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Abstract: Novel two-dimensional magic-angle spinning (2D MAS) NMR experiments designed to measure the
magnitudes and signs 61C—H dipolar interactions in fluid phase lipid bilayers are presented. MAS is employed
throughout the experiments while dipolar recoupling is achieved (by radio frequency irradiation) during the evolution
period. Multiple 13C—!H dipolar couplings are measured for a natural abundance samplg plidse dimyris-
toylphosphatidylcholine (DMPC). The magnitudes#—H dipolar interactions are determined by fitting numerical
simulations of recoupled powder line shapes with experimental data while the signs of these interactions are obtained
by monitoring the buildup of antiphase magnetization!f@ detection. A comparison of the order parameters
obtained by*3C—1H dipolar recoupling with those previously obtained for DMPC?BlyNMR indicates that dipolar
recoupling is a viable method for determining segmental order in fluid phase lipid bilayers without recourse to
isotopic enrichment. Measurement of the sign¥6f-1H dipolar couplings provides additional structural information

that is unavailable throughd NMR. The results obtained for DMPC suggest that the accuracy of the dipolar recoupling
experiments presented in this work is competitive with that of previous technigues which require switched-angle
spinning for the measurement of the magnitudes and sigh¥ef!H dipolar interactions in lipid bilayers.

Introduction dependence of thEC—1H dipolar tensor is formally identical
to that of the?H electric field gradient tensor and it is possible
to record natural abundan&® spectra in concentrated samples
such as liquid crystals. In contrast #1 NMR, where the
guadrupolar coupling dominates other spin interactions such as
dipolar couplings and chemical shifts, interpretation'@t—
"IH dipolar splittings may be complicated by chemical shift
anisotropy (CSA) and dipolar interactions among abundant
spins. In addition, multiplé3C—H dipolar couplings found
in more complicated systems makéC spectra difficult to
disentangle. The latter complication is partially solved by
separated-local-field spectroscopy on static samples where
dipolar interactions and chemical shifts are separated into
orthogonal frequency domains in a 2D experiment. There, each
magnetically distinct site, defined by a unique chemical shift,
reports on the individual dipolar field$,and multiplet3C—1H
couplings are resolved by their associatéd chemical shift.
A major shortcoming ofH NMR is the requisite isotopic _The fir_st s_eparated-loqal-fielq experiments were performed
with static single crystalline solids, but unfortunately, powder

enrichment, due to a prohibitively low natural abundance o - e
(0.01%), for the measurement of spectra. Therefore, there hassamples generate additional broadening that reduces sensitivity

been an increased interest in obtaining similar information from With a concomitant Iqss of resolgﬂdﬁ. The advent of Cross
directly bonded3C—H dipolar coupling&~16 since the spatial polarization with magic-angle spinning (CP/MAShnd high

power proton decoupling has dramatically increased the sensi-
® Abstract published ilAdvance ACS Abstractdanuary 1, 1997. tivity and resolution in spectra of rare nuclei such &€.
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Over the last two decaded;] NMR has been an important
method for investigating the structure and dynamics of liquid
crystalline systems such as lipid bilayérs. The 2H quadru-
polar coupling provides an excellent probe of-@& (CD)
segmental order since the quadrupolar tensor is, in general
axially symmetric, with the unique axis directed along the CD
bond# In randomly oriented samples containing a specifically
labeled CD segment, the quadrupolar coupling is obtained by
measuring the width of a Pake doublet. A departure from the
250 kHz rigid lattice width is indicative of motiongifle infra),
and the powder line shape contains information regarding the
average orientation of the CD segment with respect to the
motional axist® Furthermore?H Pake patterns provide a useful
mapping of orientation dependent relaxation. Simulations of
both T;>~7 and 2810 anisotropy have yielded excellent models
of lipid dynamics in both gel and fluid phases.
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precisely within this framework that Munowitz and co-workers control scaling of the recoupled Pake patterns, ensuring the
proposed the idea of selectively re-introducing anisotropic simultaneous measurement of a wide range of couplings with
interactions during MAS! The dipolar-chemical shift correla-  an orientation dependence of the recoupled dipolar interactions
tion (DIPSHIFT) experiment is a MAS analog of the separated- that is identical to that of static samples. The methods
local-fields experiment of Hester et l. A notable increase in  introduced here are thereforepulse analogs of the switched-
sensitivity and resolution is achieved since the powder patternsangle spinning experiments previously proposed for the mea-
present in the evolution and detection period are replaced with surement of the magnitudégéand sign&*30of 13C—H dipolar
rotational sidebands. Analysis of the dipolar sideband intensities interactions. Accordingly, these experiments are referred to as
yields the magnitude dfC—H dipolar couplings provided that DROSS (Dipolar Recoupling On-axis with Scaling and Shape
the sample spinning speed is less than ¥@—-1H dipolar preservation) and S-DROSS (Sign-DROSS) for the measurement
interactions'® a condition that is generally satisfied for directly ~of the magnitudes and signs of dipolar interactions. Their
bonded'3C—H couplings in rigid solids. However, in weakly  applicability is restricted to a class of systems where fast limit
coupled spin pairs, such &C—13C and13C—15N, it is difficult molecular motion enable3H—1H dipolar couplings to be

to obtain significant sideband intensity at typical spinning effectively averaged by MAS. However, this class includes a
speeds. Methods that increase the number of spinning sidebandirge number of chemically, physically, and biologically
by magnifying the effective dipolar interactions during the important systems such as model membranes and other liquid
dipolar evolution perio##-22 require slow spinning and, in  crystals which have heretofore relied almost exclusivelgtn
general, the CSAs of multiple sites may overlap, thereby labeling for the study of segmental order.

complicating spectral analysis. Alternatively, methods that

involve the dephasing of rotational echoes, such as rotational Theory

echo double resonance (REDORJre not restricted by slow  East Limit Motional Averaging and the Effects on MAS
spinning and have consequently found wide use in measuringpynamics. There are considerable large amplitude molecular
the magnitudes and sigiof weak couplings among rare spin - motions in fluid phase lipid bilayers. It is well-known that both
nuclei. In the opposite regime, where dipolar couplings become gache-trans isomerization and axial diffusion are rapid relative
large relative to experimentally realizable spinning speeds, the {5 14—14 and 13Cc—1H dipolar time scales, and consequently
REDOR experiment becomes difficult to implement since the these anisotropic interactions are attenuated relative to their rigid
spectral window that accommodates dipolar powder patterns is|gitice values! 32 Rapid axial motion, as demonstrated by
limited by the spinning speed. W Oldfield et al®3 and Forbes et ab4 and recently discussed in
Unlike in rigid solids, directly bondedC—*H dipolar detail by Davis®®> enables MAS to effectively averagid
couplings in liquid crystalline systems such as lipid bilayers nomonuclear dipolar couplings. This is a remarkable result
may range from the order of 1 to 10 kHz. Such motionally \hich indicates that high-resolutidhl spectra may be obtained
averaged dipolar interactions are in the intermediate range with\yitn MAS since the broadening off of rotational-resona¥iéé
respect to spinning speeds typically employed. Although the i negligible in fluid phase lipid bilayers even at moderate
larger coupllmgs within thls_ range cquld be measured Wlt_h the spinning speed®. In the language of Maricq and Waugh, the
DIPSHIFT! type of experiment while the weaker couplings  ota] Hamiltonian may be viewed as inhomogeneous under these
could be measured with REDGRor frequency selective dipolar  -gnditions36 Therefore, *C—H dipolar couplings may be
recoupling (FDRY? clearly it would be beneficial to measure  treated as independent spin pairs, and the relevant rotating frame

arange of dipolar couplings within one experiment. Techniques yamiltonian for a rare spif> nucleus,S, in the presence of
that allow scaling control of anisotropic interactions while g ndant spiff, nuclei, I, under MAS reduces to

preserving the recoupled powder line shape relative to the shape

of the static line are a desirable means to this end. Uniform H(t) = [, (t)@, + ()5, + b () 2LS, (2)
scaling of recoupled interactions may be achieved by switching

either the angle of rotatidf?®or the spinning speét?®between  where the expressions)(t) , wg(t) , andws(t) correspond to
dipolar evolution and detection periods; however, these tech-the | spin chemical shift, theS spin chemical shift, and
niques require specialized hardware and are difficult to imple- heteronuclear couplings between spinsnd S under MAS36

ment. The broken brackets indicate motional averaging over time
We present here recoupling techniques for the measurementscales that are short relative to the MAS perdd.
of both the magnitudes and signs of motionally averag€d- Pulse Sequences for Measuring the Magnitudes and the

'H interactions found in liquid crystalline systems. The Signs of CH Dipolar Couplings. The pulse sequences for

approach utilizes MAS at a constant speed throughout the measuring the magnitude and the sign of CH dipolar couplings
experiment while a series of rotor-synchronizedpulses is are depicted in Figure 1, parts a and b. Dipolar recoupling is
applied for!3C—H dipolar recoupling during the evolution achieved through an adaptation of the rotor-synchronized CSA
period. Spacing between pulses may be varied in order to
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factorsy ande (ranging from 0 to 0.393 and from 0.797 to O,
respectively) are tabulated in ref 39.

In principle, the DROSS experiments could be implemented
with the 4+t pulse sequence applied to eithéC or theH
nuclei; however, it is found experimentally that the later case
yields distorted line shapes. Numerical line shape simulations
that include the effect of finite pulses and homonuclear dipolar
couplings between protons indicate decreasing line shape
distortions with increasing power. In the limit 6ffunctions
pulses ideal Pake patterns are recovered. The effect is
unobservable whedH dipolar couplings are neglected. In
contrast, the effects of finite pulses on the rare spins are minimal
for the radio frequency field strengths and resonance offsets
employed in this work. Therefore, thespulse recoupling
scheme is applied to th&€C nuclei.

In addition, the techniques presented here could be performed
by employing eithef3C or 'H transverse magnetization as an
initial condition for the evolution period. Although the former
case would not require coherence transfer frémto 13C,
evolution of13C magnetization under recoupl&C—1H dipolar
couplings would complicate spectral line shapes. In analogy
to theJcy coupling in liquids, a CH group yields a doublet while
CH, and CH moieties generat®C—H dipolar “triplets” and
“quartets”. In contrast, an initial condition éH transverse
magnetization generates doublets irrespectiiélafultiplicity

Figure 1. Pulse sequences for measuring the magnitudes and signs ofsince each'H in the CH, group is coupled to only oné&C

dipolar interactions under MAS and thepulse recoupling scheme:
(a) 2D DROSS, (b) S-DROSS, and (cydpulse recoupling scheme.
Selected values of the scaling factgrande with the corresponding
pulse spacings given bwy,7:1/27 and wt./27 are tabulated in ref 39.
Delaysd: andd, are integer multiples of the rotor period and are either
set equal to values 8fsJcr andY/sJcn or optimized empirically. Phase
cycling for 2D DROSS (&)1 = (XXYY), ¢2 = ¢a = XNY), ¢z = (YYXX)-
(WWxX), ¢5 = (YYXX), ds = (XXyY)(Xxyy). Phase coupling for S-DROSS
(b): @1 = (XXyY(OFY), P2 = (XyX), 3 = (XYX), s = (XRYY), ¢5 =
(YYXX), 6 = (XXYF)(XXY).

recoupling sequence suggested by Tycko et al. (see Figuf@ 1c).
In both sequences, the heteronuclear dipolar interactionSand
spin CSA are recoupled during both halves of the evolution
period. However, the simultaneouspulses on'H and 13C,
applied at the center of the evolution period, ensure that the
chemical shifts are refocused over the duratioh.ofTherefore,
evolution of initial transverse magnetization is governed by the
effective Hamiltonian:

H" = [, [21S, )

where

(op= el + 2oy 33 cod f — 1) @3)
with 8 as the angle between the bilayer normal and the direction
of the static magnetic field and

D= —bepSex (4)
as the motionally averaged heteronuclear dipolar coupling,
where

=13 002010

> (5)

SeH

is the 13C—1H dipolar order parametebcy = (uo/4)(ycynh
r?;H) is the rigid lattice dipolar coupling, and is the average

angle between the internuclear vector and motional axis. Thep

spacingsr; and, corresponding to several values of the scale

thereby simplifying spectral analysis. Accordingh trans-
verse magnetization is allowed to evolve under the recoupled
13C—1H dipolar interaction in both experiments.

In the 2D DROSS experiment, after a tirhe the resulting
proton magnetization is transferred in an orientation-independent
fashion via Joy to the directly bonded!3C with a rotor-
synchronized refocused-INEP¥4! The resulting'3C magne-

tization, S, cos(dp(f;), then evolves under MAS with proton
decoupling. A two-dimensional Fourier transform generates a
2D DROSS spectrum where scaled, recoupled powder line
shapes are separated by the corresponti@ghemical shifts.
For the case of S-DROSS, omission of the first refocusing
period, @1 = Y,Jcy, found in the DROSS sequence ensures
that the simultaneous/2 pulses select and transfer proton

antiphase magnetizationly3,, carrying the sifgppli;) term to
net3C magnetization on the directly bonded carbon during the
subsequent delay. Just as in the switched-angle spinning version

of the experiment)-20the sign of the sirfp;) term, result-

ing from al3C—1H dipolar coupling during the evolution time
t;, determines the sign of the correspondif@ resonance. That

is, for short evolution times relative to the inverse of the
recoupled dipolar coupling, the sign of the resultib¥C
resonance is determined WiftwpHh, provided thatyFwpd

> enJcy. A series of one-dimensional spectra are collected
for different values ot; so that the initial buildup rate oH
antiphase magnetization may be monitored. Alternatively, the
signs may be extracted from the polarity of antiphase Pake
doublets resulting from a 2D implementation.

Materials and Methods

Sample Preparation. Dimyristoylphosphatidylcholine (DMPC) was
purchased from Avanti Polar Lipids (Alabaster, AL) as a solution in
chloroform and used without further purification. Samples were

(39) Tycko, R.; Dabbagh, G.; Mirau, P. A. Magn. Reson1989 85,
265-274.
(40) Burum, D. P.; Ernst, R. Rl. Magn. Reson198Q 39, 163-168.
(41) Gross, J. D.; Costa, P. R.; Dubacq, J.-P.; Warschawski, D. E.; Lirsac,
-N.; Devaux, P. F.; Griffin, R. GJ. Magn. Reson. B995 106, 187—
190.
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Figure 2. Schematic representation of DMPC.

prepared by evaporating chloroform under a gentle stream 0f N
followed by mechanical vacuum pumping overnight. Dispersions of
DMPC in D,O with a 1:1 ratio by weight were subjected to three
freeze-thaw cycles before performing NMR experiments.

NMR Methods. All NMR experiments were performed on a custom
designed spectrometer operating at a proton frequency of 397.9 MHz.
Spectra were recorded with a custom designed double tuned probe
equipped wih a 5 mmhigh-speed spinning assembly procured from
Doty Scientific, Inc (Columbia, SC). Spinning speeds were 8.0 kHz ~ (b) t
and controlled to within 2 Hz with a Doty spinning speed controller
while the sample temperature was maintained at@ehroughout the
experiment. Typical/2 pulse lengths were 4.0 and 44 for *H and
13C, respectively. Proton decoupling during the acquisition period was
achieved using the two-pulse phase modulation sckenith a radio
frequency field strength of 50 kHz, a pulse length of 10s4 and a
phase angle of 10°. The 2D experiments were acquired with 512
scans pet; point and a recycle delay of 3 s. Quadrature detection
during the evolution period was omitted due to the symmetry of the
dipolar interaction. The data matrices, originally 821024 points,
were zero filled to 128x 2048 points. Data were processed with a
sinebell window function in, and 56-100 Hz Gaussian multiplication
in t; prior to Fourier transformation.

Numerical Line Shape Simulations. In order to extract information
on orientational order from the spectra, it is necessary to simulate the
recoupled powder line shapes. Accordingly, the spin dynamics of an
isolated CH or Chisegment during MAS and theApulse recoupling
sequence, including finite pulse effects, were evaluated by numerical
integration of the propagator. For simplicity, the coherence transfer
from *H to 13C is neglected so that only the propagator for the evolution
period is calculated. The amplitude modulatétl magnetization is
then Fourier transformed to generate powder line shapes. The principal
values for the'H and *3C chemical shift tensors in polyethylefié*

were employed in the simulations. In general it was found #&200 . . . .
orientations were needed for convergence of the powder average. (€ angle between the spinner axis and the static magnetic field,

The simultaneousr pulses in the center of the evolution period ©. Mmay be varied to generate a desired scaling of the recoupled
complicate the numerical evaluation of the propagator. For exact interactions byP,(cos®)™), the pulse spacings andz, may
calculations including these pulses, the amplitudettftransverse be varied to give a specified scalingyoWithout deviating from
magnetization would be found by forming the propagator for each value the magic-anglé®

of t; which would be time consuming. A significant increase in The CH and CH groups found in DMPC contain at least
computational speed is realized if the simultaneaugpulses are two 13C—1H dipolar couplings whicha priori need not be

neglected, and the resulting periodicity of ther $ulse scheme is fully . . o
exploited. For the radio frequency power levels and resonance oﬁsets'dentlcal' However, fronfH NMR on specifically labeled CP

employed, there is excellent agreement between exact (involving @nd CD lipid bilayers it is well-known that fast limit gauche-
simultaneoust pulses) and approximate (neglecting simultanesus  trans isomerization and axial diffusion renders the CD tensors,
pulses and settintH resonance offsets and CSAs to zero) simulations and therefore CH dipolar tensors, identical so that only one
where the propagator is calculated only once. Therefore, such splitting is observed for most sites. The powder patterns found
approximate simulations are employed in this work unless mentioned in Figure 3 mirror the line shapes observedih NMR with
otherwise. the exception of the small central splittings which are attributed
to long-range3C—H dipolar couplings. For example, the top
row of Figure 4a depicts several recoupled dipolar powder

A 2D DROSS spectrum of DMPC at 3T is depicted in  patterns taken from the>gCi, and o positions of the 2D
Figure 3 fory = 0.393 and = 0.0. Pake doublets are obtained DROSS spectrum. Theigand o positions, which are CH
since the 4= pulse scheme of Tycko et &.preserves the groups, both contain only two splittings with the larger splitting
recoupled powder line shape: the angular dependence of thecorresponding to the value given iyt NMR for the motionally
recoupled dipolar interaction is identical to that for static €quivalent CH sites. Similar results are obtained for the C
samples. Moreover, the 2D DROSS experiment may be andp sites (data not shown). As expected, theige contains
employed with smaller values of if additional scaling is  ©only one large splitting since it is a CH group. In contrast,
required€>9 In ana|ogy with off magic-ang|e spinning (Where methylene segments closer to the bilayer interface, such as the
glycerol backbone and the upper region of the acyl chains, are

e (ézg Bgﬂgfn“' Fﬁﬁf&gg”fé?’és“{'_-%g‘é%e“ M.; Lakshmi, K. V.; Griffin, - more motionally restricted and are known to contain inequivalent

(43) Burum, D. R.; Rhim, W.-KJ. Chem. Phys1979 71, 944. §ites. For example, one of the CH segments in {hetdp group
(44) Nakai, T.; Ashida, J.; Terao, T. Chem. Phys1988 88, 6049. is dynamically averaged so that the angle between the motional

Figure 3. 2D *C—'H DROSS spectrum of DMPC: (a) acyl chain
region and (b) head group and glycerol region. The valuesaf2r
and wt2/2 chosen were 702%and 160.9 which correspond tg =
0.393 andt = 0.0. The delay®; andd, where set to 1.5 and 1.0 ms,
respectively. The powder line shapes correspondingar@ly contain
artifacts arising from data truncation during the evolution period.

Results and Discussion
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Figure 4. Selected'*C—H dlpolar slices from the 2D DROSS
spectrum (top) compared with numerical simulations (bottom) for g
Ciz, anda (a) and g, C;, and G (b). The dipolar couplings that
generated the best fit between simulation and experimental data are
selected for the calculation of tH&C—'H segmental order parameter
Sh, as described in the text. In (a) input values fbgsCare the
following; g, 4.1 kHz; G5, 2.2 and 0.7 kHz; and,, 0.9 and 0.2 kHz.
1H resonance offsets for,gCi», and o were 0.88,—0.70, and 0.48
kHz while those fo3C were 1.90;-2.90, and 0.75 kHz, respectively.
In (b) input values forlbcyare the following: g, 0.2, 2.8, and 4.2
kHz; C,, 0.8, 1.9, 2.8, and 4.4 kHz; and,®.7, 2.6, and 3.8 kHZH
resonance offsets forgC;, and G were 0.44,-0.30, and—0.64 kHz
while those for'*C were 1.10,~2.00, and—2.70 kHz. Values for the
13C CSA tensor corresponding 8as, 622, anddss were taken to be 50,
37, and 13 ppm, respectively, while th¢ CSA was taken to be zero.
The timings forr; andt, were those given in Figure 3 for= 0.393
ande = 0.0.

axis and the internuclear vector is close to the magic-aAgle.
NMR with a specifically labeled Cgroup at g results in an

Gross et al.
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Figure 5. Numerical line shape simulations of DROSS recoupling for
the G site using spectral parameters found in Figure 4 except the CH
group was simulated with a motionally averagédd—'H dipolar
coupling of 5.0 kHz. (a) Solid line: finiter pulse widths of 8.&s.
Dashed line:d0-functions pulses. (b) Overlay of finite pulse simulations
for C1» and a weighted long-range dipolar coupling wiligCof 2.2

and 0.7 kHz, respectively. (c) Experimentally obtained line shape for
C12. (d) Addition of spectra found in (b).

the chain attached at the gosition are degeneraté. These
inequivalences are also observed in the 2D DROSS experiment.
The observed line shapes depicted in Figure 4 are fitted
excellently using the motionally averagddC—H dipolar
couplings corresponding to the order parameters givefHoy
NMR while the additional splittings are simulated under the
assumption of long-range dipolar interactions.

Long-range couplings which are not predicted®yNMR
are found in the 2D DROSS experiment due to the fact that the
quadrupolar coupling reports on local order wher&&s-1H
dipolar couplings may report on larger spatial scales. For
example, the small central splittings, observable in most of the
recoupled dipolar line shapes, are attributed to dipolar interac-
tions betweer*C and a remotéH and are not due to pulse
imperfections. Figure 5a illustrates numerical line shape
eSimulations of the scaled Pake pattern obtained for two
motionally equivalent CH segments of the £¢toup found at
the G, position of DMPC under conditions offunction pulses
(ideal recoupling) superimposed with the line shape obtained
with the finite pulse lengths employed in this study. Note that
the line shapes are identical. The central splitting found in the
experimental line shape is fitted nicely by weighting and
coadding the results of Figure 5a with the simulation of a long-
range'3C—1H dipolar coupling betweengand a remote proton
(see Figure 5b). There is excellent agreement between the
composite line shape and experimental results (see Figure 5,
parts c and d). Similar long-range splittings have been observed
in switched-angle spinning experiments that allow evolution of
1H transverse magnetization under recoupié@—H dipolar
interactions followed by CP t&C for detectior?® It is known
that in these experiments there is an increase in intensity of the

intense and narrow line shape superimposed with a broad Pakecentral splitting with increasing CP contact time. For the case

pattern®> Likewise, this inequivalence is observed in the 2D
DROSS “slice” taken at theisgesonance (see Figure 4b).
this case the origin of the additional splitting, not predicted by
2H NMR, is unkown. Moreover, it is known frordH NMR
that the G segment exhibits three splittings: the sn-2 chain

contains two inequivalent CD segments while those found on

(45) Gally, H. U.; Pluschke, G.; Overath, P.; Seelid@idchemistry1981,
20, 1826-1831.
(46) Seelig, A.; Seelig, Biochim. Biophys. Actd975 406, 1-5.

of 2D DROSS where rotor-synchronized refocused-INEPT
achieves the coherence transfer betwl¢mnd3C, variation

of the transfer delayg: and d, produces a variation of the
central splitting intensity corroborating the aforementioned
results (data not shown). Presumably, tHemagnetization of

a remote spin evolves under a long range dipolar coupling and
is transferred via long-range heteronucléaroupling to3C.
Long-range dipolar couplings have been employed to yield
additional constraints for average conformation in lipid bilay-
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ers? Therefore, methods that assign these interactions to aTable 1. Comparison ofScy with Sp for DMPC at 30°C

specific'H would be useful and may include either selective  carhon position ~ Scw (0.02) SenP |Seol®

excitation or the addition of a third dimension to the 2D DROSS
) ) ; . ) 13 —0.09 ND 0.10
experiment allowing forH chemical shift evolution. 12 —011 ND 0.14
Line shapes corresponding to directly bonded CH pairs are 3 —-0.13 ND 0.18
also simulated by weighting and coadding powder patterns —-0.19 —0.224+0.03 0.21
obtained from individual simulations following the procedure 2 —0.09 ND 0.09
outlined in Figure 5. The addition of line shapes is justified :8%’ :g'ﬁi 8'8§ 8'%?
within the approximation of-function pulses and an effectively ® 0.00 “ND 0.00
inhomogeneous Hamiltonian while the weighting factors are —0.15 —0.12+ 0.04 0.18
chosen to fit the intensities corresponding to the relative transfer o7} —-0.20 —0.16+ 0.04 0.19
effeciency through rotor-synchronized refocused-INEPT. This 0 —0.23 —0.19+0.03 0.2
a +0.04 +0.04+ 0.02 0.03

procedure is particularly convenient for the simulation of
inequivalent couplings found at Gldegments such asCThe
13C—1H dipolar coupling that produces the best fit between  2Sw is defined as the ratio of the motionally averaged dipolar

simulated and experimentally determined powder patterns is SPitting, eyl divided by the rigid lattice value taken to be 20.2 kHz
divided by the corresponding rigid lattice dipolar coupling to 0" @ directly bonded*C=*H pair. Scu for egg yolk lecithin taken
y p gng p piing from Hong et al. (Hong, M.; Schmidt-Rohr, K.; Pines, A Am. Chem.

obtain Sw. The value for the rigid lattice dipolar coupling  soc.1995 117, 3310-3311), where the rigid lattice dipolar coupling
between a directly bonded CH pair is chosen to be 20.2 kHz is taken to be 22.7 kHz for a directly bondéiC—H pair. ¢ p is

which is smaller than the value of 22.7 kHz given by an defined as the ratio of the motionally averaged quadrupolar splitting

internuclear distance of 1.11 A from neutron diffraction dta. du?;;t%?pg:g{ggdb ebt%//v etgre] 2régign cliazt(ilc?r ovrﬁlllegll}:gegr:vé% ikr)f 'I%r207u akrg,Z'

This choice is justified by measurements of dipolar couplings 1 p: alam, T. M.; Zajicek, J.; Brown, M. FChem. Phys. Let.992
in small molecules in the solid state, such as calcium formate, 189, 67. Meier, P.; Ohmes, E.; Kothe, G. Chem. Phys1986 85,
which indicate such a departure and are consistent with 3598.¢Oldfield, E.; Meadows, M.; Jacobs, Biochemistryl97§ 17,
vibrational averaging of the dipolar interactioisThe apparent 27_27if Set?lllg' A Seellg,h.Blo.chen}lstryl9z4 13 4839.9 Gally, H.
d!screp_ancy betwe_en internuclea_r diste_mces obtai_ned by n_eutromuéaﬁ’l; S,i. U(_a;’,\ﬁéd(e):'beerge}’3\'/’.;Sse:e'"gg%?gcﬁénn'qsigﬁggé21%’ ?53167‘):
diffraction and solid-state NMR is attributed to different time
scales of measurement and has been discussed previdusly.
Interestingly, both experimentdland theoreticaf studies on
larger molecules such as polymers and long chain hydrocarbon
have indicated a more severe vibrational averaging@f'H
dipolar interactions in the solid state which is attributed to the

increased number of wagging or librational modes. Neverthe- . ; :
. . . HC_ determined solely by the evolution undetH{see eq 2) during
|1?_|Sz’i %?QF:;ZS?;; :sfc\?\;itmthaégegrégmadrg(ra:élt)(/a‘szori]:deicates t1. The utility of an orientation-independent transfer is exhibited
oodpa reemepnt t?e£ween results obtgined from ?he 2D DROSSEy the sharp CH line shape visible for theste expected from
9 9 H NMR and arising from a bond oriented at the magic-angle

;?;rgn;qqtecﬁgg:_rl]\lI\I/leRs(S'ﬁﬁ';]rabele Bf'n:/:A?seszagb::ngdfor awhich was lost in previously published spectra for which CP
com avr\?son of thg reIaFt)ilvelagcu)r(gc Iof the techni Ees was used (see Figure 4B)" This approach is well suited
par . . y _echniques. . for fluid phase lipids since th#H and*3C line widths are less
Considerations affecting the overall sensitivity of the experi- a3, " For systems where transverse relaxation rates are rapid

kment |ncrlludlthhfaéoréePr/e&Z%t(ansfelr .fréjﬁ;)to °C. Itis well relative toJcp, the sensitivity of the 2D DROSS experiment
nown that™H— Intensities become sensitive 10 iy e compromised since the time scale of the refocused-

Hartmanr-Hahn mismatch when spinning speeds exceed the \\epT transfer is approximately/2Jc4® In this case, CP

strength of the relevant dipolar couplingsExperiments inour o yofer schemes may offer a sensitivity advantage, and dipolar

; L T =
lab on fluid phase lipids indicate tpa*lH ) 3C C;P/MAS couplings may be extracted by incorporating the particular CP
intensities are sensitive to HartmaaHahn mismatch even at .o te”cohatocinto the line shape simulations.

moderate spinning speeds. This is due to the fact that dipolar Figure 6 depicts the normalizé&C resonance intensity as a

couplings in fluid phase lipids are reduced significantly by —g,nction of evolution periodt, along with the corresponding
motional averaging and that the Hamiltonian is rendered g jer transform for selectdC resonances in DMPC obtained
inhomogeneous due to fast limit axial diffusion, so that optimal .+, the S-DROSS sequence where= 0.393 anck = 0. The
CP intensities are difficult to achieve and maintain for 1ong 5.t that values of; andr, may be choseﬁ so that= 0 présents

times. Typically this problem i.s rectified by employing any of o advantages over experiments which require switched-angle
a wealth of the new phase-switched and amplltude-moduIatedspinninggg,goone being the ability to determine the sign of the

technique$2-56 however, for inhomogeneous systems, these dipolar interaction independently from the rafj@kwp ey

b —0.03 —0.04+0.02 0.04

schemes generate an orientation-dependent polarization transfer
which may complicate the interpretation of powder line shapes.
SConsequentIy, we have chosen rotor-synchronized refocused-
INEPT in order to ensure an orientation independent transfer
through the scalar coupling so that powder line shapes are

(47) Hong, M.; Schmidt-Rohr, K.; Zimmermann, BiochemistryL996 and the other being the ability to do so unambiguously with
35, 8335-8341. only one set of scale factors. These advantages stem from the
24((318)2213'?&@9“0““' A. R.; Koetzle, T. FActa Crystallogr.1975 B31, fact that, in the switched-angle spinning experiment, the sign

(49) Roberts, J. E.; Harbison, G. S.; Munowitz, M. G.; Herzfeld, J.; of the dipolar _|nte_3ract|on in given by the sign &wD_mz(COS
Griffin, R. G. J. Am. Chem. S0d.987, 109, 4163-4169. ®) + wJcy while in the case of S-DROSS the sign is given by

(50) Henry, E. R.; Szabo, Al. Chem. Physl985 82, 4753-4761. xFEwp+ erden.

(51) Stejskal, E. O.; Schaefer, J.; Waugh, JJSMagn. Resonl977,

28, 105-112. (55) Metz, G.; Wu, X.; Smith, S. Ql. Magn. Resor1994 A11Q 219—

(52) Wu, X.; Zilm, K. W.J. Magn. Reson. A993 104, 154-165. 227.

(53) Peerson, O. B.; Wu, X.; Kustanovich, I.; Smith, S. I.Magn. (56) Sun, B. Q.; Costa, P. R.; Griffin, R. @. Magn. Reson. A995
Reson. AL993 104, 334-339. 112 283-288.

(54) Hediger, S.; Meier, B. H.; Ernst, R. hem. Phys. Lett1993 (57) Hong, M.; Schmidt-Rohr, K.; Nanz, Biophys. J1995 69, 1939~

213 627-635. 1950.
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(a) inequivalent couplings found at@re found to be positive using
ET this approach. A summary of the signs BC—1H dipolar
—_— interactions measured with S-DROSS utilizing either the time
or frequency domain analysis is given in Table 1 and is in
agreement with previous studig&®’
The magnitudes and signs &fC—H dipolar couplings
: . determined in this study are useful for determining average
ty (ms) @(kHz) %(kHz) CH segment generally requires at least five anisotropies to be
measured so that the complete orientation of the segmental order
(b) j
o1 s 5 A L fast limit molecular dynamics and motionally averaged ten%ors.
Other approaches, utilizing motionally averaged dipolar cou-
simulations, are also a promising means for determining average
molecular structuré?
2 0 0 2 bond segments without recourse to isotopic enrichment. Imple-
) _ m _ _ they do not require specialized hardware for angle switching
Figure 6. S-DROSS experimental data and numerical line shape petween the evolution and detection periods. The techniques
left to right, the buildup ofH antiphase magnetization monitored by : . . . .
13C detection is depicted followed by the corresponding Fourier Hs.pm dynamlc.s effectively inhomogeneous at experimentally
realizable spinning speeds.

802 J. Am. Chem. Soc., Vol. 119, No. 4, 1997 Gross et al.
- molecular conformation. In the order matrix approach, each
tensor may be specifi€d. The elements of the complete order
matrix furnish angular distribution functions that yield the
average orientation of a CH segment with respect to the director
axis89-62 Alternatively, methods that involve the fitting of
motionally averaged powder line shapes with either assumed
or known dynamical models may provide more insight between
t, (ms) (?5_1[;(,(,42) %(km) plings andJ couplings in conjunction with molecular dynamics
()
FT Conclusions
We have presented an alternative method for the measurement
of the magnitudes and signs 8iC—1H dipolar couplings in
liquid crystalline systems such as lipid bilayers. It is possible
— T . | to obtain information regarding the average orientation of CH
01 2 3 4 - -
t, (ms) 0] iz (2@ (kHz) mentation of the proposed experiments is straightforward in that
T
simulations forf, o, and G sites depicted in-ac, respectively. From 5.6 gnpjicable for systems where molecular motions render the
transform and numerical line shape simulations. Input parameters for

the simulations are as follows: (B)ci(= +0.6 kHz withH andC We anticipate that, in the future, the information provided
resonance offsets of 0.22 and 2.20 kHz; @@)}.C= —0.9 kHz with*H by dipolar recoupling, combined with MAS techniques which
and3C resonance offsets of 0.47 and 1.60 kHz; andHe)= +1.9, simultaneously correlate chemical shifts and long-range scalar

+2.8, and+4.4 kHz with'H and*3C resonance offsets 6f0.30 and couplings, will provide important constraints for determining

—1.00 kHz. The timings for; andz, were those given in Figure 2 for ~ the average molecular conformation in lipid bilayers. In
x = 0.393 ande = 0.0. addition, it may be possible to incorporate an inversion recovery
. o . . period in the 2D DROSS experiment as a probe for anisotropic

For*C sites containing degenerdf€—'H dipolar couplings, 13C spin-lattice relaxation. Presumably, recoupled dipolar
the sign of the dipolar coupling is easily obtained from the initial powder patterns would serve as a reporter of orientation-
buildup rate of antiphase magnetization provided tiatwol] dependent relaxation which would present the exciting pos-

> endew as is the case here sinee= 0. For example, the  sipjlity of directly probing the rates of dynamic processes
buildup curves forf and a. positions indicate positive and  through dipolar recoupling.

negative dipolar couplings, respectively. The negative dipolar
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