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Understanding the electrostatic environment within the idiosyncratic interior of folded
proteins and its connection to biomolecular function remains a key challenge in
biochemistry and biophysics. Vibrational probes incorporated into proteins on specific
residues or ligands are exquisitely sensitive reporters of the local environment and how it is
altered by pH changes, mutations, structural perturbations, or variations in bound ligands1-6.
While IR frequency shifts associated with various environments can be considered at a
qualitative level (e.g., is the probe buried or on a solvent exposed surface?7,8), our goal has
been to extract quantitative information on electric fields in proteins1,2. Although several
studies have suggested a connection between observed vibrational band shifts and local
electrostatic fields due to the organized environment around the probe3,6, in the absence of
an independent experimental test it remains uncertain whether these shifts are due
principally to electrostatic effects or are dominated by contributions from specific chemical
interactions9, such as hydrogen bonds. We report herein a method for identifying and
quantifying departures from an electrostatic mechanism for nitrile vibrational shifts that
utilizes the relationship between IR frequency shifts and 13C NMR chemical shifts and
demonstrate its utility in a protein.

The vibrational Stark effect (VSE) provides the connection between observed IR frequency

shifts,  (in cm-1), and the difference in the local electrostatic field,  (in MV/
cm), experienced by a probe at two different sites in a protein or as a result of a pH change,
mutation, or ligand binding1,2. The sensitivity of an oscillator to electrostatic field is the
Stark tuning rate,  [in cm-1/(MV/cm)], which is obtained by measuring the effect of an
applied electric field on the IR spectrum11-13. The nitrile stretch offers an optimal
combination of oscillator strength, frequency, and Stark tuning rate for measurements in

biological systems11-14. In this case, observed frequency shifts, , can be used to obtain
information on variations in the projection of the protein electrostatic field on the probe

 through:

(1)

where h is Planck's constant and c is the speed of light. A powerful feature of nitrile probes

is knowledge of both the magnitude and direction of , as it is typically parallel to the C-
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N bond12 and the absolute direction of this bond in a protein can be obtained by X-ray
crystallography.

Nitrile probes can potentially form hydrogen bonds or other specific chemical interactions
with nearby groups that can affect the IR frequency via a mechanism not described by Eqn.
115-18, thereby complicating interpretation of observed shifts19. In what follows, we
describe an experimental method to identify cases in which protein-bound nitriles participate
in such an interaction, using the relationship between IR frequency shifts and 13C NMR
chemical shifts for the nitrile. We provide evidence that for shifts that do not involve a
change of the nitrile's state from free to hydrogen-bonded or vice versa, Eqn. 1 can be used

to determine the accompanying . In the presence of a hydrogen bond of the type
detected by this study, we show that this method can be used to decompose the observed IR
frequency shift into an electrostatic and a non-electrostatic contribution.

We focus on ethyl thiocyanate (EtSCN) as a model for nitriles introduced site-specifically
into proteins by direct modification of unique cysteine residues21 (Cys-SCN). These probes
can be incorporated at different sites in a protein to report on site-to-site differences or to
examine a specific perturbation from multiple distances and orientations. Because the
chemical modification of activated cysteines uses KCN as a reagent, it is trivial to
incorporate 13C (or 15N or both) to perform independent NMR22 and IR measurements on
the same probe in the same environment.

Figures 1A and B show the observed 13C NMR chemical shifts and IR frequency,
respectively, for EtSCN in a wide range of solvents, divided between aprotic (black circles)
and protic (red circles). For the aprotic solvents, a correlation is observed between both
chemical shift and IR frequency and a classical measure of the solvent electric field
calculated using the Onsager reaction field equation23,24 (inset in Fig. 1A). This simple
equation, based on spherical solutes in an isotropic dielectric continuum, captures the
general dependence of the magnitude of the electrostatic fields that solvents exert on dipolar
solutes as a function of solvent dielectric. Focusing on the power of the model to capture
general electrostatic trends, we note that the slope of correlation for the IR frequency, 0.9
cm-1/(MV/cm), is similar in magnitude to the linear Stark tuning rate, 0.72 cm-1/(MV/cm),
measured for EtSCN by vibrational Stark spectroscopy in a frozen glass of 2-
methyltetrahydrofuran26. The approximations of the Onsager model are worse for some
combinations of solvent and solute, depending particularly on the shape of both
molecules23, and this presumably accounts for some of the scatter in the correlation
between the Onsager prediction and either IR frequency or NMR chemical shift. However,
substantial, systematic deviations from the IR correlation are observed only for the hydrogen
bond-donating solvents water and trifluoroethanol (TFE)20, with a smaller deviation
observed for formamide (Fig. 1B, red circles). These departures of the IR frequency from
the electric-field trend appear to result from the specific, blue-shifting effect of hydrogen
bond formation to the nitrile, an effect that has been extensively discussed at both a
qualitative7,8 and quantitative level15,16,18,27,28. In contrast to IR, no deviations for
protic solvents are observed for the NMR chemical shift correlation (Fig. 1A, red circles).

An individually measured IR frequency shift or change in 13C chemical shift for a nitrile
probe in two different environments cannot by itself distinguish whether the observed shift
is electrostatic in origin or complicated by specific effects. For example, in the IR, hydrogen
bonding leads to similar frequencies for water and cyclohexane (Fig. 1B) while for NMR,
aromatic ring-currents could affect a given chemical shift. However, if both are measured,
then a distinction is possible. This strategy becomes apparent from a plot of 13C NMR
chemical shifts versus IR frequency for EtSCN in different solvents (Fig. 1C). The common
linear dependence on the solvent reaction field leads to the trend highlighted with the solid
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black line, with a significant departure from this trend observed for water and TFE (red
circles)30. The magnitude of the deviation of formamide from the correlation lines in both
Fig. 1 B and C is insufficient to unambiguously assign a hydrogen bond to the nitrile, so we
attribute a hydrogen bond only for deviations greater than this example and outside the
conservative zone suggested by the grey region in Fig. 1C29.

We have further tested and exploited this strategy to detect and quantify hydrogen bond
contributions to observed frequency shifts for thiocyanate probes introduced around the
active site of ketosteroid isomerase (KSI) D40N31 from P. putida. Three different KSI
variants were studied, modified to incorporate a nitrile at residue 61 (L61C-CN), 105
(M105C-CN) or 116 (M116C-CN). To assess possible probe interactions within each
modified protein, we determined X-ray structures for M105C-CN and M116C-CN and
generated a molecular dynamics-based structural model for L61C-CN (see S.I.). These
structural studies, (to be described in detail elsewhere33) revealed that the nitrile of M105C-
CN is buried deep within the protein interior, well below the solvent-accessible surface of
the active site and not within hydrogen bonding distance of any polar groups. The nitriles of
L61CCN and M116C-CN, however, form part of the solvent-accessible active site surface,
rendering them susceptible to hydrogen bond formation with water. Thus, we expected the
M105C-CN nitrile to be free of hydrogen-bonding effects and to fall on the IR/NMR
correlation line, whereas we expected both the M116C-CN and L61C-CN nitriles to defy the
IR/NMR correlation due to hydrogen bond formation with water. As shown in Fig. 1C, these
expectations were met: the IR/13C-NMR data for the –SCN probe at position 105 in the
apoprotein (point 9) fall in the region characteristic of aprotic solvents, while the data for
positions 61 (point 10) and 116 (point 12) fall in the region associated with protic solvents,
indicating hydrogen bond formation.

Binding the steroid equilenin, a reaction intermediate analog, displaces bulk water from the
KSI active site34. This change is predicted to dehydrate the L61C-CN side-chain (see S.I.)
and therefore to shift the IR/NMR data for this residue into the region associated with
aprotic solvents. As shown in Figure 1C, this prediction was met (point 11). The nitrile of
equilenin-bound M116C-CN, however, was still observed (point 13) in the upper-right
region of Fig. 1C, consistent with maintenance of the hydrogen bond in the presence of
equilenin. The 1.7 Å resolution X-ray structure of M116C-CN with bound equilenin reveals
sufficient space to accommodate a nearby water, although we did not observe electron
density for an ordered water proximal to the nitrile33 (see S.I.). However, an ordered water
molecule has been observed adjacent to residue 116 in a higher 1.3 Å resolution X-ray
structure of the D40N/D103N mutant with bound equilenin (PDB: 3FZW)35. Further
support for the presence of this water is provided by MD simulations of KSI with a bound
steroid that also reported a water in this pocket36. From these observations, we conclude
that the nitrile of equilenin-bound M116C-CN is hydrogen-bonded to a nearby water
molecule that is present but is not detected in the 1.7 Å X-ray structure. When the ligands
19-nortestosterone, 4-fluoro-3-methyl-phenol, and 2-naphthol are bound (Fig, 1C, points
14-16, respectively), characteristic IR/13C-NMR signatures indicative of this hydrogen bond
are similarly observed. Importantly, both IR and NMR observables for M116C-CN are
shifted upon ligand binding in the direction expected for an increase in the projection of the
electrostatic field on the nitrile, based on the field dependence determined in solvents (Fig
1A-B).

Considering only the set of IR/13C-NMR shifts assigned above to water-nitrile hydrogen
bonds (all M116C-CN observations, apo L61C-CN, and EtSCN in water), another trend is
observed with a slope that is similar to that obtained in aprotic solvents but is displaced by
10 cm-1 (Fig. 1D); a dataset comprised of the hydrogen-bonded set, displaced by 10 cm-1,
combined with the aprotic solvent data has an identical slope to the set of aprotic solvents
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alone (Fig 1D). The 10 cm-1 displacement is similar to the 10 cm-1 difference for 
between subpopulations assigned to the hydrogen-bonded and free states of acetonitrile in
ethanol15 and the 7 cm-1 frequency shift ascribed to the water-nitrile hydrogen bond in a
survey of solvent effects on acetonitrile27. This constant offset and consistent slope suggest
that the hydrogen bonding contribution and electrostatic effects from the local environment
are additive, i.e., that in these examples, the hydrogen bond to water contributes a fixed
amount to , with the shift due to the surrounding protein matrix, governed by Eqn. 1,
superimposed. Thus, we use the observed  for M116C-CN upon equilenin binding, the
Stark tuning rate determined for EtSCN, and Eqn. 1 to estimate a 4 MV/cm increase in the
projection of the local electric nitrile field on the upon equilenin binding. For L61-CN, after
making the 10 cm-1 correction for the non-electrostatic portion of the shift due to the
hydrogen bond,  upon equilenin binding corresponds to an electric field increase of 8
MV/cm along the nitrile37. Nevertheless, the 10 cm-1 correction suggested by Fig. 1D
cannot be generalized to all hydrogen bonds: the non-electrostatic portion of the shift likely
depends on the chemical identity of the donor (cf. TFE and water in Fig 1B), as well as the
geometry of the lowest energy configuration (as suggested by simulations4,17,27).

In conclusion, we have developed a method to distinguish whether observed IR peak shifts
of nitrile probes arise principally from changes in local electrostatic field or contain
contributions from both electrostatic and chemical effects, in this case hydrogen bond
formation to the nitrile probe itself. A detailed application of this approach to reveal novel
features of the KSI active site will be reported shortly35.
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Figure 1.
Chemical shifts vs. nitrile stretching frequencies in simple solvents and in the enzyme KSI.
(A) 13C-chemical shift values and (B) IR stretching frequency of the nitrile of 1% v/v
EtSCN in different solvents (0.5% in cyclohexane) plotted against the solvent electric field
calculated by the Onsager equation23 (inset Fig. 1A). Black circles for aprotic solvents (in
order of decreasing dielectric, from left to right on x-axis, dielectric, ε, in parenthesis): 1.
dimethylsulfoxide (46.7), 2. dimethylformamide (36.7), 3. acetone (20.7), 4. CD2Cl2(9.1), 5.
tetrahydrofuran (7.6), 6. CDCl3 (4.8), 7. toluene (2.4), and 8. cyclohexane (2.0). Black lines
indicate the best fits for the 13C NMR data: 108 ppm – 0.6 ppm/(MV/cm), R2 = 0.76; and
for the IR data: 2163.5 cm-1 + 0.9 cm-1/(MV/cm), R2 = 0.69. Omitted from the fit of the IR
data are the hydrogen bonding solvents formamide, water and trifluoroethanol (red circles);
R2 increases by only 0.04 if protic solvents are omitted from fit of chemical shifts, whereas

the correlation of  with solvent field for aprotic solvents is completely obscured if
hydrogen-bonding solvents are included (R2 = 0.02). (C) 13C-NMR and IR from (A) and (B)
plotted against each other in black and red circles, with line of best fit shown (-1.7 cm-1/
ppm, R2 = 0.68) excluding H-bonding solvents (red circles). Observations for Cys-SCN-
labeled KSI are numbered 9-16 (triangle for apo, diamond for liganded): apo M105C-CN
(point 9), apo L61C-CN (point 10), L61C-CN•Equilenin (point 11), apo M116C-CN (point
12), M116C-CN•equilenin (point 13), M116C-CN•19-nortestosterone (point 14), M116C-
CN•4-fluoro-3-methyl-phenol (point 15) and M116C-CN•2-naphthol (point16). Where
points overlap (14 and H2O; 13, 15 and 16), only one example is plotted for clarity. (D)
Same data as in (C) with and without IR correction for hydrogen bond contribution. All
putative water-nitrile hydrogen bonded cases (all M116C-CN observations (12-16), apo
L61C-CN (10), and EtSCN in water) shown before (closed symbols), and after (open
symbols), subtraction by a 10 cm-1 correction for the hydrogen bond (blue line; slope = -1.4
cm-1/ppm, R2 = 0.93). The combined aprotic data and shifted data yield the trend shown by
the dashed line (-1.7cm-1/ppm, R2 = 0.88). Protein spectra collected at 300 K in 40 mM
phosphate buffer, pH 7.1. Frequencies are reported as the peak maximum; excluding TFE,
EtSCN peaks are generally symmetric (see S.I.).

Fafarman et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2011 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


