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ABSTRACT: Computational studies are performed to analyze the physical properties of hydrogen bonds
donated by Tyrl6 and Aspl03 to a series of substituted phenolate inhibitors bound in the active site of
ketosteroid isomerase (KSI). As the solution pK, of the phenolate increases, these hydrogen bond distances
decrease, the associated nuclear magnetic resonance (NMR) chemical shifts increase, and the fraction of
protonated inhibitor increases, in agreement with prior experiments. The quantum mechanical/molecular
mechanical calculations provide insight into the electronic inductive effects along the hydrogen bonding
network that includes Tyr16, Tyr57, and Tyr32, as well as insight into hydrogen bond coupling in the active
site. The calculations predict that the most-downfield NMR chemical shift observed experimentally
corresponds to the Tyrl6—phenolate hydrogen bond and that Tyrl6 is the proton donor when a bound
naphtholate inhibitor is observed to be protonated in electronic absorption experiments. According to these
calculations, the electronic inductive effects along the hydrogen bonding network of tyrosines cause the Tyr16
hydroxyl to be more acidic than the Asp103 carboxylic acid moiety, which is immersed in a relatively nonpolar
environment. When one of the distal tyrosine residues in the network is mutated to phenylalanine, thereby
diminishing this inductive effect, the Tyr16—phenolate hydrogen bond becomes longer and the Asp103—phe-
nolate hydrogen bond shorter, as observed in NMR experiments. Furthermore, the calculations suggest that
the differences in the experimental NMR data and electronic absorption spectra for pKSI and tKSI, two
homologous bacterial forms of the enzyme, are due predominantly to the third tyrosine that is present in the
hydrogen bonding network of pKSI but not tKSI. These studies also provide experimentally testable
predictions about the impact of mutating the distal tyrosine residues in this hydrogen bonding network on the
NMR chemical shifts and electronic absorption spectra.

A>-3-Ketosteroid isomerase (KSI)! has served as a model
system for probing the structural and functional roles of hydro-
gen bonding in enzyme active sites. Two homologous bacterial
forms of this enzyme, from Commamonas testosteroni (tKSI) and
Pseudomonas putida (pKSI), have been studied extensively with
both experimental and theoretical methods. (In this paper, the
residues are numbered according to pKSI.) In both species, the
steroid isomerization reaction proceeds by a two-step general
acid—base mechanism (/, 2). As depicted in Figure 1, Asp40
abstracts a proton from the steroid C4 position to form a dienolate
intermediate, followed by proton transfer from Asp40 to the C6
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position. The negative charge accumulated on the steroid oxygen
in the dienolate intermediate is stabilized by two direct hydrogen
bonds with Tyrl6 and protonated Aspl03. In both pKSI and
tKSI, Tyr16 is hydrogen-bonded to Tyr57. In pKSI, Tyr57 is also
hydrogen bonded to Tyr32, but the analogous residue is a
phenylalanine rather than a tyrosine in tKSI.

Experimental nuclear magnetic resonance (NMR) and elec-
tronic absorption data for phenolate (3, 4) and naphtholate (3, 6)
inhibitors bound to KSI have probed the structural properties of
the active site hydrogen bonds. In these experiments, the steroid
in Figure 1 was replaced with a phenolate or naphtholate
inhibitor serving as an analogue of the dienolate intermediate.
Substitutions of electron-withdrawing groups on the phenolates
or naphtholates increased the solution pK, of the inhibitor from
5.4t0 10.0, allowing systematic studies of the effects of increasing
negative charge localization on the inhibitor oxygen. The sub-
stitutions led to significant changes in the NMR chemical shifts
observed for active site hydrogen bonds and the fraction of
inhibitor bound as the neutral phenol or naphthol as determined
from the absorption spectra.

Recently, the proton NMR chemical shifts were measured for
a series of substituted phenolates bound to the D4ON mutant of
tKSI (4). Two downfield peaks with chemical shifts of > 14 ppm
appeared upon phenolate binding and moved progressively
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FIGURE 1: Mechanism of the isomerization of the substrate, 5-androstene-3,17-dione, by A3-3-ketosteroid isomerase. The pKSI active site
hydrogen bonding network is shown with the Tyr16—substrate hydrogen bond colored red, the Asp103—substrate hydrogen bond blue, and the

Tyr57—Tyr16 hydrogen bond green.

downfield by 0.76 and 0.50 ppm per unit increase in the phenolate
pK,. These two peaks were assigned to the hydrogen-bonded
protons of Tyrl6 and Asp103, but these experiments could not
distinguish which peak arose from which residue. These NMR data,
in combination with prior correlations of hydrogen bond distances
and NMR chemical shifts derived from small molecule studies (7—9),
suggested that the O—O distances of the Tyrl6 and Aspl03
hydrogen bonds donated to the bound phenolate become shorter
with increasing phenolate pK, values by ~0.02 A/pK, unit.

Furthermore, the electronic absorption spectra were recorded
for a series of substituted naphtholates bound to the D40N
mutant of both tKSI and pKSI (6). The absorption spectra were
fit to a linear combination of the protonated (i.e., neutral) and
deprotonated (i.e., ionized) naphthol solution spectra to estimate
the fractions of protonated and deprotonated forms of the ligand
bound to KSI. According to these fits, the fraction of protonated
inhibitor in pKSI D40N decreased from 0.71 to 0.08 as the pK,
decreased from 10.1 to 8.4. For tKSI D40N, the inhibitor
exhibited more anionic character, with an observed fraction of
protonated inhibitor of only 0.30 for tKSI versus 0.71 for pKSI at
a ligand pK, of 10.1. These data were used to estimate an
apparent proton affinity of the oxyanion hole of 9.8 for pKSI
D40N and 10.5 for tKSI D40N (10).

In addition, the hydrogen bonding network was investigated
by mutating a distal tyrosine residue in the hydrogen bonding
network to phenylalanine (//—14). NMR spectra for 3,4-dinitro-
phenolate bound to tKSI D40N suggested that mutation of
Tyr57 to Phe leads to a lengthening of the Tyrl6—phenolate
hydrogen bond and a shortening of the contiguous Asp103—
phenolate hydrogen bond (/4). This result provides evidence of
coupling between these two hydrogen bonds, in agreement with
deuterium substitution studies of the unmodified KSI oxyanion
hole that detected the propagation of structural perturbations
through this hydrogen bonding network (/4).

The reaction catalyzed by KSI has been studied theoretically with
both electronic structure methods (75— /8) and molecular dynamics
simulations (/8—25). Warshel and co-workers have examined the
binding energies of the phenolate transition state analogues, as well
as the binding energies of equilinen and the dienolate intermediate
for the catalytic isomerization reaction (22, 23). In the present paper,
we do not calculate binding energies or catalytic rate constants, as
done in these previous studies, but rather focus mainly on structural
aspects of the hydrogen bonding interactions in the active site.

The objective of this paper is to elucidate the physical proper-
ties of hydrogen bonding interactions in the KSI active site for a
series of substituted phenolate inhibitors. We use quantum
mechanical/molecular mechanical (QM/MM) calculations to
analyze the changes in hydrogen bonding distances between the
phenolate and the protein, as well as the degree of phenolate

protonation, along this series. To directly compare our pKSI
D40N calculations with experiment, and because the prior NMR
studies of bound phenolates were performed only with tKSI (),
we have recorded proton NMR spectra for phenolates bound to
pKSID40N. To relate the results of the QM/MM calculations on
phenolates to the steroid isomerization reaction catalyzed by
KSI, we compare the hydrogen bonding interactions of these
inhibitors to the hydrogen bonding interactions of a steroid
substrate along the isomerization reaction pathway. In addition,
we examine how mutations of distal tyrosines in the hydrogen
bonding network impact the structures of active site hydrogen
bonds donated to the bound phenolate. These calculations
provide insight into the electronic inductive effects along the
hydrogen bonding network and the physical coupling between
the hydrogen bonds formed with the inhibitor. Moreover, these
results suggest that the observed differences in hydrogen bond
and ligand ionization properties within the active sites of tKSI
versus pKSI can be explained on the basis of the extra tyrosine in
the hydrogen bonding network of pKSI.

METHODS

Our calculations are based on the 1.25 A resolution crystal
structure of the D40N mutant of pKSI in a complex with
phenolate (PDB entry 2PZV) (4). The first monomeric unit, its
corresponding phenolate, and all crystallographic water mole-
cules within 5 A of the monomer were extracted from the crystal
structure. The heavy atoms of the N-terminal and C-terminal
residues, as well as an unresolved loop region (residues 62—64),
were reconstructed from the amino acid sequence using the
JACKAL protein modeling package (26, 27). Protonation states
were determined using H** (28), which correctly identified Asp103
as protonated, and protons were added using the Maestro modeling
program (29). The hydrogen bond orientations of Tyr16, Tyr32,
and Tyr57 were chosen to agree with the hydrogen bonding network
that can be inferred from the short O—O distances observed in the
crystal structure, assuming the phenolate ligand to be deprotonated.

We included explicit solvent in our QM/MM geometry optimi-
zations to provide a more accurate description of the solvated
protein system. To obtain a physically meaningful configuration
of the explicit solvent, the protein monomer was solvated by 6185
TIP3P water molecules (30, 37) in an orthorhombic box, with five
sodium ions added to maintain charge neutrality. Initially, the
positions of the added water molecules and ions were optimized by
minimizing the energy of the system using the OPLS2005 force
field (32). This minimization was followed by 500 ps of molecular
dynamics (MD) equilibration of the solvent and ions with the
protein and ligand fixed. This equilibration was performed for a
canonical ensemble (i.e., constant NVT) at 300 K using the
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Berendsen thermostat (33), a time step of 1 fs, a 12 A nonbonded
cutoff, and Smooth Particle Mesh Ewald (34) for long-range
electrostatics. The hydrogen atoms bonded to heavy atoms were
constrained to their equilibrium distances with the SHAKE
algorithm (35). All of the classical MD calculations were per-
formed using Desmond MD (36, 37), while the QM/MM calcula-
tions described below were performed using Qsite (38).

We built the series of substituted phenolates studied experi-
mentally in ref 4 by substituting the appropriate positions of the
bound phenolate in the crystal structure, including both possible
configurations of the asymmetrical phenolates. (The pK, values
of the phenols used in this study are given in Table S1 of the
Supporting Information.) The geometry of each substituted
phenolate was optimized by energy minimization at the QM/MM
level with all other atoms fixed, followed by geometry optimiza-
tion of a residue-based 10 A sphere centered at the phenolate
oxygen. Each geometry optimization was started from the crystal
structure geometry immersed in the same equilibrated solvent
configuration. The QM region was treated at the density func-
tional theory (DFT) B3LYP/6-31G** level of theory with an
ultrafine grid, a level shift of 1 au for virtual orbitals, and a 20 A
residue-based nonbonded cutoff. The OPLS2005 force field was
used for the MM region. The substituted phenolate, the side
chain of Asp40Asn, and the full residues Tyr16 and Asp103 were
included in the QM region in all QM/MM calculations, using the
frozen orbital methodology employed in QSite for the QM—MM
boundaries. Two additional sets of geometry optimizations were
performed using the same procedure with either Tyr57 or both
Tyr57 and Tyr32 added to the QM region.

Following these geometry optimizations, we calculated the
NMR shielding tensors of the hydrogen-bonded protons from a
single-point QM/MM calculation at the Hartree—Fock (HF) and
DFT B3LYP levels of theory using the cc-pVTZ basis set (39) and
gauge-including atomic orbitals (GIAOs) (40—42). The amino
acid residues in the QM region were truncated with hydrogen
caps between C, and Cg. The local hydrogen bonding geometry is
expected to dominate the chemical shifts of the hydrogen-bonded
protons (43). Chemical shifts were calculated as the difference
between the shielding of tetramethylsilane (TMS) calculated at
the same level of theory in the gas phase and the shielding of the
nucleus under investigation. Note that the shielding of TMS
calculated in explicit water differed from that calculated in the gas
phase by <0.5 ppm.

To further investigate the nature of the oxyanion hole hydro-
gen bonds, we calculated the proton potential energy curves
corresponding to each hydrogen bond for phenolate and 3,4,5-
trifluorophenolate. For this purpose, each hydrogen-bonded
proton was moved on a grid along its O—0 axis in increments
of 0.05 A, with all other atoms fixed at the minimum energy
geometry. In these calculations, the scanned hydrogen bond was
assumed to be linear, although the minimum energy angles were
~173° and ~163° for the Tyrl6—phenolate and Asp103—phe-
nolate hydrogen bonds, respectively. The QM/MM energy was
calculated for each proton position at the DFT B3LYP/6-31G**
level using frozen orbitals at the QM—MM boundaries. An
interpolation scheme was used to obtain a one-dimensional
potential energy curve for each hydrogen bond. One-dimensional
proton vibrational wave functions were generated for each
potential energy curve using the Fourier Grid Hamiltonian
method (44, 45).

We examined the impact of the active site hydrogen bonding
network on the oxyanion hole hydrogen bonds by mutating the
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distal tyrosine residues in the network. Starting from the crystal
structure of the pKSI D40N monomer with the equilibrated
solvent configuration described above, we mutated tyrosine to
phenylalanine to model the Y32F mutation and the Y32F and
Y57F mutations. These mutants were chosen because they are
not expected to cause major structural rearrangements in the
active site (/2). For each mutant, first the geometry of only the
mutated residue was optimized by QM/MM energy minimiza-
tion, then the geometry of only the QM region was optimized,
and finally the geometry of a 10 A sphere centered at the pheno-
late oxygen was optimized. The resulting configuration was used
as a starting structure for phenolate substitution, and the
QM/MM geometry optimization procedure performed above for
substituted phenolates in pKSI D40N was repeated for these
mutants. We also calculated the proton potentials and associated
proton vibrational wave functions for these hydrogen bonds. In
these calculations, full residues 32 and 57, as well as the substi-
tuted phenolate, the side chain of Asp40Asn, and full residues
Tyr16 and Aspl103, were included in the QM region. We also
studied the impact of mutating the most distal tyrosine in the
hydrogen bonding network (i.e., Tyr32 in D40N, Tyr57 in Y32F/
D40N, and Tyr16in Y32F/D40N/Y57F) to the unnatural amino
acids 2,6-difluorotyrosine and 2,3,5,6-tetrafluorotyrosine. We
followed the same procedure for these mutants as for the phenyl-
alanine mutants, although these calculations were performed for
only the unsubstituted phenolate.

In addition, we compared the hydrogen bonding structures of
the phenolate ligands bound to KSI to those of the bound steroid
substrate, dienolate intermediate, and product. For this purpose,
we used a similar QM/MM geometry optimization procedure to
model the reactant, intermediate, and product states of the KSI
steroid isomerization reaction. These calculations were based on
the 2.50 A resolution crystal structure of pKSI D40N bound to
the substrate analogue androstene-35-ol-17-one (PDB entry
1E3R) (46). The first monomer and its ligand were solvated
by explicit water and sodium ions using the same equilibration
procedure for the water molecules and ions as described above.
The amide nitrogen of D40N was converted to oxygen to model
wild-type pKSI, and states corresponding to the reactant, inter-
mediate, and product were constructed using the Maestro
modeling program (29). For each state, the geometry of the
steroid was optimized by energy minimization at the MM level,
followed by geometry optimization at the QM/MM level with the
protein, solvent, and ions fixed. This optimization of the steroid
was followed by geometry optimization at the QM/MM level of a
residue-based 10 A sphere centered at the steroid oxygen. The
substrate, the side chain of Asp40, and full residues Tyr16 and
Aspl03 were included in the QM region in these calculations.
Additional calculations were performed with Tyr57 or with both
Tyr32 and Tyr57 included in the QM region.

'"H NMR spectra for phenolates bound to pKSI D40N were
recorded at the Stanford Magnetic Resonance Laboratory on an
800 MHz Varian "™W"YINOVA spectrometer using previously
reported methods (4). NMR samples consisted of 0.5 mM pKSI
D40N and 0.5—5.0 mM substituted phenol in 40 mM potassium
phosphate buffer (pH 7.2), | mM EDTA, 2 mM DTT, and 10%
(v/v) DMSO-dg. One-dimensional proton spectra were recorded
at —3.0 £ 0.5 °C using the 1331 binomial pulse sequence (47) to
suppress the water signal, with a spectral width of 30 ppm (carrier
frequency set on the water resonance) and an excitation maximum
of 14—18 ppm. Data were collected for 512—5120 scans and
processed using a 10 Hz line broadening and baseline correction
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FIGURE 2: (A) Comparison of the X-ray crystal structure (PDB entry
2PZV) (blue) and the QM/MM-optimized geometry (red) for phe-
nolate bound to pKSI D40N. The hydrogen bonding interactions are
represented as dashed lines. The rmsd between these structures for the
active site residues and the phenolate is 0.26 A. (B) Depiction of the
calculated electron density (green) with an isovalue of 0.05 electron
per cubic Bohr for QM residues and phenolate in the active site. In
these QM/MM calculations, the QM region included Tyr16, Asp103,
Asp40Asn, Tyr32, Tyr57, and the phenolate.

applied over the peaks of interest. Chemical shifts were referenced
internally to the water resonance (5.1 at —3.0 °C) and externally to
a sample of sodium 3-trimethylsilylpropionate-2,2,3,3-d; (0 ppm)
under the same buffer conditions.

RESULTS AND DISCUSSION

Hydrogen Bonding of Phenolates in the KSI Active Site.
To analyze the effects of phenolate charge delocalization on the
structures of the oxyanion hole hydrogen bonds, we performed
QM/MM geometry optimizations for a series of pKSI-bound
phenolates bearing electron-withdrawing substituents. These
calculations were conducted using three different QM regions
that excluded both Tyr57 and Tyr32, included Tyr57 but not
Tyr32, or included both Tyr57 and Tyr32 in the QM region.
Because the QM/MM methodology accounts for the electronic
inductive effects of only residues within the QM region, these
three QM regions allowed us to examine the impact of excluding
the electronic inductive effects of specified residues in the hydro-
gen bonding network. Figure 2 provides a comparison between
the X-ray crystal structure (PDB entry 2PZV) and the QM/MM-
optimized geometry obtained with the largest QM region, as well
as a depiction of the calculated electron density for the active site
residues and bound phenolate. The root-mean-square deviation
(rmsd) between the crystal structure and the QM/MM-optimized
geometry for the active site residues and the phenolate shown in
Figure 2 was 0.26 A, indicating only minor structural rearrange-
ments upon geometry optimization.

The calculated O—O distances for the hydrogen bonds donated
by Tyrl6 and Aspl103 to the substituted phenolate are depicted in
Figure 3 for the three QM regions investigated. These hydrogen
bond distances become shorter as the solution pK,, of the phenolate
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FIGURE 3: Hydrogen bond O—O distances for the Tyr16—phenolate
hydrogen bond (red) and the Aspl03—phenolate hydrogen bond
(blue) as functions of the solution pK, of the substituted phenolate.
These distances were determined from QM/MM calculations of the
phenolate bound to pKSI D40N with three different QM regions:
(A) Tyr57 and Tyr32 MM, (B) Tyr57 QM and Tyr32 MM, and (C)
Tyr57 and Tyr32 QM. All calculations included Tyr16, Asp103, the
Asp40Asn mutation, and the phenolate in the QM region.

increases, as indicated by NMR experiments. Moreover, the
Tyr16—phenolate hydrogen bond is shorter than the Asp103—phe-
nolate hydrogen bond by ~0.1 A, in agreement with the X-ray
structure (4). Successive addition of Tyr57 and Tyr32 to the QM
region causes the Tyrl6—phenolate hydrogen bond distance to
decrease and slightly enhances the pK, dependence of the hydrogen
bond distance. Conversely, the Aspl103—phenolate hydrogen bond
distance increases slightly, and the pK, dependence of the hydrogen
bond distance is somewhat reduced when these tyrosine residues
are represented quantum mechanically. The impact of including
additional tyrosines in the QM region on the calculated hydrogen
bond distances is consistent with an electronic inductive effect
along the hydrogen bonding network.

The calculated O—H distances of each hydrogen bond exhibit
trends consistent with those observed for the O—O distances.
Figure 4 illustrates that the shortening of the O—O distance is
accompanied by migration of the bridging proton toward the
acceptor oxygen. In the absence of inductive effects from the
hydrogen bonding network, both hydrogen-bonded protons
remain localized on the amino acid over the full pK, range
investigated. The inclusion of inductive effects arising from the
quantum mechanical treatment of Tyr57 and Tyr32, however,
causes the optimized position of the Tyrl6 hydrogen-bonded
proton to approach the O—O midpoint at high pK, values.

To further explore the effects of phenolate substitution on the
nature of the two hydrogen bonds, we calculated the proton
potential energy curves for each hydrogen bond, both with and
without the inductive effects of the distal tyrosines. Figure 5
depicts the proton potential energy curves and corresponding
proton vibrational wave functions for phenolate, which has
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a solution pK, of 10.0, and 3,4,5-trifluorophenolate, which has a
solution pK, of 8.2. In the absence of inductive effects, the proton
potential energy curves corresponding to both hydrogen bonds are
asymmetric with the minimum closer to the amino acid oxygen.
When the inductive effects of Tyr57 are included, however,
the proton potential energy curve corresponding to the Tyr16—
phenolate hydrogen bond becomes a broader single well, which is
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FiGure 4: Donor O—H distances (squares) and H---O-phenolate dis-
tances (triangles) for the Tyr16—phenolate (red) and Asp103—phenolate
(blue) hydrogen bonds as functions of the O—O distance of each
hydrogen bond. These distances were determined from QM/MM calcu-
lations of the phenolate bound to pKSI D40N with three different QM
regions: (A) Tyr57 and Tyr32 MM, (B) Tyr57 QM and Tyr32 MM, and
(C) Tyr57 and Tyr32 QM. All calculations included Tyr16, Asp103, the
Asp40Asn mutation, and the phenolate in the QM region.
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somewhat asymmetric in the case of 3,4,5-trifluorophenolate and
nearly symmetric in the case of phenolate. The addition of
the inductive effects of Tyr32 extends this trend, resulting in the
minimum of the broader single well being slightly closer to the
phenolate for the Tyr16—phenolate hydrogen bond. As discussed
below, however, DFT does not provide quantitatively accurate
intermolecular distances or barriers but rather is capable of
predicting only qualitative trends. Because of the limitations of
DFT, the proton potential energy curves may not be quantitatively
accurate. Thus, we interpret these results to implicate only a
qualitative movement of the proton toward the hydrogen bond
acceptor as the phenolate pK, increases.

These calculations are qualitatively consistent with the ob-
served trends of absorption spectra measured for a series of
naphthols bound to KSI (6) and provide an explanation for the
experimentally measured differences between pKSI and tKSI.
The fraction of the protonated form of the naphthol bound to
KSI, as determined experimentally by fitting the absorption
spectra to a linear combination of protonated and deprotonated
naphthol spectra, differed for pKSI and tKSI. Specifically, a
substantially smaller fraction of protonated naphtholate (i.e.,
neutral naphthol) was observed in the tKST active site than in the
pKSI active site. Although our calculations are performed on a
single configuration that does not exhibit complete proton
transfer, the trends in the hydrogen bonding distances and proton
potential energy curves provide an indication of relative proton
transfer character. These calculations suggest that Tyr16 is the
most likely residue to donate a proton to the naphtholate when
this ligand is observed experimentally to bind as a neutral
naphthol at a high pK, (6). These calculations also suggest that
the differences in the experimentally measured fraction of the
protonated form of the bound inhibitor for pKSI and tKSI may
arise from the presence of Tyr32 in the hydrogen bonding
network of pKSI but not in tKSI. Additional experiments on
tKSI with the F32Y mutation and pKSI with the Y32F mutation
could be performed to test this hypothesis.

NMR Chemical Shifts of Hydrogen-Bonded Protons in
the KSI Oxyanion Hole. The downfield NMR chemical shifts
observed for the series of substituted phenolates bound to tKSI
D40N were previously published (4). To directly compare our
theoretical calculations for pKSI D40N-bound phenolates to
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FIGURE 5: Proton potential energy curves and corresponding proton vibrational wave functions for 3,4,5-trifluorophenolate (A—C) and
phenolate (D—F). The proton potentials were determined from QM/MM calculations of the phenolate bound to pKSI D40N with Tyr32 and
Tyr57 in the MM region (A and D), with Tyr57 in the QM region (B and E), and with both Tyr32 and Tyr57 in the QM region (C and F). All
calculations included Tyr16, Asp103, the Asp40Asn mutation, and the phenolate in the QM region. The single-point QM/MM energies are
depicted with points, the fits are depicted with thick lines, and the proton vibrational wave functions are depicted with thin lines. Results are
colored red for the Tyr16—phenolate hydrogen bond and blue for the Aspl103—phenolate hydrogen bond.
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FIGURE 6: Experimental chemical shifts of downfield 'H NMR
peaks observed upon phenolate binding to pKSI D40N (filled circles)
and tKSI D40N (empty circles) as functions of the solution pK,, of the
substituted phenolate. The phenolates (pK,) shown are 3.4-dinitro-
phenol (5.4), 3-(trifluoromethyl)-4-nitrophenol (6.3), 4-nitrophenol
(7.1), 3-fluoro-5-(trifluoromethyl)phenol (8.2), and 3-iodophenol
(9.2). Linear fits to the data are shown with solid (pKSI D40N)
and dashed (tKSI D40N) lines. Data for tKSI were previously
published in ref 4. Spectra for pKSI D40N are shown in Figure S1
of the Supporting Information

experimental data measured on the same enzyme, we acquired
"H NMR spectra for substituted phenolates bound to pKSI
D40N. As shown in Figure S1 of the Supporting Information,
these spectra are generally similar to the previously published
data for tKSI D40N: phenolate binding to both enzymes results
in the appearance of downfield peaks at >14 ppm that move
progressively downfield with increasing phenolate pK, values.
Nevertheless, there are notable differences between the two
enzymes. (1) The pKSI D40N peaks are generally broader than
those observed for tKSI. (2) Only one peak is observed for pKSI
D40N upon 4-nitrophenolate binding, whereas two are observed
for tKSI. (3) For pKSI, a third downfield peak appears at
~11 ppm and moves downfield to 14 ppm with increasing
phenolate pK, values. When the observed downfield peaks for
pKSI D40N are plotted as functions of phenolate pK, and
compared to the corresponding data for tKSI D40N (Figure
6), we note that the chemical shift of the most downfield peak is
greater for pKSI, while the chemical shift of the second most
downfield peak is greater for tKSI. While the slope representing
the pK, dependence for the most downfield peak is nearly
identical for both enzymes, the slope of the second most down-
field peak is slightly reduced in pKSI compared to that in tKSI.

The previous NMR study of phenolates bound to tKST D40N
was able to assign the observed downfield peaks to the hydrogen-
bonded protons of Tyrl6 and Aspl03 but could not further
distinguish which proton corresponds to each peak (4). A more
detailed discussion of these NMR assignments is provided in the
Supporting Information. To assist with the assignments of these
NMR chemical shifts and provide insight into the differences
between pKSI and tKSI, we calculated the NMR chemical shifts
for the substituted phenolates bound to pKSI D40N. Figure 7
depicts the calculated chemical shifts for the protons in the
Tyrl6—phenolate and Aspl03—phenolate hydrogen bonds, as
well as the proton in the Tyr16—Tyr57 hydrogen bond when
Tyr57isincluded in the QM region. This figure illustrates that the
chemical shifts increase as the solution pK, of the phenolate
increases, in agreement with the experimental data and as
expected on the basis of the calculated shortening of the O—0O
distances and elongation of the donor O—H bond with increasing
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FiGuRe 7: Calculated NMR chemical shifts for the protons in
the Tyrl6—phenolate hydrogen bond (red), the Aspl103—phenolate
hydrogen bond (blue), and the Tyrl6—Tyr57 hydrogen bond
(green) as functions of the solution pK, of the substituted phenolate.
These chemical shifts were determined from QM/MM calculations
of the phenolate bound to pKSI D40N with three different QM
regions: (A) Tyr57 and Tyr32 MM, (B) Tyr57 QM and Tyr32 MM,
and (C) Tyr57 and Tyr32 QM. All calculations included Tyrl16,
Asp103, the Asp40Asn mutation, and the phenolate in the QM region.

phenolate pK, values (Figures 3 and 4). Migration of the proton
away from the donor oxygen is expected to decrease local electron
density, deshielding the proton and increasing its isotropic chemical
shift.

According to our calculations, the most downfield chemical
shift corresponds to the Tyr16 hydroxyl proton. Because avail-
able NMR data cannot distinguish which downfield peak arises
from Tyrl6 versus Aspl03 (as discussed above and in the
Supporting Information), future experiments will be required to
test this prediction. We note that this assignment is consistent with
the shorter O—O distance refined for the Tyrl6 hydrogen bond
(relative to the Asp103 hydrogen bond) in all four independently
refined monomers in the asymmetric unit of the 1.25 A pKSI--
phenolate X-ray structure () and the expectation that a shorter
hydrogen bond will lead to a more downfield chemical shift (7).

When the inductive effects of the hydrogen bonding network
are included via addition of Tyr57 and Tyr32 to the QM region,
the chemical shift and its dependence on phenolate pK, increase
for Tyr16 but decrease for Asp103. These results suggest that the
experimentally observed differences between the magnitude and
pK, dependence of the NMR chemical shifts for phenolates
bound to pKSI D40N and tKSI D40N may arise from the
additional hydrogen bond donated by Tyr32 in the hydrogen
bonding network of pKSI. This issue will be discussed further in
the context of mutants below. In addition, these calculations
predict that a third pK,-dependent downfield peak at > 10 ppm
corresponding to the Tyr16—Tyr57 hydrogen bond should be
detectable for tKSI but at a pK, higher than that for pKSI.
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FiGure 8: Hydrogen bond O—O distances for the Tyr16—phenolate
hydrogen bond (red) and the Aspl03—phenolate hydrogen bond
(blue) as functions of the solution pK, of the substituted phenolate.
These distances were determined from QM/MM calculations of the
phenolate bound to pKSI D40N with (A) the unmodified hydrogen
bonding network, (B) the Y32F mutation, and (C) the Y32F and
Y57F mutations. All calculations included Tyrl6, Aspl03, the
Asp40Asn mutation, residue 32, residue 57, and the phenolate in
the QM region.

Inspection of the previously published tKSI spectra (4) reveals
that such a peak does indeed become detectable at a phenolate
pK, value of ~9, consistent with this prediction.

The calculated NMR chemical shifts agree qualitatively but not
quantitatively with the experimental data. The calculated chemical
shifts of the Tyr16 and Asp103 hydroxyl protons are overestimated
and underestimated, respectively, relative to the experimental
values. The quantitative errors may be explained in part by the
known systematic underestimation of hydrogen bonding distances
with DFT (48, 49). Underestimation of the hydrogen bond O—0O
distance would be expected to increase the donor O—H distance in
the hydrogen bond, thereby increasing the calculated chemical shift
of the proton. Because of the physical coupling between the Tyr16
and Aspl03 hydrogen bonds to the phenolate described above,
underestimation of the Tyrl16—phenolate hydrogen bond distance
may result in overestimation of the Aspl03—phenolate hydrogen
bond distance, which is consistent with the observed quantitative
discrepancies between the calculated and experimentally determined
NMR data. Nevertheless, DFT is able to reproduce the trends in the
hydrogen bonding distances and chemical shifts for the series of
substituted phenolates.

In addition to the limitations of DFT, additional errors are
introduced by the lack of conformational sampling in the
calculations (i.e., the investigation of only a single optimized
geometry). Because the same equilibrated solvent configuration
and initial protein structure were used for all calculations, the
trends for the series of substituted phenolates are expected to be
reasonable. As an additional test, we performed some of these
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FiGURE 9: Calculated NMR chemical shifts for the protons in the
Tyrl6—phenolate hydrogen bond (red), the Asp103—phenolate hy-
drogen bond (blue), and the Tyr16—Tyr57 hydrogen bond (green) as
functions of the solution pK, of the substituted phenolate. These
chemical shifts were determined from QM/MM calculations of the
phenolate bound to pKSI D40N with (A) the unmodified hydrogen
bonding network, (B) the Y32F mutation, and (C) the Y32F and
Y57F mutations. All calculations included Tyrl6, Aspl03, the
Asp40Asn mutation, residue 32, residue 57, and the phenolate in
the QM region.

calculations for a different equilibrated solvent configuration and
found that the results were qualitatively similar, as shown in
Figure S2 of the Supporting Information.

Hydrogen Bonding in KSI Mutants. To further explore the
effects of Tyr32 and Tyr57 on the oxyanion hole hydrogen bonds
and their NMR chemical shifts, we performed additional calcula-
tions on the Y32F/D40N and Y32F/D40N/Y57F pKSI mutants.
The calculated O—0O hydrogen bond distances and NMR chemi-
cal shifts of pKSI D40N and these mutants are depicted in Figures 8
and 9, respectively. (In all of these calculations, both residues 32
and 57 are included in the QM region.) As tyrosine residues are
removed from the hydrogen bonding network when they are
mutated to phenylalanine, the Tyrl6—phenolate hydrogen bond
becomes longer, while the Aspl03—phenolate hydrogen bond
becomes shorter relative to that of pKSI D40N. This shortening of
the Asp103 hydrogen bond in response to the lengthening of the
Tyrl6 hydrogen bond indicates a coupling between these two
hydrogen bonds, in agreement with experimental identification of
coupling between these residues by NMR (74). In the Y32F/D40N/
Y57F mutant, our calculations suggest that the Asp103—phenolate
hydrogen bond is shorter than the Tyrl6—phenolate hydrogen
bond, resulting in a reversal of the chemical shift assignments for
this mutant. This analysis is further supported by calculations of
the proton potentials and corresponding proton vibrational wave
functions for these mutants, as depicted in Figure 10.

These calculations indicate that the hydrogen bonding net-
work comprised of Tyr57 and Tyr32 impacts the relative lengths
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FiGURE 10: Proton potential energy curves and corresponding proton vibrational wave functions for 3,4,5-trifluorophenolate (A—C) and
phenolate (D—F). The proton potentials were determined from QM/MM calculations of the phenolate bound to pKSI D40N (A and D), with the
additional Y32F mutation (B and E), and with the additional Y32F and Y57F mutations (C and F). The single-point QM/MM energies are
depicted with points, the fits are depicted with thick lines, and the proton vibrational wave functions are depicted with thin lines. Results are
colored red for the Tyrl6—phenolate hydrogen bond and blue for the Aspl03—phenolate hydrogen bond. All calculations included Tyrl16,
Asp103, the Asp40Asn mutation, residue 32, residue 57, and the phenolate in the QM region.

of the two active site hydrogen bonds in pKSI. These calculations
also suggest that the Tyrl6 hydroxyl is more acidic than the
Aspl03 carboxylic acid moiety because of the electron-with-
drawing inductive effects of the hydrogen bonding network, in
contrast to the predominantly nonpolar environment surround-
ing Asp103. In the absence of these tyrosine residues, Asp103 is
observed computationally to form a shorter hydrogen bond and
donate its proton more readily than Tyr16, consistent with the
relative solution pK, values of these amino acids. Future experi-
ments will be required to test our prediction that Tyr16 is more
acidic than Asp103 in pKSI D40N.

These calculations are consistent with experimental data on a
related mutant. Experimental NMR spectra for 3,4-dinitrophe-
nolate bound to tKSI D40N/Y57F indicated a lengthening of the
Tyrl6—phenolate hydrogen bond and a shortening of the
Aspl03—phenolate hydrogen bond (/4). These data implicate
an inductive effect from the hydrogen bonding network, as well
as hydrogen bond coupling. Specifically, when the inductive
effects of the hydrogen bonding network are weakened via
the mutation of Tyr57 to Phe, the Tyrl6—phenolate hydrogen
bond becomes longer and the Aspl03—phenolate hydrogen bond
becomes shorter.

To further test the hypothesis of an inductive effect through
the hydrogen bonding network in KSI, we mutated the most
distal tyrosine in the network to 2,6-difluorotyrosine and 2,3,5,6-
tetrafluorotyrosine for both wild-type and mutant pKSI. As
expected, the optimized geometries of the protons in the hydro-
gen bonding network of tyrosines are shifted toward the pheno-
late in all cases. These calculations lead to the prediction that the
degree of protonated ligand identified in the electronic absorp-
tion spectra (6) should be greater for these fluorotyrosine mutants
than for their natural counterparts. Furthermore, the hydroxyl
proton in the Asp103—phenolate hydrogen bond was observed to
further localize on the aspartic acid, leading to the prediction of
a reduction of the NMR chemical shift observed for this proton.

Comparison to the Steroid Isomerization Reaction. To
determine the relation between the changes in hydrogen bonding
occurring along the series of substituted phenolates and those
occurring along the KSI reaction coordinate, we performed
QM/MM geometry optimizations for the reactant, intermediate,
and product states of the natural substrate in pKSI. In the
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FiGure 11: Correlation between the ligand C—O distances and the
hydrogen bond O—O distances for the Tyr16—ligand hydrogen bond
(red) and the Asp103—ligand hydrogen bond (blue) determined from
QM/MM calculations of the ligand bound to pKSI D40N. The
empty circles correspond to the series of substituted phenolates.
The empty and filled squares correspond to the steroid substrate
(i.e., the reactant) and the dienolate intermediate, respectively. All
calculations included Tyrl6, Aspl03, residue 40, Tyr57, and the
bound ligand in the QM region. The lines represent linear fits to
the phenolate data.

intermediate state, relatively short hydrogen bonds are formed
between both Tyrl6 and Aspl03 and the dienolate oxyanion,
with Tyr16 forming the shorter hydrogen bond. These hydrogen
bonds are ~0.1 A shorter for the dienolate intermediate than for
the reactant and product. These results are qualitatively consis-
tent with X-ray crystal structures indicating that the oxyanion
hole hydrogen bonds are ~0.2 A shorter with bound intermediate
analogues than with product analogues (15).

To assess possible differences between the physical properties
of hydrogen bonds formed to the phenolates and to the bound
steroid substrate and reaction intermediate, we plotted the
hydrogen bond O—O distances as a function of ligand C—0O
distance for each species, as depicted in Figure 11. The empty
circles in this figure correspond to the series of substituted
phenolates, and the empty and filled squares correspond to the
reactant and dienolate intermediate, respectively, for the steroid
isomerization. Calculated distances for substituted phenolates
span a range around the dienolate intermediate but do not extend
to the reactant state. Nevertheless, extrapolation of linear fits of
the phenolate data suggests that the distances for the bound
substrate and intermediate fall on the same correlation line as
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those for the phenolates. On the basis of this analysis, we conclude
that hydrogen bonds formed to phenolates and steroids bound
within the K ST active site exhibit similar physical properties.

CONCLUSIONS

The QM/MM calculations presented in this paper provide insight
into the electronic inductive effects and hydrogen bond coupling in
the active site of KSI. As a result of inductive effects arising from
substitutions on bound phenolate inhibitors, the hydrogen bond
distances decrease, the NMR chemical shifts increase, and the
fraction of protonated inhibitor increases as the solution pK, of
the phenolate increases, in agreement with prior experimental data.
The calculations predict that the most-downfield NMR chemical
shift observed experimentally corresponds to the Tyrl6—phenolate
hydrogen bond and that Tyrl6 is the proton donor when the
naphtholate is observed to be protonated in the electronic absorp-
tion experiments. These results also provide support for an electro-
nic inductive effect along the hydrogen bonding network formed by
Tyrl6, Tyr57, and Tyr32. As a result of this inductive effect
observed in our calculations, the Tyrl6 hydroxyl is predicted to
be more acidic than the Asp103 carboxylic acid moiety, which is
immersed in a relatively nonpolar environment. When one of the
more distal tyrosine residues in the network is mutated to phenyl-
alanine, thereby diminishing this inductive effect, the Tyrl6—
phenolate hydrogen bond becomes longer and the Aspl03—phe-
nolate hydrogen bond shorter, as observed in NMR experiments.

These studies also provide experimentally testable predictions.
The calculations predict that mutation of both distal tyrosine
residues in the pKSI network to phenylalanine will lead to a
decreased chemical shift for the Tyrl6—phenolate hydrogen
bond and an increased chemical shift for the Aspl03—phenolate
hydrogen bond, potentially leading to a reversal of the chemical
shift assignments. The calculations also predict that fluorination
of the distal tyrosines in this network will enhance this inductive
effect, leading to a shortening of the Tyr16—phenolate hydrogen
bond and a lengthening of the Aspl03—phenolate hydrogen
bond. These effects of fluorination should be experimentally
observable through a larger fraction of protonated ligand,
identifiable by the electronic absorption spectra. Furthermore,
these studies suggest that the differences in the experimental
NMR data and electronic absorption spectra for pKSI and tKSI
are due predominantly to the third tyrosine that is present in
the hydrogen bonding network of pKSI but not tKSI. This
hypothesis can be tested experimentally by mutation of this third
tyrosine to phenylalanine in pKSI or the reverse mutation
in tKSI.

SUPPORTING INFORMATION AVAILABLE

Downfield region of "H NMR spectra for substituted phenolates
bound to pKSI D40N, comparison of QM/MM results obtained
for two different solvent configurations, discussion of previous
NMR assignments with supporting NMR data, and a complete list
of phenols and their solution pK, values. This material is available
free of charge via the Internet at http://pubs.acs.org.
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