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In this Communication, we demonstrate the use of deuteration
together with back substitution of exchangeable protons as a means
of attenuating the strong *H-'H couplings that broaden *H magic
angle spinning (MAS) spectra of solids. The approach facilitates
15N-!H correlation experiments as well as experiments for the mea-
surement of *H-'H distances. The distance measurement relies on
the excellent resolution in the 'H MAS spectrum and homonu-
clear double quantum recoupling techniques. The *H-'H dipolar
recoupling can be analyzed in an analytical fashion by fitting the
data to a 2- or 3-spin system. The experiments are performed on a
sample of the dipeptide N-Ac—Val-Leu—-OH, which was synthesized
from uniformly [?H, °N] labeled materials and back-exchanged in
HZO. © 2001 Academic Press

INTRODUCTION

WAHUHA, MREV-8, and CRAMPS 8-5, were used to
average the homonuclear dipolar interactions. These tec
nigues are restricted to relatively slow spinning frequencie
and scale the chemical shift leading to a smaller effectiv
dispersion of the resonances. A second approach utiliz
recently is based on MAS at high Larmor and spinning fre
qguencies §, 7) and yields an advantage in sensitivity com-
pared to the lowy nucleus detected version of the experi-
ment. However, only correlation spectra with semi-quantitativ
information on'H-'H interactions can be obtained in this
approach.

In principle,*H spin dilution can provide another approach tc
increase the resolution &H spectra. The idea of using spin di-
lution in solid-state spectra was explored initially by randomly
diluting 'H to ~1 mole % in a’H lattice. Experiments were
first performed on static samples wifil decoupling 8, 9

The high gyromagnetic ratio of protons renders these nand more recently with MAS technique$Q, 11, where the

clear spins the ideal candidate for detection and measuremiétdecoupling was not necessary because of the sample |
of long-range distances. They are, however, not generally usetion. Concurrently, the dilution te-1% decreased the sen-
in solid-state NMR experiments due to the fact that multiplsitivity and lengthened the spin-lattice relaxation time of the
'H-'H dipolar couplings lead to homogeneously broadenedmaining protons. However, it was possible to partially cir
spectral lines that are not narrowed by magic angle spinniogmvent these problems by cross polarization frdtinto *H
(MAS). Furthermore, the strontH-*H dipolar couplings at- (11). In this communication, we present spectra frispins
tenuate the weaker, structurally interesting long-range interafituted in a well-defined manner. In particular, exchangeabl
tions. Specifically, these strong couplings lead to truncation éH-'5N sites are fully protonated by back exchange, whereas :
fects (L, 2) that make accurateH-'H distance determinations other sites are perdeuterated. This approach pefiritietec-
problematic. tion with very high sensitivity:>N—'H correlation spectroscopy
Several approaches are employed to address these piith well-resolvedH resonance lines, adti—'H distance mea-
lems. Initially, homonuclear decoupling techniques, such aarements. Since long-range distance constraints are very u
ful in determining the three-dimensional fold of a protein, the
1 Currentaddress: Institutf Organische Chemie und Biochemie, Technischegneasurement of these dipolar couplings could be of important
Universiit Minchen, Lichtenbergstr. 4, D-85746 Garching, Germany. in structural studies of larger biomolecules. A large number

Nev\%t;(r)rrin;ggg;ess. Department of Chemistry, Columbia University, NeWYor5,SS|gnment techmques have been developed and recently
3 Institute for Molecular Biology and Biophysics, ETH Honggerberg HPKplleci to small protelns](2, 13' However, a general method

G2, CH-8093 Zifich, Switzerland. to determine the glpbal fold of a protein in the sglid—state 'ha
4To whom correspondence should be addressed. E-mail: griffin@ccnfiPt Yet been established. The present approach is a step in 1

mit.edu or rgg@mit.edu. direction.
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RESULTS

'H-15N Correlation Spectroscopy

Figure 1 shows a comparison of the B spectra of the
dipeptide N-Ac—Val-Leu—-OH recordedat/2r = 12.5 kHz.
The signal-to-noise ratio of théH detected experiment is cw
2000: 1, as compared to 83 : 1 in the correspondihgdetected
1D CP experiment. Taking into account a transfer efficiency of
ca. 56% in the CP transfer step, the ratio of signal intensities be-
tweentH and'®N detected experimentsisl3.5. The theoretical
achievable maximum for the magnetization transfer corresponds
to (vu/yn)¥? = 310, assuming the same efficiency for both nu-
clei. The'H linewidth in these experiments, is determined by TPPM
the residual dipolar interactions among the dilute proton spins,
and is governed by a/b, spinning frequency dependence at : . :
higher MAS rates40, 41). 140.0 120.0
Care must be taken during decoupling of the proton spins 15 . .
while detecting®N (Fig. 2). The spin system approximates an N Chemical Shift [ppm]
ensemble of 'SOI‘F_ﬂed Spin pairs. Hom(_)nUC@_ﬂFlH fllp-flop . FIG.2. One dimensional®N spectra with CW (top) and TPPM (bottom)
terms in the Hamilton operator of the dipolar interaction, whicfecoupling of #H,!5NJN-Ac-Val-Leu—OH; in both cases the rotor frequency

and the decouplingH rf field have been set tay/2r =125 kHz and
wrf(*H)/2m =625 kHz, respectively. Eight scans were recorded for each ex:
periment with a recycle delay of 11.0 s.

100.0

lead to a narrowing of th&°N spin resonancel@), are much
smallerthaninthe case of a fully protonated peptide. Applicatiot
of the TPPM (5) decoupling sequence is essentih,(17) to
achieve narrow resonance lines as is illustrated in Fig. 2. Th
assignment of thé®N resonances in N-Ac-Val-Leu—OH was
performed on a uniformly*C,!*N-labeled sample, using RFDR
NH (18, 19 and 2D DCP 20) type experimentsl).

Figure 3 compare$N-'H correlation spectra recorded on
COOH a protonated and deuterated samplé°df labeled N-Ac—Val—
Leu—OH. In the deuterated sample, with a cross polarizatio
mixing time of 0.15 ms, only correlations between the amide
protons and the nitrogen are observed. For longer CP time

Protonated Peptide

A8 =2.120 kHz

Deuterated Peptide

AN (>1 ms), a correlation between the valine nitrogen and th
leucine carboxyl hydrogen can also be detected. Thisisin agre
ment with the X-ray structure2@) where the valine amide pro-
ton is hydrogen bonded to the leucine carboxy! group (Fig. 4)
For the protonated sample, correlations between the amic

Deuterated Peptide nitrogen and all hydrogens are observed. At a spinning fre
15N filtered quency of 12.5 kHz, théH resonance line has a FWHM of
Y G 272 Hz for the leucine, and 322 Hz for the valine amide pro-
ton for the deuterated peptide, whereas in the protonated sal
40.0 20.0 0.0 -200 400 ple, the'H line width is approximately 1.7 kHz for both reso-
'H Chemical Shift [ppm)] nances. We have observed differences irtthechemical shifts
for the protonated and perdeuterated N-Ac—VL-OH sample
FIG.1. Comparison ofthe 1BH spectraof N-Ac-Val-Leu-Ohit/2r = (¢f Fig. 3). (No significant differences were observed in the

125 kHz): fully protonated peptide (top), deuterated peptide displaying on . . . .
exchangeable protons (middle), deuterated peptide after applicatiod®df a C chemical shifts of the two peptldes.) The differences art

filter, showing only protons strongly coupled¥N (bottom). Eight scans were Iarger th?‘n can be alccour"ted for by 'isotope eﬁe'CtS al2ge (
recorded for each experiment. Optimal signal-to-noise ratio was achieved withis indicates possible differences in the quality of the twc
arecycle delay of 11.0 s. samples.
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FIG.3. 2D *H,>N-HETCOR spectra for the protonated and deuterated N—Ac—Val-Leu—OH sample. In both experiments, magnetization is transferre
protons to nitrogens via CP. N 7-pulse in the middle of th&H evolution period (total increment = 2nt;) was used to refocus tH&i—1°N scalar coupling.
(a) 2D spectrum and (b) 1D trace along thé dimension (leucine) for the protonated N—Ac—Val-Leu—OH sample. The cross-polarization mixing time w
set to 2.0 ms, the TPPM decoupling level was adjusted to 95.0 kHz. (c) 2D spectrum and (d) 1D trace aléhdithension (leucine) for the perdeuterated
N-Ac—-Val-Leu—OH sample. The cross-polarization mixing time was set to 0.15 ms; the TPPM decoupling power was adjusted to 62.5'kHesBhance
linewidth is on the order of 1.7 kHz and 272 Hz for the leucine amide proton in the protonated and deuterated samples, respectively.

H-H Distance Measurements used extensively for correlation spectroscopyZ6) and pro-

) . jection angle experiment27) to determine torsion and projec-
Important constraints for the global fold of a protein can bgon angles in uniformiy3C 1N labeled peptides. Homonuclear

obtained by measuring long distances. These structurally c@fjstance measurements have been performed primarily on sele
straining distances are ideally measured via correlations betwggguy labeled sample28-34. Only recently, these techniques
high-y nuclei, due to the dependence of the dipolar coupling Qe adapted for uniformi§?C *5N-labeled samplessg, 36.

the gyromagnetic ratio. In principléH—lH correlations permit |, order to measurédH-H distances, the homonuclear
determination of distances up to A5(24). In fully protonated 1p_1QH dipolar interaction is recoupled by application of the
samples, however, the information is attenuated by strong digeyr7 (26) sequence, which is a-encoded multiple pulse se-
lar *tH-*H couplings which make it impossible to use protonguence 87). CMR7 exhibits a broad bandwidth that provides
for direct long-range transfers. This effect is referred to as dipggcellent compensation for phase transients and rfinhomogen
lar truncation ¢, 2) and has been demonstrated on uniformlyy and is relatively insensitive to chemical shift anisotropy. The
13C-labeled molecules. A similar effect is observed in solutioRyst order average Hamiltoniahl® of the homonuclear in-
state NMR g5) where the presence of strong scalar couplinggraction of an-fold pulse sequencéNY which is constructed

attenuates magnetization transfer involving weaker interactiofg,m N elements withinn rotor periods can be expressed as
Proton spin dilution circumvents this problem by retaining onlwg)

the weaker dipolar couplings that are structurally interesting.

In deuterated samples, according to the protocol of the sample QN1 42 2 o

preparation, only protons that exchange with the solvent protohta’ = N I exp[i + (e +mn) p} 5 [
are retained. Double quantum recoupling techniques have been p=0 m=—2p=-2
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where the orientation dependent dipolar coupfri]gbetween
spinsi andj is

~ i A
bij = bij Sin Zﬂij = %VI;;J Sin 2,3”. [4]
ij

The scaling factor of the CMR7 pulse sequences equal to
0.232 @6), and RZDQ corresponds to the effective relaxation rate
during the double quantum excitation perig. is the crystal-
lite g-angle for the dipolar interaction between spir@d j. In
the N-Ac—Val-Leu—OH sample, where only exchangeable site
are protonated, the amide proton of valine is hydrogen bonde
and therefore in close spatial proximity (2.8DPto the carboxyl
proton of a leucine residue in a neighboring molecule as illus
trated in Fig. 4. Typical values for the correspondirg-‘H
corresponding distances and scaledtH dipolar interactions
inthis system are 2.88(1269.5 Hz, NH(V1)-OH(L2)), 3.92
(462.6 Hz, NH(L1)-OH(L1)), 4.50A (305.8 Hz, NH(V1)-
NH(L1)), and 4.79A (253.6 Hz, NH(V3)-NH(L1)).

Figure 5a depicts the pulse sequence for the 30*BIGH}—
15N correlation experiment. Starting from equilibrium magne-
tization, 'H-*H double quantum coherence is excited during
t1, evolves durind,, and is reconverted to longitudinal mag-

FIG. 4. Structure of N-Ac-Val-Leu-OH in the crystal unit ce?2j. Al netization. We employ the CMR7 multiple pulse sequence fo
1H-H distances between exchangeable protons within one molecule, as welliggg process. Figure 5b illustrates a representative 2D slic

1H-1H distances between exchangeable protons in adjacent molecules in differ- 1 15 .
entunit cells within 6.6k are indicated. For simplicity, only distances originating:{‘fl = 0.448 ms) from the 3D-D@H,"H}-*N correlation ex-

from one molecule in the unit cell are shown. Furthermore, all nonexchand%eriment- Connectivities between an amide proton and anoth
able protons, as well as all side chains, are omitted for clarity. Crystals haagnide proton or carboxyl hydrogen, respectively, for leucine an
P2; monoclinic symmetry. The dimensions of the unit cell are- 9.458 A, valine are indicated. Figure 6 shows experimental and simulate
b=9.523A, ¢=9.409A, o = 90, f = 11455, y = 9C". data for a slice through gV, HV} double quantum cross peak
in the 3D-DQ*H,*H}-'5N experiment, detected on the valine

with (filled circles) and leucine (triangles) amide nitrogen. Appli-
cation of a double quantum filter yields a sinusoidally modu-
N lated signal. ThéH-*H DQ buildup curve for valine can be
N . . A . i < . -~
stm ~ N 4 I“w'(fmdﬁ,o[ﬂr.f.(f)]e' e (1) gmn T 2] fit well by a 2-spin approximation dominated by the [NH(V1)

OH(L2)] coupling and assuming a scaled dipolar coupling of
1180 Hz, a double quantum relaxation constRBP of 620
) ) Hz and an amplitude scaling factor of 62% (ferencoded re-
The nomenclature for the irreducible tensor operators and Seﬁhpling sequences the maximum achievable double quantu
tial operators follows the convention in Refl)(Recoupling gjering efficiency is 73% corresponding to an amplitude scal
oceurs aj + nm = gN. ChoosingN ;Il)anqn = 2yields i tactor of 100%). A scaled dipolar coupling of 1180 Hz is
recoupling of the spatial componen™=Y. Since CMR7 is equivalent to atH-'H distance of 2.87A. This is in agree-

?V'?”C"de"' sequence, the amplituo_le of the recoupled interggsnt with the distance of 2.88 found in the X-ray structure.
tion is only dependent on the crystallfgeangle. Therefore, the The fitted value forRzDQ also compares well with the experi-

efficiency of double quantum excitation between spiasid | ontally determinedH linewidth of 320 Hz at this spinning
in a 2-spin system can be described analytically as a func“ﬂ@quency.

of the incremented double quantum excitation timévithout
inclusion of differential relaxation between the spin stdté®
and1 (),

0

For the analysis of théH-'H double quantum signal, de-
tected on the leucine amide nitrogen, a 2-spin approximatio
is not sufficient. In fact, even a full simulation including up
. to five spins does not yield a satisfactory description of the

) ) - 0o experimental observations for long double quantum excitatiol
DQj (tl)Zf dg;j sinpij sir(jx|bijty) exp(—2R;"t1).  [3]  times. However, the initial rate buildup of double quantum co-
0 herence can be approximated using the analytical relation fc
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FIG. 5. 3D-DQ{*H,'H}-*N correlation experiment. (a) Pulse sequeri¢é-H double quantum coherences are excited and reconverted duyrib§)
chemical shift evolves during. After double quantum excitatiofH magnetization is reconverted to longitudinal magnetization and transferr&iN teor
detection durinds. DQ filtration is achieved by phase cycling following standard procedd®s CMR7 (26) is used for DQ excitation and reconversion. The
details of the pulse sequence, as well as the supercycle, are indicated on the bottom of the figure. (b) 2D-Spectrum ofthe 3E3BON correlation experiment
for [2H,15N]-N—Ac—Val-Leu—OH recorded &t = 0.448 ms andy, /27 = 8.928 kHz. The'H 90° pulse length in the CMR7 multiple pulse sequence was set to
4.0 s to accommodate seven C-elements in two rotor periods. The GMRYH dipolar recoupling period during was incremented in steps of complete CC’
elements (64.Qus), and a total of 14 experiments were recordet.itn the DQ*H,*H} chemical shift evolution periots, 8 increments were recorded, with an
increment of 112.Qws per experiment yielding a spectral width of 8.928 kHz. The recycle delay between each two transients was set to 11 s and 64 scar
accumulated for each FID, yielding a total experimental time for the 3D experiment of 44 h. TPPM decoupling was used in the direct evolution ipartét, wit
rf field of about 62.5 kHz. The CP time was set to 0.15 ms.

The?H,N-labeled amino acids valine and leucine were from Cambridge Isotope Laboratories (Andover, MA). Synpep (Dublin, CA) performed the syn
of N-Ac-VL. The NMR spectra were recorded at’dh Larmor frequency of 500.0 MHz, using a custom-designed spectrometer and data acquisition softw
courtesy of Dr. D. J. Ruben. The custom-designed triple resonance transmission line probe was equipped with a 4-mm Chemagnetics (Fort Colls, C(
spinning module. The spinning frequency was controlled to witthnHz using a Doty Scientific (Columbia, SC) spinning frequency controller.

a 3-spin system, derived by Hohvet al. (2). The excitation sine and cosine functions for small time arguments yields
time dependent intensity of a double quantum signal between

spinsi and j—when sping, j, andk are dipolar coupled— for n 2
ay-encoded sequence is given as DQij () = / dB sinp 45i2j tl2{1 _ tf(rz _ ;2k> 4. } [7]
0
N r R ) To first order, this expression is independent of the size an
DQij (k) = fdﬂ Sm’BW{b” cos(t)[bj orientation of the passive couplin@s, by;. Numerical simu-

0 lations show that the first term in Eq. [7] is equivalent to the

+ (Bﬁj + Bﬁ) cosfty)] sinz(rtl)} [5] exacttime-dependent buildup of double quantum coherence ¢
given by the formula in Eg. [5] for a 3-spin system in the initial
rate regime, and therefore sufficient to describe the initial rat

with of the double quantum buildup. Higher order terms can be ne
glected if double quantum excitation times are considered the

- _ _ are small compared to the inverse of the largest coupling in

r=,/b% +bf +bf, [6] volved. Furthermore, the size of the passive couplings must b

smaller or of the same order of magnitude as the active couy

ling of interest. This condition is satisfied in deuterated sam
whereb, Bkj are the dipolar coupling constants g, S«j the ples where only the exchangeable sites are protonated. In ti
crystallite s-angles for the dipolar interaction between spinspresent case, one leucine amide proton is dipolar coupled to tw
andk and between spirlsand j, respectively. Expansion of thevaline amide protons, at 4.58 and 4.79A distance. In order
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' ' ' 320 Hz, respectively. Since the linewidths exhibibal spin-
0.45 1 1 ning frequency dependence characteristic of an inhomogeneo
system 40, 41), then the resulting linewidth will be on the or-
der of 90 Hz at a spinning frequency of 35 kHz. Assuming &
dispersion of ca. 3.5 ppm for the amide proton resonances |
a typical peptide or protein yields sufficient spectral resolutior
to make thé'H dimension useful in correlation experiments for
medium-sized peptides and proteins in solid-state MAS spectr
As is evident from Fig. 1, the degree of deuteration of the pep
tide is not complete. Integration of the spectrum suggests thi
the deuteration percentage is approximately 95%. In the cu
rent'H-'H distance evaluation, no correction from the aliphatic
proton background has to be taken into account, since only tt
buildup of {HN, OH} or {HN, HN} double quantum coherences

0.35

0.25

0.15

1H-1H Double Quantum Intensity

-0.05 : . L o
0.0 0.25 0.5 0.75 is considered. The influence of amide protons which-e8e) A

Mixing ti from the proton under consideration can, however, be neglecte

Ixing time [msec] The scaled dipolar coupling for these protons is smaller tha

FIG. 6. Experimental and simulated O&H.'H}—15N CMR?7 buildup 120 Hz and does not mfluenge the initial rate behavior of th
curves for £H,'SNJN-Ac-Val-Leu-OH for valine (filled circles) and leucine double quantum coherence buildup. These longer-range dipol
(triangles). The figure shows slices aldaghrough the DQHN-HN} cross peak  couplings are reflected in deviations between experimental da
NH(V)-OH(L) and NH(L)-NH(V) in the 3D-DQ'H,"H}—"*N correlation ex-  and simulations for double quantum excitation times larger tha
periment, detected on the respective amide nitrogens. The experimental dat:tt)fqrs ms

valine and leucine can be fit using a 2-spin and an initial rate 3-spin approxima- . . .

tion, respectively. Fit parameters for valine and leucinébgsg—nH,Leuz-oH = The dipeptide N_AC_VaI_Le_u_QH canbe consujered amode
1180 Hz,RP? = 620 Hz, andbLeus - vai/a-nH = 325 Hz and 252 Hz, System for &@H-labeled protein, since thkH density among

¢ = 125, RD? = 620 Hz. The dashed lines for the buildup of the NH(v1)-molecules in different unit cells is similar to tHél densities
OH(L2) cross peak indicate the best fit for the initial rate buildup, together wifipund in larger proteins. Further work in this direction is in
simulations displaying a variatioon of tt]e size of tpe dipolar coupling of 17"1’3rogress in our Iaboratory.

(corresponding to distances 2.72 287 A and 3.05 A. An amplitude scaling
factor of 62% has been used in all simulations. As a reference, the first point
of an experiment without double quantum filtration that yields a cosinusoidal
oscillation has been used.

CONCLUSION

] ] ] ) ] In conclusion, we have shown that amide spins in a

to simulate the dipolar dephasing behavior, the size of the t‘ﬁf@rdeuterated peptide can be used in MAS solid-state NM

couplings and the angle between the two dipolar vectors myst «orrelation spectroscopy, yielding high-resolutfoh reso-

be incorporated into the numerical §imulation_s. Therefore, Wence lines. Further, théH spin system is sufficiently dilute

express the secorftangle as a function of the included angley, 40\ the determination of medium-range distances betwee

The projection angle and the respecti«angle are related by gy changeable protons in a highly deuterated environment. W

(39 believe this approach may be valuable for the determination c
the three-dimensional structure of larger fully labeled peptide

Cosfik = COSpij COSHj ik — Sinfij sindj ik cosp.  [8]  and proteins.

Simulations yield optimal fits for the leucirtel-*H DQ buildup

curve, if we assume scaled dipolar couplings of 325 Hz and ACKNOWLEDGMENTS
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4.41A, 252 Hz= 4.80A) corresponds well to the distances®

(4.50A, 4.79A) found in the X-ray structure for the dipeptide
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