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Triosephosphate isomerase from the mesophile Giardia lamblia (GlTIM) is
the only known TIM with natural disulfide bridges. We previously found
that oxidized and reduced thiol states of GlTIM are involved in the
interconversion between native dimers and higher oligomeric species, and
in the regulation of enzymatic activity. Here, we found that trophozoites
and cysts have different oligomeric species of GlTIM and complexes of
GlTIM with other proteins. Our data indicate that the internal milieu of G.
lamblia is favorable for the formation of disulfide bonds. Enzyme mutants of
the three most solvent exposed Cys of GlTIM (C202A, C222A, and C228A)
were prepared to ascertain their contribution to oligomerization and
activity. The data show that the establishment of a disulfide bridge between
two C202 of two dimeric GlTIMs accounts for multimerization. In addition,
we found that the establishment of an intramonomeric disulfide bond
between C222 and C228 abolishes catalysis. Multimerization and inactiva-
tion are both reversed by reducing conditions. The 3D structure of the
C202A GlTIMwas solved at 2.1 Å resolution, showing that the environment
of the C202 is prone to hydrophobic interactions. Molecular dynamics of an
in silicomodel of GlTIMwhen the intramonomeric disulfide bond is formed,
showed that S216 is displaced 4.6 Å from its original position, causing loss
of hydrogen bonds with residues of the active-site loop. This suggests that
this change perturb the conformational state that aligns the catalytic center
with the substrate, inducing enzyme inactivation.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Giardia lamblia is a eukaryotic parasite that causes
human giardiasis. An estimated 200 million people
have symptomatic human giardiasis, mainly infants
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who exhibit a failure-to-thrive syndrome.1 Infection
is initiated by ingestion of cysts, followed by
excystation and colonization of the small intestine
by the trophozoite. It is known that encystation and
excystation involve several important changes at the
molecular level that could be related to its infective
capacity.2 Although current drugs against giardiasis
are effective,3 they exhibit severe toxic effects in the
host.4 In addition, there is clear evidence for the
emergence of strains resistant to currently used
drugs.5 This has led to the search for novel expe-
rimental strategies and new targets for antigiar-
dial drug design.6 In this regard, it is relevant that
G. lamblia lacks oxidative phosphorylation;7,8 thus,
the main source of ATP is the glycolytic pathway.7
d.
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The enzymes of this metabolic pathway have been
proposed as potential targets for drug design in
other parasites.9–13

Recently, we characterized a recombinant triose-
phosphate isomerase (EC 5.3.1.1) from G. lamblia
(GlTIM).13 This enzyme catalyzes the interconver-
sion between D-glyceraldehyde 3-phosphate (GAP)
and dihydroxyacetone phosphate (DHAP). The
functional and structural characteristics of TIM
from diverse organisms have been studied
extensively.12,14–30 The enzyme is the prototype of
a (α/β)8-barrel motif, which is formed by eight
central β-strands surrounded by eight α-helices
joined by loops. A detailed knowledge of the
properties of GlTIM, at molecular and cellular levels,
is necessary to develop this enzyme as target for
antigiardial drugs.
The enzymes from the thermophilic organisms,

Pyroccoccus woesei and Thermoproteus tenax, are
tetramers;31,32 TIM from T. tenax can exist also as a
dimer, although only the tetramer is catalytically
active.33 Before it was found that GlTIM exists in
both dimeric and oligomeric states, it was assumed
that all the enzymes from mesophilic organisms
were dimers. Thus, a unique characteristic of GlTIM
is that it undergoes interconversion between dimeric
and tetrameric species, both of which are active;
however, the kcat of the dimer is twofold higher.
G. lamblia uses free cysteine residues instead of the

gluthatione system as the main low molecular mass
antioxidant.34,35 Since the parasite acquires Cys
from the intestinal environment,36 this amino acid
could be limiting at some stage of its life-cycle.
Indeed, it is probable that cysts suffer deprivation of
Cys when they are released from the small intestine.
This suggests that the internal milieu of G. lamblia
facilitates the formation of disulfide bonds. Here, we
found that trophozoites and cysts have GlTIM in
various oligomeric forms joined through disulfide
bonds. Finally, the Cys residues involved in the
formation of disulfide bonds in GlTIM were
identified; besides, the 3D structure of C202A
mutant was resolved at 2.1 Å. The crystal structure
allowed the characterization of the environment of
the Cys residues of the enzyme.
Figure 1. Oligomeric species of cellular GlTIM. (a)
Immunodetection of cellular GlTIM byWestern blot using
anti-GlTIM diluted 1:2500 (v/v). Lane 1, recombinant
GlTIM; lane 2, soluble proteins of cysts; lane 3, soluble
proteins of trophozoites; lane 4, soluble proteins of
trophozoites with DTT. (b) Soluble proteins of tropho-
zoites immunoprecipitated with anti-GlTIM and stained
with Coomassie brilliant blue. Lane 1, recombinant
GlTIM; lane 2, fractions immunoprecipitaed from proteins
of trophozoites.
Results

Oligomeric state of cellular GlTIM

G. lamblia is a mesophilic eukaryote whose life-
cycle alternates between vegetative trophozoites
and dormant cysts. Since the existence of high
oligomers of GlTIM may be of physiological
significance, we explored the presence of dimers
and higher oligomers in trophozoites and cysts. The
concentration of cytoplasmic GlTIM from total
protein was determined by optical densitometry of
the monomer in gels containing sodium dodecyl
sulfate (SDS) under reducing conditions, and
detected by Western blots using polyclonal anti-
bodies against GlTIM. We found that cysts have
1.7 μg of GlTIM monomer per 1 mg of total protein,
while the trophozoites have 4.9 μg of GlTIM
monomer per 1 mg of total protein. Under non-
reducing conditions in the SDS-containing gels,
trophozoites showed a band with a molecular
mass that corresponded to a monomer (28 kDa)
plus a band that corresponded to the dimer. A band
with molecular mass higher than that of a dimer
(≈70 kDa) was also observed (Figure 1(a)); in
contrast, under reducing conditions in the SDS-
containing gels, a single band of 28 kDa was
detected. Western blot of the cyst proteins under
non-reducing conditions revealed a single band
with a molecular mass greater than 200 kDa (Figure
1(a)). Thus, the data indicate that in both cysts and
trophozoites there are species of GlTIM with
molecular mass greater than that of the dimer.
It is noteworthy that at least one other protein is

associated with GlTIM through a disulfide (-S–S-)
bridge. The existence of the complex was evidenced
by immunoprecipitation of GlTIM from trophozoites
extracts under non-reducing conditions, followed by
elution of the retained proteins with an acid buffer.
Figure 1(b) shows the SDS-PAGE of the eluted
proteins in the absence of reducing agents. Four
bands were detected with molecular mass of
160 kDa, 70 kDa, 55 kDa and 28 kDa. This method
detects bands corresponding to dimer andmonomer
of GlTIM (55 kDa and 28 kDa, respectively) and the
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band of free IgG (160 kDa). These data support the
mechanism of multimerization proposed in Figure 5
(see below); the band of 70 kDa might indicate the
existence of a complex of GlTIM with another
protein.

In situ distribution of GlTIM in trophozoites and
cysts

The above data indicate that there are significant
differences in the content of GlTIM in trophozoites
and cysts. Therefore, we examined if there are
differences in the distribution of GlTIM in the two
types of cells. The immunofluorescent signal of
GlTIM in trophozoites was significantly higher than
that observed in cysts (Figure 2(a)). Likewise, the
data showed that in the trophozoite, the enzyme is
distributed uniformly throughout the cytoplasm,
whereas in the cyst, the enzyme is localized
preferentially at the periphery of the cell, in close
Figure 2. In situ distribution of GlTIM. Immunofluo-
rescence image of GlTIM distribution in (a) trophozoites,
and (b) cysts. The scale bar represents 2 μm.
proximity to the cytoplasmic face of the plasma
membrane (Figure 2(b)).

Determination of Cys residues involved in the
oligomerization of GlTIM

Tetramers of GlTIM are stabilized via a disulfide
bridge between one of the two monomers of two
dimers.13 This oligomerization suggests that there is
an interaction between Cys residues that are
localized on the surface of the enzyme. GlTIM
contains five Cys residues per monomer (positions
14, 127, 202, 222 and 228). The accessible solvent
area (ASA) data and the localization of C202, C222,
and C228 (see the crystallographic data below)
suggested that they could be involved in the
formation of such linkages. On the other hand,
residues 14 and 127 are buried in the dimer. There-
fore, we prepared the enzyme mutants C202A,
C222A and C228A to determine which Cys residues
are involved in the formation of the interchain
bridges. Size-exclusion chromatography profiles of
wild-type GlTIM and the C222A and C228A
mutants showed dimeric and tetrameric GlTIMs
(Figure 3). After two days of storage, the popula-
tion of tetramers was enriched with respect to the
freshly purified samples. In all cases, the high
molecular mass species were transformed to
dimers under reducing conditions (Figure 3). In
contrast, C202A GlTIM showed only the dimer. We
have observed that, even after a year of storage at
4 °C, this mutant failed to form oligomers larger
than the dimer.

Crystal Structure of C202A

The overall crystal structure showed the α/β
barrel domain characteristic of all TIMs (PDB entry
2DP3). Val instead of Ala in the amino acid sequence
was found at position 198, due to a substitution in
the PCR process, but this did not affect the kinetic
constants of mutant C202A (not shown). All the
residues were clearly modeled, with the exception of
Thr 257, for which no density was observed. Two
sulfate molecules were found at the active site;
consequently, loop 6 that is part of the catalytic
region was in the closed conformation. In agreement
with previous reports, the active-site residues (K13,
H95 and E170) are not rigid, showing E170 as the
most flexible.24 The side-chain of E170 observed in
the C202A mutant has a value of χ1=−71°. This
behavior has been reported for the structures of
several TIM complexes, in which the catalytic
glutamic residues adopt χ1 values ranging from
−29° (PDB entry 1TRD,37) to −79° (PDB entry
2YPI)38 when the catalytic loop is in the closed
conformation.
Similar to other TIM crystal structures reported,

the dimer interface of the C202A mutant is formed
with an important portion of loop 3, which interacts
intimately with loop 1 of the other subunit. The
residues of loops 1 and 3 provide a significant
number of contacts inside the interface. Directed



Figure 3. Size-exclusion chromatography of wtGlTIM
and single mutants. Gel-filtration elution profiles of
wtGlTIM, C202A, C222A, and C228 mutants are shown.
For the chromatographic analysis of the enzymes under
reducing conditions, the enzymes were first incubated
with 1 mM DTT.
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mutagenesis of the residues from loop 1 in the TIM of
the parasite Trypanosoma brucei,9,39 or deamidation
of Asn15 in rabbit TIM,40 induces a decrease of
dimer stability, showing the importance of the
interactions of loop 1 with the other subunit. Of
the four Cys residues per monomer of the C202A
mutant, one of them (C14) occurs at the interface
region. The interfacial Cys is present also in the TIM
of the parasites T. brucei, T. cruzi, Leishmania
mexicana, Entamoeba histolytica, and Plasmodium
falciparum. It has been reported that chemical
modification of this residue induces progressive
structural alteration and abolition of enzyme activ-
ity in those organisms.11,25,41 Because the corre-
sponding residue in the TIM of mammals is
methionine, the interfacial Cys has been established
as potential drug target in the aforementioned
parasites.
Table 1. Kinetic constants and free Cys per subunit of mutan

TIM

Km (mM)

Non-reduced Reduced Non

wt dimer 0.53±0.03 0.78±0.06 2.
C202A 0.61±0.06 0.8±0.09 2.
C222A dimer 1.41±0.23 1.8±0.3 5.
C222A tetramer 1.4±0.24 n.d. 5.
C228A dimer 0.4±0.03 0.25±0.07 1.8
C228A tetramer 0.27±0.03 n.d. 1.1

The conditions for determining the kinetics and Cys content are describ
from 0.5 mM to 3 mM. The values are the averages±standard error o
GlTIM contains an intramonomeric disulfide
bridge per subunit

In the absence of reducing agents, the kcat value of
wild-type (wt)-GlTIM was 2.9(±0.2)×105 min−1, and
there were three free Cys per monomer (Table 1).
When the enzymewas treated with reducing agents,
the kcat increased twofold, and the number of Cys
that reacted with 5,5′-dithio-bis (2-nitrobenzoic
acid) (DTNB) was five per monomer. The kcat and
the number of Cys (four per monomer) of the
mutants C222A and C228A were markedly similar,
with or without reducing agents (Table 1). Hence,
the data suggest that C222 and C228 are involved in
the formation of an intramonomeric disulfide, and
that the formation of this bond decreases enzyme
activity by about 50%.
It is important to point out that the kcat of mutants

C202A and C228A were 1.6-fold and 2.4-fold lower
than that of wt-GlTIM, respectively; thus, the
substitution of Cys by Ala in these positions affects
the catalytic properties of the enzyme. The kcat of
mutant C202A did not show a difference when
stored in the absence and in the presence of
dithiothreitol (DTT). After six months of storage
without reducing agents, the kcat of the enzyme was
not modified, albeit the number of free Cys in C202A
decreased to three per monomer; which probably
results from a spontaneous oxidation process. The
data also indicate that, although C202A has residues
C222 and C228, it was not able to form the
intramonomeric bonds spontaneously.

Formation of the intramonomeric disulfide bond
induced by Cu2+

In order to explore the contribution of the
intramonomeric disulfide bond to enzyme activity
without the participation of intermonomeric dis-
ulfides, we examined the effect of Cu2+ on the
mutant C202A, since it is known that Cu2+ promotes
the generation of disulfide bonds.42,43 The addition
of copper to C202A GlTIM resulted in the inactiva-
tion of the enzyme, and the amount of Cys per
subunit dropped to 1.8(±0.06). Treatment of the
oxidized enzyme with a reducing agent restored
enzyme activity and raised the content of Cys to
4.2(±0.2) per monomer. Similar results were ob-
tained with the wt-GlTIM (not shown).
ts and wild-type GlTIM

kcat (10
5 min−1) -SH/monomer

-reduced Reduced Non-reduced Reduced

9±0.2 4.6±0.16 3.1±0.4 5±0.1
9±0.1 2.9±0.14 4±0.06 4±0.1
2±0.26 5±0.4 4±0.25 4±0.8
5±0.48 n.d. 3.52±0.06 n.d.
7±0.2 1.9±0.15 3.83±0.1 4.1±0.03
5±0.02 n.d. 3.5±0.1 n.d.

ed in Experimental Procedures. The concentration of GAP ranged
f three independent experiments; n.d., not determined.
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The effect of Cu2+ on the C222A and C228A
GlTIMswas studied. The purpose of the experiments
was to confirm if indeed an intramonomeric dis-
ulfide bond is formed between C222 and C228. The
number of Cys per monomer in C222A and C228A
GlTIMs decreased to three when the enzymes were
treated with Cu2+. However, Cu2+ did not induce a
decrease in the activity of these mutants. Thus, the
overall data with wt-GlTIM and the C202A, C222A,
and C228A mutants indicate that inactivation is
induced when the intramonomeric disulfide bond
between C222 and C228 is established.
The perturbation of catalysis by the disulfide bond

formed between the C222 and C228, suggests that
there is communication between the region of
disulfide and the active site. Therefore, we deter-
mined the rate of inactivation of the C202A mutant
induced by Cu2+ in the presence of the ligand
phosphoglycolate (PG),44 or the substrate GAP in the
active site. The rate of inactivation was 35-fold lower
with PG than with GAP (tenfold) (Figure 4). This is
consistent with the fact that the enzyme affinity for
PG (Ki=0.07(±0.006)mM) is higher than that for GAP
(Km=0.53(±0.03) mM). Moreover, the number of Cys
per monomer in the presence of PG or GAP dropped
to 3.2 and 2.5, respectively. Hence, the occupancy of
the catalytic site by these ligands diminishes the rate
of enzyme inactivation and decreases the rate of
formation of the intramolecular disulfide bond.
It is relevant that the formation of the intramole-

cular disulfide bond under non-reducing conditions
decreases enzyme activity by about 50%, whereas
the generation of this bond using Cu2+ induced the
Figure 4. Effect of Cu2+ on the activity of C202A in-
cubatedwithout andwith ligands. The rates of inactivation
of C202A after the incubation with Cu2+ in the absence of
ligand, or in the presence of GAP or PG are shown. The
arrow indicates the time of addition of 1 mM DTT.
total loss of activity. In this regard, it is relevant to
mention that interactions between this metal with
other regions of GlTIM might occur, and such a
condition must be responsible for the additional
inactivation observed in Figure 4. The effect of
enzyme inactivation as well as other structural
alterations by Cu2+ binding has been described for
other proteins.42,45

Discussion

G. lamblia contains different oligomeric stages
of GlTIM

Western blot analysis of trophozoites showed that
they possess dimers and higher molecular mass
oligomers of GlTIM. We observed a band of about
70 kDa that apparently corresponds to GlTIM linked
to another protein by disulfide bonds. In cysts, a
band of molecular mass greater than 200 kDa was
observed. These data indicate that GlTIM oligomer-
ization is of functional significance in some stage of
the life-cycle ofG. lamblia. The findings illustrate that
the intracellular conditions of G. lamblia are favor-
able for the formation of disulfides.

Intermolecular disulfide bridge and
oligomerization

GlTIM shows unusual characteristics with respect
to the TIMs described so far. We have reported that
GlTIMmight exist in dimeric, tetrameric, and higher
oligomeric states.13 We show here that the inter-
subunit bond formed between the C202 of each
monomer accounts for oligomerization. This conclu-
sion is based on the observation that even after a year
under non-reducing conditions, the C202A mutant
failed to formhighmolecularmass oligomers. On the
other hand, higher molecular mass oligomers were
formed readily in wt-GlTIM and in the mutants
C222A andC228A. The crystal structure of the dimer
C202A mutant showed that the residues at position
202 of each monomer are in diametrically opposed
locations (Figure 5(a)). Therefore, such topology
allows the two C202 of the wt-GlTIM dimer to
interact with the C202 of other dimers, and thus
induce multimerization, as illustrated in Figure 5(b).

Intramonomeric disulfide bridge and activity
control

We found that GlTIM has an intramonomeric
disulfide bond between C222 and C228. It is relevant
that catalysis is affected by this bond, indicating that
there is a communication between this region and
the catalytic site.
The addition of Cu2+ to the C202A mutant or the

wild-type enzymes induced the loss of two Cys per
subunit, and inactivation of the enzymes, through a
process that was reversed by reducing agents. The
activity of variants that lacked C222 or C228 was not
modified by Cu2+, even when they were in the tetra-



Figure 5. Topology of the residues C202 in the homodimeric GlTIM and their role in the oligomerization. (a) Top view
of the homodimeric GlTIM. The C202 residues added in silico are shown as a CPK model. (b) A representation of the
linking mechanism in homodimeric GlTIM. a, Side-view of two homodimers with their C202 aligned to form the disulfide
bond. b, Upon disulfide formation, the tetramer produced can react with the C202 of another dimer. c, The reaction among
several homodimers produces multimers of GlTIM; oligomerization can be reverted under reducing conditions. Figures
were generated with VMD.72
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meric state (see Table 1). This suggests that enzyme
inactivation is due to the formation of the intramo-
lecular disulfide bond, and not to oligomerization.
Furthermore, the occupancy of the catalytic site by a
ligand influences drastically the rate of formation of
the intramonomeric bridge.
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In reduced GlTIM there is a hydrogen bond
between Nδ2 of N221 and the peptide oxygen atom
of S216, which, in turn, is H-bonded to S174 and
G178 (Figure 6(a)). When a disulfide bond is formed
between C222 and C228, this H-bond network is
disrupted (Figure 6(b)). S216 belongs to the highly
conserved YGGS motif (residues 213–216 in loop 7)
that interacts with loop 6 (residues 171–181) when it
is in the closed conformation.46,47 Molecular model-
ing of the C202A mutant with the disulfide bond
formed between residues C222 and C228 showed
that this bridge induces important structural rear-
rangements of loop 6 and helix 7. The Cα (S216) is
displaced 4.6 Å from its original position, and the ϕ/
φ value changes from (65°/24°) to (49.5°/76°). These
modifications may perturb the conformational state
that aligns the catalytic center with the substrate,
and thereby diminishes the rate of catalysis.
It is known that the association of dimeric TIMs

into higher oligomers, or with other proteins is a
common phenomenon in hyperthermophiles, which
apparently is related to their thermostability.32,33,48,49

The oligomerization mediated by disulfide bridges is
a peculiar property of GlTIM that apparently is not
related to thermostability. Further studies are
required to understand the metabolic role of high
molecular mass oligomers in trophozoites and cysts.
Experimental Procedures

Trophozoites and cysts

Trophozoites of G. lamblia WB strain were cultured as
described.13 They were harvested in the log phase
(≈1×106 cells/ml) and induced to encyst by incubation
at 37 °C for 24 h in TYI-S-33 medium with 5 mg/ml of
bovine bile (a mixture of free and conjugated bile acids
(SIGMA)) (pH 7.8) as described.50 Cysts maturation was
induced by incubation at 37 °C for 24 h in TYI-S-33
medium with 0.8 mg/ml of bovine bile (pH 7.2). Cysts
were isolated by centrifugation in a discontinuous sucrose
gradient (0.85 M and 1.5 M) at 690g for 10 min at 4 °C.
Cells were disrupted by sonication at 4 °C, five cycles of
20 s with 2 min of resting intervals in 50 mM Tris-HCl (pH
7.4), 1 mM phenylmethyl-sulfonyl fluoride, 1% (v/v)
dimethyl sulfoxide. The sonicates were centrifuged at
15,700g for 30 min at 4 °C, and the supernatants were
withdrawn for analysis of soluble proteins.

Immunolocalization

Cells were fixed with 100% methanol for 5 min and
100% acetone for 2 min, at −20 °C.51 Anti-GlTIM IgG was
used at a concentration of 6 ng/ml. Anti-rabbit-IgG
coupled to fluorescein isothiocyanate diluted 1:500 was
used as the secondary antibody. Fluorescence microscopy
was done with an Axiovert microscope (Zeiss).

Analysis and identification of GlTIM in trophozoites
and cysts

Total proteins from cysts and trophozoites were ana-
lyzed by SDS-PAGE (12% (w/v) polyacrylamide gel)
under non-reducing and reducing conditions,13 and tran-
sferred to polyvinylidene difluoride membrane. Western
blots were performed with 1.2 ng/ml of anti-GlTIM. Blot
membranes were incubated with horseradish peroxidase-
conjugated anti-rabbit IgG at 1:8000 (v/v) dilutions.
Polyclonal antibodies against recombinant GlTIM were
produced by immunization of rabbits. IgGs were purified
from blood plasma using a protein A Sepharose column.

Immunoprecipitation of GlTIM

An aliquot of anti-GlTIM antibody (30 μg) was
incubated with 2.5 mg of protein A Sepharose CL-4B
(Pharmacia) at 4 °C for 16 h in 50 mM Tris–HCl (pH 7.0).
After incubation, the protein A Sepharose was washed
extensively with the Tris buffer. Soluble proteins from
≈7×106 trophozoites were immunoprecipitated with the
complex formed between protein A Sepharose and anti-
GlTIM at 4 °C for 2 h in 50 mM Tris–HCl (pH 7.0). The
proteins that did not attach to anti-GlTIM were washed
with the Tris buffer. The proteins bound to anti-GlTIM IgG
were eluted using 200 μl of 0.1 M glycine (pH 2.7). The
eluates were analyzed by SDS-PAGE and staining with
Coomassie brilliant blue.

Wild-type GlTIM and mutants

Mutants C202A, C222A, and C228Awere constructed by
directed PCR mutagenesis.39 Transformed Escherichia coli
BL21(DE3)pLyS cells containing the wt-gltim or mutant
genes were used to produce the recombinant enzymes. Pu-
rification was performed as described13 with the additional
use of anion-exchange (Q-Sepharose FF; 1.5 cm×12 cm) and
gel-filtration (Superdex 75 prep grade; 1.6 cm×60 cm)
chromatography. The protein concentrations of mutants
and wt-GlTIM were calculated using the ε280 nm=
26,600 M−1cm−1.52 To quantify total protein in extracts
from trophozoites and cysts of G. lamblia, we used the
bicinchoninic acid method with bovine serum albumin as
standard.53 The enzymes were stored under N2 atmo-
sphere, in order to prevent Cys oxidation.

Enzymatic activity assay

The activity of mutants and wt-GlTIM was assayed in
the direction of GAP to DHAP, using a coupled system, by
following the decay of NADH at 340 nm.54 For the
determination of kinetic constants, the concentration of
GAP ranged from 0.1 mM to 3 mM. Kinetic parameters
were calculated from initial velocities at each concentra-
tion of substrate. Cellular GlTIM activity was measured in
the soluble fraction obtained from trophozoites and cysts.
Specific activity is defined as the micromoles of substrate
transformed per minute per milligram of protein. Mea-
surements of the activity of each sample were made in
duplicate, and each experiment was repeated at least three
times.
Cysteine quantification

Cys residues were determined using Ellman's reagent
under denaturing conditions.55 The recombinant enzymes
were added to a buffer containing 100 mM tricine (pH 8.5),
1 mM DTNB, 5% (w/v) SDS. The number of Cys residues
per monomer was quantified following the increase of
absorbance at 412 nm; ε412 nm=13.6 mM−1cm−1.



Figure 6. Structural changes induced by formation of a disulfide bond. (a) The C202A mutant from GlTIM without a
disulfide bond (PDB code 2DP3). The inset shows hydrogen bonds among S174, S178 and G216. (b) A model constructed
by molecular dynamics of the crystal structure exhibiting the disulfide bond between C222 and C228; the inset shows the
breakage of the hydrogen bonds mentioned above. Green shows the changes in the secondary structure promoted by the
disulfide bond formation (residues 221–228). Figures were generated with VMD.72
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Table 2. Data collection and refinement statistics

A. Data collection
Space group I222
Unit cell dimensions

a (Å) 55.37
b (Å) 100.44
c (Å) 118.79

Resolution range (Å) 15.0−2.1
Total reflections 49,262
Completeness (%) 94.1
Unique reflections 18,608
Rmerge (%) 7.1
<I/σI> 8.9

B. Refinement
Number of protein atoms 1938
Number of water molecules 305
Number of sulfate ions 20
R-factor (%) 17.5/
R-free (%) 18.1
rms deviation from ideal

Bond lengths (Å) 0.004
Bond angles (deg.) 1.2
Torsion angles (deg.) 0.75

Mean B-factor
Protein (Å2) 11.5
Sulfate (Å2) 40.8
Water (Å2) 18.2
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Crystallization and X-ray data collection

The enzyme was crystallized by the vapor-diffusion,
sitting-drop method at 18 °C. Drops were formed with 5 μl
of of C202A (13 mg/ml) dissolved in 100 mM triethano-
lamine (pH 7.4), 10 mM EDTA and mixed with 5 μl of 2 M
ammonium sulfate, 5% (v/v) isopropanol. Orthorhombic
crystals (space group I222) grew after twodays. Diffraction
data were collected at 113 K, using a single crystal and a
Rigaku Raxis IIC image plate detector with a rotating
anode generator. The cryoprotectant was 40% (w/v)
trehalose. The data were processed and scaled with
MOSFLM (CCP4).56 The C202A structure was solved by
molecular replacement with CNS,57 using as starting
model a composite structure based on 1TCD, 1LYX and
1M6J, performed by Swiss-model.58–62, whereas model
building and correction procedures were made with O63

The refined model showed an R-factor of 17.5% and an
Rfree of 18.1%, with one monomer per asymmetric unit
(Table 2). The GlTIM dimer was generated by the
application of crystal symmetry operations. In silico
substitution of A202 by Cys was performed to calculate
its accessible surface area (ASA)†.64 The relative ASA
for this residue was 34% of the value for the same residue
in the extended structure of the peptide Ala-Cys-Ala
tripeptide.65

Model of GlTIM with an intramonomeric disulfide bond

We modeled the 3D structure of dimeric GlTIM with a
disulfide bond between residues C222 and C228 of each of
the two subunits. Disulfide bridges were defined after
minor adjustments of the dihedral angle between the Cα

and Cβ from each of the two Cys. In this state, the distance
between sulfur atoms was close to 10 Å. A realistic
structure of GlTIM containing intrachain disulfide bonds
was obtained through an energy minimization procedure
followed by molecular dynamics simulations, using
explicit solvent under constant temperature and pressure.
The NAMD2 program and the CHARMM force field
version 22 were employed,66,67 considering the three sites
point charge model TIP3P for the water molecules.
Simulation of the equilibrium structure was performed
by centering GlTIM in a pre-equilibrated box of water,
maintaining a limit of at least 10 Å between the protein
atoms and the box edges. Water molecules within 2.4 Å of
a protein atomwere removed. The full systemwas energy-
minimized for 1000 steps before molecular dynamics
simulation, followed by a gradual increase of temperature
in 30 ps from 0 to 300 K in 25 K increments. Simulation
was continued for 200 ps using a 1 fs integration step and
considering periodic boundary conditions. Both high-
frequency motions due to bond potentials of hydrogen
and the internal geometry of water molecules were
constrained by the SHAKE algorithm.68 Langevin
dynamics were used at 300 K with a damping coefficient
of 5 ps−1. A pressure of 1 atm (101,325 Pa) was maintained
through a Langevin piston method with a period of 100 fs,
and a damping time constant of 50 fs.69 Electrostatic in-
teractions were processed with the particle mesh Ewald
summation method,70 and a switching function was used
for van der Waals interactions that ranged from 10 Å to
12 Å. The method produced a structure of GlTIM
carrying the intramolecular disulfide with an interatomic
distance between sulfur atoms of 2.01 Å. The structure
†http://wolf.bms.umist.ac.uk/naccess/
was evaluated using PROCHECK,71 showing 89.2% of
the residues in the most favorable region, and 10.4% in
the additionally allowed region of the Ramachandran
plot.

Protein Data Bank accession number

The atomic coordinates and structure factors have been
deposited in the Research Collaboratory for Structural
Bioinformatics Protein Data Bank. The accession code ID is
2DP3.
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