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Phytocystatins are the plant thiol protease inhibitors involved in several reaction mechanisms of the
plant system like regulation of proteolytic activity and storage of proteins. Biochemical and biophysical
changes induced by fungicide SDD in phytocystatin purified from Phaseolus mungo have been
investigated in terms of mass spectroscopy, Fourier transform infrared spectroscopy, and fluorescence
spectroscopy, at pH 7.0, with varying fungicide concentrations (1-9 mM) and a time of incubation
ranging from 2 to 8 h at 37 °C, with a fixed cystatin concentration (1.5 mM). Reactive oxygen species
responsible for inhibitor damage were also investigated, and thiourea was found to scavenge the
free radicals generated by SDD. FTIR analysis indicates a significant conformational transition from
R-helix to â-sheet structure; quenching of fluorescence is evident by fluorescence spectroscopy. The
activity assay showed a decrease in inhibitory activity, as well as a fragmentation of the inhibitor was
observed in electrophoresis. Results obtained implicate that exposure of phytocystatins to SDD
involves physicochemical changes in cystatins leading to damage and a decrease in the activity of
the inhibitor.
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INTRODUCTION

Pesticide is any substance intended for preventing, repelling,
or destroying any pests. This definition includes herbicides,
which are used to kill unwanted plants, insecticides, and
fungicides, which are specifically used to kill molds, insect pests,
and fungi. SDD is a fungicide used widely to protect fruits,
grains, crops, and vegetables; as a consequence of low price
and easy availability, the use of compounds such as SDD
(sodium diethyl dithiocarbamate) has been widely expanded,
and without its use, the agricultural yield of field crops would
drop by 30-50% (1). The extensive use of fungicides in
agricultural practice is one of the most important ecotoxico-
logical problems in developing as well as in the developed
countries. SDD is absorbed in plant products. When such
compounds are consumed by animal systems, they reach through
the bloodstream to various parts of the body and affect some
proteins (2). Mammalian exposure to dithiocarbamates such as
SDD leads to gonadal toxicity, a decrease in the level of different
proteins, and an increase in the thyroid concentration (3).
Furthermore, long-term exposure to dithiocarbamates has been

associated with Parkinsonism and an increased risk of neuro-
cognitive impairment (4).

The study of the interaction of SDD with proteins is very
important because this interaction has been reported to induce
morphological changes in plants such as root-growth retardation
(5), defects in the storage of proteins, regulation of proteolytic
activity, and apoptosis (6, 7, 8). Apoptosis or plant programmed
cell death has been implicated in several processes such as
xylogenesis (9), some forms of senescence, and in the attack
response of pathogens (10,11).

Thiol proteinase inhibitors are found ubiquitously in animal
and plant systems. The known proteins of the cystatin super-
family have been divided into three families, namely, stefins
(type-I cystatins), cystatins (type-II cystatins), and kininogens,
found only in mammalian plasma (12, 13). During the past
decade, a fourth group belonging to the cystatin superfamily
has emerged, that is, the plant cystatins. Homology searches
show that some plant cystatins resemble family I cystatin and
some resemble family II cystatins of animal origin (14), and
both plant and animal cystatins are shown to be evolved from
a cognate ancestrol gene (15,16).

Phytocystatins such as oryzacystatin I and II have been
reported to show antiviral effect against polio and herpes simplex
virus (HSV-I) (17,18), which is a potential biotechnological
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application of phytocystatins. Furthermore, purified sugarcane
cystatin is found to inhibit the growth of filamentous fungus
Trichoderma reesi(19).

In the present study, phytocystatin has been purified from a
natural, easily available, and a cheap source,Phaseolus mungo
(Urd). It resembles the properties of both the type-I and type-II
cystatins of the mammalian system (14). This is the first report
that indicates the biochemical and biophysical changes in
phytocystatins because of the interaction with SDD.

Although the effect of SDD on phytocystatin might not be
specific but because the investigations have been done on
cystatin purified to the extent of homogeneity, studies on the
interaction of phytocystatins with SDD are relevant and are of
great biochemical importance.

2. MATERIALS AND METHODS

Materials. SDD was purchased from Sigma. Other chemicals
including free-radical scavengers were of analytical grade.

Methods. 2.1. Purification of Inhibitor.Cystatin I and II were
purified by the modification of the method of Juwen and Haard (20).
A total of 100 g of Urd seeds were soaked in 25 mM sodium phosphate
buffer (pH 7.0) and 0.15 M sodium chloride. This preparation was kept
overnight at 4°C. Seeds were then homogenized and subjected to
centrifugation in a Sigma cooling centrifuge (Japan) at 4000 rpm for
20 min at 4°C. The supernatant thus collected was saturated with 40%
ammonium sulfate and then centrifuged at 8000 rpm for 20 min, and
the supernatant thus collected was made 70% saturated with ammonium
sulfate. After 4 h, the pellet was recovered by centrifugation and
dissolved in 10 mL of 25 mM sodium phosphate buffer (pH 7.0). The
pellet thus obtained was extensively dialyzed against several changes
of the same buffer at 4°C to remove ammonium sulfate. The dialyzed
sample was then loaded on a sephacryl S-100 gel-filtration column.
Fractions (5 mL) were collected and assayed for cystatin inhibitory
activity and protein concentration.

2.2. Mass Spectrometry: Matrix-Assisted Laser Desorption-Time-
of-Flight (MALDI-TOF) Analysis of Cystatin 1 and 2.To further check
the purity, cystatin 1 and 2 were again loaded on sephacryl S-100 gel-
filtration column, and it was eluted with sodium phosphate buffer (25
mM, pH 7.0). Samples were then freeze-dried, desalted, and prepared
for analysis on a Voyager Bioworkstation (Perspective Biosystems).
The samples were dissolved in 1.0% trifluoroacetic acid, and the matrix
sinapinic acid (a saturated solution dissolved in acetonitrile/0.1% TFA,
1:1, v/v, Sigma chemicals) was added. This preparation was then
vortexed, and 1.2 mL (1 mg/mL) of each cystatin 1 and 2 was applied
on the sample plate. The spectrophotometer equipped with delayed
extraction system accessory was operated in a linear mode. Sample
ions were evaporated using a N2 laser at 330 nm wavelength and
accelerated at a potential of 20 kV with a delay of 134 ns. Around 150
shots of 3 ns pulse width laser light were required to ionize the sample.
Finally, the signal was digitized at a rate of 480 MHz.

2.3. Electrophoresis.Polyacrylamide gel electrophoresis and SDS-
PAGE were performed at room temperature in the buffer system by
the method of Laemmli (21). In SDS-PAGE, samples were reduced
with 0.1 M â-mercaptoethanol. The gels were silver-stained, and the
percentage of the gel was 7.5% for PAGE and 12.5% for SDS-PAGE.

2.4. InVestigation of the Cystatin Autolysis.The autolysis of cystatin
1 and 2 was checked at different incubation times. For this investigation,
both the cystatins were incubated for 0, 2, 4, 6, 8, 12, and 24 h at 37
°C in sodium phosphate buffer (pH 7.0, 25 mM). After each incubation
period, samples were analyzed by 7.5% PAGE, the gels were silver-
stained, and cystatin inhibitory activity was monitored by the modifica-
tion of the method of Kunitz.

2.5. Effect of SDD on Cystatins (Thiol Protease Inhibitory ActiVity).
The direct effect of SDD on the thiol proteinase inhibitory activity of
purified cystatin 1 and 2 was investigated by a modification of the
method of Kunitz. For this assay, cystatin 1 and 2 (1.5 mM) were
incubated with SDD in different concentrations (0.5, 1, 1.5, 3, 6, and
9 mM) prior to incubation with papain, for 2, 4, 6, and 8 h at 37°C in
25 mM sodium phosphate buffer (pH 7.0). Then, papain (4 mM) was

activated for 10 min (using 0.2 M EDTA and 0.5 M cysteine). It was
then incubated with cystatin SDD complex for an additional 10 min.
This complex was then incubated with casein for 30 min at 37°C, and
the reaction was stopped by the addition of 10% trichloroacetic acid.
Acid-insoluble material was removed by centrifugation at 3000 rpm
for 15 min. The supernatant was analyzed for acid-soluble peptides
with Folin’s phenol reagent by the method of Lowry (22). Papain
inhibitory activity was also investigated by the same method except
that inhibitor was absent. The experiment was repeated 3 times, and
statistical significance was conducted employing one-way ANOVA.
A probability level ofp < 0.05 was selected for indicating statistical
significance. The control had a buffer in equal volume in place of SDD.

2.6. Fluorescence Spectroscopy.For fluorescence measurements,
cystatin 1 and 2 (1.5 mM) were incubated for 2, 4, 6, and 8 h at 37°C
with SDD (1-9 mM). Fluorescence emission spectra were taken after
each incubation in the wavelength range of 300-400 nm. The
equipment used for this investigation was Shimadzu RF-1501 spectro-
fluorophotometer (Japan), and spectra were recorded using a xenon
arc lamp as the light source. For the sake of accuracy, the average of
three scans was taken.

2.7. Fourier Transform Infrared Spectroscopy.Infrared spectroscopy
was done to see the conformational changes observed during cystatin
and SDD interaction. The spectra was truncated between 1740 and 1520
cm-1 and baseline corrected. The equipment used was NICOLET (ESP)
560 spectrophotometer equipped with a transmission OMNIC ESP 5.1
software and a DTGS detector; data was analyzed and quantitated using
Grams 32 software. Original spectra of native cystatins (cystatin 1 and
2) along with cystatin co-incubated with SDD at 37°C were taken
with a fixed concentration of cystatin (1.5 mM) and an increasing
concentration of SDD (1-9 mM) with a resolution of 4 cm-1 and 128
scans. The changes in peak frequency and intensity were then assigned
to conformational changes within the protein (23).

2.8. Free-Radical Study.Interaction of SDD with cystatin was also
analyzed for any possible involvement of free radicals after co-
incubating SDD with cystatin and then by adding different free-radical
scavengers (thiourea, sodium azide, ascorbic acid, and potassium
iodide). For this investigation, free-radical scavengers (100 mM) were
incubated with fungicide SDD (3 mM) at 37°C, while the concentration
of cystatin 1 and 2 was kept at 1.5 mM.

3. RESULTS AND DISCUSSION

All of the investigations done in this study were also carried
out at zero time controls, which showed no loss in inhibitory
activity, as well as no fragmentation or conformational change
in the cystatins was observed after it was incubated with SDD.

3.1. Purification of the Inhibitor. The purified inhibitors
were obtained as peak 1 (cystatin 1) and peak 2 (cystatin 2)
respectively from S-100 gel-filtration analysis (results not
shown); the inhibitor migrated as a single band on native PAGE
indicating charge homogeneity. The SDS-PAGE analysis in
reducing conditions (that is the sample containingâ-mercapto-
ethanol) gave the molecular mass of 19 and 17 kDa, respec-
tively. SDS-PAGE in reducing as well as nonreducing condi-
tions (in the absence ofâ-mercaptoethanol) demonstrated the
lack of subunit structure, which shows that cystatins are
homogeneous in SDS-PAGE and that both the cystatins are
constituted by a single polypetide chain.

3.2. Mass Spectrometry (MALDI-TOF Analysis).
MALDI-TOF analysis is one of the most recent and sophis-
ticated techniques through which accurate molecular weights
can be obtained easily in a short time period. The molecular
mass of cystatin as analyzed by mass spectrometry is found
to be 19 124.36 and 17 510.22 Da for cystatin 1 and 2,
respectively, which is very similar to that determined by SDS-
PAGE (under reducing condition). PartsA andB of Figure 1
demonstrates the molecular weight determination by mass
spectrometry.
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3.3. Gel Electrophoresis.The effects of incubation of SDD
with cystatin are presented in partsA-D of Figure 2. Parts
A-D of Figure 2 illustrate the effect of SDD toxicity on
purified cystatin 1 and 2. Native PAGE was done to see if there
was any change in the electrophoretic behavior of the inhibitor
after its interaction with SDD. PartsA andB of Figure 2 show
the electrophoretic profile of cystatin 1 and 2 incubated with
SDD (1, 1.5, and 3 mM) for 2 and 4 h, respectively. It is
observed that at low concentration (1 mM) of SDD the bands
are more intense for cystatin 1 (lane b inFigure 2A) for 2 h of
incubation, as compared to cystatin 2 (lane b inFigure 2B).
This shows that the interaction has caused less fragmentation
in cystatin 1 as compared to cystatin 2. As the concentration of
the SDD is increased (1.5 and 3 mM) with the time of incubation
(2-4 h), the fragmentation of cystatins increases successively
(lanes c-g in partsA andB of Figure 2). The results of cystatin
1 and 2 incubated for 6-8 h are shown in partsC and D of
Figure 2. As compared to partsA and B of Figure 2, the
electrophoretic mobility in partsC andD of Figure 2 clearly
demonstrates that the inhibitor is fragmented to a higher extent
at 6 and 8 h of incubation. At 3 mM concentration of SDD and
at an incubation time of 8 h, the extent of damage to cystatin is
such that bands are poorly visible and even migrate to a different
position as compared to that of native cystatin in lane a in parts

A-D of Figure 2. Figure 2 shows that fragmentation of cystatin
1 and 2 increases gradually with an increase in the SDD
concentration, and it can be said that at a lower SDD concentra-
tion the effect is insignificant. At 6 and 9 mM concentrations
of SDD, the bands vanished completely (results not shown).
Thus, intensity of the cystatin band at different incubation times
as compared to native cystatin (lane a) gives a clear picture
showing the fragmentation of purified cystatin in the presence
of SDD. Furthermore, the progressive change in the electro-
phoretic pattern of cystatins could also be due to a conforma-
tional change or cystatin denaturation because of incubation of
cystatin at 37°C for 6-8 h.

3.4. Investigation of the Cystatin Autolysis at Different
Incubation Times. This investigation was done to see if
fragmentation of cystatin is due to its autolysis. Cystatin 1 and
2 (1.5 mM) were incubated for 0, 2, 4, 6, 8, 12, and 24 h at 37
°C. The results analyzed by PAGE indicate that there was no
change in cystatin migration even at 24 h of incubation, which
confirms that both the cystatins are stable after 24 h of
incubation. The cystatin inhibitory activity was also monitored
in the samples after each incubation to see if there is any
decrease in cystatin inhibitory activity after 24 h of incubation,
and it was found that there was no change in the inhibitory
activity of cystatins.

3.5. Effect of SDD on Cystatin Inhibitory Activity. To
establish whether SDD had a direct effect on cystatin, the
inhibitory activity of papain was determined after prior incuba-
tion of cystatin with SDD. Results are shown inTable 1.
Statistical analysis (one-way ANOVA) indicates a significant
loss in thiol protease inhibitory activity after the interaction of
the inhibitor with SDD, and this decrease in activity was more
pronounced with an increase in the concentration as well as
incubation time with SDD. This tremendous loss in inhibitory
activity is in accordance with the electrophoretic pattern (Figure

Figure 1. A and B show the molecular weights determined by mass
spectrometry (MALDI−TOF). A represents cystatin 1, while B represents
cystatin 2.

Figure 2. (A and B) Polyacrylamide gel electrophoresis of cystatin after
co-incubating SDD with a fixed concentration of cystatin (1.5 mM) for 2
and 4 h at 37 °C. A represents cystatin 1, and B represents cystatin 2.
Lane a, untreated cystatin (1.5 mM). Lane b, cystatin and SDD (1 mM)
co-incubated for 2 h. Lane c, cystatin and SDD (1 mM) co-incubated for
4 h. Lane d, cystatin and SDD (1.5 mM) co-incubated for 2 h. Lane e,
cystatin and SDD (1.5 mM) co-incubated for 4 h. Lane f, cystatin and
SDD (3 mM) co-incubated for 2 h. Lane g, cystatin and SDD (3 mM)
co-incubated for 4 h. (C and D) Polyacrylamide gel electrophoresis of
cystatin after co-incubating SDD with a fixed concentration of cystatin
(1.5 mM) for 6 and 8 h at 37 °C. C represents cystatin 1, and D represents
cystatin 2. Lane a, untreated cystatin (1.5 mM). Lane b, cystatin and
SDD (1 mM) co-incubated for 6 h. Lane c, cystatin and SDD (1 mM)
co-incubated for 8 h. Lane d, cystatin and SDD (1.5 mM) co-incubated
for 6 h. Lane e, cystatin and SDD (1.5 mM) co-incubated for 8 h. Lane
f, cystatin and SDD (3 mM) co-incubated for 6 h. Lane g, cystatin and
SDD (3 mM) co-incubated for 8 h.
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2), which demonstrates a fragmentation/conformational change
of the inhibitor, thus providing strong evidence of the deletorious
impact of fungicide on cystatin. A similar assay was done to
see the direct effect of SDD on the activity of papain. The
decrease in the enzyme activity for 8 h of incubation with 9
mM concentration of SDD was only 2%, which is insignificant.
This implicates that SDD was not able to produce any change

in papain, and whatever fragmentation of cystatin is observed
is due to the impact of SDD on cystatin.

3.6. Fluorescence Spectroscopy.Fluorescence spectroscopy
was performed to investigate the spectral changes after the
interaction of cystatin with SDD. The cystatin and SDD
solutions were incubated for 2 and 4 h, and after each incubation,
fluorescence spectra were taken. The excitation wavelength was

Table 1. Percent Loss in the Thiol Protease Inhibitory Activity after Co-incubating Cystatin (1.5 mM) with Varying Concentrations of SDD (0.5, 1.0,
1.5, 3.0, 6.0, and 9 mM) and Varying Incubation Times at 2, 4, 6, and 8 h and 37 °Ca

2 h incubation 4 h incubation 6 h incubation 8 h incubationconcentration
of SDD (mM) cystatin 1 cystatin 2 cystatin 1 cystatin 2 cystatin 1 cystatin 2 cystatin 1 cystatin 2

0.5 76.1 ± 153 73.19 ± 0.098 72.06 ± 0.032 71.95 ± 0.032 71.29 ± 0.023 70.26 ± 0.133 43.07 ± 0.067 44.57 ± 0.035
1.0 72.87 ± 0.146 71.02 ± 0.016 70.09 ± 0.050 69.26 ± 0.136 70.09 ± 0.044 69.78 ± 0.021 31.71 ± 0.147 29.95 ± 0.036
1.5 71.90 ± 0.052 69.60 ± 0.300 67.07 ± 0.68 64.19 ± 0.099 60.05 ± 0.036 61.32 ± 0.003 26.36 ± 0.136 22.97 ± 0.18
3.0 63.07 ± 0.035 62.01 ± 0.007 49.08 ± 0.042 43.52 ± 0.294 41.09 ± 0.107 37.89 ± 0.007 12.95 ± 0.023 12.44 ± 0.026
6.0 50.93 ± 0.231 49.55 ± 0.309 41.15 ± 0.078 41.97 ± 0.030 28.00 ± 0.00 27.47 ± 0.260 8.72 ± 0.015 10.22 ± 0.008
9.0 47.23 ± 0.125 45.07 ± 0.046 33.64 ± 0.046 32.94 ± 0.032 11.11 ± 0.006 13.10 ± 0.052 3.61 ± 0.012 4.20 ± 0.008

a Inhibitory activity is calculated with the control taken as 100. All data are expressed as mean ± SE for three different sets. Statistical significance was conducted
employing one-way ANOVA. A probability level of p < 0.05 was selected as indicating statistical significance.

Figure 3. (A and B) Fluorescence emission spectra of cystatin (1.5 mM) in the absence of SDD (uppermost curve) and in the presence of increasing
SDD concentration (1, 1.5, and 3 mM) obtained in 25 mM sodium phosphate buffer (pH 7.0) after co-incubating SDD with cystatin for 2 h at 37 °C. A
represents emission spectra of cystatin 1, and B represents emission spectra of cystatin 2. (C and D) Fluorescence emission spectra of cystatin (1.5 mM)
in the absence of SDD (uppermost curve) and in the presence of increasing SDD concentration (1, 1.5, and 3 mM) obtained in 25 mM sodium phosphate
buffer (pH 7.0) after co-incubating SDD with cystatin for 4 h at 37 °C. C represents emission spectra of cystatin 1, and D represents emission spectra
of cystatin 2.
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284 nm, and emission spectra were taken in the wavelength
range of 300-400 nm with a slit width of 10 nM.Figure 3
illustrates the results of fluorescence emission spectra. The
concentration of cystatin 1 and 2 was fixed (1.5 mM), while
the SDD concentration was varied as 1, 1.5, and 3 mM.Figure
3 shows the quenching of fluorescence intensity with an
increasing concentration of SDD. At a low SDD concentration
(1.5 mM), minimal quenching occurs, but as the concentration
of SDD is increased, quenching increases successively. Quench-
ing of fluorescence is almost the same in cystatin l and 2. The
fluorescence emission spectra of both the cystatins is sum-
marized in partsA-D of Figure 3. At a concentration of 6 and
9 mM of SDD, cystatin fluorescence was fully quenched (results
not shown).

3.7. Fourier Transform Infrared Spectroscopy (FTIR).
FTIR spectroscopy was done to analyze the conformational

changes during cystatin-SDD interaction. The results further
confirm the damage caused to cystatin as shown in previous
investigations. In the IR spectra of proteins, the secondary
structure is most clearly reflected by the amide I and II bands,
particularly the former (24-26); the amide I band absorbs at
1657 cm-1 (mainly a CdO stretch), and the amide II band
absorbs at 1542 cm-1 (C-N stretching coupled with N-H
bending modes) (27,28). It has also been reported that, for a
native protein, the amide I component for theR-helical structure
locates at 1656( 2 cm-1 and the band components for the
â-sheet structure should locate between 1622 and 1642 cm-1

(lower wavenumberâ-sheet bands) and between 1690 and 1698
cm-1 (higher wavenumberâ-sheet bands) (24-26, 29). Figure
4 shows the original spectra of native (untreated cystatin) along
with cystatin co-incubated for 2 and 4 h consecutively with SDD
(1.5 and 3 mM). Quantitative analysis of the protein secondary

Figure 4. (A and B) FTIR spectra of cystatin 1 and 2 co-incubated with SDD at 37 °C. The concentration of cystatin 1 and 2 was kept fixed (1.5 mM).
A represents cystatin 1, while B represents cystatin 2. In both A and B, (a) native cystatin (1.5 mM), (b) cystatin co-incubated for 2 h with SDD (1.5 mM),
(c) cystatin co-incubated for 4 h with SDD (1.5 mM), (d) cystatin co-incubated for 2 h with SDD (3 mM), and (e) cystatin co-incubated for 4 h with SDD
(3 mM).

Induced Changes by Fungicide SDD in Phytocystatin J. Agric. Food Chem., Vol. 53, No. 15, 2005 6031



structure for native cystatin (1 and 2) and SDD-treated cystatin
is given inTable 2. Cystatin 1 contained the majorR helix at
58%,â sheet at 27%, turn structure at 8%, andâ antiparallel at
7%. Cystatin 2 containedR helix at 56.5%,â sheet at 29%,
turn structure at 6.7%, andâ antiparallel at 7.8%. Upon
fungicide interaction, theR-helix structure was reduced from
58 to 46.5-37% in cystatin 1 and from 56.5 to 45-37.2% in
cystatin 2. The reduction of theR-helix in favor of theâ-sheet
structure is indicative of the partial unfolding of the inhibitor
in the presence of SDD. A similar conformational transition
from R-helix to â-sheet structure was observed for the myelin
protein upon heating the protein at 35°C (30). Furthermore,
from the data obtained inTable 2, it was found that, at a
concentration of 1.5 mM SDD and at 2 h of incubation, the
percent increase inâ antiparallel is 88.57 and 60.25%, and the
increase inâ-turn is 83.75 and 92.53%, while theR-helical
structure shows a reduction of 19.82 and 20.35% with a 0.74
and 1.72% increase in theâ-sheet structure, for cystatin 1 and
2, respectively. At a 3 mM SDD concentration and at an
incubation time of 4 h, an increase inâ antiparallel is 168.57
and 98.71%, an increase inâ turn is 63.75 and 91.04%, and a
decrease inR-helical structure is found to be 36.2 and 34.15%,
while an increase in theâ-sheet structure is 7.4 and 8.96%
respectively for cystatin 1 and 2. The percent increase/decrease
is calculated in comparison to the values obtained for native
cystatins.

Thus, the results summarized in partsA andB of Figure 4
andTable 2 further confirm the damage caused to cystatin as
evidenced by a significant shift in the peak intensity, i.e.,
from 1656.08 to 1621.55 (cystatin 1) and 1657.01 to 1619.88
(cystatin 2) and significant changes in the structure of cystatin
from that ofR helix to â structure (lower wavenumberâ-sheet
bands), after co-incubating cystatin (1 and 2) for 4 h with SDD
(3 mM).

3.8. Effect of Free-Radical Scavengers on the Interaction
of SDD with Cystatin. It is well-known that the fungicide
toxicity of proteins is due to free-radical generation (31).
Exposure of plants to a variety of adverse conditions such as
pesticide treatment leads to free-radical production mediated
by catalytic Fe. It has also been reported that catalytic Fe
increases free-radical generation steadily in plants exposed to
pesticides (32). Iron has a pivotal role in free-radical chemistry
in all organisms. It is present in plant extracts and legumes (33).
Plants are reported to contain all of the basic components
required for thein Vitro production of hydroxyl radicals, which
are formed through a Fenton reaction catalyzed by iron present
in plants (32). Thus, it was thought worthwhile to check the
possible involvement of reactive oxygen species generated by
SDD in the conformational change and inactivation or frag-
mentation of cystatins; with this aim, the effect of free radical
scavengers was investigated.

For this investigation, cystatin 1 and 2 (1.5 mM) were co-
incubated for 2 h with SDD (3 mM) alone as well as with
different free-radical scavengers such as ascorbic acid, thiourea,
potassium iodide, and sodium azide (each with a concentration
of 100 mM). This investigation was done to analyze the kind
of free radical involved in fragmentation of cystatin. PartsA
andB of Figure 5 show the scavenging effect of the free radical
by various scavengers for cystatin 1 and 2, respectively. In lane
a of partsA andB of Figure 5 is the native protein (cystatin 1
and 2), while in lane b of partsA and B of Figure 5, native
protein is co-incubated with SDD. The results indicate that
cystatin 1 and 2 attain the position of the native band when
incubated for 4 h with 3 mM of SDD in the presence of thiourea
(100 mM). Because thiourea is a scavenger of hydroxyl radicals,
generation of hydroxyl radicals is established. In lane c in parts
A andB of Figure 5, cystatins are degraded in all other lanes
except lane c. This is because of the fact that scavengers present
in other lanes (lanes d-f), i.e., sodium azide, potassium iodide,
and ascorbic acid, are scavengers of superoxide anion and singlet

Table 2. Secondary Structure Determination of Native Cystatin and Its SDD Complexes in Sodium Phosphate Buffer at pH 7.0, 25 mM), with
Varying Concentrations of Fungicide at Different Incubation Periodsa

native cystatin
values in %

1.5 mM cystatin−SDD
(2 h incubation)

values in %

1.5 mM cystatin−SDD
(4 h incubation)

values in %

3 mM cystatin−SDD
(2 h incubation)

values in %

3 mM cystatin−SDD
(4 h incubation)

values in %amide I
components (cm-1) C-1b C-2c C-1 C-2 C-1 C-2 C-1 C-2 C-1 C-2

1692−1680, â anti 7 ± 1 7.8 ± 1 13.2 12.5 14.8 11.7 15.4 11.3 18.8 15.5
1673−1666, â turn 8 ± 1 6.7 ± 1 14.7 12.9 14.1 12.8 13.0 11.7 13.1 12.8
1658−1650, R helix 58.0 ± 2 56.5 ± 3 46.5 45.0 44.1 44.0 38.2 37.5 37.0 37.2
1640−1615, â sheet 27 ± 1 29 ± 2 27.2 29.5 27.7 29.4 28.6 31.2 29.0 31.6

a The mean deviation was from ±1 to ±2 for the free cystatin and fungicide complexes. b C-1 ) cystatin 1. c C-2 ) cystatin 2.

Figure 5. (A and B) Effect of different free-radical scavengers on cystatin
(1.5 mM) co-incubated with SDD for 4 h at 37 °C. A represents cystatin
1, while B represents cystatin 2. Lane a, native cystatin (1.5 mM). Lane
b, cystatin co-incubated with SDD (3 mM). Lane c, cystatin co-incubated
with SDD (3 mM) and thiourea (100 mM). Lane d, cystatin co-incubated
with SDD (3 mM) and sodium azide (100 mM). Lane e, cystatin
co-incubated with SDD (3 mM) and potassium iodide (100 mM). Lane f,
cystatin co-incubated with SDD (3 mM) and ascorbic acid (100 mM).
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oxygen, which were unable to produce any scavenging effect.
Thus, it shows that thiourea is involved in scavenging hydroxyl
radicals generated by SDD. Production of hydroxyl radicals has
also been reported in radish seeds because of the Fenton-type
reaction (34). It has also been reported that thiourea is an
effective antidote to herbicide toxicity (35). It can be concluded
from this experiment that hyroxyl radical formation because of
SDD-cystatin interaction is one of the prime factors responsible
for SDD-induced cystatin damage. Thiol protease inhibitors play
a major role in leaf senescence (10,11) and seed development.
Moreover, cystatins purified from plant sources such as
sugarcane can be employed to inhibit growth of filamentous
fungusTrichoderma reesi(13). These inhibitors have also been
shown to possess antiviral and antifungal activities. Thus, it is
logical to think that any interactions resulting in the damage of
protease inhibitor or any defect in cystatins regarding the loss
of inhibitory activity, conformational change, or fragmentation
may also affect the metabolic machinery of the plant. However,
because of the fact that cystatins are present in the tubers (36),
latex (37), and seeds (38) of plants, any damage to cystatin will
be damaging the plant as a whole. Therefore, keeping in view
the importance of cystatins and their presence in the mammalian
system and plant kingdom, the study may be used as a model
system to understand the interaction of plant and mammalian
cystatins with SDD. Although, it is reported that 1 mM
concentration of pesticide effects proteins (2), we have chosen
a broader range (0.5-9 mM) to see the overall biochemical
and biophysical changes in cystatins at varying concentrations
and varying incubation times with fungicide SDD.

The studies on the interaction of SDD with cystatin provide
significant evidence to prove the damage caused to the cystatin.
At the present time, it can only be speculated that the mechanism
involved in SDD-mediated fragmentation or conformational
change in cystatin is certainly due to the suspected role of the
hydroxyl radicals generated by SDD. These finding suggest that
dithiocarbamates such as SDD deserve further attention because
of their damaging effects.
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