 1.53r was used (https://im-
agej.nih.gov/ij/download.html, accession date 22.04.2022).
The high-resolution TIFF images obtained with G:BOX
(Syngen, Cambridge, UK) from chemiluminescent-visual-
ized western blots were converted into JEPG 255 gray-
scale format. A defined frame size was used to measure
the optical density of analyzed proteins, the background,
and the GAPDH protein as the reference. The pixel den-
sity for all data was inverted and expressed as 255 — re-
corded by Image] value. Next, the net values for analyzed
proteins and controls were calculated (by subtracting the
value obtained for the background). Finally, the ratios of
net band values for analyzed proteins and corresponding
references were obtained and expressed as optical density
in arbitrary units.

Immunohistochemical protein localization

The protein localization in tissue samples was as-
sessed using immunohistochemistry as described previ-
ously (Waligorska-Stachura e/ 4/, 2017; Englert-Golon et
al., 2021). In brief, 3 um thick tissue sections were im-
mersed in antigen retrieval solution (0.1 mM citric acid
and 0.1 mM sodium citrate; pH 6.0; Avantor Perfor-
mance Materials Poland S.A., Gliwice, Poland) and then
microwaved, and this process repeated. Endogenous
peroxidase activity was blocked in a 3% hydroperoxide
solution (Avantor Performance Materials Poland S.A.,
Gliwice, Poland). The slides were blocked in a TBS-T
blocking buffer for 60 min at room temperature. Im-
munohistochemical reactions were performed using the
primary antibodies specified in the western blot analy-
sis description at a 1:100 dilution in TBS-T buffer and
visualized and assessed as described previously (Englert-
Golon et al., 2021). The specificity, dilutions and immu-
nohistochemical reactions’ conditions for positive con-
trols were also adopted from the methodology referred
above. The primary antibodies were substituted with a
blocking buffer in the appropriate negative controls.

Statistical analyses

Results were evaluated using Statistica version 13.5.0
software for Windows (TIBCO Software Inc., Palo Alto,
CA, USA). All continuous variables were checked for
outliers. Min-Max normalization was used to describe
and present the final data. All genes were analyzed for
not only normalized C_ values but also gene-to-gene
C, values. Results were described by the median [inter-
quartile range] (Me [IR]) values. The Shapiro-Wilk test
was applied for the normality of continuous variables
distribution assessment. The non-parametric two-tailed
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Figure 1. Normalized expression of SRC and PELP1 in testis and epididymis.

*p<0.05, **p<0.01 (two-tailed Mann-Whitney U test).

Mann-Whitney U test was used for statistical analyses.
The Spearman rank correlation test was applied to evalu-
ate the strength of the correlation coefficient (R). The
strength of the correlation coefficient was assessed ac-
cording to Guilford’s classification. Data were consid-
ered statistically significant when p<0.05.

RESULTS

ESRs, PELP1 and SRC mRNA expression

The normalized expression level of both SRC and
PELPT differ significantly between testis and epididy-
mal tissue (p=0.040 and p=0.002, respectively), with
both genes having higher expression levels in the testis
(Fig. 1). We did not observe significant differences in
the expression level of ESR7 and ESR2 in either tes-
tis or epididymal tissue in any of the analyzed samples
(»>0.05) (not shown).

With respect to the tissue of origin, both SRC and
PEILPT expression was significant and very strongly pos-
itively correlated in both testis and epididymis (R=0.66,
$=0.014, and R=0.80, p=0.0019, respectively). Addition-
ally, PELLP7 expression was strongly positively corre-
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lated with the expression of ESRT in the testis (R=0.6;
$=0.0367) (Fig. 2). We did not observe this correlation
in the case of the epididymis (»>0.05).

We observed a moderate positive correlation between
the tissue donors’ age and ESR7 normalized expression
in the testis (R=0.59; p=0.0322) and a moderate nega-
tive correlation of the age and PEILP7 expression in the
epididymis (R=-0.61; p=0.0354) (Fig. 3). The expres-
sion levels of other genes were not correlated with age
(»>0.05).

Considering the expression ratio of analyzed genes,
the ESR2/PELPT ratio differed significantly between the
testis and epididymis (p=0.0068). The expression ratio
was lower in the testis (Fig. 4). There was no significant
difference in the expression ratios of other genes be-
tween the tissue types.

Considering tissue-origin-dependent division, ESR7/
ESR2, ESR1/SRC, and ESR71/PELPT exptession ratios
were moderately and positively correlated in the testis.
ESR2/SRC was moderately positively correlated with
ESR2/PELP1, and strongly negatively cortelated with
SRC/PELP]. We obsetved very strong positive cot-
relations of ESR7/ESR2 with ESR7/SRC, ESR7/SRC
with ESR7/PELPT, and ESR2/SRC with ESR2/PELP1
in the epididymis. Additionally, a moderately positive

epididymis
0.035

0.030
0.025
0.020
0.015
0.010
0.005
0.000
-0.005

R=0.80** o

PELP1 Cro™

0.1

0.1 0.2

SRC Cr™om™

0.3 0.5

Figure 2. Dot-plot of normalized PELP1 expression correlation with SRC and ESR1 in testis and epididymis.

Spearman'’s rank correlation coefficient (R) is indicated as significant

*p<0.05, *p<0.01.
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Figure 3. Dot-plot of the participants’ age and correlation in testis and epididymis of ESRT and PELP1 normalized expression.
Spearman’s rank correlation coefficient (R) is indicated as significant *p<0.05.
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Figure 4. Normalized ratio of the expression of ESR2/PELP1 in
testis and epididymis.
**p<0.01 (two-tailed Mann-Whitney U test).

correlation was established for the expression ratios of
ESR1/ESR2 and ESR7/PELP1. ESR2/SRC and SRC/
PEILPT in the epididymis were not correlated (Table 1).

Protein presence and localization

The presence of the analyzed proteins in the testis and
epididymis was confirmed by western blotting to identify

1 2 3 4

GAPDH . 37 kDa
ESRT i e ® "™ s 36 kDa
ESR2 55 kDa

PELP1 e =4 170 10a

60 kDa
60 kDa

Figure 5. Western blot analysis of analyzed proteins in selected
samples from different patients.

Lane 1 and 2 - testis, lane 3 and 4 - epididymis. Note that the
blots displayed were cropped; see Supplementary Information for
the original blots.

the presence of immunoreactive bands at the expected
sizes (ESR1: 36 kDa; ESR2: 55 kDa; PELP1: 170 kDa;
SRC: 60 kDa and pSRC: 61 kDa). The GAPDH refer-
ence protein bands (37 kDa) were present in all samples
(Fig. 5).

The protein density of both pSRC and PELP1 differ
significantly between testis and epididymal tissue (p=0.015
and p<0.001, respectively), with both proteins having a
higher density in the testis (Fig. 0).

Table 1. Spearman rank order correlations of the analyzed gene ratios in testis and epididymis.

Pair of Variables Testis Epididymis
N R p-value N R p-value

ESR1/ESR2 & ESR1/SRC 13 .61 .0269 9 .90 .0009
 ESR1/ESR2 & ESR1/PELP1 12 58 0479 10 8 o038
WIVESR1/ESR2 & ESR2/SRC 13 -.54 .0546 9 _33 3807 7777777777777777777777
ESR1/ESR2 & ESR2/PELP] 12 -45 1377 10 04 o074
WIVESRVESRZ & SRC/PELP1 13 25 4154 10 _18 6272 7777777777777777777777
WIVESR1/SRC & ESR1/PELP1 12 .65 .0220 10 % <OOO1 77777777777777777777
ESR1/SRC & ESR2/SRC 13 26 3943 10 14 7000
WIVESRVSRC & ESR2/PELP1 12 .01 9828 10 08 8287 7777777777777777777777
WIVESR1/SRC & SRC/PELP1 13 -37 2159 10 ~39 2600 7777777777777777777777
" ESR1/PELP1 & ESR2/SRC 12 15 6331 10 o gsa8
WIVESRVPELP] & ESR2/PELP1 12 .36 2551 11 33 3259 7777777777777777777777
WIVESR1/PELP1 & SRC/PELP1 12 -39 .2081 11 _35 2981 7777777777777777777777
" ESR2/SRC & ESR2/PELP] 12 66 0185 11 %5 <0001
WIVESRZ/SRC & SRC/PELP1 13 -.86 .0001 11 _32 3403 7777777777777777777777
WIVESRZ/PELP1 & SRC/PELP1 12 -.53 .0754 12 —27 3911 7777777777777777777777

Legend: N, number of paired cases; R, Spearman’s rank correlation coefficient; p-values <0.05 are indicated in bold.
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Figure 6. Protein density analysis of pSRC and PELP1 in testis and epididymis.

*p<0.05, ***p<0.001 (two-tailed Mann-Whitney U test).

Figure 7. Immunohistochemical localization of PELP1 (A), SRC
(C), pSRC (phospho-Tyr529) (E) in testis, and PELP1 (B), SRC (D),
and pSRC (phospho-Tyr529) (F) in the epididymis.

Legend: BC, basal cells; CC, ciliated cells; nCC, non-ciliated cells; IT,
interstitial tissue; LC, Leydig Cells; Psp, primary spermatocytes; S,
spermatozoa; SC, Sertoli cells; SEC, seminiferous epithelium cells;
Sd, spermatids; Sg, spermatogonia. (+), positive immunostaining;
(=), negative immunostaining. Scale bar: 200 um.

Immunohistochemical staining enabled the identifi-
cation of all studied proteins in tissues of interest. The
ESR1 and ESR2 expression showed similar localization
as observed by other authors (Fietz es al, 2014; Rago
et al., 2018). In the testis, ESR1 was observed in some
primary spermatocytes and spermatids but not in the
spermatogonia, Sertoli, or interstitial cells. The ESR2 was
localized in spermatogonia, ptimary spermatocytes, spet-
matids, and Sertoli cells but not in the interstitial com-
partment. On the other hand, in the epididymis, ESR1
was expressed in non-ciliated cells and ESR2 in the cili-
ated and non-ciliated cells of the epithelium and the ba-
sal cells (Supplementary Fig. S1 at https://ojs.ptbioch.
edu.pl/index.php/abp). We obsetved PELP1 localization
in the Sertoli cells, primary spermatocytes, and single
spermatogonia in the testis. We did not observe positive
staining in Leydig cells or spermatids (Fig. 7A). In the
magnification of Fig. 7A, positive immunostaining was
indicated in primary spermatocytes and spermatogonia.
On the other hand, SRC was extensively expressed in the
cytoplasm of Sertoli cells and the cells of the seminifer-
ous epithelium. SRC was also weakly expressed in the

cytoplasm of Leydig cells (Fig. 7C). A similar but weaker
reaction was observed for the cells of the seminifer-
ous epithelium for pSRC (Fig. 7E). In the epididymis, a
strong PELP1 expression was demonstrated in the nu-
clei of the ciliated and non-ciliated cells of the epididy-
mal ductal epithelium. Weak cytoplasmic staining was
also observed in these cells. The vast majority of basal
cells were PELP1 negative. There was no expression of
PELP1 in smooth muscle cells of the ductal wall or in-
terstitial tissue cells. In the magnification, the ciliated and
non-ciliated cells were indicated (Fig. 7B). SRC was ex-
pressed in the basal cells’ nuclei, spermatozoa, and the
ciliated and non-ciliated cells of the epididymal ductal
epithelium. In the magnification, the non-ciliated and
ciliated cells and spermatozoa were indicated (Fig. 7D).
A similar but slightly weaker reaction was observed in
the case of pSRC (Fig. 7T).

DISCUSSION

There are distinct roles of ESRs throughout the en-
tite reproductive tract in males. However, there is a lack
of consensus on their detection and localization in the
published literature (Hess ez al, 2021; Fietz e al., 2014;
Cooke et al., 2017; Li et al., 2015). There are several stud-
ies indicating that estrogen signaling may use a variety of
different pathways where, for example, gene transcrip-
tion may be induced by either direct binding of certain
receptors to estrogen response elements (ERE) in the
promotors of target genes or can involve transcription
factor complexes that are able to activate transcription
in the promoter regions of genes directly and without
the use of EREs (Klinge, 2001). Conversely, an alterna-
tive non-genomic mechanism was also described. It uses
other signaling pathways, such as growth factors, kinases,
or associated co-regulators, which may activate ESRs in
the absence of a ligand (Hess & Cooke, 2018). It was
established that aromatase is expressed in human epi-
thelial cells of ductuli efferentes and proximal caput of
the epididymis. It suggests a putative role of estrogens
produced locally in the epididymal function. Moreo-
ver, epididymal caput and cauda differed in ESR1 and
ESR2 presence in humans and animals. Additionally,
the possible involvement of ESR2 in estrogen modula-
tion of the epididymal function is suggested, as ESR2
expression was confirmed in the epithelial cells of hu-
man epididymis indicates (Bilinska ez a/, 2006; Carpino ef
al., 2004a; Carpino et al., 2004b; Kolasa e al., 2003). Our
study suggests that the specific ESR-mediated pathway
in the male reproductive system might result from the
different local interactions of estrogens with estrogen re-
ceptors and their co-regulators. Even though the tissues
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are of the same type, we observed significant differences
in the expression levels of the studied genes, especially
PELP1 and SRC kinase in both mRNA and protein lev-
els. This paper confirmed the presence of ESR1, ESR2,
and their co-regulators, including PELP1 and SRC ki-
nase, in human testis and epididymis. Furthermore, we
analyzed potential links between them, as their inter-
actions may have a particular impact on physiological
phenomena in these tissues. However, further analyses
exploring estrogen-mediated signaling supported by colo-
calization studies are essential to determine the nature of
these interactions and the potential clinical repercussions
of estrogens in the male reproductive tract.

Our study suggests that there may be a dependence
between PELP1 and SRC in human testis. Our study
established the significant differences in normalized ex-
pression levels of both SRC and PELP1 in the testis and
epididymis, with significantly higher expression and pro-
tein density in the testis. Furthermore, our study indicat-
ed that SRC and PELPT expression levels were moder-
ately positively correlated in the testis (R=0.66, p=0.014).
Moreover, PELPT expression was positively correlated
with the expression of ESR7 (R=0.6; p=0.0367). It may
imply the role of ESR1 in testis, as well as the involve-
ment of PELP1 and SRC in estrogen-mediated signaling
(e.g., ligand-independent signaling to induce specific ef-
fects via ESR1). As we observed PELP1 being localized
in Sertoli cells and spermatocytes, it could not be ex-
cluded that PELP1 may be involved in certain stages of
spermatogenesis or may somehow modulate Sertoli cells’
function in this regard.

It has been confirmed that ESR7 expression is differ-
ent through certain stages of development (Hess ez al,
2011). In 1994, the first man lacking a functional ESR1
was reported, and subsequently, other men lacking aro-
matase were identified, with 13 reported cases of loss
of function mutations in CYP19A1 (Cooke e# al., 2017).
Regardless of species or investigators, ESR7 has been
shown to be highly expressed in the efferent ductule
epithelium, which suggests its contribution to fluid reab-
sorption (Fietz e al., 2014). Interestingly, the most severe
histopathological changes following the distuption of
ESR1 function occur in the testis and efferent ductules,
likely due to its high expression, which is approximately
3.5-fold greater than in the female uterus or any other

Estrogen/ER alpha/PELP1/SRC

\

/

«

organ independent of biological sex (Fietz e al, 2014).
Furthermore, ESRs involvement was suggested in the
development of sperm cells (Hess, 2014). We observed
age-related increasing ESR7 and decreasing PELPT ex-
pression. Due to the limited number of published papers
on the topic of PELP1 expression in the male reproduc-
tive tract, and because the ESR7 and ESR2 expression
alters with age (in different tissues, not only in the male
reproductive tract), it would be challenging to propose
strong conclusions. Considering that we analyzed the
specimens from males not only of reproductive age, fur-
ther studies need to be conducted to elaborate on this
topic. Moreover, a recent report confirmed the ESRI
and PELP1 presence in the human reproductive tract,
including in the nuclei of ciliated and non-ciliated cells
for ESR1 and principal cells of proximal epididymis for
PELP1 (Rago et al., 2018). As our results highlight the
SRC/PELPT correlation in testis, it cannot be ruled out
that these proteins may potentially be involved in ESR1-
mediated processes surrounding rete fluid resorption in
the testis, influence the composition of seminal fluids,
or anyhow in the regulation of spermatogenesis. Inter-
actions between PELP1-SRC-ESR1 seem feasible in the
above-mentioned processes, especially due to the fact
that the binding of PELP1 and ESR coordinates SRC-
mediated signaling to SRC’s SH3 and SH2 domains. It
is known that the SRC family kinases (SFKs), including
SRC (but also Yes, Fyn, and Lck among others) play a
role in cell polarity, in the testis spermatogonial stem cell
proliferation, cell adhesion or to influence the dynamics
of the blood-testis barrier in the seminiferous epithelium.
Even though the effects of ¢-SRC and c-Yes kinases
may considerably overlap, and their action is thought to
be limited to the cell matrix at the focal contacts, their
role in the testis cannot be denied (Xiao e al, 2013;
Xiao et al., 2019; Rago et al., 2018). It is also suggested
that SRC plays a crucial role in the 178-estradiol-induced
translocation of estrogen receptors from the nucleus to
the cell membrane (Lucas e al, 2008). Furthermore, the
ability of ESRs to simultaneously bind SRC and PELP1
results in the activation of a non-genomic pathway such
as c¢SRC/MAPK-pathway, which leads to enhanced,
phosphorylation-dependent ESR1 transcriptional activity
(Nieto et al., 2015; Batletta e al., 2004).
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Figure 8. Map of interactions in PELP1 modulation of estrogen receptor activity (cpb.molgen.de/CPDB/cyVis).
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The PELP1 biochemical interactions with other pro-
teins are complex and involve other kinases, such as
ATM, ATR, CDK2, CDK4, and PRKDC, in addition to
SRC (Fig. 8). The biochemical/enzymatic reactions with
these proteins directly influence PELP1 and, other pro-
tein complexes involved in estrogen signal transduction.
It seems that ESR1, but not ESR2 plays a crucial role in
the PELP1-mediated pathway.

Upon phosphorylation by SRC, certain cellular events
may be influenced by the specific cellular localization of
PELP1, SRC, and ESR1. Furthermore, it is important to
mention that the extent of SRC-PELP1-ESR1 interac-
tions in human testis may influence the availability of an-
other estrogen receptor GPER. However, it was not an-
alyzed in this study. These dependencies could modulate
the microenvironment for spermatozoa maturation in
different sites of the male reproductive tract, depending
on the availability of certain receptors and their co-reg-
ulators in the tissue area of interest. It was shown that
SRC phosphorylation at Tyr529 deactivates the protein
function (Gonfloni e al, 2000). The Tyr529 phospho-
rylation status is closely related to the autophosphoryla-
tion of Tyr418, which determines the SRC activity (Xiao
et al., 2017), leading to complex conformational changes
(Gonfloni ez al., 2000). As a consequence SH3 domain of
SRC ceases to be strongly associated with the linker of
the SH2 domain and the catalytic domain and becomes
more accessible to other ligands (Xiao ¢f al., 2017). Con-
sistent with this idea would be the fact that we observed
differences in the SRC and pSRC expression pattern, as
this protein works bidirectionally upon phosphorylation
status (Gonfloni e @/, 2000). Differentiated expression
patterns of SRC and pSRC in testis and epididymis, ob-
served in our study, could be reflected in the modulation
of cell events, such as cell maturation and migration,
mediated by other signaling pathways (Xiao ez al., 2017).
Therefore, investigations of the molecular consequences
and the role of these phenomena in the male reproduc-
tive tract should be further conducted.

Regarding ESR2 expression in the testis, ESR2/
SRC correlated positively with ESR2/PELP1. Moteo-
vet, ESR2/SRC had a strongly negative correlation with
SRC/PELPT. Undl 2018, common knowledge regard-
ing ESR2 indicated its ubiquitous expression in the male
reproductive tract. However, more recent investigations
have questioned antibody specificity for immunohisto-
chemical localization of the receptor (Hess & Cooke,
2018), and therefore data concerning ESR2 distribution
needs to be re-evaluated. Furthermore, it is worth point-
ing out that ESR2 knock-out animal models are more
limited than ESR1 ones. Recent studies confirmed ESR2
expression only in ciliated cell nuclei of the efferent
ductules and in a few epithelial layer cells in proximal
epididymis (Rago e al., 2018).

Additionally, it cannot be excluded that PELP1, SRC,
and ESR2 also take part in maintaining the function of
the efferent ductule epithelium, especially as it was re-
ported that some of the expressed genes contain both
EREs. The PELP1 function may depend on other pro-
teins’ tissue-specific availability, including ESR1, ESR2,
and SRC. The expression level of these proteins may be
one of the limiting elements of the entite PELP1-medi-
ated signal transduction pathway. As shown in Figure 8,
some more proteins, enzymes, and factors influence this
signaling network. Our results showed a differentiated
expression ratio of analyzed genes, which could result
from tissue-specific availability of, e.g., transcription fac-
tors. However, since androgen response elements were
also identified in this location, it is clear that a hormo-

nal milieu (estrogens vs. androgens) is likely required for
maintaining the proper epithelial function. For example,
the testosterone metabolite 5a-androstane-383-173-diol
(3B-diol) was shown not to bind the androgen recep-
tor but bind ESR2 with higher affinity than it does for
ESR1. Therefore it could mediate ESR2 activity in the
testis and maintain epithelial function (Hess ez al., 2021).
We speculate that SRC and PELP1 could be somehow
involved in this phenomenon.

In the epididymis, we noted very strong positive cor-
relation ratios of ESR7/ESR2 with ESR7/SRC and
ESR7/SRC with ESR7/PELP1. These observations
could suggest SRC kinase and PELP1’s morte intense
involvement in ESR1 function in the epididymis. Im-
munohistochemical staining in our study indicates strong
PELP1 expression in the nuclei of the principal cells
of the efferent ductules epithelium. Other studies have
shown that acute morphological changes, such as epi-
thelial degeneration, may occur due to distrupting ESR1
function in the efferent ductules. As SRC and PELPI
seem to play an important role in modulating epididy-
mal epithelial function, it cannot be excluded that im-
paired SRC-PELP1 interaction caused by, for example
antiestrogens, may lead to a blockage of ESR activity
in the efferent ductules, and consequently to the inhibi-
tion of fluid reabsorption (Hess et af, 2021). PELP1 is
a scaffolding protein that enhances transcriptional activ-
ity by assembling crucial protein partners. We localized
its presence in the principal cells of proximal epididymis.
Thus, its function may depend on the availability of co-
occurring factors in the local environment. That being
said, the activity of PELP1 and other estrogen pathway-
related proteins should be considered holistically (Rago
et al., 2018). It is worth pointing out that previous lit-
erature focuses on the exploration of ESR7 expression
patterns in the epididymis.

On the other hand, difficulties in establishing ESR2
expression are most likely caused by methodological
obstacles concerning the ESR2 distribution in the male
reproductive tract, and a literature review examining the
expression of both ESRs in the epididymis has brought
contradictory results (Cunha e# al., 2021; Davis & Peatl,
2019; Aprea et al., 2021; Hess, 2014; Hess et al., 2021).
Most studies in mammals report that ESR1 distribu-
tion is species-dependent, while ESR2 expression can be
found the entire length of the efferent ductules (Hess
et al., 2021; Hess & Cooke, 2018). Animal models have
shown that ESR1 may play a prominent role in the spe-
cific cell types of the epididymis, likely during fetal devel-
opment. However, the epididymal epithelium is reported
to have a much lower expression of ESR7, which would
likely have more significant direct estrogen and dual es-
trogen/androgen regulation in efferent ductules (Joseph
et al., 2011). Several studies suggest that estrogens play
a very important role in maintaining fluid resorption by
the epithelium of the efferent ductules, mostly »z ESR1
(Joseph et al., 2011; Hess et al., 2011; Hess, 2014). How-
ever, recent studies have not confirmed the presence of
ESR1 in the human epididymis, stating that it is ESR2
that is more prominent in this tissue (Rago ez al, 2018).
It appears doubtful, considering several studies that have
confirmed the presence of ESR1 in this tissue. There are
also papers indicating that the loss of ESR2 in knock-
out mice demonstrates no major effects on the devel-
opment of testes, efferent ductules, and epididymis. In-
terestingly, important long-term effects were seen in the
prostate and an increase in neonatal gonocytes, but not
in the adult testis (Cunha e @/, 2021; Davis & Peatl,
2019; Hess, 2014; Aprea et al., 2021; Hess ef al., 2021).
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Despite the contradictory findings regarding the ex-
pression of ESRys in the testis and epididymis, and
considering our results, we suggest that an ESR-SRC-
PELP1 relationship may be anywise important in con-
trolling some functions of these tissues. However, our
study proved the abundance of these proteins only and
not their interactions. It seems that not only the level of
gene expression and post-translational events influencing
protein expression in a specific tissue compartment are
important, but also the locally determined interaction be-
tween certain proteins and their expression ratios.

Finally, we acknowledge that our study also had some
limitations. Firstly, our investigation was limited by the
sample size. However, we did not find comparable data
in the literature investigating the expression of modula-
tors involved in the ESR-mediated pathways in the tis-
sues of the male reproductive tract. This study was lim-
ited by sample size, so conclusions should be interpreted
with caution. It is important to establish the proteins’
presence, localization, and interplay with other proteins
involved in estrogen-mediated signaling in a larger group.
However, since these proteins have many different part-
ners and functions, further analyses exploring estrogen-
mediated signaling and/or estrogen signaling stimula-
tion/inhibition analyses supported by colocalization stud-
ies are essential to determine the nature of these interac-
tions and the potential clinical repercussions of estrogens
in the male reproductive tract in the context of impaired
male fertility.
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Various high-efficiency hemodialysis techniques exist, including different
online high- volume hemodiafiltration (HDF) modes and expanded
hemodialysis (HDx) utilizing dialyzers with medium cut-off (MCO)
membranes. This study aimed to evaluate the efficacy of uremic toxin
removal among four modalities: () HDx, () pre-dilution HDF (PRE-HDF), (Il)
mixed-dilution HDF (MIX-HDF), and (IV) post-dilution HDF (POST-HDF), each
applied for 1 week in a randomized order. This research was a single-center,
prospective, open-label, exploratory crossover study. The reduction ratio (RR)
for small molecular toxins (urea and phosphate), a middle molecular toxin
(beta-2-microglobulin, p2M), a large-middle molecular toxin (Chitinase-3-like
protein 1, YKL-40), and a protein- bound uremic toxin (indoxyl sulfate, IS) was
evaluated during a single mid-week dialysis session. Twelve patients were
included, with an average age of 52.5 + 15.47 years and an average dialysis
duration of 42.05 + 31.04 months. The dialysis parameters, including; post-
dialysis weight, session duration, dialysate composition, blood and dialysate
flow; rates, dialysate temperature, and anticoagulation dosage, were
maintained consistently across all modalities. No significant differences in RR
for urea, phosphate, p2M, YKL-40, and IS were observed between the
treatments. Although the highest IS clearance, though not statistically
significant, was observed with POST-HDF and HDx, the differences were not
substantial enough to favor any particular modality as the most effective.

KEYWORDS

dialysis, hemodialysis, uremic toxins, extended hemodialysis, protein-bound
uremic toxins
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Comparison of uremic toxin removal between expanded hemodialysis and high volume online hemodiafiltrations in different modes.

Bdunbiovir] L. 2024 | Tois

BACKGROUND:

This study aims to compare the efficacy of uremic toxin removal between expanded hemodialysis (HDx) and high-volume online hemodiafiltration (HDF) in
different modes. The research focuses on assessing the effectiveness of these methods in removing a broad spectrum of uremic toxins to determine the most

efficient dialysis modality.

METHODS: A single-center, prospective, exploratory, open-label crossover study was conducted involving 12 patients. The study compared four high-efficiency
dialysis methods: HDx, pre-dilution HDF, mixed-dilution HDF, and post-dilution HDF. The reduction ratio (RR) of various uremic toxins, including small (urea,
phosphate), middle (beta-2-microglobulin), large-middle molecular (YLK-40), and protein-bound toxins (Indoxyl sulfate), was measured during mid-week dialysis

sessions.

RESULTS: The study found no significant differences in the reduction ratios of urea, phosphate, beta-2-microglobulin, YKL-40, and indoxyl sulfate among the four
dialysis methods. While there was a signal for better removal of YKL-40 and indoxyl sulfate with HDx, the differences were not statistically significant.

CONCLUSION:

Despite no significant differences in uremic toxin removal among the dialysis methods the potential advantages of POST-HDF and HDx, particularly in protein-
bound toxin clearance were found. These findings underscore the importance of considering individual patient needs and treatment goals when selecting a dialysis
modality. Further research with larger sample sizes is needed to confirm these exploratory conclusions and assess long-term clinical outcomes.

GRAPHICAL ABSTRACT

Introduction

Hemodialysis has seen substantial advancements, evolving
from low-flux to high-flux membranes, which are now standard
in chronic dialysis therapies (Palmer et al., 2012; Himmelfarb
et al., 2020). These technological improvements have led to the
development of advanced dialysis methods, such as
hemodiafiltration (HDF) in pre-dilution (PRE-HDF), post-
(POST-HDF), (MIX-HDF)
modes, as well as expanded hemodialysis (HDx) employing
MCO membranes.
clearance profiles, significantly improving the removal of a

dilution and mixed-dilution

These new methods have enhanced
wider range of uremic toxins, especially larger middle
molecules, which traditional high-flux dialysis failed to
eliminate effectively (Pedreros-Rosales et al, 2023; Zhang
et al,, 2022). The CONVINCE trial demonstrated that high-
volume POST- HDF, delivering at least 23 Liters per session, was
associated with a reduced risk of all-cause mortality compared to
conventional high-flux hemodialysis, especially among older,
non-diabetic patients with arteriovenous fistulas and no
history of cardiovascular disease (Blankestijn et al.,, 2023). In
Asian countries, PRE-HDF has also shown a potential for
high-flux
hemodialysis. A Japanese cohort study involving 5,000 patient

improved survival rates over conventional
pairs treated with either standard hemodialysis or pre-dilution
HDF indicated that PRE-HDF might offer better overall and
cardiovascular survival, particularly with high substitution
volumes (>40.0 L per session) (Kikuchi et al., 2019).

Smaller studies have suggested HDx might improve patient
quality of life and reduce symptoms such as restless leg syndrome

and pruritus (Zhang et al, 2022). However, a randomized
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controlled trial by Lee et al. found no significant
cardiovascular differences between HDx and POST-HDF (Lee
et al, 2021). HDx remains technically simple, similar to
conventional hemodialysis, which makes it increasingly
popular, especially in patients with high comorbidity, long
dialysis duration, or who are not candidates for kidney
transplantation. Although numerous studies have compared
different HDF techniques or HDx with individual HDF
modes, comprehensive comparisons among all high-efficiency
dialysis methods are scarce (Mitchell et al., 2023; Zakrzewska
et al,, 2024). This study aimed to evaluate the efficacy of all
available high-efficiency dialysis techniques at our center in
terms of solute clearance across a broad spectrum of

uremic toxins.

Materials and methods
Study design

This study was a single-center, prospective, exploratory,
open-label, crossover trial. The objective was to compare the
removal of uremic toxins across four high-efficiency dialysis
methods: (I) HDx, (II) online pre-dilution HDF (PRE-HDE),
(ITI) online mixed-dilution HDF (MIX-HDF), and (IV) online
post-dilution HDF (POST-HDF). Patients underwent each
modality for a week in a randomized sequence. The
effectiveness of toxin removal was determined by calculating
the reduction ratio (RR) for small molecular toxins such as urea
(MW 60 Da) and phosphate (MW 95 Da); a middle molecular
toxin, beta-2-microglobulin (f2M, MW 11,800 Da); a large
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middle molecular toxin, Chitinase-3-like protein 1 (YKL-40,
MW 40,000 Da); and a protein-bound uremic toxin (PBUT),
indoxyl sulfate (IS, MW 213 Da). Toxin reduction was evaluated
during a single mid-week dialysis session. The study followed the
Declaration of Helsinki’s guidelines and was approved by the
Medical University of Gdansk’s Ethical Committee (NKBBN/
479-759/2022; 18 November 2022).

Patients

Participants included adult patients with end-stage renal
disease (ESRD) who had been receiving standard high-flux
hemodialysis or online HDF (either pre- or postdilution)
three times per week for a minimum of 6 months. Eligible
patients had a single-pool Kt/V for urea (spKt/Vurea) greater
than 1.2, weighed between 60 and 89 kg, and had a dialysis
blood flow of at least 350 mL/min through a fistula or
arteriovenous catheter. Exclusion criteria included single-
needle dialysis, the use of temporary non-tunneled catheters,
poor compliance with dialysis procedures, hemodynamic
instability during dialysis sessions, life expectancy of less
than 6 months, hospitalization within the last 30 days, active
inflammation or cancer, liver cirrhosis, and hypoalbuminemia
(albumin <30 g/L).

Dialysis prescription and equipment

All dialysis treatments were performed using the Fresenius
5008 machine with the AutoSub Plus system (Fresenius
Medical Care, Bad Homburg, Germany). Online HDF
sessions were carried out with FX 100 high-flux dialyzers
(surface area: 2.2 m? UF coefficient: 73 mL/h x mmHg;
Fresenius Medical Care). HDx treatments utilized
Terranova 400 MCO dialyzers (surface area: 1.7 m* UF
coefficient: 48 mL/h x mmHg; Baxter, Alliston, ON,
Canada). Each dialysis session lasted 4 h, with a dialysate
temperature of 36.5°C. Blood flow and dialysate flow rates
were set to 350 and 500 mL/min, respectively. Dry weight was
verified using bioimpedance spectroscopy prior to the study.
Ultrafiltration for each session was adjusted based on the
patient’s interdialytic weight gain and fluid intake, along with
bloodline priming volume. Neither ultrafiltration nor sodium
profiling was employed. The dialysate composition was: Na
138-140 mmol/L; K 2.0-3.0 mmol/L; HCOs 32 mmol/L; Ca
1.25-1.5 mmol/L; Mg 0.5 mmol/L; Cl 110 mmol/L; glucose
1.0 g/L. Most patients (83.3%) used a potassium concentration
of 2.0 mmol/L, and 91.7% used a calcium concentration of
1.25 mmol/L. Heparin was administered as a bolus and a
continuous infusion according to current practices. Sterile,
non-pyrogenic substitution fluid was generated online via
ultrapure dialysate filtration. The AutoSub Plus system
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automatically adjusted the substitution and convection
based
transmembrane pressure, optimizing ultrafiltration while

rates on pressure pulse attenuation and
preventing excessive hemoconcentration. Dialysis settings,
such as post-dialysis weight, session length, dialysate
composition, and anticoagulation, were kept consistent
across all modalities. Medications remained unchanged

throughout the study.

Monitoring of uremic toxins
concentration

Blood samples for assessing toxin RR were collected before
and after mid-week dialysis session. Post-dialysis sample
collection was done at the dialysis session end from the
arterial needle after decreasing the blood flow rate to 50 mL/
min for 15s to avoid recirculation. RR of toxins was calculated by

1— cCpost 100
Cpre *

Cpre and Cpost refer to toxin concentration of pre- and post-

the following equation:

RR (%) =

dialysis session, respectively while BWpost is the body weight at
the of the Cpost
hemoconcentration as follows:

end session. was corrected for

cCpost

[+ (et

cCpost =

Laboratory measurements

Urea and phosphate in serum were quantified using routine
methods (Abbott GmbH Co.
Wiesbaden, Germany).

colometric and

Serum beta-2-microglobulin levels were determined with a
reagent kit (Abbott GmbH and Co. Wiesbaden, Germany). The
Alinity ¢ p2-microglobulin reagent utilizes latex particles
coated with IgG antibodies specific to human B2M, and
agglutination is measured via a turbidimetric method. The
detection limit was 0.110 mg/L, with an inter-assay CV of 4.1%
and an intra-assay CV of 4.2%. The measurement range was
0.97-2.64 mg/L.

Serum YKL-40 (CHI3L1) was quantified using the YKL-40
Human Sandwich ELISA Kit (Thermo Fisher Scientific Inc.).
This assay involves an anti-human YKL-40 antibody that binds
to YKL-40 in the sample, followed by the addition of a biotin-
conjugated detection antibody. The sensitivity was 10.83 pg/mL,
with an assay range of 78-5,000 pg/mL, an inter-assay CV of
7.2%, and an intra-assay CV of 2.3%. Serum YKL-40 (CHI3L1)
was quantified using the YKL-40 Human Sandwich ELISA Kit
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TABLE 1 Characteristics of the study group.

Gender (Men/Women) 11/1

Causes of ESRD (n/%)

Autosomal Dominant Polycystic Kidney Disease 4/33

Glomerulonephritis (primary or secondary) 3/25

Hypertensive nephropathy 2/17

Renal malformation 1/8

Interstitial nephropathy 1/8

Other 1/8
Age (years) 52.5 (15.5)
AACI (points) 45 (2.2)
Dialysis vintage (months) 42.5 (31.0)
Body Mass Index (kg/m?) 23.8 (3.6)
Weight (kg) 73.7 (14.2)
spKt/V urea 1.5 (0.3)
Hemoglobin (g/dL) 10.9 (0.9)
Albumin (g/L) 33.1 (4.9)

ESRD, end-stage renal disease; AACI, Age Adjusted Charlson Comorbidity Index. Data
are presents as mean (SD) or number (%).

(Thermo Fisher Scientific Inc.). This assay involves an anti-
human YKL-40 antibody that binds to YKL-40 in the sample,
followed by the addition of a biotin- conjugated detection
antibody. The sensitivity was 10.83 pg/mL, with an assay
range of 78-5000 pg/mL, an inter-assay CV of 7.2%, and an
intra-assay CV of 2.3%.

Serum indoxyl sulfate (IS) levels were determined using a
competitive ELISA kit (Fine Test'). In this method, IS in the
sample competes with the IS coated on the microtiter plate for the
binding sites of a biotinylated detection antibody. The resulting
colorimetric reaction was measured at 450 nm. The detection
range for the assay was 1.563-100 ng/mL, with an intra- assay
precision of 5.1% (low concentration: 3.16 + 0.16) and inter-assay
precision of 5.4%.

Statistical analysis

Continuous variables were expressed as means with standard
deviations (SD), while categorical data were represented as
percentages. The Shapiro-Wilk test was used to evaluate the
normality of continuous variables. The Wilcoxon signed-rank
test or ANOVA was utilized for repeated measures comparisons.
Statistical significance was considered at p < 0.05. All analyses
were performed using Statistica 13.3 (TIBCO Software Inc.; Palo
Alto, CA, United States).

1 http://www.fn-test.com
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Results
Characteristics of patients

12 patients met inclusion criteria and were enrolled to the
study, 11 men (92%) and 1 woman, in mean age of 52.5 +
15.47 years. Hypertension was diagnosed in 10 (83%) patients. A
description of the study group is presented in Table 1.

Dialysis parameters

Dialysis session time, blood flow rate, and dialysate flow rate
were constant during all modalities. All patients achieved the
minimum level of convection for high volume online HDF. Mean
(standard deviation) total convection for post-HDEF, pre-HDF
and mix-HDF were 25.6 (3.8), 61.5 (7.2) and 47.1 (11.4) L,
respectively. The arterial and venous dialysis pressure did not
differ between tested treatments. Detailed delivered dialysis
parameters are presented in Table 2. All patients in all
sessions have achieved high-volume convection defined
as >23 L of substitution fluid.

Effectiveness in the removal of toxins

No difference was seen in RR between treatments for small
middle and large molecules, neither for the protein bound uremic
molecule (Table 3). The best degree of IS clearance, although
statistically insignificant, was obtained during POST-HD and HDX.

The impact of studied blood purification modalities on the
removal of the toxins is displayed on Figure 1.

Figure 2 compares each treatment modality’s capacity to
remove a whole profile of molecules. Again, there was no
difference between modalities.

Discussion

The main purpose of all blood purification techniques is to
remove uremic toxins from the patient’s blood. Our study
showed no significant differences in uremic toxin removal
between the compared methods of high-efficiency dialysis.
Ensuring high-volume convection, i.e., 23 Liters (POST-HDEF),
60 Liters (PRE) and 45 Liters (MIX-HDF) on average, these
methods do not differ from each other in the clearance efficiency,
nor do they differ from hemodialysis using MCO membranes.

We analyzed a broad spectrum of uremic toxins, including
small-molecule toxins (urea), medium-molecule toxins (p2M),
large medium-molecule toxins (YKL-40), and toxins bound to
and proteins (IS). The proposed cross-over design study excluded
the influence of patient-related variability on the obtained results
and ensured the same technical parameters of dialysis, including
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TABLE 2 Delivered dialysis parameters during the study treatments.

10.3389/abp.2024.13715

PRE-HDF MIX-HDF POST-HDF HDX
Real Time min 240 240 240 240
Blood flow mL/min 350 350 350 350
Dialysate flow mL/min 500 500 500 500
Ultrafiltration L/session (SD) 2.45 (0.8) 2.29 (0.74) 2.19 (0.52) 2.33 (0.62)
Total convection L 61.5 (7.2) 47.1 (11.4) 25.6 (3.8) NA

Note: Ultrafiltration refers to the fluid removed from the patient during the dialysis session. Total convection is the total volume of fluid moved by convection during the session, which
includes both the patient’s dehydration volume and the volume of replacement fluid administered.

TABLE 3 Molecules reduction ratio, according to size and treatment modality, Data expressed as means (SD).

Urea

Pi

Molecule Size (Da) HDE-pre HDF-mix HDF-post 1500)¢ P-value
Urea 60 0.73 (0.1) 0.72 (0.06) 0.75 (0.07) 0.72 (0.06) 0.67
Phosphate 95 0.54 (0.16) 0.56 (0.08) 059 (0.11) 0.56 (0.12) 0.86
Beta-2-microglobulin 11.000 0.62 (0.15) 0.69 (0.13) 0.7 (0.1) 0.67 (0.06) 0.41
YKL-40 40.000 031 (0.12) 0.32 (0.12) 032 (0.14) 0.36 (0.19) 0.92
Indoxyl sulfate 213 036 (0.23) 0.40 (0.17) 0.40 (0.17) 0.49 (0.17) 0.51
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Mean reduction ratio of uremic toxins during the study treatments.

p2MG YKL-40 Indoxy! sulfate

its time, blood and dialysis fluid flow rate limited bias in

this regard.

The technical development of dialysis mainly resulting from
the introduction of high-flux dialyzers, dialyzers with MCO
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membranes and dialysis methods based on high-volume
convection has led to very effective removal of most uremic
toxins. This is especially true for small water-soluble compounds
with low molecular mass (<500 Da) whose reduction ratio during
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FIGURE 2

Comparative efficacy profiles of dialysis methods against specific toxins. This figure illustrates mean reduction ratio of uremic toxins during the

study treatments.

the dialysis is very high for most commonly used methods. The
ability to remove larger uremic toxins relies largely on the
convection amount. The high-flux dialyzer, when applied in
the standard hemodialysis, has a molecular mass cutoff of
25 kDa, being boosted up to 30 kDa in HDF mode. In our
study, we did not show significant differences between studied
treatments in the removal of urea, phosphate and p2M. The
degree of purification was high, exceeding 70% for urea. Previous
studies have shown slightly better clearance rate for small
molecules during POST-HDF compared to PRE-HDF, which
was explained by the smaller concentration gradient of these
toxins across the dialysis membrane in the later mode. These
toxins are removed during dialysis primarily by the diffusion
mechanism. In some studies, slightly better clearance was
observed during POST-HDF compared to PRE-HDF also for
medium size toxins (500-25,000 D) such as p2M or alfa-1
microglobulin (Duval-Sabatier et al., 2023; Meert et al., 2008).
The purification potential of MIX-HDF has been investigated
only in few studies, indicating that the removal of f2M is also
slightly better than in PRE-HDF and similar to POST-HDF (Park
et al,, 2021; de Sequera et al., 2013). In our study, f2M removal
during PRE-HDF was the lowest among the tested methods, but
the differences did not reach statistical significance. In previous
studies, HDF patients in the highest p2M tertile tended to have
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lower replacement fluid volume than patients in the middle and
lowest tertiles (Kanda et al., 2021). This points to an important
advantage of our protocol in which all techniques were applied to
the same patient. Careful selection of the study group allowed for
optimal convection in each applied method. Therefore we were
able to control important clinical confounders and our
conclusions on comparability between single sessions of all
used modalities are more reliable.

Large-middle uremic toxins (25-58 kDa) are important
molecules, the accumulation of which is associated with
numerous complications of chronic kidney disease and an
increased risk of cardiovascular complications. They are
poorly removed during hemodialysis using high-flux
dialyzers; some but unsatisfactory improvement has been
HDF methods with high-volume
convection (Rosner et al., 2021). The new class of MCO

membranes with a large pore radius of 5 nm and high

achieved in online

internal convection using in so called extended hemodialysis
were intended to provide more efficient clearance for these
toxins. Clinical studies in this area to date has yielded
inconclusive results. Some studies showed better removal of
large molecules involving A free light chains and YKL-40 as
compared to PRE-HDF (Kim et al., 2019), MIX-HDF
(Eiamcharoenying et al, 2022), and POST-HDF (Kirsch
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et al., 2017; Hadad-Arrascue et al., 2022). On the other hand,
other studies do not show differences between HDx and POST-
HDF in this regard (Garcia-Prieto et al., 2018; Maduell et al,,
2019a). Moreover, Maduell et al. showed no differences in
removal efficacy between HDx and POST-HDF analyzing the
global removal score, taking into account 6 different uremic
toxins (Maduell et al., 2019b). In our study, HDx showed
slightly better removal of YKL-40 compared to other
methods, achieving a clearance rate of 36%, though the
differences were not statistically significant.

Protein-bound uremic toxins (PBUTs) like indoxyl sulfate
(IS) and p-cresol sulfate are crucial prognostic markers.
Elevated
cardiovascular events and contribute to vascular diseases

serum levels of these toxins are linked to
such as arteriosclerosis, endothelial inflammation, oxidative
stress, and vascular calcification (Lin et al., 2015; Opdebeeck
et al., 2019). Despite their relatively small molecular weight,
PBUTs are poorly cleared during conventional hemodialysis,
even with high-flux dialyzers. Their removal is hindered by
their strong binding to plasma albumin, as only the unbound
fraction can pass through the dialysis membrane. In the
kidneys, PBUTs
secretion (Masereeuw et al., 2014). The efficiency of PBUT
removal during hemodialysis may depend on several factors,

are primarily eliminated via tubular

including dialyzer size, protein loss, dialysis duration, dialysate
flow rate, protein adsorption to the dialysis membrane, and the
extent of PBUT-albumin dissociation during contact with the
membrane (Sanchez-Ospina et al., 2024; Huang et al., 2009).
There was initial hope that high-volume HDF and HDx might
improve PBUT removal. However, prior studies have produced
mixed results regarding whether high- volume HDF is superior
to conventional HD (Abad et al., 2016; Panichi et al., 2017;
Krieter et al., 2010; Snauwaert et al., 2020; van Gelder et al,,
2020), and no substantial evidence has shown that HDx
increases PBUT clearance (Deltombe et al., 2015; Ronco
et al., 2017). No comparative studies exist that assess PBUT
removal across all high-efficiency modalities. In our research,
the highest IS clearance was observed with POST-HD and
HDx, although the difference was not statistically significant.

The novelty of our study lies in the fact that no previous
research has compared the efficacy of all forms of online HDF
and HDx in a single analysis. Our study also has several
strengths: 1) the crossover design was chosen to mitigate
interpatient variability; 2) basic dialysis parameters were
standardized across all treatment methods; 3) all HDF
modalities were performed at high volumes, which is
known to offer the best long-term outcomes; 4) the
removal rate was adjusted for hemoconcentration during
Our
suggesting that treatment selection should consider the

dialysis. findings have practical implications,
characteristics of uremic toxins. However, we acknowledge
the limitations of our study. The study population may not

reflect a typical European dialysis cohort, as we only included
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one woman, potentially affecting the homogeneity of the
group, though the crossover design should minimize this
issue. Another limitation is the small sample size, which
may have prevented some differences from reaching
Additionally, the
reduction ratio during only a single dialysis session. Future

statistical ~ significance. we analyzed

research could benefit from assessing the long-term effects of
A valuable
complement to the analysis would be a comparison of the

these modalities on toxin concentrations.
treatment effectiveness of the tested high-efficiency methods
to the results obtained during standard hemodialysis. The
influence of hemoconcentration on the concentration of all
toxins and their reduction ration was taken into account in the
study. For this purpose, toxin concentrations were corrected
taking into account the change in the patient’s weight during
dialysis but an important limitation of the analysis is the lack
of
Considering these limitations, the findings should be

hematocrit-based  hemoconcentration  calculations.
viewed as exploratory.

In conclusion, this study found no significant differences
in the clearance of a broad range of uremic toxins across four
high-efficiency dialysis methods—PRE-HDF, MIX-HDF,
POST-HDF, and HDx. While some trends were observed,
particularly in PBUT removal, these differences were not
substantial enough to recommend any one modality as the
most effective.
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The chemiluminescence (CL) methods unlike the other
methods of determining free radicals (FR) allow investi-
gating the kinetics of the derivation and recombination
of radicals/antioxidants, and thus the development and
attenuation of the process/processes after excitation in
time. However, these methods are of limited application
because the knowledge of the explored parameters is
insufficient (maximum intensity and integrated area un-
der the kinetics plot). The kinetics is studied by the CL
methods and a new parameter (IR-criterion) of analysis
of damping of the initiated CL dynamics has been intro-
duced. The IR-criterion parameter: identifies the relation-
ship between the rates of initiation and recombination
of peroxide radicals in blood-serum samples; allows the
full straightening of the CL curves; provides new infor-
mation in the considered pathological processes; can
serve as an additional universal characteristic of FR activ-
ity of blood serum in pathological processes.
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INTRODUCTION

Causal connectivity between pathological states and
lipid peroxidation has been analyzed in the scientific lit-
erature for a long time and serves as the subject of re-
search by many scientists.

The studies are performed in several directions. Some
of them are quantitative content analysis of oxidation
products such as diene conjugates and malondialdehyde
(Varesti et al., 2022; Eggen et al., 2022; Chen et al., 2022).
Other methods include spectral (Rubio e 4/, 2021) and
photometric analysis (Reidy ez a/, 2023). In this case, one
cannot ignore the research methods of the antioxidant
status (Bojarczuk ez al., 2022), because antioxidants inhib-
it oxidation processes. All the above-mentioned methods
are methods for testing the end-products of oxidation.
Only the chemiluminescence methods provide opportu-
nities to study the oxidation dynamics and branching of
the oxidation chain (Mas-Bargues ¢ al, 2022). The re-
combination of radicals R*, R*, leads to light (Damle e#
al., 2022). The electrons of these substances are in an
excited energy level during the transition to the basic
state and the substance is emitting the excess energy as
a photon. Exactly this emission is called CL (Li e al,
2022). Studying this process can provide much informa-
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tion about the processes occutring in the body (Oliynyk
2022).

Considering the benefits of the CL method highlights
the following aspects

The first aspect is sensitivity. The recombination of
radicals is responsible for the intensity of CL. (Romodin
2022; Colowick ez al., 1986). Therefore recombination of
radicals will determine the intensity of the glow of the
process and the presence of oxidative stress (OS) in the
body (Colowick ef al, 1986) and the CL methods are
sensitive. They reveal the influence of drugs on the body
and the quality of screening and monitoring therapeutic
manipulation (Kohno ez a/., 2008).

The second aspect is equally important; it is the speed
of analysis. CL. analyzers provide information for three
minutes, and do not require expensive and specific rea-
gents. In this case, bioliquids analysis as an estimation of
the oxidative status of the whole organism is meant, not
the surface CL methods of studies of a surface and local
detection of problems and ateas of defeat (Teruyama ef
al., 2022; Syed et al., 2021; Deepa et al., 2022).

The usage of luminol and metals of variable valence
greatly enhances the potential for utilizing and imple-
menting CL methods in laboratory research. One of the
applications is the investigation of the kinetics of initiat-
ed CL. The CL kinetics are initiated by adding hydrogen
peroxide to the bioliquid, followed by the occurrence
of glow kinetics. As with any typical laboratory analy-
sis, such studies should have quantitative characteristics
(Freyer et al., 2008). There are several such characteristics
identified:

— the intensity of the maximum peak Imax — defines
the maximum concentration of peroxide radicals
formed in the sample after the introduction of hydro-
gen peroxide;

— the area under the plot S — determines the total num-
ber of radicals formed during peroxidation processes.
These are two main features of the study. Also, there

are two additional numerical characteristics of kinetics:

the maximum angles of the increase and the glow re-
cession. They characterize the maximum rates of forma-

tion and recombination of radicals (Oldham ez 4/, 2000;

Rizzo et al., 2022; Kaczmarek, 2011; Wang ez al., 2016).

Yet, all these quantitative characteristics do not allow

conducting a qualitative analysis without studying the ki-

netics curves.

The initial use of the methods of investigation of ini-
tiated CL kinetics for the analysis of lipid peroxidation
was promising. However, they have not been widely in-
troduced into diagnostic laboratory practice due to some
issues:
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— the variability of curves of initiated CL

— these parameters (Imax, S) do not allow a quantitative
diagnosis of pathology ( Muller e al., 2013)

— at pathological stages, these parameters often overlap

— deviation of one of them does not always indicate pa-
thology

— getting two or more parameters in normal limits does
not ensure the absence of a pathological condition.
The present article is devoted to the finding of such

an additional quantitative clinical diagnostic criterion for

analyzing initiated CL kinetics.

MATERIALS AND METHODS

The method of initiated CL requires using eSO, to
study blood serum. Ions of variable valence make it pos-
sible to increase the intensity of CL by oxidation chain
branching. The temperature of the experiment was 38°C.

In experiments, we used fibrinogen-free BS of healthy
people and also patients with different pathological pro-
cesses. Blood samples for the experiments were taken in
the morning on an empty stomach. The initiated H,O,
(2%) CL BS in the solution (BS + FeSO,) (0.02 mM)
+ phosphate buffer) was investigated. We did not utilize
any additional radiation to initiate the luminescence. The
glow resulting from the chemical reaction was captured
using an FEU-79 photomultiplier. The electrical signal
obtained was then amplified and processed by a PC (re-
fer to Fig. 1).

More details on the experiment methodology and
equipment are available below in this article (Oliynyk,
2016; Chaichi e al., 2016).

Free radical oxidation involves three stages: initiation
with speed w, propagation, and termination (free radicals
combine to form stable molecules (with radiation of
excess energy) and prevent their further reaction with
other molecules (without light emission).

Overall, free radical oxidation can cause damage to
cells and tissues in the body, leading to various diseases
and conditions such as cancer, cardiovascular disease,
and aging. Antioxidants can help to prevent or reduce
the damage caused by free radicals by neutralizing them
and breaking the chain reaction.

The most significant influence on the CL process with
a lack of branching is introduced by the recombination
of radicals. Consequently, the emission intensity is pro-
portionate to the speed of that recombination:

I=nk[rdicals|? 1

where:

7 — the CL quantum efficiency

k — the constant of the speed of the peroxy radicals recombi-
nation

[tdicals] — the radicals concentration.

Since the recombination of FR mainly leads to ra-
diation. Initiation is characterized by a sharp flash, and
transition into the stationary condition is characterized
by a decrease in the CL intensity.

In Non-Stationary mode:

d[radicals]

o w; — nk [radicals]® (2)

where  is the constant of the rate of the radicals for-
mation.
/ — time moment.

We ignored all the intermediate reactions of peroxida-
tion therefore in the future we will use the above defini-
tion.

Integration of the given formula leads to the follow-
ing result:

1 [radicals]VE + V"{;:
=t

2.er_l.k!n [radicals]vk — \/w; B (3)

In Stationary mode, when our system stabilizes
d[radicals] =0 SO:
dr

[radicals],, = J% (4)

then we get

[radicals] + [radicals],, e <
[radicals] — [radicals],, Wi G)

substitute into (see Eqn 5):

I, [radicals].” p
I~ [radicals]? (©)

the final result:

I+
Inﬁ_—m—Zth_ik (7)

where:

— the time from the moment when hydrogen peroxide
was introduced

I — the emission intensity for the 7 time moment

I, — the emission intensity at the moment when intensity
becomes stationary (in our case after 70 seconds ).

So in (r,:n‘q*‘@) , rectification of the initiated CL ki-

VI-Tg
netics coordinates should take place.

BS is a complex heterogenecous environment and
therefore the process of oxidation and recombination
will be much more difficult for several reasons. Primar-
ily, the heterogeneity and presence processes of radical
hydration radicals. This will be shown in forthcoming
studies on spectrum analysis during the reaction of re-
combination of peroxide radicals.

Note that the kinetics of fluorescence and phosphores-
cence spectra often exhibit similar kinetic curves. Howev-
er, in the case of chemiluminescence, the glow occurs due
to the recombination of free radicals, such as peroxides,
which are formed as a result of a chemical reaction. The
subsequent process involves relaxation to the ground state
of the recombination products. In contrast, in fluores-
cence and phosphorescence kinetics (without observing a

Figure 1. Chemiluminometer.

1: Suvette with the sample; 2: Parabolic mirror; 3: Collective lens;
4: Photodetector device, which includes a system of detection,
amplification, conversion, analysis and signal output.
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chemical reaction), only relaxation to the ground state oc-
curs, as the molecule is excited during light irradiation of
the sample. If fluorescence and phosphorescence are uti-
lized to enhance the glow in the chemiluminescence reac-
tion, the proposed approach carries the same significance.

All the samples of BS at pathological conditions
were taken before medical treatment. The main task
of this study is to refute or confirm the theory that
chemiluminograms will be straightened in the specified
coordinates. That the tangent of the straightening angle
(IR-criterion) may vary depending on the pathology.

More than 774 chemiluminograms were analyzed,
but only a few pathological conditions were selected.
The criterion for choosing pathological conditions to be
analyzed was an attempt to combine viral, bacterial, and
fungal infections, and diseases of unknown etiology —
sarcoidosis. We did not include cancer — they will be the
subject of a forthcoming study.

Note: On each BS sample, we conducted a minimum
of three independent parallel experiments and made an in-
teresting discovery. When it came to Imax and S, we had
to discard results that deviated by more than 5% to avoid
false-positive outcomes. However, for the angle tangent,
such exclusion was unnecessary as the results did not dif-
fer by more than 5%. Thus, the relationship between the
rates of initiation and recombination of peroxide radicals
in the samples appears to be a more stable characteris-
tic than the area under the plot and the maximum inten-
sity of ICL. This suggests that in the analysis of 2,/w;k
, we have a more reliable parameter than Imax and S.
Nonetheless, chemiluminograms displaying a deviation of
more than 5% across all these parameters were rejected
since we also analyzed the average values for Imax and S.
Please refer to Iig. 2 for the calculation scheme.

Below we describe the division of patients suffering
from different forms and diseases into six groups:

1. Active forms of pulmonary tuberculosis 14 (four-
teen) people, the tuberculosis was diagnosed for the first
time (disseminated forms of tuberculosis).

2. Sarcoidosis 8 (eight) people.

3. Hepatitis 21 (twenty-one) people. Viral hepatitis
is not divided into subgroups. The group includes viral
hepatitis of the group A, B, C.

4. Influenza 20 (twenty) people. The blood sampling
was done after hospitalizing, the strain was not classified.

5. Asperhiloma 5 (five) people. Asperhiloma of the
lungs was investigated against the background of pulmo-
nary tuberculosis.

6. The control group of 51 (fifty-one) people.

RESULTS AND DISCUSSION

The differences in the results for I and S between

the control group and pathological conditions were not
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Figure 2. Scheme of conducting experiments and calculations in
each group.
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Figure 3. Typical view of a chemiluminogram of one of the sam-
ples of the control group.

always clear although these parameters were well corre-
lated between themselves within a group.
The group correlation coefficients:

1. Active forms of pulmonary tuberculosis — 0.944
2. Sarcoidosis — 0.88

3. Hepatitis — 0.84
4. Influenza — 0.95

5. Asperhiloma — 0.76

6. Control — 0.93.

This means that within a group the parameters Imax
and S are interrelated. The weakest correlation between
I,... and S values was observed in aspergilloma. This
could be due to the fungal infection and its stage, which
can cause changes in the ratio between primary and sec-
ondary radicals in the middle of the group. Similar devia-
tions were also observed in the middle of the group with
sarcoidosis and hepatitis. Chemiluminescence is a highly
sensitive parameter, and even the phase of the lesion can
affect the relationship between I and S wvalues, and
thus the correlation between them.

Figure 3 shows a typical view of a chemiluminogram
of one of the samples of the control group. The first
maximum appeared at 0.6—1 sec after the introduction of
H,0,. After this, the intensity of luminescence sharply
decreased.

In the control group and in all pathological processes,
there was no difference in the chemiluminogram view
(except the group of chemiluminograms for certain types
of cancer). All the chemiluminograms have an exponen-
tial character.

The confidence intervals of the main parameters for
each pathology (the maximum intensity and the area un-
der the plot) overlap with the confidence intervals of the
parameters for the control group. This indicates selective
sensitivity to the disease and low specificity of the cor-
responding criteria (see Table 1).

The analysis of chemiluminograms as to the coordi-
nates (:; Jn%) (see Fig. 4) showed the sttgjghtening of
chemiluminograms for the control eroup and in all patho-
logical conditions in coordinates (r; In :;f:%

X

) ) I+ I )
Let’s write the equation 7= 20wk in the form
Jy=at, where y=p2d= . The coefficient for the variable

(angle coefficient) a = 2,/w;k, is nothing but the tangent
of the angle of inclination of the straight line to the ab-
scissa axis. The 2yw;ks (IR-criterion) differs from the
control group under pathological conditions. Note that
we have not analyzed chemiluminograms of other bio-
logical fluids; the obtained results we can design only for
the blood serum tests (Table 1).
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Table 1. Average measured values for different groups.

Pathological conditions lhax £ M (MV)

S + m (mV*sec) IR-criterion+ m

Control group 1.76+0.07 18.91£1.21 0.081+0.021
Pulmonary tuberculosis 3.10+0.59 38.42+4.69 0.099+0.021
Sarcoidosis 2.72+0.57 46.98+3.85 0.099+0.023
Hepatitis 2.154+0.34 28.45+2.18 0.123+0.014
Influense 1.946+0.37 23.84+2.22 0.122+0.013
Asperhiloma 0.677+0.08 12.73+1.14 0.122+0.014
the total number of recombinant radicals in the sample
s . by eliminating the quanta of light is also much higher
g than the norm.
5| ) A large number of primary radicals is also observed
- with diseases such as hepatitis and influenza. 1 =2.154
ol mV — at hepatitis and 1.946 mV — at influenza, however,
the situation changes when we consider the total num-
|%8|%8 / ber of radicals recombinated by light emission («Hepa-
ra i 3F titis» S =28.45 mVXsec, «Influence» S=23.84 mV Xsec).
i [Eusten L At the same time, under these pathologies we sometimes
2k v e No Welgithy observed results falling into the normal range on these
: Intercept 0.07097
— Swpe 008194 parameters.
Resn Sun of Soumed i A totally different case was with tuberculosis compli-
1} ; .
j" R Squee(C00) 2ol cated by asperhiloma. In this case, both the number of
Ad R-Square 0.99482 . .+ . .
rimary radicals and secondary radicals recombined by
P ) 1y ¥
ol— L L L v . . light emission was below the norm. These effects can
10 20 ) 40 50 60 70 : S
i be caused by the four ways of reaction evolution in the

Figure 4. Dependence of ;. on the time for the ICL

curves.
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Figure 5. The confidence intervals of parameter 2/ Wk .

A significant increase in the parameters Imax and
S relative to the control group was observed only in
groups 1 (tuberculosis) (I at 76.14% (p<0.05), S at
103.17% (p<0.01)) and 2 (sarcoidosis) (I, . at 54.55%
(»<0.05), S at 147.17% (p<0.01)). Such an increase in-
dicates a significant increase of FR in the organism. We
know that a quick flash is responsible for the number
of primary FR formed in the organism. The primary
radicals include semihions, superoxides, and nitroxides.
The FR formed during the oxidation are consumed by
recombination with emissions of light. Note that under
the introduction of hydrogen peroxide into the samples,
in the control group and in all pathologies, it was ob-
served a significant level of CL 0.05-0.08 mV. When we
came to the plateau of chemiluminograms (in the simula-
tion, we considered this level as a steady state), this level
was higher than the original level — 0.1-0.7 mV. The
secondary oxidation processes that occur in the system
correspond to this level. The high level of the plateau
at tuberculosis and sarcoidosis indicates the significant
number of secondary radicals formed in the serum sam-
ples. These radicals include hypochloride, hydroxyl radi-
cals, and lipid radicals. The parameter S which indicates

sample:

1. the low level of radicals;

. the high level of antioxidants;

. non-radiative recombination of radicals;

. the luminescence quenching molecules’ environment.
All these four ways and mechanisms are equally pos-
sible and require further study.

The results for the angles tangents of straightening are
not homogeneous. In particular — in the IR-criterion, no
significant increase in tuberculosis and sarcoidosis was
observed. Also, there is an ovetlapping of the confi-
dence intervals in these diseases (Fig. 5).

A significant overlap of the confidence intervals is ob-
served between tuberculosis and control groups (p>0.75),
and between the sarcoidosis and control groups (p>0.75).
At the same time, no overlapping of confidence intervals
at hepatitis (»p<0.01), influenza (p<0.01), and asperhiloma
(»p<0.01) were found.

A significant and sustained increase of IR-criteria at
influenza, hepatitis, and asperhiloma was observed,
which indicates that in these diseases deviations towards
the initiation/recombination of peroxide radicals occut.
So, we can confidently apply this parameter as an ad-
ditional criterion to improve chemiluminogram analysis
in various pathological conditions, as well as the investi-
gation of processes of free radical oxidation (FRO) and
OS.

In modern biology, the activation of lipid peroxida-
tion is considered a universal response of living systems
to extreme factors. In general, the proxidant-antioxidant
status of the organism reflects the balance between the
two opposite actions, namely the antioxidant properties
(defence) and the formation of FR (damage). The influ-
ence of extreme factors (viruses, bacteria, xenobiotics,
radiation, etc.) leads to the rejection of their balance in
the prooxidant direction and the development of the so-
called OS (Paulsen ¢# al., 2013). On the one hand, FRO
at all stages of the course forms a series of products re-
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sulting from the interaction of FR with each other and
with biological macromolecules (Rahman, 2013). On the
other hand, the analysis of the kinetic profile has not ap-
peared as a universal factor in the process progress anal-
ysis. Important is the fact that the results of our investi-
gation comply with the data published in literary sources.
For example, the authors in (Wilson ez a/., 2009) point to
the fact that the FR play a significant role in the forma-
tion of lung fibrosis in pulmonary tuberculosis. This is
confirmed by our results, in particular, we observed the
increased levels of FR which caused an increase in both
CL intensity maximum and S parameter.

For tuberculosis, the rate constants of initiation-
recombination reactions are slightly different from the
norm. Pulmonary tuberculosis is a serious and conta-
gious illness that results from infection with Mycobac-
terium tuberculosis. It was studied in research the levels
of free radicals, antioxidant capacity, and lipid profile
in individuals who are afflicted with pulmonary tuber-
culosis (Vidhya ez a4/, 2019). When macrophages engulf
Mycobacterium tuberculosis, the bacterium prevents the
phagosome from maturing and fusing with lysosomes.
This allows the pathogen to survive and multiply inside
the phagocytic vacuoles, despite the hostile environment
created by reactive oxygen and nitrogen intermediates
produced by the macrophages. These highly toxic mol-
ecules, which include hydrogen peroxide, nitric oxide,
and peroxynitrite, are normally produced at low levels
during metabolic processes and are neutralized by anti-
oxidant systems in the cell. However, during infection,
their concentrations increase and cause damage to the
cell’s lipids, nucleic acids, proteins, and metal cofactors,
leading to mutagenesis, necrosis, and apoptosis (Dalvi ez
al., 2013) This may be due to a proportional increase in
both the primary and secondary FR (Meulmeester ef al,
2022) in the body.

Sarcoidosis also causes the OS. Our results reflect an
increase of the same parameters (I and S), therefore
the content of FR. Other authors (Boots et al., 2009)
point to the reduction of the blood serum antioxidant
status. The dependence of the rate of initiation of oxida-
tion and recombination of radicals in this case has not
changed, therefore the ratio of primary and secondary
radicals in this case corresponds to the norm.

Hepatitis has slightly different parameters. The sig-
nificantly increased level (2y/w;k) of primary radicals
against the background of reduclng the secondary oxi-
dation processes reveals the fact that the virus itself in-
duces reactive forms of oxygen (Farinati ¢z al., 2007). So,
we can predict an increase in oxidation rate constants
of oxidation initiation. Furthermore, the mitochondrial
dysfunction, observed in work (Moezzi et al., 2022), is
induced by the hepatitis C virus and dectreases the oxida-
tion of fat acids and accelerates the formation of reac-
tive oxygen forms causing fat accumulation in the liver.
This indicates that the number of secondatry radicals is
reduced, as well as the total number of FR, which fully
confirms our results.

Influenza is also characterized by increasing of prima-
ry radicals against the background of reducing the total
number of radicals in the organism. The indicator IR-
criterion increased at this pathological state to which we
also find the confirmation in the literature. In particular,
in (Andrés et al, 2022), the increase in reactive oxygen
forms under this pathological condition was emphasized.

Asperhiloma was the last interesting subject of our
study. Again, we observed a decrease in both primaty
and secondary radicals. Literature source (Ryoo e al,
2009) provides an interesting fact concerning the synthe-
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sis of connections based on the fermentation broth of
Aspergillus sp. FN070449 (KCTC 26428) with antioxi-
dant properties. So, the aspergillus infection as a com-
plication of tuberculosis may lead to a reduction of the
total number of FR. But at the same time, it increases
relative to the control group, that is the ratio of primary
and secondary radicals increases. The above considera-
tions prove, that the introduced critetion, quantitatively
and informatively shows the evolution of oxidative pro-
cesses in the organism and can serve as an additional
clinical diagnostic criterion for the quantitative analysis
of chemiluminograms.

Although the analysis of chemiluminograms did not
demonstrate selective specificity and sensitivity towards
pathologies, it is still a useful and relevant method for
evaluating the level of free radical processes in patients
and monitoring their dynamics (for the purpose of as-
sessing treatment effectiveness). Additional justification
is required for the analysis of fluorescence and phos-
phorescence kinetics. However, preliminary analysis sug-
gests that the fluorescence and phosphorescence kinetic
curves also align within these coordinates.

CONCLUSIONS

As a result of the analysis of chemiluminograms, we
introduced an additional quantitative criterion (IR-crite-
tia/ 2/w;k). The parameter introduced displays the angle
tangent of straightening chemiluminograms in the coor-
dinates(s; mgj_:%) This straightening was observed in

chemiluminograms under normal conditions and in path-
ological processes, with the exception of with the excep-
tion of chemiluminograms characterized by two peaks.
The basic assumption in the simulation was the absence
of a degenerate chain FRO.

Through a comparative analysis of available publica-
tions, we found significant consistency between the data
of peroxide oxidation/free radicals and obtained by us
the new parameter. This suggests that this criterion can
be considered a complementary and independent param-
eter for estimating FRO.

Therefore, the investigation of the straightening of
chemllummogmms in the coordinates (; M reveals
promising perspectives for comparative rnomtormg of
pathological states and creates a new paradigm in the
study of the kinetics of initiated CL. This analysis will
enable the combination of parameters such as intensity
and area under the graph, providing an additional de-
scription of the rapid chemical transformations accompa-
nied by light emission.
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Candida glabrata is an important opportunistic human pathogen well known to
develop resistance to antifungal drugs. Due to their numerous desirable
qualities, antimicrobial lipopeptides have gained significant attention as
promising candidates for antifungal drugs. In the present study, two
bioactive lipopeptides (AF4 and AFs m/z 1071.5 and 1085.5, respectively),
coproduced and purified from Bacillus subtilis RLID12.1, consist of seven
amino acid residues with lipid moieties. In our previous studies, the reversed
phased-HPLC purified lipopeptides demonstrated broad-spectrum of
antifungal activities against over 110 Candida albicans, Candida non-albicans
and mycelial fungi. Two lipopeptides triggered membrane permeabilization of
C. glabrata cells, as confirmed by propidium iodide-based flow cytometry, with
Pl uptake up to 99% demonstrating fungicidal effects. Metabolic inactivation in
treated cells was confirmed by FUN-1-based confocal microscopy. Together,
the results indicate that these lipopeptides have potentials to be developed into
a new set of antifungals for combating fungal infections.
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Introduction

After Candida albicans, the most prevalent yeast species reported to have been
isolated from humans is Candida glabrata (C. glabrata). The past two and a half decades
have witnessed C. glabrata becoming one of the most predominant Candida species,
causing fungal infections (Chakrabarti et al., 2009; Lockhart et al., 2012; Benaducci et al.,
2014; Cleveland et al., 2015; Pappas et al., 2018; Naicker et., 2023). The reason behind this
steep upward trend of C. glabrata infections may be associated with geographical variation
and the rampant overuse of azoles (Richardson and Lass-Florl, 2008). Given the
prevalence of C. glabrata as the second leading cause of candidiasis infections,
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including oral candidiasis, candidemia, invasive candidiasis, and
urinary candidiasis (Esfandiary et al., 2012; Nash et al., 2016), it is
essential to understand the alarming 40% mortality rate
the
seriousness of this opportunistic human pathogen, especially

associated with C. glabrata infection underscores
in immunocompromised hosts (Rodrigues et al.,, 2014; Mota
et al., 2015; Nagayoshi et al., 2017). It has been recently reported
that C. glabrata has developed several strategies to survive and
thrive in its host cells and found ways to overcome antifungal
resistance to commonly used antifungals, which also contribute
to increased virulence (Pappas et al., 2018; Salazar et al., 2018).
Flow cytometry (FCM) has been one of the major techniques that
has successfully demonstrated its utility in determining the effect
of antimycotics on yeast cells, cell membranes, or mechanisms of
action when used with appropriate dye or fluorescent probes and
experimental conditions (Pore, 1994). In our previous study
(Ramachandran et al., 2018b), the antifungal susceptibility test
(AFST) analyses of the two lipopeptides were done according to
the CLSI guidelines. In this current investigation, the two
lipopeptide fractions (AF, and AFs) coproduced by Bacillus
subtilis RLID 12.1 were purified, and the main objective of the
study was to determine their membrane-permeabilizing effects
on the yeast cell membrane and metabolic activity at two
different peptide the
impermeant propidium iodide (PI) dye and two-colour FUN-

concentrations  using membrane-

1 stain.

Materials and methods
Microorganisms

The test strain C. glabrata ATCC 2001 was obtained from the
National Culture Collection of Pathogenic Fungi (NCCPF), Post
Graduate Institute of Medical Education and Research
(PGIMER) Chandigarh, India and maintained as 20% glycerol
stock at —80°C. The producer strain was also maintained as
glycerol stock at —80°C.

Extraction and purification of
antifungal compounds

For the purification of antifungal lipopeptides, cell-free
supernatant (CFS) was obtained after 60 h at 30°C of incubation
under stirring conditions of cells of the strain B. subtilis RLID 12.1.
The CFS was subjected to a three-step purification that included HCI
precipitation, solvent extraction using n-butanol, and silica gel
(mesh size 230-400) based adsorption chromatography using
proper ratios of methanol and chloroform. After the adsorption
chromatography, all the collected fractions were tested for antifungal
activity by spot-on-lawn assay against freshly grown C. glabrata cells
spreading on Sabourad dextrose agar (SDA) plates. The 5pL
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aliquots of fractions which showed the clear zones of inhibition
after 24 h of incubation were considered as bioactive fractions. These
bioactive fractions AF, and AFs were fractionated using the reversed
phased-HPLC system (Agilent Technologies, United States) at a
semi-preparative scale equipped with a variable wavelength detector
and an Agilent CI18 column (10mm x 250 mm, 5 pm)
(Ramachandran et al., 2018a; Ramachandran et al., 2018b). The
analytical scale HPLC profiles of AF, and AF; and their m/z values
are shown in Supplementary Figure S1.

Antifungal susceptibility testing (AFST)
against Candida glabrata

The minimum inhibitory concentrations (MICs) of the
purified antifungal lipopeptides AF, and AF; were tested
against C. glabrata ATCC 2001, according to CLSI guidelines
(M27-A2) (Clinical and Laboratory Standards Institute, 2008).
For antifungal assays, two-fold serial dilutions of each
drug were prepared in RPMI-1640 (pH 7.0 + 0.1) (with
L-glutamine and phenol red without sodium bicarbonate)
was buffered with 0.165M MOPS (morpholinepropanesulfonic
acid) (Himedia) and supplemented with 0.2% glucose. As
reference yeast strain for the AFST, C. albicans ATCC
24433 and the positive control amphotericin B (AMB)
(HiMedia, India) were used.

Pl uptake assay by flow cytometry (FCM)

To study the impact of novel antifungal lipopeptides on
membrane integrity, lipopeptides AF, and AFs (8 and 16 mg/
L), and AMB (x1 and x2 MIC) were added to Candida cell
suspension (1 x 10° CFU/mL) in RPMI 1640 and incubated at
37°C for 18 and 5h, respectively, in shaking conditions
(Gokahmetoglu et al., 2003; Seyedjavadi et al., 2020). Two
types of controls were used in the study: negative controls
consisting of untreated cells, and PI positive controls, treated
with 70% ethanol for 30 min. Post-incubation, the cells were
harvested, washed with 1x phosphate buffered saline (PBS), and
stained with PI at a concentration of 7.5 ug/mL for 20 min.
Unstained and untreated cells were sampled and analysed in
the beginning. Flow cytometry analysis was performed on
30,000 events using a FACSMelody flow cytometer with a
488 nm laser line and a 586 nm filter with PI detection.

Viability (CFU) assays

Prior PI staining, aliquots of yeast cultures (both untreated and
treated) were collected, serially diluted in sterile 1xPBS, and plated in
duplicate on SDA plates (Chaturvedi et al., 2004; Ramesh et al.,
2023). The plates were incubated for 24 h at 37°C, colonies were
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FIGURE 1

The effect of the lipopeptide AF, on the cell membrane permeability of C. glabrata 2001, measured by Pl uptake. Experiments recorded forward
scatter, side scatter, and the percentage of Pl-stained cells, and the data was analyzed using the software FlowJo version 10.8.1. The

histograms related to PI fluorescence intensity were split into two quadrants, i.e., one with Pl negative cells (viable cells), and another with PI-
positive cells (membrane compromised cells). (A) Flow cytometry analysis of membrane permeabilization assay by Pl uptake. (B) The side
scatter versus Pl plot shows the shift of population of Pl-positive cells along the x-axis. (C,D) Confocal images of C. glabrata cell membrane
integrity treated with AF4, AFs and AMB monitored by Pl uptake (Left panel, magnification 60 X 2 and, right panel 100 x 2, respectively). A few

cells in the field as indicated by white arrows are non-viable.

counted, and findings were represented as the percentage reduction
in CFU/mL compared to the growth in the untreated sample.

Confocal laser scanning
microscopy (CLSM)

The CLSM analysis was performed using PI (ThermoFisher,
United States) and [2-chloro-4-(2, 3-dihydro-3-methyl-(benzol-
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1, 3-thiazol-2-yl)-methylidene)-1-phenylquinolininum iodide]
FUN-1 (ThermoFisher, United States) (Chan et al., 2011;
Zhang et al,, 2018). Cells were treated with AF,/AFs (8 and
16 mg/L) for 18 h, AMB (1 mg/L) for 5h, and untreated cells
were used as control. Post-treatments, cells were harvested and
resuspended in 1xPBS, following which staining with PI (7.0 pg/
mL) for 20 min in the dark and washing with 1xPBS were done.
FUN-1 at a final concentration of 5 uM was prepared in 10 mM
glucose-HEPES (GH) buffer, and cells were incubated in (GH)
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FIGURE 2

The effect of the lipopeptide AFs on the cell membrane permeability of C. glabrata 2001, determined by PI uptake. (A) Flow cytometry analysis of
membrane permeabilization assay. Cells were treated with AFs (8) and (16) mg/L compared with the control (untreated). (B) The side scatter versus Pl
plot shows the shift of population of Pl-positive cells along the x-axis. Density plot of Pl uptake by C. glabrata cell populations of a) unstained, b)
control, and c) and d) AFs (8) and (16) mg/L treated cells, respectively, along with e) 70% ethanol. Ethanol-treated cells exhibited a high permeability to
P1(99.99% cells stained). (C) Confocal image (x200 magnification) showing cells stained with FUN-1, the AF,4, AF5 and AMB treated cells are without
discernible and red fluorescent CIVS and show yellow-green fluorescence in the merged channel, representing metabolically inactive cells
compared to untreated cells. The inset images show non-viable cells from another field
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buffer with FUN-1 stain for 30 min (Pina-Vaz et al., 2001;
Kwolek-Mirek and Zadrag-Tecza, 2014; Yan et al, 2019).
Treated and untreated cells were imaged with an Olympus
FV3000 (Japan) microscope at 60 x 2 and 100 x 2
magnifications for PI-stained cells and 100 x 2 for FUN-1
stained cells.

Statistical analysis

Experiments were performed in three individual times
with two technical replicates. Data are presented as the
means *SD values and, One-way ANOVA statistical
analysis was done in the Graph-pad prism Software
version 9.3.1.

Results and discussion

The MICs of two lipopeptides and AMB (used as the
standard antifungal) against C. glabrata were determined to
be 4 mg/L and 1 mg/L, respectively. The results agree with the
previously determined MIC values (Ramachandran et al,
2018b; Ramchandran et al,, 2020). To gain more insights
into lipopeptides’ membrane permeabilizing potential, we
performed PI uptake assays using 8 mg/L (x2) and 16 mg/L
(x4) MICs as determined by the AFST for C. glabrata ATCC
2001. FC results were expressed as the fluorescence intensity
(FI) of PI-stained yeasts. AF, and AF; treatments caused cell
membrane disruption in C. glabrata cells, as seen by the
enhanced fluorescence that resulted from PI uptake. In cells
treated with AMB, AF,, AFs, and 70% ethanol, the increase in
PI-fluorescence is manifested as a distinct shift of the peak
along the x-axis (Figures 1A, B) and (Figures 2A, B). The
histograms pertaining to all flow cytometry assays where C.
glabrata ATCC 2001 cells were stained with PI after being
exposed to AMB for 5h (Gokahmetoglu et al., 2003) at 1 and
2 mg/L and AF,/AF; (8 and 16 mg/L) for 18 h have been shown

10.3389/abp.2024.11999

in Figures 1A, 2A. All the events of FC population density plots
have been shown in Figures 1B, 2B.

Significant congruence was found when comparing the
proportion of PI uptake with the drop in CFU/mL among
AF, treatments. A substantial association was observed between
the percentage PI uptake estimated in flow cytometry and the
percentage reduction in plate counts, presented in tabular form
(Table 1) to summarize the findings. Cells unexposed to
lipopeptides showed very negligible fluorescence, as
evidenced by the PI uptake percentage graph (Figure 3). At
8 mg/L, the AF,-treated C. glabrata showed an average of
81.92% PI-positive cells and 99.90% CFU reduction, better
was the observation in AF4-(16 mg/L)-treated C. glabrata
cells, where 99.51% PI-positive cells were noted and a CFU
reduction of 99.97% recorded (Figure 3; Table 1). At 8 mg/L, the
AFs-treated C. glabrata showed an average of 92.14% PI-
positive cells and 99.4% CFU reduction. However, AF;-
(16 mg/L)-treated C. glabrata cells showed 81.35% PI-
positive cells, and the CFU reduction of 99.92% was
recorded, indicating that AF5 even at a 2-fold concentration,
did not show more membrane permeabilization and increased
fungicidal effects. This may be due to the hydrophobic
aggregation of AFs lipopeptide at higher concentrations
(Ramchandran et al.,, 2020). In AMB (1 and 2 mg/L)-treated
cells for 5h, only 20.02% and 26.06% PI-positive cells were
detected, respectively. The increase in the fluorescence intensity
percentage observed in yeast cells treated with higher AF, and
AFs (8 mg/L) concentrations agreed with the positive control
values, indicating potential antifungal activity. In comparison,
untreated cells showed negligible fluorescence.

Candida cells exposed to AF4/AFs (8 mg/L) displayed PI
uptake as evident from red fluorescence, indicating cell
membrane damage and hence permeabilization [Figure 1C
(x120) and Figure 1D (x200)] magnifications. Since the
formation of cylindrical intravacuolar structures (CIVS)
needs metabolically active cells with undamaged plasma
membrane, the presence of yellow-green fluorescence
(Figure 2C) in FUN-1 stained cells instead of red

TABLE 1 Correlation between Pl uptake percentage from flow cytometry and plate count.

Drug (concentration)

PI uptake (%)

Plate count

Reduction (%)

Log reduction

AF, (8 mg/L) 81.92 + 8.7 SD 3.03 99.90 + 0.79 SD
AF, (16 mg/L) 99.51 = 0.07 SD 3.64 99.97 £ 0.59 SD
AFs (8 mg/L) 92.14 + 6.8 SD 2.25 99.44 + 0.82 SD
AFs (16 mg/L) 81.35 £ 12.8 SD 3.10 99.92 + 2.1 SD
AMB (1 mg/L) 20.02 + 6.7 SD 4.12 99.99 + 0.53 SD
AMB (2 mg/L) 26.06 = 6.02 SD 4.43 99.99 + 0.56 SD
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The histogram analysis in the graph shows the percentage of PI-
positive C. glabrata cells upon (AF4/AFs) antifungal treatments.
Ethanol-treated yeast cells exhibited a high permeability to Pl
(99.99% of cells stained). P-values (****p < 0.0001) indicate
statistically significant differences from the effects of AF, and AFs
-treatments and control (untreated). Statistically significant
observations were made between AMB-treated cells and control
used during AMB-treatments.

fluorescence in lipopeptide-treated cells clearly indicates the
loss of membrane integrity, metabolic activity, and cell death
(Millard et al., 1997). The cell deaths are quite evident from the
log reductions of 3.03 and 3.64 CFU/mL by AF, (8 and 16 mg/
L). In the lipopeptide-treated and AMB-treated cells CIVS were
not observed. Collectively, it may be surmised that the prime
targets of AF, and AFs might be the components of the cell
membrane (Ramesh et al., 2023). The presence of a long acyl
chain in antifungal cyclic lipopeptides such as iturin and
fenzycin enables oligomer formation and subsequent
insertion into the plasma membrane (Malina and Shai, 2005)
and the organisation of aggregates in biological membranes
triggering early membrane damage and membrane
disintegration was also reported by Horn et al. (2013). The
preliminary mechanism of action on the yeast cell membrane
has been schematically depicted in the Supplementary Figure
S2. Taken together, the results revealed that two lipopeptides
demonstrated remarkable fungicidal effects on C. glabrata cells
with enhanced cell membrane permeability, and damage.
Consequently, the findings positively indicate that the
lipopeptides AF, and AFs hold considerable promise as

prospective antifungal agents.
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Intrauterine development is a key period in human life.
The foetal progress largely depends on the function of
the placenta, whose responsibility is transportation and
biosynthesis of fatty acids. Desaturation enzymes play a
key role in placental fatty acid metabolism. Expression
of genes coding for desaturases may be associated with
pregnancy abnormalities. The objective of this study
was to determine the transcriptional activity of the pla-
cental genes Fatty Acid Desaturases 1, 2 and 3 (FADS
1, 2 and 3) in women who gave birth to the infants ap-
propriate for gestational age, large for gestational age,
small for gestational age, with intrauterine growth re-
striction and born preterm. 34 pregnant women aged
21-37 years old participated in the study. The placental
samples were taken from a site located 2-3 cm away
from the umbilical cord attachment. The collected tissue
sections were stored in RNAlater according to the manu-
facturer’s protocol, until required for molecular analysis.
The expression profiles of FADS1, FADS2 and FADS3 were
determined with RT-qPCR. There was no difference in
FADS1 and FADS2 expression between the groups. How-
ever, the differences in the expression of the FADS3 were
found. Analysis of the FADS1, FADS2 and FADS3 tran-
scription showed significant differences between most
of the examined groups. Our findings suggest that the
transcriptional activity of FADS genes changes with the
severity of intrauterine disorders and is associated with
foetal lipid disorders linked to a greater accumulation of
fat in the foetal tissues.
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INTRODUCTION

Intrauterine foetal development is a critical period in
human development. Subsequent health, susceptibility to
diseases, intelligence, and many other factors are depend-
ent on this foetal stage (Bobinski & Mikulska, 2015).
The placenta plays a key role during pregnancy. It con-
trols metabolic processes on the hormonal pathway be-
tween the organisms of the mother and child — includ-
ing oxygenation and supplying the foetus with building
and energy substrates (Bobifiski ez a/, 2013; Bobinski &
Mikulska, 2015). Placental abnormalities lead to prema-
ture births with varying degrees of foetus malnutrition
(e.g., intrauterine growth restriction, IUGR), as well as
the birth of small for gestational age (SGA) or large for
gestational age (LGA) babies. Fatty acids (FA) are one
of the most important ingredients that determine proper
intrauterine development. They are responsible for the
structure of the child’s nervous system, development
of cell membranes, structure and function of the retina
as well as fulfilling many other metabolic and struc-
tural functions (Helland ez a/, 2003; Gale ¢z al., 2008).
The diversity of FA functions results from the high het-
erogeneity of their structure, determined by the number
of carbon atoms and the number and location of un-
saturated bonds in the carbon chain. The source of FAs
for the developing foetus is the mothet’s diet (Herrera,
2002; Cetin ef al., 2009a), the release of FA from depos-
its in maternal tissue (Prentice & Golberg, 2000), the
endogenous biosynthesis of FA by the mother and later
— foetal FA synthesis (Clandinin e 4/, 1981). The pla-
centa is primarily responsible for the maternal-foetal me-
tabolism of FA; this includes transportation of the FA
from mother to foetus, as well as placental FA biosyn-
thesis and modification. Placental transfer is determined
by numerous factors, such as the mother’s health, condi-
tion of the foetus, transport efficiency of the placenta
and diet during pregnancy (Cetin ¢f af, 2002; Haggarty
2002; Cetin et al., 2009a). Some placental disorders can
impair FA metabolism, and this may lead to intrauter-
ine foetal developmental disorders and a predisposition
to numerous diseases after birth. Changes in the activ-
ity of the enzymes responsible for the desaturation of
essential fatty acids (EFAs) seem to be particularly im-
portant in the maternal-foetal homeostasis. The first
of these is delta-5 desaturase (D5D) [EC 1.14.19.44],
encoded by the fatty acid desaturase 1 (FADS1) gene.
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This gene is clustered with its family members at 11q12-
q13.1 (Lattka es al, 2010). This desaturase plays one of
the key roles in the biosynthesis of long-chain polyun-
saturated fatty acids (L-CPUFA) of both the n-3 and n-6
families. D5D introduces a cis double bond at carbon
5 into dihomo-gamma-linoleoate (DGLA) (20: 3n-6) and
eicosatetracnoate (ETA) (20: 4n-3) to generate arachido-
nate (AA) (20: 4n-6) and eicosapentaecnoate (EPA) (20:
5n-3), respectively. The second important enzyme in the
biosynthesis pathway of L-CPUFA is delta-6-desaturase
[EC 1.14.19.3]. It introduces a double cis bond at carbon
6 in linoleic acid (LA) (18: 2n-6) and alpha-linolenic acid
(ALA) (18: 3n-3). As a result of this reaction, gamma-
linoleate (GLA) (18: 3n-6) and stearidonate (18: 4n-3)
are formed, respectively (GeneCards The Human Gene
Database, Weizmann Institute of Science, Israel., 2020a).
The third representative of desaturases is the delta (13)
desaturase (D13D) enzyme (EC 1.14.19.-) encoded by
the FADS3 gene. D13D introduces a cis double bond in
(11E)-octadecenoate (trans-vaccenoate) at carbon 13 to
generate (11E, 137)-octadecadienoate, likely participating
in the biohydrogenation pathway of LA (GeneCards The
Human Gene Database, Weizmann Institute of Science,
Israel., 2020b). Under normal conditions, the activity of
these enzymes remains in a delicate dynamic balance,
maintaining the biosynthesis of L.-CPUFA n-3 and n-6 at
the appropriate level. Disturbance of enzymatic activity,
which may be caused by altered transcriptional activity
of FADS genes, may contribute to the loss of control
over the biosynthesis of the membrane phospholipids
and DHA — the key lipids for the development of the
foetal nervous system (Otto ez a/, 1997), as well as the
loss of control over the metabolism of inflammatory li-
pids, such as prostaglandin E2 ,which is critical for acute
inflammatory response, maintenance of epithelial homeo-
stasis (Challis e# a/, 2002) and metabolic disorders, such
as diabetes, lipid disorders, cardiovascular diseases, etc.
(Cetin e al., 2002). The processes controlled by these
desaturases are extremely important for the intrauterine
development of the foetus, especially for the structure of
its nervous system. Therefore, the aim of the study was
to analyse the expression (at transcription level) of the
FADSI, fatty acid desaturase 2 (FADS2), and fatty acid
desaturase 3 (FADS3) genes.

MATERIALS AND METHODS

Study population

The research was conducted with the approval of the
Ethics Committee in Bielsko-Biala under approval no:

Table 1. Characteristics of the study population.

2016/02/11/4. All relevant guidelines and regulations
were adhered to, and informed consent was obtained in
writing from all the participants. The study population
consisted of 34 women who gave birth at the Provincial
Specialist Hospital No. 1 in Tychy, Poland. The preg-
nant women were recruited for the study during their
first visit to the hospital. The women were between 21
and 37 years of age. A description of the study popula-
tion is provided in Table 1.

To obtain a homogeneous group of women, the fol-
lowing inclusion criteria were applied (Bobinski ez al,
2013; Waksmaniska e al., 2017):

— Polish nationality (excluding naturalised Polish citi-
zens); single pregnancy; pregnancy I-III (parity consid-
ered);

— Stable socioeconomic status; married, secondary
level or higher education; living in a highly industrialised
urban region, both the women and their husbands hav-
ing a steady job;

— Consenting to participate in the study.

The following exclusion criteria were applied (Bobiniski
et al., 2013; Waksmanska ez al., 2017):

— Chronic diseases occurring before pregnancy, such
as pre-gestational diabetes; pathologies during the course
of pregnancy such as infections during pregnancy (any
kind of infection in the perinatal period, such as fever,
respiratory infections, urinary infections, etc.); miscarriag-
es and/or premature birth resulting in the death of the
child or developmental anomalies in the foetus;

— AIDS and sexually transmitted diseases;

— Adherence to a vegetarian diet, Mediterranean diet,
or any other special diet;

— Lack of consent by the mother to take part in the
research programme or withdrawal of consent during the
study.

Women who participated in the research programme
were classified into five groups according to the follow-
ing criteria:

— AGA Group (AGA — appropriate for gestational
age, n=9): healthy mothers, routine and uneventful preg-
nancy, full-term delivery neonates (bw 10-90th percen-
tile). Age (y) 27.524.3; BMI (kg/m? 22.6+4.2; delivery
(week) 39.611.1; neonatal weight (g) 3542.1£387.7; pla-
cental weight (g) 503.4£108; mode of delivery 8n/1cs;
Apgar score 9-10. AGA served as the control group.

— LGA Group (LGA - large for gestational age,
n=10): healthy mothers who gave birth to large for
gestational age neonates (bw>90th percentile). Age
(y) 29.2452; BMI (kg/m? 35.6%4.5; delivery (week)
41.8+1.3; neconatal weight (g) 4056.81411.2; placental
weight (g) 693.31124.9; mode of delivery 1n/8cs; Apgar
score 8-9.

AGA LGA SGA IUGR PTB

Age (Y) 27.5+4.3 29.2+5.2 29.1+5.1 25.6+5.7 27.8+4.1
BMI (kg/m2) 22.6+4.2 35.6+4.5 23.8+4.7 37.3+7.2 23.3+44
mlsrelivery (week) 39.6+1.1 41.8+1.3 38.2+1.1 34.5+1.9 36.8+1.0

Neonatal weight (g) 3542.1+387.7 4056.8+411.2 2297.5£149.9 1975.6£258.9 2398+432.8

Placental weight (g) 503.4+108 693.3£124.9 356.4+108 423.4+88.8 323.8+102
mlvlrode of delivery 8n/1cs 1n/8cs 6n 6¢s 3n
m/r\ngar Score 9/10 8/9 9/10 6/7/8 9/10

n=natural delivery, cs=caesarean section. Apgar Score measured after 1, 3 and 5 minutes.
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— SGA Group (SGA — small for gestational age, n=0):
healthy mothers who gave birth to full-term, but small
for gestational age, neonates (neonatal weight <10th per-
centile). Age (y) 29.1£5.1; BMI (kg/m?) 23.814.7; deliv-
ery (week) 38.2%1.1; neonatal weight (g) 2297.52149.9;
placental weight (g) 356.4%108; mode of delivery 6n;
Apgar score 9-10.

— IUGR Group (IUGR - intrauterine growth restric-
tion, n=6): mothers who gave birth to babies showing
characteristics of intrauterine growth restriction. In this
group, all ultrasound studies showed foetal growth re-
striction (bw <10th percentile). Age (y) 25.6£5.7; BMI
(kg/m? 37.317.2; delivery (week) 34.5£1.9: neonatal
weight (g) 1975.61258.9; placental weight (g) 423.41+88.8;
mode of delivery 6cs; Apgar score 6—8.

— PTB Group (PTB — preterm birth age, n=3): moth-
ers who gave birth prematurely at 32-36 weeks’ gesta-
tion to neonates whose weight fell in the 10-90th per-
centile. Age (y) 27.814.1; BMI (kg/m?) 23.314.4; deliv-
ery (week) 36.8%1.0; neonatal weight (g) 2398%432.8;
placental weight (g) 323.8£102; mode of delivery 3n;
Apgar score 9-10.

Women eligible for the study underwent three ultra-
sound examinations. The first ultrasound test was per-
formed between the 12th and 14th weeks of gestation,
the second between the 20th and 22nd weeks of gesta-
tion and the third one between the 32nd and 33rd weeks
of gestation.

Using ultrasound scans, the foetal weight and length
were determined primarily according to the gestational
age. The dimensions obtained at the 27th gestational
week were crucial and determined the appropriate way
to proceed with the delivery. Although usually the re-
sults of Doppler flow are not considered significant
for foetuses younger than 30-weeks, this test was per-
formed too on the foetuses at the 27th week. The foe-
tal dimensions were taken every 6—7 days and marked
on a growth chart. If the foetus was between the 10th
and 3rd percentile and its gestational age was above 27
weeks further ultrasound scans were conducted to as-
sess hypotrophy or intrauterine foetal growth inhibition
(IUGR) according to the radiological criteria. The ultra-
sound was used to measure the standard parameters of
so-called basic foetal biometry, including the bi-parietal
diameter (BPD), head circumference (HC), abdomen cit-
cumference (AC), and femur length (FL). The ultrasound
estimation of foetal weight and length were converted
into a growth chart.

Collection of the placentas

The placental samples were collected from a site ap-
proximately 2-3 c¢m away from the umbilical cord at-
tachment. For the research, we wanted to standardise
the site of collection to the place where blood supply to
the placenta was the highest, ensuring the highest meta-
bolic activity and a strong RNA expression. In our opin-
ion, taking samples from a different site would not give
a full picture of the expression of the genes tested. The
samples were collected immediately after birth and trans-
ported on ice to the laboratory. The transport time did
not exceed one hour. The samples were then weighed,
immersed in 1 ml RNAlater for 48 hours at 4°C and
then snap frozen.

RT-qPCR

Collected tissue sections were stored in RNAlater ac-
cording to the manufacturer’s protocol (Sigma-Aldrich,
St Louis, MO, USA) until required for molecular analy-
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sis. Total RNA was extracted using TRIzol reagent (In-
vitrogen Life Technologies, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. The concentration
and purity of the obtained extracts were assessed using
a MaestroNano MN-913 nano-spectrophotometer (Maes-
troGen, Inc., USA). The expression profiles of F.ADST,
FADS2 and FADS3 wete determined in the presence
of B-actin as an endogenous control by RT-qPCR using
SensiFAST SYBR No-ROX One-Step kit (Meridian Life
Science Inc., Memphis, TN, USA) and Opticon DNA
Engine Sequence Detector (M] Research Inc., Water-
town, MA, USA) according to the manufacturet’s instruc-
tions. The reaction was carried out using primer paits
specific for the sequence of each gene tested: FLADS7
(forward: 5 ATGATTACCTTCTACGTCCG 3, re-
verse: 57 TCAATGTGCATGGGAATATG 3°, amplicon
length — 149 bp), FADS2 (forward: 5 GATGAATCA-
CATCGTCATGG 3, reverse: 5 GTGCTCAATCTG-
GAAGTTAAG 3°, amplicon length — 139 bp), FADS3
(forward: 5 CAACATCTTCCACAAAGACC 3, re-
verse: 57 CTGGTTGTAGGGTAGGTATC 3, amplicon
length — 109 bp), ACTB (forward: 5> TCACCCACACT-
GTGCCCATCTACGA 3, reverse: 5 CAGCGGAAC-
CGCTCATTGCCAATGG 3, amplicon length — 295bp)
purchased in Sigma-Aldrich (St Louis, MO, USA). The
thermal profile of the RT-qPCR reaction included the
following steps: reverse transcription (45°C for 10 min-
utes), activation of the polymerase (95°C for 2 minutes),
41 cycles consisting of denaturation (95°C for 5 sec-
onds), annealing (60°C for 10 seconds), and elongation
(72°C for 5 seconds). A standard curve was plotted for
every run, based on which the Opticon DNA Engine
Sequence Detector (MJ Research Inc., Watertown, MA,
USA) calculated the mRNA copy numbers of studied
genes in each sample. The curves were drawn based on
the quantitative standard — B-actin (TagMan DNA Tem-
plate Reagent kit, Applied Biosystems, Foster City, CA,
USA) at five different concentrations (400, 800, 2000,
4000, 8000 copies of ACTB cDNA). Each run included
positive and negative controls and was completed by
melting curve analysis of each sample to confirm the
specificity of the reaction. The endogenous control as-
sessment together with the melting curve analysis were
the basis for including the results of the studied genes in
the comparative analysis. The results are presented as the
number of mRNA copies per 1 pg of total RNA.

The calculations were made in the statistical environ-
ment R ver.3.6.0, PSPP program and MS Office 2019.
Parametric tests (analysis of variance ANOVA) or their
non-parametric equivalents (IKruskal-Wallis test) were
used to analyse the quantitative variables broken down
into groups. The T-test and Wilcoxon pairs test were
also used. The selection of tests was based on the dis-
tribution of variables, which was verified by the Shapiro-
Wilk test.

There were no significant differences in B-actin
mRNA copy number between the control and study
groups, which indicates that B-actin can be used as an
endogenous control in this experiment.

RESULTS

FADS1 and FADS2

After checking the assumptions of normality, a non-
parametric Kruskal-Wallis test was performed to com-
pare the median in individual groups. In terms of the
FADST and FADS2 genes, the groups did not differ
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Figure 1. Box plot for FADS3 expression.
The y-axis represents the number of mRNA copies/1 ug RNA.

significantly (p>0.05). The AGA, LGA, SGA, IUGR and
PTB groups were therefore similar in terms of the distri-
bution of FADST and FADS2.

FADS3

After checking the assumptions of normality of the
distribution, it turned out to be possible to use the para-
metric analysis of variance ANOVA, to compare the av-
erage of the dependent variable in the individual groups.
In the FADS3 range, the groups significantly differed
statistically (p<0.05). Tukey’s post hoc test was pet-
formed to determine the groups whose means differed
significantly.

Significant statistical differences (p<<0.05) were ob-
served between the following groups: AGA and IUGR,
AGA and PTB, LGA and PTB, SGA and PTB, and
IUGR and PTB (shown in Fig. 1). In the AGA group,
the average values of FADS3 M were: 9149.67 in
the AGA group; 4713.50 for IUGR; 967.33 for PTB,
8487.60 for LGA; and 8580.83 for SGA.

In the next part of the analysis, the transcription lev-
els of the FADS1, FADS2 and FADS3 genes were ana-
lysed within each of the research groups (AGA, LGA,
SGA, TUGR, PTB) using Friedman’s test and Bonfer-
roni’s post hoc test.

a)

10000

X

5000

\ T
FADS2 FADS3

AGA Group

Friedman’s test showed statistically significant differ-
ences (p<0.05) between FADST, FADS2 and FADS3
expression levels within the AGA group. The mean
mRNA levels were M=2640.8 mRNA copies/1 ug RNA
for FADST, M=494.9 mRNA copies/1 ug RNA for
FADS2, and M=9149.7 mRNA copies/1 ng RNA for
FADS3 (shown in Fig. 2).

Bonferroni’s post hoc test was conducted to determine
which of the comparisons between groups were statisti-
cally significant (p<<0.05). Such differences were detected
between FADS1 and FADS3 and between FADS2 and
FADS3 groups.

LGA Group

Friedman’s test showed statistically significant differ-
ences (p<0.05) between FADS7, FADS2 and FADS3
expression levels within the LGA group.

The mean mRNA level for FADS7T was M=26063.2
copies/1 pg, for FADS2 8090.9 copies/1 ug RNA, and
for FADS3 M=8487.6 copies/1 pg RNA (shown in
Fig. 3).

The Bonferroni test identified that statistically signifi-
cant (p<0.05) comparisons were between FADS1 and
FADS?2, and between FADS1 and FADS3 groups.

SGA Group

Friedman’s test showed statistically significant differ-
ences (p<0.05) between FADST, FADS2 and FADS3
expression levels within the SGA group. Tukey’s post
hoc test was performed to determine which of the
comparisons between groups were statistically signifi-
cant (p<0.05). Such differences were detected between
FADS1 and FADS3.

The mean mRNA level for FADS1 was M=2587.2
copies/1 pg, and M=8580.8 copies/1 pg RNA for
FADS3 (shown in Fig. 4).

IUGR Group

Friedman’s test showed statistically significant differ-
ences (p<0.05) between FADST, FADS2 and FADS3
expression levels within the IUGR group.

The mean mRNA levels wete M=671.8 copies/1 ng
for FLADST, 2123 copies/1 ng RNA for FADS2, and
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Figure 2. Expression of FADS1, FADS2 and FADS3 in the AGA group presented as:
(@) a box plot where the y-axis represents the number of mRNA copies/1 ug RNA and (b) a line graph of the average expression values,

where the y-axis represents the number of mRNA copies/1 pg RNA
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Figure 3. Expression of FADS1, FADS2 and FADS3 in the LGA group presented as:
(@) a box plot where the y-axis represents the number of mRNA copies/1 ug RNA and (b) a line graph of the average expression values,
where the y-axis represents the number of mRNA copies/1 ug RNA
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Figure 4. Expression of FADS1, FADS2 and FADS3 in the SGA group presented as:
(a) a box plot where the y-axis represents the number of mRNA copies/1 ug RNA and (b) a line graph of the average expression values,
where the y-axis represents thmRNA copies/1 ugRNA
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Figure 5. Expression of FADS1, FADS2 and FADS3 in the IUGR group presented as:
(@) a box plot where the y-axis represents the number of mRNA copies/1 pgRNA and (b) a line graph of the average expression values,
where the y-axis represents the number of mRNA copies/1 pg RNA
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for M=4713.5 copies/1 nug RNA for FADS3 (shown in
Fig. 5).

The Tukey’s post hoc test identified that statistically
significant (p<<0.05) comparisons were between FADSI
and FADS3, and between FADS2 and FADS3.

PTB Group

The Friedman’s test showed no statistically signifi-
cant differences (p<0.05) between FADST?, F.ADS2 and
FADS3 expression in the PTB group. Tukey’s post hoc
test confirmed there were no differences.

DISCUSSION

Fat is one of the key ingredients necessary for proper
foetal development. During pregnancy, a mother’s body
deposits fat in an amount which corresponds approxi-
mately to the baby’s weight (3500 g) (Hytten & Cham-
berlain, 1974). These processes occur most vigorously in
the first and second trimester and will happen even if the
mother is malnourished (Prentice & Golberg, 2000; Her-
rera, 2002; Herrera e/ al., 2006). In the second trimester
(the anabolic period), the concentration of phospholip-
ids, non-esterified FAs and triglycerides increases in the
mother’s circulation. This mechanism is associated with
an insulin-dependent decrease in lipoprotein lipase activi-
ty in adipose tissue and subsequent insulin resistance. As
a result of these processes, part of the accumulated fat
is transferred to the foetus via the placenta. In contrast,
the third trimester is a catabolic period for the mother.
Increased lipolysis in the mothet’s adipose tissue is as-
sociated with decreased sensitivity of insulin receptors,
which are hormonally controlled by progesterone, cor-
tisol, prolactin and leptin (Cousins, 1991; Herrera e/ al,
2006; Catov et al., 2007). As a result, in comparison to
the anabolic period, even greater amounts of fat, includ-
ing FAs, reach the placenta. The dynamics of changes
in fat content in the foetus is different from that found
in the mother. First, there is no catabolic petiod in the
foetus, and second, the anabolic period begins much
later than the mother’s — between 20 and 22 weeks of
pregnancy. Complicated maternal-placental-foetal fat me-
tabolism, especially of FAs and their derivatives, con-
tinues to be controlled by numerous factors, including
enzymes whose expression is regulated, zuter alia, at the
level of transcription. This paper presents the analysis of
expression of three genes encoding the strategic desatu-
rases, which control the formation of n-3 and n-6 FA.
In the AGA, LGA, SGA, PTB and IUGR groups that
were studied, no significant differences in mRNA levels
of the FADS7T and FADS2 were observed. This could
imply that LC-PUFA biosynthesis and the function of
pro- and anti-inflammatory cytokines are unaffected in
neither group. However, since we have not studied the
polymorphism of the FADS7 and FADS2 genes as a
factor that could influence foetal development, this con-
clusion is not irrefutable. Our studies have shown dif-
ferences in the placental mRNA expression level of the
FADS3. Women who gave birth to healthy children in
due time (AGA) and women who gave birth to children
with only minor problems (SGA and LGA), had higher
FADS3 mRNA expression levels in the placenta than
women in the PTB and IUGR (higher level of prob-
lems) groups. This result is difficult to interpret because
FADS3 and the desaturase encoded by it have not yet
been sufficiently researched. It is known that FLADS3
transcriptional activity in tissues is significantly different
between male and female mice and rats. F.ADS3 encod-

ed desaturase can introduce a double bond into the FA
chain like any other desaturase but other potential func-
tions of the enzyme should be considered as well. Desat-
urases are known to perform hydroxylation (Mizutani ef
al., 2004; Blanchard ez al., 2011), acetylenation and epoxi-
dation (Lee es al, 1998). Substances such as etherlipid
(Paltauf & Holasek, 1973), sphingolipid (Mizutani e7 al.,
2004) and cholesterol (Nusblat e# @/, 2005) can also be
substrates for desaturases. Therefore, FADH3 potential
physiological role can be broad, especially considering
that D13D exists in at least three isoforms (Blanchard
et al., 2011). One concept that could explain the lower
transcription activity of FL4ADS3 in the PTB and IUGR
groups is the specific structure of the gene promoter. It
contains target sites for NF-»B (Szczesna-Skorupa e al,
2004; Yan et al, 2007), MYCN (Alaminos e al., 2003)
and p63 protein (Blanchard ez al, 2011), suggesting that
FADS3 expression can be regulated by these factors. It
is known that NF-xB, MYCN and p63 are the compo-
nents of intracellular pathways associated with prolifera-
tion and apoptosis. Several studies have demonstrated
the relatedness of IUGR and these pathways. For exam-
ple, in IUGR, the NF-xB-regulated proangiogenic targets
in foetal pulmonary artery endothelial cells are disrupted,
which leads to the abnormal metabolism of extracellular
matrix components and, as a result, interferes with pul-
monary angiogenesis (Dodson e al, 2018). In pregnan-
cies complicated with TUGR, the processes of apoptosis
in placenta are stronger than in a healthy placenta (Erel
et al., 2001) and a significantly higher NF-«B expression
can be observed (Aban e al, 2004). It is not known
why the increase in NF-»B expression does not cause
an increase in the expression of FADS3 in the IUGR
placenta; in fact, exactly the opposite is observed. High-
er NF-«B expression is accompanied by lower FADS3
transcriptional activity. It is possible that NF-xB inhibi-
tors increase during IUGR, or the chromatin is remod-
elled in such a way that the F.ADS3 promoter becomes
inaccessible for NF-xB. Changes in FADS 3 activity in
the course of IUGR may also be related to the function-
ing of the membrane transport system, which is respon-
sible for maintaining the correct FA ratio in the maternal
(M) and foetal (F) circulation. Changes in the F/M ratio
were observed in IUGR, SGA and PTB children (Cetin
et al., 2002; Bobinski e# al., 2013).

This work also analyses FADS genes expression
within the AGA, LGA, SGA, PTB, and IUGR groups.
Except for the PTB group, which had the lowest num-
ber of samples, and in which no differences in FADS
gene expression were observed, there were differences
in expression between FADST, FADS2 and FADS3 in
the remaining groups. In the LGA group there were no
differences between FADS2 and FADS3 transcript lev-
els Comparing the average IADS mRNA expression
between the AGAs and LGAs, it can be assumed that
the lack of differences in the LGA group was due to an
increased FLADS2 and slightly reduced FADS3 transcript
levels. LGAs are a group of children who, in addition
to the increased body weight (>90 percentile), have also
increased body fat. Both are involved in fat metabolism,
so with the increased fat mass of the child, changes in
D6D and D13D activity ate highly likely, although the
case of the FADS3 gene product is surprising. It has
been previously shown that the increased expression of
FADS3 in adipose tissue is characteristic of hyperlipi-
demia (Plaisier e al., 2009). Our research shows that this
is the opposite for the placenta. Perhaps, the reduced
placental expression of FLADS3 in LGA pregnancies is a
type of compensatory mechanism that regulates foetal fat
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metabolism. From a clinical point of view, however, it
would be more interesting to see a significant increase in
the transcriptional activity of the FLADS2 gene encoding
desaturase 0, catalysing the reactions of the n-3 and n-6
main biosynthesis pathway. One of the factors (although
not studied in this research) that could affect F.ADS2
expression is the pregnant woman’s diet. With an am-
ple supply of plant oils, which contain high proportion
of LA, such as sunflower seed oil, safflower oil or corn
oil, less DHA is produced from ALA as a result of n-6
desaturase inhibition leading to a decreased EPA biosyn-
thesis. The n-6 FA pool then increases, which could be
a risk factor for the development of LGA (Llanos ez al,
2005; Bobinski & Mikulska, 2015). Furthermore, it may
have an influence on the metabolism of medium-chain
fatty acids (MCFA), especially myristic acid (C14: 0) and
lauric acid (C12: 0), which have a significant impact on
the conversion of EPA to DHA (Legrand e# al., 2020).
This, in turn, in addition to placental biosynthesis of LC-
PUFA, can disturtb the specified hierarchy DHA>AA>
LA>ALA defining the order of transport of the acids
across the placental barrier (Cetin ¢f al., 2009a; Cetin and
Alvino, 2009b).

CONCLUSION

The placenta fulfils hormonal, nutritional and meta-
bolic roles. Its task is to control the development of the
foetus, but the hormonal-metabolic placental processes
affect, to a large extent, also the body of a pregnant
woman. Fatty acids play a key role in these mechanisms.
Some of them are transported through the placental bar-
rier, others undergo biosynthesis in the placenta. Often,
placental biosynthesis involves the elongation and de-
saturation processes of the pre-existing FAs with shorter
carbon chains, which either lack or have fewer double
bonds. Desaturases are involved in these processes. This
important group of enzymes maintain the balance of
n-3 and n-6 FAs levels, has a significant role in the de-
velopment of the nervous system and cell membranes,
and affect general maternal-placental-foetal homeostasis.
Our studies have shown that the transcriptional activity
of the FADST and FADS2 genes remain at similar lev-
els in the pregnancy groups we examined. It was only
in the FADS3 gene expression that the differences were
discovered. FADS3 lowest mRNA levels were observed
in the placenta of women who gave birth to premature
babies. In this group, also no differences were observed
in the FADST, FADS2 and FADS3 mRNA levels. In
the SGA group, expression differences were observed
between the FADS3 and FADST genes only. The AGA,
LGA and IUGR groups had a similar expression pro-
file, in which the F.ADS3 gene had the highest and the
FADS7T gene had the lowest expression except for the
difference between FADS2 and FADS3 expression,
which was observed in AGA and TUGR, but not LGA. .
The TUGR group had the lowest expression of all tested
genes, while maintaining differences between their ex-
pression. The largest number of differences in FADS
mRNA levels were observed in the placenta of women
who gave birth to children with a mild degree of disor-
der, i.e., PTB and SGA.

Considering the number of FAs undergoing maternal-
placental-foetal transformation and the complexity of
their metabolism, it is difficult to unequivocally interpret
changes in the transcriptional activity of genes encoding
desaturases in selected pregnancy pathologies. Many fac-
tors regulate these processes and one of the most im-
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portant is - not studied in this work - the expression of
genetic variants of the FADST, FADS2 and FADS3.
Their analysis would provide further data for the assess-
ment of maternal-placental-foetal FA changes, crucial for
the proper development of the foetus, the emergence of
metabolic or genetic risk factors and an improvement in
the profile of prevention and treatment of foetal devel-
opmental abnormalities.
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Effective therapeutic strategies are urgently required to
enhance the prognosis of patients suffering from KRAS
mutations. Owing to the undruggable nature of KRAS,
targeting downstream signaling pathways, namely PI3K/
AKT/mTOR, shows antiproliferative and apoptotic effects.
Unfortunately, targeting this pathway upregulates au-
tophagy, contributing to reduced drug efficacy. There-
fore, it was reasonable to use a combination of kinase
inhibitors and autophagy inhibitors to achieve a higher
therapeutic benefit. The impact of Dactolisib, a dual
PI3K/mTOR inhibitor, and Lys05, a dimeric chloroquine,
was tested on the survival of breast cancer MCF-7 and
lung cancer A549 cells. The dose selection for the opti-
mal effect of the Dactolisib/Lys05 combination was de-
termined using CompuSyn software. This combinatorial
effect was evaluated using various methodologies, such
as expression profile analysis for autophagic, prolifera-
tive, and apoptotic markers. These effects were corrobo-
rated by ELISA, Western blot, and flow cytometry using
the Annexin V-FITC apoptosis detection kit. A549 cells
treated in a 2:1 ratio of Lys05 and Dactolisib demon-
strated a synergistic effect on cell death, proliferation,
and apoptotic gene markers, in addition to its effect on
autophagic gene and protein markers, showing an en-
hanced effect compared to monotherapy. Therefore, the
PI3K/AKT kinase inhibitor/autophagy inhibitor combi-
nation establishes higher therapeutic benefits on A549
cells compared to kinase inhibitor monotherapy.
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INTRODUCTION

Epidemiologically, lung cancer represents the lead-
ing cause of cancer-related deaths among both men and
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women (Barta ¢ al., 2019; Sun et al., 2021). Our increas-
ing understanding of cancer biology has revealed numer-
ous causes for therapeutic failures (Rizzo, 2008). Re-
search on signaling pathways has uncovered a complex
network of cross-regulatory interactions, connecting re-
ceptors, enzymes, transducing systems, and transcription
factors that regulate cell fate (Sever & Brugge, 2015).

Resistance to apoptosis, continuous proliferation, eva-
sion from cell cycle suppressors, angiogenesis, invasion,
and metastasis are the five features that characterize car-
cinoma (Hanahan & Weinberg, 2011). Autophagy, a fur-
ther level of adaptation, is known to increase under con-
ditions of cellular stress, particulatly in cancer (Haider ef
al., 2020; White & DiPaola, 2009).

Currently, non-small cell lung cancer (NSCLC) ac-
counts for up to 85% of all lung cancers (El Osta ez al.,
2019). Kirsten Rat Sarcoma Viral Oncogene Homolog
(KRAS) is a gene that codes for a protein involved in
cell signaling pathways. It is a well-known oncogene,
meaning that mutations in the KRAS gene can contrib-
ute to the development of cancer. These mutations re-
sult in constant activation of the KRAS protein, leading
to abnormal cell growth and division. KRAS mutation is
among the most predominant mutations in NSCLC and
shows little variation between early-stage and metastatic
NSCLC (Ghimessy ¢ al., 2020; Lohinai e# al., 2017). The
undruggable nature of KRAS, attributed to the inability
to develop direct inhibitors that can effectively compete
with its high affinity for GTP, and the lack of selectiv-
ity with wild-type RAS resulting in toxicity, has hindered
the design of selective inhibitors targeting mutant KRAS
(Chen et al., 2020; Tuo e al., 2022). Inhibition of post-
translational modifications by farnesyltransferase inhibi-
tors has also demonstrated minimal clinical activity (Ad-
jei et al., 2003; Heymach ez al., 2004).

A promising approach now is to target KRAS down-
stteam  signaling pathways, particulatly PI3K/AKT/
mTOR, as evidence suggests their upregulation in lung
cancer, promoting cell survival, growth, proliferation, and
migration (Huang e al, 2021). The PI3K/Akt/mTOR
pathway also plays a role in tumors with other activat-
ing mutations (Yu ez al, 2021), and increased PI3K or
Akt activity regulates mTOR activity in lung cancer (Li-
ang ¢ al., 2019). Treatment of NSCLC cells with mTOR
inhibitors has been reported to significantly decrease
cancer cell proliferation (Huang e @/, 2021). This signal-
ing pathway plays a crucial role in the occurrence and
progression of tumors by regulating autophagy and ap-
optosis of tumor cells (Lee ¢f al., 2021; Zou et al., 2020).

Unfortunately, targeting the PI3K/Akt/mTOR path-
way with various kinase inhibitors results in the up-
regulation of autophagy (Y. Liu et al., 2021; Zhao et al.,
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2015). Autophagy, as a cellular process in cancer, can
both suppress and promote tumor growth, depending
on the tissue and timing (Hanahan & Weinberg, 2011;
Lim et al., 2021). Furthermore, autophagy addiction char-
acterizes KRAS-driven cancers, including NSCLC, as it
replenishes mitochondria substrates required for acetyl-
CoA synthesis (Eng e al., 2016; White, 2012).

Given that the inhibition of the PI3K/Akt/mTOR
pathway leads to the upregulation of autophagy, it was
reasonable to consider a combination of kinase inhibi-
tors and autophagy inhibitors to achieve a higher thera-
peutic benefit.

MATERIALS AND METHODS

Cell viability assay

Cancer cells MCF-7 and A549 were plated in 96-
well plates at a density of 7000 cells/well in 100 pl of
DMEM high glucose medium (4.5 g/L) supplemented
with only 1% FBS overnight and 1% penicillin/strep-
tomycin at 37°C and 5% CO,. After serum starvation,
cells were treated with Dactolisib (LC Laboratories,
USA), and Lys05 (Sigma-Aldrich, China) at different
concentrations for 48 h. For cytotoxicity assay using
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl- 2H-tetrazolium
bromide (MTT), MTT (5 mg/mL in 1XPBS) was added
to the cells and incubated for 3 h at 37°C in 5% CO,.
A volume of 100 uL of DMSO was added to the cells
to solubilize the formed formazan crystals with shaking.
Finally, the absorbance was measured at 490 nm and the
percentage of cell viability was calculated compared to
the control (Kumar ez al., 2018).

Identification of synergism and antagonism in drug
combination

Drug concentrations used in combination studies were
selected from the dose—response data for individual
agents in 1% FBS starved A549 cells. Fraction affected
(Fa) values were calculated as the percentage inhibition
of cell viability, relative to control, as described by Chou
(Chou, 2006). Synergism, additivity, or antagonism of
drug combinations was identified using the Chou Tala-
lay Combination Index (CI) method (Chou, 2006) and
CompuSyn software (http://www.combosyn.com) based
mainly on the following equation:

Cl=D),/ (DY, *+D), /D)),

where (D), and (D), represent the concentrations of
Drug 1 and Drug 2 in the combination that produce a
Fa value of x. (D), and (D,), represent the concentra-
tions of Drug 1 and Drug 2 that produce the same ef-
fect (x) when applied as single agents. CI values <1, =1,
and >1 indicate synergism, additivity, and antagonism,
respectively.

Protein determination and analysis by Sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
and western blotting

Protein concentration was determined according to
Bradford using bovine serum albumin as a standard
(Bradford, 1976). The total protein extract (50 pg) was
mixed with a 5X sample application buffer, boiled for
5 min, and resolved on 14% SDS-PAGE. LC3B was
detected through western blotting using anti-LC3B
monoclonal antibody (Molecular weight 17.5 KDa)
(Cell signaling, USA) at a dilution of 1:1000. The sec-

ondary antibody used was goat anti-mouse IgG la-
beled with horse radish peroxidase (Invitrogen, USA)
at a 1:1000 dilution. The nitrocellulose membrane was
developed using enhanced chemiluminescence (ECL,
Sigma-Aldrich, China)(Liu et al, 2014). Beta-actin
(ACTB) (Molecular weight 42 KDa) was used as a
loading control.

Apoptosis detection by flow cytometry

Apoptosis was analyzed using Annexin V-FITC ap-
optosis detection kit (Miltenyi Biotec.). A549 cells were
treated with Lys05, Dactolisib and the synergistic com-
bination dose for 48 h. After incubation, cells were
harvested by centrifugation, re-suspended in binding
buffer, and incubated with fluorescein isothiocyanate
(FITC)-labeled with Annexin V for 15 min in the dark
at room temperature. Cells were then washed twice
with 1XPBS and resuspended in binding buffer, pro-
pidium iodide was added, and cells were incubated for
15 min in the dark at room temperature (Lakshmanan
& Batra, 2013). The stained cells were analyzed using
BD FACS flow cytometer (BD Biosciences) at the flow
cytometry service core facility at the Center of Excel-
lence for Research in Regenerative Medicine and its
Applications (CERRMA), Faculty of Medicine, Alexan-
dria University.

Quantitative RT-PCR

Total RNA was isolated and purified from the treated
and untreated A549 cells using TRIzol reagent (Qiagen,
Germany) following the manufacturer’s protocol (Rio ez
al., 2010). The concentration and purity of RNA were
determined using Nanodrop. One microgram of the to-
tal RNA was reverse transcribed into the first strand
cDNA using a High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems) using random hexamer
primers according to the manufacturet’s instructions.
Quantitative real-time PCR was carried out in tripli-
cates using Maxima SYBR Green qPCR Master Mix
(ThermoFisher). Primers used were as follows: HPRT
forward primer, 5-TGACACTGGCAAAACAAT-3}
reverse, 5-GGTCCTTTTCACCAGCAA-3"; L.C3A for-
ward primer, 5-GGATTTTGAGGAGGGGACTC-3
reverse, 5-CATCTGCAAAACTGAGACAGTG-3'
ATG4B forward primer, 5-GCAAGTCAAAAAGCT-
GTCTCT-3; reverse, 5-CAGTCGCTCTACATCA-
GAAGAA-3; LC3B forward primer, 5-CGAGA-
GCAGCATCCAACCAA-3'; reverse, 5-GAGCTGTAA-
GCGCCTTCTAA-3'; Ki67 forward primer, 5-GAG-
GTGTGCAGAAAATCCAAA-3'; reverse, 5-CTGTCC-
CTATGACTTCTGGTTGT-3'; CASP3 forward primer,
S5"“TTTTTCAGAGGGGATCGTTG-3"; reverse, 5'-CG-
GCCTCCACTGGTATTTTA-3". Primers were added
to the reaction mixture at a final concentration of 250
nM. The reaction was prepared in a final volume of 20
uL by mixing 5 pl. of each cDNA sample (diluted 1:5),
12.5 yL of SYBR Green, 0.5 pL of each primer, and
the final volume was adjusted through the addition of
RNase/DNase free water. The reaction conditions used
were as follows: 5 min at 95°C for 1 cycle followed by
40 cycles of 15 s at 95°C, 30 s at 58°C, and 30 s at
72°C. The specificity of each primer pair was verified
by the presence of a single melting curve peak. Results
were analyzed for the relative expression of mRNA
normalized against hypoxanthine guanine phosphori-
bosyl transferase (HPRT) as a housekeeping gene. Fi-
nally, the results were analyzed, and expressed as fold
change(Rao ¢ al., n.d.).
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Figure 1. MTT cytotoxicity assay of Lys05 (L) and Dactolisib (D)
on MCF-7.

Cells were treated with different concentrations of Lys0O5 and
Dactoilisb for 48h. Data were normalized and IC50 values were
12.6 pM and 1.1 pM (n=5). The fraction affected “Fa” was calcu-
lated as 1 - (% Cell viability/100)

ELISA assay

Coated 96-well strip plate has been pre-coated with
target-specific capture antibody LC3A (LifeSpan Biosci-
ence, Inc.), LC3B (LifeSpan Bioscience, Inc.) and P62/
SQSTM1 (MyBioSource, Inc.). A volume of 100 uL of
the samples was added to the wells and incubated for
2 hours at 37°C. The liquid was aspirated and 100 ul
of Biotin-labeled antibody working solution was added
and incubated for 1 hour at 37°C. The liquid was as-
pirated then the wells were washed 3 times with wash
buffer. The HRP-Streptavidin Conjugate working solu-
tion was added and incubated for 60 minutes at 37°C.
The liquid was aspirated, and wells were washed 5
times with a wash buffer. The reaction was visualized
by the addition of 90 pl of TMB Substrate solution and
incubated for 15-30 minutes at 37°C. The reaction was
stopped with 50 ul of sulfuric acid stop solution (IN
H,SO,) to complete the color development reaction
and then the ELISA plates were measured at a wave-
length of 450 nm using a micro-plate Spectrophotom-
eter.

Statistical analysis

Data were presented as mean * standard deviation
and were evaluated by a univariate analysis of variance
(ANOVA) Tukey’s multiple comparisons test at p<0.05
using GraphPad Prism version 7.00, GraphPad, Soft-
ware, San Diego California, USA. The IC,, values and
Combination analysis were conducted as described by
Chou using CompuSyn software (http:// www. combo
syn. com).

RESULTS

The effect of the individual administration of dactolisib
and Lys05 on MCF-7 and A549 cells

To evaluate the cell growth inhibitory effect of Dac-
tolisib and Lys05 individually, the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
performed. The impact of both drugs on the survival
of MCF-7 and A549 cells was examined to determine
the IC50 values using GraphPad Prism version 7.0 and
CompuSyn software version 1.

Increasing concentrations of Dactolisib and Lys05,
as well as a clear culture media (control), were adminis-
tered to MCF-7 and A549 cells. Figure 1 illustrates the
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Figure 2. MTT cytotoxicity assay of Lys05 (L) and Dactolisib (D)
on A549 cells.

A549 cells were treated with different concentrations of Lys05 and
Dactolisib for 48h. Data were normalized and IC50 values on A549
for LysO5 was 11.8 uM and for dactolisib was 0.375 puM (n=5). The
fraction affected (Fa) was calculated as 1 - (% Cell viability/100)

dose-dependent reduction in cell viability caused by the
individual administration of Dactolisib in MCF-7 cells
compared to the control (untreated cells). The cytotoxic
effect of Dactolisib was observed at a concentration of
1.1 uM (n=5) in MCF-7 cells.

Similatly, Fig. 2 shows the dose-dependent reduction
in cell viability caused by the individual administration of
Lys05 in A549 cells compared to the control. The cyto-
toxic effect of Lys05 was observed at a concentration of
0.375 uM (n=5) in A549 cells.

In summary, the individual administration of Dac-
tolisib and Lys05 resulted in a dose-dependent reduction
in cell viability in MCF-7 and A549 cells, respectively.
Dactolisib exhibited cytotoxic effects at concentrations
of 1.1 uM (n=5) in MCF-7 cells, while Lys05 showed
cytotoxic effects at concentrations of 0.375 pM (n=5) in
A549 cells.

A synergistic effect results from dactolisib/Lys05
combination on A549 cells

To investigate the combined cytotoxic effect of Dac-
tolisib and Lys05, starved A549 cells were exposed to
various combination ratios. The IC50 value of the 2:1
ratio (2L/1D) (0.05 uM Dactolisib + 3.19 uM Lys05)

@ 21D
0 uo
U0

Combination index (CI)

05
Fa =1- (% Cell viability/100)
Figure 3. Combination index plot.

was determined, and it showed a significant effect below
the additive line, indicating a synergistic effect. The com-
bination index (CI) for this ratio was calculated as 0.4.
This finding suggests that the combination of Dac-
tolisib and Lys05 at the specified ratio has a stronger
cytotoxic effect on A549 cells compared to what would
be expected if the effects of the two drugs were merely
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Figure 4. Expression levels of the autophagic markers.

(@) ATG4B, (b) LC3A and (c) LC3B genes in A549 control cells, Dactolisib-treated cells (0.375 uM), Lys05-treated cells (11.8 uM) and mix-

treated cells (0.05 pM Dactolisib + 3.19 uM Lys05).

additive. The synergistic effect indicates that the combi-
nation is more effective than individual treatments alone.

Treatment of starved A549 cells with Lys05 plus dac-
tolisib with various combination ratios, the IC, value of
the 2:1 rato (2L/1D) (0.05 uM Dactolisib + 3.19 uM
Lys05) showed a significant effect below the additive
line, indicating a synergistic effect with combination in-

dex “CI” 0.4.

Table 1. The combination index “Cl” of IC50 values of various
combination ratios.

Ratio

(2L/1D) L/D (1L/2D)
Combination
Index: "Cl 0.4 0.91 1.2

Dactolisib and Lys05 individually and in combination
altered the expression of autophagic, proliferative, and
apoptotic gene markers

Using quantitative real-time PCR, the gene expression
levels of the autophagic markers ATG4B, L.C3A, and
LC3B were determined. In Dactolisib-treated cells, the
levels of ATG4B, 1.C3A, and 1.C3B were found to be
elevated compared to control cells. Conversely, in Lys05-
treated cells, only I.C3A4 showed a significant increase in
expression compared to control cells (Fig. 4a).

Interestingly, in the mix-treated cells (combination of
Dactolisib and Lys05), while ATG4B and L.C3B were
downregulated, I.C3A exhibited a significant increase in
expression compared to control cells (Fig. 4a).

These results indicate that Dactolisib treatment leads
to the upregulation of ATG4B, I.LC3A, and LC3B, sug-
gestingthe induction of autophagy. In contrast, Lys05
treatment primarily upregulates the expression of L.C3.A.
Notably, in the mix-treated cells, the combination of
Dactolisib and Lys05 resulted in the downregulation of
ATG4B and LC3B, but a significant increase in .LC3.A4
expression compared to control cells.

These findings suggest that the combination treatment
may have a distinct effect on autophagic markers com-
pared to individual treatments alone.

The expression levels of CASP3 and KI67 were
examined in different treatment groups compared to
control cells

Firstly, it was observed that CASP3, a marker of ap-
optosis, showed a considerable elevation in mix-treated
cells compared to control cells (Fig. 5a). This suggests
that the combination treatment of Dactolisib and Lys05
induced a higher level of CASP3 expression, indicating
an increased apoptotic response. Additionally, CASP3
was also found to be upregulated in cells treated with
Dactolisib alone and Lys05 alone, indicating that both
individual treatments could induce apoptosis to some ex-
tent.

Secondly, the expression KI67, a marker of cellular
proliferation, was significantly downregulated in cells
treated with Dactolisib, Lys05, and the mix of Dactolisib
and Lys05 (Fig. 5b).

This suggests that Dactolisib, Lys05, and the combi-
nation treatments inhibited cellular proliferation, as evi-
denced by the reduced expression of KI67.

Overall, these results indicate that the mix-treated cells
had a notable elevation in CASP3 expression, indicating
an enhanced apoptotic response compared to control
cells. Additionally, both Dactolisib, Lys05 and the mix of
Dactolisib and Lys05 resulted in the downregulation of
KI67, suggesting inhibition of cellular proliferation.
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Figure 5. Expression levels of apoptotic and proliferative mark-
ers.

(@) CASP3 and (b) KI67 genes in A549 control cells, Dactolisib-treat-
ed cells (0.375 pM), LysO5-treated cells (11.8 uM) and mix-treated
cells (0.05 puM Dactolisib + 3.19 pM Lys05).
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Figure 6. Apoptosis detection through flow cytometry.

(@) A549 control cells, Dactolisib-treated cells (0.375 uM), Lys05-treated cells (11.8 uM ) and mix-treated cells (0.05 pM Dactolisib + 3.19
UM Lys05). Apoptosis was analyzed through double staining with Propidium iodide and Annexin V-FITC. The lower left quadrant repre-
sents control cells, the lower right quadrant represents cells in early apoptosis, the upper right quadrant represents cells in late apoptosis
and the upper left quadrant represent cells in necrosis. (b) Quantitative analysis of cell population in early, late apoptosis, and necrosis in
control A549 cells, Dactolisib-treated cells, Lys05-treated cells and mix-treated cells.

Dactolisib/Lys05 combination enhances killing in A549
cells

Flow cytometry was employed to evaluate the induc-
tion of apoptosis in starved A549 cells following treat-
ment with Dactolisib, Lys05, or a combination of both.
The percentage of cells undergoing early apoptosis was
determined for each treatment group.

The results showed that Dactolisib treatment led to
an eatly apoptosis percentage of 16.9%. Lys05 treatment
exhibited a significantly higher catly apoptosis percent-
age of 82.6%. Notably, when the two drugs were com-
bined (mix), the early apoptosis percentage dramatically
increased to 96.3%. In comparison, the control group of
untreated A549 cells had an early apoptosis percentage
of 1.3% (Fig. 0).

These findings indicate that both Dactolisib and
Lys05 treatments can induce apoptosis in starved A549
cells. However, the combination of Dactolisib and Lys05

(mix) resulted in a much higher early apoptosis percent-
age compared to ecither treatment alone or the control
group. This suggests a synergistic effect between Dac-
tolisib and Lys05 in promoting apoptosis in A549 cells.

Dactolisib and Lys05 individually and in combination
alter the expression of autophagic protein markers on
A549 cells

The expression levels of P62/SQSTM1, LC3A, and
LC3B were assessed in different treatment groups com-
pared to control cells.

Firstly, it was