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Amino acid racemases catalyze the stereoinversion of the chiral C�

to produce the D-enantiomers that participate in biological pro-
cesses, such as cell wall construction in prokaryotes. Within this
large protein family, bacterial proline racemases have been exten-
sively studied as a model of enzymes acting with a pyridoxal-
phosphate-independent mechanism. Here we report the crystal
structure of the proline racemase from the human parasite
Trypanosoma cruzi (TcPRACA), a secreted enzyme that triggers
host B cell polyclonal activation, which prevents specific humoral
immune responses and is crucial for parasite evasion and fate. The
enzyme is a homodimer, with each monomer folded in two
symmetric ��� subunits separated by a deep crevice. The structure
of TcPRACA in complex with a transition-state analog, pyrrole-2-
carboxylic acid, reveals the presence of one reaction center per
monomer, with two Cys residues optimally located to perform
acid�base catalysis through a carbanion stabilization mechanism.
Mutation of the catalytic Cys residues abolishes the enzymatic
activity but preserves the mitogenic properties of the protein. In
contrast, inhibitor binding promotes the closure of the interdomain
crevice and completely abrogates B cell proliferation, suggesting
that the mitogenic properties of TcPRACA depend on the exposure
of transient epitopes in the ligand-free enzyme.

B cell mitogen � pyridoxal phosphate-independent proline racemase �
epimerases � enzyme–inhibitor complex � titration calorimetry

The vast majority of amino acids found in living cells correspond
to the L-stereoisomer at the C� chiral center. However, D-amino

acids are often found as constituents of bacterial cell walls (1, 2) and
were identified in archaea and higher eukaryotes (3–5). Amino acid
racemases and epimerases, which catalyze the L,D-stereochemistry
inversion on free amino acids, have been extensively studied in
prokaryotic systems (6). In the D3L sense, cells use D-amino acids
to feed the large L-amino acid pool in normal amino acid�protein
metabolism; whereas, in the L3D sense, bacteria generate the
D-enantiomers widely distributed in bacterial cell walls, in particular
D-alanine, D-glutamate, and D,L-diaminopimelate, as peptidoglycan
components that function as innate defense against host proteolytic
mechanisms (1, 2)

All known racemases catalyze the inversion of the chiral center
by deprotonation of the C�, followed by reprotonation on the
opposite face of the planar carbanionic transition-state species. To
overcome the high energetic barrier of this reaction [estimated pKa
values for the C� are in the range 21–32 (7, 8)], some racemases
evolved to use pyridoxal phosphate (PLP) as cofactor, because
formation of an imine PLP–substrate covalent bond greatly acidi-
fies the chiral center by resonance (9). However, a second class of
enzymes, which includes proline, aspartate, and glutamate race-
mases and diaminopimelate epimerase, operates through a two-
base mechanism in a cofactor-independent manner (10–13). A
foundational paper on the Clostridium sticklandii proline racemase
(EC 5.1.1.4) proposed that the enzyme binds one molecule of
competitive inhibitor per homodimer (14), based on equilibrium
dialysis experiments with the radiolabeled competitive inhibitor

pyrrole-2-carboxylic acid (PYC). Isotope incorporation�enzyme
kinetics in 2H2O (15) had demonstrated a 1:1 proton transfer
(transfer of a proton to and from the same carbon atom) and a
two-base mechanism in which no solvent isotope exchange occurs
while the active site is occupied, implying as well that the two
enzymic bases are monoprotic. Together with the iodoacetamide
titration evidence that suggested the presence of one reactive Cys
(14), the currently accepted model of proline racemase puts for-
ward a unique active site per dimer, wherein each monomer would
contribute its catalytic Cys, generating a highly symmetric two-
thiol�thiolate reaction center that could handle equally well both
substrate enantiomers. However, direct structural evidence is lack-
ing to validate these hypotheses.

The first eukaryotic proline racemase was identified in the
pathogenic parasite Trypanosoma cruzi (16), which produces func-
tional intracellular or secreted versions of the enzyme (17). The
secreted version of T. cruzi proline racemase (TcPRACA) is a
potent host B cell mitogen that sustains parasite evasion of specific
immune responses (16, 18), offering a potential target for the
chemotherapy of Chagas disease (19). Somewhat surprisingly, in
vitro studies with strong competitive or nonspecific inhibitors of
bacterial proline racemases suggested a direct link between the
enzymatic and mitogenic properties of TcPRACA (16, 17), al-
though the molecular basis of this correlation remained largely
unclear.

In this paper, we investigate the mechanism of catalysis and the
mitogenic properties of TcPRACA by using a combination of
structural, thermodynamic, mutagenesis, and cellular approaches.
The crystal structure of TcPRACA was determined at 2.1-Å
resolution in complex with the transition-state analog PYC, reveal-
ing that the enzyme possesses two active sites per dimer, each one
including two catalytic Cys residues. The structure supports a
reaction mechanism operating by stabilization of a carbanionic
transition-state species. Crystallographic and calorimetric studies of
TcPRACA at different inhibitor concentrations reveal a ligand-
promoted closure movement of the monomer, which completely
buries the bound ligand from the bulk solvent. Mutagenesis studies
of the catalytic residues and B cell proliferation assays of wild-type
and mutant proteins reveal that the mitogenic activity of
TcPRACA is dissociated from its catalytic activity and may depend
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on the formation of transiently exposed epitopes in the ligand-free
enzyme.

Results
Overall Structure and Topology. The structure of TcPRACA was
determined by single wavelength diffraction methods at 2.1-Å
resolution from crystals of selenomethionine-labeled protein (Ta-
ble 1). The enzyme is a homodimer of approximate dimensions
100 � 60 � 50 Å (Fig. 1A). Within each monomer, the polypeptide
chain is organized in two structurally equivalent ��� domains (rms
deviation of 2 Å for 112 superposed C�, 9% sequence identity).
Each structural domain consists of three antiparallel three-stranded
�-sheets interacting with two �-helices on either side of the sheet
(Fig. 1B). An additional �-helix (�N) is visible at the N terminus
(positions 33–41) only in the structure of ligand-free monomer at
low inhibitor concentrations (Table 1), which is seen in a different,
open conformation (see below). One side of the globular monomer
contains two interdomain connections, whereas the other side is
open to the solvent, with a deep crevice (�20 Å) extending well into
the separating interdomain space where the inhibitor is bound (Fig.
1). A C-terminal extension after the last �-strand (residues 382–
393), which interacts with �1- and �3-helices of the same monomer
and with �3� and the �15�–�16�-turn from the second monomer, is
located opposite the interdomain connecting hinge and partially
occludes the entrance to the crevice.

The dimer interface buries a surface of �1,500 Å2 per monomer.
In addition to the C-terminal extension described above, the
dimerization surface includes a second, larger contact region
between the two monomers: the last �-strand (�18) contributes to
the formation of the dimeric species by constituting a full six-
stranded antiparallel �-sheet with the equivalent elements of the
other monomer (�18�–�1�–�2�). In addition, the loop including the
conserved motif Glu-Pro-Arg-Gly at positions 94–97 between �1
and �3 establishes strong contacts with the loop �1�–�2� of the
other monomer.

The overall structure of TcPRACA is similar to those of Hae-
mophilus influenzae diaminopimelate epimerase DapF [Protein

Data Bank (PDB) ID codes 1BWZ and 1GQZ] and two proteins
of unknown function, Escherichia coli YddE (PDB ID codes 1QYA
and 1SDJ) and Brucella melitensis Lr31 (PDB ID code 1TM0).
DapF and YddE are homologous (20) and most probably share a
similar catalytic mechanism with proline racemase, albeit with a
different substrate specificity (10, 21). TcPRACA residues Cys-130
and Cys-300 match the two catalytic Cys residues of DapF, and
60–80% of secondary structural elements are conserved (overall
rms deviations of 2.8–3 Å) despite a low sequence identity (Fig. 7,
which is published as supporting information on the PNAS web
site).

The Active Site and Catalytic Mechanism. The inhibitor PYC is well
defined in the electron density map (Fig. 2A). PYC binds to a
completely buried, mostly hydrophobic, cavity in the center of each
monomer (Figs. 2 A and B), explaining why the enzyme can only be
active on free L�D-prolines. Moreover, no solvent channel is
observed to connect the ligand-containing pocket to the bulk
solvent, suggesting that the monomer must undergo a major
structural rearrangement for substrate access and release (see
below). The pyrrole ring can be modeled in either of two possible
orientations 180° apart, which cannot be resolved from the diffrac-
tion data alone. The proposed orientation was chosen to satisfy the

Table 1. Data collection, phasing, and refinement statistics

Data set
SeMet-
labeled PYC complex

PYC
hemicomplex

Data resolution,* Å 70–3 (3.05–3.0) 69.2–2.1 (2.21–2.1) 60–2.5 (2.64–2.5)
Wavelength, Å 0.97914 1.0072 0.934
Measured

reflections
168,186 172,647 65,088

Multiplicity* 9.7 (5.1) 3.7 (3.4) 2.4 (2.4)
Completeness,* % 99.6 (98.6) 98.8 (94.1) 97.6 (97.4)
Rsym,*† % 7.4 (21.9) 6.9 (12.8) 7.5 (22.1)
I��* 25.8 (6.6) 15.4 (7.7) 10 (4)
a�b�c, Å 134.06�91.62�

86.03
131.15�91.21�

85.98
136.02�89.38�

84.45
�, ° 123.37 126.52 125.98
Mean FOM acentric 0.458 — —
Phasing power‡ 2.93 — —
Resolution, Å — 30–2.1 30–2.5
Rcryst

§ (No. of refs) — 0.149 (44,628) 0.170 (24,875)
Rfree

§ (No. of refs) — 0.193 (2,331) 0.236 (2,778)
rms bonds, Å — 0.019 0.018
rms angles, ° — 1.72 1.76
Protein atoms — 5,376 5,395
Water atoms — 358 154
Ligand atoms (PYC) — 16 8

FOM, figure of merit; SeMet, selenomethionine; —, not applicable.
*Values in parentheses apply to the high-resolution shell.
†Rsym � �hkl�i�Ii(hkl) � I(hkl)���hkl�iIi(hkl).
‡Anomalous phasing power � �[�Fh(calc)��phase-integrated lack of closure]�.
§R � �hkl�F(h)obs � F(h)calc���hkl� F(h)obs��Rcryst and Rfree were calculated from
the working and test reflection sets (refs), respectively.

Fig. 1. Structure of TcPRACA. (A) Ribbon model of the homodimer with the
inhibitor (PYC) shown in Corey–Pauling–Koltun representation. (B) Topology
of the TcPRACA monomer showing the two structurally equivalent domains
(the pseudodyad axis relating them is depicted at the center). The only
exception to the internal symmetry is the difference between the topologi-
cally equivalent �1- and �3-helices. Whereas �1 shows a strong kink that
results in tight packing of the helix against both the �3–�4–�5-sheet and the
�6–�7 turn, �3 is not bent and interacts only with the equivalent �12–�13–
�14-sheet. The two catalytic Cys residues are marked with stars at the N termini
of �2 and �4.
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H-bonding capacity of the pyrrole nitrogen atom (N6), making
possible hydrogen-bonding contacts with His-132-N�1 and Asp-
296-O�2 (Fig. 2C) and to account for hydrophobic contacts of the
ring carbon atoms with aromatic (Phe-102 and Phe-290) and
aliphatic (Leu-127) amino acid side chains (Fig. 2B). The carbox-
ylate group of the ligand is strongly fixed in place by five hydrogen
bonds (Fig. 2C), suggesting a tetrahedral configuration for the
carboxylate oxygens.

Stereoinversion of the chiral C� center in proline racemization
involves the abstraction of a proton from the carbon atom and
reprotonation of the resulting carbanionic intermediate in the
opposite stereochemical sense. In the crystal structure of the
enzyme-inhibitor complex, the C2 atom of PYC (equivalent to
the C� atom of proline) is in close contact with the SH groups of
residues Cys-130 and Cys-300 from equivalent �-helices in each
structural domain (Fig. 2B). The sulfur–carbon distances of 3.4–3.5
Å on either side of the pyrrole plane reveal that the two Cys residues
sterically favor a planar conformation of the chiral center (Fig. 3A)
and are therefore optimally placed to abstract and donate a proton
in the two-base mechanism (Fig. 3B) proposed for PLP-
independent amino acid racemases (14, 15, 22). In full agreement
with the involvement of the two Cys residues in catalysis, the point
mutants TcPRACAC130S and TcPRACAC300S show marginal or
undetectable racemase activity using L�D-prolines as substrates in
polarimetric assays (17) under different buffer and pH conditions
(Fig. 8, which is published as supporting information on the PNAS
web site).

Added to the steric effect of the two catalytic Cys residues on C2

(Fig. 3A), the geometry of the protein–ligand hydrogen-bonding
interactions (Fig. 2C) further supports a mechanism of negative
charge delocalization of the prochiral carbanion species. The car-
boxylate group of PYC is engaged in five strong H bonds with
protein atoms (donor�acceptor distances of 2.6–2.9 Å), which
induce a distortion on the geometry of the carboxylate oxygen
atoms from the expected sp2 orbital arrangement toward a tetra-
hedral configuration.

Conformational Changes of TcPRACA upon Inhibitor Binding.
Although we were unable to grow well diffracting crystals of
TcPRACA in the absence of ligand, the enzyme was cocrystallized
at a lower PYC concentration (0.1 mM) and a complete x-ray
diffraction data set could be collected at 2.5-Å resolution. The
crystal structure (Table 1) revealed a dimeric enzyme with a single
binding site occupied by the inhibitor. Although the PYC-bound
monomer is very similar to those in the fully occupied dimeric
species, the inhibitor-free monomer shows an open catalytic crevice
with a communicating channel connecting the catalytic site to the
outside bulk solvent (Fig. 9, which is published as supporting
information on the PNAS web site). Optimal structural superpo-
sition between the PYC-bound and free monomers requires a
rigid-body rotation (17°) of one domain with respect to the other
(Fig. 4A). This closure movement induced by inhibitor binding
buries 1,100 Å2 of molecular surface (Fig. 4B) and stabilizes the

Fig. 2. Protein–inhibitor interactions. (A) Electron density map (2mFo � DFc,
contoured at 1�) showing the inhibitor PYC bound to the active site cleft. (B)
PYC and the two catalytic Cys residues are shown in the reaction center in
ball-and-sticks representation colored by atom. The solvent-accessible surface
area of PYC and both Cys residues is represented as a transparent surface,
highlighting the strong interaction. Hydrophobic residues Phe-102, Phe-290,
and Leu-127 making contacts with the pyrrole cycle of the inhibitor are shown
in gray. (C) Protein–inhibitor hydrogen-bonding interactions. Two protein–
protein H bonds proposed to be important for catalysis (Cys-130 SH–His-132
N�1 and Cys-300 SH–Asp-296 O�2) are highlighted in green.

Fig. 3. The catalytic mechanism of TcPRACA. (A) Close view of the active site
showing the steric hindrance between the protein sulfur atoms (in Corey–
Pauling–Koltun representation) and the L- and D-proline substrates (in trans-
parent stick-and-ball representation). The planar inhibitor is also shown. (B)
Two-base catalytic mechanism of proline racemases. Cys-130 and Cys-300 are
responsible for the deprotonation of L- and D-proline, respectively. The reac-
tion may proceed either through a discrete carbanionic intermediate or by
concerted proton transfer and a carbanion-like transition state.
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conformation of the loop containing Cys-130, which is highly
mobile in the ligand-free enzyme, with large temperature factors
and possible alternative conformations.

Thermodynamic Characterization of TcPRACA–PYC Interactions. Iso-
thermal titration calorimetry studies (Fig. 5) confirm that the
homodimer binds two PYC molecules in solution. The binding
isotherms could only be fitted to a model with two interacting sites.
Their corresponding binding affinities (K1 � 4.6 � 106 M�1, K2 �
3.0 � 105 M�1) reveal a large negative cooperativity between sites
(K1�K2 � 15), which may account for the previously reported
stoichiometry of one inhibitor molecule per homodimer in the C.
sticklandi enzyme (14). Both association reactions are enthalpy- and
entropy-favored, with sizable negative heat capacity changes upon
binding (	Cp), characteristic of large hydrophobic contributions
(Fig. 5 Inset). The two binding reactions are of different thermo-
dynamic nature because binding of the first and second PYC
molecules are driven by enthalpy (	H°1�	G°1 � 88.5%) and entropy
(	H°2�	G°2 � 42.6%), respectively. These results are consistent with
the protein undergoing significant conformational changes upon
binding in solution. Furthermore, differential scanning calorimetry
measurements indicate that TcPRACA exists as a monomer�dimer
equilibrium in dilute solution and has a propensity to form upper
oligomeric species at higher concentrations, whereas PYC binding
is observed to stabilize the dimeric species and to reduce the
oligomerization propensity of the protein (data not shown).

Dissociation of TcPRACA Enzymatic and Mitogenic Activities. The
Cys–Ser amino acid substitutions abolish the catalytic activity, but
have little or no effect on the mitogenic activity of B lymphocytes
in vitro and in vivo (Fig. 6A). As described before, B cell proliferative
activity after wild-type TcPRACA stimulation in vitro is time-
dependent and maximized after 48 h of culture, and thymidine
uptake is comparable whether TcPRACAC300S or TcPRACAC130S
is used. Furthermore, the number of Ig-secreting splenic B cells in
mice after i.p. injection of the wild-type or mutant enzymes are
enhanced 2- to 4-fold (depending on the class of Ig) compared with
naı̈ve mice without particular increase in total spleen cell numbers
(Table 2, which is published as supporting information on the PNAS
web site). In contrast, in vitro assays of B cell proliferation with
TcPRACA either untreated or preincubated with PYC reveals that
inhibitor binding renders the enzyme unable to trigger B cell-
proliferative activity (Fig. 6B). Based on the structural information,
these data strongly suggest that the ligand-induced protein closure
movement precludes the interaction of TcPRACA with B cell
receptor molecules. Thus, enzyme-triggered polyclonal B cell acti-

vation is not directly associated with the enzymatic activity but
might depend on conformational epitopes displayed by the enzyme
in its open (unliganded) form.

Discussion
In this paper we report the structure of T. cruzi proline racemase
(16), an enzyme whose bacterial analog has been extensively studied
as a model for PLP-independent mechanism during the last 40 years
(14, 15, 22). The overall structure of TcPRACA is similar to that
originally found for diaminopimelate epimerase DapF (10). In the
two enzymes, the monomer folds into two structurally equivalent
domains (23) with undetectable sequence similarity. The symmetry
operator relating both domains in TcPRACA is a dyad axis that
passes through the reaction center, accounting for the ability of a
chiral enzyme to cope with both enantiomeric forms of its substrate
(23, 24). The overall structure of two other PLP-independent
enzymes, aspartate and glutamate racemase (13, 25), differs from
that of TcPRACA and DapF, but they also operate through a
similar two-Cys-based acid�base mechanism for catalysis (12, 26).
However, to our knowledge, direct structural evidence of a func-
tionally competent enzyme–substrate (or substrate analog) com-
plex was missing for PLP-independent racemases because the only
structural data available showed the weak competitive inhibitor
D-Gln (Ki � 50 mM) bound to glutamate racemase in a nonfunc-
tional mode (25).

The structure of TcPRACA in complex with the strong com-
petitive inhibitor PYC directly confirms that Cys-130 and Cys-300
are correctly positioned to perform acid�base catalysis on the chiral
center of L�D-proline. PYC is strongly fixed in place through
H-bonding interactions of its carboxylate group with protein atoms

Fig. 4. Conformational changes in TcPRACA upon inhibitor binding. (A)
Structural superposition of the crystal structures in the absence (red, open
form) and presence (green, closed form) of inhibitor (PYC drawn in ball-and-
stick representation). The inhibitor is completely buried within the monomer
in the closed form. (B) Solvent-accessible surface area of the open (inhibitor-
free) monomer colored on the residues that show a significant increase in
solvent exposure when compared with the inhibitor-bound form. The active
site is connected to the bulk solvent, allowing substrate access and release.

Fig. 5. Calorimetric titration of TcPRACA with PYC at 25°C. (Upper) The heat
signal for injections of 10 �l of a solution of 50 mM sodium acetate, pH 5.2,
containing 58 �M PYC into a reaction cell containing 1.34 ml of the same
buffer with 2.2 �M TcPRACA dimer. The data are shown after substration of
the heat of dilution of PYC. (Lower) The integrated heat of injection normal-
ized to the amount of PYC injected (■ ). The curve through the points repre-
sents the best fit to a model with two interacting sites. The parameters
defining the fitted curve are K1 � (4.6 
 0.6) � 106 M�1, 	H°1 � �8.1 
 0.4
kcal�mol�1, and T	S°1 � 1.1 
 0.5 kcal�mol�1, and K2 � (3.0 
 1.6) � 105 M�1,
	H°2 � �3.2 
 0.8 kcal�mol�1, and T	S°2 � 4.3 
 1.2 kcal�mol�1. (Upper Inset)
The enthalpy changes, 	H°1 (■ ) and 	H°2 (�), as a function of temperature for
the same set of experimental conditions. Straight lines represent linear re-
gression analyses of the data with slope of lines 	Cp,1 � �237 
 36
cal�mol�1�K�1 and 	Cp,2 � �142 
 30 cal�mol�1�K�1. (Lower Inset) The best fit
to the experimental binding isotherm (thick line) and the calculated isotherms
for the first (dashed line) and second (dotted line) binding reactions.
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(Fig. 2C). The hypothesis on low-barrier H bonds contributing to
stabilize the deprotonated carbanionic transition-state species (7)
does not seem to hold in this case. Instead, the geometry of the five
H bonds fixing the carboxylate group of PYC indicates a forced
tetrahedral configuration for both carboxylate oxygens. This
strained architecture suggests an alternative carbanion stabilization
mechanism. With the oxygens in a tetrahedral configuration, the
resonant double bond � electron of the carboxylates carbon can
now establish a C(sp2)–C�

(sp2) �-bond, contributing to the planarity of
the chiral C� and delocalizing its transitory negative charge (7).
Furthermore, the close contacts of the catalytic Cys residues with
the PYC prochiral C� center (Fig. 3A) introduce a second stabi-
lizing force for the transition-state species, sterically forcing the
tetrahedral chiral center in L�D-proline to a planar configuration.
Both Cys residues are assisted by neighbor residues (His-132 and
Asp-296) to perform alternate acid and base functions on the
�-proton (Fig. 2C). The protonated state of the assistant residues
can be thought to cyclically change the effective pKa of the catalytic
Cys residues to alternately favor a thiol or thiolate state. Similar
Cys-assistant residues (His-186 and Asp-10) have indeed been
identified in glutamate racemase (27), where their substitution
leads to drastic reductions in kcat and introduces an asymmetric
preference for the substrate stereoisomer.

In previous work, we have shown that the mitogenic property of
TcPRACA toward host B cells was fully compromised by prior

incubation of the protein with specific and nonspecific inhibitors
(16, 17), suggesting an intriguing link between the mitogenic and
catalytic activities of the protein. We demonstrate here that this
association is indirect given that the substitution of either catalytic
residue (Cys-130 or Cys-300) abrogates the enzymatic activity but
still preserves the full capacity of the protein to trigger B cell
proliferation, as demonstrated by in vitro and in vivo assays.

In contrast, the structural analysis of TcPRACA revealed that the
enzyme undergoes significant conformational changes upon inhib-
itor binding, switching from an open state in the ligand-free protein
to a closed state in the enzyme-inhibitor complex. As a result of this
closure movement, a large accessible surface area in the free
enzyme (�1,100 Å2) is occluded from the bulk solvent in the
complex (Fig. 4B). Consistent with calorimetric measurements in
solution, this conformational flexibility is directly correlated with
the mitogenic activity of the protein (Fig. 6B), strongly suggesting
a plausible model to account for B cell triggering, as suggested for
other B cell activators (28). Thus, the B cell mitogenic effects of
TcPRACA would depend on exposed conformational epitopes in
the ligand-free protein, which become partially or totally unavail-
able upon formation of the enzyme-inhibitor complex. In agree-
ment with this model, incubation of TcPRACA with different
concentrations of substrates (L�D-proline) decreases but does not
eliminate the mitogenic activity of the protein, whereas formation
of the more stable enzyme-inhibitor complex completely abrogates
B cell proliferation. Because TcPRACA is involved in immune
evasion and parasite infectivity, the present findings set a firm basis
for further studies of B cell receptor–protein interactions that
may uncover opportunities for therapeutic intervention in Chagas
disease.

Methods
Protein Production and Purification. The protein TcPRACA was
produced in E. coli BL21 (DE3) (Invitrogen) and purified with
immobilized metal affinity chromatography on nickel columns as
described in ref. 17. The active peak was further submitted to gel
filtration chromatography at 2.5 ml�min in a Superdex200 26�60
column (Amersham Pharmacia Biosciences) previously equili-
brated in 200 mM sodium acetate, pH 5.2. The protein was
concentrated to 6–7 mg�ml in 25 mM sodium acetate, pH 5.2. The
selenomethionine-labeled protein was produced in B834(DE3) E.
coli cells (Novagen) as described in ref. 29. Recombinant protein
expression and purification were achieved as described before for
unlabeled TcPRACA.

Site-directed mutagenesis to obtain the point mutants
TcPRACAC130S and TcPRACAC300S was performed as described in
ref. 17 or by using a QuikChange XL kit (Stratagene). The
numbering convention used in this paper starts with an added Met
before position 32 of the full-length ORF. The mutants were
produced as described above for the wild-type enzyme and behave
as the nonmodified enzyme in SDS�PAGE, immunoblotting with
polyclonal anti-TcPRACA antibodies, dynamic light scattering, and
PYC-binding as assayed by isothermal titration calorimetry (data
not shown).

Crystallization. Initial crystallization conditions of TcPRACA were
found by using a hanging-drop-based sparse-matrix screening strat-
egy. In the absence of PYC, crystals were typically smaller and
diffracted poorly. The best crystals were obtained by mixing 2–3 �l
of the protein solution (preincubated with different concentrations
of PYC) with an equal volume of crystallization buffer (0.1 M
ammonium acetate�50 mM tri-sodium citrate dihydrate, pH 5.6�
15% wt�vol polyethylene glycol 4000), equilibrated over 1 ml of the
same buffer. These crystals are monoclinic, space group C2, and
contain a homodimer in the asymmetric unit.

Crystallographic Studies. x-ray diffraction data sets were collected
from frozen single crystals at the European Synchrotron Radiation

Fig. 6. Lymphocyte proliferation assays of the wild-type and mutant forms
of TcPRACA. (Upper) The mitogenic activity of TcPRACA is preserved after
mutation of the catalytic Cys residues. The plot shows the incorporation of
DNA precursors by splenic BALB�c (nu��nu�) cells throughout time. Spleno-
cytes obtained from T cell immunodeficient nude (nu��nu�) BALB�c mice
were cultured in the presence or absence of TcPRACAC300S or TcPRACAC130S

proteins and compared with B cell proliferation obtained with the wild-type
enzyme or lipopolysaccharide- and ConA-unrelated B and T cell mitogens
as controls. Cells were cultured with medium alone (white bars), wild-type
TcPRACA (black bars), TcPRACAC130S (dark gray bars), or TcPRACC300S (light gray
bars). (Inset) The [3H]thymidine incorporation of splenic nu��nu� cells after
stimulation with lipopolysaccharide B cell mitogen. (Lower) The mitogenic
activity of TcPRACA is lost after incubation of the protein with PYC. The plot
shows the incorporation of DNA precursors by splenic BALB�c (nu��nu�) cells
throughout time. [3H]Thymidine incorporation is expressed in cpm. Cells were
cultured with TcPRACA alone (black bars) and after specific enzyme inhibition
performed by previous incubation of the protein with PYC (hatched bars).
Controls included cells incubated with medium alone (white bars) or after
protein denaturation by heating (dotted bars). [3H]Thymidine incorporation
by cells incubated with PYC alone are below 400 cpm (data not shown).
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Facility (Grenoble, France, beamlines BM14 and ID29) and pro-
cessed with the programs MOSFLM, SCALA, and TRUNCATE from the
CCP4 program suite (30) (Table 1). The structure was solved by using
a single-wavelength anomalous diffraction experiment from a
highly redundant 3-Å data set of the selenomethionine-labeled
protein. Twenty-two of 24 Se sites were found by direct methods
with the program SHAKE‘N�BAKE (31) and refined with the program
SHARP (32). Electron density modification was performed with
SOLOMON (33); chain tracing and model building were done with
the program O (34). Initial refinement was performed with CNS (35)
by using simulated annealing in torsional space. Iterative model
rebuilding and refinement was further performed by using O and
CNS, and, at the final stages, refinement was completed with the
program REFMAC5 (30), using a translation�libration�screw model
against the native data set at 2.1-Å resolution. In the final model,
the first 41 residues of the protein and the last 13 (monomer A) or
17 (monomer B), which include the affinity tag, are not visible in
the electron density map. The structure of a second crystal of
TcPRACA, incubated at low PYC concentration (0.1 mM PYC)
(PYC hemicomplex data set in Table 1), was solved by molecular
replacement and refined as described above. In this structure, one
of the monomers shows nine extra residues in the N terminus, which
define an additional �-helix.

B Cell Mitogenic Activity Assays. In vitro proliferation was done by
using freshly recovered splenocytes from BALB�c nu�nu� mice
purchased from Charles River Breeding Laboratories seeded at a
concentration of 2 � 105 cells per well and incubated with increas-
ing concentrations of recombinant TcPRACA or mutated proteins
(25–100 �g�ml), or with lipopolysaccharide–B cell mitogen (5
�g�ml) for 24, 48, 72 and 96 h in 5% FCS–RPMI medium 1640.
Analysis of proliferative activity in the presence of 50 �g�ml of
enzymatically active TcPRACA was compared with the prolifera-
tion obtained by using the same amounts of enzyme preincubated
for 10 min at 37°C with 1 mM PYC. A 16-h [3H]thymidine pulse at

1–4 �Ci (1 Ci � 37 GBq) per well was performed before harvesting
the cultures. [3H]Thymidine uptake was determined in a �-plate
liquid scintillation counter (LKB–Wallac). All points were done in
triplicate, and the corresponding SD was calculated. Results are
representative of five independent experiments. In vivo assays were
performed after 0, 5, and 7 days of i.p. injection of wild-type or
mutant TcPRACA (50 �g per mouse) proteins. The total number
of cells or Ig-producing B cells was determined as described in
ref. 36.

Microcalorimetry. The association reaction of TcPRACA with PYC
was quantified by isothermal titration calorimetry using an isother-
mal titration microcalorimeter from Microcal (Amherst, MA) and
the protocols described in ref. 37. Briefly, TcPRACA stock solution
dialyzed overnight at 4°C against 50 mM sodium acetate buffer, pH
5.2, was diluted (1.7–21.8 �M) with the same buffer. The protein
samples were titrated in the calorimeter cell (1.4 ml) by successive
10-�l injections of 40–800 �M PYC in the same buffer until a final
inhibitor�enzyme molar ratio of 4:1. Heat signals were corrected for
the heat of dilution of PYC and normalized to the concentration of
PYC added. Normalization and deconvolution of the binding
isotherms was carried out with the program ORIGIN 7 (38) provided
by the manufacturer. Thermodynamic parameters are the mean of
three experiments; error estimations are the SDs from mean values.
The molar change in heat capacity (	Cp) was determined according
to the equation

	H��T
 � 	H��TR
 � 	Cp��T 	 TR
 ,

where 	H°(TR) is the molar enthalpy change at TR, the reference
temperature, taken as 298.15 K.
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