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Abstract: Membrane protein orientation has traditionally been determined by NMR using mechanically or
magnetically aligned samples. Here we show a new NMR approach that abolishes the need for preparing
macroscopically aligned membranes. When the protein undergoes fast uniaxial rotation around the bilayer
normal, the 0°-frequency of the motionally averaged powder spectrum is identical to the frequency of the
aligned protein whose alignment axis is along the magnetic field. Thus, one can use unoriented membranes
to determine the orientation of the protein relative to the bilayer normal. We demonstrate this approach on
the M2 transmembrane peptide (M2TMP) of influenza A virus, which is known to assemble into a proton-
conducting tetrameric helical bundle. The fast uniaxial rotational diffusion of the M2TMP helical bundle
around the membrane normal is characterized via ?H quadrupolar couplings, C—H and N—H dipolar
couplings, *3C chemical shift anisotropies, and *H Ty, relaxation times. We then show that N chemical
shift anisotropy and N—H dipolar coupling measured on these powder samples can be analyzed to yield
precise tilt angles and rotation angles of the helices. The data show that the tilt angle of the M2TMP helices
depends on the membrane thickness to reduce the hydrophobic mismatch. Moreover, the orientation of a
longer M2 peptide containing both the transmembrane domain and cytoplasmic residues is similar to the
orientation of the transmembrane domain alone, suggesting that the transmembrane domain regulates the
orientation of this protein and that structural information obtained from M2TMP may be extrapolated to the
longer peptide. This powder-NMR approach for orientation determination is generally applicable and can
be extended to larger membrane proteins.

Introduction set of lipids is conducive to alignment for a specific protein,
thus the dependence of orientation on environmental parameters

state NMR traditionally requires mechanically or magnetically SUCh as membrane thickness and membrane composition is
difficult to study. These factors severely restrict the determi-

aligned proteind:2 A uniaxially aligned protein produces s S X
resolved spectra where the anisotropic frequency (chemical shifth@tion of membrane protein orientation.

or dipolar coupling) reports the orientation of the molecule- It is thus desirable to develop alternative approaches for
fixed spin interaction tensor, from which the orientation of the determining membrane protein orientation that do not require
protein can be obtained. However, this approach is constrainedmacroscopic alignment but instead use straightforward unori-
by the degree of alignment. Poor alignment can occur for many ented liposomes. We demonstrate here that this is possible as
reasons: (i) the size of the protein may be too large; (ii) the long as the membrane protein undergoes fast uniaxial rotational
protein-lipid molar ratio may be too high, which is important  diffusion around the bilayer normal compared to the time scale
for achieving sufficient sensitivity but deleterious for alignment; of the NMR spin interactions. Under this condition, the protein
(iii) the protein may be inherently membrane disruptive by orientation can be extracted with high precision using unoriented
causing curvature and nonlamellar phastften only anarrow  membranes and magic-angle spinning (MAS) or static experi-
ments. The elimination of macroscopic alignment also increases
the sample amount in the radiofrequency (rf) coil by removing

Orientation determination of membrane proteins by solid-
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replication>6 The transmembrane domain of the M2 protein, increased stability of the tetramer. In a second model, the helix
M2TMP (residues 2246), has been extensively studied by a was proposed to lie parallel to the membrane surface, radiating
number of biophysical techniques, including electrophysiological out from the transmembrane helix bundle in a rosette-like
measurements® analytical ultracentrifugatioh!® solid-state structure with a radius of 3540 A2! Subsequent solid-state
NMR,1112 neutron diffractiont® and molecular dynamics NMR studies of the full-length M2 proteth were more
simulation!*~17 The results indicate that M2TMP has the consistent with the rosette model, although there were also
essential characteristics of the intact protein: it forms tetrameric features in these experiments that were difficult to understand.
helical bundles with proton-conducting abilities in the lipid Hydrogen-deuterium exchange data indicated that the amide
membrané® Cross and co-workers used glass-plate aligned NH groups of all residues in the transmembrane helix exchanged
membranes and 2EPN correlation experiments to show that with solvent very rapidly, irrespective of whether they faced
the helices in this tetrameric bundle are tilted by 38 3°11 the phospholipid acyl chains or the transmembrane pore. By
from the bilayer normal in DMPC bilayers. The availability of  contrast, in the cytoplasmic helix the putative lipid-facing amides
this information makes M2TMP an excellent model system to were found to exchange very slowly with the bulk waker.
test the principle of orientation determination using powder However, because the studies were not conducted with site-
samples. Moreover, the orientation of M2TMP has been specifically labeled proteins, there remained some ambiguity
measured in detail only in DMPC (14:0) bilayers. A more in the conclusions. Thus, in this paper, we include initial data
limited set of NMR data on M2TMP bound to DOPC bilayers, on a 42-residue peptide including both the transmembrane and
which have longer acyl chains (18:1) than DMPC (14:0), found the cytoplasmic helix.
an orientation similar to that in DMPC bilayets.This was In this work, we first examine the rotational dynamics of the
interpreted to suggest that M2TMP orientation is an inherent M2TMP helical bundle under different sample preparation
property of the protein and is independent of the membrane conditions and in lipid bilayers of different thicknesses. Multiple
thickness. However, a more recent EPR study of M2TMP bound NMR spin interactions, includingH quadrupolar coupling33C
to DLPC, DMPC, POPC, and DOPC bilayers suggested that chemical shift anisotropy (CSA),-€H dipolar couplings, and
the peptide orientation does change with the membrane thick-1H rotating-frame relaxation timeT(,), are used to examine
ness?® Thus, further experiments are of interest to resolve this the amplitude and rate of M2TMP rotational diffusion. We then
discrepancy. measure thé>N—!H dipolar couplings and>N CSAs of site-
Another issue investigated in the current paper is the role of specifically labeled M2TMP in unoriented membranes under
a C-terminal helix in M2, which occurs just beyond the MAS or static conditions. These anisotropic couplings are
transmembrane helix. Previously, limited proteolysis of full- summarized in the same 2D correlation pattertRISA”
length M2 protein in micelles and CD spectroscopy were used wheels—as those obtained from oriented membrane samples.
to identify a cytoplasmic amphiphilic helix that follows the These powder PISA wheel spectra show that the orientation of
transmembrane helix in the sequence of MZhe C-terminal M2TMP does depend on the lipid bilayer thickness: it decreases
helix increases the stability of the tetramer (relative to a peptide from 35 + 3° in DLPC bilayers to 26+ 3° in POPC bilayers.
spanning only the TM helix), and this cytoplasmic helix was Finally, we show that the longer segment of the M2 protein
also essential to obtain full proton channel activity when deletion encompassing both the transmembrane domain and cytoplasmic
mutants were expressed in oocytdhe role of this C-terminal residues has the same orientation in DLPC bilayers as M2TMP,
segment in stabilizing the channel is currently not known. suggesting that the transmembrane domain regulates the orienta-
Originally, it was suggested that the cytoplasmic helix might tion of the protein.
have one of two orientations: in one model it formed an

extension of the transmembrane helix, possibly explaining the Materials and Methods

Peptides and Lipids. 1-Palmitoyl-2-oleoylsn-glycero-3-phospho-
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(6) Pinto, L. H.; Lamb, R. AJ. Biol. Chem2006 281 (14), 8997-9000. i ini 13C-. 2H- 15N~
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M. L. FEBS Lett.1998 434, 265-271.
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B.; DeGrado, W. FBiochemistry1999 38, 11905-11913. 5585-5594.

5720 J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007



Dynamics and Orientation of Transmembrane Proteins ARTICLES

Membrane Sample Preparation. Peptide-containing membrane  0°-frequency,dy, of the motionally average powder spectrum
samples were prepared either by an aqueous-phase mixing method ofs identical to the frequency when the protein is uniformly

by an organic-phase mixing method. The aqueous samples weregjigned, with the alignment axis parallel to the magnetic field
prepared by mixing the peptide with pH 7.5 lipid vesicle solutions at (0°-aligned sampley*

a peptide/lipid molar ratio (P/L) of 1:15. The lipid solution was
vortexed, freeze/thawed-@B times to create uniform vesicles 6200

nm diametef® and then added to the appropriate amount of M2TMP.
The solution was incubated at 3C for 2 days, after which it was
ultracentrifuged at 1500@dor 3 h above the lipid main phase transition
(Tm) temperature. The resulting pellet typically containesD% water

by mass. UV-vis absorption and a photometric assay of the superna-
tan€”?8 showed that~98% of the peptide is bound to the pellet. The
organic-phase mixed samples used R/11:20 and were prepared by
codissolving M2TMP with lipids in trifluoroethanol, drying the mixture ~ Of the magnetic field, in the principal axis system of the spin
with nitrogen gas, redissolving it in cyclohexane, lyophilizing, and then interaction tensor. Equation 1 can be derived, as we showed
rehydrating to 50% water by mass using a phosphate buffer (pH 8.1). recently3* by considering the frequency of an aligned sample
We refer to these two types of samples as “aqueous samples” andwithout motion, then the frequency of an aligned sample
‘organic samples”, even though the final products are both well- yndergoing uniaxial rotation around the alignment axis of bilayer

o=

wo"aligned:
%5(3 cog 6 — 1 — 5 sin’ 0 cos2¢) + w,, (1)
Hered = 0, — diso @andn = (dyy — Ox)/ are the anisotropy

and asymmetry parameters, respectively, of the rigid-limit
interaction tensor. The angleg, (p) are the polar coordinates

hydrated proteoliposomes.
Importantly, we have confirmed by independéiit spin diffusion

experiments that the oligomeric state of M2TMP is indeed tetramer at
the peptide concentrations used here, whether the sample is prepare

by aqueous-phase mixing or organic-phase mix#¥§ This is mani-
fested as an equilibrium value 6f0.25 at long spin diffusion mixing
times. Thus, the mobility and orientation observed in this work are
those of the tetrameric M2 peptide.

Solid-State NMR SpectroscopyNMR experiments were carried
out on a Bruker AVANCE-600 (14.1 T) spectrometer and a DSX-400
(9.4 T) spectrometer (Karlsruhe, Germany). PReexperiments were
carried out using a quadrupolar echo pulse sequence with @0°
pulse length of fus. Static'®N chemical shift spectra were measured
using a Hahn-echo sequenééC—*H and*>N—H dipolar couplings
were measured using the 2D DIPSHIFT experirffeat 2.4-3.5 kHz
MAS with MREV-8 for *H homonuclear decoupling. Pulse lengths of
3.5-5.2 us were used in the MREV-8 pulse train, the longer values

due to the rf power loss on some of the hydrated membrane samples.

Tests on the model compoundN-acetyl-valine indicate that the
measured dipolar coupling is unaffected by the varying MREV-8 field
strengths within the range used. The-N DIPSHIFT experiments were
performed with dipolar doublirig®? to increase the precision of the
measured couplings. ThEC chemical shift anisotropy (CSA) was
measured using the 2D SUPER experirdeander 2.5 kHz MAS. The
corresponding*C field strength was 30.3 kH2H T;, was measured
using a spin-lock field strength of 62.5 kHz.

The?H and*C 1D spectra were recorded between 243 and 313 K.
All 5N chemical shift and N-H dipolar coupling experiments were
carried out at 313 K where the peptide is mobile to determine the helix
orientation.

Results and Discussion

Equivalence of Aligned and Powder Samples for Uniaxi-
ally Mobile Molecules. For a membrane protein undergoing
fast uniaxial rotational diffusion around the bilayer normal, the

(26) Traikia, M.; Warschawski, D. E.; Recouvreur, M.; Cartaud, J.; Devaux, P.
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H.; Provenzano, M. D.; Fujimoto, E. K.; Goeke, N. M.; Olson, B. J.; Klenk,
D. C. Anal. Biochem1985 150, 76—85.
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(30) Munowitz, M. G.; Griffin, R. G.; Bodenhausen, G.; Huang, T.JHAm.
Chem. Soc1981, 103 2529-2533.

(31) Hong, M.; Gross, J. D.; Rienstra, C. M.; Griffin, R. G.; Kumashiro, K. K.;
Schmidt-Rohr, KJ. Magn. Reson1997, 129 85-92.

(32) Huster, D.; Yamaguchi, S.; Hong, Nl.Am. Chem. So200Q 122 11320~
11327.

(33) Liu, S. F.; Mao, J. D.; Schmidt-Rohr, K. Magn. Reson2002 155 (1),
15—-28.

normal, then the motionally averaged anisotropy parameter of
the same aligned and mobile sample, and finally the powder

ﬁpectrum of the mobile sample without alignment. The essential

nk between the frequency of &-@ligned sample and that of
an unoriented sample is thaf of the motionally averaged
powder pattern is obtained wh@&g is along the motional axis,
the bilayer normal. This is identical to the geometry of°a 0
aligned sample, wheB, coincides with the alignment axis, also
the bilayer normal.

Once J; is known, the motionally averaged anisotropy

parameterd, and the frequency of the powder pattern maximum,
op, are also known, since these are related by

< 1
6D T Wige ™ T E (a)0°aligned - wiso) =

~3Gi— 0 =33 )

NI

Thus, one can extract the orientation information by measur-
ing the high-sensitivitydy (90°) edge, rather than the low-
intensity 9, edge, of the uniaxially averaged spectrum.

Predicted Rates of Rotational Diffusion of Membrane
Proteins. The prerequisite for this powder-sample orientation
determination approach is that the membrane protein must
undergo uniaxial rotational diffusion at a rate larger than the
NMR spin interaction. The rotational diffusion rate of proteins
in two-dimensional membranes is given by the Saffman
Delbrick equatior?®

KT

D, = 5
dznreh

®3)

r

where the diffusion coefficienD; is directly proportional to
the temperaturd and inversely proportional to the membrane
viscosity, the square of the radius) (of the diffusing cylinder,
and the heightH) of the cylinder.

Equation 3 allows us to estimate the diffusion rates of
membrane proteins of varying sizes. Figure 1 plots the calculated
rotational diffusion rate®, as a function ofr at T = 298 K,
with h=19.5 A for DLPC bilayers and 27 A for POPC bilayers,
and assuming a membrane viscosity of 10 p&isesingle TM
a-helix, which has a radius o5 A, gives aD, of ~6.7 x 10

(34) Hong, M.; Doherty, TChem. Phys. LetR006 432, 296-300.
(35) Saffman, P. G.; Delbruck, MProc. Natl. Acad. Sci. U.S.A975 72 (8),
3111-3113.
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Radius (A)

Figure 1. Calculated rotational diffusion rates of membrane proteins as a
function of radius compared to various NMR spin interactions. The rotational 5' 0 6 éO T
rates of a single TMu-helix (circles) and a tetramerie-helical bundle 2 - 50 ) 0
(squares) are indicated. For the calculated curves, a membrane viscosity of H (kHZ) H (kHZ)
10 poise and a temperature of 298 K are used. A diffusion cylinder with a Figure 2. 2H spectra ofds-L38-M2TMP in POPC membranes prepared
height ¢) of 19.5 A (solid line) and 27 A (dashed line) are used, via (a) organic mixing and (b) agueous mixing at various temperatures.
corresponding to the hydrophobic thickness of DLPC and POPC bilayers, Quadrupolar splittings of the organic sample are 13.8, 15.0, and 16.0 kHz

respectively. Superimposed are Bequadrupolar coupling strength; from top to bottom (a). Quadrupolar splittings of the aqueous sample are
and N-H dipolar couplings, ané®N and3Ca chemical shift anisotropies 26.0, 26.0, and 31.0 kHz from top to bottom (b).

for magnetic field strengths of 9414.1 T.

104
] (a) (b)
1034 313K 313K
3 single TM a-helix
‘UT': ] Wj\h——v—
g . i S
= 02 Sy 2H Quadrupolar Coupling
o ONIM a-helical bundle
(a)] ] RN 298 K 298 K
C-H Dipolar Couplir;g"‘-..
10 N-H Dipolar Coupling e ’AM,V\JJ L’w
3 15N CSA™ ~~~_ W»f"ﬂ |
J 13Co CSA
6 {fo 2 3 40 = 850 60 263K 258K

y

-50

molecular potentials symmetric around this bilayer normal.

Moreover, the bundle axis is parallel to the bilayer normal,

making the orientation of all helices relative to the bilayer

normal identical, since only a single anisotropic NMR signal

was observed for each residu¥. Thus, rotation around the

' membrane normal is also rotation around the bundle axis.

2H Spectra of M2TMP in Lipid Membranes: Conditions

for Fast Uniaxial Rotation. Previous'®N spectra of glass-plate
aligned M2TMP with the alignment axis perpendicular to the
magnetic field showed narrow peaks that indicate the presence
of fast uniaxial rotation of this helical bundté.However,
whether this motion is fast on the time scales of larger spin
interactions such & quadrupolar coupling is not known, and
the rates and amplitudes of the motion have also not been
characterized. We first measured tREl spectra of site-
specifically deuterated M2TMP in various lipid membranes to
provide a lower limit of the rotational diffusion rates. Figure 2
shows théH spectra of 5,5,%k-L.38-M2TMP in POPC bilayers

: . ; ; t It t . In thedph f th b , th
as C-H dipolar couplings and>N CSA (Figure 1). Since the at several temperatures. In the-phase of the membrane, the

. - . L2 : Leuss CD3 group experiences methyl three-site jumpsand
me dmt?ran_? .V'SCOS'E/. ustecélln the calc:JIau%n S etmt.estlr?zt.?fd \{aluexz torsional motion, and possible backbone motion. The methyl
ant SINCe? 1S andaﬂ{;? a edparalme.e;, etro a |03a MUSION three-site jumps reduce the rigid-lindt quadrupolar coupling
rate may excee quadrupofar interaction Under experl- ., 4q 4,38 Any further coupling reduction must be a result of
mentally accessible conditions. Certainly, the rotational diffusion

. . . - - the two other motional mechanisms.
of this tetrameric helical bundle is sufficiently fast to average 5 R . .
. . - The ?H spectra in Figure 2 show different dynamics for
spin-1/2 interactions.

It is important to note that the fast uniaxial rotation relevant different sample preparation conditions. For the organic sample

for orientation determination is the rotation of the entire helical (kegéﬁzetsgﬁrahzzzvz; Srgngj)half;stﬁgda nggﬂgizriﬂi the
bundle together around the membrane normal and that the P 9 ' q pie,

individual helices do not rotate around their own molecular axes. specira show couplings ef25 kHz and non-uniaxial lineshapes

That the bilayer normal is the motional axis is dictated by the at the same temperatures. Mildly below the phase transition
two-dimensional nature of the membrane, which makes inter-

st and 4.9x 1C° s1 for DLPC and POPC bilayers, respec-
tively. These rates are much larger than any spin interactions
in proteins, thus a single TM helix in liquid-crystalline bilayers
should give motionally narrowed spectra.

If the a-helix is surface bound instead of transmembrane
the radius of the diffusing cylinder will be on the order of the
length of the helix, wheredsis roughly the radius of the helix.
For a 25-residue-helix, usingr = 37.5 A andh =5 A, we
find a D, of ~4.7 x 10* s71. This is smaller than théH
quadrupolar coupling of 125 kHz. Indeed, a recétNMR
study of an in-plane 26-resideehelix found the peptide to be
immobilized on theH NMR time scale®

A TM helical bundle has a largerthan a single helix and
thus should have a lower rotational diffusion rate. The M2TMP
tetramer is estimated to have a radius-df2.5 A based on the
existing structural model (PDB code: 1NYJ). The resultihg
is ~1C¢° s71, which is comparable to théH quadrupolar
interaction and much larger than any spininteractions such

(37) Song, Z.; Kovacs, F. A.; Wang, J.; Denny, J. K.; Shekar, S. C.; Quine, J.
R.; Cross, T. ABiophys. J200Q 79, 767—775.

(36) Aisenbrey, C.; Bechinger, B. Am. Chem. SoQ004 126 (50), 16676~ (38) Palmer, A. G.; Williams, J.; McDermott, Al. Phys. Chem1999 100,
16683. 13293-13310.
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uniaxial rotation. BelowT,,, between 243 and 262 K, tHél

(a) (b) spectra broaden to 32 kHz in the DLPC membrane and 39 kHz
in the POPC membrane. The prediction that rotational diffusion
should be slower in the thicker membrane (latgas confirmed

by the larger quadrupolar couplings in the gel-phase POPC
membrane at the same reduced temperature as the DLPC sample.
In addition, the zero-frequency signal is more completely
suppressed in POPC bilayers than in DLPC bilayers.

The fact that the M2TMP spectra in thexiphase are the
same between DLPC and POPC membranes with diffdrent
suggests that as long as the rotational diffusion rate exceeds
the coupling strength, it gives the same motionally averaged
couplings, which depend only on the orientation of the spin
interaction tensor, in this case theCj bond, with respect to
the bilayer normal. Equation (1) indicates that an order
parameter can be defined: =S6/0 = 6/40 kHz, that is related
to the angle of the CGu-Cp bond relative to the bilayer normal
as S= (1/2)(3cod0 - 1). Thus, the measured splitting of 16
kHz in fluid DLPC and POPC membranes indicates&aCp
bond orientation of 39(or 141°) for S= +0.4 or 75 (or 105)
for S = —0.4. The existing M2TMP tetramer model gives a
Co-Cf bond orientation of 92 in reasonable agreement with
T one of the predicted values (1)5However, this Ala @-Cf

0 -50 50 0 -50 constraint, while easy to obtain, is not very sensitive to the helix
2H (kHz) 2H (kHz) axis orientation because thex@ bond is roughly perpen-
Figure 3. 2H spectra obl;-A29 L38F-M2TMP in (a) DLPC and (b) Popc  dicular, rather than parallel, to the helical axis. It has been shown

membranes at various temperatures. Both samples were prepared by organithat multiple Ala C3 groups need to be measured to obtain
mixing. The quadrupolar splittings in (a) are 16, 16, 32, and 32 kHz from gccurate helix tilt angle%g.

top to bottom. The quadrupolar splittings in (b) are 16, 20, 38, and 39 kHz . . . .
fr(?m top to bottom,q P plitings in (0) Rates of M2TMP uniaxial rotational diffusion

We characterized the rotational diffusion rates of the M2TMP

temperature, the same trend is seen: organic mixing yielded atetramers by3C cross-polarization (CP) MAS spectra as a
splitting of 16 kHz whereas aqueous mixing yielded a coupling function of temperature. Figure 4 shows tH€a signals of
of 31 kHz. Sincey; andy, torsional motion is inherently non-  L40 and G34 in DLPC membrane between 258 and 318 K. The
uniaxial, thez = 0 line shape (Figure 2a) at high temperatures sample was prepared by organic-phase mixing. The two C
cannot be solely due to the side chain motion, but the helix signals are strong below the phase transition temperature,
backbone must undergo uniaxial rotation faster than the rigid- disappear between 288 and 298 K, then reappear above 313 K.
limit 2H quadrupolar coupling of 125 kHz. Moreover, since the The same trend is observed in the organic POPC membrane
backbone motion should have a higher energy barrier than sidewhereas the aqueous POPC sample showed strong signals that
chain motion, the couplings of 281 kHz in the aqueous are independent of temperature (spectra not shown). The
sample (Figure 2b) must reflegi/y» torsional motions while suppression of thé®C signals at intermediate temperatures in
the backbone rotation has stopped. the organic samples is a classic signature that motions with

The different backbone mobility of M2TMP in the two  Similar rates as the €H dipolar coupling and th&H decoupling
sample preparation methods suggests different aggregation stategfrength, 20,00850,000 s?, are preserf? When this motion
of the protein. Mixing the peptide and lipid in organic solvents is either frozen or sped up by varying the temperature;@e
before the assembly of lipid bilayers in water may result in a Signals reappear.
homogeneously mixed membrane mixture in which the tet- Motions with rates of 19 s! are readily detectable in
rameric bundles are well isolated from each other. In contrast, rotating-frame spiftlattice relaxation time (1,) measurements.
mixing M2TMP with preformed lipid vesicles may not fully  Figure 5a shows th&C-detected L40 Hl Ty, relaxation curves
solubilize the peptide in the membrane, leading to aggregatesat various temperatures undeftfspin-lock field of 62.5 kHz.

313K

I

298 K

—

262 K

N

243 K

243 K

50

of tetramers that inhibit fast rotation on tRe time scale. In the aqueous POPC membrane, the peptide has Htbiig,
To confirm the backbone motion of the helical bundles in ©f >5 ms that is independent of the temperature between 298
the Organic Samp|eS, we measured %hbspectra Ofd3-A29 and 313 K. In contrast, the organic DLPC Sample gave much

labeled L38F-M2TMP in DLPC and POPC bilayers above and shorter and temperature-dependdtT, values. Above T,
below theTy, of 271 K. Since the Ala methyl group is directly ~ the*H T, is only 0.8 ms whereas belowsTthe'H Ty, increases
attached to the backbone, there is no side chain torsional motiorf0 3.45 ms at 258 K. Figure 5b plots th#l Ty, of the lipid
other than the methyl three-site jump, and quadrupolar couplingsCHz and L40 Hx in the two samples as a function of
smaller than 40 kHz must be attributed to backbone reorienta- temperature. The lipid CHgroups show increasing.J with
tion. Figure 3 shows that abovg, the peptide exhibits uniaxial
lineshapes and 16 kHz couplings in both DLPC and POPC (39) Strandberg, E.; Wadhwani, P.; Tremouilhac, P.; Durr, U. H.; Ulrich, A. S.

QR : Biophys. J2006 90 (5), 1676-1686.
membranes, confirming that the helical bundles undergo fast (40) Rothwell, W. P.; Waugh, J. 9. Chem. Phys1981, 74, 2721-2732.
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Figure 4. Temperature-dependeiiC spectra of TPCo-L40,3Ca-G34]
M2TMP in DLPC membrane prepared by organic mixing. Belbw(271 14 o
K), the L40n and G34x signals are strong. With increasing temperature, ] ©
the peak intensities decrease and almost disappear due to intermediate time 1 Leu Ha DLPC/org
scale motion (288298 K). The signals reappear as the peptide reaches the 1
fast motion limit (313-318 K).

30 A 32 34 36 38 A 4.0
increasing temperature, indicating that they are in the fast 1/T (x 1000, K)
motional limit in the temperature range examined (Figure 5c). 318K 258K
The organic DLPC sample shows decreasiﬁ}g/ﬂl‘th increasing Figure 5. Temperature-dependefitl Ty, of M2TMP ‘in different lipid
o . . . membranes. (#fC-detectedH Ty, curves of L4@ at various temperatures.
temperature, indicating that the peptide motion is near the The aqueous POPC sample is shown with filled symbols and solid fit curves.
minimum of the T, curve. Finally, the temperature-indepen- The organic DLPC sample is shown with open symbols and dashed fit
dence and long i of the aqueous POPC sample indicates that curves. (b)'H Ty, versus inverse temperature for lipid €bind L4Gx in
M2TMP is in the slow motional limit. the organic DLPC sample, and LelOn the aqueous POPC sample.
Amplitudes of backbone motion frdAC-1H dipolar coupling
and 13C CSA
Direct evidence of backbone motion can be obtained from
Co-Ha dipolar couplings and & CSAs. Figure 6 shows the
L40 Qa-Ha dipolar (_:oulpllng curves in three different samples perpendicular orientation of theoGHo bond to the helix axis,
obtained from the indirect dimension of the 2D D!PSHIFT which makes it less sensitive than the-N dipolar coupling
spectra. In the aqueous POPC membrane, a coupling of 10'6to the helix tilt angle.

kHz was mgasured (Figure 6‘_"‘)' Taking into account the The same backbone uniaxial rotation also averages the C
MREV-8 scaling factor (0.47), this corresponds to an unscaled CSA, which can be measured under MAS using the recoupling

coupl?ng of 22.6 kHz, which is the rigid Iimi? €H dipolar experiment SUPERE41Figure 7 shows the CSA spectra of L40
coupling. In contrast, POPC and DLPC organic membranes (b, in various membranes, obtained from the indirect dimension of

©) gave.significar_nly reduced couplings of 3.4 kHz and 4.0 kHz, the 2D SUPER spectra. Only the organic DLPC sample in the
res(,jpectlvely, ;]Nhlc.h cgrrespond to (_Jro!ler paﬂeteéﬁ @‘.3;2 liquid crystalline phase shows a motionally narrowed CSA
an + 0.'37'.T € Sign gegeneracy, simiar to quadrupotar (60=9.2 ppm) while the gel-phase sample or aqueous samples
interaction, is due to the uniaxial nature of the dipolar interac- gave CSAs of 18 ppm, which is the rigid-limit CSA afhelical

tion. The negative S values indicate m@!a angle of 70 Leu predicted by quantum chemical calculatiéfs.
(110°) for POPC and 73(107) for DLPC with respect to the

bilayer normal. The existing M2TMP structural model, obtained (41) Tycko, R.; Dabbagh, G.: Mirau, P. A. Magn. Reson1989 85, 265—
i ; ; 274.

from experiments conducted on DMPC bilayers, givesca C 1) 'S . sanders, L. K.; Oldfield, B. Am. Chem. So2002 124, 5486-

Hoo orientation of 78 or 107 from the bilayer normal, in 5495.

excellent agreement with the present data. The similarity of the
two C—H couplings belies the fact that the helix orientation is
detectably different between the two membranes, as we show
by 15N experiments below. Again, this is a result of the roughly

5724 J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007



Dynamics and Orientation of Transmembrane Proteins ARTICLES

1.2
(a) PoPc, aq, 2908 K
Z 10 (a) DLPC, 6=9.2 ppm
$ 0.84 org, 318K
£
= 0.6
(0]
% 0.44
g ] (b) DLPC, 5=18 ppm
E o2 10.6 + 0.4 kHz orn, 258 K PP
z 0.0+
-0.24 y y T Y v T
0 50 100 150 200 250 300 (c) DMPC, =18 ppm
Time (us) aq, 310K \/\/
10 (b) PoPC, org, 313 K
@ (d) POPC, d=18 ppm
© 081 aq, 298 K \
=
8 0.6
% 0.4 3.4 +0.4 kHz () simulation, 5= 16 ppm
& a-helical Leu
=02
2 \
0.01 T T T
100 " 50 0
s To0 1h0 0 250 a0 C (ppm)
Time (us) Figure 7. C CSA spectra of thé*Co-L40 in M2TMP in various
membranes, extracted from the indirect dimension of 2D SUPER spectra.
(a) DLPC organic sample at 318 K. (b) DLPC organic sample at 258 K.
2> 1.0 (C) DLPC, org, 313 K (c) DMPC aqueous sample at 310 K. (d) POPC aqueous sample at 298 K.
g Spectra (b-d) show rigid-limit CSAs, as simulated in (e). Spectrum (a) is
§o} 0.81 the only one narrowed by fast backbone motion of the peptide.
C
— 0.64
§ reflected around the isotropic shift and zero dipolar coupling
5 %4 axis (Figure 8b). These 90wheels have been observed in
g 0.2 4.0 = 0.4 kHz membrane proteins bound to “unflipped” bicelfés.
Z ol The presence of protein uniaxial rotation enables PISA wheels
to be obtained from powder samples using MAS and static
0 50 100 180 200 250 300 experiments. For example, NH dipolar couplings can be
Time (us) measured in a site-specific fashion using the 2D DIPSHIFT

Figure 6. 13C—H DIPSHIFT curves of3Ca-L40 in M2TMP in different or LG-CP'7 experiments under MAS, giving th®, frequency
membrane samples. (a) POPC aqueous sample£P1:20). (b) POPC or O° dipolar coupling. Thé>N CSA can be obtained from the

organic sample (P/E 1:15). (c) DLPC organic sample (P4 1:15). The S ai ; 1 &5) ita- ifi
POPC aqueous sample (a) gave a rigid-ifE—1H dipolar coupling, op singularity of the statié>N spectra of site-specifically labeled

whereas the two organic samples (b, c) have motionally averaged dipolarsam_pIes or by CSA recoupling experiments Under_ MAS on
couplings. multiply labeled samples. When the @ipolar coupling is

correlated with the 90chemical shift, we obtain“®0° PISA
wheels (Figure 8c). Whichever PISA wheels are used, multiple
15N-labeled residues are necessary to determine both the tilt and
the rotation angles of the helix.

We demonstrate this powder orientation determination ap-

M2TMP orientation from powder samples usitRi NMR

To determine the orientation of-helical peptides with high
angular resolution, the most sensitive nuclear spin interactions
are the N-H dipolar coupling and®N CSA, as both tensors

are roughly parallel to the helix axis. The PISEMA experiment, proach by measuring tHeN chemical shift and N-H dipolar
commonly used for aligned samples, correlates these two SIOincouplings of site-specifically labeled M2TMP. Figure 9 shows
interactions in a 2D spectrum, producing wheel-like patterns static 1N spectra of M2TMP in DLPC and POPC organic
called “PISA wheels”. The size and frequency position of the membranes. L26, V28, and A30 wetdN-labeled to cover

PISA vyheels d(_a_pend on the tilt angle of the helices ‘_’Vhereasdifferent rotational angles around the helix axis. Most spectra
the residue position on the wheel depends on the rotation angleg,, .\, well-defineddn singularities, 3, edges, andj = 0

a3 aar
around the helix axi$*#4Figure 8a shows the calculated PISA lineshapes and a “magic-angle hole” at the isotropic shift. This

\_’I_VEEEIS for t'llt ﬁnglﬁs (I)f 1:15%45 for 3 l—allgnfed memk.)rar.\esb. h magic-angle hole results from the collinearity of the chemical
e center of the wheels shifts toward lower frequencies In both gpig tansor and the dipolar coupling tensor in uniaxially mobile

_d|men5|0n§ as the tilt angle increases. When the al_lgnment axiS olecule<® The exception is V28, whos®; singularity nearly
is perpendicular to the magnetic field, and the protein undergoes
fast rotational diffusion, “90 PISA wheels” are obtained that  (45) Park, S. H.; Mrse, A. A.; Nevzorov, A. A.; De Angelis, A. A.; Opella, S.

: L J.J. Magn. Resor2006 178 162-165.
are half-sized mirror images of the ®ISA wheels (eq 2), 4 Munowitz. M.: AUS. W‘?P.;%riﬁmy R, GJ. Chem. Phys1982 77, 1686
1689

(43) Marassi, F. M.; Opella, S. J. Magn. Reson200Q 144, 150-155. (47) vanRossum, B. J.; deGroot, C. P.; Ladizhansky, V.; Vega, S.; deGroot, H.
(44) Wang, J.; Denny, J.; Tian, C.; Kim, S.; Mo, Y.; Kovacs, F.; Song, Z; J. M. J. Am. Chem. So00Q 122, 3465-3472.
Nishimura, K.; Gan, Z.; Fu, R.; Quine, J. R.; Cross, TJAMagn. Reson. (48) Yamaguchi, S.; Huster, D.; Waring, A.; Lehrer, R. |; Tack, B. F.; Kearney,
200Q 144, 162-167. W.; Hong, M. Biophys. J.2001, 81, 2203-2214.
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Figure 8. Calculated PISA wheel spectra for (&)-@ligned membranes,

(b) 9C*-aligned membranes, and (¢) B—H coupling and 9015N chemical

shift from unoriented membranes. Tilt angles of+85° are shown. In

(c), the resonances of A30, V28, and L26 at a tilt angle ¢f &&d with
rotation angles reproducing the previous glass-plate aligned data are ’$hown.

T T T
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15N Chemical Shift (ppm)

coincides with the isotropic shift in various samples so that the Figure 9. N static spectra ofN-labeled M2 peptides in DLPC and POPC

e i iai i i indi bilayers. (a) L26 of M2TMP in DLPC bilayers. (b) V28 of M2TMP in
mhaglﬁ angle hOI.er;rISS noht V|§|b||e (rlilfgure 9b, e,.f). Tlr.lsh".]dlcates DLPC bilayers. (c) A30 of M2TMP in DLPC bilayers. (d) A30 of L38F-
that the V28 mairt®N chemical shift tensor axis, which is near - yatip in POPC bilayers. (e) V28 of M2TMP in POPC bilayers. (f) V28
its N—H bond, is incidentally aligned near the magic angle with of M2(19-60) in DLPC bilayers. (g) Calculated rigid-lim#N powder
respect to the bilayer normal, so that the CSA tensor is pattern.

motionally averaged to vanishing anisotropies. Also observed
is a 6 ppm difference in the A36); frequency between DLPC  goometry. The DLPC data (filled squares) are best fit t6/a 0
and POPC bilayers (Figure 9c, d), indicating that the heliX gy piSA wheel ofr = 35° -+ 3°. The rotation angle, determined

orientation differs between the two lipid bilayers. b : " . .
. . y the relative positions of the three sites on the wheel, i$,105
Figure 10 shows the NH dipolar-doubled DIPSHIFT curves wherep = 0° is defined by the Ses CO—Sebs N peptide bond

- . .
of the same™N Iabe]ed residues. A rangg of.coupllngs from direction. With the same reference, the oriented-memb¥nhe
2.6 kHz to 8.5 kHz is observed. After taking into account the q _ le 685° 11126 sh 45N chemical
dipolar doubling and MREV-8 scaling factor, we find unscaled a'ta gave a rotatlop angie-obs. shows anii chemica
couplings from 4.7 kHz to 9.0 kHz (Table 1). The rigid-limit shift that falls outside the calculated 3BISA wheel, but the

one-bond N-H dipolar coupling is 10.5 kHz, thus these-M measured N-H dipolar coupling is consistent with the predicted
bonds are variably tilted from the bilayer normal. frequency forr = 35°. This may result from a deviation of the
Figure 11 summarizes the-\H dipolar coupling and thé 15N chemical shift tensor magnitude or orientation at this site
15N chemical shift of A30, V28, and L26 in DLPC and POPC from the literature value used in the simulation of the PISA
bilayers. Superimposed on the experimental data are the bestwheel. Indeed!®N chemical shift tensor variations in proteins
fit 0°/90° PISA wheels calculated using the idealhelical can be significant, as shown by a recent study of the protein
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Figure 10. N—H dipolar-doubled DIPSHIFT curves of selected residues of M2TMP in DLPC and POPC bilayers. (a) A30 ofM38MP in POPC
bilayers. (b) A30 of M2TMP in DLPC bilayers. (c) V28 of M2TMP in POPC bilayers. (d) V28 of M2TMP in DLPC bilayers. The DIPSHIFT curve of
crystalline rigidN-acetyl-valine (NAV) is shown in (a) for comparison. The best-fit N dipolar coupling (bold solid lines) is indicated for each site. All
spectra were measured at 313 K under 3.23 kHz MAS.

Table 1. 15N 90° Chemical Shifts (wn) and N—H Dipolar
Couplings (wnn) of Several Residues in M2 Peptides in Various 10
Lipid Membranes
15N-labeled peptide lipid bilayer wy (ppm) oy (KHz) 2
L26, M2TMP DLPC 78+ 3 4.8 L ®
V28, M2TMP DLPC 117+ 4 2.8 o
V28, M2TMP POPC 106t 4 6.3 =
V28, M2(19-60) DLPC 123+ 3 NA 3 6]
A30, M2TMP DLPC 87+ 2 5.1 o
A30, L38F-M2TMP POPC 8% 3 9.0 &
o 4+
=
o
GB14° Fortunately, the dipolar coupling information is intrinsi- &
cally more accurate, which is the reason thatH\ dipolar I 27
couplings only are used in the dipolar wave analysis for &
orientation determinatio?f.In POPC bilayers, the A30 and V28 0-
data are best fit by a tilt angle of 26 3° and the same rotation
angles. The N-H dipolar couplings are significantly larger than 150 140 130 120 110 100 90 80 70
those in DLPC bilayers, and thi; chemical shifts are further 15N 90° Chemical Shift (ppm)

away from the i.SOtrOP.iC chemical shift. Both indicate larger rig e 17, Orientation of M2TMP using U90° PISA wheels constructed
anisotropies, which shift the’®0° PISA wheels to a smaller  from data collected from unoriented samples. The DLPC membrane results

tilt angle. Interestingly, as the PISA wheels become smaller, of A30, V28, and L26 are shown i_n filled squares and solid Iings. The
the tilt angle resolution improves; thus, although the rotation POPC Mmembrane data are shown in open squares and dashed lines.

angle is defined only by two residues, the precision of the tilt is also expected, since the residues facing the pore lumen must

angle is still high. o i .
The comparison between the DLPC and POPC data indicates.be maintained to carry out the proton-conducting function.

clearly that the M2TMP helix tilt angle is affected by the Mutation of key channel-facing residues can destabilize the

0,52
membrane thickness: increasing the membrane thickness de-ChanneF'

creases the tilt angle, as expected for the hydrophobic thickness 1 1€ filt angle of 35+ 3° in the DLPC membrane is similar
of the peptide to match the hydrophobic thickness of the lipid to, instead of Iargler than, the tilt angle found in the th_|9ker
bilayer. The similar rotation angle between the two membranes DMPC membrané: This may be a result of the competition

(49) Wylie, B. J.; Franks, W. T.; Rienstra, C. Nl. Phys. Chem. B00§ 110, (51) Pinto, L. H.; Dieckmann, G. R.; Gandhi, C. S.; Papworth, C. G.; Braman,
10926-10936. J.; Shaughnessy, M. A,; Lear, J. D.; Lamb, R. A.; DeGrado, WPrec.

(50) Mesleh, M. F.; Lee, S.; Veglia, G.; Thiriot, D. S.; Marassi, F. M.; Opella, Natl. Acad. Sci. U.S.A1997, 94, 11301-11306.
S. J.J. Am. Chem. So@003 125 8928-8935. (52) Wang, C.; Lamb, R. A.; Pinto, L. HBiophys. J.1995 69, 1363-1371.
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Figure 12. COrientation of M2TMP helical bundles in membranes of
different thicknesses. (a) DLPC bilayer. (b) POPC bilayer. ThePP
boundaries of the bilayer are shown in orange. The peptide lengths and

is fixed, the similarity in the'>N CSA indicates that M2(19
60) has the same tilt angle as M2TMP within experimental
uncertainty. This implies that structural conclusions made on
the M2TMP helical bundle can be reasonably extrapolated to
the longer peptide. Interestingly, the VX8 line shape in M2-
(19-60) is much narrower than in M2TMP, suggesting that the
inclusion of the extra membrane residues creates a conforma-
tionally more homogeneous peptide.

Although a complete investigation of M2(£80) is beyond
the scope of the current paper, the data is quite interesting with
respect to the role of the C-terminal helix in influencing the
properties of the M2 proton channel. Previous studies of
M2TMP suggested that the tetramer formed by this peptide had
multiple conformations, some of which could be stabilized by
specific mutations to its sequer@elhe decrease in heterogene-

P—P distances are shown to scale. Red: hydrophobic residues. Blue: polarity in M2(19—60) versus M2TMP suggests that the C-terminal

and charged residues. The tilt angle of M2TMP i$ 8 DLPC bilayers
and 26 in POPC bilayers.

between increasing the tilt angle to minimize the hydrophobic
mismatch and the need to maintain channel stability through
sufficient hydrophobic contacts between the residues on different
helices. The similarity suggests that a tilt angle of-338° is

the maximum achievable for this peptide while still maintaining
its tetrameric state.

Below this maximum tilt angle, M2TMP orientation appears
to still depend on the membrane thickness. The current result
that the peptide orientation differs between DLPC and POPC
bilayers supports a recent EPR study showing that the inter-
molecular distance between spin-labeled M2 helices change
with the membrane thickned$.The previous observation by
Cross and co-workers that the M2TMP orientation does not
change significantly between DMPC and DOPC bilajfmsay
be coincidental: DOPC lipids differ from DMPC lipids not only
in the chain length but also in having a double bond in each
chain, thus the lateral pressure of the two membranes differs.
The unsaturated DOPC bilayer may laterally expand to adopt a
similar thickness as the saturated DMPC bilayer, thus giving
the same tilt angle for the M2 helices.

Figure 12 summarizes the orientation of M2TMP determined
from the current study. M2TMP shows different tilt angles
between DLPC and POPC bilayers. TheRPdistances of the
two membranes are30 A and~45 A, respectively. The 25-
residue M2TMP has a length of 37.5 A if the ideal rise of 1.5
A per residue is used. Thus a tilt angle of3fd 26 yields,
respectively, a vertical length of 31 A and 34 A, respectively.
The former agrees well with the DLPCHP distance, while
the latter is shorter than the POPC-P distance but closer to
the average between the estimated POPC hydrophobic thicknes
of 27 A and the P-P distancé?®

M2(19—60) Orientation from Powder Samples Using'>N
NMR. Finally, we apply this powder orientation determination
technique to a longer construct of the M2 protein, M2(69),
whose orientation has not been determined before. This construc
encompasses all the structured regions of the M2 protein and
has been shown to be functional in oocytéith a molecular
weight of 4878, the M2(1960) peptide would be more difficult
to align than M2TMP. Figure 9e shows the stafid spectrum
of V28 in M2(19-60) bound to DLPC bilayers; a chemical shift
of 123 ppm is observed, similar to the value found for M2TMP
in the same membrane. Since the rotation angle of the protein
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helix helps stabilize one or a small subset of conformations
within the transmembrane helix. Furthermore, the C-terminal
helix lies just C-terminal to, and structurally interacts with, the
Hisz7~Trpsy pair that forms the proton selectivity filter in M2.
Thus, it might modulate the properties of this essential motif,
which is known to be required for proton conduction. Finally,
while we have not yet made measurements involving labeled
residues in the C-terminal helix, it is clear that the present
approach has considerable promise for examining the conforma-
tion of this region of the protein.

Conclusion

We have shown that, in the presence of fast uniaxial rotational
diffusion, orientation-dependent PISA wheels in a 2BHN
correlation pattern can be obtained from unoriented membrane
protein samples. This allows membrane protein orientation to
be determined without macroscopic alignment, thus offering an
important opportunity for studying membrane proteins that
naturally disrupt lipid bilayers or that are difficult to align. In
this work the M2TMP samples are studied under conditions
where the peptide forms tetrameric helical bundles, as deter-
mined by separaté®F spin diffusion experiments. Thus, the
observed fast uniaxial motion of the whole helical bundle, with
a total molecular weight of 10.9 kDa, indicates that membrane
proteins with an effective size smaller than 100 residues have
the requisite uniaxial mobility to give orientation-dependent
NMR spectra for interactions as large as e quadrupolar
coupling. However, since the spin interactions most sensitive
to helix orientations aré®N-related tensors, the minimum
required rotational diffusion rate is much lower (Figure 1), and
membrane proteins with a radius as large as 30 A should be
ccessible to this powder sample approach usthgNMR.
T%urther experiments are necessary to show whether fast uniaxial
rotations compared to th&N NMR time scale are indeed
general in larger proteins. In addition to the protein molecular
weight, the P/L ratio may also affect the uniaxial rotational rate.
{I’he motionally averaged spectra shown here were obtained from
samples containing relatively high mass concentrations of
peptide,~20%. This suggests that it is not necessary to lower
the protein concentration significantly to ensure motion. Instead,
it is more important to maintain the protein or peptide assembly
in their natural functional states without nonspecific aggregation,

(53) Stouffer, A. L.; Nanda, V.; Lear, J. D.; DeGrado, W.JEFMol. Biol. 2005
347, 169-179.
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as indicated by the dramatically different mobilities observed can be used to resolve multiple residues in the protein. The main
between the organically mixed and aqueous mixed M2TMP challenge will be to conduct these experiments in the liquid-
samples. crystalline phase of the membrane where the protein is mobile,
The powder samples allow MAS experiments to be used for with motionally averaged dipolar couplings for polarization
orientation determination. CombiniféC and!*N labeling, one transfer.
can in principle employ multidimensional correlation experi-
ments to simultaneously extract multiple orientational con-
straints. While for demonstration we only measured site-
specifically!®N-labeled samples here, the 2D-N DIPSHIFT
and 15N CSA filter experiments can be extended to three
dimensions, where an addition8C chemical shift dimension JA070305E
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