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Abstract

Two-dimensional 'H-'>*C INEPT MAS NMR experiments utilizing a 'H~'"H magnetization exchange mixing period are presented for
characterization of lipid systems. The introduction of the exchange period allows for structural information to be obtained via 'H-'H
dipolar couplings but with '*C chemical shift resolution. It is shown that utilizing a RFDR recoupling sequence with short mixing times
in place of the more standard NOE cross-relaxation for magnetization exchange during the mixing period allowed for the identification
and separation of close 'H-'H dipolar contacts versus longer-range inter-molecular "H-"H dipolar cross-relaxation. These 2D INEPT
experiments were used to address both intra- and inter-molecular contacts in lipid and lipid/cholesterol mixtures.
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1. Introduction

Magic angle spinning (MAS) NMR continues to be an
important and versatile tool for the investigation of lipids
and biological membranes. Investigations using 'H, "°C,
3P, and "N MAS NMR on a variety of different lipid
and membrane systems has been reported [1-8]. Due to
the high sensitivity 'H was one of the first nuclei pursued
using modern MAS NMR techniques [9,10]. It has been
found that the rapid axial rotation, fast lateral diffusion
and trans-gauche isomerizations of the lipids in the liquid
crystalline (L,) phase significantly averages the 'H-'H
dipolar coupling transforming the interaction from homo-
geneous to inhomogeneous such that modest spinning
speeds can produce well resolved 'H MAS spectra [10—
12]. These observations prompted a series of two-dimen-
sional (2D) 'H NOESY MAS NMR experiments that
allowed molecular contacts between different lipid regions,
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as well as between lipids and other constituents within the
membrane to be determined [13-18]. The observation of
contacts between the methyl protons in lipid headgroup
and the protons of the terminal methyl in the alkyl chain
lead to extensive discussion into the relative impact of spin
diffusion and intermolecular dipolar interactions resulting
from lipid disorder on the observed cross-relaxation in
'H NOESY MAS NMR experiments [13,14,17,19,20].
More recently, the selectivity and sensitivity of '"H MAS
NMR has been improved by use of pulsed field gradients
(PFG) [2]. The use of gradients and '"H MAS NMR has
also allowed the measurement of diffusion rates in lipid
and biomembranes systems [21-23], while 'H saturation
transfer experiments probing specific lipid—protein interac-
tions have been recently reported [24]. A common limita-
tion or difficulty encountered in many of these '"H MAS
NMR studies is the severe spectral overlap between differ-
ent lipids and sterol constituents in complex membrane
systems.

To improve the spectral resolution 2D 'H-'>C MAS
NMR correlation experiments have also been developed
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for lipid systems, including "H-presaturation cross polari-
zation (CP) transfer experiments and CP based heteronu-
clear correlation (HETCOR) experiments [7,8,25-27]. The
effectiveness and variation of the CP transfer was used to
estimate *C-'H, *'P-"H, and *'P-'3C dipolar couplings
as a basis for structural input. 2D "H-'">C dipolar recou-
pling experiments have also been developed to directly
measure CH dipolar order parameters [28,29], or inter-pro-
ton dipolar pair order parameters [30]. For lipid systems
higher MAS frequencies can effectively reduce residual
"H-'H dipolar interactions such that J-coupling polariza-
tion transfer experiments become feasible. It has been
shown that the 'H-'>C INEPT (Insensitive Nuclei
Enhancement by Polarization Transfer) experiment under
MAS is well suited for lipid systems in the L, phase [6].
The INEPT experiment has the advantage that the
"H-13C polarization transfer occurs directly through the
CH bond via J-coupling such that non-bonding correla-
tions are not observed, and is independent of the CH bond
orientation. The efficiency of the 'H-'*C INEPT transfer
has also been shown to be sensitive to the motional dynam-
ics of the different 'H environments, and can be used as a
probe of different lipid phases [12]. The INEPT experiment
is easily incorporated into 2D 'H-'*C HETCOR experi-
ments and has been reported for uniformly labeled lipid
dispersions [31] and lipid—cholesterol mixtures [7,32,33].
2D gradient enhanced 'H-'>C HSQC (Heteronuclear Sin-
gle Quantum Coherence) MAS NMR experiments have
also been reported for dimyristoylphosphatidylcholine
(DMPC)/cholesterol mixtures allowing for the complete
assignment of cholesterol in the lipid L, phase [32,33].

In this paper, we extend these 2D '"H-'*C INEPT MAS
NMR correlation experiments by introducing a mixing
period for 'H spin exchange to probe intra- and inter-mo-
lecular "H-'H contacts within model lipid systems. This
type of experiment was originally demonstrated by Alonos-
o and Massiot for mesostructured materials at very high
spinning speeds [34]. Two different schemes for 'H-'H
dipolar magnetization exchange where investigated. The
first scheme used a mixing period with no 'H irradiation
during the mixing period corresponding to standard inco-
herent dipolar NOESY cross-relaxation, and a second
scheme used a radio-frequency dipolar recoupling (RFDR)
pulse sequence during the mixing period to coherently drive
the '"H-'"H magnetization exchange. Examples of the 2D
'"H-3C INEPT MAS correlation experiment on pure
DMPC and DMPC/cholesterol mixture are presented
and discussed.

2. Experimental

Unlabelled 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), [1,2-*Hss}-dimyristoyl-sn-glycero-3- phospho-
choline (DMPC-ds4) and unlabelled cholesterol (CHOL)
were purchased from Avanti Polar Lipids (Alabaster,
AL). Multilamellar vesicles (MLV) were prepared by dis-
solving a 1:1 mol% mixture of lipid and cholesterol in chlo-

roform/methanol (3:1 v/v). Samples were then dried
overnight under vacuum, and suspended in de-ionized
water to produce a 28 wt% DMPC concentration. This
mixture was then freeze-thawed—centrifuged 5 times. The
lipid samples were transferred to 4 mm zirconia MAS
rotors and sealed with kel-F inserts and caps. No dehydra-
tion effects were observed. The typical volume of MLV
sample for NMR analysis was 50-100 pL corresponding
to 25-50 mg of phospholipid. The samples were stored in
a —20 °C freezer when NMR experiments were not being
performed.

All NMR experiments were performed on a Bruker
Avance 600 spectrometer at an observe frequency of
600.14 and 150.92 MHz for 'H and '*C, respectively. The
1D '"H MAS NMR spectra were obtained using 8 K points
with a 30 kHz spectral width. The 1D '>C CPMAS and
"H-'3C INEPT spectra were obtained using 4 K points
with a 42 kHz spectral width. All '*C and '"H chemical
shifts were referenced to the C-14 (6 = +14.0 ppm) and
H-14 (0 =+0.9 ppm) resonances of DMPC [35]. The
experiments utilized a 4 mm broadband MAS NMR probe
with sample temperatures maintained at +0.2 K through
the regulation of the bearing N, temperature. Heating
effects due to frictional heating during sample spinning
and due to rf irradiation during 'H decoupling have previ-
ously been discussed [35]. These heating effects at moderate
spinning speeds and high decoupling powers are not negli-
gible, but can be compensated for appropriate choice of
decoupling powers, spinning speed, and “set” tempera-
tures. In the present study, actual sample temperatures
were calibrated using the 'H chemical shift difference
(40) between the H-14 and H,O resonances as detailed
by Dvinskikh and co-workers [35]. A 2 K increase in the
lipid sample temperature was observed for a 5 kHz spin-
ning speed, while a 10 kHz spinning speed produced a
10 K increase in sample temperature, versus non-spinning
conditions. All temperatures reported in the text are the
actual sample temperature determined by this calibration
method.

The '"H-'3C INEPT MAS NMR correlation experiment
[7] modified for "H-"H mediated magnetization exchange is
shown in Fig. 1. The phase cycle for this modified sequence
has previously been described [34]. Phase sensitive detec-
tion in ¢, was obtained using the States method [36]. All
inter-pulse delays (1, Tmix, 41 and 4,) were rotor synchro-
nized. The delays 4, and 4, were optimized as detailed in
the results section. For the "H-'>C correlation experiments
presented in this paper, two different methods for '"H-'H
magnetization exchange during the mixing time (7,,;,) were
investigated. In one set of experiments no additional 'H rf
pulses were introduced during 7,,;, such that the observed
"H-'H magnetization exchange occurs via NOE type dipo-
lar relaxation analogous with the "H NOESY MAS NMR
experiments previously reported [13,14,17,19,20]. In the
second set of experiments the 'H-'H magnetization
exchange occur via scaled 'H-'H dipolar interactions rein-
troduced using the radio-frequency dipolar recoupling
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Fig. 1. Two-dimensional refocused 'H-'>C INEPT pulse sequence for
correlation experiments where a mixing time 7, is introduced that allows
the transfer of magnetization via 'H-'H dipolar interactions either
through NOE cross relaxation (no 'H irradiation during 1,,) or recoupled
dipolar interactions using a RFDR sequence. In this sequence all #;, 4,
and 4, delays were rotor synchronized (= ntg = n/vg, where vg is the
spinning frequency), and were optimized as described in the text. The
phase cycle for this sequence has been previously given [34].

(RFDR) pulse sequence on the 'H channel during 7.
This sequence consists of rotor-synchronized © pulses with
the XY-8 phase cycle to reduce the impact of resonance off-
sets and pulse errors [37-39]. A 25 kHz TPPM 'H decou-
pling with a 15° phase shift was used during acquisition
[40]. Typical acquisition parameters for the "H-'>C INEPT
MAS NMR correlation experiments were 256 scans, 2's
recycle delay, 4 k ¢, points using a 42 kHz spectral width,
64-128 ¢, increments with a 15 kHz spectra width, with
spinning speeds ranging from 5 to 10 kHz.

3. Results and discussion

The 'H-'3C INEPT polarization transfer sequence for
lipid biomembranes has been demonstrated by a number
of groups [6,7,12,29,31-33]. These examples have utilized
the INEPT sequence for obtaining 1D '*C MAS NMR
spectra, or have utilized the INEPT building block in more
complicated pulse sequences. The 'H-'>C INEPT MAS
NMR spectra for the different DMPC and DMPC/CHOL
mixtures in the present study are shown in Fig. 2. The '*C
NMR resonance assignments for DMPC and cholesterol
were based on previous studies (correcting for differences
in referencing) [7,27,32,33,35], the sign of the INEPT signal
modulation, direct polarization '*C MAS NMR spectra
and '"H-'"*C chemical shift correlations (see below). The
assignment of DMPC is given in Fig. 2A, with select cho-
lesterol resonances being shown in Figs. 2B and C. With
the addition of 50% cholesterol, the DMPC '*C NMR res-
onances were not observed to shift significantly (£0.1 ppm)
except for the C4-Cl1 resonance envelope which shifts
downfield and narrows slightly (Fig. 2B), consistent with
previous investigations [10,41]. The CI1 carbonyl resonance
has been reported to vary with cholesterol concentration,
but that '*C NMR resonance (d=173.5ppm) is not
observed in the '"H-"*C INEPT experiments since there is
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Fig. 2. Refocused '"H-'C INEPT MAS NMR spectra for D,O dispersion
of (A) DMPC, vg = 7.5kHz, 4, = 2.1 ms, 4, = 0.66 ms, 308 K (corrected
for spinning/decoupling heating effects) (B) 1:1 DMPC/CHOL,
v =7.5kHz, A,=2.1ms, 4,=12ms, 308K, and (C) DMPC-ds,/
CHOL, vg = 10kHz, 4 =2.1ms, 4, =1.1 ms, 313 K. The assignment
numbering is shown in the molecular scheme, with the resonance
assignments for DMPC given in (A) and select resonance assignments
for cholesterol given in (B) and (C).

no one bond CH J-coupling present for that resonance,
as well as the C5 and C13 carbons of cholesterol.

Fig. 2 also shows that there are differences in the relative
intensities between different DMPC carbon environments
in the '"H-"*C INEPT MAS NMR spectra that depend
on the choice of the inter-pulse delays 4; and 4,. For
example, compare the C3 and C13 resonances of the alkyl
chain or the o and B headgroup resonances of DMPC in
Figs. 2A and B. The majority of these intensity variations
result from different Jcy coupling values making the opti-
mization of the INEPT delays resonance specific (see
below). More striking is the reduction in the cholesterol
resonance intensity in comparison to the phospholipid sig-
nal intensity for the 'H-'>C INEPT spectra shown in
Fig. 2B. This intensity discrepancy is not simply due to dif-
ferences in the magnitude of Jcy couplings; the CI18-
CHOL and C14 DMPC methyl groups have almost identi-
cal Jcy but reveal large differences in signal intensity
(Fig. 2B). Rather these intensity changes are a function
of molecular motions and the degree of '"H-'H dipolar cou-
pling averaging. The impact of this averaging can be seen
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in Fig. 2C where the increased spinning speed (and slightly
higher temperature) increases the observed intensity of the
cholesterol resonances. It is known that saturated phos-
phatidylcholines (such as DMPC) and cholesterol form a
liquid ordered (/,) phase at higher cholesterol concentra-
tions [42,43]. The addition of cholesterol to DMPC has
also been shown to increase the axial rotation rate for
the phospholipid, while the rotation of the cholesterol
remains significantly slower than that of the lipid [44]. Dis-
cussion about the INEPT MAS sequence performance and
the impact of differential motional dynamics of lipids and
lipid constituents in membrane systems has been limited,
except for the recent work by Warschawski and Devaux
[12] using INEPT/NOE ratios as a tool to probe different
lipid domains. A brief discussion of the optimization of
the INEPT sequence for membrane systems is therefore
warranted.

3.1. Optimization of the INEPT sequence

In solution the optimization of the INEPT sequence is
realized by matching of the 4, and 4, inter-pulse delays
(Fig. 1) to coherence evolution under specific values of
the Jcug coupling. These inter-pulse delays are typically
on the order of 1-2 ms. However for rigid solids this can
be significantly longer than the 'H transverse relaxation
times (7%). For short 7% values, the optimal signal intensi-
ty observed using the INEPT sequence may no longer cor-
respond to the simple 1/Jcy relationship. Recent 'H-'*C
INEPT MAS NMR experiments in mesostructured materi-
als demonstrate that the contributions from 7% relaxation
need to be directly considered [34]. Assuming that the 'H
relaxation (7%) dominates relaxation effects from the '°C
(TS), the signal intensity S(4;,4,) during the 'H-1B¢C
INEPT experiment is given by [34,45]

S(Ay, 42) ~ Fi (A1, T )F2 (4>, TY)
Fy = sin(2nJcudy) exp[—24, /T
Fy = sin(2nJ cud,) exp[—24,/TY], AX
F2 Sll’l(4TEJCHA2)CXp[ 2A2/T§1LAX2

F %{ 1n(21tJCHA )Sil’l(6TEJCHA2)}eXp[—ZAz/TZI],AX3,
(1)

where the delays 4; and 4, are defined in Fig. 1. The opti-
mal signal intensity is observed at A; ~1/4Jcy and A, ~1/
4JCH for CH, I/SJCH for CH2, and NOO98/JCH for CH3

The question arises are there situations in membrane
systems where short 7% make a significant impact on the
performance of the '"H-'>C INEPT sequence? Fig. 3 shows
the signal variation of the 'H-'C INEPT MAS NMR
sequence as a function of the inter-pulse delays 4; and 4,
for select carbon resonances in DMPC at 313K,
vr = 10 kHz. The dashed and solid lines were obtained
by fitting the experimental results to Eq. (1). The Jcy val-
ues ranged from 110 to 150 Hz, with the 7% values ranging
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Fig. 3. Signal amplitude variation for the 'H-'*C INEPT MAS NMR
experiment for a D,O dispersion of DMPC at 313 K, vg =10 kHz, as a
function of the inter-pulse delay 4, and 4,. (A) 4, was varied while 4, was
held constant at 0.93 ms, while in (B) 4; was kept constant at 2.0 ms and
A, varied. The simulated lines were obtained using Eq. (1). The signal
intensities of the different groupings were scaled to improve readability.

from 15 to 100 ms, consistent with independent 7, values
observed from rotor-synchronized 'H Hahn echo experi-
ments (data not shown). Similar INEPT response curves
were observed for the cholesterol resonance, but at a signif-
icantly lower relative intensity (see additional discussion
below). The long T4 values means that the maximum of
the signal intensity is not shifted considerably away from
the simple theoretical predictions, yet there is a noticeable
loss of signal intensity for the longer A4 durations, in partic-
ular for 4, values >2 ms, as might be used in experiments
to distinguish CH, from CH or CHj; carbon environments.
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For the CH, carbons this loss is on the order of 50% and
can be related to the shorter T4 values observed for the
methylene protons. This difficulty in T4 related signal loss
during long A values was noted in the reduced signal noise
of methylene carbon resonances in previous studies of
DMPC/CHOL [33].

These relatively long 7% values and well behaved
INEPT signal response agree with the small spinning side-
band pattern observed in the "H MAS NMR spectra of
DMPC and DMPC/CHOL shown in Fig. 4, which give a
measure of the residual "H-'H dipolar coupling present.
In the '"H MAS NMR spectra of these lipid samples
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(Fig. 4A) the headgroup resonances of DMPC shows very
small +1 spinning sidebands (relative intensity ~2% of the
central isotropic intensity), and almost no higher-order
spinning sidebands. The large methylene proton resonance
(0 = +1.3 ppm, H4-H13) shows both +1 and +2 spinning
sidebands, but the +1 sideband constitutes only ~9% of the
central intensity at vg =7.5kHz. Similar results are
observed for lipid resonances in the DMPC/CHOL mix-
ture. This observation is consistent with previous studies
that reveal that for DMPC in the L, phase the molecular
dynamics are significant, reducing the "H-'"H homonuclear
dipolar coupling so that it becomes effectively inhomoge-
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Fig. 4. The "H MAS NMR spectra of (A) DMPC and (B) DMPC-ds,/CHOL at 308 K and vg = 7.5 kHz, showing the full spectral window with the
different spinning sidebands marked. Expansion of the isotropic spectral region for (C) DMPC, and (D) DMPC-ds,/CHOL, with the assignment of the
different 'H resonances in DMPC. The variation (E) of the "H-'*C INEPT signal intensity for the C26/C27 methyl resonances (6 = +22.6 ppm) and the C6
methine (6 = +120.4 ppm) cholesterol carbon resonances as a function of spinning speed: cholesterol C26/C27 at 5 kHz (®) and 10 kHz (O) and C6 at

S5kHz (A) and 10 kHz (A).
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neous in nature [9,10,12]. With this motional averaging the
T% values become sufficiently long as to not greatly impact
the optimization of the INEPT sequence.

Figs. 4B and D shows the '"H MAS NMR spectra of the
DMPC-ds,/CHOL sample in which many of the cholester-
ol 'H resonances are now clearly visible. The cholesterol 'H
resonances (specifically between 6 =+0.5 and +2.5 ppm)
have a significantly larger spinning sideband manifold,
with the intensity of the +1 sideband being ~14%, the
+2 sideband 6%, and the +3 sideband 1%, of the central
intensity, implying a larger residual '"H-'H dipolar cou-
pling due to the reduced motion of this cholesterol within
the membrane. The relative ratio of the spinning sidebands
also decreases with increased spinning from I /Iy ~ 14%
at vg = 7.5 kHz to I.1/Iy ~ 3% at vg = 12.5 kHz. Analysis
of "H-"H double quantum (DQ) MAS NMR sideband pat-
terns have revealed residual 'H-'H dipolar couplings
(under MAS) between 1 and 4 kHz in related lipid/CHOL
mixtures (Alam, personal communication, Rocky Moun-
tain Conference 2005). The apparent proton 7, as mea-
sured from rotor-synchronized Hahn-echo experiments
(data not shown) also increases with higher spinning speed
suggesting that the INEPT performance should be spinning
speed dependent. This is confirmed in Fig. 4E which shows
the signal intensity for the 'H-'*C INEPT MAS NMR
experiment for the C26/C27 methyl resonances (6 =+
22.6 ppm) and the C6 methine (6 = +120.4 ppm) carbon
resonances of cholesterol. The most important observation
was the dramatic increase in the overall signal intensity
with increasing spinning speed, especially for the C6 reso-
nance. For these experiments the set temperature was
adjusted such that the true sample temperature was the
same (308 K) for all the different spinning speeds investi-
gated. For the methyl C26/C27 carbon resonance there
was a small ~10% increase in the signal intensity by
increasing the spinning speed from 5 to 10 kHz. The T%
values obtained from fitting Eq. (1) were ~50 ms. The
rapid internal motion of the methyl group still produces
significant averaging of the 'H-'H dipolar coupling that
the spinning speed variation is minor. For the cholesterol
C6 methine carbon environment increasing the spinning
speed from 5 and 10 kHz produced an >25% increase in
the overall signal intensity. The corresponding T3 values
was found to be ~10 ms. For the less mobile sterol com-
ponent the efficiency of the INEPT sequence is dramati-
cally reduced by the increased 'H-'H dipolar coupling,
but a portion of this impact can be reduced by increases
in the spinning rate. This is also consistent with the slower
axial rotation observed for cholesterol in comparison to
DMPC based on ’H NMR relaxation studies [44]. Unfor-
tunately, ultra-high spinning speeds (>20kHz) readily
applied to other materials are not applicable to membrane
systems due to the segregation/centrifugation of the water
from the lipid mixture. These results presented above can
now be used for the optimization of the 2D 'H-'3C
INEPT MAS NMR correlation experiments described
below.

3.2. Two-dimensional ' H-">C heteronuclear correlation

The 2D '"H-">C INEPT MAS NMR heteronuclear cor-
relation spectrum for DMPC at a short mixing time
(Tmix = 1 ms) is shown in Fig. 5 (total experiment time
~4.5h), while the 2D correlation spectrum for DMPC-
dss/cholesterol is shown in Fig. 6. These results show that
these heteronuclear correlation experiments at natural
13C abundance can readily be performed. The benefit of
the INEPT experiment is that the correlations arise from
direct bonding interactions through the Jcy coupling
polarization transfer, and do not contain cross peaks due
to long range interactions as well as being independent of
the CH bond orientation. The Cl carbonyl region,
5('*C) =+173.5 ppm, is not shown since no cross peaks
will be observed in the INEPT experiments for quaternary
carbon environments. These 2D spectra allow confirmation
of 'H and '3C resonance assignments and are consistent
with previous investigations [13,33,35]. The 2D 'H-'*C
INEPT MAS NMR correlation spectrum for the DMPC/
CHOL mixture (data not shown) is similar to Fig. 5 and
shows significant overlap between many of the DMPC
and cholesterol resonances even in the 2D experiment,
but also reveals several distinct cholesterol resonances
including the C6 methine at §('*C) = +120.4 ppm, the C3
methine at §('>C) = +70.7 ppm, the C14,C17 methines at
5(*C) =+572ppm, the C9 methine at §('°C)=
+50.9 ppm, and the C18 methyl at §('*C) =+12.9 ppm.
By using DMPC-ds,/ CHOL mixtures, it is possible to

13C
ppm

H

ppm

Fig. 5. The 2D 'H-'*C INEPT MAS NMR correlation spectra for
DMPC obtained using the rotor-synchronized pulse sequence in Fig. 1 at
vr = 7.5kHz, 308 K, 7, =1ms, 4, =2.1ms, and 4,=0.67 ms. The
DMPC assignments are shown. The '*C and 'H projections are the 1D
"H-"3C INEPT MAS and the 1D 'H MAS NMR spectra, respectively.
The low resolution in the F1 ('H) dimension results from the reduced
number of ¢ increments used to reduce experimental time.
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Fig. 6. The 2D 'H-'*C INEPT MAS NMR correlation spectra for
DMPC-ds,/CHOL obtained using the rotor-synchronized pulse sequence
in Fig. 1 at vg=10kHz, 313K, tnhx=1ms, 4,=22ms, and
A, = 1.2 ms. The undeuterated DMPC headgroup resonances and selec-
tive cholesterol assignments are shown. The '*C and 'H projections are the
1D 'H-'3C INEPT MAS and the 1D 'H MAS NMR spectra, respectively.
The low resolution in the F1 (‘H) dimension results from the reduced
number of #; increments used to reduce experimental time.

observe and identify all proton containing cholesterol car-
bon resonances as shown in Fig. 6. Again the lipid carbonyl
region and the cholesterol C5 quaternary, d('*C)=
+142 ppm, spectral region is not shown since the INEPT
experiment does not produce cross peaks for these carbon
environments. '"H-"*C HETCOR correlation experiments
have been reported that utilized '*C-C3,C4 labeled choles-
terol in order to emphasize and clearly identify cholesterol
cross peaks [7]. The 2D INEPT reported here demonstrate
that '*C labeling is not required to obtain correlation
experiments in cholesterol containing membrane mixtures.
The one draw back of these 2D INEPT experiments is the
relatively low 'H resolution afforded by the direct '*C
detection. This reduced 'H resolution is clearly seen in
the 2D spectra shown Figs. 5 and 6 (compared to the 1D
"H MAS projections) where a very limited number of 7,
increments were used to help reduce overall experimental
time. There is also a slight increase in the '*C line width
versus the 1D projection as a result of doubling the expo-
nential line broadening for the 2D spectra. More recently,
'"H-3C HMQC experiments have been reported for
DMPC/CHOL mixtures that overcome this limitation
[32,33].

3.3. "H-'H dipolar cross-relaxation
To explore through space connectivities and interactions

the 2D 'H-'C INEPT MAS NMR correlation experi-
ments were expanded (Fig. 1) to include a mixing time

(Tmix). During this period no additional rf pulses are
applied to either channel such that "H-'H magnetization
exchange occurs via dipolar cross-relaxation. These types
of experiments are analogous to 'H-'H MAS NOESY
experiments [13-18,46] but now include the improved reso-
lution afforded by '*C detection. Similar to the '"H NOESY
experiments, '"H-"H correlations only become significant
for Tmix > 100 ms. Fig. 7 shows the 2D 'H-'*C INEPT
MAS NMR correlation spectra at 7., =300 ms for
DMPC. Numerous cross-peaks are observed (compared
to Fig. 5) correlating different 'H environments to a single
carbon environments as a result of "H-"H dipolar cross-re-
laxation. These include the short range through-space
'H-'H dipolar interactions between g; and g, g and o,
along with g, and y within the DMPC head group, plus
the C2-C3 interaction within the alkyl chain. In addition,
long range inter-molecular correlations are observed
including the dipolar cross-relaxation between y and 4-11
carbons, 7 to the C14 methyl and o to the C14 methyl.
These interactions have previously been noted and dis-
cussed in the 2D 'H-'H NOESY investigations,
[13,14,16,46] and demonstrate the dynamical disorder of
the lipid present within the L, phase. The scaled S/N of this
2D spectrum (scaled for the increased number of acquisi-
tions) is ~30% of that observed in Fig. 5. This S/N merit
was estimated from the area of the intense y resonance,
with some loss expected due to relaxation during the
300 ms mixing period, but also reflects some loss of signal
due to magnetization exchange with other coupled protons.
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Fig. 7. The 2D 'H-'*C INEPT MAS NMR correlation spectra for
DMPC obtained using the rotor-synchronized pulse sequence in Fig. 1 at
yr = 7.5kHz, 308 K, tm,ix=300ms, 4, =2.1ms, and 4, =0.67 ms.
Selective correlation cross peaks arising from 'H-'H magnetization
exchange are labeled. See Fig. 5 for assignment of standard one-bond
"H-'3C correlations.
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Fig. 8. The 2D 'H-'*C INEPT MAS NMR correlation spectra for
DMPC-ds,/CHOL obtained using the rotor-synchronized pulse sequence
in Fig. 1 at vg=10kHz, 313K, t7,x=250ms, 4, =2.2ms, and
A, =1.2ms. Selective cholesterol/lipid correlation cross peaks arising
from 'H-'H magnetization exchange are labeled. See Fig. 6 for assignment
of standard one-bond 'H-'*C correlations.

Similarly the 2D "H-'*C INEPT MAS NMR correla-
tion spectrum for the DMPC-ds,/CHOL mixture using
Tmix = 250 ms is shown in Fig. 8. Again cross peaks
between the different carbon resonances are observed
(compared to Fig. 6), including dipolar interactions within
cholesterol (C6 to C7) as well as lipid—cholesterol interac-
tions including: B, g;, g» contacts to cholesterol, y to cho-
lesterol, and y to the C26, C27 methyl carbons of
cholesterol. The low 'H dispersion of the cholesterol reso-
nances in the d('"H) ==+0.5 to 1.5 ppm region make the
assignment of these lipid—cholesterol contacts to specific
cholesterol environments difficult, so we have simply
denoted them as cholesterol contacts. From the 1D 'H
MAS NMR experiments along with the 1D 'H-'*C INEPT
(including phase variation with 4,, see section of INEPT
optimization) we know that there is not a significant contri-
bution from residual non-deuterated lipid in the
5('H) = 40.5 to 1.5 ppm region, supporting our arguments
that the observed contacts are between the lipid and choles-
terol. Also the strong 'H-'>C cross-peak observed at
8("*C)=+339ppm, S('H)=-+24ppm in Fig. 6 is
assigned to the C8 of cholesterol since the signal modula-
tion observed in 2D INEPT spectra for long 4, values
(data not shown) is consistent with a CH or CH; carbon
environment, and not with a CH, species. There is a small
contribution from residual non-deuterated C4-C11 methy-
lene CH, carbons of the DMPC observed at
5(*C) = +34.1 ppm and §('H) = +1.3 ppm, but it is not
visible in Fig. 6. It should also be noted that the intensity
of cross peaks between the lipid head group resonances

in the DMPC-ds,/CHOL mixture are lower than observed
in pure DMPC (Fig. 7) or DMPC/CHOL mixtures. This
reduction is consistent with previous studies that have
shown the cross-relaxation occurs via inter-molecular con-
tacts and that the presence of deuterated alkyl chains will
slow this process [13,14,46]. These 2D results show that
the INEPT correlation experiments can be used to observe
inter-molecular contacts between different constituents
within membrane mixtures. Again, both Figs. 7 and 8 show
a reduced "H (F1) resolution as a result of the limited num-
ber of ¢, increment utilized. The S/N of this 2D spectrum
was ~35% of that observed in Fig. 6.

3.4 "H'HRFDR correlation

As discussed above, rapid lateral diffusion in the L, lipid
phase averages intermolecular "H-"H dipolar interactions,
while rapid axial rotation and molecular motions reduces
the intra-molecular "H-"H dipolar interactions within bio-
membranes. Early, observations that MAS (even at slow
spinning speeds) significantly improved the resolution of
'"H NMR spectra of membranes showed that residual
"H-'H dipolar couplings were present in these systems.
For example, in DMPC (36 °C) and DPPC (50 °C) the
dipolar order parameter Sg;, was measured to be ~0.17
and 0.18, respectively [10]. These MAS-removed 'H-'H
dipolar couplings can be reintroduced (scaled) through
the use of different multiple pulse dipolar recoupling
sequences during the 7, period (Fig. 1). In the present
study, we have utilized the rotor-synchronized radio-fre-
quency dipolar recoupling (RFDR) sequence [37-39,47]
to re-introduce residual "H-'"H dipolar coupling via zero-
quantum coherences as a means of magnetization transfer
[48]. '"H-"H RFDR correlation experiments were recently
demonstrated for swollen protein resins [49] and are similar
to proton-mediated rare spin correlation experiments
developed for protein structure determination in the solid
state [50-53]. Fig. 9A shows the 2D '"H-'C INEPT MAS
NMR correlation spectrum for DMPC utilizing a
Tmix = 53.3 ms RFDR recoupling sequence. This period
corresponds to 50 cycles of the XY-8 phase cycle. Even
for this relatively short mixing time multiple cross peaks
were observed arising from 'H-'"H magnetization exchange
within the membrane, with the spectrum being very similar
to the 300 ms NOESY exchange spectra (Fig. 7). The
appearance of '"H-'H correlations at short mixing times
distinguishes the RFDR based experiment from the
cross-relaxation (NOE) based experiment (Section 3.3)
where no significant '"H-'H exchange cross-peaks were
observed at t.,;x =50 ms. Using the RFDR significant
'H-'H magnetization exchange was observed for 7., as
short as ~10 ms. For 7,,;, < 50 ms the appearance of new
cross-peaks in the 2D 'H-'C INEPT exchange experi-
ments arise from the coherent reintroduction of dipolar
couplings under the RFDR sequence, while for
Tmix = 100 ms '"H-'"H magnetization exchange cross-peaks
can derive from both the coherent RFDR recoupling and
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Fig. 9. The 2D '"H-'3C INEPT MAS NMR correlation spectra at vg = 7.5 kHz, 308 K with RFDR mixing for (A) DMPC at Ty, = 53.3 ms (50 XY-8
recoupling cycles), 4, =2.1 ms, and 4, =0.67 ms, and for (B) DMPC-ds,/CHOL at t,;, =26.7 ms (25 XY-8 recoupling cycles), 4, =2.1 ms, and
A> =12 ms. The dashed boxes and circles mark either missing long range lipid-lipid or cholesterol-lipid "H-'H magnetization exchange contacts

observed in Figs. 7 and 8.

the incoherent (diffusive like) dipolar cross-relaxation.
More importantly, the long range inter-molecular dipolar
contacts between the headgroup and the alkyl chain are
not observed for these short mixing time RFDR type
experiments (compare Figs. 7 and 9A, in particular the
C14 methyl contacts). The S/N for this 2D spectrum was
~40% of that observed in Fig. 5, but is slightly improved
over the S/N obtained from the 300 ms spin exchange
experiment shown in Fig. 7. Similar results are observed
in the 2D '"H-">C INEPT MAS NMR correlation spectrum
for DMPC-ds,/CHOL utilizing a 7 = 26.7 ms RFDR
recoupling shown in Fig. 9B, where many of the cholester-
ol/lipid contacts are not observed due to the reduced mag-
nitude of the inter-molecular dipolar coupling. The one
notable exception to this is the cross peak at
5("*C)=+339ppm and ('H)=-+4.3 ppm (Fig. 9B),
which results from contact between the protons of the C8
methine carbon in cholesterol and either the protons of
the g, or a carbons of the DMPC. As noted above this
+33.9 ppm 3C chemical shift originates from a CH or
CHj; carbon species based on INEPT modulation with
A,, and is therefore not the residual non-deuterated CH,
carbons of DMPC. The origin of this strong inter-molecu-
lar contact between DMPC and cholesterol will be
explored in future work. The S/N of this 2D RFDR spec-
trum is ~35% of that shown in Fig. 6.

The difference in the behavior of the 'H-'"H magnetiza-
tion exchange under the cross-relaxation (NOE exchange)
or the RFDR type mixing periods is more easily under-
stood by measuring the evolution of the '"H-'"H exchange
as a function of 7.,;. To perform multiple 'H-13C INEPT
experiments at different 7,,;, would prove to be extremely

time restrictive, but this information can be obtained by
using a standard 2D 'H NOESY MAS NMR correlation
experiments [13,14,46,49]. From NOESY exchange experi-
ments the individual "H-"H cross-relaxation rates can be
directly measured as shown in Fig. 10 for select protons
in the DMPC sample. The results are shown for experi-
ments in which the 7.,;, contain no rf pulses (standard
NOE cross-relaxation) or the dipolar coupling was reintro-
duced incorporating a 'H RFDR sequence. For protons
that are expected to be spatially close the '"H-"H exchange
under RFDR is observed to build up very rapidly, reaching
a maximum between 10 and 25 ms, followed by a rapid
decay away. For example, the exchange between the g,
and the o protons is extremely rapid, reaching a maximum
near 10 ms. The diagonal intensity under the RFDR
sequence is also observed to decay much more rapidly than
the NOE type cross-relaxation. This decay results from the
distribution of the magnetization under RFDR via the
recoupled dipolar interactions, but also can be ascribed
to a non-recoverable loss of magnetization due to pulse
error and timing errors in the multiple-t RFDR pulse
train. The performance of the RFDR sequence may be
improved by incorporation of additional RFDR phase
cycling [54], or the introduction of compensated RFDR
sequences [55]. For the NOE based cross-relaxation the
buildup rates of the 'H-'"H exchange is generally slower
(Fig. 10), usually reaching a maximum between 150 and
500 ms as previously noted [13,14,46]. This magnetization
exchange occurs through incoherent cross-relaxation which
is dependent on both the residual dipolar coupling and the
motional correlation time, and scales as rl.;é (where ry; is the
"H-'H distance). The application of the RFDR sequence
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Fig. 10. Selected normalized "H-"H cross peak intensity for the glycerol g, proton to other lipid protons obtained from the 2D '"H-"H NOESY MAS
NMR experiments with NOE cross-relaxation or RFDR recoupling during 7,,;x for DMPC at 308 K. The cross peaks were normalized to the total

intensity of the g, diagonal resonance at t,,; = 0.

allows for the recovery (amplification) of dipolar couplings
that are averaged by MAS, and not completely averaged by
molecular motions. The sequence allows for exchange via a
coherent process that is dependent on the reintroduced
dipolar coupling independent of the correlation time and
will scale as rl.f. By using short mixing times in the RFDR
sequence only protons with a larger (closer) '"H-'H dipo-
lar coupling will give rise to exchange, while protons with
smaller "H-'H dipolar couplings do not have enough time
to buildup and do not exchange. The larger dipolar inter-
actions recoupled under RFDR most likely represent
residual intramolecular "H-'H dipolar coupling, since
the rapid axial diffusion of the lipids within the membrane
are expected to produce a second averaging of dipolar
inter-molecular contacts (making them smaller) such that
they are not re-introduced by RFDR for short mixing
times. By comparing the results of these two exchange
experiments it is possible to assign strongly and weakly
dipolar coupled protons contacts within membrane
systems.

Interestingly, for longer range "H-"H contacts, such as
the g, proton to the methyl C14 protons (Fig. 10), the mag-
netization exchange is very similar for the RFDR and the
NOE cross- relaxation based experiments. During the
RFDR sequence it is known that magnetization transfer
can occur both through recoupling and through NOE cross
relaxation [49]. It has also been observed that the RFDR
sequence may actually accelerate the incoherent NOE
cross-relaxation by a process that has been called rotor-
driven or RF-driven spin diffusion [56,57]. This type of
acceleration of the '"H-'"H NOE cross-relaxation was not
observed for the membrane systems investigated. Further
analysis of the individual "H-"H exchange patterns within

the complete lipid spin system will be explored in a later
manuscript.

It should be noted that the RFDR sequence is not the
only dipolar recoupling sequence (or perhaps even the most
suitable) that could be utilized during the mixing period of
the INEPT sequence shown in Fig. 1. We have also
explored the use of the symmetry based double quantum
sequence recently described by Levitt and co-workers
[58]. For example we have performed 'H-'C INEPT
exchange experiments using the C7; recoupling sequence,
and combined C7£ — C9§ schemes [59,60], on a lower mag-
netic field strength instrument observing very similar
results (albeit lower resolution) with the nearest neighbor
dipolar contacts dominating. Unfortunately the perfor-
mance of these windowless CN! -type decoupling sequenc-
es [58] on our higher field 600 MHz NMR instrument was
rather poor due to hardware limitations and were not pur-
sued further.

4. Conclusions

In conclusion, we have demonstrated a 2D 'H-!3C
INEPT correlation experiment for membrane systems. By
incorporating a mixing period for 'H-'H magnetization
exchange structural information can be obtained through
the '*C detection of 'H-'H contacts. A comparison of
the '"H-"H correlations observed under a mixing period
incorporating NOE cross-relaxation versus correlations
observed under the RFDR sequence makes it is possible
to identify close intra-molecular "H-"H contacts (or very
strong inter-molecular contacts), versus long-range inter-
molecular contacts within the membrane constituents.
These types of correlation experiments should prove valu-
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able for future investigations of complex biomembrane
systems.
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