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Polarization transfer is a key experiment for the detection of
insensitive nuclei by NMR. Transfer in liquids is often achieved
through J-coupling using the INEPT experiment, while in solids
the dipolar coupling is used with cross polarization. Liquid crys-
tals, including lipid membranes, are intermediate cases between
solids and liquids. In the present article, we compare several
transfer methods for lipid membranes spinning at the magic angle.
It is shown that the most commonly used cross polarization tech-
nique is, in most cases, advantageously replaced by refocused
INEPT or even by the NOE enhancement experiment, a method
that is not normally used in that context. In principle, these
enhancement techniques could be applied to other systems, includ-
ing biological tissues and, more generally, soft matter systems that
are neither solid nor liquid by NMR standards. © 2000 Academic Press

Key Words: INEPT; cross polarization; NOE enhancement;
RAMP-CP; high-resolution MAS.

(HOESY) is favorable in the case 8fP—H nuclei but unfa
vorable in the case ofC—"H nuclei (12, 13.

In solids, the most popular method is cross polarizatio
(CP), often combined with magic angle spinning (MASX ¢
16), using the strong coherent dipolar coupling and the Har
mann-Hahn transfer scheme. As we will see below, imple
menting and maintaining the Hartmann—Hahn condition unde
MAS is sometimes hard, especially with weak dipolar cou
plings and/or high spinning speed, but improved versions
CP try to circumvent this probleml7—23). CP in liquids is
also used for some specific applications and has gained rec
renewed interest for selective coherence transi2r24.

Lipids form an essential component of biological mem
branes. Model membranes composed of lipids and water can

designed with the desired size and lamellari2$,(2§. Multi-
lamellar vesicles (MLV) are very useful models for NMR

Polarization transfer from protons to nuclei of low abunStudies: they can be very concentrated in lipids and the loc

dance or low sensitivity is a crucial part of numerous NMonstraints are ;imilar to that found in a biological mempran(
experiments. In the case of carbon atoms, it can be used f§f¢ Slow tumbling and the small curvature of MLV fail to
sensitivity enhancement, for inverse detection of these nucierage out the dipolar interactions and the chemical sh
by protons, for two-dimensional heteronuclear correlation, f@isOtropy, thus MAS is required to obtain high-resolutior
filtering of some specific carbon nuclei, or for speeding up tiRPectra. Such systems could then be considered as solids,
relaxation process using the proton relaxation pathway.  lipids in the fluid phase are not real rigid solids: (1) Dipolar
In liquids, the original insensitive nuclei enhanced by polafouplings are attenuated gpuche—transsomerization, lateral

ization transfer (INEPT)¥-5 scheme, and its variations, arednd axial diffusion. (2) Spin diffusion is attenuated as wel
efficient transfer methods between bonded nuclei that proviged thereforéH T, are not as short as in a rigid solid. (3) In
all the aforementioned capabilities. The coherence transfer cshNMR, MAS even at moderate spinning speeds provide
be performed either way and it dependsTonrelaxation since high-resolution spectra due to the particular nature of th
it takes place in the transverse plane, in approximately 1 tod—"H dipolar interaction, rendered inhomogeneous by fa:
ms, using the proton—carbon one bahdoupling of ca. 135 axial diffusion 7). Fast-limit, large-amplitude motions reduce
Hz. In most solids, even under state-of-the-art high-resolutitfe size of anisotropic interactions but motional averaging i
solid-state NMR, lines are too broad to permit observatiod ofincomplete and the residual interactions may be employed f
couplings. In other words, coherences should vanish in thelid-state NMR types of experiments. Because MLV requir
transverse plane before the transfer could take place, althoddAS for high-resolution NMR spectra, CP-MAS has beer
efforts are being made in this direction to overcome thidought for years to be the ideal method for polarizatiol
limitation (6—8). Less versatile but sometimes useful is thtgansfer. Only recently we have shown that INEPT an
heteronuclear nuclear Overhauser effect (NOE) coupling bEOCSY transfers are possible, and sometimes preferable,
tween closely spaced nucle®{11). It takes place in the lipid/water systems in the fluid phase under MAZB(29. In
longitudinal plane and depends dn relaxations, gyromag the present article we compare several diffefént'°C transfer
netic ratios, and NOE build-up rates of both nuclei. For theseethods in lipid bilayers and point out their respective advar
reasons, two-dimensional heteronuclear NOE spectroscdpyges.
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FIG.1. 100.61 MHz"C MAS spectra with inverse gatétl TPPM decoupling of dimyristoylphosphatidylcholine (DMPC) in 50%4)at 30°C, in a 4-mm
rotor spinning at 5 kHz. (a) Standard Bloch decay spectrum. (b) RAMP-CP spectriim ®imsspin-lock. (c) Refocused INEPT spectrum with 1.79 and 1.2(
ms delays. (d) NOE enhanced spectrum. All experiments were performed on a Bruker DMX 400 MHz wide bore spectrometer, equipped with a nonline
'H amplifier and a linear 300 W/C amplifier and with the same following parameters: same receiver gain, 1024 Scaralaxation delay’C (90°) pulse ca.

3 us, 'H (90°) pulse ca. 2.5us, 30 kHz spectral width, 2048 points, zero filling to 4096, 30 Hz line broadening, automatic baseline correction.

All experiments will be compared, with same plotting paresultingw,, of approximately 20 to 25 kHz, corresponding to
rameters, to a standalC MAS Bloch decay experiment with the —1 “finger,” was chosen for the 1D spectrum.
inverse gated'H two-pulse phase modulation decoupling Above 5 kHz, the Hartmann—Hahn condition is more diffi-
(TPPM @0)) shown on Fig. 1a. As stated previously, for lipidsult to set up and maintain. This occurs because the fingers :
in the fluid phase, spinning the sample at the magic anglesatread apart byw, and their width, which is equal to the
several kilohertz easily averages o€ chemical shift aniset residual '"H-"*C dipolar coupling, is smaller than in a rigid
ropy and™C—"H dipolar couplings. Hence, most experimentsolid. Nevertheless, it can be necessary to work at such his
presented here were performed at a spinning frequeneyof spinning speed, in the case where CP is just part of a mo
5 kHz. TPPM decoupling efficiency was compared to the mooemplex experiment, like a recoupling experiment for exam
traditional GARP, WALTZ16, or CW decoupling sequencegle. In that case, it is useful to replace the standard CP with
Due to the small residuaH—""C couplings in lipids, all se improved version, like RAMP-CP10). Figure 2 shows the
quences were efficient at high r.f. power (@, > 80 kHz), comparison between Hartmann—Hahn profiles, with and witt
even at high spinning speeds. TPPM was slightly more eféut RAMP, at 5 and 10 kHz. There is no disadvantage in usir
cient at lower powers and was used in all cases presented hBs&MP-CP over standard CP in every case, even at low spi

Standard cross polarization frothl to **C was performed ning speed, since it is a very robust sequence with respect
with a spin-lock following aH (90°) pulse and®C acquisition. missettings or spectrometer instabilities. At low spinning
Several spin-lock durations and powers were tested and #peed, we find a gain in signal-to-noise by using RAMP-CI
best compromise for uniforiC excitation was found to be 5 over standard CP, a phenomenon expected and explained
ms spin-lock, longer than values generally used for rigid solidsletz et al. (19). Figure 1b shows such a RAMP-CP experi-
Montez et al. (31) showed that shorter or longer spin-lockment, at 5 kHz spinning speed and with a 30 kHz spin-lock c
times could be used for selective excitation (and assignmerfisins, optimized with Fig. 2b. Figures 3b and 3c show exan
of headgroup vs. glycerol peaks, or for better carbonyl excitples of CP used with two different spin-lock times (50 ms an
tion, but relative intensities become unreliable. Spin-lock pov@00 us respectively), for better excitation of selected resc
ers up to 75 kHz r.f. field were tested and showed significanances.
improvement with increasing power, up to approximately 30 Refocused INEPT fromiH to *C was performed with*C
kHz, and then negligible improvement above that value. Thietection, as described in Grosskal. (28). The first delay is
Hartmann—Hahn profile (a.k.a. “the finger pattern”) and the79 ms while the second one is 1.20 ms, in order to get &
modified Hartman—Hahn condition for MA%(. — w,| = ®,) resonances positive, as shown in Fig. 1c. By choosing tt
was measured in each case presented herefer 30 kHz. A second delay to be 2.39 ms, one can obtain spectra with C
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resulting in approximately,, = 1 kHz. A decent transfer is
already seen with a shortéH irradiation of 100 ms for
example. Of course, when the irradiation puls&is long, the
repetition time is reducedt2 s for a total relaxation of 5 s
comparable to all other experiments.

Absolute gain in signal-to-noise ratio can be compared if on
looks at the CH resonance intensity. None of the tested ex
periments provides the theoretical maximum factor enhanc
ment of 4. Standard CP provides a negligible enhanceme
factor of 1.1 (data not shown). RAMP-CP, INEPT, and NOE
approximately double the signal-to-noise, with a slight advar
tage of NOE over the other two methods. One cannot deal wi
merit in signal-to-noise ratio without taking the experimenta
: . : . . time into account. One major advantage of CP is the possibili

-20  -10 0 10 20 of reducing the repetition time to ca. 5 times thé T, rather
offset (kHz) than 5 times the"C T, in other experiments like the NOE
G 2 C hah fles of th | enhanpement. Unfortunate_*ly the economy i|_"| time is negligibl
. FIG. 2. ~CH, Hartmann-Hahn profiles of the same sample, extractqdy o gince as stated previously, spin diffusion is attenuated
rom 150 1D files, each file acquired with 64 scans and incredsirgpin-lock .~ = ~ .
rf. power by 300 Hz. The slice at the GHthemical shift is shown for lIPids in the fluid phase antH T, are almost as long &C T,.
simplicity. RAMP-CP was performed using a linearly increasii@spin-lock Differences in relative intensities are more crucial. CP tran:
r.f. power, from 0.5 time the ideal power to 1.5 time the ideal power, with 25fr s very sensitive to residual coherent dipolar Couplings an
steps. Herewc = 30 kHz and the signal intensity is plotted w&-oc in kHz. — thereby to local motion*C—*H distances, and orientations. For
S‘AG‘P_:C?,_“"Z' (b) @, = 10 kHz. Open circles, standard CP. Filled circlesy, oo reasons, the proton to carbon transfers are very poot
the following groups: the unprotonated carbonyl carbon
(173.6 ppm), the highly mobile groups like the terminal methy
and CH, resonances positive and GlHegative, for example, and the headgroup (14, 54.3, 59.7 and 66.3 ppm), and t
for help in spectral assignment, as shown in Fig. 3a. glycerol CH bond oriented near the magic angle (64 ppm). F

NOE enhancement fromH to *C was performed with a some of these groups, the “enhancement” is sometimes smal
long low power irradiation on théH channel, followed by a than one! INEPT transfer uses tldecoupling which isnot
BC (90°) pulse and®C acquisition (Fig. 1d). This experimentorientation dependent and only slightly relaxation dependent.
was found to be very insensitive to small differences arouhohg as 13 < T,. This last condition is verified since the
the ideal irradiation length and power which were found to baultiplets are visible on an undecoupled spectr@s).(On the
3 s at 40 dB attenuation from the maximuid r.f. power, other hand, INEPT is optimized fanespecific value ofl, ca.

intensity (arbitrary unit)

160 140 120 100 80 60 40 20 ppm

FIG. 3. 100.61 MHz"C MAS spectra of the same sample. (a) Refocused INEPT spectrum with 1.79 ms and 2.39 ms delays. (b) RAMP-CP spectru
a 50 ms spin-lock. (c) RAMP-CP spectrum with a 308 spin-lock.
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135 Hz for the one bond proton—carbon studied here. Slighér lipid, theJ couplings are much smaller thag,,, and the
variations around this value will affect the transfer efficiencgain in sensitivity, in the case 6P, is also smaller than in the
and the resulting relative intensities, especially when changiogse of*C. Nevertheless, in other soft matter systems, th
from a CH, to a CH or a CH group. The only crucial failure conclusions outlined here will apply to some extent to polar
of INEPT in lipids, though, is the proton to carbonyl carboization transfers from protons to any other nuclei.
transfer that results in the disappearance of the carbonyl line inThe purpose of this paragraph is to describe simple expe
Fig. 1c. NOE transfer is an incoherent process that is slightiyents that can help determine whether the conclusions dra
sensitive to motion;°C—'H distances, and orientations, but nohere are valid for a particular sample or not. One should fir
as much as CP since cross relaxation makes the transfer @ffi-to obtain a'H MAS NMR spectrum at moderate spinning
cient from protons to remote carbons. Here again, the m@gleed. If all sidebands are narrow and hardly get any narrow
affected carbon is the carbonyl group where the enhancemgfph increasing spinning speed, then most interactions a
is small, although larger than one. Unlike in the other tWRhomogeneous and will be averaged out by MAS at sever
cases, there is no disappearing Iipe. _ ~ kHz. Most likely the residual*C—'H dipolar couplings will
Another parameter to be considered is the ease of impifen be small and easily removed by heteronuclear decouplir
mentation and, as a related problem, the stability of eithgyt it will make the Hartmann—Hahn condition difficult to set
experiment. Cross polarization requires special equipmentuﬁland maintain. In addition, #H T, are long, then CP transfer

high power*H amplifier and a CP-MAS probe rather than i not e faster than NOE enhancement. EspeciallyHf
HR-MAS probe, and a special set up with té preamplifier ;o overlap, one should then try to obtaif’@ (or whatever

that would otherwise bg_ harmed by Fhe power involved. T nucleus) MAS NMR spectrum withoutH decoupling.
Hartmann—-Hahn condition is sometimes difficult to set-u

problems are alleviated by the use of RAMP-CP, although t inally, if different lines in the spectrum have very different

pulse sequence requires the use of at least one linear ampli iglraxation roperties. then NOE enhancement will orobabl

In the case where RAMP-CP has been optimized once, only e brop ' P ;

'H (90°) pulse has to be optimized in order to get a C IVe better transfer throughout the sample than cross polariz
ion.

. . g i
spectrum with a new satmple, and the.expenment W'” then beFinally, recent hardware developments allow MAS at spin
reasonably stabléH (90°) pulse is easily measured in only a_.

few scans, but the necessity of a preamplifier requires a hard?9 speeds of 30 to 50 kHA%-37. At this speed, even in

ware set up different from the one used for CP, and {some rigid solids, théH couplings become attenuated and &

measured value will then be slightly affected whole new avenue of experiments is going to be developed th

Refocused INEPT and the NOE enhanced experiment, W: I benefiF from this phenomenon. .Lipids, spinning at 5 kHz,
the other hand, require only standard hardware and are stalfjie Penefit from these new experiments, but they can als
with respect to spinning speed variation. Refocused INEFPF'VE as @ prototype sample for designing such experime:
efficiency is sensitive to accurate (90°) pulsesothchannels USing & standard hardware.
and timings have to be carefully optimized since they differ N conclusion, it had already been shown, by us and other
slightly from the theoretical 1®value. For the NOE enhance-that CP in lipids was not the ideal proton-to-carbon transfe
ment experiment, only thEC (90°) pulse has to be calibratedM€thod €8, 29. In terms of absolute and relative intensities
since it is a very robust experiment with respect to smdiOE enhancement of low abundant and insensitive carbc
variation in the'H irradiation pulse length or strength. nuclei is undoubtedly the most efficient transfer method, a

Many biological samples are neither solid nor liquid byhough it had never been used in that context before. C
NMR standards: intact cell suspensions, biological tissudgansfer is the less efficient one, although it is still the mos
membranes, plant extracts, natural products, etc. The sc6pgmonly used transfer method. The NOE enhanced expe
extends even further to compounds with chemical or pharnf@ent is also the easiest of the three to implement: using
ceutical interest like some polymers, gels, liquid crystals, nfitandard hardware configuration with possible use of a HR-MA
cellar systems, organic molecules, and peptides bound td@rabe, no need of high-power or linear amplifiers, and very robu
solid resin support, swollen by a solvent, for solid-phas&vith respect to missettings or spectrometer instabilities.
synthesis or solution-state combinatorial chemistry. One canFor specific applications, it can be advantageous to cho
notice a growing interest for these heterogeneous samplesiasther transfer experiment: INEPT or CP can be used f
they may also benefit from a new generation of NMR probégo-dimensional heteronuclear correlation. INEPT offers th
designed for high-resolution MAS (HR-MAS32-39. possibility of inverse detection of carbon nuclei by protons

In lipid bilayers,"H-"*N or *H-*'P transfers are not as usefulNEPT or CP can also provide selective excitation of som
since there is only one nitrogen and one phosphorous nuclspscific carbon nuclei: CP can help distinguish between mobi
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vs immobile groups and INEPT can help distinguish betweé#. P. L. Rinaldi, Heteronuclear 2D-NOE spectroscopy, J. Am. Chem.
CH, vs CH, vs CH groups. Soc. 105, 5167-5168 (1983).
We have compared here several proton-to-carbon polarizg- ¢: Yu and G. C. Levy, Two-dimensional heteronuclear NOE
tion transfer methods in |ipid systems and we have shown that (HOESY) experiments: investigation of dipolar interactions between
. . heteronuclear and nearby protons, J. Am. Chem. Soc. 106, 6533-
there are advantageous alternative methods to cross polarizagss7 (1984).
tion. Although these experiments are simple and well knOWﬂ%. D. E. Warschawski, P. Fellmann, and P. F. Devaux, High resolution
the unusual behavior of lipids make the conclusions drawn 31P-1H two-dimensional nuclear magnetic resonance spectra of
unexpected. This comparison can be extended to biological unsonicated lipid mixtures spinning at the magic-angle, Eur. Bio-
membranes or soft matter systems where signal-to-noise ratio Phys: J- 25, 131-137 (1996).
is a dramatic problem and where NOE enhancement wodty J- Schaefer and E. O._ St_ejskal, Carbon_-ls nuclear magnetic reso-
probably be the solution of choice. As stated previously, we gg"igg{ffég?{;?gmmg atthe magic angle, J. Am. Chem. Soc.
,be“fave that the conclusions outlined here \,N,IH apply to p0|a£_. P. Caravatti, G. Bodenhausen, and R. R. Ernst, Heteronuclear
ization transfers from protons to other nuclei in a wide range of ggjig-state correlation spectroscopy, Chem. Phys. Lett. 89, 363—
gel-like samples, semi-solids, or samples that are neither solid 367 (1982).
nor liquid, with medical, biological, chemical, and/or pharmats. c. B. w. Lee and R. G. Griffin, Two-dimensional 1H/13C hetero-
ceutical interest. nuclear chemical shift correlation spectroscopy of lipid bilayers,
Biophys. J. 55, 355-358 (1989).
17. R.A.Wind, S. F. Dec, H. Lock, and G. E. Maciel, 13C CP/MAS and
high-speed magic-angle spinning, J. Magn. Reson. 79, 136-139
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