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ABSTRACT: Despite advances in computational design of protein structures, it has proven
very difficult to design efficient enzyme catalysts by such approaches. One of the challenges in
the field has been to computationally design enzymes that catalyze Kemp elimination, a
reaction not observed in nature. Among several such designs, there is a series for which the
catalytic rate constant could be improved by several thousand-fold by laboratory evolution,
although it is still modest compared to natural enzymes catalyzing similar chemistry. These
evolved designer enzymes also showed unusual temperature optima that were not related to
thermal unfolding. Here, we report extensive computer simulations of both the catalyzed
reaction and conformational thermodynamics of one these enzymes to analyze the underlying reasons for low catalytic activity and
the anomalous temperature behavior. The results reveal that there exists a lower energy state of the enzyme−substrate complex, not
seen in crystal structures with transition state analogues, which explains the low activity. Computational Arrhenius and van’t Hoff
plots for the chemical step and the transition between the two reactant states are both linear, and the resulting reaction
thermodynamics is found to render the catalytic barrier entirely entropic. Kinetic modeling based on our calculated thermodynamic
parameters gives two possible quantitative explanations for the temperature optimum: a change of rate-limiting step at 308 K or a
heat capacity change of −0.3 kcal/mol/K upon substrate binding, where experimental data appear most consistent with the former.

KEYWORDS: enzyme kinetics, Kemp elimination, enzyme design, entropy, heat capacity

■ INTRODUCTION

Past decades have witnessed an impressive progress in
computational protein design, where one seeks to identify
amino acid sequences that will fold into a given target structure.1

Even though significant advances have also been made in design
of protein function, particularly with regard to noncovalent
binding interactions,2 the field of computational enzyme design
clearly lags behind these other areas.3,4 That is, initial designs
resulting directly from calculations, without any optimization by
directed evolution, invariably show only modest catalytic
activities for the chemical reactions that were targeted.3−6 A
case in point are the various efforts in designing Kemp
eliminases, where kcat values were generally found to be below
1 s−1 for the substrate 5-nitrobenziazole3,4 and an order of
magnitude lower for the less reactive 6-nitrobenziazole.6 Here,
rate enhancements (kcat/kuncat) of up to about 105 were
reported,4 but these were based on comparisons to the
spontaneous reaction of 5-nitrobenziazole in water rather than
to the acetate catalyzed reaction, which would be more
appropriate since the best designs all had a carboxylate sidechain
as the catalytic base. Converting the reported acetate catalyzed
rate of decomposition of 5-nitrobenziazole7 (1.33 × 10−5 M−1

s−1) to a 55 M standard state would already yield a rate
enhancement of a factor of 630 compared to the uncatalyzed
water reaction at a 1M std. state. Hence, a claimed enhancement
of kcat/kuncat ∼ 105 for the best designed Kemp eliminases would
be reduced to a much less impressive factor of 160, if one instead

uses the acetate catalyzed reaction in water with the proton
acceptor oxygen in contact with the substrate as the reference.
This factor of 160 would thus reflect what the designer enzyme
environment actually contributes to catalysis once the reactants
are brought into contact. In natural enzymes, that factor is
usually at least 106 and often much larger.
The example above illustrates one of the main problems with

enzymes design: it is not enough just to position catalytic groups
in the correct places; real enzymes do much more than that. As
discussed at length by Warshel and others,8−10 the entire active
site of natural enzymes is preorganized so as to stabilize
transition states and high-energy intermediates of the catalyzed
reaction, besides binding the substrate. In practice, this usually
involves specific networks of interactions (mostly H-bonds) that
are able to keep the preorganized configuration sufficiently
stable. There is often a folding free energy penalty to be paid for
aligning dipoles beside each other, e.g., in creating preorganized
“oxyanion holes” or similar configurations,8 and this was
elegantly demonstrated experimentally by Matthews and co-
workers already in 1995.11 Understandably, the design of
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complex interaction networks is muchmore difficult than simple
geometrical considerations of where catalytic groups should be
placed and this is probably the main reason for why purely
computationally designed enzymes are still inefficient.
However, computational designs are clearly very useful as

starting points for optimization by directed evolution and
further computations. There have thus been a number of
successful cases reported with this approach,5,12 with the fastest
Kemp eliminase approaching very high turnover numbers (kcat =
700 s−1).5 Another recent interesting effort in laboratory
evolution of Kemp eliminases reported a several 1000-fold
increase of kcat relative to the initial design 1A53-24 which,
however, had a very low kcat value of <0.01 s−1.6 Moreover, for
the evolved variants with 6 and 15 mutations the emergence of
curved Arrhenius plots of kcat/KM was observed.6 This was
interpreted such that a negative activation heat capacity had
evolved for the new enzymes and it was suggested that this was a
kcat rather than a KM effect, since it was mainly the former
parameter that had changed during evolution from the initial
design.6 In order to examine the detailed origin of these curved
Arrhenius plots, we report here extensive molecular dynamics-
(MD) free energy simulations utilizing the empirical valence
bond (EVB) method13,14 to describe the Kemp elimination
reaction. The calculations specifically address catalysis by the
1A53-2.5 enzyme, for which a crystal structure in complex with a
transition state analogue has recently been determined.6 Our
results reveal that there is no curvature in the Arrhenius plot for
kcat and that the observed behavior must rather originate from
KM, for which two different explanations emerge. Moreover, we
find that the most stable reactant state in the enzyme is distinctly
different from the crystal structure with a transition state
analogue, and that this gives rise to an overall activation barrier
for kcat that is entirely dominated by entropy.

■ METHODS
MD Simulations. All molecular dynamics simulations were

carried out using the Q software15,16 and employed the standard
OPLS-AA/M force field,17 where interaction parameters for the
6-nitrobenzisoxazole substrate and the salicylonitrile product
were retrieved from Schrödinger’s ffld_server.18 The crystallo-
graphic structure of 1A53-2.5 in complex with 6-nitro-
benzotriazole (PDB entry 6NW4)6 was used as starting point
for the calculations, where the inhibitor was simply replaced by
the topologically equivalent substrate. Hydrogen atoms were
generated in their standard optimized geometries and normal
protonation states of ionizable residues at pH = 7 were assigned.
All of these residues are also solvent exposed on the protein
surface, with the exception of the buried catalytic base Glu178
which has experimentally been assigned a pKa of 5.4.

6 Spherical
simulations were used, where TIP3P water molecules19 were
taken from a predefined grid with the correct density and
randomized dipole orientations.15 Simulations of the reference
water reaction were carried out with a glutamate base and the
substrate immersed in a 40 Å diameter water sphere centered on
the C1 carbon of 6-nitrobenzisoxazole. Its orientation was
restrained by harmonic potentials applied to the C3, C5, and C7
carbon positions (force constant 10 kcal/mol/Å2) and a flat-
bottom harmonic restraint was applied to the donor−acceptor
(C···O) distance (>3.0 Å) with the same force constant. The
enzyme simulations were carried out with a 50 Å diameter water
sphere centered on the substrate C1 carbon and protein atoms
lying outside this sphere were tightly restrained to their
crystallographic positions and excluded from nonbonded

interactions.15 This corresponds to 96% of the protein being
inside the simulation sphere with unrestrained mobility. The
only restraint applied within the simulation sphere was again to
the donor−acceptor (C···O) distance, as above.
All MD simulations were done with 1 fs time step and

employed a direct nonbonded cutoff of 10 Å and the local
reaction field multipole expansion20 for long-range electrostatic
interactions beyond this cutoff. No cutoffs were, however,
applied to interactions involving the substrate and glutamate
sidechain. The water sphere boundary was subjected to radial
and polarization restraints according to the SCAAS model15,21

and the geometry of solvent molecules were constrained by the
SHAKE algorithm.22 The simulation systems were coupled to a
thermal bath using a Berendsen thermostat with separate scaling
of solute and solvent kinetic energies.23

EVB Model. The proton abstraction by Glu178 and
concomitant ring opening of the substrate was represented by
a two-state EVB model with standard OPLS force field
parameters for the reacting groups.17,18 The only exception is
the replacement of the Lennard-Jones potential for interactions
between the atoms involved in bond breaking/making by the
more physical exponential repulsion Urep = Cij exp ( − aijrij).

13

This involves the proton transfer donor−acceptor C···O (the H
has no repulsion) and bond breaking N···O interactions, which
are both represented with aij = 2.5 Å

−1 and Cij = 12,100 and Cij =
900 kcal/mol, respectively. All bonds among the reacting groups
were also represented by Morse potentials (UMorse = De(1 − exp
(− a(r− r0))

2) obeying the relationship =D a ke
2 1

2
, whereDe is

the bond dissociation energy and k is the harmonic force
constant of the standard force field. The EVB Hamiltonian also
requires the gas-phase energy difference (Δα = − 90.0 kcal/
mol) between reactants and products and the off-diagonal
coupling element (H12 = 163.6 kcal/mol) between the two
states. These two parameters were calibrated by requiring the
calculated average free energy profile for the reference reaction
in water exactly reproduce the observed value of ΔG⧧ = 22.2
kcal/mol at 25° and a 55 M standard state,6 as well as the overall
free energy change of the reaction (ΔG0∼ − 15 kcal/mol),
estimated from ab initio DFT calculations.10 It should also be
noted here that parametrization of the water reaction with
acetate as the base rather than glutamate gives virtually identical
results.

Free Energy Calculations. Reaction free energy profiles
were calculated with a free energy perturbation (FEP) umbrella
sampling approach,24 using 21 evenly spaced λ-windows
between the reactant and product endpoint states. Both the
water reference reaction and the enzyme reaction were
simulated at five different temperatures (290, 295, 300, 305,
and 310 K and 280, 290, 300, 310, and 320 K, respectively) to
construct Arrhenius plots and extract thermodynamic activation
parameters. After applying an initial heating scheme, during
which positional restraints on the protein heavy atoms were
successively released, each replicate MD simulations was
equilibrated in the transition state region (λ = 0.5) for 500 ps
at the given target temperature. At each temperature, 30
independent replicate EVB/FEP simulations were carried out,
yielding 31.5 ns of data collection for each (averaged) free
energy profile. With this setup the standard error of the mean
(s.e.m.) for the calculated activation free energy barriers is in all
cases ≤0.2 kcal/mol. To examine the stability of the reactant
state in the enzyme, the C···O flat-bottom harmonic restraint
was successively turned off in the pure reactant state (no EVB
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mixing) in an FEP simulation that again utilized 21 evenly
spaced λ-windows. This calculation was repeated 30 times with
different initial conditions at each temperature, which allows the
enthalpy and entropy components of the free energy to be
extracted from the corresponding van’t Hoff plot. Calculations
on the original 1A53-2 computational design were carried out in
the same way as for 1A53-2.5 starting from the crystal structure
of the complex with 6-nitrobenzotriazole (PDB entry 3NZ1).4

All fitting of kinetic models to the experimental data was done
with Gnuplot (http://www.gnuplot.info).

■ RESULTS AND DISCUSSION
Water Reference Reaction. Our EVB model was para-

metrized against the observed rate of acetate promoted cleavage
of 6-nitrobenzisoxazole in aqueous solution,6 using a standard
force field17 for reactants and products. This parametrization
only targets the experimental activation free energy (ΔG⧧ = 22.2
kcal/mol at 25° and 55 M standard state = 24.6 kcal/mol at a 1
M standard state) and not its decomposition in terms of
enthalpy and entropy. A useful validation of the EVB model for
the solution reaction is thus to examine its predicted values of
ΔH⧧ and ΔS⧧, by calculating reaction free energy profiles at
different temperatures.25 The resulting Arrhenius plot in the
range 290−310 K (Figure 1) is linear as expected (R2 = 0.96)
and yield values ofΔH⧧ = 25.5 kcal/mol andΔS⧧ = 0.0108 kcal/
mol/K. The corresponding experimental values are 25.9 kcal/
mol and 0.0126 kcal/mol/K (55M std. state),6 respectively, and
the agreement with these is thus excellent. It may be noted here
that TΔS⧧ is significantly positive (3−4 kcal/mol at 300 K) and
therefore favorable, which reflects the fact that the net negative
charge is more delocalized in the transition state (TS) than the
ground state, which in turn relieves the penalty of aligning water
dipoles.25,26 Even at the 1 M standard state, which includes the
ideal gas concentration term of −TΔSconc = RT ln (55) = 2.4
kcal/mol associated with bringing the reactants in contact in
water (1 M→ 55 M std. state), TΔS⧧is still positive by about 1
kcal/mol.6

Enzyme Reaction. The reaction free energy simulations in
the 1A53-2.5 Kemp eliminase yield an average activation barrier

ofΔG⧧ = 12.43± 0.20 kcal/mol and a comparison between free
energy profiles in the enzyme and in water is shown in Figure 1,
together with the two Arrhenius plots of the temperature
dependence. The enzyme simulations yield a straight Arrhenius
plot and values of ΔH⧧ = 10.5 kcal/mol and ΔS⧧ = − 0.0062
kcal/mol/K (R2 = 0.98), thus reflecting a large reduction of the
activation enthalpy compared to the acetate catalyzed reaction
in water. Moreover, the reactant minimum in the enzyme can be
seen (Figure 1a) to have moved toward a smaller absolute value
of the energy gap between reactant and product states, which is a
signature of preorganization and a reduced reorganization free
energy.9 Hence, by these standards the 1A53-2.5 enzyme would
appear very efficient, with a reduction ofΔG⧧ by about 10 kcal/
mol and similar values of the activation barrier as found, for
example, in triosephosphate isomerase and ketosteroid isomer-
ase that also catalyze similar types of proton abstraction from
carbon atoms.9 However, the experimentally derived value of
ΔG⧧ from kcat at 25 °C is 16.2 kcal/mol,6 which is clearly less
impressive and corresponds to a 600-fold lower rate than
predicted by our calculations for the chemical step.

What Is themost Stable Reactant State? SinceMD/EVB
simulations have really never been seen before to underestimate
enzyme free energy barriers by this much, something special
must be going on in this case. Already from the comparison of
water and enzyme free energy profiles in Figure 1, one might
suspect that the 1A53-2.5 profile could actually reflect a
substantial ground state destabilization, that would be apparent
if the free energy curve were instead to be shifted upwards so that
the product state coincides with that in water. That is, the free
energy difference between the TS and products are basically the
same in water and enzyme and it is only the forward reaction
barrier that has been reduced.
In calibration of the reference EVB free energy surface in

water, a weak flat-bottom harmonic restraint is usually applied to
keep the donor(C) and acceptor (O) atoms in contact in the
reactant state (see the Methods section). With the reactants in
contact in water, one can thus formally change the standard state
from 1 to 55 M and correct the experimental free energy barrier
in water by −RT ln (55) = − 2.4 kcal/mol.27 This also avoids

Figure 1. (a) Calculated free energy profiles at 300 K for the Kemp elimination reaction in water (blue) and in the 1A53-2.5 designer enzyme (red).Δε
is the generalized reaction coordinate14 and the s.e.m. from 30 replicate simulations for the average free energy barriers (22.17 and 12.43 kcal/mol in
water and enzyme, respectively) is ≤0.20 kcal/mol. (b) The corresponding Arrhenius plots from reaction simulations at five different temperatures.
Thermodynamic activation parameters from the linear regressions are given.
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sampling of the encounter between the two reactants within the
entire “1M sphere” (with radius 7.4 Å) centered on one of them.
The effect of applying such a restraint also in the enzyme
simulations usually has a negligible effect on the free energy
profiles along the chemical reaction coordinate, both because
their minima have a considerable degree of mixing of the EVB
states (partial C···H···O− bonding) and because active sites of
enzymes typically encapsulate the reacting groups so that they
do not dissociate. However, by monitoring the free energy
change of releasing this type of restraint in the pure (C−H O−)
reactant state, it is possible to see how stable the contact reactant
state actually is.
Surprisingly, in the 1A53-2.5 eliminase, we find from restraint

release simulations that formation of the contact complex (ES) in
the active site is uphill by about 3 kcal/mol from a relaxed
reactant state (ES′) with reactants further apart. From the
statistics of 30 independent free energy calculations at each of
five different temperatures it is also apparent that there is a small
free energy barrier separating the ES and ES′ states (Figure 2a).
Hence, at all five temperatures there is a smaller subset of the
restraint release simulations that are trapped near the ES state.
Overall, these simulations can approximately be grouped (both
in terms of structure and energy) so that the ∼20 lowest (2/3)
free energy end-points at each temperature correspond to the
ES′ state while the highest 1/3 remain closer to the ES state.
With this criterion the ES′ ⇌ ES transition is uphill by ΔGeq =
3.52± 0.15 kcal/mol at 300 K, while if instead all 30 simulations
are considered representative of ES′ a value of ΔGeq = 2.87 ±
0.21 kcal/mol is obtained. What is most remarkable here is that
the computational van’t Hoff plots for the ES′ ⇌ ES transition
(ES formation) show a large negative enthalpy that is
counterbalanced by a large unfavorable entropy term,
irrespective of whether we use the above clustering criterion
or not (Figure 2b). Using the 2/3 lowest energy simulations at
all temperatures we obtain ΔHeq = − 10.9 kcal/mol and ΔSeq =
− 0.048 kcal/mol/K, while the corresponding values with all
simulations included are ΔHeq = − 7.9 kcal/mol and ΔSeq = −
0.036 kcal/mol/K.We will use the former values here, since they
likely provide a better picture of the free energy landscape, but
our conclusions are not affected by this choice. Themain point is
thatΔGeq will thus add to the calculated value ofΔG⧧ above and

bring it into much better agreement with the free energy barrier
derived from the experimental kcat.

6

How can this predicted ES′⇌ ES equilibrium be understood?
Well, in the crystal structure of 1A53-2.5 in complex with the
inhibitor 5-nitrobenzotriazole, the protonated triazole makes an
H-bond to the catalytic base Glu178 (Figure 3a).With the actual
substrate, however, such an H-bond is not possible and this is
reflected by the much higher value of KM for 6-nitro-
benzisoxazole than Ki for the inhibitor, implying about 4.4
kcal/mol weaker binding of the substrate.6 The catalytic base

Figure 2. (a) Distribution of free energies from the 30 restraint release simulations in the enzyme at 320 K. The inset shows the correlation between the
absolute free energy change (kcal/mol) at 320 K upon releasing the restraint and the final C···O donor−acceptor distance (Å). (b) Calculated van’t
Hoff plots for ES formation from the restraint release simulations at five different temperatures, where either a free energy cutoff is applied to separate
simulations ending up in the ES′ and ES states (blue data points) or the average is taken over all 30 simulations at each temperature (red data points).
The s.e.m. for the calculated vales of ΔGeq at each T is ≤0 .17 and ≤0.25 kcal/mol for the two cases, respectively. Thermodynamic equilibrium
parameters from linear regression are also given.

Figure 3. (a) View of the crystallographic structure of 1A53-2.5 in
complex with the inhibitor 5-nitrobenzotriazole6 where key active site
residues are shown in stick representation. (b) MD snapshot of the
contact reactant state (ES) at 300 K with the donor−acceptor restraint
applied. Water molecules penetrating toward the Glu178 sidechain are
shown. (c) Endpoint of a typical restraint release simulation (300 K)
where the ES′ state is reached and more waters penetrate the active site.
(d) A corresponding endpoint when the sidechain of Glu178 instead is
protonated, in which case no real transitions to ES′ are observed.
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only has one other H-bond (to Tyr157) in the crystallographic
complex and is occluded from solvent. This situation must be
very unfavorable with the real substrate, which lacks H-bonding
capability to the negatively charged carboxylate group and in our
MD/EVB simulations of the contact reactant state (ES), a single
water molecule typically penetrates toward the glutamate
sidechain via an H-bonded chain (Figure 3b). On the other
hand, the substrate (and inhibitor) has very favorable aromatic
interactions with the two tryptophan residues between which
the ring system is sequestered (Figure 3a,b). What happens in
the restraint release simulations is that the substrate slides away
from the catalytic base, through the “two-Trp slot,” thereby
allowing additional water molecules to enter and solvate the
carboxylate group (Figure 3c). These are basically the only
significant structural changes that can be observed from the MD
simulations. The fact that the unrestrained substrate can explore
a wide range of conformations, together with increased mobility
of the two tryptophans and entry of additional waters, which
relaxes the H-bonded chain, renders the ES′ state high in
entropy. The reverse process of going from ES′ to ES (the
contact state) will thus be downhill in enthalpy (ΔHeq < 0),
mainly due to the strong aromatic interactions, but uphill in
terms of TΔSeq due to loss of conformational freedom. This
structural transition is also, as expected, dependent on the
charge state of Glu178. Hence, with the sidechain protonated,
the free energy difference between ES′ and ES almost vanishes
with ΔGeq = 1.00 ± 0.09 kcal/mol (at 300 K) and the substrate
does not slide out through the two-Trp slot (Figure 3d).

The kcat/KM pH-rate profile for the original design 1A53-2
showed an acidic limb with a pKa of 8.7, which likely reflects the
ionization of the catalytic base Glu178.6 In the evolved variant
1A3-2.5 with six mutations, this acidic pKa had been down-
shifted to a more normal value of about 5.4 and this shift was
ascribed to the A157Y mutation, which provides the single H-
bond to the Glu178 carboxylate group. However, since the pH-
rate profile for kcat/KM only follows the ionization of the free
enzyme, the pKa of Glu178 in the ES complex remains unknown
in absence of measurements of the pH dependence of kcat. Our
calculations of the energetics of the ES′⇌ ES equilibrium, with
and without Glu178 being protonated, make up a closed
thermodynamic cycle together with the two ionization equilibria
(for ES′ and ES). Hence, we have an estimate of the pKa-shift of
Glu178 between the two states given by ΔpKa = (ΔGeq

prot −
ΔGeq

deprot)/1.36 = 1.9 pH-units at 300 K, implying a significant
upshift of the Glu178 pKa in the ES state. This appears quite
logical since the 6-nitrobenzisoxazole substrate makes the
environment around the carboxylate group more hydrophobic.
It may be noted here that PROPKA28 calculations also yield an
elevated pKa of 8.95 for the ES complex, which would thus
suggest a pKa value of around 7 for the ES′ state.

Kinetic Modeling. The MD/EVB simulations clearly imply
a reaction scheme of the type

H Iooo H Iooo+ ′ → +

− −

E S

k

k
ES

k

k
ES E P

k
1

1

2

2

3

(1)

Figure 4. (a) Fit of eq 2 to the experimental values of kcat/KM (red data points) where the thermodynamic parameters of Keq′ and k−1 have been
optimized, while those of Keq and k3 are taken from the free energy simulations. (b) Calculated behavior of kcat as a function of temperature from eq 3.
(c) Plot of the temperature dependence of the apparent activation free energy (ΔGapp

⧧ ) associated with kcat/KM (eq 5) using the optimized parameters
ofKeq′ and k−1. Note that kcat is determined by eq 3 (ΔGcat

⧧ ≈ΔGeq +ΔG3
⧧). (d) Plot of the overall activation heat capacityΔCp

‡(T) associated with kcat/
KM (purple) and its components from kcat (blue) and KM (red).
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where we denote the two equilibrium constantsKeq′ = k1/k−1 and
Keq = k2/k−2. The expression for kcat/KM then becomes
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where the simplified approximation holds if k3 ≪ k−2, as our
simulations suggest. The corresponding expressions for kcat and
KM are then
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Since our simulations predict the thermodynamic behavior of
both k3 andKeq, we can use the experimental temperature curve6

for kcat/KM to determine what the resulting Keq′ and k−1 would
be. This then involves fitting the four parameters ΔHeq′ , ΔSeq′ ,
ΔH−1

⧧ and ΔS−1⧧ to the experimental data, while keeping our
calculatedΔHeq,ΔSeq,ΔH3

⧧ andΔS3⧧ fixed. This yields values of
ΔHeq′ = − 3.47, ΔSeq′ = 0.00376, ΔH−1

⧧ = 15.69 and ΔS−1⧧ = −
0.00210 (in units of kcal/mol and kcal/mol/K) and the
corresponding fitted curve is shown in Figure 4a. The resulting
binding free energy at 25 °C isΔGbind =ΔGeq′ = − 4.59 kcal/mol
and the predicted values of kcat andKM are about 14 s−1 and 1200
μM, in good agreement with the experimental data.6 One can
also use the experimental value of KM at 25 °C (710 μM) as a
somewhat complicated constraint on Keq′ , but this has only
minor effects on the optimized parameters (Figure S1a).
Moreover, since it is only the product Keq′ Keq and the ratio
Keq/k−1 that matters in eq 2, an equally good fit to experimental
data is obtained if we instead use the alternative set of
parameters ΔHeq = − 7.9 kcal/mol and ΔSeq = − 0.036 kcal/
mol/K, obtained without applying the free energy cutoff
criterion for ES′ as discussed above (Figure S1b).
The key feature of the resulting kinetic model is that the

optimum of kcat/KM arises due to a change of rate-limiting
barrier, from the binding step (k1) to the chemical step (k3),
which occurs at 308 K. Since ΔHeq = − 10.9 and ΔH3

⧧ = + 10.5
kcal/mol basically cancel each other, kcat (eq 3) will be only
weakly temperature dependent around and above room
temperature and completely determined by the entropy barrier
ΔSeq + ΔS3⧧ = − 0.0542 kcal/mol/K (Figure 4b). On the other
hand, KM increases rapidly at high T and causes the optimum
observed at 324 K.6 However, due to the form of eq 2 there will
always be a second solution for Keq′ and k−1 (which we denote
Req′ , r−1), even with the parameters for Keq and k3 fixed. This
solution obeys the relationships Req′ r−1 = Keq′ Keqk3 and Keq′ k−1 =
Req′ Keqk3, which yields the alternative set of valuesΔHeq′ = 12.58,
ΔSeq′ = 0.05586, ΔH−1

⧧ = − 16.40 and ΔS−1⧧ = − 0.10630 (in
kcal/mol and kcal/mol/K). In this case, it is the chemical step
which is rate-limiting at low temperature (<308 K) and the
binding step at high temperature (>308 K), but the resulting
curves for kcat and KM are identical. This solution has slightly
weaker substrate binding (ΔGeq′ = − 4.07 kcal/mol at 25 °C)
and is very strongly entropy driven with TΔSeq′ = 16.6 kcal/mol.
Note that the predicted activation entropy for the binding step
(ΔS1⧧ =ΔSeq′ +ΔS−1⧧ =− 0.05044) is very negative, which is what
now causes this step to become rate-limiting at highT. However,

the large positive binding entropy predicted by this kinetic
solution seems rather unlikely for a small and not too
hydrophobic compound (logP∼ 1.5). Positive values ofTΔSbind
of this magnitude have indeed been measured experimentally,
but then for large hydrophobic enzyme inhibitors (logP = 3−
6),29 which in that case reflects a strong hydrophobic effect
associated with removal of the molecules from water.
We can define the apparent activation free energy associated

with kcat/KM as:
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For the first solution above, with substrate binding rate-
limiting at low T, this free energy function first decreases very
slightly with temperature (due to a small positive value ofΔS1⧧ =
ΔSeq′ + ΔS−1⧧ ) until the chemical step starts to be rate-limiting
and the activation barrier sharply increases (Figure 4c). For the
second solution, the situation is reversed and it is the overall
small positive entropy contribution to ΔGapp

⧧ (T) from the
chemical step (ΔSeq′ + ΔSeq + ΔS3⧧) that causes the initial
decrease of the activation free energy, after which the activation
entropy penalty associated with binding (ΔS1⧧) takes over. From
ΔGapp

⧧ (T) an apparent activation heat capacity can be defined as
ΔCp

‡(T) = − T(∂2ΔGapp
‡ /∂T2) and this function (Figure 4d)

shows a characteristic dip at 308 K when the rate-limiting step
changes. It is interesting to note that the behavior of ΔCp

‡(T) at
normal temperatures is entirely determined by the correspond-
ing apparent heat capacity associated with 1/KM and not with
kcat, since our calculated Arrhenius and van’t Hoff plots give
straight lines (Figures 1 and 2). The temperature scale in Figure
4b−d is shown down to unphysically low values for enzymes,
just to illustrate the peculiar behavior of the 1/KM and kcat heat
capacity functions at the lower end of scale. This is where the ES′
⇌ ES equilibrium theoretically becomes equally populated (at
227 K) and the opposing ΔCp’s perfectly cancel in this
temperature region. Hence, since the ES state is always higher
in energy at normal temperatures, eq 1 above can then be

simplified to E + S ⇌ ES′ →
k2 E + P, with effective activation

parameters ΔH2
⧧ = ΔHeq + ΔH3

⧧ and ΔS2⧧ = ΔSeq + ΔS3⧧.
Alternative Models for 1A53-2.5.Hilvert and coworkers6

instead fitted the observed kcat/KM temperature curve for 1A53-
2.5 to the expression.
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where ΔCP
⧧ is a (negative) constant and T0 is an arbitrary

reference temperature (taken as 25 °C). Besides the fact that the
apparent heat capacity difference is assumed to be independent
of temperature, it is clearly an oversimplified model for the
quantity kcat/KM that reflects both binding and a chemical
reaction step. That is, since ΔHT0

⧧ and ΔST0

⧧ refer to a single
unspecified barrier, it precludes a change of rate-limiting step.
Hence, the activation parameters that we get from the resulting
fit of eq 6 to the experimental data (ΔHT0

⧧ = 7.18 kcal/mol,ΔST0

⧧

= − 0.0159 and ΔCP
⧧ = − 0.296 kcal/mol/K, very similar to ref

6) could either just reflect the barrier to binding (k1), or they
could reflect a subsequent rate-limiting chemical step. In the
former case,ΔCP

⧧ would be the heat capacity difference between
E + S andTS associated with k1, which does not have anything to
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do with the chemistry. In the latter case, the activation
parameters, including ΔCP

⧧, will be the sum of the contributions
from both the binding equilibrium and the chemical step.
Hence, the negative value of ΔCP

⧧ relative to the free enzyme (E
+ S) could either be dominated by the ΔCp for binding or by a
heat capacity difference between the Michaelis complex and the
TS. Although our calculations give no support for the latter case,
since we observe linear Arrhenius and van’t Hoff plots (Figures 1
and 2), it cannot be excluded that a negative bindingΔCp may be
the reason for the observed optimum for kcat/KM. This would
also, prima facie, appear much more likely than a ΔCp effect on
kcat since substrate binding must cause a much larger
perturbation to the protein than the chemical step.
Note that our fitting of eq 2 did not include a nonzeroΔCp for

the binding step. However, if we use the simplified reaction

scheme E + S⇌ ES′→
k2 E + P and insert our calculated values of

ΔH2
⧧ =ΔHeq +ΔH3

⧧ andΔS2⧧ =ΔSeq +ΔS3⧧, the optimization of
ΔHeq′ , ΔSeq′ (at 25 °C ) and ΔCP′ for the binding step yields an
equally good fit of the experimental data as obtained above
(ΔHeq′ = 7.54, ΔSeq′ = 0.0383 and ΔCP′ = − 0.296). Here, one of
course finds that the optimal values of the thermodynamic
parameters obey the relation ΔHeq′ + ΔH2

⧧ = ΔHT0

⧧ , with the
same equality for the entropies. In this case, the prediction is also
that the enthalpy of binding at 25 °C is positive and that the
binding process is entropy driven, as for our second solution to
the equilibrium model above (eq 2).
A recent computational study also addressed the possibility of

a nonzero value of ΔCP
⧧ for the chemical step (k3 in eq 1) in

1A53-2.5 by the alternative method of comparing the total
energy mean square fluctuations in the reactant and TS (ΔCP

⧧ =
Δ⟨δE2⟩⧧/kT2), without any calculations of activation free
energies.30 For reasonable convergence this required removal
of the solvent contributions, due to the large mean square
fluctuations of the total energy. However, it is clear that the
solvent contributes significantly to all thermodynamic quantities
and the resulting calculated value30 of ΔCP

⧧ = − 4.7 kcal/mol/K
appears rather unphysical and does not fit the experimental
data.6 Moreover, the relaxed reactant state (ES′) found herein
was not considered in the analysis since a distance restraint was
applied between the proton donor and acceptor. As noted above,
our calculated Arrhenius plot for this chemical step (k3) is close
to perfectly linear (Figure 1b) and any attempt to optimize it

with a nonzero ΔCP
⧧, as in eq 6, yields a value very close to zero.

The reliability of our approach to directly calculate activation
free energies and their temperature dependence has been
demonstrated for several enzyme and solution reactions25−27,31

and, importantly, it has also been shown to accurately capture
deviations from Arrhenius behavior.31

Comparison to the Initial 1A53-2 Design. The six
mutations resulting from laboratory evolution of 1A53-2 to yield
the 1A53-2.5 enzyme were found to change the characteristics of
the original design substantially.6 It is therefore interesting to try
to understand how thesemutations were able to increase kcat by a
factor of 1700 (at pH 7), give rise to a temperature optimum not
present for 1A53-2, and also shift the activation enthalpy-
entropy balance considerably. Already from the experimental
pH-rate profiles for kcat/KM it is evident that the large upwards
pKa-shift of Glu178 in 1A53-2 is one reason for its lower
activity.6 Hence, at pH 9 the turnover of 1A53-2 is much higher
than at pH 7 and the value of kcat/KMwith Glu178 fully ionized is
about 150 M−1 s−1. Assuming that KM is not strongly pH-
dependent (which is supported by the similar KM values for the
two designs at pH 7), this would yield a kcat value of ∼0.2 s−1 for
1A53-2 at pH 9 with a corresponding activation free energy of
ΔGcat

⧧ = 18.6 kcal/mol at 25 °C. Note that is probably an upper
bound for ΔGcat

⧧ since, if anything, KM is likely to increase when
Glu178 becomes ionized, due to the hydrophobic nature of the
substrate. In the same way as earlier, we calculated the
temperature dependence of ΔG3

⧧ and ΔGeq for the 1A53-2
catalyzed reaction with Glu178 ionized (pH 9) and the results
are shown in Figure 5a. Here, ΔG3

⧧ = 14.39 ± 0.24 is found to
increase by 2.0 kcal/mol compared to 1A53-2.5 at 300 K, while
ΔGeq = 3.56 ± 0.14 kcal/mol remains virtually the same (again
using the 20 lowest ES′ free energies). Taken together, the
overall activation barrier for kcat at pH 9 and 300 K is predicted to
be ΔGcat

⧧ = ΔGeq + ΔG3
⧧ = 17.95 kcal/mol, in excellent

agreement with the above experimental estimate of 18.6 kcal/
mol.
At neutral pH there will inevitably be an additional penalty to

be paid for ionizing the catalytic base. In the free 1A53-2 enzyme
the pKa of Glu178 is found to 8.7 from the pH-rate profile. While
it is possible that this pKa is further shifted slightly upwards upon
binding of the hydrophobic substrate, a conservative estimate
would be that the pKa is roughly the same as in the free enzyme,
implying that ES′ with a protonated Glu178 is the lowest energy

Figure 5. (a) Calculated Arrhenius (red) and van’t Hoff (blue) plots for the chemical step (k3) and ES formation in 1A53-2, from reaction and restraint
release simulations at five different temperatures. Thermodynamic parameters from the linear regressions are also given. (b) Schematic free energy
diagram comparing the energetics of catalysis by 1A53-2 and 1A53-2.5. At pH 7, the catalytic base in 1A53-2 is protonated and a deprotonation penalty
also adds to the free energy profile (HES′ → ES′).
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state along the reaction profile. Hence, a free energy penalty of
ΔGdeprot = 1.36(pKa − pH) = 2.31 kcal/mol will add to ΔGcat

⧧ at
pH 7 and 300 K. This would yield ΔGcat

⧧ = 20.3 kcal/mol which
is again in excellent agreement with the experimental estimate of
20.6 kcal/mol from the value of kcat at pH 7.6 A schematic free
energy diagram comparing the energetics of 1A53-2 and 1A53-
2.5 is shown in Figure 5b. The conclusion is thus that there are
two separate and roughly equal contributions that make 1A53-
2.5 a more efficient enzyme. First, there is a 2 kcal/mol lowering
of the chemical barrier and, second, 1A53-2.5 is able to get rid of
the 2.3 kcal/mol deprotonation penalty at pH 7. These effects
appear to be primarily due to the A157Y mutation, which both
lowers the pKa of Glu178 and also positions its sidechain for
efficient proton transfer.
The most surprising result for 1A53-2 is, however, that both

the enthalpy and entropy of the ES′⇌ ES transition now change
signs, although the free energy remains unchanged. This predicts
overall values of ΔHcat

⧧ = 14.1 kcal/mol and ΔScat⧧ = − 0.0126
kcal/mol/K at pH 9 (Figure 5a), which is very different
compared to 1A53-2.5. Moreover, the chemical step in 1A53-2 is
likely always rate-limiting (Figure 5b), which precludes any
curvature in the Arrhenius plots for kcat and kcat/KM. The
structural origin of the altered enthalpy-entropy balance of ES′
⇌ ES transition appears to be due to the A157Y, A180C and
L184F mutations, from smaller to larger bulkier residues in
1A53-2.5. The smaller sidechains in 1A53-2 are seen in the MD
simulations to create a few narrow solvent channels deep into
the active site (Figure S2). Hence, the transition from ES′ to ES
will now involve squeezing out more water molecules than in
1A53-2.5, which carries a significant enthalpy cost. These water
cavities presumably also render the ES′ state more entropically
strained (low entropy). In addition, the sidechain of Gln211 in
1A53-2 (which is a glycine in 1A53-2.5) locks Trp210 into a
more stable position than in 1A53-2.5 which may also lower the
entropy. Hence, these mutations drastically change the
thermodynamics of the ES′ ⇌ ES transition, even though the
substrate still slides out between the two tryptophans in the ES′
state.

■ CONCLUSIONS
Our main findings here for the 1A53-2.5 designer enzyme is (i)
that there is an ES′ ⇌ ES equilibrium between the relaxed
enzyme−substrate complex (ES′) and the reactive contact
complex (ES) and (ii) that the van’t Hoff and Arrhenius plots for
this equilibrium and the chemical reaction step both yield linear
relationships. This clearly speaks against the notion of a negative
ΔCP

⧧ associated with kcat, which should have given a curvature in
either of these plots. The very existence of the uphill ES′ ⇌ ES
transition is also an illustrative example of why ground state
destabilization of ES is usually not an effective way of improving
enzyme catalysis,8,10 since a more stable state of lower free
energy (ES′) then can appear. The destabilization of ES basically
involves the unfavorable desolvation of a charged group, which
inevitably will affect its pKa value. This situation appears even
more unfavorable for the 1A53-2 predecessor, which is a purely
computational design not optimized by directed evolution.4 In
that case, the high pKa of the catalytic base (8.7 already in the
free enzyme) will add an extra penalty for deprotonation, in
addition to effects on the chemical step. It thus seems likely that
chemistry is rate-limiting for 1A53-2 at all temperatures, as
suggested by its straight Arrhenius plot.6 The improved activity
upon evolution from 1A53-2 to 1A53-2.5 can thus be ascribed
both to the lower pKa value of the catalytic base and its more

efficient positioning, caused by the A157Y mutation, and to a
few of the other mutations that block water entrance into the
active site region. This appears somewhat different from a recent
very interesting study by Hilvert, Kern, and co-workers on
laboratory evolution of the HG3 Kemp eliminase.32 There it was
found that the acquired mutations (up to 17 for the HG3.17
variant) caused more global conformational changes, including
backbone rearrangements, thereby biasing the conformational
ensemble toward a significantly more active one.
The calculated thermodynamic parameters for the ES′ ⇌ ES

equilibrium in 1A53-2.5 are also such that the enthalpy tends to
cancel that of the chemical step so that kcat will be dominated by
an unfavorable entropy, which makes this rate constant behave
in a nonexponential way. This situation with a much larger
activation entropy penalty in the enzyme than in solution is thus
the complete opposite to Jencks’ so-called Circe effect.33 We
have further shown how the resulting E + S⇌ ES′⇌ ES→ E + P
kinetic model can be accurately fitted to the experimental data
using our four calculated thermodynamic parameters, where the
key feature is that a change of rate-limiting step underlies the
observed temperature optimum of 1A53-2.5. Again, comparing
to the 1A53-2 predecessor, this would suggest that the six
mutations from directed evolution has brought the chemical
barrier down to a height that is commensurable with that of the
binding step. There are, however, two distinct solutions to the
above kinetic model that differ in terms of the thermodynamics
of the binding step (enthalpy or entropy driven) and it is not a
priori possible to say which is correct, although the enthalpy
driven solution appears most likely.
The alternative of fitting the observed temperature depend-

ence of kcat/KM to eq 6 yields an indistinguishable rate curve
from that obtained with eq 2, but such a model is less
explanatory for several reasons. Besides the fact that it precludes
a change of rate-limiting step and imposes a temperature
independence of ΔCP

⧧, it does not say anything about the origin
of the (constant) negative value of ΔCP

⧧ that is obtained. Since
our calculations do not give any evidence for a nonzero ΔCP

⧧

associated with kcat, the implication would then be that the effect
is due to a binding heat capacity change ofΔCP′ = − 0.296 kcal/
mol/K (the optimized value). This explanation is entirely
compatible with our calculated results for kcat and the value of
ΔCP′ is, in fact, in the range reported for some protein-ligand
complexes. As noted above, a ΔCp effect on substrate binding
would also intuitively seem more likely than on the chemical
step, due to the larger structural perturbation involved in
binding. However, what might speak against this interpretation
is that the predecessor 1A35-2, which has a very similar binding
site, shows a straight Arrhenius plot for kcat/KM with no
indication of a ΔCp effect on substrate binding.6
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Additional fitting of eq 2 to the experimental data using a
constrained value of KM (Figure S1a) and including all 30
FEP replicas at each temperature (Figure S1b). View of
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(Figure S2) (PDF)
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