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High-frequency electron paramagnetic resonance (EPR) spec- Although these EPR experiments have added conside
pe
an
op
le
po

sed
tid

,
sp
de
ep

us

en
mi

t t de-
t that
9 isot-
r n
o the
i id in
t ts. In
a eful
i

a (95
G o the
a rre-
l f
1 que-
o are
s mple
l com-
p l of
l the
s ting
a ant
b pin-
l

se-
q

w Ala;
K th-
a cifi-
c ide
c te
s ular
a tion
a of
t wer
p

-29
roscopy has been performed on a nitroxide spin-labeled peptide in
uid aqueous solution. The peptide, which follows the single letter
equence

Ac-(AAAAK)2CAAAKA-NH2 3K-11,

as reacted with the methanethiosulfonate spin label at the cys-
eine sulfur. The spin sensitivity of high-frequency EPR is excel-
ent with less than 20 pmol of sample required to obtain spectra
ith good signal-to-noise ratios. Simulation of the temperature-
ependent spectral lineshapes reveals the existence of local aniso-
ropic motion about the nitroxide N–O bond with a motional
nisotropy t'/t| ([ N) approaching 2.6 at 306 K. Comparison
ith previous work on rigidly labeled peptides suggests that the

pin label is reorienting about its side-chain tether. This study
emonstrates the feasibility of performing 140-GHz EPR on bio-

ogical samples in fluid aqueous solution. © 1999 Academic Press

Key Words: EPR; peptide; high frequency; side-chain dynamics;
nisotropic motion.

INTRODUCTION

Understanding the structure and dynamic properties of
ides is of pressing interest in chemistry, biochemistry,
iotechnology. Although there are a number of spectrosc
ethodologies useful for exploring peptides, spin-label e

ron paramagnetic resonance (EPR) has proven to be a
rful probe of these features. EPR methods have been u
ank distances between side chains in doubly labeled pep
hereby suggesting local folding geometry (1–4). Moreover
ecent work has demonstrated that EPR of site-specific
abeled peptides is excellent at revealing position-depen
ynamics (5, 6). For example, in an alanine-based helical p

ide, EPR demonstrates that structure at the C-termin
ubstantially more dynamic than at the N-terminus (7). These
tudies provide information that is critical in the developm
f new conceptual models of peptide structure and dyna
e.g., see Refs.8,–10).

1 To whom correspondence should be addressed. Fax: (831) 459
-mail: glennm@hydrogen.ucsc.edu.
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o our understanding of peptide motions, many importan
ails remain unresolved. In particular, we have found
-GHz EPR spectra are not particularly sensitive to the an
opy of the spin-label motion (11). Thorough characterizatio
f the local-label motion is necessary in order to clarify

nterpretation of the position-dependent dynamics and to a
he determination of distances in double-label experimen
ddition, characterization of label motion should prove us

n the emerging field of site-directed spin labeling (5, 12–14).
It has been recognized that high-frequency EPR spectr
Hz or greater) are more sensitive than 9-GHz spectra t
nisotropy of molecular motion particularly in the short co

ation time regime (15, 16). Here we report the utilization o
39.5-GHz EPR to study a spin-labeled peptide in fluid a
us solution. We find that the high-frequency spectra
ensitive to anisotropic motion but remain amenable to si
ineshape analysis. These benefits are obtained without
romising sensitivity: spectra were obtained with 20 pmo

abeled peptide (20 nL of a 1.2-mM sample), thus rivaling
ignal-to-noise limit of modern loop gap resonators opera
t 9 GHz (12). The results of this study also illustrate import
enefits that high-frequency EPR offers for the study of s

abeled biopolymers in aqueous solution.
The subject peptide in this study is the alanine-based

uence

Ac-AAAAKAAAAKCAAAKA-NH 2 [3K-11,]

here we have used the single-letter amino acid code (A,
, Lys; C, Cys) (7). Labeling is accomplished with the me
nethiosulfonate spin label (MTSSL), which attaches spe
ally to the sulfur of the Cys residue giving a Cys-SL s
hain as shown in Fig. 1 (11, 17). Also shown is the coordina
ystem for describing motion about the nitroxide molec
xes. The 3K-11 peptide is largely helical in aqueous solu
t 1°C, as determined by circular dichroism. An illustration

his peptide in a helical conformation is shown in the lo
anel of Fig. 1.
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MATERIALS AND METHODS

The 3K-11 peptide was synthesized by the solid-p
ethod as described elsewhere (7). After the peptides wer

leaved from the resin with neat trifluoroacetic acid, they w
urified by preparative HPLC. Mass spectra determina
ave the expected values for both the unlabeled and the la
eptide. The molecular model was built and examined u

he MolMol (18) and Rasmol (19) programs.
The 139.5-GHz spectrometer has been described previ

20). Samples contained 20 nL of 1.2-mM peptide (20 pmo
queous buffer (Mops) at pH 7. Aqueous samples were d

nto a 0.1-mm-inner-diameter capillary, examined with a l
icroscope to insure proper filling of the capillary, a
ounted into the center of a cylindrical resonator. Sam

emperature was controlled with externally heated nitrogen
ow and monitored with a Lake Shore silicon diode sens

FIG. 1. (Top) The Cys-SL side chain showing the nitroxide coordina
hez axis is perpendicular to the C–N–C plane of the nitroxide. (Bottom)
pin-labeled, 16-residue 3K-11 peptide. The disulfide linker betwee
eptide and the nitroxide is shown with light shading and tucked up again
elix barrel in a manor suggested by Mchaourabet al. (38).
e
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ped by one of us (M.B.) in the MATLAB language usin
tandard formalism for orientation-dependent electron
ransitions (e.g., see Ref.21). Line broadening was included
onvoluting the calculated stick spectrum with a Gaus
ineshape function.

RESULTS

easurement of Magnetic Tensors

To obtain rigid latticeg andA tensor values for the Cys-S
eporter, we recorded spectra from a sample of 3K-11
olved in ethanol and cooled to 120 K. The magnetic field
alibrated with an2H lock system (22). The experimenta
pectrum together with simulations is shown in Fig. 2.
ignal-to-noise is excellent (S/N . 100) anddominance of th
tensor at high field allows for highly accurate determina

f its values. It was assumed, as is typical for nitroxides,
he principal axes ofg andA are coincident and we defined t
, y, andz magnetic axes as belonging to the largest thro
mallestg values, in which case thez axis also belongs to th
argest principal value of the hyperfine interaction tensor. S
lations were performed to estimateg andA and the results a
eported in Table 1. Theg tensor andAzz are well constraine
y the fits. However,Axx andAyy are small compared toAzz and
esult mainly in broadening of thegxx and gyy edges of th
owder lineshape. We approximatedAxx 5 Ayy (which is

ypical for nitroxides) and Gaussian inhomogeneous broa
ng of 9.0 G and found that spectra computed withAxx, Ayy

anging from 4.9 to 6.0 G gave excellent simulations of
xperimental spectrum (Fig. 2) in agreement with Ref. (16).
he resulting tensor values compare well with those previo
etermined at 9 GHz (Table 1).

FIG. 2. Frozen solution spectrum of the 3K-11 in ethanol at 120 K (s
ine). Simulations using the parameters in Table 1 are overlaid withAxx 5

yy 5 4.9 G (short dashes) andAxx 5 Ayy 5 6.0 G (long dashes).

.
e
e

he



D

n
a ac
s am
p line
w )
T eris
t ide
T pl
b com
p ss,
q fica
s tim
( som
a

ng
t av
b
t p
m om
p . (A
a low
m -
i pin
s

w e
c
t de
a e
t he
u e
d e-
s

din
t

Ayy 5 6.0 G (to match the isotropic hyperfine splitting), are
o ho-
m rac-
t igh-
t nt
h k
w line
r tion,
H most
o may
a est
l found
b
o
t pic

ations
( eters
n
a ined
b spectra
o tropic
m fits to
3 te the
s

TABLE 1

283HIGH-FREQUENCY EPR OF A SPIN-LABELED PEPTIDE
etermination of Temperature-DependenttR and N in
Aqueous Solution

Temperature-dependent spectra were recorded betwee
nd 306 K and typical results are shown in Fig. 3. E
pectrum is an average of four scans with a modulation
litude of 2.5 G. (Note that the narrowest peak-to-peak
idth among these spectra is 4 G for the 306-K low field line.
he spectra at the higher temperatures exhibit the charact

hree-line hyperfine pattern of a motionally narrowed nitrox
he spectra at 277 and 285 K appear to be more com
ecause the hyperfine lines are broader, with linewidths
arable to the isotropic hyperfine interaction. Neverthele
ualitative comparison of these lineshapes reveals a signi
ensitivity to temperature and therefore the correlation
tR) of the spin-labeled peptide can be assessed with
ccuracy.
The criteria for valid application of motional narrowi

heory in the interpretation of high-frequency spectra h
een discussed by Freed and co-workers (23). Accordingly, all

he spectra in Fig. 3 are amenable to analysis with sim
otional narrowing theory, notwithstanding the apparent c
lexity of the spectra obtained at the lower temperatures
n additional check, this approach was verified with s
otional lineshape theory (24).) Within the motional narrow

ng regime, the width of the hyperfine line for nitrogen s
tateM is determined by the relation

T2
21~M! 5 A 1 BM 1 CM2, [1]

here the lineshape parametersA, B, and C depend on th
orrelation times for spin-label reorientation, theg and A
ensors, and the resonance frequency. Reorientation is mo
s axially symmetric Brownian diffusion with correlation tim
\ about the unique axis andt' about axes perpendicular to t
nique axis. With these parameters the correlation tim
efined astR 5 (t\t')1/2 and the motional anisotropy is d
cribed by the relationN 5 t '/t \.
Spectral simulations using linewidths calculated accor

o Eq. 1, withtR and N as adjustable parameters andAxx 5

Magnetic Parameters Determined for the Cys-SL Side Chain

139.5 GHza 9.4 GHzb,c

gxx 2.00848 2.0086
gyy 2.00610 2.0066
gzz 2.00217 2.0032
Axx 6.0 G 6.23 G
Ayy 6.0 G 6.23 G
Azz 36.1 G 35.7 G

a g tensor values accurate to60.00005.
b g tensor values determined by Capiomontet al. (42).
c A tensor determined by Todd and Millhauser (11).
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verlaid on the experimental spectra in Fig. 3. Although in
ogeneous broadening arising from proton hyperfine inte

ions (0.9 G) has been included in simulations of the h
emperature spectra (11), the significant motionally depende
omogeneous broadening (approximately 4 G peak-to-pea
idth for the narrowest hyperfine line) of each hyperfine

enders this correction largely unnecessary. In addi
eisenberg spin exchange is expected to contribute at
nly 0.2 G to the homogeneous linewidth so this effect
lso be ignored (25). The simulations shown represent the b

east-squares fits between simulation and experiment as
y an automated simplex search procedure (26) with variation
f tR andN. We examined models of isotropic motion (t \ 5

', N 5 1) and anisotropic motion. In the case of anisotro

FIG. 3. Temperature-dependent EPR spectra (solid lines) and simul
dashed lines) of the 3K-11 at 139.5 GHz. Additional acquisition param
ot reported in the text include time constant5 300 ms, sweep time5 5 min,
nd incident power5 200 mW. Parameters for the simulations as determ
y least-squares spectra fits are given next to each spectrum. The two
btained at the higher temperatures are best fit with a model of aniso
otion. For comparison, both isotropic (short dashes) and anisotropic
06-K spectrum are shown. The high field line is expanded to demonstra
uperior fit from the model of anisotropic motion.
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284 BENNATI ET AL.
arallel to one of the nitroxide principal axes in Fig. 1 a
arametrically tested each of the three possibilities (i.e.
nique axes parallel tox, y, or z).
At the two higher temperatures, models of anisotropic

ion with rapid reorientation about thex axis (parallel to th
–O bond) provide excellent fits to the spectra. A mode

sotropic motion gave poorer fits at both 306 and 297 K
odels of anisotropic motion with other choices for the un
xis provided reasonable fits but withN , 1. At 306 K, both

he full spectrum and the inset showing the expanded high
ine highlight the difference in fits between isotropic and an
ropic motion. Anisotropic motion withN 5 2.6 is almos
ndistinguishable from the experimental spectrum. In cont
sotropic motion gives a somewhat poorer fit especially to
entral and high field lines. While the difference between
ts is not large, it nevertheless suggests that anisotropic m
rovides a better model of the experimental data. For the
data, we show only the fit to anisotropic motion. Howev

s found at 306 K, anisotropic motion provides a better fi
he data.

The spectra at the two lower temperatures were more
ult to analyze. Isotropic motion and anisotropic motion ab
he three possible axes were explored. Although we allo
he fitting routine to sample very large values ofN, we found
o model that provided better simulations than simple isotr
otion, at least as determined by the calculated residual a

isual inspection. The simulations for isotropic motion
hown in Fig. 3. While the calculated spectra do a reason
ob of reproducing the features of the low field line, detail
he middle and high field components are not well simula
ince at present no model was able to improve the fit ove
btained from isotropic motion, we assign the motion in

emperature regime as isotropic.

DISCUSSION

Analysis of the spectra suggest that at low temperature
s no evidence for anisotropic motion. However, at hig
emperature, the motional anisotropy becomes resolvabl
ncreases to 2.6 at 306 K. It is interesting to compare these
o those recently obtained from a 3K peptide spin labele
osition eight with the rigid nitroxide TOAC (27). TOAC is an
nnatural, conformationally constrained nitroxide amino
28–30). Spectra for the TOAC-labeled peptides were obta
s a function of temperature and spectral fitting demonst

he presence of significant anisotropic motion. Howeve
ontrast to the findings presented here,N was found to b

argest at 274 K and decreased monotonically as the tem
ure was increased. These data were interpreted as indi
nisotropic rotation of peptide about its helical axis, w
ecreasing anisotropy as the peptide thermally unfold
ddition, we determined a correlation time of 2.6 ns at 27
The experiments with a TOAC-labeled helical peptide d

nstrate that a rigidly labeled helical peptide should give
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ndicate that under conditions that favor helix folding (l
emperature) only isotropic motion is resolvable. In addit
he observed correlation time for the Cys-SL side chai
ubstantially shorter than that found for the rigidly labe
eptide. Thus, it appears that there may be motion o
ys-SL side chain relative to the peptide on the nanose

ime scale.
It is interesting to consider the nature of these local mot

y examining the results of solid state2H NMR studies of the
ynamics of aromatic side chains. A number of2H lineshape
nd spin–lattice relaxation experiments have demonstrate

isecond to submicrosecond twofold ring flipping for Phe
yr residues in crystalline and membrane-bound peptides
roteins (31–36). A general trend revealed by these invest

ions is for systems with twofold symmetry, the barriers
otion are low and the correlation times for twofold mot
re in the microsecond regime. However, as the twofold s
etry is broken, the barriers rise and the flipping rates
ramatically. Thus, in Tyr-containing systems, where thez-OH
reaks the twofold symmetry, it is necessary to ach
100°C to obtain fast limit spectra. In Trp there is essent
o motion about the Cb–Cg bond. Based on these observati
e do not expect the five-member nitroxide ring to exe

wofold flips at a rate that will significantly average theg or A
ensors. This assumption could be checked by examinin

2H spectrum of MTSSL samples containing –CD3 groups
hus, any motional averaging of the nitroxide spectrum

ikely due to cumulative librations about the five bonds in
ening between the Ca and the five-member nitroxide ring
The results presented here suggest that the nitroxide

hain is experiencing motion that is more rapid than the pe
umbling motions. In addition, at higher temperature, the
ion may be anisotropic and this could arise from motion a
he nitroxide tether. Steinhoff and Hubbell have used Brow
ynamics calculations to characterize conformations and

ions of the Cys-SL side chain when attached to the surfa
helix (37). Their work suggests that the nitroxide ado

everal distinct low-energy conformations within the h
rame and jumps among these conformations with a correl
ime of 500 ps. While lingering in any of these conformatio
he nitroxide undergoes rapid, picosecond librations of 1
3°. EPR spectra calculated from these dynamics trajec
o an excellent job of reproducing experimental spectra

ained from spin-labeled bacteriorhodopsin.
The concepts brought forth by Steinhoff and Hubbell s

est an explanation for our results on the 3K-11 peptide
ow temperature, the label is partially immobilized against
arrel of the peptide helix. The nitroxide side chain take
ultiple conformations, each of which is in a different ori

ation with respect to the helix axis. The peptide may tum
nisotropically, as found by Hansonet al. (27), but because th
itroxide does not assume a preferred orientation with re

o the helix axis, the nitroxide motion appears isotropic. To
his hypothesis, three spectra were simulated each with a
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he individual anisotropic spectra were summed and th
ulting spectrum was found to be nearly indistinguishable
spectrum calculated according to simple isotropic mo

ith the same correlation time (data not shown). That we
ot obtain an exact match to isotropic motion for the l

emperature spectra may reflect the fact that individual co
ations may experience different local environments
ence, different degrees of librational motion.
At higher temperature, the nitroxide may exchange am

he different local conformations and spend time undoc
rom the helix barrel. When extended into solution, the la
umbles anisotropically about its tether which correspo
pproximately to the nitroxidex axis. Recently, Mchaourabet
l. investigated Cys-SL side-chain dynamics in T4 lysoz
nd proposed that the disulfide linker may be immobil
gainst the surface of solvent-exposed helices through va
aals interactions (38). Such an interaction may occur b

ween the 3K helix and the Cys-SL side chain (Fig. 1). H
ver, this still allows for mobility about two sigma bon
onnecting the disulfide and the nitroxide ring. Thus, t
roposal is consistent with our observation of anisotropic

ion.
Most previous studies on spin-labeled peptides have

erformed at 9 GHz where unresolved hyperfine interac
rom the nitroxide ring and methyl protons are comparab
he motion-dependent line broadening. These proton hype
ouplings tend to mask the dynamical contribution. To add
his problem, one must use deuterated nitroxides to elim
nhomogeneous broadening or employ deconvolution t
iques (39) to estimate the homogeneous, motion-depen

ineshape. In fact, simulation of 9-GHz spectra using isotr
nd anisotropic motion obtained from best fit models of
06-K data yielded spectra that were nearly superimpo
ith linewidths dominated by inhomogeneous broadening
39.5 GHz, the motionally narrowed spectral lines are pred

nantly homogeneous since secular broadening fromg aniso-
ropy is an order of magnitude greater than at 9 GHz
herefore overwhelms the inhomogeneous proton hype
nteractions. Moreover, nonsecular relaxation processes
lectron spin flips) are suppressed at high frequency (23). This
uppression simplifies the expressions for the lineshape p
ters (A, B, andC) thereby leading to more accurate estim
f tR and N. Nevertheless, the 9-GHz data may still prov
seful information. Freed and co-workers have simultaneo
nalyzed the 9- and 250-GHz spectra of perdeuterated tem
23) cholestane spin label (40) and found that models of ful
nisotropic motion were required to fit the data. Our work

he spin-labeled 3K-11 peptide does not employ deuter
nd, at correlation times typical for peptides in aqueous

ion, the 9-GHz linewidths are dominated by inhomogene
roadening. Thus, we prefer a conservative spectral an

eaturing only the high-frequency spectra.
These studies demonstrate the feasibility of perform

igh-frequency EPR on spin-labeled biomolecules in fl
e-
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elopment of an aqueous sample holder for 250-GHz
pectroscopy (41). They noted that 139.5-GHz EPR had o
een performed on spin-labeled samples that were lyophi

rozen, or partly humidified. This present work demonstr
learly the feasibility of performing 139.5-GHz EPR on fl
queous samples. In addition, the sensitivity is comparab

hat obtained by Barnes and Freed but without the develop
f specialized sample chambers.
High-frequency EPR offers significant advantages over

entional 9-GHz EPR. The sensitivity is sufficiently enhan
hat experiments may be performed on a fraction of a m
ram of spin-labeled peptide. In addition, inhomogene
roadening from unresolved hyperfine couplings beco
mall compared to the homogeneous linewidths. Thus, p
ation of isotopically substituted nitroxides is not required
uantitative lineshape analysis. In addition, for correla

imes less than 0.5 ns as are often found for peptides in aq
olution, EPR spectra at 139.5 GHz are characterized by
inimally overlapped hyperfine lines and this greatly fa

ates lineshape analysis. Finally, spectra at 139.5 GHz are
ensitive to anisotropic motion. This sensitivity should prov
deeper understanding of the local dynamics at the nitro

ttachment point.
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