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ABSTRACT: A major issue for organisms living at extreme temperatures is to preserve both stability and
activity of their enzymes. Cold-adapted enzymes generally have a reduced thermal stability, to counteract
freezing, and show a lower enthalpy and a more negative entropy of activation compared to mesophilic
and thermophilic homologues. Such a balance of thermodynamic activation parameters can make the
reaction rate decrease more linearly, rather than exponentially, as the temperature is lowered, but the
structural basis for rate optimization toward low working temperatures remains unclear. In order to
computationally address this problem, it is clear that reaction simulations rather than standard molecular
dynamics calculations are needed. We have thus carried out extensive computer simulations of the
keto—enol(ate) isomerization steps in differently adapted citrate synthases to explore the structure—function
relationships behind catalytic rate adaptation to different temperatures. The calculations reproduce the
absolute rates of the psychrophilic and mesophilic enzymes at 300 K, as well as the lower enthalpy and
more negative entropy of activation of the cold-adapted enzyme, where the latter simulation result is
obtained from high-precision Arrhenius plots. The overall catalytic effect originates from electrostatic
stabilization of the transition state and enolate and the reduction of reorganization free energy. The
simulations, however, show psychrophilic, mesophilic, and hyperthermophilic citrate synthases to have
increasingly stronger electrostatic stabilization of the transition state, while the energetic penalty in terms
of internal protein interactions follows the reverse order with the cold-adapted enzyme having the most
favorable energy term. The lower activation enthalpy and more negative activation entropy observed for
cold-adapted enzymes are found to be associated with a decreased protein stiffness. The origin of this
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effect is, however, not localized to the active site but to other regions of the protein structure.

Adaptation of enzyme kinetics and protein stability is
essential for the survival of organisms living under extreme
temperature conditions. Enzymes working in cold environ-
ments have a reduced thermal stability compared to their
mesophilic homologues to counteract freezing (/—3). An-
other characteristic property of cold-adapted enzymes is that
their catalyzed reactions generally have lower activation
enthalpies and more negative activation entropies than
mesophilic and thermophilic homologues with similar activa-
tion free energies (/—3). This apppears to be a key feature
of cold adaptation since it can provide a remedy for the
exponential damping of the rate at lower temperatures that
would follow from a high activation enthalpy. This
enthalpy—entropy balance has been proposed to originate
from a higher active site flexibility of cold-adapted
enzymes (/, 2, 4), although there seems yet to be no strong
experimental support for this hypothesis. Recent theoretical
results (5), on the other hand, suggest that fluctuations along
the chemical reaction coordinate are similar for mesophilic
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and thermophilic dihydrofolate reductases in the reactant
state. Furthermore, while folding/unfolding motions were
found to be more restricted in the thermophilic enzyme, these
tended to be uncorrelated (orthogonal) to motions along the
chemical reaction coordinate (5). In the case of psychrophilic
uracil—DNA glycosylase, molecular dynamics simulations
have indicated that the enzyme has a higher flexibility in
the DNA recognition loop than its mesophilic equivalent (6),
but the possible relation to catalytic rate is not clear. Due to
their interrelation, it is difficult in general to distinguish
temperature adaptation effects on catalytic rates, per se, from
those that mainly have to do with thermal stability.

Electrostatic interactions have also been proposed to be
important for cold adaptation, in the case of citrate synthase,
but rather through destabilizing effects on the enzyme
structure that presumably would counteract freezing (7, 8).
Other suggested structural solutions for improving the
catalytic efficiency at low temperatures are increased size
and better accessibility of the active site, which would
facilitate diffusional entry and exit of substrate and products
(1). While this may seem consistent with the structure of
cold-adapted citrate synthase (9), mutational studies have
demonstrated that accessibility is not a major factor in
increasing catalytic activity of this enzyme (/0). The same
study also showed the unexpected result that a loop insertion
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into the cold-active enzyme yielded an increased thermo-
stability but a reduced temperature optimum for catalytic
activity.

The question of what are the main structure—function
relationships behind catalytic rate optimization in cold-
adapted enzymes thus largely remains unanswered, and to
make progress, comparative analyses of the microscopic
energetics of catalytic reactions from differently adapted
homologous enzymes are required. Here, we employ exten-
sive molecular dynamics (MD)' free energy simulations in
combination with the empirical valence bond (EVB)
method (71, 12) to examine the reactions of psychrophilic
and mesophilic citrate synthase, along with some results also
for a hyperthermophilic variant. In order for such reaction
simulations to be informative, it is not only necessary that
they reproduce experimental rates at given temperatures but
also necessary that they reproduce the experimentally verified
trends regarding activation entropy and enthalpy. We have
thus carried out extensive calculations at five to six different
temperatures in order to obtain Arrhenius plots of sufficient
accuracy for both the psychrophilic and mesophilic enzymes.
To the best of our knowledge, this is the first time that
reliable estimates of enzyme thermodynamic activation
parameters have been obtained using this approach.

Citrate synthase (CS) is part of the citric acid cycle and
has been extensively studied, with X-ray structures deter-
mined from psychrophiles (9), mesophiles (/3), and ther-
mophiles (7). These enzymes are active as dimers of identical
subunits, and the substrates acetyl-coenzyme A (AcCoA) and
oxaloacetate (OAA) bind to an open form that closes upon
binding (/4). Both subunits are catalytically active and
convert, through a Claisen-type condensation reaction,
substrates to citrate and coenzyme A (/4). The reaction is
initiated by a proton abstraction from the aliphatic carbon
of the acetyl group of AcCoA by an aspartate residue, and
this process has been found to be rate-limiting for the
mesophilic Sus scrofa (pig) CS reaction (/5). The cold-
adapted Arthobacter DS2-3R and pig enzymes have similar
rates at 300 K, while the latter enzyme is considerably more
efficient at higher temperatures and the former more active
at lower temperatures (/6). We will thus focus here on the
initial keto—enol(ate) isomerization step, which is an intrinsi-
cally slow prototypic type of reaction catalyzed by a number
of different enzymes (/7, 18). The overall mechanism of
mesophilic citrate synthase has also been extensively studied
previously with different quantum mechanical/molecular
mechanics (QM/MM) methods (/9—24) and can be consid-
ered well established.

MATERIALS AND METHODS

EVB Reaction Surface. The enolization reaction was
described with the EVB method (71, 12) as an interconver-
sion between two different resonance structures, ®;, describ-
ing the reactant and enolate states of the reaction. Each
resonance form is represented by a specific potential energy
function, ¢;, that determines the energetics associated with

! Abbreviations: MD, molecular dynamics; FEP, free energy per-
turbation; EVB, empirical valence bond; CS, citrate synthase; AcCoA,
acetyl-coenzyme A; OAA, oxaloacetate; CSP, psychrophilic citrate
synthase; CS™, mesophilic citrate synthase; CS", hyperthermophilic
citrate synthase.
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that structure. Atoms included in the EVB model of the
reacting region consisted of the side chain of the catalytic
aspartate and the acetyl-coenzyme A as far as the sp’ carbon
adjacent to the thio group. The EVB potential surface is fitted
to available experimental or ab initio data regarding the
uncatalyzed reaction in solution by adjusting the off-diagonal
terms Hj; as well as the gas phase energy shifts o (11, 12).

A suitable water reaction for parametrization of the first
citrate synthase reaction step is the proton abstraction from
ethyl thioacetate by acetate. The activation and reaction free
energy were estimated for this reaction in a 1 M standard
state according to the free energy relationship in refs 25 and
26 to be 29.5 and 22.9 kcal/mol, respectively, where the
values are corrected for the number of equivalent protons.
The predicted reaction energetics agree well with experi-
mentally determined reactions with stronger bases than
acetate, such as hydroxide ion and 3-quinuclidone, that
abstract the proton from ethyl thioacetate with activation
energies (reaction rates) of ~20 kcal/mol (0.007 s™') and
~24 kcal/mol (0.00002 s~1), respectively (27, 28). The rate
for the uncatalyzed water reaction was further corrected by
the entropic factor of RT In 55 that is required for bringing
the reacting atoms from a 1 M concentration to contact
distance in aqueous solution (11, 29, 30). The final activation
and reaction free energies that were used for parametrization
of water reaction were thus 27.1 and 22.9 kcal/mol,
respectively. These experimental values were reproduced in
water by adjusting the relevant EVB parameters (/1, 12) to
Ao = 62.9 kcal/mol and H;» = 66.0 kcal/mol.

Spherical Boundary Simulations. Dimers of the psychro-
philic, mesophilic, and hyperthermophilic citrate synthases
were constructed from crystallographic structures with PDB
codes 1A58, 2CTS, and 1AJ8 (9, 13, 31). The substrates
AcCoA and OAA were built from the preexisting ligands.
All MD simulations were carried out with the molecular
dynamics package Q (32) utilizing the Amber95 force field
(33). Partial charges for AcCoA were derived from ref /9,
and OAA atomic charges were determined in accordance
with the prescription for the Amber95 force field (33). A
simulation sphere radius of 25.5 A was centered on OAA
and solvated with TIP3P water molecules (34). Residues
outside the sphere were harmonically restrained by 100
kcal-mol '+ A=2 and excluded from nonbonded calculations.
Atoms within a 5 A shell from the sphere boundary were
restrained by 25 kcal-mol '+ A2 to provide a buffer region
between tightly restrained and fully mobile atoms. Non-
bonded van der Waals interactions were truncated beyond a
10 A cutoff, while long-range electrostatics beyond this
cutoff were treated by the LRF method (35). No cutoff was
applied for any interactions involving atoms in the EVB
region. The total charge inside the simulation sphere was
—1 for all three enzymes. Water molecules close to the
sphere surface were subjected to radial and polarization
restraints (32, 36).

Each enzyme and water reaction free energy profile involved
300 ps of MD simulation with a time step of 1 fs and comprised
41 discrete FEP steps. The Arrhenius plots determined for CSP
and CS™ were based on five and six different temperatures,
respectively, and at each temperature point between 38 and 65
independent FEP simulations were carried out, while the free
energy profile for CS at 300 K was based on 11 independent
simulations. In addition, longer MD averages for the three
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FIGURE 1: Calculated free energy profiles for the enolate formation
step in psychrophilic (CSP), mesophilic (CS™), and hyperthermo-
philic (CS") citrate synthases together with the corresponding free
energy profile for the uncatalyzed water reaction (upper curve). R
denotes reactants, TS denotes transition state, and Ae is the
generalized reaction coordinate (/1, 12).

enzymes at 300 K in the reactant and transition state were
calculated from 12 ns trajectories. Overall, the accumulated
simulation time was well over 100 ns.

Periodic Boundary Simulations. MD simulations were
carried out in the reactant state using the Amber9 program
package (37) and the Amber95 force field (33). The citrate
synthase dimers were solvated with TIP3P (34) water in a
box with a volume of ~130 x 110 x 100 A3 that finally
contained ~130000 atoms. Counterions were added to obtain
neutral systems. The particle mesh Ewald method (38) was
used to treat long-range electrostatics. Bonds involving
hydrogens were constrained with SHAKE (39) to allow a
time step of 2 fs. Before simulations, the initial coordinates
were minimized with steepest decent and conjugate gradients
algorithms. After minimization, the temperature was in-
creased from 1 to 300 K under constant volume in 50 ps,
followed by 500 ps constant pressure simulation. The systems
were then simulated for 4.5 ns at 1 atm and 300 K.

RESULTS AND DISCUSSION

Catalysis at 300 K. Computer simulations of the enolate
formation process were carried out for the mesophilic citrate
synthase (CS™) from S. scrofa (pig), the psycrophilic enzyme
(CSP) from DS2-3R, and hyperthermophilic enzyme (CS")
from Pyrococcus furiosus. We will mostly focus on the two
former enzymes, since the experimental data for these allow
more direct comparisons (see below). The three enzymes
have optimal working temperatures of 31 °C (CSP), 55 °C
(CS™), and 91 °C (CS" (16, 40). The calculations utilized
MD/EVB simulations together with the free energy perturba-
tion (FEP)/umbrella sampling method (//, /2) and were
averaged over up to 65 independent runs in order to obtain
accurate reaction free energy profiles. Figure 1 shows the
calculated free energy along the reaction coordinate for this
process in the three enzymes together with the corresponding
profile for the uncatalyzed enolate formation reaction in
water. The simulations clearly show a large catalytic effect
on this reaction step in all three enzymes, with stabilization
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of the transition state by more than 13 kcal/mol compared
to water. The calculated free energy barriers of 14.1 £ 0.2
kcal/mol and 14.2 £ 0.2 kcal/mol (at 300 K) for CS™ and
CSp, respectively, are in excellent agreement with a barrier
of ~15 kcal/mol estimated from the experimental rates at
300 K, ken(CS™) = 61 s7! and ke(CSP) = 42 57! (16). The
corresponding calculated activation energy for CS" of 11.4
4+ 0.1 kcal/mol is considerably lower, but there are no
experimental rates available for this enzyme at 300 K. It is
also likely that the subsequent reaction steps are rate-limiting
in this case, as has been demonstrated for the thermostable
citrate synthase from Thermoplasma acidophilum (15).
However, even if other reaction steps are rate-limiting in
some citrate synthases, it seems likely that the catalytic
efficiency of the initial enolate formation reaction will be
related to that of subsequent steps (24).

The active sites of the psychrophilic, mesophilic, and
hyperthermophilic citrate synthases are very similar, and all
of them stabilize the transient enolate intermediate directly
through hydrogen bonding to a neutral histidine residue
(His274 in CS™) and a conserved water molecule (wat 1) as
can be seen from the structures of the transient enolate
intermediate in Figure 2. The protonated catalytic aspartic
acid, Asp375 in CS™, interacts similarly with the partially
negative enolate o-carbon and accepts additional hydrogen
bonds from Asn278 and another structurally conserved water
molecule. In addition, three arginines and two histidines
(Arg329, Argd01, Arg421, His238, and His320 in CS™) that
are involved in OAA binding also provide stabilizing
interactions with the negative enolate. The same hydrogen-
bonding pattern is found in CSP and CS", except that the
residue donating a hydrogen bond to the catalytic aspartate
is instead a tyrosine residue (Tyr183 and Tyr185 in CSP and
CS", respectively). Previous theoretical calculations have
shown that protonation of the enolate is generally unfavorable
and that the enolate directly attacks oxaloacetate in the
subsequent reaction step (/9—24).

Temperature Dependence of Rates. In order to attack the
problem of separating the enzymic free energy barriers into
entropic and enthalpic contributions, we calculated free
energy profiles at five to six different temperatures in the
range of 280—300 K for CSP and 285—320 K for CS™. It is
generally difficult to obtain sufficiently accurate Arrhenius
plots from molecular dynamics free energy simulations, and
this is probably the reason why no such calculations have
yet been reported for any enzyme reaction. Here, we carried
out 38—65 independent MD/FEP/EVB simulations at each
of the temperature points, for each enzyme, in order to be
able to reduce the error bars to an acceptable level. The
resulting standard errors for the free energies are 0.1—0.2
kcal/mol (overall, these calculations required almost 100 ns
of simulation time). The resulting Arrhenius plots are shown
in Figure 3, where it can immediately be seen that the
psychrophilic enzyme (CSP) has a significantly smaller slope
than the mesophilic one (CS™). The calculated activation
parameters for CSP are AH* = 7.4 kcal/mol and AS* = —22.7
eu, while those for CS™ are AH* = 11.5 kcal/mol and AS*
= —9.7 eu.

The simulations thus predict that the psychrophilic enzyme
indeed has a lower activation enthalpy and a considerably
more negative activation entropy than the corresponding
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FIGURE 2: Stereoviews from MD simulations of the active sites of the psychrophilic, mesophilic, and hyperthermophilic citrate synthases
in the enolate state. The structures are very similar, and the main differences involve interactions with the catalytic aspartate, i.e., a water
molecule in CS™ compared to tyrosines Y183 and Y185 in CSP and in CS", respectively. The oxaloacetate and part of the enolate intermediate

of acetyl-coenzyme A are colored green.

mesophilic enzyme, as is usually found for cold-adapted
enzymes (4). This result is also in good agreement with the
temperature dependence of the activities that have been
measured for the DS2-3R and pig enzymes (/6), although

no detailed activation parameters were given in ref /6. Hence,
the fact that both the absolute rates at 300 K and the different
balance between activation enthalpy and entropy are repro-
duced for these two enzymes is very encouraging and allows
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FIGURE 3: Calculated Arrhenius plots (AG*/T vs 1/T) for the enolate formation reaction in the psychrophilic (left) and mesophilic (right)
citrate synthase. The clear difference in slopes demonstrates that CSP has a lower activation enthalpy than CS™.
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FIGURE 4: Active site RMSFs from molecular dynamics simulations using spherical and periodic boundary conditions (SBC and PBC,
respectively) for the psychrophilic, mesophilic, and thermophilic citrate synthases. The amino acid residue numbering corresponds to the

1A59 (CSP), 2CTS (CS™), and 1AJ8 (CS") structures (cf. Figure 2).

us to search for the origin of this key characteristic difference
between cold- and heat-adapted enzymes.

Active Site Flexibility. It has often been assumed that since
cold-adapted enzymes benefit from higher flexibility, which
counteracts freezing, and since the activation entropy is more
negative, this could be interpreted in terms of an increased
Sflexibility of the active site in the reactant or ground state
(4). While a full dynamical analysis of the CS reaction cycle
(including, e.g., opening—closing transitions) is beyond
the scope of the present work, it is important to examine the
idea of increased active site flexibility. In order to examine
this proposal in the case of citrate synthases, we evaluated
the root-mean-square fluctuations (RMSF) of the key residues
surrounding the reactants in the active sites of all three
enzymes, CSP, CS™, and CS". This was done using both the
truncated spherical boundary model (with a 25.5 A radius)
employed in the MD/FEP/EVB simulations and using a much
larger simulation system with periodic boundary conditions
(PBC), that contained the entire dimeric enzyme and a total
of about 130000 atoms. The RMSFs where thus determined
for the three arginines, three histidines, oxaloacetate, and
three water molecules that interact with the reacting groups,
and these residues/molecules are common for all three
homologues of citrate synthase.

The resulting plot of mobilities is shown in Figure 4, and
as can be directly seen, there is no tendency for the

psychrophilic enzyme to have larger active sitt RMSFs than
the mesophilic and hyperthermophilic homologues. On the
contrary, the positional fluctuations are extraordinarily similar
in magnitude for the three enzymes, and the fact that the
active site residues all have RMSFs below about 0.6 A
indicates that the site is rather rigid. This result is also in
agreement with the experimental B-factors for CSP that
indicate RMSFs that are generally below 0.6 A for the active
site residues (9). Another striking feature of Figure 4 is that
the simulations with spherical and periodic boundary condi-
tions yield very similar results for the active site fluctuations.
This shows that the mobility of the active site is not
significantly damped by the spherical model, provided that
its radius is sufficiently large (4/). Hence, the results from
analysis of the active site mobility with two different models
are consistent and give no support for the idea that this region
of the protein has an enhanced flexibility in the cold-adapted
enzyme. This does, however, not mean that one can rule out
possible effects of more global protein flexibility on cold
adaptation of catalytic rates. That is, differences in mobility
may be located to other regions of the enzyme where their
main (but perhaps not sole) effect is to tune the thermal
stability of the protein. We will return to this issue below.

Active Site Electrostatics. To understand the energetic
origin of the large catalytic effect in the citrate synthases
and whether contributions to it differ between the differently
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Table 1: Partitioning of the Average EVB Activation Potential Energy (in kcal/mol) in Citrate Synthases

energy“ A U;!:H-rs,cl A U;Fs,cl AUEI,C] A U\i/dW A Ulimd A Ueimg A Ug:or A Uitmp AUfr-*-rs
water —92+23 29.7 —38.8 18.6 16.3 52 —0.2 —1.0 29.6
Csp —27.7+0.9(—27.7) 10.8 —38.4 17.6 17.4 4.6 0.1 —-1.3 10.7
csm —32.5£1.5(—30.8) 43 —36.8 18.2 18.6 4.6 —0.2 —-1.2 7.6
csh —37.0 £ 1.6 (—35.8) 0.3 —37.2 16.6 19.1 53 —-1.3 —-0.9 1.8

“Energy (AU)

components: el, electrostatic; vdW, van der Waals; bnd, bond, ang, angle; tor, torsion; imp, improper. Subscripts rr and rs denote

interactions among the atoms in the EVB region and between the EVB region and the surroundings, respectively. Values within parentheses are
averages from several additional nanosecond long simulations at reactant and transition states.

adapted enzymes, it is useful to examine energy components
associated with transition state stabilization. Table 1 shows
a breakdown of the average potential energy change, between
reactants (ground state) and transition state, for the reacting
groups in each enzyme and for the uncatalyzed reaction in
water. This quantity, AU+, contains contributions from
interactions among the reacting atoms and from interactions
between the reacting region and the surroundings (the indices
r and s denote the reacting groups and their surroundings,
respectively). It can be seen that all three enzymes cause a
considerable reduction of AUk compared to the water
reaction, with a clear correlation between the magnitude of
this reduction and the optimal working temperature of the
enzyme. Hence, the hyperthermophilic enzyme shows the
largest stabilization while the psychrophilic CSP is most
“water-like”. It is also clear that neither bonded energy terms
nor van der Waals interactions make any significant contri-
bution to the reduction of AU%.. Instead, the entire effect
originates from electrostatics and, more specifically, from
the electrostatic interactions between the reacting groups and
the protein/water surroundings. Hence, the corresponding
average electrostatic energy terms AU« follow the same
trend as AU, and show that the higher the enzyme working
temperature, the larger the electrostatic contribution to
transition state stabilization. In order to further verify this
result, we carried out additional long simulations (24 ns) for
each system, as an alternative to the approach with many
independent trajectories, and these results confirm our
conclusions (data shown within parentheses in Table 1).

It is noteworthy that the three enzymes are able to reduce
the electrostatic potential energy difference between transition
state and reactants by 18—28 kcal/mol compared to water.
The residues giving the most favorable contributions to
AUfms,el in all three enzymes are found to be His274 (—9.4),
Watl (—5.6), Argd21B (—5.3), His238 (—5.1), Argd401
(—5.0), and Arg329 (—4.4), with energies (in kcal/mol) from
the CS™ simulations within parentheses. These results are
also in general agreement with the calculations of Mulholland
and co-workers (20, 21). Here, it is important to point out
that interactions with the above-mentioned active site residues
are similar in all three enzymes and not responsible for the
differences in the electrostatic term. Figure 5 shows a
partitioning of the contributions to AUfrﬂs,el from the
interactions with the surroundings, AUfS,el, obtained from the
long simulation averages. There it can be seen that the OAA
and AcCoA molecules both give positive contributions to
AU, due to their negative charges, and that this destabi-
lization is very similar for all enzymes. The total contribution
from the protein is clearly more favorable in CS™ and CSP
than in CSP, and the difference can be seen to mainly derive
from subunit B. The interactions with solvent further favor
CSh over CS™, yielding a total ranking of the AUﬂ;,el terms

25
20 ocsP
mcsm
= 15 h
Tg’ mCs
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©
i)
= 5
= 0
5
-10
-15
OAA  AcCoA subA subB solute solvent total

FIGURE 5: Partitioning of the electrostatic interaction energy between
the reacting region and the surroundings, based on the long
simulation averages. The electrostatic transition state stabilization,
AUfs,el, becomes more negative when going from cold- to heat-
adapted enzymes. AU;‘FS,el is calculated as a difference between the
transition and reactant states, excluding intra-EVB-region interac-
tions, AUfr,e]. The two subunits are denoted subA and subB, where
the reaction occurs in the former. Solute denotes the sum of
electrostatic interactions for OAA, AcCoA, subA, and subB.

in accordance with Table 1 (note that the AUﬁ,el interactions
which in all cases are —37 to —38 kcal/mol have been
excluded from Figure 5). It should, however, be pointed out
that the separation of solute and solvent contributions in
Figure 5 is somewhat misleading since mutations of a larger
side chain to a smaller side chain often can allow the entry
of additional water molecules that could be regarded as part
of the protein. It is thus the overall effect of the electrostatic
stabilization that matters, and our main conclusion here is
that this quantity is clearly correlated with the cold-heat scale
of enzyme adaptation.

Relation between AH?, AS%, and AU%.,. The results from
Arrhenius plots showed that AH* is lower and AS*more
negative for the psychrophilic enzyme than for the mesophilic
homologue, in agreement with experiments, while AUfS,el was
found to be more positive. This implies that there is a positive
correlation between AUfs,el and the —TAS* contribution to
the free energy of activation. At first glance this may seem
counterintuitive since one might expect a potential energy
term such as AU to be directly (positively) correlated to
the enthalpy of activation, AH*. However, it is important to
keep in mind that AH* reflects the total potential energy
change of the system (disregarding the pAV* term):

AH* = AU+ AU+ AU, (1)

Hence, we have essentially three contributions to AH* that
originate from interactions (i) within and between the reacting
groups, (ii) between these groups and the surrounding protein
and water, and (iii) the interactions within the surroundings.
Our calculations show that the first of these terms, AU, is
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practically the same for all three enzymes and for the
uncatalyzed water reaction, while AUJ is significantly more
positive for CSP than CS™ and much more positive for the
uncatalyzed reaction. Furthermore, the differences in AU%
are completely dominated by electrostatic interactions.
Hence, in order for the psychrophilic enzyme to have a lower
overall AH* than the mesophile, it must be the case that AU
is smaller. One may try to evaluate AU from direct
simulations, as was done by Trobro and Aqvist (42), but
since this quantity involves a very large number of interac-
tions (protein and water), convergence is usually slow (42).
Here, we instead infer AU% from eq 1 since we have
sufficiently accurate values of the other three terms. This
shows that AU is about 7 kcal/mol lower for CSP than CS™,

What does it mean that AU is smaller for a psychrophilic
than a mesophilic enzyme? First, it is reasonable to equate
AU to interactions within the protein, including internal
water molecules, since the chemical rearrangements in the
active site are not likely to cause significant changes in the
solvation structure outside the protein (active sites are usually
well shielded from the outside solvent). This would mean
that it costs more energy in terms of protein—protein
interactions, AUj,, to climb the activation barrier in a
mesophilic (or thermophilic) enzyme than in a psychrophilic
one, in spite of the fact that the interactions between the
reaction groups and the enzyme (AU}) are more favorable
in the former case. This gives the immediate prediction or
interpretation that the mesophilic enzyme has a larger degree
of favorable preorganization toward the substrates but that
this preorganization is associated with a stiffer or more rigid
protein. The relation to protein stability thus appears to be
the following: if you need a more rigid protein to counteract
melting, this will require a better preorganization toward the
transition state to maintain a given catalytic activity.
Conversely, if you need to have a more flexible protein to
counteract freezing, you will have to sacrifice some preor-
ganization. However, the preorganization concept (43—45)
is usually understood in terms of local active site structure,
but here we are rather dealing with secondary effects outside
the active site, since the active site is highly conserved
between the enzymes and the key residues have virtually
identical contributions to AU% and very similar RMSFs in
CSP and CS™. The above analysis thus shows that there
indeed is a relationship between enzyme rigidity or flexibility
and the underlying enthalpic and entropic components of the
activation free energy but that it is not localized to the active
site. It should also be kept in mind that at 300 K both our
calculations and experiments (/6) show that CSP and CS™
have more or less equal activities, illustrating that it is rather
the temperature dependence than the magnitude of the
catalytic effect that is related to protein flexibility. That is,
the overall catalytic effect originates in all three citrate
synthases from a similarly rigid and electrostatically preor-
ganized active site, as is the case for many other enzymes
(44). The preorganization term can also be evaluated
quantitatively using the linear response approximation ap-
proach (46).

Mutations Affecting Energetics vs Flexibility. In view of
the above discussion it is interesting to examine mutations
between homologous enzymes adapted to different temper-
atures to see whether their effects can be understood. That
is, can we say which mutations affect interactions with the
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transition state (AU%) and which affect protein flexibility?
From computer simulations of the present type the first task
is rather straightforward, and by examining the contributions
to AU on a residue basis, one can try to identify hot spots
that differ between the homologues. However, the total
difference between two such enzymes may be the sum of
many small contributions, particularly if the sequence identity
is low. In our case, CSP and CS" have about 40% sequence
identity, while CSP and CS™ have only 30% identity (9), but
nevertheless, some key regions can be identified. Hence, the
N-terminal part of the o-helix (helix N) following the loop
where His274 (CS™ numbering) is situated is found to
provide a significant contribution to the AUfsﬂr,el trend in
Table 1. Particularly the tripeptide sequence 278—280, which
differs in all three enzymes, seems to be important for this
effect, and these residues are just outside the active site.
Another region that can be identified is the S-strand from
the second subunit that is part of the dimer interface and
carries Arg421 that makes contact with OAA. Here, Lys423
in CS™ and Arg358 in CS" correspond to Leu366 in CSP,
and the loss of this positive charge removes a favorable
interaction with the reacting groups, although it is a typical
secondary interaction. Interestingly, this mutation also re-
moves an intersubunit H-bond across the dimer interface,
present in both CS™ and CS", and may therefore also have
an effect on thermal stability.

There are also regions containing mutations that clearly
affect mobility rather than energetics. One such example is
around the N-terminal part of the surface-exposed o-helix
(helix P) that covers the active site. Here the sequence
corresponding to 324—331 in CS™ is dissimilar between the
three enzymes with only two conserved residues. Both the
SBC and PBC simulations show a considerable increase in
both backbone and side chain RMSFs for CSP in this region
compared to CS™ and CS". Particularly, the substitutions at
positions 326 and 331, where the psychrophilic enzyme has
a glycine and proline residue, respectively, instead of two
threonines in CS™ and a tyrosine and an arginine in CS",
have increased backbone fluctuations by up 60% in CSP.
Another striking example is Val380 in CS™ that is located
in helix R and is involved in the packing of the helix P, Q,
and R termini, also at the protein surface. This residue is a
leucine in CS", with somewhat lower backbone RMSFs
compared to CS™, but is changed to proline in the psychro-
philic enzyme. With the proline in this position the backbone
fluctuations are more than doubled compared to CS™ and
CS", and the helix packing is also structurally affected, which
clearly points to a role for enzyme stability of this residue.
It should be pointed out here that the above mutations mainly
affect mobility, with very little influence on AU, Figure 6
shows schematically the locations of the different “energetic”
and “flexibility” mutations discussed, in the 3D structure of
the mesophilic enzyme. This illustrates the general feature
that emerges upon closer examination of the sequence
differences showing effects on either energetics or flexibility,
namely, that they tend not to be located in direct contact
with the substrates but rather in a secondary layer, or even
further away from them.

CONCLUDING REMARKS

We have focused here on the problem of cold adaptation
of enzyme catalytic rates and used extensive computer
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FIGURE 6: View of part of the CS™ dimer (subunits in yellow and
pink ribbons) around one of the active sites with the crystallographic
citrate molecule in green sticks. Key mutations affecting reaction
energetics and mobility are colored in cyan and red, respectively.

simulations to explore the underlying energetics of this
phenomenon. Cold adaptation of enzymes, or temperature
adaptation in general, is a two-sided coin where a proper
balance must be found between catalytic efficiency and
thermal stability (47). The latter problem is much better
understood, with regard to both how psychrophilic enzymes
avoid freezing and how thermophilic ones avoid melting.
However, the relations between factors that affect thermal
stability and those that affect reaction rates do not appear as
straightforward. While both enzyme flexibility and electro-
static interactions have been proposed to be important for
cold adaptation of enzymic rates (/, 2), it has remained
unclear what the actual mechanisms would be for acquiring
a reasonable activation free energy at lower temperatures.

Our calculations on differently adapted citrate synthases
reproduce the absolute rates for the psychrophilic and
mesophilic enzymes, as well as the important property that
cold-adapted enzymes generally have lower enthalpy and
more negative entropy of activation than mesophilic coun-
terparts with similar free energy barriers. The simulations
show that the cold-adapted enzyme has less electrostatic
stabilization of the transition state than the mesophilic and
hyperthermophilic homologues but that it has a more
favorable internal energy change of the protein which more
than counterbalances the loss of electrostatic stabilization.
It is, however, important to emphasize here that activation
free energies of the psychrophilic and mesophilic enzymes
are virtually identical at 300 K and that the origin of the
catalytic effect resides in electrostatic stabilization of the
transition state and enolate and the reduction of reorganiza-
tion free energy, while its partitioning into enthalpy and
entropy differs. It seems obvious that the internal protein—protein
interactions here provide a connection to thermal stability,
since a more heat-resistant protein would generally be stiffer
and have a larger energetic penalty against conformational
fluctuations. However, the present simulations show that
neither the weakened electrostatic stabilization of the transi-
tion state nor the increased mobility in the psychrophilic
enzyme is localized to the active site but is rather a more
global effect originating from other regions of the protein.
This seems to make sense indeed, since if one were to evolve
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a more heat-labile protein while maintaining catalytic ef-
ficiency, the active site itself would be an unwise choice for
mutations.
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