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ABSTRACT: Dihydrofolate reductase from the hyperthermophile Thermotoga maritima (TmDHFR) is unique
among structurally characterized chromosomal DHFRs in that it forms a stable homodimer. Dimerization
is believed to play a key role in the high thermal stability of TmDHFR, which is reflected in a melting
temperature in excess of 85 �C. The dimer interface of TmDHFR is composed of a hydrophobic core with
charged residues around the periphery. In particular, Lys129 of each subunit forms three-membered salt
bridges with Glu136 and Glu138 of the other subunit. To probe the role of these salt bridges in the
dimerization and thermal stability of TmDHFR, we generated a series of variants (TmDHFR-K129E,
TmDHFR-E136K, TmDHFR-E138K, and TmDHFR-E136K/E138K) in which these residues were ex-
changed for residues whose side chains bear the opposite charge. Our results indicate that these salt bridges are
key for the high thermal stability of TmDHFR but are not a requirement for dimerization. Although the rate
of dihydrofolate reduction by TmDHFR is not significantly affected by the loss of theK129-E136-E138 salt
bridges, changes to the temperature dependence of the kinetic isotope effect on hydride transfer are observed.
These changes are in agreement with the proposal that DHFR catalysis may be affected by changes to the
conformational ensemble of the enzyme rather than only to the coupling of protein motions to the reaction
coordinate.

Dihydrofolate reductase (DHFR)1 catalyzes the reduction of
7,8-dihydrofolate (H2F) to 5,6,7,8-tetrahydrofolate using re-
duced nicotinamide adenine dinucleotide phosphate (NADPH)
as a cofactor. Its central position in metabolism and subsequent
pharmacological importance has led to the characterization of
DHFRs frommore than 30 species and all three kingdoms of life.
DHFR has become central to the study of the relationship between
enzyme structure, dynamics, and catalysis (1-7).

DHFR from the hyperthermophilic bacterium Thermotoga
maritima (TmDHFR), in contrast to all other structurally char-
acterized chromosomal DHFRs, forms a stable homodimer (8),
although it maintains a tertiary structure similar to that ofmono-
meric DHFRs (9). TmDHFR is the most thermostable DHFR
that has been isolated (8, 10, 11), with a melting temperature
approximately 30 �C above that of the Escherichia coli enzyme
(12). We have recently shown that the dimeric structure of
TmDHFR is critical to its high thermostability (13). In addition,
TmDHFR binds its ligands more tightly than other DHFRs,
which is likely to reflect an adaptation to life at extreme

temperatures (14). TmDHFR has a low catalytic turnover rate
compared to its mesophilic homologues, which had been postu-
lated to be due to dimerization (12). However, a monomeric
version of TmDHFR, in which Val11 had been replaced by
aspartate, was characterized by a reduced steady-state turnover
rate but did not show a change in the rate of hydride transfer (13)
in contrast to previous proposals (12, 15). Similarly, engineered
monomeric variants of phosphoribosylanthranilate isomerase
from T. maritima have been shown to have reduced thermo-
stability but identical catalytic activities compared to those of the
dimeric wild-type enzyme (16).

Both ion pair formation and oligomerization have been shown
to play a role in increasing protein thermostability (17), although
structural genomics analysis revealed no overall increase in the
level of protein oligomerization in T. maritima relative to
mesophilic species (18). Intramolecular ion pairs have been
shown to be important for thermostability in both indoleglycerol
phosphate synthase (19) and glyceraldehyde-3-phosphate dehy-
drogenase (20) from T. maritima. An intersubunit salt bridge is
important for tetramerization and high thermostability in a
quinone reductase from Bacillus subtilis (21), while an intersub-
unit ion pair contributes to the thermostability of glutamate de-
hydrogenase (22, 23). A recent study of mesophilic-thermophilic
alcohol dehydrogenase chimeras found that the thermal stability
could be improved significantly through the incorporation of
intersubunit ion pairs (24).

The dimer interface of TmDHFR is predominantly composed
of hydrophobic residues, with charged residues around the
periphery (Figure 1) (9). Lys129 of one subunit forms a three-
membered salt bridge with Glu136 and Glu138 of the other
subunit, which was proposed to play a significant role in
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thermostability (9). Computational results suggest that this
region of TmDHFR retains the native structure until late in
the unfolding process (25), also implying that this salt bridge is
important for thermostability. We have previously reported that
single or double mutation of Glu136 and Glu138 to lysine
residues does not affect dimerization of TmDHFR (1). Here
we demonstrate that while these Lys129-Glu136-Glu138 salt
bridges do not play a significant role in dimer formation, they are
nevertheless vital for the high thermostability of TmDHFR, and
we consider their effect on the catalytic function of TmDHFR.

MATERIALS AND METHODS

Chemicals. NADPH and NADPþ were purchased from
Melford. Folate, d8-2-propanol, and alcohol dehydrogenase
from Thermoanaerobacter brockii (TbADH) were purchased
from Sigma. All reagents for site-directed mutagenesis experi-
ments were purchased from New England Biolabs with the
exception of oligonucleotides, which were purchased from Alta
Bioscience (University of Birmingham, Birmingham,U.K.). H2F
was prepared by dithionite reduction of folate (26). NADPDwas
prepared by reduction of NADPþ using d8-2-propanol as the
deuteride source and TbADHas the catalyst. The concentrations
of NADPH/NADPD and H2F were determined spectrophoto-
metrically using extinction coefficients of 6200 cm-1 M-1 at 339
nm and 28000 cm-1 M-1 at 282 nm, respectively (27).
Site-Directed Mutagenesis. The four TmDHFR variants

were created using the QuikChange site-directed mutagenesis kit
(Stratagene) from a previously described pET11c-based expres-
sion vector containing the gene encoding TmDHFR (12).
Mutagenic primers were 50-CGGAAAGGGAATACCTTTTT-
TCGATAAGTTCGAAGGTTAC-30 (E136K), 50-CGATGAG-
TTCAAAGGTTACTTTCCTTTGAAACTTCTG-30 (E138K),

50-CGGAAAGGGAATACCTTTTTTCGATAAGTTCAAAG-
GTTACTTTCC-30 (E136K/E138K), and 50-CCGTACGTGTT-
CGGAGAGGGAATACCTTTTTTCG-30 (K129E) (changes
underlined). DNA sequences were confirmed by automated
DNA sequencing (Functional Genomics Laboratory, School of
Biosciences, University of Birmingham).
Protein Purification. BL21-CodonPlus(DE3)-RP cells

(Stratagene) were used as the expression host for TmDHFR
and its variants. Purification was conducted as described pre-
viously for wild-type TmDHFR (12) except that heat treatment
was conducted at 70 �C. Heat treatment at 70 �C for 20 min did
not significantly lower the DHFR activity of the crude solutions,
indicating high thermostability in the TmDHFR variants. Puri-
fication on a HiPrep 16/10 SP XL cation-exchange column
(GE Healthcare) led to essentially pure proteins as judged
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Protein concentrations were determined spectro-
scopically assuming an average extinction coefficient for pro-
teins of 20, 15, and 11 mL mg-1 cm-1 at 210, 215, and 220 nm,
respectively (28).
Circular Dichroism Spectroscopy. Circular dichroism

(CD) experiments were performed on an Applied Photophysics
Chirascan circular dichroism spectrophotometer using protein
concentrations of 10 μM in 5 mMpotassium phosphate (pH 7.0)
in a quartz cuvette (0.1 cm path length, Helma) under N2. Mean
residue ellipticities ([Θ]MRE) were calculated using the equation
[Θ]MRE = Θ/(10ncl), where Θ is the measured ellipticity in
millidegrees, n is the number of backbone amide bonds, c is the
protein concentration inmoles per liter, and l is the path length in
centimeters. Thermal denaturation experiments were performed
between 20 and 95 �C, with spectra recorded in temperature steps
of 0.5 �C with a 1 min equilibration at the desired temperature
prior to measurement. The melting temperature was determined
by plotting [Θ]MRE at 222 nm versus temperature. As had been
seen for wild-type TmDHFR (12), thermal denaturation of the
variants was irreversible.
Size Exclusion Chromatography. Size exclusion chroma-

tography (SEC) was conducted to determine apparent molecular
weights using a Superdex 75 10/300 GL column (GEHealthcare)
at a flow rate of 0.5 mL/min. Enzyme concentrations of 10 or
100 μM in 100 mM potassium phosphate (pH 7.0) and 100 mM
NaCl were used, in the absence and presence of 0.25% (w/v)
CHAPS. Where appropriate, the enzyme was incubated with
CHAPS for 60 min prior to injection onto the column. Varying
the concentration of CHAPS (0.1-1%) did not affect the SEC
profile. The column was calibrated and molecular weights
determined as described previously (13).
Steady-State Kinetic Measurements. Turnover rates were

measured spectrophotometrically by following the decrease in
absorbance at 340 nm during the reaction [ε340(NADPH þ
H2F) = 11800 M-1 cm-1] (29). Rates were determined at 20
and 40 �C in 100 mM potassium phosphate (pH 7.0) containing
100 mM NaCl. The enzyme (1 μM) was preincubated at the
desired temperature withNADPH (100 μM) for 1 min to prevent
hysteresis (30), prior to addition of H2F (final concentration of
100 μM). Every data point is the result of three independent
measurements. The calculated kcat values are based on the num-
ber of binding sites (i.e., per monomer). Varying the concentra-
tions of both substrate and cofactor (using 100 nM enzyme,
which did not affect kcat) between 0.5 and 100 μMshowed that all
Km values were below 0.5 μM at 40 �C, as seen for the wild-type
enzyme (12). Accurate Km values could not be determined

FIGURE 1: Surface representation of the TmDHFR dimer interface
created from Protein Data Bank entry 1D1G (9) using PyMOL. In
panel a, the colors represent carbon (gray), nitrogen (blue), oxygen
(red), and sulfur (orange); in panel b, they represent aliphatic apolar
(blue), aromatic (cyan), polar uncharged (green), and charged (red)
residues.
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because of the low reaction rates, which necessitated an overly
high enzyme concentration to obtain good data while satisfying
the Briggs-Haldane approximation. In addition, the pH depen-
dence of kcat was determined using saturating ligand concen-
trations at 40 �C in MTEN buffer (25 mM Tris, 25 mM
ethanolamine, 50 mM MES, and 100 mm NaCl) between pH 4
and 9.
Pre-Steady-State Kinetic Measurements. Hydride trans-

fer rates were measured under single-turnover conditions on an
Applied Photophysics stopped-flow spectrophotometer essen-
tially as described previously (31). The enzyme (final concen-
tration of 20 μM) was preincubated with NADPH (final con-
centration of 8 μM) for at least 5 min in 100 mM potassium
phosphate (pH 7.0) containing 100 mM NaCl, and the reaction
was started by rapidly mixing this enzyme-cofactor complex
with H2F (final concentration of 200 μM) in the same buffer.
Loss of fluorescence resonance energy transfer from the protein
to NADPH during the reaction was observed by exciting the
sample at 292 nm and measuring the emission using an output
filter with a cutoff at 400 nm. All experiments were repeated nine
times. Varying the concentrations of the reagents showed that the
measured rates were limiting rates for hydride transfer.

RESULTS AND DISCUSSION

Design of the TmDHFR Salt Bridge Variants. To study
the role of the three-way salt bridge among Lys129, Glu136, and
Glu138 (Figure 1), we prepared three TmDHFR variants,
TmDHFR-K129E, TmDHFR-E136K, and TmDHFR-E138K,
in which these residues were singly replaced with an amino
acid bearing an oppositely charged side chain. In addition, a
TmDHFR-E136K/E138K variant was prepared to create the
‘reverse’ of the K129E mutation. The stabilizing salt bridge of
wild-type TmDHFR would therefore be completely replaced
with unfavorable anion-anion and cation-cation repulsive
interactions in the TmDHFR-K129E and TmDHFR-E136K/
E138K variants, respectively, while the E136K and E138K single
variants would lead to partial disruption of the salt bridge. The
use of four variants allows the role of the individual mutations to
be separated from the overall effect on TmDHFR structure and
catalysis. DNAs for the four TmDHFR salt bridge variants were
generated by site-directed mutagenesis, expressed in E. coli, and
the proteins purified as reported previously for the wild-type
enzyme (12).
Quaternary Structure Determination by Size Exclusion

Chromatography.The apparentmolecularweights andhence the
quaternary structure of the TmDHFR salt bridge variants under
native conditions weremeasured by size exclusion chromatography
(Figure 2 and the Supporting Information). All four variants eluted
at approximately the same volume as wild-type TmDHFR, de-
monstrating that in all cases the dimer was the only detectable
species in solution at concentrations of 100μM.A10-fold reduction
of the protein concentration did not affect the elution volume. It
has been shown previously that the nondenaturing zwitterionic
detergent 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate (CHAPS) can stabilize themonomer of TmDHFR-
V11D so that this became the major species in solution (13).
However, we found that addition of CHAPS to the salt bridge
variants did not alter their elution profiles. The detergent cannot
stabilize themonomers sufficiently to produce a significant solution
population, unlike what was seen in the case of TmDHFR-
V11D (13). The K129-E136-E138 salt bridge can therefore play

only a minor role in dimerization of TmDHFR. Instead, it appears
that hydrophobic interactions are themain driving force behind the
formation of a strong TmDHFR dimer (13).
Conformational Analysis by CD Spectroscopy. Far-UV

CD spectra were recorded for all four TmDHFR variants
(Figure 3A and Table 1). The CD spectra of TmDHFR-
K129E and TmDHFR-E138K were similar in appearance to
that of the wild-type enzyme, with minimum mean residue
ellipticities ([Θ]MRE) at 222 nm of -8290 ( 150 and -8820 (
190 deg cm2 dmol-1, respectively, compared to -10140 ( 130
deg cm2 dmol-1 for wild-type TmDHFR. The CD spectra of
TmDHFR-E136K and TmDHFR-E136K/E138K on the other
hand were blue-shifted relative to that of wild-type TmDHFR,
giving [Θ]MRE at 218 nm of -7507 ( 142 and -6285 ( 193 deg
cm2 dmol-1 residue-1, respectively. This shows that while the
secondary structure of TmDHFR is robust to the K129E and
E138K substitutions and hence to disruption of the salt bridge,
the E136K substitution has a significant effect.

CD spectroscopy was also used to investigate the thermal
stability of the four TmDHFR variants (Figure 3B and Table 1).

FIGURE 2: Size exclusion chromatography of 100 μM TmDHFR
(black), TmDHFR-K129E (green), TmDHFR-E136K (red),
TmDHFR-E138K (blue), and TmDHFR-E136K/E138K (orange)
in 100 mM potassium phosphate containing 100 mM NaCl in the
absence (solid lines) and presence (dotted lines) of 0.25% CHAPS.

FIGURE 3: CD spectra at 20 �C (a) and thermal denaturation pro-
files (b) of 10 μM TmDHFR (black), TmDHFR-K129E (green),
TmDHFR-E136K (red), TmDHFR-E138K (blue), and TmDHFR-
E136K/E138K (orange) in 5 mM potassium phosphate (pH 7).
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As had been observed for the wild-type enzyme, all variants
showed a single denaturation transition (Figure 3B) consistent
with a two-state folded dimer to unfolded monomer transition
with no folded monomer (11). This provides further evidence
that disruption of the salt bridge does not significantly impair
dimerization of TmDHFR even at elevated temperatures. The
E138K single mutation had a significant effect on the thermo-
stability of the enzyme causing a reduction of more than 6 �C in
the melting temperature. As one would expect because of the
complete loss of the salt bridge, the K129E mutation had a
greater effect, leading to a 10 �C reduction in the thermal stability.
As was seen for the CD spectra, the E136Kmutation had a larger
effect on the thermal stability of TmDHFR than the E138K
mutation, while TmDHFR-E136K/E138K showed the lowest
melting temperature of the four variants (Table 1). This pro-
vides further evidence that the structure of TmDHFR-E136K is
compromised beyond simply the loss of a salt bridge interaction,
suggesting a longer-range structural change. The loss of thermo-
stability seen in the salt bridge variants was considerably less
pronounced than that observed for the two hydrophobic in-
terface variants TmDHFR-V11D and TmDHFR-V126E (13),
although a 10 �C reduction in the thermal melting point is still a
significant change and one that wouldmost likely lead to a loss of
viability of TmDHFR at the elevated temperatures at which
T. maritima lives.
Kinetic Measurements. Steady-state turnover rates at 20 �C

and pH 7 (Table 1) were found to be approximately the same
for wild-type TmDHFR, TmDHFR-K129E, and TmDHFR-
E138K, demonstrating that the disruption of the salt bridge did
not affect catalysis. kcat values were reduced for TmDHFR-
E136KandTmDHFR-E136K/E138K between 2- and 10-fold, in
further agreement with the structural perturbations described
above where the E136K mutation had a larger effect than the
K129E and E138K mutations. All Km values were less than 0.5
μM (Supporting Information), as had been seen previously for
the wild-type enzyme (13, 14).

Hydride transfer rate constants kH, measured under single-
turnover transient-state conditions that isolate the chemical step
of the catalytic cycle, showed little difference between TmDHFR
and its salt bridge variants (Figure 4, Table 1, and the Supporting
Information). The temperature dependence of kH revealed little
difference across the temperature range of 5-65 �C and approxi-
mately equal activation energies for TmDHFR and the four
variants. This suggests that the larger differences seen for kcat are
the result of effects on physical steps in the catalytic cycle.

The pH dependence of kcat was determined at 40 �C
(Figure 4 and the Supporting Information). All four variants
exhibited a slight increase in the apparent pKa compared to
that of the wild-type enzyme (Table 1), which is also likely to be
due to the effect of the mutations on physical steps in the

Table 1: Comparison of Wild-Type (WT) TmDHFR and Its Salt Bridge Variantsa

WT K129E E136K E138K E136K/E138K

MREb (deg cm2 dmol-1) -10140 ( 130 -8290 ( 150 -6930 ( 170 -8820 ( 190 -5960 ( 210

Tm (�C) 81.5 ( 0.4 71.5 ( 1.1 71.3 ( 0.7 75.0 ( 0.8 68.1 ( 0.8

kcat
b (s-1) 0.123 ( 0.011 0.115 ( 0.007 0.058 ( 0.005 0.104 ( 0.009 0.018 ( 0.002

pKa
c 5.98 ( 0.07 6.31 ( 0.04 6.38 ( 0.11 6.28 ( 0.09 6.53 ( 0.06

kH
b (s-1) 0.122 ( 0.003 0.124 ( 0.002 0.104 ( 0.003 0.143 ( 0.003 0.087 ( 0.010

KIEkH
d 3.95 ( 0.24 3.12 ( 0.24 3.13 ( 0.12 3.06 ( 0.30 3.18 ( 0.32

Ea (kJ mol-1) 53.5 ( 0.4e 53.2 ( 0.5 53.5 ( 0.3 53.3 ( 0.3 53.8 ( 0.4

ΔEa (kJ mol-1) 2.5 ( 1.0e 2.8 ( 0.7 0.3 ( 0.4 1.1 ( 0.4 -0.1 ( 0.6

AH (s-1) (4.1 ( 0.7) � 108e (1.2 ( 0.2) � 108 (1.3 ( 0.1) � 108 (2.3 ( 0.2) � 108 (1.1 ( 0.2) � 108

AH/AD 1.6 ( 0.5e 1.1 ( 0.3 2.8 ( 0.4 2.0 ( 0.3 1.2 ( 0.2

aMRE is the mean residue ellipticity at 222 nm. Tm is the thermal melting temperature. kcat is the steady-state rate constant. pKa is the apparent pKa on kcat.
kH is the hydride transfer rate constant (pre-steady-state conditions). KIEkH

is the primary kinetic isotope effect on hydride transfer. Ea is the activation energy
for hydride transfer.ΔEa is the activation energy difference between hydride and deuteride transfer.AH is the Arrhenius prefactor for kH.AH/AD is the ratio of
Arrhenius prefactors for hydride and deuteride transfer. bAt 20 �C. cAt 40 �C. dAverage over the temperature-independent region. eAt >25 �C.

FIGURE 4: Arrhenius plots for kH (circles) and kD (triangles) (a),
logarithmic plot of the KIE on kH (b), and pH dependence of the
steady-state turnover rate at 40 �C (c) for catalysis by TmDHFR
(black), TmDHFR-K129E (green), TmDHFR-E136K (red), TmDHFR-
E138K (blue), and TmDHFR-E136K/E138K (orange).



5394 Biochemistry, Vol. 49, No. 25, 2010 Loveridge and Allemann

catalytic cycle. If kcat is directly affected by the swapping of
acidic glutamate and basic lysine side chains, then this effect
cannot be predicted on the basis of the number of each type of
residue.

A much more significant effect was seen for the rates of
deuteride transfer, kD, and hence the primary kinetic isotope
effects (KIEs) (Figure 4 and the Supporting Information). kDwas
elevated slightly in all four salt bridge variants compared to that
of wild-type TmDHFR and did not show the striking breakpoint
in its temperature dependence that had been seen for the wild-
type enzyme (31). The salt bridge variants therefore displayed a
monophasic temperature dependence of their primary KIEs with
slightly depressed KIEs compared to wild-type TmDHFR. The
magnitude and temperature dependence of the KIEs for the salt
bridge variants closely resembled those observed for wild-type
TmDHFR in the presence of high concentrations of sucrose (32).
This lends further support to the hypothesis that the breakpoint
in the temperature dependence of the KIE is intimately related to
the dimer interface of TmDHFR, and that high concentrations of
sucrose exert specific effects at the dimer interface (32). Sucrose
did not have a significant effect on the KIE in the monomeric
DHFR from E. coli (33).

The temperature dependence of the KIE is often interpreted
in terms of the coupling of protein motions to the reaction
coordinate, with temperature-dependent KIEs being indica-
tive of short-range “promoting motions” that narrow the
reaction barrier (in addition to reducing its height); such
barrier compressing motions have been described in frame-
works called rate-promoting vibrations (34), environmentally
coupled tunneling (35, 36), vibrationally enhanced ground-
state tunneling (37), and multidimensional tunneling (38).
Others have presented evidence of a role for short-range
promoting motions in other enzymes (39-41). However, the
fully temperature independent KIEs seen for the TmDHFR
salt bridge variants would suggest that these short-range
motions are lost (or their role negated) in the mutants de-
scribed here, implying a long-range effect on a short-range
motion. In contrast, the similarity between the temperature
dependence of the KIE in the presence of sucrose (32) and
in the salt bridge mutants demonstrates that catalysis in
TmDHFR is unaffected by viscosity and, hence, that long-
range coupled motions do not play a role in the chemical step
of the TmDHFR- and EcDHFR-catalyzed reactions as pre-
viously suggested (3, 42). Instead, it is possible that disruption
of the salt bridge (or binding of polyols to this region) affects
the conformational ensemble of TmDHFR. It has previously
been shown that mutations to the homologous loop region of
EcDHFR affect the conformational ensemble and that this
may be the cause of the diminished catalytic performance of
these mutants (43). Computational studies have also shown
that the catalytic behavior of EcDHFR can be explained by
changes to the populations of conformational substates rather
than by “promoting motions” (44-47). Long-range correla-
tions in EcDHFR could be quasi-thermodynamic, and alter-
ing the conformational ensemble could be considered a
long-range, viscosity-independent effect. Interestingly, of
the two hydrophobic interface mutants previously reported,
TmDHFR-V11D exhibited a monophasic temperature depen-
dence of the KIE on hydride transfer while the behavior of the
KIE of TmDHFR-V126E resembled that of the wild-type
enzyme (13).

CONCLUSIONS

The results presented here demonstrate that the three-
membered salt bridge (K129-E136-E138) in TmDHFR is not
important for dimer formation, although it does contribute
significantly to the high thermal stability of the enzyme. Inter-
subunit ion pairs have been shown to improve enzyme thermo-
stability (21-24), although their role in promoting oligomeriza-
tion has also been demonstrated (21). The recently determined
crystal structure of an exopolygalacturonase from T. maritima
shows that this enzyme, unlike other polygalacturonases, is a
tetramer in solution and that the tetramer interface involves an
intermolecular parallel β-strand with four flanking ion pairs to
form a dimer, with an extensive hydrophobic interface between
the two dimers (48). Given the scale of the hydrogen bonding and
hydrophobic portions of the interface, it seems likely that the ion
pairs play a minor role in oligomerization in this case also.

In DHFR from Thermotoga petrophila (TpDHFR), which is
94% identical and 98% similar to TmDHFR, the K129-E136-
E138 salt bridge is conserved (49), whereas in DHFR from
Thermotoga neapolitana (TnDHFR, 75% identical and 90%
similar to TmDHFR), residue 129 is arginine and residue 136
is aspartate (50). A three-membered salt bridge is therefore
present in all three DHFRs, although it is modified in TnDHFR.
All three species have similar growth temperature maxima and
optima (51-53), so there is no obvious advantage to this modi-
fication in terms of thermal stability. The residues of the dimer
interface are extensively conserved among the three enzymes,
with most substitutions occurring in surface loop regions away
from the interface (Supporting Information).

The disproportionate effect of the E136K mutation on
TmDHFR compared to the E138K mutation may be due to
the presence of D135, which forms an intrasubunit salt bridge
with K103 in the wild-type enzyme. In the E136K variant, K136
may move toward this salt bridge to avoid K1290 and R111
(Figure 5), disrupting the original interaction and causing a
conformational change in the enzyme. As there are no other
charged residues in the vicinity of K129 and E138, their replace-
ment with oppositely charged side chains would not be expected
to have such a large effect.

It appears therefore that the dimer interface of TmDHFR
is entirely dominated by the hydrophobic interaction between
the buried portions of the interface and that the peripheral

FIGURE 5: Cartoon representation of TmDHFR showing surface
ionic residues (shown as sticks) in the vicinity of the K129-
E136-E138 salt bridge, created from Protein Data Bank entry
1D1G (9) using PyMOL.
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intersubunit salt bridges do not play an important role in dimer
formation. This is similar to dimeric phosphoribosylanthranilate
isomerase from T. maritima, which can also be converted to a
functional monomer by disruption of the hydrophobic interface
despite the presence of intersubunit salt bridges (16). However, in
the case of TmDHFR, these intersubunit salt bridges are vital for
maintaining the high thermal stability required for the enzyme to
function at biologically extreme temperatures.

The rate of dihydrofolate reduction by TmDHFR is not
significantly affected by the loss of the K129-E136-E138 salt
bridge. Changes to the temperature dependence of the KIE on
hydride transfer are in agreement with our recent results (33)
which suggest that DHFR catalysis is affected by changes to the
conformational ensemble of the enzyme rather than only the
coupling of protein motions to the reaction coordinate.
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