
Evidence for the Two Phosphate Binding Sites of an Analogue of the Thioacyl
Intermediate for theTrypanosoma cruziGlyceraldehyde-3-phosphate

Dehydrogenase-Catalyzed Reaction, from Its Crystal Structure†

Marcelo S. Castilho, Fernando Pava˜o, and Glaucius Oliva‡

Instituto de Fı´sica de Sa˜o Carlos, USP, P.O. Box 369, 13560-970 Sa˜o Carlos, SP, Brazil

Sylvain Ladame, Miche`le Willson,‡ and Jacques Pe´rié* ,‡
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ABSTRACT: Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) catalyzes the reversible oxidative
phosphorylation ofD-glyceraldehyde 3-phosphate (GAP) intoD-glycerate 1,3-bisphosphate (1,3-diPG) in
the presence of NAD+ and inorganic phosphate (Pi). Within the active site, two anion-binding sites were
ascribed to the binding of the C3 phosphate of GAP (Ps) and to the binding of the attacking phosphate ion
(Pi). The role played by these two sites in the catalytic mechanism in connection with the functional role
of coenzyme exchange (NADH-NAD+ shuttle) has been investigated by several studies leading to the
C3 phosphate flipping model proposed by Skarzynski et al. [Skarzynski, T., Moody, P. C., and Wonacott,
A. J. (1987)J. Mol. Biol. 193, 171-187]. This model has not yet received direct confirmation. To gain
further insight into the role of both sites, we synthesized irreversible inhibitors which form with the essential
cysteine residue a thioacyl enzyme analogue of the catalytic intermediate. Here we report the refined
glycosomalTrypanosoma cruziGAPDH in complex with a covalently bound GAP analogue at an improved
resolution of 2.0-2.5 Å. For this holo-thioacyl enzyme complex, a flip-flop movement is clearly
characterized, the change from the Pi to the Ps binding site being correlated with the coenzyme exchange
step: the weaker interaction of the intermediate when bound at the Ps site with the cofactor allows its
release and also the binding of the inorganic phosphate for the next catalytic step. This result gives strong
experimental support for the generally accepted flip-flop model of the catalytic mechanism in GAPDH.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
the sixth enzyme in the glycolytic pathway, has been widely
studied for its central role in energy production in both
prokaryotes and eukaryotes. Additionally, intense research
over the past decade has provided new insights into the
functional diversity of mammalian GAPDH, more precisely
its involvement in membrane transport, nuclear RNA exter-
nalization, transcriptional control of gene expression, and
DNA replication and repair (1). More recently, it was shown
that GAPDH plays important roles in apoptosis (2), in
neuronal disorders (3-5), and in certain types of cancer (6).
Despite the involvement of GAPDH in such a variety of
biological functions, this enzyme has an essential role in the
control of glycolytic metabolite flux (7). So, GAPDH has
been identified as a suitable target for the development of
inhibitors of glycolysis in parasites of the Trypanosomatidae
family (8). More specifically, Trypanosoma cruzi, the
causative agent of Chagas disease in South-America, is

highly dependent on glycolysis in infectious stages in
mammals (9). From the mechanistic and structural results
described here, a family of irreversible inhibitors is proposed
as a set of lead compounds for the development of news
drugs against Chagas disease.

GAPDH catalyzes the oxidative phosphorylation of gly-
ceraldehyde 3-phosphate (GAP)1 into 1,3-bisphospho-D-
glyceric acid (1,3-diPG) with the involvement of inorganic
phosphate (Pi) and nicotinamide adenosine dinucleotide
(NAD+). Its dehydrogenase activity depends on the [NAD+]/
[NADH] ratio, which needs to be kept constant in the cell.
The reaction mechanism has been intensively investigated
(10-12) and the multistep catalytic process, proposed in
1976 (13), can be decomposed as follows: (i) an oxido-
reduction reaction, corresponding to the nucleophilic attack
of an activated cysteine on the carbonyl group of GAP,
followed by a hydride transfer from the generated thiohe-
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miacetal to NAD+, leading to the formation of a thioacyl
enzyme, and (ii) a phosphorylation of the resulting thioester
through the nucleophilic attack of inorganic phosphate on
the carbonyl of the thioacyl group which leads to the
formation of 1,3-diPG, which is subsequently released from
the active site.

The three-dimensional structures of GAPDHs from several
organisms have been crystallographically determined (14-
22, 41). A common feature of these structures is the presence
of two highly conserved cationic sites which were identified
in the GAPDH active site and are able to bind two sulfate
or phosphate ions in each monomer. On the basis of modeling
studies, these cationic sites were assumed to be the two
phosphate binding sites; Ps is the C3 phosphate of GAP and
Pi the inorganic phosphate. Although they were initially
considered as specific interaction sites of each substrate,
Skarzynski et al. (16) later established a more complex
mechanism involving the possible transfer of the C3 phos-
phate of GAP from one site to the other during the sequence
of catalytic events. From these earlier studies, it was proposed
that the C3 phosphate of GAP should initially interact with
the Pi site during the steps leading to the formation of the
acyl enzyme intermediate. The coenzyme exchange step is
thought to result from a conformational isomerization of the
thioacyl enzyme intermediate of the C3 phosphate of GAP
from the Pi to the Ps site. The now free Pi site could then
bind inorganic phosphate, and the phosphorylation on C1

could then proceed by nucleophilic attack. Although Corbier
et al. (23) have shown, by site-directed mutagenesis and
kinetic studies, that the C3 phosphate of GAP first interacts
at the Pi site, flipping toward the Ps site has never been
demonstrated. Moreover, recent studies have suggested that
this GAP phosphoryl group could also interact with a third
cationic site, slightly different from the Pi site and called
the “new Pi site” (20). Finally, more recent results of Yun
et al. (24) obtained with the hemiacetal intermediate of
Escherichia coliGAPDH are also in accordance with the
flip-flop model. However, they do not provide direct
evidence of this process. To shed some light on these
mechanistic aspects, we thought that it would be helpful to
mimic as closely as possible the acyl enzyme intermediate.
Indeed, the three-dimensional structure of the enzyme-
substrate-cofactor ternary complex could reveal the detailed
binding modes of the substrate, allowing the evaluation of
(1) the contribution made by phosphate binding sites and
(2) the functional role of coenzyme exchange in the catalytic
process. The formation of a thioacyl enzyme analogue could
be obtained through the reaction between the active site
cysteine residue and an activated carbonyl group of a GAP
analogue, leading to an irreversibly bound and therefore
stable complex. The previously described irreversible GAP-
DH inhibitors that are covalently bound at the active cysteine
residue (25-30) are not good representatives of the thioacyl
enzyme intermediate.

We report here the synthesis of (p-nitrophenoxycarboxyl)-
propyl dihydroxyphosphonates, as GAP analogues, and their
inactivation effects on glycosomalT. cruziGAPDH (gGAP-
DH), in the search for compounds that covalently bind to
the cysteine residue of the enzyme to produce a thioester
complex. We also present the crystal structure of the holo-
thioacyl enzyme complex ofT. cruzi GAPDH with one
member of this family of compounds, which reveals that the

phosphoryl group of the molecule interacts with both Pi and
Ps sites. Comparison of this complex with the holoenzyme
from T. cruzi shows that a conformational change of the
protein is induced upon inhibitor binding. Detailed analysis
of interactions between the substrate analogue, cofactor, and
protein provides strong experimental support for the generally
accepted catalytic mechanism.

MATERIALS AND METHODS

Synthesis of Inhibitors.All chemical reagents were pur-
chased form either Aldrich or Lancaster Co. The pure
compounds were identified by spectrometric analysis on an
apparatus of the Institute at Molecular Chemistry Paul
Sabatier (ICMPS-IR1744). IR spectra were recorded on a
Perkin-Elmer FTIR 1610 spectrometer;1H, 13C, and31P NMR
spectra were recorded on Bruker 250 and 200 MHz FT
apparatus, and mass spectra were determined on a Nemag
R10-10 spectrometer. Elemental analysis was performed at
the INP-ENSCT on an Eager 200 apparatus.

Synthesis of Carboxylic Acids.4-(Diethoxyphosphoryl)-
butanoic acid1aand 4-(diethoxyphosphoryl)-2-butenoic acid
2a were prepared by saponification of their corresponding
ethyl esters and then isolated in their acidic form (Supporting
Information). 2-[2-(Diethoxyphosphoryl)ethyl]acrylic acid3a
was prepared by condensation of the carbanion of diethyl-
methyl phosphonate on 3-bromo-2-(bromoethyl)propanoic
acid via a double addition-elimination reaction. To a
solution of diethylmethyl phosphonate (1.47 g, 9.7 mmol)
in anhydrous THF (20 mL) was slowly added 7.3 mL of
n-BuLi (11.6 mmol) at-78 °C. After being stirred for 15
min at-78 °C, this solution was added, via a cannula, to a
solution of 3-bromo-2-(bromoethyl)propanoic acid (1.18 g,
4.8 mmol) andn-BuLi (3.4 mL, 5.3 mmol) in anhydrous
THF (15 mL) at-78 °C. After being stirred for 1 h at-78
°C and overnight at room temperature, the mixture was
neutralized with an aqueous solution saturated with NH4Cl
and then acidified to pH 4 with a 1 M HCl solution. The
aqueous layer was subsequently extracted with CH2Cl2 (3
× 50 mL), and the organic layer was dried with MgSO4,
filtered, and evaporated. After purification by flash chroma-
tography (95:5 CH2Cl2/MeOH, and then 90:10), compound
3a was obtained as a pure colorless oil (0.71 g, 58%):1H
NMR (250 MHz, CDCl3) δ 1.2 (m, 6H), 1.8-2.0 (m, 2H),
2.4-2.5 (m, 2H), 3.9-4.0 (m, 4H), 5.5 (s, 1H), 6.1 (s, 1H),
11.4 (s, 1H);13C NMR (62.9 MHz, CDCl3) δ 16.2 (d,JC-P

) 6.2 Hz), 24.4 (d,JC-P ) 140.8 Hz), 25.1 (d,JC-P ) 3.9
Hz), 61.9 (d,JC-P ) 6.5 Hz), 126.1, 139.5 (d,JC-P ) 17.5
Hz), 169.0; MS (DCI, NH3) m/z 237 (MH+), 254 (MNH4

+).
Synthesis of p-Nitrophenyl Esters.They were prepared

from the corresponding carboxylic acids by addition of
p-nitrophenate anion on the nonisolated acyl chloride inter-
mediate (1b and 2b in the Supporting Information). For
compound3b, to a solution of carboxylic acid (10 mmol) in
anhydrous CH2Cl2 (20 mL) was added thionyl chloride (1.1
mL, 15 mmol). After the mixture had been stirred overnight
at room temperature, the volatile components were evapo-
rated off, leading to the pure expected acid chloride
evidenced by IR spectroscopy (νCdO ) 1747 cm-1). The oily
residue was then dissolved in anhydrous CH2Cl2 (20 mL),
and a solution ofp-nitrophenol (1.26 g, 9.1 mmol) and
anhydrous triethylamine (1.55 mL, 11.2 mmol) in CH2Cl2
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(20 mL) was slowly added at 0°C. After the mixture had
been stirred for 3 h atroom temperature, the triethylammo-
nium salts were filtered off, and the organic layer was washed
with an aqueous solution saturated with NaCl (50 mL), dried
with MgSO4, filtered, and evaporated.p-Nitrophenyl ester
3b was thus obtained as a pale yellow oil (98% yield).

3-(p-Nitrophenoxycarboxyl)-3-ethylene propyl diethylphos-
phonate3b: 1H NMR (250 MHz, CDCl3) δ 1.3 (t, 6H,JH-P

) 7.1 Hz), 1.9-2.0 (m, 2H), 2.6-2.7 (m, 2H), 4.0-4.1 (m,
4H), 5.8 (s, 1H), 6.4 (s, 1H), 7.2 (d, 2H,JH-H ) 9.1 Hz),
8.2 (d, 2H,JH-H ) 9.1 Hz); 13C NMR (62.9 MHz, CDCl3)
δ 16.4 (d,JC-P ) 6.1 Hz), 24.5 (d,JC-P ) 141.6 Hz), 25.4
(d, JC-P ) 3.8 Hz), 61.6 (d,JC-P ) 6.5 Hz), 122.5, 125.2,
128.7, 138.2 (d,JC-P ) 16.7 Hz), 145.3, 155.4, 163.9;31P
NMR (81 MHz, CDCl3) δ 30.3; MS (DCI, NH3) m/z 358
(MH+), 375 (MNH4

+).
Synthesis of Dihydroxyphosphonates. They were prepared

by following a classical procedure using bromotrimethylsi-
lane (1c and 1b in the Supporting Information). For 3c,
bromotrimethylsilane (2.1 mL, 15.4 mmol) was added to
diethyl phosphonate3b (3.9 mmol) stored under an argon
atmosphere. After the mixture had been stirred for 6 h at
room temperature, all volatile components were removed by
evaporation, and the oily residue was dissolved in Et2O (15
mL) and extracted with water (30 mL).3cwas obtained pure
as a white or pale yellow powder (95% yield) after the
aqueous solution had been freeze-dried.

3-(p-Nitrophenoxycarboxyl)-3-ethylene propyl dihydroxy-
phosphonate3c: 1H NMR (250 MHz, D2O) δ 2.0-2.1 (m,
2H), 2.6-2.7 (m, 2H), 6.0 (s, 1H), 6.5 (s, 1H), 7.4 (d, 2H,
JH-H ) 9.1 Hz), 8.3 (d, 2H,JH-H ) 9.1 Hz);13C NMR (62.9
MHz, D2O) δ 27.4 (d,JC-P ) 3.4 Hz), 27.9 (d,JC-P ) 135.5
Hz), 125.4, 128.1, 132.3, 140.3 (d,JC-P ) 16.1 Hz), 148.0,
157.9, 169.0;31P NMR (81 MHz, D2O) δ 30.6. Anal. Calcd
for C11H12NO7P (301): C, 43.87; H, 4.02; N, 4.65. Found:
C, 44.01; H, 3.86; N, 4.72.

Enzyme Inhibition Assays. Assay reactions (total volume
of 1.0 mL) were carried out at 25°C in a 100 mM
triethanolamine, HCl buffer (pH 7.5,I ) 0.15) containing 1
mM EDTA, 0.1 M KCl, 10 mM K2HPO4, 2 mM NAD+,
0.8 mM GAP, 20 µL of a glyceraldehyde-3-phosphate
dehydrogenase-containing solution, and variable concentra-
tions of the inhibitor. The remaining GAPDH activity was
determined by following at 340 nm the formation kinetics
of NADH resulting from the reduction of NAD+ by the
enzyme. In all cases, the rates are expressed in micromoles
of product formed per minute. One enzyme unit is defined
as the amount of enzyme necessary for the formation of 1
µmol of 1,3-diPG/min.

For irreversible inhibitors, the inactivation kinetics were
established by using saturating conditions of substrates and
cofactor, after incubation of the enzyme with at least five
different concentrations of inhibitor (5, 15, 25, 50, and 75
µM). Experiments were carried out in triplicate, and indi-
vidual initial rates were kept only when they corresponded
to values obtained with correlation coefficients equal to or
better than 0.998. The percentage of remaining activity was
determined with respect to a reference, the enzyme incubated
without inhibitor during the same period of time.

Preparation and Purification of Glycosomal T. cruzi
GAPDH.RecombinantT. cruzigGAPDH was prepared and
purified according to the previously reported procedure (22)

with minor modifications. No DTT was used in the purifica-
tion buffer since it can react with the inhibitors.

Cocrystallization Assays.Cocrystallization assays were
carried out using a protein solution at 10 mg/mL and NAD+

at a saturating concentration, preincubated with 2.0 mM
inhibitor. Crystals of the gGAPDH-3-(p-nitrophenoxycar-
boxyl)-3-ethylene propyl dihydroxyphosphonate (3c) com-
plex were grown at 18°C by hanging drop vapor diffusion,
against a reservoir solution of 0.1 M sodium cacodylate
buffer (pH 7.3-7.5), with 0.1 M calcium acetate, 18%
polyethylene glycol 8000, 1.0 mM EDTA, and 1.0 mM
sodium azide. The hanging drops were set up with equal
volumes (5+ 5 µL) of gGAPDH solution and reservoir
buffer. Small flat crystals appeared within 2 weeks.

Data Collection and Processing. A single crystal of the
gGAPDH-3c complex was flash-cooled to 100 K in an
Oxford Cryostream Cooler. The cryoprotectant solution that
was used consisted of 20% polyethylene glycol 400 added
to the reservoir solution described above. Monochromatic
X-ray data collection was performed in the Brazilian National
Synchrotron Light Laboratory (LNLS) (31), using an incident
wavelength of 1.54 Å. Diffraction spots were recorded on a
MAR345 image plate, using the rotation method (32). Data
indexing and scaling were carried out with DENZO and
SCALEPACK, respectively (33). Data collection and pro-
cessing statistics are summarized in Table 1. The collected
crystal belonged to space groupP21 with the following unit
cell parameters:a ) 81.46 Å,b ) 85.26 Å,c ) 105.15 Å,
andâ ) 95.61°. The analysis of crystal contents reveals one
tetramer per asymmetric unit and aVm value of 2.21 Å3/Da.

Structure Determination and Refinement. The structure
was determined by molecular replacement, using AMoRe
(34). The native tetrameric gGAPDH structure (22) without
cofactor and water molecules was used as a search model.
Further refinement was performed using the CNS programs
(35) with torsional molecular dynamics and maximum
likelihood functions, and the addition of water molecules was
conducted with ARP (36). Manual rebuilding of the mac-
romolecular model and graphic visualization were performed
using O (37). The crystallographicRfactor andRfree values, as
well as the stereochemical quality of the model, were
constantly monitored during the course of the refinement with
PROCHECK (38). AMoRe provided a clear solution with
one tetramer in the asymmetric unit, with a correlation factor
of 0.67 and anRfactorof 0.33. The rotated and translated model
was refined with a simulated annealing protocol using
noncrystallographic symmetry (NCS) restraints. This refine-
ment produced anRfactor of 0.33 and anRfree of 0.34. Visual
analysis ofFo - Fc and 2Fo - Fc maps revealed clear
electron density for the NAD cofactor only in monomer D.

Table 1: Collection and Processing Statistics

oscillation angle 1.0°
total no. of frames 134
total no. of collected reflections 134297
no. of unique reflections 48450
resolution range 20.0-2.5 Å
overall completeness 99.0% (97.5%)a

overallRmerge 11.3% (43.8%)a

I/σI 9.7 (2.6)a

redundancy 2.8 (2.5)a

a The values in parentheses correspond to the last resolution shell
(2.56-2.5 Å).
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This molecule was included, and a new refinement cycle
was performed, without NCS restraints.Rfactor decreased to
0.23 and Rfree to 0.29. After several cycles of manual
rebuilding with O and minimization steps, unequivocal
density for the inhibitor could be clearly identified in the
active site of monomer D (Figure 1A). One molecule of3c
was manually built into this density, and water molecules
were automatically added to the model using the program
ARP. The refinement cycles resulted in anRfactor of 0.20 and
anRfree of 0.27. Careful analysis of the electron density maps
indicated that subunits B and C could also have both NAD
and inhibitor bound, possibly with lower occupancies.
Therefore, NAD and the inhibitor were added to the atomic
model, in the same conformation that was found in monomer
D, and the subsequent refinement cycle included their
occupancies as parameters, which converged to approxi-
mately 50%. At this point, a difference Fourier map showed
density close to Cys166 in monomers B and C, in which the
inhibitor 3c could be fitted, in an alternative conformation
(Figure 1B). As the previous refinement had shown half-
occupancy for the first conformation, an identical value
(50%) was assigned to the occupancy of the second
conformation.

In the first conformation, the phosphonate moiety is
located at the Ps binding site, and in the second conformation,
it occupies the Pi binding site. The final cycles of refinement
included as the atomic model the four protein subunits
(named A-D), one NAD molecule and one inhibitor3c in
the Ps conformation in subunit D, one NAD molecule and
two alternative conformers of3c in subunits B and C, and a
total of 695 water molecules. All amino acid side chains
which did not exhibit any electron density in the final maps
were assigned zero occupancies. The final crystallographic
results are summarized in Table 2.

RESULTS

Design and Synthesis of GAPDH Inhibitors.It was
previously shown that GAPDH is a good target for the design
of irreversible inhibitors since its mechanism involves the
formation of a covalent intermediate between the enzyme
and the substrate GAP. Following the strategy of targeting

the cysteine residue of the GAPDH active site involved in
this covalent bonding, a few compounds bearing a reactive
electrophilic site such as an epoxide or anR-enal were
synthesized and proved to be potent GAPDH irreversible
inhibitors (29). Since all these inhibitors bind to this cysteine
residue through the formation of a thioether or an unstable
thiohemiacetal linkage, we decided to design stable GAP
analogues by replacing the aldehyde group in the inhibitor
with an activated ester. We describe here the synthesis of
three phosphonates, which are much less sensitive to
hydrolysis than their phosphate analogues. The compounds
were designed to bear ap-nitrophenol ester group, chosen
to react with the active site cysteine to form a thioacyl
enzyme, analogous to that formed during the catalytic
mechanism. In this reaction, thep-nitrophenate group is
released and can be easily monitored by its typical absorption
at 410 nm. Schemes depicting the syntheses of compounds
1c, 2c, and3care given in the Supporting Information. These
p-nitrophenyl esters were synthesized from the corresponding
carboxylic acids via the formation of an acyl chloride
intermediate. The phosphoric ethoxy ester protecting groups
were removed in the last step by hydrolysis of instable
trimethylsilyl phosphoric ester intermediates.

IrreVersible Inhibition of GAPDH.The threep-nitrophenol
esters1c-3c, which are GAP analogues, give a time-
dependent inactivation ofT. cruzigGAPDH. The saturated
derivative 1c proved to be too unstable to allow the
determination of the corresponding inhibition constants.
Consequently, we focused our study on compounds2c and
3c, which are much more stable because of the presence of
a conjugated unsaturated group. Inactivation ofT. cruzi
gGAPDH by compound3c follows pseudo-first-order kinet-
ics. This irreversible effect was confirmed by the fact that
no enzymatic activity was recovered after dilution of the
enzyme/inhibitor mixture obtained after the incubation time.
The plot of the reciprocal of the inactivation half-life versus
inhibitor concentration results in a straight line passing
through the origin, the slope of which corresponds to the
ksecondvalue. T. cruzigGAPDH was inactivated by compound
3c 6 times faster than with compound2c since theksecond

values are 7000 and 1200 M-1 min-1, respectively. The
kinetic equation describing this pathway under steady state
conditions is expressed according to the classical kinetic
expression (39).

Interaction Mode.Since these irreversible inhibitors bear
a Michael acceptor, two different ways of inactivation were
possible. In the first (Scheme 1A), addition of the thiol of

FIGURE 1: 2Fo - Fc map contoured at 0.8δ in the active site of
monomer D, represented in panel A (Ps conformation), and
monomer B, represented in panel B (Ps and Pi alternate conforma-
tions). The continuous electron density from Cys166 to3csupports
its covalent binding in both conformations, as discussed above.
Atoms are colored according to the following code: C atoms in
light purple, N atoms in blue, S atoms in orange, P atoms in pink,
and O atoms in red. This figure was created in O (37).

Table 2: Final Refinement Statistics

resolution range 20.0-2.5 Å
no. of amino acid residues

per monomer
359

no. of water molecules
in the asymmetric unit

695

no. of inhibitor molecules three (one in monomer B with two
alternative conformations, one in
monomer C with two alternative
conformations, and one in monomer
D in only one conformation)

Rfactor 0.20
Rfree,3% 0.26
rms deviation for bonds 0.0063 Å
rms deviation for angles 1.22°
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the cysteine residue on the carbonyl group could lead to the
expected thioacyl enzyme that mimics the covalent inter-
mediate formed with GAP. In a second (Scheme 1B), a 1,4-
addition on the conjugated ethylenic system could lead to
an enzyme-inhibitor covalent complex through the forma-
tion of a thioether bond. This configuration would not only
enable the analysis of the specific interactions betweenT.
cruzi gGAPDH and this series of inhibitors but also provide
complementary information about the GAPDH reaction
mechanism. To elucidate this question, X-ray analysis of the
complex was undertaken.

Quality of the Structure.The structure has good stereo-
chemistry indicators, with more than 99% of the residues
showing main chain torsional angles in the allowed regions
of the Ramachandran plot (40). Only Val255 is in an
unfavorable region, though conserved in all other available
GAPDH structures (14, 16, 17, 20, 22). This residue is in a
loop between two consecutiveâ-strands, in a conformation
considered to be important for maintaining the correct
positioning of the active residue Cys166 with respect to the
nicotinamide ring of the NAD+ cofactor during catalysis.
The average temperature factor values for the main chain
atoms and all atoms of the 359 residues from each monomer

are as follows: 25.11 and 24.65 Å2 for monomer A, 31.07
and 30.53 Å2 for monomer B, 42.74 and 42.50 Å2 for
monomer C, and 23.70 and 23.22 Å2 for monomer D,
respectively. The higherB-factor in monomer C reflects its
higher mobility in the crystal lattice. Indeed, careful analysis
of the crystal contacts of each of the four monomers in the
a.u. indicates that subunit A has four neighboring monomers,
subunit B has six neighboring monomers, subunit D has four
neighboring monomers, and finally subunit C has only one
neighboring monomer in the lattice, and this contact is made
through the catalytic domain that forms the core of the
tetrameric particle which is conformationally conserved in
all four subunits.

Interactions of Compound3c with the Protein. The
inhibitor is clearly bound to Cys166 and forms a thioester
resulting from the nucleophilic attack of the thiol on the
activated ester carbonyl group. The inhibitor is found in two
alternative conformations (Figure 1B), hereafter named the
“Ps conformation”, present in monomers B-D, and the “Pi
conformation”, present only in monomers B and C. In the
Pi conformation, the3c phosphoryl group hydrogen bonds
to residues Thr226 and Arg249 and its phosphorus atom is
3.35 Å from the previous position described for the phosphate

Scheme 1: Two Possible Inactivation Paths of GAPDH by Inhibitor3ca

a (A) Nucleophilic attack on the carbonyl group and (B) 1,4-nucleophilic addition.
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binding site inLeishmania mexicanagGAPDH (41) and 4.81
Å from the sulfate binding site inTrypanosoma brucei
gGAPDH (17) (Figure 2A). In this conformation, the3c
carbonyl group points to the positively charged NAD+

nicotinamide ring with the distance between O1 of 3c and
N1 of NAD+ being 3.63 Å, longer than the usual length of
the charge interaction predicted by Yun et al. (24).

In the Ps conformation, the3c phosphoryl group, which
is located 0.93 Å from the previous position described for
the inorganic phosphate binding site inL. mexicanagGAP-
DH (41) and 0.70 Å from the sulfate binding site inT. brucei
gGAPDH (17), hydrogen bonds to residues Thr197 and
Arg249 and to the C2′-hydroxyl group of the ribose sugar
of the cofactor (Figure 2B). In addition, its carbonyl group
hydrogen bonds to His194. Similar interactions should be
present when the thioketal intermediate binds in the Ps

conformation. It should be stressed that in this conformation

the carbonyl group points away from the positively charged
nitrogen of the nicotinamide moiety (Figure 3), once more
excluding the possibility of charge interaction between3c
and NAD+.

OVerall Structures.The monoclinic crystals ofT. cruzi
GAPDH contain one tetramer per asymmetric unit. The
subunits were independently refined, allowing a detailed
analysis of the local 222 symmetry. Superposition of CR
atoms from equivalent domains in each pair of subunits in
the enzyme (Table 3) clearly shows that the catalytic domains
are much more similar than the NAD binding domains, which
is analogous to what was observed by Skarzynski et al.
(Bacillus stearothermophilus) (16). This reflects the func-
tionally important flexibility of the coenzyme binding domain
needed to allow the rapid exchange of NAD in reduced and
oxidized states during catalysis. Indeed, the structure ofT.
cruziGAPDH complexed with the natural inhibitor chalepin
(42) shows a large conformational change of the coenzyme
binding domain, mainly described as a domain rotation of
∼4°. Also, in that report, only one monomer of the enzyme
in the crystal has an observable bound inhibitor. Likewise,
in the structure presented here, we find asymmetric binding
of the inhibitor and cofactor to the four independent subunits
of the enzyme. This observation suggests that in solution
the enzyme-inhibitor complexes have a distribution of

FIGURE 2: (A) Interaction profile of3c in the Pi binding site. The
phosphoryl moiety, which is displaced 3.35 Å from the previously
reported position ofL. mexicanaPO4

2- and 4.81 Å from the
previously reported position ofT. bruceiSO4

2- (blue dashed lines),
hydrogen bonds to residues Thr226 and Arg249 (red dashed lines).
(B) Interaction profile of3c in the Ps binding site. The phosphoryl
moiety hydrogen bonds to residues Thr197, His194, and Arg249
(red dashed lines).L. mexicanaPO4

2- andT. bruceiSO4
2- binding

positions are also depicted. In a comparison of panels A and B of
Figure 2, it becomes clear that the Ps binding site has a much more
strict position. In fact, the3c phosphoryl moiety is only 0.93 Å
from the previously reported position ofL. mexicanaPO4

2- and
0.70 Å from the previously reported position ofT. bruceiSO4

2-,
not represented for reasons of clarity. Protein structure is presented
in cartoon representation, apart from residues Thr197, His194,
Thr226, and Arg249 that have all atoms represented.L. mexicana
PO4

2- and T. brucei SO4
2- atoms come from crystallographic

superposition of 1GYP and 1A7K on the3c-gGAPDH structure.
This figure was created in Pymol.

FIGURE 3: Interaction profile of3c with NAD. When bonded in
the Ps conformation, the3c phosphoryl moiety hydrogen bonds to
NAD’s ribose, which is 2.83 Å from it. In fact, this interaction
together with hydrophobic contacts between3c and NAD, repre-
sented by surface complementarity, is supposed to hold the cofactor
in place. When bonded in the Pi conformation (gray),3c loses these
interactions to NAD. Protein structure is represented as a gray
cartoon, and NAD and3care represented in sticks colored according
to the following code: C atoms in light purple, N atoms in blue, S
atoms in orange, P atoms in pink, and O atoms in red. This figure
was created in Pymol.

Table 3: Comparison of the rms Differences (Å) in the
Superposition of CR Atoms from Equivalent Domains in Each Pair
of Subunits in the Enzymea

catalytic domain

subunit A subunit B subunit C subunit D

coenzyme
binding
domain

subunit A 0.57 0.82 0.73
subunit B 0.21 0.79 0.69
subunit C 0.19 0.21 0.74
subunit D 0.20 0.22 0.18

a The catalytic domain is formed by residues 151-330, and the NAD
binding domain is formed by residues 1-150 at the N-terminus and
residues 331-359 at the C-terminus.

7148 Biochemistry, Vol. 42, No. 23, 2003 Castilho et al.



populations with different numbers of subunits occupied by
the inhibitor, resulting in asymmetric particles which are
subsequently selected by the crystallization process, to
predominantly accommodate one particular conformer in the
crystal lattice. Furthermore, this finding of alternative
conformations for the bound inhibitor suggests that3c has
extended flexibility in the active site, which may also explain
the absence of observable connected electron density in the
Fourier maps of subunit A.

The comparison of the structure presented here with those
of T. cruzi GAPDH in the holo form (22) and apo form
complexed with the natural product inhibitor chalepin (42)
indicates that the major changes are related to the orienta-
tion of Arg249. In Souza et al. (22) and Pava˜o et al. (42),
where no phosphate ion or substrate analogue is present in
the active site ofT. cruziGAPDH, Arg249 points to Asp210.
In the3c-gGAPDH complex, this residue points to Thr197
and Thr199 and hydrogen bonds to phosphate groups both
in Ps and Pi conformations (Figure 2A,B). Another interesting
feature is the distance between Nε of His194 and Sδ of
Cys166, which ranges from 3.2 Å in the holo structure to
3.7 Å in the apo structure. In our structure, this distance
ranges from 4.1 to 4.4 Å. The longer distance may be a
consequence of3c binding to the Pi binding site. All other
residues in the vicinity of the active site do not present
significant side chain displacement, apart from the loop from
Ser224 to Ala229, which has its CR atoms displaced toward
the Pi binding site by 0.55 Å, although side chain conforma-
tions remain unchanged. Similar behavior was previously
reported in the crystallographic structure ofL. mexicana
gGAPDH, crystallized at low (NH4)2SO4 concentrations
(41), and in the hemiacetal intermediate ofE. coli GAPDH
(24).

DISCUSSION

Thioacyl Enzyme-Induced Structural Changes. Analysis
of differences between the structure of apo- and holo-
GAPDH (16) confirms the conformational changes in the
enzyme induced by cofactor binding. In addition to the
coenzyme binding domain, the most significant of these
structural changes involves the segment of polypeptide chain
spanning residues 224-229. This portion of the backbone,
which includes Thr226, contributes to the building of the Pi

site, and a small change in the shape of this fragment is
essential for the formation of an effective Pi site. Comparison
of the distances between the main chain atoms of this loop
portion for the holo form ofT. cruzigGAPDH (22) and the
holo-thioacyl enzyme form (monomers B-D) reveals that
the corresponding segment moves closer to the Pi binding
site in the holo-thioacyl enzyme. Thus, the distance between
the Pi and this loop decreases to 0.55 Å. The same
conformational change was observed in the crystallographic
structure of the apothiohemiacetal enzyme ofE. coli GAPDH
(24) (residues 207-212) but to a lesser extent since NAD+

is not present. This experimental evidence suggests that the
widest protein deformation amplitude is observed in the
ternary complex in which the GAP induces an essential
conformational change leading to the catalytic structure and
not only by NAD+ binding. As for many other enzymes,
the productive conformation is obtained by cofactor binding
(here NAD+, ATP for kinases) and also by substrate binding.

GAP Binding Pi Site.When the GAP analogue is bound
at the Pi site, the interaction between the carbonyl of the
thioester group and the positively charged nitrogen of the
nicotinamide ring of NAD+ is evidenced in the holo-thioacyl
enzyme crystallographic structure. A similar interaction was
proposed in the hemiacetal enzyme (24) of E. coli GAPDH
in the model built by implementation of the NAD+ unit in
the X-ray structure. On the basis of this model, Park et al.
(24) proposed that the GAP’s phosphate moiety would be
displaced from the Pi to the Ps site through a rotation of the
C1-C2 covalent bond. Our results with the holo-acyl enzyme
complex (Figure 3) suggest a different situation (see below).

GAP Binding Ps Site. The X-ray structure reveals two
major points regarding the Ps binding site. First, it is strictly
defined and more specific in space than the Pi site, as shown
in B. stearothermophilus(16). This statement is corroborated
by minor Ps site position displacement in the3c-gGAPDH
complex when compared to theL. mexicana(0.93 Å) (41)
andT. brucei(0.70 Å) (17) structures (Figure 2B). Second,
the flipping of the phosphoryl group occurs through a rotation
around the cysteine sulfur atom-C1 bond and not around
the C1-C2 bond as proposed by Park et al. for the
hemiacetal intermediate through the modeling study. This
is clearly ilustrated in Figure 3.

Mechanistic Aspects.Although compound3c is not
equivalent to GAP (absence of a hydroxyl group at C2 and
the oxygen linked to the phosphorus is replaced with a
carbon), the similarity, particularly in terms of chain length,
is sufficiently good to gain additional clarification on the
situation of the actual thioester intermediate. Compound3c
binds to the essential cyteine as does GAP, and the distance
between the sulfur atom of Cys166 and the phosphorus atom
is the same in both compounds, a point which is essential in
a discussion of the interactions of the phosphorus with the
Pi and Ps sites.

The thioester intermediate obtained in the presence of
NAD+ gives a structure very close to that required for
catalytic efficiency and provides evidence that after covalent
binding, GAP induces an additional conformational change.
The overall structure shows a major significant structural
difference between the Pi and Ps binding sites: the rather
flexible position of the Pi site, which does not justify the
possibility of a new Pi binding site in the case ofLeishmania
and E. coli GAPDH, in contrast to the rather restricted
situation of the Ps binding site, at least as revealed from three
different GAPDHs.

Our results are compatible with the currently accepted
catalytic mechanism. Without ligand (monomer A), Cys166
points toward His194, with the S-H group in a favorable
orientation for the transfer of its proton to the histidine
acceptor. The nucleophile being formed at sulfur can then
attack C1 of the substrate to form the thiohemiacetal
intermediate, followed by the hydride ion transfer from C1
to NAD leading to the formation of the thioester, represented
in our case by the3c Pi conformation; His194, still
protonated, is far from the S-C1 bond (∼4.6 Å). Following
the Pi-Ps exchange, represented in our case by the3c Ps

conformation, there is a considerable approximation of the
carbonyl of the ligand to His194, which is now in a favorable
position for mediating the back transfer of the proton to
Cys166, completing the reaction cycle.
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These results give support to the flip-flop mechanism
since the same covalent intermediate can bind either to the
Pi site or to the Ps site as seen in subunits B and C (Figure
1B shows3c in subunit B). Although largely anticipated by
previous authors (16, 23) and in agreement with the results
of other authors (24), the proposed flip-flop mechanism,
through a conformational isomerization step, would occur
before the phosphorylation step and would take place dur-
ing coenzyme exchange. The crystal structure of the holo-
thioacyl gGAPDH complex supports the idea that this flip-
flop is likely related to the cofactor exchange process. An
alternative interpretation where the characterized Ps site
would be the only one representative of the true com-
plex formed with D-GAP, whereas the identified Pi site
would be one among several possibilities, seems unlikely.
Indeed, localization of the Pi site obtained from the X-ray
structure presented here is in agreement with other catalytic
features.

In the Pi conformation, as underlined above, there is a
strong interaction between the carbonyl group of the thioester
and the nicotinamidium ring. However, in the Ps conforma-
tion (at this stage, the cofactor is in its reduced form), the
carbonyl group-NADH ring distance increases, weakening
the corresponding interaction facilitating cofactor release.
Likewise, Arg249 may play a major role in this isomerization
step. In fact, in the absence of substrate, Arg249 makes a
salt bridge with Asp210 (22), but when the substrate is
present, Arg249 becomes essential at the Ps site and is 5.02
Å from the initial position. One interesting aspect of our
structure is the participation of Arg249 in the phosphate
coordination in both Pi and Ps conformers. In the Pi
conformation, Arg249 binds to the phosphate through the
Nδ atom, whereas in the Pi conformation, the binding is
through Nη of the guanidinium moiety. Previously, Arg249
was supposed to be composed of only the Ps binding site,
and its function in product release was also surmised on the
basis of the large conformational change observed in ion free
T. cruzi GAPDH structures (22).

Further important evidence comes from the comparison
of partial NAD+ occupation in monomers B and C (both
conformations) and full occupation in monomomer D (Ps

conformation only), which strongly suggests that the presence
of NAD+ is related to the Ps conformation. This might be a
consequence of hydrogen bond stabilization due to phosphate
group interaction with the ribose sugar of the coenzyme,
possibly in either the oxidized or reduced cofactor states, as
well as hydrophobic contacts between GAP and NAD+.

The mechanistic steps highlighted by the crystallographic
structure can be summed up as follows:

(i) GAP binds to the Pi binding site, positioning the
carbonyl group to interact with the positively charged
nicotinamidium ring.

(ii) Hydrogen transfer to cofactor leads to a loss of charge
interaction and displacement of the reduced cofactor.

(iii) The thioacyl intermediate flips to the Ps binding site,
and a new NAD+ molecule is now stabilized through
hydrogen bonding of the phosphate to ribose and hydropho-
bic contacts.

The results that we obtained with a close analogue of the
thioester intermediate formed between GAPDH and its
substrate, more precisely the analysis of the interactions of

the two alternative conformations found in the crystal,
provide a complementary piece of evidence for this sequence.

SUPPORTING INFORMATION AVAILABLE

Synthetic strategy for compounds1c and2c (Scheme 1)
and 3c (Scheme 2) and detailed synthetic procedures for
compounds1c and 2c. This material is available free of
charge via the Internet at http://pubs.acs.org.
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