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Plasmodium falciparum triose-phosphate isomerase,
a homodimeric enzyme, contains four cysteine residues
at positions 13, 126, 196, and 217 per subunit. Among
these, Cys-13 is present at the dimer interface and is
replaced by methionine in the corresponding human
enzyme. We have investigated the effect of sulfhydryl
labeling on the parasite enzyme, with a view toward
developing selective covalent inhibitors by targeting
the interface cysteine residue. Differential labeling of
the cysteine residues by iodoacetic acid and iodoacet-
amide has been followed by electrospray ionization
mass spectrometry and positions of the labels deter-
mined by analysis of tryptic fragments. The rates of
labeling follows the order Cys-196 > Cys-13 >> Cys-217/
Cys-126, which correlates well with surface accessibility
calculations based on the enzyme crystal structure. Io-
doacetic acid labeling leads to a soluble, largely inactive
enzyme, whereas IAM labeling leads to precipitation.
Carboxyl methylation of Cys-13 results in formation of
monomeric species detectable by gel filtration. Studies
with an engineered C13D mutant permitted elucidation
of the effects of introducing a negative charge at the
interface. The C13D mutant exhibits a reduced stability
to denaturants and 7-fold reduction in the enzymatic
activity even under the concentrations in which dimeric
species are observed.

The search for new therapeutic agents active against various
pathogens has led to the development of inhibitors targeted to
inactivate key parasitic enzymes (1–6). These approaches have
led to targeting the enzymes present typically in the pathogen
only (7) or selectively targeting the pathogen enzyme, if the
homologous form exists in the host (8). Two distinct approaches
to inactivate target enzymes may be considered. First, the
design of inhibitors that compete for the active site, and second,
the design of molecules that target subunit interfaces in mul-
timeric proteins and interfere with protein assembly. In the
case of many key enzymes the high degree of conservation of

the active site in both host and parasite enzymes renders
selective targeting difficult. Interfaces may show greater struc-
tural variations permitting a distinction between the host and
the pathogen enzymes. Two distinct strategies usually consid-
ered for disrupting intersubunit contacts in proteins are: (i) the
design of synthetic peptides and peptidomimetics of interface
segments, which may interfere with the subunit association
(9–11), and (ii) covalent chemical modification of reactive res-
idues at the interface, which may cause disruption of the oli-
gomeric state of the protein (12–14). In this regard, glycolytic
enzymes are attractive targets, primarily because of their cen-
tral role in energy production in the parasites (15–18).

Triose-phosphate isomerase (TIM)1 is an important glyco-
lytic enzyme that catalyzes the interconversion of glyceralde-
hyde 3-phosphate to dihydroxyacetone phosphate (19, 20).
From the available knowledge of the structure of TIMs it is
seen that the enzyme is a homodimeric protein, except in Ther-
motoga maritima and Pyrococcus woesei, where it is found to be
tetrameric (21, 22). Each monomer exhibits a pseudo-8-fold
symmetry with a central core made up of eight �-strands sur-
rounded by eight �-helices, which are linked together by loops
(23). The enzyme has been found to be fully active only as a
dimer, but there is no evidence for cooperativity (24). The
dissociation constant of the dimeric trypanosomal TIM has
been reported as 10�11 M�1 (25). These studies reveal that the
dimer is quite stable and is the active form of the protein. In
fact, there are several reports that suggest that mutations at
the subunit interface of the protein destabilize the dimer (26–
32) leading to either complete inactivation or drastic decrease
in the activity of the enzyme (25, 33). This knowledge has led to
a renewed interest in this enzyme because it could serve as a
drug target in many parasitic protozoans.

In the case of TIMs from parasites such as Trypanosoma
brucei (34), Trypanosoma cruzi (35), Plasmodium falciparum
(36), and Leishmania mexicana (37), a cysteine residue is pres-
ent at the dimer interface; interestingly, in the enzyme from
mammals the corresponding residue is methionine, whereas in
yeast it is leucine (Fig. 1). Recent studies on trypanosomal and
leishmanial TIMs reveal that derivatization of an interface
cysteine residue using sulfhydryl reagents such as methyl
methanethiosulfonate and 5,5�-dithiobis(2-nitrobenzoic acid)
induces progressive structural alterations and abolition of the
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FIG. 1. Placement of cysteine residues in Pf TIM and comparison of similar positions in some other species. Top, three-dimensional
view of the crystal structure of Pf TIM showing the positions of cysteine residues (PDB code 1ydv). Bottom, sequence alignment of TIMs from some
species, highlighting the amino acid residues in other species at positions corresponding to cysteine in Pf TIM.
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catalytic activity (12, 15, 35, 38, 39). Although these studies
have revealed quite clearly that the interface cysteine residue
is critical for the enzymatic activity, a clear correlation of the
rates of cysteine labeling with enzyme inactivation and struc-
tural perturbation is not available. The interfacing of electro-
spray ionization mass spectrometry (ESI-MS) with protein
chemistry allows convenient monitoring of the rates of covalent
chemical modification. We have earlier described the structural
characteristics of P. falciparum TIM (Pf TIM) which also con-
tains an interface cysteine residue, Cys-13 (29, 30, 36). In
addition, Pf TIM has three more cysteine residues at positions
126, 196, and 217 (Fig. 1). In this report we probe the differ-

ential reactivity of these four cysteine residues with sulfhydryl-
modifying reagents iodoacetic acid (IAA) and iodoacetamide
(IAM) using ESI-MS. We demonstrate that labeling of the
interface cysteine residue Cys-13 results in weakening of the
intersubunit interactions, leading to dimer dissociation with
concomitant loss of enzymatic activity. To examine the effect of
introducing a negative charge at the interface, as is the case in
carboxyl methylated Cys-13, we have examined the stability
and activity of a site-directed mutant, C13D.

EXPERIMENTAL PROCEDURES

Materials—The Pf TIM gene was cloned and expressed in Esche-
richia coli as described before by Ranie et al. (40). IAA, IAM, 5,5�-
dithiobis(2-nitrobenzoic acid), �-glycerolphosphate dehydrogenase,
NADH, and glyceraldehyde-3-phosphate dehydrogenase were pur-
chased from Sigma and used without further purification. The sub-
strate glyceraldehyde 3-phosphate was obtained as a diethylacetal
monobarium salt and processed to its active form according to manu-
facturer’s instructions. The concentration of glyceraldehyde 3-phos-
phate extracted was estimated using glyceraldehyde-3-phosphate dehy-
drogenase. Absorbance spectra were recorded on a double beam
spectrophotometer (Shimadzu UV210A) using 1-cm path length quartz
cuvettes. Restriction enzymes and T4 DNA ligase were procured from
Amersham Biosciences. Taq DNA polymerase was from Bangalore Ge-
nei Private Ltd., Bangalore, India. Conditions recommended by the
manufacturer were used for all molecular biology reagents. The E. coli
strain AA200 was a gift from Dr. Barbara Bachmann of the E. coli
Genetic Stock Centre, New Haven, CT.

Mutagenesis—A plasmid, pTIMC1, carrying wild type Pf TIM in the
E. coli expression vector pTRC99A (40), was used for the construction of

FIG. 2. Mass spectral analysis of the
IAA labeling reaction. The ESI-MS of
differentially labeled Pf TIM after the re-
action was initiated with IAA is shown. A,
unlabeled protein; B–D, at different time
intervals after initiation of the reaction;
B, 60 min; C, 150 min; and D, 240 min.
The insets show the derived masses.

TABLE I
Surface accessibility of cysteine residues in P. falciparum

triose-phosphate isomerase

Cysteine residue
no.

Surface accessibilitya

Monomer Dimer

%

13A (B) 90.2 (90.1) 0.1 (0)
126A (B) 0 (0) 0 (0)
196A (B) 36.5 (21.2) 36.5 (21.1)
217A (B) 2.8 (4.4) 2.8 (4.4)

a Surface accessibility calculations done using a probe radius of 1.4 Å
water molecule, van der Waals radii of all of the heavy atoms in the
protein were taken from, Chothia (46). The program used was NAC-
CESS version 2.1. 100% was taken as the accessibility of the cysteine
residue in a model, Gly-Cys-Gly in an extended conformation.
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the mutant, C13D. The mutation was introduced by PCR, and the
oligonucleotides used were C13D (5�-CCACATGGCTAGAAAATATTT-
TGTCGCAGCAAACTGGAAAGAAATGGAACT-3�, highlighted letters
indicate site of mutation) and TIM8 (5�-ACGGATCCTTACATAG-
CACTTTTTATTATATC-3�). PCR was carried out, for 30 cycles, in a
50-�l solution containing 10 mM Tris-HCl, pH 9.0, 1.5 mM MgCl2, 50 mM

KCl, 0.01% gelatin, 2.5 mM dNTPs, 400 nM oligonucleotide primers, 5 ng
of template, and 2 units of Taq DNA polymerase with denaturation at
93 °C for 15 s, annealing at 55 °C for 15 s, and extension at 73 °C for
30 s. The amplified product (700 bp) was purified on agarose gel,
digested with restriction enzymes NcoI and BamHI, and again purified
using Geneclean II (BIO 101, Inc., Vista, CA). This DNA fragment was
ligated with NcoI/BamHI-restricted plasmid pTRC99A using T4 DNA
ligase. The ligation mixture was used to transform the E. coli strain
AA200 (garB10, fhuA22, ompF627, fadL701, relA1, pit-10, spoT1, tpi-1,
phoM510, merB1). Colonies obtained were screened for the presence of
the insert (750 bp). One of the positive clones, pTIMC13D1, was se-
quenced using an automated DNA sequencing system and confirmed to
contain the mutation. PTIMC13D/AA200 induced with 1 mM isopropyl-
1-thio-�-D-galactopyranoside was analyzed on SDS-PAGE and found to
overexpress a protein of the expected size (28 kDa). On analysis of
Pf TIM C13D by mass spectrometry, a mass of 27,815 Da was obtained.
This confirmed the presence of only the required mutation (Cys-13 3
Asp) in the mutant C13D.

Labeling—The cysteine residues were labeled by incubating 1 mg of
protein with 9.3 mg of the sulfhydryl reagent IAA or IAM in 600 mM

Tris-HCl, pH 8.7, buffer for varying periods. Excess label was removed
from the reaction mixture by chromatography on a Sephadex G-10 gel
filtration column before mass spectral and biochemical studies.

Enzymatic Activity—Kinetic measurements were carried out accord-
ing to the method of Plaut and Knowles (41) on a Shimadzu UV210A
double beam spectrophotometer at room temperature. The cuvette con-
tained 100 mM triethanolamine buffer, pH 7.6, 5 mM EDTA, 0.5 mM

NADH, 20 �g/ml �-glycerolphosphate dehydrogenase, and 1 mM glyc-
eraldehyde 3-phosphate. The enzyme concentration was kept as 0.5 nM

for the wild type enzyme and 1 �M for the C13D mutant. Enzyme
activity was determined by monitoring the decrease in absorbance at
340 nm.

Mass Spectrometry—All LC-ESI-MS spectra were recorded on a
Hewlett-Packard (model HP-1100) electrospray mass spectrometer cou-
pled to an online 1100 series HPLC. A linear gradient of increasing
percentage of acetonitrile was used as the mobile phase at a flow rate of
0.4 ml/min. A Zorbax SB-phenyl (4.6 mm � 25 cm) reverse phase
column was used to separate the tryptic peptides. ESI was carried out
using a capillary with an inner diameter of 0.1 mm. The tip was held at
5,000 V in a positive ion detection mode. Nebulization was assisted by
N2 gas (99.8%) at a flow rate of 10 liters/min. The spray chamber was
held at 300 °C. The ion optics zone was optimized for maximal ion
transmission. The best signal was obtained when a declustering poten-
tial (fragmentor voltage) of 200 V was set for detection. Data were
acquired across a mass range of 125–3,000 m/z using a conventional
quadrupole with a cycle time of 3 s. The spectrometer was tuned using
five calibration standards provided by the manufacturer. Data process-
ing was done using the deconvolution module of the Chemstation soft-
ware to detect multiple charge states and obtain derived masses of the
protein fragments.

Fluorescence Spectroscopy—Fluorescence emission spectra were re-
corded on a Hitachi 650–60 spectrofluorometer. The protein samples
were excited at 280 nm and the emission spectra recorded from 300 to
400 nm. Excitation and emission band passes were kept as 5 nm.
Corrections for inner filter effects were made to obtain the final spectra.

Far UV-Circular Dichroism—Far UV-CD measurements were car-
ried out on a Jasco J-715 spectropolarimeter. Ellipticity changes at 220
nm were monitored to follow the unfolding transition. A path length of
1 mm was used, and the spectra were averaged over four scans at a scan
speed of 10 nm/min.

Gel Filtration—Analytical gel filtration profiles for differentially la-
beled cysteines were done on a TSK 3000SW gel filtration column fitted
to a Hewlett-Packard 1100 series HPLC. The column was calibrated
with standard proteins. The protein was eluted at a flow rate of 0.4
ml/min with 100 mM Tris-HCl, pH 8.0, containing 150 mM NaCl.

RESULTS AND DISCUSSION

The crystal structure of Pf TIM, determined at 2.2 Å resolu-
tion, is a homodimer, with a very high structural similarity to
all other known TIM structures (36). The interface is tightly
packed and upon dimerization, 1,654 Å2 of the total surface

area per monomer is buried at the interface (36). Each of the
subunits contains four cysteine residues (Fig. 1). Among them,
Cys-13 is of special interest because it is absent in human TIM
(see comparison of sequences in Fig. 1). Cys-13 is present on
loop 1 at the interface and lies very close to the active site
residues, Lys-12, His-95, and Glu-165. The thiol side chain
points toward the interface loop region of the other subunit
(Asn-71 to Ser-79) (the residue numbering used here follows
the Pf TIM sequence as reported earlier (36)). Indeed, Cys-13
has been used to engineer a pair of symmetric intersubunit
disulfides in the mutant Y74C (30). The other three cysteine
residues are at positions 126, 196, and 217. Cys-126 is located
on �-strand 4, whereas Cys-196 and Cys-217 are found on helix
6 and helix 7, respectively, of the �8/�8 TIM barrel (36). Among
the four cysteines it is observed that Cys-126 is conserved in all
known TIMs and is completely buried. Table I summarizes the
results of surface accessibility calculations for the four cysteine
residues carried out using the crystallographic coordinates
(PDB code 1ydv) for both the dimeric and monomeric forms.

The rates of labeling of cysteine residues were monitored
using ESI-MS. Fig. 2 shows the electrospray mass spectra of
Pf TIM taken at different time points after initiating labeling
with IAA. Carboxyl methylation leads to a mass increase of 58
Da/modified residue. It is clearly seen that at the end of 4 h, a
heterogeneous population of species bearing one, two, three,
and four labels is detected. Fig. 3 shows the time course of
labeling of cysteine residues in Pf TIM using IAA and IAM. To
determine the sites of labeling, ESI-MS of peptide fragments
generated by trypsin digestion of the unlabeled and differen-

FIG. 3. Abundance of differentially labeled species. The relative
abundance of IAA- and IAM-labeled species after the initiation of the
labeling reaction is shown. The proportions of the differentially labeled
species were estimated directly from the observed intensities in the
deconvoluted mass spectrum assuming that all of the species ionize
with equal efficiency. The error in determining relative abundance is
about �10%.
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tially labeled protein were compared. Fig. 4 shows a mass
detected, reverse phase HPLC profile (total ion chromatogram)
of a tryptic digest generated from the wild type enzyme. The
peaks corresponding to the peptide fragments bearing the four
cysteines are marked. Mass spectra corresponding to repre-
sentative peaks are shown, and a comparison is made of the
spectra obtained after IAA labeling. These studies establish
that the rate of cysteine labeling is in the order Cys-196 �
Cys-13 �� Cys-217/Cys-126. Inspection of the crystal structure
confirms that Cys-126 and Cys-217 are almost completely in-
accessible to the label in the native conformation. Cys-196 is
the most exposed among all cysteine residues present and
hence is the most reactive sulfhydryl (Table I). Interestingly,
Cys-13, which has only limited accessibility in the native di-
meric structure, undergoes fairly rapid modification with both
IAA and IAM. During the course of our studies we observed
that IAM labeling gradually results in the formation of insol-
uble protein aggregates, whereas labeling with IAA yielded a
soluble protein even after extensive modification. Indeed, rapid
labeling of the interface cysteine has also been observed in
earlier studies carried out with trypanosomal and leishmanial
TIMs (36, 43). This enhanced reactivity may be attributed to
cysteine pKa values, local dynamics at the interface formed by
irregular loop structures of the two monomers (loop 3), and
occupancy of the catalytic site as suggested by Reyes-Vivas et
al. (42) for trypanosomal TIM.

Properties of the Modified Enzyme

Enzyme Activity—Fig. 5 shows the fall in activity as a func-
tion of time after the initiation of sulfhydryl labeling with IAA

and IAM. In the case of the latter, there is a very rapid fall in
the enzymatic activity accompanied by precipitation of the
protein. The loss of activity is more gradual in the case of IAA,

FIG. 5. Effect of labeling on the enzymatic activity of Pf TIM.
The rate of decrease in the enzymatic activity of Pf TIM after the
initiation of the labeling reaction with IAA and IAM is shown. The inset
shows the semilog plot of activity (%) versus time. The value of the rate
constant kobs for the reaction was determined from the slope. The kobs
values for IAA and IAM were 0.0039 and 0.0256 min�1, respectively.

FIG. 4. Mapping of the IAA-labeled sites using tryptic digests of differentially labeled protein. A, mass-detected reverse phase HPLC
profile (total ion chromatogram) of trypsin-digested Pf TIM. B and C, ESI-MS of fragments containing Cys-196 and Cys-13. D and E, ESI-MS of
same fragments after IAA labeling. The error in determining mass is about �1 Da.
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notably about 30% of the activity is retained even after about
5–6 h of labeling. Because the labeling reagent was in excess,
pseudo first-order kinetics was used to calculate the rate con-
stant for the process leading to loss of enzymatic activity. From
the slope of the semilog plot (Fig. 5), the rate constants for IAA
and IAM were 0.0039 and 0.0256 min�1, respectively. Fig. 6
shows the electrospray mass spectra of Pf TIM labeled with
IAM after 10 min. A singly labeled species (27,888 Da), corre-
sponding to the addition of one carboxamidomethyl group (�M
57 Da) is predominantly observed. A very small amount (ap-
proximately 10%) of a doubly labeled species (27,945 Da) is also
detected. LC-MS of a tryptic digest at this stage revealed major
peptide fragments with the following masses: 8,180, 15,181,
and a minor population of 15,238 Da. The species at 8,180 Da
corresponds to the fragment Thr-174 to Met-247 (8,123 Da),
with the addition of the carboxamidomethyl group. Further
tryptic digestion yielded smaller fragments at 710 and 3,386
Da. The former corresponds to the peptide Asp-194 to Lys-199,
with an addition of a carboxamidomethyl group, whereas the
latter corresponds to Ile-206 to Lys-237 without modification.
This suggests that labeling has occurred almost exclusively at
Cys-196. The other fragment at 15,181 Da corresponds to the
sequence Ala-1 to Arg-133 without modification. This fragment
contains both Cys-13 and Cys-126, confirming the absence of
modification at these residues. The small population of the
15,238-Da fragment corresponds to the addition of a single
carboxamidomethyl group to 15,181 Da (Ala-1 to Arg-133). The

smaller peptides obtained from this fragment by further diges-
tion revealed that Cys-13 was labeled, whereas Cys-126 re-
mained unreactive. Therefore from the analysis of the tryptic
fragments we infer that the major species is almost exclusively
labeled at Cys-196, a conclusion that is supported by the fact
that Cys-196 is a surface sulfhydryl, remote from the active
site. At this state of labeling the loss of enzyme activity was
only 10–12% (Fig. 5). Therefore we conclude that labeling of
Cys-196 results in practically no modification of enzymatic
activity. On the other hand, Cys-13 is proximate to the active
site residue, Lys-12, and is also involved in critical interface
contacts (36). The small amount of doubly labeled species in
Fig. 6 may then correspond to labeling at both Cys-196 and
Cys-13. Correlation of these results with the rates of cysteine
labeling suggests that almost all of the loss of the enzymatic
activity may be attributed to Cys-13 labeling. A similar loss in
enzymatic activity on derivatization of the interface cysteine
with the sulfhydryl reagent methyl methanethiosulfonate has
been reported for TIMs from T. brucei, T. cruzi, and L. mexi-
cana (12). It is important to note that the presence of some
residual activity remaining even after 5 h of labeling can be
attributed to presence of unlabeled and/or singly (Cys-196)
labeled enzyme, suggesting that the labeling of Cys-196 residue
has no appreciable effect on enzymatic activity.

Size Exclusion Chromatography—Differentially labeled spe-
cies of TIMWT were also passed through a calibrated size
exclusion gel filtration column to see the effect of labeling on

FIG. 6. IAM-labeled mass spectra of
Pf TIM. ESI-MS of singly labeled Pf TIM
after a 10-min reaction with IAM is
shown. The inset shows derived masses
for the singly labeled species, which is
predominant and a relatively small peak
for doubly labeled species (�10%).
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the quaternary structure of the protein (Fig. 7). Interestingly, it
was observed that after about 2 h of incubation with IAA
another peak at a higher elution volume appears, which may be
assigned to a monomeric species. Notably, the time course of
appearance of the peak ascribed to the monomer (Fig. 7) cor-
relates well with the rate of loss of enzyme activity observed
upon labeling (Fig. 5), which in turn has been related to Cys-13
modification by ESI-MS. The appearance of a sharp gel filtra-
tion peak at higher elution volumes in the case of the thiol-
modified enzyme (Fig. 7) suggests that the monomeric species
generated may indeed be substantially folded. Earlier studies
on the unfolding of Pf TIM with denaturants suggest that an
unfolded monomer will elute at lower elution volume than the
folded dimer because of a substantially enhanced hydrody-

namic volume in the hydrated state (29). This suggests that as
the interface cysteine gets labeled the subunit-subunit interac-
tions are weakened to such an extent that the dimer
dissociates.

An interesting observation in the present study is the dra-
matically different behavior of the protein when modified with
IAA and IAM. In the case of IAA, protein samples remain in
solution even after extensive thiol modification. On the con-
trary, in the case of IAM initial labeling rates are much faster
leading to precipitation, observed after 20 min of labeling.
Precipitation is undoubtedly a consequence of aggregation of
the unfolded form of the modified protein. By correlating the
time scales of these observations with the rate of thiol labeling
as inferred by mass spectrometry, we conclude that labeling of
the interface Cys-13 residue results in subunit dissociation. In
the case of IAA the labeled monomer remains substantially
folded and soluble, whereas in the case of IAM the labeled
monomer probably unfolds, aggregates, and precipitates. IAA
labeling results in the introduction of a negative charge at the
Cys-13 position; although the reactivity of the charged reagent
is lower, the product formed may in fact be structurally stabi-
lized and protected from aggregation by electrostatic effects.
Indeed from the available literature on the refolding and un-
folding of TIM it is believed that an equilibrium exists between
dimer and unfolded monomer, with the folded monomer being
an intermediate species (43, 44). A TIM species, generated by
labeling for 5 h with IAA in which the predominant form was
monomer as evidenced by the gel filtration elution volume
profile (Fig. 7) was subjected to urea denaturation (Fig. 8). It
was observed that the Cm value (concentration of urea at which
50% of the protein is unfolded) is �2 M in marked contrast to
unlabeled TIM, which shows little evidence for unfolding even
until 5 M (see Fig. 10). Here a point to be noted is that the 5-h
labeled species is heterogeneous in nature. To probe further the
effect of introduction of the negative charge at this critical
interface position we created a site-directed mutant, C13D. The
aspartic acid and carboxyl methylated cysteine side chains
differ only in their chain lengths, with both possessing an
ionizable carboxylate group.

Properties of the C13D Mutant

Characterization of the Purified C13D Mutant Protein—The
mutant protein was obtained by overexpressing the corre-
sponding gene in the E. coli strain AA200 (null for TIM) and

FIG. 7. Gel filtration elution profiles of IAA-labeled Pf TIM. Gel
filtration elution profiles of IAA-labeled TIMWT at different time points
are shown. The time after the addition of the reagent is indicated
against the traces. Note that a comparison of Figs. 5 and 7 reveals a
correlation in which an approximately 50% loss in activity is related to
the appearance of a second peak at a larger elution volume in the gel
filtration profile, with an intensity of about 50% at about 4 h.

FIG. 8. Urea denaturation profile of 5-h IAA-labeled Pf TIM.
The urea denaturation of TIM species obtained after labeling for 5 h
with IAA as monitored by the fluorescence intensity change at 331 nm
(excitation at 280 nm) is shown. The inset shows the change in emission
wavelength with an increasing urea concentration.
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purifing it using a standard protocol (29, 36). On SDS-PAGE a
single band around 28 kDa is seen for C13D. Analysis of C13D
by ESI-MS yielded a derived mass of 27,815 Da (expected mass
27,815.5 Da). It should be noted that a mutation A163V has
been detected in some clones of wild type Pf TIM (36, 29). In the
present case the determined mass corresponds to alanine at
position 163 and aspartic acid at position 13. The sites of
mutations were further identified by mass spectral analysis of
tryptic fragments generated from the wild type and the mutant
enzyme.

Enzyme Activity—Because a critical interface residue has
been mutated we considered the possibility of subunit dissoci-
ation at concentrations at which enzymatic activity was mon-
itored. The activities of the C13D mutant and the wild type
enzyme were therefore determined over a wide range of protein
concentrations. Fig. 9 illustrates the concentration dependence
of activity in both cases. It is clearly seen that for TIMWT the
activity is concentration-independent, above a protein concen-
tration of 0.5 � 10�9 M (0.5 nM). At lower concentrations, there
is a steep fall in activity. This may be attributed to subunit
dissociation and formation of inactive monomers. The C13D
mutant shows dramatically different concentration depend-
ence, with a saturating value observed only above a concentra-
tion of 0.5 �M. In the region of 0.15–0.3 �M a very steep
dependence on concentration is observed. The parameters
characterizing the enzymatic activity (kcat and Km) were deter-
mined for the two proteins in a regime where no concentration
dependence of activity is observed. Under these conditions, the
mutant protein was found to have a specific activity of 1,250–
1,500 units/mg of protein. In contrast, the wild type enzyme
had a specific activity of 7,800–8,000 units/mg of protein, sug-
gesting that the mutation has led to an appreciable decrease in
the enzymatic activity. Table II summarizes the kinetic param-
eters of the wild type and the mutant enzymes. It is observed
that the Km values for the mutant and the wild type are very
similar, but the kcat for the C13D mutant is almost �7-fold
lower. This loss of activity in the mutant may be a consequence
of local structural adjustments in the vicinity of the mutation.
It is pertinent that Lys-12, a critical active site residue that
adopts an unusual positive value for the dihedral angle � in all
known native TIM crystal structures (36, 45), is adjacent to the
site of mutation.

Gel Filtration—Gel filtration studies with C13D reveal that

with lowering of the protein concentration there was a steady
increase in the elution volume (data not shown). The observed
gel filtration profiles showed only a single, sharp and symmet-
rical peak suggesting that the time scale of equilibration be-
tween the monomeric and dimeric species is fast, precluding
resolution of the two distinct states. This may be contrasted
with the behavior observed for chemically modified protein,
where dissociation follows carboxyl methylation at Cys-13 (Fig.
7). Distinct peaks corresponding to both dimeric and mono-
meric species have been observed earlier for the subunit inter-
face mutant Y74G. The origin of widely differing rates of mon-
omer-dimer equilibration is not clear at present.

Stability of C13D Mutant—The stability of the wild type and
the mutant to denaturants was compared using various spec-
troscopic methods. Equilibrium denaturation studies in urea
showed that TIMWT retains considerable structure even in 8 M

urea (29). It is seen that until 6 M urea there is no significant
change in the emission maximum (�em), and the emission in-
tensity drops by only 30–40%. However, there is a sharp
change between 6 and 8 M urea in the emission intensity,
suggesting a significant change in the Trp environment (Fig.
10). In the case of the C13D mutant we obtained the Cm value
of 1.6 M, which indicated a dramatic lowering of stability to
urea denaturation. The changes in the secondary structure of
the two proteins with urea were monitored using far UV-CD
measurements at 220 nm. It is again observed that although
TIMWT does not show any substantial loss in the secondary
structure even at 8 M urea, the secondary structure of the
mutant collapses by a urea concentration of 4 M (Fig. 10).
Similar observations were made when guanidinium chloride
was used as a denaturant. In this case, TIMWT had a Cm of 1.2
M, whereas C13D had a low Cm of 0.6 M (data not shown).

FIG. 9. Measurement of specific activity of C13D and TIMWT.
The concentration dependence of the enzymatic activity of C13D is
shown. The inset shows similar concentration dependence in TIMWT.

FIG. 10. Comparison of the stability of C13D mutant and wild
type Pf TIM. Effect of urea on TIMWT and C13D mutant monitored by
protein fluorescence (�em � 331 nm) and far UV-CD studies ([�]220 nm).

TABLE II
Kinetic properties of TIMWT and the mutant C13D

Specific activity Km kcat

units/mg mM �105 min�1

TIMWT 7,800–8,000 0.35 � 0.16 2.68 � 0.84

C13D 1,250–1,500 0.31 � 0.08 0.36 � 0.07
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CONCLUSION

The present study demonstrates that chemical modification
of a reactive cysteine residue at the subunit interface of Pf TIM
can lead to large structural perturbations and concomitant loss
of enzymatic activity. Dissection of the differential reactivity of
the four cysteine residues in Pf TIM permits us to conclude that
the loss of enzymatic activity correlates well with labeling of
the interface cysteine Cys-13. This observation assumes signif-
icance in view of the absence of a reactive thiol at the corre-
sponding site in the human enzyme. Carboxyl methylation at
Cys-13 constitutes a major perturbation leading to subunit
dissociation. Studies with the site-directed mutant C13D sug-
gest that introduction of the negative charge at the interface is
indeed destabilizing. However, a substantially smaller size of
the Asp residue compared with carboxyl methyl cysteine allows
the former to maintain a dimeric structure, albeit less stable
than the wild type. Thus, targeted chemical modification of
parasitic enzymes, which exploits structural differences with
the host enzyme, may prove useful in approaches to inhibit
them.
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