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ABSTRACT: Dihydrofolate reductase (DHFR) from the
hyperthermophile Thermotoga maritima (TmDHFR) forms a
very stable homodimer, while DHFRs from other organisms
are monomers. We investigated the effect of dimerization on
DHFR catalysis by preparing a dimeric variant, Xet-3, of
DHFR from Escherichia coli (EcDHFR). Introducing residues
located at the TmDHFR dimer interface into EcDHFR
increases the melting temperature to ∼60 °C, approximately 9
°C higher than that measured for EcDHFR. The steady-state and pre-steady-state rate constants measured for Xet-3 were similar
to those of dimeric TmDHFR but significantly lower than those of the parent EcDHFR. This reduction in the degree of catalytic
competence is likely a consequence of the loss of flexibility of catalytically important loop regions of EcDHFR on dimerization
and a compromise of the electrostatic environment of the active site. In contrast, the reduced catalytic ability of TmDHFR
relative to that of EcDHFR is not simply a consequence of reduced loop flexibility in the dimeric enzyme. Our studies
demonstrate that EcDHFR is not a good model for understanding the properties of other DHFRs, including TmDHFR.

Thermophiles grow optimally at ≥50 °C1 and offer great
potential for industrial uses. Comparative studies between

thermophilic and mesophilic enzymes have revealed that
greater hydrophobicity,2 better atom packing,3 introduction of
proline residues into loops,2,4,5 increased levels of hydrogen
bonding,6,7 increased levels of ionic bonding,2,3 and oligome-
rization8 can work together to enhance the thermal stability of
proteins. These stabilizing interactions create more rigid
conformations, which stabilize the folds of thermophilic
proteins. Their effects on catalysis are, however, less well
understood, and the relationship between conformational
flexibility and catalysis is still a matter of considerable
debate.9−12 It has been argued that the reduced catalytic
power of thermophilic enzymes at a given temperature is a
consequence of the reduced flexibility of thermophilic
enzymes.13−15 Although comparisons of homologous enzymes
isolated from organisms from different thermal niches are
useful, more detailed studies are needed to establish a complete
understanding of how thermophilic enzymes remain active over
a wide temperature range.
The monomeric enzyme dihydrofolate reductase from the

mesophile Escherichia coli (EcDHFR), an essential catalyst for
the NADPH-dependent reduction of 7,8-dihydrofolate (H2F)
to 5,6,7,8-tetrahydrofolate (H4F),

16,17 is a popular model in the
study of biophysical properties of enzymes, including thermal
adaptation, and EcDHFR has been coined a paradigm for
enzyme catalysis.18 EcDHFR and the enzyme from the
hyperthermophile Thermotoga maritima (TmDHFR) have
25% identical sequences and possess similar tertiary structures,
but their thermostabilities are significantly different. With a
thermal melting temperature (Tm) of 83 °C,19 TmDHFR is
indeed the most thermostable DHFR among all that have been

characterized to date.20−22 However, the catalytic activity of
TmDHFR is relatively poor, and the turnover number (kcat) is
10−100-fold lower than that of EcDHFR over the entire
accessible temperature range.19

Interestingly, similar to some other enzymes from T.
maritima, such as exopolygalacturonase, which forms a unique
tetramer in solution,23 TmDHFR is the only chromosomally
encoded DHFR known to form a stable homodimer (it is likely
that DHFRs from other Thermotoga species also form dimers,
but none have yet been characterized24). Dimerization
contributes significantly to the enhanced thermal stability of
TmDHFR.25−27 Oligomerization has been implicated as a key
strategy for enhancing an enzyme’s thermostability,8 but its
effect on catalysis has not been systematically elucidated. For
the mesophilic EcDHFR, catalytic efficiency depends on the
movement of the M20 and βFG loops.28−30 In contrast, the
corresponding loops of TmDHFR make up part of the dimer
interface, forming a tightly packed hydrophobic core (Ile15,
Val19, Trp22, Tyr125, and Phe127 in one subunit and Tyr140
in the other) and a key intermolecular ion pair (Lys129 of one
subunit with Glu136 and Glu138 of the other).25 These
intersubunit interactions constrain free movement of the loops
corresponding to the M20 and βFG loops of EcDHFR.31

Characterization of the kinetic properties of TmDHFR-
V11D, a variant of TmDHFR that could be “switched” between
the dimeric and monomeric forms by addition of the
nondenaturing detergent 3-[(cholamidopropyl)-dimethyl-
ammonio]-1-propanesulfonate (CHAPS), which did not
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perturb the properties of wild-type TmDHFR, showed that the
lower rate constants in TmDHFR are not simply a consequence
of the restricted movements of the loops in the dimer
interface.26 Monomerization of TmDHFR-V11D had only a
small effect on the rate constant for hydride transfer but
reduced the rate of steady-state turnover almost 20-fold.
Therefore, even when unconstrained by the dimer interface, the
loop regions of TmDHFR do not seem to conduct the
functions ascribed to them in the monomeric EcDHFR.26

Instead, constraints on the position of the loops due to
dimerization prevent proper closure of the active site, leading to
the reduced activity of TmDHFR.32 Here, we report the
characterization of an EcDHFR variant, Xet-3, in which polar
residues in the M20 loop and C-terminal sheet regions were
replaced with residues involved in dimerization in TmDHFR.
Our results suggest that loop flexibility is not an important
factor in TmDHFR catalysis. TmDHFR is not simply a dimeric
version of EcDHFR, which in turn appears not to be a good
model system for DHFR catalysis.

■ MATERIALS AND METHODS
Chemicals. NADPH was purchased from Melford. NADPD

was synthesized from NADP+ (Melford) using alcohol
dehydrogenase from Thermoanaerobacter brockii and d8-2-
propanol (Sigma-Aldrich) as described previously.33 H2F was
prepared from folic acid (Sigma-Aldrich) and purified by
repeated crystallization by the method of Zakrzewski.34

NADPH/NADPD and H2F concentrations were determined
spectrophotometrically using extinction coefficients of 6200
cm−1 M−1 at 339 nm35 and 28000 cm−1 M−1 at 282 nm,36

respectively. Synthetic oligonucleotides were purchased from
Eurofins MWG Operon (Ebersberg, Germany).
Xet-3 Plasmid Construction. A DNA fragment encoding

the mutated C-terminal region of EcDHFR [5′-GTCATC-
CCGGCAGTGGTGGAAGGCGACACCCATTTCCCGGA-
TTACGAGCCGGATGACTGGGAACTTGTATTCATGGA-
ATTCCACGATGCTGATGCGCAGAACTCTCACGGCTA-
TCTTTTTCTC-3′ (changes underlined)] was purchased from
Epoch Biolabs. A second fragment was obtained from a pJGetit-
based vector harboring the gene encoding wild-type EcDHFR,
using the primers 5′-ATTCTGGAGCGGCGGTAA-3′ (for-
ward) and 5′-CGTCAGATACAGTTTTTGCG-3′ (reverse)
under standard polymerase chain reaction conditions. This
second fragment consisted of the N-terminal sequence of
EcDHFR and the vector. The two fragments were ligated by T4
DNA ligase to form a pJGetit-based vector harboring a gene
encoding a partial EcDHFR−TmDHFR hybrid. The N-
terminal mutations, D11S and R12G, were generated using
the Phusion Site-Directed Mutagenesis Kit (New England
Biolabs) following the manufacturer’s instructions. The
mutagenic primers were 5′-GCGTTAGCGGTATCTCGCGT-
TATCGG-3′ and 5′-GTTAGCGGTATCTGGCGTTATCG-
GCATG-3′ (changes underlined). The final product was
excised from the pJGetit-based vector and subcloned into
pET11c at restriction sites NdeI (5′) and BamHI (3′). The
sequence of Xet-3 DNA was verified by automated DNA
sequencing (Molecular Biology Unit, Cardiff University).
Protein Purification. E. coli BL21(DE3) cells were

transformed with the plasmid carrying the Xet-3 DNA and
grown in LB medium containing ampicillin (100 μg/mL) to an
OD600 of 0.6. Isopropyl β-D-thiogalactopyranoside (Melfold)
was added to a final concentration of 1 mM. Cells were grown
overnight at 30 °C and harvested by centrifugation. A

significant portion of the protein was found in inclusion
bodies. The pellet from a 0.5 L cell culture was resuspended in
30 mL of potassium phosphate buffer (50 mM, pH 7) and
disrupted by sonication. The supernatant was decanted and the
pellet washed with 30 mL of 1% Triton X-100, followed by 30
mL of 2 M urea. Inclusion bodies were dissolved in 40 mL of 8
M urea at 4 °C overnight. Insoluble proteins were removed by
centrifugation. Refolding was then performed by a gradual 5-
fold dilution of the denatured proteins with refolding buffer [50
mM Tris-HCl, 100 mM NaCl, and 400 mM arginine (pH 8.0)]
over 6 h. Urea and arginine were removed by dialysis. The
refolded proteins were applied to a DEAE-sepharose resin pre-
equilibrated with 50 mM Tris-HCl (pH 8.0) and eluted with a
0 to 1 M NaCl gradient.

Size Exclusion Chromatography. Size exclusion chroma-
tography was performed on a Superdex 75 10/300 GL column
(GE Healthcare) at a flow rate of 0.5 mL/min. Enzyme
concentrations of 20 μM were used in 100 mM potassium
phosphate (pH 7.0) containing 100 mM NaCl.

Circular Dichroism (CD) Spectroscopy. CD spectrosco-
py was conducted on an Applied PhotoPhysics Chirascan
spectrometer. CD spectra between 200 and 280 nm were
measured for enzyme (10 μM) in degassed potassium
phosphate buffer (10 mM, pH 7.0). The observed signal was
converted into mean residue ellipticity (MRE) using the
equation [Θ]MRE = Θ/(10ncl), where Θ is the ellipticity in
millidegrees, n is the number of backbone peptide bonds (i.e.,
number of amino acid residues minus 1), c is the molar
concentration of the sample, and l is the path length of the
cuvette in centimeters. The melting temperature was
determined by measuring a spectrum every 2 °C between 20
and 90 °C. The reaction buffer was incubated at each
temperature for 5 min before the measurement of the
spectrum. A blank run was always first performed using the
buffer alone. Melting temperatures were extracted by fitting the
data to an appropriate sigmoidal curve using the spectrometer
software.

Steady-State Kinetic Measurements. Steady-state kinetic
measurements were performed on a JASCO V-660 spectropho-
tometer. The steady-state rate constant (kcat) was measured
directly at saturating concentrations of NADPH (100 μM) and
H2F (100 μM). The enzyme activity was monitored
spectrophotometrically at 340 nm [ε340(cofactor + substrate)
= 11800 M−1 cm−1].37 Rates were determined at pH 7 using
20−100 nM enzyme in 100 mM potassium phosphate
containing 100 mM NaCl and 10 mM β-mercaptoethanol.
The reaction buffer was preincubated at the desired temper-
ature and the temperature in the cuvette monitored
immediately prior to the acquisition of data. Initial linear
rates of absorbance change were fit using the software provided
by JASCO Corp. Each data point is the result of three
independent measurements.

Pre-Steady-State Kinetic Measurements. Pre-steady-
state kinetic experiments were performed on a Hi-Tech
Scientific stopped-flow spectrophotometer. Hydride and
deuteride transfer rate constants were measured following the
transfer of fluorescence resonance energy from the protein to
NADPH. Potassium phosphate buffer (100 mM, pH 7)
containing 100 mM NaCl and 10 mM β-mercaptoethanol
was used when the temperature was varied, and MTEN buffer
(50 mM morpholinoethanesulfonic acid, 25 mM Tris, 25 mM
ethanolamine, 100 mM NaCl, and 10 mM β-mercaptoethanol)
was used when the pH was varied. The sample was excited at

Biochemistry Article

dx.doi.org/10.1021/bi4005073 | Biochemistry 2013, 52, 3881−38873882



297 nm and the emission measured using an output filter with a
cutoff at 400 nm. NADPH(D) was preincubated with enzyme
for 5 min at the desired temperature in a thermostated syringe
compartment; the reaction was initiated by rapidly mixing this
solution with H2F. Final assay conditions were 20 μM enzyme,
8 μM NADPH(D), and 100 μM H2F. The kinetic data were fit
to a single-exponential decay.

■ RESULTS AND DISCUSSION
Design of an EcDHFR−TmDHFR Hybrid Enzyme.

EcDHFR and TmDHFR have similar tertiary structures, and
their N-terminal regions are highly conserved. However,
residues in the M20 loop and the C-terminal region of
EcDHFR, the corresponding regions of which form most of the
dimer interface in TmDHFR,25 are quite different from those
found in TmDHFR38 (Figure 1). The hydrophobic core of the

dimer interface of TmDHFR consists mainly of aliphatic and
aromatic residues, many of which are replaced with ionic and
polar residues in EcDHFR (Figure 1). Hybrid enzymes of
thermophilic and mesophilic alcohol dehydrogenases (ADH)
have previously been created by exchanging the cofactor-
binding domains involved in oligomerization.39 However, when
this approach was applied to the EcDHFR−TmDHFR pair,
only misfolded aggregates were observed (see the Supporting
Information). Hence, the stably folded EcDHFR−TmDHFR
hybrid Xet-3 was generated by replacing 10 residues of
EcDHFR with the corresponding amino acids that are directly

involved in intersubunit interactions in TmDHFR (D11S and
R12G in the M20 loop and H114V, D116P, E118V, S135L,
S138M, S150G, C152L, and E154L in the C-terminal region)
(Figure 1).

Structural Analysis. To determine the oligomeric state of
the recombinant protein under neutral conditions, EcDHFR,
TmDHFR, and Xet-3 were subjected to size exclusion
chromatographic analysis (Figure 2A). The elution profile of

a 20 μM solution of Xet-3 shows two peaks at 10.0 and 12.5
mL. Monomeric EcDHFR and dimeric TmDHFR show only
one peak with elution volumes of 12.2 and 10.2 mL,
respectively, indicating that Xet-3 is a mixture of the monomer
and dimer. The relative peak areas, moreover, change with the
concentration of Xet-3, suggesting a slow equilibrium between
these two states with an equilibrium constant of ∼1 μM at 20
°C (Figure 2B). The Xet-3 dimer and monomer are relatively
stable, as immediate re-injections of either isolated peak
fraction onto the column give only a single peak (Figure 2A).
The elution profiles remain unchanged after incubation at 4 °C
for nearly 1 week. On the other hand, this equilibrium was re-
established at elevated temperatures, with a half-life of ∼5 h at
40 °C.
Far-UV CD spectra of the dimeric and monomeric fractions

of Xet-3 were both characteristic of folded proteins (Figure
3A). There is a broad negative peak between 208 and 222 nm
for both oligomeric states of Xet-3. The peak for the monomer
is slightly wider and more intense than that of the dimer. At 20
°C, there is a minimal mean residue ellipticity (MRE) of −7485
deg cm2 dmol−1 at 219 nm for the dimer and −6495 deg cm2

dmol−1 at 222 nm for the monomer.
The thermal melting temperature (Tm) was measured by

monitoring the change in MRE at 222 nm with an increasing
temperature (Figure 3B). Thermal denaturation of both
monomeric and dimeric forms of Xet-3 is not reversible

Figure 1. (A) Amino acid sequence alignment of EcDHFR and
TmDHFR. Dark blue, light blue, and purple boxes indicate conserved,
strongly similar, and weakly similar residues, respectively. Green dots
below the sequence of TmDHFR indicate residues in the dimer
interface. EcDHFR residues altered to the corresponding residues in
TmDHFR to form Xet-3 are highlighted by red boxes below the
sequence. (B) Surface representation (created with PyMol) of regions
of TmDHFR involved in dimerization, and the corresponding regions
of EcDHFR and Xet-3: red for charged residues, green for polar
uncharged residues, blue for hydrophobic aliphatic residues, and cyan
for aromatic residues.

Figure 2. (A) Size exclusion chromatography of 20 μM Xet-3 (orange)
and immediate re-injection of both peaks of Xet-3 (green and purple)
in 100 mM potassium phosphate (pH 7) containing 100 mM NaCl at
20 °C. EcDHFR (blue) and TmDHFR (red) serve as monomer and
dimer markers, respectively. (B) Size exclusion chromatography of
Xet-3 at 20 (orange), 5 (dark orange), and 1 μM (brown) under the
same conditions.

Biochemistry Article

dx.doi.org/10.1021/bi4005073 | Biochemistry 2013, 52, 3881−38873883



because of the aggregation of the denatured proteins (not
shown). Apparent Tm values were 57.2 ± 0.4 and 60.6 ± 0.3 °C
for the monomeric and dimeric forms of Xet-3, respectively.
Given the acceleration of the return to equilibrium at higher
temperature (vide supra), it is likely that equilibrium is at least
partly re-established during the measurement of Tm. The
monomer/dimer ratio is probably therefore similar once higher
temperatures are reached regardless of the starting populations.
In any case, the Tm of Xet-3 is significantly higher than that of
EcDHFR (51.2 ± 0.3 °C).40

Molecular modeling studies of EcDHFR and TmDHFR
predict that the “hinge” region of EcDHFR around Asp87, far
removed from the dimer interface of Xet-3, unfolds early in the
denaturation process, while the β-sheet regions, which in
TmDHFR are in the dimer interface, unfold relatively
late.27,40−42 Glycosylation at position 87 of EcDHFR is
known to increase thermal stability,43 whereas glycosylation
on the βFG loop does not.44 Therefore, the thermostability of
Xet-3 may be limited by the unfolding of other regions of the
enzyme that are afforded no additional protection by
dimerization.
Steady-State Kinetics. The steady-state rate constants

(kcat) for the NADPH-dependent reduction of H2F catalyzed by
monomeric and dimeric Xet-3 at pH 7 increase in an
exponential fashion up to 40 °C (Figure 4A and Table S1 of
the Supporting Information) but decrease markedly at higher
temperatures (data not shown). KM values for the two forms
are ∼4-fold higher than those of EcDHFR (Table 1), implying
that the mutations have only a small effect on ligand binding.
The affinity of Xet-3 for its ligands is more similar to that of
EcDHFR than that of TmDHFR, as would be expected given
that no active site mutations were introduced. In contrast,
dimerization leads to a great decrease in the rate of turnover
(Table 1). At 20 °C, the turnover number kcat for the monomer
of Xet-3 is 9-fold lower than that of EcDHFR, whereas the kcat
for the dimer of Xet-3 is almost 270-fold lower and comparable

to that of TmDHFR. Monomerization of TmDHFR-V11D
with CHAPS has previously been reported to lead to an ∼20-
fold reduction in kcat, whereas CHAPS had no effect on wild-
type TmDHFR.26

Pre-Steady-State Kinetics. In a manner similar to the
behavior of wild-type EcDHFR, the hydride transfer rate
constants (kH) at pH 7 for both oligomeric forms of Xet-3
(Figure 4B and Table S2 of the Supporting Information) are
5−30-fold higher than the kcat values over the whole
temperature range examined at neutral pH,36 indicating that
the chemical step is always a fast step in the catalytic cycle. As
was seen for kcat, dimerization causes a decrease in the kH of
Xet-3. At 20 °C, the kH for the monomer (17.4 ± 0.6 s−1) is 9-
fold lower than that of wild-type EcDHFR (159.8 ± 7.9 s−1),32

whereas the kH for the dimer is almost 400-fold lower (0.44 ±

Figure 3. (A) CD spectra at 20 °C in 10 mM potassium phosphate
buffer (pH 7) and (B) temperature dependence of the mean residue
ellipticity at 222 nm of EcDHFR (blue), dimeric Xet-3 (green), and
monomeric Xet-3 (purple).

Figure 4. (A) Arrhenius plots of the steady-state rate constants, (B)
Arrhenius plots for hydride (circles) and deuteride (diamond) transfer
rate constants, and (C) corresponding KIEs on hydride transfer
plotted on a logarithmic abscissa against the inverse temperature for
EcDHFR (blue), the Xet-3 dimer (green), the Xet-3 monomer
(purple), TmDHFR (red), and TmDHFR-V11D with CHAPS (cyan)
at pH 7.

Table 1. kcat and KM Values at pH 7 and 20 °C for Catalysis
by Wild-Type EcDHFR, TmDHFR, and Their Variants

enzyme kcat (s
−1)

KM
NADPH

(μM) KM
H2F (μM)

EcDHFR 12.6 ± 1.419 4.8 ± 1.035 0.7 ± 0.335

Xet-3 dimer 0.05 ± 0.01 19.9 ± 3.9 7.7 ± 1.4
Xet-3 monomer 1.39 ± 0.09 19.5 ± 3.5 2.7 ± 0.7
TmDHFR26 0.06 ± 0.01 <0.5 <0.5
TmDHFR-V11D with
CHAPS26

0.003 ± 0.001 <1 <1

Biochemistry Article

dx.doi.org/10.1021/bi4005073 | Biochemistry 2013, 52, 3881−38873884



0.02 s−1) and is comparable to that of TmDHFR (0.122 ±
0.003 s−1).26 In contrast, monomerization of TmDHFR-V11D
led to only a 4-fold reduction in kH (0.029 ± 0.004 s−1).
The primary KIE on hydride transfer was determined by

replacing the cofactor NADPH with the deuterium-labeled
alternative (NADPD) (Figure 4C and Tables S3−S5 of the
Supporting Information). At 20 °C, the KIEs of the dimeric and
monomeric Xet-3-catalyzed reactions are 2.50 ± 0.09 and 2.34
± 0.12, respectively. Unlike TmDHFR-V11D, for which the
temperature dependence of the KIE changes upon monomer-
ization, it is not significantly affected by the quaternary
structure of Xet-3. In addition, the dimeric form of Xet-3
does not show the breakpoint in the temperature dependence
of the KIE observed for TmDHFR.45 The breakpoint is not
seen with other DHFRs, and its origin is not fully understood.
However, mutations to the dimer interface of TmDHFR are
known to remove the breakpoint and lead to monophasic
KIEs.24,26

Xet-3 appears to also have active site electrostatic properties
different from those of Ec- and TmDHFR. The apparent pKa of
the catalyzed reaction (Figure 5 and Table S6 of the Supporting

Information) was found to be 7.48 ± 0.04 for monomeric Xet-3
and 8.05 ± 0.01 for dimeric Xet-3. In EcDHFR and TmDHFR,
the apparent pKa arises from protonation of N5 of the substrate
dihydrofolate in the Michaelis complex,19,46 and the same is
likely to be true in Xet-3. Therefore, protonation of
dihydrofolate appears to be more favorable in Xet-3 than in
its parent enzymes; the apparent pKa of the reaction catalyzed
by EcDHFR is 6.48 ± 0.03,47 while that of TmDHFR is 5.83 ±
0.06.26 Protonation of H2F may be favored in Xet-3 relative to
EcDHFR because of a more tightly closed active site. This has
been seen in computational studies of EcDHFR, where a
“tightly closed” conformation of the Michaelis complex led to
an increase to almost 9 of the pKa of dihydrofolate.48 The
situation in TmDHFR is again different. Its active site is more
open than that of EcDHFR;25 hence, the pKa is lower,

19,26 and
monomerization does not decrease the pKa.

26

■ CONCLUSIONS

The results presented here show that the effects of subunit
interactions on catalysis are totally different in Xet-3 and
TmDHFR. Dimerization in Xet-3 makes protonation of the
substrate more favorable and reduces the rate constants for
both hydride transfer and overall catalytic turnover. It has no
effect on the temperature dependence of the observed kinetic
isotope effects on hydride transfer. In TmDHFR-V11D,
monomerization reduces the rate constant for overall turnover
and changes the temperature dependence of the observed
kinetic isotope effects on hydride transfer but has no significant
effect on the rate constants for hydride transfer or the
protonation state of the substrate. Because Xet-3 originates
predominantly from EcDHFR, the data presented here
demonstrate that the catalytic cycles of EcDHFR and
TmDHFR, and the roles of their respective loop regions, are
markedly different. Release of the constrained loops around the
interface region in TmDHFR does not simply have the
opposite effect of applying such a constraint in EcDHFR.
Dimerization of EcDHFR likely restrains or otherwise alters the
behavior of the M20, βFG, and GH loops, which are crucial in
adopting the correct conformations for efficient progression
through the catalytic cycle,49 and therefore decreases the rate of
catalytic turnover. As conformational motions do not drive the
chemical step of DHFR catalysis through barrier narrow-
ing,24,33,47,50,51 the decrease in the hydride transfer rate
constant upon dimerization of Xet-3 is likely due to subtle
changes to the geometry and electrostatics of the active site,
although these changes also facilitate the favorable protonation
of the substrate. In contrast, the loss of intersubunit interactions
in TmDHFR and the likely increase in the flexibility of the loop
regions normally involved in dimerization are detrimental to
catalytic turnover but not to hydride transfer. Because T.
maritima has a ThyX-type thymidylate synthase,52 which
regenerates tetrahydrofolate rather than oxidizing it to
dihydrofolate, and because tetrahydrofolate is particularly
unstable at higher temperatures, only very low DHFR activity
is required.32 The predominant evolutionary pressure on
TmDHFR is therefore for thermostability rather than for
rapid turnover of the substrate. Lastly, while the positive effect
of oligomerization on the thermostability of enzymes has been
well documented,53,54 its effect on catalysis greatly depends on
the interactions between the oligomer interface and the active
site. In a similar study of tetrameric ADH from T. brockii,
monomerization upon engineering results in no detectable
enzyme activity because part of the active site is located at the
interface between subunits.39 Conversely, there is essentially no
effect on activity when phosphoribosylanthranilate isomerase
from T. maritima is monomerized, because the dimer interface
is fairly distant from the active site.55

In summary, EcDHFR has been dimerized by mimicking the
interface region of TmDHFR. The resulting EcDHFR−
TmDHFR hybrid, Xet-3, exists as a mixture of the dimer and
monomer, which interconvert only slowly even at elevated
temperatures. CD spectroscopy shows that the dimeric and
monomeric forms of Xet-3 shared similar secondary structure
with EcDHFR. The apparent Tm of Xet-3 is ∼6−9 °C higher
than that of wild-type EcDHFR, demonstrating some
protection from thermal denaturation. Monomerization of
TmDHFR (as in TmDHFR-V11D) leads to an ∼20 °C
decrease in the Tm.

26 Additional changes to EcDHFR are

Figure 5. pH dependence of the hydride transfer rate constants for the
reactions catalyzed by (A) EcDHFR (blue, left axis), TmDHFR (red,
right axis), and TmDHFR-V11D (cyan, right axis) and (B) Xet-3 in its
monomeric (purple, left axis) and dimeric (green, right axis) forms.
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therefore required to attain a thermostability similar to that of
TmDHFR.
The monomeric form of Xet-3 shows steady-state and pre-

steady-state rate constants similar to those of wild-type
EcDHFR. However, both kinetic parameters of the dimeric
form are much lower than those of the monomeric form and
are highly similar to the corresponding values for TmDHFR. In
the case of the monomeric TmDHFR-V11D, kH remains similar
to that of the dimeric wild-type counterpart but kcat is reduced
dramatically. The results presented here demonstrate that the
effect of dimerization and/or monomerization on catalysis is
significantly different for EcDHFR and TmDHFR. In EcDHFR,
the physical steps of the catalytic cycle are promoted by
movement of flexible loop regions, so restricting their
movement in Xet-3 leads to lower values of kcat. kH is also
reduced, most likely because of subtle structural changes that
propagate to the active site.40 In TmDHFR, on the other hand,
monomerization is detrimental to catalysis, demonstrating that
loop flexibility is not an important factor in TmDHFR catalysis.
This work demonstrates that TmDHFR cannot simply be

considered in the same way as monomeric DHFRs. Possibly as
a result of differing selective pressures on TmDHFR compared
to those of monomeric DHFRs, the effect of monomerization
on TmDHFR catalysis is very different from that predicted via
EcDHFR catalysis. Interpreting the effects of oligomerization
on the catalytic efficiency of thermophilic enzymes in terms of
their mesophilic counterparts is therefore not appropriate.
Broad conclusions of the effect of oligomerization on the
catalytic efficiency of thermophilic enzymes in general are
therefore difficult. Our results therefore suggest that while
EcDHFR may serve as a paradigmatic system for the study of
enzyme catalysis in general, it is not a good model for the
details of catalysis by other DHFRs.
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H4F, 5,6,7,8-tetrahydrofolate; KIE, kinetic isotope effect; MRE,
mean residue ellipticity; NADP+, nicotinamide adenine
dinucleotide phosphate; NADPH, reduced nicotinamide
adenine dinucleotide phosphate; OD, optical density;
TmDHFR, DHFR from T. maritima.
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