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The thermophilic triose-phosphate isomerases (TIMs)
of Bacillus stearothermophilus (bTIM) and Thermotoga
maritima (tTIM) have been found to possess a His!2-
Lys'?® pair instead of the Asn'2-Gly'? pair normally pres-
ent in mesophilic TIMs. His'? in bTIM was proposed to
prevent deamidation at high temperature, while the
precise role of Lys'® is unknown. To investigate the role
of the His'? and Lys'? pair in the enzyme’s thermoadap-
tation, we reintroduced the “mesophilic residues” Asn
and Gly into both thermophilic TIMs. Neither double
mutant displayed diminished structural stability, but
the bTIM double mutant showed drastically reduced
catalytic activity. No similar behavior was observed
with the tTIM double mutant, suggesting that the pres-
ence of the His'? and Lys!? cannot be systematically
correlated to thermoadaptation in TIMs. We determined
the crystal structure of the bTIM double mutant com-
plexed with 2-phosphoglycolate to 2.4-A resolution. A
molecular dynamics simulation showed that upon sub-
stitution of Lys'® to Gly an increase of the flexibility of
loop 1 is observed, causing an incorrect orientation of
the catalytic Lys!®. This suggests that Lys'® in bTIM
plays a crucial role in the functional adaptation of this
enzyme to high temperature. Analysis of bTIM single
mutants supports this assumption.

Understanding the molecular adaptation of proteins to ex-
treme temperatures remains a major challenge for protein
scientists. Over the last 2 decades, several studies have at-
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tempted to establish a general rule leading to thermostability,
but no overall consensus explanation could be formulated (1).
For example, although the composition of thermophilic pro-
teins shows that certain amino acids are preferred to ones
present in mesophilic homologues, no general trends emerge.
Studies have demonstrated the need to place the analysis of
primary structure in a three-dimensional structural context
(2); structural determinants such as ionic networks (3, 4), hy-
drophobic packing (5, 6), and cooperative associations (5, 7)
seem to better reflect the general features associated with
thermal adaptation. All of them, individually or in combina-
tion, enable thermophilic proteins to adapt to extreme
temperatures.

Thermotoga maritima is a hyperthermophilic eubacterium of
the order Thermotogales, the oldest branch within the bacterial
domain. Its optimal growth temperature is 80 °C (8). Bacillus
stearothermophilus is a moderately thermophilic endospore-
forming Gram-positive rod growing optimally at about 65 °C
(9). Several glycolytic pathway enzymes from these strains
have been produced by recombinant DNA technology, and all of
them display optimal catalytic activity at temperatures above
the optimal growth temperature of the source organism (1).
Triose-phosphate isomerase (TIM)! is one of them.

TIM is a homodimer catalyzing the interconversion of dihy-
droxyacetone phosphate and p-glyceraldehyde 3-phosphate in
the glycolytic pathway (10). It is the prototype of a family
comprising many different members sharing a common folding
motif called the o/f barrel. This fold consists of eight parallel
B-strands forming a barrel, surrounded by eight a-helices (11).
The active site of TIM lies at the carboxyl-terminal end of the
B-barrel, and the catalytic residues belong to loops connecting
the p-strands to the following a-helices (Lys'®, His%*, and
Glu'®; B. stearothermophilus TIM numbering). At present, the
three-dimensional structures of 11 TIMs are known: those of
chicken (12), yeast (13), Trypanosoma brucei (14), Escherichia
coli (15), human (16), B. stearothermophilus (17), Plasmodium
falciparum (18), Vibrio marinus (19), Trypanosoma cruzei (20),
Leishmania mexicana (21), and T. maritima.?

B. stearothermophilus TIM (bTIM) is reported to display
moderately thermophilic enzymatic properties (22). Resolution
of its crystallographic structure has made it possible to propose

! The abbreviations used are: TIM, triose-phosphate isomerase; tTIM
and bTIM, TIM of T. maritima and B. stearothermophilus, respectively;
PCR, polymerase chain reaction; MES, 4-morpholineethanesulfonic
acid; r.m.s., root mean square.

2D. Maes, J. P. Zeelen, N. Thanki, N. Beaucamp, M. Alvarez,
M. H. Dao-Thi, J. Backmann, J. A. Martial, L. Wyns, R. Jaenicke, and
R. K. Wierenga, manuscript in preparation.
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certain features as responsible for its increased thermostabil-
ity, such as higher content of proline residues at the N1 posi-
tion in helices, smallest number and volume of cavities, and
more buried hydrophobic surfaces upon dimerization than E.
coli TIM (17).

T. maritima TIM (tTIM), described by Schurig et al. (23), is
an extremely thermophilic protein resistant to temperatures
above 90 °C. Surprisingly, it is produced as a fusion protein
jointly with phosphoglycerate kinase, another glycolytic en-
zyme. Recently, it has been proposed that the tetrameric qua-
ternary structure adopted by the polyprotein permits conser-
vation of the dimeric form necessary for TIM activity and
increases slightly the thermal stability of tTIM (24).

Although many TIM sequences have been reported, few of
these proteins have been fully characterized in terms of ther-
mal stability. Alignment of these sequences reveals a particu-
lar pair substitution in one of the conserved regions of “ther-
mophilic TIMs” (bTIM and tTIM), an N12H/G13K replacement.
Residues 12 and 13 belong to a region of variable length named
loop 1, joining strand B1 to helix a1l and located at the TIM
dimer interface. The presence of the His'2-Lys!'® pair is also
present in the TIM of a Synechocystis sp. strain, a mesophilic
cyanobacterium (25). His'? has been found in the TIMs of
Pseudomonas syringae® and Borrelia burgdorferi (27), and
Lys'3 has been found in Bacillus subtilis TIM (28), but there is
no available information on the enzymatic properties and sta-
bility of these TIMs.

The high conservation of Asn'? in most TIMs can be ex-
plained by the ability of the Asn side chain amide nitrogen to
interact with residues Trp® and Met!! of the same loop, thereby
stabilizing the catalytic Lys'® of the active site (17). At high
temperature, an Asn residue at the edge of the protein’s di-
meric interface (partially solvent-exposed) is susceptible to de-
amidation leading to irreversible heat inactivation of the en-
zyme (29). In solution, deamidation occurs through intra-
molecular nucleophilic attack by the backbone amide nitrogen
on the y-carbonyl carbon of the Asn side chain, resulting in
conversion of Asn residues to aspartate or isoaspartate and
release of ammonia (30). The rate of deamidation in proteins
depends on the pH, ionic strength, temperature, sequence, and
structure (30-32). Replacement of Asn residues is used in
protein engineering to thermostabilize proteins: in Aspergillus
awamori glucoamylase, for instance, it was possible to increase
its thermostability severalfold (33). Furthermore, Asn residues
followed by Gly appear considerably more sensitive to deami-
dation (34-36) because Gly has more freedom in its main chain
torsion angles. This effect was measured by altering Asn-Gly
sequences in lysozyme; substitution of Ala for Gly in these
sequences protected the enzyme against irreversible heat inac-
tivation (37). In human and yeast TIMs, two deamidation-
sensitive regions have been identified, one in loop 1 and one in
loop 3 (29, 38, 39).

Considering all of these factors, it has been proposed that the
N12H and G13K replacements in bTIM could be deamidation-
preventing molecular adaptations of the enzyme (17). Since the
same replacements are also observed in tTIM, it was interest-
ing to see whether this might be part of a general thermosta-
bilization process in TIM. In the present work we have pro-
duced double mutants by reintroducing Asn and Gly residues
at positions 12 and 13, respectively, in thermophilic bTIM and
tTIM. We have measured the activity and structural stability of
the mutant enzymes and resolved the three-dimensional struc-

3J. J. Rich and D. K. Willis, nucleotide sequence of Pseudomonas
syringae TIM, ID TPIS-PSESY, Swiss-Prot Data Bank code (AC)
P95576.
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ture of the bTIM double mutant. We discuss the individual role
of each residue in bTIM and tTIM stability.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and DNA—The E. coli strain HB101
(SupE44 hsd S20 rB-mB recAl3ara-14 pro A2 lacY1 gal K2rpsL20xyl-
5mtl-1) was used for DNA cloning. The E. coli strain BL21(DE3) (hsd S
gal clts 857 ind1 Sam7 nin5 lacUV-T7, gene 1) was used for protein
production. The tTIM gene was overexpressed in the pARAE vector
(40), a derivative of pAR3040 (41). T. maritima genomic DNA was
kindly provided by N. Glansdorff (Research Institute of the CERIA-
COOVI, Brussels, Belgium).

Cloning of the tTIM Gene—A polymerase chain reaction (PCR) was
performed on 7. maritima genomic DNA, using degenerated primers
corresponding to conserved regions of TIM (5'-GGNAAYTGGAA-3’ and
5'-NGTNCCNATNGCCCA-3') (22). A 500-base pair fragment of the
TIM gene was obtained. The entire TIM gene sequence was obtained by
inverse PCR (42). Briefly, T. maritima genomic DNA was cut with
EcoRI, and fragments were recircularized by ligation. The ligated frag-
ments were used as templates for PCR, using primers complementary
to sequences located near the ends of the 500-base pair TIM fragment.
The amplification reaction resulted in a head-to-tail arrangement of the
sequences originally flanking the target region. This product was cloned
and sequenced. To obtain the complete TIM gene, we performed another
PCR starting with 7. maritima chromosomal DNA, using primers cor-
responding to regions flanking the TIM gene. The tTIM gene PCR
product was cloned into the pCRII plasmid (TA cloning system, Invitro-
gen Corp.). Several clones were sequenced in both directions in order to
find clones without errors potentially introduced by Tag polymerase.
The correct clone was called gTm10.

Construction of the tTIM and bTIM Expression Vectors—The tTIM
gene was isolated from the gTm10 vector by PCR, using the following
primers: 5'-GCTCTAGAGGCATATGATAACTCGTAAACTG-3', con-
taining Xbal and Ndel restriction sites (underlined), followed by the
first five codons encoding the first five amino acid residues of tTIM, and
5'-TGTTTCTCCTTCGTTTCTCT-3’, complementary to the tTIM nucle-
otide sequence located 466—485 base pairs downstream from the ATG.
The PCR product was cut with Xbal and Aveal, purified and ligated to
the digested gTm10 plasmid, and finally sequenced. This new plasmid
was then cut with Ndel and BamHI to isolate the entire TIM gene,
which was subsequently ligated into the Ndel and BamHI sites of the
expression vector pARAE. The plasmid obtained was called pT,-Ther.
The expression vector used for bTIM production (named pT,im-Bac)
was from Rentier-Delrue et al. (22).

Site-directed Mutagenesis—Site-directed mutagenesis was per-
formed on the pT,-Ther and pT,im-Bac vectors using the Chameleon
Kit (Stratagene). Double mutants of tTIM and bTIM, containing the
H12N and K13G replacements, were constructed using the following
oligonucleotides: 5'-CCGAGATCGTGCCGTTCATCTTCCAGTTCC-3’
(for tTIM) and 5'-CCGCTAATGTGCCGTTCATTTTCCAGTTGCC-3’
(for bTIM) (mutated codons are underlined). The individual mutations
produced in the bTIM gene were incorporated using the following olig-
onucleotides: 5'-CCGCTAATGTTTTGTTCATTTTCCAGTTGCCTGC-3’
(for the H12N replacement) and 5'-CCGCTAATGTGCCATGCATTTT-
CCAGTTGCCTGC-3' (for the K13G replacement). The oligonucleotides
were purchased from Eurogentec, S. A. (Seraing, Belgium).

Production and Purification of the Wild-type and Mutant TIMs—The
proteins were overproduced using the T7 system (43). E. coli BL21(DE3)
cells carrying the expression vectors were grown for 16 h at 37 °C in L
broth medium containing 100 mg/l ampicillin. Induction with isopropyl-
B-D-thiogalactopyranoside was unnecessary for protein production. Un-
der these conditions, the proteins were produced in a soluble form. The
cultures were centrifuged for 15 min at 4500 X g, and the pellets were
resuspended in 20 mM triethanolamine HCI buffer, pH 7.6. The cells
were disrupted in a high pressure cell (Inceltech, S. A.), and the cell
debris was eliminated by centrifugation (45 min, 10,000 X g).

The supernatants were fractionated by ammonium sulfate precipi-
tation, and the TIM-containing fractions were dialyzed overnight at
room temperature against 20 mum triethanolamine HCI buffer, pH 7.6.
The dialyzed samples were then applied to a Mono Q ion exchange
column (HR 10/10, Amersham Pharmacia Biotech) pre-equilibrated in
the same buffer. Proteins were eluted from the column with a 0—500 mm
NaCl gradient, and the TIM-containing fractions were pooled. Samples
containing wild-type TIM were incubated for 10 min at 70 °C and
centrifuged for 30 min at 10,000 X g. Sample purity was monitored by
SDS-polyacrylamide gel electrophoresis (15% polyacrylamide). Protein
concentrations were determined by the Bio-Rad protein assay with
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bovine serum albumin as the standard.

Enzymatic and Stability Assays—TIM activity assays were per-
formed as described by Misset and Opperdoes (44). The assay mixture
contained 0.24 mM NADH (Roche Molecular Biochemicals), 20 ug/ml
glycerol-3-phosphate dehydrogenase (Roche Molecular Biochemicals),
9.75 mM D-glyceraldehyde 3-phosphate (Sigma), and 100 mM trietha-
nolamine HCI buffer (pH 7.6). The assay was started by the addition of
the following enzyme: 0.8 ng of tTIM, 8.9 ng of bTIM, 4.2 ng of the
H12N/K13G bTIM double mutant, 32 ng of the H12N/K13G tTIM
double mutant, 11 ng of the H12N bTIM mutant, or 7.4 ng of the K13G
bTIM mutant.

The thermal stability of each protein was tested by incubating the
reaction mixtures at temperatures ranging from 25 to 95 °C in a Trio-
thermoblock TB-1 (Biometra BAU). Residual activity after incubation
was measured at 25 °C. The inactivation rate constant at each temper-
ature (k;,,., expressed in s ') is defined as the slope of the In(A/A,)
versus the incubation time (22).

Calorimetric Studies—Differential scanning calorimetry was per-
formed in a Micro Calorimetry System differential scanning calorimet-
ric unit (MicroCal, Inc.). The protein concentration was adjusted to 1.5
mg/ml for all proteins. Scanning was from 25 to 110 °C (tTIM and
H12N/K13G tTIM) and from 25 to 90 °C (bTIM and its mutants) at a
scan rate of 1 °C/min.

Crystallization and Data Collection—Crystals were grown at 20 °C
using the hanging drop vapor diffusion technique under conditions
similar to those used to crystallize the wild-type enzyme. The protein
solution contained 7 mg/ml protein in 5 mm MES (pH 6.5), 1 mMm EDTA,
1 mM sodium azide, 2 mM 2-phosphoglycolate (an inhibitor of the pro-
tein). Drops were prepared by mixing 4 ul of protein solution with 3 ul
of reservoir solution composed of 25% (w/v) polyethylene glycol 4000, 8%
isopropyl alcohol, 100 mMm acetate buffer (pH 5.0), 1 mm EDTA, 1 mMm
sodium azide, and 2 mM dithiothreitol. Needle-shaped crystals were
formed. Data were collected to 2.4 A from one crystal at 20 °C on a Big
Mar image plate at station 9.5 of the Daresbury synchrotron source. A
wavelength of 1.1 A was used. The data set was processed with DENZO
(45). Scaling, merging, and reduction of the integrated intensities were
done with SCALEPACK (45) and TRUNCATE (46). The crystal lattice
is primitive orthorhombic with a = 78.13 A,5=10791A, andc = 70.98
A. Because the cell parameters were the same as for native bTIM, the
same packing as in the native cell was expected, belonging to space
group P2,2,2. Hence, no molecular replacement was done. The coordi-
nates of native bTIM (1BTM; Protein Data Bank, Brookhaven National
Laboratory, Upton, NY) were immediately used for rigid body refine-
ment. The R-factor for data between 9 and 3.0 A dropped to 26.6% for
this solution. Data collection statistics are summarized in Table I.

Refinement and Quality of the Structure—A few rounds of visual
inspection and improvement followed by computer refinement took
place. On the one hand, the model was optimized with the program O
(47) running on an SGI workstation, to improve its fit into a 2Fo-Fc
density map. On the other hand, refinement was pursued by combining
simulated annealing x-ray refinement and conventional positional and
thermal factor refinement, using the X-PLOR (48) package. For refine-
ment, a subset of 5% of the data (the test set) was used for R-free
calculations. A bulk solvent correction was applied. In one of the first
rounds, the sequence was changed to the mutated one in both mono-
mers. Electron density maps indicated a closed conformation for loop 6,
which was manually rebuilt into the density map. In addition and as
expected, the 2-phosphoglycolate molecule was found in the active site
of each subunit. Its coordinates were included in the model. The final
refinement stages were carried out with crystallography and NMR
system (49). Water molecules were added at sites displaying a peak
larger than three S.D. values above the mean in an Fo-Fc map and
having a potential hydrogen bonding partner. A total of 121 water
molecules were identified. The final R-factor is 17.5%, and R-free is
22.0% for all data in the resolution range from 30 to 2.40 A. The quality
of the structure was analyzed with the programs PROCHECK (50) and
WHAT IF (51). The refinement statistics are summarized in Table I.

Molecular Dynamics Simulation—Energy minimizations (molecular
dynamics and molecular mechanics) were performed with the Discover
program DM1 (Discover User Guide, Molecular Simulations, San Di-
ego), using the cvff force field. Graphical displays were generated with
the InsightIl molecular modeling system DM2 (InsightIl User Guide,
Molecular Simulations, San Diego). Computations were done on a Sil-
icon Graphics Indigo2 workstation running Irix 5.3. The three-dimen-
sional coordinates of bTIM, tTIM, and H12N/K13G bTIM were taken
from the corresponding crystallographic structures for bTIM (1BTM;
Protein Data Bank, Brookhaven National Laboratory, Upton, NY),
tTIM,? and the double mutant bTIM (this work). Three-dimensional
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TABLE I
Crystallographic data and refinement statistics
Parameters Values
Crystal data
Space group P2,2,2

Cell dimensions (A)

Cell dimensions (degrees)

Subunits per asymmetric unit
Data collection statistics

78.132; 107.913; 70.980
90.0 90.0 90.0
2

Observed reflections 70,035
Unique reflections 22,732
Overall range (A) 30.0-2.4
Overall R-merge (%) 7.3
Overall completeness (%) 94.3
Last shell range A) 2.49-2.40
Last shell R-merge (%) 27.8
Last shell completeness (%) 65
Refinement
Protein atoms 3672
Ligand atoms 18
Solvent atoms 121
Resolution range (A) 30.0-2.4
R-factor (%) 17.5
R-free (%) . 22.0
r.m.s. bond length deviations (A) 0.006
r.m.s. bond angle deviations (degrees) 1.253

r.m.s. AB for bonded main chain atoms gAZ) 1.392
r.m.s. AB for bonded side chain atoms (A% 2.529
Average B-factor, all protein atoms (A?) 27.9
Average B-factor, backbone atoms (Aoz) 27.1
Average B-factor, side chain atoms (A?) 28.8

Average B-factor, ligand atoms (Af) 25.7
Average B-factor, solvent atoms (A2) 29.7
Ramachandran plot*

Most favored regions (%) 92.3
Additionally allowed regions (%) 7.7
Generously allowed regions (%) 0.0
Disallowed regions (%) 0.0

@ As defined by PROCHECK (50).

structures of the single mutants H12N bTIM and K13G bTIM were
generated with the Builder interface of the InsightII program, starting
with the experimental structure of bTIM. The coordinates of the ligand
(2-phosphoglycolate in bTIM and a sulfate ion in tTIM) were retained in
the structures, while water molecules were removed. Hydrogens were
automatically assigned. A distance-dependent (1.r) dielectric constant
was used. For simulations, a subset was defined for each structure,
containing all amino acids of the protein within 18 A of the active site.
All coordinates (main chain and lateral chain) were fixed except those of
loop 1 (residues 9-20 and 11-22 in bTIM and tTIM, respectively). A
combination of molecular mechanic runs (steepest descent + conjugated
gradient + Newton-Raphson) was first applied to the structures in
order to define equivalent inputs for the molecular dynamics simula-
tions. This was done as the starting structures were obtained at differ-
ent levels of precision (different resolutions). Molecular dynamics en-
sued at 300 K for a total of 100 ps (20 runs of 5000 fs), generating 20
geometries for each structure. The geometries were further minimized
(annealing to a final derivative cut-off of 0.05 kcal/mol) and analyzed.

RESULTS

Enzymatic Stability—By in vitro site-directed mutagenesis
we replaced the residues His'? and Lys'® of bTIM and tTIM
with Asn and Gly, respectively, these two residues being often
found in mesophilic TIMs. The two single point mutants H12N
bTIM and K13G bTIM were also generated in order to assess
the individual role of each residue. The wild-type and mutant
TIMs were produced in E. coli as soluble recombinant proteins.

The catalytic activities of bTIM, tTIM, H12N/K13G tTIM,
H12N/K13G bTIM, H12N bTIM, and K13G bTIM were meas-
ured over a range of temperatures close to the optimal growth
temperature of the parent bacterial strain (Fig. 1). Under these
conditions, wild-type recombinant tTIM proved very stable,
having a half-life of 11.5 min at 94 °C. This is in agreement
with the half-life reported for tTIM by Beaucamp et al. (24).
Surprisingly, H12N/K13G tTIM appears slightly more stable,
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Fic. 1. Thermal inactivation of wild-type and mutant bTIMs
and tTIMs. The inactivation constants are represented as a function of
the temperature. The enzyme is considered inactive when its &;

inact

value reaches 0.001 s~ 1. o , HI2N/K13G bTIM; O, K13G bTIM; B, H12N
bTIM; O, bTIM; A, tTIM; A, H12N/K13G tTIM.

with the same half-life at 96 °C.

The thermostability observed for wild-type recombinant
bTIM (half-life of 11.5 min at 68 °C) is in agreement with the
growth temperature of the corresponding strain. H12N/K13G
bTIM displayed poor thermostability, with an inactivation tem-
perature of 37 °C. In the case of bTIM single mutants, H12N
bTIM has a slightly lower inactivation temperature than wild-
type bTIM, with a half-life of 11.5 min at 64 °C, while K13G
bTIM has a similar half-life at 51 °C. The thermostability data
are summarized in Table II.

Structural Stability—A feature common to all thermophilic
proteins is their high intrinsic structural stability, allowing
conservation of their functional state at high temperatures. To
investigate the ability of the substituted Asn and Gly residues
to destabilize the overall structure of bTIM and tTIM, we
compared the thermal unfolding of the mutant and wild-type
TIMs by microcalorimetry. Neither in bTIM nor in tTIM did
simultaneous H12N, K13G replacement alter the stability of
the enzyme. Half-denaturation temperatures (7;) of 102 and
105 °C were recorded for wild-type tTIM and H12N/K13G
tTIM, respectively. The double mutant is thus slightly more
stable than the wild-type protein. For bTIM, the wild-type
protein proved slightly more stable than the H12N/K13G dou-
ble mutant, the difference in T; being only 3 °C (76 versus
73 °C). The H12N bTIM single mutant appeared about as sta-
ble as the wild type (T; of 77 °C), and K13G bTIM appeared
slightly less stable (T'; of 73 °C, again 3 °C less than the T, of
wild-type bTIM). These data are summarized in Table II.

X-ray Structure of the HI2N/K13G bTIM Mutant—The
structure of the H12N/K13G bTIM mutant, complexed with the
competitive inhibitor 2-phosphoglycolate, was refined to a
model with good geometry and crystallographic quality (Table
I). The x-ray structure consists of residues 1-250 for both
subunits (Fig. 2). There was no clear density for the C-terminal
His?5! and Glu?52 of either subunit. Some side chains or side-
chain atoms exhibited no density in any electron density map
and were not included in the structure. The stereochemical
quality of the structure was analyzed with PROCHECK (50).
All stereochemical parameters for the main-chain and side-
chain atoms fall under the PROCHECK qualification “better.”

Residue 230, defined as a proline in the sequence, is clearly
an alanine, given the lack of available space for a proline
residue and the clear electron density. In the native structure,

Role of Lys' in Thermophilic bTIM

TaBLE II
Summary of structural and enzymatic stabilities

The values of inactivation temperatures were derived at the inacti-
vation point (&, = 0.001 s~ 1) corresponding to a half-life of 11.5 min.

intact

tV% was calculated according to the following formula: %2 = 0.69/k

intact*®

Enzymatic stability,

Structural stability, T'; Vs = 11.5 min at T

°C
bTIM
Wild type 76 68
H12N 77 64
H13G 73 51
H12N/K13G 73 37
tTIM
Wild type 102 94
H12N/K13G 105 96

Fic. 2. X-ray structure of H12N/K13G bTIM. The Ca trace of each
subunit is represented (green, subunit A; blue, subunit B). One molecule
of 2-phosphoglycolate (yellow) occupies the active site of each subunit.
The mutated region is represented in red.

this is probably also the case, because no Cy and C8 atoms were
included for this residue in either subunit.

Both subunits are very similar, with an r.m.s. deviation of
0.24 A for all main-chain atoms. Loops 5-7 are in the closed
conformation in both subunits, due to the 2-phosphoglycolate
ion occupying the active site of both subunits (Fig. 2). 121 water
molecules were included in the structure with an average B-
factor of 29.7 A2

The structure of this mutant is very similar to that of native
bTIM, with a Ca r.m.s. deviation of 0.27 A for both subunits
and an r.m.s. deviation of 0.33 and 0.39 A, respectively, for all
main-chain atoms and all atoms in both subunits (except the
side-chain atoms of the mutated residues).

Fig. 3 shows the native and mutant bTIMs in the mutated
region. One difference is a peptide flip of residue 12. As a
consequence, a water molecule (wat 2 in Fig. 3) is found in the
mutant structure close to the position of the main-chain oxygen
of His'? in the native structure. At the position of the side chain
of Lys!3 in the native structure, a structural water molecule
(wat 1 in Fig. 3) is found, making a long hydrogen bond to the
main-chain oxygen of Leu?3? (3.58 A). The ND2 atom of Asn'2
is located at the same position as the ND1 atom of His'? in the
wild-type structure and makes the same contacts. Two struc-
tural waters (wat 3 and wat 4 in Fig. 3) are found hydrogen-
bonded to this Asn'%2 ND2 atom. One of them (water 3) partially
occupies the position of the NE2 atom of His'? in the wild-type
structure; it makes contacts with main-chain atoms of Gly™!
and Ala”® in the other subunit. Moreover, the OD1 atom of
Asn'? also makes an intersubunit contact with the side chain of
GIn". The second of these waters (water 4) is hydrogen-bonded
to main-chain atoms of Asn®, Trp®, Gly?33, and Gly?2*. The two
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FiG. 3. Stereo view of the loop 1 region of the bTIM (greern) and H12N/K13G bTIM (CPK color) structures. The residue names are given
for H12N/K13G bTIM, and their respective subunits (A or B) are indicated. The four structural water molecules referred to under “Results” are

represented (wat 1 to wat 4), as well as Leu®".

latter residues are located in the 3/10 helix of loop 8, stabilizing
the phosphate of the ligand.

In the native structure, no waters were included because of
its lower resolution. Hence, the last-mentioned water molecule
(water 4) could be present in both structures. The other three
water molecules are only present in the mutated structure,
since there is not enough available space for a water molecule
in the wild-type structure.

Molecular Dynamics Simulation—In order to better under-
stand the influence of the mutations on the conformation of
TIMs at high temperature, a molecular dynamics simulation of
the flexibility of loop 1 was performed on bTIM and tTIM. A
comparison of the geometries obtained after computational
simulation clearly shows that the flexibility of loop 1 varies
according to the structure (Fig. 4). According to the 20 dynam-
ics simulation geometries represented in Fig. 4E, loop 1 ap-
pears considerably more rigid in tTIM than in bTIM, in agree-
ment with our structural stability data.

To determine the roles of His'? and Lys'? in the adaptation
of bTIM to high temperature, three additional structures were
analyzed: H12N/K13G bTIM, H12N bTIM, and K13G bTIM.
The substitution of an asparagine residue for His'? does not
significantly alter the flexibility of loop 1 (Fig. 4C), whereas
substitution of a glycine residue for Lys'® results in a large
increase in the flexibility of loop 1 (Fig. 4, B and D). The greater
flexibility appears to be due to the loss of a strong hydrogen
bond between Lys'® (NZ) and the main chain of Leu®?” occur-
ring upon substitution of a glycine residue for Lys!®.

All molecular dynamics simulations are consistent with the
enzyme stability and activity data.

DISCUSSION

Thermal inactivation of enzymes is often viewed as an alter-
ation of protein structure with a concomitant decrease in en-
zyme activity. One type of change liable to alter the structure is
deamidation of Asn/Gln residues. Studies on small peptides
and proteins have shown that the rate of this reaction is con-
siderably affected by temperature, pH, and ionic strength (30—
32). At 37 °C and neutral pH, deamidation is very slow (it can
take several days) (35), but it increases with increasing tem-
perature. The residue Asn'Z located at the subunit interface is
conserved in the TIMs of many mesophilic bacteria, but it is

Leu237

2-PG

2-PG =
A
X C
Lys10 »ﬁ%
Asnl2

LY
+

Leu237 i o o 95

A\
-

Lys13

4 -

\ .

Lysl0 ‘a)\z
=

His12 Q N

Leu237 ,_,JH;
Lys13

Fic. 4. Molecular geometries of loop 1 generated by molecular
dynamics simulation. Residues 9-13 from loop 1 as well as Leu*”
and 2-phosphoglycolate (2-PG) are shown. 20 geometries obtained for
bTIM (A), H12N/K13G bTIM (B), H12N bTIM (C), K13G bTIM (D), and
tTIM (E) are represented.

replaced by a histidine residue in thermophilic bTIM and tTIM.
In both thermophilic TIMs studied here, not only is Asn!?
replaced by a histidine residue, but also Gly'® is replaced by a
lysine residue. In this context, it has been reported that an
asparagine residue is considerably more sensitive to deamida-
tion when followed by a glycine residue (34-36).

On the basis of the three-dimensional structure of bTIM, it
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was previously proposed that replacement of Asn'? by His
could be an evolutionary adaptation of the enzyme to elevated
temperatures; His'? in bTIM would play a structural role sim-
ilar to that of Asn'? in mesophilic TIMs but would not be
subject to deamidation at high temperature (17). This hypoth-
esis is consistent with the observation that in yeast TIM, the
Asn residues located at the interface of the enzyme (Asn'? and
Asn”") are very unstable at high temperature, leading to irre-
versible inactivation of the enzyme (52).

These considerations led us to examine the role of each
residue separately and of the two combined to see how the
replacement of Asn'? by His and the presence of a Lys at
position 13 might correlate with high thermal stability in ther-
mophilic TIMs. To this end, we replaced both residues, individ-
ually and in combination, with those naturally present in most
mesophilic TIMs. Replacement of both residues in bTIM causes
a dramatic decrease in enzyme activity; the inactivation tem-
perature of the double mutant is 37 °C (¢;,, = 11.5 min). Since
deamidation is usually very slow at this temperature, and since
microcalorimetric studies show that the double mutation does
not affect the overall structural integrity of bTIM, we believe
that the observed inactivation is not related to deamidation.
Confirmation of this assumption was obtained when the single
His'? to Asn substitution was performed. Indeed, H12N bTIM
appears only slightly less stable than the wild-type enzyme (a
3 °C difference in T, ¢,, = 11.5 min at 64 °C). Therefore, it can
be concluded that deamidation is very slow at 64 °C and not
responsible for inactivation of the bTIM double mutant at high
temperature. Furthermore, we suggest that enzyme inactiva-
tion could be due to an alteration in the active site.

Wild-type and doubly mutated bTIM three-dimensional struc-
tures showed only slight differences, but this apparent similarity
was not unexpected; at 20 °C, the temperature at which the
crystals were grown, both enzymes display normal enzymatic
activities. In the bTIM double mutant structure, the hydrogen
bond between position 12 and the carbonyl oxygen of Trp® is
conserved in the double mutant, because the Asn'? side-chain
amide nitrogen is located at the same place as the ND1 nitrogen
of His'? in wild-type bTIM. A unique difference between wild-
type bTIM and doubly mutated bTIM was the loss of the hydro-
gen bond formed by the side chain of Lys!? and the main chain of
Leu?®”. We observe, however, that there is a structural water
(wat 1) at the same position as Lys'® NZ in the wild-type struc-
ture, forming a long hydrogen bond with Leu?®” (O) (Fig. 3). We
believe that its presence could be necessary at moderate temper-
ature to fill the cavity created by the K13G replacement. It
should be mentioned that the assigned water molecule (water 1)
found in the bTIM double mutant structure is facing Trp® (dis-
tance ~4 A). Recently, experimental evidence has demonstrated
that cations can interact with the indole ring of Trp residues
located at a distance of about 4 A (53). Since monovalent cations
and water molecules have comparable electron densities, it is
often difficult to distinguish them. Consequently, we do not rule
out the possibility that water 1 could, in fact, be a cation.

Since the comparison of these three-dimensional structures
cannot provide a final explanation of the loss of enzymatic
stability of the double mutant, we attempted to assess enzyme
behavior at high temperature by molecular dynamics simula-
tion. On the basis of these studies, we can propose a hypothesis
to explain the marked decrease in enzyme activity observed in
the bTIM double mutant. To date, the role of Lys'® in thermo-
philic TIMs remains unclear. The structures of several meso-
philic TIMs suggest that a Gly residue at this position does not
interact significantly with its neighbors. On the contrary, the
Lys'® (NZ)-Leu?®” (O) hydrogen bond (2.68 A) of wild-type
bTIM stabilizes loop 1 and thereby favors the correct orienta-

Role of Lys' in Thermophilic bTIM

TaBLE IIT
Hydrogen bonds stabilizing Lys'® residue (subunit A)

Contacts Wild-type bTIM H12N/K13G bTIM
A
Lys' (0) — Trp® (0) 2.95 3.02
Lys'® (O) — Met'! (N) 2.24 2.24
Lys'® (O) — His/Asn'? 3.01 3.03
(N)

Lys'® (O) — GIn®® (OE1) 3.31 3.22
Lys'® (O) — GIn®® (NE2) 2.86 2.80
Lys'® (N) — Asn® (0) 3.23 3.12
Lys'® (N) — Asn® (OD1) 3.13 3.11
Lys'® (N) — Trp® (0) 2.26 2.26
Lys™ (N) — Trp® (N) 2.72 2.70
Lys'® (N) — Met'! (N) 3.57 3.56
Lys' (N) — GIn®® (OE1) 3.35 3.65
Lys'® (N) — GIn®® (NE2) 2.89 2.88
His'? (ND1) — Trp® (O) 3.01

Asn'? (ND2) — Trp® (O) 2.77
Lys'® (NZ) — Leu®*” (0) 2.68

tion of the Lys!® side chain. This latter residue is part of the
catalytic triad, and its correct orientation is crucial to the
enzyme’s activity, since the residue is involved in neutralizing
the negatively charged intermediate during catalysis (54, 55).
All TIM three-dimensional structures resolved to date show
unusual ¢ and ¢ angles for Lys'®. In wild-type bTIM and
H12N/K13G bTIM, the particular conformation of Lys® is
maintained by several interactions, which are very similar in
both structures (Table III). In the bTIM double mutant, be-
cause of the Gly residue at position 13, the Lys'3 (NZ)-Leu2%”
(O) hydrogen bond cannot be formed. Molecular dynamics sim-
ulations on doubly mutated bTIM and K13G bTIM revealed a
greater flexibility of loop 1 (Fig. 4, B and D). Consequently, we
propose that the K13G replacement increases the flexibility of
loop 1 and that at high energy levels (elevated temperatures),
this greater flexibility could be responsible for a major devia-
tion of the Lys!® side chain, resulting in decreased enzyme
activity without any alteration of the enzyme’s structural sta-
bility. This assumption is in agreement with our enzymatic
stability assays, clearly showing that the presence of glycine in
H12N/K13G bTIM and K13G bTIM results in rapid inactiva-
tion at 37 and 51 °C, respectively. The water molecule (or
cation) observed at this position in the crystal structure is
unable to rigidify loop 1. It is worth stressing that we per-
formed the theoretical simulations on the single mutants
(H12N and K13G mutants of bTIM) before the experimental
test. They foretold a dramatic effect of K13G and a lesser effect
of H12N on bTIM stability. The theoretical simulation thus
proved a useful and reliable predictive tool in this study.

The double mutation was also created in tTIM. We show that
it does not diminish the activity of the enzyme, in contrast to its
effect in the bTIM double mutant; the respective inactivation
temperatures of the wild-type and doubly mutated tTIM are 94
and 96 °C. In our microcalorimetric experiments, moreover, the
double mutant and wild-type tTIM display a similar resistance to
high temperature (T; values of 105 and 102 °C, respectively),
thus confirming their high structural and enzymatic stability
(Table III). These results are in agreement with those of Beau-
camp et al. (24). On the basis of the available results, one can
speculate that the high enzymatic stability of the tTIM double
mutant could be due to many interactions compensating for the
loop 1 instability introduced by the K13G mutation. The molec-
ular dynamic simulations performed on the wild-type tTIM struc-
ture are consistent with this hypothesis. At energy levels corre-
sponding to high temperatures, the tTIM loop 1 displays very
restricted molecular movement, probably resulting from the high
stability of the whole structure. This high stability is also ob-
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served in the region corresponding to loop 1, which thus appears
quite insensitive to the K13G mutation. The extreme thermosta-
bility of tTIM has recently been correlated with a high number of
salt bridges and a large network of interactions resulting from
dimer-dimer assembly of the protein in solution.?

His'? and/or Lys!® residues have also been found in the TIMs
of certain mesophilic strains (25, 27, 28),% but none of these TIMs
have yet been characterized, notably as regards to their thermo-
stability. Some enzymes of mesophilic strains can display mod-
erately thermophilic features, as is the case of subtilisin (56),
pyrophosphate phosphohydrolase (57), and the Trp RNA-binding
attenuation protein (58) of B. subtilis. Consequently, we cannot
draw any general conclusions as to the relationship between the
presence of these residues and TIM thermostability.

We nevertheless show that Lys!® in bTIM plays a crucial role
in the enzyme’s functional adaptation to high temperature and
that the presence of this residue in other TIMs is not detrimen-
tal to their activity at medium range temperatures. In a recent
report on Thermus thermophilus 3-isopropylmalate dehydro-
genase, the authors strongly suggest a very close relationship
between conformational flexibility and enzyme function (59).
Our work is in agreement with this line of thought, and we
further show that a noncatalytic residue (Lys'®) is essential to
the activity of bTIM at high temperature.

In the present work, we propose a new approach to the
entangled problem of molecular adaptation to extreme temper-
atures: a combination of site-directed mutagenesis, differential
scanning calorimetry, x-ray crystallography, and molecular dy-
namics simulation.

Our results are consistent with the conclusion that no gen-
eral rules can be drawn concerning the molecular adaptation of
proteins to high temperature, each protein “designing” its own
molecular mechanism for adapting to extreme conditions (60).

It has been established that the difference in free energy of
stabilization (AAGy _, ;) between mesophilic and (hyper)ther-
mophilic enzymes is equivalent to about 100 kJ/mol (26, 61).
This led to the conclusion that the energy required to stabilize
the overall structure of a thermophilic protein could be brought
in by a few additional hydrogen bonds, ion pairs, or hydropho-
bic interactions (1). Our results demonstrate that adaptation of
an enzyme to high temperature cannot be reduced to the sole
stabilization of its overall structure, but that it also, and per-
haps more importantly, implies stabilization of the active site.
Acknowledgments—We thank N. Glansdorff for providing the
T. maritima genomic DNA and Dr. J. M. Francois for stimu-
lating discussions.
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