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ABSTRACT Loop 8 (residues 232–242) in triose-
phosphate isomerase (TIM) is a highly conserved
loop that forms a tight binding pocket for the phos-
phate moiety of the substrate. Its sequence includes
the fully conserved, solvent-exposed Leu238. The
tight phosphate-binding pocket explains the high
substrate specificity of TIM being limited to the in
vivo substrates dihydroxyacetone-phosphate and
D-glyceraldehyde-3-phosphate. Here we use the mo-
nomeric variant of trypanosomal TIM for exploring
the structural consequences of shortening this loop.
The mutagenesis, guided by extensive modeling
calculations and followed up by crystallographic
characterization, is aimed at widening the phos-
phate-binding pocket and, consequently, changing
the substrate specificity. Two new variants were
characterized. The crystal structures of these vari-
ants indicate that in monomeric forms of TIM, the
Leu238 side-chain is nicely buried in a hydrophobic
cluster. Monomeric forms of wild-type dimeric TIM
are known to exist transiently as folding intermedi-
ates; our structural analysis suggests that in this
monomeric form, Leu238 of loop 8 also adopts this
completely buried conformation, which explains its
full conservation across the evolution. The much
wider phosphate-binding pocket of the new variant
allows for the development of a new TIM variant
with a different substrate specificity. Proteins 2001;
42:383–389. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

The triosephosphate isomerase (TIM) barrel (ba)8-fold
provides a versatile scaffold on which various functions
can be developed.1,2 The eight central b-strands of the
scaffold are labeled from the N terminus to the C terminus
as B1–B8, respectively; the corresponding a-helices are
labeled A1–A8. The ba-loops connecting b-strands B1–B8

to the subsequent a-helices A1–A8 are called loops 1–8,
respectively. The active site of TIM barrel proteins is
formed by these ba-loops. The first enzyme known to have
the TIM-barrel fold was TIM. TIM is a dimeric glycolytic
enzyme that interconverts dihydroxyacetone phosphate
(DHAP) and D-glyceraldehyde-3-phosphate (GAP) during
glycolysis (Fig. 1). The reaction mechanism of TIM has
been extensively studied.3 The residues directly involved
in catalysis are Lys13, His95, and Glu167, found in loops 1,
4, and 6, respectively. In addition, residues from loops 6, 7,
and 8 bind highly specifically to the phosphate moiety of
the substrate.

Crystallographic studies have shown that loops 6 and 7
have an open conformation in the absence of active-site
ligand and a closed conformation in the presence of
ligand.4,5 The tip of loop 6 moves approximately 7 Å on
ligand binding, whereas for loop 7, the conformational
switch concerns reorientation of two peptide planes. Loop
8 does not change conformation on ligand binding. Loops 6
and 7 are important for binding the ligand, as well as for
catalysis. Mutagenesis studies on loop 6 have shown that
shortening this loop results in large changes in the cata-
lytic properties; in fact, the new variant becomes a methyl-
glyoxal synthase.6 Point-mutation studies on loops 6 and 7
pointed toward the importance of hydrogen-bonding inter-
actions for stabilizing the closed conformation of these
loops.7,8 Loop 8 (residues 232–242) is not involved in
catalysis; through interactions of the peptide NH groups of
a 310-helical stretch, it binds the phosphate moiety of the
ligand. A point-mutation study on loop 8 has rationalized
the importance of Ser237 for the stability.9
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TIM has a very high substrate specificity. In fact, the
only known substrates of TIM are DHAP and GAP. The
active-site pocket extends from the catalytic residues at
the bottom of the active-site pocket (His95 and Glu167) to
the 310-helical stretch of loop 8, which binds the phosphate
group. The tight phosphate-binding pocket limits the
substrate specificity to DHAP and GAP. An examination of
the phosphate-binding pocket reveals that loops 6, 7, and 8
(with loop 6 and loop 7 in the closed conformation) bind
very tightly to the phosphate group of the active-site
ligand. Of the six residues that make direct contact with
the phosphate group, four are glycines (Gly173 from loop 6,
Gly212 from loop 7, and Gly234 and Gly235 from loop 8).
The peptide nitrogens of these residues and of Ser213 (loop
7) make hydrogen bonds with the phosphate oxygen
atoms.

The high sequence conservation (Fig. 2) of some residues
of loop 8 cannot be rationalized from the current data.
Leu232 and Val233 are pointing inward into the hydropho-
bic interior close to the catalytic site. The glycines Gly234
and Gly235 are at the beginning of the 310-helical stretch,
which binds the phosphate moiety. The presence of side-
chains at these positions would interfere with phosphate
binding. The side-chain of Ala236 is solvent-exposed and
points to the adjacent loop 7, possibly explaining its high
conservation. Ser237 is pointing inward and is stabilizing

the 310-helix conformation of loop 8.9 Leu238 is pointing
outward, toward the adjacent loop 1, and its very high
sequence conservation cannot be understood from the
wild-type TIM structure. The very well conserved Phe242
is pointing inward into the same hydrophobic cluster as
Val233.

Here we investigate the structural consequences of
shortening loop 8. The mutagenesis of loop 8 is also aimed
at widening the phosphate-binding pocket, thereby allow-
ing for the creation of a TIM variant with a much broader
substrate specificity.

MATERIALS AND METHODS
Loop Modeling

The modeling attempts were aimed at changing loop 8 to
replace the tight phosphate-binding pocket with a wider
binding pocket without disrupting the position of the
catalytic residues Lys13, His95, and Glu167. For these
studies, the monomeric variant ml1TIM of trypanosomal
TIM10 was used; its structure, complexed with the active-
site ligand 2-phosphoglycollate (PGA; Fig. 1), is known.
Loop 8 is anchored at its N terminus by Leu232 and
Val233 and at its C terminus by Phe242, three buried
hydrophobic residues forming part of framework second-
ary structure elements B8 and A8, respectively. By modify-
ing the residues between Leu232 and Phe242 (Fig. 2), it
seems possible to make alterations to this ligand-binding
loop without disrupting the overall structure of the mole-
cule. Loop modeling was carried out with the biased
probability Monte Carlo (BPMC) facility of the ICM pack-
age11 using protocols similar to those described previ-
ously.10 All torsion angles for the residues between Leu232
and Phe242 were allowed to vary during the Monte Carlo
simulations. Additionally, side-chain torsion angles of all
residues containing atoms within 5 Å of loop 8 atoms were
varied; this particularly concerns the side-chains of the
adjacent loops, loops 1 and 7. A BPMC simulation of loop 8
minus Ser237 did indicate that the 310-helix would be
disrupted, but no stable conformation was predicted. Fur-
ther simulations with two residues (Ala236 and Ser237)
removed predicted a clear conformation (8 kcal mol21)
more favorable than the others. However, this version of
loop 8 occupied the space of the phosphate-binding region;
it also resulted in a large exposed area of three hydropho-
bic residues (Trp12, Leu21, and Leu24) that are normally
buried by loop 8. Various alternative loop-8 sequences
(always two residues shorter than the wild type) were
tested in further BPMC calculations. Eventually, the
ml8TIM sequence (Fig. 2) was predicted to have a stable
conformation with a structure defining a wider phosphate-
binding pocket.

ml8TIM was expressed and purified. No catalytic activ-
ity could be detected. The crystal structure of ml8TIM was
determined (Table I) at a 3.2-Å resolution. The structure
was refined without the refinement of individual B factors.
The conformation of loop 8 could clearly be determined
from the maps. The loop-8 structure differed from the
predicted structure; for example, it protruded out into the
wild-type phosphate-binding pocket (the purpose of widen-

Fig. 1. Reaction catalyzed by TIM and the structure of the substrate
analog PGA. PGA has a high affinity for wild-type TIM and its monomeric
variants, for which Ki is equal to 26 and 73 mM, respectively.12

Fig. 2. Sequences of loop 8 from wild-type trypanosomal TIM,
ml8TIM, and ml8bTIM. The secondary structure of wild-type TIM is shown
above the sequences, and the secondary structure of ml8bTIM is shown
below. The anchor residues (in bold) were fixed in the modeling calcula-
tions. The sequence conservation of the LVGGASL stretch is very high. In
fifty-four aligned TIM sequences, the following variations are observed:
232 (L54), 233 (V50,I4), 234 (G54), 235 (G48,K3,N1,S2), 236 (A54), 237
(S53,A1), and 238 (L53,W1). The stretch KPE forms the turn between the
310-helix and the helix A8; it can be of variable length. Position 242
(F52,L1,Y1) is also very highly conserved.
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ing the pocket was, therefore, not achieved), and Leu238 of
the new loop 8 was rotated inward into a cavity formed by
the correlated movement of the Trp12 (loop 1) side-chain,
which in turn was correlated with a large conformational
change of loop 1. The movement of the Leu238 side-chain
into this new hydrophobic cavity was not predicted, as
main-chain angles of loop 1 were not varied in the modeling.

Further modeling and mutagenesis studies of loop 8
were carried out. Additional modifications to loop 8 with
the conformation of loop 1 from ml8TIM were simulated.
These calculations suggested that the even shorter loop-8
sequence of ml8bTIM (Fig. 2) (three residues shorter than
the wild type) would adopt a stable conformation without
any protrusion into the original phosphate-binding region.
A favorable conformation was observed with a calculated
free energy more than 3 kcal mol21 lower than other
conformations. This construct (ml8bTIM) was subse-
quently made and expressed, and the protein was also
purified and characterized, including its full structural
characterization.

Mutagenesis, Protein Expression, and Purification

Copies of an ml1TIM clone in a pET3a expression vector
were already available,10 and we used them as a template
for site-directed mutagenesis of ml1TIM with the ExSite™
polymerase chain reaction (PCR)-based mutagenesis kit
from Stratagene. Primers were obtained either from the

EMBL primer synthesis service or from Applied Biotech.
Ligated PCR products were used to transform competent
XL1-Blue or DH5a competent E. coli cells that were plated
onto LB-ampicillin agar. Successful clones were confirmed
by direct sequencing with the PerkinElmer Big-Dye™
reaction kit and Abi Prism™ 310 genetic analyzer.

pET3a vectors containing the required mutants were
used to transform competent BL21(DE3) E. coli cells. Cells
were grown in a minimal (M9) medium at 18 or 25°C, and
expression was induced in the mid-log phase with isopropyl-
b-D-thiogalactopyranoside. Cells were lysed by being passed
twice through a French press, and the proteins were
purified as described previously.12 The mass of the purified
proteins was checked by mass spectrometry with a Reflex
II matrix-assisted laser desorption/ionization time-of-
flight mass spectrometer (Bruker–Daltonik, Bremen, Ger-
many). For enzymatic studies, ml8TIM and ml8bTIM were
separated from contaminant dimeric E. coli TIM by pre-
parative gel filtration on Sephacryl S200HR (Amersham
Pharmacia Biotech).

Protein Crystallization and Structure
Determination

Crystallization conditions were screened with a sparse
matrix screen13 and were optimized as necessary with the
protein dissolved in a 20 mM triethanolamine buffer (pH
8.0), 1 mM ethylenediaminetetraacetate (EDTA), 1 mM
reduced dithiothreitol, 1 mM azide, and 100 mM NaCl.
Crystals of ml8TIM grew in 1.0 M ammonium sulfate, 0.7
M lithium sulfate, and 0.1 M tris(hydroxymethyl)amino-
methane (TRIS)/HCl (pH 8.0). ml8bTIM crystallized in a
0.1 M sodium citrate buffer (pH 5.5) with 20% polyethyl-
eneglycol (PEG) 6000 and 5% tertiary butanol as the
precipitants. X-ray data for ml8TIM and ml8bTIM were
collected in house with an ENRAF–NONIUS rotating
anode generator using a MAR345 image plate and also at
the X11 beamline at the EMBL outstation at Deutsches
Elektronen Synchrotron (DESY), Hamburg. The data were
processed with the Denzo package14 (Tables I and II). The
structures were solved by molecular replacement with
Amore15 (Tables I and II). Refinement was carried out
with the CCP4 suite of programs,16 and manual rebuilding
was done with the graphics program O.17 The structures
were refined to an R factor of 28.2% at a 3.2-Å resolution
(ml8TIM) and 18.3% at a 2.65-Å resolution (ml8bTIM).
The quality of the structures was assessed with PRO-
CHECK.18 Cavity analysis was done with the MSP pack-
age19 with the same atomic radii as previously.20 Protein
Data Bank entries 1ml1 (liganded monomeric TIM,
ml1TIM), 1mss (unliganded monomeric TIM, monoSS-
TIM), and 5tim (wild-type TIM) were used for structural
comparisons. ICM11 was used to make Figures 4–6.

Solution Studies

Stability studies were done with differential scanning
calorimetry (DSC) and the monitoring of circular dichro-
ism (CD) spectra as a function of temperature. DSC was
carried out with a VP-DSC microcalorimeter (MicroCal,
United States) with a cell volume of 0.47 mL and a heating

TABLE I. Data Processing, Structure Solution, and
Refinement Statistics for m18TIM

Data processing
Resolutiona 3.2 Å (3.4–3.2 Å)
Rmerge

a 11.5% (39.1%)
Completenessa 94.7% (95.2%)
^I/s&a 6.2 (3.2)
Number of reflections 4,027
B factor from Wilson plot 89 Å2

Space group P63
Cell dimensions (a, b, c) 92.3, 92.3, 53.1 Å
Cell dimensions (a, b, g) 90.0° 90.0° 120.0°
Molecules per asymmetric unit 1

Molecular replacement
Search Model m11TIM
Rotation function, 1st peak 18.1 (5.3s)
Rotation function, 2nd peak 13.7 (4.0s)
Translation function (P6) C 5 22.4 R 5 50.2
Translation function (P61) C 5 21.9 R 5 50.4
Translation function (P62) C 5 21.8 R 5 50.9
Translation function (P64) C 5 22.7 R 5 50.9
Translation function (P65) C 5 20.8 R 5 51.3
Translation function (P63) C 5 42.9 R 5 44.1
Translation function, 2nd peak (P63) C 5 14.9 R 5 52.7

Refinement
Protein atoms 1733
Water molecules None
Other molecules None
Overall B factor 80.0 Å2

RMS bond-length deviation 0.026 Å
R factor 0.282
Free R factor (5% of the reflections) 0.394

aThe numbers in parentheses refer to the highest resolution shell.
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rate of 1.5 K/min. CD measurements were taken with a
Jasco J-175 (Japan) instrument, with the sample heated
from 278 to 348K in a 2-mm cell at a rate of 1 K/min.
Protein concentrations of 50 and 6 mM were used in the
DSC and CD measurements, respectively. The binding of
the TIM substrate analog PGA (Fig. 1) was studied
through the measurement of the effect (at a 1 mM concen-
tration) on the temperature-induced unfolding in two
buffers (10 mM TRIS, pH 7.6, 1 mM EDTA, and 25 mM
sodium cacodylate, pH 7.0, 1 mM EDTA, 200 mM NaCl).

Enzymatic activity was determined at 25°C with GAP as a
substrate as described21 in a volume of 0.2 mL with a
Spectramax340 microtiterplate reader (Molecular Devices,
Sunnyvale, CA). To determine the kinetic parameters, the
GAP concentration was varied between 1 and 22 mM, and
the protein concentration was 1 mg/mL. Protein concentra-
tions were determined with the method of Bradford.

RESULTS
Properties of ml8bTIM

ml8bTIM is a stable protein. The melting-temperature
value, as determined by DSC and CD, is 58°C (Fig. 3),

slightly higher than that seen for the reference molecule,
ml1TIM.10 The presence of PGA or NaCl had no significant
effect on the melting-temperature value. With simple
formulae, deduced elsewhere,22 a lower limit of 4 mM can
be placed on the Kd value for PGA. No catalytic activity
was detected for ml8bTIM. The ml8bTIM crystals gave
good diffraction, and details of the molecular replacement
and refinement (to 2.65 Å) are given in Table II. The
Ramachandran plot of ml8bTIM has no residues in disal-
lowed regions. The two molecules of the ml8bTIM asymmet-
ric unit superimpose with a root mean square (RMS)
deviation in Ca positions of 0.22 Å. Loop 8 is well defined;
it has relatively low B-factors and adopts the same confor-
mation in both molecules.

Structure of Loop 1

In ml1TIM (and in dimeric wild-type TIM), Trp12 (in
loop 1) is in a strained conformation (Chi1 5 273° and
Chi2 5 27° in ml1TIM, and Chi1 5 272° and Chi2 5 219°
in wild-type TIM). The modified loop 8 of ml8bTIM allows
Trp12 to relax into a lower energy conformation (Chi1 5
2179° and Chi2 5 2113°) by swapping places with Leu238
(loop 8), as shown in Fig. 4. Consequently, the Leu238
side-chain is pointing into the core of the protein, forming
part of a cluster of side-chains, including Val233 and
Phe242 of loop 8; Ala10, Trp12, Leu21, Leu24, and Phe28
of loop 1; and Val41 of loop 2. The side-chains of loops 1 and
8 in ml8bTIM adopt unstrained conformations and are

TABLE II. Data Processing, Structure Solution, and
Refinement Statistics for m18bTIM

Data processing
Resolutiona 2.65 Å (2.74–2.65 Å)
Rmerge

a 7.4% (18.1%)
Completenessa 92.9% (73.4%)
^I/s&a 8.7 (3.3)
Number of reflections 13,258
B factor from Wilson plot 40.0 Å2

Space group P21
Cell dimensions (a, b, c) 46.6, 88.5, 56.2 Å
Cell dimensions (a, b, g) 90.0° 97.3° 90.0°
Molecules per asymmetric unit 2

Molecular replacement
Search Model m11TIM
Rotation function, 1st peak 28.5 (8.4s)
Rotation function, 2nd peak 25.1 (7.4s)
Rotation function, 3rd peak 14.3 (4.2s)
Translation function, 1st peak (P2) C 5 26.7 R 5 53.8
Translation function, 2nd peak (P2) C 5 25.8 R 5 54.7
Translation function, both peaks (P2) C 5 36.3 R 5 50.3
Translation function, 1st peak (P21) C 5 31.8 R 5 52.0
Translation function, 2nd peak (P21) C 5 33.0 R 5 52.0
Translation function, both peaks (P21) C 5 52.7 R 5 44.0

Refinement
Protein atoms 3587 (1807 1 1780)
Water molecules 145
Other molecules 2 (tertiary butanol)
Average B-factor main-chain molecule Ab 35.5 Å2 (2.2 Å2)
Average B-factor side-chain molecule Ab 39.1 Å2 (2.8 Å2)
Average B-factor main-chain molecule Bb 35.2 Å2 (2.2 Å2)
Average B-factor side-chain molecule Bb 35.2 Å2 (3.0 Å2)
Average solvent B factor 49.1 Å2

RMS bond-length deviation 0.013 Å
R factor 0.183
Free R factor (5% of the reflections) 0.242

aThe numbers in parentheses refer to the highest resolution shell.
bThe RMS deviation in temperature factors for covalently bonded
atoms is given in parentheses.

Fig. 3. Temperature dependency of the molar heat capacity, as
measured by DSC (upper panel), and of u222, as measured by CD at 222
nm (lower panel) for ml8bTIM at pH 7.0, 200 mM NaCl, without ligand
(solid lines), and in the presence of 1 mM PGA (dashed lines).
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well packed, as only two small cavities are found in this
region, both with a volume of 18 Å3 (similar to ml1TIM,
which also has two small cavities here, 24 and 19 Å3). This
places tight packing constraints on Leu238, turning it into
a firm anchor for loop 8, an observation that correlates
with the relatively low B factors for loop 8 and the slightly
increased stability of ml8bTIM (Fig. 3). The conforma-
tional change of Leu238 is correlated with a large conforma-
tional change of loop 1, such that helix A1 begins one turn
later in ml8bTIM (at Leu21) than in ml1TIM (where helix
1 begins at Pro18; Fig. 4). Loop 1 in ml8bTIM then moves
up across the top of Leu238, burying Leu238 and exposing

the ring nitrogen of Trp12. This movement does not,
however, greatly affect the position or orientation of the
catalytically important Lys13 (Fig. 4), the Ca atom of
which has moved only 0.4 Å.

Interestingly, a similar switch of Leu238 and Trp12 was
seen in the crystal structure of another unliganded mono-
meric TIM (monoSS-TIM23), although in this case helix A1
remains intact and loop 1 follows a path somewhat interme-
diate between the paths of ml1TIM and ml8bTIM (Fig. 4).
The superpositioning of the unliganded monoSS-TIM struc-
ture on that of ml8bTIM (Fig. 4) shows that the planes of
the tryptophan indole rings superimpose, but the rings are
flipped with respect to each other.

Structure of Loop 8

The agreement between the predicted and X-ray struc-
tures of the ml8bTIM loop 8 is good everywhere apart from
the conformation of Leu238 (Fig. 5). Two calculations can
be made to compare the observed and predicted loop
conformations: the atoms of the loops themselves can be
superimposed (loop superposition), or the entire molecules
can be superimposed (framework superposition). The RMS
displacement from predicted positions of the 24 main-
chain atoms of loop 8 is 1.4 Å in the framework superposi-
tion. In the loop superposition, the corresponding RMS
difference is 1.0 Å. This good agreement between the
predicted and observed structures of loop 8 is encouraging
for loop-design protein engineering studies.24–26 The larg-
est difference is seen for Leu238, which is a result of the
further small conformational changes to loop 1 in compari-
son with ml8TIM.

Structure of the Catalytic Site and New
Binding Pocket

The conformation of loops 6 and 7 as seen in ml8bTIM is
the same as in wild-type TIM (Fig. 6). The temperature
factors of these loops are relatively high, as in wild-type
TIM, suggesting that they have retained flexibility similar
to that of their wild-type TIM counterparts. Most impor-
tantly, the crucial catalytic residues Lys13 (Fig. 4), His95,
and Glu167 adopt the same conformation in ml8bTIM as
they do in ml1TIM and wild-type TIM. Apparently, the
catalytic machinery of TIM has been retained in ml8bTIM.

A clear picture of the new binding pocket can be obtained
through a comparison of the surfaces of unliganded wild-

Fig. 4. Structure of loop 8. (A) Loops 1 and 8 of ml8bTIM (cyan)
superimposed on those of ml1TIM (yellow). Leu238 is solvent-exposed in
ml1TIM and is pointing inward in ml8bTIM; correlated with this movement
are the rotation of the Trp12 side-chain, the different path of loop 1, and
the unwinding of helix A1 by one turn in ml8bTIM. Also shown at the top of
the figure is Lys13, which is in a similar conformation in both structures.
(B) Loops 1 and 8 of ml8bTIM (cyan) superimposed on unliganded
monoSS-TIM (yellow). Here, Trp12 occupies the same space in both
structures, but in monoSS-TIM, helix A1 does not unwind, and Leu238 is
not buried so deeply as in ml8bTIM. (C) Comparison of unliganded
monoSS-TIM (yellow loop) and wild-type TIM (purple loop). The side-
chains of Ala236, Ser237, and Leu238 are shown; because of the
conformational switch from monoSS-TIM to wild-type TIM, Ser237 moves
inward (it stabilizes the 310-helix of wild-type TIM), and Leu238 moves
outward.

Fig. 5. Loops 7 and 8 of the ml8bTIM model (white) and the ml8bTIM
X-ray structure (yellow). The loop-8 structure of the model is predicted by
the loop modeling calculations in which the main-chain and side-chain
torsion angles of the stretch 233–241 were modeled.
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type TIM27 and ml8bTIM (Fig. 6). The original phosphate-
binding pocket, between Gly173 (loop 6), Ser213 (loop 7),
and Gly234 (loop 8), has been widened, creating a connect-
ing groove between the catalytic site and the deep new
potential binding pocket between loops 7 and 8. This
pocket is lined by main-chain atoms of Val214, Asn215
(loop 7), and Gly234 to Glu241 (loop 8); the hydrophobic
bottom is shaped by the side-chains of Val214, Val233,
Phe242, and Ile245 (Fig. 6).

DISCUSSION
Conserved Ala236-Ser237-Leu238 Sequence
of Loop 8

In the structures of ml8bTIM and unliganded monoSS-
TIM, the side-chains of Leu238 (loop 8) and Trp12 (loop 1)

are swapped with respect to the conformation seen in
wild-type TIM (Fig. 4). The conserved Leu238 (Fig. 2) is
solvent-exposed in wild-type TIM. Trp12 is a buried resi-
due, conserved in all TIM sequences, except in five, where
it is replaced by a phenylalanine. The observation of the
alternative, buried conformation of Leu238 in unliganded
monoSS-TIM, ml8TIM, and ml8bTIM suggest that this
conformational switch (Fig. 4) could have functional impor-
tance.

Furthermore, crystallographic binding studies with
monoSS-TIM have shown that in the presence of active-
site ligand, Leu238 switches back to the wild-type confor-
mation, as seen from the comparison of the crystal struc-
tures of liganded and unliganded monoSS-TIM,23

indicating that these conformations easily interconvert. In
monoSS-TIM, the sequences of loops 1 and 8 are identical
to those of wild-type TIM. The comparison of the struc-
tures of wild-type TIM and monoSS-TIM (unliganded)
shows that the largest displacements occur for the Ca
atoms of Ala236, Ser237, and Leu238 with displacements
of 5.4, 5.7, and 3.8 Å respectively (Fig. 4).

Loops 1 and 8 are at the dimer interface in the wild-type
TIM structure. In unliganded monoSS-TIM, Ser237 is
solvent-exposed, and Leu238 is buried; as a result of the
conformational switch, Ser237 becomes buried but well
hydrogen-bonded,9 and Leu238 becomes exposed. The ease
of interconversion between the two states (as seen between
liganded and unliganded monoSS-TIM) and the high se-
quence conservation of the Ala236-Ser237-Leu238 peptide
suggest a functional role. Specifically, it suggests that the
buried Leu238 conformation is essential for stabilizing the
structure of the monomeric folding intermediate of wild-
type TIM, which is known to exist transiently.28–31 In this
respect, the conformational heterogeneity of loop 1/loop 8
is very similar to the conformational heterogeneity seen
for loop 4 in other structures of monomeric TIM:23 two
conformations of loop 4 are observed in structures of
monomeric TIM. These structures also interconvert,23 and
one of them, as seen also in dimeric wild-type TIM, is
stabilized (in wild-type TIM) by interactions across the
dimer interface. Similarly, these monomer–monomer inter-
actions across the wild-type dimer interface stabilize the
wild-type loop 1/loop 8 conformation. Such structural
plasticity is also seen in other examples of protein–protein
interactions.32,33 Apparently, the strained conformation of
Trp12 and the bulk solvent position of the Leu238 side-
chain in wild-type TIM are required to obtain an active-
site pocket able to catalyze the TIM reaction with high
efficiency.

Toward a New Substrate Specificity

The new active-site binding pocket of ml8bTIM is signifi-
cantly larger and deeper than that of wild-type TIM (Fig.
6). An important lesson from these studies is that the
widening of the phosphate-binding pocket could only be
achieved when structural information from the first mu-
tagenesis step (resulting in ml8TIM) was used because of
the interactions between loops 1 and 8. The deep new
pocket on the surface of the new protein is joined by a

Fig. 6. New binding pocket. (A) The overall fold of ml8bTIM (yellow
and blue Ca trace) superimposed on that of unliganded wild-type TIM
(yellow and red Ca trace). The active site is identified by a PGA molecule
from a superimposed liganded TIM structure. The blue and red loops
indicate, counterclockwise from the top, loops 6, 7, 8, and 1. Loops 6 and
7 are similar in the two structures, whereas there are large differences for
loops 8 and 1. (B) The molecular surface of the open form of wild-type
TIM, with bound ligand (PGA) from a superimposed structure, showing
loops 6, 7, 8, and 1. Carbon atoms are gray, oxygen atoms are red, and
nitrogen atoms are blue. The view is similar to the view in A. (C) The
corresponding surface of open ml8bTIM, again with PGA from a superim-
posed structure marking the catalytic site. The new binding pocket on the
surface of the protein can clearly be seen (*) with a connecting groove
between it and the catalytic site.
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connecting groove (near the original, wild-type TIM, phos-
phate-binding region) to the catalytic site. The open forms
of loops 6 and 7 are unchanged in the new variant in
comparison with the wild type (Fig. 6) and also have
temperature factors similar to those of the wild type,
suggesting that the opening–closing mechanism of these
loops (both of which undergo conformational changes on
ligand binding) are unchanged. This is particularly impor-
tant for loop 6 because the closing of loop 6 includes a
change in the orientation of the side-chain of Glu167,
bringing it into its catalytic position.5 The catalytic resi-
dues in ml8bTIM adopt the same positions as in unli-
ganded monomeric and wild-type TIMs, indicating that
the lack of catalytic activity of ml8bTIM is a result of a loss
of binding rather than a loss of intrinsic catalytic capabil-
ity. Modeling and experimental approaches for finding a
suitable substrate for this new TIM variant have now been
initiated.
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