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Abstract

We have applied a bifunctional spin label and EPR spectroscopy to determine membrane protein
structural topology in magnetically-aligned bicelles, using monomeric phospholamban (PLB) as a
model system. Bicelles are a powerful tool for studying membrane proteins by NMR and EPR
spectroscopies, where magnetic alignment yields topological constraints by resolving the
anisotropic spectral properties of nuclear and electron spins. However, EPR bicelle studies are
often hindered by the rotational mobility of monofunctional Cys-linked spin labels, which
obscures their orientation relative to the protein backbone. The rigid and stereospecific TOAC
label provides high orientational sensitivity but must be introduced via solid-phase peptide
synthesis, precluding its use in large proteins. Here we show that a bifunctional
methanethiosulfonate spin label attaches rigidly and stereospecifically to Cys residues at i and i +
4 positions along PLB’s transmembrane helix, thus providing orientational resolution similar to
that of TOAC, while being applicable to larger membrane proteins for which synthesis is
impractical. Computational modeling and comparison with NMR data shows that these EPR
experiments provide accurate information about helix tilt relative to the membrane normal, thus
establishing a robust method for determining structural topology in large membrane proteins with
a substantial advantage in sensitivity over NMR.
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1. Introduction

Magnetically-aligned bicelles are a powerful tool for studying the structural topology of
integral membrane proteins by magnetic resonance spectroscopy. Reconstitution into
aligned bicelles can resolve the anisotropic spectral properties of nuclei for NMR or
nitroxide spin labels for EPR, yielding valuable information regarding protein orientation
with respect to the bilayer. Bicelles (bilayered micelles) are mixtures of long- and short-
chain phospholipids that combine to form flat patches of long-chain lipid bilayers bordered
by the short-chain lipids [3]. Due to the negative magnetic susceptibility (Ay) of bicelles, at
high magnetic field (By = 1 T), they align spontaneously with the membrane normal (n)
perpendicular to the field (n L Bg). Alignment is enhanced by the addition of lanthanides
that associate with the bicelle surface and further decrease Ay (Dy3*), or increase Ay (Tm3*)
to a positive value, flipping the bicelles such that they align with n parallel to the field (n ||

Bo) [3].

In solid-state NMR spectroscopy, particularly H/2°N PISEMA and SAMMY experiments,
membrane protein alignment in bicelles (or mechanically-oriented bilayers) resolves 1°N
—1H dipolar coupling and 1°N chemical shift anisotropies to permit the determination of
transmembrane helical tilt and azimuthal rotation [4]. Similarly, membrane protein
alignment in EPR can resolve the g-factor and hyperfine coupling anisotropies of nitroxides
introduced via site-directed spin labeling, and optimization of long-chain lipid composition
can produce excellent bicelle alignment in EPR, despite much lower magnetic field values
than in NMR [5]. EPR offers a substantial advantage over NMR in sensitivity and can be
applied to much larger proteins. However, conventional Cys-linked spin labels typically
exhibit intrinsic sub-microsecond rotational mobility relative to the peptide backbone,
resulting in motional averaging that limits their utility in EPR for determining peptide
backbone orientation and rotational dynamics.

To provide accurate information about protein backbone rotational dynamics [6] and
orientation of membrane proteins, we have used the spin label TOAC (2,2,6,6-
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tetramethylpiperdine-1-oxyl-4-amino-4-carboxylic acid), which suppresses backbone-
independent probe motion by incorporating the nitroxide group and a-carbon into the same
six-membered ring [7]. Using TOAC, the nanosecond rotational rates and amplitudes of
membrane protein domains have been measured by conventional EPR [6, 8-10], and even
microsecond motions have been measured by saturation transfer EPR, enabling analysis of
overall rotation of membrane proteins [11]. When applied to EPR in oriented bicelles,
TOAC has been shown to enable accurate measurement of helix tilt relative to the
membrane normal for small membrane proteins, including phospholamban (PLB) [7, 12],
with results that are consistent with NMR and X-ray crystallography studies [1, 13, 14].
While the rigid and stereospecific attachment of TOAC affords high orientational resolution,
TOAC must be introduced by solid-phase peptide synthesis, precluding its use in large
proteins. Thus bicelle EPR studies using TOAC have focused exclusively on small (< 60
residues) proteins amenable to peptide synthesis [7, 15]. In the present study, we focus on an
approach that is applicable to larger proteins, based on site-directed introduction of Cys
residues.

The bifunctional spin label HO-1944 (Figure 1, BSL) is a derivative of the widely used
monofunctional methanethiosulfonate spin label (MTSSL), and reacts with CxxC or CxxxC
motifs along a-helices, or CxC motifs along p-sheets. As recently reviewed [16], this
bifunctional attachment significantly restricts probe mobility and orientation with respect to
the peptide backbone, typically producing stereospecific attachment that permits accurate
EPR measurements of protein backbone dynamics and structure that are not feasible with
MTSSL and other labels that react with single Cys residues. Studies using BSL have probed
the us—ms rotational dynamics (detected by saturation transfer EPR) of actin-bound myosin
[17, 18] and tropomyosin [19], as well as the orientation of a helices within myosin in
oriented muscle fibers [20, 21]. BSL has been shown to enhance the resolution of double
electron-electron resonance (DEER) distance measurements for both aqueous [2] and
membrane [22, 23] proteins, presumably due to restriction of the probe’s attachment. In the
present study, we demonstrate that BSL can be used, in conjunction with magnetically-
aligned bicelles, to probe the structural topology of membrane proteins, with orientational
resolution and accuracy comparable to those of TOAC. For our model system we chose
phospholamban (PLB), a single-pass membrane protein that regulates the cardiac
sarcoplasmic reticulum Ca-ATPase (SERCA) [24]. Wild-type PLB equilibrates between
monomeric and homopentameric states, which possess different transmembrane helix tilts
(21° vs 15°, respectively) [1, 25]. The fully functional monomeric mutant C36 A/C41F/
C46A (AFA) was employed to simplify the system and eliminate potential spin-spin
interactions [26]. The structural topology of AFA-PLB in mechanically-oriented bilayers has
been thoroughly characterized by hybrid solution/solid-state NMR techniques, permitting
the interpretation of our results in the context of a high-resolution structure [1, 26, 27].

2. Materials and methods

2.1. Protein preparation and labeling

Single-Cys (F32C, for monofunctional labeling) and double-Cys (F32C/A36C, for
bifunctional labeling) PLB constructs were prepared by QuikChange mutagenesis (Agilent
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Technologies) of a plasmid encoding Cys-free (C36A/C41F/C46A) PLB as a cleavable
fusion to maltose binding protein (MBP) [28]. Expression was carried out in BL21(DE3)
cells (Lucigen) grown in Terrific Broth at 37 °C and induced with 0.5 mM IPTG once
ODgqg reached 2.5 — 3.0. Following induction, cells were incubated 20 hr at room-
temperature before collection by centrifugation, after which expressed MBP-PLB was
purified by amylose resin chromatography, cleaved with recombinant TEV protease [29],
and purified by HPLC [30, 31]. Each purified, lyophilized PLB construct was solubilized at
100 pM in 50 mM Tris-HCI, 5% (w/v) SDS, pH 7.5 and immediately combined with 2-fold
molar excess BSL (Toronto Research Chemicals) from a 25 mM stock in N,N-
dimethylformamide, followed by 16 hr incubation at room-temperature with protection from
light. The next day, spin-labeled protein was re-purified by HPLC and lyophilized, then
solubilized at ~1 mg/mL in trifluoroethanol and stored at —20 °C.

Labeling stoichiometry was determined to be 0.95-1.0 (mol BSL/mol PLB), by dissolving a
portion of each lyophilized powder in 5% (w/v) SDS and comparing the double integrals of
their EPR spectra to that of a 100 uM TEMPOL standard, followed by determination of
protein concentration using the BCA assay (Thermo Fisher Scientific). Stoichiometry was
confirmed by electrospray ionization mass spectrometry (ESI-MS). Lyophilized powders
were solubilized in 50:50 HoO/acetonitrile (v/v) containing 0.1% (v/v) mass-spectrometry-
grade formic acid (Sigma-Aldrich). Samples were characterized by direct infusion onto an
Agilent MSD SL lon Trap operating in positive ion mode.

2.2. Sample preparation and EPR spectroscopy

Spin-labeled PLB was reconstituted at 1400 long-chain lipids per PLB into 2/2/1 (mol/mol)
DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine, 14:0 PC) / POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine, 16:0-18:1 PC) / DHexPC (1,2-dihexanoyl-sn-
glycero-3-phosphocholine, 6:0 PC) bicelles containing 13% cholesterol (mol/mol long-chain
phospholipid) and 20% TmCl3 or DyCl3 (mol/mol long-chain phospholipid) [5, 7, 32]. This
lipid composition was shown previously to optimize bicelle orientation at X-band magnetic
field strength and 298 K [5]. To prepare bicelles, lipid and cholesterol stocks in chloroform
(Avanti Lipids) were combined with PLB, dried under N, gas, and stored overnight in a
vacuum desiccator. The resulting films were resuspended at 25% (w/v) in 100 mM HEPES,
pH 7.0 by thorough vortexing and ice bath sonication, after which the samples were
combined with lanthanides also dissolved in 100 mM HEPES. Samples were then flash-
frozen and thawed three times to ensure lipid homogeneity. To produce isotropic lipid
vesicles, samples were prepared as described above while omitting DHexPC.

EPR experiments were performed on a Bruker EleXsys E500 spectrometer equipped with a
resonator (ER 4122 SHQ) containing a quartz dewar insert attached to a nitrogen gas
temperature controller. 16 pL samples were loaded into 0.6 mm inner diameter glass
capillaries (Vitrocom) and plugged with Critoseal (Krackeler Scientific). For vesicle
samples, spectra were acquired immediately at 298 K or 200 K. For alignment, bicelle
samples were first incubated in the resonator for 5 min at 273 K in the absence of a magnetic
field. The field strength was then raised to 1.1 T and the temperature gradually increased to
298 K at a rate of 2 K per minute. Samples were then incubated for 20 min at 298 K and 1.1
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T before the field strength was decreased for EPR measurements [5]. Spectra at 298 K were
acquired using 1 G peak-to-peak amplitude modulation, 5 mW microwave power, and a 120
G sweep width, while spectra at 200 K were acquired using 1 G peak-to-peak amplitude
modulation, 0.1 mW microwave power and a 120 G sweep width.

2.3. Molecular dynamics simulations

To extract the helical tilt of PLB’s transmembrane helix from EPR measurements, we
modeled BSL at positions 32 and 36 of the PLB TM helix (residues GIn23 to Leu52) using
the high-resolution NMR structure of AFA-PLB (PDB 2KB7) [34] and dihedral angles
measured from the crystal structure of BSL-T4-lysozyme [2]. Langevin dynamics, with
SCPISM implicit solvation at 300 K with a viscosity factor of 5 for enhanced sampling, was
performed using CHARMM (CHARMMS36 force field) [35, 36]. This method samples the
conformational space efficiently without the long simulation times required by all-atom
molecular dynamics simulations. During the 160 ns simulation, the backbone of the PLB
helix was constrained to the initial conformation. From this trajectory, the probability
distributions for the spherical angles describing the orientation of the PLB TM helix in the
nitroxide probe frame (6pp and @y, Figure 2b) were tabulated. These distributions were
well-fit by a standard Gaussian model.

2.4. Data analysis

EPR spectra were background-corrected and normalized in WACY, an in-house EPR
analysis program developed by Edmund Howard. WACY was also used to analyze the rigid-
limit spectra acquired at 200 K. All other spectra were analyzed first using the LabView
program MultiComponent [37] to determine approximate values for fitting parameters.
These values were then refined using NLSL [38]. Spectra of randomly oriented samples
were analyzed assuming the microscopic-order macroscopic-disorder (MOMD) model [38].
Initial values for the electron g and hyperfine tensors were obtained from fits to the EPR
spectrum of a frozen (200 K) lipid vesicle sample. Spectra of aligned bicelles (parallel and
perpendicular to the magnetic field) were fit globally under a partial MOMD model with the
orienting potential provided by the lipid environment, with the director ¥ collinear with the
membrane normal. We again used an isotropic rotational diffusion tensor and the first
coefficient of the orienting potential (cyg). To optimize the fit, values for the g-tensor and
axially symmetric hyperfine tensor were allowed to vary by no more than 1% and 5%
respectively to account for changes in environmental conditions such as polarity. During
global fitting, the director tilt angles were fixed at 0° (parallel) and 90° (perpendicular)
while the diffusion tilt angles Bp and yp (Figure 2f) for the spin probe were allowed to vary.
Parameter errors were estimated from at least four unique fitting routines per fit with
differing starting conditions, as well as direct error output from MultiComponent and NLSL.

The PLB helix tilt angle 0y, (Figure 2d) was defined as the dot product of the membrane
normal n and the helix vector h in the nitroxide probe frame. The helix vector is described
by angles O, and onp (Figure 2b), as determined from molecular dynamics simulations. To
obtain the membrane normal n in the nitroxide probe frame, we started with its
representation in the diffusion frame, which is simply the z-vector: (0, 0, 1). We then
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performed an Euler rotation transformation (z-y-z convention, Figure 2f) using the diffusion
tilt angles Pp and yp:

cos(Bp, )cos(y,)  —cos(By,)sin (v,) sin(B))
R= sin(7,) cos (B, )eos(vp,) 0 0
—sin(8,)cos (y,)  sin(8,)sin(y,) cos(B,) J

Multiplication of the z-vector with R from Equation 1 yields the membrane normal in the
nitroxide probe frame (n in Figure 2a). Subsequently, the dot product was calculated to
determine 6y, (Figure 2d):

.n=arccos(n - h)

0 sin(6y,p)cos (Pnp)
0 J : L sin(60p,p)sin (@np) J
1

cos(0np)

@

=arccos R

3. Results

3.1. Protein characterization by mass spectrometry

Electrospray ionization (ESI) mass spectrometry shows that the 32-BSL-PLB construct has
one monofunctionally attached BSL with its second methanethiosulfonate group intact
(Figure S1a), while 32/36-BSL-PLB contains a bifunctionally-attached label as the
predominant species (Figure S1b). This is further supported by the absence of dipolar
broadening in the EPR spectra (Figure 3), which would be observed clearly if two labels
were each monofunctionally attached to the 32/36-BSL-PLB construct. Figure S1 also
shows that PLB was not cross-linked by BSL for either of the 32- or 32/36-BSL-PLB
constructs, as evidenced by the lack of higher molecular weight species.

3.2. EPR of randomly oriented membranes

To obtain initial values for the electron g and hyperfine tensors, we acquired the spectrum of
monofunctional 32- and bifunctional 32/36-BSL-PLB in frozen lipid vesicles at 200 K and
analyzed the spectra assuming a rigid-limit model with random orientation (Figure 3a,c).
These frozen isotropic samples lack the confounding effects of rotational motion and
anisotropy. The g- and A-tensor values are similar for monofunctionally and bifunctionally
attached BSL (Table 1).

Spectra obtained at ambient temperature (298 K, Figure 3b,d) have the characteristic
lineshape of strongly immobilized spin labels, and are only slightly narrower than those of
frozen samples (Figure 3a,c), indicating that any nanosecond rotational motion is slow (tg >
10 ns) and/or restricted (order parameter S > 0.3). This is confirmed by analysis of rotational
dynamics using a standard MOMD model (Table 1) [38]. Monofunctionally-labeled PLB is
characterized by moderately slow (tg = 16.7 £ 1.1 ns) and restricted (S = 0.37 + 0.09)
rotational dynamics, compared with much slower (tg = 76.2 + 2.2 ns) and more restricted (S
= 0.55 £ 0.07) rotational dynamics for bifunctionally-labeled PLB.
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3.3. EPR of aligned bicelles

To prepare aligned samples, we prepared 2:2:1 (mol/mol) POPC/DMPC/DHexPC bicelles
containing 13% cholesterol (mol/mol long-chain lipid). With the addition of lanthanides
(20% TmCl3 or DyCl3, mol/mol long-chain lipid), we observed complete alignment of these
bicelles at 298 K using 5-DOXY L-stearic acid as a reporter (Figure S2) [5]. Spectra of
bicelles with the membrane normal aligned parallel (n || Bp) and perpendicular (n L Bg) to
the field show substantial differences in outer splitting (Figure S2), clearly indicating
alignment. In contrast to the spectra of randomly oriented samples (Figure 3), spectra of
aligned bicelles (Figure 4) are quite different for monofunctional and bifunctional labeling.
For the monofunctionally attached 32-BSL-PLB, the spectrum of bicelles aligned parallel to
the field has broadened features at low and high field (Figure 4a), indicating orientational
disorder and/or sub-microsecond rotational dynamics. The corresponding spectrum of
bicelles aligned perpendicular to the field (Figure 4b) is only slightly different from the
spectrum of randomly oriented membranes (Figure 3b), also supporting orientational
disorder. Since these bicelles are homogeneously aligned (Figure S2) and do not exhibit
significant spin-spin interactions (Figure 3), Figure 4a,b indicates substantial disorder in the
orientation of BSL relative to PLB in the monofunctionally-labeled construct. In contrast,
the bicelle spectra from bifunctionally-labeled 32/36-BSL-PLB (Figure 4c,d) are quite
distinct from each other and from the spectra of randomly oriented membranes (Figure 3d).
Thus bifunctional labeling results in much greater dependence of the spectrum on bicelle
orientation, indicating much greater alignment of the spin label relative to the membrane.

Based on the crystal structure of bifunctionally labeled BSL-T4-lysozyme [2] and previous
EPR measurements of bifunctionally-labeled BSL-myosin in oriented muscle fibers [21],
BSL is predicted to attach with its principal axis (zp) tilted ~75° relative to the helix long
axis h. For PLB in bicelles aligned parallel to the field, h is only ~20° away from the
membrane normal [1], which explains why bicelles aligned perpendicular to the field yield a
spectrum with substantially wider splitting than for the parallel case (Figure 4a,c).

As in randomly oriented samples (Figure 3), 32-BSL-PLB in oriented bicelles is
characterized by faster dynamics (shorter correlation time tg) with larger amplitude (lower
order parameter S) (tg =10.8 £ 0.8 ns, S = 0.39 + 0.04) in comparison to 32/36-BSL-PLB
(tr=70.5+4.1ns, S =0.57 £ 0.05) (Table 1). For 32-BSL-PLB, the nitroxide angles
relative to the membrane normal are 62° + 19° for B (tilt) and 48° + 34° for yp (twist). The
large uncertainties for monofunctionally attached BSL are consistent with substantial
orientational disorder. In contrast, these angles are much better defined for 32/36-BSL-PLB
(90° £ 3° for B p and 62° £ 20° for yp, Table 1).

3.4. Molecular modeling and MD simulations

We found the position and orientation of BSL to be quite stable relative to the helix axis (h,
Figure 2b), with our simulation reporting an average probe-to-helix polar angle (6pp) of 69°
+3° (FWHM ~ 15°) and an average probe-to-helix azimuthal angle (¢pp) of 71° £ 5°
(FWHM ~ 20°) as shown in Figure 5. By calculating the dot product of the membrane
normal and the helix axis (neh) using the diffusion tilt angles corresponding to 32/36-BSL-
PLB from Table 1 and the probe-to-helix angle distributions from Figure 5 (Equations 1 and
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2), we obtained a PLB TM helix tilt of 21.8° + 2° (Table 2), in excellent agreement with the
helix tilt of 21° + 2° determined by NMR [1]. When the simulated 32/36-BSL-PLB TM
helix was aligned at the same orientation as the 2KB7 NMR structure in a lipid bilayer, we
measured a probe-to-membrane angle of 89° + 2° between the membrane normal and the
nitroxide principal axis (Table 2). This is in excellent agreement with the value of pp (90.0°
+ 3°) from our fitted EPR data, since the director axis was taken to be the membrane normal
(T =0°).

4. Discussion

Due to multiple possible labeling outcomes (monofunctional attachment, bifunctional
attachment, cross-linking, etc), we characterized labeling for both 32-BSL-PLB and 32/36-
BSL-PLB constructs by mass spectrometry. The results (Figure S1) show that under
appropriate labeling conditions, bifunctional attachment can be obtained for a double-Cys
target, as opposed to one or two monofunctional attachments. The label:protein molar ratio
is an important consideration during sample preparation; we found that a 2:1 BSL-to-PLB
molar ratio resulted in optimal labeling, as judged by immobilization and minimal free label
(Figure S3). These results are specific to our protein constructs and labeling scheme. Thus,
solubilization detergent, spin label concentration, labeling duration, and incubation
temperature may all require optimization for specific applications.

Spectra of randomly oriented membranes show only slight differences due to
monofunctional and bifunctional labeling (Figure 3), indicating that the probe is “strongly
immobilized” (tg > 10 ns and/or S > 0.3) in both cases. The strong immobilization of
monofunctionally attached BSL is much greater than that typically observed for the
monofunctional methanethiosulfonate spin label (MTSSL) [21]. This suggests that the
second, unreacted methanethiosulfonate group of monofunctionally-attached BSL interacts
with the protein and thus restricts probe mobility, as observed previously for a study of T4
lysozyme using 4-substituted MTSSL derivatives [39]. Computational analysis of spectra in
Figure 3 reveals that bifunctional attachment of BSL to PLB yields significantly stronger
immobilization (longer values of Table 2), similar to that of TOAC [11], showing that any
nanosecond rotational motion of bifunctionally-labeled PLB at ambient temperature reflects
that of the protein backbone of PLB. The difference between monofunctional and
bifunctional attachment of BSL is clearly revealed by spectra of oriented bicelles, where
spectra reveal much greater orientational order for bifunctional attachment (Figure 4),
confirming the rigid and stereospecific attachment of BSL to the protein’s helical backbone.

The agreement between our EPR and MD data indicates that suitable analysis models were
implemented in our study. The diffusion tilt angle Pp is directly calculable from both EPR
and MD methods (Table 2), showing excellent agreement. In addition, our MD simulation of
BSL on PLB is largely consistent with a previous X-ray crystal structure [2] (Table 2). Some
deviation is expected due to differences in probe environment and local dynamics, as BSL is
located near a loop region in the crystal structure [2], and at the center of a stable a-helix on
our PLB construct. Perhaps most important is the agreement of the PLB TM helix tilt angle
(Table 2) calculated from our EPR and MD measurements versus previous NMR
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experiments [1]. This helps to validate our experimental approach of using oriented bicelle
EPR in conjunction with MD simulations to determine protein topology.

5. Conclusions

We have shown that EPR spectra of a bifunctional methanethiosulfonate spin label (BSL,
attached to two Cys side-chains separated by four residues) can be used to determine
accurately the orientation and rotational dynamics of an a-helical segment of an integral
membrane protein that is reconstituted into magnetically-aligned bicelles. A
monofunctionally attached spin label cannot provide this accuracy. Thus BSL is a suitable
alternative for the rigid and stereospecific spin label TOAC for large proteins where peptide
synthesis is not feasible. This work substantially expands the range of proteins for which
EPR can provide accurate information about orientation and rotational dynamics of
structural elements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
e Bifunctional spin labels attach rigidly and stereospecifically to proteins.
« Monofunctional spin labels do not.
» Accurate orientation measurements require rigid and stereospecific spin labels.
e Molecular dynamics simulations determine spin label conformation on proteins.

e EPR and MD synergize to produce accurate phospholamban structural data.
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Left: structural formula of BSL before and after reaction. Right: energy-minimized structure
of BSL attached to Cys at positions 32 and 36 on monomeric PLB, based on the NMR
structure [1]. BSL dihedral angles were initialized from an x-ray crystal structure of BSL
attached to a helix on T4 lysozyme [2], then further refined by molecular dynamics
simulations to produce the shown structure. The bilayer normal is indicated by n, the bilayer
surface by dashed lines, and dotted lines indicate the approximate boundaries of the
hydrophobic interior.
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Figure 2.
BSL nitroxide coordinate system (Xp, Yp, zp) with membrane normal (n) and helix long axis

(h) vectors. (a) The membrane normal is described by the spherical angles 0y, and @np. (b)
The helix long axis is described by the spherical angles Oy, and onp. () Onp is the angle
spanning n to h, the PLB transmembrane helix tilt relative to the normal (d). (e) Closeup of
the nitroxide coordinate system superimposed on the nitroxide structure. (f) Euler rotation
(z-y-z convention) with diffusion tilt angles pp and yp used to transform the principal
diffusion axis (zg = n) into the probe coordinate system shown in (a) [33].
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Figure 3.
EPR spectra (black) of monofunctional 32-BSL-PLB (left) and bifunctional 32/36-BSL-PLB

(right) in randomly-oriented lipid vesicles at 200 K (top) and 298 K (bottom), with best fits
(red) for rigid-limit (200 K) and MOMD (298 K) models (parameters from fits in Table 1).
Sweep width on horizontal axis is 120 G.
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Monofunctional Bifunctional
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Figure 4.

EPR spectra (black) of monofunctional 32-BSL-PLB (left) and bifunctional 32/36-BSL-PLB
(right) in bicelles with the membrane normal aligned parallel (top) and perpendicular
(bottom) with respect to the applied magnetic field. Best fits (red) correspond to global
analysis of (a) and (b) or (c) and (d). Parameter values from fits are in Table 1. Spectra were
acquired at 298 K, and sweep width on horizontal axis is 120 G.
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Figure 5.
Distribution for angles between nitroxide principal axis and PLB long helix axis (0, and

®np) reported by molecular dynamics simulation of BSL modeled at positions 32 and 36 of
the transmembrane helix. Peak values and associated uncertainties shown as inset text.
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Table 2

BSL orientation comparison utilizing EPR, NMR, MD, and x-ray crystallography data. Row 1: PLB
transmembrane helix tilt determined by EPR using MD probe conformation, as compared to NMR data [1].
Row 2: BSL diffusion tilt angle determined by EPR, as compared to molecular dynamics simulations. Row 3:
BSL principal axis tilt relative to the helix axis determined by molecular dynamics simulations (MD), as
compared to the crystal structure of a BSL-labeled helix in T4 lysozyme [2].

PLB TM Helix Tilt (0,) | 21.8° +2° (EPR + MD) | 21° + 2° (NMR)

Diffusion Tilt Angle (Bp) 90° + 3° (EPR) 89° + 2° (MD)

Probe-to-Helix Tilt (Bpp) 69° + 3° (MD) ~75° (XTAL)
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