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Abstract: Itis well-known that the C=N stretching vibration in acetonitrile is sensitive to solvent. Therefore,
we proposed in this contribution to use this vibrational mode to report local environment of a particular
amino acid in proteins or local environmental changes upon binding or folding. We have studied the solvent-
induced frequency shift of two nitrile-derivatized amino acids, which are, Alacy and Phecy, in H,O and
tetrahydrofuran (THF), respectively. Here, THF was used to approximate a protein’s hydrophobic interior
because of its low dielectric constant. As expected, the C=N stretching vibrations of both Alacy and Phecy
shift as much as ~10 cm~! toward higher frequency when THF was replaced with H,O, indicative of the
sensitivity of this vibration to solvation. To further test the utility of nitrile-derivatized amino acids as probes
of the environment within a peptide, we have studied the binding between calmodulin (CaM) and a peptide
from the CaM binding domain of skeletal muscle myosin light chain kinase (MLCKs79-s95), Which contains
a single Phecn. MLCKs79-595 binds to CaM in a helical conformation. When the Phecy was substituted on
the polar side of the helix, which was partially exposed to water, the C=N stretching vibration is similar to
that of Phecy in water. In constrast, when Phecy is introduced at a site that becomes buried in the interior
of the protein, the C=N stretch is similar to that of Phecy in THF. Together, these results suggest that the
C=N stretching vibration of nitrile-derivatized amino acids can indeed be used as local internal environmental
markers, especially for protein conformational studies.

Introduction

.. _CN
CN /I_\_:f
There is a great need for spectroscopic reporters that can )

monitor conformations, folding, and binding in proteins. For HN™ "COzH HaN™ "COzH
example, spectroscopic study of the process of hydrophobic Alagy Phex
collapse to bury hydrophobic residues in protein folding requires
an optical probe that is sensitive to local environmental changes,
for example, from mostly polar to mostly hydrophobic. While e
fluorophores, such as dye molecules, have been used frequently e
for this purpose, they tend to be large, relative to the size of
amino acid side chains in proteins. As a result, the attachment
of an external fluorophore to a protein can therefore cause Fmoc-Alacy Fmoc-Phecy
undesirable perturbation to the native structure. By contrast, Figure 1. Nitrile-derivatized amino acids used in this study, where Fmoc
infrared probes such as NO, CO, or CN are much smaller and stands for 9-fluorenylmethoxycarbonyl.

may serve as an atomic substitution within an amino acid side )
chain. Here, we reported the use of nitrile-derivatized amino aPsorption bands of the molecule. For example, the CO and

acids (Figure 1) as internal local environment markers. BecauseNO strétching vibrational modes meet these requirements, and
of its small size (Figure 2) and intermediate polarity, a nitrile these compounds have been extensively used as infrared probes

group (CN) should minimally perturb the native structure of a fOr investigating the structure, dynamics, and function of heme
protein. proteins! These groups have the advantage of having high

For a vibrational mode to be useful as a monitor of the local extinption coefficients ir_1 aregion Of_ the infrared (IR) specFrum
environment it should be a simple transition, largely decoupled that is free of competing absorptions from other functional

from the rest of the molecule, and it should also have a relatively 970UPS found in proteins. Thus, a single CO or NO bound to a

intense narrow absorption band that is separated from other€Me Protein can be measured with an excellent signal-to-noise
ratio. The primary disadvantage of these probes, however, is

* Department of Chemistry. that they are applicable to only certain heme and metalloproteins
* Department of Biochemistry and Biophysics. where they can bind to metals as ligands. Thus, it would be
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between that of an amide group and a methylene, and thus it
should be readily accommodated in the hydrophobic interior

of a protein or a membrane as well as on the hydrophilic surface
of a water-soluble protein. Thus, nitrile-derivatized amino acids

can potentially be used as versatile infrared probes for inves-
tigating a wide variety of structural and dynamic questions,

provided the &N stretching vibration is sufficiently sensitive

to environment.

Figure 2. Nitriles are smaller than commonly used spin and fluorescent ) ]
labels. Space-filling models are shown for a proxyl sulfide spin label (left), Experimental Section

an NBD fluorophore (middle), and a nitrile. In each case, the probe is shown . . o )
connected to a methylene at the bottom of the figure. Materials. Tetrahydrofuran (Aldrich, 99.9%), acetonitrile (Fisher,

HPLC grade)p-tolunitrile (Aldrich, 98%), Alan and Phey (Bachem),
quite advantageous to devise a probe that is as small as CO ofaM (Sigma) were used without further purification. Millipore water
NO but could be placedirtually anywherewithin a protein. ~ Was used to prepare aqueous solutions. The MéCpeptides were

Alkyl and aryl nitriles have the potential to meet all the above Syn,thes'zed using Star?dard Fmoc—proto_col employing Pal resin a_nd were
criteria but do not have the limitation of the necessity to bind purified to homogeneity and characterized by electrospray-ionization

. . . ._mass spectroscopy. Fmoc-Aleand Fmoc-Phg, were prepared from
as ligands to metal ions. Furthermore, using modern synthetlcAIaCN and Phey, respectively, by Fmoc protection of the amine using

anq blologlcgl methpd‘mow it is possible to place_ an unn.aturaI standard methodsBriefly, a solution of Fmod\-hydroxysuccinimide
amino acid in particular regions of a polypeptide chain or a ester in CHCN was added to Phg or Alacy dissolved in aqueous
protein matrix. Thus, we aimed to develop nitriles as infrared 10% NaCOs; upon completion of the reaction the product was isolated
probes for structural and dynamic studies. The nitrile stretching by sequential basic and acidic extractions with diethyl ether.
mode is well understood experimentally and theoretically.  Equilibrium Infrared and Fluorescence. FTIR spectra were
Reimer and Hafl as well as othef$ have examined solvation  collected on a Magna-IR 860 spectrometer (Nicolet) using T'cm
effects of acetonitrile, and their results show the sensitivity of resolution. A Caksample cell that is divided into two compartments
the G=N vibrational mode to the environment (or solvent). Using a Teflon spacer (52m) was employed to allow the separate
Caughey and co-workers demonstrated that cyanide could bemeas_qrements of the sample and r(_efer_ence (solvent) under identical
used as infrared probes for investigating the ligand binding sites conditions. The temperature was ma'nta'.ned atgor all measure- i
. . ) . ments. To correct for slow instrument drift, an automated translation

O_f hemepmtemg'ln a continuation of their elegant work on stage was used to move both the sample and reference side in and out
vibrational Stark eﬁect§, Andr.e\./vs and Boxer hgve measured of the |R beam alternately, and each time a single-beam spectrum
the Stark effect of a series of nitrilédhey found a linear Stark  ¢orresponding to an average of 8 scans was collected. The final result
tuning rate of 0.0%/to 0.04f Debye, indicating that nitriles  was usually an average of 32 such spectra, both for the sample and the
might be used as local probes of electric field in chemical and reference. The spectra shown correspond to the net absorbance of the
biological systems. solutes, and the resulting=N stretching vibrational band was modeled

Compared to other site-directed probes, such as the widelyby either a Lorentzian or a Gaussian line shape function plus a linear
used nitroxide spin labélsand fluorescent dye molecules, the ~background using the solver function in MS Excel. PeptiGaM
nitrile moiety is much smaller (Figure 2). Thus, a nitrile can binding was studied using fluorescence spectroscopy at room temper-

serve as an atomic substitution within an amino acid side chain ature. Fluorescence spectra were collected on a Fluorolog3 (SPEX, NJ)
. ' fluorometer with a standard 1-cm quartz cuvette with 1-nm excitation
whereas fluorescence and electron spin resonance (ESR) probes o .
. . . .. . Ly and emission resolutions.
have been used as substitutions for individual residues within a
protein. Therefore, the perturbation to the native conformation Results and Discussion
caused by introducing a nitrile group into the side chain of an

amino acid should be minimal. Further, a nitrile has a polarity AlThe FTIR spectra of two nitrile-derivatized amino acids,

acn and Phey (Figure 1), and their amine-protected forms

(1) Park, E. S.; Boxer, S. G. Phys. Chem. B0OOZ 106 5800. Stavrov, S. S.;  Used in peptide synthesis, which are, Fmocofiland Fmoc-
Wright, W. W.; Vanderkooi, J. M.; Fidy, J.; Kaposi, A. RBiopolymers i i
2002 67, 255. Rubtsov, . V.; Zhang, T.; Nakajima, H.; Aono, S.; Rubtsov, Pheny, were measured in i_@’ THF or THFH:0 _ml)_(ture_s'
G. I.; Kumazaki, S.; Yoshihara, K. Am. Chem. So@001, 123 10056. THF was used to approximate the hydrophobic interior of
Ding, X. D.; Weichsel, A.; Andersen, J. F.; Shokhireva, T. K.; Balfour, H it i 5 i H 5
C.o Piorik A. 3. Averil. B. A: Montfort, W. R Walker. F. AJ. Am. protelns because it is an aprotic solvent and its dielectric constant
Chem. Socl999 121, 128. Phillips, G. N., Jr.; Teodoro, M.; Li, T.; Smith, S roughly 10 times smaller than that oL,®. Because of the

B.; Gilson, M. M.; Olson, J. SJ. Phys. Chem. B999 103 8817. Reddy, iR ;
K. S.; Yonetani, T.; Tsuneshige, A.; Chance, B.; Kushkuley, B.; Stavrov, low SO|UbIIIty’ _the IR spectra of A@\' and Ph@N In pure THF
S. S.; Vanderkooi, J. MBiochemistry1996 35, 5562. were not obtained. Instead, Fmoc-Algand Fmoc-Phg, were
(2) Wang, L.; Brock, A.; Herberich, B.; Schultz, P. Science2001, 292, 498. : ; .
Doring, V.: Mootz, H. D.; Nangle. L. A.. Hendrickson. T. L. de @ used in this case. For comparison, t_he IR spectr_a_ of two
Lagard, V.; Schimmel, P.; Marlie, P.Science2001, 292, 501. Kiick, K. analogues of Algy and Phey, acetonitrile andp-tolunitrile,
EooszaggnlgE Tirrell, D. A.; Bertozzi, C. RProc. Natl. Acad. Sci. U.S.A. were also measured. It was found that the&NC Stretching
(?1) lFDQeime:Es,L]._R’:l.; HaII_I,H_J. IZ::JHAm.é:hhesrln%Sogg?ﬁ;J,Es?tao. e p vibration of these molecules in both,® and THF can be
O R B e C L. o o0 Parmdoy s 1658 modeled reasonably well by a Lorentzian function (Figure 3)
g;l, g%g%. Fawcett, W. R.; Liu, G. J.; Kessler, T.E.Phys. Cheml993 although deviation from a symmetric line shape is clearly visible
(5) Nyquist, R. A.Appl. Spectrosc199Q 44, 1405, in some cases, especially for those of acetonitriie and
(6) gggh;‘éivé/av S.; O'Keeffe, D. H.; Caughey, W. 3. Biol. Chem.1985 tolunitrile in THF (Supporting Information). The fitting param-
(7) Andrews, S S.; Boxer, S. @. Phys. Chem. 200Q 104, 11853. Andrews,
S. S.; Boxer, S. GJ. Phys. Chem. 2002 106, 469. (9) Carpino, L. A,; Han, G. YJ. Org. Chem1972 37, 3404. Milton, R. C. de
(8) Hubbell, W. L.; Gross, A.; Langen, R.; Lietzow, M. 8urr. Opin. Struct. L.; Becker, E.; Milton, S. C. F.; Baxter, J. E. J.; Elsworth, J.Ift. J.
Biol. 1998 8, 649. Pept. Protein Res1987, 30, 431.
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0.0025 T T T thev, band® Recently, Reimer and H&lhave discussed in detail
; the solvation of acetonitrile in 33 solvents using a theoretical
model that takes into account both specific and nonspecific
interactions between the solute and solvent molecules. We found
that the G=N stretching vibration of acetonitrile has a maximum
at 2260.1 cm!in H,O and 2251.8 cmtin THF. These numbers
match well with previously reported valué<ompared to its
analogue, acetonitrile, Atg has a much broader=eN stretch-
ing vibration in KO, indicative of a greater inhomogeneous
broadening effect due to the zwitterionic character ofofldn
THF, however, the &N stretching band of Fmoc-Ady is
00005 Lo v 0 w0 almost identical to that of acetonitrile (Table 1), suggesting that
2220 2240 2260 2280 2300 the solvent-solute interaction in this case is largely nonspecific
0.0140 in nature. Even under the very dilute conditions used in current
study (~10 mM), the G=N stretching band of acetonitrile is
still asymmetric, especially when THF was used as solvent. The
nature of this asymmetry has been a subject of intensive studies,
and a number of explanations, including microheterogengity,
dimer formation'? and hot band? have been proposed. Our
results seemed to be in agreement with the microheterogeneity
model.
'y B For Phey and its analogues, the=eN stretching vibration
gtis? Ry g affords similar characteristics as those observed fogplBor
T example, in HO, Phey has a CN band centered at 2237.2°¢m
20,0020 Lo a0 00 N R with a width of 9.8 cm?, whereas in THF this band shifts to
210 2220 2230 2240 2250 2260 2228.5 cmi! and concomitantly narrows its width to 5.0 cin
A noticeable difference between Alaand Phey is in their
] ) ) ) ) absorption cross sections. On the basis of the measured
ﬁ'fé" 3 IE;ISC-SAPIZCN”;%” i%ifﬁg:'?ng ;eﬁ’l':?n;;’fiﬁé?gaigg_Pxe““n'gar absorbance as well as the estimated concentration, the oscillator
background has been subtracted. The solid lines are fits to a LorentzianStrength of the &N stretching vibration in Phg is roughly
function. The fitting parameters are given in Table 1. The concentrations, four times larger than that of Ada. This enhancement is likely
timated b i ~ ~ - i ; il ;
esty vy By dV\II:erlr?:é'-F\’Nr;:eflég ma’”:&ngﬁyely_lo mM, Fmoc-Alay due to the phenyl ring which facilitates the creation of a larger
charge separation accompanied with the nitrile vibrational

0.0015

Absorbance

0.0005

F (b) Phey

0.0100 H,O (x 1.06)

0.0060

Absorbance

0.0020

Wavenumber (cm")

Table 1. Band Position (v) and Full Width at Half Maximum (Av) transition.
c,\’/lf Jgijéfmhmg Vibration of C=N in Different Solvents and Compared to THF, the=N stretching vibration in kD gives
rise to a broader absorption profile with a higher frequency.
solvent— H,0 THF . .
An increased width suggests that@® can support a larger
—1 -1 —1 -1 .
solutet vem™)  Avlem™)  vlemT)  AvlemT) number of solventsolute complexes whose structures remain
Alacy 2261.9 18.2 - - static on the time scale of the vibrational transition, a likely
Fmoc-Alan - - 2252.1 11.0 :
acetonitrile 2260.1 9.0 2951 8 79 result for hydrogen-bonded solvents. Furthermore, the formation
Phey 22372 9.8 o o of a direct hydrogen bond between aGimolecule and the
Fmoc-Phen 2228.5 5.0 CN group, also quite likely for this solvent, would cause the
p-tolunitrile 2234.4 8.4 2228.8 5.0 net bond order along the CN axis to increase due to the
MLCKsen 22352 12.4 i i alleviation of the antibonding character of the CN bond upon
MLCKscn+CaM — 2228.4 8.3 - - . bonding ci >r ot P
MLCK scy 2233.9 14.4 - - complexation’® resulting in a higher vibrational frequenty.
MLCK scnt-CaM 2235.1 174 - - Consistent with this picture, the band of acetonitrile was found

to depend on solvent acidiy.

To further test how the nitrile stretching vibration behaves
n a more complicated environment, for example, in mixed
solvent system, the =N stretching vibrations of Pk in
THF—H,0 mixtures were also measured (Figure 4). It is found
that three Lorentzians, which are labeled as water-like (WL),
THF-like (TL), and waterTHF (WT), respectively, are required
to describe these vibrational bands. Globally fitting all the

eters are summarized in Table 1. These results indicate that the
C=N stretching vibrational modes of both Afaand Phey
are sensitive to solvent, as expected.

As one of the commonly used organic solvents, the IR spectra
of acetonitrile have been studied extensively in a wide variety
of solvents. It is well-known that the=eN stretching vibration
(v2) in acetonitrile is sensitive to environment. For example, a
large blue ShIfT[ of the, b"?‘n.d hfas been. observed for acetor."ml? (10) Gutmann, V.; Resch, G.; Linert, V@oord. Chem. Re 1982 43, 133.
aqueous solutions containing inorganic salts, due to coordination(11) Moreau, C.; Doutret, G.J. Chim. Phys1974 71, 1313. Kovacs, H.;

; i i H Laaksonen, AJ. Am. Chem. Sod.99], 113 5596. Marcus, Y.; Migron,
of a cation with the CN moiety. Organic solvents were also v Phys. Chemi99l 95 400

found to influence the frequency of tirgeband. A pseudolinear  (12) Loewenschuss, A.; Yellin, NSpectrochim. Actd975 31A 207.

e ; 1< (13) Fini, G.; Mirone, PSpectrochim. Actd976 32A 439.
empirical correlation was observed between the Gutmanns(m Cho, H.-G.: Sheong, B.-9. Mol. Struct, (THEOCHEMP00Q 496, 185.
accept number (ANY of the solvent and the frequency shift of  (15) Purcell, K. F.; Drago, R. SI. Am. Chem. Sod.966 88, 919.
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Figure 5. Percentage of the integrated area of the TL, WL, and WT bands
as a function of HO% (by volume) in THF.

can be regarded largely as a binary system, with mostly free
THF molecules and THFH,O complexes. This is also con-
sistent with the results from current study. As indicated (Figure
5), when water’s volume fraction decreases~b0%, the IR
Figure 4. FTIR spectra of Phey (in C=N stretching region) in THF band associated with free;8 molecules becomes negligible.
H>0 solutions. The vol % of kD in _the_se solvents is listed in the plot._ In mixed-solvent systems, however, solvation can well be
These spectra were modeled (solid lines) globally by three Lorentzian h - ' ] ’ var
functions, which are labeled as water-like (WL), THike (TL), and water- complicated, and the final result is an equilibrium that depends
THF (WT), respectively. The bands that make up the fit for the 50 H  on the complex web of interactions among the same and
solution are shown. The concentration of Gl these solvents was5—7 different solvent molecules and also interactions between solvent
mM, estimated by weight. . . .

and solute molecules. Sometimes preferential solvation can
spectra yields the following parameters, WiL= 2235.9 cnm?, occur where the solute molecules interact strongly with only
Av =9.8cntl; TL: v = 2227.9 cm!, Av = 6.0 cnT!; WT: one type of solvent molecules. For the later case, using a solute
v = 2231.4 cm?!, Av = 7.4 cntL. The fact that three bands to probe the properties of a mixed-solvent system is apparently
can fit all the spectra suggests that at least three major speciesnadequate. For example, it is not clear whether the WT
(or solvation states) exist in this mixed-solvent system. On the component is due completely to a THH,O complex described
basis of the band position and width, we speculate that the WL in other studies or THF-induced distortion to the hydrogen bond
band arises from Plag molecules that are solvated directly by formed between water and the CN group, because of the
H,O molecules and the TL band arises from &hmolecules existence of THF. Although the details of the solvation of the
that are solvated directly by THF molecules, whereas the WT CN group in these solvents are interesting and merit further
band is due to Phg molecules that are simultaneously solvated studies, these results nevertheless support our view thatthe C
by both THF and HO molecules or by THFH,O complexes. stretching can be used as an environment sensor.
Indeed, previous studies have shown that in a mixture of THF It is well-known that the &N stretching frequencies of aryl
and HO, some THF molecules are associated witfOH  nitriles are lower than those of alkyl nitrild8.Our results on
molecules. Although other effects, such as long-range electro- nitrile-derivatized amino acids also confirmed this trend. As
static interactions, also influence the state of solvation, the indicated (Table 1), in both ¥ and THF the &N stretching

-0.001
2215 2222 2229 2236 2243 2250

Wavenumber (cm'l)

current results suggest that the specific sehs@vent interac- vibration of Phey is lower in frequency but narrower, by
tions play a much more important role in controlling theel@ roughly a factor of 2, than that of Alg, indicating that the
stretching vibrational frequency. structure of the amino acid is also important in determining the

The above picture is further supported by the fact that the solvation of the CN group. Compared to that of Alathe G=N
band intensities change as a function agfCHcontent in the stretching band of Phg is red-shifted by as much as25 cnr?
mixed solvent (Figure 5). It is clear that the WT component in H,O, due presumably to the electrons of the phenyl ring.
reaches a maximum at a point where the solution contains It has been observed that an increase in the electron density on
roughly 40% HO (by volume), while the other two bands vary the CN group shifts its stretching frequency to lower wave-
monotonically with increasing of D, indicating that the numbers. For example, the gas-phaseNC has a fundamental
solvation of the Phgy molecules can indeed be divided into vibrational frequency of ca. 2035 cm?, whereas the Q-branch
three different regions. This conclusion is in agreement with absorption of the gas-phase acetonitrilexhibits a G=N
the results of Katz et alé who also suggested that a THF stretching frequency of 2266.5 ¢ Indeed, the electron-rich
H,O mixture could be treated as a ternary system where free phenyl ring would effectively increase the electron density of
THF molecules, free D molecules, and THFH,O complexes the CN group and consequently weaken the CN bond because
are present. Recent studies by Scott as well as Mistry €t al. of the antibonding character of the highest occupied molecular
further indicated that at low #D content a THFH,O mixture orbital state. As a result, the=N stretching vibration of Phg

(16) Katz, E. D.; Ogan, K.; Scott, R. P. W. Chromatogr.1986 352, 67. (18) Skinner, M. W.; Thompson, H. W.. Chem. Sacl955 487.

(17) Scott, R. P. WJ. Lig. Chromatogr. Relat. Techn@00Q 23, 3083. Mistry, (19) Bradforth, S. E.; Kim, E. H.; Arnold, D. W.; Neumark, D. M. Chem.
K.; Cortes, H.; Meunier, D.; Schmidt, C.; Feibush, B.; Grinberg, N.; Krull, Phys.1993 98, 800. Reimers, J. R.; Hush, N. $.Phys. Chem. A999
I. Anal. Chem?2002 74, 617. 103 10580.
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shifts to lower frequencies and is largely separated from that of 0.07
Alacn. As a matter of fact, there is virtually no overlap between
the two bands. This result may turn out to be quite useful,
because it might allow the simultaneous use of two or more
nitrile moieties in a protein.

In many protein conformational studies, such as temperature- 0.05 F
induced folding/unfolding experiment8 temperature is sub-
jected to change. To investigate whether the intrinsic temperature

2239

0.06 2237 |

2235 |

Frequency (cm™)

%, 2233

dependence of the=N stretching frequency would obscure g 004} Temperature ¢C)
its dependence on environment, we studied teeNGtretching £

vibration of Phey as a function of temperature (Figure 6). As 2 0.03 82.20C
indicated, the peak frequency of thee stretching vibration <« ORIy
depends linearly on temperature, with a slope-6f048 cn?/

°C. This result shows that the=tN stretching vibration exhibits 0.02 £ & SRR,

only a relatively weak temperature dependence, compared to | o W g

that induced by environment changes. Therefore, such a probe P g N o

can be used in conformational studies involving changes in 001

temperature. It is noteworthy, however, that the bandwidth of

the G=N stretching vibration becomes narrower when temper- 0.00 & . .

ature is increased, suggestive of a more homogeneous environ- 2220 2230 2240 2250 2260

ment at higher temperatures.

To test the utility of Phey as a probe of the environment ) o ) o
Figure 6. FTIR spectra of Phg (in C=N stretching region) in kD at

W'th'_n a peptide, we preF_’are_d t_WO derlva_ltlves (the ML&GK different temperatures, as indicated. The solid lines are fit to a Lorentzian
peptides) of the calmodulin binding domain of skeletal muscle function plus a linear background. The band positipnirg cm™) and full
myosin light chain kinase (MLCK§.1 width at half-maximum v, in cm™2) for each temperature are summarized
below. 2.2°C: v = 2238.2,Av = 11.9; 22.2°C: v = 2237.1,Av = 10.1;
42.2°C: v =2236.1,Av =9.0; 62.2°C: v = 2235.2,Av = 8.3,; 82.2°C:
MLCKs70.505: RRWKKNFIAVSAANRFK-CONH, v = 2234.3 Av = 7.8. (Inset) Temperature-dependent band positions. The
MLCKsen:  RR Phecy KKNFIAVSAANRFK-CONH, soéi%lllige is g?eclinear regression to the data points, which yields a slope of
—0. cnr/°C.

‘Wavenumber (cm")

MLCKsen:  RRWK Pheeny NFIAVSAANRFK-CONH,

3.0E+06
Peptides derived from this region of MLCK are known to bind
to CaM in a Ca"-dependent manner with very high affinity. -
Upon binding to CaM, Trp581 is sequestered into a very § 205406 | MUCHsey + CaM
hydrophobic pocket within the C-terminal lobe of C&Ryhich 7
can accommodate a number of other aromatic grétybereas E
Lys583 remains exposed to a polar environment, as indicated g
by the NMR structure of the MLCKCaM complex determined g LOE+06 |-
by Bax and co-worker&! Thus, it was expected that if Phe =
were substituted for Trp581, the nitrile stretching of the
MLCK 3cy—CaM complex would occur at a position similar to
that observed in THF. Similarly, if Plg were substituted for 0.0E+00
Lys583, the MLCKcn—CaM complex would display a €N 300 350 400 450
stretching band similar to that observed inQH Wavelength (nm)

The binding of the MLClgy peptides to CaM was investi-  Figure 7. Fluorescence spectra of MLGlKy and MLCKscy + CaM, as
gated by fluorescence spectroscopy (Figure 7 and Supportingindicated. The concentration of both CaM and MLé&K peptide was 5

; p ; : uM, in a buffer solution containing 1 mM Tris-HCI, pH 7.0, 0.5 mM CacCl
Information), using methods described previouSiyUpon These spectra were collected with an excitation wavelength of 295 nm and

addition of CaM into the solution containing MLGKy, the excitation and emission resolutions of 1 nm, respectively. The MiGK
fluorescence emission of Trp581 increases in intensity and peptide contains a Trp, whereas CaM lacks Trp, allowing fluorescence to
concomitantly shifts its maximum to lower wavelength (Figure bPe used to monitor binding. Compared to that of free MK the

. [ - fluorescence spectrum of MLGKy + CaM system has an emission
7). This result is similar to that observed for binding between maximum shifted to the blue and a higher intensity, indicating that the

MLCK scn peptide binds to CaM under these conditions.

(20) Huang, C.-Y.; Getahun, Z.; Zhu, Y. J.; Klemke, J. W.; DeGrado, W. F.;
Gai, F.Proc. Natl. Acad. Sci. U.S.A2002 99, 2788. o
(21) Blumenthal, D. K.; Takio, K.; Edelman, A. M.; Charbonneau, H.; Titani, MLCK579_595 and CaM’ indicating that Pbﬁ is an acceptable
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Sciencel992 256, 632. complex led to dissociation of the MLCK peptide, indicating
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199§ 281, 379. constant within a factor two of that of MLCK (which is in the
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Figure 8. FTIR spectra of the MLCKcn peptide (in G=N stretching region) Figure 9. FTIR spectra of the MLCKcn peptide (in G=N stretching region)

with and without CaM present, as indicated in the plot. The solid lines are With and without CaM present, as indicated in the plot. The solid lines

fits to a Gaussian line shape function plus a linear background. The fitting passing through the data (open circle) are fits to (a) a Gaussian line shape

parameters are summarized in Table 1. The peptide concentrationlvas ~ function plus a linear background and (b) a Gaussian line shape function

mM in (a),~1 mM in (b); the CaM concentration was alsd mM in (b), plus the Guassian function recovered from (a), as indicated, and a linear

estimated by weight. background. The fitting parameters are summarized in Table 1. The peptide
concentration was-3 mM in (a),~2 mM in (b); the CaM concentration

low nM rangéS). Thus, Phey is also a good functional ~ Was also~2 mM in (b), estimated by weight.
replacement of Trp581. . )

As expected, bindirf§ to CaM also resulted in a prominent ~ compared to that of MLClcn peptide, should help to clarify
change in the nitrile stretching of MLG# but not MLCKscy. this ambiguity. Such an experiment is currently underway.
With or without CaM present, the €N stretching band of Regardless of the origin of this small shoulder, however, these
MLCK scy is almost identical, and its position is close to that results again support our view that the CN stretching vibration
observed of Phg in H,O (Figure 8 and Table 1). Thus, the ©an indeed be used as an internal marker for conformational
Phexn of MLCK scn experiences a similar environment in both  Studies. , . .
the free and bound state, as expected from its polar environment BY far, the most commonly used infrared probe in protein
in the CaM-MLCK peptide complex# It is noticed, however, ~ conformational studies is the amide | band of polypeptides,
that the nitrile stretching band of the complex is slightly broader Which arises mainly from the amide=€ stretching vibration
than that of the free peptide, due perhaps to either the binding and is sensitive to confqrmatlé’ﬁ.However, the limitation of
inhomogeniety or uncomplexed peptides whose CN groups maythe amide | band is that it cannot be employed to report on the
experience a slightly different environment than that of the local environment of amino acid side chains other than GIn and
bound peptides. Another possibility is due to the conformational ASN- Thus, the use of nitrile-derivatized amino acids as local

change of MLCK associated with complexation. It is known protein environmental sensors is complementary to infrared
that upon binding with CaM the MLCK peptide undergoes a Methods that involve the use of amide bands as conformational

change in conformation, from random to helical. In the absence "€POrters. Because of the intrinsic sensitivity of the CN stretching
of CaM, MLCKscn showed a peak at 2235.2 cin(Figure 9 \ribration to many factorg, however, a straightforward interpreta-
and Table 1), similar to the value of 2237.2 chior the free tion of the observed shift in the C_N stretching frequency may
amino acid in HO. Upon addition of approximately 1.0 equiv Ot be easy or even obtarr_rable in some cases. Neverthe_less,
of CaM, the peak shifted to 2228.4 cin(Figure 9), which such a probe would be particular useful to monitor the kinetics
compares well to the value of 2228.5 cthobserved for the of conformational changes whose starting and end points are

free Fmoc-Phey in THF. In the spectrum of the complex, a  Well defined, for example, protein folding. In addition, this
small shoulder appears at higher wavenumbers, which is Method is in spirit equivalent to that of using Trp fluorescence

probably due to a small amount of uncomplexed peptide or a

(27) Krimm, S.; Bandekar, Adv. Protein Chem1986 38, 181. Kalnin, N. N.;

heterogeneity of the environment of the nitrile in the complex Baikalov, I. A.; Venyaminov, S. YBiopolymers199Q 30, 1273. Hamm,
; ; R i P.; Lim, M.; DeGrado, W. F.; Hochstrasser, R. Rroc. Natl. Acad. Sci.
or both. Further experiments with higher CaM concentrations, U'S.A1999 96, 2036, Manas, E. S.: Getahun, Z.: Wright, W. W.. DeGrado,
W. F.; Vanderkooi, J. MJ. Am. Chem. So200Q 122, 9883. Huang, C.-
(26) The MLCK—CaM binding study was carried out in a buffer solution Y.; Klemke, J. W.; Getahun, Z.; DeGrado, W. F.; Gai,Jr.Am. Chem.
containing 0.6 M Tris-HCI, pH 7.0+ 0.3 M CaC}. So0c.2001, 123 9235.
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as probes in protein conformational studies. Although the formation and subsequent consolidation of the hydrophobic core
photophysics of Trp are not fully understood, it still serves as in protein folding.
one of the most commonly used fluorescent probes in binding
and folding studies. Acknowledgment. F.G. gratefully acknowledges financial

In conclusion, nitrile-derivatized amino acids can be used as Support from Research Corporation, the University of Pennsyl-
local environment sensors. It is especially useful to employ such Vania Research Foundation, the NSF (CHE-0094077), and the
a probe to monitor processes in which a particular amino acid NIH (GM-065978). B.D.L. is an NSF-REU summer student.
undergoes large environmental changes, for example, from polarWe also thank Dr. M. J. Therien and his group for assistance
to hydrophobic or vice versa. When combined with modern With fluorescence measurements.
chemical and biologicalsynthetic methods and infrared spec-
troscopy, nitrile-derivatized amino acids may be used to study
in great detail a variety of structural and dynamic questions,
such as side chain packing, side chadide chain interaction,
peptide-protein binding, and proteinprotein interaction. Cur-
rently, we are employing such a probe to investigate the initial JA0285262

Supporting Information Available: Fluorescence binding
study of MLCKzcn to CaM; infrared spectra of acetonitrile and
p-tolunitrile in H,O and THF (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

J. AM. CHEM. SOC. = VOL. 125, NO. 2, 2003 411



