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We demonstrate a dipolar-chemical shift correlation technique
for sign-sensitive determination of the torsion angle ¢ in solid
peptides and proteins under magic-angle spinning. The indirect
dimension of the experiment is obtained by separate but synchro-
nous evolution of the magnetization under the **N chemical shift
and the C-H dipolar coupling. The resulting sum and difference
spectrum of the two frequencies, with more than ten independent
sidebands, depends strongly on the relative orientation of the *°N
chemical shift tensor and the C*-H* bond. This relative orienta-
tion reflects the C(O);_,-N-C*-C(0O); torsion angle. The technique
can distinguish ¢ angles over the full range of 360° when the
amide *®N chemical shift tensor does not possess reflection sym-
metry with respect to the peptide plane. Thus it complements our
previous HNCH experiment, in which two mirror-symmetric con-
formers of the HN-N bond relative to the C*-H® bond around the
N-C® axis cannot be distinguished. © 1998 Academic Press

INTRODUCTION
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from the relative orientation of the NMand C-H® bonds,
which is probed by evolving double- and zero-quantum (DQ
ZQ) N-C* spin states under the N-H and C-H dipolar interac
tions. The torsion-angle dependent dipolar sideband spectra
manifested in the,; dimension and are separated according t
the C* isotropic chemical shift in the, dimension. Thus, the
technique is capable of simultaneously measuring torsion a
gles for spectrally resolved residues. In addition, it can b
shown the technique has higher angular resolution in biolog
cally relevant conformational regions than distance measurir
techniques 10).

Using dipolar couplings as structural probes has the adva
tage that the unique axis of the dipolar tensor in the molecul:
segment is knowna priori, to be oriented along the internu-
clear vector. This makes it straightforward to convert the NMF
spectral parameters into molecular parameters. However, t
axial symmetry of the dipolar interactions and the symmetry ¢
the dipolar spectra with respectdq = 0 also have drawbacks.

The elucidation of the conformational structure of biological "€ latter reduces the number of independent sidebands by

molecules such as polypeptides by nuclear magnetic resona_ﬁ?é‘éor of two, which represents a significant reduction of th

(NMR) spectroscopy has traditionally relied on the measurformation content of the spectra. The axial symmetry of th
ment of internuclear distances. Recently, however, seveleractions makes it impossible to dlstlngwsﬁ‘-N-CZ-H“
techniques were introduced which determine torsion angles gjformations that are equidistant from thens (H™-N-
correlating two orientation-dependent interactions across tie-H® = 180°) orcis (H"-N-C*-H* = 0°) configurations in
torsion axis of interestl7). By exploiting relatively strong OPPosite directions. Thus,"HN-C*-H® torsion angles with the
spin interactions such as the chemical shift anisotropy or th@Me magnitude but opposite signs yield identical dipole
dipolar coupling between directly bonded nuclei, the torsiotPectra. In terms of the torsion angle, this corresponds to a
angle techniques vyield precise conformational informatigiegeneracy for pairs of angle$,(¢") that are symmetric with
such as the secondary structure of polypeptides. Such inforrf@SPect to—120° or 60°, i.e..¢ + ¢’ = —240°. Since this
tion would be obtained with less precision by distance techability to distinguish mirror symmetric conformations stems
niques, since they require measuring very weak dipolar cdom the uniaxiality of the dipolar interaction, it is also found
plings with high accuracy. For determining the peptide torsidA the dipolar-coupling-based distance measuring technique
angled in the C(O)_,-N-C*-C(O), segment, a 2D magic-angle T0 determine torsion angles unambiguously, at least one no
spinning HNCH technique that we proposed recently seem@iaxial spin interaction is required in the correlation scheme

particu|ar|y promising &7 9) The¢ torsion ang|e is extracted Further, the orientation of this non-uniaxial interaction tenso
must be such that no principal axis is perpendicular to the to

sional axis ). In the case of the torsion angfe the anisotropic

1 Current address: Department of Chemistry, University of Massachusett . . . . . . .
Amherst. MA 01003 P y vy chiemical shift of the backbone amide nitrogen is a suitable choic

2To whom correspondence should be addressed: NW14-3220, Massach{le molecular orientation of the amid@ chemical shift tensor
setts Institute of Technology, 170 Albany St., Cambridge, MA 02139.  has been studied in several model peptidés-{9 and was found
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to exhibit relatively small variations. The,, axis lies close to, but
not necessarily along, the normal to the peptide plane. Among the
experimental studies found, deviations from normality range from (a)
0° to 20° in different peptides. The,; axis lies in the peptide
plane and forms an angle of 135° to 140° with respect to theé'N-C
bond. Once thé®N tensor orientation is known, correlation of the
15N chemical shift with an interaction at the*Gite should yield
sign-specific information on the intervening torsion angjle

In this paper, we demonstrate the correlation of tfd
chemical shift and the €H* dipolar coupling tensor orienta-
tions under magic-angle spinning (MAS) to determine e
torsion angle. The technique resolves different residues by

detecting the™*C* isotropic chemical shift in the second di- H M2
mension of the 2D experiment. To obtain MAS sideband |§ DD DD bD
patterns of the sum and difference of th& chemical shift it .
anisotropy (CSA) and the®GH* dipolar coupling, separate but 130 " :
synchronous evolution under these two interactich2() is ’_(; H M H :\ /\t/%
employed. Using the well-characterized model peptide , ik VAV
N-acetyl-D, L-valine (NAV), we show that the technique ex- .5 : . ) :
hibits the highest sensitivity te torsion angles in th@-sheet N H H ! ty " !
structure region. The requirements for a full determination of : : n i
the ¢ torsion angle, including its sign, are discussed. LA

rotorcycles 0 1 2 383 4 5 6 7

THEORY FIG. 1. Pulse sequence for measuring theorsion angle by correlating

15N CSA and C-H* dipolar coupling under MAS. The N<Qdipolar coupling
In this section, we first describe the pulse sequence fierrecoupled with a REDOR sequence. During theperiod antiphase mag-
correlating the backbon®N chemical shift interaction with net|zat|01r;term§X_l\lZ andC‘:ZNX evolve under the C-H dipolar coupl!ng and the
the C-H* dipolar coupling. We then show mathematicallyouPéd ™N CSA interaction separately but synchronously. The Isotrbiic
h thed torsion anale affects the time and frequency si naihemlcal shifts are detected duribgto provide site resolution. The phase
ow ] (;b ; g. a Yy Sig §cles are identical to those used in R&. (
of the indirect dimension of the 2D spectrum. Last, we present

the simulated®N CSA/C*H* spectra as a function of thé
angle. under the®>N chemical shift interaction with proton decou-
Pulse sequence with synchronot® CSAFC-'H evolu- pling. A moving *®N 180° pulse not only matches tHéN
tion. The radio frequency (RF) pulse sequence for the exp@avolution time to the C-H coupling period but also doubles th
iment is shown in Fig. 1. The main feature of the experimeapparent magnitude of tH€N CSA. The doubling makes the
is that the magnetization evolves rotor synchronously under thifective strengths of th#N CSA and C-H coupling compa-
C-H dipolar coupling and thé>N chemical shift interaction rable, thus leading to enhanced spectral variation with respe
during two separately but synchronously incrementegderi- to the torsion angled 23. Again, to maintain synchronization
ods. with sample rotation, théN evolution period is placed in a
After cross polarization fromH to 1°C, antiphase magneti- constant time of one rotor cycle. At the end of t&l evolu-
zationC,N, is created by recoupling the N-C dipolar interaction, another pair of 90° pulses and a REDOR mixing periot
tion with a REDOR sequence, which consists of alternatingnvert the coherend®,N, into observabléC magnetization,
180° pulses of*C and**N channels every half rotor cycle forwhich is detected durint,. Absorptive, sign-sensitive spectra
two rotor periods 21). The magnetization evolves under thén o, are obtained by recording the cosine and sine componer
C-H dipolar interaction for a period defined by an MREV-&f the *>N chemical shift in separate data sets according to tr
multiple-pulse train, which attenuates the homonuchktafH method of Ruben and co-workeras.
coupling @2). The maximum MREV-8 duration or evolution Similar to the double- and zero-quantum HNCH techniqu
time is one rotor period. Th&C evolution period is part of a introduced earlier§), the current experiment gives rise to the
two-rotor-cycle constant time period that serves to refocus tekem of two interaction frequencies in thg dimension. How-
3C chemical shift interaction and to maintain rotor phasever, this is achieved by separate evolutions of-ftieand™N
coherence between tHéC and the'>N evolution periods. At antiphase magnetizations rather than the simultaneous evo
the end of the constant time, tHéC magnetization is trans- tion of the double- and zero-quantum N-C coherence. Th
ferred to™®N spins by two simultaneous 90° pulses ontA@ separation of the two evolution periods is necessary since tl
and >N channels. The resulting J&, magnetization evolves protons need to beoupledto **C* in order to measure the C-H
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couplings but bedecoupledirom >N for measuring the®N Pe,..
chemical shift. The advantage of the synchronous evolution ’ plptlde
can be understood by comparing it with an alternative 3D ;“‘*G\I}G :
experiment with two independently incremented evolution pe- 33 C H
riods. Synchronous evolution reduces signal-averaging time ! y 3,"22 BN el
considerably, thus making the experiment more applicable to /o 0=-135° o
large biomolecules. It also avoids undesirable dispersive side- : \Q/ 7’*"\“ Ymol ~N
band lineshapes that could be present in the anisotropic planes§ I C~Q§\““ Olny Hﬁ
of the 3D experiment26). i O i

Alternatively, in-phase magnetization€,( N,) could be e K B
employed in the evolution periods. This would require the use ;‘%‘g

of cross polarization (CP) between the two lgwruclei 7).
Several variable-amplitude spin lock methods should be confiG. 2. Orientation of the chemical shift principal axis system of a peptide

sidered in implementing such a double CP experiment in ordeckbone®N atom and the Euler angles that rotate the tensor to the molecul

to obtain maximum transfer efficiencg§—39 frame. The molecular frame is defined by-axis along the N-€bond and a
. . N y-axis (Ymo) Perpendicular to the N-EH® plane.B, is the angle between the
Torsion-angle dependence of the time signalhe pulse ., axis and the N-€ bond. ay, is the angle between the,, axis and the

sequence modulates the spin density operator dtiyiagcord- normal to the peptide plane, or equivalently, the angle between,thexis and
ing to cosW(t))exp(Wy(t,)), whereW,(t) = f% dtw, (t) is (its projection in) the peptide planey, is found to deviate from 0° by about
the dynamic phase accumulated under the interactiobhis 25°in NAV. vy, is the angle between the normal to the peptide plane (the “nod

line” of the Euler rotation) and thg, ,-axis. The¢ angle shown here is that

modulation can be rewritten in terms of the sum and differengpN AV and coresponds to an extendgekheet conformation.
of the two phases,

calculated the rotational sideband spectra as a functiap. of
The spectra are calculated in the time domain by analytic
evaluation of Eqg. [1] over the course of the evolution period
where the sum and difference phases The N-C dipolar coupling, which is not averaged out during th
1N chemical shift evolution, is also included. Each FID is
calculated for one rotor period of 3645 using a, dwell time

of 18 us. It is replicated many times to produce an apparer
acquisition time of 18.4 ms, then exponentially broadened b
150 Hz, and finally Fourier transformed to give the frequenc
spectrum.

contain integrals over the sum and difference frequencies of thens shown in Fig. 2, the common molecular frame in the

chemical shift and dipolar coupling. Such sum and differenégmulation is chosen with the-axis along the N-€ bond
frequencies depend on the relative orientation offiechem- gnd with thex-axis in the HC®N plane. In this common
ical shift and C-H interaction tensors. Since the two prinCipﬁIame, the Euler ang|es describing the C-H bond orientatio

axes systems (PAS) are fixed in the two segments across 4heq.,, = (0°, 109.5°, 0°), while those for tHéN chemical
torsion axis N-C, and neither tensor is uniaxial along this axisshift tensor orientation ar€y = (an, Bns Yn) = (—20°,

the relative orientation of the two tensors reflects the torsiam7° 240°— ¢). The choice ofay, = —20° is based on a
angle¢ around this bond. If the orientation of each interactiofecent report of thé®N shift tensor orientation in Al&*N-
PAS is expressed by Euler angleg = (a,, B,, v)), andifthe | ey (13), where correlation of the N-H couplingH shift,
N-C* bond is chosen as theaxis of the molecular frame, thenand SN shift tensors in a 3D spectrum yieldeg, of 10° to
l'yn — Ycul corresponds to the torsion angte apart from a 3¢, |t differs from a previous result on NAVaf, ~ 0),
constant that corresponds to thedifference in thep = 0° \yhich was obtained by correlating the N-H dipolar coupling
conformation. with the **N tensor (1). However, as stated in that paper,
In exact analogy to standard MAS theory, it can be showRe experiment mainly determined the angle between tt
that the sidebands obtained from the sum and difference fig-H bond and thes,s axis and could not constrain the
quencies for an isotropic sample are absorptive and positygentations of ther,, and o, axes sufficiently due to the

(31,32, as long as the two evolution periotsare equal in small asymmetry of the tensor. A detailed RMSD analysi
length and start at identical rotor orientations. This is ensurgflown below in Fig. 8 indicates that, = 0 is inconsistent

in the pulse sequence by constant-time evolution oftBeand \ith the experimental spectrum of NAV (Fig. 6).

>N coherences. Other simulation parameters include the effective C-H cou
Simulated>N CSA/C-H* correlation spectra. To demon- pling (10.4 kHz), thé>N CSA (—8.51 kHz), the N-C coupling

strate the sensitivity of th&°N CSA/C*-H* spectra top, we (1.0 kHz), the REDOR mixing time (72@s), and the spinning

% [ei(‘I’N(tl)+‘I’CH(t1)) + ei(‘VN(h)—‘I’CH(M))]_ [1]

Wty + Weu(ty) = j Cdto® = oe®) 2]
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speed (2.778 kHz). These parameters are taken from the ex-
perimental spectrum of NAV shown in Fig. 6. The number of
crystallites in the powder average is 5000.

Figure 3 exhibits the calculatedN CSA/C*-H* rotational
sideband spectra as a functiondf The spectra show signif-
icantly asymmetric sideband envelopes with respect to the zero
frequency, in marked contrast to the symmetric spectra of the
dipolar HNCH experiment. Correspondingly, nearly twice as
many independent sidebands are available from these CSA-
based spectra, which aids the determination of the besgt-fit
angle. Pairs of spectra with complementédranglesd, + ¢,
= 120°, —240° that cannot be distinguished by pure dipolar
correlation 8) are displayed side by side. Though similarities
still remain, the spectral differences are well visible, especially
when ¢ corresponds to thg-sheet conformation-<160° and
—80°, —140° and—100°). The polarity of the spectra reverses
between—20° and—60°, and between 140° and 180°.

T T T T
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'3C chemical shift (ppm)

TT T T T[T T T[T T T T T T 11717
-10 0 10
C-H dipolar coupling (kHz)
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C-H dipolar coupling (kHz)

FIG.4. The®®C-'H DIPSHIFT of NAV. (a)w, spectrum, showing th€’C
isotropic shifts. (b)w, cross section of the Cresonance. (c) Corresponding
simulation with an effective dipolar coupling of 10.4 kHz.

RESULTS AND DISCUSSIONS

C-H dipolar coupling. The correlation of thé>N CSA and
C*-H* dipolar coupling requires knowledge of the size and th
orientation of these interactions. The size of tHeHZ dipolar
coupling is scaled from the one-bond coupling constant by tt
MREV-8 sequence. Since only the product of the rigid-limit
coupling strength and the MREV-8 scaling factor is relevant fo
the current experiment, it is unnecessary to have precise knov
edge of each parameter independently. In fact, the one-bond C
coupling constant is known to be smaller than the theoretical vall
due to vibrational averaging effec®3j, and the scaling factor of
MREV-8 is cumbersome to measure. Thus, we determined tl
scaled C-H dipolar couplings using a DIPSHIFT experiment it
which the C-H couplings are separated according to ‘fi@
chemical shift 84). The MREV-8 parameters and thge dwell

FIG. 3. Calculated™>N CSA/C*-H* spectra as a function of the torsionime are set to be the same as in the torsion angle experime
angle ¢ with 20° increments. The spectra are simulated with the followinfrigure 4a shows the, projection of the 2D spectrum, which
parameters:®N 8csa = —8512 Hz (107 ppm in a 9.4-T magnetic field), exhibits the expected five aliphatic resonances and the carbol

Nesa = 0.27, as determined from tHéN spectra shown belowyc,, = 10.4
kHz according to the DIPSHIFT experiment. The Euler angles rotatingtthe
CSA tensor to the N-€common frame areof, By, Yn) = (—20°, 137°, 240°

sideband manifold. Taking the, spectrum of the Cresonance at
55 ppm (Fig. 4b), we observe a symmetric rotational sidebar

— ¢). The corresponding Euler angles for the C-H coupling are (0°, 109.99attern, whose intensities are fit to yield a dipolar coupling
0°). The spinning speed i8,/27 = 2778 Hz.

strength of 10.4+ 0.5 kHz (Fig. 4c).
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5N chemical shift anisotropy. The principal values of the'N
chemical shift tensor exhibit non-negligible variations among
different peptides. Fortunately, they can be measured conve-
niently by one-dimensional (1D) CP experiments in the case of a
single N site or by two-dimensional (2D) anisotropic-isotropic
chemical shift separation techniqu@&s39 in the case of mul-
tiple >N sites. The asymmetry parametey) of the amide™*N
chemical shift tensor in peptides varies from as low<e3.1
(mainly glycine) to as high a=0.35 (4, 16, 17, 1%

The N chemical shift anisotropy of NAV was measured by
a static’™>N CP experiment. The powder pattern (Fig. 5a) is
characterized by an anisotropy &= o35 — gisc = 106 ppm
and an asymmetry parameter @f= 0.27. In the 9.4-T mag-
netic field used, this CSA (4.3 kHz) amounts to less than half
of the one-bond C-H dipolar coupling constant (ca. 11 kHz).
This justifies the doubling procedure used in the pulse se-
quence 9), since the maximal spectral variation with the
torsion angle occurs when the two interaction strengths are
comparable.

To ensure that the CSA-doublédN spectrum obtained
under MAS is consistent with the static spectrum, we per-
formed a control experiment using the pulse sequence of Fig.
1 but without CH dipolar evolution under MREV-8 decou-
pling. This yields a puré®N CSA spectrum without the C-H
dipolar coupling. As shown in Fig. 5c, th&N sideband
spectrum indicates that the width of the shift anisotropy is
indeed doubled with respect to the powder pattern. Further, the
sense of asymmetry of the sideband spectrum is the same as the

(@)

T T T T
200 150 100 50 0

13C chemical shift (ppm)

(b)

T T T T T
-20 -10 0 10 20

15N chemical shift & C-H coupling
(kHz)

(c)

I | I T T
-20 -10 0 10 20

15N chemical shift & C-H coupling
(kHz)

static spectrum under the phase cycles for'fi 180° pulse

. . 15 a H H H
and for the receiver. Knowledge of the spectral asymmetry ig”'G- 6. The ™N CSA/C*-H® correlation spectrum. (a), dimension at,

important for simulating the torsion angle spectra with t

experimental calculated
(b)
(@)
(c) (d)
"400 200 0 200 400 200 0 200 |

15N chemical shift (ppm)

he 0, showing the selection of‘Gesonance and acetyl carbonyl resonance by

t%e REDOR mixing period. (b, cross section of G reflecting the mutual
orientation of the>N CSA tensor and the €H* dipolar tensor. (c) Best-fit
simulation with¢p = —140°. The azimuthal angle of the N*®ond in the'>N
chemical shift principal-axes systemds= —25°.

correct sign. A best-fit simulation of the putéN CSA side-
band spectrum is shown in Fig. 5d. In this simulation, the
unrefocused N-C dipolar coupling with a double magnitude (;
kHz) is taken into account.

5N CSA/C-H* correlation spectra. The >N CSA/C*-H*
correlation spectrum of NAV is shown in Fig. 6. In the,
dimension (Fig. 6a), only the Cand the acetyl carbonyl
resonances survive due to the relatively short N-C transfer tin
used. Thew, cross section of the Qpeak (Fig. 6b) displays an
asymmetric spectral envelope with much higher intensities i
the first three orders of sidebands than those in Fig. 5¢ due
the contribution of the C-H coupling. The best-fit simulation of
the spectrum (Fig. 6¢), obtained with, = —25°, yields¢ =

FIG. 5. The N chemical shift spectra of NAV. (a) Powder spectrum—140°, which agrees well with the x-ray crystal structurepof

obtained without sample rotation. A total of 928 scans were averaged.
Simulation of the static spectra with = 106 ppm andn = 0.27. (c)
CSA-doubled MAS spectrum, takengf2m = 2778 Hz and with the 2D pulse

@) —136.5° @0). The choice ofxy in the best-fit simulation is
discussed in more detail below.

sequence in Fig. 1b but without the C-H coupling evolution. (d) Simulation of Angular resolution. In order to quantify the angular reso-

the MAS spectra witth = 212 ppm.

lution of the *®N CSA/C*-H* correlation technique, i.e., the
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FIG. 7. The 2D RMSD contour plot for quantifying the angular resolution of tié CSA/C*-H* technique. Thé>N CSA/C*-H* spectra were calculated
with a, = —25° and as a function ap at 5° increments, giving 72points in the 2D plot. The contour heights correspond to the difference between spe
for the pair of¢ angles defined by the andy-position. Three points of exactly vanishing RMSD in the lower right half of the plot are indicated by dots. Regi
of B-sheet andx-helix conformations are emphasized by bars. Several cross sections through the 2D plot at the ipdiedtied are shown on the right.

degree of difference between spectra of different torsion asponds to the8-sheet structure, is better than that arodne
gles, we calculated the root-mean-square deviations (RMSBPHO0°, which corresponds to the-helix conformation. It can
between pairs of simulated spectra. As described previoushgo be seen that the traces fod00° and—140°, which are
(9), the RMSD s defined as identical in the pure dipolar HNCH correlation experiment, are
clearly different here. This shows that even a relatively sma
N deviation of the’®N o, axis from the peptide planex( =
RMSD(¢, ¢') = {2 [S($) — S(¢")IN}%  [8] —25°) can effectively remove the spectral degeneracy arout
¢ = —120°. The similarity between the 60° and the—180°
Where is the normalized intensity of thieh sideband, out traces results from one of the three discrete degeneracies in-
of N 3(1(2) sidebands in a spectrumyof torsion angleThe full 2D coqtour plot. Finally, in both t.h&600 and the-140°
result for 72 pairs ofp-angle spectra, calculated in incrememgrossosectlons, the TMSD V?'“es differ greatly betwgern
of 5° for —180° = ¢ = 180° and withay, = —25°, is shown —140° and¢ = —60°, indicating that the8-sheet conforma-
tion and thea-helix structure can be clearly distinguished.

in a 2D RMSD contour plot (Fig. 7) as a function éfand¢’.
Each spectrum is averaged over 648,000 crystallite orienta-Requirements for full-rangée determination. In our pre-

tions. The intensities of the contour lines reflect the spectndbus HNCH correlation experiments, the spectra for pairg of

variation due to thep angle. The higher the contour intensityangles centered around120° and+60° are identical. These

the larger the spectral difference. Since RM$P$) = 0, the degeneracies occur because the relative orientation of t
contour intensity along the main diagonal of the 2D is zeronique axes of two dipolar tensors is characterized by only or
Near the diagonal between abett80° and—15°, the contour parameter, the angle between the axes. The correlation invo
lines are more densely spaced, indicating significant speciireg the non-uniaxiat®N chemical shift interaction is less prone
changes, or high angular resolution. Several cross sectit@such degeneracies, since the relative tensor orientation
through the 2D contour plot are also shown. In these crogends on two angles, which are the polar coordinates of tt
sections, the relative widths of the global minima at a fixe@*-H* dipolar axis in the®™>N chemical shift principal axes

RMSD value indicate the relative angular resolution. For esystem. As discussed previousl),(systematic degeneracies
ample, the angular resolution @ = —140°, which corre- occur only if a principal axis of either tensor is perpendicula

i=1
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to the torsion bond. For a uniaxial interaction, one of the
degenerate principal axes always fulfills this condition. For the
peptide™N chemical shift, one principal axis would be per-
pendicular to the N-€bond if the azimuthal angle,, of that
bond in the chemical shift PAS is 0°, 90°, 180°, or 270°. The
additional case of the polar angg, = 90° can be safely
excluded based on the literature data fortf chemical shift
tensor orientation, wherg,, ~ 140° (13, 14. For ay = 0°,
+90°, or 180°, the degeneracy is the same as in the pure
dipolar HNCH experiments. It is centered aroufid= —120°
and+60°, so that, for instance, the spectrador= —140° and
—100° are identical. Foty # O and the given orientation of

RMSD (experiment vs. simulations)

) 3 oL . :
the >N CSA tensor, only three discrete degeneracies occur. -180° -120°  -60° 0 60° 120° 180°

They can be identified as isolated minima at the zero level in crystal 0]

Flg 7. structure

While the angle3y between the N-€bond and ther,; axis FIG. 8. RMSD between the experimental and the simulated spectra as
of the 5N chemical shift tensor does not vary significantlﬁu”Ctigg of ¢ and parameterized hy, which is the gngle between thg, axis
among different amino acid residuesN values between 0° of the >N CSA tensor and the normal to the peptide plane. The RMSD value

o . . are reported as fractions of the total experimental spectral intensity. Fol
and 20° have been estimated from correlation of different curves are plotted, correspondingip= 0° (dotted line),—25 (thick

chemical shift anisotropy with a segment-fixed dipolar cowpiid line), —50° (thin solid line), and-90° (dashed line). 72 spectra with 5°
pling (13, 1. If the peptide group were strictly planar and th&-angle increments are calculated for each RMSD curve. The experimen
chemical shift only reflected the local symmetry, thgp= 0°, 'ms noise, which is calculated based on the intensities of six noise sidebar

180° or +90° would be required. However, the peptide grou the two edges of the experimental spectrum, is shown as a dashed horizol
q pep 9 ne at 6%. The fact that this noise level is smaller than the rmsd between tl

IS not completely planq_r in NAV accordmg to the x-ray Cry_Staéxperiment and the best fit simulation suggests that systematic error,
structure 89). In addition, long-rangey-gauche effects in addition to random error, contributes to the experimental uncertainty.
B-branched amino acid sidechains can shift il tensor

orientation further away fronay, = 0 (40).

We investigated the effect of the anglg on the determi- within the relevant angular range means that it is possible |
nation of the best-fith torsion angle by calculating the RMSDdeterminep even without precise knowledge af,. Due to the
between the experimental and the simulated torsion angignificant difference in the N-H dipolar antfN chemical-
spectra as a function ap for several different values oty  shift tensor orientations, their correlation with the C-H dipola
(Fig. 8). As expected, the traces feg, = 0° and 90° exhibit coupling responds differently t¢-angle changes. This fact,
the undesired symmetry arourpl = —120° and¢ = 60°, combined with the asymmetry of the CSA/dipolar sideban
which is the same as that observed in the HNCH experimegpectrum, makes th&®N CSA/C*-H® experiment useful for
The orientation oty = 0° can be safely excluded because thgorroborating the result of the HNCH experiment and increas
fits indicate relatively large RMSD values, whilg, = —90° ing its precision in regions where thieresolution of the latter
is completely inconsistent with the literature. Fgg between s |ow.

—20° and—90°, a pronounced minimum is observed néar

—140°, which is close to the value found in the x-ray crystal CONCLUSIONS

structure ¢ = —136.5°). The exact position of the RMSD

minima for o between—25° and—90° are not very different. We demonstrated a dipolar-chemical shift correlation tect
This can be understood because changiqgwith fixed By nique for determining the peptide torsion angiepotentially
leaves thery; axis unaffected but changes the orientations oiver the full range of 360°. The technique breaks the spectr
theo,, ando;, principal axes. Since these two principal valuedegeneracy in previous HNCH correlation experiments b
are relatively similar, the resulting spectral variations are smatimploying the asymmetric chemical shift interaction of the
However, we point out that o, values of the opposite sign peptide backbon&N. Correlation of the®N CSA and C-H*
the minimum appears g = —100°. Thus, a full-range deter-coupling interaction yields the relative orientation of the twc
mination of ¢ requires knowledge of the sign af,. For NAV, tensors and hence thé'HN-C*-H* torsion angle. Doubling of
given the x-ray crystal structure and the small absolute valub® magnitude of thé°N CSA relative to the &H* dipolar

of ay in the literature, the sign af,, must be negative and its coupling achieves an angular resolution of better thd®° in
most probable value is25°. Note that other NMR techniquesthe biologically interesting-sheet region, as estimated by an
that correlate thé®N CSA tensor with the N-G N-C*, or N-H RMSD analysis. Because of the asymmetry of tAg-CSA/
dipolar couplings cannot yield the sign af. C*-H® spectrum, the number of independent conformation

The observed insensitivity of the best-#t torsion to« sensitive sidebands is doubled compared to the pure dipo
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HNCH experiment. If the orientation of the, ; axis of the>N Determination of local structure in solid nucleic acids using double
chemical shift principal-axes system is exactly known, then the guantum NMR spectroscopy, J. Chem. Phys. 107, 28-42 (1997).
twofold degeneracy of the angle is removed and the torsion 7. Y. lIshii, T. Terao, and M. Kainosho, Relayed anisotropy correlation

angle can be determined unambiguously in the full 360° range.
Even if the orientation of ther,; axis is not known, the best-fit
procedure still provides a good estimate &f but with a
twofold degeneracy. Thi$N CSA/C*-H* experiment should
be used in conjunction with the HNCH experiment to increase
the angular precision of thé determination. The experiment, 9.
demonstrated here diiN-enriched but*C-natural abundance
NAV, has sufficient sensitivity to be applied to largdé€- and
®N-labeled peptides and proteins for the simultaneous det%-
mination of manyd torsion angles. '

8.

EXPERIMENTAL 11.

Powder NAV was obtained from Cambridge Isotope Labo-
ratories, Inc. (Andover, MA) and was recrystallized in aqueous

solution. The spectra were measured on a homebuilt spectrd-

eter operating at 397.8 MHz fdH, 100.0 MHz for'C, and
40.3 MHz for**>N nuclei. A homebuilt triple resonance probe,,
with a transmission line design and equipped with a 4-mm’
Chemagnetics (Fort Collins, CO) MAS spinning module was
used. Proton RF fields of about 100 kHz were used for exci-
tation and CW decoupling. ThéH 90° pulse length for
MREV-8 multiple-pulse decoupling was8s. Semi-window- 14
less MREV-8 was used and incremented in half cycles qid8
during the C-H evolution period. The spinning speed was 2778
Hz and was controlled by a Doty (Columbia, SC) spinning;
speed controller to within 2 Hz.
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