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High-frequency electron paramagnetic resonance (EPR) spec-
troscopy has been performed on a nitroxide spin-labeled peptide in
fluid aqueous solution. The peptide, which follows the single letter
sequence

Ac-(AAAAK),CAAAKA-NH, 3K-11,

was reacted with the methanethiosulfonate spin label at the cys-
teine sulfur. The spin sensitivity of high-frequency EPR is excel-
lent with less than 20 pmol of sample required to obtain spectra
with good signal-to-noise ratios. Simulation of the temperature-
dependent spectral lineshapes reveals the existence of local aniso-
tropic motion about the nitroxide N-O bond with a motional
anisotropy 7,/7; (= N) approaching 2.6 at 306 K. Comparison
with previous work on rigidly labeled peptides suggests that the
spin label is reorienting about its side-chain tether. This study
demonstrates the feasibility of performing 140-GHz EPR on bio-
logical samples in fluid aqueous solution. © 1999 Academic Press

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

INTRODUCTION

Although these EPR experiments have added considerak
to our understanding of peptide motions, many important de
tails remain unresolved. In particular, we have found tha
9-GHz EPR spectra are not particularly sensitive to the aniso
ropy of the spin-label motionl(l). Thorough characterization
of the local-label motion is necessary in order to clarify the
interpretation of the position-dependent dynamics and to aid |
the determination of distances in double-label experiments. |
addition, characterization of label motion should prove usefu
in the emerging field of site-directed spin labelirtg {2—-14.

It has been recognized that high-frequency EPR spectra (¢
GHz or greater) are more sensitive than 9-GHz spectra to tt
anisotropy of molecular motion particularly in the short corre-
lation time regime 15, 1. Here we report the utilization of
139.5-GHz EPR to study a spin-labeled peptide in fluid aque
ous solution. We find that the high-frequency spectra ar
sensitive to anisotropic motion but remain amenable to simpl
lineshape analysis. These benefits are obtained without col
promising sensitivity: spectra were obtained with 20 pmol o
labeled peptide (20 nL of a 1.2-mM sample), thus rivaling the
signal-to-noise limit of modern loop gap resonators operatin

Understanding the structure and dynamic properties of peﬁf_g GHz 0.2) The results of this Study also illustrate important
tides is of pressing interest in chemistry, biochemistry, afgnefits that high-frequency EPR offers for the study of spin
biotechnology. Although there are a number of spectroscopi®eled biopolymers in aqueous solution.
methodologies useful for exploring peptides, spin-label elec-The subject peptide in this study is the alanine-based s:
tron paramagnetic resonance (EPR) has proven to be a p&ience
erful probe of these features. EPR methods have been used to

rank distances between side chains in doubly labeled peptides

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

thereby suggesting local folding geometid~@. Moreover,

recent work has demonstrated that EPR of site-specific Spifhiere we have used the single-letter amino acid code (A, Al:
Iabeleq peptides is excellent' at reveal_ing position—dependwtl_ys; C, Cys) ). Labeling is accomplished with the meth-
dynamics §, 6). For example, in an alanine-based helical pepethiosulfonate spin label (MTSSL), which attaches specif
tide, EPR demonstrates that structure at the C—termlnuscgﬂy to the sulfur of the Cys residue giving a Cys-SL side
substantially more dynamic than at the N-termints These cain a5 shown in Fig. 1L, 17. Also shown is the coordinate

studies provide information that is critical in the developmergglstem for describing motion about the nitroxide molecula
of new conceptual models of peptide structure and dynamiggas The 3k-11 peptide is largely helical in aqueous solutio

(e.g., see Refs,-10. at 1°C, as determined by circular dichroism. An illustration of

1 To whom correspondence should be addressed. Fax: (831) 459-2d4¥S peptide in a helical conformation is shown in the lowel
E-mail: glennm@hydrogen.ucsc.edu. panel of Fig. 1.
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y Rigid lattice spectra were simulated using a program deve
oped by one of us (M.B.) in the MATLAB language using a
standard formalism for orientation-dependent electron spi
transitions (e.g., see Re&fl). Line broadening was included by

convoluting the calculated stick spectrum with a Gaussia
lineshape function.

Cys-SL

Hz

OH
RESULTS

Measurement of Magnetic Tensors

To obtain rigid latticeg andA tensor values for the Cys-SL
reporter, we recorded spectra from a sample of 3K-11 dis
solved in ethanol and cooled to 120 K. The magnetic field wa
calibrated with an’H lock system 22). The experimental
spectrum together with simulations is shown in Fig. 2. The
signal-to-noise is excellen§(N > 100) anddominance of the
g tensor at high field allows for highly accurate determinatior
of its values. It was assumed, as is typical for nitroxides, the
the principal axes of andA are coincident and we defined the
X, Y, andz magnetic axes as belonging to the largest throug
smallestg values, in which case theaxis also belongs to the
largest principal value of the hyperfine interaction tensor. Sim
ulations were performed to estima@ndA and the results are
reported in Table 1. Thg tensor and\,, are well constrained
by the fits. HoweverA,, andA,, are small compared th,, and
result mainly in broadening of thg,, and g,, edges of the
powder lineshape. We approximatéd, = A,, (which is
typical for nitroxides) and Gaussian inhomogeneous broade
ing of 9.0 G and found that spectra computed wih, A,,
ranging from 4.9 to 6.0 G gave excellent simulations of the
experimental spectrum (Fig. 2) in agreement with R&6).(

The resulting tensor values compare well with those previousl
FIG. 1. (Top) The Cys-SL side chain showing the nitroxide coordinategjetermined at 9 GHz (Table 1).
Thez axis is perpendicular to the C-N-C plane of the nitroxide. (Bottom) The
spin-labeled, 16-residue 3K-11 peptide. The disulfide linker between the
peptide and the nitroxide is shown with light shading and tucked up against the
helix barrel in a manor suggested by Mchaoueatal. (38).

MATERIALS AND METHODS

The 3K-11 peptide was synthesized by the solid-phase
method as described elsewhei®. (After the peptides were
cleaved from the resin with neat trifluoroacetic acid, they were
purified by preparative HPLC. Mass spectra determinations
gave the expected values for both the unlabeled and the labeled
peptide. The molecular model was built and examined using
the MolMol (18) and Rasmol 19) programs.

The 139.5-GHz spectrometer has been described previously
(20). Samples contained 20 nL of 1.2-mM peptide (20 pmol) in
aqueous buffer_ (Mops_) atpH 7. Agueous samples were d_rawrl950 4.960 4.970 4.980 4.990
into a 0.1-mm-inner-diameter capillary, examined with a ligh
microscope to insure proper filling of the capillary, and Magnetic Field (Tesla)
mounted into the center of a cylindrical resonato_r' SampleFIG. 2. Frozen solution spectrum of the 3K-11 in ethanol at 120 K (solid
temperature was controlled with externally heated nitrogen gag). simulations using the parameters in Table 1 are overlaid Ajth—
flow and monitored with a Lake Shore silicon diode sensorA,, = 4.9 G (short dashes) asl,, = A,, = 6.0 G (long dashes).
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TABLE 1 A,, = 6.0 G (to match the isotropic hyperfine splitting), are
Magnetic Parameters Determined for the Cys-SL Side Chain overlaid on the experimental spectra in Fig. 3. Although inho
mogeneous broadening arising from proton hyperfine intera

139.5 GHz 94 GHZ' tions (0.9 G) has been included in simulations of the high
' 200848 2.0086 temperature spectrd 1), the significant motionally dependent
Oy 2.00610 2.0066 homogeneous broadening (approximatél G peak-to-peak
9z 2.00217 2.0032 width for the narrowest hyperfine line) of each hyperfine line
Asx 6.0G 6.23G renders this correction largely unnecessary. In additior
A 606G 6.23G Heisenberg spin exchange is expected to contribute at mc
A, 36.1G 357G X i .
only 0.2 G to the homogeneous linewidth so this effect ma
2 g tensor values accurate t60.00005. also be ignored?b). The simulations shown represent the bes
® g tensor values _determined by Capiqmemlal. (42). least-squares fits between simulation and experiment as fou
* A tensor determined by Todd and Millhaused) by an automated simplex search proced@®) (ith variation

of 7 andN. We examined models of isotropic motiomn, (=

7., N = 1) and anisotropic motion. In the case of anisotropic
Determination of Temperature-Dependentand N in

Aqueous Solution

Temperature-dependent spectra were recorded between 277 306 K
and 306 K and typical results are shown in Fig. 3. Eacht, = 0.129 £ 0.004 ns
spectrum is an average of four scans with a modulation am- N=26+02 lix
plitude of 2.5 G. (Note that the narrowest peak-to-peak line-
width among these spectrs4 G for the 306-K low field line.)
The spectra at the higher temperatures exhibit the characteristic
three-line hyperfine pattern of a motionally narrowed nitroxide. 297 K
The spectra at 277 and 285 K appear to be more complek, = 0-161 £ 0.009 ns
because the hyperfine lines are broader, with linewidths com- N =2.1+0.3 lix
parable to the isotropic hyperfine interaction. Nevertheless, a
gualitative comparison of these lineshapes reveals a significant
sensitivity to temperature and therefore the correlation time
(m=) of the spin-labeled peptide can be assessed with some ...
accuracy. _ o _ . 1, =036+ 0.03 ns

The criteria for valid application of motional narrowing N
theory in the interpretation of high-frequency spectra have
been discussed by Freed and co-work2a}.(Accordingly, all
the spectra in Fig. 3 are amenable to analysis with simple
motional narrowing theory, notwithstanding the apparent com- 277 K
plexity of the spectra obtained at the lower temperatures. (Ags = 045 * 0.07 ns
an additional check, this approach was verified with slow N=1
motional lineshape theory4).) Within the motional narrow-
ing regime, the width of the hyperfine line for nitrogen spin
stateM is determined by the relation

T,4M) = A + BM + CM?, [1]

1 | L ! |

4.962 4.966 4.970 4.974

where the lineshape parametés B, and C depend on the

correlation times for spin-label reorientation, tigeand A Magnetic Field (Tesla)

tenso_rs, and the re_sonance _freql‘_lenCY' Re_onematlon_ls m_Odel%. 3. Temperature-dependent EPR spectra (solid lines) and simulatior
as axially symmetric Brownian diffusion with correlation timggashed lines) of the 3K-11 at 139.5 GHz. Additional acquisition parameter
7, about the unique axis and about axes perpendicular to thenot reported in the text include time constan800 ms, sweep time: 5 min,

unigue axis. With these parameters the correlation time grd incident power 200 uW. Parameters for the simulations as determined

defined asr. = (T r )1/2 and the motional anisotropy is de-by least-squares spectra fits are given next to each spectrum. The two spe
scribed by tRhe relz“itit)rm - /T obtained at the higher temperatures are best fit with a model of anisotrop
B

. . . . . . motion. For comparison, both isotropic (short dashes) and anisotropic fits |
Spectral simulations using linewidths calculated accordinge.k spectrum are shown. The high field line is expanded to demonstrate t
to Eq. 1, witht, and N as adjustable parameters aAA = superior fit from the model of anisotropic motion.
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motion, we assumed for simplicity that the unique axis lagence of anisotropic motion. However, the data presented he
parallel to one of the nitroxide principal axes in Fig. 1 anthdicate that under conditions that favor helix folding (low
parametrically tested each of the three possibilities (i.e., ttEmperature) only isotropic motion is resolvable. In addition
unique axes parallel tg, y, or z). the observed correlation time for the Cys-SL side chain i
At the two higher temperatures, models of anisotropic msubstantially shorter than that found for the rigidly labelec
tion with rapid reorientation about the axis (parallel to the peptide. Thus, it appears that there may be motion of th
N-O bond) provide excellent fits to the spectra. A model &ys-SL side chain relative to the peptide on the nanosecor
isotropic motion gave poorer fits at both 306 and 297 K ariime scale.
models of anisotropic motion with other choices for the unique It is interesting to consider the nature of these local motion
axis provided reasonable fits but with<< 1. At 306 K, both by examining the results of solid stattid NMR studies of the
the full spectrum and the inset showing the expanded high fielgnamics of aromatic side chains. A number’sf lineshape
line highlight the difference in fits between isotropic and anis@nd spin—lattice relaxation experiments have demonstrated m
tropic motion. Anisotropic motion wittN = 2.6 is almost lisecond to submicrosecond twofold ring flipping for Phe anc
indistinguishable from the experimental spectrum. In contradtyr residues in crystalline and membrane-bound peptides al
isotropic motion gives a somewhat poorer fit especially to thpoteins 81-39. A general trend revealed by these investiga:
central and high field lines. While the difference between thmns is for systems with twofold symmetry, the barriers for
fits is not large, it nevertheless suggests that anisotropic motimtion are low and the correlation times for twofold motion
provides a better model of the experimental data. For the 28 in the microsecond regime. However, as the twofold syn
K data, we show only the fit to anisotropic motion. Howevemetry is broken, the barriers rise and the flipping rates dro
as found at 306 K, anisotropic motion provides a better fit ramatically. Thus, in Tyr-containing systems, whereteH
the data. breaks the twofold symmetry, it is necessary to achiev
The spectra at the two lower temperatures were more diff=100°C to obtain fast limit spectra. In Trp there is essentially
cult to analyze. Isotropic motion and anisotropic motion aboab motion about the @-Cy bond. Based on these observations
the three possible axes were explored. Although we allowae do not expect the five-member nitroxide ring to executs
the fitting routine to sample very large valueshfwe found twofold flips at a rate that will significantly average ther A
no model that provided better simulations than simple isotroptiensors. This assumption could be checked by examining tt
motion, at least as determined by the calculated residual and’bly spectrum of MTSSL samples containing —CBroups.
visual inspection. The simulations for isotropic motion ar&hus, any motional averaging of the nitroxide spectrum i
shown in Fig. 3. While the calculated spectra do a reasonablely due to cumulative librations about the five bonds inter-
job of reproducing the features of the low field line, details ofening between the &€and the five-member nitroxide ring.
the middle and high field components are not well simulated. The results presented here suggest that the nitroxide si
Since at present no model was able to improve the fit over tl@ditain is experiencing motion that is more rapid than the peptic
obtained from isotropic motion, we assign the motion in thimmbling motions. In addition, at higher temperature, the mo

temperature regime as isotropic. tion may be anisotropic and this could arise from motion abot
the nitroxide tether. Steinhoff and Hubbell have used Brownia
DISCUSSION dynamics calculations to characterize conformations and mt

tions of the Cys-SL side chain when attached to the surface
Analysis of the spectra suggest that at low temperature therdhelix 7). Their work suggests that the nitroxide adopts
is no evidence for anisotropic motion. However, at highexeveral distinct low-energy conformations within the helix
temperature, the motional anisotropy becomes resolvable draime and jumps among these conformations with a correlatic
increases to 2.6 at 306 K. Itis interesting to compare these dtae of 500 ps. While lingering in any of these conformations
to those recently obtained from a 3K peptide spin labeled thie nitroxide undergoes rapid, picosecond librations of 14 t
position eight with the rigid nitroxide TOAC(). TOAC is an 23°. EPR spectra calculated from these dynamics trajectori
unnatural, conformationally constrained nitroxide amino acib an excellent job of reproducing experimental spectra ot
(28-30. Spectra for the TOAC-labeled peptides were obtaingdined from spin-labeled bacteriorhodopsin.
as a function of temperature and spectral fitting demonstratedrhe concepts brought forth by Steinhoff and Hubbell sug
the presence of significant anisotropic motion. However, gest an explanation for our results on the 3K-11 peptide. A
contrast to the findings presented hekewas found to be low temperature, the label is partially immobilized against the
largest at 274 K and decreased monotonically as the tempdvarrel of the peptide helix. The nitroxide side chain takes o
ture was increased. These data were interpreted as indicatimgtiple conformations, each of which is in a different orien-
anisotropic rotation of peptide about its helical axis, witkation with respect to the helix axis. The peptide may tumbl
decreasing anisotropy as the peptide thermally unfolds. dnisotropically, as found by Hansenal. (27), but because the
addition, we determined a correlation time of 2.6 ns at 274 Kitroxide does not assume a preferred orientation with respe
The experiments with a TOAC-labeled helical peptide dente the helix axis, the nitroxide motion appears isotropic. To tes
onstrate that a rigidly labeled helical peptide should give ewuthis hypothesis, three spectra were simulated each with anis
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tropic motion (N = 5) about one of the unique nitroxide axesaqueous solution. Barnes and Freed recently reported the ¢
The individual anisotropic spectra were summed and the reelopment of an aqueous sample holder for 250-GHz EPI
sulting spectrum was found to be nearly indistinguishable frogpectroscopy4l). They noted that 139.5-GHz EPR had only
a spectrum calculated according to simple isotropic motidieen performed on spin-labeled samples that were lyophilize
with the same correlation time (data not shown). That we ditbzen, or partly humidified. This present work demonstrate
not obtain an exact match to isotropic motion for the lowelearly the feasibility of performing 139.5-GHz EPR on fluid
temperature spectra may reflect the fact that individual confagueous samples. In addition, the sensitivity is comparable |
mations may experience different local environments anithat obtained by Barnes and Freed but without the developme
hence, different degrees of librational motion. of specialized sample chambers.

At higher temperature, the nitroxide may exchange amongHigh-frequency EPR offers significant advantages over cor
the different local conformations and spend time undockegntional 9-GHz EPR. The sensitivity is sufficiently enhancec
from the helix barrel. When extended into solution, the lab#hat experiments may be performed on a fraction of a micrc
tumbles anisotropically about its tether which correspondsam of spin-labeled peptide. In addition, inhomogeneou
approximately to the nitroxide axis. Recently, Mchaouraét broadening from unresolved hyperfine couplings become
al. investigated Cys-SL side-chain dynamics in T4 lysozymsmall compared to the homogeneous linewidths. Thus, prep
and proposed that the disulfide linker may be immobilizedtion of isotopically substituted nitroxides is not required for
against the surface of solvent-exposed helices through van deantitative lineshape analysis. In addition, for correlatior
Waals interactions38). Such an interaction may occur betimes less than 0.5 ns as are often found for peptides in aquec
tween the 3K helix and the Cys-SL side chain (Fig. 1). Howsolution, EPR spectra at 139.5 GHz are characterized by thr
ever, this still allows for mobility about two sigma bondsminimally overlapped hyperfine lines and this greatly facili-
connecting the disulfide and the nitroxide ring. Thus, theiates lineshape analysis. Finally, spectra at 139.5 GHz are mc
proposal is consistent with our observation of anisotropic meensitive to anisotropic motion. This sensitivity should provide
tion. a deeper understanding of the local dynamics at the nitroxic

Most previous studies on spin-labeled peptides have bestachment point.
performed at 9 GHz where unresolved hyperfine interactions
from the nitroxide ring and methyl protons are comparable to ACKNOWLEDGMENTS
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