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ABSTRACT Four single-cysteine variants of the intrinsically disordered C-terminal domain of the measles virus nucleoprotein
(NTAIL) were cyanylated at cysteine and their infrared spectra in the ChN stretching region were recorded both in the absence
and in the presence of one of the physiological partners of NTAIL, namely the C-terminal X domain (XD) of the viral phosphopro-
tein. Consistent with previous studies showing that XD triggers a disorder-to-order transition within NTAIL, the ChN stretching
bands of the infrared probe were found to be significantly affected by XD, with this effect being position-dependent. When
the cyanylated cysteine side chain is solvent-exposed throughout the structural transition, its changing linewidth reflects a local
gain of structure. When the probe becomes partially buried due to binding, its frequency reports on the mean hydrophobicity of
the microenvironment surrounding the labeled side chain of the bound form. The probe moiety is small compared to other
common covalently attached spectroscopic probes, thereby minimizing possible steric hindrance/perturbation at the binding
interface. These results show for the first time to our knowledge the suitability of site-specific cysteine mutagenesis followed
by cyanylation and infrared spectroscopy to document structural transitions occurring within intrinsically disordered regions,
with regions involved in binding and folding being identifiable at the residue level.
INTRODUCTION
During the last decade, an increasing amount of experi-
mental evidence has pointed out that as much as one-third
of eukaryotic proteins contain long intrinsically disordered
regions. Bioinformatics analysis indicates that 12% of these
proteins are fully disordered (1). Intrinsically disordered
proteins (IDPs) are ubiquitary proteins that fulfill essential
biological functions while being devoid of highly populated
secondary and tertiary structure under physiological condi-
tions and in the absence of a partner (2). IDPs consist of
dynamic ensembles of interconverting conformers that exert
their biological function(s) by recognizing their binding
partners through their disordered regions. In many cases,
the lack of structure is required for biological function.
The protein flexibility that is inherent to disorder confers
functional advantages. An increased plasticity would
1), enable the binding of numerous structurally distinct
targets; 2), provide the ability to overcome steric restrictions
by enabling larger surfaces of interaction in protein
complexes than those obtained with rigid partners; and 3),
allow protein interactions to occur with both high specificity
and low affinity (2–10).

These peculiar binding properties enable IDPs to exert
their function within a complicated network of cellular
and extracellular regulation mechanisms.

Although there are IDPs that carry out their function while
remaining permanently disordered (e.g., entropic chains) (5),
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many of them undergo induced folding, i.e., a disorder-to-
order transition upon binding to their physiological partners
(11–13). Because of their inherent flexibility, IDPs escape
atomistic description using x-ray crystallography: due to
the considerable flexibility of the chain, IDPs generally fail
to be crystallized and crystals can only be obtained for
IDPs bound to a partner, provided that the disorder-to-order
transition warrants a sufficient gain of rigidity compatible
with the crystal nucleation process.

NMRspectroscopy, being able to provide information at the
residue level, is in principle quite well suited to provide
a meaningful description of IDPs and of their dynamics. It
is, however, very demanding in terms of both protein amounts
and costs related to uniform or selected isotopic enrichment
strategies. Paramagnetic relaxation enhancement NMR,
which relies on the covalent insertion of paramagnetic spin
labels as relaxation agents and leads to intramolecular distance
constraints, can be even more demanding in these aspects.

Site-directed spin labeling coupled to electron paramag-
netic resonance (EPR) spectroscopy has been successfully
used to map regions within IDPs involved in binding and
folding (14,15). A novel approach relying on a combination
of site-directed spin-labeling EPR spectroscopy and
modeling of local rotation conformational spaces has been
recently developed to model partly disordered protein
complexes (16).

In continuous-wave EPR experiments, the linewidth of
the probe’s spin transitions can be used as a proxy for
the nanosecond-timescale dynamics of the local structure
(17), and thus EPR spin labels can be used to map structural
doi: 10.1016/j.bpj.2010.06.060
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transitions in proteins which undergo localized disorder-to-
order transitions on binding to substrates (proteins, mem-
branes, nucleic acids, or small-molecule targets) or other
induced folding events. Multiple spin labels can be
combined with pulsed EPR relaxation experiments to infer
distances between the labels and thus to build up a picture
of a structure from pairs of labels (18). Spin labels are
usually introduced via disulfide bond formation at cysteine
sites introduced by site-directed mutagenesis. The relative
bulkiness of the resulting labeled side chain may, however,
profoundly affect the folding or binding interface of a pro-
tein (19), thus leading to reduced complex formation (14).
Therefore, useful EPR labeling sites are usually restricted
to residues that either are solvent-exposed in the bound
form or not otherwise involved in close protein-substrate
interactions.

Optical techniques commonly applied to IDPs have their
own inherent drawbacks. Covalently attached fluorescent
probes have been inserted within disordered regions in
attempts to document solution exposure (via quenching)
and distances between sites (via specific contact quenching
or fluorescent resonance energy transfer); these approaches
usually suffer from the above-mentioned drawback, that
polyaromatic fluorescent probes are usually much bulkier
than the native side chain. Noncovalent fluorescent binding
dyes can only provide information about the global structure
of a protein with no site-specificity. Far-ultraviolet (UV)
circular dichroism can report on secondary structure transi-
tions accompanying binding, but this technique also only
provides global information.

Despite the fact that infrared spectroscopy is inherently
sensitive to picosecond-timescale dynamics of both the
protein structure and the solvent, it is most often applied
as a global probe of secondary structure, due to overlapping
spectral bands in the amide region. One way to recover
some site-specific information in infrared spectroscopy is
to introduce artificial amino acids containing one or more
functional groups that absorb in the clear region of the
aqueous biomolecular infrared spectrum between 1900
and 2700 cm�1 (20–24). One artificial amino acid that can
be introduced in proteins of any size without having to resort
to peptide synthesis, semisynthesis, or amber stop codon
suppression, is b-thiocyanatoalanine or cyanylated cysteine
(20,25–27). The thiocyanate moiety is produced by post-
translational modification of the free thiol of cysteine, and
can thus be inserted at any cysteine site resulting from muta-
genesis or onto any natively solvent-exposed cysteine.

The side chain of this cyanylated cysteine contains
a ChN group whose stretching vibration absorbs at
2155–2164 cm�1 in typical protein environments (28).
The frequency of the SChN stretching vibration depends
on the hydrogen bonding character of its local environment;
as with other nitriles, the frequency undergoes a blue-shift
upon accepting a hydrogen bond at nitrogen (28,29).
Water-exposed SChN bands are centered at ~2163 cm�1,
while SChN bands in hydrophobic solvents appear at lower
frequencies. Thus, the frequency can be used to discriminate
between water-exposed and water-excluded environments,
i.e., a binding or folding interface or a lipid membrane (30).
The CN stretching band of cyanylated cysteine is stronger
(3 ¼ 100–250 M�1 cm�1 depending on solvent (22,28,31))
than that of b-cyano-alanine (3 ¼ ~30 M�1 cm�1 (22)) or
p-cyano-phenylalanine (3 ¼ ~40–60 M�1 cm�1 based on
p-tolunitrile (21)), and weaker than the asymmetric N¼N¼N
stretching vibration of b-azido-alanine (3¼ ~450 M�1 cm�1

(22)) and presumably also p-azido-phenylalanine (24).
What is unique about the aliphatic SCN group is that it
can be introduced posttranslationally, as opposed to all of
the other artificial side chains just mentioned.

The SChN linewidth depends on the picosecond dynamics
of its local environment (28,31), which for solvent-exposed
probe groups comes almost exclusively from the solvent
dipolar fluctuations. It has recently been shown that local
helical secondary structure leads to a broadening of the
ChN stretching band due to a reversal of motional narrowing
from the faster water motions around a more disordered
secondary structure (32). Taken together, the structural depen-
dence of the linewidth and the sensitivity towater exposure of
the frequency suggest that cyanylated cysteine could be an
ideal probe of structural transitions in IDPs. Its small size
compared to any other covalently attached probe may mean
that it could find evenwider use than spin or fluorescent labels
in characterizing the site-specific structure of disordered or
extremely dynamic proteins.

To assess the ability of cyanylated cysteine’s unique
infrared (IR) band to probe structural transitions in IDPs,
we have introduced a single cyanylated cysteine at selected
sites of the well-characterized intrinsically unstructured
C-terminal domain of the measles virus nucleoprotein
(NTAIL) (33) (see Fig. 1). We then have monitored spectral
changes upon addition of one of the physiological partners
of NTAIL, namely the C-terminal X domain (XD) of the
phosphoprotein that is known to trigger a-helical folding
of NTAIL (for reviews see (34–36)).

Within a conserved region of NTAIL (aa 489–506, Box2),
an a-helical molecular recognition element (a-MoRE)
involved in binding to XD and in induced folding was iden-
tified (37) and modeled in the crystal structure of XD
(38,39) (see Fig. 1). Using small angle x-ray scattering, a
low-resolution structural model of the complex between
XD and the entire NTAIL domain has been obtained (40).
Thismodel revealed thatmost ofNTAIL (aa 401–488) remains
disordered in the complex with XD and does not establish
contactswithXD. In addition, thismodel showed that beyond
the a-MoRE, the C-terminal region is also likely involved in
binding to XD. Involvement of the C-terminal Box3 (aa 517–
525) in binding to XD was also supported by fluorescence
spectroscopy studies which pointed out a dose-dependent
modification in the environment of a Trp residue introduced
at NTAIL position 518 upon addition of XD (40).
Biophysical Journal 99(5) 1676–1683
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FIGURE 1 (Top) Model of the NTAIL-XD com-

plex as derived by small-angle x-ray scattering

studies highlighting the role of the a-MoRE in

the interaction with XD (40). The structure of the

chimera between XD and the NTAIL region encom-

passing residues 486–504 (PDB code 1T60) (39) is

enlarged and the side chains of residues targeted

for cysteine substitution and ensuing cyanylation

are shown. The picture was drawn using PyMol

(DeLano Scientific, San Carlos, CA). (Bottom)

Schematic representation of NTAIL positions tar-

geted for cysteine substitution and cyanylation

(stars). The three conserved regions, namely

Box1, Box2, and Box3, are also shown, as is the

a-MoRE.
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Two site-directed spin label (SDSL) EPR spectroscopy
studies of the NTAIL-XD interaction have been recently re-
ported (14,15). In these studies, 14 sites scattered within
NTAIL were targeted for spin-labeling, and EPR spectros-
copy of spin-labeled variants provided information on the
mobility of the spin label and hence on the involvement of
specific residues in complex formation. These spin-labeled
variants enabled detailed mapping of the gain of rigidity
of NTAIL in the presence of either the secondary structure
stabilizer trifluoroethanol or XD. The mobility of the spin
labels grafted within the 488–502 region was shown to be
dramatically reduced upon binding to XD, with the spin-
label grafted onto position 491 experiencing a highly
restricted mobility due to its location at the XD interface
(see Fig. 1). In addition, XD was shown to trigger a-helical
folding of the 488–502 region only, while the 505–522
region, which is only moderately affected by XD, does not
gain a-helicity. Strikingly, for this latter region, trifluoroe-
thanol was shown to trigger reductions in the spin label
mobility similar to those observed in the presence of XD,
thus indicating a lack of direct contacts between Box3
and XD. The latter has been also recently confirmed by
heteronuclear single quantum coherence experiments using
15N-labeled XD and a Box3 peptide (41). Recent in-depth
spectroscopic studies of the NTAIL-XD interaction, which
resulted in the assignment of the NMR spectrum of NTAIL

in both the free and XD-bound form, showed that residues
483–506 of NTAIL are in intermediate exchange with XD,
while the 475–482 and 507–525 regions are in fast
exchange. Binding of XD triggers a-helical folding of
Box2 and results in a gain of rigidity by Box3. The bound
form consists of an ensemble of conformers in which
Box3 has a reduced conformational freedom that may favor
the establishment of weak, nonspecific contacts with XD
(42). Using an original modeling approach to describe partly
disordered protein complexes, which relies on a combination
Biophysical Journal 99(5) 1676–1683
of SDSL-EPR spectroscopy and modeling of local rotation
conformational spaces, the 490–500 region of NTAIL has
been recently shown to be effectively prestructured in the
absence of the partner. This approach also allowed quantita-
tive estimation of the extent of a-helical sampling of the free
form and confirmed that the 505–525 region of NTAIL does
conserve a significant degree of conformational freedom
even in the bound form (16).

In this work we have targeted for cysteine cyanylation four
different sites within NTAIL, one falling in the N-terminal
nonbinding region (Box1, position 407), two located within
the a-MoRE (positions 491 and 496, with the side chain of
the former pointing toward the XD binding interface), and
the fourth in the C-terminus (Box3, position 517) (Fig. 1).
The goals of this study are twofold: first, to use a relatively
well-characterized IDP system to examine the sensitivity of
cyanylated cysteine to local structural transitions; and
second, to reexamine the structure of the XD-bound form
of NTAIL via a new site-specific probe methodology.
EXPERIMENTAL METHODS

Mutagenesis and expression

The four single-cysteineNTAIL variants, S407C, S491C, L496C, andV517C,

were expressed and purified as reported previously (14,15), as was XD (38).

The expression and solubility levels of the cysteine NTAIL variants were

comparable to those obtainedwithwtNTAIL. Likewise, the purificationyields

were similar to those observed with the native form of the protein and were

~10 mg of purified protein per liter of induced Escherichia coli culture.
Cyanylation of cysteine-containing variants

Before the cyanylation reaction, ~2 mg of each single-cysteine variant was

dissolved to roughly 500 mM concentration. A one-hundred molar excess of

dithiothreitol (Sigma-Aldrich, St. Louis, MO) was added to produce the

free thiol at cysteine. Dithiothreitol was removed via size exclusion

chromatography on a Superdex 75 HR 10/300 column (GE Healthcare,
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Piscataway, NJ) with an elution buffer of degassed 70 mM phosphate buffer

at pH 7.0. The fractions containing NTAIL were concentrated to 500 mL via

ultrafiltration using centrifugal concentrators with a 5 kDa polyethersulfone

membrane (Millipore, Billerica, MA). An eight-fold molar excess 5,50-di-
thiobis-(2-nitrobenzoic acid) (DTNB) (Pierce Chemical, Rockford, IL)

was added from a 25 mM DTNB stock solution in 200 mM phosphate

buffer. After 30 min, the reaction yield for the mixed disulfide was

measured based on the release of TNB, using an extinction coefficient of

13600 cm�1 M�1 at 412 nm and a model No. V-570 UV/visible/near-

infrared spectrophotometer (Jasco, Easton, MD). Sodium cyanide

(NaCN) was then added at a 55� molar excess, leading to cyanylation of

both the protein mixed disulfide and the remaining unreacted DTNB. After

30 min, excess reagents were removed via size exclusion chromatography

on a PD-10 column packed with Sephadex G-25 (GE Healthcare) using

70 mM phosphate buffer at pH 7.0 as the elution buffer. Fractions contain-

ing NTAIL were collected and concentrated to ~20 mL as described above.

Cyanylated proteins are referred to as S407C*, S491C*, L496C*, and

V517C*, where C* denotes cyanylated cysteine.
Preparation of XD-containing samples

Before the addition of XD, cyanylated NTAIL samples were transferred into

a 20mMphosphate buffer using a PD-10 size exclusion column and concen-

trated to 20 mL as described above. XDwas added in a twofold molar excess

to 20mL (~2mMconcentration) cyanylatedNTAIL samples. Themixturewas

thereafter reconcentrated to 20 mL using a SVC 100 SpeedVac (Savant,

Thermo Scientific, Asheville, SC). For all samples, a twofold molar excess

of XD was expected to saturate NTAIL based on the previously determined

dissociation constant (40). In the case of S491C*, no spectral changes

were observed at higher concentrations of XD, suggesting that this sample

also was also fully bound at twofold molar excess.
Infrared spectroscopy

All infrared spectra were collected at 25�C in a 22-mm pathlength BioCell

(BioTools, Jupiter, FL) with a Vertex 70 FTIR spectrometer (Bruker Optics,

Billerica, MA), using 1024 scans at 2 cm�1 resolution. A quantity of 2 cm�1

resolution was used to speed data acquisition, because no significant differ-

ences were observed compared to samples collected at 1 cm�1 resolution.

All samples exhibited an optical density of ~500 mO.D., which is consistent

with a concentration of 2.0–2.5 mM of cyanylated protein if the extinction

coefficient is assumed to be ~100 M�1 cm�1, from studies of methyl thio-

cyanate (MeSCN) in water. This concentration would correspond to a nearly

quantitative yield of cyanylated protein as compared to the total concentra-

tion of protein as determined by UV absorbance at 280 nm. A background

spectrum of buffer was subtracted from each sample infrared spectrum, and

the baseline for the ChN stretching region in all NTAIL samples was addi-

tionally corrected by fitting the baseline (excluding the region between

2140 and 2190 cm�1) to a polynomial and subtracting the fit. All NTAIL

infrared spectra were reproduced using at least two different protein

samples (from separate purifications) and two different authors. All NTAIL

ChN stretching bands were fit to a pseudo-Voigt profile that yields a single

width parameter (full width at half-maximum, FWHM) used for analysis:
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The fitted parameters reported vary by <0.2 cm�1 between samples in all

cases.
RESULTS AND DISCUSSION

We targeted for cyanylation four positions within NTAIL: one
located within Box1 (position 407), two located within
Box2 (e.g., 491 and 496) and one within Box3 (position
517) (Fig. 1). The rationale for these choices was that posi-
tion 407 was known not to be involved in binding to XD
(14,15,40) and could hence serve as a negative control,
whereas the other three positions were known to be either
severely (positions 491 and 496) or moderately (position
517) affected by XD (14). Previous site-directed spin-
labeling EPR studies also showed that position 491 experi-
ences a very restricted mobility upon complex formation,
with the spin label exerting a steric hindrance leading to
only 75% of complex formation even in the presence of
saturating amounts of XD (14). As such, this position is
particularly interesting and worth investigating by using
the much smaller cyanylated cysteine probe group.

Cyanylated yields of all cysteine variants were near-quan-
titative according to UV absorbance at 412 nm, with no
substantial variation between samples. For all samples, the
maximum optical density of the ChN stretching band was
between 200 and 500 mO.D. Far-UV circular dichroism of
cyanylated variants indicated negligible changes in the
secondary structure when compared to the wild-type protein
(see Supporting Material).

The infrared spectra for all cyanylated variants in the pres-
ence or absence of a twofoldmolar excess of XD are shown in
Fig. 2, with maximum absorption frequencies and linewidths
presented in Table 1. The two spectra for the S407C* protein
are nearly superimposable, with no significant change in the
frequency or linewidth of the ChN stretching band probe in
the presence of XD (Fig. 2 a), in agreement with previous
studies pointing out lack of any involvement of Box1 in
binding to XD. The infrared spectra of the S407C* protein
therefore serve as a control, exhibiting the probe signal’s
near-zero natural variability in the absence of any local
binding and folding events.

Conversely, the probe infrared spectrum for the
L496C* protein does exhibit a change upon addition of XD
(Fig. 2 b). The central frequency does not change, remaining
2163 cm�1 in both bound and unbound forms, indicating
that the probe is always solvent-exposed. This is as expected
according to the crystal structure of a chimeric construct
encompassing XD and residues 486–504 of NTAIL (39), in
which Box2 assumes a helical conformation with L496
pointing toward the solvent and away from the Box2/XD
helical bundle interface (see Fig. 1). The linewidth, how-
ever, increases significantly upon binding to XD. This
increase in linewidth reflects the structural transition of
Box2 from a random coil to a helical structure upon binding,
where this structural transition had also been documented by
previous EPR spin labeling studies (14,15).

An increase in the L496C* probe’s linewidth concomitant
with formation of helical secondary structure agrees with
Biophysical Journal 99(5) 1676–1683



TABLE 1 Central frequencies and fitted linewidths (full width

at half-maximum) for the ChN stretching bands shown in Fig. 2

Probe

site

Unbound

frequency/cm�1
Unbound line

width/cm�1
Frequency

with XD/cm�1
Line width

with XD/cm�1

S407C* 2163.4 13.0 2163.2 13.5

L496C* 2163.3 11.7 2163.2 13.6

S491C* 2163.1 12.4 2163.0 14.0

V517C* 2163.4 11.3 2162.4 11.0

All reported values are 50.2 cm�1.

a c
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FIGURE 2 Infrared spectra in the ChN stretch-

ing region for cyanylated NTAIL variants in the

absence (black) and presence (red) of XD. (a)

S407C*, (b) L496C*, (c) S491C*, and (d)

V517C*.
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recent observations made in water-soluble helical peptides
(32), which indicate that an increase in the helical structure
content near the cyanylated cysteine probe leads to an
increase in the linewidth of the ChN stretching vibration.
Because the probe is solvent-exposed throughout the struc-
tural transition, a change in the dynamics of the water
near the secondary structure (or possibly a change in the
dipolar inhomogeneous distribution) is the likely source of
the change in linewidth. Empirically, this observation in
L496C* agrees with previous structural observations of
the Box2 structural transition. This spectral change is the
first indication in a true IDP that the linewidth of the
ChN stretching band is indeed sensitive to formation of
secondary structure, despite the fact that the probe vibration
is water-exposed throughout the structural transition.

As shown in Fig. 2 c, the ChN stretching band of the
S491C* protein does not red-shift as might be expected
were it buried in the binding interface and shielded from
the solvent. However, the linewidth does increase, indi-
cating that the probe experiences a local structural transition
from random coil to helix (as in the case of the L496C*
protein): the increase in linewidth argues for the formation
of helical structure in the vicinity of the 491 position.
Upon comparison with the spectrum of the L496C* protein,
and noting that all band frequencies in each case are
2163 cm�1, it also appears that the probe in the S491C*
protein is also solvent-exposed regardless of whether XD
is added.

Previous EPR studies revealed that grafting a nitroxide
radical at position 491 of NTAIL impairs the ability of the
protein to yield 100% complex formation with XD. Indeed,
Biophysical Journal 99(5) 1676–1683
the experimentally observed EPR spectrum of this spin-
labeled variant in the presence of a molar excess of XD
was found to be composed of two signals: one arising
from the unbound spin-labeled protein (25%) and one re-
sulting from the spin-labeled protein bound to XD (75%)
(14). It was concluded that the 491 side chain is able to
adopt a number of different orientations, suggesting a high
extent of possible conformational diversity at this particular
residue. Occurrence of conformational diversity at this site
in both the free and bound forms was also confirmed
recently by Kavalenka et al. (16). Taking into account the
ability of the spin-labeled S491C NTAIL protein to interact
with XD despite the presence of the much bulkier nitroxide
label, the present IR results do not argue for lack of complex
formation between the cyanylated S491C* NTAIL variant
and XD. Instead, they suggest that the cyanylated side chain
of Cys491 is solvent-exposed and not buried at the binding
interface as suggested by the crystal structure. This could
be due to the length of the cyanylated cysteine side chain
as compared to the serine residue it replaces here: the longer



FIGURE 3 Infrared absorption bands in the ChN stretching region for

methyl thiocyanate in varying mixtures of THF with water.
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artificial side chain is apparently able to reach outside the
binding interface so that the ChN group is solvated. That
the solvent exposure of the probe does not reflect lack of
complex formation is further supported by the increase in
linewidth in the spectrum of the variant in the presence of
XD—a change reflecting formation of a helical structure
in the vicinity of the 491 position. Discrepancy between
the results of IR and EPR studies with the S491C-labeled
variant illustrates the utility of the much smaller cyanylated
cysteine side chain, which apparently can be grafted to a
binding interface without substantially altering the bound
conformation.

While the probe vibration of S491C* does not exhibit a
red shift indicative of solvent exclusion upon binding to
XD, the probe of the V517C* protein does red-shift by a
small yet significant and reproducible amount (~1 cm�1,
Fig. 2 d). This shift away from 2163 cm�1 (which is the
frequency for all other probe bands in this study) indicates
the formation of an environment around position 517 that
is no longer purely aqueous, and which has a substantially
increased hydrophobic character.

To quantify the hydrophobicity of the environment
around the cyanylated probe at position 517, we recorded
the IR spectra of MeSCN in mixed solutions of tetrahydro-
furan (THF) and water (Fig. 3). Due to its low dielectric
constant and reduced polarity as compared to water, THF
can be regarded as a reasonable bulk model for the interior
of a protein or an environment of similar hydrophobicity,
such as a lipid bilayer (21). As shown in Fig. 3, as the
volume percentage of THF increases the central frequency
decreases from 2163 cm�1 (in 100% water) to 2155 cm�1

(in 100% THF), with smaller frequency changes near the
endpoints and larger changes with broad bands and appar-
ently multiple spectral populations at intermediate solvent
mixtures (40–60% THF). The spectra of the V517C* variant
in the absence and presence of XD are comparable to the
spectra of MeSChN in 100% water and 20% THF, respec-
tively (for further analysis of these data, see Supporting
Material). Although the behavior of MeSCN in mixed
solvents is clearly nonmonotonic and likely influenced by
specific solvation effects, Fig. 3 represents a starting point
for interpreting the small yet significant shift observed for
V517C* upon XD binding. Cyanylated cysteine frequencies
of 2157–2158 cm�1 were recently observed for peptide side
chains known to be buried in lipid micelles (30); compared
to the frequency of 2162 cm�1 observed for V517C* in the
presence of XD, this further indicates that the environment
around the V517C* probe vibration is mostly, but not
completely, aqueous.

The extent of water exclusion from the probe group in
V517C* is small and the side chain is still largely water-
exposed even in the XD-bound form. The structural role
of Box3 in binding has not been completely elucidated
yet. EPR data indicate that although the orientations of
spin labels within Box3 are partially restricted in the bound
form, they nevertheless retain a considerable mobility as
compared to those within Box2 (16). Recent NMR data indi-
cate that upon addition of XD and after a-helical folding of
Box2, Box3 exhibits a reduced flexibility that could favor
the establishment of numerous, transient, and aspecific
contacts with XD (42). The conclusion of these prior EPR
and NMR results is that Box3 remains unstructured when
NTAIL binds to XD. However, if Box3 is removed, the
binding between NTAIL and XD is weakened (40), indicating
that Box3 provides substantial thermodynamic stability to
the bound complex without structure formation. This means
that Box3 residues may participate transiently in binding
XD while retaining the ability to adopt a wide range of
different conformations. This appears to be the case with
the V517C* protein, where the ChN band has revealed
a transient hydrophobic contact at position 517 which could
contribute to binding with XD.

Infrared absorption transitions in the 4–5 mm wavelength
region have an intrinsic reporting timescale of 13–16 fs. If
there is a substantial distribution of dipolar environments
around the cyanylated cysteine chain of the V517C* variant,
then the distribution should be represented at least partially in
the lineshape of the probe vibration. There is not a substantial
linewidth increase in the spectrum of the variant in the pres-
ence of XD as compared to the free form. This suggests that
the vibrational chromophore of the bound form experiences
an environment which is, on mean, more hydrophobic than
pure water but does not sample a large diversity of hydro-
phobic or hydrophilic environments. The simplest explana-
tion for the small frequency shift with little lineshape
variation is that when NTAIL is bound to XD, residue 517
participates in a weak, nonspecific hydrophobic interaction
with the Box2-XD moiety. The experimentally observed IR
spectral behavior is thus in agreement with previous data
designating Box3 as an unstructured and nonspecific contrib-
utor to NTAIL-XD complex formation. Using cyanylated
Biophysical Journal 99(5) 1676–1683
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cysteine to further map local hydrophobicity for Box3 in this
complex is an appealing future possibility.

The dual sensitivity of the ChN stretching band of
cyanylated cysteine to local hydration and structure forma-
tion, as exemplified by its use in the NTAIL single-cysteine
variants presented here, makes it a particularly attractive
probe for characterization of site-specific structural changes
in IDPs. A general approach to using cyanylated cysteine to
map site-specific structural transitions in IDPs is suggested
in Fig. 4. If a residue-specific response of the probe to a
binding event is discovered, then the participation of neigh-
boring residues could be mapped by moving the same probe
to nearby sites. This study, when coupled with previous
studies in model peptides involving both structure formation
and folding, indicates that the probe vibration should be able
to report solvent exposure, including hydrophobic contacts
of varying degrees, as well as formation of structure even
at solvent-exposed sites. Cysteine is rarely present in intrin-
sically disordered sequences, so the strategy of creating
single-cysteine mutants of IDP sequences already in use
for site-directed spin labeling studies should also be widely
useful for incorporation of this new vibrational probe into
IDPs, with more possible incorporation sites than for
covalently attached spin labels or fluorophores.

This study shows that vibrational spectroscopy of cyany-
lated cysteine is a method well suited to monitoring the
induced folding events that NTAIL undergoes in the presence
of XD, while providing information at the residue level.
Therefore, it can be added to the panel of widely used exper-
imental approaches to study induced folding events within
IDPs (43–45).
CONCLUSIONS

Any new probe able to provide site-specific information
about binding and possible associated secondary structure
transitions and/or changes in solvent exposure in IDPs could
see wide use. The behavior of cyanylated cysteine was
studied in the context of four previously characterized
Biophysical Journal 99(5) 1676–1683
single-cysteine NTAIL variants. The probe was shown to be
sensitive to changes in both mean hydrophobicity of the
probe vibration’s environment, as well as to the electric
dipolar dynamics of the same environment, which are
each affected by changes in the local protein structure
during binding events. Moreover, the covalently attached
ChN probe moiety has the advantage of being smaller
than conventional fluorophores or spin labels and can be
introduced into IDPs at nearly any site via cysteine site-
directed mutagenesis. While applied to a well-characterized
system here, this probe is expected to be very useful for
characterizing other IDP systems for which structural data
are scarce. The spectral signatures that have been obtained
in this study should have a high predictive value: indeed,
the spectral shape and location reflect the specific environ-
ment in the proximity of the label and the extent of its
involvement in the interaction with a partner, while also
providing information on possible transitions in local
secondary structure. As such, one should be able to infer
information on the chemical environment specific residues
within any given IDP in the presence of partner(s) without
any prior structural information on the bound form of the
IDP.
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