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ABSTRACT: The vibrational Stark effect (VSE) has been used to
measure the electric field in the active site of ketosteroid isomerase
(KSI). These measured fields correlate with AG* in a series of
conventional mutants, yielding an estimate for the electrostatic
contribution to catalysis (Fried et al. Science 2014, 346, 1510—
1513). In this work we test this result with much more conservative
variants in which individual Tyr residues in the active site are
replaced by 3-chlorotyrosine via amber suppression. The electric
fields sensed at the position of the carbonyl bond involved in charge
displacement during catalysis were characterized using the VSE,
where the field sensitivity has been calibrated by vibrational Stark
spectroscopy, solvatochromism, and MD simulations. A linear
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relationship is observed between the electric field and AG¥ that interpolates between wild-type and more drastic conventional
mutations, reinforcing the evaluation of the electrostatic contribution to catalysis in KSI. A simplified model and calculation are
developed to estimate changes in the electric field accompanying changes in the extended hydrogen-bond network in the active
site. The results are consistent with a model in which the O—H group of a key active site tyrosine functions by imposing a static
electrostatic potential onto the carbonyl bond. The model suggests that the contribution to catalysis from the active site
hydrogen bonds is of similar weight to the distal interactions from the rest of the protein. A similar linear correlation was also
observed between the proton affinity of KSI's active site and the catalytic rate, suggesting a direct connection between the

strength of the H-bond and the electric field it exerts.

B INTRODUCTION

Electrostatic stabilization has been widely discussed as
contributing to enzymes’ high catalytic proficiency.' The
essential concept is that enzymes create a preorganized
electrostatic environment in the active site that preferentially
stabilizes the charge distribution of the transition state more than
the substrate to accelerate the reaction.”” Recent work from our
lab using the vibrational Stark effect (VSE) to probe the electric
field exerted at the active site of the model enzyme ketosteroid
isomerase (KSI) provided an experimental approach to
quantifying the contribution of electrostatic stabilization to
catalysis in this enzyme.” Ketosteroid isomerase catalyzes the
isomerization of its steroid substrate via formation of a dienolate
intermediate with a reaction rate approximately 10''-fold faster
than that of the uncatalyzed reaction (Figure. 1A).* An
extended hydrogen-bonding network is present in the active
site composed of the tyrosine triad (Y'¢, Y*, and Y*’) and
aspartic acid 103 (Asp'®). Fried et al’ utilized a product
analogue, 19-nortestosterone (19NT, Figure 1C), whose C=0
group is located in KST’s active site in the same manner as the
carbonyl bond of the substrate that undergoes a charge
rearrangement in KSIs rate-limiting step (Figure 1B), to probe
the electric field sensed by this bond. The IR spectral shifts for
this carbonyl group were evaluated using vibrational Stark
spectroscopy, solvatochromic data, and molecular dynamics
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simulations® and demonstrated that a very large electric field is
exerted onto the C=0 group of 19NT. The magnitude of the
electric field was found to be linearly correlated with the
activation free energy in wild-type and a series of conventional
mutants, and from this the electrostatic contribution to catalysis
could be obtained.’

While site-directed mutagenesis is widely used, a legitimate
criticism of this approach, particularly for active site residues in
enzymes, is that the changes in chemical functionality using
natural amino acids are intrinsically large (e.g., Tyr to Phe or Asp
to Asn) and can lead to unexpected structural rearrangements or
water binding pockets which can confound the interpretation of
the results. More specifically in the case of KSI (and a number of
other enzymes), the removal of specific H-bond interactions
prevents a direct comparison of electrostatic stabilization with a
widely discussed alternative proposal that KSI's active site
preferentially forms a strong, short H-bond with the intermediate
relative to the substrate to provide additional stabilization
energy.7’8 Therefore, in this work we introduce more subtle and
conservative changes by site-specifically replacing each of the key
Tyr residues with 3-Cl-Tyr (CL-Y) in the KSI active site'® to
provide a critical test of the earlier analysis on electric field/
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Figure 1. Catalysis by ketosteroid isomerase (KSI) and product-like inhibitor, 19-nortestosterone (19NT). (A) Reaction mechanism for KSI-catalyzed
isomerization of S-androstene-3,17-dione (substrate) to 4-androstene-3,17-dione (product). In the intermediate state, the H-bond network formed by
the tyrosine triad and Asp'® (oxyanion hole) stabilizes the negative charge of the enolate. The dipole moment along the C=0 bond increases as the
reaction proceeds from substrate to intermediate, and the possible effect of the electric field, E,., from the protein on the free energy of the transition
state compared with the starting state is illustrated in the simplified reaction coordinate diagram in B. (C) Complex between KSI and inhibitor I9NT

that closely mimics the natural substrate.

Table 1. Kinetic Parameters for Wild-Type (WT) and CI-Y-KSI Variants (mutant) with 5-AND

ke (10°s71) Ky (uM)  key/Kyg (107 M7 s71)
WT 17.3 £ 0.5 78+ 5 222 +2.1
Cl-y¥ 4.08 + 0.26 41+6 9.9 +2.0
Cl-y* 13.8 + 1.1 79 + 12 17.5 + 4.0
Cl-y* 4.51 +0.30 48 +7 93+19
Cl-Y” D103N 0.336 = 0.012 70+ 5 0.56 + 0.06

k. ratio (mutant/WT)

k.o/ Ky ratio (mutant/WT) AG** (keal mol™")

1 1 11.68 + 0.02
0.24 £ 0.02 0.45 £ 0.13 12.54 + 0.04
0.80 + 0.09 0.79 £ 0.25 11.82 + 0.05
0.26 £ 0.02 0.42 +0.12 12.48 + 0.04

0.019 + 0.001 0.025 + 0.005 14.02 + 0.02

“AG* = —RT In[k,/(ksT/h)]; T = 293 K; R = gas constant; ks = Bolzmann’s constant; i = Planck’s constant.

activation free energy correlations. We then probe the physical
basis of the large electric field and demonstrate the functional
connection between the preferential H-bond interactions and
electrostatic stabilization.

B RESULTS AND DISCUSSION

Electrostatic Contribution to Catalysis in Conservative
KSI-CI-Y Mutants. The enzymatic activities of the wild-type and
the KSI-CI-Y variants on the natural substrate S-androstenedione
(S5-AND) were determined with high accuracy (Table 1). Similar
to the effect on the catalysis of the slow substrate 5(10)-estrene-
3,17-dione (Table S1),'” small but systematic changes were
observed in these conservative variants, making them ideal
candidates to critically test the electric field/activation free
energy correlations mapped by vibrational Stark spectroscopy.’

The crystal structures of KSI-CL-Y'® and KSI-CL-Y*” bound
with the transition state analogue equilenin (PDB ID: SKP1,
5KP3) have an overall RMS deviation of 0.20 and 0.23 A when
superimposed onto the structure of wild-type KSI (PDB:
10HO), suggesting little change in the overall enzyme
architecture within the error of the structures (Figure 2, statistics
in Table S2). Equilenin was chosen as the bound substrate for

crystallization because of its tight binding and a binding mode
similar to that of I9NT (Figure S1, PDB ID: SKP4). Focusing on
the H-bond network in the active site, in KSI-Cl-Y"/, the plane of
the benzene ring of CI-Y*’ rotates about 27° from that of Y*” in
wild-type and the O—O distance between Cl-YY” and Y is
shortened by 0.15 A. The rest of the active site residues are
unperturbed within the uncertainty of the X-ray structures
(Table $3). In KSI-CIL-Y', the plane of the benzene ring of CI-Y*®
rotates about 10° from that of Y'¢ in the wild-type, the O—O
distance between Y*” and CI-Y' is shortened by 0.07 A on
average, and that between Asp'® and the ligand is lengthened by
0.15 A with the rest unperturbed. We note that although the
benzene rings of the CI-Y residues are not coplanar with their
tyrosine counterparts in WT, the hydroxyl group of the residue
and the carbonyl of the substrate (the chemical group directly
responsible for the H-bond) retain the same relative orientation
as in WT. Also, the position of the general base Asp* is preserved
for both variants (Figure S2), minimizing the entropic
perturbation to catalysis from misplacing the residue directly
involved in the reaction (ie., the breaking and formation of
covalent bonds, Figure 1A)."""

The preservation of the active site H-bond network in these
conservative variants allows us to relate the activation free energy

DOI: 10.1021/jacs.6b06843
J. Am. Chem. Soc. 2016, 138, 11890—11895


http://dx.doi.org/10.1021/jacs.6b06843

Journal of the American Chemical Society

Tyr 32
Cl-Tyr 57

Equilenin
Asp 103

Tyr 32
Tyr 57
Cl-Tyr 16 E( @

Equilenin
Asp 103

Figure 2. Structures of the tyrosine clusters in KSI-Cl-Y variants bound
with transition state analogue equilenin, superimposed onto a high-
resolution structure of KSI bound with equilenin (10HO0), shown in
orange. (A) KSI-CL-Y*” (chain a) aligned with wild-type (chain a) with
an overall RMS of 0.23. (B) KSI-CI-Y*® (chain a) aligned with wild-type
(chain a) with an overall RMS of 0.20.

B

to the frequency shift of the IR stretch of the carbonyl group of
bound 19NT, and from this to the electric field felt by the
carbonyl group. As shown in Figure 3A, there is a systematic shift
to the blue of the C=0 stretch band as Y is replaced by CI-Y at
different positions. The electric field corresponding to these
frequency shifts in the KSI variants was assigned to an absolute
scale from 19NT’s solvatochromism calibration curve (Table
$4).>''* When the apparent activation energies of these
conservative variants and their corresponding electric fields
were plotted together with the conventional mutants, a robust
linear correlation was observed (Figure 3B; R* = 0.98). The
correlation between the activation free energy and the electric
field is highly similar to the one derived from the conventional
mutants (Figure $3),° demonstrating that changes in electro-
statics associated with small perturbations on the H-bond
interactions affect catalysis by the same physical mechanism as
changes in electrostatics caused by large perturbations.

A Simple Model To Relate Changes in the Electric Field
to Changes in the Extended Hydrogen-Bond Network.
The KSI-CI-Y variants offer a relatively simple system to examine
the origins of changes in the electric field and their connection
with the H-bond interactions. The most straightforward model
to relate the resulting electric field to the H-bond network is the
dominant dipole moments of the O—H group of tyrosine and
Asp'® imposing a static electrostatic potential onto the carbonyl
of 19NT (Figure 1C). The carbonyl group would experience a
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Figure 3. Preservation of the linear correlation between electric field and
activation free energy in the conservative variant series using Cl-Y
substitutions. (A) Infrared spectra of 19NT sulfate bound to the active
site of wild-type and KSI-Cl-Y variants blue shift as k., decreases. (B)
Plot of enzymatic unimolecular free energy barrier, AGH against the
electric field |Fem| experienced by 19NT sulfate’s C=O group in the
active site of each KSI variant obtained from the IR frequency/field
correlation for 19NT.

smaller electric field when H-bonded with Cl-Tyr than Tyr, as the
inductive effect of Cl decreases its O—H dipole moment. Such an
effect was indeed observed in a simple solution mixture
mimicking this particular aspect of KSI’s active site interaction:
placing acetophenone in an excess amount of 2-chlorophenol
from phenol blue-shifts the vibrational frequency of its carbonyl
group by 3 cm™, corresponding to a ~ 3 MV/cm decrease in
electric field (Figure S4). While conceptually similar, the actual
effect upon CI-Tyr substitution at each site in the Tyr H-bond
network of KSI is more profound and complex, and a proper
treatment would require a full quantum simulation of the cluster
as described previously for the apoenzyme;'® here we provide a
semiquantitative estimate for the change in electric field in each
mutant based on a simplified computational model of the active
site. The model uses phenol, 2-chlorophenol, and acetic acid to
represent the active site residues Y**/Y*, Cl-Y' and Asp'®,
respectively, and 2-cyclohexen-1-one to mimic the A-ring of
19NT that is directly involved in the H-bond network (Figure 4).
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Figure 4. A simplified molecular complex mimicking the active site
geometry of KSI used for DFT calculations. To construct the complex
for KSI-CL-Y'®, phenol, 2-chlorophenol, and acetic acid are used to
represent the active site residues Y32/Y%7, CI-Y'S, and Asp103,
respectively, and 2-cyclohexen-l1-one (P,;;) mimics the A-ring of
19NT that is directly involved in the H-bond network.'® The heavy
atom coordinates were taken from the crystal structures and fixed. The
hydrogen atoms were added, and their positions were optimized by
energy minimization at the BBLYP/6-31G(d,p) level. The same strategy
is applied to KSI-CL-Y** and KSI-CL-Y"’, as shown in Figure S5.

The change in the electric field on the carbonyl of 19NT can be
the result of a smaller O—H dipole moment of the modified Tyr
or/and a shift in the relative distances and orientations of the
active site residues’ hydroxyl groups and the carbonyl. Therefore,
we first performed electric field and partial charges calculations
on the simplified active site complex with fixed geometry, where
the heavy atom coordinates were directly taken from the crystal
structures, H atoms were added, and their coordinates were
optimized for the entire complex by energy minimization at the
B3LYP/6-31G(d,p) level. Next, we investigated the sensitivity of
the calculated electric field to the O—O distance of a given
geometry, which allowed us to dissect the calculated electric field
shift into the changes in the magnitude or/and the relative
positioning of the dipole moments, and to understand the bias in
our modeling scheme.

The final optimized structures possess the extended H-bond
network in the active site of KSI (Figure SS). The electric fields
were calculated with several methodologies and compared with
the experimental data (Tables 2 and S6). The estimated total
field from these specific H-bond interactions is about 65 MV/cm
smaller than that observed from VSE for all KSI variants,
indicating that the rest of the protein architecture contributes
approximately half of the total electric field experienced by the
C=O0 bond of the substrate, as suggested previously.” The
predicted change in the electric field of KSI-CI-Y'® relative to WT
(21 MV/cm, Table 2) is consistent with the observed shift from

the VSE data (23 + 6 MV/cm). A smaller magnitude of the O—H
dipole moment in CL-Y'® is predicted and estimated to account
for 70% of the change, while the lengthening of the O—O
distance between residue 16 and the ligand and the perturbations
to the O—H dipole of Asp'® contribute the rest (Table 2 and SI
discussion 1). A dominant contribution to the electric field from
the dipole—dipole interaction between the O—H of Tyr'® and the
C=0 of the ligand is also consistent with the kinetic data where
the Tyr'® to Phe mutation has a much more detrimental effect on
the catalytic rate than mutating Asp'® to Asn.'”'® On the other
hand, the simple model did not reproduce the observed changes
in the electric field from the more remote residues Cl-Y** and Cl-
Y7 (Tables 2 and S6). Experimentally, substitution of Cl-Y at
position 57 exhibits similar electrostatic effects on 19NT as that
of Cl-Y', indicating a strong interaction within the H-bond
network of KSI that is capable of propagating secondary
perturbations to the very site of the reaction center.'” The
highly simplified model is clearly insufficient to capture such
subtly coupled interactions, as it predicted little or even opposite
changes in the magnitude of the electric field upon distal
substitutions. The discrepancy can be partially accounted for by
the possible differences between the X-ray geometry modeled
and the actual equilibrium structure of each variant in solution.
An uncertainty of 0.10 A in the O—O distance between Tyr'® and
19NT from the structural data could introduce an error of 8 MV/
cm in the calculated electric field (Table SS), limiting the model’s
ability to predict an observed shift of similar magnitude (for
instance, 10 MV/cm for KSI-CI-Y*?, Table 2). Much more
advanced theoretical methods, such as those developed in ref 15,
should provide further insight.

Direct Comparison between Electrostatic Stabilization
and Preferential H-Bond Interaction. There has been
considerable discussion of a catalytic contribution of KSI's H-
bond network due to the formation of a strong, short H-bond
(SSHB) between Tyr' and the intermediate along the reaction
coordinate.”® In this formulation, differential stabilization of the
intermediate (and transition state) by KSI happens because the
intermediate is a better H-bond acceptor to the active site, rather
than because it has a greater dipole moment. This putative
increase in H-bond strength is proposed to occur due to the
matched proton affinity between the oxyanion hole'” and the
intermediate and the hydrophobic nature of the active site.'* The
primary difference between such an SSHB and electrostatic
stabilization is the additional energetic benefit that might arise
from the hypothesized covalent (delocalized) nature of a strong
H-bond."*%*' However, the consistent linear correlation
between the electric field and the activation free energy across
the full spectrum of KSI mutants, regardless of the presence of
specific H-bonds, strongly suggests that the specific H-bond
interactions within the active site of KSI play the same functional
role in catalysis as the distal interactions from the enzyme’s

Table 2. Electric Field Projected along the Carbonyl of 19NT from DFT Calculations

WT KSI-Cl-Y*® KSI-CL-Y*’ KSI-CI-Y*
O—Hj; dipole (D)* 2.74 2.62 2.89 2.71

0,6—0;, (A) 248 2.58 2.49 2.49

electric field calculated (MV/cm)® —74.5 (—50.8, —23.7) —53.4 (—33.6, —19.8) —80.9 (—55.0, —25.9) —75.5 (—51.8, =23.7)

observed from VSE (MV/cm) —1413 £ 43 —118.5 + 3.7 —121.6 + 3.9 —131.3 £ 4.0

“The dipole moments are calculated from ESP charges derived using Merz—Kollman scheme. YThe electric field is calculated via Coulomb’s law
from the O—H dipoles of the two residues (16, 103) that are directly H-bonded with 19NT. The first number in the parentheses refers to the
contribution to the electric field from residue 16 and the second to residue 103.
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overall architecture. If additional (covalent) stabilization did
occur, we would observe a different slope for KSI-CI-Y mutants
because the barrier would be lowered more for the same
measured electric field (see SI discussion 2).

While a matched proton affinity between the active site of wild-
type KSI and equilenin, a model for the intermediate, has been
demonstrated previously,'” the conservative KSI-CI-Y variants
allowed us to show next that the enzyme’s preferential H-bond
interaction with the intermediate over the substrate provides
similar energetic benefits as that proposed from the electrostatic
model. We note that the pK, perturbations introduced by Cl-Y
incorporation in these mutants are sufficient to impact the
formation energy of a presumably strong H-bond interaction
between the ligand and the enzyme, as suggested by a systematic
change in their rate constants.”””* We first rationalize our
strategy to quantify the catalytic benefit from the differential
proton affinity match. The proton affinity of each KSI variant’s
active site (pK,F) is defined in terms of the solution pK, of a
ligand that upon binding forms a 50:50 mixture of protonated
and deprotonates states (this is denoted differently from the
active site’s pK, because the active site cannot exchange protons
with solvent when a ligand is bound).”® By deconvolving the
electronic absorption spectrum of equilenin (or other naphthols)

| D4ON

| D40ON-CI-Y?2

| D40N-CI-Y**

Normalized Absorption

| D4ON-CI-Y'®

Wavenumber (10% cm™')

Figure S. Proton affinities of the oxyanion hole of the KSI-CI-Y variants.
Absorption spectra of equilenin when bound to the active site of WT and
KSI-CI-Y variants fitted to a linear combination (red) of the protonated
(purple) and deprotonated (green) species.

bound to the enzyme into protonated and deprotonated
contributions, the fraction ionization of the bound substrate
can be established (this can also be probed in the IR as shown in
ref 26). This is shown for WT and the Cl-Y variants in Figure S
and Figure S7, and the extracted values of the proton affinities are
listed in Table 3. Empirically, the free energy of H-bond

Table 3. Proton Affinity of KSI-CI-Y Variants”

proton affinity
(pK.E) ApK, &V Ipk! — pKFl  ApK, &9 IpK,S — pK,FI
WT 9.80 + 0.03 0.20 + 0.10 11.80 + 0.10
CLY?  9.64 + 0.04 0.36 +0.11 11.64 + 0.11
CLYY 892+ 0.03 1.08 + 0.10 10.92 + 0.10
CLY' 9,09 + 0.06 091 + 0.12 11.09 + 0.12

“The estimated pK, of the substrate (S) and the intermediate (I) are
—2.0 and 10.0, respectively, with an uncertainty of 0.1.'”** The
calculation details of the proton affinity can be found in Figure S7.

formation (A¢G°, which defines the strength of the H-bond)
varies linearly with the degree of proton affinity match (ApK,,)
between the H-bond partners.”>*” Therefore, the difference in
the H-bond strength between the intermediate and the enzyme
(AG°ED) vs the substrate and the enzyme (AG°EY) is
proportional to the difference in the ApK, between the two pairs
(IpK,' = pK,®l — IpK.® — pK,Fl). The pK, of the intermediate was
determined to be 10.0 + 0.1 and that of the substrate’s conjugate
acid is approximately —2;'*** therefore, this model anticipates
that the enzyme’s active site H-bond network provides maximal
activation barrier reduction when its pK,® matches the
intermediate, and no energetic benefit when its pK,* equals 4
(where the H-bonds with the intermediate and the substrate have
the same strength).

As shown in Figure 6, a linear correlation is observed between
the free energy barrier and the proton affinity of KSI. The linear
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Figure 6. Linear correlation between the proton affinity of KSI’s active
site and the catalytic proficiency. The catalytic proficiency improves
linearly as the proton affinity of the enzyme (pK,*) approaches that of
the intermediate (pK,' = 10) (R* = 0.99). The extra stabilization energy
for barrier reduction is presumably due to the increased H-bond
strength between the enzyme and the intermediate, which is estimated
to be 6.3 + 0.2 kcal/mol.

trend indicates that changes in the enzyme’s additional
stabilization of the intermediate by a stronger H-bond
(AG°ED — AGOE9)) can explain changes in barrier reduction.
Extrapolating the correlation line to pK," = 4 yields the activation
barrier without the preferential H-bonding toward the
intermediate (17.7 kcal/mol). Compared to wild-type KSI, the
preferential H-bond interaction is estimated to provide a
stabilization energy of 6.1 + 0.2 kcal/mol, which accounts for
60% of KSI's total rate acceleration and agrees well with the
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partial contribution to barrier reduction from intermediate
stabilization by computational studies.”® The value is also
comparable to the estimated barrier reduction due to the electric
field in the active site (7.3 + 0.4 kcal/mol),3 providing an
independent piece of evidence that the energetic contribution
from the H-bond network in KSI is electrostatic and not due to
special covalency.” In addition, the slope of the correlation
suggests that the stabilization energy becomes 1.0 kcal/mol
smaller for every pK,, unit mismatch between the enzyme and the
intermediate, suggesting a noticeable sensitivity of KSI’s catalytic
rate to preferential H-bond interactions. The linear slope is
highly reminiscent to the Brensted f coefficient which describes
the dependence of the strength of the H-bond upon the basicity
of the H-bond acceptor (in our case, the proton affinity of the
protein) and is larger for more nonpolar environment.””*’
Analogous analysis yields # = 0.37 for the H-bond interaction
between KSI and the ligand, reflecting a rather hydrophobic
nature of KSI's active site (calculation details in SI discussion 3).

B CONCLUSIONS

In summary, we test and extend the correlation between the
electric field in the active site of KSI and the activation free energy
for catalysis by utilizing amber suppression to add small but
significant changes to the electric field and catalytic rate. The
preserved linear trend demonstrates that the functional relevance
of the specific H-bond interactions in KSI's extended H-bond
network is of electrostatic origin, stabilizing the intermediate to
about the same extent as the rest of the protein skeleton. A similar
linear correlation was also observed between the proton affinity
of KSI’s active site and the catalytic rate, suggesting a direct
connection between the strength of the H-bond and the electric
field it exerts. The set of conservative variants whose H-bond
network is preserved while the electrostatic properties are
incrementally perturbed provides a well-controlled platform for
high-level simulations to further address the functional role of H-
bonds in an enzyme’s active site."”
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Experimental details including protein preparation,
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