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While ®N solid-state NMR has proven to be very advantageous
for the development of structural biological methods, *C spectros-
copy has increased sensitivity and spectral dispersion. However,
large natural abundance signals and homonuclear dipolar inter-
actions pose significant problems. Here we have used a pair of
BC-labeled sites in a lipid-solubilized polypeptide to show the
selective polarization can be used in combination with spin diffu-
sion to achieve simplified spectra. Both unoriented and oriented
samples have been used, with the latter providing a well-resolved
homonuclear dipolar splitting. © 1999 Academic Press
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This is based on transient dipolar oscillation phenomena
described beforel( 2). For the selectively®C,—C,-labeled
polypeptide,*C, but not **C, is polarized. Following cross-
polarization the"*C, magnetization evolves during the evolu-
tion periodt,. A 90° pulse is applied to restore théC,
magnetization along the axis before the mixing timer,,
during which the magnetization is transferred fr&%@, to °C,
through proton-driven carbon—carbon spin diffusion in the
absence of proton decoupling. The spin-lattice relaxation e
fect during the mixing time is alleviated by storing the mag-
netization alternatively along the Z and —Z directions B).

Another 90° pulse brings the longitudin&C magnetization
back into the transverse plane for signal observation during tt

Resolution in solid-staté’C NMR spectra of specific site detection period,. For one-dimensional experiments, the evo-
labels in a background of natural abundance is very challengtion periodt, is set to zero.
ing for all but the smallest biological molecules. Particularly, The selectivity of polarizing protonated carbon versus non
the observation of a labeled polypeptide in unoriented apgotonated carbon through transient oscillation depends on t
oriented lipid bilayer preparations poses a very severe problefiagnitude difference of the dipolar interaction between th
Yet in comparison withN, **C is a relatively sensitive nu- protonated carbon and the bonded protons and that between
cleus and it possesses favorable relaxation properties for homenprotonated carbon and nearby protons. For the protonat
nuclear spin diffusion. While spin diffusion is the scourge ofarbon (e.g.*C,) where strong heteronuclear proton—carbor
many NMR experiments here it can be used to observe hongipolar interactions are present, the cross-polariz€d mag-
nuclear dipolar interactions and to potentially make resonangétization experiences a dipolar oscillation during the cross
assignments. In the present work, a combination of selectiylarization in these hydrated bilayer preparatiofs The
polarization and spin exchange techniques has been appliedd@dup of the'*C, magnetization can be characterizedTdy,
observe"C,—"*C, homonuclear dipolar splitting from a mem-proton—proton spin diffusion raf and the static magnitude of
brane-bound polypeptide while suppressing natural abundamge dipolar interactiorb (1):
signals from the lipid carbonyl carbon resonances.

A standard pulse sequence for two-dimensional (2D) spin
diffusion experiments with cross-polarization preparation is | bt
shown in Fig. 1. However, a contact time of a few tens of M(t) = Moe_‘”“(l —0.5e R — 0-59_1'th052) - [1]
microseconds instead of a few milliseconds has been used to
selectively polarize the protonated versus nonprotonated car-

bons. Fortunately, such a relatively short contact time may legg, ihe other hand, because the protons involved in the cros
to better sensitivity for the protonated carbons because of warization are further away from the carbonyl carbon, th
strong couplings between the carbons and the attached prot@gyup of the cross-polarizedC, magnetization is rather slow

especially for systems having a short proff} relaxation. 54 ng dipolar oscillations are expected during cross-polariz:
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the following expression4) with the assumption of a very long
C, longitudinal relaxation time in the doubly rotating frame:

1090-7807/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



378 TIAN, FU, AND CROSS
90%« site label while the natural abundant signal is contributed i
equal parts from the polypeptide and lipid. Furthermore, thi
1 carbonyl region is complicated by tH&,—*C, homonuclear
H D 1 D 1 . . . -
‘ﬂ SLy| eOmPe eeonpie dipolar interaction. However, from the known structure of the
R R polypeptide the G-C, bond of the glycine residue makes an
90x 90 -x t angle of 56° with respect to the channel axis, corresponding 1
a predicted dipolar splitting of 236 Hz (2.4 ppm at 9.4 T) for
B¢ SLy t1 m the parallel component based or’&,—"°C, dipolar coupling
FIG. 1. Pulse sequence for proton-mediate€ spin diffusion while
suppressing the natural abundant@ signal from lipid carbonyl carbons. The
spin lock (SL) is restricted to tens of microseconds so as to selectively polarize
the protonated’C. A
M() = Mge "Ta(1 — e "VTex), [2]
Here,A = 1 — T¢,/T}, and T,y is the cross-relaxation time
between theC, and bulk protons involved in the cross-
polarization process. In the system studied here,'t@g-H
heteronuclear dipolar coupling for glycine residues is 22.5 T e e e
~ -100
kHz. We can reasonably assume tligt= 5.4 ms andR ™" = 300 200 ;(:)?n 0
280 us as obtained before2), and T, is considered to be
~450 us (). Thus, a factor of 10 in selectivity for the pro-
tonated site can be achieved by using aukseontact time. A o
longer contact time will deteriorate the selectivity. For in- B mixing time

(ms)

stance, a 2%s contact time generates a factor of 7.5 in

selectivity. Although the selectivity is not great, it is sufficient

to suppress the lipid carbonyl carbon resonances. This may be
partially due to the high peptide:lipid molar ratio (1:8) used in
the sample preparations. For systems where more dilute pep-
tide:lipid ratios are needed, the signals from the lipid carbonyl
carbons can be further suppressed by incorporating other se-
lective excitation techniques. For example, a shaped pulse can
be easily applied because the carbonyl carbon resonances are

more than 100 ppm away from tH&C,, resonanceq).

Chemical shift spectra of a labelét€, ,.—Gly, gramicidin A
dimyristoylphosphatidylcholine

in

hydrated

unoriented

v
e
I"

25

10

(DMPC) bilayers recorded at 36°C are shown in Fig. 2. A
spectrum using a standard cross-polarization experiment $,
presented in Fig. 2A. Th&'C, signal is between 40 and 60

ppm, buried in the natural abundant€ signals from the
lipids. The signals around 170 ppm result from the superposi-
tion of the chemical shift powder pattern from the lipid back-

0

100 -100

ppm

3OIO 200

bone and isotopically labeled carbonyl carbons in the peptidef!G. 2. *C chemical shift spectra of 40 mgC, .-Gly, gramicidin A in
Both chemical shift tensors are extensively averaged by fégflrated unoriented DMPC bilayers (peptide:lipid molar ratid:8) recorded

global motions of the polypeptide and lipid about the bilay

on a 400-MHz homebuilt spectrometer at 36°C. T#@ chemical shifts were
GLterenced at 38.0 ppm to adamantine. (A) Spectrum recorded by a cros

normal (7) which is parallel to the applied magnetic field. FOpojarization pulse sequence with 1-ms contact time, 4-s recycle delay, ar
the Gly, site in gramicidin the static chemical shift tensor hags12 scans. (B) Stacked plot of series spectra with various mixing time

theoy; = 242 ppm element in the peptide plane with = 173

recorded by the pulse sequence shown in Figt, 1= 0). Each of them was

ppm also in the plane and making an angle of 20° with respéaeguired with 25us contact time, 4-s recycle delay, and 6000 scans. Grami

to the carbonyl bond, while;; = 91 ppm is perpendicular to

cidin A is a linear polypeptide of 15-amino-acid residues, which as a dime
forms selective monovalent cation conducting channels across lipid men

the peptide plane8). With a peptide:lipid molar ratio of 1:8, pranes21, 22. The high-resolution three-dimensional structure of gramicidin
approximately 70% of the carbonyl signal is from the singlex has been solved from orientational constraints by solid-state NMR23.
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constant of 2.12 kHz using a C—C bond length of 1.53 A. Such
a weak coupling results in an unresolved dipolar powder pat-
tern superimposed on a broadening of the chemical shift pow-
der pattern. No evidence exists in this spectrum for a splitting
of 1.9 kHz previously reported for this sit8)( This latter study
faced considerable challenges using oriented samples and suf-
fered from linewidths of 2 kHz. The data may have been
overinterpreted.

Figure 2B is a stacked plot of spectral series with differ:
ent mixing times for spin exchange recorded using the pulse
sequence shown in Fig. 1,(= 0). A 25-us contact time
was used for selective polarization of the protonated car-
bons. The carbonyl signal was not observed when the mix-
ing time was very short (e.g., 100s), indicating that the
carbonyl carbons were barely cross-polarized. However, a
carbonyl signal does build up when the mixing time is
increased as shown in Fig. 2B. The exchange process was 200
nearly completed at a mixing time 0100 ms. Since the 200 150 100 50 0 Pppm
intrinsic longitudinal relaxation rates fofC, and **C, in
this sample were not measured, the experimental data were 2
not simulated 10, 17). Spin diffusion from the methylene FIG. 3. *C 2D spectrum of labeleffC,,~Gly, gramicidin A in hydrated
carbons toward the carbonyl carbons along the lipid chainugoriented DMPC bilayers recorded at 36°C by the pulse sequence shown

not visible with the mixing times used in these experimenfég' 1. The cross-peak region is highlighted by vertical and horizontal dashe
i

h b h | abund nes. The projections of the area between the two dashed lines in,thad
(SpeCtra not s Own) ecause the natural abundance OCC&Hrdimensions are shown at the left and on the top of the contour plot. Th

rence of any specifi¢’C,—"°C, pairs is 10*. Furthermore, spectrum was recorded on a Bruker DMX300 WB spectrometer with asl5-
the polypeptide backbone is effective|y Separated from tlgentact time and 60-ms mixing time. Five hundred twelve points were taken i
Iipid chain by its side chains so that polarization tr(,:ms]c(_{,l?et2 domain a_nd 3'20 scans_ were_coadded for each af @4periments with
3 . a 22us dwell time in both dimensions.
from the labeled"*C,~Gly, gA to the carbonyl carbons in
the lipid bilayers cannot occur during the given mixing
times. Consequently, the carbonyl intensity in Fig. 2B is 1
undoulkgtedllg that.from the Iabel_ed site, dgsp@e the reIat|yer |an(Tr) = 5 [1— exp(—2D7,)]
weak ~“C,—~C, dipolar interaction for this site. The spin

B aul

- 100

— 150

diffusion rate between two spins depends on their distance, k

the orientation of the internuclear vector with respect to the xexf (o — D)7n]Mo(B) D’ 5]
magnetic field direction, and the overlap of the two proton- 1

coupled resonanced?). The very efficient carbon—carbon loa(Tr) = 5 [1— exp(—2D7,)]

spin diffusion could potentially be applied to assign the
resonances in uniformly labeled samples. In fddg—"C K
spin diffusion has been incorporated to assign a ftiG/**N Xexfl —(o = D)7n]Mo(A) 5, (6]
labeled polypeptide in a recent MAS study recentlyg)(
In the 2D spin exchange experiments, the intensities of the. | . ~ _ 12k + R+ RP), 5= 1(RM— RY), D = [8° +

diagonal and cross-peaks can be written’a§ ( k?]"%, M, is the initial transverse magnetization after cross

polarization,r,, is the mixing time, andR; is the spin—lattice
relaxation rate whilé is the spin diffusion rate between spins

1 8 8 A andB. HereA andB stand for**C, and **C,, respectivel
| =-|l1-=]+(1+=]exp(—2D : @ v Tesp y:
Al Tm) 2 [( D) ( D) o Tm)} A 2D spectrum with selective cross-polarization is shown ir
xex — (o — D)1, ]Mo(A), [3] Fig. 3, further indicating that the observed carbonyl signal ir

Fig. 2B comes from spin exchange. Since the carbonyl carbol

1 S 5 were not polarized, i.eM,(B) = 0, no diagonal peak for the

les(Tm) = > [(1 + D) + (1 — D) exp(—ZDTm)} carbonyl carbon resonance (i.dgz = 0) was observed,
resulting in the lack of the lower right cross-peak in the 2D
xXexd —(o — D)1n]Mq(B), [4] contour (s = 0). In fact, the absence of the strong, uninfor-
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Avgs=2b(3 cogo — 1), [7]

whereb is the static magnitude of the dipolar interaction anc
0 is the orientation of the internuclear vector with respect to th
magnetic field direction. Therefore, thi€,—°C, homonuclear
dipolar interaction can provide an important orientational con
straint for the peptide plane. The observed splitting of 2.0 kH:
for Ala, *C,—"C, is consistent with a G-C, bond orientation
of either 69.5°+ 3° or 42.5°* 2°. The latter orientation is not
consistent with the known structure which predicts an oriente
B. tion of 76° (18). The difference between 69.5° 3° and 76° is
attributable to the use of a static magnitude for the dipola
interaction instead of the motionally averaged (due to loce
librational motions) interaction magnitude. With a high-reso-
lution dynamic description of this site it would be possible to
use this constraint in addition to other constraints previousl
290 140 obtained from this peptide plane (e.g’C and N chemical

ppm shifts; **N-"*C and®N—'H (°H) dipolar interactions) to solve
. . . . for the w torsion angle. Indeed these axially symmetric dipolal
4(')0 ' 200 0 -200 interactions provide an analytical solution for bond orienta
ppm tions, whereas axially asymmetric interactions such as cherr
FIG. 4. “C chemical shift spin exchange spectra on 10 figy,-Ala, C@l shifts provide only limits to the orientational range.
gramicidin A in oriented DMPC bilayers (peptide:lipid molar ratio 1:32) In summary, the transient oscillation during cross-polariza

recorded on a 400-MHz homebuilt spectrometer at 36°C using the pulien in hydrated lipid bilayers has been applied to selectivel
seduence Sh:""_”/';‘ '1:(')9- 11(_:_0)-t,The SF(’;”l('Sog'l‘z“me W?SBZ%Z and the polarize protonated spins permitting the observation of th
recycle time 4 s: (A) 10Q«s mixing time and 16,912 scans; (B) 80-ms Mixing ., 1,5 v | carbon resonances only from the labeled polypeptid
time and 32,422 scans. 13 . . . .
The measureC,—"°C, homonuclear dipolar interaction with-
out influence from the lipid carbonyl carbons provides ar

. . . . important orientational constraint for structure determination
mative diagonal peak is favorable. Since the exchange cro.? :

. L ._The efficient spin diffusion between adjacent carbon sites is i
peak usually is weak, any phase or baseline imperfections

: . . . contrast to the relatively inefficient spin diffusion betweed
caused by the strong diagonal signals can seriously mterfer{a . . : ,
o . L Sites in the polypeptide backbon20[ and so this more effi-
with its observation 15). The projections of the observed . oo .
. . ; cient spin diffusion may potentially be useful for resonance
cross-peak in thew; and w, domains represent signals fromassi Aments in uniformlv labeled samples
labeled™C, and **C,. 9 y ples.
Chemical shift spectra of a labelétC, ,-Ala; gramicidin A

in oriented DMPC bilayers recorded with the pulse sequence in
Fig. 1 (G, - 0) are Shown_ '_n F'Q- 4. A 2%s contact imeé Was e aythors are indebted to the staff of the National High Magnetic Fielc
used. Again, when the mixing time was short (e.g., 8P N0  Laboratory and the Florida State University Bioanalytical Synthesis and Se
signal was observed between 170 and 200 ppm in the carbovigés Facility, especially A. Blue, H. Hendricks, and U. Goli, for the expertise
region (cf. Fig. 4A). However, when the mixing time wa$nd maintenance of the NMR spectrometers, peptide synthesizer and HPI

; _13 : - equipment. This work has been supported by the National Science Foundati
increased to 80 ms, ﬁc“ C, homonuclear deOIar Spllttlng (MCB-9603935) and the work has largely been performed at the National Hig

OT 2-0_ * 0.3 kHz is pbservgd owing to _Carbon_carbon Sp'ﬂagnetic Field Laboratory supported by NSF Cooperative Agreement DMR
diffusion. The chemical shift for the single-sitéC,-Alas;- 9527035 and the State of Florida.
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