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The catalytic importance of enzyme active-site interactions is fre-
quently assessed by mutating specific residues and measuring
the resulting rate reductions. This approach has been used in bac-
terial ketosteroid isomerase to probe the energetic importance of
active-site hydrogen bonds donated to the dienolate reaction inter-
mediate. The conservative Tyr16Phe mutation impairs catalysis by
105-fold, far larger than the effects of hydrogen bond mutations in
other enzymes. However, the less-conservative Tyr16Ser mutation,
which also perturbs the Tyr16 hydrogen bond, results in a less-
severe 102-fold rate reduction. To understand the paradoxical
effects of these mutations and clarify the energetic importance
of the Tyr16 hydrogen bond, we have determined the 1.6-Å resolu-
tion x-ray structure of the intermediate analogue, equilenin, bound
to the Tyr16Ser mutant and measured the rate effects of mutating
Tyr16 to Ser, Thr, Ala, and Gly. The nearly identical 200-fold rate
reductions of these mutations, together with the 6.4-Å distance
observed between the Ser16 hydroxyl and equilenin oxygens in
the x-ray structure, strongly suggest that the more moderate rate
effect of this mutant is not due tomaintenance of a hydrogen bond
from Ser at position 16. These results, additional spectroscopic
observations, and prior structural studies suggest that the
Tyr16Phe mutation results in unfavorable interactions with the
dienolate intermediate beyond loss of a hydrogen bond, thereby
exaggerating the apparent energetic benefit of the Tyr16 hydrogen
bond relative to the solution reaction. These results underscore the
complex energetics of hydrogen bonding interactions and site-
directed mutagenesis experiments.
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Our knowledge of enzyme function has been greatly advanced
by a combination of structure determination and site-

directed mutagenesis. These approaches have yielded detailed
models of active-site architectures and identified the key catalytic
groups positioned near bound substrates whose mutation results
in large rate reductions. From this knowledge and an understand-
ing of basic properties of chemical reactivity, detailed reaction
mechanisms have been elucidated for numerous enzymes (1).
Nevertheless, incisive understanding of the energetic contribu-
tions of physical interactions within active sites to the extraordi-
nary 1010–1020-fold rate enhancements of enzymes remains a
central challenge of biochemistry and a key hurdle in rational
enzyme design (2–6).

Site-directed mutagenesis has been used extensively in bacte-
rial ketosteroid isomerase from Pseudomonas putida (pKSI) and
Commamonas testosteroni (tKSI) to probe the catalytic impor-
tance of active-site hydrogen bonds. KSI catalyzes a reversible
double-bond isomerization within steroid substrates that pro-
ceeds via a dienolate intermediate stabilized by hydrogen bonds
donated by Tyr16 (pKSI numbering) and protonated Asp103
within an active-site oxyanion hole (Fig. 1A). The conservative
Tyr16Phe mutation decreases kcat by approximately 50,000-fold
(see additional discussion in SI Text), corresponding to a
6.3 kcal∕mol reduction in catalysis that is far larger than the ef-
fects of hydrogen bond mutations in other enzymes (Table S1)
(7, 8). The large rate reduction from this mutation, along with

observation of a far-downfield NMR chemical shift for the
Tyr16 hydroxyl proton and a short 2.5-Å O⋯O distance between
Tyr16 and the intermediate analogue equilenin, led to suggestions
that the Tyr16 hydrogen bond donated to the reacting substrate
was energetically more favorable than hydrogen bonds formed to
water molecules in the nonenzymatic solution reaction and
contributed approximately 6 kcal∕mol to specific transition state
stabilization by KSI (9–12).

This interpretation of the unusually large rate reduction of the
Tyr16Phe mutation suggested that any mutation that ablated the
hydrogen bond donated by Tyr16 to the reacting substrate would
give rise to a similarly large 6 kcal∕mol reduction in catalysis.
Paradoxically, the less-conservative Tyr16Ser mutation was
reported to result in a much less severe 30-fold reduction in
kcat, despite the simple expectation that this mutation would also
disrupt the Tyr16 hydrogen bond (13). The authors accounted for
this result by suggesting that the Tyr16Ser mutant was still capable
of forming a hydrogen bond to the dienolate intermediate. Direct
formation of a hydrogen bond between the Ser16 hydroxyl and
the intermediate would require an approximately 5-Å restructur-
ing of the KSI backbone in the vicinity of residue 16 to position a
Ser within hydrogen-bonding distance of the bound substrate.
Alternatively, other active-site changes mediated by the Tyr16Ser
mutation could permit hydrogen bond formation by other groups
at this position.

To clarify the paradoxical effects of the Tyr16Phe and Tyr16Ser
mutations, to test the model that a Ser at position 16 can donate a
hydrogen bond to the dienolate intermediate, and to better
understand the catalytic contributions of active-site hydrogen
bonds, we have determined the 1.6-Å resolution x-ray structure
of the intermediate analogue, equilenin, bound to the Tyr16Ser
mutant and tested the requirement for a hydroxyl group at posi-
tion 16 by mutating Tyr16 to Ser, Thr, Ala, and Gly. The nearly
identical 3 kcal∕mol rate reductions of these mutations, together
with the 6.4-Å distance observed between the Ser16 hydroxyl and
equilenin oxygen atoms in the x-ray structure, provide direct
evidence that the more moderate rate effect of this mutant is
not due to maintenance of a hydrogen bond from Ser at position
16. These results, additional spectroscopic observations, and
prior structural studies suggest an alternative model to explain
the unusually large rate reduction of the Tyr16Phe mutation
and the more moderate effect of the Tyr16Ser mutant and
provide a cautionary lesson for interpreting hydrogen bond ener-
getics from site-directed mutagenesis experiments.
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Results and Discussion
Rate Effects from Mutating Tyr16 to Phe, Ser, Thr, Ala, and Gly. Prior
measurements of the Tyr16Phe and Tyr16Ser rate effects were
performed using a steroid substrate, 5-androstene-3,17-dione
(5-AND, Fig. 1B), for which chemical steps are not cleanly
rate-limiting (14). Thus, the reported rate reductions may repre-
sent lower limits for the effects of these mutations on chemical
catalysis of steroid isomerization. To clarify the rate effects on
active-site chemistry in the absence of contributions from
substrate binding or product release, we determined kcat and
KM for wild-type and mutant pKSI using a substrate, 5(10)-
estrene-3,17-dione [5(10)-EST, Fig. 1A], for which chemical steps
are cleanly rate-limiting (15). Our results with 5(10)-ESTare sum-
marized in Fig. 2 and Table S2 and are identical, within error, to
independently determined values we reported in a separate study
(16). The Tyr16Phe mutation decreases kcat by 20,000-fold, cor-
responding to a 5.8 kcal∕mol reduction in catalysis. This result is
very similar to the previously reported kcat reduction of 50,000-
fold (6.3 kcal∕mol energetic effect) determined for tKSI
Tyr16Phe using 5-AND (7). With 5(10)-EST, the Tyr16Ser muta-
tion reduces kcat by 300-fold, a 10-fold larger decrease than
previously determined using 5-AND (13) but a 100-fold smaller
value than the effect from the Tyr16Phe mutation.

Why does the less-conservative Tyr16Ser mutation result in a
smaller rate decrease than the conservative Tyr16Phe mutant? A

prior study proposed that the Ser16 hydroxyl maintained a hydro-
gen bond to the dienolate reaction intermediate that was ablated
in the Phe16 mutant (13). To test this proposal, we measured the
rate reductions upon mutation of Tyr16 to additional groups that
either preserved (Thr) or ablated (Ala, Gly) the hydrogen-bond-
ing ability of residue 16. If the presence or absence of a hydrogen
bond to a mutated residue 16 resulted in the moderate (approxi-
mately 300-fold) and large (approximately 20,000-fold) rate
reduction previously observed for the Ser and Phe mutants,
respectively, then we expected to observe a moderate rate reduc-
tion for the Thr mutant but a much larger decrease for the Ala
and Gly mutants at this position. We observed an approximately
200-fold kcat reduction for all three mutants. This reduction is
nearly identical to the approximately 300-fold Tyr16Ser decrease
(Fig. 2), strongly suggesting that the moderate energetic effect of
the Ser16 mutation does not arise from formation of a hydrogen
bond between residue 16 and the dienolate intermediate.

To further test the prior model and clarify the physical origin of
the paradoxical rate effects of Tyr16 mutations, we determined
the x-ray structure of the Tyr16Ser mutant and compared it to
existing structures for wild-type and Tyr16Phe KSI.

X-Ray Structure of the Intermediate Analogue, Equilenin, Bound to
Tyr16Ser KSI and Comparison to Wild-Type and Tyr16Phe KSI. We de-
termined the x-ray structure of the intermediate analogue, equi-
lenin (Fig. 1C), bound to pKSI Tyr16Ser/Asp40Asn.* X-ray data
collection and model refinement statistics are listed in Table S3
(Rwork ¼ 20.7% and Rfree ¼ 24.5%). The overall KSI structure
obtained at 1.6-Å resolution is nearly identical to that observed
previously in a 1.1-Å resolution structure of equilenin bound to
wild-type pKSI [Protein Data Bank (PDB) code 1OH0], with a
root-mean-square deviation between the two structures of
0.4 Å for backbone atoms (10). The electron density map for
the Tyr16Ser structure, contoured in Fig. 3A at 1.5σ, shows
well-defined densities for the modeled atomic positions within
the oxyanion hole, with no indication of alternative ligand or
side-chain orientations.

The refined orientation of bound equilenin is nearly identical
to that observed previously for the pKSI · equilenin complex,
with equilenin positioned to accept a short hydrogen bond from
the similarly positioned side chain of Asp103 (O⋯O distance
∼2.5 Å) in both structures (Fig. 3B). The hydrogen bond between
Tyr16 and equilenin, however, has been ablated by the Tyr16Ser
mutation. The backbone atoms of Ser16 are positioned nearly
identically to those of Tyr16 in wild-type KSI, and the 6.4-Å

Fig. 1. KSI substrates and reaction intermediate analogue. (A) Reactionmechanism for isomerization of 5(10)-estrene-3,17-dione (5(10)-EST). (B) Isomerization
of 5-androstene-3,17-dione (5-AND). (C) Schematic depiction of equilenin bound at the KSI active site.

Fig. 2. Effects of Tyr16 mutations on KSI activity (kcat). Values and errors are
averages and standard deviations from three or more independent measure-
ments at different enzyme concentrations and are from Table S2. The
indicated values for the Tyr16Ser and Tyr16Phe mutants are identical within
error to values we recently reported in a separate publication (16).

*The Asp40Asn mutation mimics the protonated general base, Asp40, present in the KSI-
intermediate complex.
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distance observed between the Ser16 hydroxyl and equilenin
oxygens precludes formation of a hydrogen bond between these
groups. Rather, the Ser16 side chain is positioned to donate a
hydrogen bond (O⋯O distance 2.7 Å) to the backbone carbonyl
oxygen of Met13 (Fig. 3A). No other enzymatic group is posi-
tioned within hydrogen-bonding distance (3.5 Å) of the equilenin
oxygen. On the basis of these observations and the kinetic results
described above, we conclude that the moderate rate reduction of
the Tyr16Ser mutation is not due to maintenance of a hydrogen
bond between Ser16 and the dienolate intermediate, nor does the
Ser hydroxyl aid catalysis relative to other similarly sized side
chains that lack a hydrogen bond donor.

An alternative explanation is suggested by additional observa-
tions from the Tyr16Ser structure, as follows. The KSI active site
is readily accessed in its unliganded state by water molecules from
bulk solvent. Removal of the Tyr16 phenol moiety via mutation to
Ser generates a cavity of approximately 100 Å3 within the KSI
oxyanion hole (17) that is not filled in by structural rearrange-
ments of nearby groups. This volume is sufficient to accommo-
date three to four water molecules that can remain within the
cavity upon ligand binding. While the cavity surface has substan-
tial hydrophobic character imparted by the aliphatic Met, Ile, and
Val side chains that formerly packed around the hydrophobic
phenyl ring of Tyr16, the apical cavity regions are polar and
bracketed at one end by Ser16 and the other end by Asp103,
Tyr57, Tyr32, and the oxygen of bound equilenin (Fig. 3C). These
polar groups may hydrogen bond with adventitious water mole-
cules and thus promote their retention within the cavity. Indeed,
prior structural studies have suggested that two to three polar
contacts within a protein cavity are sufficient to retain water
(18–20).

Consistent with the presence of several partially disordered
water molecules that occupy multiple near-in-space conforma-
tions within the cavity created by the Tyr16Ser mutation, we ob-
served triangle-shaped electron density in the 2Fo − Fc electron
density map proximal to Tyr57, Tyr32, and the equilenin oxygen
(Fig. 3C). This density could not be accounted for by modeling
any of the small molecules present in the crystallization or pur-
ification buffers into the refined structure and was best described
by two to three water molecules with occupancies split between
multiple positions (see additional discussion in SI Methods). The
region of greatest electron density (visible up to 3.3σ) is located
3.0 Å and 2.7 Å from the oxygens of equilenin and Tyr57, respec-
tively, suggesting substantial occupancy of a water conformation
that is within hydrogen-bonding distance of these two groups.
Additional support for the presence of water within the Tyr16Ser
cavity is provided by 19F NMR experiments described in the
following section.

On the basis of these observations, we propose that the mod-
erate rate decrease of the Tyr16Ser mutation is due to the pres-
ence of several water molecules within the oxyanion hole cavity
that solvate the reacting substrate via hydrogen bond formation
and thus mitigate the catalytic consequences of ablating the hy-
drogen bond from Tyr16. This model is consistent with the nearly
identical rate effects of the Tyr16 to Ser, Thr, Ala, and Gly muta-
tions, all of which are expected to result in similar-sized cavities
that retain water. Furthermore, the distance between Ser16 and
the region of greatest electron density in the cavity is more than
4.3 Å, suggesting minimal interactions between residue 16 and
cavity water and consistent with the nearly identical rate effects
of the above mutants.

If the moderate rate effect of the less-conservative Tyr16Ser
mutation can be explained on the basis of forming an active site

Fig. 3. Structural studies of KSI. (A) Sigma-A-weighted 2Fo − Fc electron density map (contoured at 1.5σ) from the 1.6-Å resolution structure of equilenin
bound to Tyr16Ser/Asp40Asn pKSI. Distances are average values (standard deviation �0.1 Å) from the four independently refined monomers contained
in the asymmetric unit. (B) Superposition of the pKSI Tyr16Ser∕Asp40Asn · equilenin structure determined herein (carbon atoms colored cyan), the 1.8-Å
resolution structure of unliganded pKSI Tyr16Phe (PDB entry 1EA2, carbon atoms colored violet), and the 1.1-Å resolution structure of equilenin bound
to wild-type pKSI (PDB entry 1OH0, carbon atoms colored green). (C) Triangle-shaped sigma-A-weighted 2Fo − Fc electron density (cyan mesh, contoured
at 1.5σ) assigned to partially disordered water within the approximately 100 Å3 cavity resulting from the Tyr16Ser mutation. Yellow dashes connect groups
within hydrogen-bonding distance of visible electron density to the region of greatest electron density (visible up to 3.3σ). (D) Downfield region of 1H NMR
spectrum of equilenin bound to tKSI Tyr16Phe/Asp40Asn. The peak at approximately 13 ppm is present in spectra of unliganded KSI (11, 25).
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cavity containing water molecules that solvate the reacting
substrate, what physical interactions underpin the large rate re-
duction of the more conservative Tyr16Phe mutation? Previous
studies have attributed the unusually large rate decrease of this
mutation to loss of an exceptionally strong hydrogen bond to the
dienolate intermediate (9–11, 21). What are the structural
consequences of the Tyr16Phe mutation, and does this mutation
lead to additional stabilizing or destabilizing interactions beyond
loss of a hydrogen bond?

Two x-ray structures have been reported for pKSI containing
the Tyr16Phe mutation: a 1.8-Å resolution structure of apo
Tyr16Phe (PDB code 1EA2) (21) and a 1.9-Å resolution structure
of Tyr16Phe/Asp40Asn with bound equilenin (PDB code 1OHO)
(22). In the latter structure, equilenin was reported to bind in a
backward conformation with the carbonyl oxygen of the distal
D-ring of the steroid positioned within the oxyanion hole. On
the basis of this observation, the authors suggested that nonpro-
ductive substrate binding to Tyr16Phe KSI might contribute to the
large kcat reduction of this mutation (13). However, nonproduc-
tive substrate binding is expected to decrease both kcat and KM to
a similar extent (1). Our observation of only a twofold KM differ-
ence between wild-type and Tyr16Phe pKSI (Table S2) strongly
suggests that nonproductive substrate binding does not contri-
bute significantly to the large rate reduction of the Tyr16Phe mu-
tant. The reported backward binding of equilenin to Tyr16Phe/
Asp40Asn may therefore be unique to the Asp40Asn-containing
double mutant or a result of the particular crystallization condi-
tions used that led to extensive protein precipitation (22).

To identify possible interactions between the dienolate reac-
tion intermediate and the Tyr16Phe active site that might clarify
the physical basis of its strongly attenuated catalysis, we gener-
ated a structural model of the Tyr16Phe mutant with equilenin
bound in the productive, canonical conformation by superposi-
tion of the published 1.8-Å resolution Tyr16Phe apo structure
with the 1.1-Å resolution wild-type pKSI · equilenin structure
(Fig. 3B). While the Tyr16Phe mutation disrupts the Tyr16 hydro-
gen bond, our structural model suggests that Asp103 and the
equilenin oxygen remain within hydrogen-bonding distance.
Support for formation of this hydrogen bond is provided by
our observation of a far-downfield resonance at 17.4 ppm in
the 1H NMR spectrum of equilenin bound to tKSI Tyr16Phe/
Asp40Asn (Fig. 3D), as expected for removal of one but not both
of the short hydrogen bonds observed in the 1.1-Å resolution
x-ray structure of equilenin bound to wild-type pKSI.† Our struc-
tural model suggests that no group other than Asp103 donates a
hydrogen bond within the oxyanion hole of the Tyr16Phe mutant.

Does the Tyr16Phe mutation create space for a water mole-
cule, as observed for the Tyr1Ser mutant? As shown in Fig. 3B,
the phenyl ring of Phe16 is slightly repositioned by approximately
1 Å relative to Tyr16, as previously reported (21). A similar re-
positioning of the Phe16 ring is observed in the 1.9-Å resolution
Tyr16Phe/Asp40Asn structure (PDB entry 1OHO). While the
Phe mutation and this structural rearrangement liberate approxi-
mately 20 Å3 formerly occupied by the ring and oxygen atoms of
Tyr16, this volume is distributed along the entire length of the
Phe16 ring and is thus insufficiently condensed to accommodate
a water molecule. Indeed, neither of the Tyr16Phe structures
reported a water molecule within this liberated space proximal
to Phe16.‡ The available structures therefore suggest that the

Tyr16Phe mutation disrupts the Tyr16 hydrogen bond and retains
the phenyl ring of Phe16 within close proximity (approximately
3.5 Å) of the substrate oxygen, preventing formation of a
water-occupied cavity and any attendant stabilizing interactions
with the reaction intermediate. This close approximation of
a hydrophobic phenyl ring to the substrate oxygen on which
negative charge localizes along the reaction coordinate (Fig. 1A)
may introduce additional destabilizing interactions that exacer-
bate the energetic consequence of the Tyr16Phe mutation
beyond loss of an enzymatic hydrogen bond and replacement
by a solution hydrogen bond.

Does mutation of Tyr16 to Phe result in an apolar local
solvation environment within the oxyanion hole near residue
16 while mutation to Ser retains water-like solvation in this
region, as suggested by our structural analysis and the above-
stated model? To directly assess differences in the local solvation
environment as a consequence of the Tyr16Ser or Tyr16Phe
mutations, we turned to 19F NMR studies of the intermediate
analogue, 2-fluoro-4-nitrophenolate, bound to KSI.

Probing the Local Solvation Environment within the Oxyanion Hole of
Tyr16Ser and Tyr16Phe KSI via 19FNMR.The 19F NMR chemical shift
of a fluorine atom provides a sensitive probe of its surrounding
chemical environment (23). Thus, a fluorine atom positioned
within the KSI oxyanion hole in the vicinity of residue 16 would
report on changes in the local solvation environment introduced
by mutation of Tyr16 to Phe or Ser.

Single-ring phenolates bind to the KSI active site and serve as
analogues of the dienolate reaction intermediate (24, 25). A prior
structural study of 2-fluorophenolate bound to pKSI Asp40Asn
indicated that this ligand populated a single conformation in
the oxyanion hole, with the ortho-F atom exclusively oriented
toward Tyr16 (26). This orientation appeared to be enforced
by unfavorable repulsive interactions that occurred if the ligand
adopted an alternative conformation with the fluorine atom posi-
tioned proximal to Asp103. The side chain of Asp103 is nearly
identically oriented in x-ray structures of Tyr16Ser, Tyr16Phe,
and wild-type pKSI (Fig. 3B). Based on this observation, a
phenolate containing a 2-fluoro group is expected to bind both
mutants with the ortho-F atom positioned near residue 16 (to
avoid unfavorable interactions with Asp103) and thus provide
a probe of the local solvation environment in this region of
the mutated oxyanion holes (Fig. 4A).

We acquired 19F NMR spectra of 2-fluoro-4-nitrophenolate
(pKa ¼ 6.0) bound to pKSI Tyr16Ser/Asp40Asn and Tyr16Phe/
Asp40Asn. UV-vis spectra confirmed binding to these mutants
as the ionized phenolate (Fig. S1). As shown in Fig. 4B, the
19F nucleus resonates with a substantially different chemical shift
when bound to the two mutants, with the −134.7 ppm peak in the
Phe16 mutant shifted nearly 2 ppm downfield from the
−136.4 ppm peak detected for the Ser16 mutant.

We first considered whether ring current effects from the
phenyl ring of Phe16 that are absent in the Ser16 mutant could
account for the observed chemical shift difference. Structural
modeling of 2-fluorophenolate bound to Tyr16Phe (Fig. 4A) sug-
gests that the ortho-F atom is approximately 4.5 Å from the phe-
nyl ring of Phe16. Previous ab initio and density functional theory
calculations of 19F NMR shielding contributions from a benzene
ring positioned near hexafluorobenzene, however, reported neg-
ligible shielding contributions at separation distances greater
than 4.0 Å (27). Thus, ring current effects from Phe16 are not
expected to contribute significantly to chemical shift differences
of the fluorine nucleus in Tyr16Phe versus Tyr16Ser.

The observed 2 ppm dispersion in the chemical shift of the
ortho-F nucleus positioned proximal to Phe16 or the Ser16 cavity
therefore suggests substantial differences in the local solvation
environment in this region of the oxyanion hole. To calibrate
the change in 19F NMR chemical shift expected for a change

†A prior NMR study of equilenin bound to tKSI Tyr16Phe/Asp40Asn performed on a
600-MHz instrument reported that no downfield peaks above 14 ppm were observed
(37). On a higher field and more sensitive 800-MHz instrument, we indeed observe a
far-downfield peak at 17.4 ppm for this complex, as expected for a short hydrogen bond
between Asp103 and equilenin.

‡The apparent absence of water proximal to Phe16 is consistent with our prior observation
that substitution of Tyr16 with unnatural para-bromo-Phe, para-chloro-Phe, and
para-methyl-Phe derivatives results in nearly identical rate reductions as the Phe muta-
tion, as expected if no bound water is displaced by these bulky para substituents (38).
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in solvation environment, we acquired spectra of the 2-fluoro-4-
nitrophenolate in water and in the aprotic, low polarity solvent
tetrahydrofuran (THF). As shown in Fig. 4B, transfer of the phe-
nolate from water into THF deshields the fluorine nucleus by
2.2 ppm, very similar to the change we observe for KSI. Further-
more, the observed chemical shift in THF is nearly identical to
the value observed for the phenolate bound to Tyr16Phe, while
the detected peak in aqueous solution is within 0.5 ppm of the
peak position in Tyr16Ser. These observations support the model
based on our structural and energetic results that the Tyr16Ser
mutation replaces Tyr16 with a water-occupied cavity while
the Tyr16Phe mutation replaces Tyr16 with a desolvating and
hydrophobic local environment.

Conclusions and Implications. Site-directed mutagenesis has pro-
vided a facile means to disrupt specific active-site interactions
and assess the degree to which this disruption impairs enzyme
activity. Whereas it has been tempting to interpret a rate decrease
upon mutation as a measurement of the specific energetic con-
tribution of an individual residue or interaction to catalysis, the
physical and energetic connection between wild-type and mutant
enzymes is complex (1, 28–31). Enzymes accelerate reactions re-
lative to their nonenzymatic rates in neutral water (2). Evaluation
of the catalytic contribution of specific physical interactions
within an enzyme active site must therefore specify the energetic
benefit of an enzymatic interaction relative to corresponding
interactions formed during the water-solvated nonenzymatic
reaction. In the case of enzymatic hydrogen bonds donated to
a reacting substrate, energetic comparison should be made to
hydrogen bonds donated by water to the reacting substrate
and not simply to the absence of a hydrogen bond (1).

Multiple prior studies have suggested that the large (approxi-
mately 6 kcal∕mol) rate reduction observed for the Tyr16Phe mu-
tation in the KSI oxyanion hole, together with unusual physical
properties associated with the Tyr16 hydrogen bond, provides
evidence for such a large catalytic contribution from hydrogen
bond formation by Tyr16 during steroid isomerization relative
to the nonenzymatic reaction in water (Fig. 5A and B) (9–11).
Our results and analysis, however, suggest that the Phe mutation
ablates the hydrogen bond donated by Tyr16 and replaces it with a
hydrophobic surface within the oxyanion hole (Fig. 5C). These
changes collectively desolvate the dienolate intermediate and
thereby exaggerate the apparent energetic benefit of the Tyr16
hydrogen bond relative to water.

Mutation of Tyr16 to the much smaller residues of Ser, Thr,
Ala, or Gly results in a moderate rate reduction of approximately
200-fold that is nearly identical for all four mutants and similar to
the 100- to 1000-fold activity decreases observed for oxyanion
hole mutations in other enzymes (Table S1). Our results strongly
suggest that the moderate rate effects from these mutants are due
to creation of a water-filled cavity that functionally replaces the
Tyr16 hydrogen bond with aqueous-like solvation of the dienolate
intermediate (Fig. 5D).

The observed 200-fold rate reductions of these mutants may
therefore provide a crude estimate of the catalytic contribution
from the Tyr16 hydrogen bond relative to hydrogen bonds formed
to water in the nonenzymatic reference reaction. But we empha-
size the crudeness of this estimate. Its accuracy requires that the
energetics of interactions with water in the newly formed cavity be
similar to those with water in the water-solvated solution reaction
and further requires that additional structural rearrangements do
not propagate from the Tyr16Ser mutation. Two structural obser-
vations suggest that these conditions may be generally satisfied.
First, the positions of equilenin and Asp103 observed for the
Tyr16Ser mutant were nearly identical to those observed pre-
viously in the wild-type pKSI · equilenin complex (Fig. 2B), sug-
gesting minimal transmission of structural changes distal to the
site of mutation. Indeed, the nearby Ser16 cavity and the presence
of several waters did not significantly lengthen the observed
hydrogen bond O⋯O distance between Asp103 and equilenin,
consistent with a previous study that suggested a tightly packed

Fig. 4. Binding of 2-fluorophenolate reaction intermediate analogues to
pKSI. (A) Structural model of 2-fluorophenolate (carbon atoms in yellow,
fluorine in black) bound to pKSI Tyr16Ser (carbon atoms and electron density
of disordered water in Ser16 cavity colored cyan) and pKSI Tyr16Phe (carbon
atoms colored violet, Phe16 shown as space-filling) generated by superposi-
tion of pKSI Asp40Asn · 2 − fluorophenolate (PDB entry 3CPO), pKSI
Tyr16Ser∕Asp40Asn · equilenin (PDB entry 3IPT), and pKSI Tyr16Phe (PDB
entry 1EA2). (B) 19F NMR spectra of 2-fluoro-4-nitrophenolate (pKa ¼ 6.0)
in aqueous solution (pH 12), in the aprotic and low polarity organic solvent
THF containing excess triethylamine to form the phenolate anion, and bound
to pKSI Tyr16Ser/Asp40Asn or pKSI Tyr16Phe/Asp40Asn.

Fig. 5. Schematic models for the effects of Tyr16 mutations on KSI catalysis.
Shorter hydrogen bonds are depicted with thicker dots. (A) Solution
nonenzymatic reaction with water molecules shown as colored dipoles that
reorient to solvate localized charge in the dienolate-like transition state. (B)
The wild-type oxyanion hole has two positioned enzyme groups that donate
hydrogen bonds to the reacting substrate that may strengthen in the transi-
tion state. (C) The Tyr16Phe mutation ablates one of the oxyanion hole hy-
drogen bonds but does not permit water entry, resulting in a hydrophobic
surface that desolvates the localized negative charge in the dienolate-like
transition state. (D) The Tyr16Ser mutation replaces Tyr16 with a water-filled
cavity that provides aqueous-like solvation of the reacting substrate.
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environment within the KSI active site and strong constraints on
the position of Asp103 (26). Second, water within the Ser16 cavity
is sufficiently ordered to observe electron density by x-ray diffrac-
tion yet sufficiently disordered such that we were not able to re-
fine the observed electron density into discrete water sites. This
partial ordering due to confinement within the cavity and
hydrogen-bonding contacts with several nearby polar groups
(Fig. 3C) may crudely approximate the diminished mobility
and partial ordering of water molecules observed for the primary
hydration shell around hydrophobic solutes and charged hydro-
gen bond acceptor groups (32–35), both features of the reacting
steroid substrate of KSI.

Nevertheless, solvation and hydrogen bonding are highly com-
plex. The apparent approximately 200-fold catalytic contribution
of the Tyr16 hydrogen bond relative to water is the net result of
multiple possible favorable and unfavorable energetic contribu-
tions, as is the case with all active-site hydrogen bonds (see addi-
tional discussion in SI Text). The individual energetic components
of hydrogen bond contributions to catalysis can, in principle, be
most incisively dissected by computation, although experimental
studies represent a reality that cannot be matched in silico. Multi-
ple experimental techniques and comparisons will provide the
richest datasets for interpretation, and nontrivial computational
predictions of new experimental behaviors will provide a neces-
sary and powerful guide for future experiments and computation
that lead toward a deep and complete understanding of hydrogen
bond energetics and enzymatic catalysis.

Methods
A full description of all experimental methods is given in SI Text. Plasmids
encoding KSI Tyr16 mutants were created by Quik-Change (Stratagene)
site-directed mutagenesis and confirmed by DNA sequencing. Mutant and
wild-type enzymes were expressed and purified from Escherichia coli using
published methods (16, 25), and their kinetic constants for isomerization of 5
(10)-EST were determined as previously described (16). Blade-shaped
cocrystals of pKSI Tyr16Ser/Asp40Asn containing bound equilenin in space
group P21 were obtained at 20 °C using hanging drop vapor diffusion by mix-
ing 2 μL of 30 mg∕ml KSI containing 1molar equivalent of equilenin with 2 μL
of reservoir solution (0.9 M ammonium sulfate, 40 mM potassium phosphate,
pH 7). Diffraction data at 100 K were collected at beamline 8.2.2 of the
Advanced Light Source (Lawrence Berkeley National Laboratory). Data re-
finement was carried out as previously described (25, 26) with minor modi-
fications, and statistics for data collection and refinement are summarized in
Table S3. Structure figures were prepared using MacPyMOL (36). 19F NMR
spectra of 2-fluoro-4-nitrophenolate were acquired at 20 °C on a 500-MHz
Varian UNITYINOVA NMR spectrometer as previously described (26). 1H NMR
spectra of 300 μM equilenin bound to 300 μM tKSI Tyr16Phe/Asp40Asn were
acquired at −3 °C on an 800-MHz Varian UNITYINOVA NMR spectrometer
equipped with a 5-mm, triple-resonance, gradient 1H (13C∕15N) probe using
previously published methods (26).
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