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Regulation of cysteine proteinases and their inhibitors 
is of utmost importance in diseases like lung cancer, 
chronic inflammatory conditions such as asthma, em-
physema, and idiopathic pulmonary fibrosis. Protease-
antiprotease imbalance accelerates disease progression. 
In the present study, the effect of antineoplastic and 
antirheumatic drug methotrexate (MTX) on lung cysta-
tin (a cysteine protease inhibitor) was studied to explore 
drug induced changes in functional and structural in-
tegrity of the protein. The basic binding interaction was 
studied by UV-absorption, FT-IR and fluorescence spec-
troscopy.  The quenching of protein fluorescence con-
firmed the binding of MTX with goat lung cystatin (GLC-
I). Stern-Volmer analysis of MTX-GLC-I system at different 
temperatures indicates the presence of static component 
in the quenching mechanism. The thermodynamic param-
eters ΔH0 and ΔS0 were –3.8 kJ/mol and 94.97 J•mol–1•K–1, 
respectively, indicating that both hydrogen bonds and 
hydrophobic interactions played a major role in the 
binding of MTX to GLC-I. Methotrexate (7 µM) caused 
complete inactivation of lung cystatin after 6 hours. The 
results of FT-IR spectroscopy reflect perturbation of the 
goat lung cystatin on interaction with MTX. Methotrex-
ate induced loss of function change in the inhibitor 
could provide a rationale for the off target tissue injury 
caused by the drug and for the design of agents against 
such an injury. 
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InTRodUCTIon

Cystatins, the ubiquitous non-covalent competitive in-
hibitors of cysteine proteinases such as cathepsins B, H, 
L and S (Ekiel et al., 1997), have myriad of biologic ac-
tivities attributed to them, like proliferation, differentia-
tion, ageing and death, and antigen presentation besides 
protection of cells from unwanted proteolysis (Turk et 
al., 2008).  Cystatins also play a vital role in the home-
ostasis of intracellular and extracellular matrix whose 
recycling is important otherwise it will cause a number 
of diseases predominatly lung fibrosis and emphysema 
(Katzenstein & Myers, 1998).

Methotrexate (4-amino-10-methylfolic acid/amethop-
terin, MTX) (Fig. 1), a folic acid antagonist, is recognized 
as one of the most important and commonly used drugs 
in the treatment of leukemia, lymphomas, osteosarcoma, 
and rheumatoid arthritis (Neves et al., 2009). Despite its 
indisputable efficacy and good tolerance profile, side ef-
fects of MTX vary from malaise and asthenia to pneu-

monitis or pancytopenia, which can be fatal (Hughes et 
al., 1987; Neves et al., 2009). 

A number of slightly different conformational states 
are available to proteins which differ drastically in their 
function. The marginal stability of the native conforma-
tion is also a delicate balance of various interactions in 
proteins (van der Waals, electrostatic, hydrogen bonds 
and disulphide bridges) (Sneppen & Zocchi, 2005) which 
is affected by pH, temperature or addition of small mol-
ecules such as substrates, coenzymes, inhibitors and ac-
tivators that bind especially to the native state and thus 
alter this fragile equilibrium. In this regard, most drugs 
exert their activity by interaction with proteins. 

Drug accumulation at off-target sites in the body leads 
to unintended adverse reactions (Taniguchi et al., 2007; 
Scheiber et al., 2009) and drug/ligand induced protein 
structure conformational alterations (Takeda et al., 1988) 
are prime problems complicating drug medical therapy 
by affecting the cellular proteins.

Keeping in view the importance of cystatins in main-
tenance of proper lung function, the effect of methotrex-
ate on the integrity of a newly purified cysteine protease 
inhibitor from Capra hircus lung was explored. We have 
already reported the purification and characterization of 
goat lung cystatin (GLC) identified to be a cystatin su-
perfamily variant based on sequence homology (Khan 
& Bano, 2009). GLC is a single subunit 63 kDa pro-
tein, possessing 48.8 % α-helix and substantial amount 
of β structure. Any conformational modulation induced 
upon methotrexate interaction leading to alterations in 
the inhibitor’s function could be extended to the drug’s 
lung damaging effects. Thus, CD, fluorescence and FT-
IR spectroscopy were employed to assess any structural 
changes in lung cystatin on interaction with methotrex-
ate. Functional changes were analyzed by assessment of 
the inhibitory potential of the drug-bound protein.

MATERIALS And METHodS

Materials. Goat lung cystatin was purified in our lab 
and methotrexate (solution for injection) was from Pliva-
Lachema a.s.

Purification of thiol protease inhibitor from goat 
lung. Cysteine protease inhibitor was isolated and puri-
fied from goat lung in high yield and fold purification 
by a simple two step procedure, ammonium sulphate 
precipitation and ion exchange chromatography (Khan & 
Bano, 2009). 
*e-mail: banobilqees@gmail.com
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Drug–protein interactions. Goat lung cystatin con-
centration was fixed at 1 µM and the drug (MTX) con-
centration was varied from 0.25 µM to 7 µM. Final 
volume (3 ml) of sample was made up with by 0.05 M 
sodium phosphate buffer pH 7.4 and the reaction mix-
ture was incubated for 2 h before the fluorescence spec-
tra were taken.  Fluorescence spectra were recorded at 
three different temperatures (298, 308, and 318 K). Fluo-
rescence measurements were carried out on a Shimadzu 
spectrofluorimeter model RF-540 equipped with a data 
recorder DR-3. The fluorescence was recorded at 300–
400 nm after exciting the protein solution at 280 nm for 
total protein fluorescence. The slits were set at 5 nm for 
excitation and emission. The path length of the sample 
was 1 cm.

Absorbance spectra. The UV measurements of GLC 
in the presence and absence of MTX were made in the 
range of 200–300 nm. Absorbance spectra were recorded 
on a double beam Shimadzu UV-Vis spectrophotometer 
UV-1700 using a cuvette of 1 cm path length.

Activity measurements of goat lung cystatin in 
the presence of MTX. The inhibitory activity of puri-
fied GLC was assessed by its ability to inhibit caseino-
lytic activity of papain by the method of Kunitz (1947). 
GLC was incubated with increasing concentrations of 
(MTX) (from 0.25 µM to 7 µM) at 25 °C for different 
time intervals (2–6 h) before its inhibitory activity was 
measured.

Fourier transform infrared (FT-IR) spectroscopy. 
FT-IR measurements were made at room temperature 
on a Nicolet Nexus 670 FT-IR spectrometer equipped 
with a germanium attenuated total reflection (ATR) ac-
cessory, a DTGS KBr detector and a KBr beam splitter. 
All spectra were taken via the attenuated total reflection 
(ATR) method with resolution of 4 cm–1 and 10 scans. 
Spectra of buffer and GLC solution were collected at 
the same condition. The absorbance of buffer solution 
(0.05 M, Na-P buffer, pH 7.5) was subtracted from that 
of GLC solution. The spectra were taken in the region 
1800–1400 cm–1 at physiological pH.

Statistical analysis. All the experiments were con-
ducted in four replicates. All data are expressed as 
mean± SEM. Two-way analysis of variance (ANOVA) 
of data was performed to check for significant differ-
ences between MTX concentrations and incubation 
times. The calculated F values of the test were compared 
with the obtained values from the Fisher-Snedecor table. 
Two-way ANOVA was finished using SPSS 10.0 soft-
ware. P < 0.05 was taken as statistically significant. 

RESULTS

drug–protein interactions

The fluorescence spectra of GLC-I in the presence of 
different concentrations of MTX were recorded in the 
range of 300–400 nm upon excitation at 280 nm. MTX 
caused quenching of the intrinsic fluorescence of GLC-I 
(Fig. 2) accompanied by a red shift (11 nm) of maximum 
fluorescence at 7 µM. These results indicated interactions 
between MTX and GLC-I resulting in a non-fluorescent 
complex. The fluorescence quenching data was analysed 
by the Stern-Volmer equation:

F0/F = 1+ KSV [Q]             (1)

where F0 and F are steady-state fluorescence intensities 
in the absence and presence of quencher, respectively, 

KSV the Stern-Volmer quenching constant and [Q] is the 
concentration of quencher (Fig. 3). The KSV   values ob-
tained at three different temperatures are shown in Ta-
ble 1.

determination of binding constant (K) and number of 
binding sites (n)

When small molecules bind independently to a set of 
equivalent sites on a macromolecule, the equilibrium be-
tween free and bound molecules is given by the equation 
(Feng et al., 1998; Gao et al., 2004):

log [(F0–F)/F] = log K + n log [Q]        (2)

where K and n are the binding constant and the number 
of binding sites, respectively. Thus, a plot of log (F0– 
F)/F versus [Q] can be used to determine K as well as n. 
The values of K and n obtained at three different tem-
peratures are shown in Table 1.

Type of interaction force between MTX and GLC-I

In order to identify the interaction force of MTX with 
GLC-I, the thermodynamic parameters, i.e., free energy 
changes (ΔG0), enthalpy changes (ΔH0), and entropy 
changes (ΔS0) of the interactions were calculated from 
the following equations:

lnK = –∆H0/RT + ∆S0/R	 	 	 	 	 	 	 	 	 	 	 (3)
∆G0= –RT lnK = –∆H0–T∆S	 	 	 	 	 	 	 	 	 	 (4)

The results obtained are shown in Table 1. There was 
a positive entropy change while negative values were ob-
tained for free energy and enthalpy changes. 

Figure 1. Chemical structure of methotrexate, an antineoplastic 
and antirheumatic drug

0

40

80

120

160

200

310 335 360 385 410 435

Wavelength (nm)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (A
.U

.)

0.25 µM MTX 0 µM MTX 1 µM MTX 1.25 µM MTX

2 µM MTX 3 µM MTX 5 µM MTX 7 µM MTX

Native GLC-I

7 µM MTX

Figure 2. Fluorescence emission spectra of GLC-I in phosphate 
buffer, pH 7.4, in  absence and presence of MTX at excitation 
wavelength of 280 nm
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UV-Vis absorbance studies

The interaction between MTX and GLC-I was studied 
from UV-vis absorbance spectral data (Fig. 4). The UV 
absorbance intensity of GLC-I increased with MTX con-
centration. The addition of the drug results in a distinct 
shift of MTX-GLC-I spectrum toward longer wave-
lengths (red shift). 

Inhibitory activity of GLC-I in the presence of MTX 

Changes in the inhibitory activity of GLC-I after in-
cubation for different times (2–6 h) with increasing con-
centrations of MTX are shown in Table 2. GLC-I lost a 
significant fraction of its inhibitory activity at 7 µM con-
centration of MTX after 6 h of incubation. The obtained 
data also indicates that inactivation of goat lung cystatin 
by MTX is concentration as well as time dependent.

FT-IR measurements

Additional evidence regarding the MTX-GLC-I in-
teraction comes from FT-IR spectroscopy, showing 
drug-protein complexes. Infrared spectra of proteins 
exhibit a number of amide bands which represent dif-
ferent vibrations of the peptide moiety. This vibration 

mode originates from the C = O stretching vibration 
of the amide group (coupled to the in-phase bend-
ing of the N–H bond and the stretching of the C–N 
bond) and gives rise to infrared bands in the region 
between approximately 1600 and 1700 cm–1  (Surewicz 
et al., 1993). The protein amide bands have a relation-
ship with the secondary structure. Figure 5 shows FT-
IR spectra of the MTX free and MTX-bound form 
of GLC-I corrected for the absorbance of phosphate 
buffer. The evident peak shift of amide I band from 
1652.4 to 1635.4 cm–1 indicates that the secondary 
structure of GLC-I is changed when MTX is added.

dISCUSSIon

The estimation of pharmacokinetics and pharma-
codynamics of drugs used in the leukaemia multidrug 
therapy is of great importance. The multidrug therapy, 
despite its high effectiveness, carries a risk of side ef-
fects especially of the free fractions of drugs. Thus, 
the present study was designed to explore the side ef-
fects of methotrexate; an antineoplastic and antirheu-
matic drug on the structure and functioning of cyste-
ine protease inhibitor isolated from goat lung.

The role of cysteine proteinases in lung diseases like 
COPD, emphysema, lung necrosis, etc. has not been de-

Table 1. Thermodynamic parameters of MTX-GLC-I interactions 
at different temperature

Para-
meters 298 K 308 K 318 K

Ksv (M–1) 2.8 × 105  ±  0.04 2.6 × 105 ± 0.03 2.3 × 105 ± 0.04

K (M–1) 4.26 × 105 ± 0.02 4.0 × 105 ± 0.042 3.82 × 105 ± 0.05

n 1.11 0.98 0.97

DG0

kJmol–1
–32.0 –33.0 –33.9

DH0

kJmol–1)
–3.8

DS0

J mol–1K–1
94.97

Ksv, Stern-Volmer constant; ∆G0, Standard free energy change; K, Bind-
ing constant; ∆H0, Standard enthalpy change; n, Number of binding 
constant; ∆S0, Standard entropy change
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Figure 3. Stern-Volmer plot for the binding of GLC-I to MTX at 
different temperatures. The symbol () denote 298 K, () 308 
K and () 318 K 
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fined, although they do contribute to the elastolytic ac-
tivity of alveolar macrophages in COPD patients (Rus-
sell et al., 2002). The pathophysiological significance of 
proteases in lung disease is exemplified by α1-antitrypsin 
deficiency: the loss of this protease-inhibitor function 
leads to emphysema. However, other proteases, elastase 
and cathepsins may also contribute to the pathogenesis 
of emphysema (Zheng et al., 2000) where an increased 
expression of cathepsins B, D, H, L and S is reported 
(Wang et al., 2000). It is known that cathepsin inhibitors 
markedly reduce emphysema. Therefore, the protease — 
antiprotease balance must be retained in order to avoid 
COPD.

Fluorescence measurements can give some informa-
tion about the binding of small molecules to proteins, 
such as binding number, binding sites and binding 
mechanism. Fluorescence intensity of a compound can 
be decreased or quenched by a variety of molecular in-
teractions, such as excited-state reactions, molecular rear-
rangements, energy transfer, ground state complex for-
mation and collision quenching. The quenching of goat 
lung cystatin (GLC-I) is accompanied by a red-shift of 
maximum fluorescence. This indicates an increase of the 
polarity of the fluorophore environment, probably due 
to the hydrogen bonds between MTX and the NH2, OH 
and SH groups in the inhibitor (GLC-I) which stabilize 
the complex (Bures et al., 1990).

The interaction forces between drugs and biomol-
ecules include hydrophobic force, electrostatic interac-
tions, van der Waals interactions and hydrogen bonds. 
The negative ΔH0 and positive ΔS0 values in the present 
case show that both hydrogen and hydrophobic interac-
tions play a role in the binding of MTX to GLC-I. The 
positive entropy change occurs because the water mol-
ecules that are arranged in an orderly fashion around the 
ligand and the protein acquire a more random configura-
tion as a result of hydrophobic interactions. The negative 
value of ∆G and the number of binding sites (n) showed 
that complex formation between MTX and GLC-I oc-
curs spontaneously and there is only one independent 
binding site of interaction.

An increase in absorbance intensity accompanied by 
red shift of the spectrum as revealed in UV-Vis spectro-
scopic studies also point towards complex formation and 
interaction between the drug and the inhibitor (Cui et al., 
2004; Hu et al., 2004).

The FT-IR analysis of goat lung cystatin in the pres-
ence of methotrexate clearly indicates that the drug 
causes secondary structure modifications of GLC-I (am-

ide I band peak shift). Consequent 
to the structural changes the papain-
inhibitory potential of GLC-I declined 
on interaction with MTX, suggesting 
changes in the environment of the cru-
cial amino-acid residues of the protein. 

It is known that in cells incubated 
with MTX, intracellular level of the 
drug in the form of polyglutamates 
may be high compared with the con-
centration of free parent drug. How-
ever, it can be speculated that the 
polyglutamylated and free drug would 
affect GLC-I to more or less the same 
extent. The high drug concentration 
used in the present work mimicked the 
long duration of exposure of the drug 
to cellular proteins, in form of poly-
glutamate pool. MTX-plasma protein 
binding would definitely affect the ef-

fective concentration of the drug. However, as polygluta-
mate pools of the drug would be maintained for longer 
duration, the effect of binding of MTX to plasma pro-
teins could have been neglected.

It can be concluded from our study, that inflammato-
ry conditions such as asthma, emphysema, and idiopathic 
pulmonary fibrosis consequent to methotrexate therapy 
might not only be due to increased activity/expression 
of cathepsins but also due to inactivation of their inhibi-
tor (GLC-I). It provides footage to clinical studies for 
exact elucidation of the impact of cystatin inhibition by 
MTX on lung tissue. 
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