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Abstract Triosephosphate isomerase (TIM) is a perfectly
evolved enzyme which very fast interconverts dihydroxy-
acetone phosphate and p-glyceraldehyde-3-phosphate. Its
catalytic site is at the dimer interface, but the four catalytic
residues, Asnll, Lys13, His95 and Glul67, are from the
same subunit. Glul67 is the catalytic base. An important
feature of the TIM active site is the concerted closure of
loop-6 and loop-7 on ligand binding, shielding the catalytic
site from bulk solvent. The buried active site stabilises the
enediolate intermediate. The catalytic residue Glul67 is at
the beginning of loop-6. On closure of loop-6, the Glu167
carboxylate moiety moves approximately 2 A to the sub-
strate. The dynamic properties of the Glul67 side chain in
the enzyme substrate complex are a key feature of the
proton shuttling mechanism. Two proton shuttling mech-
anisms, the classical and the criss-cross mechanism, are
responsible for the interconversion of the substrates of this
enolising enzyme.
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BHAP Bromohydroxyacetone phosphate
p-GAP D-Glyceraldehyde-3-phosphate
DHAP Dihydroxyacetone phosphate
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ethylphosphonate
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PGH Phosphoglycolohydroxamate
PGI Phosphoglucose isomerase

RPI D-Ribose-5-phosphate isomerase
TIM Triosephosphate isomerase

2PG 2-Phosphoglycollate
Introduction

The previous reviews on triosephosphate isomerase (TIM)
(E.C. 5.3.1.1) were written in 1977 and 1991 by Knowles
[1, 2]. Since then, there have been specific reviews on the
NMR-studies [3] and on the computational studies [4] of
the TIM reaction mechanism. Knowles [5] has remarkably
advanced our understanding of enzymatic catalysis in
general and of TIM in particular, as he used his studies of
this enzyme to develop the concept of optimally evolved
catalytic power by enzymes through evolutionary pressure.
Through this process, non-regulatory enzymes develop
optimal catalytic efficiency in vivo and achieve k.,/K,
values (for the least stable substrate), which are close to the
diffusion encounter limit being 10° MLt [6]. Other
early classical studies of TIM established the enantiose-
lectivity of the catalytic cycle [7], the importance of
preventing the undesirable phosphate elimination side
reaction [8], as well as the principle of transition state
stabilisation by the active site of TIM [9]. In 1975, the
first crystal structure of TIM was reported by Phillips and
co-workers [10]. It concerned the structure of chicken
muscle TIM (PDB entry 1TIM).

This review will mostly concern the recent advances
made in the understanding of the TIM catalytic properties
since the 1991 review by Knowles with a focus on the
contribution of the structural studies in this respect, as



3962

R. K. Wierenga et al.

HG, o HO, 0 Br
N N\ AN ! AN AN
CH, CH NH o CH CHs CH,
Y4 H/ _/ _/ / / / ‘
0o=—C HO—C¥ o=—¢C o=—c HO—N o=—c o
N\ \ \ N\ \ N
/%Hz /CH2 /CH2 /CH2 CH, /CH2 /CH
T | | |
O—T:O O—T:o O—T:o O—P—/——=O0 o—T:o O_]:la_o O—F!‘—O
| | } | }
DHAP D-GAP PGH 2PG IPP BHAP D,L-GOP

Fig. 1 The TIM reaction, substrate analogues and suicide inhibitors.
TIM catalyses the interconversion of dihydroxyacetone phosphate
(DHAP) and p-glyceraldehyde-3-phosphate (D-GAP). Phosphoglyco-
lohydroxamate (PGH), 2-phosphoglycollate (2PG) and 2-(N-formyl-

documented in the literature available before 2010.
Whenever relevant, the PDB-entry codes of the discussed
structural data are mentioned in the text. First, a brief
historic perspective of the TIM-research is given in this
introduction. Further details will be given in the subsequent
sections.

TIM is a dimeric, non-allosteric enzyme of the glyco-
lytic pathway, in which it converts the o-hydroxyketone
dihydroxyacetone phosphate (DHAP) stereospecifically
into the a-hydroxyaldehyde p-glyceraldehyde-3-phosphate
(p-GAP). This is an isomerisation reaction (Fig. 1). The pH
optimum is found to be near pH 8 [11]. In the discussions
in this review on the mechanism, the conversion of DHAP
into pD-GAP is considered, which is referred to as the for-
ward reaction. It proceeds without the assistance of any
cofactor or metal ion. In this reaction, a C—H bond needs to
be broken. In the TIM reaction, as well as in many other
reactions of biological relevance, the respective carbon
atom is adjacent to a carbonyl group. In the forward TIM
reaction, this carbonyl group is the keto group of DHAP,
and in the reverse reaction, it is the aldehyde moiety of
D-GAP. It intrigued scientists early on how enzymes
achieve this activation [7]. This question initiated a search
for finding a possible base that was used by the enzyme to
abstract the activated proton. Using glycidol phosphate
(Fig. 1), as a suicide inhibitor, Rose established that this
base was an acidic side chain [12]. This was followed up by
Knowles and co-workers [13] using BHAP as a suicide
inhibitor (Fig. 1). Using BHAP [13], haloacetol phosphates
[14] and glycidol-phosphate [15], the specific acidic resi-
due was identified as Glu167. Schray et al. [15] established
that p(S)-glycidol-phosphate is ten times more reactive
than L(R)-glycidol-phosphate.

Currently,it has been established from several enzymes
what enzymatic rate enhancements have been achieved
during evolution when comparing their catalytic rates
with the uncatalysed reaction rates [16]. For TIM, this

N-hydroxy)-amino-ethylphosphonate (/PP) are reaction intermediate
analogues. Bromohydroxyacetone phosphate (BHAP) and D,L-glyc-
idolphosphate (p,.-GOP) are suicide inhibitors. Chiral centers are
marked by asterisks
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Fig. 2 The free energy profile of the TIM catalysed reaction (dotted
line) as well as the buffer catalysed reaction (continuous line) [17].
This free energy profile is constructed from the rates of the relevant
reactions; in the case of the second order binding rates for the
formation of the enzyme substrate complex, a substrate concentration
of 40 uM is assumed [48]. As is also described in the text, each of the
steps of the TIM catalysed reaction, visualised in this diagram,
namely (1) substrate binding, (2) deprotonation-chemistry (formation
of the enediolate), (3) reprotonation-chemistry (formation of product),
and (4) release of product, in fact consists of several steps

comparison refers to comparing the rate of the chemical
catalysis in solution by an organic base with the enzyme
catalysed rate which was established to be 10° times faster
[17]. Figure 2 visualises the free energy diagram of the
catalysed and the uncatalysed reaction. As will be dis-
cussed in more detail in the following sections, the active
site has developed several geometric tools [2] to stabilise
the transition state, such as oxyanion holes [18], precise
geometric positioning [2, 19] and specific dynamic prop-
erties [20].

The comparison of the enzymatic catalysis and the non-
enzymatic catalysis also revealed a second, very important
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Fig. 3 The formation of the first cis-enediolate intermediate from the
substrate DHAP and the undesirable phosphate elimination reaction.
The upper part of the figure shows the substrate, the first cis-
enediolate intermediate and the product of the TIM catalytic cycle.
The lower part visualises the phosphate elimination reaction, which,
in solution, occurs easily in case of C3 sugar phosphates [8, 40]. It is
favoured when the C1, C2 and C3 = orbitals overlap, as is the case
when these orbitals are parallel to each other [29]. In TIM, the
phosphate elimination reaction is prevented by the tight hydrogen

Fig. 4 The TIM-barrel fold of
triosephosphate isomerase
(5TIM). a End-on view; the
catalytic residues (Asnll,
Lys13, His95 and Glul67) are
highlighted. b Side view; the
catalytic loops, at the
C-terminal end of the f-strands
(the catalytic end) are much
more extensive than the loops at
the N-terminal end of the
p-strands (the stability end)

functionality of TIM, which concerns the prevention of the
undesirable phosphate elimination side reaction [8]
(Fig. 3). Later structural studies have shown that this is
achieved by tight binding of the phosphate moiety by three
loops of the enzyme active site.

The first crystal structure of TIM [10] revealed for the first
time the TIM-barrel topology. This fold consists of a regular
eightfold repeating pattern of f-strands and o-helices
(Fig. 4). The f-strands form the inner set of eight parallel
p-strands, covered on the outside by the subsequent o-heli-
ces. It is known that this (fo)g-fold is the most frequent fold

bonding interactions of the phosphate moiety with the protein loops.
Also the C—O(phosphate) bond is in many structures found to be
almost in the enediolate plane; for example, the 02-C2-C3-
O(phosphate) dihedral is —40° in the atomic resolution structure of
the TIM-PGH complex (2VXN). A conformational rearrangement of
the intermediates, for example in the case of loose binding of the
phosphate moiety [57], will favour the methylglyoxal formation, as
visualised in the lower part of the figure

Catalytic end

Stability end

of enzymes [21-23], having the active site always located at
topologically the same site, being at the C-terminal end of the
p-barrel and shaped by the eight fo-loops between these
p-strands and the subsequent o-helices, referred to as loop-1,
loop-2 to loop-8. Several reviews have summarised the key
features of this fold [24, 25].

In TIM, three of the eight fo-loops provide the catalytic
residues, being loop-1 (Asnl1, Lys13), loop-4 (His95) and
loop-6 (Glul67). The geometry of the active site is further
shaped by a small helix in loop-4, an 11-residue-long
flexible loop, which is part of loop-6, and loop-7 and loop-8,
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Fig. 5 Two views of the wild-
type TIM dimer (5TIM). a End-
on view; Loop-3 of the lower
subunit (cyan) is inserted
between loop-1 and loop-4 of
the upper subunit. b Side view
(rotated by 45°, clockwise
around the vertical axis of (a);
the twofold dimer-axis is
indicated by the arrow. The
conformations of loops-
8,1,2,3,4 are stabilised by dimer
interface interactions. N and

C are the N-terminus and
C-terminus, respectively

which, together with loop-6, provide important main chain
hydrogen bond interactions with the phosphate moiety. The
flexible loop-6 moves from an unliganded, preferably open,
conformation (stabilised by loop-5) to a liganded, prefera-
bly closed, conformation (stabilised by loop-7). Loop-2
does not directly contribute to the active site geometry;
however, loop-1, loop-2, loop-3 and loop-4 together with
loop-8 provide the dimer interface. Only the TIM-dimer
(Fig. 5) is fully active, although all catalytic residues of
each active site are provided by the same subunit: dimeri-
sation apparently rigidifies each of the two separate active
sites to provide full catalytic power.

The key components of the active site of TIM are (1) the
catalytic base (Glul67), for abstracting the proton, as well
as (2) electrostatic stabilisation [26] of the generated oxy-
anion(s), and (3) exclusion of bulk solvent [27]. The active
site must also be able to accommodate the conformational
change of the ketone-substrate when being converted into
the aldehyde-product. It has been shown that the reactivity
of the enzyme bound ketone-carbonyl and aldehyde-car-
bonyl moiety is different, suggesting different modes of
binding of these moieties [28]. Early on, two competitive
inhibitors have greatly contributed to the understanding of
the TIM reaction mechanism; these molecules are the
reaction intermediate analogues 2PG [9, 27, 29] (2YPI) and
PGH [27, 30-32] (1TPH) (Fig. 1). These two molecules are
the tightest known inhibitors of TIM with inhibition con-
stants of 26 and 8 uM, respectively, for 2PG and PGH,

-

when considering trypanosomal TIM [33]. The TIM
inhibitory properties of analogues of these two classical
inhibitors have been described more recently [18, 34].
NMR studies by Campbell have shown that 2PG binds in
its dianionic form. On binding, the carboxylate of 2PG
transfers its proton to Glul67 [35], converting it into a
trianion. As shown in Fig. 1, 2PG is one atom shorter than
the substrate, but Wolfenden [9] noticed its tight binding
and proposed that this tight binding is due to its structural
and charge similarity to the putative cis-enediolate-like
transition state structure of the TIM catalytic cycle (Fig. 3).
Also, PGH appears to bind as a trianion [20].

Physiological role of TIM

TIM is a glycolytic enzyme. In the human genome, there is
only one gene encoding for TIM [36]. In most organisms,
TIM is located in the cytosol, but in trypanosomes and
leishmania, it is found both in the cytosol as well as in
the glycosome (which is a peroxisome-like microbody,
important for the glycolysis in these organisms) [37]. Also
in these organisms only one gene is found [38]. In the
glycolytic pathway, TIM comes after fructose-bisphos-
phate aldolase, which generates DHAP and p-GAP. b-GAP
is further metabolised by the subsequent glycolytic
enzymes and TIM ensures that the DHAP produced by
aldolase can also be further metabolised by the glycolytic
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enzymes. The TIM activity is of critical importance for the
proper functioning of the cell, as severe diseases are
associated with point-mutated gene variants which cause a
decrease of TIM activity. The disease symptoms are pos-
sibly related to the toxicity of DHAP [39].

The glycolytic pathway is interconnected to the pen-
tosephosphate pathway, to lipid metabolism, and to the
gluconeogenesis pathway via p-GAP and/or DHAP [36,
40]. The metabolic flow through these pathways will be
affected in the case of TIM deficiency, which could also
account for some of the disease symptoms.

The E104D-variant of human TIM is the best charac-
terised disease mutation variant; its crystal structure has
also been reported [41]. This mutation might have been
introduced in one common ancestor, 1,000 years ago [42].
Glul04 is a fully conserved residue [43, 44] (see also Fig. 9,
below). In patients homozygous for this mutation, only
2-20% of TIM catalytic activity is left [45]. Heterozygotes
carrying this mutation are clinically normal [36, 44].
Homozygous patients with this mutation have severe dis-
orders and usually do not live longer than 5 years [36, 39].
The structure of TIM shows that Glu104 is a dimer interface
residue. Interestingly, this E104D-TIM variant when
expressed and characterised as a recombinant protein is as
equally active as wild-type TIM. Apparently, the E104D
mutation prevents efficient folding into the dimer in the cell
and/or causes the enzyme to be less stable [41].

TIM deficiency is the only human glycolytic deficiency
disease which is lethal, usually in early childhood [39]. The
disease symptoms concern hemolytic anemia but also
neurological disorders. Interestingly, it now appears that
only certain TIM point mutations are causing the neuro-
logical disorders, the classical example being E104D,
whereas others, like 1170V (human TIM numbering, Ile172
in trypanosomal TIM) are causing the milder symptoms,
such as hemolytic anemia, but no neurological disorders.
The latter mutation is in loop-6 and is not destabilising the
dimer, whereas the E104D mutation is destabilising the
dimer. Using various model organisms (yeast, drosophila,
mouse), it is now being investigated whether the neuro-
logical disorders caused by the E104D mutation should be
classified as a conformational disease, related to the for-
mation of amyloid-like precipitates by the misfolded
protein in the brain [46].

TIM is a very efficient enzyme

The overall equilibrium constant calculated from the total-
[DHAP]/total-[D-GAP] ratio is 22. In solution, DHAP is
60% unhydrated, but b-GAP is only 4% unhydrated [1, 47],
which means that the equilibrium constant for the unhy-
drated species is 340 [1]. The free energy profile of the

reaction catalysed by TIM (Fig. 2) has been determined by
Knowles and co-workers. These studies have discovered
that TIM is not only a very fast enzyme but also a very
efficient enzyme [48-50]; for example, the rate of the
conversion of D-GAP-to-DHAP is diffusion controlled,
meaning that k.,/K,, in this direction is close to its maxi-
mum possible value of 10° M st [6]. These studies [1]
also established that the free energy barriers of the chem-
ical conversion steps and the steps related to binding
and conformational changes are not very different. In the
forward (physiological, endergonic) direction (DHAP-
to-D-GAP), the k., is near 500 s~!, and in the reverse,
exergonic, direction (D-GAP-to-DHAP), it is approxi-
mately 5,000 s~!. The K., of DHAP and p-GAP is 1.2 and
0.25 mM, respectively, and for the unhydrated species it is
0.7 and 0.01 mM, respectively [1, 11]. By carrying out the
reaction in tritiated solvent and by studying the isotope
exchange into the product [1, 48], it appears that in the
latter (fastest) direction the rate limiting step is a proton
transfer step, related to product formation, and not the
DHAP release step. In the forward direction, the rate lim-
iting step could be a conformational change related to the
off-dissociation of D-GAP [48], such as the loop opening.
In any case the loop opening rates are ligand dependent
[51] and the loop opening rate on b-GAP formation appears
to be much slower than on DHAP formation.

The free energy profile (Fig. 2) is calculated from
measured reaction rates obtained to a great extent from
isotope transfer and isotope discrimination experiments [1].
These calculations can be extended to also provide the
relative quantities of DHAP, intermediate(s) and p-GAP
[47]. The predominant complex is predicted to be the
enzyme—-DHAP complex (65%), but significant amounts of
intermediate(s) and b-GAP are also predicted to be pres-
ent. The recent NMR experiments by McDermott and
co-workers [47] show that in fact only DHAP can be
detected in the steady state population, but not the inter-
mediates and bD-GAP, suggesting that the reaction
intermediates and product complex are short-lived, com-
pared to the turnover time. Apparently, the fine details of the
free energy profile are more complicated than is predicted
from the kinetic model derived from the isotope studies, for
example due to protein dynamics also playing a role in the
kinetic landscape [47] (Fig. 2), as also discussed below.

The most difficult step in the forward direction of the
catalytic cycle is the initial proton abstraction from DHAP
[52, 53]. The catalytic power of the TIM active site for the
catalysis of this reaction can be compared with the catalysis
of this reaction by a simple base in solution. It turns out
that the active site of TIM catalyses this deprotonation
reaction approximately 10° times faster than the solution
catalysis by a simple base. In terms of free energy barrier, it
is calculated from available rate constants that these
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barriers are, for DHAP as the substrate, 13.5 kcal/mol
when catalysed by TIM [48] and 26 kcal/mol for the
simple base catalysis [5, 17, 49]. Theoretical studies find
that the free energy of the transition state as well as of the
intermediate is lowered by the enzyme by approximately
13 and 15 kcal/mol, respectively, as compared to the
reaction in solution [54].

Structural studies

There are at least 111 crystal structures of TIMs in the
PDB, as listed in Table 1, which is based on a survey
completed in February 2010. These structures include the
wild-type TIM structures of 22 organisms (Table 2). Three
of these structures are at atomic resolution (Table 3). The
TIM dimer is the most common quaternary structure, but in
thermophilic organisms TIM is known to occur as tetra-
mers. These tetramers are dimers of dimers. Apparently,
the assembly of the two dimers into tetramers provides
additional thermal stability [43]. Artificial, non-natural
TIM monomers have also been extensively characterised
by crystallographic (Table 1) and enzymological methods.

The structural studies have shown that the active site is
at the dimer interface, with all catalytic residues for a
particular active site coming from the same subunit. The
second subunit defines the active site by inserting its loop-3
between loop-1 and loop-4 of the first subunit at the sub-
unit—subunit interface (Fig. 5). In particular, Thr75, at the
tip of loop-3, contributes to the hydrogen bonding network
of the active site of the other subunit. Several water mol-
ecules are an integral part of the dimer interface; six of
these water molecules are highly conserved [55].

The structural studies have highlighted the importance
of two flexible loops for substrate binding and catalysis.
Best known is the closure of loop-6 on substrate binding, as
it moves by approximately 7 A from an open/unliganded,
somewhat disordered conformation to a closed/liganded
conformation. In the unliganded conformation, loop-6 is
interacting with loop-5, whereas in the closed/liganded
conformation it interacts with loop-7. Smaller conforma-
tional changes are seen for loop-7 when the ligand binds in
the active site. The closing of these loops generates a very
specific phosphate-dianion binding pocket, in which the
phosphate dianion moiety is anchored via four hydrogen
bonds to four main chain NH-groups of these loops (1
hydrogen bond to loop-6, 1 hydrogen bond to loop-7 and 2
hydrogen bonds to loop-8) (Fig. 6). Monoanionic sulfonate
analogues, like dihydroxyacetone sulfate, are poor TIM
binders [56]. Apparently, this geometry of the four main
chain NH-groups of loop-6, loop-7 and loop-8 (in the
closed conformation) provides a good dianion phosphate
binding site, whereas the monoanion analogues bind

poorly. Possibly, in the latter case, the repulsive electro-
static interactions between the four spatially close peptide
NH-groups of the closed conformation are not sufficiently
compensated by the bound monoanionic sulfonate group.
A TIM variant in which four residues at the tip of loop-6
have been removed is unable to make four hydrogen bonds
with the phosphate moiety, and therefore presumably does
not bind the reaction intermediate tight enough to prevent
methylglyoxal synthase formation (Fig. 3); this variant has
become a methylglyoxal synthase [57].

Important geometrical features of the active site are
visualised in Fig. 6. The catalytic site is completely bur-
ied and shielded from bulk solvent. The catalytic site is
also very compact, in particular the interactions between
the catalytic glutamate side chain (Glul67) and the sub-
strate are very tight. Nevertheless, the side chain of the
catalytic glutamate can move in a small hydrophobic
pocket above the hydroxamate plane [20]. The key cata-
lytic residue is Glul67, but Asnll, Lys13, and His 95 are
also important and therefore fully conserved (see also
Fig. 9, below). As shown in Fig. 6, Glul67 is above the
hydroxamate plane, whereas Lys13 and Asnll are below.
The imidazole ring of the His95 side chain is coplanar
with the cis-enediolate plane. The latter three residues
provide an oxyanion hole-like stabilisation for the nega-
tively charged intermediates of the reaction. The
importance of Asnll and Lysl13 for electrostatic stabili-
sation has been described [18, 58, 59]. The His95 side
chain is also directly involved in the proton transfer steps,
as will be discussed later.

The catalytic end of the substrate is completely dehy-
drated, but the side chain of the catalytic glutamate is
hydrogen bonded to a water molecule (Fig. 6). This water
is part of an extensive hydrogen bonding network of waters
extending to the bulk solvent [60]. In the apo structure, the
active site has more bound water molecules, which are
displaced on substrate binding [61].

The three atomic resolution studies of TIM

There are three reported atomic resolution X-ray structures
of complexes of TIM. It concerns complexes with the
DHAP substrate (INEY) [19], with the reaction interme-
diate analogue 2PG (IN55) [62] and with the reaction
intermediate analogue PGH (2VXN) [20]. At this high
resolution, it becomes possible to obtain information on the
anisotropic dynamical properties and the protonation state
of the active site components. In the crystal structure of the
TIM-DHAP complex (at 1.2 A), the predominant ligand is
DHAP, and the occupancies of other possible conformers,
being the intermediate(s) or the product (D-GAP), must be
low. Also, NMR studies [47] show that in the presence of



Triosephosphate isomerase 3967

Table 1 A compilation of all TIM PDB-entries

pdb code Source Mutant Active site Oligomeric Resolution (,&) Reryst (%) Riree (%)
ligand state

3KXQ B. henselae No NO; Dimer 1.6 15.6 18.6

IBTM B. stearothermophilus No PGA Dimer 2.8 17.6

2BTM B. stearothermophilus Yes PGA Dimer 24 17.6 22.0

1IMOO C. elegans No SO, Dimer 1.7 18.3 21.3

1TMH E. coli Yes SO, Dimer 2.8 16.6

1TRE E. coli No Dimer 2.6 11.9

1M6J E. histolytica No Dimer 1.5 18.4 20.6

1SPQ G. gallus Yes Dimer 2.16 16.2 19.8

1SQ7 G. gallus Yes Dimer 2.85 20.5 25.5

1SSD G. gallus Yes SO, Dimer 2.9 15.8 19.3

1SSG G. gallus Yes PGA Dimer 2.9 20.7 24.2

1SUS G. gallus Yes PGA Dimer 2.7 18.7 23.6

1SWO0 G. gallus Yes PGA Dimer 1.7 19.8 22.8

1SW3 G. gallus Yes PGA Dimer 2.03 14.5 17.5

1SW7 G. gallus Yes PGA Dimer 222 19.7 23.6

1TIM G. gallus No Dimer 2.5

1TPB G. gallus Yes PGH Dimer 1.9 18.2

1TPC G. gallus Yes PGH Dimer 1.9 18.2

1TPH G. gallus No PGH Dimer 1.8 18.5

1TPU G. gallus Yes PGH Dimer 1.9 17.6

1TPV G. gallus Yes PGH Dimer 1.9 18.3

1TPW G. gallus Yes PGH Dimer 1.9 20.2

8TIM G. gallus No SOy Dimer 2.5 17.7

2DP3 G. intestinalis Yes SOy Dimer 2.1 17.5 18.1

2JGQ H. pylori No PO, Dimer 2.3 20.0 24.9

1HTI H. sapiens No PGA Dimer 2.8 16.7

IWYI H. sapiens No Dimer 2.2 26.6 29.6

2JK2 H. sapiens No Dimer 1.7 22.2 25.2

2VOM H. sapiens Yes Dimer 1.85 21.9 25.2

1AMK L. mexicana No PGA Dimer 1.83 10.7

11F2 L. mexicana Yes 129 Dimer 2.0 13.6 18.1

IN55 L. mexicana Yes PGA Dimer 0.83 9.5 10.8

1QDS L. mexicana Yes PGA Dimer 2.0 15.3 19.5

2VXN L. mexicana Yes PGH Dimer 0.82 9.2 10.3

2H6R M. jannaschii No Tetramer 2.3 21.3 27.8

1AW1 M. marina No PGA Dimer 2.7 19.2 21.5

1AW2 M. marina No SOy, Dimer 2.65 20.0 21.9

3GVG M. tuberculosis No Dimer 1.55 14.5 16.9

1R2R O. cuniculus No Dimer 1.5 16.1 19.0

1R2S O. cuniculus No Dimer 2.85 17.4 21.2

1R2T O. cuniculus No Dimer 2.25 18.4 22.0

1ILYX P. falciparum No PGA Dimer 1.9 18.0 21.0

1LZO P. falciparum No PGA Dimer 2.8 232 31.1

1M70 P. falciparum No 3PG Dimer 2.4 18.3 22.5

IM7P P. falciparum No G3H Dimer 24 17.9 21.6

105X P. falciparum Yes 2PG Dimer 1.1 13.3 17.1

1VGA P. falciparum Yes Dimer 1.8 20.7 229
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Table 1 continued

pdb code Source Mutant Active site Oligomeric Resolution (A) Reryse (%0) Riree (%)
ligand state

1WOA P. falciparum Yes G2H Dimer 2.8 21.9 25.2
1WOB P. falciparum Yes SO, Dimer 2.8 18.1 222
1YDV P. falciparum No Dimer 22 19.8 25.5
2VFD P. falciparum Yes SO, Dimer 14 16.6 18.8
2VFE P. falciparum Yes 3PG Dimer 2.2 22.1 27.6
2VFF P. falciparum Yes Dimer 1.7 19.4 22.3
2VFG P. falciparum Yes 3PG Dimer 1.95 21.0 24.8
2VFH P. falciparum Yes 3PG Dimer 2.0 19.6 24.5
2VFI P. falciparum Yes 3PG Dimer 2.25 21.2 26.0
1HG3 P. woesei No 3PP Tetramer 2.7 25.4 28.6
1145 S. cerevisiae Yes Dimer 1.8 17.5 20.8
INEY S. cerevisiae Yes 13P Dimer 1.2 12.5 15.0
INFO S. cerevisiae Yes 13P Dimer 1.6 20.9 26.8
1YPI S. cerevisiae No Dimer 1.9 21.0

2YPI S. cerevisiae No PGA Dimer 2.5 17.7

3YPI S. cerevisiae No PGH Dimer 2.8 18.4

TTIM S. cerevisiae No PGH Dimer 1.9 18.3

1AG1 T. brucei brucei No PO, Dimer 2.36 15.0

1DKW T. brucei brucei Yes Dimer 2.65 18.6 24.2
111G T. brucei brucei Yes 3PP Dimer 2.6 12.5

11IH T. brucei brucei Yes 3PG Dimer 2.2 14.0

1KV5 T. brucei brucei Yes PGA Dimer 1.65 14.5 17.5
IML1 T. brucei brucei No PGA trimer 2.6 23.1 24.7
IMSS T. brucei brucei No Dimer 24 19.8

1TPD T. brucei brucei No Dimer 2.1 17.6

ITPE T. brucei brucei No Dimer 2.1 15.5

1TPF T. brucei brucei No DMS Dimer 1.8 19.9

1TRD T. brucei brucei No PGH Dimer 2.5 14.7

1TRI T. brucei brucei No SO, Monomer 2.4 16.5

1TSI T. brucei brucei No 4 PB Dimer 2.8 11.5

1TTI T. brucei brucei Yes PGA Monomer 24 17.8

1TTJ T. brucei brucei Yes PGH Monomer 24 17.8

2]24 T. brucei brucei Yes Dimer 2.1 15.3 23.0
2127 T. brucei brucei Yes PGA Dimer 1.15 14.2 19.0
2VOT T. brucei brucei Yes SO, Dimer 2.2 18.1 23.8
2v2C T. brucei brucei Yes PGA Dimer 1.89 14.2 18.2
2V2D T. brucei brucei Yes Trimer 2.3 20.4 27.0
2V2H T. brucei brucei Yes PGA Trimer 1.18 13.9 18.7
2V5L T. brucei brucei No SO, Dimer 2.4 15.8

2VEI T. brucei brucei Yes SOy Trimer 1.89 16.8 21.5
2VEK T. brucei brucei Yes CIT Monomer 1.6 16.7 19.3
2VEL T. brucei brucei Yes PGA Monomer 2.3 18.4 25.7
2VEM T. brucei brucei Yes BBR Monomer 2.2 19.6 24.7
2VEN T. brucei brucei Yes CIT Monomer 2.0 18.8 23.7
2WSQ T. brucei brucei Yes Dimer 2.1 20.8 24.4
2WSR T. brucei brucei Yes Monomer 1.65 21.5 25.5
2X16 T. brucei brucei Yes Monomer 2.13 18.4 26.1
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Table 1 continued

pdb code Source Mutant Active site Oligomeric Resolution (A) Reryse (%0) Riree (%)
ligand state

2X1R T. brucei brucei Yes X1R Monomer 1.98 16.4 22.6
2X1S T. brucei brucei Yes X1S Monomer 1.93 16.2 20.1
2XI1T T. brucei brucei Yes RES Monomer 1.83 17.4 21.9
2X1U T. brucei brucei Yes SO, Monomer 1.84 18.5 23.7
2X2G T. brucei brucei Yes 3PG Monomer 1.90 17.1 224
3TIM T. brucei brucei No Dimer 2.8 13.9

4TIM T. brucei brucei No 2PG Dimer 2.4 14.9

5TIM T. brucei brucei No SO, Dimer 1.83 18.3

6TIM T. brucei brucei No G3P Dimer 2.2 13.7

1CI1 T. cruzi No Dimer 2.0 18.1 23.9
1SUX T. cruzi No SO, Dimer 2.0 18.3 19.6
1TCD T. cruzi No Dimer 1.83 19.1 25.8
20MA T. cruzi Yes SO, Dimer 2.15 19.9 25.0
2V5B T. cruzi No Dimer 2.0 21.4 25.7
1B9B T. maritima No SO, Tetramer 2.85 21.1 24.9
219E T. molitor No Dimer 2.0 22.1 23.9
1WOM T. tenax No Tetramer 2.5 19.7 22.6

123 [2(formyl-hydroxy-amino)-ethyl]-phosphonic acid, /3P 1,3-dihydroxyacetone phosphate, 2PG 2-phosphoglyceric acid, 3PG 3-phospho-
glyceric acid, 3PP 3-phosphonopropanoic acid, 3PY 3-hydroxypyruvic acid, 4PB N-hydroxy-4-phosphono-butanamide, ACT acetate ion, BBR
(3-bromo-2-oxo-propoxy)phosphonic acid, CIT citric acid, DMS dimethyl sulfoxide, G2H 2-hydroxy-1-(hydroxymethyl)ethyl dihydrogen
phosphate, G3H glyceraldehyde-3-phosphate, G3P sn-glycerol-3-phosphate, PGA 2-phosphoglycolic acid, PGH phosphoglycolohydroxamic
acid, PO, phosphate ion, SO, sulfate ion, X/R 3-(propylsulfonyl)propanoic acid, XIS 3-sulphopropionic acid, RES 4-phospho-p-ery-

thronohydroxamic acid, NOj; nitrate

DHAP the predominant complex is the enzyme-DHAP
complex. Each of these three atomic resolution structures
highlights the very tight interactions between the carbox-
ylate group of the catalytic glutamate and the reactive
moiety of the substrate. For example, in the TIM-DHAP
complex, the carboxylate oxygen is placed at 3 A from the
substrate carbon. As discussed below, the TIM-PGH
structure (at 0.82 A) provides insight into the importance
of protein dynamics of the -catalytic glutamate for
the proton shuttling mechanism. The TIM-2PG structure
(at 0.83 A) revealed that, in the liganded active site of
TIM, the proline ring of the Glul67-Prol68 dipeptide is
planar [62]. It is speculated that this strained conformation
facilitates loop opening and therefore product release, once
the reaction has been completed [62, 63].

The TIM-barrel fold

Many catalytic sites, of otherwise totally unrelated
enzymes, are now known to be built on the TIM-barrel
framework, using the loops emerging out of the C-ter-
minal ends of the eight central f-strands of the TIM-
barrel (Fig. 4) [22, 23] for providing the binding and
catalytic residues. The minimum symmetry of the

TIM-barrel is fourfold [24]. It has been noted that these
loops are of variable length. The total number of residues
building the TIM-barrel unit varies from 150 to 500 [23],
with an average of 300. The TIM barrel is approximately
250 residues. The large variability in size is caused by the
variable lengths of the loops at the C-terminal end of
the f-barrel (the catalytic end), whereas the loops at the
N-terminal end (the stability end) are usually shorter
(Fig. 4). Longer TIM-barrel units are sometimes observed
in the case where an additional domain has been inserted
in the TIM-barrel fold, as observed for example in
pyruvate kinase, where an extra domain has been inserted
at the C-terminal end of f-strand-3 [64]. A systematic
survey [23] lists more examples; also in these cases the
inserted domain is after f-strand-3. Apparently, the TIM-
barrel fold is a very good framework for many different
enzyme active sites. The importance of the electrostatic
properties of this fold has also been discussed [65, 66].
Evolutionary studies [22, 25, 67] have shown that the
TIM-barrel has possibly evolved from two half barrels
[68]. Also, recent enzyme design studies [69, 70], using
either directed evolution [71] or computational approa-
ches [72], highlight the importance of the TIM-barrel
fold as an important framework for making non-natural
enzymes.
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Table 2 A compilation of the organisms of which TIM structures are
known

Archaea Methanocaldococcus jannaschii dsm 2661
Pyrococcus woesei

Thermoproteus tenax

Bacteria Bartonella henselae
Escherichia coli

Bacillus stearothermophilus
Helicobacter pylori
Moritella marina
Mycobacterium tuberculosis
Thermotoga maritima
Eukarya Caenorhabditis elegans
Entamoeba histolytica
Gallus gallus

Giardia intestinalis

Homo sapiens

Leishmania mexicana
Oryctolagus cuniculus
Plasmodium falciparum
Saccharomyces cerevisiae
Tenebrio molitor
Trypanosoma brucei brucei

Trypanosoma cruzi

Table 3 The three atomic resolution TIM structures

PDB code Source Resolution (;\) Ligand
2VXN L. mexicana 0.82 PGH
INS55 L. mexicana 0.83 2PG
INEY S. cerevisiae 1.20 BHAP

The studies of monomeric TIMs

Only the TIM dimer is fully active, and therefore several
drug discovery studies have attempted to find inhibitors
that interfere with the folding and assembly of monomers
into dimers, such that, for example, TIMs from parasitic
organisms are selectively inhibited. Two approaches have
been reported. Balaram and co-workers [73] have found
that a peptide analogue of malarial TIM loop-3 is indeed an
inhibitor with an IC50 value of approximately 0.7 uM,
when tested on malarial TIM. In drug discovery projects, it
is attractive to search for specific inhibitors with binding
sites at the protein—protein interfaces of oligomeric
enzymes, like TIM, which are only fully active in the
oligomeric state, as the sequence conservation of the pro-
tein—protein interfaces is much less than at the active site.
For example, specific inhibitors binding at the Trypano-
soma cruzi TIM dimer interface (1SUX, 20MA) have been
studied [74, 75].

The catalytic residues of TIM are all located on the same
subunit. Some of them (Asnl1, Lys13, His95) are on loops
that are stabilised by the dimer interface interactions. And
indeed the enzymatic studies on monomeric TIMs show that
the monomers have much reduced catalytic efficiency. Also,
the structural properties of several monomeric TIM’s have
been studied systematically. The first monomeric TIM,
monoTIM (1TRI), was generated after following a careful
loop design protocol, using the computational tools imple-
mented in the modelling package ICM [76, 77]. Via this
protocol, a 15-residue stretch (loop-3) of the trypanosomal,
glycosomal TIM was changed into an 8-residue stretch. The
crystal structures of several of these monomeric TIMs
(Table 1) have shown that the loops involved in dimerisa-
tion in wild-type TIM become disordered or adopt non-
wild-type conformations (in particular in the unliganded
structures) in the monomeric state [33, 78]. For example,
loop-4 is also seen to adopt a new well-ordered outward-
oriented conformation in monoTIM (Fig. 7), whereas loop-1
is disordered in most unliganded structures. Loop-8 has an
unusual conformation in one of the unliganded structures
(1IMSS) (Fig. 7). Concerning loop-4, it was found that in
monomeric TIMs the wild-type loop-4 conformation is
stabilised by the bulky side chain of the A100W-mutation,
which was subsequently kept in the later generation of
monomeric variants. The mutation A100W does not affect
the catalytic properties of these monomeric TIMs [33]. In the
TIM-dimer, the dimer interface loops, loop-8, loop-1, loop-
2, loop-3 and loop-4 are all very rigid. The structural prop-
erties of loop-8, loop-1, loop-3, and loop-4 of the monomeric
TIMs suggest that in the wild-type monomeric folding
intermediate of TIM these loops are also disordered. Sub-
sequently, in the folding pathway of wild-type TIM towards
the mature dimer, these disordered loop regions of the two
subunits then interact with each other such that a very rigid
dimer interface is generated on dimerisation [79].

The monomeric TIMs still have considerable TIM
activity having a ke, of approximately 1 s~' and a K, of
approximately 5 mM, which means that the k., is approxi-
mately 1,000-fold lower and the K, is approximately ten
times higher than wild-type [33]. Methylglyoxal synthase
activity was not detected [33], indicating that the phosphate
anchoring mechanism is not disabled by the monomerisa-
tion. The monomeric TIMs are somewhat less stable than the
wild-type TIM dimer [33, 80]. The pH optimum of these
monomeric variants is not known and also the free energy
profile of the catalytic cycle has not been determined.
However, from the structural studies, it is known that the
characteristic open (unliganded) and closed (liganded)
conformational states are still present in these variants [78].

The lower catalytic efficiency of the monomeric TIMs
can be understood from their structural properties, given
the much more flexible catalytic loops, loop-1, loop-4 and
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Fig. 6 The active site geometry as seen in the structure of the TIM—
PGH complex (2VXN) (in stereo). Note that the hydroxamate end of
the reaction intermediate analogue is completely dehydrated. The
hydroxamate plane mimics the enediolate plane. Four water mole-
cules are hydrogen bonded to the phosphate moiety and two water
molecules are hydrogen bonded to the main chain and side chain of

Fig. 7 The comparison of the structures of wild-type and monomeric
TIM variants in which only loop-3 is shortened. Three structures are
shown, being wild-type TIM (open, unliganded) (5TIM-subunit-A)
(green), monoTIM (closed, liganded with sulfate) (1TRI) (purple) and
monoTIM-SS (open, unliganded) (IMSS, molecule A) (yellow). In
monoTIM-SS, two surface residue point mutations (F45S, V46S)
have also been introduced to improve the crystallisation properties;
monoTIM and monoTIM-SS have the same catalytic properties [33].
Note the structural variability of loop-8, loop-1, and loop-4; these
loops are, in wild-type TIM, very rigid because of the dimer interface
interactions, but in the monomeric TIMs they display a large
conformational diversity

the catalytic glutamate. The four hydrogen bonds between the
phosphate moiety and the peptide NH-groups of loop-6 (Glyl173),
loop-7 (Ser214) and loop-8 (Gly234, Gly235) are indicated by dotted
lines. Wat-6 is hydrogen bonded to a string of waters which extends to
the bulk solvent

loop-8. Also, the active site is much more exposed to bulk
solvent. Nevertheless, directed evolution experiments using
monoTIM as the starting point [81] have shown that
mutations in loop-2 do increase k., by a factor 11, while
reducing K, by a factor of 4.

The first monomeric TIM variants have been used for
engineering new substrate specificity by shortening loop-1
(ml1TIM, 1ML1) [82] and subsequently loop-8 (mI8bTIM,
1DKW) [79]. The initial loop-8 deletion variant showed no
activity and also poor binding properties, but the V233A
variant of this deletion mutant (A-TIM) has much better
binding properties [83]. Careful analysis of the high reso-
lution structure of mlI8bTIM [83] (2VEI) provided the
rational for the importance of the V233A mutation, as it
showed that Val233 in the mI8bTIM structure pointed fur-
ther into the bulk solvent (as compared to wild-type) and it
therefore blocked the phosphate binding site, as well as
interfering with the wild-type conformation of loop-7. It
could be shown that A-TIM has a competent active site,
being able to bind the reaction intermediate analogue 2PG
(2VEL) (Fig. 8) as well as the suicide inhibitor BHAP
(2VEM), although the catalytic activity is below the detec-
tion limit of the standard assay [11]. Interestingly, the
putative A-TIM active site also binds larger molecules, like
citrate, which cannot bind to wild-type TIM [83] (2VEK). In
A-TIM, loop-1, loop-3 and loop-8 have been shortened, and
there is a point mutation in loop-4 (A100W). These studies
show that the loops at the catalytic end of the TIM (fo)s-
barrel can be considerably mutated without the framework
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loop-8 His-95

Lys-13

Fig. 8 The comparison of the structures of the closed, 2PG bound
complexes of wild-type TIM (IN55) (green), mlITIM (IMLI,
molecule A) (cyan) and A-TIM (2VEL, molecule B) (purple).
mlITIM has a shortened loop-3, and loop-1, as well as the point
mutation A100W in loop-4. In A-TIM, loop-8 has also been
shortened. There are no structural changes at the stability end of
the TIM barrel, while at the catalytic end of the TIM-barrel significant
structural changes in the loops are observed, due to the mutations/
deletions in these loops

losing its integrity (Fig. 8). The A-TIM framework is now an
attractive starting point for finding new catalytically active
variants having a non-natural substrate specificity [83].

Evolutionary conserved sequence patterns

The best-studied TIMs are chicken TIM, yeast TIM, try-
panosomal TIMs, leishmania TIM, and malaria TIM. We
refer in this review to the trypanosomal TIM (T. brucei bru-
cei) sequence numbering, in which the active site residues are
Asnll, Lys13, His95, and Glul67. Figure 9 compares the
sequences of these five TIMs. Important structural and
sequence fingerprints are highlighted in this figure.

The four key catalytic residues are fully conserved [43].
Also highly conserved are the residues in loop-6, loop-7
and loop-8. Interestingly, it has been found that in
sequences of archea the sequence conservation of loop-6 is
different, most likely compensated by sequence differences
in loop-7 [84]. Such compensating sequence differences
have also been noted for some other unique sequence
patterns, such as for Glu65 in leishmania TIM (almost
always a glutamine) [85] and for Phe96 in malaria TIM
(almost always a serine) [61].

The isomerase reaction

The TIM reaction is initiated by deprotonation of a carbon
atom adjacent to a carbonyl moiety. In general, a ketose—
aldose isomerisation reaction can be achieved by two
possible mechanisms, either by proton transfer or by metal
ion-dependent hydride transfer [86]. In solution, at basic
pH, both mechanisms occur and are approximately equally
efficient [86]. In the catalysis by TIM, the proton transfer
mechanism is used. The first step in the reaction mecha-
nism is the abstraction of a proton from a carbon adjacent
to a carbonyl function, being either an aldehyde (when the
substrate is D-GAP) or a ketone (when DHAP is the sub-
strate). In both cases, the first intermediate formed is a cis-
enediolate (Fig. 3). TIM is therefore also referred to as an
enolising enzyme [87-89]. TIM is highly specific for the
C3-sugar phosphates DHAP and p-GAP. Other sugar
phosphate isomerases which use the same proton transfer
mechanism [90] are, for example, p-ribose-5-phosphate
isomerase (RPI) [91] and phosphoglucose isomerase (PGI)
[92]. These two enzymes catalyse the same reaction as
TIM, but the substrate is, respectively, a C5-sugar phos-
phate and a C6-sugar phosphate. There are actually two
different RPI enzymes, having completely different folds,
but similar reaction mechanisms, referred to as RPI-A [93]
and RPI-B [91]. The structures of complexes of the
respective hydroxamate reaction intermediate analogues
with PGI, RPI-B and TIM have been determined (Fig. 10).
Each of these three enzymes uses a glutamate as a catalytic
base and in each of these enzymes an oxyanion hole sta-
bilises the negative charge on the cis-enediolate that is
formed on proton abstraction. It is interesting to note the
different hydrogen bond donors recruited for making
the respective oxyanion holes. In TIM, the oxyanion hole
for the O2 oxygen is formed by the NZ(Lysl3) and
NE2(His95), whereas in the complexed RPI-B structure
(2BES) the oxyanion hole is formed by the main chain
N(Ser71), OG(Ser71) and a water (Wat2064), and in the
complexed PGI structure (1KOJ) only water molecules are
hydrogen bonded to the carbonyl oxygen atom (Wat241,
Wat423, and Wat477). In each of these three enzymes,
proton transfer between the two oxygen atoms of the cis-
enediolate intermediate is in principle possible, either via a
histidine (NE2 (His95)) in TIM (2VXN), or via a water
(Wat241) in PGI (1KOJ), or via a serine side chain
[OG(Ser71)] in RPI-B (2BES).

Only in the case of TIM, the phosphate of the substrate
is well anchored by interactions with four main chain
NH-groups of three different loops, whereas no side chains
are involved in this interaction. These phosphate binding
loops adopt completely different conformations in the
unliganded and liganded conformation of TIM. In PGI, the
phosphate has two hydrogen bonds to main chain NH
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Fig. 9 The alignment of some
TIM sequences. Included in this
sequence alignment are the

i chicken PPRKFF\pGN
sequences of well-studied yeast CARTFFVIGGH
triosephosphate isomerases: leish S AKPQP I|AA AR

: tryp SKPQP I|AA AW
chicken (Gallus gallus.),.yeast pL CMRHP LvMc
(Saccharomyces cerevisiae), pfal " MARKYF (V5 2 W
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brucei), ecoli (Escherichia coli), p3
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groups, whereas in RPI-B there is no such hydrogen bond to
a main chain NH-group. In each of these two structures at
least one arginine or lysine side chain contributes to the
binding of the phosphate moiety. In RPI-A there also exist
hydrogen bonds between the phosphate and side chain
lysines and main chain NH-groups. From E. coli RPI-A, the
liganded (108B) and unliganded (1KS2) [93] structures are
available. For this enzyme, a small domain movement is
seen, allowing for better hydrogen bonding with the phos-
phate moiety when comparing the two different states. For
RPI-A of Thermus thermophilus [94], only minor structural
differences are seen for the liganded (1UJ5) and unliganded
structures (1UJ4). For rabbit PGI, the liganded (1KOJ) and
unliganded (1HMS5) [95] structures are available, and for
this enzyme, a small movement of the phosphate binding
loop is observed on ligand binding. The phosphate
anchoring mechanism in TIM is much tighter and more
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complicated than in RPI and PGI. This correlates with the
notion that in the uncatalysed TIM isomerase reaction the
phosphate elimination reaction is favoured (Fig. 3) [8], but
not in the RPI and PGI catalysed isomerase reaction, due to
the longer carbon skeletal of the substrates, respectively a
C5-sugar phosphate and a C6-sugar phosphate.

It has been noted that many sugar isomerases (having as
substrates non-phosphorylated sugars) use the metal-
dependent hydride transfer mechanism [86], like p-xylose
isomerase [96]. Generally, the latter enzymes are less pro-
ficient than the enolising isomerases utilising sugar
phosphates as substrates [86, 97]. Richard and colleagues
have proposed that the phosphate binding energy is used to
lower the transition state free energy barrier [98, 99]. A very
elegant proof of this is provided by the observation that the
conversion of the truncated substrate analogue glycolalde-
hyde (having no covalently bound phosphate moiety) is
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LYS-13

Fig. 10 The comparison of the mode of interactions of the hydroxa-
mate reaction intermediate analogue and the active site residues of
three sugar phosphate isomerases: TIM (cyan; 1TPH), RPI-B (green;
2BES) and PGI (magenta; 1KOJ) (in stereo). The hydroxamate
moieties of each of the three structures have been superimposed. In
each active site, the catalytic base is a glutamate: Glul67 in TIM,
Glu75 in RPI-B and Glu357 in PGI. For the shared hydrogen bonding
with the O1 and O2 atoms of the substrate and enediolate intermediate

activated 700-fold in the presence of the phosphite dianion
((HPO3)*"), a phosphate analogue [99]. Product analysis of
the phosphite-activated isomerisation of glycolaldehyde
shows that the proton transfer mechanism is the same [100].
Apparently, both reactions occur in the closed form of TIM,
and the 700-fold activation by the phosphite dianion is
achieved by using its intrinsic binding energy to stabilise this
closed conformation. The use of substrate binding interac-
tions to increase catalytic efficiency instead of affinity has
also been described for other enzymes [6].

The classical and the criss-cross reaction mechanism

The TIM active site catalyses the interconversion of DHAP
and D-GAP in a highly stereospecific manner. The C1 pro-R
proton is abstracted when DHAP is the substrate and the
C2-R proton is abstracted when D-GAP is the substrate. This
chiral specificity can be understood readily from the avail-
able crystal structures of the enzyme substrate complexes,
but in fact was already proposed by Rose and co-workers [7].
The mode of binding of the substrate with respect to the base
is in good agreement with the stereo electronic requirement
for efficient enolisation [2, 101], which states that the proton
to be abstracted is positioned orthogonal with respect to the
enolate plane defined by the Ol, C1, C2 and O2 atoms
(schematically indicated in Fig. 3).

The first intermediate of the catalytic cycle is generated
after the initial proton abstraction by Glul67. For efficient

LYS-13

in TIM NE2(His95) is important, whereas in RPI-B and PGI the
corresponding hydrogen bonding partners are OG(Ser71), and a water
molecule (Wat241), respectively. The oxyanion hole for the O2 atom
of the enediolate is made by Lys13 and His95 in TIM, by main chain
NH-groups of residues Gly70-Ser71, as well as by Wat2064 and
OG(Ser71) in RPI-B, and by three water molecules (Wat423, Wat477,
Wat241) in PGI

catalysis, it is required that the pK, of the base and sub-
strate are in the same range [27, 88]. In solution, the pK, of
the substrate is expected to be in the range of 16-20 [102,
103], whereas for the base, the Glul67 carboxylate moiety,
the pK, of the uncomplexed enzyme is approximately 4
[104], which is very similar to the pK, of the glutamate side
chain, when dissolved in water [6]. Efficient catalysis
requires that these two pK, values will be modified and
thereby come closer to each other in the competent com-
plex [88], which is achieved by the buried active site
geometry of the closed, liganded structure.

The enzyme achieves a 10° rate enhancement by sta-
bilising the transition state and the intermediate states.
Theoretical and experimental [105] studies suggest that
tunnelling of the hydrogen atom does not play an important
role in the TIM mechanism, as reviewed by Cui and
Karplus [4]. The importance of low-barrier hydrogen bonds
(LBHBs) for stabilisation of the transition state and inter-
mediates has been addressed [106]. Although NMR [107]
and X-ray studies [20] have shown that short hydrogen
bonds can be found in the structures of TIM complexed
with reaction intermediate analogues, their importance for
the catalytic rate enhancement achieved by TIM remains to
be investigated further.

Experimental and computational studies suggest that at
least two proton transfer pathways can complete the sub-
strate to product conversion: the classical mechanism
[2, 108] (Fig. 11) and the criss-cross mechanism [109, 110]
(Fig. 12). In the criss-cross pathway, all proton transfer
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Fig. 11 The classical reaction mechanism. In this mechanism, the proton transfer steps are carried out by the glutamate as well as by the

histidine

steps are carried out by Glul67, whereas in the classical
pathway, the His95 side chain is also involved in the proton
transfer. In each of these pathways, the chemistry steps of
the simplistic diagram of Fig. 2 are split into several steps.
The last step is the reprotonation of the intermediate by
Glul67, which then produces the product.

Extensive QM/MM calculations on the reaction mech-
anism of TIM have shown that the two possible reaction
mechanisms can contribute to the overall reaction [4, 52].
The NMR studies have found that, in yeast TIM, the
classical mechanism contributes at least 3.9% and in
chicken TIM at least 12.1% to the overall reaction [110],
indicating that there are subtle differences in the reaction
mechanisms of these homologues enzymes. Subtle differ-
ences in catalytic mechanism between homologous
enzymes have also been found for other classes of
enzymes, for example in the very elegant transition state
analogue studies by Schramm and co-workers [111] of
bovine and human purine nucleoside phosphorylase.

In the classical mechanism (Fig. 11), both the Glul67
and the His95 side chains are involved in shuttling protons
in the intermediate enediolate complex. This produces a
negatively charged histidine side chain [108, 112]. For this
proton transfer step, no movement of the histidine side
chain seems to be required. The recently published atomic
resolution structure of the leishmanial TIM/PGH complex
provides a good rationale for how the proton shuttling by
the Glul67 side chain in the classical and criss-cross
mechanism can be achieved. From the analysis of this
structure (Fig. 13), and from an analysis of other ligand-
TIM structures (Fig. 14), it appears that the side chain of
the catalytic glutamate can move approximately 1 Aina
small cavity above the cis-enediolate intermediate plane.
The suggested motion is a sliding motion of the carbox-
ylate moiety in this cavity (Fig. 14), which is achieved by
small changes in the main chain and side chain geometry;
the side chain dihedral angles of Glu167 remain essentially
the same. This movement shuttles the proton between the



3976 R. K. Wierenga et al.
Glul67 Glulé67
Q|
2
o o Hr
| l §
0 ﬂi -o—ﬂ—o = "
/
° 0 &
NHg* H \\\\ Glul67
\ \
Lysl3 Lys13 Q\HI&QS
o o
o
‘ H
o ﬂ o/>:< o
o 0, \\\04)
Glul67 Glul67 NHs* H\
S
Q\H&Qj
Lysl3
o o

I

o) O

HR/ ”,{ \@‘\‘\ HE
NHz* (H\\ NHz*
3 3
Nj\
&N Hisgs
Lys13 Lys13

o
.o_i_oqL{ et
| N\ RN
o o O
%, &

'@,H\N

Fig. 12 The criss-cross reaction mechanism. In this mechanism, all proton transfer steps are carried out by the glutamate side chain carboxylate

group

C1-0O1 moiety and the C2-O2 moiety of the cis-enedio-
late. As described by Knowles [2] and others, the syn-
orbital of the carboxylate has the highest affinity for a
proton [113] and therefore this orbital is predicted to
abstract the proton from C1. In the criss-cross mechanism,
when the carboxylate moiety has moved to the other end of
its cavity, the proton is delivered to the receiving atom, O2
(Fig. 12). Subsequently, it abstracts the Ol-proton and
transfers it to the C2-atom, by which the aldehyde product
is formed.

In the physiological DHAP-to-D-GAP conversion, the
oxyanion formed on proton abstraction from C1 is the
02-oxygen, which is stabilised by the oxyanion hole
formed by the Lysl3 and His95 side chains. Subse-
quently, in the reaction cycle, this negative charge is
transferred eventually to the Ol-oxygen (Figs. 11, 12).
This state actually corresponds to the first intermediate

generated on deprotonation of p-GAP when considering
the pD-GAP-to-DHAP conversion, and the Ol negative
charge is proposed to be stabilised by the side chains of
His95 and Asnll, as suggested by protein crystallo-
graphic studies [18]. Also, NMR studies in D,O suggest
the existence of multiple transition states and intermedi-
ates, differing in hydrogen bonding at the enediolate O2
and Ol oxyanions formed on deprotonation of DHAP and
D-GAP, respectively [114].

Since the first studies by Knowles [1, 115], done with
tritiated DHAP substrate, have indicated substantial loss of
label from substrate into bulk solvent during catalysis, it
has intrigued scientists via what mechanism this is possible
[116]. The structure of the active site geometry suggests
that this exchange with bulk solvent of the proton
abstracted from the substrate by the base is possible via a
string of waters forming a hydrogen bonding network
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Fig. 13 Visualisation of the
anisotropic B-factors of the
atoms in the active site of the
leishmanial TIM structure
complexed with PGH (2VXN)
(in stereo). The 70% probability
thermal ellipsoids have been
drawn. The highest B-factors
are observed for OE1(Glul67),
OE2(Glul67) and O1(PGH)

| GLU-167

Fig. 14 The comparison of the active site geometry of four liganded
high resolution TIM structures, suggesting how a sliding motion of
the Glul67 side chain over the catalytic end of the substrate could
facilitate the proton shuttling by the catalytic base. The structures
concern the complexes with PGH (2VXN) (purple), 2PG (IN55)
(green), DHAP (INEY) (orange), and IPP (11F2) (cyan). In the PGH
complex, the side chain is near Cys126, Alal65, Leu232, and in the
IPP complex it is nearest to Ile172

between Glul67 and bulk solvent [20] (Fig. 6). More
recent NMR studies of unlabeled substrate in D,O show

that under these experimental conditions the proton shut-
tling mechanism transfers the proton much more efficiently

Qoo
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directly between the C1 and C2 carbon atom [114], as is
the case in the classical mechanism (Fig. 11).

The importance of the flexible loops, loop-6 and loop-7

The free energy diagram of the reaction (Fig. 2) as well as
the detailed description describing the chemical steps
(Figs. 11, 12) still do not describe all the steps of the com-
plete catalytic cycle, as the substrate binding and product
release steps should also be considered. This is also impor-
tant because such steps can be the rate limiting step, in
particular in TIM, in which the chemical steps have become
very fast.

The classical view states that loop-6 is open in the
unliganded state and closed in the liganded state. Now that
there is such a large collection of deposited TIM structures
(Table 1), it is apparent that the binding process is a two-
step process. For example, a structure (1R2R) is known
from rabbit TIM in which the loop-6 is closed, but the
structure is unliganded [117], while in a trypanosomal TIM
structure [118] (1TSI) as well as in a malaria TIM structure
(1LZO) [119], loop-6 is seen in an open conformation,
while the ligand is still present. The latter structure can also
be referred to as an encounter complex, in which the ligand
is bound but not yet having completely reached its com-
petent position. Also, from solution studies [51], it is
known that an encounter complex is formed first. In these
T-jump experiments, it is found that the formation of the
enzyme substrate encounter complex is a very fast bimo-
lecular reaction, followed by a slower uni-molecular loop
closure conformational switch. Measuring the loop opening
(2,500 s~ ") and loop closure (46,700 s~ 1) rates as a func-
tion of temperature provides the activation enthalpies for
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GLU-167

Fig. 15 The importance of Prol68 for the concerted loop-6/loop-7
closure. The active site geometry of the unliganded (open) confor-
mation (5TIM, subunit A) (green) and the liganded (closed)
conformation (1N55) (purple) are compared. The ligand is 2PG. On
ligand binding, O(Gly211) (loop-7) rotates 90° upwards, clashing
with the Prol68 (loop-6) side chain. Consequently, the Glul67-
Pro168 dipeptide also switches to the closed conformation, by which
the Glul67 side chain adopts the competent, swung-in conformation.
This swung-in conformation is possible, once O(Gly211) has moved
upwards

loop opening and loop closure as 14.1 and 13.8 kcal/mol,
respectively, in the case where the ligand is glycerol-
3-phosphate [51].

The loop closure conformational changes, in particular
of loop-7, allow the substrate to bind deeper into the active
site. Jointly with the loop-7 changes, also the loop-6 closes,
placing the side chain of the catalytic glutamate near the
substrate (the swung-in conformation) (Fig. 15). Therefore,
in this closed complex, the substrate is bound competently,
such that catalysis of the deprotonation step occurs. The
release of product, b-GAP, is expected to also be a multi-
step process, in which the bD-GAP-TIM “departure”
complex is formed first (corresponding to the DHAP-
encounter complex), before the product is released.

In the conformational change of the loop-6 closure, the tip
of this loop moves almost 7 A on ligand binding. Structural
data suggest that the tip of the loop, residues Ile-Gly-Thr-Gly,
moves as arigid body [120, 121]. In the unliganded open form,
it contacts loop-5, whereas in the liganded closed form, it
moves over to loop-7. Elegant solid state NMR studies show
that the loop opening/closing mechanism is not ligand gated,
but an intrinsic property of both the unliganded as well as the
liganded state [122]. In the unliganded state, loop-6 is more
disordered, having high B-factors, whereas in the liganded
state, loop-6 is well defined. Specific hydrogen bonding
contacts of loop-6 with the YGGS motif of loop-7 exist in this

closed form [123], generated by OH(Tyr210) to N(Alal78),
and by OG(Ser214) to O(Alal71) and to N(Gly175).

In this closed conformation, a binding site is formed for
the phosphate dianion, by four optimally positioned peptide
NH-groups (Fig. 6). For this, the conformational change of
loop-7 is also important. The conserved sequence of loop-7
(Fig. 9) is a tetrapeptide, YGGS, residues 210-213. It has
been found that the Gly211-Gly212 peptide plane rotates
by 90°, whereas the Gly212-Ser213 peptide rotates 180° in
this conformational switch, allowing N(Ser213) to hydro-
gen bond to the phosphate moiety. N(Ile172) of loop-6 and
N(Gly234), N(Gly235) of loop-8 complete the set of four
phosphate binding hydrogen bond donors.

The importance of the tyrosine, Tyr210, of the YGGS-
motif has been recognised in early mutagenesis studies
[124]. The hydroxyl group of this tyrosine is hydrogen
bonded to the main chain of the closed conformation of
loop-6. The importance of this tyrosine for the loop
dynamics has also been studied [125]. The YGGS-motif is
fully conserved in the TIM sequences of eukaryotes and
eubacteria (Fig. 9), but not in archeal sequences [84].
Recently, Loria and co-workers [126] replaced this YGGS-
motif of chicken TIM by its archeal homologue TGAG,
and found, using NMR approaches, that the catalytic
properties of this variant were indeed much less efficient.

The proline (Pro168) following immediately after the cat-
alytic glutamate (Fig. 9) is conserved in both the eukaryotic
and bacterial sequences, as well as in the archeal sequences
[84]. Systematic structural enzymological studies [127] on the
properties of the PI68A variant have provided the rational for
this conservation. The structural data suggest that the ligand-
induced conformational change of the YGGS-motif of loop-7
forces the Glu167-Pro168 dipeptide to switch to the swung-in
conformation. This switch is apparently caused by the clash of
O(Gly211) with the Pro168 side chain, after the 90° rotation of
the Gly211-Gly212 peptide plane on ligand binding. Conse-
quently, the Glu167-Pro168 dipeptide has to move, by which
the catalytic glutamate adopts its catalytic swung-in position
(Fig. 15). In this conformational switch, the y' and 7* side
chain dihedrals of the Glu167 side chain do not change very
much. The movement of the carboxylate group of Glul67,
towards the substrate, is approximately 2 A

The loop-6 conformational change appears to be
achieved by relatively small changes in the phi/psi values
of the N-terminal and C-terminal hinge tripeptides [121].
Interestingly, the much smaller conformational switch of
loop-7 is caused by significant changes in the phi/psi values
of the two glycines of the YGGS-motif. Because of the
peptide flip of the Gly211-Ser212 peptide bond, the phi/psi
values of Ser213 change from (—83,118) to (47,51), for
which a high energy barrier has to be crossed [120, 128].

The insight on the dynamical properties of (1) loop-6
and loop-7 and of (2) the catalytic glutamate have been
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summarised above. Further studies [129] will clarify if the
overall dynamical properties of the TIM dimer also play an
important role in the catalytic cycle, as has been estab-
lished for other enzymes [130].

Concluding remarks

The recent structural enzymological studies of TIM have
been built on the classical reaction mechanism studies by
Knowles and others [1, 2], as summarised previously.
These recent studies, as reviewed here, have shown the
importance of electrostatic stabilisation for the catalytic
power of this enzyme. These electrostatic interactions
lower the transition state free energy barriers and stabilise
the negatively charged cis-enediolate intermediates. A
unique property of the TIM active site are the flexible
loops, loop-6 and loop-7, which in the liganded state
exclude bulk solvent from the catalytic site and sequester
the phosphate moiety, thereby preventing the undesirable
phosphate elimination reaction. In addition, the binding
energy from the phosphate moiety contributes to the tran-
sition state stabilisation. In the liganded closed state, the
catalytic base, Glul67, at the beginning of loop-6, is
switched into its catalytic competent swung-in conforma-
tion. The active site geometry of the competent liganded
complex provides the side chain of the catalytic glutamate
with dynamical properties well suited for shuttling the
protons as required for the isomerisation reaction.
Researchers continue to use TIM as a study object for
their research, both for computational enzyme mechanism
studies as well as for experimental studies. The experi-
mental studies cover a wide range of topics, ranging from
its physiological function, including the cause of disease by
the deficient TIM variants, to its evolution, as well as on its
folding, assembly, dynamics and reaction mechanism.
These very different, but complementary, approaches have
provided excellent insights into the reaction mechanism of
TIM. Further research along these lines will continue to
improve the detailed, quantitative biophysical description
of all aspects of its catalytic cycle. This reaction mecha-
nism, as developed through evolutionary pressure,
highlights the beautiful interplay of the catalytic tools that
make the active site of this superb molecular biocatalyst.
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