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ABSTRACT We have used multifrequency electron paramagnetic resonance to define the multistate structural dynamics of an
integral membrane protein, phospholamban (PLB), in a lipid bilayer. PLB is a key regulator of cardiac calcium transport, and its
function requires transitions between distinct states of intramolecular dynamics. Monomeric PLB was synthesized with the
TOAC spin label at positions 11 (in the cytoplasmic domain) and 46 (in the transmembrane domain) and reconstituted into lipid
bilayers. Unlike other protein spin labels, TOAC reports directly the motion of the peptide backbone, so quantitative analysis of
its dynamics is worthwhile. Electron paramagnetic resonance spectra at 9.4 GHz (X-band) and 94 GHz (W-band) were
analyzed in terms of anisotropic rotational diffusion of the two domains. Motion of the transmembrane domain is highly
restricted, while the cytoplasmic domain exhibits two distinct conformations, a major one with moderately restricted nanosecond
dynamics (T) and another with nearly unrestricted subnanosecond motion (R). The global analysis of spectra at two frequencies
yielded values for the rotational correlation times and order parameters that were much more precisely determined than at either

frequency alone. Multifrequency EPR is a powerful approach for analysis of complex rotational dynamics of proteins.

INTRODUCTION

There is a developing consensus that protein internal dynam-
ics is crucial to biological function, especially in regulatory
processes in membranes, and that further exploration of this
field requires improved experimental and computational
tools (1,2). A well-documented example of functional dy-
namics is provided by phospholamban (PLB), a 52-amino-
acid amphipathic integral membrane protein that regulates
the active transport of calcium in the heart. In the cardiac
sarcoplasmic reticullum membrane, PLB is in a dynamic
equilibrium between monomeric and pentameric forms (3),
but it is probably the monomeric form that interacts with and
regulates the cardiac sarcoplasmic reticulum Ca-ATPase
(SERCA) (4,5). Therefore, most recent structural and func-
tional studies of PLB have focused on a fully functional
monomeric mutant of PLB, AFA-PLB. The NMR structure
of monomeric PLB in detergent micelles (PDB IN7L) (6)
reveals a predominant L-shaped conformation (Fig. 1, left)
with two approximately perpendicular helices, cytoplasmic
(residues 1-16) and transmembrane (residues 21-52), con-
nected by a flexible hinge. The cytoplasmic domain of PLB
is much more dynamic than the transmembrane domain, as
shown by NMR in micelles (6,7) and electron paramagnetic
resonance (EPR) in membranes (8,9).

PLB’s tertiary structure and dynamics in the membrane
are important for the functional interaction of PLB with
SERCA. According to solid-state NMR (10,11) and EPR
(8,12), PLB’s predominant conformation in the membrane
has the transmembrane domain approximately perpendicular
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to the membrane and the cytoplasmic domain lying along the
membrane surface and interacting with lipid headgroups
(Fig. 1, leff). However, cross-linking (13) and functional
mutagenesis (14) data suggest that the cytoplasmic domain
of PLB extends well above the membrane surface when it
interacts with SERCA, as shown directly by EPR of spin-
labeled PLB (12), so most models of the PLB-SERCA
complex show PLB straightened almost linearly on the
surface of SERCA, with the entire molecule, including the
cytoplasmic domain, nearly perpendicular to the membrane
surface (8,9,15-17). How does PLB undergo this dramatic
structural transformation when it interacts with SERCA?

An important clue comes from EPR spectra of membrane-
bound monomeric PLB, spin-labeled with 2,2,6,6-tetramethyl-
piperidine-n-oxyl-4-amino-4-carboxylic acid (TOAC), a
paramagnetic amino acid that reports directly the dynamics
of the peptide backbone (8). When TOAC is inserted into the
transmembrane domain of PLB, the spin label is strongly
immobilized, consistent with a well-ordered a-helix. In con-
trast, in the cytoplasmic domain, three different TOAC-
labeled sites in the cytoplasmic domain show clear evidence
for two resolved conformations, one a well-ordered helix
(the T conformation, Fig. 1, left), and the other dynamically
disordered on the nanosecond timescale (the R conformation,
Fig. 1, right). It is this disordered R conformation that binds
preferentially to SERCA (9,17) and is enhanced by phos-
phorylation of PLB (9), resulting in SERCA activation, so
it is crucial to characterize the dynamics of these two con-
formations in detail. That is the goal of this article.

EPR is sensitive to rotational motion with correlation
times from picoseconds to milliseconds and can resolve
multiple conformations, which makes this method ideal for
the detection of internal motions of protein domains (2,18),
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FIGURE 1 Two-state model for PLB structural dynamics in a membrane
(9), showing the locations of the spin-labeled TOAC amino acid used in this
study (11 and 46). Dashed lines indicate the membrane surface. PLB
domains: cytoplasmic (Ia), transmembrane (II), and the hinge (Ib) between
them. 7 is the predominant and well-ordered L-shaped structure in which the
cytoplasmic domain is in contact with the membrane surface. R is a less-
populated state in which the transmembrane domain remains ordered
(indicated by blue) but the cytoplasmic domain is dynamically disordered
(indicated by green and yellow and partial unfolding) and extends above the
bilayer, poised to interact with the SERCA cytoplasmic domain.

especially when employing the TOAC spin label (8). Recent
computational advances make it possible to determine both
the rotational correlation time and order parameter of a spin
label’s rotational dynamics (19). In this study, we determine
both of these parameters for both domains of PLB in both of
the two distinct conformational states. We show below that
multifrequency EPR at X- and W-bands provides the extra
dimension of sensitivity and resolution to determine unam-
biguously the internal dynamics of PLB’s domains in its
native membrane environment.

METHODS

PLB synthesis, characterization, and
membrane reconstitution

Monomeric AFA-PLB was synthesized as described previously (8,20) with
the TOAC spin label attached either at position 46 in the transmembrane
domain (46-TOAC-AFA-PLB) or at position 11 in the cytoplasmic domain
(11-TOAC-AFA-PLB) (Fig. 1). This spin-labeled PLB was found to be fully
functional in its inhibitory effects on SERCA (8). Spectra in this article were
obtained from PLB reconstituted into lipid vesicles containing DOPC/DOPE
(Avanti Polar Lipids, Alabaster, AL; 4:1, 200 lipids per PLB) in 25 mM
imidazole at pH 7.0 (8,12).

Electron paramagnetic resonance

EPR spectra were acquired with model No. E500 (Bruker AXS, Madison,
WI; X-band, 9.4 GHz) and E680 (W-band, 94 GHz) EleXsys spectrometers.
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At X-band, a SHQ cavity with a variable temperature accessory was used;
the 30 uL sample was contained in a glass capillary (Wiretrol 25, Drummond
Scientific, Broomall, PA; ID = 0.86 mm) sealed with Critoseal, Oxford
Labware, St. Louis, MO. The scan width was 120 G, the peak-to-peak
modulation amplitude was 1 G, and the modulation frequency was 100 kHz.
Spectra were recorded below saturation, at H; = 0.05 G, at 4°C or 200°K. At
W-band, the standard TE,;-mode cylindrical cavity resonator was used with
a variable temperature TeraFlex probehead (Bruker); the 0.2 uL sample was
contained in a quartz capillary with OD/ID = 0.25/0.15 mm (VitroCom,
Mountain Lakes, NJ), flame-sealed and sedimented by low-speed centrifu-
gation. The scan width was 300 G, the peak-to-peak modulation amplitude
was 1 G, and the modulation frequency was 100 kHz. Spectra were recorded
below saturation, at H; = 0.045 G, at 4°C or 150°K.

Determination of magnetic tensor values

Values for g and 7 tensor components were determined by analyzing X- and
W-band EPR spectra, acquired at low temperature, of 11-TOAC-AFA-PLB
and 46-TOAC-AFA-PLB, reconstituted into membranes. Before lineshape
analysis, the phase of the W-band spectrum was adjusted to correct for a
slight admixture of dispersion (21). The quadrature spectrum was calculated
from a Hilbert transformation of the experimental spectrum (22), and the
weighted quadrature spectrum was subtracted from the experimental spec-
trum until the integrated spectrum displayed a flat baseline. X- and W-band
EPR spectra were simulated assuming a random orientational distribution of
spin labels (powder spectrum, based on Eq. 3) and fit simultaneously to the
experimental spectra by varying all six g and T tensor values and linewidths
and performing least-squares minimization, essentially as described previ-
ously (23).

Spin-label dynamics determined by EPR
simulation and fitting

For each resolved spectral component (protein conformation), a rotational
correlation time 7. and order parameter S was determined from the fitting of
simulated and experimental spectra. X- and W-band EPR spectra were
simulated using the MOMD (macroscopic order, microscopic disorder)
model within the program NLSL (19,24). The restriction of rotational mo-
tion is defined in the model by expansion coefficients ¢y of spherical
harmonics Dk (),

U(Q) = —kT . eixDyg (), (1)

where U(Q)) is the restoring potential and €2 is a set of angles needed to
describe the spin-label orientation relative to the membrane (19). The equi-
librium distribution of orientation probability was defined from the restoring
potential as (19)

exp[—U(Q)/kT]
Po(Q) = JdQexp[-U(Q)/kT]

In this work, we used only the first term of the series (c20D3(€2) ), which is
justified as follows: we make the standard assumption that the restoring
potential should be symmetric with respect to the membrane normal (local
director); this eliminates nonaxial terms such as ¢y, ¢42, and c44. The
inclusion of higher-order terms with axial symmetry (e.g., c40) (25) did not
improve the fit. Under these conditions, Py({2) is completely defined by the
order parameter S (24,26), so we report S values in this article. In the
simulation, rates of rotational motion within Py({}) are defined by rotational
diffusion coefficients Dg; in this study we report these through the rotational
correlation times, which we define as 7. = 1/(6Dg). Thus, rotational dy-
namics results are reported in this article as S and 7.. In the case of
anisotropic motion, we define correlation times for unrestricted axial rotation
as 7. | = 1/(6Dgy), and restricted wobbling rotations as 7. ; = 1/(6Dg)
with a corresponding order parameter S.

(@)
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To simulate randomly oriented membrane vesicles, spectra were simu-
lated over a uniform grid of orientations of the membrane normal with
respect to the magnetic field, then summed to simulate a random orien-
tational distribution in the laboratory frame, with 40 orientations found to be
sufficient for convergence. The tilt angle between the diffusion (a-helix)
axis and the z axis of the spin label at both sites was set at B4 = 21° (27).

The basis set was truncated to improve efficiency, but the truncation
parameters were varied to ensure convergence. For 46-TOAC, the maximum
quantum numbers for total angular momentum were Leyax = 16, Lomax = 15;
the maximum quantum numbers for the z component of angular momentum
in the lab and molecular frames, respectively, were K. = 10 and M, =
10; and the nuclear spin transition index was p; = 2. For R and T components
of 11-TOAC, these parameters were {4, 3, 2, 2, 2} and {12, 11, 8, 8, 2},
respectively. The same truncation parameters were used to simulate spectra
at X- and W-band.

RESULTS

EPR spectra of frozen samples: magnetic
tensor values

The orientation dependence (anisotropy) of the nitroxide
EPR spectrum, in the absence of rotational motion, is de-
fined by

He(0,¢) = hv/(8(0,$)B) — miT(0,¢)(m = —1,0, +1)
2(0,¢) = g,sin’0 cos’ + g,sin’fsin’p + g,cos’0
T(0,¢) = (Tpsin’0 cos’ + Tyzsin20 sin’¢

+Tp COSZG)I/Z. 3)

where H . is the magnetic field at resonance, v is the applied
frequency, B is the Bohr magneton, and 6 and ¢ define the
orientations of the nitroxide relative to the applied magnetic
field (23,28).

The v-dependent term in Eq. 3 makes the spectrum at
W-band much more sensitive to anisotropy than at X-band.
To analyze EPR spectra quantitatively in terms of spin label
orientation and anisotropic rotational motion, it is necessary
to determine accurately the values of (gy, gy, g,) and (T, Ty,
T,). These were determined by fitting the spectra of spin-
labeled PLB in frozen membrane samples. Fig. 2 shows the
fit for the 46-TOAC sample. Components of g and T tensors
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of 11-TOAC-AFA-PLB and 46-TOAC-AFA-PLB (Table 1)
are similar to those previously reported for TOAC (27). The
values for the two spin label positions were only slightly
different; the smaller value of T, at position 46 is expected on
the basis of its less polar environment.

EPR spectra at 4°C: dynamics parameters
constrained by analysis of spectral features
at two frequencies

Fig. 3 shows EPR spectra of membrane-reconstituted mono-
meric PLB labeled with TOAC at positions 11 (fop) and 46
(bottom), recorded at X-band (leff) and W-band (right). At
position 46 in the transmembrane domain, the spectra in-
dicate clearly a single mode of strongly restricted rotational
motion. At position 11 in the cytoplasmic domain, there are
two distinct components, T (broad spectrum indicating mod-
erate rotational restriction) and R (narrow three-line spec-
trum indicating fast, nearly unrestricted rotation). Each of
these motional components was interpreted initially in terms
of a rotational correlation time 7. and an order parameter S,
as described in Methods. Only motion of PLB with respect
to the membrane was analyzed, since the lipid vesicles were
large enough that their correlation times are in the us-ms
timescale (29), which is undetectable by conventional EPR at
both X-band and W-band.

For the spectra of 46-TOAC and for the T component of
11-TOAC, initial values of 7. and S were determined by
comparing measured features of experimental spectra (Fig.
3) with those obtained from the library of simulated spectra.
Features were chosen to maximize sensitivity to the rota-
tional motion of individual components, while minimizing
sensitivity to linewidths, which are sensitive to factors other
than dynamics.

To obtain initial estimates for the dynamics parameters,
libraries of EPR spectra at X-band and W-band were simu-
lated with the program NLSL (19). Separate libraries were
simulated for 11-TOAC and 46-TOAC, based on the tensor
values of Table 1. For this initial analysis, each spectral
component (one for the 46-TOAC label, two for 11-TOAC)

FIGURE 2 EPR spectra of 46-TOAC-AFA-
PLB in lipid bilayers, at X-band (200°K) and
W-band (150°K). (Black) Experiment. (Red)
Fit.
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TABLE 1 Magnetic tensors determined from spectra of frozen samples (Fig. 2)

Label position 2x gy g, Ty (G) T, (G) T, (G)
11 2.0095 = 0.0001 2.0067 = 0.0001 2.0027 = 0.00005 6.5+ 0.5 6.5 £ 0.5 347 = 0.2
46 2.0097 = 0.0001 2.0068 = 0.0001 2.0027 = 0.00005 6.0 £ 0.5 6.0 £ 0.5 334 02

was assigned a single correlation time 7. and order parameter
S, and spectra in the library were simulated for correlation
times varying from 0.2 to 400 ns and order parameters
varying from O to 1. The features defined in Fig. 3 were
measured for both simulated and experimental spectra, to
determine the range of dynamics parameters (7. and §) that
are consistent with the data, assuming tolerances of =1.0 G
for the features at X-band and =2.0 G for W-band (deter-
mined from experiment). Fig. 4 illustrates the results for the
T component of the 11-TOAC spectrum and for the single
spectral component of 46-TOAC. It is clear that the range of
dynamics parameters is much more constrained by combin-
ing the analysis at both frequencies, compared with that at
either frequency alone, especially for 11-TOAC (Fig. 4,
bottom).

The initial values of 7. and S for component R of 11-TOAC-
AFA-PLB were estimated by a simpler procedure that also
relied on spectral simulations at both frequencies. Component
R exhibits a narrow three-line EPR spectrum at X-band.
Simulations show that this requires that § < 0.2 and 7. < 0.8
ns. In contrast, at W-band, component R is not completely
averaged to a three-line spectrum. Simulations show that this
implies 7. > 0.08 ns. Thus for component R, the parameters
were restricted to 0.08 ns < 7. < 0.8 ns and § < 0.2.

EPR spectra at 4°C: global multifrequency fit

Experimental spectra at X-band and W-band were fitted
simultaneously (globally) with the program NLSL (19), with
initial values for rotational correlation times and order pa-
rameters restricted to the ranges determined in the previous
section (Fig. 4). For 46-TOAC, fits were significantly im-
proved (y* decreased) by the addition of a second correlation
time, corresponding to uniaxial rotational diffusion (about the
membrane normal). The justification of this additional
component (i.e., its improvement of x?) was only clear
upon global analysis of spectra at both frequencies. For both
R and T components of 11-TOAC, a single correlation time
and order parameter was sufficient. The results for these fits
are given in Table 2. In the case of 46-TOAC, there is slow
uniaxial rotation (7. = 105 ns) about the helix axis, which is
nearly parallel to the membrane normal (11), and fast re-
stricted wobbling of this axis (7.; = 2.0 ns, S = 0.93) (Table
2). In the case of 11-TOAC, the correlation time of the T
component (also corresponding to wobble of the helix axis)
was 7., = 3.5 ns, similar to that of 46-TOAC (2.0 ns), but the
order parameter for this wobbling motion was significantly
less (S = 0.78) (Table 2). The R component was fit quite well
by asingle fast (7., = 0.68 ns) and nearly isotropic (S =0.11)
wobbling motion. The mole fraction of the R component was

X band W band
A A
R
T R T
11 —/ o —
B B FIGURE 3 EPR spectra of TOAC-AFA-PLB, showing
features (splittings) used to determine initial values {7, S}
A of the T component, for subsequent spectral fitting. X-band,
A > 11: A, 60.2 £ 1.0 G; B, 145 = 1.0 G. W-band, 11: A,
130.2 £2.0G; B, 32.0 = 2.0 G. X-band, 46: A, 64.1 £ 1.0
G; B, 9.0 £ 1.0 G. W-band, 46: A, 143.1 = 2.0 G; B,
320 £2.0G.
46 /_,_ /———
B
<>
B
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FIGURE 4 Selection of initial parameters {7, S} for the T component. A
library of simulated spectra was analyzed in terms of features determined
from experimental spectra (Fig. 3). Each symbol indicates a pair of pa-
rameters {7, S} for which the features of the simulated spectrum were within
tolerances 1.0 G for X-band (solid squares) and £2.0 G for W-band (open
diamonds). The region of overlap defines the range of parameters used in
subsequent spectral fits (Fig. 5). (Top) 11-TOAC-AFA-PLB, showing results
for the less mobile T conformation. (Bottom) 46-TOAC-AFA-PLB. The set
of initial parameters is larger.

0.16 = 0.01. The precision of this determination was sig-
nificantly enhanced by the global analysis at two frequencies.

DISCUSSION
Multifrequency approach

The use of two microwave frequencies, differing by an order
of magnitude, made it possible to determine unambiguously
the order parameters and correlation times for each spin-
labeled site in each conformational state of PLB, and to
determine the mole fractions of the R and T components.

2809
TABLE 2 Dynamics parameters of TOAC-labeled PLB in
lipid bilayers
Uniaxial Wobble
. diffusion

Label position, Order  Cone angle
component Te|| (ns) Te1 (nS) parameter, S 6. (°)
46 105 =7 20+ 0.1 093 x 0.01 18 =3
11 T 3503 0.78 = 0.01 37 =3
R 0.68 = 0.02 0.11 = 0.01 79 £ 6

Parameters were determined from global fits of spectra at X- and W-band.
The model for 11-TOAC included two components, T and R. The mole
fraction of component R was xg = 0.16 = 0.01.

However, this was not accomplished in a single step.
Initially, we tried simultaneous global simulation and least-
squares analysis of the spectra at two frequencies and were
not able to arrive at satisfactory and unambiguous fits that
were independent of initial parameters. We found that the
initial analysis of spectral features at both frequencies, using
a simulated spectral library, was crucial in narrowing the
range of dynamics parameters for subsequent least-squares
fitting analysis. Fig. 4 illustrates that this feature analysis at a
single frequency is quite ambiguous, giving a wide range of
values {7, S} that are formally consistent with the observed
spectral features. However, simultaneous analysis of the data
at two frequencies resulted in substantial narrowing of the
range of possible dynamics parameters (Fig. 4). Once the
range of these initial parameters was reduced in this manner,
subsequent least-squares minimization produced reliable and
unambiguous results. In the global two-frequency fit, the
correlation coefficients between 7. and S were 0.54 and 0.56
for R and T components, respectively, of 11-TOAC-AFA-
PLB, and 0.52 for 46-TOAC-AFA-PLB. This coefficient
was usually higher in a single-frequency fit (0.63, 0.74, and
0.61, respectively), indicating more ambiguity in the deter-
mination of 7. and S. Although other fitting methods could
be employed (e.g., (30)), this approach is the most direct one
that could be easily extended to more sophisticated dynamics
models involving more fitting parameters.

The multifrequency approach provided a greater advan-
tage for the cytoplasmic domain probe at position 11 (Fig. 4,
top) than for the transmembrane domain probe at position 46
(Fig. 4, bottom). Inspection of the spectral library reveals the
basis of this finding: the differential sensitivity to dynamics
at the two frequencies is greater when the order parameter
S is lower and the spectral lineshape depends more on the
rotational correlation time 7. Similarly, EPR at 9 GHz and
250 GHz has been used to distinguish between local and
global dynamics within a spin-labeled protein (31).

Influence of errors in g and T tensor values on
the results

The precision of g and T tensor values affects the fit of
experimental spectra, and thus the precision of determining

Biophysical Journal 93(8) 2805-2812
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dynamics parameters. The increased resolution at W-band
was essential in determining tensor values precisely. Tensor
components were determined from the simultaneous (global)
fit of X-band and W-band spectra obtained at low temper-
ature. We found that this simultaneous fit reduces the error of
T, determination, compared with the fit of the W-band spec-
trum alone, but other g and T tensor values were not affected
by including the X-band analysis. The influence of the error
of g and T tensor values (Table 1) on the rotational corre-
lation time and the order parameter are reflected as tolerances
in Table 2.

Dynamics of PLB domains

Because the TOAC spin label is rigidly attached to the
peptide backbone (27,32,33), it is justified to undertake a
detailed analysis of its rotational dynamics, since this should
reflect directly the dynamics of the domains of PLB. After
initial parameters were constrained by the two-frequency
analysis of spectral features (Fig. 4), the detailed least-
squares analysis, conducted simultaneously (globally) at
X- and W-band, gave unambiguous fits to the spectra at both
frequencies (Fig. 5, Table 2). For 11-TOAC-AFA-PLB, we
found that the two-frequency spectral fit gave consistent
results only if the initial parameters {7, S} were taken from
the selected area of Fig. 4 (top). When initial parameters
were chosen outside the selected area, results were more
variable and often gave larger y* values. For 46-TOAC-
AFA-PLB a larger range of {7, S} values was obtained from
Fig. 4, but this was adequate, since the same final result was
obtained as long as the initial 7. was > 1.4 ns.

X band

1

.
A

W band

Nesmelov et al.

The results are consistent with the previously proposed
structural model of PLB, consisting of two helical domains
connected by a flexible loop (6,7) with the cytoplasmic
domain exhibiting more dynamics and two distinct confor-
mational states (8,17). Our results (Table 2) add considerable
detail to this model: the transmembrane domain rotates
slowly (7.1 = 105 ns) around the helix axis and performs a
rapid (7., = 2 ns) but restricted (S = 0.93, corresponding to
an angular amplitude of ~18°) wobbling motion perpendic-
ular to this axis in the membrane. The axial correlation time
of 105 ns is slightly greater than the 88 ns value predicted for
a transmembrane «-helical protein (r = 0.5 nm) in a DOPC
membrane (thickness 3.4 nm (34) and viscosity 1.87 P (35))
at 4°C (36). Data for gramicidin A in a DMPC membrane at
2°C show a similar result, 7. = 83 ns (25). The longer
observed correlation time in PLB is probably due to the
friction caused by the previously demonstrated interaction of
the cytoplasmic domain with the membrane surface (8,17).
The restricted wobbling motion of the PLB transmembrane
helix is remarkably rapid. The correlation time (7., = 2 ns)
is two orders-of-magnitude smaller than predicted theoret-
ically for the isotropic tumbling of a helix in such a viscous
lipid environment (36), which suggests that the effective
microviscosity for small-amplitude wobble of a transmem-
brane helix is much less than the bulk viscosity of the hy-
drocarbon phase.

EPR spectra of the cytoplasmic domain of PLB report two
distinct PLB conformations. According to our model, one
conformation (7) interacts with the surface of the membrane,
slowing its motion and stabilizing its helical conformation;
and in another conformation (R), it moves rapidly (7., = 0.68
ns) and virtually without restriction (S = 0.11, corresponding

FIGURE 5 Spectral fits to determine parameters of PLB
rotational dynamics. (Black) Experimental EPR spectra.
(Red) Best fits. (Left) X-band. (Right) W-band. (Top) 11-
TOAC. (Bottom) 46-TOAC. Magnetic tensor parameters
were input from Table 1. The dynamics parameters
resulting from the fits are given in Table 2. Lorentzian
linewidths resulting from the fits: 11-TOAC R component,
1.4 G; 11-TOAC T component, 2.6 G; 46-TOAC, 4.7 G.

3300 3320 3340 3360 3380 3400
Magnetic field,G
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to an apparent half-cone angle of 79°) (Fig. 6). The 0.68-ns
correlation time is in excellent agreement with experimental
(32) and theoretical (36) values for a small helical peptide
freely rotating in solution. However, it is likely that the at-
tachment of the cytoplasmic helix to the transmembrane he-
lix would slow the motion substantially, relative to that of a
freely tumbling peptide. Thus, it is likely that the large rate
and amplitude of this rotational motion is due, at least in part,
to the partial unfolding of this helix—as suggested previ-
ously by both NMR (7) and EPR (8) data and depicted in
Fig. 6. Obviously, EPR analysis of additional sites on PLB
with TOAC will lead to a more detailed description of PLB
dynamics.

CONCLUSIONS

This work demonstrates the power of multifrequency EPR,
in combination with the TOAC spin label, for defining the
rotational dynamics of protein domains. From the analysis of
multifrequency (X-band and W-band) EPR spectra of mono-
meric PLB, labeled in its two domains with TOAC, we have
defined the backbone dynamics of PLB in lipid bilayers. We
resolve two populations of PLB with different dynamics of
the cytoplasmic domain: fast (., = 0.68 ns) and nearly

R(16%)
%1=0.68 ns
6, =79°

T(84%)
7,=3.7ns
6, =37°

FIGURE 6 Two-state model for PLB structural dynamics in a membrane
(9), refined by the results of this study. Dashed lines indicate the membrane
surface. The transmembrane domain performs slow uniaxial rotation about
the membrane normal and rapid restricted wobbling motion in both PLB
conformations. The cytoplasmic domain wobbles rapidly and almost
unrestrictedly in the R conformation, probably with partial unfolding of
the helix near the spin label at position 11, but its motion is slower and much
more restricted in the predominant 7' conformation.
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unrestricted (S = 0.11, corresponding to a cone angle of 79°),
motion in a minor conformation (R state, mole fraction 0.16),
and slower and more restricted dynamics, probably due to
interaction with the membrane surface, in the major confor-
mation (T state, mole fraction 0.84). The transmembrane
domain performs slow axial rotation (7o = 105 ns) and
highly restricted wobbling motion (7., = 2 ns, S = 0.93,
corresponding to a cone angle of 18°), the same in both R and
T conformations. This two-frequency analysis offered
insights that were not obtained at either frequency alone:
1), the presence of both slow uniaxial diffusion and fast
wobble of the transmembrane domain; and 2), a much more
precise analysis of the T-to-R (order-to-disorder) conforma-
tional equilibrium. In particular, the two-frequency analysis
permitted a precise determination of the dynamic properties
and the mole fraction of the R conformational state of PLB,
despite its minor population. Although this dynamically dis-
ordered component makes up only approximately one-sixth
of the PLB population, it has been shown to be the confor-
mation of PLB that interacts preferentially with the cyto-
plasmic domain of its regulatory target, the SERCA calcium
pump (9,17), and it is this conformation that is enhanced by
phosphorylation of PLB at S16, activating the pump (9). This
interaction has profound implications for cardiac function,
pathology, and therapy (5,37,38).

TOAC spin-labeled PLB was synthesized with the excellent assistance of
Zhiwen Zhang. We appreciate discussions with Dr. D. Budil (Northeastern
University), Dr. Z. Liang, and Dr. J. H. Freed (Cornell University), and
Dr. Gianluigi Veglia (University of Minnesota).

This work was supported by National Institutes of Health grants No.
AR48961 (Y.E.N.), No. AR32961 (D.D.T.), and No. GM27906 (D.D.T.),
and National Science Foundation grant No. MCB 0346650 (P.G.F.). NLSL
software was kindly provided by Dr. D. Budil (Northeastern University).
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