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ABSTRACT: To investigate the cyanylated cysteine vibrational
probe group’s ability to report on binding-induced changes along a
protein−protein interface, the probe group was incorporated at
several sites in a peptide of the calmodulin (CaM)-binding domain
of skeletal muscle myosin light chain kinase. Isothermal titration
calorimetry was used to determine the binding thermodynamics
between calmodulin and each peptide. For all probe positions, the
binding affinity was nearly identical to that of the unlabeled
peptide. The CN stretching infrared band was collected for each
peptide free in solution and bound to calmodulin. Binding-induced shifts in the IR spectral frequencies were correlated with
estimated solvent accessibility based on molecular dynamics simulations. This work generally suggests (1) that site-specific
incorporation of this vibrational probe group does not cause major perturbations to its local structural environment and (2) that
this small probe group might be used quite broadly to map dynamic protein-binding interfaces. However, site-specific
perturbations due to artificial labeling groups can be somewhat unpredictable and should be evaluated on a site-by-site basis
through complementary measurements. A fully quantitative, simulation-based interpretation of the rich probe IR spectra is still
needed but appears to be possible given recent advances in simulation techniques.

S ite-specific vibrational spectroscopy is an attractive
approach to study binding interactions between proteins

or other biomolecules without the sampling and dynamic
constraints of either crystallography or NMR. Vibrational
dynamics occur on femtosecond-picosecond (fs-ps) time scales,
so vibrational spectral line shapes from ensemble samples
inherently report on the dynamic structural distributions of
biomolecules. Thus, vibrational spectroscopy should be an ideal
technique for viewing binding-induced changes in a protein’s
dynamic structure. However, absorption bands from common
biomolecular functional groups are crowded into a few mid-
infrared frequency ranges, and the assignment of site-specific
vibrational bands is normally very difficult: infrared (IR)
absorption in the particularly strong amide I region is most
often used as a probe of only the total protein secondary
structure content.1

One strategy that circumvents the problem of vibrational
spectral overlap is using a functional group with a vibrational
frequency in an isolated region of the spectrum.2−5 The
stretching frequency of the nitrile (CN) moiety falls in a
clear region of the IR spectrum; using nitriles as site-specific
probes in proteins was first implemented by Gai and DeGrado.6

Since that initial example, the nitrile group has been placed at
specific sites in many biomolecules;2,6−20 however, there was
not a clear indication in many cases of the functional or
structural perturbation caused by the presence of the artificial
nitrile group.

Carbon-bound nitriles can be effective site-specific probes,
but amino acids with carbon-linked nitriles must either be
incorporated into proteins synthetically or through novel
expression approaches. Another approach is to post-transla-
tionally modify a naturally occurring amino acid, cysteine, to
add the nitrile group as part of a covalently bound thiocyanate
moiety in the artificial amino acid β-thiocyanatoalanine, or
cyanylated cysteine (C*).11,14,16,17,21,22 The SCN stretching
band of C* appears in the IR spectrum between 2153 and 2164
cm−1 in biologically relevant environments.23−25 The CN
frequency depends on the local electrostatic environment26,27

and also strongly on H-bond donors like water. Frequency
shifts of the SCN stretching mode indicated changes in water
exposure at specific protein sites bound to membranes15 and
other proteins,16 and in a dynamically opening enzymatic active
site,28 and also in exposure or sequestration of the substrate-
carrying arm of acyl carrier proteins.29 Smaller frequency shifts
were used to examine electric fields inside folded proteins9 and
enzymatic active sites10,12,30 and along the Ras-effector
protein−protein interface.31−34 The SCN line width depends
on the structural heterogeneity of the probe’s environment and
on the fs-ps time scale fluctuations of that environ-
ment.16,17,23,35 Line widths of the SCN band at water-
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exposed sites display dynamic differences due to nearby order/
disorder transitions in the protein,16,17 while line width changes
for SCN groups that are not uniformly solvent-exposed have
been interpreted as evidence for the local distribution of probe
environments.14,15

The vibrational lifetime of the CN stretching mode in the
SCN probe group is quite long, on the order of many 10s to
100s of ps according to recent reports based on pump−probe
and other nonlinear IR experiments.35,36 However, the strength
of this absorption signal is weak enough that despite some
serious effort, clear nonlinear CN IR signals from SCN
probes in proteins have not been reported except for in one
case.35

Previous studies of both C*17,31 and of carbon-bound
nitriles18 showed that there is a small perturbation of folded
states due to the artificial amino acid. C* caused a minor
perturbation to local helical secondary structure17 but did not
preclude binding between peptides and membranes.15 C* did
also not abrogate binding between two proteins as assessed by
the activity of their cooperative enzymatic complex,31,32 except
for sites of extreme electrostatic perturbation by the
substitution of C* for a native residue. The most relevant
function of regulatory proteins is their binding to targets:
whether a small probe like C* disrupts this function when
placed directly along the binding interface is an open question.
In this work, we examine the binding of a ubiquitous and
canonical regulatory protein, calmodulin (CaM), to a relatively
well-characterized target peptide from skeletal muscle myosin
light chain kinase (“M13”; Figure 1),37 and we place the C*

probe group directly in the binding interface to assess both the
degree of functional perturbation and the ability of the probe to
report on the binding event.
CaM is a particularly interesting regulatory protein due to its

promiscuity of interactions and its context-dependent struc-
ture.38−40 CaM contains two globular domains connected by a
flexible linker; each domain contains two EF-hand helix−loop−
helix Ca2+-binding motifs. Ca2+ binding by CaM leads to large
conformational changes and increases CaM’s affinity for many
target proteins whose functions are regulated by CaM
binding.41 The modular structure of CaM and the relatively
high proportion of flexible methionine side chains along its
binding surfaces allow CaM to assume a variety of target-bound

conformations, ranging from partially extended (utilizing only
one domain, such as for the Ca2+ pump “C20W” peptide42) to
completely collapsed (where both subdomains “wrap around”
the target sequence). Successful previous incorporation of C*
in helical peptide and protein segments9,15,17,28 suggested that
C* could be particularly useful in CaM-target complexes, which
usually induce the target peptide to adopt a helical
conformation. While CaM serves in this study mainly as a
relatively well-characterized model system for protein−protein
binding, any new binding-related dynamic information that we
uncover would also help to better understand CaM’s unique
promiscuity. CaM dynamics have been a subject of substantial
interest, with many different experiments performed to examine
them: residual conformational entropy in the CaM/M13
complex is suggested by NMR relaxation parameters,43,44 a
limited loss of entropy in the bound state has been implicated
as a significant thermodynamic driving force for target
binding,43,45−49 and some refinement of the overall secondary
structure on binding was suggested by FTIR/isotopic labeling
experiments focused on the amide backbone of CaM.50

Our specific goals here with the M13 target peptide and
calcium-loaded CaM are 3-fold: (1) to measure the
perturbation of binding by C* substituted for a range of
hydrophobic or otherwise substantially different naturally
occurring side chains along the protein−protein-binding
interface, (2) to document the response of C* to a range of
interfacial environments of varying solvent exposure and
structural flexibility, and (3) to provide experimental design
guidance and interpretive tools for applying C* and other
vibrational labels directly at other binding interfaces. An
ancillary goal for future work is to better understand the
structural modularity, flexibility, and dynamics of CaM and its
targets as they bind to each other. For the CaM-bound M13
peptide, we chose probe sites from hydrophobic “anchor”
residues near the peptide’s N-terminus to residues closer to the
unstructured and solution-exposed peptide C-terminus. (See
Table 1 and Figure 1.) A simulated estimate of solvent-

accessible surface area (SASA) for the labeled residues was used
to assess possible correlation between SASA and the measured
CN vibrational frequencies, and both frequencies and line
shapes were compared to thermodynamic quantities from
isothermal titration calorimetry (ITC) experiments. We found
that C* was minimally perturbative at all sites according to
ITC. The probe IR mean frequencies were consistent with
expectations based on SASA in simulations started from the
NMR structure. The probe line widths for some solvent-

Figure 1. Calcium-saturated calmodulin (green, with Ca2+ ions
omitted) bound to M13 (blue) (left). Residues replaced with
cyanylated cysteine are highlighted in red. Adapted from coordinates
from PDB structure 2BBM.1 Scheme for replacement of each native
residue by cyanylated cysteine (C*) (right).

Table 1. Sequences and Abbreviations for Seven Synthetic
Variants of the “M13” Peptidea

peptide amino acid sequence

M13 Ac-KRRWKKNFIAVSAANRFKKISSSGAL-NH2

W4C*b Ac-KRRC*KKNFIAVSAANRFKKISSSGALW-NH2

F8C* Ac-KRRWKKNC*IAVSAANRFKKISSSGAL-NH2

S12C* Ac-KRRWKKNFIAVC*AANRFKKISSSGAL-NH2

R16C* Ac-KRRWKKNFIAVSAANC*FKKISSSGAL-NH2

I20C* Ac-KRRWKKNFIAVSAANRFKKC*SSSGAL-NH2

S23C* Ac-KRRWKKNFIAVSAANRFKKISSC*GAL-NH2
aWhich is the CaM-binding domain of skeletal muscle myosin light
chain kinase. bAn addition of an additional tryptophan residue at the
C-terminus was made to the W4C* peptide to facilitate the accurate
determination of its concentration in solution.
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excluded probes were unexpectedly broad, suggesting that there
is additional, new information that could be extracted from the
line widths via a more quantitative and simulation-based
technique. We conclude that while this probe methodology
could be broadly useful for mapping binding interfaces of
proteins (since the mean probe frequency shift is driven
strongly by solvent exposure), a truly quantitative interpretation
of the probe line shapes remains to be achieved.

■ MATERIALS AND METHODS
Peptide Synthesis and Purification. All peptides were

synthesized on an Applied BioSystems ABI 433A synthesizer
using standard fmoc chemistry with either 10× HBTU or
HATU activator. Fmoc-labeled amino acids and all peptide
synthesis reagents were purchased from Applied BioSystems or
Advanced ChemTech and used as received. The PAL resin was
used to furnish a C-terminal carboxamide on cleavage;
treatment of the resin-bound peptides with acetic anhydride
was used to affect N-acetylation. Cleaved peptides were purified
via reversed-phased HPLC using a semiprep scale Varian
Dynamax C18 column. The eluent was 20−40% acetonitrile in
H2O (with 0.1% trifluoroacetic acid as modifier) over 40 min,
with each peptide eluting at approximately 30% acetonitrile.
Purity and identity of peptides was verified by MALDI-MS
(performed either at the Wistar Institute, Philadelphia, PA or in
the Biophysics/Molecular Biology Department, University of
Pennsylvania, Philadelphia, PA).
Calmodulin Expression and Purification. Mammalian

sequence calmodulin was produced recombinantly in Escher-
ichia coli and purified according to extensive previous work.51,52

Cyanylation of Peptides. Lyophilized cysteine-containing
peptides purified by HPLC were treated for 20 min with a 0.01
M HCl solution and relyophilized to remove residual
trifluoroacetic acid (TFA). The lyophilized peptides were
then dissolved in 200 mM HEPES-NaOH buffer, pH 7, and
treated with 100× D,L-dithiothreitol (DTT, from Aldrich) to
yield the free thiol at each cysteine. DTT was separated from
the peptides using a 35 cm column of Sephadex G-10, and the
reduced peptide was lyophilized. The peptides were then
redissolved in a 250 mM HEPES-NaOH buffer, pH 7, and
treated with 3× 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB,
from Acros) for 20 min at room temperature to form a mixed
disulfide intermediate at cysteine. The samples were then
treated with 40× NaCN (Aldrich), and the cyanylated peptides
were isolated using the same Sephadex G-10 column
equilibrated with 20 mM HEPES-NaOH, pH 7. Peptide-
containing fractions in 20 mM HEPES-NaOH were combined
and then diluted with a CaCl2 solution to 10 mM HEPES-
NaOH and 10 mM CaCl2. Peptides in this buffer were then
concentrated about 5× using a stirred ultrafiltration cell
(Amicon, Millipore) with a 1000 MWCO membrane
(SpectraPor). The presence of the CN label was verified
using IR spectroscopy (see below). The final sample
concentration was 1−2 mM C*-containing peptide in 10 mM
HEPES-NaOH and 10 mM CaCl2.
Preparation of Calmodulin-Bound Peptide Samples

for Infrared Spectroscopy. Purified calmodulin and peptides
were each dissolved in 10 mM HEPES and 10 mM CaCl2
buffer at pH 7.00−7.05 with their concentrations determined
via absorption at 280 nm using a Jasco V-570 UV/vis/NIR
spectrophotometer. Extinction coefficients were calculated
based on the sequences of CaM and the M13 peptide.53

Calmodulin and peptide solutions were combined at a molar

ratio of 1.2 protein:1.0 peptide and concentrated to a peptide
concentration > 1 mM using a Millipore Amicon 3 mL stirred
ultrafiltration cell with a 1000 MWCO ultrafiltration membrane
from Spectra-Por. The final total volume was 50−75 μL. These
samples were used for IR measurements with no further
changes.

Infrared Spectroscopy. About 30 μL of a cyanylated
peptide sample from either of the previous two preparations
was placed between the windows of a 22 μm CaF2 BioCell
(BioTools, Jupiter, FL) inside a BioJack temperature circulating
jacket at 22 °C. All spectra were collected using 1024 scans at 2
cm−1 resolution using a Bruker Optics Vertex 70 FTIR
spectrometer with a photovoltaic HgCdTe detector. A
spectrum of buffer solution was subtracted from each raw
protein or peptide spectrum, and a further baseline correction
was accomplished by fitting the baseline (outside the region
from 2140 to 2185 cm−1) to a polynomial and subtracting the
fit.

Line Shape Analysis. CN stretching line shapes were
analyzed without any assumptions about the underlying
symmetry or shape of the bands, since there is no particular
reason that the bands should be symmetric about the mean and
because line shape asymmetry could result from multiple
underlying subdistributions. The mode (most probable, or
maximum) frequency of each band was directly drawn from the
data. Mean CN stretching frequencies were calculated using
eq 1 for the first central moment of a distribution:

∫

∫
ω

ω ω ω

ω ω
⟨ ⟩ =

d I

d I

( )

( )
2140

2180

2140

2180

(1)

where ω is the frequency in wavenumbers and I (ω) is the
absorbance as a function of frequency. The full width at half-
maximum was directly extracted from the data, where two
points were determined whose intensity was half that of the
intensity at the mode frequency.

Isothermal Titration Calorimetry. ITC data were
collected on a TA Instruments (New Castle, DE) Nano ITC
low-volume instrument equilibrated at 25 °C. The cell was
filled with 350 mL of calmodulin at a concentration of 25−50
μM in 10 mM Hepes-NaOH and 10 mM CaCl2, pH 7.04
buffer. The syringe was filled with 50 μL of 200−500 μM
peptide in the same batch of buffer (see above). The signal
from the first injection was ignored and was followed by 24 × 2
μL injections while stirring at 300 rpm. See the Supporting
Information for data and fits from the ITC experiments.

Molecular Dynamics Simulations. The reported NMR
structure of the CaM-M13 complex37 was used as the starting
structure for MD simulations in GROMACS v. 5.0.354 using
the Amber99SB force field55 with a modification that provides
Amber parameters for the artificial SCN probe group56 based
partly on simulations of methyl thiocyanate in water.25

Simulations were run on either 3 16-processor nodes of
TACC’s Stampede supercomputer, which was available through
a startup allocation from XSEDE, or the Fock cluster at
Haverford College. The SCN probe group was inserted using
an automated script that replaces the residue in question with
C*, and the SCN group’s orientation was allowed to
equilibrate with the rest of the protein before any analysis of the
production trajectory. After extensive equilibration following
the example of Layfield and Hammes−Schiffer56 and further
observation of the RMSD and radius of gyration to establish
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thermal equilibration, simulations with the probe group
included were run for 20 ns, and the solvent-accessible surface
area of the C* side chain N atom was calculated using the gmx
sasa command in GROMACS. Simulated frames were not
Boltzmann-weighted by total energy, but rather directly
averaged to estimate the mean solvent-accessible surface area
for the probe group at each site from the thermally equilibrated
simulations.

■ RESULTS
Peptide Synthesis and Cyanylation. Six single-cysteine-

variant peptides (see Table 1 for sequences, and Figure 1 for
the location of the replaced residues in the previously reported
NMR structure and the scheme used to make the change to
C*) were made via solid-phase peptide synthesis, purified, and
cyanylated at the single-cysteine substitution site. All six
cysteine-variant peptides were successfully cyanylated with
near-quantitative yield. None of the variant peptides exhibited a
substantially different solubility compared to the native-
sequence peptide. Changing buffers for such short peptides
and concentrating the samples for IR spectroscopy proved
challenging and was only enabled with some difficulty by the
very low MW cutoff of the membranes used for buffer exchange
and concentrating (see experimental methods); we have found
that working with larger cysteine-variant proteins than the M13
peptide is more practical for this particular probe methodology.
Isothermal Titration Calorimetry. Isothermal titration

calorimetry (ITC) was used to determine for each site how the
C* substitution affected the equilibrium between free and
bound species. Table 2 presents the calculated binding

stoichiometries (n), dissociation constants (Kd), and enthalpies
of binding (ΔH) for all seven peptides with CaM under Ca2+-
saturated conditions, and Table S1 displays complete binding
thermodynamics including free energies, entropies, and changes
in binding free energy, binding enthalpy, and binding entropy
due to probe substitution. The ITC data and fits to the data
appear in the Supporting Information as well. Fitted parameters
are generally accurate to 1−2 significant figures only, and the
range of error for enthalpies and entropies is relatively large
compared to the magnitude of those quantities.
All of the fitted binding parameters for the interactions

between CaM and each variant peptide, especially Kd and n, are
in close agreement with the CaM-binding values of the
unmodified M13 peptide. The F8C* peptide-CaM interaction
behaves somewhat differently, as discussed below, but in all
cases the Kd’s determined for the CaM-labeled peptide
complexes were within 1 order of magnitude of the Kd for
the complex between CaM and the unmodified peptide. The

measured dissociation constants indicate that, at the sample
concentrations of the IR experiments, all peptides were fully
bound to CaM given the slight stoichiometric excess of CaM in
the spectroscopic samples. With the possible exception of the
F8C* peptide, all CaM-labeled peptide-binding interactions
followed a single sigmoidal titration curve with close to the
expected n = 1 binding stoichiometry.
The ITC signal-to-noise ratio for the F8C* peptide-CaM

interaction was large enough to indicate what appears to be a
two-transition titration curve for the F8C* peptide with CaM
(Supporting Information). Two transitions were observed
whether the peptide or CaM was titrated vs the other species.
Neither of the Kd’s determined for the two F8C*-CaM-binding
processes is weaker than for the unmodified peptide-CaM
interaction, and the two binding processes together add up to
an approximate total n = 1 binding stoichiometry.

Infrared Spectroscopy. The IR spectra in the CN
stretching region of both the unbound and CaM-bound M13
peptide variants are shown in Figure 2. In all cases, there are
significant differences between the CN stretching bands for
the unbound and CaM-bound peptides. Line shape changes for
each CN stretching band are reported in Table 3, and full
line shape parameters for each spectrum can be found in the
Supporting Information.
The spectra in Figure 2A−C are for sites that the solution

NMR structure37 predicts to have significant hydrophobic
character. The W4 “hydrophobic anchor” residue was replaced
with C* and upon binding to CaM, the mode frequency of the
W4C* probe shifted by −8.6 cm−1 (Figure 2A). The SCN
stretching frequency also shifted by −5.8 and −6.7 cm−1 for
probes at the hydrophobic peptide residues F8C* and S12C*,
respectively. In two of these cases, there was also a significant
broadening of the CN stretching band: for W4C*, the full
width at half-maximum (fwhm) increased by about 3 cm−1, and
in F8C*, the fwhm broadened by about 1 cm−1.
Figure 2D−F exhibits sites with the probe group in a

progressively more water-exposed structural environment. The
IR signal from R16C*, which in the M13-CaM NMR structure
is pointed roughly toward the linker region between the two
domains of CaM, exhibits a small binding-induced frequency
shift of −1.9 cm−1 and a large broadening of +4.4 cm−1. The
I20C* probe is located near the boundary between solution
exposure and the binding interface according to the NMR
structure: while the I20C* band does not broaden upon
binding, the CN frequency still shifts by −1.5 cm−1. The
S23C* probe was intended to be a control, since the NMR
structure indicates that S23 is completely water-exposed and
the peptide is unstructured in that region of the sequence
regardless of CaM; however, a small shift of −1.0 cm−1 and
broadening of +0.7 cm−1 were still detected for the CaM-bound
S23C* site.

Solvent-Exposure Estimates. We used all-atom MD
simulations to estimate the solvent exposure of the six labeled
sites in the CaM-bound peptide from the NMR structure. The
SCN label was placed explicitly at each site, and the solvent-
accessible surface area of the C* side chain’s nitrogen atom was
evaluated every 1 ps during the simulation. While we started
the C* in several different local orientations, it generally
collapsed within a few ps to a stable orientation vs its local
environment for the remainder of the simulated trajectory. (See
Figure S2 for those orientations.) From the MD trajectories,
the mean solvent-accessible surface area was calculated. Mean

Table 2. Binding Parameters Calculated From ITC
Measurements for each M13 Variant Peptide with CaMa

peptide Kd (μM) ΔH (kJ/mol) n

M13 0.5 −59 0.9
W4C* 0.3 −43 0.9
F8C* 1.1 −27 0.9

0.02 −26 0.3
S12C* 2 −64 1.0
R16C* 2 −32 1.1
I20C* 1.4 −72 1.0
S23C* 3 −65 1.0

aSee the Supporting Information for the data and details of these fits.
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values for SASA appear in the last column of Table 3, and
distributions of SASA appear in Figure S3.
Correlation Analysis. Correlation plots comparing the

binding-induced frequency shifts and line width changes with
four quantities of interest are shown in Figure 3. Those
quantities include changes in the mean SASA at each probe site
(first row) and thermodynamics measured by ITC including
probe-induced changes in the free energy (ΔΔG), enthalpy
(ΔΔH), and entropy (ΔΔS) of binding. Since the free energies
of binding change very little with each probe placement, there is
a strong inverse relationship between ΔΔH and ΔΔS (which is
common for biomolecular-binding events and not unique to
this case). Notable correlations are observed between the
binding-induced CN frequency shift and SASA and between
the line width change and ΔΔH and ΔΔS; otherwise there are
no other strong correlations evident.

■ DISCUSSION
Nonperturbation of Binding by Probe Groups. The

experimental ITC data (Table 2 and Table S1) indicate that in
all cases the probe is only minimally perturbative to the
functional binding of CaM to this target peptide. This directly
functional measurement demonstrates that C* is an innocent

Figure 2. Infrared absorption spectra for each peptide in the CN stretching region: free (black line) and bound to calmodulin (red line). A, W4C*;
B, F8C*; C, S12C*; D, R16C*; E, I20C*; F, S23C*. The left panels (A, B, C) are the most buried locations according to the NMR structure, and
the right panels (D, E, F) are predicted to be increasingly solvent-exposed.

Table 3. Line Shape Changes for the CN Stretching Bands
(from Figure 2) of Probe-Labeled Peptides Bound to CaMa

peptide
Δmode
(cm−1)

Δmean
(cm−1)

Δfwhm
(cm−1)

mean SASA
(Å2)

W4C* −8.6 −6.0 +3.1 0.25
F8C* −5.8 −7.4 +1.1 0.01
S12C* −6.7 −5.1 −0.8 6.33
R16C* −1.9 −1.3 +4.4 6.46
I20C* −2.9 −0.8 −1.5 7.92
S23C* −1.0 −1.0 +0.7 17.6

aFull line shape analysis parameters are reported in the Supporting
Information. SASA values are calculated for the SCN group’s N atom.

Figure 3. Linear correlation plots between the change in mean CN
stretching frequency (first column) or change in fwhm (second
column) with simulated SASA and probe-induced changes in binding
free energy, binding enthalpy, and binding entropy. Correlation
coefficients are displayed on each plot.
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observer of this protein−protein interface rather than a strong
participant in its structural environment. This is a very different
result than might be expected for other, larger probe groups for
other spectroscopies (i.e., spin labels or fluorescent dyes) and
strongly supports the future placement of C* and possibly
other vibrational probes directly inside binding interfaces.
There are small changes in the binding enthalpy (ΔΔH) and

binding entropy (ΔΔS) associated with each probe placement
(values in Table S1), and these changes do not appear to be
predictable or systematic based on the NMR structure or the
presumed environment of the native side chains and the C*
residues that replace them. The overall binding free energies
change very little, so ΔΔH and ΔΔS (here determined mainly
from the ITC injection integrations) largely balance each other
out in a manner similar to what has been widely documented in
other systems.57−59 Each of the probes has a different solvent
exposure in the bound complex (SASA estimates in Table 3),
and solvation does not appear to be a major factor in the ΔΔH
and ΔΔS values. Despite CaM’s highly conserved sequence,
CaM binding has been generally shown (see below) to be
somewhat mutation-tolerant, but our ITC data for both labels
on the M13 peptide in this work and labels on CaM62 show
that C* is functionally nonperturbative to its environment in
this particular complex.
For W4C*, the large change in both hydrophobicity and

residue volume at the W4 label site does not lead to a large
difference in the CaM-peptide-binding affinity. This is
surprising given the “anchor” identity of W4 in complex
formation and the changes in both size and hydrophobicity
between the native tryptophan and artificial C* side chains at
that site. (However, it was previously shown that the W4
residue is not necessary for binding in this complex.60)
For the F8C*-labeled peptide, ITC indicates a label-induced

change in binding behavior between the peptide and CaM.
Without further structural data it is difficult to determine the
origin of this change, which apparently leads to two
distinguishable binding processes, although the major transition
has a similar (a factor of 2 weaker) CaM affinity as the
unlabeled peptide. Incomplete cyanylation is not the
explanation for this behavior given the yield of the cyanylation
reaction for that peptide, which was near unity for all samples,
and repetition with separately cyanylated batches of F8C*
yielding similar results even with the titrant and titrate solutions
reversed in the ITC experiment.
The S12C* substitution is slightly more conservative than

replacing the hydrophobic W4 and F8 sites, and the binding is
weakened by a factor of 4 only, which corresponds to favoring
the dissociated complex by less than an additional 2 kJ/mol. A
similarly small effect on binding affinity was observed for the
R16C* substitution. The replacement of Arg by C* decreases
the positive charge on the peptide, and the change we observe
in binding agrees with previously reported small binding effects
in CaM from Arg to Gln substitutions.61

A small effect (Kd increases by a factor of 3) was observed for
I20C*, and the largest perturbation observed was only a factor
of 6 for S23C*. The S23C* probe was expected to be least
perturbative due to its lack of proximity to the binding interface
in the reported NMR structure; this suggests that the observed
difference in binding parameters might be influenced by effects
on the free peptide rather than changes in the bound complex.
The enthalpy change upon binding is the same at S23C* as for
the probe-free peptide, implying that the observed effect on

affinity has an entropic origin, which could come from either
the free or bound species.
While all of the observed probe-induced thermodynamic

perturbations in binding are small, the largest perturbations do
NOT appear at sites structurally implicated as “most
important” in the bound state. When considered along with
similar recent measurements for labels placed on CaM,62 the
data in Table 2 strongly indicate that the C* probe residue can
be placed directly along binding interfaces without strong
perturbation of the binding.

IR Probe Frequencies. The binding-induced CN
frequency changes (visually in Figure 2 and quantitatively in
Figure 3 and Table 3) are all consistent with semiquantitative
expectations based on the NMR structure of the bound
complex (Figure 1). Probes in hydrophobic pockets in the
complex (W4C*, F8C*, and S12C*) exhibit large binding-
induced red-shifts, and more solvent-exposed positions
(R16C*, I20C* and S23C*) exhibit smaller red-shifts. Despite
the complicated solvatochromism of the SCN vibra-
tion15,26,63 and associated recent theoretical discus-
sion,24,25,64−66 the correlation of the CN frequencies
observed here with solvent exposure (indicated in the first
frame of Figure 3) indicates that the frequencies of C* probes
qualitatively map out binding interfaces in protein−protein
interactions. The CN frequency (quantified by either the
mean or the mode frequency) in these experiments reports first
on solvent exposure. However, neither the IR mean nor mode
frequencies correlates perfectly with SASA, so there is more
information in the IR label spectra than just a simple readout of
solvent exposure. (See the discussion of line shapes below.)
The large IR frequency changes observed in this complex are

especially dramatic compared to previous results with the same
probe group in other systems. The binding-induced red-shifts
of the CN band for the most buried sites in the CaM-peptide
complex are at least as large as those observed for probe groups
on the amphiphilic face of a helical antimicrobial peptide when
it binds to phospholipid membranes15 and are all more
dramatic than any of the changes observed for the same probe
group along the Ras/effector protein−protein interface.31,32

The large changes in CN frequency at W4C*, F8C*, and
S12C* suggest nearly complete solvent exclusion at buried sites
where the probe residues in a hydrophobic environment,
without the immediate need for further temperature-dependent
measurements like those proposed by Adhikary et al.67 to tease
out the local presence of water when nitrile frequencies are
more ambiguous. While the S12C* probe has a larger mean
SASA according to our MD calculations, that nonzero value
mainly comes from a few simulated frames where the probe
becomes solvent-exposed (Figure S3) and it spends the
majority of its time away from the solvent. The R16C* and
I20C* probes sample a large range of possible SASA values in
our simulations (Figure S3), from completely solvent-excluded
to strongly solvent-exposed, and the S23C* site is mainly
solvent-exposed. The smaller CN shifts observed by the
Webb group in the Ras/effector systems likely indicated a
substantial residual solvent “lubrication” of the interface even
when the two partners are bound together, whereas in the
CaM/M13 complex it appears that water is nearly completely
excluded from the three most hydrophobic label sites (and our
SASA distributions agree with that assessment).
While Figure 3 indicates correlation between the binding-

induced IR frequency shifts and solvent-accessible surface areas
of the probes, there are generally not clear correlations between
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the mean CN frequency and thermodynamic binding
changes introduced by the probe: this further indicates that
the C* probe groups are not functionally perturbing in any
systematic way. It should be possible to introduce C* probes
along binding interfaces between many species and use changes
in mean or mode frequency to map which residues are bound
and which remain solvent-exposed.
IR Probe Line Shapes. A clear feature of the C* spectra for

W4C*, F8C*, and S12C* is a broadening of the CN band
upon binding to CaM. The line width increase on binding is
somewhat different than prior observations of this probe group
in both protein systems and small-molecule solvatochromic
experiments, where red-shifts due to solvent exclusion (i.e.,
moving from water to tetrahydrofuran) have been accompanied
by substantial narrowing of the CN band.9,14,15,23 The large
line widths of the CN bands from water-excluded probes in
Figure 2A−C suggests that the inside of this peptide−protein-
binding interface is not as structurally or electrostatically
homogeneous as either the interior of a lipid bilayer15 or a
nonpolar solvent like THF.16

There is a correlation between the change in fwhm and the
perturbation of the binding enthalpy and entropy (last two
frames of Figure 3, second column) by the probe. ΔΔH and
ΔΔS are strongly negatively correlated with each other. Probe
placements that lead to broad CN line shapes generally
increase the binding entropy while weakening the exothermic
nature of the binding process. The F8C* and W4C* peptides
present two examples where reduction in side chain volume
leads to slightly different thermodynamic outcomes: for W4C*,
the binding strengthens mainly due to a greater binding
entropy, while for F8C* both the binding enthalpy and entropy
increase and the result is a slightly weaker binding. In each case,
the binding entropy increases due to the smaller and slightly
more flexible probe side chain, but the overall binding affinity
stays approximately the same due to slightly diminished
enthalpically favorable hydrophobic interactions. For the
more conservative S12C* substitution, the binding enthalpy
is essentially unchanged and the binding entropy slightly
decreases.
A reasonable assumption informed by the long vibrational

lifetime of the SCN probe group35,36 is that the large line
widths at the three hydrophobic label sites are due to a
distribution of nonaqueous structural environments around the
C* side chain. The long lifetime means that most of the CN
line width for C* always comes from the inhomogeneous
frequency distribution, which for this probe group is
determined by hydrogen bonding from water, the instanta-
neous response of the CN frequency to the local electric
field, and dispersion and exchange-repulsion effects associated
with the close proximity of local solvent and functional
groups.23,26,63 While local dynamics and conformational
entropy around the probe, which could include either the
orientation of the probe in its environment or fluctuations of
that environment, could be the source of the large line widths
in Figure 2A−C, the exact physical root of the inhomogeneous
frequency distribution is not clear.
More detailed MD simulations and frequency calculations

following recent precedents30,56,63,68−70 might be able to
identify the exact source of this broadening. More extensive
MD sampling could provide representative ensembles for the
structures around each of the probe sites, and a much more
direct physical connection to the CN frequency than
estimated SASA is also needed to simulate the IR line shapes

quantitatively. Further details of the line shapes in Figure 2
might also be revealed through multidimensional IR experi-
ments, which remain extremely challenging for this probe
group. The physical factors underlying the line shapes in Figure
2 are not completely clear, and we present the data in Figure 2
as significant and physically meaningful observations that pose a
challenge for fully quantitative interpretation. Such a physical
and quantitative interpretation would be a large step forward in
understanding and implementing vibrational probe groups
more broadly, and we have recently taken major steps toward
such an interpretive methodology.71

The groups of Boxer,9,27,72,73 Webb,33,34 and Bagchi74 used
MD calculations to simulate electric field effects on nitrile
vibrational signals, with mixed results. While those reports
assumed the electric field to be the sole determinant of the C
N frequency, Layfield and Hammes-Schiffer,30,56 attempted
with some success to model results from CN groups in
enzymatic active sites using MD simulations with the C* probe
group and a QM/MM approach to calculating the fluctuating
frequency that uses force-field parametrization, QM approx-
imation, and line shape calculation techniques laid out by
Corcelli.69,70 The effective fragment potential (EFP) approach
of Blasiak et al.64−66 suggested that local quantum mechanical
effects like dispersion and exchange repulsion contribute more
heavily to nitrile solvatochromism.63 We have not attempted to
use purely electrostatic measures to interpret our results for two
main reasons: (a) CaM’s binding to its targets is not generally
thought to be electrostatically driven, and (b) the well-
documented, complicated nature of nitrile solvatochrom-
ism63,68 strongly suggests that a number of other non-
electrostatic factors (beyond empirical ideas like “H-bonding
or non H-bonding environments”) should drive the frequency
in this (and most other) cases. Recently published results that
compared the QM/MM and EFP approaches in the context of
some of the results from Figure 2 indicate that the EFP
approach quantitatively reproduces the probe line shapes and
provides a clear structural and dynamic explanation for the
relatively broad CaM-bound line shape at W4C*, and solvation
provides an nuanced piece of the physical picture.71

Current Guidelines for Application of This Probe. A
few other studies have evaluated label-induced perturbations of
nitrile probe groups. Zimmerman et al. noted that p-
cyanophenylalanine led to a decrease in folding stability on a
site-dependent basis in a two-state folding SH3 domain.75

Crystallographic studies have also been used to show the
structural nonperturbativity of unnatural amino acids with
vibrational probes.9,76 Webb and co-workers used C* in an
enzymatically active context, so an activity assay was their
perturbation measure.31,32 The helical propensity of model
single-helical peptides without tertiary contacts, as measured by
far-UV circular dichroism, was reduced by the placement of C*
throughout the sequence.17 In this system with two binding
partners, ITC measurements are the most direct way to address
binding perturbation, and our data clearly indicate that C*
causes very little thermodynamic perturbation even when
substituted for large hydrophobic residues such as Phe, Trp,
and Ile.
A unique quality of the C* probe as compared to labels for

other spectroscopies is its smaller size than the majority of
naturally occurring amino acid side chains, and thus it can be
placed in their stead without causing added steric hindrance;
rather in many cases, there could be fewer direct residual
contacts or van der Waals interactions without large disruption
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of the binding free energy. The perturbations introduced by
introduction of C* in proteins should still be carefully evaluated
on a site-by-site basis without strongly preconceived notions of
the anticipated thermodynamic or structural outcomes of probe
placement. This need for continuing evaluation is less related to
the C* probe group itself and more that prediction of site-
specific consequences of single-residue mutations on binding
affinity requires knowledge of the effects on both free and
bound states, which is not always at hand.
However, some conclusions do emerge here for “appropriate

use” of this probe group along binding interfaces. The ITC data
and IR data together suggest that there is no major perturbation
of the average bound structure by the probe placement at any
of the selected sites (and a similar lack of perturbation was
recently observed from the other side of the same interface62),
so assessing site-specific binding qualitatively through shifts in
the mean or mode frequency should be possible in many
systems, including those that are less structurally understood
than the CaM-M13 complex. Despite its polarity, C* can
apparently be placed in relatively hydrophobic environments
without functional consequences. Based on our results with
CaM and on other previous work by our group and others, we
suggest the following guidelines for appropriate use of the C*
probe side chain:

1. C* may be substituted for all neutral amino acids larger
than C* (with careful evaluation of the thermodynamic
and/or structural consequences of the label introduc-
tion).

2. C* may be substituted for alanine in helical sequences,
with anticipated minor destabilization of the helix.17

3. C* should not be substituted for charged amino acids in
general.

Guideline 3 above is drawn partly from the Webb group’s
results, where large electrostatic changes due to the probe
group at a few sites disrupted the functional cooperation
between Ras and its effectors.31−33 The R16C* mutation in the
CaM/M13 system here was not fatal in line with other previous
work,61 but such electrostatic perturbations can also have large
effects on the conformational ensembles of disordered domains
in particular77 (a class of domains that includes many CaM-
binding sequences) and should generally be avoided.
Calmodulin/Target Dynamics. CaM’s reported bound

complexes tend to be tightly bound and well-structured, but
they also maintain some degree of site-specific conformational
entropy.45 Whether that means that some of these complexes
might be characterized as “fuzzy” with a very large conforma-
tional distribution in the bound complex remains to be seen
(and is not likely in the case of the well-characterized and
strongly collapsed CaM/M13 complex), but site-specific probe
groups like C* will certainly have a central role to play in
understanding the dynamics and structural distributions of
regulatory proteins like CaM bound to both small and large
targets. The data set presented in Figure 2, along with
complementary data from probes on CaM,62 show that
vibrational probes can reveal new details of the protein−
protein interactions for CaM and other protein-binding species.
While the C* label does not perturb the binding free energy

to any appreciable extent, the broad line shapes at bound sites
in Figure 2, and the (small) changes in binding entropy at these
sites suggested by ITC, hint at the flexibility of CaM’s binding
interface and its tolerance for sequence variations in target
sequences. The lack of perturbation from the W4C*

substitution implies that the Trp side chain is not critical for
the interaction between M13 and CaM, despite its “anchor”
identity in the Ikura scheme for assessing and predicting CaM/
target-binding motifs.39 The lack of perturbation at the natively
charged R16C* site is in line with previously reported
insensitivity to charge deletions,61 an effect originating in
charge regulation upon complex formation between biomacro-
molecules of high and opposite charge.78

There is clearly some new and interesting information about
local structural dynamics about this otherwise very well-
characterized bound complex in the probe frequencies and
line shapes in Figure 2. However, without an explicitly
quantitative connection to MD simulations, we are not at this
point able to clearly identify the exact dynamics that appear in
the IR spectra. We are currently working on that connection,
and C* labels on CaM62 also report interesting and similarly ill-
characterized structural dynamics that should be functionally
relevant to better understanding CaM’s unique regulatory
promiscuity.

■ CONCLUSIONS

Isothermal titration calorimetry experiments on complex
formation between CaM and site-specifically C*-labeled
variants of the M13 peptide indicate that there is only a very
small site-dependent perturbation of the CaM/peptide-binding
equilibrium by the artificial C* side chain. Sites where C* is
substituted for hydrophobic residues along the binding
interface are the least thermodynamically perturbed as
compared to the unlabeled complex, and this suggests that
C* may be used to replace hydrophobic residues along
protein−protein interfaces without major perturbation of the
binding interaction. In all cases investigated here, the IR spectra
of labeled peptides report on the bound complex only.
The frequencies of the IR CN stretching bands of the C*

probe groups are correlated with solvent exposure predicted by
MD simulations based on the reported NMR structure.
Broadening of the CN infrared line shapes with formation
of the complex is likely due to structural fluctuations and
dynamics around the probe groups, and especially broad line
shapes are observed at sites where a large hydrophobic residue
was replaced by the smaller C*. These probe placements also
lead to increased entropy of binding and decreased in binding
enthalpy as measured by ITC. The exact dynamics leading to
the broad line shapes in the bound complex are not clear and
could only be identified through a more quantitative
connection between MD simulations and experimental line
shapes. Such a connection would provide a highly significant
step forward for the physical interpretability of all vibrational
probe groups.
An important methodological conclusion is that C* may be

used to replace almost any neutral amino acid on binding
interfaces, but careful site-specific evaluation of the thermody-
namic consequences is still necessary since the perturbative
effects of the labeling group are not necessarily predictable even
using previously determined structural information. The CN
stretching frequency of the probe group first reports the site-
specific solvent exposure along this protein−protein interface,
but the line shape appears to report on local structural
dynamics. The C* probe group could provide new and
interesting information about the dynamic structures of
protein−protein interfaces, and of CaM-target complexes in
particular, but interpreting the spectral information quantita-
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tively will be best accomplished with the aid of high-level MD
and/or frequency simulations.
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