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ABSTRACT Short peptides that are composed mainly of alanine have recently been shown to form a-helices in aqueous solution at low
temperature (Marqusee, S., and R. L. Baldwin. 1987. Proc. Natl. Acad. Sci. 84:8898-8902; Marqusee, S., V. H. Robbins, and R. L.
Baldwin. 1989. Proc. Natl. Acad. Sci. USA. 86:5286-5290). These peptides are excellent models for probing structure and dynamics in
isolated helical domains. In previous work we have designed and synthesized spin labeled analogs of these helix-forming peptides and
we have shown that these analogs retain the folding characteristics of the parent peptide (Todd, A. P., and G. L. Millhauser. 1991.
Biochemistry. 30:5515-5523). Using conventional continuous wave electron spin resonance (CW ESR) we have further shown that
local motion is more pronounced near the helix amino terminus than in the central region as the peptide is thermally unfolded (Miick,
S. M., A. P. Todd, and G. L. Millhauser. 1991. Biochemistry. 30:9498-9503). In this present work we use electron spin echo (ESE)
spectroscopy to further refine our understanding of the solution dynamics of the 3K-8 peptide, which is a 16-mer with a nitroxide spin
label attached at position 8. We find that the spin echo decays are well described by a single exponential function and that the
determined correlation times are close to those previously derived from CW experiments. Variable concentration ESE experiments have
directly revealed Heisenberg spin exchange (HSE) interactions and we find that the interpeptide collision rate is near to that expected for
a free species in solution. This provides strong evidence that the helical conformation of these peptides is not stabilized by intermolecular
interactions.

INTRODUCTION

Peptides, which are short linear sequences of amino
acids, are emerging as ideal systems for quantitatively
testing specific physical aspects ofprotein stability, struc-
ture and dynamics. Using modem design principles,
peptides can be synthesized to mimic individual folded
domains of complicated multidomain proteins (Marqu-
see and Baldwin, 1987; Marqusee et al., 1989). This is
particularly exciting because these individual domains
can now be studied in isolation. Furthermore, these de-
signed peptides are small enough to be simulated with
molecular dynamics computer programs (Tirado-Rives
and Jorgensen, 1991; Daggett et al., 1991). Thus, the
science of small folded peptides exists at an important
interdisciplinary interface between protein chemistry, ex-
perimental physical chemistry and theoretical molecular
dynamics.
Of the various forms of secondary structure in pro-

teins, a-helix is the most common. Approximately forty
percent ofthe residues in solutions proteins exist in a-he-
lical domains. It has recently been shown that 16 residue
peptides (1 6-mers) constructed mainly from the amino
acid alanine (Ala) will readily form a-helices in aqueous
solution (Marqusee et al., 1989). The high stability of
these designed a-helices, relative to their random coil
state, was not expected from previous models of the a-

helix coil transition. Researchers were surprised by
the discovery of these a-helical peptides and presently
there is considerable activity looking into the physical
foundation ofthe high helical content. In addition, there
is now a flurry ofeffort aimed at trying to understand the
detailed physical properties of short a-helices. Most of
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this research has used Circular Dichroism (CD) to exam-
ine helical stability and Nuclear Magnetic Resonance
(NMR) (Bradley et al., 1990; Osterhout et al., 1989) to
localize the most helical regions within the folded pep-
tide.

In our research lab we are using spin label electron
spin resonance (ESR) to probe the local motions within
designed peptides. Whereas the CD andNMR investiga-
tions provide information on the thermodynamics and
structure, respectively, our experiments reveal the molec-
ular dynamics. Clearly, all three perspectives are needed
to develop a complete understanding offolded peptides.
Furthermore, we anticipate that our results will serve as
an experimental comparison forcomputer molecular dy-
namics calculations. To date we have focused on helical
peptides. Our approach is to synthesize an analog of a

particular peptide sequence that has a spin label site engi-
neered into a specific location (Todd and Millhauser,
1991 ). Using this approach we have recently reported on
the use of conventional continuous wave (CW) ESR to
examine the local dynamics in two analogs of the a-he-
lix-forming 3K (I) peptide (Miick et al., 1991 ). The sin-
gle letter sequences of these analogs are:

Acetyl-AAACKAAAAKAAAAKA-NH2 3K-4
Acetyl-AAAAKAACAKAAAAKA-NH2 3K-8

where A is an Ala (alanine), K is Lys (lysine) and C is
Cys (cysteine). The Ala's give the peptide the high heli-
cal character and the positively charged Lys residues
confer solubility in aqueous solution. These analogs
differ from the parent 3K (I) peptide only by a single
Ala -- Cys substitution. Labeling is accomplished with
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the methanethiosulfonate spin label (MTSSL) which at-
taches with 100% specificity to the free SH on the Cys
residue (see below) (Berliner et al., 1982).
The parent 3K (I) peptide exhibits a thermal unfold-

ing transition. At 0°C the fractional helicity is between
70 and 80%, as determined from CD, and the helicity
monotonically decreases as the temperature is raised.
We showed that our two spin labeled analogs exhibit the
same thermal unfolding behavior. Furthermore, the CD
signals at 0°C are almost identical to the 3K (I) which
quantitatively indicates that the introduction of a 'Cys-
MTSSL' residue does not perturb the helical structure of
these peptides. We have used CW ESR to determine the
rotational correlation time (TR) of the nitroxide and we
have shown that the measured TR is determined by both
the global rotational reorientation ofthe peptide and lo-
cal motion at the nitroxide attachment point. Thus, by
comparing the R'S ofthe two peptides we have been able
to track the site specific local dynamics throughout the
thermal a-helix -- coil transition. At the midpoint ofthe

transition we found that the local motion detected by the
label at position 4 is greater than that detected at position
8. This was the first evidence, from the perspective of
dynamics, that a-helix unfolding is more pronounced at
the helix end (NH2-terminus) than in the middle. We
have also used the denaturant guanidine hydrochloride
(Gu * HCI) to compare the thermally unfolded state with
the denaturant unfolded state. We have found that only
the latter exhibits the position dependant local dynamics
theoretically expected for a free chain random coil in
solution.
Although our previous studies demonstrate that CW

ESR is an extremely powerful method for extracting site
specific dynamics in peptides, the information gathered
from these ESR experiments is incomplete. Inhomo-
geneous line broadening, which arises mainly from weak
proton hyperfine interactions, obscures the spectral line
shapes in motionally narrowed signals (TR < 2 ns). To
address this, we are now employing electron spin echo
(ESE) spectroscopy to directly determine the homoge-
neous line shape and our experiments on the 3K-8 pep-
tide are the subject of this present work.

Spin echo relaxation measurements directly reveal
phase memory decay (i.e., the spin-spin relaxation func-
tion), which is the Fourier transform of the homoge-
neous line shape, for each nitroxide hyperfine line (Gor-
cester et al., 1989). In turn, the homogeneous line shape
provides a high resolution view of spin relaxation pro-
cesses. If the phase memory decay is purely exponential
then the time constant is the spin-spin relaxation time
T2 and the homogeneous linewidth is 1/ T2. By examin-
ing the homogeneous relaxation directly we are able to
determine: (a) the accuracy of our CW ESR measure-
ments; (b) weak Heisenberg Spin Exchange (HSE) ef-
fects which are diagnostic for intermolecular collisions,
and (c) the existence of multiple relaxation components
which may indicate the presence of multiple peptide

conformations. In this study we have explored both the
temperature dependence and the concentration depen-
dence of the phase memory decay for the 3K-8 peptide.
We find that our ESE results compare well with ourCW
ESR results with the latter exhibiting a systematically
larger by - 10%. HSE effects are clearly observed and

the determined exchange rate (Ke) falls within the range
expected for a diffusion controlled reaction in aqueous
solution. This finding is important because it conclu-
sively demonstrates that these short helices are not aggre-
gated and, in turn, their stability arises from intramolecu-
lar interactions. Surprisingly, the temperature depen-
dence of Ke does not follow the expected increase with
T/l (absolute temperature/viscosity). Finally, at all
temperatures and concentrations studied we have found
that the phase memory decays are well described by a
single exponential function as determined with linear
prediction techniques.

ESE OF MOTIONALLY NARROWED
NITROXIDE SPECTRA
In the ESE experiments reported here we have used a
Hahn two pulse spin echo sequence to directly deter-
mine the phase memory decay. The phase memory sig-
nal at time T between the microwave pulses is the height
ofthe spin echo at 2r which we denote as S(2ir). Nitrox-
ide spectra, in the motionally narrowed regime, have
three nitrogen hyperfine lines (M = -1, 0, 1) and if the
pulse bandwidth is chosen to completely irradiate a sin-
gle hyperfine line the phase memory decay ofthat line is
described by

SM(2r) OC [peptide] Xi exp { -2r/ T2,j(M)}, (1)

where [peptide] is the concentration ofspin labeled pep-
tide and T2,j(M) is the spin-spin relaxation time for the
ith peptide conformation ofmole fraction xi. Ifthe pep-
tide exists in only one conformation, or there are multi-
ple conformations undergoing rapid interconversion,
then the sum in Eq. 1 will contain only one term and x =
1. Taking into account collisions between peptides the
spin-spin relaxation time for the ith conformation is
given by the expression

T2'(M) = A + BM + CM2 + 2/3Ke[ peptide], (2)

where A, B, and C are the line-shape parameters that
arise from rotational reorientation (see below) (Gorces-
ter, et al., 1989), Ke is the second order HSE rate con-
stant. In principle, the three line-shape parameters and
Ke may all depend upon the peptide conformation, but
for the remainder of this section we consider the behav-
ior of only one term in the sum of Eq. 1 and, for conve-
nience, we suppress expression of the index i. Ke is the
rate for spin flips arising from intermolecular collisions
and the multiplier of 2/3 statistically corrects for colli-
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sions between nitroxides that are in the same hyperfine
spin state (Molin et al., 1980). Eq. 2 holds only for the
exchange broadened regime where the three hyperfine
lines are well resolved and the studies reported here all
fall well within this regime. (We point out that the usual
expression for T`' has the M-independent HSE term ab-
sorbed into the A line-shape parameter.)
Of the three line-shape parameters, both B and C are

readily determined from CW spectra as well as from ESE
phase memory decays. B and C are related to rotational
diffusion through the relations (Goldman et al., 1972;
Todd and Millhauser, 1991 )

B= 10 °[g(o)D(0)( 1 jO(O) + 4jO(co)
10 3/

+ 2g(2)D(2)( 3 i2(0) + 4j2(wo))]

C =
2[(D°)) (jO(O)-O(Wa) Jo(wo))

+ 2(st 2))2p 3 i2(0)-a2(l.) j2(w) (3a)

The spectral densities are

im( ) = 1+Tr(m)
Im + r(M)2W

(3b)

where

(3c)

and the spherical tensor components are

BESE = 1/2{T2'(1)- Tj'(-1)}
CESE = 1/2 { T2-'( 1) + T2-1 (- 1 ) - 2T2-1 (O) }, (4a)

whereas B and C from CW spectroscopy are determined
from

CcwT= AH(O)1 + /(- 21 (4b)

where V( M) is the peak-to-peak height of the Mth hy-
perfine line in the first derivative CW spectrum and
AH(O) is the peak-to-peak width of the M = 0 line
(Hwang et al., 1975). Because of inhomogeneous
broadening of the CW spectra due to proton hyperfine
couplings, BCW and Ccw are systematically 10-20%
larger than their true values. Bales has developed a pro-
cedure to correct for this and we have employed his pro-
cedure in our previous work and we continue to do so in
this present study (Bales, 1989).

EXPERIMENTAL

Peptide spin labeling and purification
The 3K-8 peptide was custom synthesized by the American Peptide
Co. (Santa Clara, CA). Methanethiosulfonate spin label (MTSSL) was
obtained from Reanal (Budapest, Hungary). Peptides were labeled
with MTSSL according to the following reaction.

0

S-S6CH

O

HS`Q

+

0

HSCH3
0

C*

6

+

g(0) = ( I /V6)(2gzz - (g. + gyy)) g(2) = (V12)(g, gyy)

D(-)= (1/2V6)(2A. - (A,0 + Ayy))
D(2) = (¼14)(A - Ayy). (3d)

gjj and Ajj are the components of the g-tensor g and
hyperfine tensor A, respectively, w0 is the electron Lar-
mor frequency, wa = ('/2)aN where aN is the isotropic
hyperfine coupling constant to the nitrogen and RI, and
R1 are the parallel and perpendicular components ofthe
rotational diffusion tensor. The rotational correlation
time is defined as r = 6(R11RL)"/2 and if the motion is
isotropic then T(O) = T(2) = TR. In cases where the rota-
tional diffusion is close to isotropic and 100 ps < TrR < 1.0
ns then the spectral densities simplify tojm("a) rT(m)
andjm(w0) 0 to within an error of less than 3% in B or

C. With this simplification the expressions for B and C
become linear in r( m) and the ratio of C/B becomes
independent of TR and depends only on N = R11/RL.

Experimental values for B and C are determined from
ESE spectroscopy using the relations

Purification and characterization have been previously described
(Todd and Millhauser, 1991). All ESE experiments were performed
with buffer conditions of 5 mM MOPS (3-[N-Morpholino]propane-
sulfonic acid) at pH 7. Concentrations for ESE measurements were
determined from double integration of the ESR spectrum followed by
comparison with a standard aqueous 1.0mM 4-hydroxy-TEMPO solu-
tion. Concentrations determined in this manner are accurate to better
than 5%. Following variable temperature ESE, samples were checked
for any degradation by HPLC.

Electron spin echo spectroscopy
ESE phase memory decays were acquired with a Bruker ESP 380 spec-
trometer fitted with a Bruker dielectric resonator and variable tempera-
ture accessory. Great care was taken to optimize the ESE signal and we
found empirically that a 2-mm inner diameter ESR sample tube con-
taining 20 uL of peptide solution gave the best results. This particular
sample geometry contained sufficient spin concentration to give a

strong ESE signal without introducing too much dielectric loss from
the aqueous solution. The small amount ofdielectric loss that did arise
was actually beneficial in reducing cavity ringing. For the Hahn ESE
sequence we used two equivalent pulses with lengths of 24 ns. We
reduced the homogeneity of the static magnetic field to eliminate the
free induction decay (FID) and an off-resonance baseline signal was
subtracted from each ESE decay. Spectrometer dead time (Td) is de-
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FIGURE 1 ESE phase memory decays for 2.6 mM spin
two temperatures: a shows data at 305K and b shows
The spin echo data were collected at three field position:
to the three nitroxide hyperfine lines, where (0) is tb
(M = 1), (U) is the middle field line (M = 0), and (v)
line (M = -1). Each ofthe decays were fitted with HSI
the fit is shown as a solid line. Below each of the decay
for each fit, using the respective symbols.

fined here as the minimum delay between the begini
pulse to the beginning of the second pulse. Under ide
spectrometer dead time of 56 ns could be achieved, E
study we routinely used 64 ns. Data were always collectc
of 2r which was greater than 4-5 times T2.
ESE phase memory decays were routinely analyzed w

least-squares fitting procedure. For the determination o
nential components we used Hankel singular value
(HSVD) which is a linear prediction technique (M
1989; Barkhuijsen et al., 1987). The number of ex

equated to the number of nonzero singular values.
For the determination ofcorrelation times values we

ing values for the magnetic tensors: g,,, = 2.0086, gyy
2.0032, AXX = Ayy = 6.23 G and A,, = 35.7 G (Todd a

1991).

RESULTS
ESE data were collected for all three hyper
the labeled 3K-8 peptide from 300-334 K. 0
perature range the fractional helicity changer
mately a factor of two. In Fig. 1 we show E

lected from a 2.6 mM sample at two representative tem-
a peratures: 305 and 325 K. The solid lines are the HSVD

fits. At both temperatures the SM(2-r) signals for high
field M = -1 line decays much more rapidly than the
M = 0 and + 1 lines. This is consistent with theCW spec-
tra where the high field line is broader than the other two
lines for these labeled peptides.
HSVD analysis of all of the phase memory decays re-

veals only a single signal-related singular value for all
three hyperfine lines at all temperatures and concentra-
tions studied. We found no exceptions to this behavior.

1500 1800 This rigorously demonstrates that the phase memory de-
cays follow a single exponential function under the con-
ditions studied. The high quality of the HSVD fits are
apparent in Fig. 1 and residuals show that the random
error in the SM(2r) signals is approximately 2-4%. The

b additional scatter in the residuals for 2T < 300 ns arose
from FID created by the second pulse and did not inter-
fere with the HSVD analysis. We will further discuss the
temperature dependence of T2(M) below.

In addition to temperature variation, we also explored
T2(M) at five concentrations and four temperatures in
order to reveal HSE interactions of the 3K-8 peptide.
The data are shown in Fig. 2 as a plot of T2(M)-1 vs
[peptide]. According to Eq. 2 such plots should be linear
with slopes independent ofM and intercepts that give

1500 1800 T2(M)-I in the limit of infinite dilution. The solid lines
are the least-squares fit to a linear function. Within exper-
imental error the linear fits do show uniform slopes

labeled 3K-8 at among the three hyperfine lines at each temperature. Of
data at 325 K. all the curves in Fig. 2, theM = -1 line at T = 305 shows
e low fieldding the greatest scatter. However, it should be noted that T2
is the high field for this line is -70 ns at the higher concentrations and
VD analysis and this probably represents the shortest T2 that can be reli-
es is the residual ably resolved by ESE for motionally narrowed spectra at

this time. We have extracted Ke for each temperature by
averaging the slopes for each hyperfine line at that tem-

ning of the first perature. The results, plotted against T/l, are shown in
mal conditions a Fig. 3. To within experimental error, as determined by
towever, in this variations in the slopes, Ke appears to be independent
ed out to a value of T.
ith a nonlinear- We now turn to a comparison of these ESE experi-
fmultiple expo- ments on the 3K-8 peptide to our CW data which we
decomposition reported previously. Such a comparison is facilitated by
illhauser et al., gathering ESE data at a concentration that gives the bestponentials was

signal to noise for the spin echo signal SM(2r). From
used the follow- examination of Eqs. 1 and 2, one can see that increasing
= 2.0066,g:z = concentration causes competing effects in the signal
and Millhauser, strength of SM( 2T). As [peptide] is increased SM(O) in-

creases linearly, however, from HSE effects T2(M) de-
creases. Thus, the earliest detectable signal SM(2Td) has a
nonlinear dependence upon [peptide] which reaches a

rfine lines of maximum at intermediate concentrations. Inserting Eq.
'ver this tem- 2 into Eq. 1 and using differential calculus to solve for
s by approxi- the maximum ofSM( 2Td) as a function of [peptide ] one
SE data col- derives the relation
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FIGURE 2 T'2' (M) versus [peptide ] data were collected at fourtemper-
atures to study the HSE effects for the spin labeled 3K-8 peptide. The
T2' (M) for each hyperfine line are given by the symbols (0) for theM
= 1 line, (U) for theM = 0 line, and (A) for theM = -l line. The Ke's
were determined from a least squares fit for a linear function for each
decay at each field position. The linear fits following Eq. 2 for each
concentration series hyperfine line are shown as a solid line. a shows
data for 305 K, b for 315 K, c for 325 K, and d for 334 K.

[peptide ]max =4K= ' (5)

where [peptide]ma,, refers to the concentration ofpeptide
that maximizes the spin echo signal at 2rd. Using Ke =
1.5 X 109 L molI's-1, from Fig. 2, and Td = 64 ns we
calculate [peptide]ma. to be -4 mM. Eq. 5 is a useful
relation but it serves as mainly a starting point for deter-
mining the optimum signal. Empirically, we have deter-
mined that the most well resolved signal, for a range of r
values, is when [peptiae] is between 2 and 3 mM. Thus,
for a detailed comparison ofCW and ESE variable tem-
perature experiments, we have collected ESE data in 5 K
intervals with [peptide] = 2.6 mM (such as the data
shown in Fig. 1).
As discussed above and in previous work (Todd and

Millhauser, 1991 ), C/I B is instrumental in revealingN
and the best way to examine this ratio is with a plot ofC
vs B I. In Fig. 4 we show results from bothCW and ESE
experiments. Clearly both sets of data are in agreement
with theCW data giving a slope of 1.15 and the ESE data
giving a slope of 1.12 as determined from linear regres-
sion. In previous work we found that MTSSL labeled
glutathione also gave C/ B = 1. 12. For isotropic mo-
tion we expect a value of 1.24 from the magnetic tensor
values used here. The difference between this expected
value and the experimental value may indicate a small
degree ofmotional anisotropy, however, because there is
some uncertainty in the magnetic tensor, values, this as-
signment is extremely tentative. Furthermore, given the
agreement ofthe C/I B values between glutathione and
the 3K-8 peptide we believe that C/I B in the range of
1.12 most likely indicates nearly isotropic rotational dif-
fusion.
Using the assignment ofisotropic motion eitherB or C

can be used to determine TR. Given that there may be
systematic errors in theA tensor A, we believe that using
the B line-shape parameter is preferred for the following
reason. C depends upon the square of the spherical ten-
sor terms derived from A so that errors in this tensor will
cause large systematic errors in TR. In contrast, g is accu-
rately known and B depends upon the bilinear products
of the spherical tensors derived from g and A. Thus,
errors in A will impact B in a linear fashion whereas the
same errors will impact C quadratically.
From our ESE data B can determined two ways. First,

using the same data set shown in Fig. 4 we can directly
determine TR from B using Eq. 3a. These values for B
should be independent of [peptide] as predicted by Eqs.
2 and 4. However, it is also instructive to directly test for
this independence. Thus, the second way to determine B
is to use the values for T2(M)-I in the limit of infinite
dilution derived from the variable concentration studies
in Fig. 2. In Fig. 5 we show TR vs / T over a range of
temperatures as determined from CW spectroscopy and
from ESE spectroscopy at 2.6 mM. Superimposed on
these data are rR's determined at the four temperatures
(in Fig. 2) in the limit of infinite dilution. These latter
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FIGURE 3 Ke, the second order rate constant of spin flips arising from collisions, versus temperature over viscosity ( TI/). The K,'s are extracted
from the averages of the slopes for each hyperfine line at each temperature (see Fig. 2).

values for TR show considerable scatter. However, within
experimental error, the TR values determined from the
two series ESE experiments do not depend upon peptide
concentration. Next, turning to a comparison between
the CW and ESE data, it can be seen that at high tempera-
ture there is excellent agreement in the determination of
TR. At the two lowest temperatures, however, we find
that the CW experiments give a longer TR than the ESE
experiments by 15%. We will discuss possible origins

of this discrepancy below.

DISCUSSION
The ESE experiments described above have revealed sev-
eral important details that add considerably to our un-

0.3

0.2

0.1 -

0

derstanding ofthe solution dynamics of helical peptides.
To appreciate these added details it is important to recog-
nize thatCW ESR is limited by inhomogeneous broaden-
ing that arises from nitroxide proton hyperfine interac-
tions. Such broadening hides the homogeneous line
shape and it is therefore, impossible to determine
whether there are multiple peptide species in solution.
Thus, a correlation time determined from a CW spec-
trum may represent an average ofseveral peptide confor-
mations. ESE experiments remove this ambiguity by re-
vealing the Fourier transform of the homogeneous line
shape (i.e., the phase memory decay) directly. In the
ESE experiments reported here, the decays are well de-
scribed by a single exponential function and this demon-
strates that there is only a single resolved conformational

0 0.1 0.2 0.3

IBI (Gauss)

FIGURE 4 C versus B in Gauss for the spin labeled 3K-8 peptide. The ESE data shown as (A) are calculated from Eq. 4a and the CW ESR data
shown as (0) are calculated from Eq. 4b. The similarity of the slopes indicates that N determined from ESE experiments matches N from CW
experiments.
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FIGURE 5 Rotational correlation time versus viscosity over temperature (T/7) for the spin labeled 3K-8 peptide. The (O) data is from CW ESR.
The (A) data is from the ESE experiments at 2.6 mM peptide and is plotted with error bars calculated from multiple decays and propagated through
the relevant equations. The (m) data is the zero concentration rotational correlation time calculated from the HSE experiments at the y-intercept
(see Fig. 2).

species on the ESR time scale. This suggests that correla-
tion times computed from our previous CW studies
should match the TR's determined from the ESE experi-
ments and indeed this is the case to within 10% through-
out most of the temperature range. In addition we have
found that the determined correlation times do not de-
pend upon peptide concentration. Thus, we find that our
ESE experiments are consistent with our CW ESR ex-

periments which greatly strengthens the conclusions in
our previously published work.
Although the CW and ESE data are in general agree-

ment, the lowest temperature data show some inconsis-
tency with the ESE giving a shorter correlation time than
that determined from the CW data (see Fig. 5). The
origin of this difference is not clear at this time. How-
ever, it is possible that several peptide conformations,
each with different phase memory times, exist at lower
temperatures and that the ESE experiment is sensitive
mainly to those conformations with the longest T2's. In
future work we plan to explore this possibility by using
T, sensitive time domain experiments which spread spin
relaxation processes out to longer time scales which, in
turn, allow us to probe the lower temperature behavior
of our labeled peptides.

Perhaps the most important new contribution of this
study is the direct determination of the HSE rate Ke be-
cause this parameter provides insight into interpeptide
interactions. In examinations of short amphiphilic pep-

tides, unlike the 3K, it was found that the CD signal
increased at higher peptide concentrations (Marqusee et
al., 1989; Ho and DeGrado, 1987). Thus, the helical
state was clearly stabilized by peptide-peptide intermo-
lecular interactions. Similar studies with 3K peptides
have shown no such concentration dependence. It has
been assumed, therefore, that the helical conformation is

monomeric. Nevertheless, to prove that these peptides
are monomeric a more direct measure of the peptide-
peptide interactions is required. As we have shown, ESE
is beautifully suited for this purpose. We have examined
the concentration dependence ofT2(M) at four tempera-
tures and we have found that T2(M) always decreases
with increasing concentration for each nitroxide hyper-
fine line. Ke is readily determined from these data and
falls within the range of 1-2 xI09 L moI-1 s-5. We must
now attempt to develop a more quantitative understand-
ing of Ke.

In aqueous solutions the HSE interaction is found to
be very efficient and this is referred to as the strong ex-

change regime (Molin et al., 1980; Nayeem et al., 1989).
Each encounter between nitroxides in different hyper-
fine states results in a 50% chance for a spin exchange
event. Ke is therefore related to the second order rate
constant for molecular collisions kd by Ke = Y/2kd. kd is
readily calculated from the theory ofdiffusion controlled
reactions. For identical charged species in an ionic me-

dium the expression is

kd= 8xNAD[J exp(- er/rD)drJ (6)

where NA is Avogadro's number, D is the translational
diffusion constant for the 3K-8 peptide, z is the number
of charges per peptide, ro is a characteristic length for
electrostatic interactions ( 6.5 A in H20 at 320 K), d is
the average diameter of the 3K peptide and rD is the
Debye screening length (Steinfeld et al., 1989). (Note
that in Steinfeld et al. they have expanded the term
exp(-r/rD) to first order so their expression in an ap-

proximation to Eq. 6.) The effect oflarge Z2 iS to increase
the electrostatic repulsion between peptides which, in

MukadMlhue
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turn, decreases kd. However, ifthe ionic strength is suffi-
ciently large, then these electrostatic interactions will be
screened and this is reflected by a decrease in rD. In the
limit rD -* 0, the charges on the peptides are completely
screened and, using the Stokes-Einsten relation for trans-
lational diffusion, Eq. 6 simplifies to the familiar expres-
sion for a diffusion controlled rate constant in the ab-
sence of electrostatic effects

8RT
kd,o=3 , (7)

where R is the gas constant. Evaluation of Eq. 7 at T =

320 gives kd,o = 1.2 x 1010 L moP1_ s-5 and this is the
largest rate constant possible for the collision of species
of the same charge. Thus, the expected upper bound for
Keis6.0 x l09Lmol- s' .

Next, we can determine a lower bound for Ke by elimi-
nating the effects ofscreening and this is done by evaluat-
ing Eq. 6 in the limit where rD -* oo. Eq. 6 simplifies in
this limit and can be solved analytically. Estimating the
diameter ofthe 3K-8 gives d 25 A and using this value

we find kd = 0.25kd,o which gives Ke = 1.5 X 109 L-1
mol-' s-'. This lower bound agrees very well with our

observed values for the 3K-8. It appears, therefore, that
the HSE process is diffusion controlled and that there is
little screening of the charge on the peptides. This latter
point is not surprising because our solutions are at low
ionic strength. Nevertheless, it is important to note that
even in the absence of screening, charge interactions
slow the HSE rate by only a factor of four when
compared to the maximum possible rate of 6.0 X I09 L
mol-P s-.

Eq. 7 expresses an important result of the theory of
diffusion controlled reactions: ifthe electrostatic interac-
tions are not too strong, the reaction rate will not depend
upon the size of the reacting species. This size indepen-
dence allows us to compare our findings with HSE stud-
ies ofsimple charged nitroxides in aqueous solution. Ks's
for singly charged nitroxides are in the range 0.9-1.9 x

109 L moP-' s-' (Molin et al., 1980) and K, increases
only slightly for uncharged nitroxides. The values for the
3K-8 also fall within this range and this further supports
the hypothesis of a diffusion controlled process.

Bringing together the results of this present work, and
our previous work on the 3K-8, we find compelling evi-
dence that these peptides exist as monomeric species in
solution. In particular we note that: (a) TR's are consis-
tent with that expected for a monomeric species, (b) TR

does not depend upon concentration ofthe peptide, and
(c) the HSE process arises from a diffusion controlled
reaction. It is worthwhile considering how the ESR spec-

tra would be impacted ifindeed there were a strong inter-
peptide attraction leading to aggregation. A careful study
on a system that exhibits aggregation has already been
performed on a spin labeled version ofthe peptide melit-
tin (Altenbach and Hubbell, 1988). Melittin is a 26-mer

that exists as a monomer in a low salt solution and a

tetramer of helices in high salt. In the monomeric form,
the ESR spectrum of melittin shows a simple three line
motionally-narrowed pattern that is very similar to that
observed for the 3K-8. With induction ofthe tetrameric
form, the ESR spectrum changes dramatically and the
authors note two main effects. First, the shape of the
spectrum indicates a much longer TR as expected for a

tetramer. Second, the signal intensity decreased signifi-
cantly due to spin-spin interactions between peptides in
the tetramer. In our studies of the 3K-8 we have ob-
served neither of these effects.

In previous work we briefly examined the concentra-
tion dependence of the CW spectra and we found that
the spectra did not change with increasing concentra-
tion. Again, this highlights the increase in sensitivity of
ESE to such processes when compared to CW spectros-
copy. As before, the CW spectra are less sensitive be-
cause ofinhomogeneous broadening. Using Eq. 2 we can

compute the change in line width due to increased HSE
interactions to demonstrate this point. Using Ke = 1 x
109 I/mol s and changing the concentration from 1-2
mM results in a change of line width by approximately
40 mG. This difference is very small compared to the
peak to peak width of nearly 1.0 G. Thus, ESE is shown
to be an excellent technique for revealing HSE interac-
tions at low concentration (i.e., <5 mM labeled pep-
tide).

Finally, we address the temperature dependence ofKe.
According to the theory of diffusion controlled reac-

tions, the HSE rate should increase with T/I and such an
increase is not observed as shown in Fig. 3. In fact it
appears that K, is nearly independent of temperature.
Such behavior has been observed in other systems offree
radicals in solutions oflow viscosity (Molin et al., 1980).
It has been suggested that temperature independence of
Ke may signal the onset of weak exchange. We can pro-

pose another possibility. As the temperature increases
the peptide conformation changes from a-helix to ran-

dom coil. If the shape of the peptide-label complex is
changing then the efficiency of the HSE interaction will
also be impacted. Specifically, the random coil state may
be more extended than the helical state and many ofthe
collisions between random coils may not bring the ni-
troxide labels in close enough contact for an exchange
event to occur. The result is a weakening of the HSE
interaction at higher temperatures which compensates
for the increase in collision rate due to greater thermal
motion. There may be other possibilities for the inde-
pendence ofKe with temperature and at thisjuncture it is
very difficult to provide a conclusive mechanism.

CONCLUSIONS
We have demonstrated that ESE spectroscopy provides
insight into the solution dynamics of spin labeled pep-
tides beyond that available from CW ESR techniques.
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We believe, in fact, that these two techniques are comple-
mentary. CW spectroscopy is excellent for the rapid de-
termination of rotational correlation times whereas ESE
is beautifully suited for studying the homogeneous line
shapes and revealing weak HSE interactions. With the
completion of these experiments the stage is now set for
using more advanced time domain ESR techniques to
reveal the details of peptide dynamics. For example, hy-
drodynamic calculations have suggested that local corre-
lation functions for peptide dynamics may deviate from
exponential behavior. If this is the case then the spectral
density of fluctuations will reflect this. By combining
ESE experiments with T, sensitive pulse sequences we
should be able to map the spectral density at three fre-
quencies: O, Wa and w0 (Gorcester et al., 1989). An expo-
nential correlation function dictates a specific relation-
ship for the spectral density at these three frequencies
and so nonexponential relaxation will be readily detect-
able. In sum, time domain ESR techniques have a very
promising future in the experimental study of peptide
dynamics.
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