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Three different nitrile-containing amino acids, p-cyanophenylalanine, m-cyanophenylalanine, and S-cyano-
homocysteine, have been introduced near the active site of the semisynthetic enzyme ribonuclease S (RNase
S) to serve as probes of electrostatic fields. Vibrational Stark spectra, measured directly on the probe-modified
proteins, confirm the predominance of the linear Stark tuning rate in describing the sensitivity of the nitrile
stretch to external electric fields, a necessary property for interpreting observed frequency shifts as a quantitative
measure of local electric fields that can be compared with simulations. The X-ray structures of these nitrile-
modified RNase variants and enzymatic assays demonstrate minimal perturbation to the structure and function,
respectively, by the probes and provide a context for understanding the influence of the environment on the
nitrile stretching frequency. We examine the ability of simulation techniques to recapitulate the spectroscopic
properties of these nitriles as a means to directly test a computational electrostatic model for proteins, specifically
that in the ubiquitous Amber-99 force field. Although qualitative agreement between theory and experiment
is observed for the largest shifts, substantial discrepancies are observed in some cases, highlighting the ongoing
need for experimental metrics to inform the development of theoretical models of electrostatic fields in proteins.

Introduction

Vibrational transitions, measured by infrared (IR) or Raman
spectroscopy, provide a useful tool with which to study the
structural and dynamic properties of biological molecules. Most
studies to date make use of vibrational probes that are naturally
present, such as the amide stretch in peptides, the hydroxyl
stretch of water, or unique features of bound prosthetic groups;
however, introducing a nonnatural chemical moiety has many
potential advantages over the natural chromophores. The ideal
probe would employ a transition that absorbs strongly and in
an uncluttered region of the spectrum. The probe should have
a strong coupling between the spectroscopic observable and the
property of interest (e.g., between observed frequency and
electric field), and, to the extent possible, that coupling should
be understood on a theoretical basis and independently verified
by experiment. Our laboratory and many others have sought to
incorporate nonnatural moieties into biological molecules that
circumvent the limitations of the intrinsic vibrational chro-
mophores by synthesis,1 semisynthesis,2,3 biosynthesis (with
nonnatural4,5 or isotopically labeled6,7 amino acids), post-
translational modification,2 or via the binding of an inhibitor
that contains the probe.8–10 Ideally, introduction of an extrinsic
chromophore should minimally perturb the structure and proper-
ties under study, a condition that must be independently verified
by techniques such as NMR, crystallography, and/or functional
assays.

Our focus has been on probes that can report upon the
magnitude, direction, and fluctuations in the electric field present
at different sites in the interior of biological molecules and to
compare these measured fields with predictions from simula-
tions. These fields are the consequence of the charged, polar,
and polarizable groups that comprise the molecule and are
anticipated on theoretical grounds11 to be quite large and vary
from site to site ((10’s of MV/cm). Such large variations are

therefore expected to dramatically influence the functions of
biomolecules, including catalysis involving charge separation
in the transition state,12–14 electron transfer in redox processes,15

and the folding and association of biological polymers.16,17 In
order to find IR transitions that are best suited to report on these
fields, the sensitivity of a number of vibrational chromophores
to external electric fields was ascertained by measuring the
vibrational Stark effect18 (VSE). The nitrile stretching transition,
which exists in a relatively uncluttered region of the spectrum,
has a relatively large extinction coefficient, and is quite sensitive
to an electric field,19–21 emerged as a promising target, and since
then, examples of nitriles as probes have proliferated.1,2,9,22–30

The VSE experiment provides a quantitative calibration of the
sensitivity of the nitrile to electric fields in the form of the linear
Stark tuning rate, |∆µbCN| (in units of cm-1/(MV/cm)), a measure
of the sensitivity of the transition frequency to an electric field,
which can in turn be used to translate observed frequency shifts,
∆νjCN

obs (in cm-1), into variations in the projection of the protein
electrostatic field, ∆Fbprotein (in MV/cm) on ∆µbCN using

where h is Planck’s constant and c is the speed of light.
In order to use observed frequency shifts in response to

changes in pH, exposure to solvent and/or mutations to extract
corresponding values of ∆Fbprotein, there are four criteria that must
be demonstrated. First, the value of |∆µbCN|, determined previ-
ously only for model compounds in organic glasses, must be
known and must be shown to dominate the spectral response
to electrostatic fields. Second, since the -CN ground-state dipole
moment is substantial, this could affect the environment it is
meant to probe, and thus it is necessary to show that the structure
and function of the protein are minimally impacted by the
presence of the probe. Third, ∆µbCN is typically parallel to the
C-N bond,20 and thus in order to extract the orientation of
∆Fbprotein with respect to the protein’s molecular axes, it is
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necessary and sufficient to determine the position and orientation
of the C-N bond axis relative to the protein framework through
structure determination. And finally, the possibility of hydrogen
bonds to the nitrile represents an example of a specific chemical
interaction that may complicate the simple behavior implied by
eq 1, where ∆Fbprotein is due to the collective electrostatic
properties of the environment around the probe; the possibility
of such specific interactions must be ascertained by independent
means.31,32

In this paper, we focus on these issues using the classic
semisynthetic enzyme, ribonuclease S (RNase S).33 RNase S is
the limited proteolysis product of subtilisin acting on RNase
A, and consists of a small fragment including amino acids 1-20,
the S-peptide, and a larger fragment including residues 21-124,
the S-protein. When separated, the S-protein is nonfunctional
because the active site is split; the S-peptide is disordered,34

but when combined noncovalently with the S-protein, nearly
native enzymatic activity is restored.33 Because the S-peptide
can be readily prepared by solid-phase peptide synthesis, it is
straightforward to introduce nonnatural amino acids. Here we
have used this strategy to introduce p- or m-cyanophenylalanine
(pCN- and mCN-RNase, respectively) by replacing phenylala-
nine at position 8 or S-cyanohomocysteine (SCN-RNase) by
replacing methionine at position 13. We examine the propensity
of the nitrile to perturb the RNase structure by X-ray crystal-
lography and measure its effect on catalytic function by standard
assays. The vibrational Stark spectra of the probe-modified
proteins are acquired, providing a quantitative calibration of the
sensitivity of these probes to electrostatic fields and demonstrat-
ing the transferability of these same parameters determined for
model compounds. X-ray crystal structures of these probe-
modified proteins allowed us to rule out the existence of
hydrogen bonds to the nitriles, which could complicate the
otherwise simple behavior of the probes. Then we compare the
experimentally measured frequency shifts at different sites, eq
1 and interpreted as differences in the electrostatic fields using
eq 1 to computationally simulated fields. We employ a simple
modification to the GROMACS molecular dynamics program
to output electrostatic fields at the probe location, at every time
step, over many nanoseconds of a molecular dynamics (MD)
trajectory. This provides a means to directly and quantitatively
test the electrostatic models employed in molecular dynamics.

Results and Discussion

Enzyme Reconstitution and Kinetics. Small, nitrile-contain-
ing molecules such as acetonitrile and benzonitrile have large
ground-state dipole moments (3.9 and 4.2 D, respectively35) and
so we first address whether a peptide containing such polar
nitrile probes can be accommodated within the native structure
and how it perturbs enzymatic activity. The sites of probe
incorporation in pCN-, mCN-, and SCN-RNase, are such that
the nitrile is within 4-8 Å of the catalytic histidines (His12 or
His119, Table 1). As with the native S-peptide, all three probe-
modified S-peptide species restore catalytic activity to the
isolated S-protein, as measured by initial rates of cyclic cytidine
monophosphate hydrolysis (see Table 1). The combined steric
and electrostatic effects of the nitrile on the catalytic rate
constants is small in all cases, comparable to that seen for
mutations in nonactive site residues in other enzymes36 and much
smaller than the effect on RNase A catalysis37 of a change of
one pH unit above or below pH 7; thus, we conclude that the
nitrile does not significantly perturb the catalytic property it is
meant to probe. Similar observations have been made for
thiocyanate-modifed ketosteroid isomerase incorporating a

similar probe deep in the active site pocket.30,32 The existence
of a stable complex capable of catalysis demonstrates that the
steric and electrostatic perturbations due to the nitrile are not
great enough to exceed the driving force for peptide-protein
association in any of the three cases studied.

X-ray Crystallography. The structures of all three probe-
modified proteins were determined by X-ray crystallography
(Figure 1). All three crystals belong to the C2 space group, with
two molecules per asymmetric unit. The structures of pCN-
RNase, SCN-RNase, and mCN-RNase were refined using data
collected to 1.5, 2.3, and 2.5 Å resolution, respectively.
Noncrystallographic symmetry constraints were relaxed in the
later refinement steps of the structure-solving process, and thus
the two molecules in the asymmetric unit serve as mutual
controls for random variation. Conservative cutoffs were chosen
to select the highest resolution shell (see Table 2), and in all
cases the region around the nitrile is well resolved. In all three
cases, the nitrile is buried in the hydrophobic interior, well inside

TABLE 1: Catalytic Parameters for RNase Variants
(Measured at 0.4 µM) Determined by the Method of Initial
Rates of Cyclic Cytidine Monophosphate Hydrolysis,
Monitored by UV-Vis Spectroscopy;59 Distances from the
Nitrile Nitrogen to the Nearest Heavy Atom of the Imidazole
Ring of the Catalytic His12a

wild-type pCN-RNaseb mCN-RNaseb SCN-RNaseb

kcat (s-1) 3.0 1.7 1.5 2.5
Km (mM) 1.8 1.1 4.0 1.7
distance (Å) - 5 8 or 4c 8

a Wild-type refers to intact RNase A. b pCN and mCN are at
position 8; -SCN is at position 13. c mCN has two alternative
conformations (see text and Figure 2); both distances are given.

Figure 1. Structural models of X-ray data for RNase variants. (A)
Ribbon diagram for pCN-RNase with the S-peptide in blue and
S-protein in green. (B-E) Expanded view of the region around each
nitrile from four aligned structures, with S-peptide in a blue cartoon
representation, a semitransparent surface representation of neighboring
residues colored gray for carbon, blue for nitrogen, and red for oxygen,
and stick representations of the nitrile-modified residues: pCN-RNase
(B; carbons in green), SCN-RNase (C; cyan), and the two independently
modeled structures from the asymmetric unit of mCN-RNase: (R)
carbons in yellow (D) and (�) carbons in magenta (E).
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the solvent-accessible surface area, and importantly, none of
the structures exhibit hydrogen-bond-donating groups within 3.5
Å or less from the nitrile nitrogen. Structures were deposited
in the RCSB Protein Data Bank and given PDB accession codes
3OQY, 3OQZ, and 3OR0 for pCN-, mCN-, and SCN-RNase,
respectively.

To assess the degree to which the nitrile is disruptive to the
native structure, root-mean-square deviations (rmsd) were
calculated between the solved structures and a control set
consisting of four representative published structures of native
RNase (7RSA, 1RNU, and the A and B monomers of the two-
molecule asymmetric unit of 1DY5) from the Protein Data Bank
(PDB). Comparing only the R carbons of the peptide backbone
(CR), the probe-modified proteins show comparable rmsds when
compared with the control set as the control set does compared
to itself, ruling out gross structural changes as a result of nitrile
incorporation (Table 2). Choosing a more focused comparison
of all the atoms in the 5 Å neighborhood of the nitrile (excluding
the substituted amino acid), a statistically significant large rmsd
(i.e., much larger than the average rmsd for members of the
control set compared to each other) is observed only for SCN-
RNase and, of this structure, only for one of the two monomers
of the asymmetric unit (Table 2); these differences between
monomers could either be an artifact of the model due to low
resolution of the data or a consequence of asymmetric packing
interactions in the crystal. Close visual inspection of the
structural models does reveal some subtle rearrangements for
both mCN- and SCN-RNase not large enough to exceed the
statistical uncertainty of the rmsd analysis, but large enough to
have an effect on the highly local properties probed by the nitrile
bond. Nonetheless, in each case the perturbation of the structure
by the nitrile is small relative to the accuracy of the structural
models routinely obtained from X-ray data.

For mCN-RNase, two possible orientations of the nitrile with
respect to the surrounding structure are possible for the same
position of the phenyl ring. In order to avoid model bias during
the refinement, the residue was modeled only as phenylalanine,
revealing very clear regions of electron density for the nitrile
missing in the Fo - Fc difference electron density map (see
Figure 2). This resulted in a surprising observation: the map is
consistent with a nitrile occupying only one of the two possible
orientations in one of the molecules of the asymmetric unit and
occupying strictly the other conformation in the second mol-
ecule. The conformer with the nitrile close to the sulfur of Met
13 will be referred to throughout as the R conformer (the one

observed in the first molecule of the two molecule asymmetric
unit, denoted “chain A”) and the one with the nitrile near the
phenyl ring of Phe 120 as � (“chain B”38).

FTIR Spectroscopy of RNase Variants. We measured the
IR absorption spectra of each S-peptide free in solution and
the RNase S complex by FTIR. In all three cases, substantially
different peak positions and line widths are observed for the
free peptides in buffer vs the folded RNase S complex at room
temperature (Figure 3, top panels). All three nitrile probes
display a red shift in their absorption frequency and a narrowing
of the absorption line width upon sequestration from water into
the protein interior. It has been well established that nitriles,
when exposed to bulk water, accept a hydrogen bond;3,39,40 based
on the peak frequencies, line widths, and thermochromic
behavior of these nitrile-modified peptides, this same conclusion
applies to the free peptides (see Supporting Information, Part I,
for details). Hydrogen bonds to nitriles have the effect of blue-
shifting the nitrile stretching frequency,39,39 in opposition to the
red shift expected were this a strictly dipole-dipole interaction
in the direction observed for aprotic dipolar solvents; this
conclusion is based upon broad surveys of solvent induced
frequency shifts25,40–43 and ab initio quantum chemical calcula-
tions.40,44,45 As noted in the crystallography section above, in
the RNase S complex, none of the nitriles are within hydrogen-
bonding distance to any potential donors, from either the solvent
or protein, providing an explanation for the red shift upon

TABLE 2: X-ray Data. Refinement Statistics for the Three Nitrile-Modified RNase S Variants with Data for the Highest
Resolution Shell in Brackets, All Three Solved in the C2 Space Group

molecule pCN-RNase mCN-RNase SCN-RNase

resolution (high res shell) 1.5 Å [1.49-1.54 Å] 2.5 Å [2.50-2.56 Å] 2.3 Å [2.30-2.36 Å]
no. of reflections (high res shell) 36722 [2652] 7887 [560] 9888 [686]
% possible (high res shell) 95.8 [92.4] 99.9 [100] 95.8 [95]
redundancy (high res shell) 4.5 [3.2] 3.2 [3.2] 1.8 [1.9]
Rwork

a 0.205 0.209 0.218
Rfree

a 0.225 0.271 0.271
CR rmsdb (A chain/B chain) 0.37/0.32 Å 0.42/0.37 Å 0.37/0.46 Å
local rmsdc (A chain/B chain) 0.23/0.21 Å 0.31/0.10 Å 0.52/0.26 Å

a Rfree and Rwork are the R-factors (R )
∑|Fobs-Fcalc|

∑|Fobs|
where F are the observed or calculated X-ray structure factors) for two randomly

selected subsets of the reflection data. 95% of the total Fobs data points are used to guide refinements to the model (minimizing Rwork), while
5% are set aside to evaluate the improvement (Rfree). b The average root-mean-square deviation for all backbone carbon atoms for one molecule
of the two molecule asymmetric unit, calculated against a set of published RNase structures of different space groups (7RSA and 1DY5 ) P21,
1RNU ) P312). The average rmsd for the members of the comparison set relative to each other is 0.36 Å. c Rmsd of all the atoms in the 5 Å
neighborhood of the nitrile (excluding the substituted amino acid) relative to the same atoms in the comparison set. The average rmsds for the
comparison set relative to each other are 0.22, 0.24/0.13, and 0.17 Å for the pCN, mCN (A/B), and SCN neighborhoods, respectively.

Figure 2. Electron density maps for mCN-RNase. (A) and (B)
correspond to the chain names for the two monomers in the asymmetric
unit in the PDB file. The experimental electron density map represented
with wire mesh (2Fobs - Fcalc contoured at 1 σ in blue mesh, 1Fobs -
Fcalc contoured at 3 σ in red mesh) for a model with the mCN-Phe
residue modeled as Phe, showing missing density for the nitrile (see
text). The names R and � are given to the conformer with the nitrile
nearest Met13 and Phe120, respectively. (Two foreground residues
removed from view for clarity.)
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complex formation (Figure 3): in each case a solvent-nitrile
hydrogen bond is occluded upon sequestering the nitrile in the
protein interior and is not replaced by a protein-nitrile hydrogen
bond.

Vibrational Stark Spectroscopy. We calibrated the response
of the nitrile in the three protein complexes to external electric
fields by vibrational Stark spectroscopy, yielding the Stark
tuning rate, or f · |∆µbCN|, where f is the local field correction
factor (see Bublitz and Boxer46 for more detail). To date, the
Stark tuning rates, |∆µbCN|, for nitriles have (with only one
exception2) been determined only for small model compounds
in glass-forming solvents,18–20 leaving open the extent to which
the protein environment influences the tuning rate itself (this is
not to be confused with the influence of the electrostatic field
of the protein on the frequency, ∆νjCN

obs via eq 1). While it is
desirable to recalibrate in situ, this will not be possible in most
cases because the analysis requires high signal-to-noise data for
the absorption both in the presence and absence of an external
electric field, and protein samples cannot typically be prepared
at the high concentrations of small-molecule experiments. The
vibrational Stark measurement requires that the sample be
frozen. Nearly all X-ray structures, including those reported here,
are now obtained at cryogenic temperatures, comparable to those
used for Stark spectroscopy, even though most functional data
are obtained at or near room temperature. With RNase, where
concentrations as high as 20 mM are accessible, we were able
to measure the Stark tuning rates, demonstrating that the values
in the protein and for small nitriles in a frozen glass of
2-methyltetrahydrofuran are indeed similar (Table 3). In both
environments, the Stark effect is dominated by |∆µbCN|; i.e., this
is a linear Stark effect in which the Stark spectrum for an
isotropic, immobilized sample is dominated by the second
derivative of the absorption19,21 (see Stark spectra in Figure 3).
This provides evidence that the parameters determined for model

compounds are generally transferable; i.e., it is sufficient to
calibrate small molecule probes and then use the Stark tuning
rates thus determined to interpret properties of protein-bound
probes.

Temperature Dependence of the IR Spectra. To better
understand the origins of the widths and asymmetries of the
room temperature line shape and what relation if any they bear
to the underlying electrostatic field distributions, we employed
temperature modulation. Depending on the mechanism of line
broadening, acquiring spectra at lower temperature often has
the effect of narrowing the transition envelope; if a peak is
composed of spectroscopically distinct, overlapping subpopu-
lations, it is sometimes possible to resolve their separate
contributions to the spectrum at low temperature.

The temperature dependence of the nitrile stretching region
of the absorption spectra of each probe-modified RNase variant
in 50% glycerol/buffer47 was measured (Figure 4) and contrasted
with that of each free peptide in the same solution (Supporting
Information, Figure S3). For pCN-RNase and SCN-RNase, the
IR frequency increases with decreasing temperature over a range
from 35 to -35 °C (negative thermochromism), and the line
width decreases; the spectral envelope is symmetric within
experimental certainty at all temperatures studied. mCN-RNase,
on the other hand, displays different behavior: a slightly
asymmetric peak at room temperature evolves as the temperature
is lowered into a peak with an increasingly distinct shoulder
higher in energy than the main band. The main peak narrows
substantially at low temperature, similar to the other two
proteins, and both the peak and its shoulder shift with temper-
ature. At cryogenic temperatures, the shoulder is very distinct.
From fitting the main peak to a Gaussian of 5.2 cm-1 fwhm,
the residuals show an asymmetric peak centered 8-9 cm-1 to
the blue (see Supporting Information, Figure S4). Thus, it
appears that in this case one major contribution to the line width
comes from at least two spectroscopically distinct subpopula-
tions. The X-ray crystal structure provides a plausible hypothesis
for the nature of these distinct substates: they arise from the pair
of possible orientations, R and �, with respect to the surrounding
protein structure, of the nitrile substituent of the phenyl ring
(see Figure 2). A qualitative accounting for this spectroscopic
splitting is suggested by inspecting the structures, where the �
conformer places the nitrile near the partial positive charge of
an aryl hydrogen of phenylalanine 120 (Figure 2B) and the R
conformer places it very near the partial negative charge of the
sulfur of methionine 13 (Figure 2A). As a control to ensure
that there is no appreciable fraction of unbound S-peptide, excess
S-protein was added for each RNase variant, and no additional
spectral changes were observed. For all three free peptides in
glycerol/buffer, decreasing temperature leads to a monotonically
increasing absorption frequency (negative thermochromism), but
in contrast to the behavior in proteins, we observed a monotoni-
cally increasing line width (see Supporting Information for data
and a model for these effects).

Simulation of Stark Shifts in the Protein by Electrostatics
and Molecular Dynamics. The Stark model describes a
quantitative relationship between electrostatic fields and envi-

Figure 3. FT-IR spectra of nitrile-modified RNase S and S-peptide.
Top: normalized spectra of nitrile-modified S-peptide, free (blue) and
bound to S-protein to form the RNase S complex (black) in 50% (v/v)
glycerol in water, pH 7, 298 K. Bottom: absorption spectra of the same
set of RNase S complexes as above, taken at 80 K in black (left axis),
and Stark spectra scaled to an applied field of 1 MV/cm in red (right
axis); see Table 3.

TABLE 3: Comparison of Stark Tuning Rates Measured at 80 K for Nitriles in RNase Complexes in 50% Glycerol/Water
(Self-Buffered at pH 7) and for Relevant Model Compounds in 2-Methyltetrahydrofurana

molecule pCN-RNase FMOC-pCN-Pheb mCN-RNase FMOC-mCN-Pheb SCN-RNase EtSCN

f · |∆µCN| (cm-1/(MV/cm)) 0.59 ( 0.05 0.67 ( 0.01 0.60 ( 0.03c 0.61 ( 0.01 0.62 ( 0.04d 0.72 ( 0.03

a Error reported as standard deviation over 3 measurements. b FMOC stands for the fluorenylmethyloxycarbonyl group, attached to the amine.
c Determined for the main (low energy) band only. d Reproduced from previous study.2
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ronment-induced frequency shifts of a probe (eq 1). Available
methods for calculating the electric field in the environment of
the probe (e.g., continuum electrostatics, molecular dynamics,
hybrid QM/MD methods) involve approximations whose valid-
ity are subject to debate;48 despite their widespread use, there
are few experimental measures to directly test their theoretical
underpinnings.8 Having established the requisite structural and
spectroscopic features of these nitrile-modified proteins, we now
use the Stark effect as a uniquely discriminating metric to
evaluate one very common electrostatic force model, that
intrinsic to the Amber-99 force field.50

The approach is as follows. Electric fields are calculated at
every molecular dynamics step by summing the pairwise
electrostatic forces between a charged, mass-less, virtual particle
located at the midpoint of the nitrile bond and all atoms of the
protein and explicit water; the frequency shift at that instant
due to this field is calculated according to eq 1. To calculate
absolute frequency, the shifts are added to the experimentally
observed peak frequency of the appropriate model compound
in n-hexane (see Materials and Methods for details). For each
probe-modified protein, the probability distribution of the
instantaneous frequency at every 2 fs step from multiple
nanoseconds of MD sampling is calculated. To a first ap-
proximation, this distribution can be interpreted directly as a
simulated absorption spectrum; a full treatment of the time-
domain information in these trajectories and its use in more
accurate simulations of line shape is in progress.

The case of mCN-RNase requires additional attention due to
the crystallographic observation of two conformations of the

nitrile and the observed asymmetry at room temperature, which
appears, based on low-temperature spectra, to be due to a high-
energy subpopulation (see above). MD trajectories started in
either the R or � conformation do not interchange in any
trajectory. Thus, for all mCN-RNase simulations, separate
trajectories are calculated for both conformers, and the results
shown are for a combination of equal contributions from each
distribution.51

RNase A has four histidines, all of which are predominantly
protonated at pH 4.5 and below and predominantly neutral at
pH 8.0 and above according to direct titration by NMR;52 His12
and His119 in the active site are in close proximity to the nitriles
in all three RNase variants. Thus, collecting spectra at pH 4.5
and pH 8.0 and performing simulations with all histidines
protonated or deprotonated respectively expands the set of
observations and predictions to a total of six53 (data in Table
4). The agreement between measured and observed shifts, as
represented by the root-mean-square (rms) error for all six
combinations of probe location and pH, is evaluated to test the
electrostatic model of the Amber-99 force field. A modest
overall agreement is demonstrated by a rms error of 2.0 cm-1

for conventional MD sampling that improves very slightly (to
1.5 cm-1) when employing replica exchange molecular dynamic
sampling (REMD, Figure 5 and Table 4; see Materials and
Methods for details of MD). Examining the individual observa-
tions in more detail, the shift observed upon lowering the pH
for SCN-RNase is the largest by far (-1.8 cm-1) and the
calculated shift (-2.2 cm-1) comes close in value; however,
for the much smaller shifts in pCN- and mCN-RNase (-0.3

Figure 4. Temperature dependence of the IR absorption spectra of nitrile-modified RNases in 50% glycerol/water, self-buffered at pH 7. Colors correspond
to temperature: red, orange, yellow, green, blue, and black (mCN-RNase only) equal, respectively, 23, 10, -5, -25, -35, and -100 °C.

TABLE 4: Comparison between Measured and Simulated Frequency for Six Observations in RNase Using Different MD
Sampling Strategiesa

experiment MD REMD

RNase-variant pH peak (cm-1) fwhm (cm-1) peak (cm-1) fwhmc (cm-1) peak (cm-1) fwhmc (cm-1) null shiftd (cm-1)

SCN 4.5 2154.4 9.0 2154.8 4.5 2155.3 5.4 2162.0
8.0 2156.2 10 2157.5 4.9 2157.5 6.3

pCN 4.5 2231.2 5.9 2234.4 3.1 2233.4 4.2 2233.2
8.0 2231.5 5.7 2232.5 2.8 2232.7 3.1

mCN 4.5 2233.9 10 2230.8b 7.8b 2232.0b 7.8b 2233.8
R only 2234.4 8.2 2233.4 8.9
� only 2230.3 5.6 2231.5 6.1

8.0 2233.4 10 2232.5b 6.6b 2232.9b 7.3b

R only 2233.7 8.0 2233.2 8.5
� only 2232.2 4.9 2232.9 5.6
av error 0.3 0.5 2.9
rms error 2.0 1.5 4.1

a Simulated shifts are calculated relative to the value for EtSCN, m-tolunitrile or p-tolunitrile in n-hexane as described in the text. The
dielectric used in calculating the field at the nitrile was ε ) 2. Results from either 3 ns of conventional MD sampling or 3 ns of replica
exchange MD (REMD) sampling are shown. b Calculated from a concatenated trajectory from both R and � conformers. c Fwhm approximated
as for a Gaussian distribution as 2�2 ln 2σ, where σ is the variance of the distribution of frequencies. d The null shift equals the reference
frequency used and provides a comparison of how well the simulation does relative to no electrostatic perturbation.
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and +0.5 cm-1, respectively), the predicted values are inter-
mediate in magnitude and in the opposite direction from the
observations (+0.7 and -0.9 cm-1, respectively). Relative to
the reference frequency in n-hexane, again the largest shift is
for SCN-RNase, and the apparent correlation between measure-
ment and simulation in Figure 5 is dominated by the low and
high pH observations of this construct; for pCN- and mCN-
RNase the simulation gets the sign wrong on the low pH
observations, but does recapitulate the observation that these
two constructs, at either pH, are close in frequency to the
reference states. Compared to the null hypothesis, i.e., no shift
due to electrostatic fields (Table 4, last column), the simulation
does much better (rms error of 4.1 vs 1.5 cm-1, respectively),

though this is dominated by the observations for SCN-RNase.
Note that the choice of reference is well justified by these results,
since the average error is quite low (0.5 cm-1). Nonetheless,
the rms error of 1.5 cm-1 is comparable in magnitude to the
observed shifts and demonstrates that there is ample opportunity
to improve the electrostatic model of this force field in order to
achieve more quantitative agreement with experiment.

Besides the direction and magnitude of shifts, the accuracy
of the model can be evaluated by examining the full width at
half-maximum (fwhm) of the calculated frequency distributions
compared to the observed spectroscopic line widths. The fwhm
of the MD-derived frequency distributions are substantially
narrower than the experimental fwhm of these IR transitions
(Table 4, Figures 5B and 6). An accurate treatment of the
contributions of homogeneous broadening (which would reduce
this discrepancy) and motional narrowing (which would increase
it) cannot be made without knowledge of the vibrational excited-
state lifetime from time-domain IR spectroscopy, and these
measurements are currently being pursued. However, if the time-
domain effects are presumed to be similar, the relative experi-
mental line widths at the three probe sites can be compared to
the calculated variances. Considering only the static properties,
a too-narrow distribution could be the result of incomplete
convergence of the simulated structural ensemble to the
ensemble in the infinite time limit. For example, there is an
average increase of 14% in the fwhm for 3 ns of REMD
sampling relative to 3 ns of standard single replica MD,
suggesting that REMD does a slightly better job at sampling
the equilibrium ensemble, as expected. Experimentally, pCN-
RNase has a markedly narrower fwhm than the other two
constructs at both values of pH, and simulation recapitulates
this relative difference; mCN- and SCN-RNase have similar
spectroscopic fwhm to each other, and similar calculated fwhm
as well (Table 4 and Figure 5B). This provides a first hint that,
at least at a qualitative level, the simulation captures the relative
differences in the variances of electrostatic field distributions.
Although this result bolsters the credibility of this electrostatic

Figure 5. Comparison between measured and simulated frequency
shifts and distributions for CN-modified RNase variants. (A) Measured
shifts in the peak frequency for SCN-, mCN-, and pCN-RNase at pH
4.5 and pH 8.0 vs shifts in the peak of the distribution of frequencies
from 3 ns of MD (orange circles) or 3 ns of REMD (black squares)
calculated for these same six cases with a postprocessing dielectric of
2 (see text); experimental and simulated shifts are calculated relative
to the value for EtSCN, m-tolunitrile or p-tolunitrile in n-hexane
respectively (see text). Numbering as follows (pH 4.5 and pH 8.0,
respectively): SCN ) 1, 2; pCN ) 3, 4; mCN ) 6, 5. Best-fit lines:
slope )0.76 or 0.72; R2 ) 0.77 or 0.57 for REMD and MD respectively.
(B) Widths of calculated frequency distributions versus experimental
fwhm. Best-fit lines: slope ) 0.81 or 0.80; R2 ) 0.87 or 0.73 for REMD
and MD, respectively.

Figure 6. Measured absorbance spectra (black) compared with calculated distributions of the instantaneous frequency (blue) both normalized to
unit area with 0.2 cm-1 spacing between bins. (A-C) pH 4.5. (D-F) pH 8.0. The reference frequency for the simulations is based on, from left
to right, p-tolunitrile, m-tolunitrile, and EtSCN in n-hexane, and is shown by the dashed vertical line. A postprocessing dielectric of 2 was employed
(see text).
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force model for MD simulation, the capability of the thoroughly
characterized, nitrile-modified RNase variants to quantitatively
evaluate the agreement with experiment will be more fully
realized once the vibrational lifetime is known.

Conclusions

The X-ray crystal structures and Stark tuning rates for three
nitrile-modified RNase S proteins were determined. To the best
of our knowledge, these proteins constitute the first structures
in the PDB to contain nitrile-modified amino acids, and join a
very small number of other nonnatural amino-acid-containing
proteins in the database. No extrinsic chromophore can ever be
a truly inert spectator, but the nitrile-modified enzymes studied
here did not exhibit significantly altered catalytic or structural
properties, consistent with this goal. Determination of the Stark
tuning rate for these nitriles in the protein demonstrated the
similarity of the Stark tuning rate determined using model
compounds in organic glasses, justifying the latter, generally
more practical approach of calibrating new probes. Through
structure determination, we ruled out the possibility of hydrogen
bond formation to the probe that would have otherwise
complicated analysis of the electrostatic fields; furthermore, the
orientation of the nitrile probes with respect to the protein makes
possible the interpretation of the directional information con-
tained in spectral shifts due to pH titration in the frame of the
molecular axes of the protein.

Quantitative modeling of Stark shifts using fields derived from
molecular dynamics trajectories successfully recapitulated the
largest shifts (>2 cm-1) but the random error was still large
relative to the experimentally observed shifts in this set. The
systematic error was found to be low for absolute frequency
determination by this method, suggesting an accurate choice
was made for the reference frequency. The simulated variance
in the frequency was also in qualitative agreement with
experimental line widths. The accuracy and the specificity of
the information available by calibrated Stark probes, such as
these nitriles, provides a stringent test of the electrostatic models
in an MD simulation. The hypothesis has been put forward that
MD electrostatic models will improve significantly with intro-
duction of atomic polarizibility to the force fields;55 as these
methods become more widely implemented, the system studied
herein provides the opportunity for a rigorous test of this
hypothesis.

Materials and Methods

Synthesis. Type I-A ribonuclease (RNase) A and Type VIII
subtilisin Carlsburg were purchased from Sigma-Aldrich (St.
Louis, MO) and used without further purification. RNase S was
prepared according to standard procedures.56 Briefly: 40 µL of
1% subtilisin was added dropwise with stirring to 5 mL of 2%
RNase A on ice, both solutions in 100 mM Tris pH 8.0. After
12-16 h on ice, the reaction was quenched with 8-10 drops
of 2 M HCl to pH < 4 and immediately purified by HPLC on
a C-18 reverse phase column using a gradient of 20-80%
acetonitrile in water with 0.1% trifluoroacetic acid (TFA) over
60 min. The fractions containing the S-protein and the S-peptide
were identified by LCMS.

Probe-modified S-peptide variants were synthesized on rink
amide resin using an ABI peptide synthesizer (Foster City, CA)
employing standard routines for FMOC-protected amino acids,
utilizing HBTU/HOBt activation (so-called FastMOC protocol).
Residues 16-20 do not contribute to binding or catalysis;57 we
therefore utilized a construct consisting of residues 1-15.
FMOC-protected m- and p-cyanophenylalanine were obtained

from PepTech Corp (Burlington, MA). FMOC-S-tritylhomocys-
teine was obtained from Anaspec (San Jose, CA). Cleavage from
the resin was achieved with 95% TFA/2.5% triethylsilane/2.5%
water (plus 10 mol equiv ethanedithiol for the homocysteine-
containing peptide) for 2 h, followed by precipitation into cold
diethyl ether. Purification was performed by HPLC, on a C-18
reverse phase column using a gradient of 5-35% acetonitrile
in water with 0.1% TFA over 40 min.

Cyanylation of S-peptide with homocysteine at position 13
was carried out as previously reported.2,58 The purified peptide
with a free thiol was dissolved to 20 mM in 1 M ammonium
carbonate pH 9.5 and 1.2 equiv of dithionitrobenzoic acid
(DTNB; Sigma-Aldrich, St. Louis, MO) were added. The
reaction was followed by absorbance at 412 nm until completion
(less than 1 min), and immediately lyophilized. The lyophilized
intermediate peptide was dissolved in water to 2 mM, reacted
with 10 equiv of potassium cyanide (KCN; Mallinckrodt,
Hazelwood, MO), and followed by absorbance at 412 nm to
completion (less than one minute).

S-protein (1.5 mol equiv) was added to each S-peptide in 20
mM Bis-Tris pH 6.0 followed by FPLC on a quaternary
ammonium anion-exchange column held at 4 °C employing a
gradient in the same buffer, ramping from 50 to 500 mM NaCl
over 30 min. Fractions containing the S-peptide, the S-protein,
and the RNase S complex were identified by LCMS. The RNase
S complex was then exchanged into pure water using a 10 kDa
molecular weight cutoff centrifugal concentrator and lyophilized.
The lyophilized product was then dissolved in the desired buffer
for further use.

Enzymology. Catalysis was measured by monitoring rates
of hydrolysis of cyclic cytidine monophosphate (cCMP) as
described previously.59 Initial rates of hydrolysis under substrate-
saturating conditions were measured by adding 0.5 mol equiv
of the native or probe-modified S-peptide to S-protein in 20
mM Bis-Tris pH 6.0, and adding this complex to solutions of
varying cCMP concentration and monitoring the changes at 286
nm using a Perkin Ellmer UV-vis spectrophotometer (Waltham,
MA). kcat and Km were determined using the Michaelis-Menten
equation.60

X-ray Crystallography. FPLC purified complexes were used
for crystal growth. The hanging drop method was applied in a
24-well plate format (Hampton Research, Aliso Viejo, CA),
screening small variations around the previously published
conditions:61 25% polyethylene glycol 4000, 0.1 M sodium
citrate pH 5.5, 0.08 M ammonium sulfate, mixing equal volumes
of crystallization buffer and purified RNase S (30 mg/mL) in
water. Single crystals were mounted on a plastic loop and frozen
in liquid nitrogen. X-ray diffraction was performed at the
Advanced Light Source (LBNL) and at the Stanford Synchrotron
Radiation Laboratory.

FT-IR. IR spectra were obtained on a Bruker Vertex 70 FT-
IR spectrometer (Billerica, MA) equipped with an InSb detector.
A band-pass (2000-2500 cm-1) interference filter from Spec-
trogon (Parsippany, NJ) was used. A gas-tight demountable
liquid cell with sapphire windows and offset spacers (one 75
µm, and one 100 µm spacer on either side) was used.
Absorbance spectra were measured relative to a background
taken with bovine serum albumin in water at equivalent
concentration in g/mL. Baselines were calculated using a
polynomial fit (fourth to sixth order, depending on curvature)
with roots defined at least 15 cm-1 distant from the peak
maximum. Peak positions were determined using a second-
derivative-based method built into the OPUS FT-IR software
(Bruker Photonics, Billerica, MA). Absorption spectra as a
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function of temperature were obtained using a variable-
temperature, vacuum-jacketed cell from Specac (London, UK).
Ten minutes of equilibration at each temperature was allowed
before beginning each spectrum of 256 scans at 1 cm-1

resolution. Solvatochromism studies were performed with
methyl thiocyanate (Acros, Geel, Belgium) or benzonitrile
(Aldrich, St. Louis, MO) at 1% by volume in each solvent. 128
scans were taken at 1 cm-1 resolution. No effort was made to
make solvents anhydrous. Vibrational Stark experiments were
performed as described previously19 using a home-built liquid
cell consisting of a pair of 1 mm thick, 13 mm diameter sapphire
windows (Meller Optics, Providence, RI) with 40 Å of nickel
vacuum deposited on the surfaces facing the sample. The nickel
electrodes were connected to a high-voltage dc power supply
(Trek Instruments Inc., Medina, NY), whose output voltage was
synchronized to the FTIR scan timing with a home-built control
unit. The windows were separated from each other by a pair of
26 µm thick Teflon spacers and held in place with a metal clamp.
The sample was rapidly frozen by immersing the cell in a
custom liquid nitrogen cryostat62 to form a glass. 512 scans with
an applied field of 1 MV/cm were alternated with 512 scans
with no applied field. Field-off scans were averaged and
subtracted from the averaged field-on scans. The Stark tuning
rate reported is the average of three separate experiments.

Molecular Dynamics. Molecular dynamics simulations were
performed in Gromacs63,64 3.3.1 using the AMBER-99 force-
field ported to Gromacs by Sorin and Pande.65 Nitrile-containing
amino acids were parametrized using Antechamber and Leap
from the Amber 9 software suite,66 employing the GAFF atom
force field extension67 to AMBER. Calculated dipole moments
of BenzCN and MeSCN parametrized with this same process
are within 3% of their experimental gas-phase value. For all
three structures, simulations were performed either with all four
histidines neutral (pH 8.0) or all histidines protonated (pH 4.5).
Simulations were equilibrated (20 ps energy minimization,
followed by 20 ps of heavy-atom position restrained refinement)
and run using the Nose-Hoover thermostat and the Parinello-
Raman barostat (i.e., the NPT ensemble). The particle mesh
Ewald model for the calculation of long-range electrostatics was
employed. Both standard single replica MD and replica ex-
change molecular dynamics68,69 (REMD), as implemented in
Gromacs 3.3.1, were employed. The latter has been devised as
a means to more efficiently sample configurational space and
involves the parallel simulation of multiple replicas of the
protein plus solvent conducted at different temperatures (in this
case 24 replicas from 298 to 332.5 K, ordered in temperature
with a spacing of 1.5 K per replica); exchanges are attempted
every 2 ps between adjacent replicas according to the Metropolis
Criteria (probability of exchange ) minimum{1;exp(-�∆E)},
where � is the inverse of the Boltzmann constant times
temperature and ∆E is the energy for the higher minus the lower
temperature replica). Electric fields were sampled only from
the final 3 ns of the 4 ns trajectory. Only the 298 K trajectory
of the REMD simulation was sampled.

Electric fields at the midpoint of the nitrile bond were
extracted from every time point of the simulation by evaluating
the force on a mass-less particle with an infinitesimal charge
and no Lennard-Jones parameters, defined between the C and
N atoms of the nitrile (introduced using the virtual site facility
in Gromacs). Additional lines of code must be added to md.c
in the Gromacs source code to extract these forces (see
Supporting Information, Part IV). The convention is used where
the vector pointing from the C to the N of the nitrile is taken to
be positive, yielding a negative value for the difference dipole

moment;9,20 thus fields pointing in the negative direction along
this axis lead to red-shifts according to eq 1. The simulations
undertaken here were performed using a dielectric constant ε
) 1; however, the dielectric used to evaluate pairwise forces
on the dummy atom can be varied in the postprocessing of the
trajectory, allowing independent assessment of this aspect of
the model for the electrostatic forces. The best agreement
between experiment and simulation was observed for a post-
processing dielectric ε ) 2 (see Supporting Information, Part
II for details) and is therefore used in all calculations of
frequency shifts herein.

To report the results on an absolute frequency scale, a
reference must be chosen. The gas-phase frequencies are known
for model compounds but there are multiple features of the gas-
phase to condensed-phase frequency shift that the Stark model
cannot capture, notably, the pressure-dependent repulsive forces
due to closed-shell atomic overlap.70 The peak frequencies of
model nitriles in n-hexane reflect all these forces, while having
a minimal contribution from dipolar electric fields,71 and thus
the instantaneous Stark shift was added to the observed
frequency for a 0.5 mM solution in anhydrous n-hexane of ethyl
thiocyanate (2161.8 cm-1), m-tolunitrile (2233.6 cm-1) or
p-tolunitrile (2233.0 cm-1) for SCN-, mCN-, and pCN-RNase,
respectively (n-hexane and nitriles all from Acros (Geel,
Belgium)).
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