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ABSTRACT Site-directed mutagenesis was used to produce 27 single cysteine mutants of bacteriophage M13 major coat pro-
tein spanning the whole primary sequence of the protein. Single-cysteine mutants were labeled with nitroxide spin labels and incorpo-
rated into phospholipid bilayers with increasing acyl chain length. The SDSL is combined with ESR and CD spectroscopy. CD
spectroscopy provided information about the overall protein conformation in different mismatching lipids. The spin label ESR
spectra were analyzed in terms of a new spectral simulation approach based on hybrid evolutionary optimization and solution
condensation. This method gives the residue-level free rotational space (i.e., the effective space within which the spin label can
wobble) and the diffusion constant of the spin label attached to the protein. The results suggest that the coat protein has a large
structural flexibility, which facilitates a stable protein-to-membrane association in lipid bilayers with various degrees of

hydrophobic mismatch.

INTRODUCTION

Protein frustration arising from the presence of lipids that do
not match the protein hydrophobic thickness has been sug-
gested to be an important factor in determining a stable ther-
modynamic association of a membrane protein with the lipids
(1-4). A minimal bilayer perturbation is achieved when the
hydrophobic length of the protein matches that of the sur-
rounding lipids. To avoid hydrophobic mismatch, the protein
may i), change the conformational space of the amino acid
side chains; ii), change backbone conformations, thereby
modifying its secondary structure elements; iii), change the
tilt angles of the transmembrane segments; iv), change its
partitioning in the lipid bilayer; or v), change its aggregation
state in the membrane. On the other hand, lipids also can re-
duce the free energy by a change of the order of the lipid acyl
chains as well as by a phase transition to nonlamellar struc-
tures (3,5,6).

To study the effect of hydrophobic mismatch on protein
structure, it is advisable to avoid complicating factors such as
different electrostatic properties of the lipids, lipid miscibil-
ity, or preferential phase partitioning. It is therefore usual to
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work with a homolog series of PC lipid bilayers with an
increasing acyl chain length (6—8). The major coat protein of
bacteriophage M13, which is composed of 50 amino acid
residues, is often used as a reference system for such exper-
iments since during part of the phage life cycle, this protein is
stored in the cell membrane (9,10). For example, the various
effects of different hydrophobic thicknesses on the lipid
selectivity, oligomerization, lateral segregation, and tilt angle
of the coat protein have been addressed previously by fluo-
rescence spectroscopy (7,8,11-14). From these studies it
follows that the protein exhibits a large selectivity toward
phospholipids that allows a good hydrophobic matching (7).
Upon decreasing the hydrophobic thickness the tilt angle of
the transmembrane a-helix increases, thereby enabling much
of the hydrophobic part of the protein to be inside the lipid
bilayer. In addition the transmembrane a-helix may rotate
along its long axis to optimize the hydrophobic and electro-
static interactions of the C-terminal phenylalanines and lysines
(8,15). Reconstitution of the protein in short chain lipid bi-
layers also results in a loss of helical structure and formation
of a stretched conformation of the hinge region that connects
the N-terminal domain and transmembrane «-helix (13). So
far, however, no attempts were made to obtain a detailed
overall structure of bacteriophage M 13 major coat protein in
mismatching lipid systems. In general, there are also only a
few references to the detailed structure analysis of other mem-
brane proteins in mismatching lipids (1).

SDSL has proven to be a powerful approach for the study
of membrane protein structure, topology, and dynamics (16—
19). In this approach, site-specifically placed cysteine residues
are used to introduce nitroxide radicals at a well-defined
position in a protein sequence. ESR spectroscopy then yields
the rotational restrictions of the attached label that arise from
structural constraints due to secondary, tertiary, or quater-
nary structure of the protein. In principle it should therefore
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be possible to resolve the membrane protein structure if one
were able to analyze motional patterns of spin labels attached
at various specific positions along the protein primary se-
quence. Recently, a new approach for the detailed analysis
of spin label ESR spectra was developed that enables one to
search for the most probable motional patterns by ESR spec-
tral simulation and global parameter optimization, followed
by a condensation algorithm that filters and groups the so-
lutions found in the optimization runs (20). In particular, by
using this analysis, it becomes possible to determine the dis-
tribution of the local conformational space of a protein spin
labeled at specific sites along the protein sequence in dif-
ferent lipid environments.

In this work, site-directed mutagenesis was used to pro-
duce 27 single cysteine mutants of the 50-amino-acid major
coat protein spanning the whole primary sequence of the
protein. Following the approach of our previous work (21),
single-cysteine mutants were labeled with nitroxide spin la-
bels and incorporated into lipid bilayers with increasing acyl
chain length. CD spectroscopy was applied to infer the over-
all protein conformation in different mismatching lipids. The
ESR data were used to determine the free rotational space.
The results suggest that the coat protein has a large structural
flexibility, which facilitates a stable protein-to-membrane
association in lipid bilayers with various degrees of hydro-
phobic mismatch.

MATERIALS AND METHODS
Sample preparation

Various site-specific single cysteine mutants of bacteriophage M13 major
coat protein were prepared, purified, and labeled with 3-maleimido proxyl
spin label (Aldrich, Milwaukee, WI) as described previously (15,22). Labeled
mutants were reconstituted into 14:1 PC, 16:1 PC, 18:1 PC, 20:1 PC, and 22:1
PC bilayers (all lipids purchased from Avanti Polar Lipids, Alabaster, AL) at
L/P 100 as reported earlier (15,23). For the purpose of ESR measurements, the
proteoliposomes were then concentrated using lyophilization and subsequent
rehydration and were collected by high-speed centrifugation (21).

CD spectroscopy

CD measurements were performed at room temperature on a Jasco J-715
Spectropolarimeter (Jasco, Tokyo, Japan) in the wavelength range 190-250
nm using a 1-mm path length. The CD settings were 100-s scan time, 1-nm
bandwidth, 0.1-nm resolution, and 125-ms response time. Up to 50 spectra
were accumulated to improve the signal/noise ratio. CD spectra of M13 coat
protein reconstituted using the cholate dialysis reconstitution procedure (23)
in each lipid bilayer (14:1 PC, 16:1 PC, 18:1 PC, 20:1 PC, and 22:1 PC) and
the respective background spectra were recorded in 100 mM sodium phos-
phate buffer (pH 8.0) under the same experimental conditions. Difference
spectra were obtained by subtracting the background spectra from the corre-
sponding spectra. For the purpose of comparison, the different CD spectra
were normalized to the same intensity at 222 nm.

ESR spectroscopy

Samples of reconstituted spin-labeled mutants in different lipid bilayers
(14:1 PC, 18:1 PC, and 22:1 PC) were filled up to 5 mm in 50-ul glass cap-
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illaries that were accommodated within standard 4-mm diameter quartz
tubes. ESR spectra were recorded at room temperature on a Bruker ESP
300E ESR spectrometer (Bruker Instruments, Billerica, MA) equipped with
a 108TMH/9103 microwave cavity. The ESR settings were 6.38-mW micro-
wave power, 0.1-mT modulation amplitude, 40-ms time constant, 80-s scan
time, 10-mT scan width, and 338.9-mT center field (19,24-26). Up to 20 spec-
tra were collected to improve the signal/noise ratio.

ESR spectral simulation, optimization, and
solution condensation

The ESR spectra of spin-labeled mutants were simulated as published pre-
viously (21). In short, in accordance with the molecular dynamic simulations
where picosecond to nanosecond motions of the attached spin label are ob-
served (27), a fast motional averaging approximation was applied to analyze
the local motion of the spin label attached to the protein. Typically two
parameters, ¥ and ¢, were used to describe the maximum amplitudes of
restricted tilt (opening cone angle 1)) and axial rotation (a cone asymmetry
angle ¢) in partial averaging of the magnetic properties of the spin
Hamiltonian.

The magnetic interaction tensors g and A were linearly corrected with a
parameter p, that describes the effects of polarity. Furthermore, a parameter
prot that counts for effect of proticity on the g tensor was applied (28).
Proticity describes the effect of proton binding to the spin label on its mag-
netic tensor components. It was found that the relative error for parameter
prot was quite large, as expected for single frequency ESR measurements.
Therefore this parameter will not be used further in our discussion. The
magnetic tensor values used in simulation for the g tensor are 2.0091,
2.0051, and 2.0026; and for the A tensor, 0.700, 0.670, and 3.345 mT. The
tensor components were corrected according to Steinhoff et al. (28) as fol-
lows: Ayyi= Ay X pas Ayyi=Ayy X Pas A=Ay, X Pas 8xxi= 8xx T (8xx —
8te) X (=0.77 X (pa — 1) — prot); gyy'= gyy + (&yy — &te) X (—0.06 X (pa
— 1)); 822= 82z T (822 — &) X (—0.12 X (pp — 1)), where gy, is the free
electron g. When calculating the convolution of the magnetic field dis-
tribution and the basic line shape, two line width parameters, 7. and W, were
applied. A Lorentzian line was used in the motional narrowing approxima-
tion with a single effective rotational correlation time 7. (29). To describe an
additional broadening of the spectral line arising from nonmotional effects, a
constant W was applied. This parameter arises from unresolved hydrogen
superhyperfine interactions and contributions from paramagnetic impurities
(e.g., oxygen), in addition to external magnetic field inhomogeneities, field
modulation effects, and intermolecular spin-spin interaction if present and
applicable. Since the line broadening parameter W is not relevant for the
local spin label motion, we will not discuss it further in this work.

To resolve coexisting motional patterns from the ESR spectra, the sim-
ulated spectra were composed from four independent components defined
by four solution sets {3, ¢, 7., W, pa, prot} and appropriate weights,
resulting in 27 independent spectral parameters (note that we get 27 pa-
rameters by 4 X 6 + 3 (for the relative weights)). Motional patterns, or a dis-
tribution of motional patterns, were resolved from the ESR spectra with the
implementation of multi-run HEO and a condensation algorithm that filters
and groups the solutions found in the optimization runs (called GHOST
condensation) (20,21,30).

To guide the optimization for solving the inverse problem, a common
fitness function was introduced: the reduced y>. This function was calculated
from the sum of the squared residuals between the experimental and sim-
ulated spectral points divided by the squared standard deviation of the
experimental points and by the number of points in the experimental spec-
trum (in our case 1024). Due to the complex search space of the spectral
parameters (27 in total), the HEO algorithm was enhanced with a special
shaking operator to prevent crowding of solutions (30). For multi-run HEO
optimization, 20 runs were applied. Typically 10 different best-fit parameter
sets of each run were extracted from the multiple HEO runs. The large
amount of information generated was finally condensed by the GHOST
condensation algorithm (20) that filters the solutions according to their
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goodness of fit and solution density in the parameter space and performs
group recognition by a slicing method (31).

RESULTS
Protein overall secondary structure

The overall structure of the major coat protein reconstituted
into different lipid bilayers was determined with CD spec-
troscopy. As given in Fig. 1, the CD spectra of the spin-
labeled T46C mutant protein are indicative of an overall
helical conformation. However, small differences in the CD
spectra of the protein in the individual lipid bilayers are
observed. The negative ellipticity at 210 nm increases from
14:1 PC to 18:1 PC but decreases again from 18:1 PC to 22:1
PC. For the protein reconstituted in 22:1 PC, the zero cross-
ing of the ellipticity is shifted to a slightly higher wavelength.
There is, however, no indication of irreversible 3-sheet ag-
gregation for the protein in different PC bilayers.

Protein local structure

To resolve the local conformation of the protein in different
lipid bilayers, 27 out of 50 amino acid residues were replaced
for a cysteine residue, spin labeled, reconstituted into lipid bi-
layers, and the ESR spectra were recorded. Based on the CD
results, bilayers with the protein reconstituted in the two
extreme lipid systems 14:1 PC and 22:1 PC were selected for
further study (i.e., the thinnest and thickest lipid bilayer). As
a rough indicator for the spin label mobility, the outer hy-
perfine splitting 2A,, for the various mutants reconstituted in
14:1 PC and 22:1 PC bilayers is shown in Fig. 2. In general
the spin labels in 22:1 PC bilayers are more restricted as
compared to 14:1 PC bilayers. However, the overall pattern
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FIGURE 1 CD spectra of 3-maleimidoproxyl-labeled M13 T46C mutant

coat protein reconstituted in unilamellar vesicles of 14:1 PC, 16:1 PC, 18:1
PC, 20:1 PC, and 22:1 PC at L/P 100 in 100 mM sodium phosphate buffer
(pH 8.0) at room temperature. The CD spectra were normalized to the same
intensity at 222 nm.
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FIGURE 2 Outer hyperfine splitting 24,, of ESR spectra of M13 mutant
coat protein labeled with 3-maleimidoproxyl at various positions and recon-
stituted into 14:1 PC (solid circles) and 22:1 PC (triangles) multilamellar
vesicles at L/P 100 in 150 mM NaCl, 10 mM Tris (pH 8.0), and 0.2 mM
EDTA at room temperature.

of mobility for the different protein segments in 14:1 PC
and 22:1 PC bilayers is about the same. Both the C- and
N-termini of the protein are unrestricted in mobility, whereas
the central part of the protein appears to be strongly immo-
bilized. Although analysis of the outer hyperfine splitting
2A,, of the ESR spectra suggests some modifications of the
conformation of the protein in the two lipid bilayers, it is not
possible to relate this directly with the CD results.

To extract the local structural information, the ESR spectra
were simulated with a model of asymmetric motional restric-
tion (21) and characterized via a multi-run hybrid evolution
optimization method (20). For all 27 mutants, the quality of
the simulated ESR spectra is excellent—the reduced y? is
between 3 and 5 at a signal/noise ratio between 250 and 400.
As an example, the experimental and fitted ESR spectra of
the spin-labeled mutants S13C, A25C, A35C, and T46C in
the two lipid bilayers are shown in Fig. 3. For reference pur-
poses, these mutants are selected to be well distributed along
the primary sequence. Fig. 3 also contains the corresponding
GHOST plots that provide the most significant and probable
groups of solutions of spectral parameters. The ESR line
shapes for the selected mutants in 14:1 PC along the protein
primary sequence are different, ranging from isotropic (posi-
tion 13), to moderately immobilized (position 46), to very
anisotropic (positions 25 and 35). Different rotational restric-
tions of the spin labels as suggested by different spectral line
shapes are well resolved by the GHOST plots. For example,
the rotational space for position 13 is completely open as
suggested by the large ¥ and ¢ values. On the other hand the
rotational space for spin label at position 25 is very restricted
as suggested by the green-colored component. As was dis-
cussed previously (21), only the ‘‘most restricted’’ compo-
nent represents the transmembrane state of the protein and
will be discussed further in the text. Other components re-
solved by this methodology can involve nonspecific labeling
and other local conformations with lower probabilities. In the
thicker lipid bilayer, 22:1 PC, all selected mutants show a
more restricted rotational space. The most pronounced
difference is observed at position 13, where the spin label
experiences a significantly more restricted rotational space in
22:1 PC as compared to 14:1 PC.

Biophysical Journal 91(9) 3341-3348
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FIGURE 3 ESR spectra of 3-maleimidoproxyl spin-labeled M 13 mutant coat proteins S13C, A25C, A35C, and T46C reconstituted into 14:1 PC and 22:1
PC multilamellar vesicles at L/P 100 in 150 mM NaCl, 10 mM Tris (pH 8.0), and 0.2 mM EDTA at room temperature (black line). Spectral line heights are
normalized to the same central line height. Simulated spectra (red lines) were fitted to the experimental ESR spectra (black lines) using an HEO optimization.
GHOST condensations plots are given where the parameter ¥ is the cone angle within the spin label can move, and parameter ¢ describes the asymmetry of the
cone. The relative fractions of a group of solutions for the two spectral parameters are indicated for each spin-labeled mutant. The red, green, and blue colors of
the solutions codes for the relative values of 7., W, and pa in their definition intervals {0-3 ns}, {0—4 G}, and {0.8-1.2}, respectively (40).

The GHOST condensation plots shown in Fig. 3 represent
the distribution of the effective free rotational spaces, i.e., the
cones defined by the maximal amplitudes of tilt and axial
rotations, within which the spin label attached to the protein
can wobble. Based on these parameters, the normalized free
rotational space, (), of the spin label can be defined as

Q= 490 /7. (M)

This parameter measures the space angle, i.e., the surface
of the cone left for spin label wobbling. It was deduced from
the experimental data, which indicated that the product of the
two cone angles is most sensitive for the protein local
motion. Note that both angles in this product are normalized
to the maximal amplitude, which is 7/2. In Fig. 4 the nor-
malized free rotational space () of the transmembrane state of
the protein reconstituted into 14:1 PC and 22:1 PC bilayers is
presented. In this figure, protein domains with differences in
the free rotational space can be well identified, for example,
segments with no restriction at both terminal ends or seg-
ments with large restrictions in the transmembrane a-helix.

Protein-folding elements in mismatching
lipid environments

By a close inspection of the data in Fig. 4, one can observe
different folding elements along the protein sequence. For
example, in 14:1 PC bilayers there is no restriction up to
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position 13, the notable exception, however, being position
10. Next, a relatively constant value for the normalized free
rotational space () around 0.4 is found from positions 15 to
23 comprising the amphipathic helix. There is a decrease in
the normalized free rotational space () going from amino
acid residues 23-25. This segment represents a part of the
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FIGURE 4 Positional dependence of the normalized free rotational space
Q (i.e., the effective space within which the spin label can wobble) of the
solutions belonging to the transmembrane state of the M 13 coat protein (21),
obtained from ESR spectral simulation of spin-labeled protein when recon-
stituted into 14:1 PC (solid circles) and 22:1 PC (triangles) lipid bilayers.
The data points are plotted on a logarithmic scale and represent the center of
mass of the () distribution, and the error bars point to their second moments.
The ESR spectra were recorded at room temperature above the gel-to-liquid
crystalline phase transition temperature of 14:1 PC and 22:1 PC.
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so-called hinge region that connects the amphipathic and trans-
membrane a-helix. Spin-labeled site 25 is the most strongly
immobilized one. The penetration of the protein through the
lipid-water interface at the C-terminal side seems to be
abrupt and associated with amino acid positions 44 and 46.

In the thicker 22:1 PC bilayers, the protein structure adapts
to the membrane in a slightly different manner. Overall, the
normalized free rotational space () is reduced as compared to
14:1 PC, indicating an increased restriction of the local spin
label motion. An unstructured N-terminus is seen up to po-
sition 7. The restriction of the normalized free rotational
space () associated with the N-terminal domain shifts toward
the N-terminus and extends from amino acid residues 10-23.
However, the membrane location at the C-terminus is not
affected. Both in 22:1 PC and 14:1 PC, there is a relative
strong restriction for positions 23-29.

Protein side-chain rotational diffusion

From a traditional point of view, it is reasonable to expect
that the rotational moment of the spin label attached to the
protein at different locations along the protein sequence and
at constant temperature is approximately constant. From Fig.
4, however, it follows that the space in which the spin label
can move differs along the protein sequence. As the rotational
moment is approximately constant at a given temperature
and environment, the rotational correlation time 7., which
is related to the time lapse between subsequent molecular
collisions that affect the rotational moment, should correlate
with the free rotational space. This implies that the spin label in
a more confined environment can keep its rotational moment
for a shorter time, i.e., it has a shorter correlation time. On
the other hand, a spin label that is spatially less restricted
remembers its motional momentum for a longer time, i.e., it
has a longer correlation time. To normalize the effect of spatial
restrictions on the rotational correlation time, it is useful to
recalculate the rotational correlation time taking into account
the surface of the cone where the spin label moves. Similar
to the classical lateral diffusion constant definition, we can
therefore define the rotational diffusion constant D as the
quotient of one-fourth of the mean-square displacement and
rotational correlation time 7. Note that mean-square displace-
ment in rotational diffusion is approximated with the product
of wobble angles, which is proportional to the free rotational
space ()

D = 9¢/4r,. ©)

The dependence of the diffusion constant D along the
protein sequence is shown in Fig. 5. In comparing the data
for 14:1 PC and 22:1 PC, it is striking to note that, except for
positions 12 and 13, the differences in the diffusion constant
are small. The spin label diffusion constant is ~3—4 times
lower for sites that are located in the amphipathic domain
and transmembrane «-helix, as compared to sites that are
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FIGURE 5 Positional dependence of the rotational diffusion constant D
obtained from ESR spectral simulation of spin-labeled M13 coat protein
when reconstituted in 14:1 PC (solid circles) and 22:1 PC (triangles)
bilayers.

located in the N- and C-terminus. Furthermore, there is a
strong gradient in the rotational diffusion constant in both
the N- and C-terminus. The spin label attached at the far end
of the C-terminus (position 49) has a lower diffusion con-
stant as compared to spin labels in the beginning of the
N-terminus.

DISCUSSION

The overall and local structure of a membrane protein re-
constituted in lipid bilayers with varying degrees of hy-
drophobic mismatch were studied by CD and SDSL ESR
spectroscopy. Site-specific protein cysteine mutants that were
selected to be approximately regularly spaced along the pri-
mary sequence of the M13 major coat protein were recon-
stituted into 14:1 PC, 16:1 PC, 18:1 PC, 20:1 PC, and 22:1
PC bilayers. In this work we demonstrate that SDSL in com-
bination with a new computational approach of ESR analysis
is capable of providing detailed local molecular information
in terms of protein local rotational restrictions that arise due
to reconstitution in lipid bilayers with hydrophobic mis-
match. The ultimate goal of this approach will be to combine
this information to obtain the overall structure of the protein.

Under hydrophobic matching conditions, M13 major coat
protein has been reported to be stably associated in a lipid
bilayer (7,13,14). In case of hydrophobic mismatch, however,
both lipids and protein molecules will tend to reorganize
themselves to lower the free energy. As follows from the ratio
of the CD intensities [6],,,/[0],,, the overall secondary
structure of the protein changes when going from a matching
18:1 PC bilayer to either thinner or thicker lipid bilayers.
Although CD spectroscopy may enable one to obtain a global
structure of the protein, provided the availability of a good
reference data set, it is less suitable to determine local molec-
ular details needed to explain relatively small structural rearrange-
ments upon hydrophobic mismatch.

To resolve local conformations of the protein in either
positively or negatively hydrophobic mismatching lipid

Biophysical Journal 91(9) 3341-3348
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bilayers, we will consider only the effect of the two lipid
bilayer extremes (i.e., 14:1 PC and 22:1 PC) on the local
structure of the protein. As the majority of the spin-labeled
protein sites appeared to be moderately immobilized in both
lipid systems, an attempt was made to explain the structural
rearrangements on the basis of the outer hyperfine splitting
2A,,. The overall motion of the protein in lipid bilayers is
assumed to be slow on the ESR timescale. When the slow
tumbling motion of the protein in the lipid bilayer is de-
coupled from the fast side-chain motion, the main contribu-
tion to the ESR spectrum would be an increase of the outer
hyperfine splitting. Apart from spin-labeled mutants 25 and
29, which have a relatively large outer hyperfine splitting, all
the other spin-labeled mutants have much smaller outer
hyperfine splittings. On the other hand, when the slow over-
all protein motion and fast amino acid side-chain motion are
correlated on the ESR timescale, the magnetic tensor com-
ponents would partially average out and the slow protein
motion would result in a distribution of spectral solutions.
The contribution of the slow protein motion, however,
should be similar along the labeled sites in the protein pri-
mary sequence. Since we observed a typical segmental pattern
of protein mobility (i.e., flexible N- and C-terminus and
amphipathic and transmembrane parts), it is not very likely
that a possible contribution of the slow protein motion
significantly affects the interpretation of the results.

In the literature, the outer hyperfine splitting 2A4,, of spin-
labeled proteins is frequently used as a measure of the local
constraints for the anisotropic rotational motion of the spin
label (27,32). Such an approach was carried out previously
on membrane-embedded M13 coat protein by Bashtovyy
et al. (33), who used the outer hyperfine splitting 24, to
search through the database of known micellar NMR structures
(34) to find the best fitting conformation by a constrained
geometry optimization in a phospholipid environment. How-
ever, in the absence of a detailed molecular model that re-
solves local constraints and free rotational space in
nonmatching 14:1 PC and 22:1 PC lipid bilayers, such a gen-
eral approach is not feasible. Furthermore, in complex multi-
component spectra, the outer hyperfine splitting 2A4,, may
not represent the relevant site-specific information (i.e., a
small immobilized fraction producing outer wings of the
spectrum may dominate the value of 2A4,,). Therefore, to ex-
tract the ESR spectral information that will be suitable for
structural modeling, a new method for data analysis is intro-
duced here that gives the most probable motional restriction
patterns for the spin-labeled site (20,21). This method pro-
vides a new parameter: the normalized free rotational space
Q) of the spin label while attached to the protein (Eq. 1).

The normalized free rotational space () data (Fig. 4) in
both 14:1 PC and 22:1 PC are consistent with the generally
accepted fold pattern of M 13 major coat protein (10,34,35).
In both lipid bilayers there is an unstructured N-terminus
followed by an amphipathic helix extending up to position
23. The hinge region that connects the amphipathic helix and
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transmembrane «-helix is reflected by strongly decreased
values of (). The transmembrane helix is ended with a flex-
ible unstructured short C-terminus. The membrane location
at the C-terminus is not affected by the lipid bilayer thick-
ness, in agreement with previous work (8). This effect can be
assigned to a unique concerted action of the C-terminal
phenylalanines (Phe-42 and Phe-45) and lysines (Lys-40,
Lys-43, and Lys-44) in membrane anchoring (9,10).

It is remarkable that given the range of the lipid bilayer
thicknesses and differences of the physicochemical properties
of 14:1 PC and 22:1 PC, the overall differences in the local
structures of the protein in the two lipid systems are relatively
small. This indicates that the local free rotational space of the
spin label attached to the protein is dominated primarily by
the conformation of the protein and affected only slightly by
the lipid surroundings. The only strong difference that can
be observed is related to the length of the unstructured
N-terminal domain, which is seven amino acid residues long
in 22:1 PC and 14 residues in 14:1 PC, an exception being
position 10, which is severely restricted already in 14:1 PC.
The observed length of the unstructured N-terminal domain
is consistent with the low-resolution structure of the protein
that is emerging from the analysis of site-directed FRET data
(P. V. Nazarov, R. B. M. Koehorst, W. L. Vos, V. V.
Apanasovich, and M. A. Hemminga, unpublished).

The resolution of the data presented in Fig. 4 further
enables fine tuning of the local structure of the protein within
a given structural element. It is interesting to note that in both
lipid systems, there is a relative strong restriction for posi-
tions 23-29. The most pronounced effect is found for posi-
tion 25, which is much more constrained than the average for
the spin labels in the a-helical transmembrane domain. This
is probably due to a cluster of bulky amino acid residues
in the vicinity (i.e., Ile-22, Tyr-21, Tyr-24, and Trp-26)
(33,37,38). These amino acid residues could restrict the local
spin label motion, but also the aromatic residues could com-
pact the helix by a sandwich effect due to the planar aromatic
side chains. Based on these findings, the local spin label
motion can be described in terms of structural hierarchy: 1),
structural effects due to the primary structure of the protein,
i.e., structural effects due to limitation of the rotational space
by the side chains of neighboring amino acid residues; 2),
structural effects due to secondary or higher structures of the
protein, i.e., folding elements such as a-helix or an unstruc-
tured state; and 3), structural effects due to the surrounding
lipid molecules.

Consistent with this classification, two rotational diffusion
regimes of the spin labels attached to the protein (see Fig. 5)
can be identified. The spin label rotational diffusion is either
low in the structured part of the protein by the presence of an
a-helical conformation in the amphipathic domain and trans-
membrane section or much higher at both unstructured
protein termini. Clearly, the normalized free rotational space
) is the most sensitive parameter to describe the local spin
label environment.
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The normalized free rotational space () in 14:1 PC in both
the amphipathic helix and transmembrane «a-helix is less
constrained than in 22:1 PC. In addition, the smaller value of
the outer splitting 2A,, (Fig. 2) and the larger value of the
normalized free rotational space () in 14:1 PC bilayers may
indicate a less stable and more loosely defined helix, i.e.,
hydrogen bonds break and close often. From molecular
dynamics simulations, it follows that hydrogen bonds that
keep the helix structure together can break and reform on the
ESR timescale (39). Therefore, ESR spectroscopy should be
sensitive enough to pick up this effect. It is presumed that
making a hydrogen bond is energetically more favorable in
the transmembrane protein domain than in the N-terminal do-
main. Therefore, it is expected that the transmembrane a-helix
is stiffer and more rigid with a reduced rotational space as
compared to the amphipathic helix. This is consistent with
the normalized free rotational space () data (see Fig. 4) that
show lower values in the transmembrane «-helix as com-
pared to the amphipathic helix. Thus we can conclude that on
average the transmembrane a-helix is more stable than the
N-terminal helix. The transition from a more loosely defined
amphipathic helix to a more rigid transmembrane helix is in-
dicated by the large change in the normalized free rotational
space () between position 22 and 25 in both lipid systems.

The SDSL approach developed in this work for membrane
proteins provides an alternative structural view as compared
to other biophysical techniques, such as NMR and x-ray
crystallography. The residue-level information that one can
extract from SDSL is useful for obtaining information about
protein folding, protein topology, protein-lipid interactions,
hydrophobic mismatch, and detection of function-related con-
formational changes of membrane proteins in different lipid
systems. The key advantage of the SDSL approach, however,
is that it is independent of the size of the proteolipid system
and can be applied in different membrane model systems, i.e.,
micelles and liposomes. Nevertheless the major challenge that
still lies ahead is how to exploit the information about the local
free rotational space to obtain a detailed overall structure of
membrane proteins with the resolution of one amino acid.
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