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ABSTRACT: Cysteine 14 is an interface residue that is fundamental for the catalysis and stability of
homodimeric triosephosphate isomerase from Trypanosoma brucei (TbTIM). Its side chain is surrounded
by a deep pocket of 11 residues that are part of loop 3 of the adjacent monomer. Mutation of this residue
to serine (producing single mutant C14S) yields a wild-type-like enzyme that is resistant to the action of
sulfhydryl reagents methylmethane thiosulfonate (MMTS) and 5,5-dithiobis(2-nitrobenzoate) (DTNB).
This mutant enzyme was a starting point for probing by cysteine scanning the role of four residues of
loop 3 in the catalysis and stability of the enzyme. Considering that the conservative substitution of either
serine or alanine with cysteine would minimally alter the structure and properties of the environment of
the residue in position 14, we made double mutants C14S/A69C, C14S/S71C, C14S/A73C, and C14S/
S79C. Three of these double mutants were similar in their kinetic parameters to wild-type TbTIM and the
single mutant C14S, but double mutant C14S/A73C showed a greatly reduced kcat. All enzymes had similar
CD spectra, but all mutants had thermal stabilities lower than that of wild-type TbTIM. Intrinsic fluorescence
was also similar for all enzymes, but the double mutants bound up to 50 times more 1-anilino-8-naphthalene
sulfonate (ANS) and were susceptible to digestion with subtilisin. The double mutants were also susceptible
to inactivation by sulfhydryl reagents. Double mutant C14S/S79C exhibited the highest sensitivity to
MMTS and DTNB, bound a significant amount of ANS, and had the highest sensitivity to subtilisin.
Thus, the residues at positions 73 and 79 are critical for the catalysis and stability of TbTIM, respectively.

The glycolytic enzyme triosephosphate isomerase (EC
5.3.1.1) from Trypanosoma brucei (TbTIM)1 is a well-
studied homodimer, which has an interface cysteine (C14)
in its amino acid sequence. In trypanosomatidae, the enzyme
is located in a specialized organelle called the glycosome; it
catalyzes the interconversion between dihydroxyacetone
phosphate and D-glyceraldehyde 3-phosphate. TbTIM has
been proposed as a target for drug design by several research
groups (1–4). TbTIM, like other TIMs, is active only as a
dimer even though each monomer has all three amino acids
that make up the active site. C14 is an interface residue that
is surrounded by loop 3 of the adjoining subunit. The contacts
established by these residues are essential for the enzymatic
activity and stability of the protein. Previous experiments

by our group have shown that modifications like oxidation
or derivatization of C14 with several sulfhydryl reagents such
as methylmethane thiosulfonate (MMTS) and 5,5-dithiobis(2-
nitrobenzoate) (DTNB) induce the abolition of catalysis by
perturbing the interactions between C14 and the residues of
loop 3 (5–9). This is caused by marked structural alterations
that cause large changes in the intrinsic fluorescence of
TbTIM (see Figure 5 of ref 6) and aggregation of the
molecule (9).

The important role of C14 in maintaining the interactions
that stabilize the interface of TbTIM was also confirmed by
exhaustive mutagenesis of this amino acid (10); the results
showed that only mutants C14T, C14A, C14P, C14V, and
C14S had an activity that was practically identical to that of
the wild-type enzyme (see Table 1 of ref 10). Mutants C14A
and C14S, in particular, also had very similar stability to
temperature, dilution, and other biophysical characteristics,
when compared to the wild-type enzyme, but an important
difference was that they were resistant to the derivatizing
action of MMTS and DTNB (for example, see Figure 2A of
ref 11). Since the amino acids serine and alanine have
properties and sizes similar to those of cysteine and, when
exchanged, are not expected to produce important structural
and functional changes, we thought that the mutant
TbTIMC14S, resistant to sulfhydryl reagents, could be used
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as a template for cysteine scanning of some of the residues
of loop 3 that surround it. Loop 3, which includes residues
65–79 (12, 13), forms a deep pocket near the active site of
the other subunit and has two serines and three alanines in
its amino acid sequence; these are A67, A69, S71, A73, and
S79. A67, which is at the beginning of loop 3, does not form
part of the chain encircling the residue occupying position
14. It is 14.6 Å from that residue, and since no significant
interaction would be likely between A67 and the residue at
position 14, it was not included in this study. Thus, double
mutants C14S/A69C, C14S/S71C, C14S/A73C, and C14S/
S79C would be expected to be very similar in structure, and
perhaps function, to the wild-type enzyme, but the newly
introduced cysteines could be used to study the interactions
of different regions of loop 3 surrounding the residue
occupying position 14. Accordingly, we prepared the four
double mutant enzymes and studied their kinetics, secondary
structure, stability, fluorescent properties, and susceptibility
to two sulfhydryl reagents. The data show that C79, which
has no solvent accessible surface area and is closest to S14,
is a critical residue whose interaction with the residue at
position 14 is central to the stability of the enzyme. Our data
suggest that the amino acid of loop 3 at position 79 is another
hot spot and a good target for drug design against T. brucei.

EXPERIMENTAL PROCEDURES

Wild-Type TbTIM and Construction of the Mutants. Wild-
type TbTIM was expressed in Escherichia coli and purified
as described by Borchert et al. (14). The construction,
expression, purification, and properties of single mutant C14S
have also been described previously (11). The four double
mutants were constructed using the plasmid containing the
sequence of the single mutant C14S as a template and
introducing the second mutation with the polymerase chain
reaction using the Expand High Fidelity PCR System
(Boehringer). The mutagenic oligonucleotides were 5′GAACG
CCATTTGCAAGAGCGGTG3′ forward (Fw) and 5′CAC-
CGCTCTTCGAAATGGCGTTC3′ reverse (Rv) for C14S/
A69C, 5′TGCAAAGTGCGGTGCCTTCACCG3′ Fw and
5′CGGTGAAGGCACCGCACTTTGCA3′ Rv for C14S/
S71C, 5′AGAGCGGTTGCTTCACCGGCGAA3′ Fw and
5′TTCGCCGGTGAAGCAACCGCTC3′ Rv for C14S/A73C,
and 5′GGCGAAGTCTGCCTGCCCATCCTC3′ Fw and
5′GAGGATGGGCAGGCAGACTTCGCC3′ Rv for C14S/
S79C. The external oligonucleotides were the T7 promoter and
T7 terminator (Novagen). The mutations were introduced as
follows: 25 cycles for 1 min at 94 °C, 1 min at 55 °C, and 1
min at 72 °C and the extension incubation for 10 min at 72 °C.
The PCR products were cloned in the pET3a vector (Invitrogen)
after digestion with NdeI and sequenced completely. The genes
with the appropriate mutations were introduced by transforma-
tion into BL21(DE3)pLysS cells (Novagen).

For expression of the mutant proteins, cells were grown
at 30 °C in Luria-Bertani medium supplemented with 100
µg/mL ampicillin. When cultures reached an A600 of 0.8–1.0,
isopropyl �-D-thiogalactopyranoside, at a final concentration
of 0.4 mM, was added. The growth of the cells was continued
overnight at 30 °C. For the expression of wild-type TbTIM,
growth occurred at 37 °C.

Cultures (1000 mL) were collected by centrifugation and
suspended in 40 mL of cell lysis buffer (25 mM Mes/NaOH)

(pH 6.5), 1 mM dithiothreitol, 1 mM EDTA, and 0.2 mM
phenylmethanesulfonyl fluoride (PMSF). The suspensions were
sonicated, for five intervals of 40 s, and centrifuged at 15000
rpm (29000g) for 15 min. The pellet was resuspended in lysis
buffer, which in addition had 200 mM NaCl, stirred gently on
ice for 30 min, and centrifuged for 15 min at 15000 rpm
(29000g). The purification of the mutants was also carried out
following the methodology described by Borchert et al. (14).

After purification, all enzymes were dissolved in 100 mM
triethanolamine, 10 mM EDTA, and 1 mM dithiothreitol (pH
8), precipitated with ammonium sulfate, and stored at 4 °C.
Before use, the enzymes were dialyzed extensively against
100 mM triethanolamine and 10 mM EDTA (pH 7.4). Protein
concentrations were determined from their absorbance at 280
nm using an extinction coefficient ε of 34950 M-1 cm-1,
calculated according to the method of Pace et al. (15).

ActiVity Assays. Enzyme activities were determined at 25
°C, following the decrease in absorbance at 340 nm of a
mixture (1 mL) that contained 100 mM triethanolamine, 10
mM EDTA (pH 7.4), 1 mM glyceraldehyde 3-phosphate,
0.2 mM NADH, and 0.9 unit of R-glycerol-3-phosphate
dehydrogenase (20 µg/mL). The reaction was initiated by
addition of the enzyme at the concentration indicated below.
For the kinetic parameters, the measurements were made with
glyceraldehyde 3-phosphate at concentrations that ranged
between 0.06 and 2 mM. The concentration for all enzymes,
except C14S/A73C, was 10 ng/mL (0.2 nM), and for C14S/
A73C, it was 50 ng/mL (1 nM). Km and kcat were calculated
from nonlinear regression plots using the Michaelis–Menten
equation.

Circular Dichroism Spectroscopy. Circular dichroism (CD)
spectra were obtained at 25 °C using an AVIV (Lakewood,
NJ) 62 HDS spectropolarimeter. The quartz cells had path
lengths of 0.1 cm for measurements in the far-UV region.
For the determination of the spectra, solutions of the enzymes
were equilibrated against a 25 mM phosphate buffer (pH
7.4) containing 20 mM NaCl. The samples were filtered
through 0.45 µm membranes, and each enzyme had a final
concentration of 250 µg/mL. Each spectrum was the average
of five repetitive scans and was corrected by subtracting the
average spectrum of the buffer. The molar ellipticity was
calculated according to the equation

θ) [θobs(degrees) × MRW × 100] ⁄ (CI)

where θ is the molar ellipticity in degrees, θobs is the observed
ellipticity, MRW is the mean residue weight, C is the protein
concentration in milligrams per milliliter, and I is the path
length of light in the cell (16).

Thermal Unfolding. Thermal denaturation of the enzymes
was performed by recording the protein ellipticity at 222 nm
between 20 and 70 °C, increasing the temperature of the
samples at a rate of 1 °C/2.5 min. The enzymes (400 µg/mL
or 350 µM) were dialyzed before the experiments against a
20 mM MOPS buffer (pH 7.0) containing 1 mM EDTA, 1
mM dithiothreitol, and 1 mM azide. The apparent fraction
of denatured subunits, fD, was calculated using the equation

fD ) (yN - y) ⁄ (yN - yD)

where yN and yD are the ellipticity values characteristic of
the native and unfolded subunits, respectively. These pa-
rameters were linear extrapolations from the initial and final
portions of the curve of y versus temperature.
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Fluorescence Measurements and 1-Anilino-8-naphthalene
Sulfonate (ANS) Binding. The emission fluorescence spectra
of all enzymes were recorded between 300 and 500 nm at
excitation wavelengths of 280 and 295 nm with a Perkin-
Elmer LS55 spectrofluorometer. The protein concentration
was 50 µg/mL in 100 mM triethanolamine and 10 mM
EDTA (pH 7.4). The spectrum of the buffer was subtracted
from the experimental spectrum, and the spectral center of
mass (SCM) was calculated with the equation

SCM)∑λI(λ) ⁄ ∑I(λ)

where I(λ) is the fluorescence intensity at wavelength λ.
ANS fluorescence was measured with an excitation

wavelength of 360 nm (4.0 nm bandwidth) and read in the
400–600 nm emission range. Saturation conditions at 25 µM
ANS were used; 200 µg of each enzyme was incubated at
25 °C in 100 mM triethanolamine and 10 mM EDTA (pH
7.4) for 15 min with 25 µM ANS, and the corresponding
blanks were subtracted from the spectra of the samples. The
results are expressed as arbitrary units of fluorescence for
each enzyme.

Effect of MMTS and DTNB. The enzymes were incubated
at the following concentrations: TbTIM at 10 µg/mL, C14S
and C14S/A69C at 150 µg/mL, and C14S/S71C, C14S/
A73C, and C14S/S79C at 300 µg/mL. The mutant enzymes
were used at higher concentrations because they spontane-
ously lost activity at the lower concentration. [The same
results were obtained when TbTIM, C14S, and C14S/A69C
were assayed at 300 µg/mL (data not shown).] All enzymes
were incubated at 25 °C in 100 mM triethanolamine and 10
mM EDTA (pH 7.4) for 2 h in the presence of the indicated
concentrations of MMTS or DTNB. The activity was
measured after the incubation using 5 ng of enzyme, except
for C14S/A73C, for which 10 ng was necessary, and addition
to the reaction mixture. The results are expressed as the
percentage of the activity of the controls, where 100% was
the activity of enzymes incubated without the sulfhydryl
reagents.

Number of Cysteines DeriVatized by DTNB as a Function
of Time. Wild-type TbTIM and the mutants (300 µg) were
incubated at 25 °C in 1 mL of a mixture that contained 100
mM triethanolamine, 10 mM EDTA, and 3 mM DTNB (pH
7.4) for 20 min. The absorbance at 412 nm was recorded
immediately after the enzymes were added. The blank (with
no enzyme) exhibited a slight increase in absorbance at 412
nm; this was subtracted from the experimental values. The
number of derivatized cysteines (N) was calculated with the
equation

N) (A412 ⁄ ε) ⁄
(protein concentration in milligrams ⁄ MW of the protein)

where A is the absorbance and ε the extinction coefficient
of nitrobenzoic acid.

Proteolytic Digestion, Electrophoresis, and NH2-Terminal
Analysis of Electroblotted Fragments. The double mutants
C14S/S71C, C14S/A73C, and C14S/S79C were incubated
at a concentration of 1 mg/mL with subtilisin Carlsberg at
the indicated molar ratios in 100 mM triethanolamine and
10 mM EDTA (pH 7.4) at 30 °C for the indicated times.
Proteolysis was arrested by the addition of PMSF (3 mM
final concentration). The digested TIMs were analyzed via
SDS-PAGE in gels containing 16% acrylamide following

the method of Schägger and von Jagow (17). The gels were
stained with Coomassie Brilliant Blue G. The fragments of
the digested TIMs were electroblotted from the stained gels
onto polyvinyldifluorobenzene membranes (Problott). The
semi dry transfer was performed for 2 h at room temperature
using as a negative buffer 39.4 g/L aminocaproic acid (pH
8.5) with 0.05% SDS and as a positive buffer 8.2 g/L Tris,
9 g/L Tricine, and 20% methanol. The transferred proteins
were stained with Coomassie Brilliant Blue G in 50%
methanol. The N-terminal sequence was determined by
automated Edman degradation on a gas-phase protein
sequencer (LF 30000 Beckman Instruments) equipped with
an online Beckman System Gold high-performance liquid
chromatography (HPLC) system. The HPLC equipment had
a model 126 pump and a diode array detector set at 268 and
293 nm for signal and reference, respectively. The HPLC
column was a Beckman Spherogel Micro PTH column (2
mm × 150 mm). Standard Beckman sequencing reagents
were used. To establish the cleavage sites unequivocally, the
sequenced bands were submitted to at least 10 Edman
degradation cycles. In all cycles in which more than one
amino acid was obtained, the yield of each identified amino
acid was considered for the determination of the sequence
of each fragment.

RESULTS

Kinetics of Wild-Type TbTIM, the Single C14S Mutant,
and the C14S/A69C, C14S/S71C, C14S/A73C, and C14S/
S79C Double Mutants. The steady state kinetics of the wild
type, the single C14S mutant, and the four double mutants
were determined in the direction of glyceraldehyde 3-phos-
phate to dihydroxyacetone phosphate. The Km and kcat values
of the wild type, the single C14S mutant, and the four double
mutants are listed in Table 1. As previously reported (10),
the wild type and the single mutant exhibited similar kinetic
constants; the Km and the kcat of the double mutant C14S/
S71C mutant were in the same range. The other double
mutants exhibited lower kcat/Km values, mainly as conse-
quence of a lower kcat; the latter decrease was particularly
noticeable in the C14S/A73C double mutant.

Spectroscopy and Thermal Stability of Wild-Type TbTIM
and Mutants. The circular dichroism spectra of wild-type
TbTIM and the mutants were recorded between 190 and 260
nm at 25 °C (Figure 1). All spectra were similar to that of
wild-type TbTIM, indicating that the different mutations did
not cause gross alterations of secondary structure. Thermal

Table 1: Kinetic Constants of Wild-Type TbTIM and the Indicated
Mutantsa

enzyme Km (×10-4 M) kcat (s-1) kcat/Km (×106 s-1 M-1)

wild type 3.8 ( 0.4 4183 ( 55 11.0
C14S 5.0 ( 0.6 5133 ( 170 10.3
C14S/A69C 7.5 ( 0.4 2600 ( 142 3.5
C14S/S71C 3.5 ( 0.3 3200 ( 112 9.1
C14S/A73C 1.4 ( 0.3 483 ( 28 3.5
C14S/S79C 4.8 ( 0.5 2967 ( 137 6.2

a The measurements were made with glyceraldehyde 3-phosphate at
concentrations between 0.06 and 2 mM. The reaction was started by
addition of the enzyme. A concentration of 5 ng/mL was used with all
enzymes, except C14S/A73C, for which a concentration of 10 ng/mL
was employed. Km and kcat were calculated from nonlinear regression
plots using the Michaelis-Menten equation. The data are the average of
at least two independent determinations.
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denaturation experiments were carried out at an enzyme
concentration of 350 µg/mL by recording the signal at 222
nm at temperatures that ranged from 20 to 70 °C (Figure 2).
The results indicated that, in all cases, the loss of secondary
structure occurred in a two-state process; however, there were
differences in the apparent Tm of the various enzymes. The
Tm of the single C14S mutant was 5.2 °C lower than that
of the wild type, which was 53.1 °C, highlighting the
importance of C14 in the thermal stability of the enzyme.
Using the data of the single mutant as a reference for the
impact of the second mutation, it is noteworthy that with
the exception of C14S/S79C, the Tm values of other double
mutants differed by less that 1.2 °C from that of the single
mutant. In contrast, the Tm of the C14S/S79C double mutant
was 3.2 °C lower than that of the single mutant, suggesting
that residue 79 is also central to the thermal stability of the
enzyme.

Intrinsic Fluorescence and ANS Binding. To gain insight
into the effect of the second mutation on the gross structure
of the enzymes, the intrinsic fluorescence spectra of the

various enzymes were determined after excitation at 280 nm.
From the data, the spectral center of mass (SCM) and the
intensity of fluorescence at that wavelength were calculated
(Table 2). The spectra of the wild type, the single mutant,
and C14S/A69C exhibited the same SCM, but the fluores-
cence intensities of the latter two mutants were slightly higher
than that of the wild type. The other double mutants exhibited
a SCM 4 nm higher; however, it is noteworthy that among
the enzymes that were studied, the C14S/S79C double
mutant, besides showing a red shift with respect to the single
C14S mutant, also exhibited the highest fluorescence intensity.

Using the C14S single mutant as a reference for the second
mutation, the CD and fluorescence data indicated that the
S79C mutation induces significant changes in thermostability
and in the environment of aromatic residues. To gain further
insight into this phenomenon, we explored if the mutation
also affects the exposure of hydrophobic residues to the
solvent. To this end, we measured the fluorescence of ANS
when it was incubated with the various enzymes; this is
because it is well-established that the fluorescence of ANS
increases when it binds to hydrophobic surfaces. In the wild
type, no fluorescence of ANS was observed and the single
C14S mutant exhibited a very small fluorescence signal. The
ANS fluorescence in the double mutants was significantly
higher (Table 3); the magnitude of ANS binding in the
double mutants was as follows: C14S/S79C > C14S/A73C
> C14S/S71C > C14S/A69C. However, it is noteworthy
that the level of ANS fluorescence in the C14S/S79C mutant
was 50 times higher than in the single C14S mutant. This is
in consonance with the CD data and intrinsic fluorescence
of the enzymes that show that the most drastic differences
with the single mutant were observed when S79 of the single
mutant was replaced with cysteine.

Proteolysis of the Enzymes. The sensitivity of the enzymes
to external probes was also examined by measuring their
susceptibility to the proteolytic enzyme subtilisin. As reported

FIGURE 1: CD spectra of wild-type TbTIM and the indicated
mutants. The spectra of the indicated enzymes were recorded at
protein concentrations of 250 µg/mL in 25 mM phosphate buffer
(pH 7.4) containing 20 mM NaCl.

FIGURE 2: Melting curves of wild-type TbTIM and the indicated
mutants. The changes in molar ellipticity induced by the progressive
increase in temperature were followed at 222 nm. The inset shows
the Tm values of the indicated enzymes.

Table 2: Spectral Centers of Mass and Percentages of Intrinsic
Fluorescence of Wild-Type TbTIM and the Indicated Mutantsa

enzyme SCM at 280 nm % FI at 280 nm

wild type 344 100
C14S 344 109
C14S/A69C 344 103
C14S/S71C 348 106
C14S/A73C 348 100
C14S/S79C 349 123

a The intrinsic fluorescence spectra of 50 µg of the indicated enzymes
were obtained at an excitation wavelength of 280 nm. The spectral
center of mass (SCM) and relative fluorescence intensity (FI) were
calculated from the spectra. The fluorescence intensity of the wild-type
enzyme at the wavelength of maximal emission was considered 100%.

Table 3: ANS Fluorescence (in arbitrary units) of Wild-Type TbTIM
and the Indicated Mutantsa

enzyme ANS fluorescence intensity

wild type 0
C14S 14.6
C14S/A69C 57.0
C14S/S71C 195.9
C14S/A73C 278.0
C14S/S79C 732.3

a ANS (25 µM) was added to each enzyme. The fluorescence
intensity was recorded between 400 and 600 nm (excitation wavelength
of 360 nm and maximum emission wavelength of 480 nm). The
concentration of the protein was 267 µg/mL.
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elsewhere, native wild-type TbTIM is quite resistant to the
action of subtilisin (18); indeed, the incubation of four
TbTIM molecules per subtilisin molecule did not produce a
noticeable amount of proteolytic fragments after incubation
for 20 h (Figure 3). The single mutant showed a similar
resistance. In contrast, in all the double mutants, proteolysis
was clearly apparent; however, the extent of proteolysis of
the C14S/S79C double mutant was significantly higher, even
at ratios of one subtilisin per 1000 enzymes (Figure 3).
Proteolysis in the C14S/S79C double mutant was ac-
companied by the appearance of two main protein bands that
had a molecular mass of 16 kDa. These were subjected to
Edman degradation to ascertain the cleavage sites. The data
showed that the enzyme was cleaved in the peptide bonds
between K70 and S71, S71 and G72, and G72 and A73;
additional cleavage products that started with K84 and G87
were also observed (see Figure 3). It is noted that the double
mutants C14S/S71C and C14S/A73C were also cleaved at a
ratio of 500 enzymes per subtilisin in the same peptide bonds;
albeit, the extent of cleavage was much lower than in C14S/
S79C (data not shown).

Taken together, the data showed that there are drastic and
noteworthy differences in the action of subtilisin on wild-
type TbTIM and the double mutants. At ratios of four wild-
type TbTIM molecules per subtilisin, the main cleavage
products were between T130 and N131 and between Q181
and Q182 (18). In contrast, in the C14S/S79C double mutant,
significant proteolysis was observed at ratio of 1000 enzymes
per subtilisin, and the main cleavage sites were localized in
the span of S71-A73. Since the latter amino acids form part
of loop 3, the data indicate that the replacement of S79 with
cysteine increases the level of exposure of this portion of
loop 3 to subtilisin. The other double mutants were less
sensitive to proteolysis; nonetheless, fragments that began
in the same amino acid regions were observed.

Susceptibility of Wild-Type TbTIM and the Mutants to
Thiol Reagents. The preceding experiments indicated that
the introduction of a second mutation into loop 3 of the C14S
single mutant increased the exposure to solvent of the region
of loop 3 that spans S71-A73. Thus, it was considered
relevant to determine the accessibility of the cysteines, which
were introduced in loop 3, to external probes that are specific
for the SH groups. Toward this end, the effect of different
concentrations of the sulfhydryl reagents MMTS and DTNB
on the activity of the various enzymes was determined. In
confirmation of previous data (6), we observed that the wild
type is 50% inhibited by ∼100 µM MMTS and that complete
inhibition is achieved with 500 µM (Figure 4). Of relevance
to the current experiments is the fact that in the single C14S

FIGURE 3: SDS-PAGE analysis of the hydrolysis of wild-type
TbTIM and the indicated mutants with subtilisin. The enzymes were
incubated at 30 °C with subtilisin at different times and different
subtilisin:enzyme ratios. At the indicated time, the reactions were
arrested with 3 mM PMSF. The arrows show the TbTIM monomer
(M) and three fragments of C14S/S79C that were sequenced. The
amino-terminal amino acids for fragment 1 were S71 and A73, for
fragment 2 S71, G72, and A73, and for fragment 3 S71, A73, K84,
and G87.

FIGURE 4: Effect of MMTS (A) and DTNB (B and C) on the activity
of wild-type TbTIM and the indicated mutants. The enzymes were
incubated as described in Experimental Procedures. The results are
expressed as the percentage of the activity of the controls in which
100% was the activity of enzymes incubated without the sulfhydryl
reagents. After incubation for 2 h, the activity was measured with
a concentration 5 ng/mL, except for C14S/A73C, for which 10 ng/
mL was used.
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mutant, millimolar concentrations of MMTS induced only a
relatively small loss of activity. Therefore, the latter enzyme
provided a good point of reference for exploring the effect
of sulfhydryl reagents on the double mutants, since the results
would illustrate the impact of derivatizing the cysteines that
were introduced into loop 3 of the double mutants. The
activity of all the double mutants was inhibited by MMTS;
albeit, when compared to the wild type, the C14S/A69C,
C14S/A73C, and C14S/S71C double mutants were more
resistant to MMTS action (Figure 4A). Remarkably, the
C14S/S79C double mutant was highly susceptible to MMTS
action; i.e., its activity was inhibited by 50% with 3 µM
MMTS (Figure 4A).

The susceptibility of the enzymes to DTNB was also
determined. In agreement with previous data, it was observed
that the activity of the wild type was inhibited by DTNB
(9) and that the C14S single mutant was essentially insensi-
tive to DTNB. Thus, the effect of DTNB on the activity of
the double mutants should be due to derivatization of the
introduced cysteines. The results of these experiments
showed that all the double mutants were more sensitive to
DTNB than the wild type (Figure 4B,C). However, the
susceptibility of the C14S/S71C and C14S/S79C double
mutants was much higher; indeed, 10 µM DTNB induced a
very strong inhibition of both enzymes.

The latter results correlate with the number of cysteines
that are derivatized by DTNB. In the experiments outlined
in Table 4, the various enzymes were allowed to react with
3.3 mM DTNB for 20 min at which time the number of
cysteines was quantified from the molar absorption of
thionitrobenzoic acid that was formed. In the C14S single
mutant, no reaction with DTNB was observed, and in the
wild type and the C14S/A69C and C14S/S71C double
mutants, close to one cysteine per dimer was derivatized. In
the double mutant C14S/A73C, two cysteines per dimer were
derivatized, whereas in the C14S/S79C double mutant, all
six cysteines of the dimer reacted with DTNB.

DISCUSSION

It has been shown that the integrity of C14 is central to
the stability of TIM dimers (10). This is a consequence of
its critical position in the dimer interface; indeed, as shown
in Figure 5, the side chain of C14 is enclosed by residues of
loop 3 of the adjoining subunit. The purpose of this work
was to determine the contribution of the residues of loop 3
that are close to residue 14 to the stability and catalysis of
the TIM dimer. Because we also wanted to ascertain how

the perturbation of such residues affects the characteristics
of the dimer, the C14S mutant of TbTIM was the enzyme
into which the second mutations were introduced. It is
important to note that although the Tm of the C14S mutant
was lower than that of the wild type, its catalytic constants,
intrinsic fluorescence, CD spectra, and capacity to bind ANS
were markedly similar to those of the wild type. Moreover,
since the single mutant lacks cysteine at position 14, it was
essentially insensitive to thiol reagents, and thus, the evalu-
ation of the effect of thiol reagents on mutants in which
cysteines were placed at various positions of loop 3 was
straightforward. As shown in this work, the introduction of
the second mutation did not have an important effect on
catalysis, except in C14S/A73C by which a substantial
decrease in kcat was observed.

However, a comparison of some of the properties of the
double mutants with those of the wild type and the C14S
single mutant showed that the replacement in the single
mutant of residues A69, S71, and A73 with cysteine induced
changes in their capacity to bind ANS and made the enzymes
more accessible to subtilisin action. However, these alter-
ations were rather minor in comparison to those observed
in the C14S/S79C double mutant. Furthermore, the latter
mutant had a Tm 3 °C lower than that of the single mutant.
Thus, the overall data indicate that among the residues tested,
residue 79 plays a central role in the overall structure and
stability of the enzyme.

In this context, it is relevant that in a crystal structure of
wild-type TbTIM (12), the solvent accessible surface areas
of A69, S71, and A73 are 34, 40.9, and 45.9 Å2, respectively;
in contrast, S79 is completely buried. In the wild type, S79
is less than 4 Å from C14 of the other subunit and from
residues 68, 70-72, 78, 80, 82, and 83 of the same subunit
(see Figure 5; residues 80, 82, and 83 are not shown). Thus,
its tight packing within loop 3 and C14 of the other subunit
explains why the substitution of serine for the less polar and
larger (by 19.5 Å3) cysteine exerts such drastic changes.

Along this line, it is relevant that in the C14S/S79C double
mutant, subtilisin brought about cleavage between residues

Table 4: Number of Cysteines Derivatized per Dimer of Wild-Type
TbTIM and the Indicated Mutants by DTNB in 20 mina

enzyme no. of cysteines derivatized per dimer

wild type 0.8 ( 0.1
C14S 0.0
C14S/A69C 0.8 ( 0.1
C14S/S71C 1.4 ( 0.4
C14S/A73C 2.3 ( 0.2
C14S/S79C 6.3 ( 0.1

a The concentration of all proteins was 300 µg/mL (22.4 µM dimer),
and they were incubated at 25 °C in 1 mL of a mixture that contained
100 nM triethanolamine, 10 mM EDTA (pH 7.4), and 3.3 mM DTNB.
The absorbance at 412 nm was recorded immediately after enzymes
were added. The blank (without enzymes) exhibited a slight increase in
absorbance at 412 nm; this was subtracted from the experimental values.

FIGURE 5: Close-up view of the relative position of C14 of one
subunit (light gray) with residues of loop 3 from the other subunit
(dark gray). The R-carbon traces of the two subunits are shown as
ribbons and tubes, and the side chains of C14 and 12 residues of
loop 3 of the other subunit are shown as sticks. The residues of
loop 3 that were mutated are marked with an asterisk. The three-
dimensional coordinates are from PDB entry 5TIM.
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K70 and S71, and between S71 and G72 of loop 3. These
residues are not cleaved in the single mutant; thus, the S79C
mutation brought about conformational changes in loop 3
that made it prone to proteolytic cleavage. It is noted that in
the crystal structure of wild-type TbTIM, the residues that
are at the main cleavage sites of subtilisin in the C14S/S79C
mutant are between K70 and S71 and between S71 and G72.
S71 and G72 have buried surface areas of 20 and 40 Å2,
respectively. Glycine has a total surface area of 75 Å2; thus,
more than half of its surface is buried in the native structure,
yet in C14S/S79C, the peptide bond between S71 and G72
is readily accessible to subtilisin.

In all likelihood, the latter conformational changes of the
C14S/S79C mutant account for the high sensitivity of the
mutant to MMTS; indeed, it is remarkable that concentrations
as low as 10 µM induce almost full abolition of catalysis.
Therefore, the data indicate that the integrity of S79 is central
in the overall conformation of loop 3, and that this has a
strong bearing on the stability of the TIM dimer. S79 is a
highly conserved residue; among 723 TIM aligned amino
acid sequences, 86% have serine at position 79 and 7% have
alanine, which has dimensions and polarity similar to those
of serine. Therefore, the sequence analysis and the data of
this work highlight the importance of S79 in the stability of
TIM. An alanine in position 73 is present in 90% of the
sequences that were analyzed. However, its substitution for
cysteine did not affect to a large extent the stability of the
dimer; albeit, it induced a marked decrease in kcat. It would
thus appear that A73 is mostly related to the catalytic events,
whereas the role of S79 is to exert a strong effect on the
stability of the enzyme.

In summary, the data presented here show that among the
residues that constitute the portion of the interface formed
by loop 3 and residue 14 of the other monomer, the amino
acid at position 79 is fundamental in maintaining enzyme
stability. In this regard, and before closing, we note that for
some years we have been interested in discovering low-
molecular weight compounds that induce abolition of
catalysis in enzymes from pathogenic parasites. Because of
the high level of conservation in the active site, we
hypothesized that the interface of the TIM dimers could be
targeted for the discovery of such agents (6). Some of the
molecules that exert this action have been described
previously (19–22). In consonance with the hypothesis, the
findings of this work show that rather subtle alterations of
the amino acids that form the interface of the TIM dimer, in
particular the residue at position 79, have profound effects
on the stability of the dimer, and thus, it could be expected
that agents that perturb the portion of the dimer interface
could have detrimental effects on the overall properties of
the enzyme.
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