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ABSTRACT: Understanding the structure and dynamics of membrane proteins in their native, hydrophobic
environment is important to understanding how these proteins function. EPR spectroscopy in combination with
site-directed spin labeling (SDSL) can measure dynamics and structure of membrane proteins in their native lipid
environment; however, until now the dynamics measured have been qualitative due to limited knowledge of the
nitroxide spin label’s intramolecular motion in the hydrophobic environment. Although several studies have
elucidated the structural origins of EPR line shapes of water-soluble proteins, EPR spectra of nitroxide spin-labeled
proteins in detergents or lipids have characteristic differences from their water-soluble counterparts, suggesting
significant differences in the underlying molecular motion of the spin label between the two environments. To
elucidate these differences,membrane-exposedR-helical sites of the leucine transporter, LeuT, fromAquifex aeolicus,
were investigated using X-ray crystallography, mutational analysis, nitroxide side chain derivatives, and spectral
simulations in order to obtain a motional model of the nitroxide. For each crystal structure, the nitroxide ring of a
disulfide-linked spin label side chain (R1) is resolved and makes contacts with hydrophobic residues on the protein
surface. The spin label at site I204 on LeuT makes a nontraditional hydrogen bond with the ortho-hydrogen on its
nearest neighborF208,whereas the spin label at siteF177makesmultiple vanderWaals contactswith ahydrophobic
pocket formed with an adjacent helix. These results coupled with the spectral effect of mutating the i( 3, 4 residues
suggest that the spin label has a greater affinity for its local protein environment in the low dielectric than on awater-
soluble protein surface. The simulations of the EPR spectra presented here suggest the spin label oscillates about the
terminal bond nearest the ring while maintaining weak contact with the protein surface. Combined, the results
provide a starting point for determining amotional model for R1 onmembrane proteins, allowing quantification of
nitroxidedynamics in the aliphatic environmentof detergent and lipids. In addition, initial contributions to a rotamer
library ofR1onmembrane proteins are provided,whichwill assist in reliablymodeling theR1 conformational space
for pulsed dipolar EPR and NMR paramagnetic relaxation enhancement distance determination.

Site-directed spin labeling (SDSL)1 is a powerful method
uniquely suited for investigating structure and dynamics of soluble

and membrane proteins of arbitrary molecular weight (1-9). In
SDSL, a radical containing nitroxide spin label is site specifically
introduced into a protein (e.g., selectively reacted with the free
sulfhydryl of a single cysteine). The most commonly used spin
label is a methanethiosulfonate derivative, designated R1, which
is attached to the protein via a disulfide bond (Figure 1). The
resulting electron paramagnetic resonance (EPR) spectrum of
R1 reflects the overall rotationalmotions of the nitroxide ring on
a nanosecond time scale (at X-band; 9.5 GHz). The dynamic
modes that contribute to the motion of the nitroxide are (i) the
intramolecular motion of the side chain, (ii) backbone motion
(rigid body or oscillations about the backbone dihedral angles),
and (iii) the overall rotational diffusion of the protein. For
soluble proteins with amolecularmassg50 kDa andmembrane-
bound proteins, the contribution of the protein rotational
diffusion to the EPR line shape is negligible (1, 6). Several
studies of R-helical soluble proteins have determined the back-
bone and side chain rotational contributions to the EPR line
shape, allowing functionally relevant backbone dynamics to be
investigated and quantified (1-3, 6, 10-15). However, quanti-
fying dynamics with SDSL in membrane proteins has not yet
been realized due to the complexity of the EPR spectra and the
absence of high-resolution structures of spin-labeled R-helical
membrane proteins. The aimof this study is to extend the soluble
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protein efforts to R-helical membrane proteins, which have
characteristically different EPR spectra (Figure 2), in order to
expand the application of SDSL to include quantitative mea-
surements of membrane protein dynamics.

Nitroxides at solvent-exposed R-helical sites (SEHS) on solu-
ble proteins have little interaction with neighboring residues and,
therefore, were investigated to quantify the internal nitroxide side
chain dynamics (2, 14, 15). A motional model for R1 at SEHS on
soluble proteins was elucidated using mutational analysis (1, 15),
systematic perturbation of the nitroxide probe (2, 10, 15), theo-
retical spectral fitting (2, 10), and several crystal structures of T4
lysozyme (T4L) containing the R1 side chain (11-14). The R1
side chain was found to be ordered by an interaction between the
Sδ of R1 with the CR hydrogen of R1 (12-14, 16), which reduces
the amplitude of nitroxide motion as well as rates of motion
about the first two bonds (defined by dihedrals χ1 and χ2;
Figure 1). This restriction, together with the intrinsic barrier to
rotation about the disulfide bond (χ3) (17), leads to the “χ4/χ5”
model (hereafter referred to as the anisotropic-order χ4/χ5 model)
in which limited torsional oscillations about the two terminal
bonds of the side chain largely determine the motion of the
nitroxide ring (10). The motion of the nitroxide 2p molecular
orbital is described using a microscopic order macroscopic
disorder (MOMD) model (18) with simple anisotropic motion
defined by an order parameter and an effective correlation
time (2, 3, 10). Within the context of the anisotropic-order χ4/
χ5 model, the quantified internal modes of R1 are independent of
position along the solvent face of anR-helix, and variations in line
shape among structurally similar sites should reflect contribu-
tions from other dynamicmodes, namely, backbone fluctuations.
The potential of quantifying backbone dynamics using this R1
motional model was demonstrated by comparing the dynamics
measured with SDSL to those determined with NMR for the
DNA-binding domain of GCN4 (2).

EPR spectra of aqueous solvated residues at SEHS have
characteristic differences from analogous sites exposed to an
aliphatic environment (Figure 2). The aliphatic solvated residues
have spectra that are broader and frequently contain multiple
components (labeled R and β in Figure 2). To understand the
differences between EPR spectra of R-helical soluble and mem-
brane proteins, we chose to investigate SEHS sites on the leucine
transporter, LeuT, of Aquifex aeolicus, which were analogous to
the solvent-accessible sites already studied on T4L (19). Specifically,

residues F177 and I204 were chosen as possible SEHS because
modeling of R1 indicated these sites potentially lacked tertiary
contacts, were solvent exposed, and were not located at lattice
contact sites (Figure 3).

The structures forR1 residues at two SEHS sites are presented,
and in both cases, electron density of the nitroxide ring is
observed due to interactions with the protein environment. In
each case, the R1 side chain adopts the {m,m} rotamer (dihedral
convention of Lovell et al. (21) is used; {χ1, χ2};m=-60�( 20�,

FIGURE 1: Nitroxide side chain structures. Themost commonly used
nitroxide side chain (R1) as well as two additional nitroxide side
chains, R7 and R5, which have modifications of the nitroxide ring.
The dihedral angles χ1-χ5 are labeled and are identical for the three
side chains. R5 has a saturated bond in the nitroxide ring (the
enantiomers can be separated and are designatedR5(þ) andR5(-)).
R7 has a bromine atom attached to the 4-position of the ring.

FIGURE 2: Solvent-exposed helical sites (SEHS) of soluble andmem-
brane proteins. Representative EPR line shapes of R1 at SEHS of
soluble (T4L (10) and the soluble forms of annexin (57) and coli-
cin (58); spectral fit of T4L 72R1 in solid red below the experimental
spectrum) and membrane proteins (bacteriorhodopsin (Br) (59), the
potassium channel KcsA (33), and rhodopsin (Rho) (34)) are shown
for comparison. The boxes highlight the central line of SEHS on
soluble and membrane proteins, which are typically broader for
membrane proteins, one of the spectral differences between the
SEHS. Multiple spectral components are labeled R (mobile) and β
(immobile). Molecular models are shown to compare the environ-
ment of T4L and bacteriorhodopsin SEHS. The i( 3, 4 are rendered
in stick, and the nitroxide is represented in a sphere filling model.

FIGURE 3: Spin-labeled sites on LeuT. Crystal structure of LeuT
(PDB ID 2A65 (19)) with F177 and I204 R-carbons displayed as red
spheres. SiteF177 is located in the center of helix 4 (green), and I204 is
in the middle of helix 5 (orange).
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p = þ60� ( 20�, and t = 180� ( 20�), and the CR-H 3 3 3 Sδ
interaction is observed. Although these conformers suggest a χ4/χ5
model similar to that used for SEHS sites in T4L, the additional
interactions between R1 and the protein surface appear to alter the
motional model (hereafter referred to as anisotropic-rate χ4/χ5
model). In addition, mutagenesis, theoretical spectral fits, and
temperature studies suggest that many weak interactions stabilize
the nitroxide ring on the hydrophobic surface of the protein
resulting in a highly anisotropic motion (both in rate and order)
of the nitroxide. The results of this study provide a starting point
for determining a motional model for R1 on membrane proteins
allowing quantification of nitroxide dynamics in the aliphatic
environment of detergent and lipids. In addition, initial contribu-
tions to a rotamer library of R1 on membrane proteins are
provided, which will assist in reliably modeling the R1 side chain
for pulsed dipolar EPR distance determination (22) as well as
NMR-based paramagnetic relaxation enhancement (PRE) dis-
tance measurements (23).

MATERIALS AND METHODS

Cloning, Expression, and Purification of LeuTMutants.
The plasmid pET16b containing the LeuT gene was a generous
gift from Dr. Eric Gouaux (Vollum Institute, Oregon). All
cysteine and alanine mutations were introduced using PIPE
mutagenesis (24). Mutants were confirmed by sequencing the
entire gene (Genewiz Inc., South Plainfield, NJ). Expression and
purification of LeuT were performed according to a previously
described protocol (19). The DNA for the LeuT pET16b con-
struct encoding a C-terminal eight His tag was transformed into
C41 (DE3) cells. Cells were grown at 310 K to an OD600 of
0.6-0.8 in Terrific broth and inducedwith 100 μMIPTG for 20 h
at 293 K. The cells were resuspended and lysed in 20 mM Tris-
HCl (pH 8.0), 190 mM NaCl, 10 mM KCl, and 1 mM lysis
buffer. After the cells were lysed, the cell debris was removed
by centrifugation at 15000g for 60 min. The cell membranes
were isolated from the supernatant by centrifuging at 142200g
for 210 min. The resulting pellet was resuspended in 50 mL
(for 3 L of cell culture) of lysis buffer with 40 mM DDM
(Anatrace, Inc., Maumee, OH) and stirred overnight at 277 K.
Afterward, the suspension was passed through a Co2þ-affinity
column equilibrated with 10 column volumes of lysis buffer.
The column was washed with 15 column volumes of lysis
buffer with 1 mMDDMand 20 mM imidazole and eluted in 10
column volumes of lysis buffer with 1 mMDDM and 300 mM
imidazole.
Spin Labeling of LeuT Mutants. The eluted fraction was

concentrated and passed through a PD-10 column (GEHealthcare
Bio-Sciences Corp., Piscataway, NJ) to remove TCEP and imid-
azole and to exchange the buffer (pH was adjusted from 8.0 to 7.0
for higher labeling efficiency). The PD-10 column eluate was
incubated with a 5-fold molar excess of (1-oxy-2,2,5,5-tetra-
methyl-3-pyrroline-3-methyl)methanethiosulfonate, R1 (a gift
from Wayne Hubbell, UCLA, and K�alm�an Hideg, University of
P�ecs), or 4-bromo-(1-oxy-2,2,5,5-tetramethyl-3-pyrroline-3-methyl)-
methanethiosulfonate, R7, or (()-(1-oxy-2,2,5,5-tetramethylpyrro-
lidin-3-yl)methylmethanethiosulfonate, R5((), (TorontoResearch
Chemicals Inc., Toronto, Canada) at room temperature overnight
to ensure complete labeling. To remove theHis tag, the spin-labeled
protein was incubated with 75 μg of thrombin (MP Biomedicals,
Solon, OH) for 3 h at room temperature. The digested solution
was passed through 0.5 mL of a p-aminobenzamidine-agarose

(Sigma-Aldrich, St. Louis,MO) resin to remove the thrombin. The
flow-through was concentrated and purified further using aHiPrep
Sephacryl S200HR 320 mL column (GE Healthcare Bio-Sciences
Corp., Piscataway, NJ) equilibrated with 20 mM Tris-HCl (pH
7.0), 190 mM NaCl, 10 mM KCl, and 40 mM OG. The eluted
fraction was dialyzed in a 3.5 kDa MWCO dialysis cassette
(ThermoScientific, Rockford, IL) against 0.25L to a concentration
of 10mMTris-HCl (pH7.0), 45mMNaCl, 5mMKCl, and40mM
OGovernight at 277K. SDS-PAGEwas used to analyze fractions
and assess cleavage and protein purity.

The spin-labeling procedure outlined above results in a
background signal as is evident in the spectrum obtained with
the cysteine-less LeuT construct (Figure S1, panel A). For
cysteine mutants of LeuT, the background signal is approxi-
mately 5% the intensity of the EPR spectrum (Figure S1). To
reduce the background signal of spin-labeled samples, the
solutions were incubated at room temperature for approxi-
mately 3 days before being passed through a PD-10 column
(loaded <200 μL and eluted into 3.5 mL) to remove the
unreacted spin label, reducing the background signal to less
than 1% (Figure S1, panel B).
X-ray Crystallography of Spin-Labeled LeuT Mutants.

Crystalswere grownusing sitting drop vapor diffusionwith awell
solution of 0.1 M HEPES-NaOH (pH 7.0), 22-28% PEG-550
MME, and 0.2 M NaCl. Crystallization drops consisted of 1 μL
of ∼7 mg/mL LeuT and 1 μL of well solution. The crystals were
grown at 293 K and took approximately 10-15 days to form
dimensions of ∼50� 100� 100 μm. The crystals were harvested
in a cryoprotectant of 35%PEG-550MMEand 40mMOG. The
looped crystals were then plunged into liquid nitrogen under a
stream of gas to reduce the freezing time and improve diffrac-
tion (25). Data were collected at an X-ray wavelength of 1.0 Å at
the SER-CAT 22-ID beamline at the Advanced Photon Source,
Argonne National Laboratory.

The data were processed using HKL2000 (26), and the struc-
tures were solved and subsequently refined using REFMAC
(version 5.5.0088) from the CCP4 suite (27). Model building and
real space refinement were done using COOT (28). Each of the
final structures was validated using Molprobity (29), and the
structures were deposited under the following accession numbers:
3MPN (F177R1) and 3MPQ (I204R1). Although weak at 1.0 Å,
anomalous scattering of the sulfur was investigated to further
position the disulfide of the nitroxide side chain, and anomalous
maps were obtained for each structure; however, the anomalous
signal was indeed below the noise at 1.0 Å. The data collection
and processing statistics are given in Table 1. All protein figures
were rendered with Pymol (30).
EPR Spectroscopy of Spin-Labeled LeuT Mutants. The

room temperature X-band EPR spectroscopy was performed on
a Bruker EMX spectrometer with an ER4123D dielectric reso-
nator (Bruker Biospin, Billerica, MA). All samples were in the
crystallization buffer of 10 mMTris-HCl (pH 7.0), 45 mMNaCl,
5 mM KCl, and 40 mM OG unless explicitly stated otherwise.
X-band temperature series were performed on an ELEXSYS
E-500 spectrometer from Bruker with a high sensitivity cavity
resonator or on an E-line 102 Century series spectrometer from
Varianwith a loopgap resonator. Protein samples of 5μL(≈100μM)
were loaded into Pyrex capillaries (0.60 mm i.d. �0.84 mm o.d.;
Fiber Optic Center, Inc., New Bedford, MA). Q-band EPR spec-
troscopywas performedon anELEXSYSE-500 spectrometer from
Bruker with an ER5106 QT-W resonator with protein samples of
5 μL (≈100 μM) in quartz capillaries (0.60 mm i.d.�0.84 mm o.d.;
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Fiber Optic Center, Inc., New Bedford, MA). The solutions
for 200 K Q-band spectra had 10% (v/v) glycerol as a glassing
agent.
Fitting of EPR Spectra. Frozen spectra (200 K) at Q- and

X-band were fit using an effective Hamiltonian rigid limit
model implemented in a Labview program written and provided
by Christian Altenbach and Wayne L. Hubbell, University of
California, Los Angeles. EPR spectra recorded between 273 and
313 K were fit using the MOMD model implemented in the
NLSL program of Freed and co-workers (18). The magnetic
parameters used in the MOMD fits were determined from the
effectiveHamiltonian fits of theQ- andX-band frozen spectra. In
the MOMD model, three-coordinate frames are employed to
represent the internal motion of the nitroxide in the protein, as
illustrated in Figure 4. The molecule-fixed magnetic tensor frame
(xM, yM, zM) has zM along the nitroxide 2p molecular orbital, xM
lies along theNObond axis, and yM is selected for a right-handed
coordinate system. The magnetic frame is the principal frame for
both the nitroxide hyperfine A- and g-tensors. The second
coordinate frame is the principal frame of the rotational diffusion
tensor (xR, yR, zR). In general, the rotational diffusion and
magnetic frames are not coincident and are related by a set of
three Euler angles (γD, βD, RD) (Figures 4 and S2). Anisotropic
motional restrictions are simulated in the MOMD model by
introducing a restoring (ordering) potential (U) that constrains
the motion of zR. Most fits of EPR spectra of spin-labeled
proteins use the simple restoring potentialU(θ) =-(1/2)kBTc0

2-
(3 cos2 θ - 1), where c0

2 is a scaling coefficient and θ is the
(instantaneous) angle between zR and the symmetry axis of the
potential. The symmetry axis of the potential defines the z-axis of

the third and final coordinate frame, the director frame. The
director frame is uniaxial (zD) and fixed with respect to the
protein. The existence of the restoring potential results in an
anisotropic motion and can be characterized by the order
parameterS=-(1/2)Æ(3 cos2 θ- 1)æ, where the brackets indicate
spatial averaging. For an individual protein molecule, zD forms
an angle ψ with respect to the external magnetic field. To obtain
the final spectrum corresponding to an isotropic distribution of
protein orientations, the spectra are summed over ψ. To fit the
experimental spectra, only the rotational rates, a single coefficient
for the restoring potential, and the Euler angles were allowed to
vary one at a time. After a satisfactory fit was obtained, the
Lorentzian and Gaussian line widths were allowed to vary while
constrained to 1 G or less. Once the best fit was obtained, the
g- and A-tensors were allowed to vary by 0.0005 and 0.75 G,
respectively. The goodness of fit was assessed using the reduced
χ2 (18) between the theoretical and experimental spectra
(Tables S1 and S2) as well as a visual assessment of the salient
features of the experimental spectrum (specifically the high-
field manifold).

RESULTS

To investigate the molecular origins of the nitroxide mo-
tions that give rise to EPR line shapes observed on the surfaces
of R-helical membrane proteins, we chose LeuT as a model
protein because high-resolution (1.65 Å) X-ray crystal struc-
tures were attainable (19) and the native sequence lacks
cysteine residues. High-resolution diffraction data were re-
quired to identify major side chain conformations potentially
important in analyzing R1 EPR spectra. The resolution of
2.25 Å for both structures (F177R1 and I204R1) determined is
likely sufficient for observingmultiple side chain rotamers (31).
Sites F177 and I204 (Figure 3) were selected for structure
determination because modeling of R1 suggested these sites
could be SEHS comparable to T4L D72, a site used to

FIGURE 4: Dynamic model for fitting EPR spectra. A diagram
showing the relationship between the nitroxide magnetic frame (zM,
yM, and xM; gray), the diffusion frame (xR, yR, zR; black), and the
protein fixed director (zD) taken to lie along the z-axis of the diffusion
frame at equilibrium. The Euler angles are defined by an order of
rotations: (1) a rotation about zMofγD, (2) a rotation about yDofβD,
and (3) a rotation about zD of RD. With these definitions of γD, βD,
andRD, the angleβDdefines the fixed tilt of zRwith respect to zM.The
ordering potential is defined as a function of angle θ (the instanta-
neous angle between zR and zD) that defines the barrier of rotation
for yR and xR. The arrows show the mapping of the magnetic frame
to the diffusion frame (the solid arrows correspond directly to a
particular Euler angle).

Table 1: Data Collection and Refinement Statistics

LeuT F177R1 LeuT I204R1

data collection

wavelength (Å) 1.0 1.0

resolution range (Å)a 36.80-2.25

(2.31-2.25)

43.67-2.25

(2.31-2.25)

total reflectionsb 113409 (112864) 117833 (117522)

unique reflections 28364 27874

Rsym (%)a 13.0 (35.9) 19.3 (28.5)

I/σa 13.0 (3.1) 18.6 (4.7)

completeness (%)a 98.6 (89.1) 97.6 (85.6)

redundancy 4.1 (3.1) 4.2 (4.0)

space group C2 C2

unit cell dimensions

β (deg) 95.35 95.26

a (Å) 87.261 87.702

b (Å) 86.222 86.712

c (Å) 80.636 80.866

refinement

resolution (Å) 36.80-2.25 43.67-2.25

reflections used 26547 26460

Rcryst (%)c 17.4 18.5

Rfree (%)d 21.4 22.3

average B value (Å) 26.2 36.5

rms deviations

rmsd bond lengths (Å) 0.02 0.02

rmsd bond angles (deg) 1.77 1.72

PDB accession code 3MPN 3MPQ

aNumbers in parentheses are for the outer shell. bNumbers in parenthe-
ses are the used reflections. cRcryst =

P
hkl||Fo| - |Fc||/

P
hkl|Fo|, where Fo

and Fc are the observed and calculated structure factors, respectively.
dRfree

is Rcryst calculated using 5% of the data, randomly chosen and omitted for
refinement.
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investigate the anisotropic-order χ4/χ5 motional model of R1
on SEHS of soluble proteins (10).
Structure of I204R1. The structure of I204R1 was deter-

mined at 100Kand refined to 2.25 Å resolutionwith anRcryst and
Rfree of 18.5% and 22.3%, respectively (Table 1). A single
conformation of the R1 side chain was observed, and the entire
side chain was resolved (Figure 5A,B) allowing χ1-χ5 to be
determined (Table 2). The side chain adopts an {m,m} rotameric
state similar to that observed for {m,m} conformations of R1 on
T4L (11-14). The observedR1 conformer retains theCR-H 3 3 3 Sδ
interaction (Table 2) reported in soluble proteins (11-14).

The I204R1 and wild-type structures are nearly identical (all
atom pairwise root-mean-square deviation (rmsd) of 0.20 Å);
however, χ2 for the wild-type residue I204 is 170� {m,t} whereas
I204R1 is -60� (Figure 5, C). Although the {m,t} conformer of
R1 is sterically allowed, the CR-H 3 3 3 Sδ interaction cannot be
formed in this configuration, suggesting this interaction may
influence the rotamer population (11).

Structures of R1 at SEHS on T4L have all lacked interactions
between the nitroxide ring and the protein environment, and
electron density was not observed beyond the distal sulfur of the
side chain (11-14). In the case of I204R1, density was observed
for the entire side chain due to interactions with residues within
the same helix. I204R1 interacts with its own carbonyl backbone
oxygen as well as residues F208 and V207 (Figure 5B). The
nitroxide oxygen is 3.1 Å from the ortho-carbon (Cδ1) of F208,
and with hydrogen atoms modeled, the O 3 3 3H distance is 2.2 Å
with a N-O 3 3 3H angle of 160� and C-H 3 3 3O angle of 140�,
suggesting a hydrogen bond interaction (32). A nearly identical
interaction was previously observed at site 75 on T4L; however,
the hydrogen bond was made to a phenylalanine on a symmetry-
relatedmolecule andwas presumably not present in solution (14).
The strengths of similar nontraditional hydrogen bonds were
measured to be around 1-3 kcal mol-1 (17) and would likely
restrict the motion of the spin label. In addition to the hydrogen
bond, one of the nitroxide ring methyl groups resides in close
contact with a methyl from V207 and its own carbonyl oxygen.
With hydrogen atoms modeled, the C-H 3 3 3H-C distance
(2.2 Å) and the C-H 3 3 3O distance (2.4 Å) are less than the
sum of the van der Waals radii, suggesting an attractive interac-
tion; however, the lack of spectral change when V207 is mutated
to an alanine residue suggests the interaction is weak (see below).
Temperature Dependence of I204R1. The line shape of

I204R1 (Figure 6) is consistent with spectra observed for
detergent-exposed helical sites (33-36) such as I38R1 on KcsA
(Figure 2). I204R1 has broad spectral features compared to
analogous sites on soluble proteins and has two spectral compo-
nents (labeled R and β in Figure 6). To investigate which
population (R or β) was likely represented in the crystal structure,
the temperature dependence of the EPR line shape was investi-
gated between 274 and 314 K (Figure 6). The spectral popula-
tions are modulated by temperature with the immobile
β-population more predominant at lower temperatures. At
temperatures 304K and above, the β-component is barely visible.
Although the R-population becomes more immobile at lower
temperatures (as expected), the populations are easily distin-
guishable above ∼280 K. The temperature-induced changes in
spectral population suggest the β-population of I204R1 is most
similar to the spin label rotamer observed in the 100 K crystal
structure.
Interactions of I204R1 in Solution. In order to determine a

correlation between the observed crystal structure and solution
EPR spectrum, mutagenesis was employed. Figure 7 shows the
EPR spectra of I204R1 with wild-type i ( 3, 4 neighbors
compared to the single alanine mutation at these positions. The
spectrum for the P200A/I204R1mutant is not shown because the
protein did not overexpress. The only mutation that resulted in a
significant change in the EPR line shape is F208A/I204R1, which
is in agreementwith the structure inwhich F208makes the closest
contacts with R1 (Figures 5 and S3). The F208A mutation
reduces the β-population by 10-20% (determined from spectral
fits) corresponding to a change in ΔG of ∼1 kcal; however,
the mutation also decreases the mobility of the R-population.

FIGURE 5: X-ray crystal structure of I204R1. (A) Electron density
shown as a blue mesh superimposed on the stick model of R1 and
neighboring side chains. The 2Fo - Fc map is contoured at 1.3σ. (B)
Interactions of I204R1 with i þ 3, 4 residues. The R1 side chain is
shown in stick with the electron density shown as a blue mesh
superimposed, and the helix is rendered with a transparent surface
with F208 and V207 shown as sticks. The R1 nitroxide ring interacts
with F208, V207, and its own carbonyl. (C) Superposition of the
I204R1 structure on the wild-type structure. The wild-type LeuT
(blue) and the I204R1 (colored by atom) structures were pairwise
compared using DaliLite (60) with the best structural alignment
shown.
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The effect of the F208A mutation on the I204R1 spectrum is
more dramatic at 280 K (Figure S3). One explanation for the
observed populations andmobility of I204R1 is that the nitroxide
ring forms additional interactions (weaker than the nontradi-
tional hydrogen bond) with the resulting surface upon removal of
the phenyl group. Another possibility is that the F208Amutation
disrupts the tertiary interaction between helix 5 and the neigh-
boring helix 8 (F208 directly interacts with residues L340 and
L343). The resulting structural rearrangement may modulate the
motion of helix 5 or create additional interactions of R1 with the
protein due to slight helix rotation; however, without a crystal
structure, the consequence of the mutation is only speculative.
Structure of F177R1. The structure of F177R1 was deter-

mined at 100 K and refined to 2.25 Å resolution, with an Rcryst

and Rfree of 17.4% and 21.4%, respectively (Table 1). A single
conformation of the R1 side chain was observed, and the entire
side chain was resolved (Figure 8) allowing χ1-χ5 to be deter-
mined (Table 2). The side chain adopts an {m,m} rotameric state
similar to that observed for I204R1 and for {m,m} conformations
of spin-labeled sites on T4L. The nitroxide side chain χ2 differs
from the wild-type phenylalanine residue by 112�, positioning the
nitroxide ring towardhelix 9 rather than theN-terminus of helix 4
(Figure 8C). The F177R1 and wild-type structures are nearly
identical (all atompairwise root-mean-square deviation (rmsd) of
0.20 Å); however, L173 is displaced (χ2 of 168� in the wild-type
structure and -135� in the R1 structure) and interacts with the
nitroxide ring.

The nitroxide ring of F177R1 fits into a hydrophobic pocket
on the surface of helices 4 and9 (Figure 8B). The pocket is formed
by L173, M176, L380, A383, A384, and F387. Three of the four
methyl groups on the nitroxide ring (C6, C8, and C9) contact
surrounding residues. Multiple contacts of the nitroxide ring
methyl groups with surrounding hydrophobic residues have been
observed previously with tertiary contact or buried sites on T4L,
such as K65R1 (14), L118R1, and T115R1 (13), but not on
SEHS. The closest contacts with F177R1 are between a distal
methyl of L173 and methyl C6 (C 3 3 3C distance of 3.8 Å), the Cβ

of M176 and methyl C8 (C 3 3 3C distance of 4.2 Å), a distal
methyl of L380 and methyl C9 (C 3 3 3C distance of 4.1 Å), the Cβ

of A383 with the methyl groups C8 and C9 (C 3 3 3C distance of
3.9 Å), and Cβ of F387 andmethyl C8 (C 3 3 3C distance of 4.0 Å),
and theCβ of V180 interacts with theCε ofR1 (C 3 3 3Cdistance of
4.3 Å). In addition, the oxygen of the nitroxide moiety interacts
with the CR andCβ of A384 (C 3 3 3Odistance of 3.9 Å). Although
significant interactions between R1 and the protein surface are

Table 2: R1 Dihedral Angles at R-Helical Sites in LeuT

LeuT mutant rotamer χ1 (deg) χ2 (deg) χ3 (deg) χ4 (deg) χ5 (deg) CR 3 3 3 Sδ (Å) CR-H 3 3 3 Sδ (Å) <CR-H 3 3 3 Sδ (deg)

F177R1 {m,m} -69 -57 107 103 -24 3.3 2.5 124.4

I204R1 {m,m} -69 -59 -87 71 -95 3.5 2.9 115.0

FIGURE 6: Temperature dependence of I204R1. The experimental
spectra (black) and the theoretical fits (dotted red) are superimposed
on the experimental spectra. The two populations are labeled R
(mobile component) and β (immobile component). A gray line is
drawn to guide the eye.

FIGURE 7: X-band EPR spectra of I204R1 with the i ( 3, 4 alanine
mutations. The two spectral components are labeled R (mobile
component) and β (immobile component). A gray line is drawn to
guide the eye.
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observed, the ring density is weaker than in I204R1, indicating a
larger degree of dynamic or static disorder.
Temperature Dependence of F177R1. The line shape of

F177R1 (Figure 9) is consistent with spectra observed for
detergent-exposed helical sites (33-36). F177R1 is a single
component spectrum with significant broadening compared to
soluble protein counterparts (Figure 2). To determine if the
conformer in solution at room temperature is consistent with the
100 K crystal structure, the F177R1 EPR spectrum was investi-
gated as a function of temperature (between 278 and 308 K), and
spectra are shown in Figure 9. With decreasing temperature, the
spectra are broadened due to the decrease in spin label mobility.
Unlike I204R1, an additional spectral component is not observed

at room temperature or at lower temperatures. Therefore, the
crystal structure of F177R1 likely represents the rotameric state
observed at room temperature.
Interactions of F177R1 in Solution. In order to further

investigate a correlation between the solution EPR spectrum of
F177R1 and the conformer observed in the crystal structure,
mutagenesis was employed. Figure 10 shows the EPR spectra of
F177R1 with wild-type i ( 3, 4 neighbors compared to the single
alaninemutation at these positions.Mutations S181A andV180A
do not affect the EPR spectrum of F177R1 consistent with the
crystal structure in which interactions are not observed between
the R1 side chain and the i þ 3, 4 residues. The L173A mutation
modulates the EPR line shape as expected from the interaction
observed in the crystal structure. With the L173A mutation, the
EPR spectrum of F177R1 has two spectral components, one
similar to F177R1 and onemore immobile (arrow, Figure 10). An
explanation of the spectral effect of this mutation in terms of
simple interactions between the spin label andL173 is not possible
because both L173 and F177R1 interact with helix 9 (Figure 8).
Therefore, the introduced cavity could modulate the interaction
with R1 but could also disrupt the tertiary contact and packing
between helices 4 and 9. A crystal structure of thismutantmay aid
in the interpretation of the EPR line shape changes.

Unexpectedly, the I174A mutation also affects the EPR line
shape of F177R1. In the crystal structure, I174 does not make

FIGURE 8: X-ray crystal structure of F177R1. (A) Electron density
superimposed on the stick model of R1 and neighboring side chains.
The 2Fo - Fc map is contoured at 1.3σ. (B) Interactions of F177R1
with surrounding residues. The R1 side chain is shown in stick model
with the electrondensity, shownasabluemesh, superimposedon top.
Helices 4 and 9 are rendered with a translucent van derWaals surface
with residues forming the contact surface shown as gray sticks. (C)
Superposition of the F177R1 structure on the wild-type structure.
The wild-type LeuT (blue) and the F177R1 (colored by atom)
structures were pairwise compared using DaliLite (60) with the best
structural alignment shown.

FIGURE 9: Temperature dependence of F177R1. The experimental
spectra (black) with the theoretical fits (dotted red) superimposed. A
gray line is drawn to guide the eye.
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direct contacts with F177R1. However, as proposed for F208A/
I204R1, the resulting cavity due to the mutation may stabilize an
alternative R1 conformation. It is worth noting that three of the
six ordered detergent molecules observed in the crystal structures
of LeuTpack about helices 4 and 9with one in direct contactwith
I174 (Figure S4). Therefore, an alternative explanation is that the
alanine mutation may disrupt the detergent packing around the
helix, which could modulate the conformation and/or dynamics
of helix 4.
Magnetic Parameters of Nitroxides on Detergent-Ex-

posedHelical Sites.Toquantitatively understand the dynamics
of the nitroxide probe, the EPR spectra need to be theoretically fit
with a motional model. To reduce the number of varied param-
eters in the spectral fitting using the MOMD model (18) (from
14 to 8 parameters for a single spectral component), the magnetic
parameters for R1 at F177R1 and I204R1were determined in the
detergent environment by recording Q- and X-band spectra of
F177R1 and R7 and I204R1 and R7 at 200 K (Q-band shown in
Figure S5). At 200 K, the correlation time of the spin label is
reduced, and the resulting spectra should reflect the rigid limit for
which magnetic parameters can be directly measured. To ensure
that internal motions were sufficiently reduced, the R7 derivative
was also investigated. The addition of a 4-substituent on the ring
of the R1 spin label was previously shown to greatly reduce the
motion about the χ5 dihedral angle (1, 37). The spectra of R1 and
R7 at each site are nearly identical, indicating that the internal
side chain dynamics are not contributing to the spectrum and
indeed this spectrum is representative of the rigid limit. Each
spectrum was fit with an effective Hamiltonian rigid limit model.
The values of the A- and g-tensor elements from the fits were
gxx=2.0084, gyy=2.0058, gzz=2.0020, Axx=5.1, Ayy=5.3,
and Azz = 34.3. These values are similar to previously published
values for nitroxide spin labels in organic solvents (38).

Motional Models of R1 on Detergent-Exposed Helical
Sites. To determine if the line shape differences between soluble

FIGURE 10: X-band EPR spectra of F177R1 and i ( 3, 4 alanine
mutations. An arrow indicates a second spectral component, and a
gray line is drawn to guide the eye. The spectra were shifted to ensure
the central line crossing zero on the y-axis was in the center of the
spectrum; zeros were then added to ensure uniform spectral width.

FIGURE 11: (A, B) Best spectral fit of F177R1 using anisotropic-order
χ4/χ5 motionalmodel of R1 at SEHS. TheX-band (A) andQ-band (B)
experimental spectra (black) and the theoretical fits (dotted red) for site
F177R1 are shown. The theoretical fit using aqueous magnetic param-
eters (top, solid red spectrum, labeled Aq) and the fit using the
experimentally determined hydrophobic magnetic parameters (dotted
red spectrum, superimposed, labeled HC) are shown for each fit. The
dynamic parameters of the anisotropic-order χ4/χ5 model for SEHS of
soluble proteins (Table 3) (10) were used for the fits. The gray boxes
highlight the high-field line shape features that are not fit well with the
anisotropic-order χ4/χ5 model. (C, D) Best spectral fit of F177R1 at
X-band (C,100G) andQ-band (D, 200G) experimental spectra (black)
and the theoretical fits (dotted red, superimposed) for site F177R1 are
shown. The theoretical fit using aqueous magnetic parameters (top,
solid red spectrum, labeled Aq) and the fit using the experimentally
determined hydrophobic magnetic parameters (dotted red, superim-
posed, labeled HC) are shown for both X- and Q-band spectra. The
dynamic parameters for the fits are given in Table 3.



Article Biochemistry, Vol. 49, No. 47, 2010 10053

andmembrane proteins (Figure 2) were solely due to the polarity
of solvent (water versus alkyl chains of detergent), the room
temperatureF177R1X- andQ-bandEPR spectrawere simulated
using the anisotropic-order χ4/χ5 motional model for SEHS of
soluble proteins (10) and themagnetic parameters determined for
the detergent-exposed site. Rates and order were allowed to vary
to obtain the best fit while restricting βD and RD to 36� and 4� (
10�, respectively (Figure 11A,B and Table 3). The anisotropic-
order χ4/χ5 model fits using the magnetic parameters for the

hydrophobic environment indicate that the central line differ-
ences between soluble andmembrane SEHS can be accounted for
by the difference in polarity. Also, the broadening observed in the
EPR line shape of lipid/detergent-exposed nitroxides compared
to soluble proteins is not due to the increased oxygen concentra-
tion in the interior of the micelle or lipid bilayer (Figure S6).
However, the overall spectral fit at both X- and Q-band indicates
the anisotropic-order χ4/χ5 model fits are too sharp especially in
the high-field manifold (highlighted with the gray box in
Figure 11). In the anisotropic-order χ4/χ5 model, the sharp
features are due to the ordering potential about the z-axis of
the diffusion tensor, and lowering the potential and decreasing
the rates (to compensate for the lower ordering potential) were
not sufficient to fit the broad line shape observed in the
experimental spectrum (Figure S7A). In order to explore alter-
native motional models, the F177R1 EPR spectrum was simu-
lated, allowing the diffusion angles as well as the rates and order
to vary in order to obtain the best fit (Figure 11C,D andTable 3).
Compared to the anisotropic-order χ4/χ5 model fit, the new set
of Euler angles and diffusion parameters improve the fit of
the entire spectrum significantly, decreasing the reduced χ2 from
22 to 17.
Theoretical Fits of F177R1.The spectrumof F177R1 is best

fit with highly anisotropic rates and an RD of -57� (Table 3).
With axially symmetric magnetic parameters and similar rates
(Rx ≈ Ry), RD values have no influence on the EPR spectrum;
however, in this case neither the rates nor magnetic parameters
are axial symmetric and RD has a significant effect on the EPR
line shape (Figure S8). With an RD of -57�, yR is almost
coincident with the χ5 bond axis (differing by 8�; Figures 12A
and 13C); therefore, motions about yR average mostly y- and
z-magnetic parameters. The z-axis of the diffusion frame, zR, and
the ordering potential are aligned with zM (the molecular z-axis;
see Figure 4). In contrast, the anisotropic-order χ4/χ5 model, with
a βD of 41�, tilts zR and the ordering potential toward the
molecular x-axis (xM), and motion about yR averages z- and x-
elements of the magnetic tensor (Figure S9A).

With the alternative orientation of the diffusion frame (RD =
-57�), the anisotropic rates (Ry > Rx > Rz, where Ri is the
rotational rate about the i diffusion axis reported as log(Ri/s

-1))
can be interpreted in terms of the F177R1 crystal structure
(Figure 12A). The dominant rate is Ry, which arises from
oscillations about χ5 and results in ring rotation. The correlation
time forRy oscillation (and thereby oscillations about χ5) is on the
order of the overall internal side chain dynamics observed at
SEHS in T4L (10). Depending on the conformation of the ring,
oscillations about χ4 average themagnetic parameters differently.
In the conformation observed in the crystal structure, motion
about χ4 would have mostly an Rx component and very little

Table 3: Dynamic Parameters for Theoretical Fitsa

LeuT mutant Rx
b (τ, ns) Ry

b (τ, ns) Rz
b (τ, ns) S Æθæ (deg) β (deg) R (deg)e

F177R1c 7.75 (3.0) 7.95 (1.9) 7.73 (3.1) 0.36 41 41 -2

F177R1 7.50 (5.3) 7.98 (1.8) <7.00 (>16)d 0.24 45 0 -57

F177R5(þ) 7.45 (5.9) 8.07 (1.4) 7.05 (15) 0.24 45 0 -58

I204R1(R) 7.58 (4.4) 8.14 (1.2) <7.00 (>16)d 0.15 49 0 -43

I204R1(β) 7.20 (11) 7.58 (4.4) 6.80 (26) 0.38 40 0 -90

I204R5(þ) 7.45 (5.9) 8.09 (1.4) 7.23 (9.8) 0.18 46 6 -45

aThe range for each value is given in Table S1. bValues reported as log(Ri/s
-1), where i = x, y, or z. cAnisotropic-order χ4/χ5 model. dThe spectra are

insensitive to Rz values <7.0 (Figure S10). eThe spectral calculation is insensitive to the sign of R. For the purpose of interpretation using the anisotropic-rate
χ4/χ5 model (Figure S2C), the sign is taken to be negative.

FIGURE 12: Comparison of diffusion frame to the bond vectors and
structure for F177R1 (A) and the immobile component of I204R1
(B). The van der Waals surface, including hydrogen atoms, is shown
as a graymesharound the stick representationofboth structures. The
two images represent different views (180� rotation) in order to view
the diffusion frame in relation to the side chain bonds, nitroxide, and
surrounding environment. The van der Waals surface of the sur-
rounding environment, excluding hydrogen atoms, is shown as a
translucent light gray surface around stick representations of the
contacting residues. The rotational diffusion frame coordinates from
the solutionEPR spectral fit ofF177R1and the immobile component
of I204R1 are superimposed on the stick representation of the spin
labels. The rates of rotation about the diffusion axes are higher about
the yR axis, suggesting the spin label is fluctuating mostly about the
terminal bond nearest the ring (χ5) while confined to contacts made
with the environment.
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Rz contribution. However, if the ring, via oscillations about χ5,
were positioned perpendicular to that observed in the crystal
structure, then Rz would reflect χ4 oscillations. Motion about Rz

is much slower than Rx, consistent with the observed structure.
The spectral fits are insensitive to changes in Rz < 7 (16 ns), and
only an upper bound on the rate is determined (Figure S10). The
theoretical fits are in agreement with the crystal structure: Ry

represents oscillations about χ5, Rx represents oscillations about
χ4 (slower than Ry, but faster than Rz), and Rz is slow and not
representative of oscillations about χ4 and/or χ5.

An interesting result of spectral fitting is the lack of a large
ordering potential considering the interactions the nitroxide has
with the protein and the slow rates (Rx and Rz) that reflect these
interactions. An order parameter of 0.24 (corresponding to a
mean angular displacement of zR of Æθæ= 45�) yields the best fit
of F177R1, which is smaller than that observed for spin-labeled
SEHS on T4L (S = 0.35-0.40 (Æθæ = 41-39�)) (10). The EPR
spectrum of F177R1 (and R1 on membrane proteins in general)
has a very broad high-field manifold, which cannot be simulated
using high ordering potentials and high rates (Figure S7B).
Although increasing the order parameter increases the breadth
of the spectrum, increasing the order parameter also sharpens
features of the spectrum (due to resolving the parallel (zM) and
perpendicular (xMand yM)magnetic parameters) not observed in
the spectra of F177R1 (Figure S7B).

The anisotropic-rate χ4/χ5 model derived from theoretical fits
to the F177R1EPR spectrum is consistentwith the structure. The
interaction between the ring and the surface of the protein results
in highly anistropic motion of the nitroxide ring with faster
motions (with restricted amplitude of motion) about axes rotat-
ing the ring on the surface (Rx and Ry) and slower motions that
result in the ring moving off the protein surface (Rz).

Theoretical Fits of I204R1. The EPR spectrum of I204R1
was fit with two spectral components (Figure 13B). The mobile
component,R (68%populated), can be fit with the anisotropic-rate
χ4/χ5 model used to fit the EPR spectrum of F177R1 (Figure 13A,
R1, and Table 3); however, Ry and Rz are higher and the ordering
potential is lower than for F177R1. The immobile spectral
component, β (32% populated), is fit with slower rates, lower
amplitude of motion, and a larger RD compared to both F177R1
and themobile component of I204R1. The data indicate the crystal
structure of I204R1 most closely represents the β spectral popula-
tion; however, comparing the motional model derived from
theoretical fits to the crystal structure, as was done for F177R1,
is complicated by the significant degeneracy of the fits as repre-
sented by the large range of dynamic parameters for the I204R1
β-component (Table S1). With this caveat notwithstanding, an RD

of ∼(90� places the fastest rotating diffusion frame axis, yR,
collinear with the nitroxide bond (Figure 12B), which is involved in
a nontraditional hydrogen bond with F208. The large ordering
parameter indicates that the oscillation of the motion about yR
(as well as xR) is highly restricted in amplitude, consistent with
the nitroxide ring interaction with the surface of the protein
(Figure 12B). Although restricted, the β-population is not entirely
rigid. The measured 2Azz value of 62 G is lower than the 69 G
expected for an immobilized spin label in an aliphatic environment.
EPR Spectra, Theoretical Fits, and Motional Models of

F177R5 and I204R5. To investigate the effect nitroxide ring
geometry has on the motion of the spin label, the saturated
analogue to R1, R5((), was employed. For R1, χ4 and χ5 have
relatively low barriers of rotation and can easily exchange
between multiple rotamers at room temperature (37). The χ5
axis is parallel to the plane of the nitroxide ring (in between the
molecular x- and y-axes), whereas the χ4 axis is nearly coaxial

FIGURE 13: Theoretical fits of LeuT EPR spectra. (A, B) The experimental spectra (black) and theoretical fits (dotted red, superimposed) are
shown forF177R1/R5(þ) and I204R1/R5(þ). For I204R1, theEPRspectral fit for eachpopulation is shown ingray (R) and light gray (β). (C)The
side chain structures of R1 and R5(þ) with the orientation of the diffusion frame shown as black arrows. Translational motion is not detected in
EPR spectroscopy; therefore, the diffusion frame is arbitrarily positioned on Cε (R1) and Sδ (R5(þ)) for comparison to oscillations about χ5 and
χ4, respectively.
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with the molecular z-axis (Figures 1 and 13C). Changing the
hybridization (sp2 to sp3) of the three and four carbon atoms of
the ringmoves the distal sulfur closer to the plane of the nitroxide
ring and, thus, provides greater conformational restriction about
χ5 (Figures 13D and S9).

However, χ4 remains unrestricted in R5 and is free to
contribute to the mobility of the nitroxide ring. In addition to
these steric differences, the geometrical relationship between the
two terminal bonds nearest the nitroxide ring and the magnetic
frame is altered. For R5(þ), the χ5 axis is positioned nearly
coaxial with the molecular z-axis. In this configuration, motion
about χ5 averages the x- and y-components of the magnetic
tensor and, assuming the lowest energy conformation of χ5
(∼180�; Sδ-Cε-C3-C2) for R5(þ), the χ4 axis is positioned
between the molecular x- and y-axes. The change in bond
geometry between R1 and R5(þ) and its effect on the motional
model of the spin labels on soluble proteins were previously
elucidated (10).

Theoretical fits to spectra of R5 on T4L indicated that
changing the Euler angles relating the diffusion frame to the
magnetic frame while maintaining relatively isotropic rotational
rates reproduced the apparent change in mobility. The change in
Euler angles moves the director (ordering potential)∼60� toward
the plane of the ring and nearly coincident with the N-O bond
(Figure S9B). The positioning of the ordering potential parallel to
the plane of the nitroxide suggestsmotion of the spin label ismore
restricted about χ5 and less restricted about χ4 (10, 15). Further
supporting the model, small 4-substituents do not significantly
reduce the amplitude of R5 motion as they do for R1 (10).

Panels A and B of Figure 13 show the EPR spectra for
F177R5(þ) and I204R5(þ), respectively. The spectra of the
enantiomers are nearly identical (data not shown). The F177R5-
(þ) and I204R5(þ) spectrum is similar to R1 (the mobile
R-component for I204), and the theoretical fits are similar with
small increases in rates (Table 3). In contrast to themodel used to
fit spectra of R1 on T4L, the anisotropic-rate χ4/χ5 model of R1
onmembrane protein SEHS has anisotropic rates ofmotion with
a moderate to low ordering potential. A change in Euler angles
changes not only the relationship between the ordering potential
and the magnetic frame but also the anisotropic-rate distribution
with respect to themagnetic frame. Therefore, the I204R5(þ) and
F177R5(þ) spectra could not be adequately fit with similar
changes in Euler angles. Figure 13C,D shows the structure of
R1 and R5(þ) with the diffusion frame positioned based on the
Euler angles obtained from theoretical fits of F177R1/R5(þ). In
the case of R1, the diffusion frame y-axis is nearly collinear with
χ5 whereas in the case of R5 yR is nearly collinear with χ4. This
suggests, as in the case with R1 and R5(þ) on T4L, the dominant
motion of R1 and R5(þ) is due to oscillations about χ4 and χ5,
respectively, consistent with the rotational barriers for each of the
spin labels.
Theoretical Fits As a Function of Temperature. To

investigate the activation barriers of nitroxide motion, each
spectrum of the temperature series was fit allowing rotational
rates to vary. Figure 14A,B shows an Arrhenius plot of the
average rotational rate (ÆRæ= [RxRyRz]

1/3) determined from the
theoretical fits of the F177R1 and I204R1 spectra, respectively, at
different temperatures (Table S2). Because the spectra are rather
insensitive to changes in Rz (fits can be obtained for Rz < 7;
Figure S10), Rz was kept nearly constant for all fits. The order
parameter was allowed to vary but only within the relative
uncertainty reported (range reported in Table S1); most order

parameter values deviated by less than 10% (Table S2). The ÆRæ
versus 1/K data for F177R1, as well as the mobile component of
I204R1, are fit with a straight line with a slope corresponding to
an activation energy of ≈1.2 kcal mol-1. The immobile compo-
nent data could not be fit well. The spectral fits to the immobile
component are more degenerate as can be seen in the ranges of
values that produce satisfactory fits (Table S1). Although the
ranges of rates and order for acceptable fits of the immobile

FIGURE 14: Arrhenius plots for F177R1 (A) and I204R1 (B) and
van’t Hoff plot forKeq (R/β) for I204R1 (C). The linear least-squares
fit for F177R1 and the mobile R-component of I204R1 both have an
R2= 0.97. The linear least-squares fit for the immobile β-component
of I204R1has anR2=0.57, and the van’tHoff plot has anR2=0.92.
The van’t Hoff plot data are fit with a straight line with the slope
corresponding toΔH=7( 1.4 kcalmol-1 and a y-intercept given by
ΔS = 26( 5 cal mol-1 K-1.
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component are larger, the relative population does not change
significantly for each fit within these ranges; therefore, the
temperature dependence of the equilibrium constant can be
investigated. Figure 14C shows the van’t Hoff plot for Keq (R/
β) for I204R1. The data are fit with a straight line with the slope
corresponding to ΔH ≈ 7 kcal mol-1 and a y-intercept given by
ΔS ≈ 30 cal mol-1 K-1.

DISCUSSION

Observed Interactions of R1 on Membrane Protein
SEHS. Previous structural studies of R1 on SEHS of T4L have
provided the structural basis for amotionalmodel for the internal
nitroxide dynamics on soluble proteins (the anisotropic-order
χ4/χ5 model). In several crystal structures, the nitroxide side chain
electron density was observed out to Sδ, but not for the nitroxide
ring due to dynamic or static disorder (11-14). Although many
structures of spin labels on T4L have been determined, relatively
few conformers of R1were observed, andmost were stabilized by
a CR-H 3 3 3 Sδ interaction. The consequence of this interaction is
restricted oscillations about the χ1 and χ2 dihedral bonds. The
results presented in this study suggest the nitroxide side chain at
comparable SEHS on R-helical membrane proteins (facing the
hydrophobic detergent rather than aqueous solvent) maintains
the CR-H 3 3 3 Sδ interaction, while, in contrast to soluble pro-
teins, the nitroxide ring interacts with the protein surface. The
interpretation of the structures of R1 presented here, which were
determined at 100 K, in terms of the solution EPR spectra
requires some indirect investigations, such as mutagenesis and
temperature dependence of the EPR spectra. Additional experi-
ments, such as room temperature crystal structures and EPR
spectra of the protein crystals, which would aid in comparing the
low temperature crystal structure to the EPR spectra in solution at
room temperature, were not feasible due to the size of the LeuT
crystals and degradation of the crystals in the X-ray beam at room
temperature. However, spectra of F177R1 and I204R1 do not
change in the presence of PEG 550 concentrations up to 14%
(Figure S11), and previous investigations of 18 structures of R1 on
T4L indicate only one structure had an additional rotamer weakly
observed at 298 K that was not observed at 100 K (11-14).

In both structures of the R1 spin label on LeuT, the entire
nitroxide side chain electron density is observed. Both of the
observed conformers for R1 at sites F177 and I204 contain a
CR-H 3 3 3 Sδ interaction (Table 2) with the mean distance be-
tween Sδ and CR (3.4 Å), closer than the mean distance observed
for spin labels in the same conformation on T4L (3.5 Å) (11-14).
Therefore, this interaction appears to be slightly stronger in the
low dielectric of themicelle interior, supporting the postulate that
the attractive interaction between the two atoms is a nontradi-
tional hydrogen bond (11, 14).

The calculated fits to the experimental spectra as well as the
crystal structures of F177R1 and I204R1 suggest that the spin
label has a greater affinity for its protein environment at SEHSon
membrane proteins than on similar sites on aqueous proteins.
Although the physical driving force for this interaction is not
known, there is evidence that membrane proteins have similar
energetic contributions to side chain burial as soluble pro-
teins (39) and that membrane proteins have more of the available
surface area buried than soluble proteins (40). In addition,
multiple studies investigating the distribution of side chain
rotamers between membrane proteins and soluble proteins have
shown that relative populations of rotamers are different for

membrane proteins and soluble proteins (41, 42) and that the
rotamers in membrane proteins bury more surface area (41). The
role of the solvent (detergent or lipid) in mediating the side chain
packing is unknown; however, there is evidence that the lack of
water may be a sufficient driving force. Bryant and co-workers
observed that the side chains of dry (lyophilized) BSA or BSA in
DMSO are densely packed on the protein surface and have
limited flexibility compared to hydrated BSA (43), suggesting
the interaction of water with the protein surface could displace
the spin label on T4L and, thus, cause the spin label to be more
mobile. The EPR data coupled with crystallography provide a
method to probe dynamics and side chain interactions (e.g.,
buried surface area) and compare the stabilizing forces that drive
membrane and soluble protein folding.
Origins of the Two Spectral Components of I204R1. The

EPR spectrum of I204R1 has two spectral components similar to
many SEHS on membrane proteins (Figure 2). The crystal
structure of I204R1 is of a single conformer and appears to
correspond to the immobile β-spectral component, but the origin
of the mobile R-component is unknown. The mobile component
of I204R1 is very similar toF177R1, which hasmany interactions
with the protein surface indicating that the spectra could
represent a side chain rotamer in which the side chain interacts
with a different region of the protein surface surrounding
position I204. The two spectral components could arise from
different side chain rotamers, backbone conformations, or both.
The R5 derivative and the van’t Hoff plot suggest the different
spectral components arise from side chain rotamers.

The single component spectrum for I204R5(þ) (Figure 13)
suggests the environment of the saturated spin label is more
similar to the mobile component of the I204R1 spectrum and
may be attributed to the change in geometry from R1 to R5
disrupting the immobilizing nontraditional hydrogen bond inter-
action observed in the crystal structure of I204R1. In addition,
the R5 single spectral component implies that the two spectral
components of I204R1 arise from R1 conformers and not from
protein conformational states.

The van’t Hoff plot also provides some insight in under-
standing the origin of the two spectral components of I204R1.
The difference in enthalpy between the two populations is ≈7
kcal mol-1. The observed nontraditional hydrogen bond is
approximated to be 2 kcal mol-1 (44-47), and the stability of
the conformer in the crystal structure due to the buried surface
area (70 Å2) can be approximated to be 2 kcal mol-1 (39). Thus,
assuming a dominantly enthalpic component for each of these
two interactions, the magnitude of the energetic differences
between the spectral populations obtained from the van’t Hoff
plot is close to the value expected for different side chain con-
formers. However, small changes in the secondary or tertiary
structure of LeuT could also contribute to the difference in
enthalpy between the populations.

If the two spectral components are side chain rotamers, one
possible origin is disulfide isomerization. Molecular dynamic
simulations of the spin label on polyalanine helices suggest
disulfide isomers of R1 may have significantly different environ-
ments that lead tomultiple component spectra (48).Modeling the
disulfide isomers of I204R1 suggests each conformation, χ3≈ 90�
and χ3 ≈ -90�, would have significantly different motional
constraints. The spin label observed in the crystal structure of
I204R1, χ3 ≈ -90�, makes multiple contacts with the protein
surface and is likely restricted in mobility. In contrast, modeling
of the spin label in the alternate conformation of the disulfide,
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χ3 ≈ þ90�, suggests the spin label makes fewer contacts with the
protein surface and, therefore, would be more mobile. Saturation
recovery data of I204R1 indicate the exchange rate between the
two spectral components is ∼100 kHz or slower (B. Kroncke,
M. Bridges, W. L. Hubbell, and L. Columbus, unpublished),
which is slower than the ∼1.0-70 MHz expected for isomeriza-
tion of the disulfide (17). Although the exchange rate is slower
than observed, the isomerization barrier could be modulated by
the CR-H 3 3 3 Sδ interaction and/or additional interactions be-
tween the nitroxide and protein surface, which could destabilize
the transition state by the ∼2 kcal mol-1 needed to slow the
exchange rate to ∼100 kHz.
Nitroxide Side Chain Rotamers on Transmembrane R-

Helices. The only R1 rotamers observed on SEHS of soluble
proteins are {m,m}, {t,p}, and {t,m} (11). In this study, the twoR1
rotamers on SEHSof amembrane proteinwere {m,m}, one of the
two conformers ({m,m} and {t,p}) on an R-helix that allow a
CR-H 3 3 3 Sδ interaction. In both cases reported here, the side
chain could adopt the {t,p} rotamer without steric clash; none-
theless, it is not observed. Unlike most of the SEHS structures of
R1 on T4L, the entire side chain is resolved in the F177R1 and
I204R1 structures though the χ3-χ5 dihedral angle values differ
between the two (Table 2). The allowed dihedral angles of the
disulfide, χ3, are -90� and þ90�, and both are observed for
I204R1 and F177R1, respectively. In a relaxed side chain, χ4 and
χ5 are expected to be in a trans conformer; however, both F177R1
and I204R1 deviate significantly from these values due to
interactions between the nitroxide ring and residues within the
same R-helix (I204R1) or a neighboring helix (F177R1).
Anisotropic-Rate χ4/χ5Model. The spectra of R1 on SEHS

of membrane proteins are distinct from analogous sites on
soluble proteins. The fit to F177R1 shows that the broad line
features of membrane protein EPR spectra can be partially
reproduced by adjusting the magnetic components of the
g- and A-tensor to reflect the lower polarity of the environment
(Figure 11); however, the anisotropic-order χ4/χ5 model does not
reproduce the broad features of the high-field line of F177R1
(Figure 11). The features of the high-field and low-field line are
best reproduced by using an anisotropic diffusion tensor inwhich
the fastest motion is about the diffusion frame y-axis and the
amplitude restriction is about the molecular/diffusion frame
z-axis. To test the general applicability of the anisotropic-rate
χ4/χ5 model, spectra of EmrE andMsbA at solvent-exposed sites
in DDM were simulated (Figure S12) (49, 50). The calculated
spectra capture the salient features of the experimental spectra
and suggest the model has more general applicability beyond the
sites investigated in this study.

For both fits of F177R1 and I204R1 (mobile R-component),
the rotational rates of the diffusion frame are highly anisotropic.
The position of the diffusion frame places the fastest rotating
axis, yR, nearly coaxial with the terminal bond of the spin label,
χ5. The fast rates about yR suggest that the most significant
source of motion of the spin label comes from rotations about χ5.
Previously, 4-position derivatives of the nitroxide ring were used
to investigate the contributions of χ5 by sterically hindering
rotations about the terminal bond nearest the nitroxide ring (15).
On T4L SEHS the methyl derivative, R2, was sufficient to
significantly hinder the nitroxide motion (15). At F177 and
I204, a 4-Br derivative, R7, significantly reduces the mobility of
the spin label (B. Kroncke and L. Columbus, unpublished),
indicating that oscillations about χ5 are the dominant contribu-
tions to the nitroxide motions (although the possibility of a

gained interaction between the protein surface and the 4-sub-
stituent cannot be excluded). In the anisotropic-order χ4/χ5model
for aqueous SEHS and the anisotropic-rate χ4/χ5 model for the
aliphatic SEHS, oscillations about χ5 significantly contribute to
the motional averaging of the nitroxide ring. However, in the
hydrophobic environment, electron density for the ring is re-
solved and the overall correlation time of R1 is longer than
analogous sites onT4L,∼6 ns versus∼2 ns (10), respectively. The
slower motion indicates an additional steric restriction of R1 on
SEHS on membrane proteins compared to T4L sites in which
ring electron density is not observed and the overall correlation
time of R1 is lower. In combination with the crystal structures of
R1, these data suggest the motion of the spin label is greatly
influenced by the protein surface. Despite these interactions with
the protein surface, the nitroxidemotions giving rise to the spectral
averaging (oscillations about χ4 and χ5) have low activation
energies.

The activation energy barrier of the nitroxide side chain, Ea, in
the limited temperature range between 274 and 311 K, is equal to
the sum of the activation barrier of viscous flow, Eη, and the
intrinsic activation barrier of rotation, Ei (Ea = Eηþ Ei). The
measured activation barrier for both F177R1 and theR-component
of I204R1 is≈1.2 kcalmol-1,which is lower than the∼6kcalmol-1

FIGURE 15: DependenceofMs onS20 and τc determined fromspectra
simulated using the anisotropic-rate χ4/χ5 model.Ms is defined as the
scaled experimentally measured inverse center line width: Ms =
(δexp

-1 - δi
-1)/(δm

-1 - δi
-1). (A) Dependence of Ms on the order

parameter for the indicated correlation times. (B) Dependence ofMs

on correlation time for the anisotropic-rate χ4/χ5 model. δi and δm
were defined according to scale determined by Columbus et al. (3) as
8.4 and 2.1 G, respectively. The ranges for Ms observed for R1 on
membrane proteins and on soluble proteins are highlighted in gray.
For short τc and S20, greater than ∼0.35, g-tensor anisotropy is
resolved, resulting in much lower Ms values (indicated by the
asterisk). The form of Ms (S20,, τc) for the model presented here is
similar to that predicted by the anisotropic-order χ4/χ5 model (2),
with a stronger dependence on τc.
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reported for D72R1 on T4L in 30% sucrose. The difference in
Ea between the LeuT and T4L SEHS is likely due to the
difference in solvent viscosity between 30% sucrose and the
aliphatic environment of the detergent micelle. For D72R1
T4L, the activation barrier was determined to be due solely to
the activation barrier of viscous flow of the 30% sucrose
solution (10). Although the activation energy for viscous flow in
the interior of the OG micelle is not known, the activation energy
for viscous flow was determined to be 2.2 and 3.6 kcal mol-1 for
toluene and n-hexadecane, respectively (51), and 3.8 kcal mol-1 in
hexadecyltrimethylammonium chloride (CTACl) micelles (52),
similar to values measured here.
MeasuringMembrane Protein Dynamics. A simple meth-

od for extracting protein dynamics from EPR spectra is to plot
the EPR scaled mobility, Ms, versus residue. (Ms = (δexp

-1 -
δi
-1)/(δm

-1 - δi
-1) where δexp, δm, and δi are the experimentally

measured, most mobile, and most immobile central line widths
observed for all R1-labeled proteins, respectively (3).) A plot of
Ms versus residue correlates protein motion, including backbone
fluctuations and steric environment, and protein sequence (3, 53).
Several SDSL studies have correlated R-helical backbone mo-
tions with structure and function for soluble proteins (1-3, 54).
For membrane proteins, the range ofMs values observed is lower
in scale and amplitude, and the physical origin of the observed
dampening is not known (3). The different magnetic parameters
and potentially different motional models of membrane SEHS
modulate the sensitivity ofMs to backbone fluctuations (Figure 15).
The results of this study indicate the motional model is different;
however, the dependence ofMs on the amplitude and rate of the
nitroxide motion (Figure 15) is similar to that of the anisotropic-
order χ4/χ5 model (2). The lower Ms values for membrane
proteins appear to originate from the restricted rate of nitroxide
motion due to weak interactions between the ring and the protein
surface. The dampening of the overall differences between
Ms values on membrane SEHS results from the lower average
correlation times of the spin label, τc. In the regime of τc predicted
from the anisotropic-rate χ4/χ5 model presented here, τc ≈
2.5-7.0 ns, Ms is less sensitive to changes in rate and amplitude
of motion (Figure 15).

The spectra of F177R1 and the mobile component of I204R1
are fit with the anisotropic-rate χ4/χ5model; therefore, differences
in the rates and ordering potential may reflect backbone dynamic
modes regardless of the interactions the ring has with the protein
surface. The overall rotational rate and amplitude of motion for
I204R1 are slightly larger than for F177R1. In order to suggest
possible differences in backbone mobility, the crystallographic
B-factors in the wild-type structure were compared. The B-factors
for F177CR and I204CR are 20 and 27 Å2, respectively, and the
average B-factor for two helical turns within the helices (residues
171-177 and 198-204) is 18 and 26 Å2 for helices 4 and 5,
respectively. The increase in the disorder of helix 5 is likely due to
a proline kink introduced at residue P200. Several studies have
shown an increase in backbone flexibility due to proline kinks in
transmembrane helices (55, 56), and theEPR spectrumof I204R1
may reflect this flexibility.

CONCLUSION

In summary, the results presented in this investigation provide
a motional model for R1 on SEHS of membrane proteins and
suggest that SDSL, coupled with theoretical spectral fitting, can
be used to quantify membrane protein dynamics. EPR spectra of

SEHSonmembrane proteins in the low dielectric of the detergent
micelle are distinct from their soluble homologues and cannot be
reproduced by simple changes to the aqueous protein model of
spin label motion such as changing magnetic parameters, rate,
and/or order. The data presented support an anisotropic-rate χ4/
χ5 model of internal motion in which R1 is influenced mostly by
oscillations about the terminal bond nearest the nitroxide ring
while maintaining weak contacts with the protein surface. The
motion of this terminal bond is modulated by the quantity and
type of contacts made with the protein surface and yields the
variety of spectra observed for R1 on membrane proteins.

Although the neighboring residues and solvent are largely
different between soluble proteins and membrane proteins, the
CR-H 3 3 3 Sδ interaction appears to be as strong, if not stronger,
in the lower dielectric than in the aqueous environment. The
attractive interaction between these atoms has been shown to
restrict the motion of the first two dihedral angles of R1, causing
EPR spectra to be sensitive to backbone motion of the protein.
However, in membrane proteins, the sensitivity to backbone
motion is damped and complicated by interactions between the
nitroxide ring and the protein surface. Additional studies need
to be conducted that investigate the diversity of interactions,
rotamers, and motional models of R1 on membrane proteins in
order to fully realize the quantitative applications of SDSL and
EPR to functional backbone motions.

One useful application of nitroxides is distance determination
in biomolecules, such as nitroxide-nitroxide distances with
pulsed EPR or nitroxide-nuclei distances with NMR. The
resolution and interpretation of these distances are dependent
on knowledge of the spin label position (22, 23). In both aqueous
and membrane environments, oscillations about the spin label’s
χ1-χ3 dihedral angles is restricted and partially restricting the
conformational space of the spin label. The data presented suggest
the local environment of the spin label determines the three terminal
dihedral angles nearest the ring of R1 and that R1 on the surface
of membrane proteins has a smaller spatial distribution due to
interactions with the protein surface. These structures provide the
beginnings of an R1 rotamer library at SEHS of membrane
proteins, which will increase the precision of spin label positioning
on membrane proteins and, thus, provide better interpretation of
nitroxide-derived distances and distance distributions.
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