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Thiol/disulfide exchange occurs in rotavirus

structural proteins during contact with intestinal villus cell surface
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Summary. - Protein disulfide isomerase (PDI) is an enzyme that catalyzes disulfide bond reduction
or formation and rearrangements of disulfide bridges, and also functions as a chaperone. During entry
of some of the viruses PDI participates in thiol-disulfide exchange. Previous reports show that rotavirus
entry isinterfered by impermeant thiol/disulfide exchange inhibitors and antibodies against PDI. Our
objective was to assess the interaction between PDI and triple-layered particles (TLPs) from rotavirus
strains ECwt and RRV and from a human rotavirus isolate (HI) during the early steps of virus entryina
system of isolated small intestinal villi. Purified soluble PDI was incubated with either isolated intes-
tinal villi or cell membrane-enriched fractions in the presence or absence of thiol/disulfide inhibitors
such asbacitracin, DTNB or N- ethylmaleimide followed by the assessment of the PDI interactions with
TLPs and rotavirus structural proteins in terms of their redox state changes. Soluble and membrane-
bound PDI was found to interact with TLPs from all the rotaviruses assayed and also with the isolated
structural proteins represented by the recombinant rVP5* (a tryptic cleavage product of VP4), rVP6
and the native VP7. PDI interaction with TLPs and rotavirus structural proteins was decreased by the
presence of thiol/disulfide exchange inhibitors. Interactions of cell membrane-enriched fractions with
TLPs produced rearrangements in the disulfide bridges of rotavirus structural proteins. We conclude
that PDI interacts with rotavirus virions through redox reactions that could facilitate the rotavirus
entry into the host cell.
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Introduction

Rotaviruses are the most frequent cause of severe
and dehydrating diarrhea in infants and young children
worldwide (Esposito et al., 2011; Parashar et al., 2006).
Rotaviruses are formed by triple-layered particles (TLPs)
where the outermost layer is composed by proteins VP7
and VP4 (including its trypsin cleavage products VP5* and
VP8*) (Yeager et al.,1990). The intermediate layer consists
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Abbreviations: DLP = double-layered particles; HI = human
rotavirus isolate; PDI = protein disulfide isomerase; SA = neu-
raminic (sialic) acid; TLP = triple-layered particles

of VP6 while the inner layer ismade of VP2 which encloses
thell-segmented dsRNA genome and minor proteins VP1
and VP3 (McClain et al.,2010; Settembre et al.,2011). Rota-
virus entry into the host cell seems to include sequential
interactions between virion proteins and several cell
surface molecules (Isa et al.,2008; Lopez and Arias, 2006).
Internalization of virions into the target cell takes place
through distinct endocytic pathways (Diaz-Salinas et al.,
2013, 2014). Conformational changes in VP4 have been
involved in the host cell membrane distortion during
entry (Dormitzer et al., 2004; Rodriguez et al., 2014). Evi-
dence has been provided that VP4 (VP5* and VP8*), VP6
and VP7 are implicated in interactions with cell surface
molecules as part of entry process (Gualtero et al., 2007;
Isa et al., 2008). Rotavirus strains being N-acetyl neu-
raminic (sialic) acid (SA)-dependent/neuraminidase-
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sensitive bind first to SA through VP8*, whereas SA-
independent/neuraminidase-insensitive strains interact
directly with integrin a2p1 through VP5* (Isa et al., 2006;
Zarate et al., 2000). However, there is evidence that SA
is a key determinant for the initial interaction of both
neuraminidase-sensitive and neuraminidase-insensitive
rotavirus strains with the cell surface (Haselhorst et al.,
2009). It has been shown that human rotavirus strains
specifically recognize A-type histo-blood group antigens
(HBGAS) through VP8*,although major variations in their
ability torecognize these antigens were detected (Bohm et
al.,2015). After binding to SA and integrin a2f1, rotavirus
interacts with cell surface Hsc70 through VP5* and VP6
(Gualtero et al., 2007; Guerrero et al., 2002, 2012; Zarate et
al.,2003). Post-binding interactions implicating integrins
akpl, axP2 or avp3 are mediated by VP7 (Graham et al.,
2003; Hewish et al., 2000; Zarate et al., 2004). However,
the sequence in which the post-binding interactions take
place is still unknown. Recent evidence has indicated
thatrotaviruses also interact with cell surface protein di-
sulfideisomerase (PDI) during the entry process since ro-
tavirus infection is inhibited by membrane-impermeant
thiol/disulfide exchange inhibitors, antibodies against
PDI or cysteine-containing peptides derived from VP4
and VP7 (Calderén et al., 2012a,b). Intracellular oxidant
PDI has been found to be participating in the disulfide
bond formation, folding and maturation of VP7 (Maruri-
Avidal et al.,2008; Mirazimiand Svensson,1998; Svensson
et al.,1994). VP4, VP6, and VP7 contain cysteine residues
susceptible to oxidation (i.e., disulfide-bond formation)
(Aoki et al.,2009; Patton et al.,1993; Svensson et al., 1994).
However, crystallographic studies of VP6 (Mathieuet al.,
2001), VP8* (Dormitzer et al., 2002) and VP5* (Dormitzer
et al., 2004; Yoder et al., 2009) have shown that disulfide
bonds are absent in these proteins. It has been suggested
that rotavirus binding to cell surface receptors causes
conformational changes in virion proteins and cell sur-
face proteins Hsc70 and PDI are plausible candidates for
inducing such changes (Calderén et al., 2012 a,b; Perez-
Vargas et al., 2006).

PDIand thioredoxin-1(Trx1) reduce the disulfide bonds
present on HIV glycoprotein gp120 facilitating virus entry
(Reiser et al., 2012). Endothelial PDI has been involved in
reducing integrins 1 and 3 causing the internalization
of dengue virus (Wan et al., 2012). The implication of PDI
at the cell surface has been demonstrated in the entry of
Sindbis virus where reduction of glycoprotein disulfide
bonds is needed for virus membrane fusion (Abell and
Brown,1993). PDI family isomerases have been suggested
toberesponsible for the generation of free thiols in New-
castle disease virus (NDV) fusion (F) protein which is
required for virus entry into cells and cell fusion (Jain et
al., 2007,2008,2009). Infection of HeLa cells by polyoma

virus has been found to be facilitated by cell surface PDI
(Gilbert et al., 2006).

Understanding the molecular mechanismsunderlying
rotavirus-host cell interaction is crucial for the devel-
opment of novel anti-rotaviral treatments for comple-
menting vaccine approaches. The present study shows
evidence that PDI interacts with rotavirus structural
proteins VP7,VP6,and VP4 and that both soluble PDIand
cell surface PDI-associated redox reaction is involved in
modifying the redox status of these viral proteins.

Materials and Methods

Cells, animals, and viruses. MA104 cells were maintained
in Advanced DMEM (Dullbecco’s modified Eagle s medium
(Sigma, USA) containing 2% FBS (Invitrogen, Carlsbad, USA).
The cells were incubated in a CO, incubator at 37°C and 5% CO,.
Adult ICR mice (20-25 g; 4-5 weeks old) were purchased from
the National Institute of Health, Bogota, Colombia. Murine
rotavirus strain ECwt (G3P [18]) (EDIM Cambridge wild type)
was kindly donated by Dr. M. Franco (Genetics Institute, Pon-
tificial Javerian University, Bogot4, Colombia) and propagated
by orally inoculating suckling ICR mice (10-12 days old). Simian
rotavirus strain RRV (P5B [3], G3) was kindly provided by Dr.
C.F. Arias (Instituto de Biotecnologia, Universidad Auténoma
de México) and propagated in MA104 cells. One rotavirus
isolate was isolated from fecal samples from a child affected
with diarrhea in Bogota. This isolate is hereafter referred to as
human rotavirus isolate (HI). The present work was formally
approved by the Ethical Committee of the School of Medicine,
National University of Colombia, and performed according to
the established guidelines.

Viral and cellular proteins. RRV VP7 was isolated from
purified TLPs using SDS-PAGE in non-reductive conditions
followed by electroelution (Electro-Eluter Bio-Rad, Hercules,
USA). The electroeluted protein was characterized by Western
blot analyses, precipitated with cold acetone, resuspended in
PBS with 1mM 2-mercaptoethanol (2-ME) and quantified using
a NanoDrop® spectrophotometer (ND-1000, Thermo Scientific,
USA). RRV recombinant proteins rVP5*, rVP6, and rVP8*, and
rPDI and rHsc70 were obtained as previously reported (Moreno
etal.,2016). The purity of all proteins was assessed by SDS-PAGE
in reducing conditions using silver staining.

Intestinal villus isolation. Mouse intestinal villus isolation
was performed according to a previously reported method
(Guerrero et al., 2010). The final material containing intestinal
villi was collected by low centrifugation, washed and resus-
pended in MEM containing antibiotic/antimycotic solution
and kept at 4°C until use within 2 h. The viability of the villus-
associated cells was determined using the trypan blue exclu-
sion test. Ten representative photographs were taken and mean
length of the villi measured.
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Cell membrane isolation. Isolation of cell membrane-
enriched fractions from intestinal villi was conducted as
previously described (Lin et al., 1987). Briefly, about 1.5 g of the
isolated intestinal villi in hypotonic buffer (5 mM Hepes, 50
mM sucrose, pH 7.4) were homogenized during 15 min (Tissue
Homogenizer, Tenbroeck, Ace Glass Inc., USA) with addition
of CaCl, (10 mM final concentration) after 5 min from the start
of homogenization. Membrane aggregates were spun down
at 3,500 x g for 5 min at 4°C and the supernatant subjected to
centrifugation at 20,000 x g for 30 min at 4°C. The pellet con-
taining the cell membrane-enriched fraction was resuspended
in sterile PBS (10 ml).

Virus purification. MA104 cells infected with RRV or small
intestines from ECwt-infected mice were homogenized in MEM
containing antibiotic/antimycotic solution and then subjected
to two freeze-thaw cycles before extraction with 1,1,2-trichlo-
rotrifluoroethane and sucrose/cesium chloride gradient cen-
trifugation as previously described (Espejo et al., 1981) with
some modifications (Gualtero et al.,2007). Nucleoprotein bands
(TLPs and DLPs) were collected from the gradients by aspiration
with a syringe, diluted with Tris-buffered saline (TBS) (10 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM MgCl,, 5 mM CaClZ) and
submitted to centrifugation at 150,000 x g for 1.5 h at 4°C. The
precipitated TLPs and DLPs were resuspended in sterile TBS
and quantified spectrophotometrically (NanoDrop®). TLPs were
converted into double-layered particles (DLPs) by treating TLPs
with TBS containing 50 mM EDTA (TBS-E) without CaCl, and
MgCL,. TLPs in TBS-E were centrifuged at 100,000 x g for 1 h at
4°Cthrough a30% sucrose cushion. The precipitated DLPs were
resuspended in TBS without CaCl,and MgCl,, quantified using
a NanoDrop® and stored at -70°C.

ELISA. Capture ELISA was conducted by coating 96-well
microtiter plates with rabbit polyclonal antibodies against
rotavirus structural proteins or against PDI overnight at 4°C.
After washing three times with PBS-Tween (PBST) and block-
ing with 1% casein, the plates were incubated overnight at
4°C with either ultrasonic lysates in RIPA (20 mM Tris, pH
7.0, 130 mM NaCl, 10% glycerol, 1% NP-40, 1% Triton X-100,
0.1% sodium deoxycholate and 0.2 mg/ml PMSF) buffer from
rotavirus-infected intestinal villi or cell membrane-enriched
fractions that had been incubated with rotavirus particles.
Plates were washed three times with PBST and then incubated
with goat polyclonal antibodies against rotavirus or mouse
mAD against PDI (Santa Cruz Biotechnology Inc., Santa Cruz,
USA)for1hat37°C. Plates were washed three times with PBST
and then incubated with HRP-conjugated donkey anti-goat or
anti-mouse secondary antibodies (Santa Cruz Biotechnology
Inc.)for1h at37°C. After washing three times with PBST, plates
were incubated with 1 mg/ml o-phenylenediamine dihydro-
chloride (OPD) substrate in 50 mM sodium citrate buffer, pH
5.0, containing 0.05% H,0,. The reaction was stopped by the
addition of 2.5 M H,SO, and the plates were read at 492 nm
in a microplate reader (Microplate Autoreader EL311-Bio-Tek

Instruments, USA). Interaction of rPDI with TLPs, DLPs, and
viral proteins was also measured by ELISA using microtiter
plates coated with rPDI (40 pg/ml). Plates were washed three
times with PBST and blocked with 0.5% casein in PBST for 2
h at 37°C. After washing three times with PBST, plates were
either without incubation or incubated with the indicated
concentrations of 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB)
or F(ab')2 from rabbit polyclonal anti-PDI antibodies (10 pg/ml)
in PBST for 1 h at 37°C. Plates were washed three times with
PBST and incubated with trypsin-activated TLPs [HI (130 pg/
ml), ECwt (125 pg/ml) or RRV (150 ug/ml)], DLPs from ECwt and
RRV at 150 pg/ml each, rVP5* (10 pg/ml), rVP6 (25 pg/ml), rVP8*
(20 pg/ml) or VP7 (25 pg/ml) from RRV for 2 h at 37°C. Plates
were washed three times with PBST and incubated with rabbit
polyclonal antibodies to TLPs, rVP5* rVP6* (which also detect
DLPs), rVP8*, or VP7 for 1 h at 37°C. After washing three times
with PBST, HRP-conjugated goat anti-rabbit secondary anti-
body (Santa Cruz Biotechnology Inc.) was added for 1 h at 37°C.
The reaction was visualized with OPD. The mean absorbance
values were obtained from three independent experiments
conducted in duplicates.

Western blot analysis. RIPA-lysed villi or cell membrane-
enriched fractions were incubated with protein A-Sepharose
beads coupled with rabbit polyclonal antibodies against rota-
virus structural proteins in PBS for 1 h at 37°C with constant
agitation. Beads were washed three times with PBS and centri-
fuged at2,500xg for 3min before adding Laemmli sample buffer
and boiled for 5 min. Beads were collected by centrifugation at
2,500x g for 3min and the supernatant proteins were subjected
to 10% SDS-PAGE and then transferred to a PVDF membrane
using a semi-dry transfer apparatus (Bio-Rad) with transfer
buffer (10 mM CAPS, pH 11, and 10% methanol). The membrane
was blocked with 5% skimmed milkin PBST for 2h at 37°Cbefore
incubation with goat anti-PDI serum (0.2 ug/ml) for 1 h at room
temperature (RT). After washing three times with PBST, the
membrane was incubated with HRP-conjugated rabbit anti-goat
1gG (0.4 ug/ml, Santa Cruz Biotechnology Inc.) for Lh at RT. The
reaction was visualized using Western blot chemiluminescence
luminol reagent (Santa Cruz Biotechnology Inc.) according to
manufacturer's instructions. For detection of rotavirus struc-
tural proteins, the membrane was stripped in stripping buffer
(62.5 mM Tris-HCl, pH 6.8,100 mM 2-ME and 2% SDS in deion-
ized water) for 45 min at 50°C. The membrane was washed five
times with PBST for 10 min and blocked with 5% skimmed milk
in PBST for2 hat37°C before being reprobed with goat primary
antibodies against rotavirus virions. After washing with PBST,
the membrane was incubated with HRP-conjugated donkey
anti-goat secondary antibody for 1 h at 37°C and protein detec-
tion was performed using Chemiluminescence luminol reagent
as indicated above.

Interaction of TLPs with cell membrane-associated PDI. Iso-
lated intestinal villi (75 mg/ml total protein) in DMEM (100 ml/
well) were incubated for 1h at 4°C with 1/20 volume of trypsin-
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activated HI, ECwt or RRV TLPs in final concentrations of 130,
125 and 150 pg/ml, respectively. Rotavirus TLP concentrations
had the same MOI (multiplicity of infection) as determined
in MA104 cells (data not shown). Preparations were further
incubated for 5 or 15 min at 37°C and then collected by cen-
trifugation at 2,500 x g for 3 min at 4°C. The villus pellet was
washed three times with PBS to remove the unbound TLPs and
then incubated in RIPA buffer for 40 min at 37°C under gentle
agitation (100 rpm; UltraRocker rocking platform, Bio-Rad).
Half of the lysate from villus cells was sonicated (Branson
250 Sonifier; output 20%, 3 30-sec pulses) and then subjected
to immunodetection of PDI or TLPs by capture ELISA as de-
scribed above. The remaining half of the lysate was subjected
to immunoprecipitation using rabbit polyclonal antibodies
against rotavirus structural proteins. The immunoprecipitated
proteins were separated by SDS-PAGE and PDI was detected
in Western blot analyses. The interaction of TLPs with PDI as-
sociated to cell membrane-enriched fraction was performed
by mixing this fraction (20 mg/ml total protein) with TLPs at
the final concentrations indicated above. Binding reactions
were performed for 1h at 4°C, whereas post-binding reactions
took place for 5 min at 37°C. Unbound TLPs were washed out
with sterile PBS by three cycles of centrifugation at 20,000 g
for15min at 4°C,and the PBS-washed cell membrane-enriched
fraction was lysed with RIPA buffer for 40 min at 37°C with
gentle agitation. The presence of PDI or rotavirus structural
proteins in the immunoprecipitated fractions were analyzed
by capture ELISA and SDS-PAGE/Western blot analyses as
indicated above.

Inhibition and reversion of PDI-rotavirus interaction. Intes-
tinal villi (75 mg/ml total protein) or cell membrane-enriched
fraction (2 mg/ml total protein) in DMEM (100 ml/well) were
treated with bacitracin (7.5 mM) (Karala and Ruddock, 2010;
Calderon et al.,2012), DTNB (5 mM) (Winther and Thorpe, 2014;
Calderon et al., 2012 a), NEM (20 mM) (Winther and Thorpe,
2014; Ruyechan, 1988) or rabbit F(ab')2 anti-PDI (10 or 20 pg/ml)
in the indicated final concentrations which were obtained by
adding a 1/20 volume of the corresponding stock solutions.
The preparations in the presence of PMSF (0.2 mM) were kept
at constant agitation (120 rpm) for 1 h at 37°C. Samples were
subjected to three cycles of washing/centrifugation with PBS at
2,500 x g for 1min or 20,000 x g for 15 min to remove agents from
the villi and cell membrane-enriched fraction, respectively.
The precipitated preparations were incubated with trypsin-
activated HI (130 pg/ml), ECwt (125 pug/ml) or RRV (150 pg/ml)
for1h at 4°C with gentle agitation before incubation for 5 min
at 37°C. Unbound TLPs were removed from the villi and cell
membrane-enriched fraction by three cycles of washing/cen-
trifugation as indicated above. The precipitated preparations
were lysed in RIPA buffer for 40 min at 37°C with gentle agita-
tion. RIPA-lysed villus preparation was subjected to sonication
as indicated above. Alternatively, intestinal villi were treated
with the different TLPs for 1 h at 4°C followed by removing of

unbound TLPs through three cycles of washing/centrifugation
with PBS asindicated above. The villus pellet was resuspended
in MEM and incubated for 5min at 37°C before adding the thiol-
disulfide interacting agents indicated above. After removing
the agents by centrifugation through three cycles of washing/
centrifugation with PBS, villi were lysed with RIPA buffer and
sonicated. In all cases, PDI-TLP interaction was detected using
capture ELISA as indicated above.

Redox changes in viral proteins. Labeling of TLPs with MPB
[Ne-(3-maleimidylpropionyl)biocytin (Invitrogen™)] was essen-
tialy performed as previously described (Jain et al.,2007;2009).
Briefly, MA104 cells in DMEM containing 0.2 mg/ml PMSF
were left untreated or were treated with bacitracin (7.5 mM) or
DTNB (7.5 mM) for 1 h at 37°C before centrifugation at 2,500 x g
for 3min at 4°C and resuspended in DMEM. The resuspended
preparation at the protein concentration and volume indicated
above was incubated with trypsin-activated HI (130 pg/ml) or
RRV (150 pg/ml) in the presence of MPB (0.5 mM) (Jain et al.,
2007) for 1 h at 4°C under constant agitation (120 rpm). MPB
reaction was stopped by adding an equal volume of 0.5 mM
NAC in PBS. Unbound TLPs and MPB were removed by wash-
ing with PBS and centrifugation as indicated above and the
pellet was lysed with RIPA buffer for 40 min at 37°C with gen-
tle agitation. The cell lysates were immunoprecipitated with
protein A-Sepharose beads coupled with rabbit polyclonal
antibodies against rotavirus structural proteins and processed
asindicated for SDS-PAGE/Western blot analysis. Biotinylated
proteins were probed with HRP-conjugated streptavidin
(Invitrogen) and visualized with 3-amino-9-ethylcarbazole
(AEC). Subsequent stripping of the membrane and reprobing
with goat primary antibodies against rotavirus virions was
performed as indicated above.

Detection of free thiols in viral proteins. For detection of free
thiolsin viral proteins, HI TLPs (130 ug/ml) in TBS were treated
or left untreated with 5mM dithiothreitol (DTT) for 1h at 37°C.
Excess of DTT was removed by submitting TLPs to centrifuga-
tion as indicated for TLP purification. TLPs were untreated
or treated with 0.5 mM MPB for 30 min at RT with constant
agitation. Unbound MPB was also removed by centrifuga-
tion as indicated for TLP purification and TLPs resuspended
in TBS and immunoprecipitated with rabbit anti-rotavirus
antibodies. The immunoprecipitated TLPs were denaturated
with Laemmli sample buffer with 2-ME in a boiling water
bath before analysis by SDS-PAGE/Western blot. Biotinylated
proteins were detected with HRP-streptavidin conjugate and
AEC as indicated above.

Statistical analysis. An unpaired Student's t-test was used
to test for significant differences between treatments. Values
were reported as mean + SD and results were considered as
not significant (ns) with p >0.05, significant with p <0.05, very
significant with p <0.01, and highly significant with p < 0.001.
Statistical analysis was performed with GraphPad Prism®
(Graphpad Software Inc., USA).
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Results
Rotavirus binds cell membrane-associated PDI

To gain insight on the mechanisms mediating the
interaction of rotavirus particles with the cell surface of
enterocytes we used villi from small intestine which were
isolated from ICR mice as previously reported (Guerrero et
al.,2010). The isolated small intestinal villi showed their
typical morphology and mean size of about 196.7 + 49.8
mM (Fig.1a), with cell viability higher than 90% (data not
shown). To test whether rotavirus virions bind to the cell
surface PDI, TLPs from RRV, ECwt or HI were incubated
with intestinal villi, followed by lysis with RIPA buffer,
sonication and ELISA analysis for TLP-PDI interaction.
Binding of TLPs to rHsc70 was used as a positive control
(Ariaset al.,2002; Gualtero et al.,2007; Guerrero et al.,2012).
Mean absorbance values from control wells containing
sonicated RIPA lysates from untreated villi were subtract-
ed from those of experimental absorbance values. When
using capture antibodies against rotavirus, the resultant
mean absorbance values for the detected PDI showed
that in all the 3 rotaviruses tested PDI interacts with
TLPs after 5 min incubation at 37°C (Fig. 1b). The mean
ELISA absorbance values for PDI bound to RRV, ECwt,
and HI were 0.568,1.183 and 1.285 after 5 min incubation,
respectively (Fig. 1b). However, after 15 min incubation at
37°Cthis binding tendency was only maintained for RRV
(0.556) and HI (1.328) while significant decrease of bound
PDI was observed for ECwt (0.651) (Fig. 1b). This might
suggest that the ECwtinteraction with cell surface PDIis
more transient than that observed for RRV and HI. When
using capture antibodies against PDI, the absorbance
values for the RRV, ECwt and HI virions interacting with
PDIwere 0.350,0.647 and 1.050 at 5 min incubation at 37°C,
respectively. Again, a longer time of incubation (15 min)
maintained the TLPs interaction with PDI only for RRV
(0.428) and HI (1.150) whereas a significant decrease of
the absorbance value for ECwt virions (0.189) bound with
PDIwas observed (Fig.1b). This result suggests that ECwt
virions could have been transited to other cell surface
receptors after a longer incubation time.

To test whether rotaviruses interacted with PDI pre-
sent in cell membrane-enriched fractions, TLPs from
RRV, ECwt, and HI were incubated during 5 min at 37°C
with cell-membrane-enriched fractions and their RIPA
lysates were examined by ELISA. Mean absorbance values
showed a significant interaction between PDI and TLPs
from RRV (0.367), ECwt (0.398) and HI (0.717) (Fig. 1c).
When RIPA lysates were captured by anti-PDI antibodies,
the mean absorbance values for RRV (0.197), ECwt (0.306)
and HI (0.448) interaction of TLPs with PDI were also
significant (Fig. 1c). Rotavirus-rHsc70 interaction used

as positive control showed mean absorbance values of
0.737 and 0.762 when capturing with anti-rotavirus or
anti-Hsc70 antibodies, respectively (Fig. 1c). The ELISA
results suggest that viral TLPs interact with PDI, although
further experimental testing isneeded for elucidating the
details of this interaction.

PDI co-immunoprecipitates with TLPs

To further test for the PDI-TLP interaction, aliquots
of the RIPA lysates from villi and membrane-enriched
fractions were subjected to immunoprecipitation using
polyclonal anti-rotavirus antibodies followed by Western
blot analyses. The immunoprecipitated samples from
villi that had been incubated 15 min at 37°C with TLPs
from RRV, ECwt or HI showed a positive reaction band
at about 55 kDa after probing with anti-PDI antibodies
(Fig. 1d, lanes 2, 4, 6), whereas no reaction was observed
inlysates from samples without rotavirus (Fig.1d, lane1).
Incubation of villi with the same TLPs during 5 min at
37°C was also enough to show the same positive reaction
for the PDI-TLP interaction (Fig. 1d, lanes 3, 5, 7). In the
case of immunoprecipitated samples from RIPA lysates of
cell-membrane-enriched fractions incubated with TLPs
from ECwt or HI, a PDI positive reaction at about 55 kDa
position was also observed (Fig. le,1anes 1,3), while it was
absent in samples without TLPs (Fig. 1e,lane 2). rPDI was
used as a positive control (Fig. 1e,lane 5). Taken together,
the immunoprecipitation results suggest that PDI can
interact with TLPs either directly or indirectly through
other rotavirus interacting proteins on the cell surface.

Antibodies to PDI inhibit rotavirus-PDI
interaction

To test the specificity of PDI-TLP interaction, cell
membrane-enriched fractions were treated with F(ab')2
of rabbit polyclonal anti-PDI antibodies, washed and then
incubated with TLPs from RRV, ECwt or HI. After lysis
with RIPA buffer, the samples were analyzed by ELISA
using anti-rotavirus antibodies as capturing antibo-
dies. The detection with goat anti-PDI antibodies showed
that treatment of cell membrane-enriched fractions with
F(ab')2 from anti-PDI antibodies (20 pg/ml) led to an inhi-
bition of the PDI-TLP interaction of about 97,89, and 79%,
for RRV, ECwt, and HI, respectively, as compared with
the mean absorbance values found in the samples from
anti-PDI-untreated cell membrane-enriched fractions
assumed as 100% PDI-TLP interaction (Fig. 1f). Pre-treat-
ment of cell membrane-enriched fractions with a lower
concentration of F(ab')2 of anti-PDI antibodies (10 ug/ml)
was also enough to reduce the mean absorbance values
of PDI bound to TLPs from RRV, ECwt, and HI by 88, 78,
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PDI-TLP interaction on the cell surface and in cell membrane-enriched fractions

Intestinal villi from uninfected ICR mice or cell membrane-enriched fractions were incubated with rotavirus TLPs and analyzed with
ELISA.(a) Arepresentative image of small intestinal villi isolated from ICR mice. (b) PDI-TLP interaction in villus lysates. The interaction
was determined using capture antibodies against rotavirus TLPs or against PDI. TLPs from RRV, ECwt or HI are indicated. The mean AOD
values for PDI-TLP interaction are shown on the y-axis (ns = no significant difference; *p <0.05; **p <0.01; ***p <0.001). TLP-rHsc70 interac-
tion was used as a positive control, and villus lysates without TLP treatment were used as a negative control. (c) PDI-TLP interaction from
RIPA-solubilized cell membrane-enriched fractions. The interaction was determined using capture antibodies against rotavirus TLPs or
against PDI. The TLPs from RRV, ECwt, and Hl are indicated. Positive and negative controls,and mean AOD values were as described above.
(d) Western blot analysis of co-immunoprecipitates (IP) from villus lysates. Villi were incubated with TLPs from the indicated rotaviruses
and during theindicated times (min), lysed with RIPA buffer and immunoprecipitated with anti-rotavirus antibodies. The WB was performed
using anti-PDI antibodies. RIPA lysates from TLP-untreated villi were used as a control. (e) Western blot analysis of co-immunoprecipitates
obtained from RIPA-solubilized cell membrane-enriched fractions. A sample from a RIPA-solubilized cell membrane-enriched fraction
without TLP treatment was used as a negative control. rPDI was used as a positive control. (f) Inhibition of PDI-TLP interaction by treat-
ment with anti-PDI-F(ab')2. Cell membrane-enriched fraction was treated with anti-PDI-F(ab )2 before incubation with the indicated TLPs.
The RIPA-solubilized cell-membrane-enriched fractions were analyzed by ELISA using anti-rotavirus antibodies for capture and anti-PDI
antibodies for detection. Cell membrane-enriched fractions without anti-PDI-F(ab")2 treatment were used as a control. Data of inhibition
of the PDI-TLP interaction derived from the mean AOD values are shown as mean inhibition percentage (+SD).

and 54%, respectively (Fig. 1f). These results suggest that  ed with DTNB, bacitracin or NEM and then incubated with
PDI-TLPinteraction could be specific,asit was practically = TLPs from RRV, ECwt or HI or DLPs from RRV or ECwt.

abolished by F(ab')2 from anti-PDI antibodies. Sonicated RIPA lysates were captured with anti-rotavirus
or anti-PDIantibodies and correspondently detected with

PDI-TLP interaction involves thiol-disulfide anti-PDI or anti-rotavirus antibodies. The mean absorb-
exchange ance values for PDI bound to TLPs were significantly

reduced by pre-treatment with all the thiol-disulfide
To gain insight into the characterization of the nature = exchange reagents assayed leading to the correspond-
of PDI-TLP interaction,isolated intestinal villiweretreat-  ing significant inhibitions of the PDI-TLP interaction
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Effect of thiol-disulfide exchange reagents on PDI-rotavirus interaction

(a) Inhibition of PDI-TLP interaction by treatment of villi with inhibitors of thiol-disulfide exchange. Small intestinal villi were incubated
with bacitracin, DTNB, or NEM before incubation with TLPs from ECwt or HL. The PDI-TLP interaction was analyzed by ELISA in RIPA cell
lysates captured with anti-TLP (top panel) or anti-PDI (bottom panel) antibodies and detected with the indicated antibodies. The reaction
was developed with HRP-conjugated donkey anti-goat or anti-mouse secondary antibodies. The vertical axis indicates the percentage of
the PDI-TLP interaction inhibition derived from the mean AOD values. Data are shown as mean (+SD) percentages (ns = no significant
difference; *p <0.05; **p <0.01; ***p <0.001). (b) Inhibition of PDI-TLP interaction by treatment of cell membrane-enriched fractions with
inhibitors of thiol-disulfide exchange. Cell membrane-enriched fractions were incubated with bacitracin, DTNB, or NEM before incubation
with TLPs from RRV, ECwt or HI and the interaction was analyzed by ELISA using the indicated capture and detection antibodies. Data on
the inhibition of PDI-TLP interaction are shown as indicated above. (¢) Inhibition of PDI-DLP interaction by treatment with inhibitors of
thiol-disulfide exchange. Cell membrane-enriched fractions were incubated with bacitracin, DTNB or NEM before incubation with DLPs
from RRV or ECwt. The PDI-DLP interaction in the RIPA-solubilized cell membrane-enriched fractions was analyzed by ELISA using capture
antibodies against TLPs which also recognize DLPs. The detection was performed with anti-PDI antibodies or anti-Hsc70 antibodies as a
control. TLPs from ECwt and HI were also used as a control. Data on the inhibition percentages of the PDI-DLP interaction are shown as
indicated above. (d) Reversion of the PDI-TLP interaction by treatment with thiol-disulfide exchange reagents. Small intestinal villi were
incubated with TLPs from ECwt and analyzed by ELISA for the presence of PDI-TLP interaction after treatment with bacitracin, DTNB, or
NEM. The capture and detection antibodies are indicated. The mean (+SD) percentages of the reversion of the PDI-TLP interaction derived
from the mean ELISA AOD values are shown on the vertical axis.

in comparison with the untreated control villi (Fig. 2a).  was further increased to more than 80% for both ECwt
For instance, DTNB (5 mM) pre-treatment of villi caused =~ and HI when DTNBwas increased to 30 mM (Fig. 2a). This
inhibition of PDI-TLP interaction by about 30% for ECwt  suggeststhat freethiolsin PDIseem tobe needed for PDI-
and 50% for HI independently of the antibodies used for =~ TLP interaction as the reaction between DTNB and thiol
capture or detection (Fig. 2a). Inhibition of interaction  group resultsinthe production of an equivalent amount
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of 5-thio-2-nitrobenzoic acid. However, it has been report-
ed that the DTNB method could underestimate the real
concentration of thiol groups present in a protein due to
its incomplete reaction (Faulstich et al.,1993; Wright and
Viola,1998). Although the exact mechanism of DTNBbind-
ingto PDIis not completely elucidated, it has been demon-
strated in silico that Cys37 of PDI plays an important role
in its inhibition by DTNB binding during HIV infection
(Gowthaman et al.,2008). Bacitracin pre-treatment of villi
decreased PDI-TLP interaction by about 89% and 80% for
HIwhen anti-rotavirus or anti-PDI antibodies were used
for capture in ELISA, respectively (Fig. 2a), this interaction
was also decreased by 40% and 65% for ECwt, respectively
(Fig.2a). These results suggest that the reductive activity
of PDI in the substrate-binding domain is involved in
PDI-TLP interaction as bacitracin inhibits this activity
(Dickerhof et al., 2011). NEM pre-treatment of villi led to
a significant reduction of the PDI-TLP interaction. Since
NEM is used for detecting functional thiols in proteins,
theresults suggest that free thiols are required in PDI for
interacting with TLPs.

PDI-TLP binding assays using RIPA lysates from cell
membrane-enriched fractions instead of isolated in-
testinal villi showed that the mean ELISA absorbance
values corresponding to PDI detected after capture with
anti-rotavirus antibodies were significantly reduced by
treatment with the thiol-disulfide exchange reagents
tested. According to these absorbance values, bacitracin
reduced PDI-TLP interaction for RRV, ECwt, and HI TLPs
by 53,70 and 34%, respectively; DTNB (5 mM) by 26,58 and
52%, respectively; DTNB (30 mM) by 62,85 and 65%, respec-
tively; and NEM by 73, 58 and 67%, respectively, relative
to cell membrane-enriched fractions that had not been
treated with the thiol-disulfide exchange reagents (Fig.
2b). Regardless of whether anti-rotavirus or anti-PDI an-
tibodies were used for capture, most of the thiol-disulfide
exchange inhibitors used were able to cause inhibition
of PDI-TLP interaction by at least 50% (Fig. 2b). The re-
sults obtained from cell membrane-enriched fractions
also suggest that thiol-disulfide exchange is involved in
PDI-TLP interaction. However, the remaining PDI-TLP
interaction, whether direct orindirect, after pre-treatment
with thiol-disulfide inhibitors could be explained by
chaperone activity.

To test whether the PDI-DLP interaction is mediated
by thiol-disulfide exchange, cell membrane-enriched
fractions were pre-treated with DTNB, bacitracin, or
NEM before the addition of RRV or ECwt DLPs. To test
for PDI-DLP interaction, we took advantage of the fact
that the serum raised against TLPs is reactive with all
rotavirus structural proteins, including VP6. The mean
absorbance values corresponding to PDI bound to DLPs
captured by anti-rotavirus antibodies were significantly

decreased and they corresponded to mean inhibitions of
30% (DTNB, 5 mM), 95% (DTNB, 30 mM), 70% (bacitracin),
and 40% (NEM) for RRV and ECwt DLPs (Fig. 2c). Percent-
ages were estimated relative to the mean absorbance
values of PDI bound to DLPs from RRV or ECwt in control
RIPA lysates from cell membrane-enriched fractions that
had not been pre-treated with thiol-disulfide exchange
inhibitors (Fig. 2c). These results indicate that VP6, the
protein covering DLP surface, isinteracting with PDIby a
mechanism involving at least the thiol redox or disulfide
exchange activities of PDI.

To test whether the TLP interaction with cell surface
PDI could be reversed by addition of thiol-disulfide ex-
changeinhibitor,isolated intestinal villi were first treated
with ECwt TLPs. After removing the unbound TLPs, villi
were treated with DTNB, bacitracin, or NEM at 4°C for
60 min. Sonicated RIPA lysates from villi were analyzed
by ELISA using anti-rotavirus or anti-PDI antibodies for
capture. Irrespectively of the capture or detection anti-
bodies used, PDI-TLP interaction was reversed by 100%
(DTNB), 50% (bacitracin), and 65% (NEM) (Fig. 2d). These
results suggest that thiol groups in either viral proteins
or PDI are needed for maintaining PDI-TLP interaction
as DTNB and NEM react with thiol groups. Bacitracin ef-
fect on PDI-TLP interaction suggests that free cysteines
are involved in maintaining this interaction. Assuming
that the PDI-TLP interaction involves thiol-disulfide ex-
change reactions leading to the generation of free thiol
groupsinviral structural proteins and disulfide bonds in
PDI active sites, a plausible interpretation of the effects
caused by DTNB, NEM, and bacitracin treatments on this
interaction could be made. After the PDI-TLP interaction
is formed, it could be weakened by reacting free thiols in
viral structural proteins through DTNB or NEM treat-
ment. Since DTNB and NEM interfere with the enzymatic
activities of PDI rather than with its chaperone activity,
the residual PDI-TLP interaction could be attributed to
PDI chaperone activity.

rPDI interacts with TLPs, DLPs, rVP5, rVP6,
and rVP7

Totest foradirectinteraction between PDI and rotavi-
rusvirions or viral structural proteins, rPDI-coated ELISA
plates wereincubated with TLPs or DLPs from RRV, ECwt,
HIor with rVP5*,rVP8* rVP6 or VP7. The electrophoretic
patterns of the rotavirus structural proteins tested are
shown in Fig. 3a. The mean absorbance values of ELISA
showed that TLPs from RRV (0.37), ECwt (0.43) and HI
(0.9) were bound by rPDI as these absorbance values
were obtained after subtracting those from control wells
consisting of rPDI-coated and casein-blocked plates in-
cubated with primary and secondary antibodies (Fig. 3b,
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In vitro interaction of rPDI with TLPs, DLPs, and rotavirus structural proteins
(a) Electrophoretic profile of the rotavirus structural proteins. Purified rPDI, rVP5* rVP8* rVP6 and VP7 were analyzed by SDS-PAGE in
reducing conditions and silver stained. (b) Interaction of rPDI with TLPs, DLPs, and rotavirus structural proteins. ELISA plates coated with
rPDI were treated or left untreated (control) with DTNB or anti-PDI antibodies (F(ab')2) before incubation with TLPs, DLPs, rVP5*, rVP8*,
r'VP6, or VP7. The captured viral particles and proteins were detected with antibodies to TLPs (Anti-TLP Ab) and separate antibodies to
rVP5*% rVP8* rVP6 (which also detect DLPs), or VP7 labeled collectively as Anti-rVP Ab. Results are from three independent experiments
performed in duplicates. The resultant mean ELISA AOD (+SD) values for interactions after subtracting the mean OD values from the control
wells are shown (ns = no significant difference; *p <0.05; **p <0.01; ***p <0.001). (c) Inhibition percentages of the interaction of rPDI with
TLPs, DLPs, rVP5* rVP8* rVP6 or VP7 The inhibition percentages of the interaction of rPDI with TLPs, DLPs, rVP5* rVP6*, or VP7 caused
by DTNB or F(ab')2 treatment were derived from the mean ELISA AOD values (b). Data on inhibition are shown as mean (+SD) percentages.

left panel). Mean absorbance values for DLPs bound to
rPDI were 0.21 (RRV) and 0.43 (ECwt) after subtracting
mean absorbance values from the control wells (Fig. 3b,
left panel). Positive control rHsc70-coated wells incubated
with DLPs from RRV or ECwt showed mean absorbance
values of 0.31 and 0.56, respectively (Fig. 3b, left panel).
These results indicate that both TLPs and DLPs are sig-
nificantly bound by rPDI. Mean absorbance values for
RRV rVP5* (0.68), r'VP8* (0.0), r'VP6 (0.45) and VP7 (0.38)
bound by rPDI (Fig. 3b) suggest that VP5* and VP7 could be

responsible for the PDI-TLP interaction whereas PDI-DLP
interaction could be mediated by VP6, the only accessible
protein in DLPs). It is interesting to mention that rVP8*
was unable to bind rPDI (Fig. 3b, left panel).

To gain insight into the basic mechanism mediating
the direct interaction between rPDI and TLPs, DLPs or
isolated viral structural proteins, rPDI-coated plates
were pre-treated with DTNB or F(ab')2 from rabbit poly-
clonal anti-PDI antibodies before incubation with TLPs
or DLPs from RRV, ECwt, HI, or with RRV rVP5%, rVP8*%,
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rVP6* or VP7. Mean absorbance values (Fig. 3b, central
panel) indicated that DTNB pre-treatment reduced rPDI-
TLP interaction by 45, 58 and 50% for RRV, ECwt and HI
TLPs, respectively (Fig. 3c, left panel). According to the
suggested inhibitory mechanism for DTNB, the results
suggest that free thiols in PDI are needed to maintain
PDI-TLP direct interaction, without excluding any PDI
chaperone contribution.

Blocking rPDI-coated plates with anti-PDI F(ab')2 led to
inhibition of PDI-TLP interaction by about 46,73 and 55%
for RRV, ECwt and HI, respectively (Fig. 3¢, right panel),
accordingtothe absorbance values shown in Fig. 3b, right
panel. Despite the lower molecular weight of F(ab')2 in
comparison to the whole antibody, the results showed
that its specific binding to PDI was able to interfere to a
significant extent with the PDI-TLP interaction. However,
the residual PDI-TLP interaction suggests that the level
of steric hindrance caused by F(ab')2 was not enough to
completely prevent this interaction. On the other hand,
pre-treatment of rPDI with DTNB caused significant in-
hibition of the PDI interaction with rVP5*, rVP6, VP7 or
DLPs. In all the cases, interactions were reduced by 50%
in average in comparison to those observed for DTNB-
untreated control rPDI (100%) (Fig. 3c, left panel). These
results confirm the findings described above about the
effect of DTNB treatment of villi on TLP binding that free
thiol groups in PDI are required for binding of rotavirus
structural proteins. Anti-PDI antibody pre-treatment of
rPDI also led to more than 50% reduction of rPDI inter-
actions with DLPs or the recombinant viral structural

(@)
HITLPs (130 pg/mL) + + + £ o S %
Trypsin (1 pg/mL) + + 4+ o =
DTT (5 mM) + o+ o+ = - - -+
MPB (0.5 mM) $ 4 ¥ 4 &
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proteins tested, except for DLPs from RRV whose inter-
action with rPDI was only reduced by about 40% (Fig. 3c,
right panel). The inhibitory effect on rPDI-DLP and rPDI-
recombinant viral protein interactions caused by the
F(ab') treatment of rPDI also indicate that this specific
treatment was unable to completely interfere with these
interactions probably duetoinsufficient steric hindrance.

Cell surface contact generates thiol groups in viral
proteins

As mentioned above, VP4 (VP5* and VP8*), VP6 and
VP7 have been reported to have cysteine residues sus-
ceptible to form disulfide bonds by oxidation (Aokietal.,
20009; Patton et al., 1993; Svensson et al., 1994) although
crystallographic studies have shown that disulfide
bonds are absent in VP5*, VP8* and VP6 (Dormitzeret al.,
2004; Dormitzer et al.,2002; Mathieu et al.,2001; Yoder et
al.,2009). We wanted to determine whether thiol groups
are exposed in HI TLP proteins using trypsin-activated
TLPs with or without the treatment by reducing agent
DTT. After incubating the DTT-treated TLPs with MPB,
the analysis of TLP proteins by SDS-PAGE/Western blot
under reducing conditions showed protein bands posi-
tive to the HRP-streptavidin conjugate with molecular
sizes matching those of viral proteins (VP6 and VP7),
independently whether or not the TLPs had been treated
with trypsin (Fig. 4a, lanes 1, 2, 3, 8, 9). DTT-untreated
TLPs that reacted with MPB did not show any protein
band in the blot probed with HRP-streptavidin conjugate

(b)
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Fig. 4

Cell membrane-induced generation of thiol groups in rotavirus structural proteins
(a) Generation of thiols in rotavirus structural proteins by treatment with DTT. TLPs from HI were treated or left untreated with 5mM DTT
before treatment with MPB. The immunoprecipitated TLPs were analyzed by SDS-PAGE. (b) Generation of thiols in rotavirus structural
proteins by contact with the cell surface. MA104 cells were treated with DTNB or bacitracin. After incubation with RRV TLPsand MPB, the
cells were lysed in and immunoprecipitated with rabbit anti-rotavirus antibodies (Anti-TLP Ab). The rotavirus structural protein bands

are shown on the right of the panel (b).
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(Fig. 4a,lanes 4,5, 6,7). These results suggest that native
TLP proteins do not have free thiol groups available for
reaction with MPB and that the MPB reactive sites were
exposed following reduction with DTT. In addition, the
results suggest that trypsin cleavage of VP4 does not
lead to thiol group exposure in the cleavage products
VP5* and VP8*.

To test whether the binding of RRV virions to MA104
cells leads to the generation of free thiols in viral struc-
tural proteins, cells were pre-treated with or without
DTNB or bacitracin before incubation with RRV TLPs.
After the reaction with MPB, the SDS-PAGE/Western
blot analysis of the immunoprecipitated TLPs from RIPA
lysates showed two protein bands interacting with HRP-
streptavidin conjugate that were according to their sizes
compatible with VP6 and VP7 (Fig. 4b,lane 3). These bands
were absent in samples from MA104 cells that had been
treated with DTNB or bacitracin before incubation with
TLPs (Fig. &b, lanes 1, 2). These bands were also absent in
control samples in which MA104 cells were not incubated
with TLPs or in MA104 cells incubated with TLPs but not
treated with MPB (Fig. 4b,lanes 4,5). These results suggest
that thiol-disulfide exchange reactions are taking placein
the cell surface membrane, leading to the generation of
free thiol groups in viral proteins. PDI and other related
thioredoxins are plausible candidates for performing
these reactions (Calderon et al., 2012a). After stripping
off the HRP-streptavidin conjugate, the membrane was
probed with primary anti-rotavirus antibodies. After
visualization of the reaction products, it was found that all
rotavirus structural proteins were revealed (Fig. 4b, lane 3,
right panel) and that, according to their electrophoretic
mobility, the protein bands reacting with MPB (Fig. 4b,
lane 3, left panel) corresponded to VP6 and VP7 (Fig. 4b,
lane 3, right panel). This result confirms that disulfide
bonds present in these viral structural proteins were
reduced by thiol-disulfide isomerases present in the cell
surface of the target cell.

Discussion

Previous work has shown that rotaviruses seem to
interact with multiple cell surface molecules either se-
quentially or alternatively in order to enter the host cell
(Guerrero and Acosta, 2016; Lopez and Arias,2006). Among
these cell surface molecules, PDI has been reported to be
used by rotaviruses (Calderon et al., 201a). In this report,
we started from the hypothesis that the reducing cell
surface PDI, or even integrin avp3 or another thioredoxin,
is able to induce thiol-disulfide exchange in rotavirus
structural proteins for providing conformational changes
needed for entry.

Our findings indicate that DTNB, a membrane-imper-
meant reagent that reacts with free thiols (Feener et al.,
1990), was able to inhibit the PDI-TLP interaction arising
during the contact of rotavirus particles with either the
cell surface or cell membrane-enriched fractions from
MAI104 cells. This inhibitory effect suggests that the cell
surface membrane-associated reductive activity involved
inthereduction of disulfide bridges has been significantly
abolished by the DTNB pretreatment of cells. However,
the residual PDI-TLP interaction detected after DTNB
pretreatment might be attributed to an eventual PDI
chaperone activity. In addition, the NEM pretreatment
of the cells or cell membrane-enriched fractions led also
to significant inhibition of the PDI-TLP interaction. This
result also suggests the implication of thiol groups in
this interaction as NEM reacts with functional thiols
in proteins (Winther and Thorpe, 2014; Ruyechan, 1988).

The fact that the native TLP structural proteins lack
reacting thiols in the absence of DTT pretreatment and
that MPB reacting thiols are formed in the VP6 and VP7
structural proteins after the TLP contact with the cell
surface suggests that the PDI-TLP interaction could lead
tothe formation of these thiol groupsin the viral proteins.
The occurrence of thisredox reactionis further supported
by theinhibition of the PDI-TLP interaction caused by the
DTNBand NEM pretreatments of cells. On the other hand,
bacitracin, a non-specific membrane-impermeant thiol/
disulfide exchange inhibitor, was also able to inhibit the
PDI-TLP interaction. The interfering effect of bacitracin
onthe PDI-TLP interaction could be explained in terms of
the inhibition of the reductive activity of PDI needed to
generate free thiol groupsin the viral structural proteins
with the consequent production of disulfide bridges in
the active site of PDI.

From the angle of the potential PDI substrates in the
rotavirus TLPs, VP4 (VP5* and VP8*), VP6 and VP7 have
been reported to contain cysteine residues capable of
forming disulfide bridges (Patton et al.,1993; Svensson et
al.,1994; AoKi et al.,2009). However, crystallographic stud-
ieshave shown that the cysteine residues presentin VP5*
(Dormitzer et al.,2004; Yoder et al.,2009), VP8* (Dormitzer
etal.,2002) and VP6 (Mathieu et al.,2001) are not forming
disulfide bridges. The absence of disulfide bridges in the
VP5* and VP8* structural proteins of TLPs suggest that
these proteins could not be substrates of the reductive
activity of the cell surface PDI. On the other hand, the
lack of disulfide bridges in the VP6 structural protein
forming the DLP surface would not make it a substrate
for reductive activity of the cell surface PDI assumed to
be implicated in the PDI-DLP complex formation. How-
ever,our results suggest that free thiolsin the cell surface
PDI, which are associated with its reductive activity,
were needed for maintaining the PDI-DLP interaction
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as this interaction was significantly inhibited by DTNB
and NEM pre-treatment of the cells. Our interpretation
of this result is that VP6 certainly contains at least one
disulfide bridge as DTT treatment of the virus particles
resulted in the generation of free thiols as suggested by
the VP6 reactivity with MPB only after treatment with
DTT. Then, it sounds plausible to propose that the redox
activity of PDI is involved in maintaining the PDI-DLP
interaction. Of course, it cannot be ruled out that in the
PDI-DLPinteraction the highly trimeric and hydrophobic
VP6 covering the DLP surface is playing an additional
role as a potential substrate of the PDI chaperone activity.

Inthe case of VP7,this TLP structural protein contains
disulfide bridges (Svensson et al., 1994; Aoki et al., 2009)
which are generated by the oxidant PDI present in the
endoplasmic reticulum (ER) (Mirazimi and Svensson,
1998). This structural characteristic of VP7 allows us to
suggest that the PDI-TLP interaction is mainly mediated
by the reductive activity of the cell surface PDI, because
this interaction was significantly disrupted by DTNB,
NEM or bacitracin treatment of the cell before the addi-
tion of TLPs. The PDI-TLP complex might be maintained
by disulfide bonds between PDI and cysteine-containing
TLP proteins or by weak interactions mediating PDI
chaperone activity. However, the inhibition of the PDI-
TLP complex formation by DTNB, NEM, and bacitracin
suggeststhatathiol-disulfide exchange in which disulfide
bonds are cleaved by the thiols present in the active site
of the reductive PDI is occurring. VP7 is the most likely
candidate for being a substrate of the reductive activity of
the cell surface PDI as VP7 contains four disulfide bonds
(Aoki et al.,2009).

The fact that DTNB and bacitracin treatments of cells
were able to inhibit the free thiol generation in VP6 and
VP7 upon the TLP contact with the cell surface suggests
that thiol-disulfide exchange reactions are taking place
during attachment of virus particles to the cell surface.
Although PDI-TLP direct interaction occurs as shown
in the present work, the non-specific inhibitory nature
of DTNB and bacitracin leaves room for considering the
participation of additional members of the thioredoxin
family in the TLP-cell surface interaction that were not
studied in the present work. It has been shown that the
F protein on the surface of the Newcastle disease virus
is reduced by cell surface thiol-disulfide isomerases to
generate free thiols (Jain et al., 2009). On the other hand,
rotavirus entry into the host cell has been shown to be
dependent on the thiol-disulfide exchange activity on
the cell surface (Calderon et al., 2012a). The reductive
activity of the cell surface PDI and other thioredoxins
hasbeen also shown in the cleavage of disulfide bonds in
membrane-bound ligands (Mandel et al.,1993) and in the
HIV-1envelope protein (Env) (Markovic et al.,2004; Ou et

al., 2006; Auwerx et al., 2009). It has been proposed that
TLP binding to the cell surface produces conformational
changesintheviral structural proteins which are needed
for entry (Arias et al., 2002). PDI and Hsc70 have been
identified as candidates for causing these conformational
changes (Calderon et al., 2012a; Pérez-Vargas et al., 2006;
Guerrero and Acosta, 2016).

It is interesting to note that the PDI-TLP interaction
appears not to be maintained by an irreversible covalent
enzyme-substrate intermediate asthe binding of TLPsto
the cell surface is reversed by DTNB, NEM or bacitracin
treatment. Although it has been reported that DTNB not
onlyreactswith freethiolsbut also breaks disulfide bonds
by a thiol-disulfide reaction (Schauenstein et al., 1982), it
seems to be more plausible to suggest that PDI-TLP in-
teraction on the cell surface is a reversible reaction that
would allow for interconversion between the reduced
and oxidized forms of the substrate and enzyme. In our
experimental conditions, this reversibility of the reaction
would allow interaction of the inhibitors with PDI after
TLP binding. However, the understanding of the detailed
molecular mechanisms involved in the reversion of the
PDI-TLP interaction needs further research.

Overall, the participation of PDI during the rotavirus
entryinto the target cells gains support from the present
results as the DTNB and bacitracin treatment of cells
inhibited the formation of the PDI-TLP complex and also
inhibited the rotavirus infectivity as previously shown
(Calderon et al., 2012a). In addition, at least the disulfide
bond-containing VP7 is a potential substrate of the re-
ductive PDI or another cell surface thioredoxin able to
generate free thiols after TLP contact with the cell sur-
face. However, further research is needed to identify the
complete set of cell surface molecules and the sequence of
their use during rotavirus entry, including those respon-
sible for thiol-disulfide exchange reactions.
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