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Differences in thermal structural changes and melt-
ing between mesophilic and thermophilic dihydrofo-
late reductase enzymes

Irene Maffucci,a,b‡ Damien Laage,∗b Guillaume Stirnemann,∗a and Fabio Sterpone∗a

A key aspect of life’s evolution on Earth is the adaptation of proteins to be stable and work in a
very wide range of temperature conditions. A detailed understanding of the associated molec-
ular mechanisms would also help to design enzymes optimized for biotechnological processes.
Despite important advances, a comprehensive picture of how thermophilic enzymes succeed in
functioning under extreme temperatures remains incomplete. Here, we examine the temperature
dependence of stability and of flexibility in the mesophilic monomeric Escherichia coli (Ec) and
thermophilic dimeric Thermotoga maritima (Tm) homologs of the paradigm dihydrofolate reduc-
tase (DHFR) enzyme. We use all-atom molecular dynamics simulations and a replica-exchange
scheme that allows to enhance the conformational sampling while providing at the same time
a detailed understanding of the enzymes’ behavior at increasing temperatures. We show that
this approach reproduces the stability shift between the two homologs, and provides a molecular
description of the denaturation mechanism by identifying the sequence of secondary structure
elements melting as temperature increases, which is not straightforwardly obtained in the experi-
ments. By repeating our approach on the hypothetical TmDHFR monomer, we further determine
the respective effects of sequence and oligomerization in the exceptional stability of TmDFHR.
We show that the intuitive expectation that protein flexibility and thermal stability are correlated
is not verified. Finally, our simulations reveal that significant conformational fluctuations already
take place much below the melting temperature. While the difference between the TmDHFR and
EcDHFR catalytic activities is often interpreted via a simplified two-state picture involving the open
and closed conformations of the key M20 loop, our simulations suggest that the two homologs’
markedly different activity temperature dependences are caused by changes in the ligand-cofactor
distance distributions in response to these conformational changes.

1 Introduction
A longstanding goal in biocatalysis has been to gain a better
molecular understanding of enzyme thermal adaptation. Avoid-
ing protein denaturation and enhancing protein thermal stabil-
ity is essential to design optimized enzymes capable of func-
tioning in the harsh conditions required by many technological
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applications. Comparing homologous proteins from organisms
which have naturally adapted to different temperature condi-
tions provides a rich source of inspiration. While the enzymatic
activity optimum occurs at ambient temperature in mesophilic
organisms, it is dramatically shifted to higher temperatures in
(hyper)thermophiles1–3. The increased structural stability of
thermophiles at high temperatures has often been attributed to
a reduced flexibility, and thus a greater rigidity, compared to
mesophiles4,5.

While this flexibility picture is intuitive and appealing, experi-
mental and theoretical studies have suggested that the molecular
mechanisms causing thermal adaptation can be far more com-
plex6–24. In addition, several major questions regarding protein
flexibility remain unclear. A first question pertains to the precise
definition of molecular flexibility and its thermodynamic implica-
tions17,18,23,25: proteins are large molecular objects made of very
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different subunits, including e.g. loop, helices and sheets, and lo-
cal subunit flexibilities can be markedly different from the global
structural flexibility which is expected to be more relevant for
thermal denaturation; such heterogeneity is also important in the
context of catalytic activity since active site structural features es-
sential for catalysis could be affected differently among homologs
and are not necessarily connected to the global protein flexibil-
ity. Experimentally, the global melting temperature is well estab-
lished, but gaining precise information about secondary structure
melting is much more challenging26–28. Numerical simulations
are therefore a promising technique to obtain a molecular res-
olution for the melting process29–31. A second challenge is to
identify the molecular origin of the reduced flexibility observed
in thermophilic proteins: several factors, including for example
changes in protein sequence, differences in subunit interactions,
and oligomerization, have been suggested2,14, but it is not clear
whether all subunits have an enhanced rigidity in thermophilic
proteins. Finally, a critical question is to determine the conse-
quences for the enzymatic catalytic activity. A reduced confor-
mational flexibility can hinder the conformational rearrangement
dynamics necessary for catalysis, and this has been suggested to
explain the lower activity of thermophilic enzymes at ambient
conditions32,33. However, dynamical effects have been suggested
to play a very limited role in enzyme catalysis34,35, which sug-
gests that differences in activity between enzyme homologs may
be rather caused by changes in reaction free energy barriers.

Here we address these questions using state-of-the-art en-
hanced sampling all-atom molecular dynamics simulations of two
mesophilic and thermophilic proteins. We selected the paradigm
dihydrofolate reductase enzymes36 from the Escherichia coli
mesophile (EcDHFR) and from the Thermotoga maritima ther-
mophile (TmDHFR) (Figure 1). While EcDHFR operates at ambi-
ent temperature and has a melting temperature37 of 53◦C, TmD-
HFR is the most stable known DHFR and melts38 at ≈83◦C.

These two homologous enzymes have already been very exten-
sively studied, both experimentally and via simulations32,38–56.
While most prior work has been directed at understanding their
different catalytic activities, the structural stability difference be-
tween the two proteins has been comparatively less studied. Crys-
tal structure determinations44,46 revealed than in contrast with
the EcDHFR monomer, TmDHFR forms a very stable homod-
imer. Since the similarity between the EcDHFR and TmDHFR se-
quences is only 25%, whether the increased stability of TmDHFR
arises from its different sequence or from dimerization is a ma-
jor and much-studied32,39,53 question. Experimentally, the TmD-
HFR monomer cannot be isolated, thus precluding its melting
temperature determination32. Experiments employing a single-
point mutant whose monomer is stable when combined with a
surfactant32,53 suggested that dimerization plays an important
role in TmDHFR thermal stability. However, mutations (even sin-
gle ones), as well as changes in the solvent, are known to have po-
tentially dramatic effects on protein stability. Molecular dynam-
ics simulations of the hypothetical TmDHFR monomer have been
used51 to study its flexibility and unfolding pathway, but the melt-
ing temperature was not determined. Finally, many prior studies
have established the critical importance of conformational rear-

rangements in the DHFR catalytic activity, and in particular the
key role played by the closed Met20 loop conformation36,42,50,57

in stabilizing the Michaelis-Menten complex with the folate sub-
strate and facilitating the catalyzed hydride transfer reaction (Fig-
ure 1). In TmDHFR this loop is located next to the interface be-
tween monomers and is constrained in the open conformation.
While dimerization could thus possibly be the cause of the lower
TmDHFR activity, experiments on a monomeric TmDHFR vari-
ant showed that the open loop conformation does not result from
dimerization, and that the monomer activity is as low as that of
the native dimer32; recent calculations39 also concluded that the
low TmDHFR activity is mostly a result of its sequence and not of
dimerization.

A key feature of our present study is the use of enhanced sam-
pling simulations via a solute tempering replica-exchange tech-
nique58, which has already been successfully applied ta address
a variety of other biochemical questions59–61. With respect to
prior simulation studies of mesophilic and thermophilic DHFR,
this approach has several major advantages. First, in comparison
with brute-force simulations, it provides a better sampling of the
protein conformational equilibrium and makes it easier to escape
from local free energy minima58. Second, it offers a description
of the system over the full temperature range from ambient con-
ditions to elevated temperature where unfolding occurs22,25,62,
and it is not restricted to some specific temperatures39–41,51: this
therefore allows identifying e.g. at which temperature each sub-
unit undergoes a structural change. Finally, in contrast with sim-
ulations51,63,64 where a single unfolding event is observed in tra-
jectories propagated at very high temperature, the progressive
heating among the different replicas provides access to multiple
local folding/unfolding events in a more reversible manner.

As described in the remainder of this article, our simulations
show that the enhanced sampling methodology provides a quan-
titative description of the melting temperature shift between pro-
tein homologs in agreement with experimental data, and offers
unprecedented insight into the melting temperatures of the dif-
ferent protein subunits. Our results show that neither local flexi-
bility, as commonly measured via structure root mean square fluc-
tuations (RMSF), nor conformational flexibility, assessed through
conformational clustering, correlate with thermal stability. We
further evidence that some subunits undergo large structural
changes at temperatures much below the global melting temper-
ature. Finally, a major result is that a critical feature that distin-
guishes the catalytic activities of enzyme homologs does not arise
from their flexibility, but rather from their different temperature-
induced conformational changes, and specifically their different
fractions of reactive conformations.

Results

Flexibility

The increased thermal stability of thermophilic proteins has often
been assigned to their enhanced rigidity2,3,65,66. We therefore
first examine whether this popular picture applies to the present
DHFR systems, and we compare the EcDHFR, TmDHFR dimer
and hypothetical TmDHFR monomer flexibilities. As local and
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Fig. 1 Ec- and TmDHFR structures. Cartoon representations of the EcDHFR (A) and TmDHFR (B) protein 3D structures. Key structural elements
are highlighted: Met20 loop (red), αB (magenta), αC (blue) and αF (yellow) helices. The Asn18/His45 (EcDHFR) and Val19/Ile46 (TmDHFR) pairs of
residues used to determine the open and closed Met20 conformations based on the Met20 loop – αC helix distance are shown as plain balls. Substrate
(FOL+) and cofactor (NADPH) are reported as sticks. The TmDHFR interfacial residues are shown as sticks. (C) Magnified view of the active site
FOL+ and NADPH conformations with the CC donor–acceptor distance involved in the catalyzed hydride transfer.

global protein flexibilities could paint different images, we con-
trast the results obtained with the traditional RMSF calculation
that provides a mostly local probe of flexibility with another ap-
proach reporting on global configurational entropy.

In order to enhance the sampling of protein conformations that
would be too slow in brute-force molecular dynamics, our sim-
ulations employ solute-tempering Hamiltonian replica exchange
REST2, which was already successfully applied to investigate
protein melting in a broad range of conditions including di-
lute22,62 and crowded solutions67, together with powder sys-
tems68. Briefly, starting from the crystal structures and after
minimization and equilibration in the apo state, each of the 24
replicas is propagated for 500 ns at the same physical temper-
ature, but on a rescaled potential energy surface (see Methods
and SI). Finally, we use a mean-field approximation and a cor-
responding state picture to translate the potential energy scaling
factor into a temperature scale. The corresponding temperature
which is effectively inferred from this approach is simply referred
to as temperature T in the rest of this work.

We first analyze the enzyme local flexibility and characterize it
using the backbone RMSF along the protein sequence (see Meth-
ods). Results for EcDHDR, TmDHFR monomer and dimer are
shown in Figure 2 at ambient temperature (T = 300 K). Quite
surprisingly, the TmDHFR dimer is overall not significantly more
rigid than EcDHFR. While the TmDHFR protein core and most
residues at the dimer interface exhibit smaller fluctuations than
in EcDHFR, regions that are opposite to the interface are more
mobile. Strikingly, this is also the case for the Met20 loop, de-
spite its proximity to the dimer interface: while the interface con-
strains the Met20 loop global conformation (as examined in de-
tail further), it does not prevent its fluctuations. The comparison
between the TmDHFR monomer and dimer further reveals that
the dimer RMSFs probably result from two counteracting effects:
first, the sequence clearly favors fluctuations that are much more
pronounced than in EcDHFR, especially in the Met20 loop region
and its vicinity. On the other hand, dimerization leads to a rigid-
ification of the regions adjacent to the interface, including the
Met20 loop. The results are in agreement with recent simulations
results published while this work was completed39, and the same
trend is observed when temperature is increased (see Figure 3B

and Supplementary Information).

However, RMSF analyses have important limitations in the
study of thermal stability. RMSF results probe the amplitude of
backbone fluctuations around the average structure, and in typ-
ical brute-force simulations where the conformational space ex-
ploration is very limited, they therefore report mostly on local
fluctuations around a single conformation. In enhanced sam-
pling where conformational distribution is stochastically gener-
ated, RMSF values include contributions from both local fluctu-
ations and conformational rearrangements but these respective
contributions cannot be separated. Since global conformational
flexibility is much more relevant than local fluctuations to un-
derstand thermal stability, we now examine another flexibility
definition specifically based on protein global configurational en-
tropy, and already applied to compare other mesophilic and ther-
mophilic homologues20,22,23. The number of protein conforma-
tional states at each temperature is determined via a conforma-
tional clustering analysis performed on the last half of the apo
protein REST2 trajectories. Protein conformations are compared
by computing the RMSD of their Cα atoms once rigid body mo-
tions are removed, and the conformational states are identified
with the well-established leader algorithm69 using a 2.5 Å RMSD
cutoff23.

The numbers of conformational states are reported in Figure
3A for the three systems, and can be contrasted with the RMSF
averaged along the protein sequence (Figure 3B and SI Fig. S9)
at increasing temperatures. The global flexibility analysis yields
results that confirm some of the observations made on the RMSF:
for example, the conformational flexibility of TmDHFR monomer
is greatly enhanced compared to the other two systems. Differ-
ences between EcDHFR and TmDHFR dimer are not obvious from
the RMSF temperature dependence, because of compensations
between more flexible and more rigid protein regions as can be
seen in the 300 K RMSF results along the sequence (Figure 2).
However, Figure 3A clearly demonstrates that EcDHFR visits a
larger number of conformations than the TmDHFR dimer along
the entire temperature range. A sudden increase in the EcDHFR
conformational entropy is also evidenced above 330–340 K, re-
vealing the onset of large conformational changes, in contrast
with the TmDHFR monomer and dimer where this transition oc-
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Fig. 2 Local flexibility Atomistic root-mean square fluctuations at 300 K along the total protein sequence for EcDHFR (blue), TmDHFR dimer (red)
and monomer (green). For better visibility, the curves for TmDHFR are shown with an offset of 2 and 4 Å, respectively. The corresponding fluctuations
are shown for each enzyme structure, with a color scale indicated on the right hand side. The thickness of the ribbons are proportional to the RMSF
for values > 2.5 Å.

curs at higher temperatures.

Our results therefore suggest that first, the TmDHFR sequence
tends to favor more local fluctuations and a larger number of ac-
cessible enzyme conformations on a broad temperature range.
Second, the number of accessible conformations is noticeably
larger for EcDHFR as compared to TmDHFR, especially above
330 K. Following the idea that increased rigidity leads to a greater
resistance to temperature, it has often been argued that the
dimerization of TmDHFR is responsible for its increased thermal
stability44,47,53. While it is not apparent from the RMSF data, the
conformational entropy perspective does confirm the TmDHFR
dimer greater rigidity.

Protein melting temperature

We now turn to the determination of the homologs’ melting tem-
peratures. For each system, we analyze the distribution of confor-
mations with increasing temperature, and we construct the pro-
tein stability curve which provides the fraction of folded proteins
at each temperature. To do so, we first measure the Cα RMSD
with respect to a reference ambient temperature equilibrium con-
formation for all replicas (Figure 4). Thermal denaturation re-
sults in the sampling of wider RMSD distributions around larger
average values as temperature increases. Noticeably, EcDHFR
(Figure 4A) starts sampling large deviations from the reference
folded structure at lower temperatures than TmDHFR, both in
its dimeric (Figure 4B) and monomeric (Figure 4C) forms, thus
providing a first glimpse about their distinct thermal stabilities.
These observations are further quantified by determining the frac-
tion of folded conformations based on a Cα RMSD cutoff of 3 Å.
We pause to note that the latter value was shown in prior work
to properly separate folded and unfolded conformations22,68. In
this calculation, loops are excluded, and for the TmDHFR dimer,
only the thermally excited monomer is considered (see further
details in the Methods section).

Figure 5 shows the simulated melting curves for EcDHFR, TmD-

HFR monomer and dimer, together with their melting tempera-
tures Tm. While the simulated Tm exhibit a systematic shift with re-
spect to the experimental values, the shift between the mesophilic
EcDHFR and thermophilic TmDHFR dimer Tm is remarkably well
captured by the simulations: ∆T sim

m = 28 K vs ∆T exp
m = 30 K37,38.

The systematic shift between experimental and simulated abso-
lute Tm values is not surprising, since it has already been reported
for other systems22,68 and is a combination of several factors like
like force field and sampling limitation citeStirnemann2015. Con-
cerning The most important one is that molecular force fields are
traditionally calibrated on ambient-temperature data or calcula-
tions and are known to over-stabilize folded structures over un-
folded configurations70. Even recent modifications do not allow
to reproduce correctly the melting for many proteins31. For in-
stance, temperature replica-exchange on much smaller polypep-
tides (a technique not applicable to our larger proteins), have
shown that simulated melting temperatures are often overesti-
mated, sometimes by more than 100 K63,71–74.

We performed several checks of our results’ robustness. First,
we verified the simulation convergence and confirmed that the
obtained melting curves do not significantly evolve during the
last half of the 500 ns trajectories (SI Fig. S2), suggesting that
simulations are converged on this accessible timescale. Second,
we verified that the chosen RMSD cutoff value does not have a
large impact on the resulting shift in thermal stability: for ex-
ample, with a 3.5 Å cut-off we obtain ∆Tm ' 31 K (see SI Fig.
S4). Third, the choice of another collective variable to describe
folding, i.e. the number of native contacts, leads to results in
quantitative agreement with these found using the RMSD cutoff
(see Methods and SI Figure S5). Finally, we have checked that
the stability shift between EcDHFR and TmDHFR is observed for
both the holo and apo states, respectively with and without the
DHFR substrate and cofactor (SI Figure S6). In the former case,
the presence of ligands in the active site slightly stabilizes the
protein. The melting temperatures are therefore shifted toward
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Fig. 3 Temperature-dependence of enzyme conformational and local flexibilities (A) Number of conformational states obtained by cluster analysis
and (B) atomistic root-mean squared fluctuations (RMSF) averaged over the total protein sequence for EcDHFR (blue), Tm dimer (red) and monomer
(green), for replicas whose temperature lies below the calculated melting temperature of each system.

Fig. 4 Thermal stability: RMSD distributions Evolution of RMSD distributions with temperature for EcDHFR (A), TmDHFR dimer (B), and TmDHFR
monomeric form (C).
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Fig. 5 Thermal stability: melting curves Fraction of folded protein con-
formations (colored circles) for EcDHFR (blue), TmDHFR dimer (red) and
TmDHFR monomer (green), defined with a smoothed RMSD cutoff ap-
plied to the REST2 simulations in the apo state (see Supplementary Infor-
mation), together with the corresponding fitted stability curves (dashes)
and experimental (full squares) and resulting simulated (open squares)
melting temperatures Tm.

higher values, although the shift between EcDHFR and TmDHFR
is conserved (26 K, Figure S6). Note that this effect has also been
observed in the experiments75, on another DHFR homolog for
which different ligands were measured to lead to a 3–15 K pro-
tein stability upshift.

The very good agreement between our simulation results and
the experimental Tm shift between EcDHFR and TmDHFR dimer
suggests that our methodology should also provide a good pre-
diction of the Tm shift for the TmDHFR monomer.

Experimentally, this Tm value is not accessible because the
TmDHFR monomer is not stable due to the apolar nature of the
dimeric interface. Measurements for a monomeric TmDHFR mu-
tant stabilized by surfactants53 are used to deduce for this mu-
tant the melting temperature. For the monomeric mutant in its
apo state, Tm would be 3 K lower than that of EcDHFR in the
absence of surfactants and 8 K higher in the presence of the sur-
factants53. While the authors noted that this mutant should be
predominantly monomeric in both these conditions, it remains
unclear how their results would compare to that of a hypothetical
monomeric TmDHFR, in the absence of any mutation and surfac-
tant effects. Our simulations thus provide the first determination
of the TmDHFR monomer Tm melting temperature, and suggest
that it is 7 K higher than that of EcDHFR and remains 21 K below
that of the TmDHFR dimer. Our simulations therefore confirm
that a major contribution to the exceptional TmDHFR thermal sta-
bility arises from its dimeric nature. However, they also illustrate
that a reduced protein flexibility (characterized here with both lo-
cal and global scales) is not necessarily associated with enhanced
thermal stability. The TmDHFR monomer is much more flexible
than the other two systems, but its melting temperature is in-
termediate. Such discrepancy between melting temperature and
local flexibility was previously reported for the comparison be-
tween EcDHFR and the (monomeric) thermophilic BsDHFR76,77,
and more generally, a number of recent investigations18,23 have

questioned the relationship between flexibility and thermal sta-
bility.

Subunit melting temperatures and unfolding pathway

Another advantage of enhanced sampling molecular dynam-
ics with respect to simulations run at some specific tempera-
ture39–41,51 is that, in addition to the global melting temperature,
they also provide valuable insight on the melting temperatures
of individual protein subunits that are very challenging to access
experimentally. Identifying which protein parts lose their native
structure first when the temperature is increased offers a molecu-
lar picture of the unfolding pathway.

Following the same approach as described in the previous sec-
tion for the global melting temperature, we determined the RMSD
of each protein secondary structure (see SI Fig. S7) and repeated
the melting curve calculations to determine their Tm values (SI
Fig. S8). The results are presented in Figure 6, with the individ-
ual Tm values for EcDHFR, TmDHFR monomer and dimer (panels
A-C). The Tm shifts between EcDHFR and TmDHFR monomer and
between TmDHFR monomer and dimer are shown in Figure 7.
The molecular resolution provided by these results allows iden-
tifying the weak spots where unfolding initiates, and the com-
parison between the three proteins offers a detailed analysis of
the sequence and dimerization impacts on structural stability. We
now discuss these different aspects.

We first address the unfolding mechanism. For all three sys-
tems, loops are the most flexible regions and undergo large devi-
ations from their native conformation already 100 K below the
global melting temperature. All αhelices exhibit lower melt-
ing temperatures than β sheets, in agreement with their well-
established general stability difference. In all three systems, the
αB helix unfolds first (see nomenclature in Figure 1, more than
40 K below the global melting temperature. Turning now to other
helices, in EcDHFR the αC helix undergoes a significant struc-
tural change ≈ 20 K below Tm, while in TmDHFR the αF helix –
very close to the Met20 loop and to αC, next to the active site
(Figure 1) – unfolds in the same temperature range. These re-
sults provide a direct molecular interpretation of several experi-
mental studies, where the presence of a significant population of
non-native protein conformations for EcDHFR was readily seen
at temperatures well-below melting37,78,79. The obtained results
are also in agreement with a NMR study on another DHFR mu-
tant45, which showed that αB/C helices and the Met20 loop ex-
hibit very low melting enthalpies as compared to other protein
regions. We note that the unfolding pathway suggested from
the different secondary structure Tm values is quite different from
prior high temperature nonequilibrium unfolding simulations51,
which shows the importance of extensive sampling of the protein
conformational equilibrium.

To understand the origin of TmDHFR dimer’s exceptional ther-
mal stability and the respective roles played by primary and qua-
ternary structures, analyzing the secondary structure elements Tm

considerably extends the first elements offered by the global Tm

and provides a much more detailed investigation of the sequence
and dimerization effects. The sequence change effects are as-
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Fig. 6 Local stability: melting of secondary structure elements. Enzyme structures where each secondary structure element is colored according
to its melting temperature, estimated individually for each of them using a RMSD cutoff of 2.5 Å (see Supplementary Information), for (A) EcDHFR, (B)
an isolated monomer of TmDHFR, and (C) the TmDHFR dimer. Melting temperatures haven’t been computed for the regions in grey.

sessed via the subunit Tm shifts between EcDHFR and monomeric
TmDHFR, while the dimerization impact is measured by the Tm

shifts between monomeric and dimeric TmDHFR. Our results in
Figure 7 reveal that the different amino-acid sequence in TmD-
HFR with respect to EcDHFR has contrasted effects on the sec-
ondary structure stabilities: while the fragile αB helix is more
stable in TmDHFR monomer, other protein parts including e.g.
the αC helix and some β sheets are actually less stable in TmD-
HFR than in EcDHFR. We now turn to the effect of dimerization.
Figure 7 reveals that dimerization strongly enhances the stability
of all α helix and β sheet subunits. In addition, a clear gradient
is observed away from the interface between monomers: the β

sheet next to the dimerization interface is most affected and its
melting temperature increases by more than 60 K; other subunits
further from the interface are stabilized to a more moderate ex-
tent. Our results thus show that dimerization is essential for the
thermal stability of TmDHFR, in agreement with prior sugges-
tions53 but also reveal that individual subunits are not stabilized
to the same extent. This picture provides the first direct probe of
sequence and dimerization effects for TmDHFR.

Consequences for catalytic activity

We now discuss the possible impacts of the identified structural
features on these enzymes’ catalytic activity. The chemical reac-
tion catalyzed by DHFR is a hydride transfer leading to the re-
duction of 7,8-dihydrofolate (FOL) into 5,6,7,8-tetrahydrofolate
(THF) that uses NADPH as a cofactor (Fig. 1C). Experimental
measurements have shown that, at its optimum working tem-
perature, the hydride transfer in EcDHFR is about 2 orders of
magnitude faster than in the native (dimeric) TmDHFR38,43,80,
and that the monomeric TmDHFR mutant is an even poorer cat-

alyst than the dimer32,53. We will now successively discuss two
possible origins for these significant differences: first, the differ-
ent conformational flexibilities in these systems, and second, the
temperature impact in a protein region that is key to catalysis.

A decreased conformational flexibility can hinder the confor-
mational rearrangement dynamics necessary for catalysis, and
this has been suggested to explain the reduced activity of ther-
mophilic enzymes at ambient conditions1,81. However, as tem-
perature increases, the enzyme becomes more mobile, and the
corresponding state picture suggested that thermophilic enzymes
can recover activities similar to their mesophilic counterpart once
they become flexible enough1,4. However, this idea has been
strongly questioned by a number of experimental and theoreti-
cal investigations, and for the three DHFR systems studied here,
it fails to account for the changes in activity. First, the TmDHFR
monomer is more flexible than both the dimer and EcDHFR, but
is the least catalytically active of the three32. The correspond-
ing state picture does not hold either for the TmDHFR dimer
as compared to EcDHFR. Our results have shown that the dimer
is indeed more rigid than EcDHFR along the entire temperature
range (Figure 3), but when examined along a reduced temper-
ature scale T/Tm(Figure 8), both homologs exhibit very similar
conformational flexibilities. On a wide temperature range below
their respective melting temperature, TmDHFR samples a slightly
larger number of conformational substates than EcDHFR, and a
flexibility-based argument cannot explain why the TmDHFR op-
timum activity is two orders of magnitude lower than that of
EcDHFR38,53. The global conformational rigidity enhancement
from Ec to TmDHFR is thus directly connected to the increased
thermal stability of TmDHFR, but it cannot be the main cause of
the latter’s much lower activity, as already suggested by experi-
mental studies32, as well as very recent simulations39. (We note
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Fig. 7 Local stability: direct comparison between the three systems. Data identical to that of Figure 6, except that the difference in melting
temperatures of each elements relative to the TmDHFR monomer is shown for EcDHFR (left) and the TmDHFR dimer (right, the unperturbed monomer
is not shown). Melting temperatures haven’t been computed for the regions in grey.
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Fig. 8 Conformational flexibility Number of conformational states de-
termined by cluster analysis along a reduced temperature obtained by
rescaling T by the calculated melting temperature for EcDHFR (blue),
TmDHFR dimer (red) and monomer (green).

that, not surprisingly, in T. maritima, the product of DHFR activ-
ity (tetrahydrofolate) is mainly supplied by another enzyme, the
flavin-dependent thymidylate synthase82.)

We now focus on the conformational changes occurring in EcD-
HFR and TmDHFR below their melting temperature and relevant
for catalysis. We show that a key difference between the two
homologs lies in the different fractions of protein–substrate con-
formations where the catalyzed hydride transfer reaction can take
place with a low barrier.

Several prior studies (see, e.g, refs 36,48,57,83,84) stressed
the important role played by the Met20 loop during the chemi-
cal step. In particular, closed loop conformations contribute to
the stabilization of the Michaelis-Menten complex with the fo-
late substrate and facilitate the catalyzed hydride transfer reac-
tion (Figure 1). In EcDHFR, crystal structures indicate that this
loop is closed under ambient conditions36. In contrast, in TmD-
HFR, the loop is located next to the interface between the two
monomers44 and lies in an open conformation. The lowered cat-
alytic activity of TmDHFR has been attributed to the inability of
this loop to close during the catalytic turnover47. Further studies

on a monomeric TmDHFR variant showed that the poor activity
does not result from dimerization32, suggesting that the Met20
loop also lies in a weakly reactive conformation in the monomer
as well. Eventually, recent calculations on the TmDHFR dimer
and its monomer (which cannot be isolated in the experiments
without mutations and addition of surfactant53) concluded that
the low TmDHFR activity is mostly a result of its sequence and
not of dimerization39. Because it is not directly accessible in
the experiments, the detailed Met20 loop conformation in the
monomer have not been fully characterized. We now discuss the
results of our simulations for the holo states of EcDHFR, TmDHFR
monomer and TmDHFR dimer on a wide temperature range. The
simulation protocol is identical to that presented before for the
apo state (see Methods and Supplementary Information), except
that we have explicitly included the two reacting substrates to
be able to demonstrate how the molecular information gained on
the temperature-dependence of this loop can provide an interpre-
tation to the temperature dependence of catalytic rate.

In our simulations, we monitor the Met20 loop opening and
closing via the Met20 – αC helix distance (dM20) as shown in
Figure 1. The results for the EcDHFR, dimeric and monomeric
TmDHFRs are reported in Figure 9A. dM20 takes values charac-
teristic of a closed conformation in the EcDHFR holo state at am-
bient temperatures (typically between 6 and 8 Å36), but exhibits
much larger values in the TmDHFR dimer, which correspond to an
open conformation44 (above 8 Å), as expected from the previous
crystallographic studies36,44. The different Met20 loop config-
urations in Ec and TmDHFR could be due to TmDHFR’s dimeric
structure44,46,51,85 or to the difference in sequences, as suggested
by experiments on a TmDHFR monomeric mutant32. We there-
fore repeated our calculations on the TmDHFR monomer and
found that the Met20 loop remains open over the entire tem-
perature range (albeit taking smaller values than in the dimer),
thus confirming that the open conformation is not a consequence
of dimerization, but rather results from the different sequences.
This is also in agreement with very recent calculations done with a
different computational approach published while this work was
completed39.

As temperatures increases, the Met20 loop always remains
open in both TmDHFR enzymes (Figure 9A), and interestingly,
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the monomer dM20 remains almost unchanged, while the dimer
dM20 decreases toward the monomer value. This is probably be-
cause the loop is less frustrated by the interface as temperature
increases, and can adopt conformations that resemble more and
more that in the monomer. By contrast, a clear transition from
closed to open conformations occurs in EcDHFR around 330 K.
We note that this transition is located well below the calculated
melting temperature of EcDHFR (396 K). We now make the con-
nections between the Met20 loop conformations and the hydride
donor substrate – acceptor substrate distance (noted CC in the
following). Smaller separations facilitate the hydride transfer49

and are thus associated with lower reaction free-energy barriers.

Figure 9B shows that there is a clear correlation between dM20

and the average CC distance: short CC distances are only accessi-
ble in EcDHFR, for closed conformations of the Met20 loop. The
opening of the loop at higher temperatures results in the explo-
ration of longer distances. For TmDHDR, only open conforma-
tions are sampled at all investigated temperatures. For this sys-
tem, the CC distance is uncorrelated to dM20, and overall, longer
average CC distances are explored as temperature increases.

While these average dM20 and CC distance values already pro-
vide significant insights, the impact on catalysis is better evi-
denced by considering the CC distance distributions (Figure 10A
and B). For EcDHFR (Figure 10A), the loop remains closed up
to 330 K, which results in a narrow CC distribution centered on
∼ 3.7 Å. As the loop opens above this temperature, this peak
strongly decreases (we note that a small residual population of
closed conformations remains up to 390 K), much larger CC dis-
tances are sampled, and the distribution becomes broader. This
increasing width is likely to be correlated with the increased
conformational flexibility discussed earlier. For TmDHFR (Fig-
ure 10B), the absence of closed loop conformations at any tem-
perature results in the absence of a peak at 3.7 Å. Instead, the en-
zyme samples large distances at all temperatures, and the width
of the distribution increases with temperature, once again in

agreement with the increasing number of accessible enzyme con-
formations.

As a consequence, short CC distances, which are necessary for
the enzyme catalytic efficiency, are very rarely accessed in TmD-
HFR, which is likely to be correlated to its much lower catalytic
activity. In contrast, they can be sampled for EcDHFR up to a
point where the temperature increase leads to a loop opening.
While a proper connection between the CC distance and the re-
action free-energy barriers would involve an explicit treatment of
the chemical reaction and its associated electronic structure re-
arrangements, together with an explicit determination of the CC
distributions in the transition state geometries, our current results
can already be analyzed in a more quantitative framework. At a
given temperature, the catalytic efficiency of the enzymes will
likely be dominated by the fraction of conformations with short
CC distances, with the population with larger CC distances only
contributing marginally to the chemical rate. (At ambient tem-
perature, an increase of ∼ 1.2 Å between EcDHFR and TmDHFR,
in the average CC distance leads to a 4.2 kcal/mol difference in
the free-energy barrier43.) We estimated, at each temperature,
the fraction of conformations P that exhibit CC distances shorter
than the value corresponding to the maximum of the distributions
at ambient temperature (located at CCmax

300K = 3.6 Å for EcDHFR
and CCmax

300K = 4.8 Å for TmDHDR). The position of this cut-off is
somehow arbitrary, but we checked that this choice did not sig-
nificantly affect our following conclusions. We then define the
average free-energy cost ∆Gcontraction(T ) to reach such values as

∆Gcontraction(T ) =−kBT lnP(CC < CCmax
300 K;T ), (1)

where kB is the Boltzmann constant. We report in Figure 11
the obtained ∆Gcontraction(T ) values for both systems relative to
their value at ambient temperature. This thus allows to esti-
mate the expected increase in the reaction free-energy barrier
due to the increased cost for the contraction of the CC dis-
tance. For EcDHFR, the temperature-dependence of ∆Gcontraction
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is more pronounced because of the loop opening which results
in a small fraction of reactive systems with short CC distances
(Figure 10A). For TmDHFR, the increase is more moderate be-
cause no such transition occurs, and it only corresponds to the
progressive broadening of the CC distributions and the explo-
ration of larger (and increasingly poorly reactive) CC distances.
These results are in agreement with experimental estimations of
the reaction entropy for both systems that also suggest a more
pronounced temperature-dependence of the reaction free-energy
barriers in EcDHFR43 (∆S‡

exp =−26.1 cal/mol/K for EcDHFR and
∆S‡

exp = −21.3 cal/mol/K for TmDHFR). While our simple model
underestimates ∆S‡, the relative difference between both systems
is qualitatively reproduced with ∆∆S‡

sim = 8.6 cal/mol/K. Further
extensions of this model will include an explicit treatment of elec-
tronic structure rearrangements in order to provide a more com-
plete picture including intrinsic temperature effects on the barrier
for a given conformation.

Finally, while the difference between the TmDHFR and EcD-
HFR catalytic activities is often interpreted via a simplified two-
state picture involving the key M20 loop open and closed confor-
mations, our results stress that the ligand-cofactor distance distri-
butions also play a key role in the temperature-induced changes
in the catalytic barrier. While at ambient temperature the differ-
ent catalytic activities of EcDHFR and TmDHFR have been inter-
preted as arising from the different active site polarities caused
by the closed and open loop conformations86, our simulations
show that the two DHFR homologs’ markedly different activity
temperature dependences are mostly caused by changes in the
ligand-cofactor distance distributions.

Conclusions
In this work we performed state-of-the-art enhanced sampling
all-atom molecular dynamics simulations of two mesophilic and
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Fig. 11 Free-energy cost to contract the CC distance. Free-energy cost
relative to its value at 300 K (∆∆G = ∆Gcontraction(T )−∆Gcontraction(300 K))
to contract the CC distance (Equation 1), as a function of temperature
for EcDHFR (blue dots) and TmDHFR (red dots). A linear fit (such
that ∆∆G = 0 at 300 K) of the simulation data is shown as a plain line
with a similar color code, while dashed lines indicate the temperature-
dependence of the free-energy barrier with respect to its value at 300 K
that can be predicted from experimental reaction entropy estimations 43.
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thermophilic DHFR enzymes, with a special focus on the conse-
quences of dimerization in the thermophilic homolog. Our ap-
proach allows a detailed analysis of the relationship between en-
zyme flexibilities (of which we used two definitions at different
lengthscales) and thermal stability. As already observed for other
systems9,18,22,23, we find that an increased melting temperature
is not necessarily associated with a more rigid protein matrix. The
origin of the increased thermal stability of TmDHFR has often
been attributed to its dimeric (and thus less flexible) structure.
We find that this dimer is not significantly more rigid than the
monomeric EcDHFR, which melts at lower temperatures. By com-
paring this dimer to its hypothetical monomeric state, we confirm
that dimerization greatly contributes to the increased thermal sta-
bility of the dimer. We show that the melting temperature of the
TmDHFR monomer, which cannot be experimentally isolated, is
intermediate between that of EcDHFR and the TmDHFR dimer,
whose stability shift is in very good agreement with experimen-
tal data. Only one third of the increased thermal resistance of
TmDHFR over EcDHFR can be attributed to the difference in se-
quences, while the remaining 2/3 are due to dimerization. But
strikingly, the TmDHFR monomer is much more flexible than both
the dimer and EcDHFR. Therefore, the observed trend in flexibil-
ity does not correlate with that observed in melting temperatures.

The ability of our approach to achieve an extended sampling of
the protein conformational landscape allowed to individuate the
critical weakest points of the three systems during thermal de-
naturation and single out the role of the dimeric interface on the
TmDHFR stability. Dimerization induces an increased stability in
all secondary structure motifs of the monomer, with the strongest
effects closer to the interface. The ability to individuate the sta-
bility hierarchy of structural elements in a protein fold could be
applied to other systems and might provide important informa-
tion for the design of thermally stable and active mutants.

We finally discuss the consequences of these observations on
the catalytic activity of the two homologs. Experimentally, TmD-
HFR is much less efficient than EcDHFR. First, we rule out an
explanation of these differences based on distinct enzyme flexi-
bilities. Strikingly, we show that the TmDHFR monomer exhibits
large conformational flexibility at all investigated temperatures,
but still lacks the mesophilic EcDHFR catalytic efficiency. More-
over, conformational fluctuations are very similar in the TmD-
HFR dimer and EcDHFR when examined along a reduced tem-
perature scale when approaching melting. The stability/activity
trade-off1,4,81 clearly does not hold for this system, and the mod-
ulation of its reactivity instead stems from key conformational
differences and their temperature-dependence between both ho-
mologs. By contrast with the thermal stability, which mainly re-
sults from dimerization, the lower catalytic activity of TmDHFR as
compared to EcDHFR is more likely to originate from its different
sequence, as already suggested53.

Our simulations reveal that at all investigated temperatures,
the Met20 loop, which is crucial for catalysis, stays in an open
(and poorly reactive) conformation in both TmDHFR dimer and
its monomeric variant. This configuration results in large donor
– acceptor distances between substrate molecules, which are very
likely to lead to higher free-energy barriers. For EcDHFR, this loop

is closed at ambient temperature, favoring much shorter donor –
acceptor CC distances, and thus lower barriers. However, as tem-
perature increases, a clear loop opening occurs and EcDHFR starts
to explore less reactive configurations well below its melting tem-
perature. For both homologs, we estimated the expected increase
in the reaction free-energy barrier with temperature due to the in-
creased cost for the CC distance contraction, and we showed that
the effect of temperature on the free-energy barrier is more pro-
nounced for EcDHFR, as measured experimentally. Interestingly,
experimental measurements38,43,80 have shown that the activa-
tion energy, i.e. the rate constant temperature dependence, is
much smaller in Ec than in TmDHFR, while their reaction free-
energy barriers differ by a few kcal/mol only. In a future work
involving an explicit treatment of electronic structure rearrange-
ments, we will focus on the implications of our current findings,
in particular regarding how temperature-induced changes in the
Met20 loop conformations affect the temperature-dependence of
the catalytic rate.

Methods
A complete description of the protocols followed for systems
(EcDHFR, TmDHFR et monomeric TmDHFR in both the apo and
holo states) preparation, simulations and analyses performed are
reported in the Supplementary Information. Here we report a
brief summary of the employed methods.

Conformational sampling

A solute tempering Hamiltonian replica exchange (REST2)58,64

was used for the conformational sampling of EcDHFR, TmDHFR
and monomeric TmDHFR. Within this simulation scheme, we
propagated each of the 24 replica for 500 ns (for a total of 12µs)
at the same physical temperature, but at a rescaled protein po-
tential energy. Successively, an effective temperature can be de-
fined for each replica using the corresponding state principle and
a mean field approximation62.

For TmDHFR, only one of the two monomers was subjected
to the rescaling scheme and the other one treated as solvent
molecules. In the case of the MM complexes, the ligands were
also treated as solvent to avoid unrealistic molecular geometries
arising from potential energy rescaling. Only the last 250 ns of
the simulations on EcDHFR and TmDHFR were considered for the
analysis, after a careful assessment of convergence. In the case
of TmDHFR the analyses were only performed on the rescaled
monomer.

Fraction of folded proteins and stability curves

The fractions of folded protein were computed by analyzing the
REST2 simulations on the apo states averaged over 50-ns trajec-
tory portions. In order to define the fraction of protein in the
folded state two different collective variables were used. The first
is the root mean-square displacement (RMSD) computed on all
non-loops Cα with respect to the average equilibrated structure
and using a smoothed RMSD cutoff between folded and unfolded
structures of 3.0 Å.

The second metric for the definition of the folded fraction is
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based on the number of native contacts nc∗i for a given Cα , which
is the number of Cα atoms separated from it by at least 4 residues
and located within a distance of 8.0 Å in the equilibrated struc-
ture.

Melting temperatures were obtained by performing a thermo-
dynamic fit of the stability curves by applying the Hawley’s ex-
pression87 for the free energy difference between the folded and
the unfolded state, which is derived from the folded fraction using
Boltzmann statistics87,88:

∆Gu(T ) =−∆Cp

[
T
(

ln
(

T
Tm

)
−1

)
+Tm

]
+∆Hu

(
1− T

Tm

)
(2)

with Tm being the melting temperature, ∆Cp the change in heat
capacity when going from the folded to the unfolded state (con-
stant), and ∆Hu the unfolding enthalpy, see SI Table S2. The
fraction of folded protein P( f ) and ∆G(T ) are in the following
relationship:

P( f ) =
1

1+ e−
∆Gu
kBT

(3)

The same approach was used to compute the melting tempera-
tures of the different secondary structure motifs of the three sys-
tems, though only the Cα RMSD was used as a metric with a
smoothed cutoff of 2.5 Å.

Protein flexibility

Local protein flexibility was assessed by computing the Cα RMSF
on the last 250 ns of the simulation. Conversely, the global pro-
tein flexibility was investigated on the bases of the concept of
protein configurational entropy. The number of conformational
substates is determined via a cluster analysis performed on the
above-described REST2 trajectories, with a Leader algorithm69

and an Cα RMSD-based cutoff of 2.5 Å. For TmDHFR, only the
rescaled monomer is considered.

Met20 loop conformations

We discriminate between the Met20 loop open and closed con-
formations by analyzing the distance between this loop and the C
helix (loop-helix distance). In particular, we considered the dis-
tance between the EcDHFR Asn18 and His45 Cα atoms, which,
after structural alignment, corresponds to the TmDHFR Val19 and
Ile46 Cα atoms. The loop is considered closed if this distance is
between 6 and 8 Å.
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