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Abstract—High-resolution NMR is shown to be applicable for investigation of membrane proteins and membrane-active
peptides embedded into lipid—protein nanodiscs (LPNs). ’N-Labeled K*-channel from Streptomyces lividans (KcsA) and
the antibiotic antiamoebin I from Emericellopsis minima (Aam-I) were embedded in LPNs of different lipid composition.
Formation of stable complexes undergoing isotropic motion in solution was confirmed by size-exclusion chromatography
and 3'P-NMR spectroscopy. The 2D '"H-""N-correlation spectra were recorded for KcsA in the complex with LPN con-
taining DMPC and for Aam-1 in LPNs based on DOPG, DLPC, DMPC, and POPC. The spectra recorded were compared
with those in detergent-containing micelles and small bicelles commonly used in high-resolution NMR spectroscopy of
membrane proteins. The spectra recorded in LPN environments demonstrated similar signal dispersion but significantly
increased 'Hy line width. The spectra of Aam-I embedded in LPNs containing phosphatidylcholine showed significant
selective line broadening, thus suggesting exchange process(es) between several membrane-bound states of the peptide. °N
relaxation rates were measured to obtain the effective rotational correlation time of the Aam-I molecule. The obtained value

(~40 nsec at 45°C) is indicative of additional peptide motions within the Aam-I/LPN complex.
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High-resolution NMR-spectroscopy is a widely used
method for investigation of protein molecular structures
in solutions [1, 2]. Novel experimental methods and
advanced approaches to preparation of isotope-labeled
protein molecules have significantly extended the appli-

cability of NMR-spectroscopy to studies of large proteins
and supramolecular complexes. Uniform side chain
deuteration [3] and special relaxation optimized NMR
experiments (TROSY, CRINEPT) can now be used for
determination of spatial structures of proteins with

Abbreviations: Aam-1, antibiotic antiamoebin | from Emericellopsis minima; apoA-1, apolipoprotein A-1; CRINEPT, cross-corre-
lated relaxation-enhanced polarization; 1D, one-dimensional; 2D, two-dimensional; DDM, B-dodecyl maltoside; DHPC,
dihexanoyl phosphatidylcholine; DLPC, dilauroyl phosphatidylcholine; DLPG, dilauroyl phosphatidylglycerol; DMPC, dimyris-
toyl phosphatidylcholine; DOPC, dioleoyl phosphatidylcholine; DOPE, dioleoyl phosphatidylethanolamine; DOPG, dioleoyl
phosphatidylglycerol; HMQC, heteronuclear multiple quantum correlation; HSQC, heteronuclear single quantum correlation;
INEPT, insensitive nuclei enhanced by polarization transfer; KcsA, K™-channel from Streptomyces lividans; LMPC, lysomyristoyl
phosphatidylcholine; LMPG, lysomyristoyl phosphatidylglycerol; LPN, lipid—protein nanodisc; MP, membrane protein; MSP,
fragment 44-243 of human apolipoprotein Al (membrane scaffold protein); POPC, palmitoyloleoyl phosphatidylcholine; Ry,
hydrodynamic radius of a particle, Stokes radius; TM, transmembrane; TROSY, transverse relaxation-optimized spectroscopy; Av,
half-peak width of NMR band; nyy, rate of cross-correlation between dipole—dipole and chemical shift anisotropy relaxation of the

SN nucleus; 1y, effective rotational correlation time.
* To whom correspondence should be addressed.
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USE OF LIPID—PROTEIN NANODISCS IN NMR STUDIES

molecular masses up to 100 kDa and examination of pro-
tein—protein complexes with molecular masses up to
1000 kDa [4-7]. Unfortunately, the progress achieved is
mainly for water-soluble proteins and it does not facilitate
studies of another important class of protein molecules —
membrane proteins (MP) [8].

The main difficulty in NMR studies of MP is the
search for a suitable solubilizing medium (membrane
mimetic) [8-10]. An ideal membrane mimetic has to sup-
port the native (functional) protein structure and, at the
same time provide “interpretable” NMR spectra of the
solubilized molecule. At the initial stages of analysis, the
spectrum quality is estimated in terms of signal dispersion
and spectral line width. However, the width of NMR sig-
nals significantly increases with increase in size of a com-
plex (protein/membrane mimetic under study). As a
result, membrane-mimicking media based on real bilayer
membranes in the form of vesicles or large bicelles cannot
be used in high-resolution NMR spectroscopy.

Membrane mimetics commonly used in NMR stud-
ies have some drawbacks. In particular, organic solvents
with low polarity, such as methanol, trifluoroethanol, or
methanol/chloroform and trifluoroethanol/water mix-
tures, are isotropic in their nature and have little applica-
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bility as models of biological membrane [8]. On the other
hand, anisotropic membrane mimetics (detergent
micelles and small spherical lipid/detergent bicelles) have
significant surface curvature [8-10], which can seriously
distort the spatial structure of the solubilized protein [11].
Moreover, high lability of detergent-containing complex-
es often increases intramolecular mobility of a-helical
MPs, which can lead to significant broadening and weak-
ening of NMR signals from transmembrane domains
(TMs) [8-10]. Instability of micellar complexes below the
critical micelle concentration also hampers manipula-
tions with samples, such as variations of protein concen-
tration or buffer composition.

In our search for an alternative medium for NMR
studies of MPs, we concentrated our attention on recon-
structed nascent high-density lipoprotein particles
(lipid—protein nanodiscs, LPN). These particles are
composed of a bilayer membrane fragment (~160 lipid
molecules) surrounded by an apolipoprotein A-1 (apoA-
1) dimer. According to the newest models [12-14], LPNs
are discs ~10-12 nm in diameter and ~4 nm in thickness
(Scheme) coinciding with that of biological membrane.
LPN reconstruction in vitro was first described more than
20 years ago [15] and was recently adapted for MP solu-

Membrane protein/
detergent

LPN containing
membrane protein

Scheme of reconstruction of MP/LPN complex based on the example of KcsA. Molecules of MSP and KcsA are shown in band representa-
tion based on 1AVI1 and 1F6G structures (www.pdb.org). Lipid molecules are drawn in light gray and detergent molecules in dark gray. Two
MSP molecules shielding the membrane fragment of the nanodisc from solvent are drawn as tori
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bilization [16-19]. The lipid membrane fragment of LPN
retains many biophysical properties of natural bilayer sys-
tems, in particular, an expressed phase transition of lipids
from gel to liquid-crystal state is observed in nanodiscs
[20]. LPNs possess excellent membrane-mimicking
properties and elevated stability compared with tradition-
al membrane mimetics and are thus attractive media for
NMR studies of MPs.

The present work is devoted to elaboration of novel
approaches to structural studies of membrane proteins
and peptides by NMR-spectroscopy using nanodiscs.

MATERIALS AND METHODS

Expression of the MSP gene. The MSP gene encod-
ing fragment 44-243 of human apoA-1 and carrying an
additional N-terminal sequence encoding six His
residues and a site for specific hydrolysis by protease TEV
was constructed from 18 synthetic overlapped oligonu-
cleotides on the basis of the reported sequence [21, 22]
using three-stage PCR. The constructed gene was cloned
in the expression vector pET-28a(+) (Novagen, USA) at
the Ncol and HindIII restriction sites [23]. Bacterial pro-
duction of MSP in strain BL21(DE3) was carried out on
rich medium according to previously developed protocols
[21, 22].

Isolation and purification of MSP. Cell culture was
centrifuged for 30 min at 2500 rpm and 4°C. The cell pel-
let from 1 liter of culture was resuspended in 40 ml of
buffer A (20 mM Tris-HCI, pH 8.0, 0.5 M NaCl, and
1 mM NaN;) containing 1% Triton X-100. The cells were
disrupted using an ultrasonic disintegrator (Badelin
Electronic GmbH, UK) for 10 sec with 10 repeats. Lysate
was centrifuged for 30 min at 30,000g, and the super-
natant was collected. The protein was purified on a Ni**-
Sepharose 6 Fast Flow metal-affinity resin column (GE
Healthcare, USA) equilibrated with buffer A containing
1% Triton X-100. Following the sample application, the
column was sequentially washed with buffer A containing
1% Triton X-100, buffer A containing 50 mM of sodium
cholate, buffer A, and buffer A containing 50 mM of imi-
dazole, four volumes each. MSP was eluted with the
buffer A containing 0.5 M of imidazole. The purified
MSP was dialyzed against 10 mM Tris-HCI, pH 7.4, con-
taining 100 mM NaCl and 1 mM NaNj;. Protein concen-
tration was determined from absorption at 280 nm using
the corresponding molar extinction coefficient. The yield
of final product was 150-200 mg/liter of bacterial culture.

Reconstruction and purification of “empty” lipid—pro-
tein nanodiscs. Purified MSP was mixed with lipids in
molar ratio 1 : 75 in the presence of sodium cholate (the
molar ratio cholate/lipids was 2 : 1) and incubated for 3 h
at 4°C. When saturated lipids (DMPC, DLPC) were used,
the reaction temperature was maintained at no less than
25°C. Self-assembly of nanodiscs was initiated by sorption
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of the detergent on the Bio-Beads™ resin (Bio-Rad,
USA) for 1.5 h. The supernatant contained a mixture of
LPN, free MSP, and lipid vesicles. Nanodiscs were puri-
fied on metal-affinity resin equilibrated with the buffer A.
Following application of reaction mixture, the resin was
washed with four volumes of buffer A. LPNs were eluted
with buffer A containing 100 mM imidazole.

Reconstruction of lipid—protein nanodiscs containing
KcsA. A recombinant gene encoding K*-channel from
Streptomyces lividans (KcsA) (homotetramer of 18.3-
kDa subunits) was cloned and expressed as described
earlier [24]. "N-Labeled KcsA was produced on mini-
mal medium M9 containing NH,CI as a nitrogen
source (Cambridge Isotope Laboratory, USA). KcsA was
isolated from biomass according to the method published
in [25]. The BL21(DE3) cells containing KcsA were dis-
rupted by sonication, and the cell lysate was centrifuged
at 80,000g for 1 h. The pellet was solubilized in 0.1 M
Na-phosphate buffer, pH 7.0, containing 5 mM of KCI
and 15 mM of B-dodecyl maltoside (DDM). The target
protein was purified on metal affinity resin. The purified
KcsA in 50 mM Tris-HCI buffer, pH 7.5, containing
10 mM KCI and 10 mM DDM was used for LPN prepa-
ration. The KcsA sample was mixed with MSP, lipids,
and sodium cholate at 1 : 20 : 800 : 1600 molar ratio. The
final KcsA concentration was 26 pM. The mixture was
incubated overnight with moderate shaking at 4°C for
unsaturated lipids (DOPC, POPC) and 25°C for saturat-
ed lipids (DMPC). Then Bio-Beads™ resin was added to
the mixture followed by additional incubation under vig-
orous shaking for 2 h at 4 or 25°C depending on the lipids
used. The final mixture of liposomes, empty LPN, or
LPN containing KcsA was fractionated using metal
affinity resin preliminary equilibrated with buffer A. The
fraction of nanodiscs containing KcsA was eluted with
buffer A containing 500 mM imidazole, dialyzed against
20 mM Tris-HCI, pH 6.9, containing 5 mM KCI, 1 mM
EDTA, and 1 mM NaNj;, and concentrated using an
ultrafiltration cell NMWL 10000 (Millipore, USA).
Protein concentration was determined by absorbance at
280 nm.

Incorporation of antiamoebin in nanodiscs, micelles,
and bicelles. "N-Labeled 1.7-kDa Aam-I (antibiotic
antiamoebin I from Emericellopsis minima) was prepared
as described earlier [26]. The peptide solution in deuter-
ated methanol (C*H;OH) at the concentration of
15 mg/ml was prepared for the incorporation of anti-
amoebin in nanodiscs. The 0.1 mM nanodisc solution in
buffer containing 10 mM Tris-acetate, pH 7.0, 1 mM
EDTA, and 5% D,O (total volume 500 ul) was titrated
with 4-ul aliquots of antiamoebin followed by incubation
in Eppendorf (USA) tubes with open lids under moderate
agitation for 1 h at 30°C. The procedure was repeated
seven times for preparation of samples for NMR spec-
trum recording. The final peptide concentration was
~0.5 mM (~5 peptide molecules per disc). The final
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methanol concentration in the sample did not exceed 2%
according to the ZH-NMR data.

To prepare Aam-I complexes with micelles and
bicelles, the preliminarily prepared solutions of deter-
gents and lipids were added to dry weighed samples of the
peptide. In all cases, the peptide/detergent molar ratio
was no less than 1 : 200. Three sequential freeze—thaw
cycles were used for bicelle formation (DMPC/DHPC
ratio was 1 : 4).

Size-exclusion chromatography. Size-exclusion
chromatography was carried out on a Tricorn 5/200 col-
umn (GE Healthcare, Sweden) with Superdex 200 equil-
ibrated with buffer containing 10 mM Tris-HCI, pH 7.4,
100 mM NaCl, | mM EDTA, and 1 mM NaNsj.
Thyroglobulin (669 kDa, Stokes radius Ry, = 8.5 nm),
ferritin (440 kDa, Ry, = 6.1 nm), catalase (232 kDa, Ry, =
5.22 nm), aldolase (158 kDa, Ry, = 4.81 nm), BSA
(67 kDa, Ry, = 3.55 nm), and ovalbumin (43 kDa, Rg, =
3.05 nm) were used as standards. The flow rate was
0.3 ml/min, and the protein fractions were detected spec-
trophotometrically at 280 nm. Particle size was deter-
mined from the calibration plot of elution volume against
logRs,. Considering non-spherical shape of LPN, we sup-
posed that observed R, values correspond to half-diame-
ter of the disc. All particle size (diameter) values below
correspond to the doubled R, values.

NMR spectroscopy. 1D 'H-, 1D 2H-, and 2D 'H-"N
NMR spectra were recorded at 40-45°C on AVANCE-700
and AVANCE-III-800 spectrometers (Bruker, Germany)
equipped with cryogenically-cooled triple-resonance
probes with 'H working frequencies 700 and 800 MHz,
respectively. The 1D *'P-NMR spectra were recorded at
25°C on an ECA-600 spectrometer (JEOL, Japan) with 'H
working frequency of 600 MHz. Chemical shifts of pro-
tons were measured relative to residual signal from protons
of water, whose chemical shift is 4.75 ppm at 30°C.
Chemical shifts of ®N nuclei were calculated using the
corresponding gyromagnetic ratio [27]. Chemical shifts of
3P nuclei were measured relative to the signal of the phos-
phate moiety of DMPC dissolved in sodium cholate,
whose chemical shift is —0.5 ppm at 25°C [28].

The rate of cross-correlation between dipole—dipole
relaxation and relaxation due to anisotropy of chemical
shift of N nuclei (nyy) of Aam-I in complex with
LPN/DLPC was measured at 45°C on the AVANCE-III-
800 spectrometer using the 1D TRACT method [29].
Effective rotational correlation time (ty) of the peptide in
the complex was calculated from the measured nyy value
using known equations [29].

RESULTS
Theoretical background for application of nanodiscs

as membrane mimetics in NMR structural studies.
Theoretical calculations of rotational diffusion tensor of a
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discoid particle 10 x 4 nm in size (Scheme) were per-
formed using published analytical equations [30]. The
rotational correlation times tA, tB, and tC at 45°C are
56, 57, and 61 nsec, respectively, which corresponds to
isotropic rotation of globular protein with hydrodynamic
radius Rg, ~ 4.7 nm and molecular mass ranging within
150-200 kDa. A complex composed of membrane protein
and nanodisc seems to exhibit similar dynamic and relax-
ation properties and, hence, comparable line width in
NMR spectra, 'Hy Av ~ 90-100 Hz. Comparison of these
estimations with data of recent NMR studies of globular
proteins (see introductory part) points to a theoretical
possibility of measurement of NMR spectra for MP/LPN
complexes using TROSY and modern high-field (800-
900 MHz) NMR spectrometers.

Practical aspects of protein/LPN complex prepara-
tion for NMR spectroscopy. Previously reported methods
for reconstruction of nascent high-density lipoprotein
particles or lipid—protein nanodiscs in vitro are based on
addition of detergent solution of lipids to MSP followed
by gradual removal of detergent by dialysis [12, 15, 21,
22], gel filtration [19], or application of a special sorbent
Bio-Beads™ [16-18]. On removal of detergent from the
reaction mixture, self-assembly of nanodiscs occurs
(Scheme). To incorporate MP into LPNs, the micellar
solution of the target protein should be added to the reac-
tion mixture together with MSP, lipids, and detergents.
After removal of detergent, the sample represents a het-
erogeneous mixture of lipid vesicles, free MSP (soluble
aggregates of various stoichiometry), “empty” nanodiscs,
and nanodiscs containing MP. It should be noted, that
relative population of these components depends on ini-
tial composition of the reaction mixture. In particular,
contents of both vesicles and free MSP can be decreased
by lowering the initial concentrations of lipids and MSP.
However, low contents of lipids and MSP during nano-
disc formation can result in either irreversible precipita-
tion of the target MP or embedding of several MP mole-
cules in the membrane of one nanodisc. On the other
hand, high levels of lipids and MSP in the reaction mix-
ture decreases efficacy of MP embedding in the nanodisc
membrane, thus facilitating the formation of side com-
plexes MP/lipid vesicle and MP/MSP.

Since a heterogeneous mixture of components is
formed during nanodisc formation, additional steps of
chromatographic purification are necessary. Our data
show that gel filtration cannot separate LPN from free
MSP aggregates of similar size (~10.1 nm) (Fig. 1a and
the table), so in our study we used an MSP sequence car-
rying six histidine residues at the N-terminus of the mol-
ecule. This allowed fractionation of lipid vesicles (elution
with buffer A), “empty” LPN (elution with 100 mM imi-
dazole), and MSP aggregates (elution with 500 mM imi-
dazole) using Ni?" affinity chromatography. It is worth
noting that incorporation of additional sequences, such
as FLAG, STREP, or His6 (with pre-elimination of histi-
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Fig. 1. Biochemical and spectral analyses of LPN preparations. a)
Size-exclusion chromatography profiles of free MSP aggregates,
“empty” LPNs, and KcsA/LPN and Aam-I/LPN complexes. The
particle diameter scale (nm) was obtained using a calibration curve
(see “Materials and Methods”). b) 3'P-NMR spectra of LPN
phospholipid membrane and DMPC solubilized in sodium
cholate (25°C). The signal of LMPC impurity in the DMPC/Na-
cholate sample is denoted by asterisk. ¢) Electrophoretic analysis
of KcsA/LPN/DMPC complex purification on the metal affinity
resin. Lanes: /) KcsA tetramer in DDM; 2) washing with buffer A;
3, 4) elution with buffer A containing 100 mM imidazole; 5, 6)
elution with buffer A containing 500 mM imidazole.

dine sequence from the MSP molecule) into MPs is nec-
essary in most cases for separation of “empty” LPNs and
LPNs containing MP [16-19].

Preparation of “empty” LPNs. Dependence of nano-
disc diameter on lipid composition. As noted above, both
the spectral line width and sensitivity of NMR measure-
ments strongly depend on rotational diffusion rate of a
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protein molecule in solution and, hence, on its size. One
could expect that the effective rotational diffusion rate of
MP embedded in LPN should primarily depend on the
nanodisc diameter. Thus, the smallest LPNs that still
retain their membrane-mimicking properties are optimal
for NMR spectroscopy. Numerous studies clearly show
that both full-size apoA-1 and its fragment 44-243 (MSP)
can form a discrete-sized series of lipoprotein particles
[12, 22]. To prepare stable LPNs of smallest size, we opti-
mized lipid (POPC) amounts added to the reaction mix-
ture for reconstruction of nanodiscs. We tested the fol-
lowing MSP/POPC molar ratios: 1 : 50, 1 : 75, and 1 :
100. The LPNs prepared were purified on the Ni*"-affin-
ity resin and analyzed by size-exclusion chromatography
(the table and Fig. 1a). As one can see on the figure, the
LPN diameteris 9.5+ 0.5nmat 1 : 50 or 1: 75 MSP/lipid
ratio. With the increase in lipid concentration to 1 : 100,
the formation of larger diameter particles (~12 nm) leads
to noticeable decrease in sample homogeneity (Fig. 1a).
On the other hand, the final yield of the nanodisc recon-
struction determined from the concentration of MSP
embedded in LPNs was twofold higher at 1 : 75 ratio than
that at 1 : 50 ratio; in the latter case the excess of MSP
exists in the form of aggregates. Thus, the MSP/lipid ratio
of 1 : 75 is the optimum for the formation of POPC-based
“empty” nanodiscs of ~9.5 nm diameter.

Our data are in good agreement with a modern con-
cept of LPN structure (Scheme). Let us suppose that the
nanodisc is composed of two MSP molecules and lipid
bilayer of 150 POPC molecules, then the area of the
bilayer fragment (~49 nm?) corresponds to diameter
~8 nm; given double thickness of the MSP molecule in
helical conformation, the overall LPN diameter is about
10 nm, which is consistent with the results of size-exclu-
sion chromatography. Taking into account the similar
surface area values (0.6-0.7 nm?/molecule) for all lipids
used in our work, we used the MSP/lipid ratio of 1 : 75 in
all further experiments on “empty” LPN reconstruction.
The data of size-exclusion chromatography of “empty”
LPNs containing DLPC, DLPG, DMPC, DOPC,
DOPG, as well as DLPC/DLPG (4 : 1) mixture are
shown on the Fig. 1a and in the table. The table shows
that the diameter of LPNs formed by zwitterionic satu-
rated lipids (DLPC, DMPC) is about 10 nm, which is
close to the expected value. However, the use of zwitteri-
onic lipid with two unsaturated fatty acid chains (DOPC)
led to an increase in nanodisc diameter. We observed the
same effect (LPN diameter increase) when used charged
lipids: addition of even 20% charged lipid (DLPG) led to
noticeable increase in nanodisc diameter (Fig. 1a and the
table). This effect is probably associated with decrease in
packing density of nanodisc membrane caused either by
negative charge repulsion or the presence of double bonds
in both chains of the lipid molecule. The greatest LPN
size (11.6 nm) was achieved when DOPG (table) com-
bining both features was used.

BIOCHEMISTRY (Moscow) Vol. 74 No. 7 2009
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Dependence of size of LPNs and MSP complexes on
lipid composition and MSP/lipid molar ratio

Complex MSP/lipid Diameter
composition molar ratio of complex,
nm (+0.5 nm)
MSP — 6.0, 10.1
LPN/POPC 1:50 9.4
—"— 1:75 9.5
="— 1:100 10.1
LPN/DLPC 1:75 9.5
Aam-1/LPN/DLPC 1:75 9.6
LPN/DLPC/DLPG 1:75 9.8
LPN/DLPG 1:75 10.5
LPN/DMPC 1:75 10.0
LPN/DOPC 1:75 10.9
LPN/DOPG 1:75 11.6
KcesA/LPN/DMPC 1:40 10.9
KcsA/LPN/DOPC 1:40 10.9, 16.6

All prepared samples of “empty” LPNs except
DLPG-based nanodiscs were stable for no less than three
months at room temperature and no less than one week at
45°C. LPNs formed by DLPG were unstable and disinte-
grated in several days forming lipid precipitate. This effect
is probably associated with relatively high solubility of
DLPG due to both short fatty acid chains and charged
polar head of the lipid.

SIP_NMR spectroscopy of nanodisc phospholipid
membranes. We used *'P-NMR spectroscopy for testing a
theoretical prediction on isotropic reorientation of LPN
in solution (Fig. 1b). The spectrum of nanodisc phospho-
lipid membranes composed of phosphatidylcholine
revealed single narrow isotropic signal in the region from
—0.6 to —0.7 ppm, whereas membranes composed of
phosphatidylglycerol had a signal in the region from
0.7 to 0.8 ppm. These data are consistent with the values
of isotropic chemical shifts of the lipids in the liposomes
observed by magic-angle spinning (MAS) solid-state
NMR spectroscopy [31]. This suggests isotropic rotation
of LPN in solution and absence of preferential orienta-
tion of the LPN particles in the magnetic field of the
NMR spectrometer. It is worth noting that LPN com-
posed of DLPC/DLPG (4 : 1) mixture exhibits a shift of
signals of phosphatidylcholine and phosphatidylglycerol
phosphate moieties in direction to values observed for the
lipids solubilized with sodium cholate (—0.5 and 0.5 ppm,
respectively [28]) (Fig. 1b).

Reconstruction of lipid—protein nanodiscs containing
KcsA. The feasibility of NMR spectroscopy for studies of
membrane proteins integrated in LPN membranes was
tested using '"N-labeled potassium channel KcsA from

BIOCHEMISTRY (Moscow) Vol. 74 No. 7 2009

761

Streptomyces lividans. According to data of X-ray struc-
tural analysis and NMR spectroscopy [32-34], KcsA is
composed of four equal subunits surrounding the channel
pore (Scheme). Each subunit, in turn, includes N- and
C-terminal helical domains exposed to solvent and a TM-
domain composed of two TM-helices, additional P-helix,
and a selective filter.

The recombinant KcsA tetramer isolated from bac-
terial membrane of Escherichia coli and solubilized in
DDM was used for reconstruction of KcsA/LPN. We
tested different lipid compositions for LPN formation:
zwitterionic lipids (DOPC, DMPC, and POPC) and par-
tially anionic mixture DOPG/DOPE (7 : 3). The pre-
pared nanodiscs were examined by SDS-PAGE (Fig. 1¢)
and size-exclusion chromatography (Fig. la and the
table). We observed formation of complexes containing
the KcsA tetramer in all cases, but not in the
DOPG/DOPE mixture. Gel filtration of the complexes
showed that nanodiscs composed of POPC and DMPC
are the most homogeneous (particle diameter ~10.1 nm).
The DOPC-based LPN sample (Fig. 1a) contained an
admixture of larger particles (diameter > 16 nm), which
was probably due to embedding of several copies of the
tetrameric KcsA in one nanodisc. When DOPG/DOPE-
based nanodiscs were formed, the KcsA tetramers disso-
ciated into monomers, and MP precipitation was
observed. This contradicts published data indicating that
the DOPG/DOPE mixture is optimal for KcsA renatura-
tion in vitro |35]. Inefficiency of nanodisc formation with
this composition is probably associated with the inability
of the MSP molecule to stabilize the lipid bilayer with the
strong negative spontaneous curvature due to phos-
phatidylethanolamine molecules.

Given a supposition that denser packing of saturated
lipids might reduce the intramolecular MP dynamics,
which worsens the quality of NMR spectra, we decided to
use DMPC for the reconstruction of LPNs containing the
SN-labeled KcsA. All stages of reconstruction, purifica-
tion, and dialysis were performed at a temperature above
the DMPC phase transition temperature (24°C).
Different KcsA/MSP ratios (1 : 10 and 1 : 20) and
MSP/DMPC ratios (1:20,1:40,1:75,and 1 : 100) were
checked for optimization of reconstruction. The most
effective incorporation (~70%) was observed at the ratios
KcsA/MSP 1 : 20 and MSP/DMPC 1 : 40. These ratios
were further used for the preparation of sample contain-
ing the *N-labeled KcsA.

NMR spectroscopy of >N-KcsA embedded in nano-
discs. The 40-50 intense signals with 'Hy Av ~20-30 Hz
were observed in the 2D 'H-"*N-HSQC spectrum of the
KcsA/LPN/DMPC complex (data not shown).
Comparison of this spectrum with those of *H-'">N-
labeled KcsA in micelles of DPC and SDS [33, 34] shows
that the observed signals belong to the N- and C-terminal
helical domains of the channel exposed to solvent. The
use of the TROSY method led to insignificant narrowing
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Fig. 2. 2D 'H-'>N-TROSY spectra of KcsA/LPN/DMPC com-
plexes (0.1 mM KcsA tetramer, 45°C, pH 3.8). a) H,O solution
(5% D,0), intensity of spectral fragment on the inset are 32-fold
increased. b) D,O solution (less than 5% H,0). The exchange of
amide protons of KcsA by deuterium was carried out during 60
days at room temperature.

of these signals (on an average 3-5 Hz), but broader and
weaker signals ('"Hy Av ~50-80 Hz) appeared, which
seem to belong to the transmembrane domain of the
channel (Fig. 2a). Identification of these “broad” signals
is severely hampered on the background of “narrow” sig-
nals. Using repeated cycles of dilution—concentration,
the D,O level in the KcsA/LPN/DMPC sample was ele-
vated from 5 to 95% to weaken the intensity of NMR-sig-
nals from the KcsA domains exposed to the solvent.
According to data from the literature [33], we expected
that in 95% D,0 solution all HN-protons of the exposed
domains would be replaced by deuterium of the solvent
after two months at room temperature, whereas the HN-
protons of the TM domains, which are shiclded from the
solvent by the LPN membrane, would undergo virtually
no exchange. The 2D '"H-'>N-TROSY spectrum recorded
60 days later confirmed our expectation: the intensity of
“narrow” signals significantly decreased to expose a large
number of “broad” signals (Fig. 2b). The *'P-NMR
analysis of KcsA/LPN/DMPC complexes confirmed the
isotropic rotational character of these particles in solution
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(data not shown). The prepared KcsA/LPN sample was
stable for 8 months.

Incorporation of Aam-I in lipid—protein nanodiscs.
The feasibility of high-resolution NMR spectroscopy for
studies of membrane-active peptides integrated in LPN
membrane was tested using *N-labeled of Aam-1 (Ac-
Phe!-Aib-Aib-Aib-Iva-Gly-Leu-Aib%-Aib-Hyp-Gln-
Iva-Hyp-Aib-Pro-Phl', where Aib is a.-aminoisobutyric
acid, Iva is isovaline, Hyp is hydroxyproline, and Phl is
phenylalaninol). This antibiotic isolated from a fungus of
the family Emericellopsis is poorly soluble in water (the
upper limit of solubility is 30 uM), forms bent right-
handed helix in surrounding of anisotropic membrane-
mimicking media (DMPC/DHPC bicelles, various
micelles), and demonstrates quick exchange between sev-
eral conformations with different helix handedness in the
isotropic membrane mimetic methanol [26].

A modified protocol we developed earlier [23] was
used for preparation of Aam-I/LPN complexes. *N-
Labeled Aam-I dissolved in methanol was added portion-
wise to samples of “empty” nanodiscs containing DLPC,
DMPC, POPC, or DOPG. Incubation of the mixtures in
Eppendorf tubes with open lids for 1 h at 30°C with agita-
tion resulted in partial evaporation of methanol and
embedding of the peptide in the LPN membrane. The
final concentration of deuterated methanol (C*H,0H) in
samples was determined by 2H-NMR and did not exceed
2%. This method allows both achievement of compara-
tively high peptide concentration (~0.5 mM) and preven-
tion of LPN destruction that might be caused by high
methanol concentrations. The Aam-I/LPN complexes
were examined by size-exclusion chromatography and
S'P-NMR spectroscopy (Fig. 1, a and b). According to the
data, embedding of the peptide in the nanodisc membrane
(at peptide/lipid ratio 1 : 30) did not lead to significant
changes in LPN size and lipid packing of LPN membrane.

Comparison of sensitivity of different methods for
NMR spectroscopy of polypeptide molecules embedded in
nanodiscs. Using the prepared Aam-1/LPN samples, we
compared different experimental schemes (HSQC,
HMQC, TROSY) for measurement of 2D 'H-'"N-corre-
lation spectra of polypeptides embedded in the nanodisc
membrane. The most sensitive method was HMQC [5]
with magnetization transfer time reduced to 3 msec,
including elements of gradient echo for choice of magne-
tization transfer pathways, as well as binomial sequence
and amplitude-modulated pulses to prevent water signal
saturation. Both HSQC and TROSY methods including
special elements for sensitivity enhancement and ampli-
tude-modulated pulses at the water signal frequency [36,
37] were on average 35% less sensitive. However, the
TROSY scheme allows effective narrowing of spectral
lines, for instance, 'Hy Av reduction was 10-15 Hz (Fig.
3,aand d).

High sensitivity of the HMQC scheme is explained
by summation of magnetization transferred in two ways:

BIOCHEMISTRY (Moscow) Vol. 74 No. 7 2009
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Fig. 3. 2D '"H-"N correlation spectra of Aam-I in LPN/DLPC (a, d), LPN/DMPC (b), LPN/POPC (c), LPN/DOPG (e), 2% methanol (f),
LMPC micelles (g), LMPG micelles (h), or DMPC/DHPC (1 : 4) bicelles (i). Known schemes [36, 37] were used for recording TROSY (d,
e) and HSQC (f-i) spectra; the scheme with magnetization transfer time reduced to 3 msec [5] including additional elements (see “Results™)
was used for recording HMQC spectra (a-c). The spectra of Aam-I in LPN were recorded at 45°C and spectra of Aam-I in 2% methanol,

micelles, or bicelles at 40°C.

via J-coupling constants and cross-correlated relaxation
(CRINEPT-type scheme) [5]. In this context, phase
cycles of HSQC and TROSY experiments effectively sup-
press the latter way (INEPT-type scheme). It is worth
noting that, unlike CRINEPT schemes, which were ear-
lier applied for NMR-spectroscopy of large (up to
1000 kDa) protein complexes with deuterated side chains
[5, 7], we used the HMQC variant with decoupling from
5N at the moment of detection. The absence of expected
gain in sensitivity of TROSY compared with HSQC in the
case of Aam-I/LPN complexes seems to be also due to
the absence of peptide side-chain deuteration.

NMR spectroscopy of ’N-Aam-I embedded in nano-
discs. The 2D '"H-""N NMR-spectra of Aam-I embedded
in LPN membranes of different composition are shown in
Fig. 3 (a-€e). The spectra of Aam-I in 2% methanol and in
a number of commonly used membrane-mimicking
media are given on this figure for comparison. A shift in
the position of signals from the peptide and their substan-
tial broadening, as compared with the peptide spectrum

BIOCHEMISTRY (Moscow) Vol. 74 No. 7 2009

in 2% methanol, suggests the embedding of Aam-I into
LPN membranes. At the same time, the observed width of
Aam-I signals (‘Hy Av 50-60 Hz, in TROSY spectra at
45°C) and the measured rate of the cross-correlation
process between the dipole—dipole and chemical shift
anisotropy relaxation of "N nuclei (nyy ~ 52 Hz at
800 MHz at 45°C) corresponded to the effective rotation-
al correlation time T ~ 40 nsec. The resulting value was
lower than expected for discoid particle of 10 x 4 nm in
size (56-61 nsec, see above). That points to the presence
of additional degrees of freedom for Aam-I in the com-
plex with the nanodisc. (The value tz ~ 40 nsec corre-
sponds to isotropic reorientation of a protein particle with
molecular mass of ~100 kDa and Rg, ~ 4.1 nm.)

The most interesting property of LPN-embedded
antiamoebin spectra was the selective exchange broaden-
ing (and, correspondingly, disappearance from the spec-
trum) observed for a number of signals. So, only 2-3
intense signals from the main chain of the peptide were
observed in DMPC and POPC membranes (Fig. 3, b and
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with DMPC/DHPC (1 : 4) bicelles.

¢); moreover, two protons from the NH,-group of the
GInl1 side chain demonstrated different signal intensities
in LPN/DMPC (Fig. 3b). A selective broadening of sig-
nals from the N-terminal part of the peptide was observed
in DLPC membranes (Fig. 3, a and d). In DOPG mem-
branes, the signal from the Aib8 NH-group located in the
central part of the peptide was substantially broadened
(Fig. 3e). The selective broadening of signals suggests
exchange between several membrane-bound peptide
states (so-called “conformational exchange” [38]). The
observed processes apparently differ in membranes of dif-
ferent composition, and the minimum broadening of sig-
nals was observed in the DOPG membrane, which
demonstrates the lowest density of lipid packing (see
above).

Chemical shifts and amplitudes of signals from HN-
groups of the peptide were used for comparison of the
structure and dynamics of Aam-I embedded in nanodisc
membranes (DLPC, DOPG) with those of Aam-I
embedded in classical membrane mimetics (DMPC/
DHPC bicelles, LMPC and LMPG micelles) (Fig. 4, a
and b). We supposed that the alterations in the spatial
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structure of the peptide would result in changes in chem-
ical shifts, and the appearance of exchange processes
would induce broadening of the signals and, correspond-
ingly, decrease in their intensities. These results suggest
similarity between the structure and dynamic mobility of
LPN/DOPG-embedded Aam-I with those observed in
classical membrane mimetics. So, for instance, only one
signal (HN Phel) demonstrates a substantial shift com-
pared with DMPC/DHPC bicelles, and the broadening
of the signal from the HN-group of Aib8 is observed in
both DMPC/DHPC bicelles and LMPC and LMPG
micelles. However, the structure and dynamic mobility of
the DLPC-embedded peptide differ substantially. This
seems to result from different topology of Aam-I embed-
ded in LPN membranes formed from short (DLPC, fatty
acid chain length is 12 C-atoms and hydrophobic thick-
ness is 2.4 nm) and long (DOPG, fatty acid chain length
is 18 C-atoms and hydrophobic thickness is 2.7 nm)
lipids. Aam-I having the length of ~2.7 nm interacts at its
periphery with DOPG membrane surface (similar to
micelles and bicelles [23]), but perhaps occupies a trans-
membrane position in DLPC membranes.

DISCUSSION

The results of the present work demonstrate the pos-
sibility of using lipid—protein nanodiscs for NMR studies
of both membrane proteins and membrane-active pep-
tides. Nanodiscs possess a number of unique properties,
as compared with classic mimetics, micelles, and small
spherical bicelles routinely used in NMR spectroscopy.
Nanodiscs are more stable, and the fragment of flat bilay-
er membrane in the nanodisc represents a substantially
better model of biological membrane than the spherical
dynamically mobile surface of a bicelle or micelle. Unlike
lipid vesicles, LPNs are smaller in size, which substantial-
ly increases the number of experimental techniques that
can be used for the study of embedded proteins. The
LPNs allow a change of the sample buffer by dialysis and
can be easily diluted or concentrated. Besides, integral
proteins embedded into nanodiscs are protected from
unfavorable intermolecular interactions [18], which sta-
bilizes the protein sample for a long time. The usage of
various lipids and their mixtures for nanodisc formation
offers new possibilities for studies of membrane proteins
in their natural environment.

The main drawback of the proposed medium is the
relatively large sizes of membrane-mimicking complexes
resulting in substantial increase in the rate of transverse
relaxation of nuclear magnetization, increase in width of
signals, and, correspondingly, decrease in sensitivity of
NMR experiments. In the present work we have recorded
interpretable NMR spectra of the mobile domains of the
KcsA potassium channel exposed to a solution and spec-
tra of Aam-I peptide associated with the membrane sur-
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face of a nanodisc, but possibly undergoing rapid rotation
around the axis perpendicular to the LPN membrane. In
the latter case, the width of the NMR signals (‘Hy Av)
comprised 50-60 Hz. For TM domains of integral mem-
brane proteins embedded into nanodisc membranes, one
can anticipate still broader signals. One possible solution
to this problem is partial or total deuteration of side
chains of the studied protein molecule [3]. The recent
progress in the development of new schemes of isotopic
labeling and new NMR spectroscopy methods [3-7]
opens new avenues for successful application of nanodiscs
for NMR studies of membrane proteins and peptides.
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