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Biochemical and structural characterization of
residue 96 mutants of Plasmodium falciparum
triosephosphate isomerase: active-site loop
conformation, hydration and identification of a

dimer-interface ligand-binding site

Plasmodium falciparum TIM (PfTIM) is unique in possessing
a Phe residue at position 96 in place of the conserved Ser that
is found in TIMs from the majority of other organisms. In
order to probe the role of residue 96, three PfTIM mutants,
F96S, F96H and F96W, have been biochemically and struc-
turally characterized. The three mutants exhibited reduced
catalytic efficiency and a decrease in substrate-binding affinity,
with the most pronounced effects being observed for F96S and
F96H. The k., values and K, values are (2.54 £+ 0.19) x
10° min~" and 0.39 4 0.049 mM, respectively, for the wild type;
(3.72 £ 0.28) x 10’ min~" and 2.18 + 0.028 mM, respectively,
for the F96S mutant; (1.11 % 0.03) x 10* min~" and 2.62 +
0.042 mM, respectively, for the F96H mutant; and (1.48 =+
0.05) x 10° min~" and 1.20 % 0.056 mM, respectively, for the
F96W mutant. Unliganded and 3-phosphoglycerate (3PG)
complexed structures are reported for the wild-type enzyme
and the mutants. The ligand binds to the active sites of the
wild-type enzyme (WtPfTIM) and the F96W mutant, with a
loop-open state in the former and both open and closed states
in the latter. In contrast, no density for the ligand could be
detected at the active sites of the F96S and F96H mutants
under identical conditions. The decrease in ligand affinity
could be a consequence of differences in the water network
connecting residue 96 to Ser73 in the vicinity of the active site.
Soaking of crystals of wtPfTIM and the F96S and F96H
mutants resulted in the binding of 3PG at a dimer-interface
site. In addition, loop closure at the liganded active site was
observed for wtPfTIM. The dimer-interface site in PfTIM
shows strong electrostatic anchoring of the phosphate group
involving the Arg98 and Lys112 residues of PfTIM.

1. Introduction

Triosephosphate isomerase (TIM), which is a central enzyme
of the glycolytic pathway, catalyzes the interconversion of
dihydroxyacetone phosphate (DHAP) and glyceraldehyde
3-phosphate (GAP) via an enediolate intermediate (Albery &
Knowles, 1977; Rose, 1962). The enediol phosphate inter-
mediate is critically poised to undergo competing reactions:
isomerization to the aldehyde on one hand and phosphate
elimination to yield the toxic metabolite methylglyoxal on the
other (Richard, 1991). The efficiency with which TIM cata-
lyses isomerization has led to many incisive studies dissecting
the mechanism of the reaction (Alber et al., 1987; Albery &
Knowles, 1976a,b,c, 1977, Knowles, 1991; Rieder & Rose,
1959). Extensive studies led Jeremy Knowles to famously
describe TIM as an evolutionarily ‘perfect’ enzyme (Albery &
Knowles, 1976a,b,c).
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Studies on TIM have been central to the development of
our understanding of the role of protein dynamics in modu-
lating catalytic function (Alber et al., 1981; Sun & Sampson,
1998, 1999; Joseph et al., 1990; Derreumaux & Schlick, 1998).
In TIM, loop 6, which consists of an 11-residue polypeptide
segment, moves as a rigid body about flanking hinge residues
and closes over the active site, resulting in two distinct
conformational states: the ‘loop-open’ and the ‘loop-closed’
states of the enzyme (Alber et al., 1987; Joseph et al., 1990).
Loop closure has been suggested to be important in pre-
venting the undesired phosphate-elimination process, thereby
facilitating the competing isomerization reaction (Pompliano
et al., 1990). The large body of crystallographic information on
the TIM structure suggests that ligand occupancy at the active
site results in selection of the loop-closed conformation. The
loop has been observed in the open state in the absence of the
ligand and in the closed state in the presence of the ligand in
the majority of crystal structures, with a few exceptions. In one
of the subunits of a crystal form of rabbit TIM the loop is in a
closed state in the absence of the ligand (Aparicio et al., 2003),
while in Trypanosoma brucei TIM complexed with N-hydroxy-
4-phosphono-butanamide (Verlinde et al., 1992) and many
Plasmodium falciparum TIM (PfTIM) structures (Partha-
sarathy, Balaram et al., 2002) the loop occurs in an open
conformation in the presence of the ligand. However, inves-
tigation of loop dynamics using NMR has shown that the loop
motion is not ligand-gated (Williams & McDermott, 1995).
Hence, it was concluded that there is a conformational
heterogeneity in TIM; the loop opens and closes over the
active site irrespective of the presence of the ligand and the
equilibrium tilts in favour of the loop-closed state in the
presence of the ligand (Rozovsky et al, 2001; Rozovsky &
McDermott, 2001).

While investigating PfTIM, we repeatedly encountered
ligand-bound structures in which loop 6 adopted the open
conformation (Parthasarathy, Balaram et al, 2002; Partha-
sarathy, Ravindra et al., 2002; Parthasarathy et al., 2003). In the
structure of PfTIM complexed with phosphoglycolic acid
(PGA; PDB code 1lyx), the loop is closed (Parthasarathy,
Ravindra et al., 2002). In one of the subunits of PfTIM com-
plexed with 2-phosphoglycerate (2PG; PDB code 105x) the
loop occurs in both closed and open conformations, with
occupancies of 0.6 and 0.4, respectively (Parthasarathy et al.,
2003). Inspection of the available sequences of TIM revealed
that residue 96, which is proximal to the active site, is Ser in
majority of organisms, with P. falciparum being one of the
very few exceptions. Of the 412 available unique TIM
sequences in the SWISS-PROT database (June 2008), 406
sequences have Ser at position 96, one plasmodial sequence
has Phe (QO07412), three listeria sequences have Ala
(Q71WW9, Q8Y4I3, Q92EU4), Ehrlichia chaffeensis (strain
Arkansas, Q2GGH?7) has Tyr and Baumannia cicadellinicola
subsp. Homalodisca coagulata (Q1LTT4) has Ile. Among
TIMs with available crystal structures, PfTIM, with Phe at
position 96, is the only exception. Fig. 1 shows a partial
alignment of the sequences of TIMs for which crystal struc-
tures are currently available and highlights the conservation of

Ser96 in all cases except P. falciparum. Indeed, in a review of
the structural biochemistry of TIM published many years ago
when all available sequences had Ser at position 96, Alber and
coworkers noted that ‘the role of the conserved Ser96 is a
mystery’ (Alber et al., 1987). The crystal structure of the S96P
mutant of chicken TIM revealed changes in the water struc-
ture in the active-site cavity, suggesting a role for water in the
catalytic activity of TIM (Zhang et al., 1999).

Inspection of PfTIM crystal structures suggested that the
enhanced propensity for the loop-open conformation may be
a consequence of the unfavourable interaction between the
side chains of Phe96 and Ilel70 in the loop-closed form
(Parthasarathy, Balaram et al., 2002). However, observation of
the loop-closed conformation in the PfTIM—phosphoglycolate
complex (PDB code 1lyx; Parthasarathy, Ravindra et al., 2002)
reveals that side-chain reorientation of Phe96 and Leul67 can
indeed permit loop closure.

In order to probe the role of residue 96, we have con-
structed F96S, FO6H and F96W mutants of PfTIM. The first
of these mutations changes the residue to that of most TIM
sequences, while the other two mutations result in cyclic side
chains as in Phe. The results described in this report establish a
significant loss of catalytic activity for the F96S and F96H
mutants, while F96W is substantially active. Analysis of the
kinetic parameters of the mutants shows a significant reduc-
tion in ligand binding affinity for the F96S and F96H mutants.
Crystallographic studies of the mutants with and without the
ligand 3-phosphoglycerate (3PG) reveal extensive differences
in active-site hydration in the F96S and F96H mutants,
suggesting a connection to the impaired catalytic activity.
The serendipitous observation of a second ligand binding site
located at the dimer interface on soaking of crystals of the
enzyme in 3PG solution reveals protein—inhibitor interactions
involving the phosphate group which differ distinctly from
those at the active site.

2. Materials and methods
2.1. Cloning, expression and purification

The P. falciparum triosephosphate isomerase gene was
cloned into pTrc99A vector and called pARC1008 (Ranie et
al., 1993). The protein was overexpressed in Escherichia coli
strain AA200, which has a null mutation for the host TIM
gene (Anderson & Cooper, 1970). Four mutants of PfTIM
were constructed by site-directed mutagenesis using the
megaprimer PCR method (Sarkar & Sommer, 1990). The
mutagenesis primers are 5-TCTTCTTTCAGAATGGCCA-
AT-3’ for F96S, 5-TCTTCTTTCATGATGGCCAATAATA-
AC-3' for F96H and 5-TCTTCTTTCCCAATGGCCAATA-
ATAAC-3' for F96W. (The restriction site for Haelll intro-
duced into each primer is shown in bold.) The wild-type
PfTIM gene was used as the template for the F96S, FO96H and
F96W mutants. The wild-type and mutant constructs were
transformed into AA200 cells and inoculated into Terrific
broth for protein expression. Induction was carried out at
303 K for 12 h. The purification of TIM involved a two-step
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protocol. In the first step, the cell lysate was subjected to
ammonium sulfate precipitation at 40 and 80% saturation.
TIM could be selectively precipitated at 75-80% saturation.
The protein was further purified by gel filtration (Sephacryl-
200 column) and ion-exchange chromatography (HR 75,
Q-Sepharose) on an AKTA Basic FPLC system. The purified
protein was stored at a concentration of 1 mg ml~" in 20 mM
Tris-HCI pH 8.0 containing 2 mM DTT at 277 K and char-
acterized by SDS-PAGE.

The mutations were confirmed using electrospray ionization
mass spectrometry (Table 1) and DNA sequencing. Electro-
spray ionization mass spectra were recorded on an HP
(Agilent) electrospray mass spectrometer linked to a 1100
series HPLC. The electrospray was carried out using a capil-
lary with an internal diameter of 0.1 mm. The tip was held at
5000 V in a positive-ion detection mode. Nebulization was
assisted by N, gas (99.8%) at a flow rate of 10 1 min~'. The
spray chamber was maintained at 573 K. The ion optics zone
was optimized for maximal ion transmission and a declustering
potential (fragmentor voltage) of 200 V was set for detection.
Data were acquired across a suitable mass range using a
conventional quadrupole with cycle time of 3 s. The spectro-
meter was tuned to five calibration standards provided by the
manufacturer. Data processing was performed using the
deconvolution module of the ChemStation software to detect
the multiple charge states and obtain derived masses.

2.2. Enzyme activity

The TIM enzyme activity was determined by the conversion
of GAP (glyceraldehyde 3-phosphate) to DHAP (dihydroxy-
acetone phosphate) in the presence of TIM and a-glycerol
phosphate dehydrogenase (Oesper & Meyerhof, 1950; Plaut &
Knowles, 1972). The enzymes were freshly prepared in
100 mM triethanolamine-HCl (TEA) pH 7.6. The reaction
mixture contained (in a final volume of 1 ml) 100 mM TEA,
5mM EDTA, 0.5 mM NADH, 20 ug ml™" a-glycerol phos-
phate dehydrogenase and 0.16-24 mM glyceraldehyde
3-phosphate. The enzyme activity was determined by moni-
toring the decrease in absorbance at 340 nm. The dependence
of the initial rate on the substrate concentration was analyzed
according to the Michaelis—Menten equation. The inhibition
constant, K;, of 3-phosphoglycerate (3PG) was obtained by
analyzing the effect of the inhibitor on the initial velocity of
the conversion of glyceraldehyde 3-phosphate. The concen-
tration range used for 3PG (disodium salt, Sigma Chemicals)
was from 0.5 to 4.0 mM. Inhibition constants were obtained
from the negative intercept on the x axis of a plot of the
apparent K., versus the inhibitor concentration. The values
of the kinetic parameters (K, k..) were calculated from
Lineweaver—-Burke plots.

2.3. Crystallization, data collection and refinement

The PfTIM mutants were purified as described above and
concentrated to approximately 10 mg ml™'. For cocrystalliza-
tion attempts with the ligand 3PG (disodium salt, Sigma
Chemicals), the protein was incubated with a 100-fold molar

excess of the ligand for approximately 5 h prior to setting up
crystallization. Crystals were obtained using the conditions
reported for the crystallization of PfTIM (Parthasarathy,
Balaram et al., 2002), with a crystallization cocktail containing
0.1 M sodium acetate pH 4.0-5.5 and polyethylene glycol 1450
(Sigma Chemicals) varying from 8% to 24% in the reservoir.
The hanging drop contained 3 pl protein with 3 pl crystal-
lization cocktail and the reservoir buffer contained 500 pl
crystallization cocktail. Crystals appeared within 2 d and grew
to the required size within 4-5 d. Reservoir buffer with 20%
glycerol was used as a cryoprotectant before flash-freezing the
crystal in liquid nitrogen. For soaking experiments, the crystals
were soaked in 10 pl reservoir buffer containing 100 mM
ligand and 20% glycerol as a cryoprotectant. X-ray diffraction
data were collected using a Rigaku rotating-anode X-ray
generator and a MAR Research image-plate detector system.
A data set for the F96S mutant cocrystallized with 3PG was
collected at a wavelength of 0.93 A on synchrotron beamline
BL44XU at SPring-8, Hyogo, Japan using a DIP-2040b image-
plate detector. The data-collection statistics for all data sets
are shown in Table 2.

The 1.1 A PfTIM crystal structure (PDB code 105x) was
used as a model for the structure determination of the mutants
and their complexes. The coordinates of 105x were modified
by removing the loop 6 residues, ligand, water molecules and
alternate conformations. For all crystals isomorphous with
1o5x, difference density maps were calculated using the
corresponding data. Molecular replacement was run using
MOLREP from the CCP4 package (Collaborative Computa-
tional Project, Number 4, 1994) with 105x, modified as above,
as the model for the FO6H mutant and for the wild-type
enzyme after soaking in 3PG. Refinements of all the models

99 10(? 11(?
P.fal EIAKDLNIEYVIIGHFERRKYFHETDEDVRE
L.mex PILKDIGVHWVILGHSERRTYYGETDEIVAQ
T.cru QILKDYGISWVVLGHSERRLYYGETNEIVAE
T.bru PILKDFGVNWIVLGHSERRAYYGETNEIVAD
G.lam EMLQDMGLKHVIVGHSERRRIMGETDEQSAK
Human GMIKDCGATWVVLGHSERRHVFGESDELIGOQ
Yeast DQIKDVGAKWVILGHSERRSYFHEDDKFIAD
Rabbit GMIKDCGATWVVLGHSERRHVFGESDELIGOQ
Chick AMIKDIGAAWVILGHSERRHVFGESDELIGQ

.ele AMIKDLGLEWVILGHSERRHVFGESDALIAE
.his GMLVDCQVPYVILGHSERRQIFHESNEQVAE
.col AMLKDIGAQYIIIGHSERRTYHKESDELIAK
.mar AMLKEFGATHIIIGHSERREYHAESDEFVAK
AMIKDVGADWVILGHSERRQIFGESDELIAE
RMLSDLGCRYAIVGHSERRRYHGETDALVAE
.ste VMLKDLGVTYVILGHSERRQMFAETDETVNK
.mar LMLQEIGVEYVIVGHSERRRIFKEDDEFINR
.ten ENIKEAGGSGVILNHSEAP....LKLNDLAR
.woe EAVKEAGAVGTLLNHSENR....MILADLEA
.jan EAIKDCGCKGTLINHSEKR....MLLADIEA

A

TUvHATHEA<EEQN
Iy
=g
(1]

Figure 1

A section of the structure-based sequence alignment of TIMs of known
structure. The position corresponding to Phe96 of PfTIM is highlighted in
grey and marked by a triangle. The sequence numbering at the top
corresponds to PfTIM. The alignment was obtained using MUSTANG
(Konagurthu et al., 2006) and represented using ESPript (Gouet et al.,
1999).

Acta Cryst. (2009). D65, 847-857

849

Gayathri et al. « Triosephosphate isomerase



research papers

Table 1

Characterization of the F96 mutants.

Expected Observed K., GAP# keat K K;, 3PG Ratio of k.,/Ky,
Protein masst (Da) mass (Da) (mM) kea$ (min™h) (min~' mM ) (mM) (mutant/WT)
WT 27831.0 27829.8 0.39 £ 0.049 (254 £0.19) x 10° 6.51 x 10° 1.9 +£0.5 1
F96S 27771.4 27770.6 2.18 £ 0.028 (3.72 £ 0.28) x 10° 1.71 x 10° >5 0.0026
F96H 27821.5 27821.4 2.62 £ 0.042 (1.11 £ 0.03) x 10* 423 x 10° >5 0.0064
Foow 27870.6 27869.0 1.20 £ 0.056 (1.48 £ 0.05) x 10° 1.23 x 10° >5 0.1889

+ The expected mass for the wild type and mutants was calculated with Val at position 163.
0.47 mM (Putman et al., 1972), respectively.
respectively.

Table 2

Crystallographic data-collection statistics.

Values in parentheses are for the last resolution shell.

i The K, values for yeast and chicken TIM are 1.27 & 0.06 mM (Kreitsch et al., 1970) and
§ The ke, values for yeast and chicken TIM are 1 x 10° min~" (Kreitsch et al., 1970) and 2.56 x 10° min~' (Putman et al., 1972),

F96S, unliganded F96H, unliganded

F96S, liganded

F96H, liganded WT-3PG, loop closed F96W, liganded

Space group P2, P2, P2, P2, P2, P2,
Unit-cell parameters

a (A) 535 534 53.8 90.2 53.6 535

b ({\) 50.7 50.7 50.8 471 51.1 51.1

c(A) 89.1 89.1 87.0 109.1 92.1 86.5

B () 923 922 92.5 96.6 982 924
Resolution range (A) 50-1.4 (1.45-1.4) 50-1.7 (1.76-1.7) 50-2.2 (2.8-2.2) 50-1.95 (2.02-1.95) 50-2.25 (2.33-2.25) 50-2.0 (2.07-2.0)
No. of unique reflections 90838 49710 23622 62256 22598 31777
Redundancy 33(32) 2.3 (2.1) 29(2.1) 2.7 (2.0) 2.5(1.8) 3.0 (2.7)
Completeness (%) 96.3 (93.9) 93.8 (81.2) 97.6 (87.3) 93.3 (82.3) 95.1 (80.5) 99.6 (98.7)
Rierget 5.2 (23.8) 5.2 (234) 9.0 (41.5) 9.8 (44.2) 9.6 (38.2) 8.0 (42.1)
(Ilo(1)) 40.5 (7.0) 20.1 (4.4) 10.6 (1.9) 9.8 (1.9) 9.2 (2.3) 13.5 (2.4)

T Rumerge = 2opit 2o (k) — (I(hkD)| /> s 3= 1,(hkl), where I,(hkl) is the ith observation of I(hkl) and (I(hkl)) is its mean intensity.

were carried out using REFMACS (Murshudov et al., 1997)
and the loop 6 residues, ligand and water molecules were
added on the basis of 2F, — F. and F, — F, difference density
maps contoured at 1o and 3o, respectively. Model building
was performed using Coot (Emsley & Cowtan, 2004). A
simulated-annealing omit map (Brunger et al., 2007) for the
ligand and the neighbouring water molecules was calculated
using CNS v.1.2 (Brunger, 2007). The B factors of all the atoms
were also refined and alternate conformations were included
wherever necessary.

2.4. Structure analysis

All structural superpositions were carried out by secondary-
structure matching (Krissinel & Henrick, 2004) using Coot.
Hydrogen bonds and van der Waals contacts were identified
using the CONTACT program of the CCP4 suite based on
distance criteria of 3.5 and 4.0 A, respectively. The figures
were generated using PyMOL (DeLano, 2002). The program
VOIDOO (Kleywegt & Jones, 1994) was used for the esti-
mation of cavity volumes in the native PfTIM structure.

2.5. PDB accession codes

The coordinates and structure factors of the crystal struc-
tures have been submitted to the Protein Data Bank and the
structures have been assigned the accession codes 2vfd, 2vfe,
2vff, 2vfg, 2vfh and 2vfi for the F96S mutant and its complex
with 3PG, the FO96H mutant and its complex with 3PG, the

F96W mutant complexed with 3PG and wild-type PfTIM with
3PG bound at the active site and interface, respectively.

3. Results
3.1. Enzyme kinetics

Table 1 summarizes the kinetic parameters determined for
the wild-type P. falciparum enzyme and the three position 96
mutants. The F96S and F96H mutants show a dramatic
reduction in k., and an increase in K, . The FO6W mutant
exhibits an activity close to that of the wild type, with a k.,
value of (1.48 £ 0.05) x 10° min~' compared with (2.54 +
0.19) x 10° min~" for the wild type. Notably, the F96W mutant
possesses a much higher catalytic activity compared with the
F96S and F96H mutants, although there is a moderate
reduction relative to the wild type. There is also a decrease in
the affinity for 3PG for all of the mutants.

3.2. Crystal structures

All of the structures have been refined to reasonable Ry ok
and Ry values and good geometry (Table 3). The presence of
the mutation was confirmed by DNA sequencing, by mass
spectrometry (Table 1) and by examining the electron density
at position 96 in the F96S, FO6H and FO6W mutant structures.
Crystallization of the F96S and F96H mutants in the presence
of 50 mM 3PG yielded crystals of diffraction quality. The
electron-density map revealed that the active site was
unliganded, with loop 6 in the open conformation (Table 4),
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Table 3

Refinement statistics.

F96S, unliganded

F96H, unliganded

Resolution range (A) 50-1.4 50-1.7
R factort (%) 18.9 20.5
Rireet (%) 20.7 228
Model quality
No. of atoms
Protein 3951 4020
Water 643 482
Ligand
3PG — —
Glycerol - -
Sulfate . 5 —
Average B factor (A?)
Protein 14.5 19.5
Water 26.2 28.4
Ligand
3PG — —
Glycerol — —
Sulfate 211 —
R.m.s.d. from ideal
Bond length (A) 0.005 0.006
Bond angle (°) 0.8 0.8
Residues in Ramachandran plot (%)
Most allowed 952 93.8
Allowed 4.8 6.0
Generously allowed 0.0 0.2
Disallowed 0.0 0.0
PDB code 2vfd 2vif

F968S, liganded

F96H, liganded

WT=3PG, loop closed F96W, liganded

50-2.2 50-1.95 50-2.25 50-2.0
20.7 19.5 17.9 19.1
26.7 238 232 24.0
3906 7810 3956 4064
267 662 349 426
22 44 44 22
12 — — —
342 20.8 227 247
37.9 304 293 36.0
28.7 18.7 292 41.6
49.0 — — —
0.007 0.008 0.012 0.01
1.0 0.9 1.4 1.2
94.0 94.2 93.6 93.6
5.5 5.7 6.0 6.2
0.4 0.1 0.4 0.2
0.0 0.0 0.0 0.0
2vfe 2vfg 2vfi 2vfh

T R factor/Reee = Y s [Fops
calculation of Rpee.

Table 4
Ligand binding and loop status in PfTIM and F96 mutant data sets.

Ligand concentration

No. of subunits

— Foel /> | Fons s Where Fopo and Fgye are the observed and calculated structure factors; 5% of the reflections were included in the test set for the

Active-site

Data set Soaked/cocrystallized (mM) per ASU ligand Interface ligand Loop status

F96S, unliganded Cocrystallized 50 2 No No Open

F96H, unliganded Cocrystallized 50 2 No No Open

F968, liganded Cocrystallized, soaked 50, 100 2 No Yes Open

F96H, liganded Cocrystallized, soaked 50, 100 4 No Yes Open

F96W, liganded Cocrystallized 50 2 Yes No Closed in A,

open and closed in B

WT-3PG Cocrystallized, soaked 50, 100 2 Yes Yes Closed

which is in sharp contrast to previous studies with wild-type
PfTIM in the presence of 3PG, which resulted in a ligand-
bound active site with an open loop 6 (Parthasarathy, Balaram
et al., 2002). Sulfates and glycerol were modelled at the active
site in the F96S mutant and 3PG-soaked F96S mutant struc-
tures, respectively. A sulfate with lower occupancy was
modelled because the observed density showed a clear tetra-
hedral character and fitting water molecules led to unex-
plained blobs of residual density during refinement. The
presence of sulfate is plausible since the protein purification
involved a step of ammonium sulfate precipitation, while
glycerol was used as a cryoprotectant. Interestingly, well
defined electron density for the ligand was observed in the
F96W mutant cocrystallized with 3PG. In the crystal structure
of the FO6W-3PG complex, the active-site loop 6 was closed in
one subunit. In the other subunit, both open and closed
conformations were observed with occupancies of 0.6 and 0.4,
respectively. The conformation of Trp96 is different in the A
and B subunits and these conformations match those of Phe96

in the open and closed states observed in previous PfTIM
structures.

Attempts to soak the F96S and F96H mutants in a high
concentration of 3PG resulted in the completely unexpected
observation of ligand binding at the dimer interface. A similar
treatment of wild-type PfTIM cocrystallized with 3PG resulted
in a structure with full occupancy of the ligand at the active
site and loop 6 in a closed conformation. Most importantly,
one ligand molecule per subunit was also bound at the dimer
interface. The results obtained in terms of loop status and
ligand binding for the wild type and mutants are summarized
in Table 4.

3.3. Ligand binding and active-site hydration

3PG was observed in the active site of the structures of the
wild-type PfTIM in the loop-closed state and of the FO6W
mutant. A superposition of the structures shows that the
phosphate position of 3PG depends on the loop 6 conforma-
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tion (Fig. 2). The position of the phosphate remains relatively
invariant for the ligand bound in the loop-closed state, while
considerable variability is observed in the phosphate position
in loop-open structures. This observation is consistent with the
previous observation that loop closure is important for
maintaining the position of the ligand for optimal activity
(Parthasarathy, Ravindra et al., 2002). The conformation of the
triose segment of the bound molecule is variable (Fig. 2).

In the F96S and F96H mutant structures, the ligand did not
bind at the active site on cocrystallization or on soaking at
high concentration. A comparison of the residues at the active
sites of the F96S and F96H mutants with those of the wild-type
structure (Fig. 3) did not show any major differences in
the conformations of the residues. Therefore, the observed
differences could be a consequence of the water structure at
the active site.

Figure 2

Superposition of 3PG bound in various PfTIM structures. 3PG molecules in the A and B
subunits of the wild-type loop-open structure (green; PDB code 1m70), the F96W mutant
(magenta) and the wild-type loop-closed structure (yellow) are shown. The 3PG molecules in
the two subunits are shown in dark and light shades. The residues in the vicinity of the active
site are shown in grey. The residues and the atoms of 3PG are labelled. This figure was

prepared in wall-eyed stereo using PyMOL (DeLano, 2002).

Figure 3
Superposition of the active site showing the residue conformations of F96S (pink), FO6H
(cyan) and wild-type PfTIM (green; PDB code 1ydv) in the unliganded structures. This figure
was prepared in wall-eyed stereo using PyMOL (DeLano, 2002).

The hydration at the active sites of the F96S, FO6H and
F96W mutant structures and in the unliganded and ligand-
bound wild-type structures was compared. Structures of a
comparable resolution of between 1.95 and 2.25 A were used
in the analysis, with the exception of the unliganded F96S
structure, which is at 1.4 A resolution. In the F96S and FO96H
mutants the stretch of water molecules extending from the
polar residue at position 96 to Ser73 can hinder entry of the
ligand into the active site. These water molecules are in turn
connected to water molecules at positions that overlap with
the position of the ligand 3PG. Hence, expulsion of these
water molecules is necessary for ligand binding. This water
network is absent in the active sites of wild-type PfTIM and
the F96W mutant, in which ligand binding has been observed.
The water molecules implicated in the loss of affinity for the
ligand at the active site have well defined density in the crystal
structures of the mutants and their B factors
are in the range of the mean B factors of the
respective structures (Table 3).

The water structure at the active site of
the mutants was also compared with that of
TIM structures from other organisms. TIM
structures at resolutions of better than of
2.3 A were chosen. The highest resolution
wild-type structure from each organism was
selected and both unliganded structures and
structures with various ligands (including
sulfate or phosphate ions) were considered.
A list of the structures used in the analysis is
given in Table 5. The analysis confirmed that
the water network connecting residue 96
and residue 73 of the adjacent subunit is
weakened by the occurrence of a hydro-
phobic residue at either position 96 or 73
and the consequent absence of an anchoring
hydrogen bond to the water molecule near
the hydrophobic residue in wild-type TIMs.
Ligands such as sulfate, phosphate and
glycerol, which are bound despite the
presence of the water network, bind in the
place of the phosphate group of the sub-
strate. Hence, the displacement of the water
molecules at the triose end of the substrate
is affected by the presence of the inter-
connecting water molecules, thus affecting
the binding of the substrate or substrate
analogue.

3.4. Ligand binding at the interface

An interesting observation during the
crystallographic analysis of the mutants was
the presence of the ligand at the dimer
interface of PfTIM. The electron density of
the ligand bound at the interface is shown in
Fig. 4(a). The ligand binding at the interface
occurs in a similar manner in the mutants
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Table 5
List of TIM structures included in the analysis of water structure at the
active site.

Resolution Ligand ID
PDB code (A) Source (as in PDB)
1mo0 1.7 Caenorhabditis elegans SO4, ACT
1m6j 1.5 Entamoeba histolytica
1tph 1.8 Gallus gallus PGH
2dp3 21 Giardia lamblia SO4
2jeq 23 Helicobacter pylori QGA, PO4
2jk2 1.7 Homo sapiens
1n55 0.83 Leishmania mexicana GOL, ACY, PGA
1if2 2 L. mexicana 129
1r2r 1.5 Oryctolagus cuniculus TRS, DMS, MG
1r2t 225 O. cuniculus
1ney 12 Saccharomyces cerevisiae 13P
1i45 1.8 S. cerevisiae
7tim 1.9 S. cerevisiae PGH
2i% 2 Tenebrio molitor TRS
lyya 1.6 Thermus thermophilus PO4, NA
1tpf 1.8 Trypanosoma brucei brucei  DMS
lith 22 T. brucei brucei 3PG
1ted 1.83 T. cruzi
2oma 2.15 T. cruzi SO4, PGE, PEG
lo5x 1.1 Plasmodium falciparum 2PG, 3PY, PO3
1lyx 1.9 P. falciparum PGA
lydv 22 P. falciparum

and the wild-type protein. Two molecules of 3PG are bound at
the interface, bridged by two water molecules. The two water
molecules are present on the twofold relating the monomers
of the dimeric TIM. Each 3PG has contacts from both the
subunits of PfTIM, the majority being from one of the sub-
units. The contacts involved in holding the ligand in place are
shown in Fig. 4(b), together with a comparison with the un-
liganded interface (Fig. 4c; PDB code 105x). The side chains of
Lys68 and Aspl08 and the main-chain atoms of Phel02 and
His103 are involved in contacts at the triose part of the ligand.
The C* position of His103 changes on 3PG binding. In addi-
tion, the imidazole rings of His103 from the A and B subunits
form a stacking interaction (Fig. 4d) and the N° atom makes
a hydrogen bond to the ligand bound to the neighbouring
subunit. The phosphate group is held in place by residues
Lys112, Arg98, Asn65 and Glul04 and water molecules.
Glu104, which occurs in alternate conformations in many of
the PfTIM structures with an unliganded interface, selectively
adopts one of the conformations such that ligand binding at
the interface is facilitated. The binding pocket occurs towards
the outer portion of the interface (Fig. 4a). This region is
identified as a cavity in the native PfTIM dimer (PDB code
lydv) with a volume of 13 A3 Only one water molecule at the
phosphate position is displaced per ligand molecule upon
binding at the interface.

3.5. Loop closure and crystal contacts

In wild-type PfTIM, a loop-closed structure was obtained
on soaking the crystals with excess ligand, suggesting that loop
closure takes place without significant changes in the crystal
structure. To examine the possibilities of loop movement in
the crystalline state, a detailed comparison between the crystal
contacts of wild-type PfTIM complexed with 3PG in the loop-

open and loop-closed structures was carried out. Analysis of
the crystal contacts shows that loop 6 is in the vicinity of
crystallographically related subunits. In the loop-open form,
Gly173 of the B subunit interacts with Asn233 of the A subunit
of the dimer related by unit translation along the b axis, while
in the loop-closed form Lys237 of the A subunit makes
contacts with Gly171 and Thr172 of the B subunit of the dimer
related by a similar translation. These are minor contacts.
However, the remainder of the contacts across the same
interface, involving Thr16A, Glul8A and Serl94 with
Glu215B and Glu238A4 with Lys237B, are maintained irre-
spective of the loop position. The residues involved in the
contacts with loop 6, Asn233 and Lys237, are flexible. Their
side chains have not been modelled consistently in many other
PfTIM structures. Hence, the loop status is not dictated by the
crystal packing and the space available for the loop at the
interface allows facile interconversion of the open and closed
forms. Instances of cell change on crystal soaking have been
reported previously for chicken TIM (Banner et al., 1976). In
the case of yeast TIM soaked in DHAP, a visible change in
crystal morphology following cell change has also been
observed (Jogl et al., 2003).

4. Discussion
4.1. Ligand binding at the active site

The kinetic data (Table 1) show a decreased catalytic effi-
ciency for the mutants, as well as a decreased affinity for
substrates and inhibitors. With the exception of FO6W, none of
the cocrystallization or soaking trials resulted in crystals of
mutant PfTIMs with ligand (inhibitor) bound at the active site.
The reduction in the catalytic rate of the FO6W mutant is less
than that of the F96S and F96H mutants. The crystal structure
of the 3PG-bound form of the F96W mutant obtained by co-
crystallization shows an increased propensity for the closed
state of the loop. The higher propensity for loop closure in the
F96W mutant can be rationalized in terms of a larger number
of van der Waals contacts between the indole ring of Trp96
and the loop residue Leul67 in the closed state. This can in
principle affect the rate of loop opening and closing and hence
slow product release, leading to a decrease in the catalytic rate.

The isomerization reaction catalyzed by TIM involves a
process in which the Glul65 carboxylic acid side chain func-
tions as the catalytic base in its anionic form and abstracts a
proton from the substrate. In the subsequent step, the
protonated carboxylic group functions as the proton donor,
delivering the proton to the same face of the enediol inter-
mediate and resulting in the formation of b-GAP from the
achiral DHAP (Raines & Knowles, 1986; Raines et al., 1986;
Straus et al., 1985; Cui & Karplus, 2002; Bash et al., 1991). Such
a finely tuned proton-transfer process will be facilitated by the
exclusion of water from the immediate vicinity of the reactive
functionalities.

The role of water in maintaining the catalytic efficiency of
TIM has been considered previously (Zhang et al., 1999). In
the unliganded structures, water molecules are present at the

Acta Cryst. (2009). D65, 847-857

853

Gayathri et al. « Triosephosphate isomerase



research papers

positions corresponding to the O atoms of 3PG. Ligand
binding at the active site is accompanied by displacement of
water molecules, as can be observed from Fig. 5(a), which
shows a superposition of the unliganded (PDB code lydv;
22 A resolution) and ligand-bound (PDB code 1m7o0; 2.4 A
resolution) structures of wild-type PfTIM. Closure of loop 6
leads to further expulsion of water molecules from the active
site. The superposition of the loop-open and loop-closed

LYS-112

structures of PfTIM with the bound ligand 3PG highlights the
water molecules that are displaced on loop closure (Fig. 5b).
Previous studies on rabbit TIM (Aparicio et al., 2003) have
shown that a number of water molecules are displaced on
ligand binding and loop closure. A water molecule essential
for activity is also associated with the catalytic Glu165, which
changes from a swung-in to a swung-out position during
catalysis (Zhang et al., 1999). The structure of the S96P mutant

Figure 4

Ligand binding at the dimer interface. (a) TIM dimer with 3PG bound at the interface. Electron density (simulated-annealing F,, — F, omit map
contoured at 2.50) for the ligand bound at the interface in the F96H mutant is shown. The two subunits are coloured in different shades. This figure was
prepared in wall-eyed stereo using PyMOL (DeLano, 2002). (b) Interactions at the unliganded interface (PDB code 105x). The residues are shown in
ball-and-stick representation and the water molecules are shown as spheres. The hydrogen-bonding distances are labelled. (¢) Interactions of bound
3PG at the interface. The bound 3PG molecules are shown in yellow. (d) Difference in the main chain at His103 in the interface-bound (green) and
unbound (magenta) forms of PfTIM. A stacking interaction between the histidines can be observed in the 3PG-bound structure. This figure was prepared
in wall-eyed stereo using PyMOL (DeLano, 2002).
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of yeast TIM suggests that the mutation affects the activity
because of the removal of a water molecule attached to the
backbone N atom of residue 96 (Zhang et al., 1999).

The occurrence of a strong water network that can hinder
ligand binding in the F96S and F96H mutants could be a

[+ (%}
(%] (%)
© ©
(* (%)
© ©
° 80 © ° 80 (%)
(+] © (+] (]
(] (]
© ©
LU-165 LU-165
©
®
HIS-95 HIS-95
©
(*]

LU-165

)
© *
: Q\ﬂ
HIS-95
] (b)
Figure 5

Changes in the water structure at the active site accompanying ligand binding and loop closure.
Loop 6 is shown in cartoon representation, while the active-site residues are shown in ball-
and-stick representation. The respective water molecules are shown as spheres in the
corresponding colours. The water molecules in the neighbourhood (<4 A) of the loop residues
are shown in a lighter shade compared with the water molecules within 4 A of the bound ligand
at the active site. All the water molecules shown in the figure have been included during
structure solution on observation of electron density corresponding to 2F, — F_ at the 1o level
or F, — F, at the 30 level following refinement. The figures were prepared in wall-eyed stereo
using PyMOL (DeLano, 2002). (a) Superposition of the unliganded wild-type PfTIM structure
(magenta; PDB code 1ydv; 2.2 A resolution) and the wild-type PfTIM-3PG complex with loop
open (green; PDB code 1m70; 2.4 A resolution). (b) Superposition of the wild-type PfTIM
3PG-bound structures with loop open (green; PDB code 1m70; 2.4 A resolution) and loop
closed (blue; PDB code 2vfi; 2.25 A resolution).

consequence of the presence of hydrophilic residues at both
residue positions 96 and 73. The overwhelming majority of
TIM sequences possess the Ala73/Ser96 pair, while the plas-
modial sequences contain the Ser73/Phe96 pair. The selection
of compensatory mutations during evolution appears to be a

consequence of the pressure to maintain
active-site hydration at an optimal level.
Thus, a combination of hydrophobic and
hydrophilic residues at the two positions is
maintained in TIM, such that the water
molecules can be displaced with relative
ease to make way for the ligand. The role of
the water network in ligand binding needs to
be further probed by experiments with an
F96S/S73A double mutant of PfTIM.

4.2. Ligand binding at the interface

An unexpected result of the present study
is the observation of binding of the 3PG
ligand at a well defined site at the dimer
interface. This is the first example of crys-
tallographic characterization of the binding
of a triose phosphate inhibitor at the inter-
face. Of the residues involved in binding
the ligand at the interface, Asn65, Arg98,
Glul04 and Lys112 are conserved in TIMs
from other species, Phel02 and His103 are
not conserved but interact with 3PG
through main-chain atoms and Lys68 and
Aspl08 are not conserved (Fig. 6a). Hence,
it is possible that the ligand/substrate can
also bind at the interface in several other
TIMs. There have been previous reports
from docking studies that benzothiazoles
may interact favourably with the aromatic
patch at the dimer interface (Espinoza-
Fonseca & Trujillo-Ferrara, 2005). The
crystal structure of 7. cruzi TIM complexed
with  3-(2-benzothiazolylthio)-1-propane-
sulfonic acid shows the ligand bound near
the interface (Tellez-Valencia et al., 2004).
The observed site of binding differs from
that reported in the present study for 3PG.
Organic solvent molecules have also been
shown to occupy positions in the dimer
interface, as observed in the crystal structure
of T. cruzi TIM soaked in hexane (Gao et al.,
1999).

An interesting feature of 3PG binding to
the two distinct sites in PfTIM is the marked
difference in the nature of the interactions
made by the negatively charged phosphate
group. At the active site, there appears to be
very little electrostatic anchoring of the
phosphate, as seen from the structures of
several TIM ligand complexes. Indeed, the

Acta Cryst. (2009). D65, 847-857

855

Gayathri et al. « Triosephosphate isomerase



research papers

three phosphate O atoms form hydrogen bonds to neutral
donors, namely the main-chain amides of Ser211, Gly232 and
Gly171, the side-chain OH of Ser211 and water molecules
(numbering according to PfTIM; Fig. 6b). The only charged
group in the vicinity is the ¢-amino group of Lysl12, which
approaches the phosphate ester O atom (N—O distance of
34 A; Fig. 6b). In contrast, the ligand-binding site at the
interface reveals that the phosphate group is anchored by two
positively charged residues, Arg98 and Lys112, both of which
make hydrogen bonds to two of the phosphate O atoms
(OC2---Arg98 NH2, 2.87 A; OC3---Lysl12 NZ, 2.63 A;
Fig. 6¢). Additionally, the third phosphate O atom approaches

'7(? 10(?
P.fal GIQ[VS[JFGN HFE[IRKY TDE[?]
L.mex SAE[AI|l|AKS HSE[RTY TDE
T.cru AAQAI||TRS HSE[RLY TNE
T.bru AAQAI||AKS HSE[IRAY TNE
G.lam AAQ[[VYl|EGN HSEI:IRRI TDE
Human AAQUCY|{4VTN HSE[:RHV SDE
Yeast GAQUAY/|KAS HSE[:RSY DDX|
Rabbit AAQUCY|{dVTN HSE[:HRHV SDE
Chick AAQ[CY|{VPK HSE|:IRHV| SDE
C.ele AAQNCY|{dVPK HSE[:RHV SDA
E.his SAE[|AW| |TKS HSEI:IRQOT SNE
E.col GAQUVNIINLS HSE[RTY SDE
V.mar GAQ||TD||NNS HSE[:IREY SDE
T.tenc AAQ[(CY|{VPK HSE|:IRQT SDE
T.the GAQ|)|VS[:IHKE HSE[|:IRRY TDA
B.ste GAQ[{MH{ADQ HSE|:IROM TDE
T.mar GAQ|VF}{EDQ HSE/:RRI DDE

©)

Figure 6

(a) Conservation of residues involved in binding 3PG at the dimer interface. The residues involved in 3PG
binding are highlighted. Conservation is denoted by the symbols at the base of the alignment: stars for
conserved residues, triangles for nonconserved residues involved in backbone interactions with 3PG and
circles for nonconserved residues. The alignment was generated by a structure-based sequence alignment
of all TIM structures using MUSTANG (Konagurthu et al., 2006) and represented using ESPript (Gouet et
al., 1999). Other residues conserved with 100% identity are shown in bold letters. The residue numbering
shown at the top of the alignment correspond to PfTIM. (b) 3PG bound at the active site of PfTIM in the
loop-closed state. (¢) 3PG bound at the interface of PfTIM. His103 from the adjacent subunit involved in
binding of the ligand is shown in a darker shade.

two potential hydrogen-bond donors Asn65 and Glul04,
which are two highly conserved residues in TIMs. Glul04 is
essential for maintenance of the dimer interface in TIM owing
to a conserved water network of buried water molecules that
bridges the two subunits (Rodriguez-Almazan et al., 2008).
The formation of a hydrogen bond would require Glu104 to be
protonated. This is feasible as the soaking experiments were
carried out at pH 5.0.

Can ligand binding at the interface of PfTIM have any
biochemical significance? The possible physiological relevance
of methylglyoxal formation by naturally occurring TIM
mutants identified in drosophila (Gnerer et al., 2006) provides

fresh input for the examination of

the mechanistic basis of the
110 phosphate-elimination reaction.
VRE[LQ The striking differences between
VAQEIVS the protein-ligand contacts at the
VAE|VA . . h .
vaDl VA two sites r'fnse the .questlon
SAKIAK whether the interface site could
IGQEIVA indeed facilitate the undesired
%ég ;‘;i phosphate-elimination reaction.
IGOIAVA Previous studies have indeed
IAE[ITV demonstrated that chicken TIM
VAE|IVEK converts DHAP to methylglyoxal
TAKLIE A by phosphate elimination (Camp-
VAK|{F A y phosp 1P
IAE[VC bell et al., 1979). Further studies
VAE[JAK of specifically designed TIM
VNKESVL mutants and comparisons with
INRJVK

methylglyoxal synthase (Saadat &
Harrison, 1998, 1999, 2000; Marks
et al.,2001) are necessary in order
to establish whether the addi-
tional binding site reported in the
present study is of relevance
in understanding the undesired
elimination reaction that leads to
the toxic metabolite methyl-
glyoxal.

Before the structures reported
in this communication became
available, it was assumed that the
S96F mutation that is exclusively
observed in P. falciparum TIM
merely influences the loop
dynamics. However, the struc-
tures reported here illustrate that
Phe96 of PfTIM plays a crucial
role in both ligand binding and
© loop movement. The presence of
Phe96 and Leul67 facilitates the
occurrence of the loop-open state
of PfTIM, while retention of the
ligand in the TIM with increased
probability of the loop-open state
is controlled by water-mediated
interactions involving Ser73 and
Asn233. Thus, residues Phe96,
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Ser73, Leul67 and Asn233, all of which are unique to PfTIM,
have been chosen by natural selection to maintain the catalytic
efficiency of triosephosphate isomerase in P. falciparum.
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