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ABSTRACT: There is growing interest in using the nitrile
vibrational oscillation as a site-specific probe of local environment
to study dynamics, folding, and electrostatics in biological
molecules such as proteins. Nitrile probes have been used
extensively as reporters of electric field using vibrational Stark
effect spectroscopy. However, the analysis of frequencies in terms
of electric fields is potentially complicated by the large ground
state dipole moment of the nitrile, which may irrevocably perturb
the protein under investigation, and the ability of nitriles to accept
hydrogen bonds, which causes frequency shifts that are not
described by the Stark effect. The consequence of this is that
vibrational spectroscopy of nitriles in biomolecules could be
predominately sensitive to their local hydration status, not
electrostatic environment, and have the potential to be particularly
destabilizing to the protein. Here, we introduce green fluorescent protein (GFP) as a model system for addressing these concerns
using biosynthetically incorporated p-cyanophenylalanine (pCNF) residues in the interior of GFP and measuring absorption
energies of both the intrinsic GFP fluorophore and pCNF residues in response to a series of amino acid mutations. We show that
observed changes in emission energy of GFP due to the mutations strongly correlate with changes in electric field experienced by
both the nitrile probes and the intrinsic fluorophore. Additionally, we show that changes in electric field measured from the
intrinsic fluorophore due to amino acid mutations are unperturbed by the addition of pCNF residues inserted nearby. Finally, we
show that changes in electric field experienced by the vibrational probes trend monotonically with changes in field experienced by
the native fluorophore even though the nitrile probe is engaged in moderate hydrogen bonding to nearby water molecules,
indicated by the temperature dependence of the nitrile’s absorption energy. Together these results demonstrate that even in the
presence of hydrogen bonding it is possible to relate nitrile absorption frequencies to electrostatic environment by comparing
highly similar environments. GFP’s intrinsic linear sensitivity to electric fields makes it a convenient model system for studying
electrostatics in proteins that offers lessons for proteins without this visible fluorophore.

■ INTRODUCTION
Electrostatic fields generated by the three-dimensional
distribution of partial charges throughout a structured protein
provide a fundamental link between amino acid sequence and
function including folding, reactivity, kinetics, and multi-
molecular interactions.1−6 Understanding this link enables
designing enzymes with improved functions, understanding and
combating diseases, and providing benchmarks for computa-
tional models that accurately calculate electrostatic fields.
Traditionally, electrostatic environments in proteins have
been sensed indirectly via observed shifts in 19F NMR signals7,8

or side chain pKas.
9−12 However, because of the complexity of

proteins and the long-range nature of electrostatic forces, the
interpretation of these experiments can be ambiguous and
indirect. In contrast, the Stark effect has been a convenient
theoretical framework for directly measuring electric fields in a
wide range of biological contexts. In general, the Stark effect

refers to the change in absorption energy, ΔE, of a
chromophore in response to an applied electric field, Δ ⃗F ,
based on eq 1.

μ αΔ = − Δ ⃗·Δ ⃗ + Δ ·⃗Δ ·Δ ⃗ +E F F F( ...) (1)

The change in absorption energy can be described by a Taylor
series expansion about the applied electric field, which is
generally truncated after two terms. The linear term depends
on the difference dipole moment, μΔ ⃗, i.e., the difference in
dipole moment between the ground and excited states involved
in the transition. The quadratic term depends on the difference
polarizability, Δα, which refers to the change in polarizability
between the two states of the chromophore in the direction of
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the transition moment. Conveniently, most vibrational
transitions are accompanied by negligible changes in polar-
izability, and so vibrational Stark effects are generally
dominated by the linear term in eq 1 and can be reduced to
eq 2, where ΔF∥ is the component of the total field change
projected onto the vector μΔ ⃗.

υ μ μΔ = Δ = −Δ ⃗·Δ ⃗ = − Δ ΔE hc F f F (2)

Here, f represents the local field correction factor, which can be
approximated as a scalar and is generally thought to have a
value between 1 and 2.13

Vibrational Stark effect (VSE) spectroscopy, in which
changes in vibrational frequencies, Δν, are interpreted in
terms of electric fields based on eq 2, has become a widely used
technique to study electrostatics in many biological con-
texts.14−20 Once the value of μΔ ⃗, also called the Stark tuning
rate, of a chromophore has been calibrated in an applied
electric field of known magnitude, changes in its absorption
energy can be used to calculate ΔF∥, the change in electric field
in the direction of μΔ ⃗, due to specific perturbations to the
protein or environment. VSE spectroscopy has proven to be
useful for measuring changes in electric fields caused by many
types of perturbations including protein binding,16,17,21,22

ligand binding,13,23 amino acid mutation,24 and location-
dependent changes.15,25,26 To facilitate studies of this nature,
many vibrational probe groups have been developed, including
azides, carbonyls, C−D bonds, and nitriles.14,27

Nitrile VSE probes are of particular interest because of their
relatively large μΔ ⃗ values (0.4−0.8 cm−1/(MV/cm)), large
absorptivity (ε ∼ 500 M−1 cm−1), and absorption in a region of
the infrared well removed from a protein’s background
vibrations (υCN ∼ 2100−2240 cm−1).14,28 To facilitate these
experiments, a number of methods for incorporating nitriles
into proteins or peptides have been developed, such as
chemical synthesis, posttranslational modification, or nonsense
suppression. Additionally, because μΔ ⃗ for the nitrile stretch is
parallel to the nitrile bond vector, the measured change in
absorption energy can be directly related to the change in field
in the direction of the nitrile bond. The utility of nitrile probes
is diminished, however, by their ability to accept hydrogen
bonds, which, while being electrostatic in origin, causes
deviation from the Stark effect model due to quantum effects
associated with the hydrogen bond. Indeed, it has been shown
in non-hydrogen bonding solvents that the nitrile frequencies
of acetonitrile and benzonitrile are inversely proportional to
solvent dielectric.29,30 However, in water and other protic
solvents, the frequencies are not well correlated with solvent
dielectric or any other solvent property.31,32 Ab initio
calculations of acetonitrile and methyl thiocyanate in water
have also revealed that nitrile frequencies can span as much as
25 cm−1 depending on the geometry of the hydrogen bond
between nitrile and water.33 This sensitivity to hydrogen
bonding, which arises from changes in the force constant of the
nitrile bond upon hydrogen bonding rather than changes in the
difference dipole moment, casts doubt on the efficacy of nitriles
as VSE probes of electric field. This is a major concern when
attempting to compare experimentally measured frequencies to
electric fields calculated from simulations,34−36 and several
attempts have been made to deconvolute these competing
effects. Fafarman et al., have shown that by comparing nitrile
frequencies to chemical shifts of isotopically labeled nitriles, it is
possible to subtract the hydrogen bonding contribution to the

frequency and determine the portion of a frequency shift that is
only due to electrostatic field effects.37 However, in spite of this
advancement in the interpretation of nitrile VSE experiments,
there is still not agreement on the ability of nitrile frequencies
to report directly on electric fields. For example, it has been
suggested that nitrile stretches in biological systems are
predominantly sensitive to their local hydration status and are
most useful for determining if a particular position is buried or
solvent exposed.35,38

Furthermore, the ability of nitriles to accept hydrogen bonds
leads to the possibility of introducing hydrogen bonds where
there previously were none. This could grossly misrepresent the
behavior of the native system, the understanding of which is the
ultimate goal. Adhikary et al., have shown that nitrile probes
can be particularly destabilizing, with buried probes causing
more destabilization than solvent-exposed ones.35 This measure
of protein destabilization due to a nitrile probe represents an
attempt to quantify the amount of perturbation due to the
probe, which is an effect that needs to be investigated whenever
a non-native probe is used to interrogate a system. For proteins
it is common to assay the function with and without the probe,
and as long as the function is not altered significantly it is
assumed that the probe does not significantly perturb the
system under investigation.13,17,24 However, measurements like
these only indirectly assess the extent of perturbation caused by
the probe. If the insertion of a nitrile probe drastically perturbs
the electrostatic environment of the protein, for example by the
addition of its large ground state dipole moment, then electric
field measurements based on the nitrile probe frequencies are
not likely to lead to any understanding of the electrostatics in
the native protein. Additionally, it is possible that an
electrostatic probe could cause local perturbations in electro-
static field without affecting the observed structure, stability, or
function, and so an assay of any of these properties would not
reveal problematic changes caused by the nitrile itself. In the
case of a site-specific nitrile VSE probe, it would be desirable to
know what the electrostatic field is in the absence of the probe.
In the work presented here, we use green fluorescent protein

(GFP), whose intrinsic fluorescent chromophore serves as a
visible Stark effect probe of electric field, as a model system to
directly measure the extent of electrostatic perturbation caused
by nitrile probes introduced on the artificial amino acid p-
cyanophenylalanine (pCNF). GFP, shown in Figure 1, is one of
the most widely used and well-studied proteins due to its
unique fluorescence, which is a result of protein folding and
does not depend on any cofactor binding or other external
modification.39,40 Upon protein folding in the presence of
oxygen, the side chains of residues 65, 66, and 67 (threonine,
tyrosine, and glycine, or TYG, in the wild type) autocatalytically
form the fluorophore, which has two major absorption peaks at
395 and 480 nm, depending on whether the tyrosyl oxygen of
residue 66 is protonated or deprotonated, respectively.39,41,42 In
wild type GFP, absorption of either of these forms of the
fluorophore results in emission at ∼510 nm with a high
quantum yield.39 However, many mutations have been made to
wild type GFP to shift the emission energy, and to optimize
other properties such as folding rate, stability, and quantum
yield, for fluorescence microscopy experiments.43−46

In particular, the side chain of T203 is optimally oriented
such that its replacement with an aromatic residue forms a
stabilizing interaction with the fluorophore that shifts the
emission to lower energy. Indeed, it has been shown that
incorporating different residues at position 203 can shift the
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emission by as much as 20 nm.45 In addition to this emission
sensitivity, it has been shown that the deprotonated absorption
band (hereafter referred to as the B state) of the TYG
fluorophore is linearly sensitive to applied electric fields based
on the Stark effect with a negligible quadratic term (eq 2).47

Here, we have chosen to work with superfolder GFP (hereafter
simply referred to as GFP), which was designed to have
optimum pH stability and quantum yield, minimal propensity
for aggregation, and the ability to fold quickly and remain stable
when tagged to a poorly folding protein.48 This version of GFP
also contains the TYG fluorophore, whose intrinsic linear
sensitivity we exploit in this work.
By making use of a system that contains both a vibrational

(pCNF) and an electronic (GFP fluorophore) Stark effect
probe, we investigated whether these probes gave a similar
electrostatic response to the same set of perturbations.
Additionally, GFP’s intrinsic linear sensitivity to electric field
makes it useful as a model system for addressing the
aforementioned challenges of using nitriles as Stark effect
probes. Using nonsense suppression,49,50 we inserted pCNF
residues at positions 145 and 165 near the GFP fluorophore
(Figure 1) and measured changes in absorption energy of these
vibrational and electronic chromophores in response to a series
of mutations to position 203. We found that the change in
fluorescence wavelength of GFP is strongly correlated to
electric fields measured from both the vibrational and electronic
Stark effect probes, and that similar types of mutations project
similar changes in field onto all of the chromophores. In
addition, we used the GFP fluorophore to measure the extent
of electrostatic perturbation caused by the pCNF probes. We
observed that nitriles at these two locations can introduce
changes in electrostatic environment around the TYG
fluorophore, but that the changes are systematic and do not
affect the fluorophores’s intrinsic sensitivity to mutations at
position 203. Additionally, temperature dependent FTIR
spectra of the nitrile-containing proteins suggest that the
pCNF residues participate in hydrogen bonds even when
buried in the interior of the protein. The observation that these
nitrile probes give the same response as an independent field
reporter to a series of mutations while engaging in hydrogen
bonding suggests that Stark effect spectra of similar states may
still be interpreted in electrostatic terms. While GFP is unique
because of its intrinsic fluorophore, this work serves as an
important example of how VSE of nitrile probes may be applied
to other proteins of interest.

■ EXPERIMENTAL METHODS
Expression and Purification of GFP Mutants. Plasmids

containing the genes for wild type GFP (pBAD-GFP) and an
orthogonal nonsense suppressor pair for pCNF (pDULE-pCNF) were
a generous gift from the Mehl laboratory.51 Site-directed mutagenesis
(Stratagene) was used to make mutations to the pBAD-GFP plasmid
at amino acid positions 145, 165, and 203. GFP constructs with no
nitrile probe contained only the position 203 mutations and were
transformed into DH10β cells. GFP constructs containing a nitrile
probe were mutated to contain a rare stop codon (TAG in one-letter
nucleotide code) at either position 145 or 165 and were cotransformed
with the pDULE-pCNF plasmid into DH10β cells. Single colonies
from these transformations were used to seed 5 mL cultures that grew
for 16 h in LB media at 37 °C. 2.5 mL of these cultures was used to
seed 1 L of autoinduction media, as detailed by Hammill et al.52 The
cotransformed cells were supplemented with 1 mM pCNF. After 25−
30 h at 37 °C, the cells were collected by centrifugation, purified by
immobilized metal affinity chromatography, and the affinity tags were
cleaved as described elsewhere.48 After purification, protein masses
were verified by FPLC-MS and the verified protein was buffer
exchanged into PBS (pH = 7.4) and concentrated to 2 mM for
spectroscopic experiments.

Absorption and Fluorescence Spectroscopy. UV−vis absorp-
tion scans were performed using a Cary 5000 spectrometer and a 1 cm
quartz cuvette. Circular dichroism spectra were collected on a Jasco J-
815 spectrometer using a 1 mm quartz cuvette and averaging over 10
scans. All FTIR spectra were collected using a Bruker Vertex 70. The
sample was injected into a cell between two sapphire windows
separated by 125 μm Teflon spacers, and 250 scans were collected
with a resolution of 0.5 cm−1. Temperature dependent FTIR spectra
were collected in a similar cell with 100 μm Teflon spacers. 200 scans
were collected for p-tolunitrile in solvent and 600 scans were collected
to achieve an adequate signal-to-noise ratio for the pCNF-containing
proteins. Spectra were baseline-corrected using an in-house fitting
program described previously.17 p-Tolunitrile and all solvents were
purchased from Sigma and used without further purification.
Fluorescence spectra were collected from samples in 1 cm polystyrene
cuvettes with a Fluorolog3 spectrometer using a 1.5 nm slit width and
a spectral resolution of 0.1 nm. All absorption and fluorescence
measurements were averaged over at least three individual measure-
ments.

■ RESULTS AND DISCUSSION

By incorporating nitrile probes near the fluorophore of GFP,
we sought to compare the response of the vibrational and
electronic chromophores to the same set of perturbations. First,
we compared the changes in electric field measured from both
the vibrational and electronic chromophores and found that
they are in excellent agreement. Next, by comparing the
changes in emission energy of the fluorophore with and without

Figure 1. Crystal structure of superfolder GFP (PDBID: 2B3P). The backbone is shown as a ribbon structure and the solvent accessible surface area
is shown as a light green surface. Phe 145 and 165 are shown in red, Thr 203 is shown in yellow, and the fluorophore is shown in green. Eight
ordered waters that are <7 Å from either residue 145 or 165 are shown as light blue spheres.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b02156
J. Am. Chem. Soc. 2016, 138, 6561−6570

6563

http://dx.doi.org/10.1021/jacs.6b02156


pCNF, we directly assessed the extent of electrostatic
perturbation due to the inclusion of the pCNF probe itself.
Finally, through a series of measurements of the temperature
dependence of nitrile frequencies, we examined whether the
inserted pCNF residues engaged in a moderate amount of
hydrogen bonding even when confined to the interior of the β-
barrel, and discuss the implications of this on the interpretation
of vibrational Stark effect spectra.
We measured frequency changes of pCNF residues at two

interior locations of GFP (positions 145 and 165), as well as
frequency changes in both the absorption and emission of the
deprotonated fluorophore, in response to five amino acid
substitutions at position 203. Because the emission wavelength
of GFP is known to be especially sensitive to mutations of
amino acid 203, we reasoned that T203X mutations (where T
is the original amino acid at position 203 and X represents the
new amino acid: S, N, H, F, or Y) would create large changes in
electric field that could be measured by both the electronic and
vibrational chromophores. We chose positions 145 and 165 to
insert the pCNF probes because the native phenylalanine side
chains are optimally oriented on either side of the interaction
between residue 203 and the fluorophore, and molecular
modeling showed that nitriles at the para positions of the
phenyl rings would point toward the fluorophore. Figure 2

shows crystal structure 2B3P with pCNF residues modeled into
positions 145 and 165. The arrows represent μΔ ⃗ vectors, which
point from nitrogen to carbon on the nitrile probes and from
the hydroxyl group to the imidazolidone ring of the
fluorophore. Additionally, Phe residues at these two positions
are oriented nearly identically across several crystal structures
containing the above T203X mutations, which suggests that
pCNF residues inserted there might have a small range of
motion.39,53 As the Stark effect model allows us to interpret
frequency changes as changes in field projected along a probe’s
difference dipole moment, it is desirable that the probe be as
stationary as possible because the field projection depends on
the probe’s orientation in the field.
Representative spectra for the absorption of pCNF 145 GFP

mutants, as well as absorption and emission of the intrinsic
fluorophore are shown in Figure 3, and representative spectra
for pCNF 165 mutants are shown in Figure S1 of the

Supporting Information. As seen in Figure 3A, the FTIR
spectra of the position 145 nitrile were well-described by a
single Gaussian function with a fwhm of roughly 5−6 cm−1

(with the exception of the T203F mutant), which is similar to
that for the free amino acid in a low dielectric solvent like
THF.31 Along with published crystallographic evidence, the
narrow width of these bands suggests that each pCNF residue is
likely confined to a region of space where it only sees a single,
well-defined environment. For each nitrile position, the
maximum shifts observed were on the order of 2 cm−1. The
absorption bands of the deprotonated fluorophore (Figure 3B)
also exhibited a strong dependence on the T203X mutations,
with maximum shifts on the order of ∼1000 cm−1. There was
also more variability in the width of these bands. We observed
narrower absorption peaks when the bulkier, aromatic residues
(F, Y, and H) were at position 203, while the peaks were
generally broadened when the smaller, polar side chains (T and
S) were at position 203. This likely reflects a change in the pKa

Figure 2. Close up view of crystal structure 2B3P highlighting Phe 145
and 165 (red), the GFP fluorophore (green), and Thr 203 (gray).
Arrows represent the approximate magnitudes and directions of
difference dipole moments of pCNF residues inserted at position 145
or 165, as well as the B state of the GFP fluorophore.

Figure 3. Representative spectra of nitrile-containing GFP constructs.
(A) Nitrile 145 absorption; (B) fluorophore absorption; and (C)
fluorophore emission. Colors represent a different amino acid at
position 203 based on the one letter amino acid codes shown inside
panel (C).
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of the fluorophore’s tyrosyl oxygen, which causes a change in
the relative populations of the A and B states and results in a
broadened B state absorption. Shifts in pKa such as these have
been used previously to investigate electrostatic environments,
and in future studies could prove to be a useful comparison to
the frequency shifts measured here. Finally, representative
emission spectra of the GFP variants are shown in Figure 3C,
demonstrating that all mutations at T203X displayed the same
major peak between 505 and 525 nm with a broader, less
intense shoulder to the red.
Linking Vibrational and Electronic Stark Effects via

GFP Fluorescence. The usefulness of GFP for these studies
lies in the intrinsic fluorophore, whose B state absorption
energies have been shown to trend linearly with electric field
strength. This intrinsic electronic Stark effect probe has a
measured Stark tuning rate of 117.5 cm−1/(MV/cm) oriented
21° away from the transition dipole moment, shown in Figure
2.47,54 The Stark tuning rate of this electronic transition is much
larger than that of the vibrational stretching transition of pCNF,
which has a measured Stark tuning rate of 0.67 cm−1/(MV/
cm).55 In addition, because the emission wavelength is
dependent on the complex noncovalent interactions around
the fluorophore, it serves as a convenient probe to assess the
effect of inserted pCNF probes on these interactions. We

therefore wanted to use the emission wavelength of GFP to
check the electrostatic responses of pCNF probes against those
of the electronic fluorophore.
To measure the effect on electric field due to T203X

mutations, we have compared the changes in emission energy
of the fluorophore between all pairs of mutants against the
projection of changes in field onto either the vibrational or
electronic probe (ΔF∥ from eq 2, where the local field factor is
assumed to be 1). Here, the six different T203X mutants give
rise to 15 individual differences in energy. This is seen in Figure
4, where we plot the changes in emission energy against the
corresponding change in electric field, measured from either the
pCNF probes or the GFP fluorophore. Figure 4A and 4B show
the changes in emission energy plotted against the field changes
projected onto the electronic and vibrational chromophores,
respectively, for the mutants containing pCNF at position 165.
Similarly, Figure 4C and 4D show the same data measured for
the mutants containing pCNF at position 145. As can be seen
in Figure 4A−D, changes in the observed fluorescence are
strongly correlated with changes in electric field measured from
both pCNF probes and the fluorophore, with r > 0.91 for all
comparisons. The size of the error bars is not indicative of
variability in the peak centers of the fluorophores, which
remained remarkably constant across replicate measurements

Figure 4. Change in the emission energy of the intrinsic fluorophore plotted against the change in field, calculated from B state absorption energies
(A, C) or pCNF absorption energies (B, D), in response to mutations at position 203. The 15 data points on each plot are derived from the total
number of energy differences between the six T203X mutant energies. The values of ΔF∥ on the x-axes are electric field projections calculated from
eq 2. On the y-axes, FP stands for fluorescent protein. Colors represent the type of mutation at position 203. Error bars represent the maximum error
based on standard deviations in published Stark tuning rates. The slopes of the best-fit lines (in cm−1/(MV/cm)) are A: −76.3, B: −355.2, C: −72.8,
D: 303.2.
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(standard deviations were ∼0.05 cm−1 for all pCNF probes and
∼0.1 nm for the GFP fluorophore, determined by at least three
measurements of each). Rather, the size of the error bars is a
result of both the uncertainty in the calibrated Stark tuning
rates and the resolution of the UV−vis and FTIR
spectrometers. The difference in sign on the slopes of the
two plots in Figure 4B and 4D, measured from the pCNF
probes, as well as their different magnitudes along the x-axis,
highlights the spatial dependence of energy changes based on
eq 2. Because pCNF 145 and pCNF 165 are oriented
differently in space (Figure 2), projections of the same field
onto their respective bond axes are not expected to give the
same value or sign of field, which in this case is revealed by the
differing signs of the slopes.
In addition to the strong correlation of color and electric field

from each location, the data were grouped into clusters based
on the molecular identity of the mutations. Of the six amino
acid side chains that we placed at position 203, we grouped
each based on being aromatic (Phe, Tyr, and His), polar with
an −OH group (Ser and Thr), or polar with a carboxamide
group (Asn). The color scheme in Figure 4 represents different
types of mutations based on this grouping of side chains. It is
important to note that in Figure 4 (and the following figures)
data describing opposite mutations (i.e., “aromatic to OH” and
“OH to aromatic”) are not simply derived from the same
mutation with the order of subtraction reversed. The data
points arising from the apparent order change are unique, for
example: Tyr to Ser versus Thr to Phe. It is not clear a priori
that these two mutations should cause approximately the same
magnitude shift in the opposite direction, and thus the
observation that they do is significant. Furthermore, we tested
the effect of manipulating the data sets so that the subtraction
was done in the same way every time (e.g., only OH to
aromatic). However, doing this did not result in any significant
changes to the trends that we observed (data not shown), nor
did it have any effect on the conclusions we draw from these
studies.
Cataloging His and Tyr by this scheme was somewhat

ambiguous due to the presence of an −OH group on Tyr and
the possibility of His to be charged and not aromatic. However,
we reasoned that because mutations involving these side chains
were closer in energy to aromatic mutations (vida infra), His
203 is not charged and the aromatic ring is more important
than the hydroxyl group for the interaction between the
fluorophore and Tyr 203. Indeed, previous measurements of
the pKa of His 203 have indicated that it is not charged at
neutral pH.56 Figure 4 clearly shows that when grouped in this
way, similar types of mutations caused similar changes in field
and emission energy regardless of which chromophore
(electronic or vibrational) was being used to measure the
field change. These results unambiguously demonstrate that the
two Stark chromophores responded identically to the same
electrostatic perturbations caused by mutations at position 203,
independent of the exact transition being measured or position
of the probe within the <10 Å diameter region we investigated
(Figure 1). This further suggests that the non-native pCNF
probes can be inserted near the GFP fluorophore without
disrupting its intrinsic sensitivity to nearby mutations.
Electrostatic Perturbation Due to pCNF Probes.

Interest in using the nitrile as a vibrational Stark probe has
occasionally been tempered by the worry that the large ground
state dipole moment of the oscillator itself (∼4 D) could
disrupt the local electrostatic environment of a biomolecule to

such a great extent that the label could invalidate the
measurement. A necessary step in the interpretation of nitrile
frequencies in terms of electric field changes is the
quantification of the perturbation due to the nitrile-containing
probe, which is often indirectly assessed through functional
assays or thermal stability measurements. If an inserted nitrile
probe does not greatly alter protein function or stability,
measured through a thermodynamic or kinetic parameter, then
it is assumed that the environment around the probe must not
have been very affected by the insertion of the probe. While the
stability and function of a protein are undoubtedly linked to
local electrostatic environment, they are not direct reporters of
it. Even in the instance that a crystal structure can be
determined for both native and probed proteins, electrostatic
information is exceedingly difficult to interpret from structural
data.57

With GFP, the presence of an intrinsic fluorophore formed
through protein folding provides an independent handle to
investigate any possible alteration of the electrostatic environ-
ment caused only by the insertion of the pCNF probes
themselves. We therefore measured the changes in field
experienced by the GFP fluorophore in response to the
insertion of pCNF at either position 145 or 165. Figure 5 shows

the magnitude of this field change (calculated from eq 2) for
each of the six T203X variants when pCNF was inserted at
either position 145 or 165. For nearly all of the T203X mutants,
the insertion of a nitrile probe at either position induced a
change in field of up to ±3 MV/cm relative to the wild type
fluorophore. However, when we compared the changes in
fluorophore emission energy to changes in field measured by
the electronic fluorophore with and without the nitrile probes
(Figure 6), it is clear that the nitrile probes do not affect the
intrinsic fluorophore’s sensitivity to the T203X mutations. In
this instance, the changes in field experienced by the
fluorophore due to the T203X mutations (circles) are
independent of either inserted nitrile probe (squares or
diamonds). Furthermore, the same patterns of functional
groups of the side chain at position 203 were preserved
compared to Figure 4. These results together suggest that

Figure 5. Change in field experienced by the B state of the GFP
fluorophore, due to the insertion of pCNF probes at either position
145 or 165. The x-axis denotes the identity of the residue at position
203 by its one letter amino acid code. Error bars represent the
maximum error based on standard deviations in published Stark tuning
rates.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b02156
J. Am. Chem. Soc. 2016, 138, 6561−6570

6566

http://dx.doi.org/10.1021/jacs.6b02156


pCNF probes, while causing changes in the absolute value of
the electric field in their immediate environment, do not affect
the response of the native protein to changes in field caused by
nearby mutations. This result is significant, because while the
determinants of the nitrile oscillation frequency may be too
complicated for it to report absolute values accurately, it
appears to be an unobtrusive reporter of changes between two
similar environments. The latter of which is by far the most
common application of vibrational Stark effect spectroscopy.
Vibrational and Electronic Field Reporters Agree Even

in the Presence of Hydrogen Bonding. The final issue we
sought to investigate with the comparison of vibrational and
electronic chromophores is the effect of hydrogen bonding on
the vibrational Stark effect spectra of nitriles. There has been

significant recent debate over the utility of nitrile vibrations as
electric field reporters in the presence of hydrogen bonding,
which is known to shift the oscillator vibration to higher
energy.29,32,35,37,58−60 It has been demonstrated that this shift
can be deconvoluted into hydrogen bonding and Stark effects
in water using independent 13C NMR measurements in concert
with vibrational spectroscopy; however, this has not been
demonstrated in solvents other than water.37 Because of this, it
has been suggested that because of their predominate sensitivity
to hydration, the interpretation of nitrile frequencies in terms of
electric fields via eq 2 requires that the nitrile be free of
hydrogen bonding.61 If true, this would significantly limit the
utility of nitriles through the vibrational Stark effect in
biological systems. GFP is an excellent example of this;
although the nitrile chromophore was inserted at positions in
the protein interior, multiple crystal structures of GFP clearly
reveal significant quantities of water inside the β-barrel of the
protein, some of which is shown in Figure 1. If the nitrile
chromophore cannot be used in such a nominally solvent-
sequestered environment, its utility in general will be very
limited.
To investigate this problem in the GFP system, in Figure 7

we have compared the changes in electric field, measured from
both of the pCNF probes and the intrinsic fluorophore
absorption, in response to the T203X mutations. If hydrogen
bonding to the nitrile probes rendered them ineffective as
electric field probes, then we would not expect good correlation
between the measured frequencies of the vibrational and
electronic chromophore absorptions because additional phys-
ical effects besides electric field would be convoluted into
energy shifts of the nitriles. However, Figure 7 shows that from
both nitrile probe locations, we observed a monotonic trend
between the changes in field measured from the vibrational
reporter and those from the electronic reporter with high
correlation constants (r > 0.87 in both cases). This finding
suggests one of two possibilities: (a) that neither of the pCNF
probes formed hydrogen bonds with water or nearby protein
atoms, or (b) that one or both of the pCNF probes did engage
in hydrogen bonds but that this did not affect the ability of
either of these probes to report on changes in electric field.
While it seems likely, by inspection of crystal structures (Figure

Figure 6. Change in emission energy due to position 203 mutation
plotted against the change in field of the B state of the fluorophore,
with (squares and diamonds) and without (circles) pCNF probes. The
values of ΔF∥ on the x-axis are electric field projections calculated from
eq 2. On the y-axis, FP stands for fluorescent protein. Colors represent
the type of mutation at position at 203. Best-fit lines are shown in
black for wild type (solid line; r = 0.960), pCNF 145 (dashed line; r =
0.965), and pCNF 165 (dotted line; r = 0.989). Error bars represent
the maximum error based on standard deviations in published Stark
tuning rates.

Figure 7. Comparison of changes in field measured from pCNF probes (A: 145; B: 165) and B state of GFP fluorophore. The values of ΔF∥ on the
x- and y-axes are electric field projections calculated from eq 2. Error bars represent the maximum error based on standard deviations in published
Stark tuning rates. The slopes of the best-fit lines are (A) −0.206 and (B) 0.173.
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1), that a pCNF inserted at either location 145 or 165 engages
in hydrogen bonding due to the abundance of nearby water
molecules at these positions, it is worthwhile to further
investigate the hydrogen bonding status of nitriles at these
positions due to the possible implication of this for the
interpretation of Stark effect spectra.
Recently, Adhikary et al. have reported a straightforward

method for determining the hydrogen bonding status of nitrile
probes based on the temperature dependence of vibrational
frequencies through a frequency-temperature line slope
(FTLS).61 It was shown that the magnitude of the FTLS is
unique for small nitriles in a variety of protic and aprotic
solvents, and that the model nitrile data can be used to assess
the hydrogen bonding status of nitrile probes inserted at
various locations in a protein. Here we used the same analysis
for pCNF, p-tolunitrile, and GFP mutants containing pCNF at
positions 145 and 165. Figure 8 shows the change in frequency

as a function of temperature for small nitriles in three solvents,
as well as pCNF 145 and 165 for the T203S GFP mutants.
Again, the error bars are indicative of the instrument resolution
and not the variability across multiple measurements. Similar to
previous reports, we observed characteristic FTLSs of p-
tolunitrile and pCNF when dissolved in an aprotic solvent
(THF, black), a moderate hydrogen bonding solvent
(formamide, green), and water (red), with the magnitude of
the FTLS increasing in that order. These data were then
compared to the temperature dependent spectra of two
constructs of GFP containing a pCNF residue at either
position 145 (yellow) or 165 (blue). For both nitrile locations,
the FTLSs were very similar to that of the small molecule in
formamide, which suggests that they experienced a moderate
amount of hydrogen bonding in GFP. This observation for the
position 145 nitrile is interesting, because its low frequency
would ordinarily suggest a lack of hydrogen bonding based on
the well-known shift to higher frequency upon the acceptance

of a hydrogen bond.31,32 However, Cho et al. have shown that
the nitrile frequency can span ∼25 cm−1 depending on the
geometry of the hydrogen bond.33 It seems likely to us that
pCNF 145, being shielded from the solvent and exposed to
confined water molecules, might be forced to adopt a hydrogen
bonding geometry that gives rise to the observed low
frequencies. Further high resolution structural studies are
being pursued to provide insight into this interesting
observation.
To rule out the possibility of subtle structural changes to

GFP causing the observed frequency shifts, we recorded
circular dichroism spectra of WT and pCNF 165 over this small
temperature range (Figure S2). Over this temperature range,
GFP did not have any measurable change in secondary
structure, which suggests that the observed FTLSs of pCNF
145 and 165 are indicative of moderate hydrogen bonding. This
result supports our hypothesis from crystallographic data that
nitriles at these two positions are likely to engage in hydrogen
bonding, probably from water molecules contained within the
β-barrel structure of GFP. In the crystal structure shown in
Figure 1, as well as others that have been solved for similar
constructs of GFP, positions 145 and 165 are entirely shielded
from bulk solvent but are in close proximity to several confined
water molecules. Together these data suggest that pCNF
probes at these locations participate in hydrogen bonding, and
yet still accurately report on changes in field as measured from
the electronic fluorophore.
This finding is significant because it suggests that it is

possible to relate changes in the absorption energies of nitrile
probes to changes in electric field, even in the presence of
hydrogen bonding. This result is similar to the conclusion
reached by Fafarman et al., where nitrile probes exposed to bulk
water had frequencies that were all shifted by a constant 10
cm−1 with respect to an independent NMR parameter.37 In the
present study, there appears to be a constant contribution to
the nitrile frequency from the hydrogen bonds to ordered water
molecules that cancels out when comparing two similarly
hydrogen bound nitriles. This suggests that small changes in the
hydrogen bonding status of the nitrile probe between two states
could still cause significant deviations from the Stark effect. In
order to observe this independence of the frequency change on
hydrogen bonding, it may still be necessary to compare states
that are highly similar with respect to the hydrogen bonding
status of the nitrile. Further studies are underway to compare
Stark effects of the GFP fluorophore to nitrile frequencies of
pCNF probes inserted into different positions with potentially
different hydrogen bonding environments to assess the
generality of this finding.

■ CONCLUSION
We have used GFP to explore the behavior of the nitrile
vibrational Stark probe in comparison to the known visible
Stark behavior of GFP’s intrinsic fluorophore. Nitrile probes
were inserted at buried locations near the fluorophore without
affecting the sensitivity of the observed fluorescence to
electrostatic changes made in the vicinity of the fluorophore
by amino acid mutations. Additionally, changes in both the
intrinsic fluorescence and site-specific electric fields were
related to chemical properties of the amino acids involved in
the mutations. We have also shown that the changes in
absorption frequency of the two pCNF probes inserted at
positions 145 and 165 caused by these same amino acid
mutations resulted in changes in electric field that correlated

Figure 8. Changes in nitrile stretching frequency (relative to the value
at 5 °C) as a function of temperature. Black, green, and red data points
represent the frequency of p-tolunitrile in the noted solvent (or pCNF,
in the case of PBS buffer). Blue and yellow data points are GFP T203S
constructs that contain pCNF at position 165 or 145, respectively.
Error bars represent the instrument resolution. Standard deviations
across at least three measurements were ∼0.05 cm−1 for all nitriles.
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highly with electric fields measured independently from the
electronic fluorophore.
A series of measurements of the temperature dependence of

the nitrile frequencies suggests that they participate in hydrogen
bonds with ordered water molecules inside the β-barrel. This
result is not surprising, but is interesting because hydrogen
bonding has been thought to complicate the interpretation of
nitrile frequencies in terms of electric fields. However, pCNF
probes at these two locations appear to accept hydrogen bonds,
while simultaneously having absorption frequencies that are
well described by the vibrational Stark effect. This suggests that
it may not be necessary that a nitrile be free of hydrogen bonds
in order to be useful as a Stark effect probe as long as
differences in absorption energy between similar states are
being considered. While GFP is almost unique in that the
protein carries an intrinsic, easily measured electrostatic probe,
the conclusions of this study can be generalized to nitriles used
as vibrational probes in other proteins.
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