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Site-Resolved Determination of Peptide Torsion Anglé from the Relative Orientations of
Backbone N—H and C—H Bonds by Solid-State NMR
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We describe a method for determining the torsion angle peptides. The technique is based on the
measurement of the relative orientation of the N and C—H® bonds, which is manifested in the rotational
sideband spectrum of the sum and difference of the two corresponding dipolar couplings. The method exploits
I5N—13C double-gquantum and zero-quantum coherences, which evolve simultaneously undertthantl

C—H dipolar interactions. The magnitudes of these dipolar couplings scaled by the proton homonuclear
decoupling sequence are directly extracted from control experiments that correlate the dipolar interactions
with the isotropic chemical shifts. Applied #8N-labeledN-acetylp,L-valine, the experiment yieldegl =

—135, which agrees well with the X-ray crystal structure. Simulations indicate that the accuracy of the
measured angle is within £10° when the N-HN and &—H* bonds are approximately antiparallel and
+20° when they are roughly parallel. The technique is sufficiently sensitive to be applied to small peptides
that are only labeled if®N and to larger polypeptides that are uniformly and randomly labeled in 5isth
and®C. It allows¢ angles in various residues to be measured simultaneously and resolved Byctientical

shifts.

1. Introduction example, by correlating two €H dipolar couplings across a

The study of the three-dimensional structures of biomolecules C—C bond, the cis and trans conformations of a&+=C—H
in the solid state by nuclear magnetic resonance (NMR) moiety in two allphatlc dicarboxylates were dIStIﬂgUISHéd
Spectroscopy has relied primarily on the measurement of AlSO, by Correlating the chemical shift anisotropy of the Cal’bonyl
internuclear distances through dipolar couplings. In order to carbon with the &H coupling of the neighboring. carbon in
resolve different chemical moieties in the NMR spectra, these @n amino acid, the anglg was determined These experi-
distance measurements generally require magic-angle spinningnents have been carried out under either static or MAS
(MAS) or macroscopically oriented samples. In the limit conditions. However, to obtain torsion angles in large biomol-
> |Hp|, wherewy is the spinning speed anHp| is the size of ecules, the required spectral sensitivity and site resolution, which
the dipolar Hamiltonian, the anisotropic dipolar interactions are is prerequisite for extracting multiple torsion angles at once,
efficiently attenuated unless specific radio frequency (rf) pulses make MAS the method of choice. A relatively common feature
or spinning speeds are used to interfere with rotational averagingin the torsion angle techniques developed so far is the
and thus “recouple” the spins of interest. Accordingly, a number incorporation of twdC labels to enhance the spectral sensitivity
of homonucledr> and heteronucle@r® dipolar recoupling  and to creaté3C double-quantum coherence. Double-quantum
techniques have been proposed to selectively recouple thecoherence not only allows the two NMR interaction frequencies
dipolar interaction of an isolated spin pair. However, efforts to be measured concurrently but also suppresses signals of
in achieving broad-band dipolar recoupling, which is crucial isolated spins, thus simplifying the spectra. However, it is worth
for obtaining multiple distances simultaneously, have met mentioning that the torsion angle in an amino acid has also
significant challenges because weak, long-range dipolar interac-been determined successfully without double-quantum coher-
tions containing the distance parameters of interest are maskedence'®

by strong, short-range coupling8. _ To determine a torsion angle from the relative orientations
Alternatively, biomolecular structures may be studied through of tywvo NMR tensors, the orientation of each tensor in a common

the measurement of torsion angles, which constrain molecularyeference frame must be known. While the dipolar interaction
conformations via the relative orientations of adjacent segments.tensor has a well-defined cylindrical symmetry (i.e. an asym-

For example, the secondary structures of proteins are charactermetry parameter; = 0) with its unique axis along the
!zed by backbone torsion angl¢sndy, which can be mapF’Ed internuclear vector, the orientation of a chemical shift tensor
in a Ramachandran pl#t. For molecules undergoing fast \yith respect to the molecular segment is usually not knawn
isotropic motions in solutions, torsion angles can be determined priori and needs to be measured separately. Therefore, it is
from t.hreel-li)zond scalar couplings using the empirical Karplus gimpler to measure the torsion angle via the orientations of two
equations:2 For rigid and semirigid solids, in which aniso-  ginojar coupling tensors across the intervening bond. For

tropic spin interactions are not averaged by motion, torsion ;stance. the peptide backbone torsjos C(O)—N—C*—C(O)
angles can be extracted by correlating the orientations of tWo .o he ohtained from the relative orientations of theHW and
segment-fixed NMR interaction tensors, such as the chemical ~o_ dipolar tensors, whose unique axes are along the

shift and the dipolar coupling, across the torsional bond. respective bonds. The corresponding torsion andle-—
This approach to determining molecular structures in the solid Co—He, termedgy in the following, is directly related ta

state has recently been pursued in several laboratSri€s-or according tap, = ¢ — 60° for the commonly occurring-amino
€ Abstract published ilAdvance ACS Abstractguly 1, 1997. acids andgy = ¢ + 60° for p-amino acids. The relation
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Figure 1. Newman projection of a-amino acid, viewed from the

N—C*= vector into the plane of the paper. The backbone torsion angle Figure 2. X-ray crystal structure dfl-acetylo,L-valine, obtained from
¢ is defined as C(Q):—N—C*—C(O), wherei is the residue (R)  ref 35. The C(O}N—C*—C(O) torsion angle was determined to be
number, and is negative as drawn here. The corresponding NMR- —-136.5.

measurabley (HN—N—C*—H®) is related top by ¢ = ¢ — 60° for

L-amino acids. The trans conformation correspondsite- 180°, while (a)
the cis conformation corresponds tt. 0 % MREV-8
;
betweeng and ¢y, is illustrated in a Newman projection of a " for| oo II“II' Db
peptide residue linkage in Figure 1. 0 s 0. . o
In this paper, we demonstrate the measurementiof5N- g O o o ”2 Lt
labeledN-acetylp,L-valine (NAV) by a two-dimensional (2D) cP ” l H : \ N A~
MAS technique that correlates the*€H® and N-HN bond :”—T_"—Tconst"‘—f—’fv vy
orientations. The technique is a variation of the €=C—H 15N 181 0103 81 0261 0.
experiment? but involves the evolution of heteronucle&iN— ; ﬂ ﬂ | H l ” H !
13C) double- and zero-quantum coherences instead of the
homonuclear 6C—12C) double-quantum coherence. In ac- 0 T 2 3T 4T Sk 4
cordance with the convention in solution-state NMR spectros- (b)
copy, we refer to this combination &N—13C double- and zero- MREV-8
quantum coherences as heteronuclear multiple-quantum coher- H WM DD
ences® 2! We show that the NC dipolar interaction can be b
recoupled under MAS with high efficiency, so that sensitive Pl : \
NMR spectra can be obtained even for this natural abundance 13C/15N ' ¢ 2
13C sarﬁple. The one-bond-@4 and N—H couplings, which IC_P] H ’( AA
are input parameters for the simulations of the&ependent 0‘_1"‘;"3‘_21
(s T

heteronuclear multiple-quantum (HMQ) spectra, can be directly

determined by single-quantufiC and 5N dipolar-shift cor- ~ Figure 3. (a) Pulse sequence for obtainiigN—*C HMQ dipolar
relation experiments. Most importantly, the technique yields sideband spectra. The-NC dipolar interaction is recoupled under MAS

X . . T d by rotor-synchronized®N and**C 180 pulses duringr. The excited
¢ angles in a site-resolved fashion, thus making it possible to y_c qouble- and zero-quantum coherences evolve dusingider

determine multiplep angles simultaneously in conveniently c—H and N-H dipolar interactions, wittH homonuclear couplings

labeled peptides and proteins. removed by MREV-8 multiple-pulse decoupling. The evolution period
has a maximum length of one rotor period, which is half of the constant
2. Experimental Section time Tconst A 13C and a'®>N 180 pulse are applied in the middle of

. . TeonsttO refocust3C and'®N isotropic chemical shifts, respectively. The
All experiments were performed on a custom-designed N—C HMQ coherences are then reconverted to single-quaftam
spectrometer operating at 397.8 MHz fét, 100.0 MHz for coherence for the detection 8 chemical shift durind,. The phase
13C, and 40.3 MHz fof®N nuclei. A custom-designed triple- ~ cycle isfo = 13,6, = 112233440, = 223344113 = 241342310,
resonance transmission-line probetwit 4 mmChemagnetics ~ = 22114433, receiver= 11223344, where the indices 1, 2, 3, 4
(Fort Collins, CO) MAS spinning module was used. The Ccofrespond to four orthogonal phasesy, —x, —y, respectively. (b)
. . . . DIPSHIFT pulse sequence for measuring-t€ and N-H dipolar
transmission-line design enables high rf powers to be used onc,;jings separated by tHaC and*N chemical shifts, respectively.
all three channels without arcing. Proton rf fields of about 100 The evolution period is similar to that of the previous experiment in
kHz were used for excitation and CW decoupling. TR0’ order to extract the €H and N-H couplings to be used in the
pulse length for MREV-8 multiple-pulse decoupling wags3 simulation of theg-dependent HMQ spectra.
During the evolution period, the semiwindowless version of
MREV-8 was employed and incremented in half-cycles, typi- to reduce chemical shift dispersion due to conformational
cally 18us, in order to increase the spectral width of the indirect heterogeneity. The resulting*@ne widths in the MAS spectra
dimension. 13C and>N 90° pulse lengths were 4 and 6u3, were about 0.6 ppm. The X-ray crystal structure of NAV is
respectively. The spinning speeds were controlledc®oHz shown in Figure 2.
by a Doty (Columbia, SC) spinning speed controller. For the
torsion angle and th€C DIPSHIFT experimentsy,/2r = 2525 3. Theory for Correlating N—HN and Ce—H® Tensor
Hz, while for thel>N DIPSHIFT measuremend)/2z = 2137 Orientations
Hz. The HMQ excitation and reconversion times corresponded
to two rotor periods and were not further optimized by varying  The pulse sequence for determining th&-HN—C*—H®
the spinning speed. The recycle delay was 2.5 s in all torsion angle under MAS is shown in Figure 3a. First,
experiments. The cross polarization contact time was 2 ms. transverse'®C magnetization is created by cross polarization
Uniformly 15N-labeledN-acetylp,L-valine in powder form from 'H and evolves under the influence of the recouphdt-
was purchased from Cambridge Isotope Laboratories, Inc.3C dipolar interaction for a period. The N-C dipolar
(Andover, MA), and was recrystallized from aqueous solution recoupling is achieved by rotor-synchroniZéN and3C 180
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pulses, with thé®N pulses at the center and thi&€ pulses at 2 )
the end of each rotor cycf#223 These 180 pulses perturb w,(t) = z 0 (Qpe™" (5)
rotational averaging of the anisotropic dipolar interaction so that m==2

antiphase magnetizatid®N,, whereC andN refer to*C and

15N spins, respectively, is created. BN 90° pulse converts  where w}(Qpg) are time-independent frequencies calculated
C,N; into a combination of double- and zero-quantum coher- from the following coordinate transformations:

encesCyNx. Next, a semiwindowless MREV-8 pulse train is

applied on the'H channel to attenuate the homonuclésr 2

interactions. The MREV-8 sequence is incremented and definesw (Qpp) = —6i{mz Dg?;(Q*PM) Dﬁ?,m(QMR)} d(—zr)n,o(ﬂRL)

the evolution time;, which has a maximum length of one rotor =2

period. At the end of this rotor period, a pair of 28ulses (6)

are applied on thé®N and 13C channels, followed by an

additional rotor cycle with continuous proton decoupling. Since Here o; represents the rigid-limit anisotropy of the dipolar
the 180 pulses are placed at the center of this constant time interaction A. The Wigner rotation matrice®®(Qpr) =
period @cons), 15N and 13C chemical shifts are refocused. In  D®(Qpv)-D@(Qur) effect coordinate transformations from the
addition, the N-C dipolar couplings are refocused after an principal axis systems of the dipolar coupling tensors to the
integer number of rotor periods by MAS. Thus, the effective rotor frame with Euler angle®pr = (apr, fpr ypr).2" The

Hamiltonian governing the evolution of the-NC multiple- reduced rotation matrixi(fr)nyo(ﬁm) dictates the transformation
guantum coherences duringnsiconsists of the €H and N-H from the rotor frame to the laboratory frame wilk. =
dipolar couplings. Neglecting the long-range couplings, the tan*v/2. The orientations of the ©-H* and N—HN dipolar
Hamiltonian is written as tensors are expressed in a common molecular frame M, which
_ is defined such that the relative orientations of the two bonds
H(t) = x[cy()2CE HE + g (H)2NHD] 1) with respect to th@y axis are easily determined by inspection.

Combining eqgs 36, it can be seen that the sum and difference
where the coefficient is the scaling factor appropriate to the phases that determine the HMQ spectra are intrinsically the sum
homonuclear decoupling sequence. and difference frequencies of two segment-fixed dipolar cou-

After Teonsi @ second™N 90° pulse and N-C recoupling  plings, wZ(QSH) + wly(Qm), in which the segment-fixed
period reconvert the NC multiple-quantum coherences into  Euler angles2py contain information on the torsion anglg
observablé®C magnetization, which is then detected durifg or¢. The simplest choice @y corresponds to the NC bond

under continuous proton decoupling. Double Fourier transfor- direction. In this caseysh — yhi = ¢n, while gSH and spi

mation of the resulting 2D time signal yields-\C multiple- are related to the bond angles.
quantum dipolar sideband patterns in teg dimension, It is perhaps worth mentioning that the torsion anglés
separated according to théC isotropic chemical shifts inthe  anifest in the dipolar spectrum whether or not both double-
w2 dimension. . ) . and zero-quantum coherences are involved. In th€=#C—H
The transformations of the spin density operators under the experiment? for example, only the €C double-quantum
pulse sequence of Figure 3a are outlined as coherence is excited. In general, as long as a correlated spin
o0 15N ; state between th€N and the'3C spins is created, the geometric
C, = CN, f(z) — CN, f(r)—1> relation between the NH and C-H dipolar tensor orientations
90 15N can be probed spectroscopically. The presence of both the sum
CN, f(z) cosWcy(ty)) cosWyy(t)) — and the difference dipolar phases in eq 4 results from the
A symmetry of the dipolar interactions, not from the coexistence
CN, f(z) cosW'ey(ty) cosyy(ty) of the double- and zero-quantum coherences.

—C, F%(2) cosWey(ty) cosW (L) (2)
4. Numerical Simulations

where only observable magnetization derived from the HMQ

coherences is considered. He¥é,(t;) (1 = CH, NH) are the The indirectly detected NC multiple-quantum dipolar side-
MAS phase angles accumulated durtaglue to the G-H and band spectrum is simulated by evaluating eq 4 over the course
N—H dipolar interactions, of the evolution period;. Powder averaging was performed
. by Monte Carlo integration where the Euler angfegr that
W.(t) = j(;l dt w,(t) 3) transform the molecular frame to the rotor frame are randomly

generated according to a powder distribution. The time signals

The functionf(r) = sin@pt) describes the excitation of the ~dué to HMQ evolution are coadded and normalized by the

HMQ coherences, whergp is the average NC coupling under number of crystallites. Input parameters for the simulation
the excitation sequence used h&& The amplitude modula- ~ comprise the effective dipolar couplingdcy andkdnw, which

tion cosWen)(tr) cosWn(ty)) of the observed®C magnetiza-  are obtained from théN and **C DIPSHIFT experiments
tion in eq 2 can be rewritten as described below, the Euler angl€py and Qur, the mixing

time t for the double- and zero-quantum coherences, the
{IPCH(tl) + IIJNH(H)] {IPCH(tl) — Wty
co + co

spinning speedw,, the spectral width, and the number of
> > (4) crystallites employed in the powder average.

We now show that these sum and difference dipolar phasess. One-Bond N-H and C—H Dipolar Couplings
depend on the relative orientations of the two dipolar coupling
tensors, whose unique axes are along the l@* and N-HN The simulation of the-dependent dipolar sideband spectrum
bonds and therefore reflect the torsion angle The time- requires G—H* and N-HN dipolar couplings as input param-
dependent dipolar coupling;(t) that determines the dynamic eters. Thus, the magnitudes of these couplings affect the
phaseW,(t;) can be expressed as a Fourier s@piés accuracy of thep measurement. The effective heteronuclear
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(a) (©) Thet; modulation of the € peak is shown in Figure 4c. The
net signal decay after one rotor cycle (389 is negligible: in
general, we found that more than 80% of the initial signal
intensity could be reproducibly refocused at the rotor echo. The
time signal is quite symmetric with respect to the center of the

oo 200 a00 | 400 rotor period, as expected for an inhomogeneous spin system

time (s) evolving under MAS2 The high echo intensity and the
symmetry demonstrate the excellent performance of the homo-
nuclear decoupling sequence, since under ideal multiple-pulse
decoupling, any intensity loss must result from tfyeelaxation,

()
which is not expected to be significant after about 48Qthe
1H homogeneous line width is likely to be smaller than 2.5 kHz).
In our experiments, the MREV-8 performance is ensured by
200 100 0 20 10 0 10 20 the short cycle time relative to the rotor period € 7,/12),
13C chemical shift (ppm) dipolar couplings (kHz) since this minimizes undesirable interference effects between

sample spinning and multiple-pulse decoupfAg.

(e) In order to obtaing-dependent spectra in the form of
LUJLM rotational sideband patterns, thhenodulation must be periodic.
Nl L

intensity
=
[=TNN¢ e B =

o

T T

This was achieved by equalizing the echo intensity to the initial

— - intensity (of the first; point) by positive exponential multiplica-
20 -10 0 10 20
dipolar couplings (kHz)

tion exp{+ty/T,), then replicating the single- signal several
_ - _ times, followed by a negative exponential multiplication
Figure 4. ®N—13C HMQ spectrum of NAV for determining the torsion exp(—ty/T,) to restore the original dec&@3* Assuming equal

anglegy, acquired atv,/2r = 2525 Hz. (a)°C MAS spectrum obtained - - . . N,
with HMQ excitation and reconversion, but zero evolution time. 512 line widths for all dipolar sidebands, the periodicity of the MAS

scans were added. The HMQ filter selects only tifeafid the acetyl ~ time signal dictates that the-dependent sideband pattern
carbonyl resonances, which are directly bonded to'tNeatom. (b) obtained in this way is the same as obtained by acquiring the
13C CPMAS spectrum of NAV after 256 scans, exhibiting &C completet; signal over many rotor cycles.

chemical it resonances () T, svouon of et deuble: Figure 4d shows the projection of therf€ mulple-quantu
couplings for one rotor period. The intensity unit is arbitrary. (d) Sideéband spectrum of the“Gesonance. From 2B°C DIP-
Projected HMQ dipolar sideband spectrum of the €sonance, in ~ SHIFT experiments, we found that a single cross section at
which the highest intensity is observed at the centerband. (e) Best-fit the maximum intensity of the Cresonance produces slightly
simulation of the € spectrum, obtained witlh, = 165°. Other input inaccurate sideband intensities as a result of inhomogeneous
il areaCHNH: 109 k‘lﬁ'm”? :NH_S'Z KHz, wnfon = 2525 broadening of the €peak in thew, dimension. Thereforey;
Hz, figy = 109.5, fpy = 6C°, gy = 0%, ypy = 165, 7= 792us, and  gjices across the ‘Cresonance line width were summed and
5000 crystallite orientations. - . .
used for extracting the angl¢. The projected spectrum is
characterized by a high centerband intensity and lower but
significant intensities up to the fourth order sidebands, with
observable noise extending to the two edges of the spectral
window. The spectrum is simulated wit$y| = 165 (Figure
4e), which corresponds to a backbone torsion apgte—135
or —105 for theL-isomer. The first angle agrees remarkably

couplings in our experiments are the product of the rigid-limit
anisotropiesd; and the scaling factox of the homonuclear
decoupling sequence. Theoreticalty= 0.536 for semiwin-
dowless MREV-&8 However, the actuak value usually
deviates from theory due to experimental imperfections and is

best obtained empirically under the same conditions as thewellwith the X-ray crystal structure (Figure 2). in which C(©)
torsion angle experiment. We determined theH and C— ) ; !
g P N—Ce—C(O) was determined to be136.5.3> The presence

H® couplings by a 2D MAS separated-local-field technique that ¢ ibl | its f he i ; £ th
separates dipolar rotational sideband patterns according to thed! tWo possi e¢ angles results from t € invariance o the
isotropic chemical shifts of thEN or 13C sites (DIPSHIFT§>-31 spectra to the sign afy. Such degeneracies also arise when

The resulting rotational sideband patterns dn are then distances are employed as a means to determine torsion angles

simulated to yield the coupling strengths. As indicated in Figure that characterize secondary structiiies.
3b, these DIPSHIFT experiments are executed in a constant- 10 demonstrate the resolution of the angleneasured by
time fashion with a 180 refocusing pulse in order to be the HMQ technique, we show simulated-€ HMQ spectra
comparable to the torsion angle measurement. Since theas a function of in Figure 5. Sincekg¢y yield the same dipolar
performance of the multiple-pulse sequence that determines thesideband spectra, antgh = ¢ — 60° for L-amino acids, each
scaling factow depends on the ratio of the multiple-pulse cycle Simulated spectrum corresponds to angles ¢, ¢,) related
time (z.) to the rotor periodt;), the MREV-8 pulse length and by (¢1 + ¢2)/2 = —120°. Figure 5 indicates that the sideband
the spinning speeds in the DIPSHIFT experiments were kept patterns change more drastically when theHt and C'—H*
similar to those used in the torsion angle measurement. bonds are antiparalletpfy = 180° or ¢ = —120°) than when
they are paralleldy = 0° or ¢ = 60°). By simple inspection,
the angular resolution is estimated to be less thaf® for the
former and+20° for the latter. Typical protein secondary
Figure 4a is thew, projection of the 2D N-C multiple- structures with their corresponding valuegcdre also indicated
guantum spectrum of NAV. Compared to thi&C CPMAS in Figure 5. It can be seen that the spectra of helical structures
spectrum (Figure 4b), only the®Cand the acetyl carbonyl (a, 310, andz helices) are clearly different from those gf
resonances are observed, while ofi¥ér signals are efficiently ~ sheets. It should be emphasized that these dipolar sideband
suppressed by the short excitation time of the HMQ filter. The patterns are dominated by the angleand much less affected
signal-to-noise ratios of the two spectra indicate that the HMQ by other parameters such as the effectiveHCand N-H dipolar
excitation efficiency is approximately 36%. couplings.

6. Results and Discussion
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Figure 5. Simulation of N-C multiple-quantum dipolar sideband spectra as a functiop. &ach spectrum corresponds to t¢w@angles due to

the spectral invariance té¢n. Only theL-configuration of @ is considered. The spectra are unique in the rahge[60, —120°] and have the
highest angular resolution arougd= —120°. Spectra simulated with anglésthat correspond to typical protein secondary structures are labeled
accordingly. Input parameters for the simulation afes = 10.9 kHz, k0w = —5.2 kHz,7 = 792 s, w21 = 2525 Hz,f5H = 109.5, far =

60°, ySh = 0°, ypi = ¢y, and 5000 crystallite orientations.
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Figure 6. (a) NAV C*—H dipolar sideband pattern from a 288C
DIPSHIFT experiment at,/2r = 2525 Hz.w, slices within the €

It may be attributed to several factors, such as high-frequency
vibrations of the internuclear bond, imperfect homonuclear
decoupling, and long-range-& dipolar couplings. In our
experiment, since the deviation of the effective coupling from
the expected value is relatively small, we did not investigate
the exact causes of the difference. In the simulation ofi6e
DIPSHIFT spectrum, we considered not only the directly bonded
C*—H® coupling, but also long-range *6Hf and CG—HN
couplings, which were necessary for reproducing the centerband
intensity of the experimental spectrum. Although these long-
range couplings also contain information on torsion angles,
namely, the angle +4-C*—Cf—H? (from the &—H? coupling)
and¢y (from the G—HN coupling), they do not affect the line
shape of the torsion angle spectra considerably and thus were
not employed in the simulations of thg-dependent HMQ
spectra (Figures 3 and 5). For the DIPSHIFT simulation, angles
estimated from the X-ray structure of NAV were used&s

that describe the orientations of thé-&H? and CG—HN dipolar
coupling tensors in the molecular frame.

resonance line width were summed to compensate for inhomogeneous In the 1N 2D DIPSHIFT spectrum®N chemical shift
broadening. (b) Best-fit simulation, with a*€H* coupling of 10.9
kHz. Two smaller couplings of 1.4 kHz approximating the effects of
long-range C—HN and C—H? couplings were also used in the

simulation.

The C—H* and N-HN couplings used in the simulation of

the ¢-dependent spectra were determined B¢ and 15N
DIPSHIFT experiments conducted with the pulse sequence of

Figure 3b. The resulting®©-H dipolar sideband spectrum can
be simulated with an effective®cH* coupling of 10.9 kHz,

as shown in Figure 6. This coupling strength is about 10%

smaller than expected for a 1.1 A-® bond Ocy = —22.7
kHz) under a semiwindowless MREV-8 sequence=(0.536).
Such a reduction of one-bond-@ couplings in rigid solids

has been previously observed and discussed extensity?

sidebands were observed in tlwe dimension (Figure 7a) due
to the large™N chemical shift anisotropy relative to the spinning
speed. Thus, the NHN dipolar coupling spectrum (Figure 7b)
was obtained by integrating th@; cross sections at these
sideband frequencies. Simulation of the projected dipolar
spectrum yields an effective NHN coupling of —5.2 kHz
(Figure 7c¢), which corresponds to a MREV-8 scaling factor of
0.48 if a N—H bond length of 1.049 A is used. The reduction

in « is similar to that observed in tHEC DIPSHIFT experiment.
No long-range N-H couplings were used in the simulation.

7. Conclusions

We described the determination of the torsion aggite solid
peptides by a 2D MAS technique utilizilgN—13C double-
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Figure 7. (a) NAV 5N CPMAS spectrum, taken from the projection
of a 2D >N DIPSHIFT spectrum acquired at/27 = 2137 Hz. (b)
N—H dipolar sideband spectrum, obtained by summing upstheross
sections at thé>N chemical shift sidebands. (c) Simulation with a
N—HN coupling of —5.2 kHz, and without long-range couplings.

(b)

and zero-quantum coherences. The armgis obtained from
the relative orientations of the-NHN and G*—H® bonds, which

are reflected in the sideband spectrum of the sum and difference

of the @—H* and N-HN dipolar couplings. The NC dipolar
interaction is recoupled by rotor-synchronized 180lses, and

the multiple-quantum coherences can be excited with an
efficiency of about 36% under optimum conditions. Applied

to NAV, the experiment yielded an angpeof —135° or —105°,

the first of which agrees well with the X-ray crystal structure.

Hong et al.

measure peptide anglest* this should allow the distinction
between similar secondary structures such asuthelix and

the 3o helix, or the antiparallel and the paralfetheets. Efforts
in these directions are currently pursued in this laboratory.

Acknowledgment. We would like to thank Chad Rienstra
for building the triple-resonance transmission-line probe. M.H.
thanks Prof. Klaus Schmidt-Rohr for many helpful discussions
on double-quantum spectroscopy. This research was supported
by the National Institutes of Health (GM-23403, GM-23289,
and RR-00995).

References and Notes

(1) Raleigh, D. P.; Levitt, M. H.; Griffin, R. GChem. Phys. Letl988
146 71.
(2) Levitt, M. H.; Raleigh, D. P.; Creuzet, F.; Griffin, R. @. Chem.
Phys.199Q 92, 6347.
(3) Tycko, R.; Dabbagh, GChem. Phys. Lettl99Q 173 461.
(4) Bennett, A. E.; Ok, J. H.; Griffin, R. G.; Vega, $. Chem. Phys.
1992 96, 8624.
(5) Sun, B.-Q.; Costa, P. R.; Kocisko, D.; Lansbury, P. T. J.; Griffin,
R. G.J. Chem. Phys1995 102 702.
(6) Gullion, T.; Schaefer, Jl. Magn. Reson1989 81, 196.
(7) Oas, T. G.; Griffin, R. G.; Levitt, M. HJ. Chem. Phys1988 89,
692.
(8) Levitt, M. H.; Oas, T. G.; Griffin, R. Glsr. J. Chem.1988 28,
271.
(9) Costa, P. R.; Sun, B. Q.; Griffin, R. G. Manuscript in preparation.
(10) Creighton, T. EProteins: Structures and Molecular Propertjes
2nd ed.; W. H. Freeman and Co.: New York, 1993.
(11) Karplus, M.J. Chem. Phys1959 30, 11.
(12) Wang, A. C.; Bax, AJ. Am. Chem. S0d.996 118 2483.
(13) Feng, X.; Lee, Y. K,; Sandstroem, D.; Eden, M.; Maisel, H.; Sebald,
A.; Levitt, M. H. Chem. Phys. Lettl996 257, 314.
(14) Schmidt-Rohr, KJ. Am. Chem. S0d.996 118 7601.
(15) Mehta, M. A.; Bower, P.; Gregory, D.; Zebroski, H.; Drobny, G.
37th Experimental NMR Conferencasilomar, CA. 1996.
(16) Gregory, D.; Mehta, M. A.; Drobny, G7th Experimental NMR
ConferenceAsilomar, CA. 1996.
(17) Weliky, D.; Tycko, R.J. Am. Chem. Sod.996 118 8487.
(18) Ishii, Y.; Terao, T.; Kainosho, MChem. Phys. Lettl996 256,
133.
(19) Mueller, L.J. Am. Chem. S0d.979 101, 4481.
(20) Minoretti, A.; Aue, W. P.; Reinhold, M.; Ernst, R. R. Magn.

Simulation indicates that this technique has an angular resolutiongeson198q 40, 175,

of less than 1®@when the N-HN and C—H® bonds are nearly

(21) Bax, A.; Griffey, R. H.; Hawkins, B. LJ. Magn. Resorl983 55,

antiparallel and 20when they are nearly parallel. The accuracy 301.

of the experiment is improved by determining the effecti¢e-C
He and N—HN couplings with control DIPSHIFT experiments.

(22) Pan, Y.; Gullion, T.; Schaefer, J. Magn. Reson199Q 90, 330.
(23) Christensen, A. M.; Schaefer, Biochemistry1l993 32, 2868.
(24) Gullion, T.; Schaefer, J. IMdvances in Magnetic Resonance

These dipolar couplings not only serve as reliable input Warren, W. S., Ed.; Academic Press: San Diego, 1989; p 57.

parameters for simulating the torsion angle spectrum but also
check the performance of the homonuclear decoupling sequencey,
Since the¢-dependent sideband patterns are separated ac-
cording to the'3C isotropic chemical shifts, the technique allows
the extraction ok angles in various residues simultaneously,

(25) Bennett, A. E.; Griffin, R. G.; Vega, S. INMR Basic Principles
and ProgressDiehl, P., Fluck, E., Kosfeld, E., Eds.; Springer: Berlin, 1994;
1

(26) Shirley, J. MPhys. Re. B 1965 138 979.

(27) Spiess, H. W. INMR Basic Principles and ProgresBiehl, P.,
Fluck, E., Kosfeld, E., Eds.; Springer: Berlin, 1978.

(28) Rhim, W.-K.; Elleman, D. D.; Vaughan, R. W. Chem. Phys.

as long as the Cisotropic shifts are resolved. This represents 1973 59, 1740.

the first solid-state NMR technique that can provide quantitative
In J- Am. Chem. Sod.981, 103 2529.

structural information on multiple sites in a polypeptide.

(29) Munowitz, M. G.; Griffin, R. G.; Bodenhausen, G.; Huang, T. H.

(30) Munowitz, M.; Aue, W. P.; Griffin, R. GJ. Chem. Phys1982

terms of sensitivity of the technique, we estimate that sufficiently ;%756

sensitive spectra can be obtained in 24 h on 60 mg of a 100%

(31) Schaefer, J.; Mckay, R. A.; Stejskal, E. DMagn. Resonl983

15N-labeled peptide with repeat units of six residues. Alterna- 52 123.

tively, larger proteins of up to 15 kDa can be characterized in

about 3 days if 100% enrichment N and~20% in13C are

(32) Maricq, M. M.; Waugh, J. SJ. Chem. Phys1979 70, 3300.
(33) Haeberlen, U.; Waugh, J. Bhys. Re. 1968 175 453.
(34) Schaefer, J.; Stejskal, E. O.; Mckay, R. A.; Dixon, W. T.

provided. The multiple-quantum nature of the technique is Macromolecules1984 17, 1479.

expected to alleviate the problem of multispin couplings, which

(35) Carroll, P. J.; Stewart, P. L.; Opella, SAtta Crystallogr.199Q
C46, 243

are encountered in distance measurements of highly labeled (36) Spencer, R. G. S.: Halverson, K. J.: Auger, M.: McDermott, A. E.;

systems, so that angles in uniformly and fractionald?N and

13C labeled samples can be determined. Finally, the angular
resolution of the technique can be further enhanced by increasin957'

the spectral variation witt through the adjustment of the-G1

Griffin, R. G.; Lansbury, P. TBiochemistry1991, 30, 10382.

(37) Schaefer, J.; Stejskal, E. O.; Mckay, R.JAMagn. Resonl1984

85.

(38) Webb, G. G.; Zilm, K. WJ. Am. Chem. S0d.989 111, 2455.

(39) Roberts, J. E.; Harbison, G. S.; Munowitz, M. G.; Herzfeld, J.;

and N—H coupling strengths. Combined with techniques that Griffin, R. G. J. Am. Chem. Sod.987, 109, 4163.



