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ABSTRACT: Efficiency improvement of synthetic enzymes through scaffold
modifications suffers from limitations in terms of effectiveness, cost, and
potential devastating consequences for protein structural stability. Here, we
propose an alternative to scaffold modification, within electrostatic
preorganization theory, where the enzyme’s greater environment is designed
to support the evolution of the reaction in the active site. We demonstrate the
feasibility of such an approach by placing a (polar) DNA fragment in the
surroundings of the Kemp eliminase enzyme KE15 (structure from Houk’s
group) and computing the resulting change in catalytic activity. We find that
the introduction of a DNA fragment magnifies the contribution of protein
residues to the stabilization of the transition state, estimated from electric field
calculations with polarizable molecular dynamics. Our randomly generated
test systems reveal a 2.0 kcal/mol reduction in activation energy, suggesting
that even more significant catalytic improvements could be made by optimizing DNA size, sequence, and orientation with respect to
the enzyme, validating our approach.

■ INTRODUCTION

Synthetic enzymes, engineered to catalyze reactions not found
in nature, have the potential to transform the chemical
industry, providing they exhibit high efficiency.1−3 Although
several approaches have been developed to design synthetic
enzymes, computational methods stand out for their relatively
low labor and time demand.4−6 However, thus far, rate
accelerations from computationally designed enzymes are
orders of magnitude below those of their natural counter-
parts.7−10

Several studies have attributed this poor efficiency to the
lack of scaffold optimization for function, a strong limitation in
the computational enzyme design process.11−13 The family of
Kemp eliminases computationally designed by Baker and co-
workers has been extensively studied, both experimentally and
theoretically, which makes them a paradigm of synthetic
enzymes.14−19 For Kemp eliminases and other synthetic
enzymes, the active site was crafted first to stabilize the
reaction transition state,20−22 thereby mimicking the process
by which natural enzymes catalyze reactions.23,24 Then, a
search for existing protein scaffolds was performed, aiming to
accommodate the theoretical active site based on ligand affinity
and protein stability.4,25,26 This implies that these scaffolds
have limited contribution to the stabilization of the transition
state,27−30 in contrast with natural enzyme scaffolds that
actively contribute to the evolution of the reaction in the active
site.31

To address this issue, experimental methods including
laboratory directed evolution (LDE) were employed to
improve computational enzyme designs, yielding mutations

within the protein scaffold.15,32−36 Despite notable success in
enhancing the performance of some synthetic enzymes,33,37,38

LDE-based improvements are not guaranteed, which makes its
intensive cost a difficult trade-off.39,40 Further, modifications of
protein scaffolds come with a risk for protein structural
stability, and some scaffold variants were even shown to
destabilize the transition state.41,42

Here, we present an alternative to scaffold modification for
improving synthetic enzymes that relies on modifying the
surrounding environment. Indeed, since catalysis is governed
by both short-range and long-range electrostatic interactions
within the electrostatic preorganization theory,43 it should be
possible to introduce external factors around the protein that
will play the role of a functional scaffold without the
inconveniences of scaffold modification (i.e., disruption of
protein structural stability, local unfolding, etc.). Modifying the
greater environment, rather than the protein scaffold, has the
added benefit of simplifying the adaptation of synthetic
enzymes to the broad range of industrial operating conditions,
because it does not require new protein structures to be
designed for each case.
Using the fundamental principles of electrostatic preorgani-

zation, we can infer that any polar molecular component could
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induce long-range electrostatic interactions that would stabilize
the transition state in the active site. However, from a design
perspective, we would like the structure and orientation of this
molecular component to be easily controlled. In this paper, we
choose to introduce DNA in the environment of the enzyme,
because its high programmability from predictable base-pair
interactions facilitates custom structural designs, as DNA
origamis examplify.44−47 Further, many noncovalent and
covalent conjugation methods with proteins have been
developed in the context of protein networks, which suggests
that DNA does not threaten protein structural stability or
enzymatic activity.48−53

Here, we present a series of computational experiments that
demonstrate that the highly polar sugar−phosphate backbone
of DNA can induce long-range electrostatic interactions that
increase the catalytic rate of Kemp eliminase KE15. Previous
work on KE15 clearly demonstrated the scaffold’s inability to
support the reaction in the active site,54,55 making it the ideal
candidate for this study. Meanwhile the Kemp elimination
reaction, shown in Figure 1, offers mechanistic simplicity with
a one-step mechanism.54,56

To demonstrate our DNA-based performance enhancement
strategy, we randomly selected four different positions around
KE15 (Figure 2) to place a double-helix DNA fragment (10
bases long) and quantified its effect on the stabilization of the
transition state. We find that one of these four positions lower
the activation energy by 2.0 kcal/mol, suggesting that further
optimization of DNA structure (including tethering to the
protein) and orientation could have a tremendous benefit on
catalysis.

■ METHODS

Conformational Ensemble. We generated 25 different
structures for each system (the four DNA−KE15 systems) and
each state (reactant and transition state) as follows. The 25
structures were created from a backbone conformational
search and side-chain ensemble simulation. We used the
backrub algorithm57,58 from the ROSETTA package to
generate 25 uncorrelated low energy backbone conformations
from 25 × 10 000 trials. The backrub algorithm rotates the
protein backbone as a static body about the α carbon, Cα.

58

We then repacked the side chains for the 25 low energy
backbone structures, using the fixbb algorithm from

Figure 1. Reaction mechanism of Kemp elimination. The 5-benzisoxazole ring is deprotonated by a catalytic base, leading to the ring opening by
breaking the C−H and O−N bonds and the formation of the C−N triple bond. The breakage and formation of the bonds are colored in red.

Figure 2. Double-helix DNA fragment (10 bases long) is placed at different positions around KE15. The four KE15−DNA systems considered in
this study are represented with different colors. The ligand is shown in the middle of the protein scaffold (1THF barrel scaffold) in the red circle.
The distance between the DNA fragment and the ligand is labeled.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c00765
J. Phys. Chem. B 2022, 126, 3407−3413

3408

https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00765?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00765?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00765?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00765?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00765?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00765?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00765?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00765?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c00765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ROSETTA. Fixbb is a Monte Carlo method that samples the
Dunbrack backbone-dependent rotamer library.59 As a result,
these 25 structures make a conformational ensemble that spans
the time scale required to pivot the backbone along the α
carbons and switch side-chain rotamers. NMR J-coupling
experiments have quantified that such side-chain conforma-
tional transitions occur on time scales of nanoseconds to
microseconds.60−63

We then used PACKMOL64 to place the DNA double-helix
fragment (GGTCATGACC−CCAGTACTGG) around the
enzyme and determine the periodic boundary conditions for
each protein, with a 10 Å buffer on each side. This results in
solvent boxes of sizes 80 × 106 × 72 Å3 for KE15+DNA1, 86
× 97 × 79 Å3 for KE15+DNA2, 103 × 97 × 89 Å3 for
KE15+DNA3, and 86 × 88 × 87 Å3 for KE15+DNA4. The
starting KE15−DNA structures are available on our group’s
Github at https://github.com/WelbornGroup/.
Molecular Dynamics. We performed molecular dynamic

(MD) simulations in Tinker65 for all four DNA−KE15 systems
(reactant state and transition state) using the AMOEBA
polarizable force field66,67 under constant pressure (1 atm) and
temperature (300 K) and with a 1 fs time step for 100 ps
(including 50 ps of equilibration). All systems were solvated
with a pre-equilibrated water solvent box using GROMACS’s
algorithm solvate,68−70 which accelerated the equilibration
process (see convergence data in the Supporting Information).
After equilibration, data was collected every 1 ps for 50 ps for
each of the structures. With 25 structures per state, this adds to

a total of 1.25 ns of production data, seeded from a
conformational ensemble that describes nanosecond to
microsecond time scales, from which we can calculate catalytic
properties. The transition state was modeled using the
geometry of the reactant state but assigning partial charges
to atoms that reflect the transition state charge density, as
described in ref 55. The input and parameter files are also
available in our group’s Github.

Electrostatic Stabilization of the Transition State. The
electrostatic stabilization of the transition state was calculated
as

G E E( )elec EL EL EL EL
active bonds

∑ μ μΔ = − ̅ ̅ − ̅ ̅‡ ‡ ‡

(1)

where μ̅EL and E̅EL represent the active bond dipole moment
and the electric field respectively, and ‡ indicates the transition
state. In this case, we focus on three active bonds: the C−H,
C−N, and O−N bonds as highlighted in Figure 1. The
corresponding bond dipoles for both the reactant and the
transition state were taken from ref 55 and given in the
Supporting Information. We calculated the electric fields
projected onto a user-defined bond as

E
E E

u
( )

2proj
ij

i j
ij=

⃗ + ⃗
· ⃗

(2)

where Eproj
ij is the electric field projected onto bond ij, u⃗ij is the

unitary vector defining bond ij, and E⃗i is the field at atom i.71

Figure 3. Contribution of an individual residue to the transition state electric field of four different DNA positions, (A−D). Projections onto the
C−N, O−N, and C−H bonds are shown in blue, red, and black, respectively. Contribution peaks higher than 10 MV/cm are cut off the graph and
labeled on the side of the peak, for clarity. Residues 1 to 253 correspond to the KE15 protein scaffold, residue 48 being the catalytic base. The DNA
fragment starts from residue 254 and ends at residue 273. Residue 274 represents the solvent (water and counterions), and residue 275 is the
ligand.
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The x-component of the electric field at each atom site is
defined as

E E E( )x
i

j
x perm
j i

x ind
j i

, ,∑= +→ →

(3)

accounting for both permanent (perm) and induced (ind)
fields.71

The electrostatic stabilization energy of the transition state
was calculated according to eq 1, where the bond dipole
moment μ̅EL was obtained from ref 55.
The electric fields were calculated for the three bonds that

break and form during the reaction (see Figure 1), using the
ELECTRIC code published open-source.71

Note that the computational protocol described here follows
the protocol described in refs 22, 55, 61, and 72.

■ RESULTS AND DISCUSSION
Figure 3 shows the contribution of each protein residue, DNA
base, and solvent to the electric fields in the active site of
KE15, calculated in the transition state. We consider the
projection of these fields onto three bonds, namely C−H, C−
N, and O−N. Note that these three bonds form a set of active
bonds, from which other bonds involved in the reaction can be
described. For example, the formation of the Asp-48−H bond
is complementary to the breaking of the C−H bond.
Comparing these plots with a previously published plot for

the KE15 design (i.e., without DNA),55 we can make two
observations. First, the overall contributions from the protein
residues follow a similar trend with or without DNA. This
means that the DNA fragments do not induce new interactions
between the protein and the ligand in the active site. Rather,
the DNA fragments exacerbate existing interactions. For
example, the catalytic base, Asp-48, remains the only
contribution over 10 MV/cm, but its magnitude is increased
by 65% for the formation of the C−H bond, 296% for the

formation of the C−N bond, and 21% for the breaking of the
O−N bond (DNA4). Similar conclusions can be reached
looking at the contributions of the top contributors, Asp-98,
Ser-169, and Asp-219. Interestingly, while Ser-169 is located in
the active site, Asp-98 and Asp-219 are close to the surface of
the scaffold. This means that our DNA fragments can enhance
contributions of residues throughout the protein structure, for
an overall net benefit on catalysis.
The second observation is that individual DNA bases,

regardless of position, do not seem to directly contribute to the
electric fields in the active site (i.e., the peaks for residues 254
to 273 are negligible). However, there is a noticeable difference
in the total field when comparing our KE15+DNA systems to
our reference system (KE15 without a DNA fragment). This
would suggest that the effect of DNA fragments is delivered
indirectly, through the solvent and protein scaffold whose
electric field contribution has changed across the systems. To
better analyze the overall effect of the DNA fragments on
KE15 catalytic activity, we present calculations of the
stabilization free energy of the transition state, ΔGelec

‡, in
Table 1.
In Table 1, we see that two of the DNA fragments, DNA1

and DNA4, directly contribute 2.0 kcal/mol to the stabilization
of the transition state. Considering the 4.0−6.0 kcal/mol
difference with the contribution of DNA2 and DNA3 (of
identical sequence), we envision significant control of the
catalytic activity via the sole positioning of DNA fragments
around the enzyme.
However, the largest increase in transition state stabilization

free energy comes from the contribution of the base, consistent
with our analysis of the projected electric fields in the
transition state. Meanwhile, the additive effects on the active
site and scaffold are minimal and tend to equally stabilize and
destabilize the transition state, compared to the KE15 design.
Finally, we note that DNA1−3 also induced a significant

Table 1. Stabilization Free Energy of the Transition State for Each KE15−DNA Systema

ΔGelec
‡ (kcal/mol)

bond system base active site scaffold DNA solvent total

C−H KE1555 −4.6 0.1 −1.0 N/A 0.1 −5.4
KE15+DNA1 −5.1 ± 0.05 0.1 ± 0.03 −0.4 ± 0.06 −0.8 ± 0.001 0.1 ± 0.04 −6.1 ± 0.09
KE15+DNA2 −4.9 ± 0.06 −0.3 ± 0.02 −1.0 ± 0.07 1.1 ± 0.004 −0.3 ± 0.03 −5.4 ± 0.1
KE15+DNA3 −7.1 ± 0.07 0.2 ± 0.03 −0.5 ± 0.08 0.7 ± 0.001 0.5 ± 0.03 −6.2 ± 0.1
KE15+DNA4 −5.9 ± 0.06 0.6 ± 0.03 −0.5 ± 0.07 −0.4 ± 0.002 0.6 ± 0.04 −5.6 ± 0.1

O−N KE1555 −6.0 1.1 −1.6 N/A 3.2 −3.3
KE15+DNA1 −5.6 ± 0.04 1.2 ± 0.05 −0.3 ± 0.08 −1.5 ± 0.002 2.0 ± 0.05 −4.2 ± 0.1
KE15+DNA2 −5.9 ± 0.05 0.1 ± 0.05 −1.4 ± 0.07 2.7 ± 0.007 1.2 ± 0.05 −3.3 ± 0.1
KE15+DNA3 −7.7 ± 0.05 1.2 ± 0.05 −0.7 ± 0.08 1.7 ± 0.003 2.8 ± 0.06 −2.7 ± 0.1
KE15+DNA4 −6.8 ± 0.05 1.4 ± 0.05 −0.7 ± 0.07 −1.2 ± 0.005 4.3 ± 0.06 −3.0 ± 0.1

C−N KE1555 2.0 0.0 0.8 N/A 0.2 −3.0
KE15+DNA1 1.1 ± 0.03 0.4 ± 0.04 1.0 ± 0.06 0.3 ± 0.002 −0.2 ± 0.04 2.6 ± 0.09
KE15+DNA2 1.7 ± 0.04 0.7 ± 0.03 0.9 ± 0.06 0.4 ± 0.005 −0.7 ± 0.04 3.0 ± 0.08
KE15+DNA3 2.3 ± 0.05 0.6 ± 0.04 1.1 ± 0.07 −0.1 ± 0.004 −0.9 ± 0.04 3.0 ± 0.1
KE15+DNA4 1.4 ± 0.03 0.4 ± 0.03 1.4 ± 0.06 −0.5 ± 0.004 −0.2 ± 0.05 2.5 ± 0.09

total KE1555 −8.6 1.2 −1.8 N/A 3.5 −5.7
KE15+DNA1 −9.6 ± 0.07 1.7 ± 0.08 0.3 ± 0.11 −2.0 ± 0.002 1.9 ± 0.08 −7.7 ± 0.17
KE15+DNA2 −9.1 ± 0.09 0.5 ± 0.06 −1.5 ± 0.11 4.2 ± 0.01 0.2 ± 0.07 −5.7 ± 0.17
KE15+DNA3 −12.5 ± 0.10 2.0 ± 0.07 −0.1 ± 0.13 2.3 ± 0.004 2.4 ± 0.08 −5.9 ± 0.20
KE15+DNA4 −11.3 ± 0.08 2.4 ± 0.06 0.2 ± 0.11 −2.1 ± 0.006 4.7 ± 0.09 −6.1 ± 0.18

aΔGelec
‡ for KE15 without a DNA fragment is from ref 55. The active site includes residues 5, 46, 78, 101, 126, 167, 168, 169, 197, 198, 199, 201,

and 220 (+ base), and the solvent includes water and the counterion Na+. The error is calculated as the error of the mean from our time and
ensemble averages.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c00765
J. Phys. Chem. B 2022, 126, 3407−3413

3410

pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c00765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


solvent contribution to ΔGelec
‡. More specifically, it seems that

part of the effect of DNA1−3 is to displace “bad” catalytic
waters, replacing them with a DNA fragment that induces
favorable stabilization of the transition state in the active site.
This is consistent with the finding in a previous study by
Acosta-Silva et al., who have shown that polar aprotic solvent
can largely increase the reaction rate of the Kemp elimination
reaction.73

Overall, the introduction of a DNA fragment had either no
effect (DNA2 and DNA3) or further stabilized the transition
state compared to KE15 design (DNA1 and DNA4).
Remarkably, KE15+DNA1 exhibited a 2.0 kcal/mol difference
in the total activation energy, which corresponds to a 30-fold
increase in the kinetic rate at ambient temperature.
Considering that DNA1 and DNA3 are further away from
the ligand, these results suggest that the DNA fragment needs
not to be placed in the immediate vicinity of the ligand,
offering valuable structural flexibility for design. For a fixed
DNA sequence, it seems that the orientation of the DNA
fragment with respect to the enzyme has a larger effect on the
stabilization free energy than the protein−DNA distance.

■ CONCLUSIONS
In summary, the data presented here demonstrate that a DNA
fragment in the surroundings of KE15 can be used to tune the
catalytic activity of the enzyme. Part of this effect is delivered
through the solvent, enhancing the contributions of residues at
the protein surface. Although the orientation of the DNA
fragment relative to the enzyme plays a major role, we were
able to reach a 2.0 kcal/mol difference in the transition state
stabilization energy in one of our four test systems. This is
particularly notable, because our systems were designed for a
demonstration of a principle where the DNA orientation was
randomly chosen, and the DNA size or sequence were not
optimized. This suggests that significant activity improvements
could be achieved via a systematic design of DNA size,
sequence, and positioning. Further work involves investigating
the role on catalysis of larger DNA structures, such as DNA
origamis whose synthesis and binding to proteins are already
established and can be controlled.74−76
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