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Triose-phosphate isomerase, a key enzyme of the gly-
colytic pathway, catalyzes the isomerization of dihy-
droxy acetone phosphate and glyceraldehyde 3-phos-
phate. In this communication we report the crystal
structure of Plasmodium falciparum triose-phosphate
isomerase complexed to the inhibitor 2-phosphoglycer-
ate at 1.1-A resolution. The crystallographic asymmetric
unit contains a dimeric molecule. The inhibitor bound to
one of the subunits in which the flexible catalytic loop 6
is in the open conformation has been cleaved into two
fragments presumably due to radiation damage. The
cleavage products have been tentatively identified as
2-oxoglycerate and meta-phosphate. The intact 2-phos-
phoglycerate bound to the active site of the other sub-
unit has been observed in two different orientations.
The active site loop in this subunit is in both open and
“closed” conformations, although the open form is pre-
dominant. Concomitant with the loop closure, Phe-96,
Leu-167, and residues 208-211 (YGGS) are also observed
in dual conformations in the B-subunit. Detailed com-
parison of the active-site geometry in the present case
to the Saccharomyces cerevisiae triose-phosphate iso-
merase-dihydroxy acetone phosphate and Leishmania
mexicana triose-phosphate isomerase-phosphoglycolate
complexes, which have also been determined at atomic
resolution, shows that certain interactions are common
to the three structures, although 2-phosphoglycerate is
neither a substrate nor a transition state analogue.

Triose-phosphate isomerase (TIM)! is a ubiquitous glycolytic
enzyme that catalyzes the isomerization of dihydroxy acetone
phosphate (DHAP) and glyceraldehyde 3-phosphate through
the intermediate formation of cis-enediol(ate(s)). Commenting
on the catalytic efficiency of TIM, Knowles (1) states “This
enzyme (TIM) appears to have arrived at the end of its evolu-
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tionary development as a catalyst.” It has been argued that the
evolutionary pressure for TIM to be a perfect catalyst has been
intense, since for “flight or fight” there is an instant require-
ment for muscle ATP. The catalytic reaction of TIM is chemi-
cally simple and involves intermolecular protonation and dep-
rotonation between the enzyme and substrate. The enzyme
achieves the proton transfers with the help of certain elements
as catalytic tools, a 10-residue loop that closes over the active
site and stabilizes the reaction intermediate and a catalytic
base and an acid to perform the enolization steps (1). It is
believed that catalysis is a result of stronger binding of the
enzyme to its transition state than to the initial enzyme-sub-
strate complex (2). Although various schemes for this reaction
have been proposed (for a review of the schemes, see Cui and
Karplus (3)), the most frequently discussed mechanism is the
one that involves Glu-165 as the catalytic base in the first
proton transfer and His-95 as the catalytic acid for the rest of
the reaction (3) (Fig. 1a). Despite numerous experimental (4-9)
and theoretical studies (10, 11), the precise mechanism of the
multi-step reaction catalyzed by TIM is still under active
discussion.

The other most-studied part of this enzyme is its catalytic
loop 6 dynamics. McDermott and co-workers (12 and 13) have
done elegant NMR studies on the motion of loop 6 and sug-
gested that loop motion and product release are probably con-
certed and likely to represent a rate-limiting step for the cat-
alytic reaction. However, the participation of loop 6 (residues
166—176) in positioning the catalytic base with suitable geom-
etry, in protecting the reaction intermediates in its closed state,
and in allowing ligand binding and release in its open state are
not well understood. To enlighten on all these aspects of this
enzyme, it is essential to have a pool of atomic resolution
structures of the enzyme complexed with substrate and tran-
sition state analogues that will lead to an appreciation of the
structural rearrangements at the active site during catalysis.

We present here the structural details at 1.1-A resolution of
Plasmodium falciparum (Pf) TIM complexed to an inhibitor
2-phosphoglycerate. Unlike the physiological substrate glycer-
aldehyde 3-phosphate, the phosphate group is attached to the
C2 carbon in 2-phosphoglycerate (2PG) and has an additional
negative charge and an extra oxygen atom (Fig. 1b). Earlier
structural studies on PfTIM-ligand complexes (14, 15) suggest
that a suitable substitution at the C2 carbon of 3PG could be
potentially interesting as a lead for anti-malarial drug design.
The structure of the PfTIM-2PG complex provides further in-
sights on this possibility and shows how the interactions of the
carboxy, phosphate, and hydroxyl groups of the ligand with the
protein are altered due to change in the phosphate position. We
also present a comparative analysis of this structure with the
other two atomic resolution TIM structures, yeast TIM com-

52461

0T0Z ‘9T 1snbny uo ‘1sanb Aq Blo ogl-mmm wol papeojumod


http://www.jbc.org/

High Resolution Structure of PfTIM-2PG Complex

a N N N
/ )Hls 95 /N) Hisgsg /@) His 95
N N
H H
oF o OH
HO.I\ 22 /®= HO jCI = HO Cl =
o“f‘/ \\C:'Hz —_ \C/ \CHZ/-® ..q—.:_:‘ \C/ \\CHZ/®
H A &L |-‘|
coo™ COOH COOH
erlu 165 Glu165 Glu 165

[oHaP)

|enediolate -1(EDT1)|

| enediol (EDL1) |

/OH

0 =
N C\\CH2/® s
H

H

Ccoo™

.JJI Glu165

b H H
(”3 T \C/
N
o—p—0—C—=C OH
.
_ VR
DHAP
H
I
(o] H O

o |
N

CH;
H

COOH

/r" Glu165

[enediolate-2 (EDT2) |

o~ H  OH o
GAP
H H
©. l
>C _T__ c| —0—H

g o H
|
&
2PG

Fic. 1. a, structures of substrates and intermediates in TIM catalysis (3); b, structures of ligands in the known atomic resolution complexes of
TIM. The terminal oxygen atoms of 2PG may be protonated at the pH of crystallization (pH 4.5). GAP, glyceraldehyde 3-phosphate.

plexed to the natural substrate DHAP (16) and Leishmania
mexicana TIM complexed with the transition state analogue
2-phosphoglycolate (17).

EXPERIMENTAL PROCEDURES

Crystallization and Data Collection—Cloning, overexpression, and
purification of PfTIM followed the procedures described earlier (18, 19).
2PG as the sodium salt was purchased from FLUKA chemicals. The
purity of the sample was checked using electrospray ionization mass
spectrometry and found to be nearly free of contaminants. Crystals of
PITIM-2PG complex were grown at the synchrotron station at EMBL-
Hamburg using the hanging drop method. The reservoir solution con-
tained 8 —24% polyethylene glycol 1450 and 100 mM sodium acetate (pH
4-5.0). The protein concentration was 10 mg/ml. Protein and the ligand
were mixed well, in molar ratios of either 1:50 or 1:100 before crystal-

lization and allowed to equilibrate for 1 h. The cryoprotectant used was
20% glycerol dispersed in the crystallization buffer. Diffraction data
were collected at 100 K at the X11 beam line of DESY maintained by
EMBL-Hamburg. The wavelength of radiation was 0.9083 A, produced
using dosage mode. Reflections were recorded on a MAR165 mm CCD
detector system. The data were processed using DENZO and scaled
using SCALEPACK (20). The crystal belongs to the monoclinic P2,
space group with a dimer in the asymmetric unit (see Table I).
Structure Solution and Refinement—The orientation and position of
the dimeric molecule in the P2, cell were determined using the molec-
ular replacement program AMoRe (21, 22) starting from the structure
of native PfTIM determined at 2.1 A (PDB code 1YDV) (19) as the
phasing model. The molecular replacement model was improved by
several rounds of refinement using CNS (23). Visual inspection of 2F, —
F, and F, — F, Fourier electron density maps and manual model
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TABLE 1
Data collection and refinement statistics of PfTIM-2PG complex

r.m.s.d., root mean square distance.

Intensity data statistics
Radiation wavelength
Space group
Cell parameters

Resolution range
No. of reflections measured
No. of unique reflections
Overall completion
Average I/a(I)
Ry’ (overall)
R’ (1.12-1.10 A) )
Completeness in 1.12-1.10 A shell
Refinement statistics
Ry and R, (final)
r.m.s.d. in bond length
r.m.s.d. in bond angle
Anisotropy
Protein
Mean
[0
Solvent
Mean
[0
Ligand atoms
Mean
o
Mean isotropic equivalent B factor
Protein
Solvent
Ligand atoms

1.1A
. P2, "
a=5449A b =5090Ac=8901A
B =91.90°
30.0-1.1A
777,359
181,972
95.3%
13.887
4.2%
46.4%
87.3%

16.3 and 13.1 % (>4 o)
17.1 and 13.3% (for all data)
0.014 A
2.256°

0.427 A2
0.0172 A*

0.389 A?
0.142 A?

0.374 A?
0.183 A2

14.60 A2
30.59 A2
28.57 A?

¢ Based on SHELXPRO analysis of .fef file for 170,251 reflections.
*R =100 X 3| — L,[/31.

symm

rebuilding were performed with O and FRODO (24). The addition of
ligands and 288 water molecules and refinement up to 1.1 A resulted in
R and Ry, values of 0.235 and 0.247, respectively. Further refinement
was continued with SHELX-97 (25), subjecting the structure to cycles of
isotropic conjugate gradient least squares refinement. After extending
the resolution to the limit of 1.1 A and including several additional
water molecules, R/R;,,. values were 0.178/0.199, respectively, for F, >
40(F ). For further improvement of the model, tightly restrained aniso-
tropic displacement parameters were introduced and refined as recom-
mended (26, 27). This reduced both R and R, values by ~3%. The final
refinement cycle resulted in an R/R;,,, values of 0.133/0.171. The final
refined structure was subjected to PROCHECK (28) for further assess-
ment of errors. 433 of 450 non-glycine residues were found with (¢, )
values in the most favored region of the Ramachandran plot. 17 non-
glycine residues were in the additional allowed region. The atomic
resolution allowed detailed interpretation of electron density including
chain disorder, anisotropy, and determination of specific ligand
occupancies.

RESULTS

The final protein model obtained by refinement at 1.1 A of
resolution corresponds to R and Ry, values of 13.3 and 17.1%,
respectively, and has good stereochemical parameters (Table I).
96% of the protein residues lie in the most favored region of the
Ramachandran map. The crystallographic asymmetric unit
contains two subunits (A and B) related by a non-crystallo-
graphic 2-fold axis. In both the subunits the final refined elec-
tron density was unambiguous for most of the protein atoms
except for a few side chains on the protein surface. Totally
excluding the loop 6 residues, 11 residues in the A-subunit and
16 residues in the B-subunit were built in more than 1
conformation.

Despite the similar structures of the two subunits (root mean
square distance for the superposition of all Ca positions (open
form) is 0.25 A), the electron densities at their active sites were
considerably different. The electron density observed at the
active site of the A-subunit did not account for an intact 2PG

molecule but contained two pieces of unequal size. Careful
examination of the interactions at the active site helps us to
assign 2-oxoglycerate and meta-phosphate as plausible candi-
dates for the larger and the smaller fragments, respectively. In
this subunit, loop 6 is observed in an open conformation. In the
B-subunit, the catalytic loop 6 has adopted both open and
closed forms. The density fits the open conformation of loop 6
very well. The density corresponding to the closed conformation
of loop 6 is well defined except for small breaks in the main
chain density at residues 168, 170, and 172. There is no density
for the side chain of Ile-170 in the closed form. The occupancies
of the two conformations were restrained to add to unity in the
refinement, which resulted in site occupancy of 0.62 for the
open form. Consistent with the dual conformation of open and
closed forms of loop 6 in the present case, residues 209-211
were also found in two conformations. In this subunit the
electron density corresponding to the ligand at the active site
was larger in extension than that of a single 2PG molecule. In
addition, refinement of a fully occupied 2PG followed by differ-
ence Fourier calculation led to the appearance of negative
electron density at the ligand surrounded by positive density,
suggesting a partial occupancy for the built ligand. Systematic
comparison of TIM complexes shows that the position of the
phosphate moiety differs between the loop closed and the loop
open forms of the enzyme (data not shown). The displacement
of the phosphorous atom between the two forms is around 1.5
A. Because loop 6 adopts both open and closed conformations in
the B-subunit (see “Discussion”) it may be anticipated that the
ligand also has two orientations. Careful inspection of the
features of the electron density map showed that this is indeed
the case. These two orientations of 2PG are referred to as LIGO
and LIGC, corresponding to loop open and closed forms respec-
tively in the following paragraphs.

The mean anisotropy (26) of the protein atoms is 0.432 with
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a S.D. of 0.171. These correlate with the standard values (0.45,
0.15, respectively) as evaluated by Merritt (27). There is asym-
metry of anisotropic displacement parameters of the main
chain atoms between the subunits (Fig. 2a). The stretch of
residues 180-200 shows the maximum difference in anisot-
ropy between the subunits. These residues are more aniso-
tropic in the B-subunit (A < 0.2) compared with the A-sub-
unit (A > 0.4). The maximum anisotropy is observed for
Lys-186 in the B-subunit (0.04). The isotropic thermal pa-
rameters also appear to be very high for these residues in the
B-subunit compared with the A-subunit (Fig. 2b). Examina-
tion of the crystal packing for these residues suggests that
the observed asymmetry could be an effect of the differences
in crystal environment.

DISCUSSION

This high resolution structure determination of the complex
2-phosphoglycerate with P. falciparum triose-phosphate iso-
merase reveals the following features, 1) chemical cleavage of
the ligand molecule bound to the A-subunit, presumably due to
radiation damage, 2) predominance of the open conformation of
catalytic loop 6 in the B-subunit, even in the presence of the
bound ligand, a feature that appears to be a specific character-
istic of the Plasmodium enzyme (14, 15) and the observation of
two distinct conformations for several residues that correspond
to open and closed forms of loop 6 at the active site of the
B-subunit, and 3) the observation of two distinct positions for
the ligand in the B-subunit. Each of these features is consid-
ered in detail.

Interpretation of the Fragmented Ligand Electron Density in

50 100 130 200 250
Residue numbar

Subunit A—The density at the active site of the A-subunit is
fragmented and does not account for an intact 2PG molecule.
The first impression obtained by the inspection of the frag-
mented density was that it might correspond to a glycerol used
as the cryoprotectant and an acetate ion contained in the crys-
tallization buffer. However, the density for glycerol was not
symmetric about the C2 carbon; on the other hand, the branch-
ing at C1, which is expected for a carboxylate ion, was clearly
visible (Fig. 3a). A second plausible interpretation of the den-
sity assigned the fragments as 2-oxoglycerate and meta-phos-
phate ion. The 2-oxoglycerate fits the larger fragment well. The
identification of meta-phosphate ion as responsible for the
smaller fragment is supported by the following. 1) One of the
oxygen atoms, O1P, of the meta-phosphate interacts with OG
atom of Ser-211. Another oxygen atom, O3P, shares a hydrogen
bond with amide N of Asn-233. The position of this molecule is
such that the third oxygen atom, O2P, points to the solvent
region and could be hydrogen-bonded to a disordered solvent
molecule. A weak hydrogen bond exists between this oxygen
atom and ND2 of Asn-233. Also, various water-mediated
hydrogen bonds made by O1P and O3P with the polypep-
tide stabilize the ion (Fig. 3b6). 2) Although unstable, the oc-
currence of meta-phosphate has been proposed as an interme-
diate in reactions of phosphate monoesters based on various
experiments (29).

The observed cleavage of 2PG into 2-oxoglycerate and meta-
phosphate may be a consequence of damage due to the synchro-
tron radiation. Cleavage of the phosphorus-oxygen bond under
such conditions has not been reported earlier. However, it is
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Fic. 3. a, stereo diagram illustrating the broken density corresponding to the ligand in the A-subunit of PfTIM-2PG complex. After completing
the refinement of the complex, the fragments corresponding to the ligand were deleted, and the rest of the model was subjected to conjugate

gradient least squares refinement in SHELX97. The figure shows the resulting mF,

— DF, o-weighted map contoured at 2.5 o. The catalytic

residues are shown in black. The figure was generated using BOBSCRIPT. b, interactions of 2-oxoglycerate (20G) and meta-phosphate ion (POH)
in the A-subunit of PfTIM-2PG with the protein and water molecules. The hydrogen bonding interactions shown as dotted lines were identified by
a distance criterion of 3.5 A between suitable donor-acceptor atoms. The figure was generated using MOLSCRIPT.

known that exposure of bio-macromolecules to ionizing radia-
tion results in damage (30-34). Some of the radiation induced
damages commonly observed in protein structures even at
cryogenic temperatures are cleavage of disulfide bonds (34),
decarboxylation of acidic residues (35, 36), increase in atomic
B-factors, and increase in unit cell volume (37). The present
observation suggests that the energy-rich phosphoester bond is
also susceptible to radiation damage.

It should be stressed that the meta-phosphate ion (monoan-
ion, POg, or dianion, POZ") has been generally thought to be
too unstable to exist in solution (38—40). An alternative fit to

the smaller fragment of the electron density could be an acetate
ion. In principle, the acetate ion would be anticipated to form
two hydrogen-bonding interactions, in contrast to the meta-
phosphate, which has three oxygen atoms available for accept-
ing hydrogen bonds. Examination of the potential hydrogen-
bonded interactions reveals that there are two strong bonds
involving two of the phosphate oxygen atoms, whereas the
third oxygen is close to the ND2 of Asn-233 (3.56 A). This may
or may not correspond to a hydrogen bond as the temperature
factor of ND2 of Asn-233 is high (45 A2). However, the third
oxygen atom is in contact with the solvent favoring its assign-
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ment to a polar oxygen. In recent years, the structures of
several chemically unstable reactive intermediates of carbenes
and radicals have been characterized by x-ray analysis. It is
therefore possible that the smaller density corresponds to an
unstable meta-phosphate ion stabilized by favorable interac-
tions with the proximal groups on the enzyme.

Conformations of the Catalytic Loop 6—It is believed that
the catalytic loop 6 in TIM stabilizes the reaction intermediate
and the transition states (41), protects the active site from
contact with the bulk water (42), and prevents the phosphate
elimination reaction (43). The dynamics of this loop in TIM
have been probed by NMR and molecular dynamics studies (12,
13, 44—48). Solid state NMR experiments on yeast TIM (47)
show that the loop motion is an inherent property of the protein
and the time scale of the loop dynamics is of the order of 100
us. Temperature-jump relaxation spectroscopy has recently
been used to show that the substrate release is kinetically
limited by loop opening (49). It was shown earlier that the
stabilization of the closed form of the loop significantly con-
tributes to TIM catalysis (50). This may not be true in the
case of PfTIM as the structures of complexes of PfTIM with
G3P and 3PG reported earlier (14, 15) suggest a preference of
loop 6 for the open conformation. This prevalence of loop 6 in
the open form in PfTIM can be attributed to the active site
substitution found at the position 96. This residue is serine in
all TIM sequences except Plasmodium species, where it is the
more bulky phenylalanine. However, in the PGA complex of
PfTIM, loop 6 is closed in the C2 form and open in the P2,2,2;
form. Interestingly, in the present structure, loop 6 (B-
subunit) has been observed in both conformations in the
same crystal, although the loop open form is predominant.

The two conformations of loop 6 are correlated to features in
other parts of the enzyme structure. The stretch of residues
YGGS (208-211) is conserved in all the 73 distinct TIM se-
quences examined (data not shown). The closure and the con-
comitant changes bring about a number of new interactions
between the flexible loop and these residues. In the B-subunit
of PITIM-2PG complex, where the loop 6 is in two conforma-
tions, residues 208-211 also exhibit dual conformations, of
which one corresponds to the loop open and the other to the
loop closed forms. One of the conformations of Ser-211 makes
strong hydrogen bonds with the residues at the tip of loop 6.
The other residues, Tyr-208, Gly-209, and Gly-210, also con-
tribute significantly to the stabilization of the loop in the closed
conformation. It has been shown from molecular dynamics
simulations (48) that the hydrogen bond between Tyr-208 and
the loop residue Ala-176 plays a crucial role in the loop opening
and closing mechanism. In the A-subunit there is only one
conformation for this stretch, and that corresponds to the loop
open form. The position of Phe-96 as observed in the loop open
conformation makes severe short contacts with the closed loop.
This steric clash with Ile-170 of loop 6 results in an altered
conformation of Phe-96 upon loop closure (15). However, this
altered position overlaps with the position of the side chain of
Leu-167 in the open form of the loop. Hence, loop closure also
leads to repositioning of the Leu-167 side chain. In the B-
subunit the densities corresponding to the alternate conforma-
tions of Phe-96 and Leu-167 are also present. As anticipated,
the density corresponding to the preponderant open loop form
is better-defined. In contrast these two residues are in a single
conformation in the A-subunit where loop 6 is only in the open
form. Another distinct difference between the open and closed
loop conformations is the position of the ligand, and in partic-
ular, the position of the phosphate group. In the B-subunit, the
density at the active site evidently fits these two orientations of
the ligand, as discussed below.

High Resolution Structure of PfTIM-2PG Complex

The chemical features that restrain the loop opening are not
entirely clear. The most likely constraint for loop motion is the
environment of loop 6, consisting of the ligand and the nearby
acidic and basic groups (49). Spectroscopic studies on TIM from
Saccharomyces cerevisiae suggest opening and closing rates of
2500 + 1000 and 46,700 = 1800 s~ 1, respectively. The higher
rate for the closure of loop 6 probably ensures the protection of
the active site while making and releasing the products (49). A
further observation from solid state NMR experiments on yeast
TIM is that the opening rate depends on the chemical nature of
the binding ligand; slower opening rates are associated with
stronger binding ligands (12). The observation of loop 6 pre-
dominantly in open conformation in this complex and various
other complexes of PfTIM suggest that the catalytic loop dy-
namics in PfTIM is likely to be distinctly different from other
TIMs and that the rate of loop opening might be higher than
that of closure.

Multiple Bound Ligand Conformations in Subunit B—Fig.
4a shows two distinct orientations of 2PG modeled into the
ligand electron density at the active site of the B-subunit. The
most significant feature of the ligand that could be inferred
from the electron density is the near planarity of bonds at the
C2 position in LIGC, which is in sharp contrast to the tetrahe-
dral geometry observed in the trypanosomal TIM-2PG complex
(51), as expected for an sp-hybridized carbon atom.

Numerous interactions stabilize LIGO and LIGC in the B-
subunit. Figs. 4, b and ¢, show the stereo view of the interac-
tions between atoms of LIGO and LIGC, respectively, and the
polypeptide. The phosphate group is involved in numerous
direct and water-mediated interactions with two stretches of
residues, Gly-209-Val-212 and the residues of the phosphate
binding helix, Leu-230—-Ala-234. In its major conformation, the
OG atom of Ser-211 interacts directly with the phosphate group
of LIGO. In the minor conformation this atom is hydrogen-
bonded to the phosphate group of LIGC through a water mol-
ecule. The features such as direct hydrogen bonding between
the phosphate oxygen atoms of the ligand and the main chain
O and N atoms of Gly-232, Asn-233, and Ser-211 as observed in
other PfTIM-ligand complexes are found with both orientations
of the ligand.

Unlike subunit-A, the presence of an intact ligand in sub-
unit-B suggests that there is asymmetry in the extent of bind-
ing of the ligands to the active sites of the dimeric enzyme, a
feature observed in other PfTIM complexes also (14, 15). This
asymmetry has been observed earlier in trypanosomal TIM
complexed with various ligands but appears to be a result of
crystallographic contacts (52, 53). In PfTIM, asymmetry seems
to be an intrinsic, although puzzling property not related to
crystallographic packing. To analyze the plausible source of
this asymmetry, all the residues within a radius of 6 A from the
ligand were examined. This distance limit included all residues
that could interact directly or through water-mediated interac-
tions with the ligand. It was found that two such residues,
Asn-233 of the same subunit and Ser-73 of the symmetry-
related subunit, are Gly and Ala in most of the TIM sequences
from other sources. Except for these two, all the other residues
are conserved (data not shown). Ser-73 is located in loop 3,
which protrudes from one subunit and approaches the active
site of the other subunit. The water-mediated hydrogen-bond-
ing interaction of Ser-73 with the ligand (from the symmetry
related subunit) maintains the dimeric symmetry of PfTIM. On
the contrary, Asn-233 of the A-subunit is hydrogen-bonded
through a water molecule to Ser-73 of the B-subunit, whereas
Asn-233 of the B-subunit makes a direct hydrogen bond with
Ser-73 of the A-subunit (Fig. 5). This is presumably due to
differences in the hydration at the active sites of the two
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FiG. 4. a, stereo view of the active site of the B-subunit of PfTIM-2PG complex. The figure shows the fit of the ligand to the difference Fourier
electron density map (mF, — DF_; 2.5 o) calculated with the phases obtained after refinement without the ligand. LIGO and LIGC correspond to
loop open and closed forms, respectively. LIGO is shown in gray, and LIGC is shown in black. b, interactions of LIGO bound to the B-subunit of
PfTIM-2PG complex. c, interactions of LIGC in the same subunit. The hydrogen bonds shown as dotted lines are the contacts between the
appropriate donor-acceptor pairs within a distance limit of 3.5 A. The catalytic residues are shown in black.
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Fic. 5. Interactions of Asn-233 with Ser-73 from the symmetry-related subunit in the PfTIM-2PG complex. a, the active site of the
B-subunit. OD1 of Asn-233 forms a direct hydrogen bond with OG of Ser-73 of the A-subunit. b, in the A-subunit Asn-233 interacts with Ser-73
of the B-subunit only through a water molecule. These differences between the subunits are probably due to the rearrangement of water molecules
upon ligand binding. The figure was prepared using MOLSCRIPT. POH, meta-phosphate ion; 20G, 2-oxoglycerate.

subunits, which may result from the sequence of ligand binding
to the subunits. These observations need further confirmation
by investigations on ligand complexes of site-specific mutants
of these residues.

Interactions between Phe-96 and the ligands in other PfTIM
complexes suggest that the substitution of non-polar groups at
C2 might serve as potent inhibitors of the enzyme. In the
present structure, C2 is bonded to a highly polar phosphate
group. This results in a twist of the ligand such that now the C3
carbon points toward Phe-96. This observation further sug-
gests the importance of Phe-96 in PfTIM for the design of
anti-malarial compounds.

Comparison of the Active Site with Other High Resolution
Structures and Implication for Catalysis—Apart from the pres-
ent structure, two others, yeast TIM-DHAP complex and
L. mexicana E65Q mutant complexed with the transition state
analogue, 2-phosphoglycolate, are available at ultrahigh reso-
lution. Detailed comparison of all these structures brings to
light many interesting aspects of TIM catalysis. By careful
temperature-controlled retardation of catalysis, the ligand was
trapped as the Michaelis complex at the active site of yeast

TIM-DHAP determined at 1.2-A resolution (16) (hereafter,
DHAP complex). In the 0.83-A resolution structure of the
L. mexicana E65Q mutant-2 phosphoglycolate complex, two
conformations of the triose moiety with features resembling
those suggested for the transition state were observed (17)
(hereafter, PGA complex). These structures suggest that the
transition state of the catalytic reaction in TIM represents a
metastable intermediate. Although the ligand 2-phosphoglyc-
erate is an inhibitor, the protein-ligand interactions in the
present case (hereafter, 2PG complex) partly resemble those of
the other two complexes.

The catalytic residue Glu-165 was observed in two conforma-
tions with a separation of ~2 A between the terminal carboxy-
lates. These conformations are usually associated with the
open and closed forms of loop 6. The transition in the position
of Glu-165 upon ligand binding and loop closure facilitates
proton transfer between C1 and C2 centers of the ligand. The
major conformation of Glu-165 does not interact with the li-
gand; the carboxylate of Glu-165 is at a distance more than 4.5
A from the ligand. In its minor conformation, OE2 of Glu-165
makes short and strong interactions with LIGC. These strong
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FIG. 6. Stereo view illustrating the key interactions at the active sites of 2PG, PGA, and DHAP complexes (see “Discussion” for
definition). The structure of 2PG complex was used as the reference model onto which the other two structures were superposed. The segments
of DHAP, PGA, and 2PG complexes are represented by thin black, thin gray, and thick back sticks. The low barrier hydrogen bonds are represented
by dotted lines. Water molecules located in the active site of the 2PG complex are not shown for clarity.

hydrogen bonds, which Cleland (2) has termed “low barrier
hydrogen bonds” (LBHB), have energies of formation in the
range of 10-20 kcal mol . This energy is thought to facilitate
the catalysis by lowering the free energy of the transition state.
Such a LBHB is observed in the DHAP complex between the
imidazole of His-95 with the ketone oxygen of the substrate
(2.56 A; Fig. 6). In the PGA complex, however, the correspond-
ing distances are 2.74 and 3.39 A for the two conformations of
the ligand, respectively. In the 2PG complex the conformation
of His-95 is similar to that of the other two complexes. NE2 of
His-95 is at 2.98 A from 011 of LIGC, which is of the order
found in the PGA complex, and these hydrogen bonds do not
represent LBHBs. Nevertheless, in the PGA complex, a LBHB
is observed between OE2 of Glu-165 and O1 atom of PGA in
both of its conformations (2.61 and 2.59 A). In the DHAP
complex, there is no LBHB between Glu-165 and the substrate;
the carboxylate oxygen atom is at 3.0 A from the hydroxyl
oxygen of the substrate. Interestingly, in the present structure,
OE2 of Glu-165 forms a LBHB with 012 of LIGC (2.64 A)
similar to the PGA complex. Also, OE1 and OE2 of Glu-165 are
very close (<3 A) from all the three carbon atoms of 2PG,
representing unusual CH--O hydrogen bonds. Similar hydro-
gen bonds have also been observed in the DHAP complex be-
tween the OE2 oxygen of Glu-165 and the C1 and C2 atoms of
DHAP (3.0 A). It is believed that Glu-165 and His-95 are the
most likely residues facilitating the first and the second proton
transfers, respectively, in TIM catalysis (3, 54). The activation
barrier for these proton transfers could be considerably lowered
by these short, strong hydrogen bonds (3). The atomic resolu-
tion structure presented here along with the other two high
resolution structures provides evidence for the anticipated LB-
HBs at the active site of TIM.

The ultra-high resolution structural information presented
here provides insights into the features of the malarial enzyme.
The presence of meta-phosphate anion at the active site of one
of the subunits generated by the radiation cleavage of the
bound 2-phosphoglycerate was observed for the first time in
protein structures. The observation of dual conformations of
the bound ligand correlates with the observed dual conforma-
tion of loop 6. Although 2PG is neither a substrate nor a
transition state analogue, the identification of an LBHB be-
tween the ligand and the catalytic base Glu-165 and other
interactions at the active site resemble those in the high reso-
lution structures of other TIM complexes and support the pro-
posed importance of substrate placed at suboptimal position

and strong interactions with the intermediate as essential fea-
tures of TIM catalysis.
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