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ABSTRACT Although the strong 'H-"H dipolar interaction is known to result in severe homogeneous broadening of the H
nuclear magnetic resonance (NMR) spectra of ordered systems, in the fluid phase of biological and model membranes the
rapid, axially symmetric reorientation of the molecules about the local bilayer normal projects the dipolar interaction onto the
motional symmetry axis. Because the linewidth then scales as (3 cos? 8 — 1)/2, where @ is the angle between the local bilayer
normal and the magnetic field, the dipolar broadening has been reduced to an “inhomogeneous” broadening by the rapid
axial reorientation. It is then possible to obtain high resolution "H-NMR spectra of membrane components by using magic
angle spinning (MAS). Although the rapid axial reorientation effectively eliminates the homogeneous dipolar broadening,
including that due to n = 0 rotational resonances, the linewidths observed in both lipids and peptides are dominated by low
frequency motions. For small peptides the most likely slow motions are either a “wobble” or reorientation of the molecular
diffusion axis relative to the local bilayer normal, or the reorientation of the local bilayer normal itself through surface
undulations or lateral diffusion over the curved surface. These motions render the peptide 'H-NMR lines too broad to be
observed at low spinning speeds. However, the linewidths due to these slow motions are very sensitive to spinning rate, so
that at higher speeds the lines become readily visible. The synthetic amphiphilic peptide K,GL,,K,A-amide (peptide-20) has
been incorporated into bilayers of 1,2-di-d,,-myristoyl-sn-glycero-3-phosphocholine (DMPC-dg,) and studied by high speed
"H-MAS-NMR. The linewidths observed for this transbilayer peptide, aithough too broad to be observable at spinning rates
below ~5 kHz, are reduced to 68 Hz at a spinning speed of 14 kHz (at 50°C). Further improvements in spinning speed and
modifications in sample composition designed to reduce the effectiveness of the slow motions responsible for the linewidth
should result in significant further reduction in peptide linewidths. With this technique, there is now the potential for the use
of '"H-MAS-NMR for the study of conformation, folding, and dynamics of small membrane peptides and protein fragments.

INTRODUCTION

The cell’s plasma membrane and all of its internal mem-
branes have at least three characteristics in common: 1) they
are heterogeneous mixtures of lipids and proteins; 2) they
are dynamic systems with very complex molecular motions;
and 3) both the basic structure itself and the molecular
motions are highly anisotropic. These properties have se-
verely limited the application of many standard techniques
for the study of molecular structure and dynamics. For
example, the membrane’s bilayer structure is quasi-two-
dimensional. Within the bilayer itself the molecular heter-
ogeneity of the system leads to a large degree of positional
disorder, whereas the anisotropy of this quasi-two-dimen-
sional structure leads to a high degree of local orientational
order. This is reminiscent of smectic liquid crystals, systems
that exhibit properties intermediate between those of lig-
uids and solids, having positional disorder in at least one
dimension yet having orientational order in one or more
dimensions.

It is possible, using reconstituted or model membrane
systems, to reduce the compositional heterogeneity. How-
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ever, the system remains highly disordered. In some in-
stances, for example bacteriorhodopsin in the purple mem-
brane of Halobacterium halobium, it has been possible to
obtain enough two-dimensional order to perform electron
scattering and diffraction experiments and to determine a
medium resolution structure for membrane proteins
(Henderson and Unwin, 1975; Henderson et al., 1990;
Wang et al, 1993). In a few other cases, it has been
possible to co-crystallize membrane protein and detergent
(Deisenhofer and Michel, 1989; Cowan et al., 1992; Picot
et al., 1994) and to obtain the protein structures by x-ray
diffraction. However, these cases are still rare and there
does not yet appear to be one reliable protocol for obtaining
highly ordered membrane protein crystals in either two or
three dimensions.

Spectroscopic techniques also encounter formidable dif-
ficulties when applied to membrane systems. The strongly
orientation-dependent electric and magnetic interactions
dominate the linewidths of the observed spectra in these
highly anisotropic systems. For example, 'H nuclear mag-
netic resonance (NMR), which has become a powerful
alternative method for protein structure determination in
solution (especially when combined with *>N isotopic la-
beling), has not been applied to proteins in membranes,
although some work on peptides, small proteins, and protein
fragments in small micelles has been performed (Arseniev
et al., 1986; Peters et al., 1992; Kohda and Khagaki, 1992;
Zetta et al., 1990; Shon et al., 1991; Henry and Sykes, 1992;
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Pascal and Cross, 1992). Recently, it has been possible to
study the structure and dynamics of fragments of bacterio-
rhodopsin solubilized in SDS micelles using two- and three-
dimensional !°N-'H high resolution NMR techniques
(Orekov et al., 1992, 1994; Pervushin et al., 1994).

Solid state NMR studies of model and biological mem-
branes have provided a great deal of insight into the mo-
lecular structure, orientational order, dynamics, and phase
equilibria of these complex anisotropic systems, largely
through the use of isotopic labeling. A variety of magnetic
nuclei have been used to study lipids, peptides, and proteins
in membranes, including *H (Ulrich et al., 1992; Prosser
et al., 1994; Prosser and Davis, 1994; Davis, 1983, 1991,
1993; Seelig and Seelig, 1980), *C (McDermott et al.,
1994; Smith et al., 1994a, b; Smith et al., 1989; Langlais,
1994; Griffin, 1981), >N (Ketchem et al., 1993; Opella
et al., 1987; Wu et al., 1994), and >'P (Watts, 1988; Seelig,
1978; Griffin, 1981). For example, H-NMR of isotopically
labeled peptides and proteins has been used to determine
bond orientations and to study side-chain and backbone
dynamics (Prosser et al., 1994; Prosser and Davis, 1994;
Ulrich et al., 1992). ">N-NMR has been used to determine
the orientation of peptide planes in gramicidin A within
lipid bilayers (Ketchem et al., 1993). Both static and magic
angle spinning (MAS) ">C-NMR have been used widely to
study the conformation and orientational order, dynamics,
and phase behavior of pure and mixed lipid bilayers (Huang
et al., 1993). Rapid spinning of the sample about the so-
called “magic angle,” together with strong 'H decoupling,
removes the strong orientation-dependent second rank ten-
sor interactions such as the anisotropic part of the chemical
shift and the dipole-dipole interaction, leaving the scalar
parts of the chemical shift and the J-coupling (Griffin,
1981). The resolution attainable for >C-MAS-NMR is im-
pressive, approaching that obtainable for solutions. Confor-
mational and structural studies of membrane proteins and
peptides have been performed using the technique of “ro-
tational resonance,” wherein the dipolar coupling between
two isotopically enriched carbons is reintroduced by adjust-
ing the spinning rate to match directly (or to match a
submultiple of) the chemical shift difference between the
two carbon nuclei (Creuzet et al., 1991; Thompson et al.,
1992; McDermott et al., 1994; Peersen et al., 1992, Smith
et al.,, 1994a, b; Langlais, 1994).

Until recently the potentially most powerful nuclear mag-
netic probe, 'H, has seen little application to membranes.
This is because the incomplete motional averaging of the
strong 'H-"H homonuclear dipolar coupling in these aniso-
tropic systems results in a very broad (up to ~40 kHz),
largely featureless '"H-NMR spectrum (MacKay, 1981;
MacKay et al., 1983; Kimmich et al., 1983; Bloom et al.,
1977; Wennerstrom, 1973). Careful analysis of the 'H-
NMR lineshapes of multilamellar dispersions has extracted
some useful general information on the changes in dynam-
ics and phase behavior of membranes. However, the de-
tailed site-specific data available in principle from 'H-NMR
are masked by the strong dipolar coupling. Isotopic dilution
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of the 'H nuclei by incorporation of 90% deuterium in the
sample dramatically reduces the dipolar broadening and,
when combined with magic angle spinning, is a very prom-
ising approach (McDermott et al., 1992; Zheng et al., 1993).
However, this requires uniform isotopic enrichment of all
components of the system studied. The combination of
magic angle spinning and 'H multiple-pulse line narrowing
techniques (CRAMPS) has also yielded very promising
results in ordered systems (Maciel et al., 1990).

It has long been known that to use MAS to remove the
“homogeneous” line broadening due to homonuclear di-
pole-dipole interactions among abundant nuclei (like pro-
tons), it is necessary to spin the sample at a rate much larger
than the homogeneous linewidth (Haeberlen and Waugh,
1968). Even in the membrane’s fluid phase, this homoge-
neous broadening is of the order of 10 kHz (Wennerstrom,
1973; Bloom et al., 1977; MacKay, 1981); thus, one expects
to have to spin at rates of 40 or 50 kHz to narrow effectively
the 'H resonances. This is well beyond the current capabil-
ities of the technique. However, in 1987 Oldfield et al. (see
also Forbes et al., 1988) showed that one could obtain
relatively high resolution 'H-NMR spectra of phospholipids
in multilamellar lipid/water dispersions by MAS. This
somewhat surprising result is due to the rapid axially sym-
metric reorientation of the phospholipids about the local
bilayer normal. This motion, which has a correlation time
typically of the order of 107'% 5 in the fluid phase (Prosser
et al., 1992), is rapid enough to project the homogeneous
proton dipole-dipole interaction onto the axis of symmetry
for the motion (the bilayer normal) (Wennerstrom, 1973;
Bloom et al., 1977). The dipolar broadening then depends
only on the orientation of the local bilayer normal relative to
the magnetic field, scaling as P,(cos 0), where 0 is the angle
between the bilayer normal and the magnetic field. In this
manner, the “homogeneous” dipolar broadening is con-
verted into an “inhomogeneous” broadening much like the
chemical shift anisotropy that dominates the linewidth of
3C. and *'P-NMR spectra of membranes. Magic angle
spinning effectively narrows resonances that are inhomoge-
neously broadened, even if the spinning rate is less than the
line broadening. In that case, one observes spinning side-
band patterns that roughly mimic the static lineshape
(Griffin et al., 1988).

The initial failure to observe the 'H-MAS-NMR spectra
of peptides incorporated into lipid bilayers was interpreted
to be due to their slow axial diffusion. However, it has been
found since that the synthetic amphiphilic peptides (Davis
et al., 1983; Huschilt et al., 1985; Pauls et al., 1985; Prosser
et al., 1992) and gramicidin (Datema et al., 1986; Prosser
et al, 1994; Prosser and Davis, 1994; Davis, 1988;
Macdonald and Seelig, 1988) that had been investigated at
that time do diffuse sufficiently rapidly about the local
bilayer normal, with correlation times in the range of 10~°
to 1077 s. We present here the results of a '"H-MAS-NMR
study of a synthetic bilayer-spanning peptide incorporated
into multilamellar dispersions of 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine (DMPC) in excess “H,O. The early
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failure to observe these spectra was simply because the
samples were spun too slowly (in the 3- to 4-kHz range).
This spinning speed was not too slow because the lines were
homogeneously broadened but, rather, because there was an
additional slow motion that severely broadened the reso-
nances. In this situation, it is necessary either to reduce the
effectiveness of the slow motion or to spin faster than the
inverse of the correlation time for the slow motion. After a
brief description of the experimental procedures and sample
preparation, we will present a physical description of this
effect, present our experimental results, and then make a
comparison with the predictions of the theory of Haeberlen
and Waugh (1968, 1969) (Maricq and Waugh, 1979;
Suwelack et al., 1980; Long et al., 1994). Finally, we will
discuss the potential for the application of high speed 'H-
MAS-NMR for the study of small peptides and protein
fragments in membrane systems.

MATERIALS AND METHODS

1,2-di-d,,-myristoyl-sn-glycero-3 phosphocholine (DMPC-ds,) was syn-
thesized following the procedure of Gupta et al. (1975). Peptide-20,
K,GL,(K,A-amide, molecular weight of ~3400, was synthesized as de-
scribed in Davis et al. (1983). 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) was purchased from Avanti Polar Lipids (Alabaster, AL).
All of the NMR samples were prepared by dissolving the components to be
mixed in distilled methanol that was then removed by gentle rotary evap-
oration at room temperature. The samples were then placed under vacuum
overnight (for at least 10 h) to remove the last traces of solvent. The
concentration of peptide in the peptide-20/DMPC-d, sample was 6 * 0.3
mol%. After determining the dry weight of the mixture in each case, the
samples were hydrated using an amount of 2H,0 equal to 80% by weight
of the dry mixture, whether for pure lipid or for lipid/peptide mixtures. The
total dry weight of a sample was typically 40 mg. The samples were mixed
carefully using a small, stainless steel stirring rod and then transferred into
the 5-mm-diameter SiN rotors (Doty Scientific, Columbia, SC). The hy-
drated sample mixture was centrifuged gently into the bottom of the rotor,
after which the lip of the rotor was wiped dry carefully and the “long”
Vespel end caps (Doty Scientific) were inserted. With this procedure, there
was no problem with water loss or with loose-end caps even when spinning
at rates of up to 14.7 kHz or at a temperature of 60°C. A solution sample
of peptide-20 in C’H,0?H (plus tetramethylsilane, TMS) was used for
comparison with the bilayer samples. This sample was placed in the same
rotor as that used for the bilayer samples, and the spectrum was obtained
under the same conditions (but spinning at much lower speed). All chem-
ical shifts are measured with respect to the chemical shift of TMS in the
peptide-20/C>H;0?H/TMS sample.

An advisable precaution, especially when samples are unbuffered as in
this report, is to test all samples for lipid hydrolysis after the experiments.
Accordingly, the samples were redissolved in methanol and analyzed by
thin layer chromatography using a 58:35:5.6:1.6 CHCl,:methanol:H,O:
NH,OH solvent system. No traces of sample degradation were found. The
NMR spectra were obtained using a home-built spectrometer operating at
a 'H Larmor frequency of 360.01 MHz (corresponding to a static magnetic
field of 8.5 T). The MAS probe was built using a high speed 5-mm
spinning assembly from Doty Scientific. The 'H 90-degree pulse length
was ~2.8 us. In most cases, 2048 complex points were acquired using
dwell times of either 100 or 200 us. The recycle delay was typically 3.0 s,
and 128 scans were collected. CYCLOPS phase cycling (Hoult and
Richards, 1975) was used in all experiments.

The spinning assembly is completely enclosed by a copper oven whose
temperature is controlled to within better than 0.1°C. The dry air, from a
Balston Filter Products (Lexington, MA) air dryer, operating at pressures
up to 80 Ib/in?, used for both bearing and turbine drive, was also temper-
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ature-controlled so that the temperature of the exit air (measured ~1 cm
below the sample coil) and of the oven were equal. To test for effects of
internal heating of the sample at high spinning speeds, a sample of DPPC/
2H,0 (Avanti Polar Lipids) was placed in the SiN rotor and the gel/fluid
phase transition temperature was monitored as a function of sample spin-
ning speed. The 'H-NMR spectrum is very sensitive to the gel/fluid
transition temperature because the axially symmetric reorientation, which
permits the observation of the high resolution spectrum in the fluid phase,
is dramatically slowed down in the gel phase. Thus, at the phase transition
into the gel phase the "H-NMR spectrum broadens to the point of being
essentially unobservable. Through this procedure, it was determined that
under the conditions used in these experiments there was very little internal
heating of the samples. The phase transition temperature of DPPC being
within 2-3°C of its normal value (41°C) even at 14 kHz.

Theoretical background
The dipolar interaction between like spins

The orientation-dependent interactions responsible for the linewidths of the
NMR spectra of partially (or completely) ordered systems such as mem-
branes, liquid crystals, and solids depend on orientation relative to the
magnetic field in a very simple way (we will restrict the discussion to
the second rank tensor interactions such as the dipole-dipole interaction,
the anisotropic part of the chemical shift, the first order quadrupolar
interaction, etc.). As we will see, these interactions vary essentially as
(3 cos’B — 1)/2, where B is the angle between the interaction tensor’s
principal direction and the external magnetic field, H, (in the case
where there is rapid axially symmetric reorientation, 8 is the angle be-
tween the axis of symmetry for the motion and the magnetic field). There
is one particular angle, called the “magic” angle, where the value of
(3 cos’B — 1)/2 is zero, i.e., at B, = 54.7.

For the case of the dipole-dipole interaction between two neighboring
nuclei, having magnetic moments ji, = y,l, and ji, = y,Al,, the total
Hamiltonian describing the system consists of two terms, the Zeeman
Hamiltonian and the dipole-dipole Hamiltonian:

¥ =%, + ¥y

—wnhHy 1, — y.hH, 1, (1)

nyh . . - R A
+?[11 < L= 3 - ), - "12)],

where 7y, = F,,/r,, is a unit vector directed along the vector joining the two
nuclei, ry, is the distance between the two nuclei, and vy, and vy, are their
nuclear gyromagnetic ratios, both equal to y'H for dipolar-coupled H.
Defining the principal axis system (XpYpZp) with its Zp-axis aligned along the
vector joining the two nuclei, the principal values of the dipolar tensor are

glz),o = \ﬁ %Hﬁ/ "?2

We can write the interaction Hamiltonian in terms of its spatial and spin
parts as

%lz),tl =0 @21’:2 =0. (2)
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m=-2

The spatial part is described in the laboratory frame by

+2
97[2‘,m = 2 @;,m’gbg')m(aPLBPL'YPL)’ 1G]
m=-2

where @ @(ap; Bp; ¥p1) is the Wigner rotation matrix describing the trans-
formation from the dipolar tensor principal axis system (XpYpZp) to the
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laboratory coordinate system (X, Y; Z;). The angles (apy Bpr Ypy) are the
Euler angles for the transformation (Brink and Satchler, 1993; Zare, 1988).
Because of the symmetry of the dipolar tensor in its principal axis system,
we can take the third Euler angle (ap) to be zero:

3 YViuh
9_'[2',0 = 9‘—’;,0@%) (0BeLYeL) = \g 'IBTHz 3 cos? Be— 1)

g[i,n = g 323 1(OBPL'YPL)

Y1t
3 r’ sin By, cos Bpr exp(Five) o)

Ii,:z 82-22(OBPL'YPL)
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The spin-dependent part is given by

1 .
S-17—2,0(1112) = % [3112122 -1 - 12]
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At high magnetic fields, the Zeeman Hamiltonian is much larger than
the dipolar Hamiltonian; for example, at 8.5 T, the 'H Larmor frequency is
~360 MHz whereas the dipolar coupling between the two geminal 'H
nuclei in a methylene group is of the order of 40 kHz. Thus, we can treat
the dipolar interaction as a small perturbation on the Zeeman interaction
and, therefore, in calculating spectra we only need to keep that part of the
dipolar Hamiltonian that commutes with the Zeeman Hamiltonian. This
so-called “secular” dipolar Hamiltonian is

= g%,ogz,o(l L) )

fl
= _71,‘3:,22 ) 3 COSZBPL -
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It is evident that if the sample is oriented so that the angle between the
vector joining these two nuclei and the magnetic field vector is B, then
the dipole-dipole interaction will be zero and the NMR spectrum will show no
dipolar broadening. In a more complex system, where there may be many
interacting nuclei, it will not be possible in general to orient the system so that
all internuclear vectors make the same angle with respect to the magnetic field.

In membranes the molecular motions are highly anisotropic, so the
orientation-dependent interactions are not averaged to zero. However, the
local bilayer normal is an axis of symmetry for the motions in the fluid or
liquid crystalline phase of membranes. If we introduce an “intermediate”
reference frame (XyYnZy), in this case with its Z-axis aligned along the
local bilayer normal, then we need two Wigner rotation matrices and two
sets of Euler angles to perform the successive transformations from prin-
cipal axis to intermediate to laboratory frames. Using (apnBpnYen) as the
first set, for the transformation from principal axis to intermediate frame,
and (o B Yar) for the transformation from intermediate to laboratory
frame, then successively,

@?,m' =& ;,ogb(z)'(oﬁpn'YPN) ®)
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and
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Again, keeping only the “secular” part of the dipolar Hamiltonian, i.e., the
terms in T, o(I;1,), we obtain

Hy=To(LD) 2 F 0@(2) (Oﬁm(l‘)'YPN(’))QZ’(2 (aniBr10)-
(10)

Here we have explicitly displayed the time dependence of the Euler angles
(0Ben()Yen(), which arises because of molecular reorientation with re-
spect to the bilayer normal. The spectrum that we observe will be an
average over some spectroscopic time scale. Thus, for the case of axially
symmetric reorientation about the bilayer normal, where the time depen-
dence of the angle vyp\ averages out all of the terms except that with m’ =
0, the effective averaged dipolar Hamiltonian is

(o = gZ,O(IIIZ)gg,o(d(()g)(BPN(t)»d&z))(BNL)

—f—la cosBen(d) — 1) 1)

1 - =
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where the d‘®(8) are the reduced rotation matrices (Brink and Satchler,
1993; Zare, 1988). Then, defining Sy = ¥2(3 cos? Bpy — 1), we have
VA1
14 -
L - L]S
'3 2 1 2] HH»
(12)

where By is the angle between the local bilayer normal and the static
magnetic field. Thus, if one can prepare an oriented sample, for example,
by depositing multilamellae on thin glass plates, so that the local bilayer
normal is everywhere parallel to the normal to the plates, then by varying
the orientation of the plates relative to the magnetic field, one can observe
the (3 cos’By. — 1)/2 dependence of the linewidths on orientation (Pope
and Cornell, 1979; van der Leeuw et al., 1981; Sanders, 1993). In principle,
orienting the glass plates with the normal at the magic angle relative to the
magnetic field would produce a high resolution H-NMR spectrum, with
no dipolar broadening. Unfortunately, it has not been possible to obtain
sufficient resolution by this method.

(#H = — 2BNL - 1)[3112122 -

Magic angle spinning and the
average Hamiltonian

The rapid axially symmetric reorientation of the phospholipids about the
local bilayer normal projects the dipole-dipole interaction onto the axis of
motional symmetry. In the same fashion, rapid rotation of a solid sample
(with no internal motion) about an axis aligned at an angle B with respect
to the magnetic field projects the complex dipole-dipole interactions onto
the rotation axis. As in Eq. 12, the dipole-dipole Hamiltonian will scale as
(3 cos®B — 1)/2 so that at the magic angle, £,,, the dipole-dipole interaction
is effectively averaged to zero. Thus, one can obtain in principle the high
resolution 'H-NMR spectrum of a solid or ordered sample simply by
rotating the sample sufficiently rapidly at the magic angle. The fundamen-
tal question or problem is: How fast is necessary?

The physical rotation of the sample about an axis, called the rotor axis,
inclined at some angle relative to iIo, introduces an explicit periodic time
dependence into the Hamiltonian, with period 7y = 27/wg. The basic idea
of average Hamiltonian theory is that, for an experiment for which the
Hamiltonian is made to be periodic in time, the evolution of the spin system
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over one complete period can be described or calculated using an “average
Hamiltonian.” If we are only interested in the state of the spin system at the
end of any integral number of periods (i.e., at = 0, 7, 27, - - - nTR " *),
and not in its detailed evolution in between these times, we can replace the
true time-dependent Hamiltonian by the average Hamiltonian (Haeberlen
and Waugh, 1968, 1969; Maricq and Waugh, 1979). This average Hamil-
tonian, % can be expanded in an infinite series:

=2 %,, @13)
p=0

where the successive terms are

-1 (™
Ho=—| %()de,
TR
0
=i~ [
=5 | dr| dr'[3H(), H()],
TR
0 0
and (14)
T L
Ho=gr | At | dr | dr{[aeQ), [H(), F)]]
0 0 0

+[H("), (X", O}

Here, the commutators [#(t), K(t')] = H(H (') — H('YH(2), etc., involve
the Hamiltonian at a time “¢” with itself at a different time “¢’.” If the
Hamiltonian commutes with itself at all times, the so-called “inhomoge-
neous” broadening case, then the only nonzero term in the expansion of the
average Hamiltonian is the term ?_Co. This is the case, for example, when the
NMR linewidth is due to the anisotropic chemical shift interaction (as for
natural abundance 'C). In the case of dipole-dipole interactions between
many like spins, we can generalize the two-spin Hamiltonian of Eq. 10 to
the interaction of spin “#” with all of its neighboring spins:

o= —vih 2B~ T - 1)@, (15
j*i
where the orientation- and time-dependent factor £"i(¢) is defined by

. 1
M) = 2 2 gngjl’(OBPRYPR)gbg)O(aRL(t)BRLO) (16)

iy

and where the intermediate frame, now labeled “R,” refers to the “rotor”
frame. Here we have shown explicitly the time dependence of the Euler
angle ag, (¢) describing the rotation of the sample-fixed rotor frame whose
Zy, axis defines the rotation axis of the sample. Because the sample rotation
is of fixed frequency wy, we can write ag;(f) = wgt. If there are at least
three interacting spins, and they do not all lie on the same straight line, then
this dipolar Hamiltonian does not commute with itself at different times,
ie.,

(%), Hi(r)]
A YOI (3 Y (3 1(T 9 9 AR A

jRi k#i

a7

-

Bl I - 11 -1 - 1,1, - 1))

—3 N 2 2 GO = O},

j#i k#i
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where, we have made use of the fact that ‘6},,(=—‘€Lj. Thus, the Hamilto-
nian for dipole-dipole interactions among many like spins, for a rotating
sample, will commute with itself at all times if and only if

GO = £ OE) (18)

for all ¢ and ¢'. For a single pair of spins, or for a number of spins lying
along a straight line (Eq. 18) will hold. In general, however, it is necessary
to consider all of the higher order terms in the expansion of the average
Hamiltonian (Eq. 14).

As the rotation period, Tz, becomes short relative to the inverse of the
“static” linewidth, i.e., relative to the linewidth, 1/T%, for a nonrotating
sample, the higher order terms, ?_t’,, ?_Cz, - - - in the average Hamiltonian,
become less and less important. For very short 7, one would only need to
consider the zero-order term %,. In this case, the averaging over the angle
ag(t) eliminates all terms with m’ # 0 from the expression for the
zero-order average Hamiltonian, because (¢7*'“®')_ = 0 in Eq. 16. Thus,
rapid rotation of the sample results in an average Hamiltonian that scales
as (3 cos’Bgy. — 1)/2, and if B, = B,,, there will be no dipolar broadening
in the spectrum obtained from sampling at ¢ = 0, 75, 27, - - -, n7g - - - This
defines what is meant by “rapid” rotation; it must be fast enough so that
higher order terms in the average Hamiltonian are unimportant.

How fast is necessary? This is quite easy to estimate. If the 'H-'H
dipolar interaction is primarily responsible for the width of the '"H-NMR
spectrum of a static sample, then we can obtain the mean-squared strength
of the 'H-'H dipolar interaction from the second moment of the static 'H
spectrum:

M,=

—o0

o’f(w) do, 19)

where flw) is the experimental spectrum (normalized to unit area) and w is
the frequency in rad/s. For membrane systems, either with or without
membrane proteins, the experimental rigid lattice second moment is ~1.7
X 10'° s72 (MacKay, 1981; MacKay et al., 1983; Kimmich et al., 1983).
Thus, we can consider a rotational motion, with correlation time 7, to be
fast if M,7> << 1 or, in the membrane case, if 7. << 7.7 X 107% s. Then,
for uniform rotation with period 7, = 27 X 7, the rotation is fast if 7, <<
4.8 X 1077 s, corresponding to a rotation rate of vy >> 21 kHz.

What sort of line narrowing can we expect if we spin such a sample at
a rate of 21 kHz? The term in %, makes no contribution to the linewidth.
The contribution due to the term in %, is approximately (Haeberlen and
Waugh, 1968):

= 1 =\"
"S- TR \TE) (20)

On summing over all “n” we find a reduction in linewidth that is of the
order of 30% (or larger, depending in detail on the form of the higher order
terms). Such a small reduction is of little use because we require a
reduction by a factor of 1000 or more to obtain high resolution "H spectra
(a static linewidth of several tens of kHz must be reduced to a few Hz).
Furthermore, an increase in spinning rate by another factor of 10 (to an
unrealistic 210 kHz) reduces the contribution of the term in ?_C, by only
another factor of 10. Thus, spinning more rapidly accomplishes little in the
case of “homogeneous” broadening. The current state of the art in MAS
probe design is much too slow to allow the elimination of purely homo-
geneous line broadening for abundant *H in ordered systems.

The effect of axially symmetric
molecular reorientation

If the molecules in the membrane undergo rapid axial reorientation about
the bilayer normal, with a correlation time 7. << T3', then the dipolar
interaction is projected onto the bilayer normal as discussed earlier. Al-
though it has not been possible to obtain high resolution "H-NMR spectra
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using oriented multibilayers, it is possible to achieve high resolution with
'H MAS. We can see in detail how this will work if we combine the four
reference frames used in the earlier discussion.

We begin in the dipolar tensor’s principal axis system, P, fixed at a
particular nucleus “i”. We then perform three successive transformations.
First, from P to N, the bilayer normal system, we use Euler angles
(0Bi1,vsl(1)). Here we assume that the angle Bis), between the vector 7;; and
the bilayer normal, N, is fixed, but that the molecule undergoes axnal
diffusion about N, leading to the time dependence of vsi,. Second, we
perform the transformation from the bilayer fixed system, with Zy-axis
along N, to the rotor-fixed system, with Zy along the rotor axis. The Euler
angles for this transformation, (angBng 0), are constant because the sample
is assumed to be fixed within the rotor. Although these angles will vary
from place to place within a “powder” sample as the orientation of the local
bilayer normal varies, for calculating the dipole-dipole Hamiltonian for a
particular spin “i” there is a well defined local axis of symmetry for the
motion. When calculating the total “powder average” we need to vary these
angles, but for each local region of the sample we obtain identical results.
Finally, we perform the transformation from the rotor fixed axis to the
laboratory frame, with Euler angles (ag, (7)Bg0). Here By, is the angle
between the rotor axis and I:IO, and will be set at the magic angle. The
rotation, as before, is at a fixed rate wg such that ag; (1) = wyT. We use
the time variable 7 here to distinguish it from “#,” which is used to describe
the much shorter timescale variations in vi(?).

With these definitions, the dipolar tensor in the laboratory frame is

Fim = 2 2 Foo Do OBVl (D)
: @gzm’(aNRBNRO)gg’)m(aRL(T)BRLO)-

If the axial molecular reorientation in Y5 is sufficiently fast, we can
replace DR0BLEYR(R) = e 0D, (Bim) by its average over the mo-
tion. Then, because {e ™), =0, for z >> =, the correlation time for the
molecular reorientation about the bilayer normal, all terms in m" # 0 will
be averaged to zero, leaving only m” = 0. Then, keeping only the secular
part, the dipolar Hamiltonian for spin “i” becomes

Hi(n) = —vih 2 BLL, — T - [T,  (22)

JEi

where

Zi’j('T) d(z)(B ) 2 d(O%;’(BNR)d(nzl’)O(BRL)e_im,wRT

—‘L,l

(23)

_‘L:I

 dog (Bi) X (7).

£+¥(1) can be factored into two parts, one that depends on (i, j) and one that
depends on 7. Thus, on taking the commutators in evaluating the higher
order terms in the expansion of the average Hamiltonian, one sees imme-
diately that the products of the orientation-dependent factors

o 1 .
L)) = [ AP (B )g('r)] X [;,;; déé)(Bi;'é)g(f’)]
' 4)
= Bi(e')P(7)

are equal. Thus, the Hamiltonian ¥\(7) commutes with itself at all times
and we can lgnore the higher order terms in the average Hamiltonian.
Because %, = 0, if BrL = Bm, We can observe a high resolution "H-NMR
spectrum. The primary requirement is simply that the molecules within the
membrane undergo axially symmetric reorientation with a correlation time
T. <K 77 X107 %s
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Simultaneous anisotropic chemical shifts and
dipolar coupling

When we have a dipole-dipole interaction between a pair of nuclei with
anisotropic chemical shifts, the resulting Hamiltonian in the absence of
molecular reorientation is homogeneous, as discussed by Maricq and
Waugh (1979) and by Levitt et al. (1990). Although 'H anisotropic chem-
ical shifts are not studied widely, presumably because of the overwhelming
dipole-dipole interactions present in ordered systems containing 'H, the
magnitude of the anisotropy is appreciable, being of the order of 6 ppm for
methylene 'H in malonic acid (Haeberlen, 1976). The previous discussion
can be extended easily to this case by introducing two new principal axis
reference frames, those of the chemical shift tensors of the two 'H nuclei.
The “hierarchy” of reference frames and the Euler angles for the transfor-
mations between them are illustrated nicely by Fig. 1 of Levitt et al. (1990).
We use the same scheme here, replacing the “crystal fixed” frame (labeled
“C” in Levitt et al.) by our bilayer fixed frame, labeled “N.”

In their principal axis frames, the spherical chemical shift tensors for the
two nuclei are

ggki) = \/32&

where 8, = o%; — &, is the chemical shift anisotropy, &, = Tr(d") is the
isotropic chemical shift of spin “i” and 7; = (0%, — o ,)(a%; — 8,,) is the
asymmetry parameter. The cartesian chemical shift tensors ¢ are defined
such that their principal values obey the relations (Mehring, 1983; Griffin
et al., 1988):

|0'i33 - 60iI = |0'i11

@2 L =0 8;;2 = =g (25)

— 8yl = lab, — 8yl (26)

Because of the very rapid axially symmetric reorientation of the leucine
methyl groups about their C—C bonds, the methyl 'H (spin I,) chemical
shift tensor can be replaced by a symmetric tensor with anisotropy 8; =
8,/3 (and with o' = 0).

The transformations from the three principal axis systems (for the
chemical shift tensors of spin /, and of spin I,, and the dipolar tensor of the
combined system I,1,) to the bilayer fixed system “N” involve three
different sets of Euler angles. Thus, in the N-frame,

@N.: ¥, hgb(z)"(OBP;,N‘YPI.N)
N 12 2 O—P - @g)m (ap.,NBP.,NYPhN) 27)
J,Nlnlz G~12’ 111 (2) (OBPI|12N7PI|I;N)

The axially symmetric reorientation of the peptide about its long axis leads
to the modulation of the angles ypy. Averaging each of these expressions
over this fast motion gives expressions involving {exp[—im"ypn(9)]) = 0 if
m” # 0. Thus, we have after motional averaging

Fro' = (Fro'(O) = Frgd @ (Be,N)
gN =2 ggjﬁmemmap'”d(ﬁio(ﬁvly) (28)

m”

— P,I;1
- 9;201 zd&Z))(BPth) .

Next we transform from the local bilayer normal to the rotor-fixed frame
R. As before (cf. discussion preceding Eq. 20), these angles will vary from
place to place within the sample (i.e., from “crystallite” to “crystallite”) and
for a powder average we will need to average over them. For individual
“crystallites,” these angles are time-independent, however. Thus, all three
tensors transform using the same angles so that in the rotor frame, they all
will have the form

gN LIz

@gm' = 9; DR o (OBNRYNR) - 29
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The expressions for the three tensors in the rotor-fixed frame depend on the
orientations of their principal axes systems with respect to the local bilayer
normal and on the orientation of the normal with respect to the rotor axis.
After the averaging over the rapid axially symmetric molecular reorienta-
tion, these tensor elements are independent of time on the much longer time
scale, 7, associated with the spinning of the sample.

The transformation from the rotor fixed frame R to the laboratory frame
is accomplished as before, with Euler angles ag, (7) specifying the orien-
tation of the rotor at time 7 relative to its orientation at * = 0, and B3, =
54.7°, the magic angle. Explicitly evaluating these transformations leads,
as in Eq. 22, to (Maricq and Waugh, 1979; Griffin et al., 1988; Mehring,
1983):

F50(7) = [Co(Qnr)cos 2ap(7) + Sy(Qnr)sin 2ag, (1)
+ C1(Qxr)cos ag (1) + S;(Qyp)sin aRL(T)]g;go

= g(1%F%, (30)

where Qng = (0BnrYnr)- All three tensors involve expressions of the
same form, with the same 7-dependent factor g(7). Restricting ourselves to
the secular part of the Hamiltonian, we have

H(7) = FoT ool + F5eToo(ly) + F' (DT 0(l1)
+ FpDT ) + FNADT (1L 1,)
=kily, + kolo, + g(7) (31)

X {k3[3liz - 71 : 71] + k4[31§z - 72 : ?2]

+ k5[3112122 - 71 : 72]}

This Hamiltonian does not commute with itself at all times under all
conditions. However, because all of the “7” dependence is in the
common term g(7), we can identify easily the situations where it is not
self-commuting.

identical isotropic chemical shifts:
n = 0 rotational resonance

If the spinning rate, vy, is such that
Ayy=nX (32)

when Ay, is the difference in isotropic chemical shifts of the two dipolar
coupled nuclei, then we observe a dramatic broadening of the resonance
lines (Maricq and Waugh, 1979; Raleigh et al., 1988; Levitt et al., 1990).
This is the nth order rotational resonance condition. If we spin faster than
the difference between any two isotropic chemical shifts in the system (in
our case, this requires us to spin faster than ~3.6 kHz), then the only
rotational resonance possible is for n = 0. This can occur (by Eq. 32) only
when the two nuclei have identical isotropic chemical shifts (such as for
two 'H nuclei on a peptide leucine methyl group). Taking the commutator
of the Hamiltonian in Eq. 31 with itself at two different times, 7, and 7,,
we have (Maricq and Waugh, 1979):

[%(ry), H(my)] (33)
= _ks[g (1) — 8 ()il 1, 71 ¢ 72] + kz[lzz, 71 * 72])
= ks[g(m2) — g()][k: — ko][i (11*12‘ - 11_1;)]

Because k; and k, are the isotropic chemical shifts of the two nuclei
(assumed to be equal), this Hamiltonian commutes with itself and we
expect no contribution to the linewidth from an n = 0 rotational resonance
condition. This is a direct result of the common axially symmetric motional
averaging of the anisotropic chemical shift and dipolar tensors, which
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projects them all onto the same axis (the local bilayer normal). In a more
general case, or in the absence of axially symmetric motion, we would
expect an important contribution to the linewidth from n» = 0 rotational
resonance. As discussed by Maricq and Waugh (1979) and by Levitt et al.
(1990), this contribution to the linewidth is expected to decrease roughly
as 1/vg.

General case of nonequivalent nuclei

In the case where the two spins have different isotropic chemical shifts, we
have no rotational resonances if we spin faster than 3 or 4 kHz. However,
the Hamiltonian in Eq. 31 is still partly homogeneous because it does not
commute with itself at all times. The first order correction to the zero-order
average Hamiltonian involves the commutator of Eq. 32. Because in
general ks # 0, k; # k,, and g(7,) # g(7,), this commutator is not zero. The
magnitude of this correction term can be estimated from k,, k,, and ks and
we expect a contribution to the linewidth that is of the order of (Maricq and
Waugh, 1979; Levitt et al., 1990):

(kl - kz)ks

Avy =
H 7R

(34

It will turn out that this contribution, although significant, is quite small so
that the predominant broadening mechanism must be due to slow motions.
We will give a rough quantitative estimate of this homogeneous contribu-
tion to the linewidth in the discussion section.

The influence of intermediate time scale motions

That one can obtain high resolution '"H-NMR MAS spectra of lipids in
membranes was demonstrated in 1987 (Oldfield et al., 1987; Forbes et al.,
1988). The correlation time for axial diffusion of lipids in the membrane
fluid phase is of the order of 107'° s, easily fast enough to project the
dipole-dipole interactions onto the motional symmetry axis. The axial
diffusion correlation times for peptides is significantly slower, having a
value of ~7 X 107° s for gramicidin D in 1,2-lauroyl-sn-glycero-3-
phosphocholine (DLPC) (Prosser et al., 1994), but still fast enough to
effectively average the dipolar interactions. The difficulty in observing
'H-MAS-NMR spectra for small peptides is due to the presence of other,
slower motions that dominate the linewidths. Even the phospholipid spec-
tra have linewidths of ~0.05 ppm (10-20 Hz at 360 MHz), again because
of the presence of slow or intermediate time scale motions. 2H-NMR
relaxation studies of gramicidin D have identified what is probably the
most significant cause of line broadening of the peptide’s 'H resonances.
This is the “wobble” of the diffusion axis with respect to the local bilayer
normal which, for that system, has a correlation time of ~6 X 107% s
(Prosser et al., 1994; Prosser and Davis, 1994). The linewidth of a MAS
resonance line, at a spinning rate wg, in the presence of a single interme-
diate time scale motion of correlation time 7, is (Haeberlen and Waugh,
1969):

1 1 AM 27, + Te
T 3w 21+ (@rm)? T 1+ ()

(35)

where AM, is that part of the total dipolar second moment that is being
modulated by the intermediate time scale motion. Thus, the modulation of
the local dipolar fields by the sample rotation results in an enhanced
sensitivity to internal local field fluctuations of comparable frequency. The
significance of this contribution to the linewidth depends on two factors,
the correlation time relative to the spinning rate and the fraction AM, of the
interaction modulated by these motions. This may suggest some methods
for eliminating, or at least minimizing, this important source of broadening.
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RESULTS

The static and MAS 'H-NMR spectra of a multilamellar
dispersion of POPC/°H,0 at 30°C are shown in Fig. 1 a,
plotted on a scale of =50 ppm (or *+18 kHz at the 'H
Larmor frequency of 360 MHz). The full width at half-
maximum of the static spectrum is ~10 ppm, more than the
entire isotropic chemical shift dispersion. The MAS 'H
spectrum of the same sample at the same temperature is
shown under the broad static peak, and in expanded form in
Fig. 1 b. The assignments for the different peaks have been
published elsewhere (Oldfield et al., 1987; Forbes et al.,
1988; Shan, 1990; Sparling et al., 1989). Although the
spectrum in Fig. 1 b was taken at a rotation rate of 14 kHz,
the linewidths are only slightly dependent on the speed of
rotation, as shown in Fig. 2. The solid symbols give the
linewidths for the peaks at 0.91 ppm (@, the chain methyls),
2.04 ppm (M, the CH, next to the oleoyl double bond), 3.25
ppm (¢, the choline y-(CH,);), and 3.69 ppm (A, the
choline 3-CH,) as a function of rotation rate. From 5 to 14
kHz, the linewidth of the chain methyls decreases by only

a
40.0 20.0 .0 -20.0 -40.0
ppm

b
5.0 4.0 3.0 2.0 1.0
ppm

FIGURE 1 (a) The 'H-NMR spectrum of a static (nonspinning) POPC/
2H,0 sample at 360.01 MHz at 30°C. On the same scale is shown the
'H-MAS-NMR spectrum of the same sample, under the same conditions,
except that it is rotating about the magic angle at a rate of 14 kHz. (b) The
'H-MAS-NMR spectrum from part a of the figure, shown on an expanded
horizontal scale. Chemical shifts are relative to TMS,
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FIGURE 2 The linewidths, in ppm, as a function of spinning rate of
selected peaks from the 'H-MAS-NMR spectra at 360.01 MHz of POPC/
2H,0: () y-N(CH,);; (A) 8-CH,; (®) chain methyls; () C'H,-C=C-
C'H,- of sn-1-oleoyl chain and of the leucine methyl group peak from the
peptide-20/DMPC-d;,/°H,0 sample; (O) T = 30°C, and ((J) T = 50°C.

~10%, those of the other three peaks by ~30%. These
linewidths, ranging from 13 to 34 Hz, correspond to T,
values from 10 to 40 ms, which is in precise agreement with
the low frequency 'H T, values reported by Kimmich et al.
(1983), for the range of frequencies from 10 to 100 kHz, for
DPPC in its lamellar liquid crystalline phase at 45°C and
above. Measurements of the *H spin lattice relaxation rates
in the rotating frame (Shan, 1990; Le Guerneve and Auger,
1995), which are sensitive to local field fluctuations over
this same frequency range, have yielded similar values,
ranging, for example, from ~30 to 180 ms for different
positions in DMPC in the fluid phase. These relaxation
measurements have shown that the frequency dispersion of
the spectral density in this frequency range is relatively flat
so that, on the basis of the discussion in the previous
section, not much variation with spinning rate is expected.
We can expect little improvement in the linewidths for
phospholipid dispersions unless a way is found to eliminate
these low frequency fluctuations.

To minimize the overlapping of the lipid “solvent” reso-
nances with the peptide-20 “solute™ signals, the peptide-20/
lipid mixtures used chain-perdeuterated DMPC-d,,. The
'H-MAS spectrum of DMPC-ds, at 30°C, at a spinning rate
of 8.0 kHz, is shown in Fig. 3 a. The chain resonances are
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FIGURE 3 (a) The 'H-MAS-NMR spectrum of DMPC-ds, at 30°C,
spinning at a rate of 8.0 kHz. The chain resonances are reduced because of
their (95%) deuteration. (b)) The 'H-NMR spectrum of peptide-20 in
C?H,0H with TMS at 30°C in the same rotor but spinning at ~1 kHz. All
chemical shifts are relative to TMS from this sample. The peptide leucine
methyl resonance is at 1.01 ppm, the two peaks near 1.8 and 1.9 ppm are
from the leucine, and lysine methylenes, and methines, the peptide a-C'Hs
are near 4.05 ppm, and the unexchanged N-'H are found near 8.3 ppm. The
two peaks near 3.4 and 4.9 ppm are from residual 'H in the solvent.

reduced greatly in amplitude as expected. For comparison,
the spectrum of peptide-20 dissolved in C’H,0%H, with
TMS, is shown in Fig. 3 b. The large peak at ~1.0 ppm is
from the leucine methyl groups, whereas the two peaks
around 1.8-1.9 ppm are primarily due to the leucine meth-
ylenes and methines and the lysine methylenes. The small
peak at 3.0 ppm is from the lysine e-CH,s, whereas that at
~4.0 ppm is from the "Hs on the peptide a-carbons, and the
peak at 8.3 ppm is from the peptide N-Hs. Peptide-20 forms
a very stable a-helix, even in solution at high temperatures
(Davis et al., 1983); thus, there remains a large fraction of
the amide 'Hs that is unexchanged even in deuterated meth-
anol. The peaks near 3.4 and 4.9 ppm are due to the solvent.
By far the strongest peptide-20 resonance is for the leucine
methyl groups, which lie almost directly under the strong
lipid chain methyl and methylene resonances; thus, it is
imperative to use fully deuterated lipids. Because of the
large molecular weight difference between the peptide and
the lipids, and of the necessity to ensure a well defined fluid
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bilayer phase, the peptide-20 comprised only 6 mol% of the
lipid/peptide mixture; hence, the peptide resonances are
expected to be small relative to the lipid’s. The linewidths of
this solution peptide-20 spectrum are quite large. For ex-
ample, the methyl resonance has a width of ~0.06 ppm.
This is due in part to the slight inequivalence of the 20
different leucines within the peptide as well as to the unre-
solved J-couplings. Therefore, we expect this to set the
lower limit on the accessible resolution for this peptide.
'H MAS spectra of the peptide-20/DMPC-ds, mixture
were taken as a function of spinning rate at two tempera-
tures, 30 and 50°C. Below a spinning rate of 5 kHz, there is
essentially no observable peptide signal at either tempera-
ture. At 30°C spinning at 6.5 kHz, one begins to see a broad
peak, due to the peptide leucine methyls, underneath the
lipid methyl and methylene resonances near 1.0 ppm. As the
spinning rate increases, this peak sharpens and eventually
dominates the much smaller lipid methyl peak. At higher
spin rates, the peptide methylene resonances near 2.0 ppm
also become visible. The peptide C-a 'H peak lies beneath
the lipid headgroup and glycerol backbone resonances (be-
cause the headgroup and backbone have not been deuter-
ated), so it is difficult to extract unambiguously. Fig. 4
shows the spectra at 50°C for spinning rates from 8.0 to 14.0

M
M

8.0 6.0 4.0 2.0 0
ppm

Retds

FIGURE 4 'H-MAS-NMR spectra of the peptide-20/DMPC-d., mixture
at 50°C; at spinning rates of (a) 14.0 kHz, (b) 12.0 kHz, (c) 10.0 kHz, and
(d) 8.0 kHz. Note the dramatic increase in intensity of the peptide reso-
nances near 1.0 and 2.0 ppm as spinning rate increases.
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kHz. At this temperature, the peptide-20 resonances are
even sharper. At the highest spinning rate, 14 kHz, the
spectrum of Fig. 4 a shows a very strong leucine methyl
peak and the two peptide methylene peaks, as well as
increased intensity in the region near 4 ppm, where the C-a
'H resonances are found. The use of headgroup-deuterated
lipid would allow the unambiguous identification and quan-
tification of this peptide resonance. Fig. 5 shows the spec-
trum from Fig. 4 a, at 14 kHz and 50°C on a twice-expanded
vertical scale. There is a very broad peak with a maximum
at ~8 ppm, corresponding to the expected position of the
peptide-20 N-'H resonances. However, the integrated area
of this peak is much too large to be due simply to the amide
hydrogens. It is likely that part of this peak is due to
the background signal from the Vespel end caps used with
this rotor. Nonetheless, the amide 'H peak is clearly still
very broad because it cannot be isolated readily from the
background.

By simulating these spectra, we can extract the intensi-
ties, chemical shifts, and linewidths of at least the pep-
tide-20 methyl and methylene resonances. Fig. 6 shows a
comparison of the experimental spectrum at 50°C, at a
spinning rate of 8.0 kHz (top), with the simulated spectrum
(middle), and with the contributions of the peptide-20 res-
onances at 1.0, 1.9, 2.0, and 3.2 ppm (bottom). A compar-
ison of the area of the lipid resonance at 5.3 ppm, which
corresponds to the single glycerol C-2 'H per lipid, to the
area of the peptide-20 leucine methyl resonance (which
corresponds to 120 methyl 'Hs per peptide), gives the ratio
of 5.73 * 1.4, whereas the theoretical value would be
~7.6 = 0.2 (the uncertainty in this latter value is due to the
0.3 mol% uncertainty in the sample peptide concentration).
Thus, we are seeing approximately the right relative signal
intensities for the two components even though it is difficult
to obtain the correct integrated intensities from the simula-
tion of overlapping peaks. The simulation for the spectrum
obtained at a rotation rate of 14 kHz is shown in Fig. 7.

ppm

FIGURE 5 The 'H-MAS-NMR spectrum of peptide-20/DMPC-ds, at
50°C at a spinning rate of 14 kHz (as in Fig. 4 a), on a twice-expanded
vertical scale to show the broad feature near 8.0 ppm.
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FIGURE 6 A comparison of the 'H-MAS-NMR spectrum of the pep-
tide-20/DMPC-ds, sample at 50°C, at a spinning rate of 8.0 kHz (top) with
its simulation (middle). Three components of the simulation arising from
peptide-20 are shown in the bottom trace. The simulation parameters for
selected peaks are: for the lipid peak at 5.37 * 0.01 ppm, area = 1.0, width
= 34 + 3 Hz; for the peptide leucine methyl peak at 1.01 = 0.01 ppm,
area = 5.40 * 1.3, width = 126 * 13 Hz; for the peptide methylene peak
at 1.86 = 0.02 ppm, area = 0.87 * 0.22, width = 78 = 8 Hz; for the
peptide methylene peak at 2.04 * 0.02 ppm, area = 0.78 * 0.22, width =
106 = 11 Hz. The intensities are normalized to the lipid peak at 5.37 ppm,
and errors are estimated from the quality of the fit of the simulated to the
experimental spectrum.

Comparison of the bottom traces of Figs. 6 and 7, which are
the simulated peptide-20 resonances, shows how dramati-
cally these peaks have sharpened due to the increased spin-
ning rate. The linewidth of the peptide-20 methyl resonance
is plotted as a function of spinning rate in Fig. 2, where the
open circles refer to the spectra at 30°C, whereas the open
squares are for the spectra at 50°C. Although the peptide-20
methyl resonance is considerably broader than the lipid
resonances (also shown in Fig. 2), the dependence of the
width on spinning rate is considerably more dramatic. In-
creasing the spinning rate from 6.5 to 14 kHz, a little more
than a factor of two, has decreased the peptide-20 methyl
linewidth from ~0.6 to 0.28 ppm, at 30°C, whereas at 50°C
the linewidth at 14 kHz is only 0.18 ppm.

DISCUSSION AND CONCLUSIONS

To observe the high resolution '"H-NMR spectra of either
peptides or lipids in an ordered system such as a model or
biological membrane, it is absolutely necessary to have
rapid axially symmetric molecular reorientation. This mod-
ifies the character of the dipolar broadening of the spectra
by projecting the interaction onto the axis of reorientation.
MAS then can narrow effectively this residual “inhomoge-
neous” broadening. We have demonstrated that it is possible
to observe the '"H-NMR spectra of both lipids and peptides
in the fluid phase of model membrane systems. In addition,
we have found that the lipid linewidths correspond well
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FIGURE 7 A comparison of the "TH-MAS-NMR spectrum of the pep-
tide-20/DMPC-d,, sample at 50°C, at a spinning rate of 14.0 kHz (top)
with its simulation (middle). Three components of the simulation arising
from peptide-20 are shown in the bottom trace. The simulation parameters
for selected peaks are: for the lipid peak at 5.37 = 0.01 ppm, area = 1.0,
width = 34 *+ 3 Hz; for the peptide leucine methyl peak at 1.01 = 0.01
ppm, area = 5.41 * 1.22, width = 68 * 7 Hz; for the peptide methylene
peak at 1.86 * 0.02 ppm, area = 0.90 * 0.23, width = 60 * 6 Hz; for the
peptide methylene peak at 2.04 = 0.02 ppm, area = 1.38 * 0.34, width =
87 = 9 Hz. The intensities are normalized to the lipid peak at 5.37 ppm,
and errors are estimated from the quality of the fit of the simulated to the
experimental spectrum.

with the spectral densities measured both by field-cycling
T, measurements at low frequencies and by T, spin-lattice
relaxation in the rotating frame, measurements. These line-
widths change only slightly with increasing spinning rate,
reflecting the rather flat frequency dependence of the spec-
tral density in the 10—-100 kHz range. This broad distribu-
tion of correlation times is characteristic of lipid bilayers,
and to obtain any dramatic improvement, or reduction, in
lipid linewidths it will be necessary to find conditions under
which the amplitudes of these slow motions are reduced. It
is likely that changes in sample composition, for example,
changes in hydration level, incorporation of cholesterol,
etc., although they may not cause these motions to become
faster, will reduce their amplitudes and, hence, their effec-
tiveness in broadening the lines.

At low spinning rates, the peptide resonances are too
broad to detect, appearing only at rates above ~5 kHz.
Further increases in spinning rate result in a dramatic de-
crease in the linewidths. Probably the most significant slow
motions in the case of the peptides involve the reorientation
of the diffusion (helix) axis either by a “wobbling” relative
to the local bilayer normal (Prosser et al., 1994; Prosser and
Davis, 1994) or by fluctuations in the orientation of the local
bilayer normal itself. These latter motions can arise either
through undulations in the bilayer surface (Bloom and
Evans, 1991) or by diffusion of the peptide over the curved
surface of the liposomes. For gramicidin A in oriented
bilayers of DLPC, Prosser and Davis (1994) interpreted
their relaxation data in terms of rapid axial diffusion of the
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peptide and a “wobbling” of the diffusion axis in the ori-
enting potential of the bilayer. They arrived at a correlation
time, 7, . For this “wobbling” motion of ~6 X 107%s. Over
such long time scales, it is quite possible that both diffusion
and surface undulations may also play an important role in
the slow modulation of the residual proton dipolar second
moment, resulting in contributions to the linewidth.

To use Eq. 35 to calculate the contribution of slow
motions to the linewidth, we need to estimate the mean
squared strength of the residual dipolar interaction which is
modulated by this motion, i.e., AM,. We use the proton
second moments of dry powdered myoglobin at room tem-
perature and of rhodopsin in DMPC at low lipid/protein
ratio, which are in the range of 5 to 6 X 10° s™2, as
estimates of typical protein rigid lattice second moments
(“rigid” except that there will be rapid methyl group reori-
entation at room temperature) (MacKay et al., 1983). The
rapid reorientation of the peptide about the bilayer normal is
expected to reduce the intramolecular contribution (which
should be much larger than the intermolecular contribution)
to the total second moment by roughly a factor of four.
Thus, we estimate a residual peptide second moment of
~1.25-1.5 X 10° s~2. Of this, only ~10-15% can be
attributed to the methyl group resonances on which we
focus our discussion. Thus, the maximum available mean-
squared interaction strength should be approximately in the
range of

125 X 108s 2= AMS™ <225 X 108572 (36)

To estimate the contribution of homogeneous broadening
to the linewidth, from Eq. 34, we use a similar approach,
starting with the residual methyl group second moment. The
"H nuclei within a particular leucine side chain make by far
the largest contribution to the dipolar second moment of the
leucine methyl 'H resonance. Because there is no contribu-
tion to the MAS linewidth due to interactions among the
equivalent methyl 'H nuclei, we need only consider the
contribution of the dipolar interaction of the methyl 'H with
nonmethyl 'H to the methyl group second moment. Within
a leucine side chain, the four nonmethyl 'H nuclei contrib-
ute only ~4% of the total second moment, the rest arising
from interactions among the six methyl *H nuclei. Thus, the
maximum contribution, tSMgH3 , from nonmethyl protons to
the methyl second moment is in the range

5.0 X 10%72 < 8M5™ < 9.0 X 1082 (37

Taking the square root of SMS™ and dividing by 27, and
using an isotropic chemical shift difference of 1 ppm ~ 360
Hz, we estimate the contribution to the linewidth of the
leucine methyl 'H resonance to be

Avy = ks(ky — k)/ve = 360 X \BME™/(2m X 1) (38)
or, at vy = 10 kHz,

13Hz=Avyy<17Hz 39
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Although this cannot account for the observed linewidth at
30°C of 145 Hz, it is an important contribution. The con-
tribution of homogeneous broadening to the linewidths of
the nonmethyl resonances can be analyzed in a similar
fashion, using instead the full residual second moment. This
leads to predicted contributions that may range from three to
10 times as large as those for the methyl peak. In some
cases, this may dominate the observed linewidth.

Fig. 8 shows a comparison of the predictions of Eq. 35
with the experimental data obtained for peptide-20 at 30°C.
The two parameters in Eq. 35, namely, the correlation time,
7,, and the mean-square interaction strength, AMS™ were
adjusted to optimize the agreement with the experimental
data. At 30°C the linewidths were measured for spinning
rates ranging from 6.5 to 14.0 kHz, as given in Fig. 2, and
the optimal values for the two parameters are 7, = 1.6 X
107% s and AMS™ = 1.45 X 10% s™2, These values are close
to those estimated above. The value of AMS™ suggests that
a large fraction of the available second moment is being
modulated by the slow motion. Although this is somewhat
larger than expected from a comparison with gramicidin A
in oriented bilayers of DLPC (Prosser and Davis, 1994), the

A (Hz)
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10° 10*
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FIGURE 8 Comparison of the experimental spin-rate dependence of the
peptide leucine methyl peak linewidth to the prediction of Eq. 24 in the
text. T = 30°C at spinning rates: (@) 6.5 kHz, (A) 8.0 kHz, () 10.0 kHz,
(O) 12.0 kHz, and (A) 14.0 kHz. The set of theoretical curves were
adjusted horizontally and vertically to match the experimental data; this
resulted in the choice of the two parameters in Eq. 24: 7, = 1.6 X 1075 s,
and AMS™? = 1.45 X 10% s™2. The theoretical curves are labeled by the
corresponding spinning rate.
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difference may be related either to a lower orienting poten-
tial for the DMPC-d;,/peptide-20 bilayers or to differences
in the dynamics in oriented and multilamellar dispersions.
In any case, the estimates given above were only intended to
give a rough idea of the order of magnitude expected, so in
fact the agreement between these estimates and the fitted
values is quite good. Moreover, the agreement between the
experimental values for the linewidths and Eq. 24 is excel-
lent. We conclude that the dominant cause of line broaden-
ing in the peptide-20 'H-NMR lines is most likely the
fluctuations in the orientation of the diffusion (helix) axis.

Raising the temperature to 50°C, we might expect
changes in the correlation times, the strength of the orient-
ing potential, the lateral diffusion rates, and the amplitudes
and frequencies of surface undulations. It is not clear a
priori which of these will dominate. Fig. 9 shows the fit to
the data at 50°C for rotation rates from 8.0 to 14.0 kHz. The
best values for the two parameters at this temperature are 7,
= 1.6 X 107° s and AMS™ = 0.97 X 10® s~ Clearly, we
could make further small adjustments to these two param-
eters without changing the fit significantly (as one can see

100
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FIGURE 9 Comparison of the experimental spin-rate dependence of the
peptide leucine methyl peak linewidth to the prediction of Eq. 24 in the
text. T = 50°C at spinning rates: (A) 8.0 kHz, (W) 10.0 kHz, (O) 12.0 kHz,
and (A) 14.0 kHz. The set of theoretical curves were adjusted horizontally
and vertically to match the experimental data; this resulted in the choice of
the two parameters in Eq. 24: 7, = 1.6 X 1075 s and AMS™ = 0.97 X 10°
s 2 The theoretical curves are labeled by the corresponding spin rate. The
curve labeled 24.0 and the vertical dashed line indicate the improvement in
linewidth that is to be expected by spinning at this rate.
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by simply displacing either the data points, as a block, or the
fitted curves relative to each other in either direction), so
one cannot take the fitted values of these two parameters too
seriously. In fact, the two parameters are not completely
independent. For such a complex dynamical system, it is
quite plausible that an increase in temperature can result in
a reduction in the fraction of the total mean-squared inter-
action strength available at low frequencies. For example,
the residual quadrupolar splittings in a 2H-NMR spectrum
generally decrease as temperature is increased, reflecting
the reduction in the order of the system. Because T, in
ordered systems is dominated by fluctuations at low fre-
quencies, an increase in amplitude and rate of rapid motions
can result in a reduction in the effectiveness of the remain-
ing slow fluctuations by bleeding some of the spectral
density from the slow motion regime. This seems to be the
case here. The correlation time for reorientation of the
diffusion axis within the orienting potential of the bilayer
may be quite insensitive to temperature; however, changes
in the higher frequency motions may reduce the effective-
ness of this slower motion in broadening the lines.

It will be interesting to investigate experimental methods
for modifying both the correlation time, 7,, and AMS™.
Clearly, these quantities are dependent on temperature, but
they will also depend on composition. Preliminary experi-
ments suggest that although cholesterol tends to increase the
correlation times for lipid reorientation (Weisz et al., 1992),
it leads to a sharpening of the peptide 'H resonances,
perhaps because of a significant increase in the strength of
the orienting potential, and greatly stiffens the bilayer lead-
ing perhaps to a reduction in the importance of surface
undulations. The difficulty with incorporating cholesterol in
these systems is that cholesterol itself has a very complex
'H spectrum that obscures that of the peptide. It is likely that
changes in water concentration will also result in significant
changes in both of these parameters, as may changes in the
length of the phospholipid chains. Preliminary experiments
have also shown that the peptide resonances are sharper for
mixtures with lipids having shorter chains. Thus, the peptide
linewidths follow the sequence DLPC < DMPC < DPPC.
Changes in headgroup packing may also influence the
strength of the orienting potential. Thus, there is consider-
able scope for improving the resolution of the peptide
'H-NMR spectra by engineering changes in the molecular
dynamics of the system through changes in composition. It
is also possible to decrease the linewidths further by spin-
ning faster, as suggested in Fig. 9. It is currently possible to
spin samples at rates of up to 24-26 kHz. If the rate of
decrease in linewidth as spinning rate increases can be
extrapolated to 24 kHz, then a linewidth of ~26 Hz might
be attainable simply by spinning more rapidly (although
perhaps not with peptide-20 because this is close to the
limiting linewidth, from solution measurements). It seems
likely that, combining increases in spinning rate with slight
changes in sample composition, it will be possible to reduce
the linewidths by another factor of two or three.
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One final question that arises in such high speed spinning
experiments is the effect of the tremendous centripetal
forces that occur in a sample spinning at such speeds. For
5-mm-diameter rotors, with internal diameters of 4 mm,
spinning at 14 kHz, the centripetal acceleration at the inner
surface is ~1.5 X 107 m/s®. Under the influence of this
strong force, the sample coats the inner surface of the rotor
to a depth of ~1 mm. At this depth, the pressure (assuming
a density of 1 g/ml) is ~2.6 X 107 Pa, or ~260 atmo-
spheres. Assuming a typical isothermal compressibility of
~107% m?N, such as those of water, benzene, dodecanol,
etc., one estimates a change in volume of ~2.5%. The work
done (PAV) is ~3.25 X 10° J/m>. For a typical protein, of
molecular weight 10%, again assuming a density of ~1
gm/ml, this corresponds to ~3.3 X 10> J/mole (or 0.78
kcal/mole). By comparison, the difference in free energy
between the folded and unfolded states of a protein is
estimated to be approximately in the range of 5-10 kcal/
mole (Creighton, 1984). Thus, under this added hydrody-
namic pressure we would expect the typical protein to retain
its stable folded configuration. A potentially more serious
problem may arise because of phase separation induced by
these pressures. We have not noticed any changes in the
NMR spectra that suggest any pressure-induced phase sep-
arations, at speeds up to 14.7 kHz and over a temperature
range from —20 to +60°C.

Whether one will ever be able to obtain high resolution
'H-NMR spectra from large membrane proteins in their
native environment is uncertain. However, it should be
possible to obtain such spectra for small peptides and pro-
tein fragments (for example, with molecular weights less
than ~10,000). The only stringent requirement is that these
molecules undergo rapid axially symmetric reorientation,
meaning at a rate 7, such that M,7> << 1. Because the static
M, for proteins is typically ~5-6 X 10° s™2, a correlation
time 7, << 1.3 X 107> s is required. The small, synthetic
bilayer-spanning peptide-20 and the natural pentadecapep-
tide gramicidin D dimer both reorient much more rapidly
than this. Other peptides of similar molecular weight should
have similar reorientational correlation times. Because one-
dimensional, axial diffusion rates vary quite slowly with
molecular weight, there may be quite a large range of
peptides that satisfy this condition. Once high resolution
spectra are obtainable, two-dimensional techniques can be
used to simplify further and to assign the peaks in the
spectra, Cross-peaks in "H-COSY experiments in gramici-
din A/phospholipid/water mixtures have already been iden-
tified (Bouchard et al., 1995). In addition, that study has
demonstrated that solid-state '"H-NMR is sensitive to con-
formational changes in gramicidin A incorporated in lipid
bilayers. Therefore, there seems to be considerable scope
for the application of these powerful techniques at least to
small membrane peptides, especially if used in conjunction
with >N labeling.

The contribution of homogeneous broadening to the line-
width of different peaks in the 'H spectrum depends on the
fraction of the dipolar second moment of that peak, which is
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due to nearby spins having different chemical shifts. In
principle, especially for protons on the peptide backbone,
this could make a substantial contribution to the total line-
width. This becomes even more important if the broadening
due to slow motions can be reduced significantly. We are
calculating second moments for each position on the peptide
and hope to make comparisons with experiment in the near
future.

The arguments presented here for dipolar broadening
among abundant 'H nuclei apply equally well to other
abundant nuclei with strong dipole-dipole interactions. The
use of completely *C-labeled peptides, using 'H decou-
pling, should result in high resolution '*C-MAS spectra
because the strength of the *C-'>C dipolar coupling is
much weaker than for the 'H case, significantly relaxing the
requirement for high speed spinning. Preliminary results on
natural abundance *C and with specifically labeled pep-
tides give linewidths of <1 ppm for carbonyl, a-carbon, and
methyl carbon resonances. Although there is little homo-
nuclear dipolar broadening for these preliminary experi-
ments, high speed spinning should be capable of eliminating
this as a broadening mechanism even for completely '*>C-
labeled peptides.
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