WILEY-VCH

Revealing the origin of the efficiency of the de novo designed
Kemp eliminase HG-3.17 by comparison with the former

developed HG-3.

Katarzyna Swiderek,@®! [faki Tufion, * Vicent Moliner,@+* and Joan Bertrant®l

Abstract: The design of new biocatalysts is a goal in biotechnology
to improve the rate, selectivity and environmental impact of industrial
chemical processes. In this regard, the use of computational
technigues has provided valuable assistance in the design of new
enzymes with remarkable catalytic activity. In this paper, hybrid
QM/MM Molecular Dynamics simulations have allowed getting an
insight into the origin of the limited efficiency of a computationally
designed enzyme for the Kemp elimination; the HG-3. Comparison of
results derived from this enzyme with those of a more evolved protein
containing additional point mutations, HG-3.17, rendered important
information to take into account in order to design new enzymes. For
this Kemp eliminase reaction, larger reactivity has been demonstrated
to be related with a better electrostatic preorganization of the
environment that creates a more favourable electrostatic potential for
the reaction to proceed. The limitations of HG-3 can be related with a
lack of flexibility, a not well fitted active site, and a lack of protein
electrostatic preorganization that decrease the reorganization around
the oxyanion hole.

Introduction

Enzymes are biological catalysts that speed up chemical
reactions making them compatible with life. Apart from their high
catalytic efficiency, these catalysts show other advantages such
as their chemo-, regio- and stereoselectivity, the ability to work
under mild conditions of temperature and pressure, or the fewer
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unwanted side-products generated after the catalytic process.
These features justify the increasing interest in understanding and
applying biocatalysts in producing high value chemicals from the
environmental point of view. Additionally, the use of biological
catalysis reduces the economical costs since the number of
required reaction steps can be reduced to a one-pot procedure,
allowing the decrease of energy consuming steps such as
separation and purification of intermediates. However, the
number of enzymes that can be used for industrial applications is
limited, what justify the efforts in designing new enzymes.

During the last decades, different protein scaffolds have
been used as starting point to design new enzymes, including
immune-globulins to produce catalytic antibodies (CAs),
promiscuous proteins showing catalytic properties for a
secondary reaction that are redesigned to improve this activity, or
proteins without any known specific catalytic property. This last
strategy is usually named as de novo design of new enzymes.
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Figure 1. Schematic representation of the base-catalyzed Kemp elimination of
5-nitrobenzisoxazole.

The Kemp elimination (KE) reaction, that consists in the
conversion of benzisoxazoles into salicylonitriles (see Fig. 1), is
an interesting reaction in the field of enzyme design due to the
fact that it implies a proton transfer from a carbon atom to a
heteroatom.!*! In addition, since no naturally occurring enzymes
have been identified to catalyse this reaction, it has been used as
a benchmark of different protocols to design new enzymes.? The
first de novo design of a Kemp eliminase (KE) was published in
2008 by Houk, Tawfik, Baker and co-workers.F! In this work, that
combined experimental and computational efforts, different
proteins, selected by means of the Rosetta software,* were
used as starting scaffolds. Two different types of active site were
explored: one employed a carboxylate group for deprotonation,
while in the other a histidine side chain backed up by an aspartate
or glutamate acts as a base. In addition, a hydrogen-bond donor
was included in the active site in order to stabilize the developing



negative charge on the phenolic oxygen atom (see Fig. 1). Fifty-
nine designs were characterized and eight of them presented
activity as a KE. Some of these catalysts were further improved
using different strategies. For instance, the design name as KEO7
was used as a template for the incorporation of up to 8 mutations
by directed evolution providing a rate acceleration of two orders
of magnitude,B! but with a significant decrease in its stability.®!
KE70 was used as template to incorporate computationally
guided optimizations combined with further directed evolution.
This approach rendered a 400-fold increase in the KE activity.[
The catalyst with the highest activity, KE59, presented the
inconvenience of being the least stable. In this case the strategy
for the optimization of the activity included a combination of fold-
stabilizing mutations and directed evolution cycles, resulting in
more than 2,000-fold increase of the catalytic efficiency.®!

Jorgensen and co-workers studied the reaction mechanism
of four of the designed KE catalysts using hybrid QM/MM
potentials based on Monte Carlo (MC) simulations.®! According to
their results, the catalytic mechanisms in KEO7, KE10(V131N)
and KE15 were found to be concerted with the proton transfer
more advanced at the TS than the breaking of the isoxazolyl N—
O bond. Instead, a step-wise mechanism where the proton
transfer preceded the N-O bond breaking was found for KE16.
However, the agreement between experimental and computed
free energy barriers was not excellent,® which could be due to the
approximations considered in the calculations: the protein
backbone was considered fixed, the QM region was described at
semiempirical level and the proton donor-acceptor distance was
kept constant in the simulations. Houk and coworkers used
density functional theory (DFT) methods to compute the activation
energies of several designed KEs!*in qualitative agreement with
experimental trends. Warshel and coworkers*t2211231 employed
an Empirical Valence Bond (EVB) approach, to study several KEs
(catalytic antibodies, albumines and de novo designs). In their
analysis these authors stressed the role of enzyme
preorganization (which is not simply a local property of the active
site) and the difficulties of designing an environment adapted for
the changes in the electronic distribution observed during the
formation of the TS from the reactants. A well-preorganized
environment requires smaller changes to reach the TS of the
reaction, minimizing the energy cost associated to this
reorganization, an aspect that was also pointed out by Labas et
a|.[14]

After the first de novo protein design by Houk, Tawfik, Baker
and co-workers, ! an iterative approach starting from an inactive
protein, HG-1, was also used to convert the xylan binding pocket
of a thermostable xylanase into a KE.'SI The study of the first
generation of the new KE by means of X-ray and molecular
dynamics (MD) simulations allowed identifying two possible
limitations: the active site was an overly exposed to the solvent
and, in addition, it appeared to be too flexible.*®! After a new
design where the active site was deeper into the interior of the
protein, HG-2, an additional mutation rendered the resulting HG-
3 design, that catalyzes the KE of 5-nitrobenzisoxazole with a rate
constant, kcat = 0.68 s The new designed protein HG-3,
exhibited activity comparable to the best Rosetta designs, Ml
81 put still far from the efficiency of natural enzymes. Starting from
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this computational designed catalyst, a highly active KE was later
re-design by Hilvert and co-workers by means of an evolutionary
strategy that included both global and local mutagenesis.® The
most active variant, HG-3.17, emerged after 17 rounds of
mutagenesis and screening (see Fig. 2), catalyzed the KE of 5-
nitrobenzisoxazole with a rate constant, kcat = 700 + 60 s%,1%1 an
efficiency close to the natural enzymes.

Figure 2. Overlay of HG-3 (HG-2 S265T, in silver) and HG-3.17 E47N,N300D
(in cyan), both complexed with Transition State Analog 6-Nitrobenzotriazole.
Mutations from HG-3 to HG-3.17 E47N,N300D are shown as blue balls while
the inhibitor is displayed as red balls.

Based on the analysis of X-ray structures, three factors were
suggested to be decisive in the improvement of the KE from HG3
to HG-3.17: 1) the extraordinary high shape complementarity
between the binding pocket of the protein and the substrate; 2)
the ligand alignment with Asp127, the catalytic base, that was
optimized by evolution resulting in an unusual short hydrogen
bond; and 3) a new catalytic group, GIn50, that stabilized the
development of a negative charge on the O1 atom of the substrate
at transition state (TS).!6*71 A deep analysis of the base-
catalyzed KE of 5-nitrobenzisoxazole catalyzed by HG-3.17 has
been recently studied in our laboratory by computational
techniques.['® Our theoretical study indicated that the high
reactivity of HG-3.17 was related with a proper electrostatic
preorganization of the environment that creates a favourable
electrostatic potential for the reaction to proceed. It was
concluded that the role played by the electrostatic properties of
the oxy-anion hole present in the active site of some of the
conformations of the new enzyme appears to be crucial.

In agreement with the opinion of Hilvert, Houk, Mayo and
co-workers that proposed that valuable information can be lost if
only successful protein designs are reported,i**! the present study
is focused on revealing the origin of the limited efficiency of HG-3
KE,! by comparison with the further developed HG-3.17.161 A
deep comparative analysis of the reaction catalyzed by both
proteins, based on molecular dynamics (MD) simulations
performed with hybrid quantum mechanics/molecular mechanics
(QM/MM) potentials, will allow obtaining conclusions highly
valuable in the future design of new more efficient enzymes.



Results and Discussion

As explained in Computational Details section, our calculations
on the KE reaction catalyzed by the HG-3 design started with a 2
ns QM/MM MD simulations to reach an equilibrated situation.
Snapshots of the initial and final structures of the active site are
presented in Fig. 3. Interestingly, two different conformations of
the active site with significantly different reactivity were
distinguished in our previous study.!*®! The final structure after 2
ns of QM/MM MD simulations of monomer A and B of HG-3.17,
as obtained in ref 18, are also presented in Figure 3. The
comparative analysis the initial structure of HG-3 (panel A of
Figure 3) and the structure obtained after the MD simulations
(panel B of Figure 3) shows that X-ray structures do not exactly
correspond to the representative structures of the Michaelis
complex in solution after the equilibration MD simulations. This
result is not unexpected keeping in mind that the inhibitor and the
real substrate present different electronic properties and due to
the fact that the ensemble of conformations explored by the
protein in solution can be different to the solid state structures of
the protein-inhibitor complex. This result is in agreement with the
previous observations in the HG-3.17 theoretical study carried out
by means of a similar computational protocol (see panel C and D
of Figure 3). Nevertheless, as observed in Fig. 3, the active site
does not experience important conformational changes during the
simulations in the case of HG-3. In contrast to HG-3.17, where
significant conformational changes took place during the MD
simulations in the active site,*¥lit appears that HG-3 presents a
more rigid protein scaffold and the X-ray structure is quite
representative of the reactants state.

Figure 3. A) Initial structure of HG-3, equivalent to the X-ray structure, despite
different substrates are placed in the active site, and B) final structure of the 2
ns QM/MM MD simulations. Panel C and D show the final structure after 2 ns of
QM/MM MD simulations of monomer A and B of HG-3.17, respectively, as
obtained in ref 18. Distances are in A.

The distance between the C3 atom of the substrate and the
carboxylate oxygen atom of Asp127 is almost maintained during
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the MD simulations (the distance is kept at 3.10 A, after a very
slight rotation of the substrate in the active site). Interestingly, this
distance was enlarged by more than 0.5 A from the X-ray
structure in HG-3.17 after an equivalent QM/MM MD
simulation.[*8l Thus, despite the nitrogen atom at position 3 in the
inhibitor was replaced by a carbon atom in the substrate, with the
subsequent decreasing in the acidity of the hydrogen atom
attached to this position 3 of the substrate, no significant changes
are observed in the protein backbone around the hydrophobic
pocket of the active site. As shown below, this distance will
obviously be reduced at the TS (ca. 2.7 A) in order to facilitate the
proton transfer. Regarding the oxyanion hole, a larger mobility has
been detected during this preliminary QM/MM MD simulation.
Nevertheless, once again, the changes are not so dramatic as
those detected in the HG-3.17.1® As observed in Fig. 3, the water
molecule located in the active site of HG-3 slightlx approaches to
the O1 atom of the substrate from 4.44 to 3.89 A, with no other
noticeable changes. It is important to point out that, due to the
flexibility of the proteins, revealed when performing QM/MM MD
simulations, just two decimal places are reported in the
interatomic distances.
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Figure 4. Distribution of distances between key atoms of the substrate and the
relevant residues of the active site during the 2 ns QM/MM MD simulations on
the HG-3 (top panels) and two conformers of HG-3.17 KE (center and bottom
panels) designs.

The analysis of the time evolution of the geometry of the
substrate in the active site of HG-3 has been complemented by
the study of the H-bond interactions between the substrate and
the residues of the active site during the 2 ns QM/MM MD
simulation, and compared with the equivalent simulations on two
conformers of the HG-3.17 KE. As deduced from the left panels
of Fig. 4, while the Asp127 interact with the C-H of the substrate
through any of the two carboxylate oxygen atoms in both of the
HG-3.17 conformers, this is not the case in HG-3. The carboxylate
group of Asp127 does not rotate in HG-3, and only one of the
oxygen atoms will be capable of acting as the base for the
reaction. Rotation of carboxylate group of Aspl27 in HG-3.17
leads to a different rotameric state of this residue that was
stabilized by means of a new hydrogen bond with the thiol moiety
of Cys84. The equivalent residue in position 84 in HG-3 is a



methionine with a non-polar character that obviously cannot
stabilize the carboxylate group of Asp127 as the polar cysteine in
HG-3.17 does. It is interesting to point out that the new
conformation observed in the active site of HG-3.17 after Asp127
rotation catalyzed the Kemp elimination reaction better than the
original conformation.

The role of the oxyanion hole detected in the leaving group
can be analyzed from the right panels of Fig. 4. Thus, while the
active sites of both HG-3.17 KEs accommodate a water molecule
that would stabilize the negative charge developed in the oxygen
leaving group during catalysis, this is not the case in the HG-3.
The bridge of hydrogen bond interactions between the O1 atom
of the substrate and the oxygen atom of carbonyl group of GIn50
through two water molecules in HG-3.17,¥! capable of donating
a hydrogen bond to the leaving group during catalysis, is not
present in the HG-3. As observed in Fig. 4, the active site water
molecule appears at a longer distance from the oxygen leaving
group and a weak interaction is established between the leaving
group and the methyl hydrogen atoms of Met84. In fact, it appears
that the Met84 prevents the water molecule to do the role found
in HG-3.17. Cys84 is not so close to O1 in HG-3.17 KEs, thus
allowing waters to go inside the cavity. GIn50 does not appear to
establish a direct interaction with the leaving group neither.
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Figure 5. Free energy surface for the KE of 5-nitrobenzisoxazole catalized by
HG-3 obtained at AM1/MM level with spline corrections at MO06-2X/6-
31+G(d,p)/MM level. Energies are given in kcal-mol™.

The last structure of the QM/MM MD simulation was used to
study the reactivity of the KE catalyzed by HG-3. The N2-O1
distance and the antisymmetric combination of the distances
defining the transfer of the hydrogen atom from the C3 carbon
atom of the substrate to the carboxylate oxygen atom (OD2) of
Aspl27 were used as distinguished reaction coordinates to
obtained the free energy surface (see Fig. 5). The first conclusion
that can be derived from the free energy surface presented in Fig.
5 is that, as in the case of HG-3.17,'® the reaction path proceeds
by a concerted but asynchronous mechanisms in HG-3. The
activation free energy deduced from the surface is 17.5 kcal-mol-
1, This value is in very good agreement with the activation free
energy derived from the experimental rate constants 0.68 + 0.04
st and 3.0 + 0.1 s, that would correspond to 17.7 — 16.8
kcal-mol?, applying the Transition State Theory. It is important to
point out that the statistical error associated to activation free
energies derived from the PMFs computed within the present
methodology is considered to be below 1 kcal-mol™. Inclusion of
contributions derived from tunnelling effects and dynamical
recrossing by means of the Variational Transition State Theory
did not change the free energies of activations obtained for the
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HG-3.17 in our previous study since the effect of the computed
coefficients cancelled each other. 8!
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Figure 6. Representation of the free energy profiles obtained for the KE of 5-
nitrobenzisoxazole catalyzed by HG-3 and by HG-3.17 conformer A and B,
obtained at the AM1/MM level with spline corrections at MO06-2X/6-
31+G(d,p)/MM level. Results of the two conformers of HG-3.17 are taken from
ref 18. Right panel shows the different position of the TSs on the free energy
surfaces.

Met84

Figure 7. Schematic representation of reactant complex (panel A), and TS
(panel B) in HG-3 obtained at M06-2X/MM level. Representation of TSs
obtained in two different conformers of HG-3.17, conformer A (panel C) and
conformer B (panel D), are taken from ref 18. Distances are reported in A.

Deeper insights into the KE catalyzed by HG-3 can be
based in the comparative geometrical analysis with the two
different conformers of HG-3.17 that rendered free energies of
activations for the conformers labelled as A and B of 16.3 and
13.8 kcal-mol?, respectively (see Fig. 6).181 The structure
corresponding to the TS and the reactant complex (Michaelis
complex, MC) of HG-3, optimized at M06-2X/MM level, are shown
in Fig. 7. As observed, the TS is described by a proton transfer in
a very advanced stage of the reaction, while the isoxazolyl N-O
bond distance can be considered in between the formed and
completely broken bond. Thus, it appears that the TS of the
reaction is mainly governed by the N-O breaking bond with a



proton practically transferred to the Asp127 base. These values
are closer to those found in the TS of the less reactive
conformation than those of the more reactive conformation of HG-
3.17 (key inter-atomic distances of the TSs obtained in our
previous study have been added into Fig. 7). The geometrical
analysis of the proton transfer and the N-O breaking bond
indicates that more asynchronous processes can be related with
higher energy barriers. In all, according to these results, the
improvement in the design of the oxyanion hole seems to be the
driving force explaining the reactivity of the KE designs. The
mutations introduced from HG-3 to HG-3.17 seems to alter the
conformational landscape of the protein and the geometrical
analysis shows how the reaction in the active site of the less
reactive conformer of the evolved enzyme HG-3.17 proceeds
through TS structures similar to the original design HG-3 while the
most reactive conformations render more synchronous reaction
paths.

Table 1. ESP charges (in a.u.) of key atoms computed in the active site of the
protein at the M06-2X/6-31+g(d,p)/MM level using the ChelpG method for
reactant complex (RC) and transition state (TS) in HG-3 and in HG-3.17 with
two different conformations of the active site: A and B. Data of HG-3.17
obtained from ref. 18.

HG-3.17
conformer A conformer B HG-3
RC TS RC TS RC TS
0OD1(D127) -0.896 -0.775 -0.904 -0.753  -0.920 -0.776
OD2(D127) -0.899 -0.774 -1.051 -0.882  -0.978 -0.728
H 0.183 0.338 0.094 0.262 0.232 0.234
N2 -0.348 -0.298 -0.423 -0.331 -0.366 -0.335
o1 -0.222 -0.440 -0.199 -0.506 -0.169 -0.392
C3 0.189 -0.075 0.313 0.097 0.167 0.070

[a] Oxygen atom interacting with the C-H group of substrate.

Table 2. Averaged electrostatic potentials (kJ-mol?t-e) created by the
environment on the key atoms of the reaction at the reactant complex (RC)
and transition states (TS) and its difference (A), computed in conformer A
and conformer B of HG-3.17 (data from ref. 18) and in HG-3.

HG-3.17 conformer A
RC TS A(TS-RC)
0OD1(D127) 345.8+24.7 310.0+21.7 -35.8
OD2(D127) 381.2+22.9 357.7+225 -23.5
C3 200.1+20.7 227.8+20.1 27.7
N2 199.8+21.2 243.7+223 43.9
o1 141.1+26.1  213.2+30.9 90.1
HG-3.17 conformer B
RC TS A(TS-RC)
0OD1(D127) 501.4+29.5 431.4+30.8 -70.0
OD2(D127) 585.8+32.6 @ 4248+52.4 -161.0
C3 256.9+22.3 321.1+29.3 64.2
N2 249.0+£27.0 330.8+255 81.8
o1 203.8+32.5 298.3+29.6 94.5
HG-3
RC TS A(TS-RC)
0OD1(D127) 346.4+21.7 304.9%246 -41.5
OD2(D127) 291.2+20.7 254.4+222 -36.9
C3 160.7 + 16.4  171.9+17.6 11.2
N2 156.7 +18.8 173.6+18.1 16.8
01 124.9+19.2 149.9+ 18.6 25.0

[a] Oxygen atom interacting with the C-H group of substrate.
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The analysis based on the geometries of RC and TS can be
supplemented with the analysis of electrostatic charges of the key
atoms involved in the reaction, as well as the electrostatic
potential created by the protein on these atoms. From the
electrostatic point of view, the reaction can be described as a
charge transfer from Asp127, negatively charged at the RS, to the
phenoxide oxygen-leaving atom in the products state. Then, the
process can be favoured if the electrostatic potential is increased
around the leaving group and decreased around the base. Table
1 shows the electrostatic charges on the key atoms involved in
the reaction computed under the effect of the point charges of the
protein and water molecules. The electrostatic potentials created
by the MM region (protein and water molecules) on these key
atoms of the reacting system are reported in Table 2. Standard
deviations are not reported on charges of Table 1 since values
are derived from a high level M06-2X/MM optimization. The
values obtained for the two conformers of HG-3.17 obtained in
our previous study*®! are also listed in Table 1 and 2. The first
conclusion derived from the results on Table 1 is that the charges
on the two oxygen atoms of Asp127 (OD1 and OD2), as well as
the charge on the phenoxide oxygen-leaving atom (O1) are closer
to the values obtained for the less reactive conformer A than to
those of the more reactive conformer B of HG-3.17. Thus, the
charge on the phenoxide oxygen-leaving atom of HG-3 in the TS
(-0.392 a.u.) is lower than the value obtained for the less reactive
A conformation of HG-3.17 (-0.440 a.u.) and significantly lower
than the value presented in the more reactive B conformer of HG-
3.17 (-0.506 a.u.). These results suggest a less electrostatically
advanced stage of the reaction of the TS in HG-3 than in the HG-
3.17 conformers. Nevertheless, on the contrary, when focusing
on the base Asp127, the charge on O2 atom is lower in the HG-3
(-0.728 a.u.) than in conformers A and B of HG-3.17 (-0.774 and
-0.882 a.u., respectively), revealing a more advanced stage of the
reaction in the former. This result is in agreement with the
description of the reaction based on geometrical analysis. As
pointed out above, interestingly the free energy barrier of HG-3
was close to the value obtained for conformer A of HG-3.17, and
significantly higher than the one obtained for conformer B. The
evolution of the interatomic distances and charges on the atoms
involved in the breaking and forming bonds can be also related
with the electrostatic potential created by the protein in the active
site. A trend is also detected when comparing the electrostatic
potential on key atoms in the HG-3 and in the two conformers of
HG-3.17. According to the values of Table 2, the electrostatic
potential on OD2(Asp127) in the TS is higher in conformer B
(424.8 + 52.4 kJ-mol*-e?) than in conformer A (357.7 + 22.5
kJ-mol?t-e?) of HG-3.17, and in HG-3 (254.4 + 22.2 kJ-mol*-e™).
This result means that the protein in the most reactive
conformation of HG-3.17 stabilize the basic form of Aspl27,
disfavouring the proton transfer, while the less active HG-3, that
presents the lowest value, would not stabilize the reactants
complex state, being the best protein in favouring the proton
transfer. Then, and in agreement with previous findings, it
appears that the origin of catalysis is not so much about favouring
the hydrogen transfer from the substrate to the base as about the
O-N breaking bond. As explained above, the reaction coordinate
at the TS is dominated by the N-O bond breaking (see Fig. 5).
Indeed, the largest electrostatic potential on the O1 atom of the
substrate is in the most reactive conformer B of HG-3.17 (298.3 £
29.6 a.u.) that would favour the accumulation of negative charge
on oxygen-leaving O atom and the cleavage of the N-O bond. On
the contrary, HG-3 is the protein that shows the lowest value of
the electrostatic potential on this O atom (149.9 + 18.6 kJ-mol*-e’
1). Conformer A of HG-3.17 shows a value in between these two
extremes, 213.2 + 30.9 kJ-mol*-e?, in agreement with the trend
on reactivity. Finally, according to the changes in the electrostatic



potentials generated by the different protein scaffolds on the key
atoms, from reactants to TS, the smaller differences found on HG-
3 supports the conclusion deduced from the analysis of the
geometries that indicated a more rigid protein (see the A(TS-RC)
columns on Table 2). It appears that the HG-3 suffers smaller
changes from reactant to TS than any of the conformers of HG-
3.17. A priori, this would be associated with a smaller energy of
reorganization but, since the TS is not so well prepared to stabilize
the TS, the resulting effect is a less efficient catalyst. The change
in the electrostatic potential from RC to TS in conformer A and B
of HG-3.17 are similar but, as mentioned, the protein
conformation on the most reactive conformer B provides the most
favourable electrostatic potential on the O1 atom, which is
accumulating the largest negative charge at the TS (-0.501 a.u.),
by comparison with the conformer A of HG-3.17 (-0.440) and the
HG-3 (-0.392). This result further confirms the agreement
between the electrostatic role of the protein in polarizing the
substrate and the activation free energies.

Conclusions

We herein present a theoretical study of the Kemp eliminase
reaction catalyzed by HG-3, a KE design by Hilvert, Houk, Mayo
and co-workers.'®l Using a hybrid QM/MM scheme, the AM1
semiempirical Hamiltonian has been initially used to describe the
QM region, and further energy corrections have been carried out
based on the M06-2X DFT method. The results are compared
with the those derived from our previous study™® on a variant of
the recently KE designed by Hilvert and co-workers, the HG-3.17,
that presents a high catalytic activity, close to the efficiency of
natural enzymes. 8! The free energy surface corresponding to the
KE catalyzed by HG-3 renders an activation free energy (17.5
kcal-mol?) very close to the values derived from the experimental
rate constants according to the TST (17.7 - 16.8 kcal-mol%),1t5
and significantly higher than the most active conformation of HG-
3.17 (13.8 kcal-molt).'8 The comparison of the interatomic
distances defining the proton transfer and the N-O breaking bond
in the TS located in HG-3 with those obtained in the TSs of the
two conformations of the HG-3.17 suggests that the synchronicity
of the processes can be related with a lower energy barrier. In
addition, a detailed analysis of the active site of the two designed
KEs suggests that the catalytic efficiency is due to a combination
of short and long distance interactions. Thus, the active site Met84
residue of HG-3, that was later mutated to a cysteine in HG-3.17,
does not contribute to develop an optimum oxyanion hole of the
active site to stabilize the negatively charge developed on the
phenoxide oxygen-leaving atom in the TS. Our previous study
indicated the key role played by the electrostatic properties of the
oxy-anion hole present in the active site by means of a bridge of
hydrogen bonds through well-placed water molecules. The
original Met84 residue does not allow a proper orientation of water
molecules to interact with the leaving group and, in fact, prevents
the approach of water molecules to the O1 atom. Nevertheless, it
appears that the improvements of long-range interactions from
HG-3 to HG-3.17 are also responsible of the increase of the
catalytic efficiency. Thus, when computing a more global
magnitude as the electrostatic potential created by the protein on
key atoms involved in the reaction, the result suggests that the

WILEY-VCH

higher the potential in the oxyanion hole, the lower the activation
barrier. Keeping in mind that the oxygen leaving atom presents a
larger negative charge on the TS that on the reactant complex
(the Michaelis complex), higher (more positive) potentials on the
leaving atom stabilize the TS and, consequently, favour the
reaction to proceed. This conclusion is supported not only by the
present calculations on HG-3 but by those on the different
conformers of HG-3.17 previously studied in our group.8 Thus, it
appears that the trend in the free energies of activation are well
correlated with the magnitudes of the electrostatic potential on the
key atoms involved in the reaction that, in turn, polarizes the
substrate increasing the negative charge on the O1 atom at the
TS.

The existence of two different stable conformations found in
the case of HG-3.17 with significant different reactivity indicates
that the protein sequence itself does not completely determines
the structure of the protein. Moreover, the KE design studied in
this work, HG-3, presents electrostatic potentials, TS geometry
and an activation free energy similar to those of the least reactive
conformer of HG-3.17, indicating that, on the other side, different
sequences can render similar protein structures. The sequence
determines the conformational landscape of the protein and in this
case the evolution from HG-3 to HG-3.17 seems to have favoured
those conformations presenting higher reactivity. The relation
sequence-structure is not biunivocal, as illustrated by the
comparison between HG-3.17 conformers and HG-3, and the
complexity of the protein conformational landscape should be
considered for the optimization of new enzyme designs.

Thus, the comparative analysis of the Kemp elimination
reaction catalyzed by different designed enzymes allows
concluding that design optimization must be focused in finding a
sequence providing the optimum conformational landscape for
the protein, favouring those conformations with a larger
preorganization for the reaction to be catalyzed. In this sense, it
will be necessary to consider not only a high shape
complementarity between the protein and the substrate but also
the electrostatic complementarity between the active site and the
reaction process. It appears that for this particular reaction, efforts
should be focused on the oxyanion hole since, in the three studied
cases, the improvements on the base that accepts the hydrogen
does not entail a reduction in the activation free energy because
the reaction TS is determined by the N-O bond breaking process.
Our QM/MM MD simulations also suggest that the 17 mutations
introduced from HG-3 to HG-3.17 contribute to an increase of the
flexibility, which stress the idea of efficient catalysts as not
completely rigid scaffolds.!**! The design of new biocatalysts must
be focused on designing an adequate preorganized protein
scaffold capable of electrostatically stabilize the TS of the desired
reaction, with a certain degree of flexibility to accommodate the
reactants-like structure of the substrate. Computational
simulations can be used to guide the rational design of new
enzymes based on the study of not only the successful designs
but of failed designs, as suggested by Hilvert, Houk, Mayo and
co-workers. %



Computational Details

The X-ray structure of Kemp Eliminase HG-2 complexed with the transition
state analogue 5-Nitrobenzotriazole (PDB ID 3NYD)!S! was used as a
starting point in our simulations. The coordinates of hydrogen atoms were
added with fDYNAMOI2 after estimating the pKa of the titratable residues
by means of PROPKA semiempirical program,?122 to determine the
proper protonation state at a pH equivalent to 7. The HG-3 structure was
generated performing a S265T mutation on the HG-2, as described in the
original paper.*! In the PDB structure 3NYD the protein crystallizes as a
dimer, but the active biological assemble is a monomer. The monomers in
this structure present small structural differences, including the number of
crystal waters, and consequently only one monomer was employed in the
present study. The systems was placed in a pre-equilibrated box of water
molecules with size of 100 x 80 x 80 A3 and neutralized by adding 4
sodium counterions. Water molecules with an oxygen atom lying within 2.8
A of any heavy atom of the protein were removed. The transition state
analogue was substituted by the substrate of the reaction, just changing
the nitrogen atoms at positions 1 and 3 (see Fig. 1) to oxygen and carbon
atoms, respectively. The system was simulated using a hybrid QM/MM
potential, where the QM subsystem was composed by the substrate and
the side chain of Asp127. The QM subsystem was described by means of
the semiempirical AM1 Hamiltonian?3 during Molecular Dynamics (MD)
simulations and by the Density Functional method M06-2X[24 (with the
standard 6-31+G** basis set) during the exploration of the Potential Energy
Surface associated to the KE reaction. The rest of the system (protein,
water molecules and counterions) was described using the OPLS-AAI25
and TIP3P!?! force fields, as implemented in the fDYNAMO library.2% To
saturate the valence of the QM/MM frontier atoms, a link atom was placed
between the Ca and CP atoms of the Asp127.271 Cut-offs for nonbonding
interactions were applied using a switching-force scheme, within a range
radius from 14.5 to 16 A. After minimization of the full system, those
residues lying more than 20 A apart of any of the substrate atoms was kept
frozen in the remaining calculations. After thermalization, a QM/MM MD
simulation of the system in the NVT ensemble was ran during 2 ns at a
temperature of 300 K using the Langevin-Verlet algorithm using a time step
of 1 fs. According to the time-dependent evolution of the RMSD of those
atoms belonging to the protein backbone (see Fig. S1 in Supporting
Information), the system can be considered equilibrated after 0.5-0.6 ns of
simulation.

Potential of Mean Force (PMF). In order to obtain the free energy
landscape, we have traced the Potential of Mean Force (PMF). The
reaction is followed as a function of two distinguished reaction coordinates:
the antisymmetric combination of distances defining the proton transfer
from the substrate to Asp127 (&1 = d(C1-H) — d(H-OD2Asp127) and the
distance defining the ring opening process (§2 = d(N2-0O3). The procedure
for the PMF calculation requires a series of molecular dynamics
simulations the distinguished
constrained around particular values with the umbrella sampling
procedure.?8 The values of the variables sampled during the simulations
are then pieced together to construct a distribution function using the
weighted histogram analysis method (WHAM).[?9

Because of the large number of structures that must be evaluated
during free energy calculations, QM/MM calculations are usually restricted
to the use of semiempirical Hamiltonians. In order to reduce the errors

in  which reaction coordinates are

WILEY-VCH

associated with the quantum level of theory employed in our simulations,
following the work of Truhlar and co-workers,BAB31UB32 3 new energy
function defined in terms of interpolated corrections was used to obtain the
PMFs:33

E=Emum+ S[AEFE(E4, €] (€))]
where S denotes a two-dimensional spline function, and its argument is a
correction term evaluated from the single-point energy difference between
a high-level (HL) and a low-level (LL) calculation of the QM subsystem.
The AM1 semiempirical Hamiltonian was used as LL method, while the
MO06-2X/6-31+G** method was selected for the HL energy calculations.
These calculations were carried out using the Gaussian09 program. 34
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