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Hydrogen bond networks are key elements of protein structure and
function but have been challenging to study within the complex
protein environment. We have carried out in-depth interrogations
of the proton transfer equilibriumwithin a hydrogen bond network
formed to boundphenols in the active site of ketosteroid isomerase.
We systematically varied the proton affinity of the phenol using
differing electron-withdrawing substituents and incorporated site-
specific NMR and IR probes to quantitatively map the proton and
charge rearrangements within the network that accompany in-
cremental increases in phenol proton affinity. The observed ioniza-
tion changes were accurately described by a simple equilibrium
proton transfer model that strongly suggests the intrinsic proton
affinity of one of the Tyr residues in the network, Tyr16, does not
remain constant but rather systematically increases due to weak-
ening of the phenol–Tyr16 anion hydrogen bond with increasing
phenol proton affinity. Using vibrational Stark spectroscopy, we
quantified the electrostatic field changes within the surrounding
active site that accompany these rearrangements within the net-
work. We were able to model these changes accurately using con-
tinuum electrostatic calculations, suggesting a high degree of
conformational restriction within the protein matrix. Our study
affords direct insight into the physical and energetic properties of
a hydrogen bond network within a protein interior and provides an
example of a highly controlled systemwithminimal conformational
rearrangements in which the observed physical changes can be ac-
curately modeled by theoretical calculations.

computational modeling | enzyme catalysis | protein electrostatics |
protein semisynthesis | active site environment

Hydrogen bond networks are ubiquitous structural features
within proteins, and they play key roles linking secondary and

tertiary structural elements and spanning protein–protein inter-
faces. Such networks are especially common within enzyme active
sites, where they position protein and substrate groups for catalysis,
stabilize charge rearrangements during chemical transformations,
and mediate proton transfers (1). Despite the prevalence and
critical structural and functional roles of hydrogen bond networks,
incisive dissection of their physical properties within the idiosyn-
cratic interior of folded proteins remains difficult.
Hydrogen-bonded protons are not observed in the vast majority

of protein X-ray structures due to the low X-ray scattering power
of hydrogen atoms (2). Thus, the presence of hydrogen bond net-
works is typically inferred from the proximity and orientation of
hydrogen bond donor and acceptor groups within refined protein
structural models. The inherent inability of most X-ray diffraction
studies to monitor proton positions imposes additional challenges
for dissecting the physical features that influence the equilibrium
protonation states of specific residues along a hydrogen-bonded
proton transfer network. Furthermore, it remains extremely
challenging to study the electrostatic consequences of charge
rearrangements that accompany hydrogen bond-mediated proton
transfers. Few experimental methods exist to vary the ionization
properties of discrete protein groups incrementally, and structural

rearrangements within the protein matrix that typically accompany
charge rearrangements complicate computational modeling and
the straightforward interpretation of the electrostatic properties of
protein active sites and interiors (3–5).
Bacterial ketosteroid isomerase (KSI) from Pseudomonas

putida KSI (pKSI) and Comamonas testosteroni KSI has been a
powerful system with which to study the physical properties of
hydrogen bonds within an enzyme active site (6–13). KSI uses a
general base, D40 (pKSI numbering), to deprotonate steroid
substrates and form a dienolate reaction intermediate that is sta-
bilized by hydrogen bonds donated by Y16 and protonated D103.
Y16 is further linked via hydrogen bonds to Y57 and Y32, forming
an extended active site hydrogen bond network in pKSI (Fig. 1A).
Phenolic ligands, such as single-ring phenols, two-ring naphthols,
and four-ring steroids like equilenin or estradiol, can bind in the
KSI active site as negatively charged oxyanions and accept
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hydrogen bonds from Y16 and D103, mimicking the oxyanion
charge localization of the dienolate reaction intermediate and
dienolate-like transition states (6–8, 14, 15) (Fig. 1B). A homol-
ogous series of bound phenols or naphthols bearing different
electron-withdrawing substituents provides a deft experimental
tool with which to incrementally vary the proton affinity and
negative charge density of the phenolic oxygen (16). These changes
tune the structure and strength of hydrogen bonds formed to
phenolic ligands (17–19), and thus provide a systematic probe of
the physical and energetic properties of the hydrogen bond net-
work within theKSI oxyanion hole (6–9, 11, 13) and the response of
the surrounding protein matrix to such changes (20, 21).
Recent studies with the D40N pKSI mutant, which mimics the

protonated D40 present in the KSI–dienolate intermediate com-
plex (Fig. 1A), have provided evidence that ligands of increasing
pKa are bound as an increasing population of neutral, protonated
phenol (11, 13, 22). These results suggest that an unspecified active
site residue can ionize with increasing phenol pKa, resulting in
a net proton transfer to the bound ligand. We have used site-
specific NMR and IR probes and KSI semisynthesis to determine
that either of two different Tyrs within the extended hydrogen
bond network can ionize, and we have systematically mapped the
changes in their equilibrium ionization states as a function of the
proton affinity and hydrogen bonding capability of the phenolic
ligand. We further measured the electric field changes at discrete
active site positions due to charge rearrangements within the hy-
drogen bond network. We demonstrate that a static continuum
electrostatic model with a low dielectric can accurately describe
these changes, suggesting a high degree of structural organization
and the absence of substantial conformational rearrangement in
response to charge rearrangement within the active site.

Results and Discussion
Ionization States of Substituted Phenols Bound to pKSI D40N.Recent
spectroscopic studies suggested that single- and multiple-ring
phenolic ligands are bound to pKSI D40N with a neutral, pro-
tonated fraction that increases with ligand pKa and reaches a ratio
of 50:50 ionized/neutral for a ligand with a solution pKa of 9.7 (13,
22). To dissect and understand the nature and properties of proton
transfer within the KSI oxyanion hole, we turned to systematic
studies with single-ring phenols, because these compounds are
available over a wider pKa range than naphthols or steroids. To
probe the ionization state of phenols bound to KSI, we acquired
19F NMR spectra of 4-fluoro–substituted phenols bound to the
D40Nmutant, because the chemical shift of the 4-fluoro nucleus is
a sensitive reporter of changes in phenol ionization state and shifts
7–8 ppm down-field on ionization (8) (Fig. 2A).

Prior UV-visible (Vis) and IR absorbance studies have sug-
gested that phenols with pKa values ≤8 are bound to D40N in their
ionized, phenolate form (8, 22). In agreement with these prior
results, the 4-fluoro nucleus of 3,4,5-F3-phenol (pKa = 8.2) has
a 19F chemical shift when bound to pKSI D40N that is 1.5 ppm up-
field of that observed for the phenolate anion in solution (Fig. 2A).
This modest up-field shift relative to solution is consistent with the
ability of aromatic ring currents and other shielding differences
between a protein interior and water to result in chemical shift
differences of 1–2 ppm for a 19F nucleus (23). In contrast, 3,4-F2-
phenol (pKa = 9.1) bound to pKSI D40N displays a chemical shift
that is intermediate between the observed values for its neutral
(phenol) and ionized (phenolate) forms in solution, suggesting
that this phenol binds to pKSI D40N as a mixture of neutral
phenol and ionized phenolate and that these forms are rapidly
interconverting relative to their 19F NMR frequency difference
(additional discussion is provided in SI Text). The 4-F-3-Me-phe-
nol, with a still higher pKa of 9.8, exhibits a chemical shift when
bound that is 1.3 ppm up-field of the neutral phenol in solution
(Fig. 2A). This series of spectra strongly suggests that single-ring
phenols bind to the pKSI D40N mutant with a neutral phenol

Fig. 1. KSI reaction and reaction intermediate analog. (A) KSI reaction mechanism for isomerization of 5-androstene-3,17-dione. (B) Schematic depiction of
an ionized substituted phenol bound at the KSI D40N active site.

Fig. 2. Spectroscopic and structural analysis of phenols bound to pKSI D40N.
(A) 19F NMR spectra and chemical shifts of the 4-F group for F-substituted
phenols bound to KSI at pH 7.2 (black peaks) or free in solution (red dashes) at
pH 2 (neutral) or pH 12 (ionized). Phenol pKa values are shown in parentheses.
(B) Superposition of the 1.30-Å resolution D40N–3-F-4-NO2-phenol (carbon
atoms are colored green; PDB ID code 3VGN) and 1.25-Å resolution D40N–
phenol (carbon atoms are colored cyan; PDB ID code 2PZV) X-ray crystal struc-
tures. Oxygen, nitrogen, and fluorine atoms are colored red, blue, and ma-
genta, respectively.
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fraction that becomes significant at a phenol pKa greater than 8 and
increases with the phenol pKa until the protonated phenol is the
predominantly bound form at or above a pKa of 10. This conclusion
is consistent with prior UV and IR studies (13, 22), and it is further
supported by 13C NMR and IR results described below.

Structural Similarity of pKSI D40N Bound to Low vs. High pKa Phenols.
To assess whether the change in phenol ionization state for low vs.
high pKa phenols is accompanied by conformational rearrange-
ments within or surrounding the hydrogen bond network of the
pKSI oxyanion hole, we determined the 1.30-Å resolution X-ray
crystal structure of 3-F-4-NO2-phenol (pKa = 6.1) bound to pKSI
D40N [data collection and refinement statistics are shown in Table
S1, and electron density map is shown in Fig. S1; Protein Data
Bank (PDB) ID code 3VGN] and compared this structure with the
previously published 1.25-Å resolution structure of the same pKSI
mutant bound to unsubstituted phenol (pKa = 10.0) (8). Super-
position of the two structures reveals that the overall structures are
indistinguishable, that the bound ligands are similarly positioned
within the KSI active site, and that the oxyanion hole residues that
form the hydrogen bond network to the hydroxylic oxygen of each
phenol are nearly identically positioned in both structures (rmsd =
0.130 Å; Fig. 2B). These observations rule out the possibility that
gross structural rearrangements within the hydrogen bond network
accompany changes in the ionization state of bound phenols. Such
rearrangements can complicate the analysis and modeling of
electrostatic effects, and their absence in this case is a simplifying
feature for the experimental and computational studies that follow.

NMR Identification of Tyr Ionizations in KSI–Phenol Complexes Using
Site-Specific 13C-Labeled Tyrs. We considered either D103 or Y16,
both of which directly donate hydrogen bonds to the bound ligand
(Figs. 1A and 2B), as the most likely residue to be ionized in the
presence of higher pKa phenols. A priori, the carboxylic acid

moiety of an aspartic acid (solution pKa of ∼4) would be expected
to be much more acidic than that of a Tyr hydroxyl group (solution
pKa of ∼10) (24). However, D103 is surrounded by hydrophobic
residues that elevate its pKa well above its typical solution value
(15, 25, 26), and recent quantum mechanics/molecular mechanics
(QM/MM) studies of phenols bound to pKSI D40N have sug-
gested that D103 may be less acidic than Y16 (11). Furthermore,
we observed that the D103N/D40N mutant, which preserves hy-
drogen bonding to residue 103 but ablates its ability to transfer a
proton, still binds 4-F-3-Me-phenol (pKa = 9.8) predominantly in
its neutral form (Fig. S2), strongly suggesting that D103 is not the
residue that ionizes as bound phenols become protonated. Based
on this result and on our prior observation of an ionized Tyr in
unliganded pKSI D40N (20), we considered Y16 the most likely
residue to be ionized when the bound phenol is neutral. The
results described below provide evidence for ionization of both
Y16 and Y57.
pKSI D40N contains four Tyrs. Y119 is a surface residue lo-

cated far from the active site, whereas Y32 and Y57 form an active
site hydrogen bond network to Y16, which directly donates a hy-
drogen bond to bound phenols (Figs. 1A and 2B). The chemical
shift of the Cζ carbon of Tyr, the carbon atom adjacent to the
hydroxyl group, is highly sensitive to the ionization state of Tyr,
shifting down-field from 155.5 to 166.3 ppm upon ionization in
Tyr-containing peptides in aqueous solution (24). We therefore
used 13C NMR of phenol complexes of pKSI D40N containing
13Cζ-labeled Tyr residues to determine whether Y16 or any of the
active site Tyr residues ionize upon phenol binding.
As previously reported by Fafarman et al. (20), the 13C spectrum

of unliganded pKSI D40N displays four well-resolved Cζ-Tyr
peaks (Fig. 3A, lowest spectrum). The far down-field peak at 165.1
ppm, indicative of an ionized Tyr, was tentatively assigned to Y57
based on comparisons of data and computational models of elec-
trostatic field effects (20). On binding of 4-NO2-phenol (pKa = 7.1),

Fig. 3. 13C NMR spectra of pKSI D40N containing 13Cζ-Tyr labels. (A) Spectra of recombinant D40N uniformly labeled with 13Cζ-Tyr and bound to a series of
phenols with increasing solution pKa (values are colored red, and phenol substituent groups are indicated above each spectrum). Spectra of D40N apoenzyme
and 4-nitrophenol-bound D40N were previously published (20). (B) Spectra of recombinant (Lower) or semisynthetic (Upper) D40N/R15K/D21N/D24C
(explanations of additional mutations are provided in the main text and SI Materials and Methods) bearing 13Cζ-Tyr labels at all four Tyrs (recombinant) or
only at Y32/Y57/Y119 (semisynthetic) and bound to the indicated phenols. Peaks have been assigned as described in the text. (C) Spectra of recombinant D40N
uniformly labeled with 13Cζ-Tyr and bound to 5-Andro or 4-Andro. For simplicity, only the A and B steroid rings are shown. (D) Chemical shift for each assigned
Tyr peak is plotted as a function of phenol pKa. Trend lines are empirical fits to guide the eye.
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which is fully ionized in complex with pKSI D40N (8), all the
observed 13C-Tyr peaks in D40N are shifted up-field to less than
159 ppm (20), as expected for the protonated forms of all four Tyr
residues (Fig. 3A). The 1.2-ppm chemical shift dispersion for the
discrete Cζ-Tyr peaks is within the range of 1–2 ppm expected for
differential shielding contributions arising from the unique local
structural environment of each Tyr (27). Binding of phenols with
pKa values increasing from 7.1 to 10.4 resulted in no changes in
the position of the most up-field peak at 157.3, previously
assigned via mutagenesis to the surface Y119 (20), but steadily
shifted the position of the remaining active site Tyr peaks further
down-field (Fig. 3A andB). At the highest phenol pKa of 10.4, two
peaks have shifted ≥3 ppm down-field (relative to their positions in
theD40N–4-NO2-phenolate spectrum) to 163.1 ppm and 161.5 ppm.
Because simple phenols with pKa values >10.4 are not readily

available, we acquired spectra of pKSI D40N bound to the
cyclohexanolic steroids 5-androsten-3-ol-17-one (5-Andro) and
4-androsten-3-ol-17-one (4-Andro) to mimic binding of phenols
with high pKa. These compounds have estimated pKa values of
15.0 (5-Andro) and 14.4 (4-Andro), and 5-Andro was previously
shown to bind pKSI D40N in a structurally similar manner to
phenols, with the hydroxyl oxygen of its cyclohexanolic A-ring
positioned within hydrogen bonding distance of Y16 and D103
(28). Furthermore, prior studies have shown that the multiple
distal rings of a steroid do not alter the electrostatic environment
within the oxyanion hole, relative to a bound single-ring phenol
(29). The 13C NMR spectra of the D40N–5-Andro and D40N–4-
Andro complexes showed three up-field peaks at <161 ppm and
a single far down-field peak at 165.5 ppm (Fig. 3C), strongly sug-
gesting the presence of a single predominantly ionized Tyr at a li-
gand pKa of ∼15. In the analyses that follow, we interpret the
Andro spectra as reflecting the properties of bound single-ring
phenols with equivalent pKa values.
To assign the observed 13C-Tyr peaks in spectra ofD40N–phenol

complexes (Fig. 3A), we prepared semisynthetic pKSI D40N (a
complete description is provided in SI Materials and Methods) by
ligating a synthetic peptide containing unlabeled Y16 to a recom-
binant peptide fragment containing 13Cζ-labeled Y32, Y57, and
Y119, and refolding the full-length enzyme out of urea. We ac-
quired 13C spectra for semisynthetic (Y16 unlabeled) and
recombinant (uniformly 13C-Tyr–labeled) D40N bound to a series
of phenols with pKa values of 7.1–10.4 (Fig. 3B). In the presence of
bound phenols with pKa values of 7.1–9.1, the most down-field
resonance observed for uniformly 13C-Tyr-labeled D40N is absent
in spectra of semisynthetic D40N (Y16 unlabeled), identifying this
peak as arising from Y16 in these complexes. In contrast, in a
complex between semisynthetic D40N and 3,4-Me2-phenol (pKa =
10.4), the second-most down-field peak at 161.5 pm is missing,
identifying this peak as Y16 and indicating a crossover in the identity
of the most down-field peak between pKa values of 9.1 and 10.4.
By elimination, the most down-field peak at 163.1 ppm in the

3,4-Me2-phenol spectrum corresponds to either Y57 or Y32. Y32
is the terminal residue in the hydrogen bond network (Figs. 1A
and 2B) and, other than Y57, is surrounded by hydrophobic
residues that are expected to destabilize ionized Y32. In contrast,
Y57 is positioned within hydrogen bonding distance of both Y16
and Y32, and prior results suggest that it has a highly perturbed
pKa of 6.3 in the pKSI D40N apoenzyme (20). We therefore
assigned the 163.1 ppm peak in the D40N–3,4-Me2-phenol
spectrum to Y57. This information and the spectral comparisons
with semisynthetic KSI described above allowed us to assign the
13C-Tyr peaks in each spectrum as indicated in Fig. 3B, and the
observed chemical shift for each assigned peak is plotted in Fig.
3D as a function of phenol pKa.

Quantitative Modeling of Ionization States Within the KSI Hydrogen
Bond Network. As a basis for modeling and understanding the
changes in protonation state of the bound phenol, Y16, and Y57

as a function of phenol pKa and how these charge rearrange-
ments are sensed within the active site, we used the 13C NMR
chemical shift changes in Fig. 3 to estimate the fraction of each
of these three groups present in its ionized form at equilibrium
with differing bound phenols (additional discussion is provided
in SI Text). To assign these fractional ionizations (Fig. 4A), we
assumed that only a single group is ionized in the KSI active site
at any given time, consistent with the observed pH dependence
for phenol binding to D40N (8). In this model, proton transfers
between the phenol, Y16, and Y57 shift the equilibrium pop-
ulation of each ionized group (Fig. 4B), with the sum of the
fractions of each group present in its ionized form at each phenol
pKa always equal to 1.
The fractional populations of Y16 and Y57 present as ionized

tyrosinates (XY16 and XY57) were estimated at each phenol pKa
value by first calculating the chemical shift difference between the
observed peak position for each Tyr and that observed at a pKa of
7.1 (Fig. 3), where the bound phenol is fully ionized (8, 22) (Fig.
2A) and Y16 and Y57 are thus fully neutral. This value was then
divided by the total expected 13C chemical shift dispersion be-
tween an ionized and neutral Tyr in the KSI active site (166 ppm
minus the observed chemical shift at a phenol pKa of 7.1; addi-
tional discussion is provided in SI Materials and Methods) to
estimate fractional ionization (Xi) values for each Tyr residue at

Fig. 4. Quantitative fractional ionizationmodel of hydrogen bonding groups
within the KSI D40N active site with bound phenols of increasing solution pKa.
(A) Fractional ionization values (estimated uncertainty ± 0.15) were derived
from the 13C NMR data as explained in the main text and SI Materials and
Methods. The data were globally fit (R2 values of individual fits = 0.92–0.97)
with the equilibrium proton transfer model given in Methods to give best-fit
values of 8.6 for parameter a, 0.1 for parameter b (the slope of the linear
dependence of Y16 acidity on phenol pKa), and 9.6 for the apparent pKa of
Y57. (B) Schematic depiction of the ionization states present within the active
site hydrogen bond network whose fractional populations shift as a function
of increasing phenol pKa.
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each phenol pKa. Fractional phenol ionizations (Xphenol) at each
pKa value were then estimated indirectly by subtracting the sum of
X16 and X57 from 1. The values of Xphenol calculated in this fashion
are similar to those previously reported for bound phenols,
naphthols, and equilenin based on FTIR and UV-Vis absorbance
experiments (13, 22) (Fig. S3) and are qualitatively consistent
with the 19F NMR changes described above (Fig. 2A). As dis-
cussed in SI Materials andMethods, we estimate the uncertainty in
the assigned Xi values as ±0.15.
As quantitatively modeled in Fig. 4A and schematically depicted

in Fig. 4B, the proton transfer equilibrium changes systematically
as a function of the pKa of the bound phenol. This incremental
redistribution indicates that the ionization states of individual
residues within the KSI–phenol hydrogen bond network are sys-
tematically altered by varying the proton affinity of a single distal
group on the bound phenol. The change in the identity of the
predominantly ionized Tyr fromY16 to Y57 at low vs. high phenol
pKa (e.g., pKa of 7.1–10.4) and the continuing shifts in the ionized
populations of these groups above a pKa of 10 (Fig. 4A) directly
suggest that the relative proton affinities of these two Tyr groups
do not remain constant but change with increasing phenol pKa to
favor ionization of Y57 over Y16, a behavior that we are able to
accurately model below.
To understand the origin of these ionization changes better and

to test whether increases in the phenol proton affinity alone can
accurately explain the observed changes, we derived an equilib-
rium proton transfer model for the hydrogen bond network based
on the solution pKa values of the phenols and the apparent pKa
values of Y16 and Y57 within the phenol-bound complexes (full
derivation and additional discussion are provided in SI Materials
and Methods). The apparent pKa values used in this model are a
proxy for the relative proton affinities of the hydrogen-bonded
groups and do not represent true pKa values in the active site
environment. Because our goal is to understand the physical
and energetic properties that underpin the observed ionization
changes rather than to assign microscopic acid dissociation con-
stants, our analysis does not depend on this simplification. We first
attempted to fit the data globally with the simpler model, which
assumes constant proton affinities for Y16 and Y57 regardless of
the phenol pKa. As expected, this model failed to account for the
predominant ionization of Y16 rather than Y57 below a pKa of 10
and could not explain the observed decrease inXY16 above a pKa of
10 (Fig. S4 A and B).
Based on prior linear free energy studies and known physical

properties of hydrogen bonds (8, 17, 30–35), we posited that en-
ergetic changes in the phenol–Y16 hydrogen bond with increasing
phenol pKa would alter the stability of the Y16 anion, and thus
modulate its ability to ionize relative to Y57. To account for this
effect, we modified our equilibrium proton transfer model to allow
the proton affinity of the Y16 anion to vary linearly with that of the
phenol (modified expressions are shown inMaterials and Methods,
with additional discussion provided in SI Materials and Methods).
A global fit of this model to the fractional ionization data (Fig. 4A
and Fig. S4B) accurately accounted for the observed decrease in
XY16 and increase in XY57 at high phenol pKa values. On the basis
of this fit, we conclude that these changes in the proton transfer
equilibrium occur as the Y16 proton affinity surpasses that of Y57
due to physical and energetic changes in the phenol–Y16 hydrogen
bond with increasing phenol pKa. We discuss the physical origins
of these hydrogen bond changes in Conclusions.

Incorporation of Nitrile Electric Field Probes and Structural Analysis
of KSI Variants. To evaluate the electrostatic field changes within
the protein that accompany proton transfers within the active site
hydrogen bond network, we incorporated nitrile (−CN) electric
field probes into the pKSI active site. The IR stretching frequency
of a nitrile group (in inverse centimeters, cm−1) is linearly sensitive
to electrostatic fields (36), and experimental IR frequency shifts

can be used to determine the change in local electric field pro-
jected along the nitrile bond axis. This conversion is accomplished
by using the average linear Stark tuning rate jΔ~μj of 0.65 cm−1/
(MV/cm) previously determined for KSI-CN probes (20) and the
vibrational Stark effect (VSE) equation Δv ¼ −Δ~μ ·Δ~F, where
Δv (in cm−1) is the observed IR peak shift between different bound
phenols, Δ~μ is the difference-dipole moment and is parallel to the
−CN bond axis, and Δ~F is the field change associated with the
changing identity of the bound phenol (further discussion of the
VSE can be found in ref. 20 and references therein).
In prior work, we site-specifically incorporated nitrile groups

into pKSI by cyanylating a unique Cys introduced by mutation at
position M116, M105, or F86 within a Cys-free C69S/C81S/C97S
background (20, 29, 37). These positions were selected on the
basis of their proximity (3–11 Å) to the key catalytic groups (Fig.
5). Our previous studies of these KSI-CN variants indicated that
nitrile incorporation resulted in minimal perturbation to KSI
structure, catalytic activity, and ligand binding (20, 29).
To test for differences in the active site structures of our KSI-

CN variants bound to a common ligand, we determined the 1.7-Å
resolution X-ray structure of equilenin bound to D40N/M116C-
CN (data collection and refinement statistics are shown in Table
S1, and an electron density map is shown in Fig. S5; PDB ID code
3OWS) and compared it with the previously published structures
of equilenin bound to D40N/F86C-CN (1.7-Å resolution; PDB ID
code 3OWU) and D40N/M105C-CN (2.3-Å resolution; PDB ID
code 3OWY) (20). As shown in Fig. 5, equilenin binding to the
three KSI-CN variants resulted in nearly identical positioning of
the bound ligand and of groups within the hydrogen bond network
(rmsd = 0.18 Å), and no overall structural changes were observed.
Furthermore, the nitrile probe in each structure refined to a single,
well-ordered conformation, positioning each nitrile with a unique
vantage from which to monitor the electrostatic field effects of
ionization changes within the hydrogen bond network.

Measuring the Electrostatic Field Changes from Proton Transfers
Within the Hydrogen Bond Network. The movement of negative
charge from the phenolate oxygen to Y16 and Y57 with increasing
phenol pKa is expected to alter local electrostatic fields within the
KSI active site (20). To directly measure these field changes in

Fig. 5. Structural comparison of KSI-CN variants bound to equilenin. Super-
position of the 1.7-Å resolution D40N/M116C-CN–equilenin (carbon atoms are
colored green; PDB ID code 3OWS), the 1.7-Å resolution D40N/F86C-CN–
equilenin (carbon atoms are colored cyan; PDB ID code 3OWU), and the 2.3-Å
resolution D40N/M105C-CN–equilenin (carbon atoms are colored magenta;
PDB ID code 3OWY) X-ray crystal structures. Oxygen, nitrogen, and sulfur
atoms are colored red, blue, and gold, respectively. Each KSI-CN variant con-
tained a single nitrile group.
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discrete regions of the active site, we recorded IR spectra of
phenol-bound KSI-CN variants containing nitrile probes at posi-
tion 86, 105, or 116 (Fig. 6). The spectrum of each KSI-CN variant
bound to 3-F-4-NO2-phenol (pKa = 6.1), which is bound as the
ionized phenolate, is shown in Fig. 6A. As elucidated previously
(20, 37) and discussed in more detail in SI Text, changes in the IR
frequency for each nitrile probe across the series of bound phenols
report on changes in the local electrostatic field experienced by
each probe due to repositioning of charge within the hydrogen
bond network.
For bound phenols with pKa values of 5–8, a range in which

negative charge resides predominantly on the phenolate oxygen,
the nitrile stretch frequencies of F86C-CN andM105C-CN remain
essentially unchanged, whereas that of M116C-CN increases by
1 cm−1 (Fig. 6B). The unique sensitivity of theM116C-CN probe is
consistent with its favorable orientation and closer proximity to the
oxygen of the bound phenol compared with the more orthogonal
orientations and distal positions of the F86C-CN and M105C-CN
probes (Fig. 5; distances and angles are given in table S3 of ref. 20).
The increase in stretching frequency of theM116C-CN nitrile over
this range is qualitatively consistent with an increase in the local
electrostatic field projected along the nitrile bond axis due to the
increased negative charge localization on the phenolate oxygen
that accompanies a three-unit increase in pKa (16, 38).
For bound phenols with pKa values of 8–10, a range in which

negative charge is progressively transferred to Y16 and Y57, the
IR peak positions of M105C-CN and M116C-CN change by +0.5
cm−1 and −2.0 cm−1, respectively, whereas the nitrile stretch fre-
quency of F86C-CN remains essentially unchanged (Fig. 6B).
Conversion of these IR frequency shifts using the VSE equation
suggests that the ensemble-averaged field along the nitrile bond
axis of M105C-CN and M116C-CN changes by +0.8 MV/cm and
−3.1 MV/cm, respectively, whereas the field along F86C-CN
changes by less than ±0.1 MV/cm, as the pKa of bound phenol
increases from 8 to 10. The unique shifts registered by each probe,
which occur despite differences of only a few angstroms in their
positions relative to Y16, Y57, and the phenol oxygen (Fig. 5 and
Table S3), emphasize the importance of bond directionality and

positioning, rather than just proximity, in determining how local
electrostatic perturbations are felt by nearby groups.

Discrete Peaks for Hydrogen Bond Tautomers Are Resolved in Nitrile
IR Spectra. To learn more about the proton transfer and negative
charge distribution between Y16 and Y57, we carried out addi-
tional analyses of the IR spectra for M116C-CN, the nitrile closest
to these two groups, bound to phenols with pKa values near 10. In
this pKa region, the major fraction of the bound phenol is neutral
and the ionized populations of Y16 and Y57 are nearly equal (Fig.
4), suggesting that these Tyr groups have matched or nearly
matched proton affinities within the protein interior. This equiv-
alence and the short 2.5-Å O•••O distance observed for the Y16–
Y57 hydrogen bond in the 1.25-Å resolution D40N–phenol
(pKa = 10) X-ray structure (8) are physical features that can favor
formation of a single-well hydrogen bond in which negative charge
and the bridging proton would be equally shared and delocalized
between the interacting groups (39, 40). Alternatively, interactions
with the anisotropic distribution of charges and dipoles within the
surrounding heterogeneous protein matrix might result in a dou-
ble-well potential energy surface for this hydrogen bond despite
closely matched proton affinities (41–43), with negative charge
discretely localized on either Y16 or Y57.
For a single-well potential, a single, symmetrical IR peak would

be expected for the M116C-CN nitrile with bound phenols of pKa
of ∼10. In contrast, a double-well potential with interconverting
tautomers of ionized Y16 and Y57 (Fig. 4B) would be expected to
result in two IR peaks corresponding to negative charge either on
Y16 or Y57, provided that interconversion is slow relative to the
time scale defined by the inverse of the frequency difference be-
tween the two IR peaks. Close examination of the IR spectra of
M116C-CN with different bound phenols (Fig. 7A) revealed
a high-energy peak shoulder for phenols with pKa values above 9.8
that is more readily detected as an inflection in the numerical first
derivative of the absorption spectra for these complexes (Fig. 7B)
and suggests the possible presence of two distinct but overlapping
peaks. An increasing contribution from a second, spectrally dis-
tinct peak would be expected to result in a broader spectral en-
velope, and this broadening is observed for bound phenols of
pKa above 9 (Fig. S6).
To test further for the presence of two distinct IR peaks, we

acquired low-temperature spectra at 80 K (SI Materials and
Methods). Spectra of M116C-CN bound to 3,4-(NO2)2-phenol
(pKa = 5.4) or 5-Andro (pKa = 15) showed only a single nitrile
peak (Fig. S7A), as expected, for exclusive or predominant nega-
tive charge localization on the phenolate or Y57, respectively (Fig.
4). In contrast, two discrete, narrow peaks separated by 4 cm−1

were observed for the M116C-CN nitrile with bound 4-F-3-Me-
phenol (pKa = 9.8) (Fig. 7C) and 2,6-d2-4-F-phenol (pKa = 10.0)
(22) (Fig. 7D), providing strong evidence for discrete IR peaks
arising from ionized populations of Y16 and Y57. The observation
of individual tautomeric peaks indicates that proton transfer
across the Y16–Y57 hydrogen bond near a pKa of 10 has a double-
well potential energy surface and is significantly slower than the
10-ps time scale set by the frequency difference of 4 cm−1 (0.1
THz) between the two states (additional discussion is provided
below and in SI Text). The double-well nature of this hydrogen
bond implies that a single unit of negative charge is localized on
one of the two interacting groups at any given time, allowing us to
model the electrostatic effects of charge rearrangement within the
hydrogen bond network on the surrounding protein environment
as a sum of these discrete populations.

Computational Modeling of IR Peak Shifts for the Nitrile Probes.
Developing accurate computational models of protein electro-
statics is an ongoing challenge, due, in part, to the paucity of
experimental benchmarks (20, 44, 45). Although numerous bio-
physical studies have provided important qualitative insights into

Fig. 6. Nitrile IR stretching frequency for KSI-CN variants as a function of
phenol pKa. (A) IR spectra in nitrile stretch region of D40N mutants of
M105C-CN (red), M116C-CN (green), and F86C-CN (blue) with bound 3-F-4-
NO2-phenol (pKa = 6.1). (B) IR peak frequencies for the nitrile stretch of F86C-
CN, M116C-CN, and M105C-CN bound to phenols of differing pKa (data are
from Table S2). Trend lines are empirical fits to guide the eye. Note that for
clarity, the y-axis scale has been expanded for M105C-CN.
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the electrostatic properties of proteins, key limitations in each of
these approaches have prevented clean, quantitative measure-
ments of electrostatic fields within proteins (ref. 20 and refer-
ences therein). Our nitrile-based measurements of electric field

changes provide a metric by which to test and improve computa-
tional models of the electrostatic effects of charge rearrangement
within a protein interior. Based on our analysis of the shifting
ionization equilibria within the hydrogen bond network (Fig. 4),
we carried out continuum electrostatic calculations using the
software package DelPhi (described in detail in SI Materials and
Methods) to predict the effect of these ionization changes on
the stretching frequency of each nitrile probe within the KSI
active site. These computations used an internal protein di-
electric of 2 to account for the intrinsic polarizability of amino
acids but otherwise assumed the absence of structural rear-
rangements (i.e., the same static structural model was used in all
calculations).
We first calculated the expected electric field change and IR

peak shift for each probe due to negative charge residing fully on
the oxygen of the bound phenol, Y16, or Y57, and then used the
fractional charge distribution from Fig. 4A to calculate a pop-
ulation-weighted IR peak shift as a function of ligand pKa. Ab-
solute nitrile stretching frequencies were obtained by adding the
calculated peak shift to a chosen reference state, which we selected
to be the IR frequency for each KSI-CN variant when bound to
4-nitrophenol (pKa = 7.1) (additional explanation is provided in SI
Materials and Methods). This referencing is the only adjustable
parameter in calculating peak positions and does not affect the
trend or scale of the calculated frequency changes.
To account for differences in charge density on the phenolate

oxygen for phenol with different solution pKa values (16, 38), we
used QM-calculated atomic charges for three phenolates with
differing electron-withdrawing groups as inputs for the DelPhi
calculations. We then used the calculated electrostatic field values
for the three explicitly modeled phenolates to construct a linear
correlation (for each probe position) between phenol pKa and the
local electrostatic field due to negative charge on the phenolate
oxygen (SI Materials and Methods). For calculating IR peak posi-
tions with bound phenols above a pKa of 8, the coexistence of
distinct ionization populations (Fig. 4 A and B) that are detectable
as discrete species in IR spectra (Fig. 7) required that electric

Fig. 7. Analysis of spectral width and asymmetry of the nitrile IR absorption
spectra of D40N/M116C-CN bound to phenols of differing pKa. (A) Room
temperature IR absorption spectra in the nitrile stretching region of D40N/
M116C-CN bound to 4-NO2-phenol (blue), 3-Cl-phenol (red), 4-F-3-Me-phenol
(green), and 4-MeO-phenol (black). (B) First derivative of the absorption
spectrum calculated from the data in A, highlighting the appearance of
a shoulder (inflections, which indicate a shoulder, are marked with arrows)
and increasing peakwidth and asymmetry (i.e., increasing ratio of peak height
to trough depth) for higher pKa phenols. (C) Superposition of the nitrile
stretch peak observed for 4-F-3-Me-phenol (pKa = 9.8) bound to D40N/M116C-
CN at 298 K in buffer (green) or at 80 K in 50% glycerol/buffer (black). (D)
Nitrile stretch peak observed for D40N/M116C-CN with bound 2,6-d2-4-F-
phenol (pKa = 10.0) at 80 K in 50% glycerol/buffer. A single C-F stretch peak
corresponding to the neutral phenol was also observed for this complex at
80 K (Fig. S7B), consistent with our assignment in Fig. 4A that a bound phenol
with a pKa of ∼10 is predominantly neutral and supporting assignment of the
two peaks in C and D to the KSI tautomers with ionized Y16 or Y57.

Fig. 8. Comparison of computational and experimental results for KSI-CN variants. (A) Experimental spectrum of D40N/M116C-CN bound to 4-MeO-phenol
(solid black line) modeled with a three-spectra basis set (dashed black line) composed of calculated spectra for negative charge on the hydroxylic oxygen of 4-
MeO-phenolate (orange), Y16 (red), or Y57 (violet) and weighted by the fractional populations of these species at a pKa of 10.2 as shown in Fig. 4. (B)
Superposition of experimental (black) and calculated (colored) nitrile IR peak shifts for phenols of increasing pKa bound to F86C-CN (cyan), M116C-CN (green),
and M105C-CN (red). Computed IR peak shifts were modeled as described in the main text and SI Materials and Methods. Trend lines are empirical fits to
guide the eye. Note that the y-axis scale has been expanded for M105C-CN. (C) Plot of the dihedral angle autocorrelation for each probe as a function of time
during molecular dynamics simulations of nitrile mobility in the KSI-CN variants. Eq, equilenin.
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fields be calculated for each separate tautomer, with negative
charge on the ligand, Y16, or Y57.
As shown for M116C-CN with bound 4-MeO-phenol (pKa =

10.2) in Fig. 8A and described in more detail in SI Materials and
Methods, a population-weighted spectral envelope (dashed black
line) was calculated from the sum of three basis spectra (colored
lines) whose relative intensities and peak frequencies correspond
to the fractional populations and calculated IR frequencies, re-
spectively, for the three tautomers present at this pKa. This
modeled composite spectrum closely resembles the observed IR
peak for this complex (Fig. 8A, solid black line), supporting as-
signment of the high-energy features resolved in spectra of
M116C-CN bound to high pKa phenols (peak shoulder in Fig. 7A
and higher energy peak in Fig. 7 C and D) to the population of
ionized Y57. The spectral envelope for the stretching transition
of each nitrile probe was calculated in this manner for a series of
phenols with discrete pKa values that span the experimental range.
A plot of the absorbance maximum of each modeled spectrum

(colored) vs. the observed IR peak maximum (black) for each
probe as a function of phenol pKa is shown in Fig. 8B. The close
correspondence between the predicted and observed IR shifts for
M116C-CN andM105C-CN with varying phenol pKa suggests that
the electrostatic field changes due to charge rearrangement in the
active site hydrogen bond network accurately account for the
observed trends in IR peak maxima for these two probes.
In contrast to M116C-CN and M105C-CN, our modeling is

unable to explain the observed IR frequency trend for F86C-CN.
Our calculations predict a significant IR frequency dependence
on ligand pKa, but no systematic change is observed experimen-
tally (Fig. 8B). This disagreement can be accounted for by a
model in which F86C-CN has greater conformational freedom
relative to the other two probe sites due to the steric vacancy
generated by mutation of the bulky phenyl ring of the parent F86
residue to a thiocyanate. The additional space may permit this
nitrile probe to reorient in response to changes in charge locali-
zation between discrete ionized tautomers present across the
phenol series, an effect not captured by our calculations, which
relied on a static structural model. Indeed, molecular dynamics
simulations (described in detail in SI Materials and Methods)
suggest that the nitrile of F86C-CN has substantially greater
conformational mobility than nitriles at the other two sites and
samples a wide distribution of rotamers on the nanosecond time
scale (Fig. 8C and Fig. S8; additional discussion is provided in SI
Text). These results are consistent with the model above that
posits a wide equilibrium distribution of conformers for the
F86C-CN nitrile. Nevertheless, recent time-resolved IR studies
indicate that this probe does not substantially rearrange on the
time scale of tens of picoseconds (21).

Conclusions and Implications
Pauling and Corey recognized over 60 y ago that hydrogen bonds
and the extended networks they frequently form are ubiquitous
and central components of biological structure and function (46,
47). Hydrogen bonds are typically probed in a coarse fashion by
ablating them via site-directed mutagenesis and evaluating the
functional consequence of their removal. Although this approach
can highlight their general functional importance, it does not
reveal the physical properties of the intact hydrogen bonds that
underpin their functional roles (8–10, 48), and the energetic
effects of mutations can have as much to do with surrounding
structural rearrangements in response to hydrogen bond ablation
as they do with properties of the hydrogen bonds themselves
(49–52). In contrast to these common mutagenic approaches, we
have leveraged favorable features of KSI to interrogate the phys-
ical and energetic properties of the intact hydrogen bond network
formed in the KSI active site and to study the effects of internal
charge rearrangement on electrostatic fields within the active site.

Electrostatic Effects of Charge Rearrangement Within the Active Site
Hydrogen Bond Network. A hallmark of protein catalysts and a
distinguishing feature from reactions in bulk solution is that
enzymes provide a highly structured and chemically heteroge-
neous solvation environment that has a limited ability for elec-
trostatic rearrangement (1, 49, 53–55). Nevertheless, it has been
a formidable challenge to carry out direct experimental tests of the
nature and properties of this environment. Our nitrile probes,
combined with our ability to reposition charge incrementally
within the active site by varying the identity of bound phenols,
provided a highly controlled system to test how specific charge
rearrangements are sensed in discrete regions of an enzyme active
site and how the surrounding protein matrix responds to this
charge rearrangement.
Using continuum electrostatic calculations based on a static

structural model and an internal dielectric of 2, we found surpris-
ingly close agreement between the calculated and observed field
changes for M116C-CN and M105C-CN, the two most ordered
sites. This quantitative agreement suggests the absence of sub-
stantial electrostatic reorientation within the surrounding protein
matrix in response to charge rearrangement within the hydrogen
bond network. This finding is consistent with prior time-resolved
studies of KSI that suggested a rigid electrostatic environment on
the picosecond time scale (21, 56) and extends those observations
to the equilibrium time scale. Structural comparison of KSI bound
to low vs. high pKa phenols (Fig. 2B) also suggested negligible
structural rearrangement at equilibrium, but small rearrangements
on the 0.1-Å scale would be difficult to detect reliably by X-ray
crystallography even at the 1.3-Å resolution of our structures.
Rearrangement of a single charged group by 0.1 Å, however, could
be readily detected by IR spectroscopy as a 2-cm−1 shift if move-
ment of this group were parallel to a nitrile probe located ∼4 Å
away, given an internal dielectric of 2.
The quantitative agreement between experiment and compu-

tation for M116C-CN and M105C-CN contrasts with prior studies
of electrostatic changes in proteins due to pH changes, side-chain
mutation, and ligand binding, in which qualitative agreement, at
best, has been observed between experiment and theory (20, 44,
45, 57, 58). We hypothesize that our simple computational ap-
proach succeeded in the present study due to the subtle pertur-
bations of the homologous series of bound phenols (differing only
in their meta and para substituent groups) and to the absence of
structural and solvent rearrangements that are likely to accompany
more gross perturbations, such as pH changes, mutation, or pro-
tein–ligand association. This success also suggests that undeter-
mined ionization states and rearrangements that are uncharac-
terized and difficult to model may be general problems that
severely limit computational accuracy. Indeed, many studies have
attempted to account for these unknown features by using a higher
internal dielectric (e.g., e = 20) in continuum electrostatic calcu-

Fig. 9. Schematic model for preferential ionization of Y57 vs. Y16 with
increasing phenol pKa. Increasing the solution pKa of the bound phenol
going from A to Bweakens its hydrogen bond to Y16, which destabilizes Y16
ionization and shifts the proton transfer equilibrium toward ionization of
Y57, where charge is stabilized by hydrogen bonds from Y16 and Y32. For
clarity, the transferred proton is shown in green and the D103–phenol hy-
drogen bond has been omitted.
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lations (3–5). Our study provides an example in which a more
controlled system with minimal structural rearrangements and in-
cisive knowledge of ionization states may more cleanly isolate
electrostatic effects and substantially improve computational ac-
curacy. Nevertheless, we stress that continuum electrostatic models
based on a uniform protein dielectric are an incomplete description
of the heterogeneous and anisotropic protein environment and are
inadequate to describe all the properties and behaviors of these
environments. Indeed, the behavior of the F86C-CN probe appears
to provide an example of this more complex behavior.

Quantitative Dissection of Hydrogen Bond-Mediated Proton Transfer
in the KSI Active Site. Site-specific NMR probes allowed us to resolve
ionization changes in the active site hydrogen bond network that
were otherwise invisible in KSI X-ray structures with resolutions as
high as 1.1–1.25 Å (8, 15). The ability to fit the ionization data with
a simplemodel based only on the proton affinities of the interacting
groups (Fig. 4A) suggests that these incremental ionization changes
predominantly arise due to physical and energetic changes in the
hydrogen-bonded groups themselves rather than from the propa-
gated effects of conformational rearrangements of distal groups.
Internal proton transfer is an expected property of hydrogen bonds
formed between groups with similar proton affinities. Our observa-
tion of incremental proton transfer from Y16 to the bound pheno-
late as the proton affinity of the phenol approaches that of Y16
is consistent with extensive studies of hydrogen bond-mediated
proton transfer based on small-molecule complexes in solution
(19, 34, 42, 59) and is not a unique property of hydrogen bonds
formed within the heterogeneous protein environment.
The systematic variation in relative ionized fractions of Y16 and

Y57 is readily accounted for by a model in which the energetic
stabilization of the Y16 anion provided by the phenol–Y16
hydrogen bond decreases with increasing phenol pKa. Extensive
prior hydrogen bond studies in small molecules provide strong
evidence that increasing the pKa of a phenol or other hydrogen
bond donor (via substituent effects) weakens its ability to donate a
hydrogen bond to a common acceptor of lower pKa (17, 18, 32, 34,
60, 61) due, in part, to the decrease in positive charge character of
the hydroxylic proton and its weaker interaction with an anionic
acceptor (17, 60). Increasing phenol pKa is also expected to
lengthen the hydrogen bond to the Y16 anion as the proton af-
finities of the two groups become increasingly mismatched (8),
reducing charge-transfer across the hydrogen bond and increasing
negative charge localization on the Y16 anion (30, 31). These
changes, which progressively weaken the phenol–Y16 hydrogen
bond, destabilize the Y16 anion and thereby favor formation of the
Y57 anion instead, which is stabilized by hydrogen bonds from
Y16 and Y32 (Fig. 9).
This systematic and quantitative dissection of equilibrium pro-

ton transfer within the oxyanion hole hydrogen bond network of
KSI provides one of the cleanest isolations and interrogations of
specific hydrogen bond properties within a complex, heteroge-

neous, and highly idiosyncratic protein interior. Refinement of
these measurements in KSI and determination of related mea-
sures in other proteins, along with additional tests in model sys-
tems, have the potential to provide basic insights into the energetic
properties of hydrogen bonds underlying enzymatic catalysis and
the fundamental properties of protein interiors.

Materials and Methods
A full description of all experimental and computational methods and KSI
semisynthesis is given in SI Materials and Methods, with additional detail and
discussion in SI Text and Figs. S9–S11. KSI mutants were expressed and puri-
fied from Escherichia coli using published methods (8). Nitrile labeling and
uniform 13C-Tyr incorporation were performed as previously described (20,
29, 37). 19F and 13C NMR spectra were acquired at 20 °C on 500- and 600-MHz
(proton frequency) Varian UNITYINOVA NMR spectrometers using previously
published methods (8, 9, 37). IR spectra were acquired at room temperature
and at 80 K as previously reported (20, 29, 37). Cocrystals of pKSI D40N–3-F-4-
NO2-phenolate and D40N/M116C-CN–equilenin were obtained at 20 °C using
hanging drop vapor diffusion in accordance with previously published
methods (8, 20). X-ray diffraction data were collected at the Stanford Syn-
chrotron Radiation Laboratory and the Advanced Light Source (Lawrence
Berkeley National Laboratory), and structure refinement was carried out as
previously described (9, 20). Electrostatic calculations were performed with
DelPhi (62), as previously published (20).

The Xi of each group in Fig. 4A was globally fit via nonlinear regression
using GraphPad Prism to the following equilibrium titration expressions, in
which pKphenol

a was the independent variable, and apparent pKa values, as
defined above, were used to describe the relative proton affinities of the Tyr
groups. In the expressions below, pKY57

a was fit as an adjustable parameter
and pKY16

a was fit as a linear function of pKphenol
a according to pKY16

a ¼
aþ b×pKphenol

a , with a and b as adjustable parameters. A full derivation and
description of the fitting is given in SI Materials and Methods.

Xphenol ¼ 1

1þ 10ðpKphenol
a −ðaþb×pKphenol

a ÞÞ þ 10ðpKphenol
a −pKY57

a Þ [1]

XY16 ¼ 1

1þ 10ððaþb×pKphenol
a Þ−pKphenol

a Þ þ 10ððaþb×pKphenol
a Þ−pKY57

a Þ [2]

XY57 ¼ 1

1þ 10ðpKY57
a −pKphenol

a Þ þ 10ðpKY57
a −ðaþb×pKphenol

a ÞÞ [3]
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A. SI Materials and Methods
1. Materials. Phenol and steroid ligands were the highest purity
commercially available and were used without further purifica-
tion. Steroids were purchased from Steraloids, and phenols were
acquired as previously described (1). Phenol and steroid pKa
values were taken from a study by Kraut et al. (1), except for
5-androsten-3-ol-17-one (5-Andro) and 4-androsten-3-ol-17-one
(4-Andro), whose aqueous pKa values were calculated using the
ACD/Labs I-Lab 2.0 pKa Prediction Module.

2. Ketosteroid Isomerase Mutagenesis, Expression, and Purification.
Ketosteroid isomerase (KSI) mutants were prepared using Quik-
Change (Stratagene) site-directed mutagenesis and confirmed by
DNAsequencing.KSIwasexpressed fromapKK223-3plasmidand
purified from Escherichia coli BL21 bacteria as previously de-
scribed (1). Nitrile incorporation was accomplished as previously
reported (2–4). Protein purity was confirmed by a Coomassie-
stained SDS/PAGE gel (>95% purity in all cases), and protein
concentration was determined by absorbance using the calculated
molar extinction coefficient of 16,960 M−1·cm−1 (5).

3. 13C-Tyr Labeling of Recombinant and Semisynthetic KSI. Pseudomonas
putida KSI (pKSI) D40N containing 13Cζ-Tyr labels at all four Tyr
residues was prepared as previously reported (4). Semisynthetic
pKSI D40N (also containing the R15K/D21N/D24C mutations)
containing 13Cζ-Tyr labels at Y32, Y57, and Y119 (Y16 unlabeled)
was prepared as described in the following subsections. NMR
spectra of recombinant unliganded D40N and D40N/R15K/
D21N/D24C containing 13Cζ-Tyr labels at all four Tyr residues
showed identical Tyr peak positions (Fig. S9).
3a. Construction of the His-tagged D24C-131 KSI plasmid. The sequence
encoding residues 24–131 was PCR-amplified out of the pKK223-3
plasmid containing KSI using a forward primer containing an AscI
site, followed by the KSI sequence starting at Ile25 and a reverse
primer containing the terminal KSI sequence, a stop codon, and
a PacI site. Following digestion with the appropriate restriction
enzymes, this PCR product was cloned between the AscI and PacI
sites of a vector containing a His6 tag and the small ubiquitin-like
modifier (SUMO) (a gift from Aaron Straight, Stanford Univer-
sity, Stanford, CA). QuikChange site-directed mutagenesis was
used to mutate the residue at position 24 to a Cys, generating
a His-tagged SUMO-D24C-131 construct. The product was con-
firmed by sequencing miniprep DNA from DH5α cells.
3b. Peptide synthesis and purification. A peptide comprising the
N-terminal 23 amino acids of KSI with a C-terminal thioester for
ligation was synthesized manually on β-mercaptopropionyl-Leu-
phenylacetamidomethyl resin using tert-butoxycarbonyl (BOC) in situ
neutralization protocols (6, 7). The peptide was deprotected using
trifluoromethanesulfonic acid and thioanisole (6, 7). The peptide
was purified by reverse-phase HPLC using a gradient elution be-
tween A (water, 0.1% TFA) and B (9:1 acetonitrile/water, 0.09%
TFA). Fractions containing the peptide product were pooled and
lyophilized. The product mass was confirmed by electrospray MS.
3c. Expression and purification of the recombinant fragment containing an
N-terminal Cys and 13Cζ-Tyr labeled at Y32, Y57, and Y119. The 13C-Tyr–
labeled fusion protein with Y32, Y57, and Y119 13Cζ-labeled was
expressed in BL21(DE3) cells grown in M9 minimal media sup-
plemented with L-Tyr [50 mg/L phenol-4-13C (95–99%); Cam-
bridge Isotope Laboratories, Inc.] and the remaining 19 unlabeled
amino acids. Cells were grown at 37 °C to an OD of ∼0.6, followed

by the addition of 0.4 mM isopropyl-β-D-thiogalactopyranoside
and a further 10 h of growth at 25 °C. Cells were harvested and
resuspended in 20 mM sodium phosphate (pH 7.2) and 150 mM
NaCl (lysis buffer), and were then lysed by passage through a
French pressure cell. Inclusion bodies containing the fusion
protein were isolated by solubilization of membranes by addi-
tion of 1% Triton X-100, 20 mM sodium phosphate (pH 7.2),
and 150 mM NaCl, followed by centrifugation at 8,000 × g. The
inclusion bodies were then washed several times by resuspension
in 20 mM sodium phosphate (pH 7.2) and 150 mM NaCl to
remove detergent.
Inclusion bodies were resolubilized in 7 M urea, 20 mM sodium

phosphate (pH 7.2), and 150 mM NaCl. The samples were
centrifuged to remove aggregated protein. The supernatant was
loaded on a nickel–nitriloacetic acid column preequilibrated with
7 M urea, 20 mM sodium phosphate (pH 7.2), and 150 mMNaCl.
The column was washed with 7 M urea, 20 mM sodium phosphate
(pH 7.2), and 150 mM NaCl until the A280 dropped to ∼0 (∼10
column volumes). The product was eluted in one step using 250
mM imidazole, 7 M urea, 20 mM sodium phosphate (pH 7.2), and
150 mM NaCl.
The eluted material was diluted at 4 °C by drop-wise addition in

20 mM sodium phosphate (pH 7.2) and 150 mM NaCl to a final
urea concentration of 2 M to allow refolding of the SUMO pro-
tein. The material was concentrated using an Amicon centrifugal
filter unit and was then buffer-exchanged by passing through a
HiPrep 26/10 (GE Healthcare Life Sciences) desalting column
preequilibrated with 2 M urea, 50 mM Tris·HCl (pH 8.0), and
150 mM NaCl. The purity of the fusion protein was >95%, as
determined by SDS/PAGE.
SUMOprotease (1mg of protease per 100mg of fusion protein)

was added to cleave the fusion protein. The cleavage reaction was
carried out in 2 M urea, 50 mM Tris·HCl (pH 8.0), 150 mMNaCl,
and 2 mM DTT at 30 °C for 2 h. To minimize aggregation of the
cleaved products, the concentration of the fusion protein in the
cleavage reaction was below 100 μM. Cleavage efficiency was
typically >95%, as determined by SDS/PAGE. Following the re-
action, solid urea was added directly to the mixture to a final
concentration of 8 M in the reaction mixture. The mixture was
centrifuged to remove aggregated material. Cleavage products
were purified by loading the mixture on a Superose-12 gel filtra-
tion column preequilibrated with 7 M urea and 20 mM sodium
phosphate (pH 7.2). Fractions containing the KSI fragment were
identified by SDS/PAGE, pooled, concentrated to a final con-
centration of ∼2 mM using a 3-kDa cutoff centrifugal filter unit,
and stored at 4 °C. The KSI fragment and the cleaved SUMO tag,
which were removed in a subsequent step as described below,
comprised >98% of the protein in the final concentrate as mea-
sured by Coomassie-stained SDS/PAGE.
3d. Native chemical ligation. The peptide containing a C-terminal
thioester was ligated to the 13Cζ-Tyr–labeled recombinant frag-
ment containing an N-terminal Cys using native chemical ligation
(6). The lyophilized peptide was dissolved in 7 M urea and 20 mM
sodium phosphate (pH 7.2) to a concentration of ∼4 mM. The
peptide and recombinant fragments were combined to give final
concentrations of ∼4 mM and ∼2 mM, respectively, in 7 M urea
and 20 mM sodium phosphate (pH 7.2). Sodium 4-mercapto-
phenylacetic acid was added to a final concentration of 1 M (8).
The ligation was allowed to proceed for 2 h at 25 °C. Protein in the
ligation mixture was then refolded by a 20-fold dilution into
40 mM potassium phosphate (pH 7.2), 1 mM EDTA, and 2 mM
DTT, followed by stirring for 1 h at 4 °C. The refolded protein was
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purified by deoxycholate affinity chromatography as typically
performed for recombinant KSI (1), followed by buffer exchange
into 40 mM potassium phosphate (pH 7.2),1 mM EDTA, and
2 mM DTT in a 10-kDa cutoff concentrator. Final purity was
>99% on a Coomassie-stained SDS/PAGE gel. Protein concen-
tration was determined using a calculated molar extinction co-
efficient at 280 nm. The yield relative to the limiting recombinant
fragment was ∼40%, and 4.2 mg of pure KSI was recovered.

4. NMR Spectroscopy. 19F and 13C NMR spectra were acquired at
25 °C on 500 and 600MHz (proton frequency) Varian UNITYINOVA
spectrometers using sample conditions and acquisition parame-
ters as previously reported (4, 9, 10). Samples for 13C detection
contained 1 mM KSI, 2 mM ligand (when present), 40 mM po-
tassium phosphate (pH 7.2), 1 mM EDTA, 2 mM DTT, and 5%
D2O as the lock solvent. Samples for 19F detection contained 1.5
mM KSI, 1 mM ligand, 40 mM potassium phosphate (pH 7.2),
1 mM EDTA, 2 mM DTT, and 5% D2O as the lock solvent. 19F
NMR chemical shifts were referenced to an external sample of
TFA in buffer (−76.1 ppm relative to CFCl3).

13C NMR spectra
were referenced to an external sample of sodium-3-trimethylsilyl-
propionate-2,2,3,3-d4 in buffer (0 ppm). Spectra were processed
using a 10-Hz line broadening and baseline correction applied
over the peaks of interest. Peak positions are reported as the
chemical shift value corresponding to the position of maximum
intensity for each peak. Uncertainty in chemical shift measure-
ments is estimated as ±0.1 ppm based on replicate measurements
of identical samples.
For all phenol complexes studied, the limiting component

(protein in 13C spectra or ligand in 19F spectra) was≥95% bound,
based on the sample concentrations above and the low micro-
molar Kd values observed for binding of substituted phenols to
D40N (1). Under these conditions, the reported NMR spectra
therefore reflect the properties of fully or nearly fully (≥95%)
bound KSI (13C spectra) or phenol (19F NMR), and any chemical
exchange with the minor population (≤5%) of the dissociated
species does not contribute significantly to the observed peak
positions. This conclusion is supported by observation of iden-
tical 13C-Tyr peak positions in spectra of KSI–phenol complexes
acquired with differing excess phenol concentrations, ruling
out a significant contribution to peak position from ligand ex-
change. As discussed in SI Text, section D, our observation of a
single 13C NMR peak for each labeled Tyr residue indicates that
proton transfers within the KSI–phenol complexes aremuch faster
than the NMR time scale (defined below) and that the observed
peak positions are the population-weighted average of all ioniza-
tion states present for a given residue. Additional discussion of
chemical exchange contributions to NMR peak positions can
be found elsewhere (11, 12). NMR spectra of KSI–phenol
complexes were observed to be pH-independent (pH 7–8), as
expected for the effectively intramolecular nature of the pro-
ton transfer between the bound phenol and KSI oxyanion hole
residues.

5. IR Spectroscopy. Room temperature and 80-K IR spectra for
phenols bound to nitrile-modified KSI (KSI-CN) variants were
acquired in the CN stretching frequency region using sample
conditions and experimental parameters as previously described
(2–4). The 80-K spectrum of 4-F-phenol in the stretching region
from C to F required selective deuteration of the phenol (2,6-d2-4-
F-phenol) to disrupt complicating Fermi resonances, and the
spectra were acquired in a CaF2 sample cell with 12- to 23-μM
spacers as previously described (11).

6. X-Ray Crystallography. Cocrystals of pKSI D40N–3-F-4-NO2-
phenolate and D40N/M116C-CN–equilenin were obtained at
20 °C using hanging drop vapor diffusion according to previously

published crystallization conditions in ammonium sulfate and
potassium phosphate buffer (1, 4, 9, 13). X-ray diffraction data for
D40N–3-F-4-NO2-phenolate and D40N/M116C-CN–equilenin
were collected at the Stanford Synchrotron Radiation Laboratory
and the Advanced Light Source (Lawrence Berkeley National
Laboratory), respectively, and structure refinement was carried
out as previously described (1, 4, 9). Structural coordinates and
structure factors were deposited with the Protein Data Bank
(PDB) under the ID codes 3VGN (D40N–3-F-4-NO2-phenolate)
and 3OWS (D40N/M116C-CN–equilenin). Structure figures were
prepared using MacPyMOL (14).

7. Quantitative Modeling of Active Site Protonation States as a
Function of Phenol pKa. Fractional ionizations of the bound phe-
nol, Y16, and Y57 were calculated as shown in Fig. 4A, based on
the following assumptions: (i) These three groups are the only
species that significantly ionize in the KSI active site; (ii) the sum
of the fractional ionizations of these three groups at each phenol
pKa value is equal to 1; (iii) the chemical shifts observed for
Y16 and Y57 in the KSI complex with 4-nitrophenol (pKa =
7.1), which is bound as the fully ionized phenolate (1, 11, 15)
(Fig. 2A), represent the chemical shifts for fully neutral Y16
and Y57 within the phenol-bound KSI active site; and (iv) the
chemical shift of fully ionized Y16 and Y57 is 166 ppm, the
chemical shift of a fully ionized Tyr within a peptide in basic
aqueous solution (16).
The fractional ionizations of Y16 andY57 at discrete phenol pKa

values (XY−

i ) were calculated as XY−

i = δi − δ7:1
166− δ7:1

, where δi is the ob-
served chemical shift at each pKa value and δ7.1 is the chemical shift
with bound 4-nitrophenol. The fractional phenol ionization at each
pKa value (XPh−

i ) was calculated asXPh−
i = 1− ðXY16−

i +XY57−
i Þ. For

pKa values ≥10.4, where XY16−
i +XY57−

i calculated as above gave a
sum that was greater than 1, XPh−

i was assumed to be 0 and the
values of XY16−

i and XY57−
i were linearly scaled to make XY16−

i +
XY57−
i equal to 1. The XPh−

i values determined indirectly in this
fashion were very similar to those previously reported based on
direct ligand measurements for phenols (11), naphthols (17), and
equilenin (17) bound to pKSI D40N (Fig. S3) and are qualitatively
consistent with the 19F NMR changes observed for bound 4-F–
substituted phenols in Fig. 2A and the observation of a single C-F
peak in a low-temperature (80 K) spectrum of 2,6-d2-4-F-phenol
bound to D40N/M116C-CN (Fig. S7B). We estimate the un-
certainty in our fractional ionization estimates for each point in
Fig. 4A to be ±0.15, based on the 2.5- to 3-ppm difference in the
13C chemical shift of neutral Y16 (158.5 ppm) and Y57 (158 ppm)
within the KSI–4-nitrophenol complex vs. a neutral Tyr residue
within a peptide in aqueous solution (155.5 ppm) divided by the
11-ppm 13C chemical shift dispersion between a neutral and ion-
ized Tyr in aqueous solution (16). We note that the central con-
clusions of the paper, which are based on the systematic changes in
fractional ionizations across the series of phenols rather than the
absolute values of fractional ionizations for any given complex, are
unaffected by this uncertainty.
Theobservedchanges in fractional ionization for thephenol,Y16,

and Y57 as a function of phenol pKa were globally fit by nonlinear
regression using GraphPad Prism to the following models derived
from the proton transfer equilibria between these groups (A =
phenol, B = Y16, and C = Y57, where Ka is the apparent acid
dissociation constant for each group and Xi is the fractional ioni-
zation of each group). As noted in the main text, the apparent pKa
values used in these models are a proxy for the relative proton
affinities of the phenol, Y16, and Y57 within KSI–phenol com-
plexes and do not represent the actual pKa values for these groups
within the phenol-bound KSI active site:

A−•••H‐B•••H‐C↽ *
K1

A‐H•••B−•••H‐C↽ *
K2

A‐H•••B‐H•••C−
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K1 =
½B−�
½A−� =

KB
a

KA
a
= 10ðpKA

a −pKB
a Þ [S1]

K2 =
½C−�
½B−� =

KC
a

KB
a
= 10ðpKB

a −pKC
a Þ [S2]

K1 ×K2 =K3 =
½C−�
½A−� =

KC
a

KA
a
= 10ðpKA

a −pKC
a Þ [S3]

XA− +XB− +XC− = 1 [S4]

XA− =
½A−�

½A−�+ ½B−�+ ½C−� =
1

1+
½B−�
½A−� +

½C−�
½A−�

=
1

1+ 10ðpKA
a −pKB

a Þ + 10ðpKA
a −pKC

a Þ [S5]

XB− =
½B−�

½A−�+ ½B−�+ ½C−� =
1

1+
½A−�
½B−� +

½C−�
½B−�

=
1

1+ 10ðpKB
a −pKA

a Þ + 10ðpKB
a −pKC

a Þ [S6]

XC− =
½C−�

½A−�+ ½B−�+ ½C−� =
1

1+
½A−�
½C−� +

½B−�
½C−�

=
1

1+ 10ðpKC
a −pKA

a Þ + 10ðpKC
a −pKB

a Þ [S7]

Wefirstfit the data in Fig. 4Ausing expressionsS5–S7, which treat
pKA

a as an independent variable and pKB
a and pKC

a as adjustable
parameters. This model assumes constant proton affinities for B
(Y16) and C (Y57) regardless of the pKa value of A (the bound
phenol). Global fits of this model to the data (Fig. S4A) failed to
account for the decrease in XY16 and increase in XY57 observed
above a pKa of 10. Rather, this model predicts that constant Y16
andY57 proton affinities will result in constantXY16 andXY57 values
in this region, which is not what was observed (Fig. S4B).
Based on prior linear free energy studies and known physical

properties of hydrogen bonds (1, 18–24), we posited that ener-
getic changes in the phenol–Y16 hydrogen bond with increasing
phenol pKa would alter the stability of the Y16 anion, and thus
modulate its ability to ionize relative to Y57. To account for this
behavior, we next fit the data with modified expressions in which
we allowed the apparent pKa of Y16 to vary linearly with changes
in phenol pKa according to the equation pKB

a = a+ b× pKA
a , in

which a and b were adjustable parameters. These modified ex-
pressions, shown below, were globally fit to the data as shown in
Fig. 4A and accurately accounted for the observed changes:

XA− =
1

1+ 10ðpKA
a −ða+b× pKA

a ÞÞ + 10ðpKA
a −pKC

a Þ [S8]

XB− =
1

1+ 10ðða+b× pKA
a Þ−pKA

a Þ + 10ðða+b× pKA
a Þ−pKC

a Þ [S9]

XC− =
1

1+ 10ðpKC
a −pKA

a Þ + 10ðpKC
a −ða+b× pKA

a ÞÞ [S10]

8. Electrostatic Modeling. Theoretical calculations of electrostatic
fields within the KSI active site were carried out using DelPhi (25,
26), a finite difference algorithm for solving the Poisson–Boltz-
mann equation. Calculations were performed using the protein
heavy atoms positions determined in the X-ray structures of the
equilenin-bound D40N mutants of M116C-CN, M105C-CN, and
F86C-CN (respective PDB ID codes 3OWS, 3OWY, and
3OWU). Heavy atom positions for bound ligands [4-NO2-phe-
nolate, 3,4-(NO2)2-phenolate and unsubstituted phenolate] were
modeled using the equilenin A ring in the above structures as
a scaffold to which the relevant phenolate functional groups were
added by comparison with the X-ray structure of D40N with
bound 3-F-4-NO2-phenolate (PDB ID code 3VGN).
Charge and radii parameters for protein atoms were taken from

the PARSE parameter set (25), which treats only heavy atoms
and hydrogen atoms attached to heteroatoms explicitly. Charge
and radii parameters for the nonnatural Cys-CN amino acid
were taken from a previous study (27). A dielectric value (e) of
80 was used for the protein exterior, and a value of 2 was as-
signed to the protein interior to account for the intrinsic polar-
izability of the constituent chemical groups of the protein (28)
and based on previous studies of this enzyme in which this value
provided the best fit to the data (4). Ligand partial charges were
added based on a quantum chemical calculation of substituted
phenolate anions in the gas phase using Gaussian ‘03, with
Mulliken population analysis (29). The calculated Mulliken
partial charges on the phenolate oxygen were −0.51, −0.43, and
−0.37 for phenolate, 4-nitrophenolate, and 3,4-dinitrophenolate,
respectively. This decrease in calculated phenolate oxygen partial
charge with decreasing solution pKa value is consistent with prior
published calculations of phenolate charges (30, 31).
Hydrogen atoms were automatically added to the protein heter-

oatoms using the program PDB2GMX (32), which uses database
values for bond distances and angles, hydrogen bond satisfaction
criteria, and unperturbed pKa values for protein groups. Calcu-
lations were performed using three different protein protonation
states, with anionic charge residing on the hydroxylic oxygen of the
bound phenol, Y16, or Y57. To avoid artifacts from the finite grid
treatment, a seven-tier focusing routine was used. A calculation of
the potential on a 50 × 50 × 50 grid of 0.5 grid lines per angstrom,
centered around the CN bond and encompassing the whole protein,
provided the initial boundary conditions for a subsequent calcula-
tion at twofold finer grid spacing. This process was repeated until the
grid spacing was 32 lines per angstrom. The gradient in the potential
along the CN bond axis was calculated at each tier and monitored
for convergence. All values reported are from the final tier.
To convert calculated electric fields into nitrile IR frequencies

(in inverse cm, cm−1), the 4-nitrophenol complex (pKa = 7.1) was
used as a reference point. We calculated the change in electric
field (in megavolts per centimeter, MV/cm) along each nitrile
relative to the calculated electric field for the 4-nitrophenol
complex. We then divided this number by the previously de-
termined vibrational Stark tuning rate of 0.65 cm−1/(MV/cm) (4)
to convert the electric field changes into vibrational frequency
changes (in cm−1). To calculate the predicted position of the
IR peak of a given tautomer, the calculated vibrational fre-
quency change was added to the experimental IR frequency
for each probe with bound 4-nitrophenol. To calculate the
predicted peak frequency in cases in which multiple tautomers
coexist, Gaussian curves centered at the calculated frequency
for each tautomer (with FWHM line widths equal to the ex-
perimental line widths with bound 4-nitrophenol) were as-
signed a relative weight according to the fractions in Fig. 4A
and summed together as in Fig. 8A. The maximum value of
the resulting composite peak was reported as the predicted
peak position. An overlay of the experimental and calculated
IR frequencies for each probe is shown in Fig. 8B.
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9. Modeling of Nitrile IR Peak Positions for the Series of KSI-CN–
Phenol Complexes. The observed increase in M116C-CN IR fre-
quency with increasing phenol pKa in the region with low pKa
values (5–8), where the phenol is bound exclusively as the ionized
phenolate (Fig. 4A), led us to hypothesize that increased negative
charge localization on the phenolate oxygen with increased solu-
tion pKa was responsible for the electric field increase at the nitrile.
To test this hypothesis, we performed electrostatic calculations for
enzyme complexes with 3,4-dinitrophenol (pKa = 5.4), 4-nitro-
phenol (pKa = 7.1), and unsubstituted phenol (pKa = 10.0) using
the quantum mechanics (QM)-derived partial charges for ligand
atoms described above. These calculations predicted IR shifts for
M116C-CN of +3.4, +4.3, and +4.2 cm−1 with each of the above
phenolates, respectively. Although caution is warranted because
only three points are calculated and these points do not comprise
a monotonically increasing series, a line of best fit to these points
has a slope of 0.2 cm−1 per pKa (R

2 = 0.55), which is similar to the
experimental slope of 0.3 cm−1 per pKa in the low pKa regime,
where the ligand is fully ionized. This same procedure was carried
out for F86C-CN and M105C-CN. We calculated a slope of −0.3
cm−1 per pKa (R

2 = 0.66) for F86C-CN, which is in poor agreement
with the experimental data (further discussion on this probe is
provided below), and a slope of−0.009 cm−1 per pKa (R

2= 0.99) for
M105C-CN, which is consistent with the data that showed no de-
tectable change over the series. The decreasing fraction of ionized
phenolate at higher pKa values limits the impact of this parame-
trization mainly to the calculated values in the pKa 5–8 regime.
The line shape analysis and low-temperature IRdatapresented in

themain text indicate that exchange between tautomeric states due
to proton transfer was slow on the IR time scale, such that at least
two tautomers exist as distinct states with overlapping IR spectra
(Fig. 7 and analysis in themain text). To calculate IR shifts for each
KSI-CN–phenol complex, the IR peak for each possible tautomer
was modeled as a single Gaussian-shaped peak of line width equal
to that observed for the KSI-CN–4-nitrophenolate complex. A
numerical sum of the three peaks at each pKa was calculated for
each probe, and the maximum of this aggregate peak was reported.

10. Molecular Dynamics Simulations. Molecular dynamics (MD)
simulations were performed as previously described (27) using the
MD program GROMACS 3.3.1 (32, 33), with the AMBER-99
force field ported to GROMACS (34). The nitrile-derivatized
Cys residue and equilenin were parameterized using Antecham-
ber and Leap from the AMBER 9 software suite (35), using the
GAFF atom force field extension to AMBER (36). Hydrogens
were added using the utility PDB2GMX as described above. For
each different position of the nitrile, one monomer of KSI was
simulated in explicit water using the SPC/E model. Simulations
were equilibrated through 20 ps of energy minimization, followed
by 20 ps of heavy atom position-restrained refinement that was
monitored for convergence. Two nanoseconds of MD were simu-
lated under simultaneously fixed temperature, using a Nose–Hoo-
ver thermostat (298 K), and fixed pressure (1 atm), using
a Parinello–Raman barostat. The particle mesh Ewald model for
the calculation of long-range electrostatics was used with a 1-nm
cutoff. The distribution of values taken on by the dihedral angle
describing the orientation of the nitrile relative to the protein
backbone (∠Cα-Cβ-S-CN) was calculated over the whole trajectory
and plotted in Fig. S8. Additionally, the autocorrelation function,
the probability that dihedral angles measured at times t1 and t2,
separated by an interval Δ t, will have the same value, was calcu-
lated using the GROMACS utility “g_angle” and plotted as
a function of Δ t in Fig. 8C. The apoprotein was simulated for
M116C-CN,M105C-CN, and F86C-CN. For F86C-CN, significant
dihedral motion was observed; thus, we additionally simulated the
effect of the bound ligand equilenin on the mobility of this probe.
Additional discussion of theMD simulations is provided in SI Text,
section E.

B. Discussion of 13C-Tyr Chemical Shift Changes Due to
Hydrogen Bond Shortening and Ionization
Prior 1H NMR and quantum mechanical/molecular mechanics
(QM/MM) studies of phenols bound to pKSI D40N strongly sug-
gest that the oxyanion hole hydrogen bonds formed by D103 and
Y16 to the phenol oxygen shorten progressively with increasing
phenol pKa (1, 37). For a hydrogen bond formed between a Tyr
residue and an ionized phenolate, polarization of the Tyr O-H
bond accompanying hydrogen bond shortening can result in de-
shielding of the Cζ-Tyr nucleus. Such deshielding can be∼1 ppm in
magnitude, based on 13C NMR studies of hydrogen-bonded com-
plexes between phenols and trimethylamine-N-oxide (38), but the
large peak shifts we observed for Y16 and Y57 to values ≥160 ppm
cannot be accounted for by O-H bond polarization alone. This ob-
servation suggests ionization of Y16 at an intermediate phenol pKa
and ionization of Y57 at a high phenol pKa, consistent with the other
measures of phenol ionization state described in the main text and
presented in Fig. 2A and Fig. S3. The ∼1-ppm down-field shifts for
the 13C peak of Y32 with bound 4-Andro and 5-Andro (Fig. 3D) are
consistent with polarization of the Y32 O-H bond on ionization of
Y57, and our analysis assumes that Y32 does not ionize (see above).

C. Contributions to Nitrile Peak Shifts for Phenols Bound to
KSI-CN Variants
Binding of the fully ionized 3,4-dinitrophenol (pKa = 5.4) results in
a dispersion of 13 cm−1 in the stretch frequency observed across the
three nitrile probe sites (Fig. 6A). As elucidated previously (3, 4),
this dispersion is the result of two superimposed contributions to
relative peak position: (i) a large and constant offset in stretch
frequency imparted by the variable hydrogen bonding state of the
three probes (the nitriles of F86C-CN and M116C-CN accept hy-
drogen bonds from a backbone amide and water, respectively,
whereas the M105C-CN nitrile is free of hydrogen bonding) and
(ii) a smaller and unique shift in the stretch frequency of each ni-
trile due to the differing projection of the local electrostatic field on
the unique position and orientation of each probe. Because the
hydrogen bonding state of each probe and its associated contri-
bution to the IR stretch frequency remain nearly constant across
a series of bound ligands (based on tandem IR and 13C NMR
measurements of each nitrile) (3) (Fig. S10), changes in the IR
frequency for each nitrile across the series of bound phenols report
on changes in the local electrostatic field experienced by each
probe due to charge rearrangements within the hydrogen bond
network with increasing phenol pKa.
As an independent test of the sensitivity of theM116C-CN nitrile

to charge and proton transfers within the active site, we acquired
13C NMR spectra of this variant bearing a 13C-labeled nitrile
(−13CN) bound to the same series of phenols. The 13C chemical shift
of the nitrile changes little from a pKa of 5–8 but increases steadily
above a pKa of 8 (Fig. S11). This inflection is similar to the observed
inflection in M116C-CN nitrile stretch frequency (Fig. 6B), sug-
gesting that both IR frequency and NMR chemical shift respond to
the same active site charge rearrangements that accompany in-
creases in phenol pKa in this region. Nevertheless, there are dif-
ferences in the observed dependence of the nitrile IR and 13C
NMR frequencies on phenol pKa. Understanding the physical or-
igin of these differences will require a deeper understanding of the
contributions to 13C NMR chemical shift within the KSI active site.

D. Quantitative Limit on Proton Transfer Rate for
pKa-Matched Hydrogen Bonds Within KSI
Our ability to resolve distinct nitrile stretch peaks (Fig. 7) by IR
spectroscopy at both low temperature (independently resolved
peaks) and room temperature (resolvable peak shoulders) for the
individual tautomers of ionized Y16 and ionized Y57 with phenols
of pKa near 10 bound to M116C-CN (Fig. 4) allows us to place
limits on the time scale of the proton transfer that results in
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interconversion of these tautomers. This limit can be derived from
the time-energy uncertainty relation ΔEΔt> h, where ΔE is the
energy difference between two states, Δt is the approximate time
for interconversion between the two states, and h is Planck’s con-
stant. In frequency terms, this expression has the form ΔvΔt> 1.
The two distinct states of KSI under study here, assigned to the
different electrostatic environments of the M116C-CN probe in
which negative charge resides on either Y16 or Y57, have associ-
ated M116C-CN nitrile stretching transitions with a difference of
4 cm−1 or 1 × 1011 Hz in energy or frequency, respectively. From
this frequency difference and a model in which the two ionized tau-
tomers are interconverting via proton transfer, a minimum proton
residence time of at least 10 ps can be estimated. A proton transfer
rate faster than 1011 Hz would be expected to result in a single av-
erage IR peak rather than the discrete peaks that we observe.
Our observation of only single population-averaged 13C-Tyr

NMR peaks for Y16 and Y57 with bound phenols of pKa of ∼10
(Fig. 3), rather than observation of discrete peaks for the in-
terconverting neutral and ionized states of both Y16 and Y57
populated at this pKa (Fig. 4B), indicates an exchange rate that is
fast relative to the NMR-measured frequency difference be-
tween these two ionization states. A lower limit on the rate of
proton transfer between Y16 and Y57 can be estimated from the
∼8-ppm chemical shift difference between a neutral (157 ppm)
and ionized (165 ppm) Tyr residue measured on a 125-MHz (13C
frequency) NMR spectrometer, which corresponds to a fre-
quency difference of 103 Hz and a proton residence time of 1 ms.
Based on these quantitative limits, we conclude that proton
transfer between Y16 and Y57 within the D40N active site with
a bound phenol of pKa near 10 occurs faster than 103 s−1 but
slower than 1011 s−1.

E. Additional Discussion of MD Simulations
The dihedral angle ∠Cα-Cβ-S-C, calculated for MD trajectories of
M105C-CN and M116C-CN, showed a narrow range of sampled
values (Fig. S8), with time-dependent autocorrelation values near
unity (Fig. 8C) over the 2 ns of the simulation. In other words, the
S-CN group at these positions did not rotate significantly relative
to the peptide backbone. F86C-CN, however, behaved differently.
The dihedral autocorrelation decayed rapidly, indicating low
barriers to rotation, and the angles sampled by the probe were
widely distributed. This qualitatively different behavior of the
F86C-CN nitrile relative to the other two probe positions in tra-
jectories of the apoproteins led us to question whether the

dynamic behavior of F86C-CN would be more restricted in the
ligand-bound state. To test whether the position of the probe was
more restricted in the presence of a bound ligand, we simulated
F86C-CN with the phenolic steroid equilenin. The mobility of the
S-CN group was significantly restricted with bound equilenin rel-
ative to the apoprotein but remained substantially more mobile
than observed for the nitriles ofM105C-CN andM116C-CN in the
unliganded state (Fig. 8C and Fig. S8).
In Fig. 8C, the Cα-Cβ-S-CN dihedral angle autocorrelation of

F86C-CN with bound equilenin decayed to 0.6 in 2 ns, suggesting
that the barriers to rotation of this group are spontaneously crossed;
however, such events are sufficiently rare that major reorientations
are infrequently observed on the hundreds of picosecond time scale
sampled. These MD observations suggest a physical basis for un-
derstanding the differential behavior of the F86C-CN vs. M105C-
CN and M116C-CN nitriles observed by IR spectroscopy (Fig. 6)
and by modeling (Fig. 8), where the F86C-CN nitrile is the only
probe that did not show a systematic change in probe frequency with
changing ligand pKa. The observation of spontaneous structural
rearrangement of F86C-CN in MD simulations suggests that this
probe has enhanced conformational mobility relative to the other
two probes and can structurally rearrange to adopt a new average
equilibrium conformation in response to an energetic perturbation.
Based on its heightened conformational mobility and our ob-

servationof limitedsensitivity of theF86C-CNnitrile toelectrostatic
perturbations due to varying phenol pKa, we propose that this probe
conformationally reorients on binding of distinct phenols to mini-
mize the interaction energy between the electrostatic field associ-
ated with each bound phenol and the ground state dipole moment
of the F86C-CN nitrile. This reorientation may reduce the mag-
nitude of the field change experienced by the F86C-CN nitrile to
below the limit of detection by IR spectroscopy, accounting for the
relative invariance in the measured IR peak position of this nitrile
with increasing phenol pKa. This effect would not have been cap-
tured by our point charge or DelPhi electrostatic models, which
assumed a rigid probe position based on the F86C-CN crystal
structure, and can thus account for the different behaviors of the
F86C-CN observed by experiment vs. computation.
These results are consistent with a previous time-resolved IR

study that showed no rearrangement of F86C-CN under the
influence of a near-instantaneous energetic perturbation on the
tens of picoseconds time scale (39). Our MD simulations, how-
ever, suggest that spontaneous rearrangement is possible on the
hundreds of picoseconds time scale.
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Fig. S1. 2Fo-Fc electron density map (contoured at 1.5 σ) for the 1.30-Å resolution structure of 3-F-4-NO2-phenol bound to pKSI D40N.

Fig. S2. 19F NMR spectrum of 1 mM 4-F-3-Me-phenol bound to 1.5 mM pKSI D40N or D103N/D40N in 40 mM potassium phosphate (pH 7.2) and 1 mM EDTA.
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Fig. S3. Comparison of fractional ionization measurements for pKSI D40N-bound ligands. Phenols from the present study are shown in black, and their
fractional ionizations and associated uncertainties were estimated indirectly from the 13C-Tyr NMR data as explained in the main text and SI Materials and
Methods. Phenols previously studied by FTIR are shown in red (11). Fractional ionizations previously reported for naphthols and equilenin based on UV-visible
(Vis) absorbance are shown in cyan (17).

Fig. S4. Global fit of ionization data to equilibrium titration model assuming constant proton affinity values for Y16 and Y57. (A) Fitting to this model fails
to account for the apparent decrease in Y16 fractional ionization at high phenol pKa and poorly fits the observed fractional ionization changes for Y16 and
Y57 in the low phenol pKa region. The expressions used for fitting are given in SI Materials and Methods. (B) The model in which Y16 and Y57 have constant
proton affinities (red) regardless of phenol pKa predicts a constant ratio of ionized Y57 to ionized Y16 (XY57−/XY16−), contradicting the experimental ob-
servation by 13C NMR that this ratio increases with increasing phenol pKa. A model with variable Y16 proton affinity (black) can account for the increase in
XY57−/XY16− (R2 = 0.92).
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Fig. S5. 2Fo-Fc electron density map (contoured at 1.5 σ) for the 1.7-Å resolution structure of equilenin bound to D40N/M116C-CN. (Inset) For clarity, the
M116C-CN group was removed from the view shown for the other groups and is shown in the box.

Fig. S6. Observed nitrile IR peak width (FWHM) for D40N/M116C-CN bound to phenols of increasing pKa (data are from Table S2).

Fig. S7. (A) Low-temperature (80 K) IR spectra of the nitrile stretch for M116C-CN/D40N bound to 5-Andro (blue, pKa = 15) or 3,4-dinitrophenol (red, pKa =
5.4). (B) IR spectrum at 80 K of the C-F stretch for 2,6-d2-4-F-phenol bound to M116C-CN/D40N. The single C-F peak for this complex at 80 K is similar to the peak
observed at 1190 cm−1 for neutral 2,6-d2-4-F-phenol in room temperature spectra taken in aqueous solution (pH 2) (11).
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Fig. S8. Distribution of the Cα-Cβ-S-CN dihedral angle for each probe during MD simulations of KSI-CN.

Fig. S9. 13C NMR spectra of unliganded pKSI D40N and D40N/R15K/D21N/D24C containing 13Cζ-Tyr labels at all four Tyr residues.
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Fig. S10. Nitrile stretching frequency vs. 13C NMR chemical shift in model compounds and in KSI-CN variants. (A) Plot of uncorrected IR stretch frequency vs.
NMR chemical shift for ethylthiocyanate in aprotic solvents [black, compound identities provided by Fafarman et al. (3); green, M116C-CN/D40N–phenolate
complexes; red, F86C-CN/D40N–phenolate complexes; and blue, M105C-CN/D40N–phenolate complexes]. (B) Corrected plot of IR stretch frequency vs. NMR
chemical shift after subtracting a constant offset of 13 cm−1 (F86C-CN) or 10 cm−1 (M116C-CN) from the measured nitrile stretch frequency for phenolate
complexes of M116C-CN or F86C-CN to correct for hydrogen bond formation to these probes. Symbol definitions are the same as for panel A.

Fig. S11. 13C NMR chemical shift of the nitrile of D60N/M116C-CN bound to phenols of differing pKa.
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Table S1. X-ray data collection and refinement statistics

KSI variant D40N D40N/M116C-CN

Ligand 3-F-4-NO2-phenol Equilenin
PDB ID code 3VGN 3OWS
Dataset

Resolution range, Å 35.0–1.30 36.41–1.71
Space group P212121 P21

a, Å 35.48 45.6
b, Å 72.32 129.7
c, Å 95.28 45.5

α, ° 90.0 90.0
β, ° 90.0 112.8
γ, ° 90.0 90.0

No. of unique reflections 55,738 41,740
Completeness, % 91.3 78.8
Multiplicity 4.1 4.8
Rmerge, %* 7.6 12.6
I/σoverall (I/σhigh res) 10.4 (1.9) 9.8 (1.3)

Refinement statistics
No. of residues 254 129
No. of waters 171 290
Rwork, %

† 16.9 21.2
Rfree, %

‡ 21.8 25.7
rmsd bond, Å 0.012 0.006
rmsd angle, ° 1.53 1.08

*Rmerge =
P

hkl

P
i

��IðhklÞi‐
�
IðhklÞ�

��=
P

hkl

P
i IðhklÞi .

†Rwork =
P

hkl

��FðhklÞo‐
�
FðhklÞc

���=
P

hklFðhklÞo.
‡Rfree was calculated exactly as Rwork, where F(hkl)o values were taken from
5% of the data not included in refinement.

Table S2. Nitrile IR stretch frequencies and 13C NMR chemical shifts for bound phenols

Bound phenol Phenol pKa

F86C-CN IR
frequency, cm−1

M105C-CN IR
frequency, cm−1

M116C-CN IR
frequency, cm−1

M116C-CN IR
FWHM, cm−1

M116C-CN 13C NMR
chemical shift, ppm

3,4-(NO2)2 5.4 2,166.4 2,153.4 2,163.0 8.6 113.85
3-F-4-NO2 6.1 2,166.4 2,153.3 2,163.3 8.5 113.92
3-CF3-4-NO2 6.3 2,163.6
4-NO2 7.1 2,166.6 2,153.3 2,163.8 8.4 113.94
3,4,5-Cl3 7.6 2,164.1
3-NO2-4-Cl 7.8 2,163.6
4-CN 8.0 2,164.0
3,4,5-F3 8.2 2,166.2 2,153.3 2,163.3 8.6 113.94
3-NO2 8.4 2,163.5
4-CF3 8.9
3-Cl 9.0 2,166.6 2,153.5 2,162.9 8.7 114.03
3,4-F2 9.1
4-Cl 9.4 114.18
4-F-3-Me 9.8 2,166.2 2,153.7 2,162.3 9.0 114.38
4-MeO 10.2 2,153.8 2,161.8 9.8 114.60
3,4-Me2 10.4 2,162.0 114.80

IR frequencies and line widths are averages from triplicate measurements (SD ± 0.1 cm−1). IR and NMR data for M116C-CN with bound 4-F-3-Me-phenol were
previously published in ref. 3. IR and NMR data for all three KSI-CN variants with bound 3-F-4-NO2-phenol and 4-NO2-phenol were previously published in ref. 4.

Table S3. Measured distances between nitrile probes and ionizing
active site residues

Y57, Å Y16, Å Phenol, Å

M116C-CN 4.74 5.18 4.46
M105C-CN 7.72 6.05 7.60
F86C-CN 9.32 7.15 5.07

Distances were measured from the nitrogen atom of each nitrile probe to
the hydroxylic oxygen atom of Y57, Y16, or the bound phenol and are based
on the overlay in Fig. 5.
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