BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

DEER EPR Measurements for Membrane Protein Structures via
Bifunctional Spin Labels and Lipodisq Nanoparticles

Indra D. Sahu,’ Robert M. McCarrlck Kaylee R. Troxel Rongfu Zhang, Hubbell] Smith,”
Megan M. Dunagan, Max S. Swartz, Prashant V. Ra]an, Brett M. Kroncke, Charles R. Sanders,

and Gary A. Lorrgan*’T

TDepartment of Chemistry and Biochemistry, Miami University, Oxford, Ohio 45056, United States

JtDepartment of Biochemistry and Center for Structural Biology, Vanderbilt University, Nashville, Tennessee 37232, United States

© Supporting Information

ABSTRACT: Pulsed EPR DEER structural studies of
membrane proteins in a lipid bilayer have often been hindered
by difficulties in extracting accurate distances when compared
to those of globular proteins. In this study, we employed a
combination of three recently developed methodologies, (1)
bifunctional spin labels (BSL), (2) SMA-Lipodisq nano-
particles, and (3) Q band pulsed EPR measurements, to
obtain improved signal sensitivity, increased transverse
relaxation time, and more accurate and precise distances in
DEER measurements on the integral membrane protein
KCNE1. The KCNE1 EPR data indicated an ~2-fold increase in the transverse relaxation time for the SMA-Lipodisq
nanoparticles when compared to those of proteoliposomes and narrower distance distributions for the BSL when compared to
those of the standard MTSL. The certainty of information content in DEER data obtained for KCNE1 in SMA-Lipodisq
nanoparticles is comparable to that in micelles. The combination of techniques will enable researchers to potentially obtain more
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precise distances in cases where the traditional spin labels and membrane systems yield imprecise distance distributions.

P ulsed electron double resonance (PELDOR)/double
electron—electron resonance (DEER) EPR spectroscopy,
in combination with site-directed spin labeling, is a powerful
structural biology technique used to obtain long-range distances
of ~20—80 A by measuring the dipolar coupling between two
unpaired electron spins.l’2 These distance measurements
provide valuable structural information from systems in which
other techniques like solution NMR or X-ray crystallography
prove difficult or impossible.”* However, the application of
DEER spectroscopy to study membrane proteins can still be
difficult due to much shorter transverse relaxation times (T,) or
phase memory times (T,,) and poor DEER modulation in more
biologically relevant proteoliposomes as compared to water-
soluble proteins or membrane proteins in detergent micelles.
Frequently, membrane protein DEER experiments are
conducted with spin labels located outside the membrane to
specifically avoid these challenging problems. The combination
of these factors often leads to broad distance distributions,
poorer signal-to-noise, and limitations in the determination of
longer distances. The short phase memory times are typically
due to uneven distributions of the spin-labeled protein within
the membrane, which creates local inhomogeneous pockets of
high spin concentrations.* Some useful techniques used to
minimize these limitations include the use of a low protein/
lipid molar ratio and reconstitutions in the presence of
unlabeled 9proteins, bicelles, nanodics, and lipodisc nano-
particles.>™ To compliment other promising approaches that
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have recently been introduced to optimize the sample
conditions for DEER spectroscopy on membrane proteins,®” "'

this study introduces the combination of three recently
developed methodologies: bifunctional spin labels (BSL),"
lipodisq nanoparticles sample preparation," and Q band pulsed
EPR measurements.”’*"'® These approaches increase phase
memory times (T,,) and signal sensitivity to achieve higher
quality DEER distance measurements.

Bifunctional spin labels can be introduced by a facile cross-
linking reaction of a bifunctional methanethiosulfonate reagent
with pairs of cysteine residues at i and i + 3 or at i and i + 4 in
an a-helix, at i and i + 1 or at i + 2 in a ff-strand."> These spin
labels are rigid and thus very useful for obtaining tighter DEER
distance distributions when compared to traditional mobile
MTSL."> However, DEER studies incorporating the unique
BSL have not been published on a membrane protein system.

Membrane scaffold protein (MSP)-stabilized nanodiscs are a
very promising approach to facilitate the formation of
monodispersed protein samples under bilayer conditions to
minimize the detrimental effect of pockets of high local electron
spin concentrations on the transverse relaxation within a
sample.® However, there are drawbacks to this method in that it
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requires the use of detergents for protein incorporation that
must then be completely removed for the assembly of a
protein-nanodisc complex.'” In addition, the absorbance
properties of the membrane scaffold protein may interfere
with the incorporated protein of interest, introducing
uncertainty in the concentration measurement, or there may
be specific lipid interactions with the rim protein. In this work,
we incorporated a BSL-KCNE]1 liposome complex into SMA-
Lipodisq nanoparticles.">'” Lipodisq nanoparticles are lipid—
polymer complexes that are easily formed by detergent-free
methods from a range of different lipid compositions. The
polymer does not have the same interfering absorbance
properties that nanodisc rim proteins possess.'” SMA-Lipodisq
nanoparticles isolate protein macromolecules by minimizing the
size of the complex to ~10—15 nm while still retaining a
biologically relevant membrane structure.'®

DEER experiments have historically been carried out at X
band (~9.5 GHz). However, the trend is now moving toward
Q band to increase sensitivity. X band DEER experiments can
suffer from poor signal-to-noise ratios and extended data
collection times. This, coupled with low T, values, can make
the use of X band DEER for membrane protein systems
extremely challenging. Our lab and others have previously
reported an increase in sensitivity in DEER measurements for
proteins or peptides when the experiment is performed at Q
band instead of X band.*'*7'® The use of Q band DEER
spectroscopy coupled with the methods detailed above has
yielded very high quality data on a membrane protein system
which has proven difficult using more traditional structural
biology techniques.

KCNE]1 is a single transmembrane protein consisting of 129
amino acids that modulates the function of certain voltage-
gated potassium ion channels (K,)."*7° Recent biochemical
and electrophysiological studies indicated that the trans-
membrane domain (TMD) of KCNE1 binds to the pore
domain of the KCNQI channel modulating the channel’s
gating.”' ~>* Mutations in the genes encoding these proteins
result in increased susceptibility to genetic diseases such as
congenital deafness, congenital long QT syndrome, ventricular
tachyarrhythmia, syncope, and sudden cardiac death.'”**?® The
combination of the techniques used in this study was applied to
KCNELI and found to give superior DEER results.

B MATERIALS AND METHODS

Site-Directed Mutagenesis. The His-tag expression
vectors (pET-16b) containing a cysteine-less mutant of
KCNEI1 were transformed into XL1-Blue Escherichia coli cells
(Stratagene). Plasmid extracts from these cells were obtained
using the QIAprep spin miniprep kit (Qiagen). Site-directed
cysteine mutants were introduced into the cysteine-less KCNE1
gene using the Quickchange lightning site-directed mutagenesis
kit (Stratagene). The KCNE1 mutations were confirmed by
DNA sequencing12 from XL10-Gold E. coli (Stratagene)
transformants using the T7 primer (Integrated DNA
Technologies). Successfully mutated vectors were transformed
into BL21-(DE3) CodonPlus-RP E. coli cells (Stratagene) for
protein overexpression. Double BSL mutants (Tyr46-ValS0/
Ile66-Lys70) were generated by introducing two pairs of Cys
residues at the i and i + 4 positions (46, 50, 66, and 70). Double
MTSL mutants (Val47/1le66) were generated by introducing a
pair of cysteines at positions 47 and 66. All spin labeling sites
are located inside the membrane.*
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Expression and Purification of KCNE1. The over-
expression and purification of E. coli BL21 cells carrying
mutated KCNE1 genes were carried out using a previously
described protocol.”® E. coli cells carrying mutants of choice
were grown in an M9 minimal medium with 50 ug/mL
ampicillin. The cell culture was incubated at 37 °C and 240 rpm
until the ODy, reached 0.8, at which point protein expression
was induced using 1 mM IPTG (isopropyl-1-thio-p-galactopyr-
anoside) followed by continued rotary shaking at 37 °C for 16
h. Purification of KCNE] from inclusion bodies was carried out
according to a previous method,"” with final elution of pure
protein into 0.05% LMPG or 0.2% SDS detergent (buffer: 250
mM IMD, 200 mM NaCl, 20 mM Tris, pH 7.8). Protein
samples were concentrated to 1 mL by using a 3.5 kDa
molecular mass cutoff spin column (Millipore). Protein
concentration was determined from the A, using an extinction
coefficient of 1.2 mg/mL per 1.0 absorbance on a NanoDrop
200c (Thermo Scientific). The protein purity from over-
expression was confirmed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE).

Spin Labeling and Reconstitution into Proteolipo-
somes. The bifunctional spin label (BSL) (3,4-bis-
(methanethiosulfonylmethyl)-2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-1-yloxy radical) (HO-1944) and 1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methylmethanethiosulfonate (MTSL)
spin label were obtained from Toronto Research Chemicals
(Toronto, Canada). The spin labels were dissolved in methanol
to a concentration of 250 mM, added directly to the
concentrated protein in elution buffer at a 10:1 spin label/
protein molar ratio, and reacted for 24 h with gentle shaking at
room temperature in the dark to complete labeling. Excess/
unreacted free spin labels were removed by extensive dialysis.
Dialysis was carried out at room temperature in a regenerated
cellulose dialysis tubing (Fisher, MW cutoff 3.5 kDa) against 1
L of dialysis buffer (100 mM NaH,Po4, pH 7.8) and 0.2% SDS
without reducing agent for a week with buffer changes twice
daily. The spin labeling efficiency was determined by comparing
the nanodrop UV A,y protein concentration with spin
concentration obtained from CW EPR spectroscopy. The
protein concentration for all KCNE1 samples was ~75 M, and
the spin labeling efficiency for all samples was ~75%.

The reconstitution of spin-labeled protein into POPC/
POPG (3:1) proteoliposomes was carried out via standard
dialysis methods following a similar protocol in the literature.””
The concentrated spin-labeled KCNE1 protein was mixed with
a stock lipid slurry (400 mM SDS, 7S mM POPC and 25 mM
POPG, 0.1 mM EDTA, 100 mM IMD, pH 6.5). The lipid
slurry had been mixed to generate optically clear mixed micelles
via extensive freeze—thaw cycles. The final protein/lipid molar
ratio was set to 1:400. The KCNE1-lipid mixture was then
subjected to extensive dialysis to remove all SDS present,
during which KCNE1/POPC/POPG vesicles spontaneously
formed. The 4 L of dialysis buffer (10 mM imidazole and 0.1
mM EDTA at pH 6.5) was changed two times daily. The
completion of SDS removal was determined when the KCNE1-
lipid solution became cloudy and the surface tension of the
dialysate indicated the complete removal of the detergent. The
KCNE1-lipid vesicles solution was then extruded using a 100
nm filter to generate unilamellar vesicles.

Reconstitution into Lipodisq Nanoparticles. The
SMA-lipodisq nanoparticles were obtained from Malvern
Cosmeceutics. The protein—lipid complex was incorporated
into SMA-lipodisq nanoparticles following published proto-
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cols."*'7 A 500 uL aliquot of proteoliposome-reconstituted
protein sample (30 mM POPC/POPG lipid) was added with
the same amount (500 uL) of 2.5% of lipodisq solution
prepared in the same dialysis buffer (10 mM imidazole, 0.1 mM
EDTA at pH 6.5) dropwise over 3—4 min. The protein—
lipodisq solution was allowed to equilibrate overnight at 4 °C.
The resulting solution was centrifuged at 40000g for 30 min to
remove nonsolubilized protein. The size and homogeneity of
the final complex was confirmed by dynamic light scattering
(DLS) experiments.

EPR Spectroscopic Measurements. EPR experiments
were conducted at the Ohio Advanced EPR Laboratory. CW-
EPR spectra were collected at X band on a Bruker EMX CW-
EPR spectrometer using an ER041xG microwave bridge and
ER4119-HS cavity coupled with a BVT 3000 nitrogen gas
temperature controller. Each spin-labeled CW-EPR spectrum
was acquired by signal averaging 25 42 s field scans with a
central field of 3315 G and sweep width of 100 G, modulation
frequency of 100 kHz, modulation amplitude of 1 G, and
microwave power of 10 mW at 296 K.

Four pulse DEER experiments were performed using a
Bruker ELEXSYS ES80 spectrometer equipped with a SuperQ-
FT pulse Q band system with a 10 W amplifier and EN5107D2
resonator. All DEER samples were prepared at a spin
concentration of 100—120 uM. Deuterated glycerol (30% w/
w) was used as a cryoprotectant. The sample was loaded into a
1.1 mm inner diameter quartz capillary (Wilmad LabGlass,
Buena, NJ) and mounted into the sample holder (plastic rod)
inserted into the resonator. DEER data were collected using the
standard four pulse sequence* [(7/2),; — 7, — (7),, — t —
(7),, — (r; + 1, — t) = (x),; — 7, — echo] at Q band with a
probe pulse width of 10/20 ns, pump pulse width of 24 ns, 80
MHz of frequency difference between probe and pump pulse,
shot repetition time determined by spin—lattice relaxation time
(T,), 100 echoes/point, and 2-step phase cycling at 80 K
collected out to ~2.0 s for overnight data acquisition time (12
h).”® DEER data were analyzed using DEER Analysis 2011.%
The distance distributions P(r) were obtained by Tikhonov
regularization®® in the distance domain, incorporating the
constraint P(r) > 0. A homogeneous three-dimensional model
for micelle samples and a homogeneous two-dimensional
model for proteoliposomes and lipodisq nanoparticles samples
were used for background correction. The regularization
parameter in the L curve was optimized by examining the fit
of the time domain. Transverse relaxation data were collected
by using the standard Hahn echo pulse sequence [(7/2) — 7, —
(r) — 7, — echo] at Q band with 10/20 ns pulse widths, an
initial 7; of 200 ns and an increment of 16 ns, 100 echoes/
point, and 2-step phase cycling at 80K. The transverse
relaxation time (T,) or phase memory time (T,) was
determined by fitting the data with a single exponential decay.

The signal-to-noise ratio (S/N) was calculated from time
domain DEER data of all the samples using a previously
described method.'* S/N was calculated as the ratio of
modulation amplitude to the noise level. The noise level was
estimated as a root-mean-square deviation (rmsd) of the
background uncorrected experimental data after subtracting the
polynomial fit. The optimized degree of polynomial used was
9.'* Only the flat part of the baseline trace was included in the
rmsd calculation.
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B RESULTS AND DISCUSSION

Figure 1 displays schematic representations of the spin labels
used in this study and the solution NMR structure of KCNE1
in LMPG micelles."® Figure 2 shows DEER data for MTSL
spin-labeled KCNE1 (Val47/1le66) samples for (A) 1% LMPG
micelles, (B) POPC/POPG proteoliposomes, and (C) POPC/
POPG lipodisq nanoparticles. Figure 3 shows DEER data for
BSL-KCNE1 (Tyr46-Val50/lle66-Lys70) for (A) 1% LMPG
micelles, (B) POPC/POPG proteoliposomes, and (C) POPC/
POPG lipodisq nanoparticles. The left panel represents the
time domain traces, and the right panel reveals the distance
distributions for Figures 2 and 3. All of the DEER distances
derived from either the maximum peak intensity or the average
distance from the entire peak were within 1 A of 32 A. This
distance agrees well with the KCNE1 LMPG micelle
structure.'® The approximate full width of the distribution at
half maxima (fwhm) for both spin labels are summarized in
Table 1. Further analysis of DEER data including the Pake

Table 1. Approximate Full Width of the Distribution at Half
Maxima (fwhm) from DEER Distance Measurements on the
KCNE1 Membrane Protein

KCNEL1 double micelles fwhm  liposomes fwhm  lipodisq fwhm
(A) (A)

mutants (A)
47/66 (MTSL) ~12 ~17 ~12
46—50/66—70 ~8 ~11 ~6
(BSL)

pattern, Tikhonov L-curve, and signal-to-noise ratio (S/N) are
provided in the Supporting Information (Table S1 and Figures
S1 and S2). The fwhm values, S/N, and quality of Tikhonov L-
curve varied significantly for the different data sets depending
upon the combination of spin label and membrane protein
sample preparation. The signal-to-noise ratio (S/N) for spin-
labeled KCNEI1 in lipodisq nanoparticles increased 3- to 4-fold
when compared to that of proteoliposomes (see Supporting
Information Table S1) because of an increase in the phase
memory time (T,,). The T, curves for all MTSL and BSL
samples are shown in Figures 4 and S. Figures 4 and S clearly
indicate that the signal intensity at a particular decay time of 3
us is higher by ~3 fold for the lipodisq nanoparticles samples
when compared to the proteoliposome samples. All six data sets
could not be adequately fit with a single exponential decay to
directly compare T, values for the different samples. However,
qualitatively the T, values of the lipodisq nanoparticles KCNE1
samples have increased by a factor of ~2 when compared to
those of the KCNEI in proteoliposomes. The S/N of the time
domain DEER data for the lipodisq nanoparticles sample is
comparable to those for LMPG micelles due to their similar T,
values. A substantial improvement in the information content
in the DEER data was achieved by combining the lipodisq
nanoparticles sample methodology with the BSL for KCNE1
(see Figure 3C). This data set has the best distance constraints
(fwhm of ~6 A) with the best defined L-curve (see Supporting
Information Figure S2C). This is quite significant, as
researchers have often been confronted with the quandary of
sacrificing the biological relevance of the experiment in the
interest of data quality when choosing micelle preparations over
liposomes.

The DEER data clearly show that comparable signal
sensitivity, transverse relaxation time, and accurate and precise
distances can be obtained in the more biologically relevant

dx.doi.org/10.1021/bi4009984 | Biochemistry 2013, 52, 6627—6632
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Figure 1. Schematic representation of spin labeling probes and sites.
(A) MTSL, (B) BSL, and (C) the ribbon model of KCNE1 (PDB ID:
2K21) highlighting representative sites used in this study with spheres
at their a-carbons. All spin labeling sites are located inside the
membrane. The spin labeling sites 46 and 70 on KCNEI are near the
ends of the transmembrane domain (45—71) that spans the membrane
bilayer.
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Figure 2. Q band DEER data of E1 mutants (Val47/Ile66) bearing
two MTSL spin labels. Background-subtracted dipolar evolutions of
the indicated mutants (left) and their corresponding distance
probability distributions from Tikhonov regularization (right) for 1%
LMPG micelles (A), proteoliposomes (POPC/POPG = 3:1) (B), and
lipodisq nanoparticles (C).

lipodisq nanoparticles when compared to those of micelles. The
time domain data of the more rigid BSL for the lipodisq
nanoparticles sample is well defined with obvious periodic
oscillations, leading to more accurate and precise distance
measurements. Clearly, the BSL coupled with lipodisq
nanoparticles samples have significantly improved the reso-
lution of the distance distributions in Figure 3.
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Figure 3. Q band DEER data of E1 mutants (Tyr46-ValS0/Ile66-
Lys70) bearing two BSLs. Background-subtracted dipolar evolutions of
the indicated mutants (left) and their corresponding distance
probability distributions from Tikhonov regularization (right) for 1%
LMPG micelles (A), proteoliposomes (POPC/POPG = 3:1) (B), and
lipodisq nanoparticles (C).
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Figure 4. Experimental phase memory curves for dual spin-labeled E1
mutants (Val47/1le66) bearing two MTSL spin labels for 1% LMPG
micelles (T, = 1.9 + 0.2 us) (A), POPC/POPG = 3:1
proteoliposomes (T, = 1.0 + 0.2 us) (B), and lipodisq nanoparticles
(T =19 £ 0.2 pus) (C).

The BSL is constrained to be more localized when compared
to the MTSL spin label as seen from the measured distance
distributions (fwhm) (see Table 1), which can be used as an
alternative spin probe to TOAC."” The chemical attachment of
BSL to pairs of Cys—SH is easy (similar to the MTSL spin
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Figure S. Experimental phase memory curves for dual spin-labeled E1
mutants (Tyr46-Val50/1le66-Lys70) bearing two BSLs for 1% LMPG
micelles (T, = 1.9 = 0.2 us) (A), POPC/POPG = 3:1
proteoliposomes (T, = 0.9 + 0.2 us) (B), and lipodisq nanoparticles
(T = 1.9 £ 0.2 us) (C).

label), whereas incorporation of TOAC as an unnatural amino
acid in expression systems is complicated and challenging. The
CW-EPR spectra for the BSL-KCNE1 samples (see Supporting
Information Figure S3) are consistent with previously reported
EPR data for water-soluble proteins.'**" The EPR spectral line
shape of BSL-KCNEI1 is in the rigid limit motion. This
indicates proper tethering of BSL to both cysteines. In addition,
BSL can be used to monitor the motion of the protein
backbone to which it is attached without complications arising
from the internal modes of the side-chain.'* The longer T,
values can also increase the upper limit of distance measure-
ments for membrane proteins, because the DEER data can be
collected out further in time.'”” This has been a serious
limitation for DEER measurements on membrane protein
samples. The similar probable DEER distances obtained for
proteoliposomes and lipodisq nanoparticles in Figures 2 and 3
indicate that there is no significant structural perturbation on
the membrane protein due to the utilization of lipodisq
nanoparticles. Furthermore, previous studies have indicated
that no significant structural and functional perturbations on
membrane proteins have occurred due to BSL and lipodisq
nanoparticles.'>'>"”

In conclusion, we demonstrated methodological develop-
ments in biochemical and spectroscopic techniques to obtain
significant improvements in the quality of DEER distance
measurements for membrane protein studies. Narrower DEER
distance distributions were obtained for BSL when compared to
those of the standard MTSL. The BSL in combination with
bacterial overexpression used in this study for KCNEI indicates
that this powerful approach can be utilized for any membrane
protein system with no size limitations. The usage of lipodisq
nanoparticles improves the quality of distance measurement
and experimental throughput by increasing the phase memory
time (T,,) by a factor of ~2 and the S/N by a factor of ~3 to 4
when compared to those of proteoliposomes. The increase in
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T,, will allow longer DEER distances to be measured more
accurately. Combining these technical improvements (BSL,
lipodisq nanoparticles, and pulsed Q band EPR spectroscopy)
for DEER measurements will provide a powerful approach to
obtain high quality distance data in a short period of time in
order to answer pertinent structural questions for challenging
membrane protein systems.
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Further DEER data and CW-EPR spectra. This material is
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B ABBREVIATIONS

SDSL, site-directed spin labeling; CW-EPR, continuous wave
electron paramagnetic resonance; PELDOR, pulsed electron
double resonance; DEER, double electron—electron resonance;
NMR, nuclear magnetic resonance; TMD, transmembrane
domain; MSP, membrane scaffold protein; IPTG, isopropyl-1-
thio-p-galactopyranoside; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; LMPG, 1-myristoyl-2-
hydroxy-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt);
BSL, bifunctional spin label, (3,4-Bis-(methanethiosulfonyl-
methyl)-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-1-yloxy
Radical), (HO-1944); MTSL, 1-oxyl-2,2,5,5-tetramethylpyrro-
line-3-methylmethanethiosulfonate; POPC, 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt); fwhm,
full width of the distribution at half maxima; TOAC, 2,2,6,6-
tetramethyl-piperidine-1-oxyl-4-amino-4-carboxylic acid
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