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Abstract: We present a new method for determining the orientation of chemical shift tensors in polycrystalline
solids with site resolution and demonstrate its application to the determination of the Co. chemical shift
tensor orientation in a model peptide with 5-sheet torsion angles. The tensor orientation is obtained under
magic angle spinning by modulating a recoupled chemical shift anisotropy (CSA) pattern with various dipolar
couplings. These dipolar-modulated chemical shift patterns constitute the indirect dimension of a 2D spectrum
and are resolved according to the isotropic chemical shifts of different sites in the direct dimension. These
dipolar-modulated CSA spectra are equivalent to the projection of a 2D static separated-local-field spectrum
onto its chemical shift dimension, except that its dipolar dimension is multiplied with a modulation function.
Both 3C—H and *3C—*5N dipolar couplings can modulate the CSA spectra of the Ca site in an amino acid
and yield the relative orientations of the chemical shift principal axes to the C—H and C—N bonds. We
demonstrate the C—H and C—N modulated CSA experiments on methylmalonic acid and N-tBoc-glycine,
respectively. The MAS results agree well with the results of the 2D separated-local-field spectra, thus
confirming the validity of this MAS dipolar-modulation approach. Using this technique, we measured the
Val Ca tensor orientation in N-acetylvaline, which has -sheet torsion angles. The o, axis is oriented at
158° (or 22°) from the C—H bond, while the o2, axis is tilted by 144° (or 36°) from the C—N bond. Both the
orientations and the magnitude of this chemical shift tensor are in excellent agreement with quantum
chemical calculations.

Introduction lishing correlations between thmagnitudeof chemical shift
tensors and the three-dimensional structure of proteins, less is
known about therientationof chemical shift tensors and their
dependence on protein structure. The best studied chemical shift
tensor orientations are those of the amiighé and the carbonyl

13C, which are predominantly influenced by the peptide plane
geometry?~12 The 15N chemical shift tensor has the most
deshielded (downfield) principal axis roughly parallel to the
N—H bond in the peptide plarié, while the intermediate
principal axis ¢»,) is perpendicular to the peptide plane. For
the carbonyl'3C chemical shift tensor, the most shielded
(upfield) principal axis is perpendicular to the peptide plane,

Chemical shift tensors are important parameters of nuclear
spins and have been widely used to obtain information on the
conformation, dynamics, and orientation of molecules. For
example, the isotropic chemical shifts'8€a, 13CS, Ha, and
HB in proteins depend on the secondary structure in a
characteristic way-2 Similarly, a conformation dependence of
anisotropic chemical shifts has also been observed experimen-
tally* and calculated quantum chemicdly. In particular, the
Co. chemical shift anisotropy (CSA) is much smallewirhelical
residues than i-sheet residues. This structural dependence
of CSA has begun to be exploited for conformational studies

of proteins in the solid state, where no isotropic molecular
tumbling is present to average the anisotropic chemical shift
interaction® While much attention has been devoted to estab-
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while the 0,2, axis is nearly parallel to the CO bond. Not
surprisingly, thé3CO and'®N chemical shift tensors are affected
by hydrogen bonding as well as by local torsion angles, which
make them ambiguous probes of protein backbone conforma-
tion.11:14In comparison, the & chemical shift tensor derives
its strongest influence from the torsion angfeandy in each
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residue, since it has no obvious local symmetry or other strong
interactions governing shieldiff§.Quantum chemical calcula-

NMR Experiments. All NMR experiments were carried out on a
Bruker DSX-400 spectrometer (Karlsruhe, Germany) operating at a

tions have shown that, analogous to the chemical shift magnitudereésonance frequency of 400.49 MHz fét, 100.72 MHz for'*C, and

difference between helix and sheet, the orientation of the C
tensor also varies significantly among different conformations.
For example, the most deshielded tensor elenagptis oriented

on average at-8° from the C-H bond in sheet residues but
changes t0~82° in helical residues. Similarly, the orientation
of the o2, axis relative to the €N bond centers at-60° in
helical residues but-150 in sheet residues.

This large conformational variation of thex@hemical shift
tensor orientation, if verified, could be useful for studying the
orientation of membrane peptides and proteins in the solid state.
It is also relevant to solution NMR relaxation measurements,
which typically assume the & chemical shift tensor to be
uniaxial along the €H bond* To date, few experimental
measurements of theoCchemical shift tensor orientation are
available®1” The traditional solid-state NMR methods for
determining tensor orientations are not practical for various
reasons. For example, single crystals are difficult to grow, and
static 2D separated-local-field (SLF) experiméftdon poly-
crystalline samples requitéCo and?*N double labeling, which
is not available for most amino acids. The scarcity¥fo. and
15N dual labeling also renders the 1D static dipolar-modulated
CSA technique not applicabfeOn the other hand, techniques
based on magic angle spinning (MAS), which restore site
resolution without labeling, also have serious limitations. For
example, the 2D sideband approach requires inconveniently low
spinning speed® A recent dipolar and chemical shift recoupling
techniqué! that reintroduces 2D SLF powder patterns under
MAS not only has complex sequence elements but also has
inherently low sensitivity, since the experiment requires a third
dimension to obtain site resolution.

In this paper, we introduce a 2D MAS dipolar-modulated
CSA technique for measuring chemical shift tensor orientations
with site resolution, high angular precision, and high sensitivity.
We apply the technique to the measurement of the \éadeDsor
orientation in a model compound wifftsheet torsion angles.
These provide benchmark values of the orientation and mag-
nitude of the @ chemical shift tensor in a structured amino
acid, and may facilitate future use of this spin property in
structural studies of proteins.

Materials and Methods

Materials. The '3C-natural abundance methylmalonic acid was
purchased from Sigma, aAtN-tBoc-*Ca-glycine was purchased from
Cambridge Isotope Laboratories (Andover, MA). Both samples were
used without further purificatiort®N-acetylvaline (NAV) was synthe-
sized as described previouglyand recrystallized by slow evaporation
of a saturated aqueous solution.
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40.58 MHz for *>N. A triple-resonance MAS probe with a 4-mm
spinning module was used for the experiments. All experiments were
conducted at room temperature. A spinning speed of 2.5 kHz was used
in the MAS experiments. Typical 9Qulse lengths were 3.Bs for

H, 5 us for 1°C, and 6us for *>N. The H decoupling field strength
was about 73 kHz during acquisition and 85 kHz during the CSA
evolution. AN decoupling field strength of20 kHz was used during
the 13C CSA evolution. CP spin-lock field strength 50 kHz was
used, and the contact time was 5@9except for the €H modulated
CSA experiment. The indirect dimensiom,) of the 2D MAS
experiments was incremented rotor-synchronously, ag#0fer step.
Due to the CSA scaling factor of 0.155, the effectivewell time was
400us x 0.155= 62 us, which was used in data processing. Recycle
delays of 1.5-3 s were used. Total signal-averaging time for each 2D
MAS experiment ranged from 2 to 22 h. Typical line broadening was
220 Hz in the direct dimensionwg) and~150 Hz in the indirectd:)
dimension. All °C chemical shifts were referenced to the glycine
carbonyl line at 176.4 ppm (relative to TMS).

The static 2D C-H dipolar and'*C CSA correlation experimelit
was performed withH homonuclear decoupling durirtg which was
accomplished by MREV-82* For the 2D CG-N/®C correlation
experiment, a pair of simultaneoapulses on thé*C and'®>N channels
were used during thi period to select the €N dipolar coupling.

Dipolar-Modulated CSA Experiment. The orientation of the @
chemical shift tensor is extracted from-& and C-N modulated CSA
spectra. Basically, the dipolar interactions modulate the CSA spectra
according to the relative orientation of each dipolar vector to the CSA
tensor. A dipolar-modulated CSA pattern is equivalent to the projection
of a 2D SLF spectrum onto the chemical shift dimension after
multiplying the dipolar dimension with a modulation function.

To carry out the dipolar-modulation experiment, we first recouple
the CSA interaction under MAS to obtain spectra resembling the static
powder patterns. This CSA recoupling is achieved using a sequence
modified from the fourm-pulse experiment originally proposed by
Tycko and co-worker# In the original experiment, the four pulses
were applied at specific time points in a MAS rotation period, such
that the time-averaged chemical shift frequency equals the static
frequency scaled by a constant factor. However, this experiment is
sensitive to pulse imperfections due to rf field inhomogeneity, which
give rise to artifacts at the edges of the spectra and broaden the CSA
patterns. The improved technique, termed SURERplaces ther
pulses with Zr pulses in the interval between each pairmopulses
(Figure 1a). Thus, instead of inverting the sign of the chemical shift
frequency, the 2 pulses make the frequency vanish to zero. This gives
rise to the same recoupling phenomenon except that the scaling factor
is reduced by a factor of 2 compared to thgulse-based sequence.
More importantly, since thes2nutation pulses are much less sensitive
to rf field inhomogeneity, and phase cycling further compensates for
pulse length and pulse phase errors, the recoupled CSA spectra show
much less distortion. In addition, it can be shown that'théecoupling
field strength only needs to be twice stronger than'#efield strength
during the Z pulses?® while for z pulses théH field strength has to
be 3 times stronger to achieve similarly good decougign important
aspect of both the originat-pulse-based recoupling sequence and the
improved SUPER sequence is that the recoupled CSA frequency
depends on the orientations of the individual molecules relative to the
magnetic field in the laboratory frame at the beginning of the rotor
period. To modulate the CSA powder pattern with a dipolar coupling,
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Figure 1. Pulse sequences for dipolar-modulated CSA recoupling experi-

ments to determine the chemical shift tensor orientation. (a) CSA recoupling

experiment. With a shofH—13C CP contact time, this becomes the 8
modulation experiment. (b) €N modulation experiment. DD, dipolar

decoupling; TOSS, total sideband suppression; TPPM, two-pulse phase

modulation.

one must ensure that the dipolar frequency is expressed in the sam

coordinate frame as the recoupled CSA interaction, which is the
laboratory frame. The simplest ¢ modulation scheme in the
laboratory frame is cross polarization (CPJFor an isolated two-spin
system containing & and a'3C, the magnetization of th€C (Cx)
depends on the CP contact timg, according to

1)

1 .
Cxi(1 — cOSwtey) = Cx Sif(weytcy)

wherewcy is the orientation-dependent dipolar coupling between the
IH and*3C spins?®2°This time dependence modulates the CSA spectra
recoupled during the subsequentperiod. When a CP time much
shorter than the sample rotation period is used, theHQdipolar

coupling can be approximated as quasi-static. Thus, its modulation of
the CSA spectra is completely determined by the relative orientation

of the CSA tensor and the-€H dipolar vector. Further, a short CP

time limits the heteronuclear dipolar coupling to the nearest-neighbor

13C andH spins, so that only the desired one-bona-dHo coupling
will modulate the @ chemical shift powder pattern.

At a spinning speed of 2.5 kHz, we used&-°C CP contact time
of 20 us. The sample rotates by %1&uring this time. Numerical

simulations of the orientation-dependent dipolar frequency indicate that,

for a rotor phase change of 4.&he powder-averaged absolute-value

frequency change is less than 16% of the dipolar coupling constant.

Thus, the quasi-static approximation of the & dipolar coupling under
this combination of short CP and slow spinning is valid. In contrast,
with a longzcn time, as is typical for a normal CP experiment, both

the quasi-static and two-spin approximations break down; thus, the

chemical shift powder pattern will no longer be modulated by the simple

time-independent two-spin dipolar couplings. The SUPER sequence
recouples any anisotropic interactions that are linear in the irradiated

spin. Thus, applied t&°C, the sequence reintroduces not only #@
CSA but also the®®C—*°N dipolar coupling. To selectively observe
the!3C CSA spectra, th¥N spins are decoupled froffC by continuous
irradiation. This is shown in Figure 1a for the evolution period. After
the evolution period, &filter is applied on'3C to store the cosine and
sine components of thig signals separately. They are then combined
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according to the States metlédo obtain pure absorptive spectra in
thew: dimension. Before detection, a total sideband suppression (TOSS)
pulse traif? is inserted to remove spinning sidebands in thg
dimension.

The pulse sequence for measuring the relative orientation of the CSA
tensor with respect to the-eN bond is shown in Figure 1b. TH&C—
15N dipolar interaction is recoupled by applying the SUPER sequence
on the'>N channel, combined with a pair of simultanectipulses on
the 3C and®N channels in the middle of the-a\ dephasing period,
7en- This combination refocuses th8C and N chemical shift
interaction, while preserving th€C—'°N dipolar coupling. Thet3C
magnetization evolves under this recouplegNCdipolar interaction
for a constant periodcn. A zfilter at the end ofrcy selects the cosine-
modulated*C magnetizationCx cosgcntcn), Which then evolves
under the'3C CSA interaction duringy. Thus, the 2D experiment yields
recoupled CSA patterns modulated by eas(rcn) in thew; dimension,
separated according to the isotropic chemical shift of é&chn the
> dimension.

The requirement of having twon2pulses in a fixed time interval
constrains the rf field strengthv{c) of the *°C recoupling pulses. In
our experiments, we used the timing 0.68and 0.254; for the
boundaries of the first pair of2pulses, and 0.746to 0.91%, for the
second pair of 2 pulses, where, is the sample rotation period. As a
result,wic is 12.12 times the spinning speed, Meanwhile, the'*C

e%ield strength must be significantly lower than the decoupling field

strength in order to avoid reverse CP. The fifitedecoupling field
strength thus constrains the spinning speed. For all experiments shown
here, the samples were spun at 2.5 kHz, which corresponded-te

30.3 kHz. The'H decoupling field strength was typically85 kHz,
which is sufficiently higher than th&C rf field strength to minimize

the 13C signal loss. This moderate spinning speed justifies the use of
the TOSS sequence before detection. The CSA scaling factor corre-
sponding to this pulse timing is 0.155.

Simulation. To extract the relative orientation of the chemical shift
tensor to the dipolar vectors, the-€l and C-N modulated CSA spectra
were simulated in the frequency domain using Fortran programs. The
programs calculate the 2D SLF spectra as a function of the polar angle
and azimuthal angle of the uniaxial dipolar tensor in the chemical shift
principal axis system (PAS). The spectrum was then multiplied by the
appropriate modulation function in tlg dimension and projected onto
the chemical shift, ow,, dimension. The equivalence between this
projected SLF spectrum and the experimental dipolar-modulated
recoupled CSA spectrum can be shown as follows for theNC
modulation experiment:

f Swenwy) CoS@enTen) doey =
Re[ [ Swey )€™ docy] = Re[Steyw))] (2)

Similarly, the C-H modulated CSA spectrum is identical to the
projection of the 2D static €H/*C correlation spectrum multiplied
by sirf(wchrcn) in the wi dimension.

The relative orientations of the CSA tensor and the-X (X = 'H
or N) dipolar tensor can be described in terms of the direction angles,
Bex(oii), between the €X vector and the three CSA principal axes
(i =1, 2, 3). However, in the simulations, the orientation of the dipolar
vector in the chemical shift PAS is varied more conveniently in terms
of the polar anglefcx(oi) and azimuthal anglewcx(oi). These polar
coordinates are related to the direction angles in a well-defined fashion.
For example, cq¥n(o11) = cos@cn(oss) Sin(Ben(oss)). The three
chemical shift principal axes are arranged in a right-handed coordinate
system, with the-axis indicated bys; in the bracket off anda angles
and thex-axis corresponding tacx(oi) = 0°. For instancegcn(o11)

(31) States, D. J.; Haberkorn, R. A.; Ruben, DJJMagn. Reson1982 48,
286—292.
(32) Dixon, W. T.J. Chem. Phys1982 77, 1800-1809.



Ca Chemical Shift Tensor Orientation in Peptides

ARTICLES

is the azimuthal angle of the-€H bond in a PAS system wherg; is
along thez-direction, o2, is along thex-axis, andrss is along they-axis.

For methylmalonic acid, we specified the orientation of the most
deshielded elementy;;, with respect to the €H bond, while for
N-tBoc-glycine, the orientation of the most shielded principal axig,
was specified relative to thedC-N bond. For the model peptide NAV,
we defined the CSA tensor orientation in terms of the angle between
the o11 principal axis and the &—Ho bond and the angle between the
022 axis and the @—N bond. This follows the angle definitions of
Havlin et al.? thus facilitating comparison with the quantum chemical
calculations. For the NAV measurements, we mainly focus our analysis
on the polar angleScn(o11) andfcen(o22). The corresponding azimuthal
anglesocn(o11) andoen(o22), are useful for constraining the orientation
of the o33 axis relative to the @—CO bond.

In the simulations, powder averaging was achieved using 720 angular

steps. Due to the invariance of NMR frequencies to vector inversion
the spectra have a 2-fold degeneracy in a°I¥@@ge for bothoe and g
angles. Thus, the simulations were carried out only in the rafige 0
90°. This angular range was scanned with a resolution°ofNear the
best fit to the experiment, the simulations were carried out‘at 1
increments. The one-bor#C—H and'3C—*N dipolar couplings were
22 and 1 kHz, respectively. The simulated and experimental spectra
were normalized so that the maximum intensity is 1. The normalized
spectra were compared, and the best fits were obtained from the
minimum root-mean-square deviations (RMSD) between the experi-
mental spectrums e, and the simulated spectra&/Saccording to

RMSD(o.f) = \/ (SHR() — S ®)

wheren is the number of points in each spectrum.
Results and Discussion

C—H Modulated CSA Experiment on Methylmalonic
Acid. Methylmalonic acid is an ideal model compound to
demonstrate the €H modulated CSA technique. It contains a
CH, a CH;,, and a COO group, whose isotropic and anisotropic
chemical shifts are sufficiently different that the th*é€ signals
are resolved even in a static powder spectrum. This allows us
to compare the recoupled CSA spectra under MAS with the
static spectra without using’&C-labeled sample.

Figure 2a shows the recoupled CSA pattern of the methine
(CH) carbon, extracted from a 2D spectrum acquired with a

49.7
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'
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40 20 0 ppm 80 60 40 20 0 ppm

13C 13C
Figure 2. C—H modulated CSA spectra of methylmalonic acid. (a)
Recoupled CSA spectrum of the methine carbon, extracted from the 2D
spectrum at the isotropic shift of the methine carbon. CP contact time, 500
us. Best-fit simulation is shown below the experimental spectrum and gives
the principal values of the chemical shift tensor. The 2D spectrum was
obtained i 2 h with 64 scans pet; slice. (b) 1D static®C spectrum,
acquired with a CP contact time of 5@8. Number of scans (NSy 512.
(c) Recoupled CSA spectrum of the methine carbon, acquired with a CP
contact time of 2Qus. NS pert; slice, 96. (d) 1D statid3C spectrum,
acquired with a CP contact time of 28. NS= 128. Both 2D MAS spectra
(a, c) were recorded with 48 slices and a maximum evolution time of
9.6 ms.

axis is along the external magnetic field also has thei®ond
parallel to the field. Thus, that crystallite has the largest dipolar
coupling, and the modulation function siwcnzcH) acquires
the maximum value at shorgy. This interpretation of the €H
modulated CSA spectra is confirmed by the simulations in
Figure 3. Forfcu(o11) = 0°, the 011 edge of the modulated
CSA spectra is preferentially enhanced. Varying the azimuthal
angleocn(o11) does not affect the spectra, since thekCbond
always has the same projection onto the transverse plane. As
Bcr(o11) increases toward 90the o1 intensity decreases, and
theacn(o11) degeneracy is removed. Whépy(o11) = 90° and
ocn(o11) = 0°, the C-H bond becomes parallel to tlwe, axis;
thus, theo,, edge of the spectrum exhibits maximum intensity.
The experimental spectrum of methylmalonic acid (Figure 2c)
is best fit byﬂCH(O]_]_) = 25° and O.CH(O';]_]_) = 20°.

To confirm the result of this MAS experiment, we measured
the 2D SLF spectrum of methylmalonic acid, correlating the
C—H dipolar coupling with thé3C CSA. The natural separation

CP contact time of 50@s. The powder pattern does not have of the three!3C signals in this compound allowed us to analyze
any intensity suppression, and simulation yielded principal the methine carbon powder pattern without resonance overlap.
values of 59.7, 49.7, and 30.2 ppm. This recoupled CSA The !H—13C dipolar dimension was recorded withl homo-
spectrum agrees very well with the 1D static powder pattern in nuclear decoupling during the evolution period. The lardst
Figure 2b. Due to the isotropic shift separation by the 2D 13C splitting was observed close to the most downfield
experiment, the recoupled CSA spectrum contains no neighbor-componentgy;, of the spectrum. This is consistent with the
ing CH signal, in contrast to the static spectrum. high intensity of thes1; edge at short CP times. Betweesy
When theH—13C CP time was reduced to 2@s, the and o33, a ridge of roughly constant dipolar splitting that
intensities of the MAS spectrum (Figure 2c) became signifi- corresponds to about half the rigid-limit coupling was detected.
cantly attenuated around 40 ppm, while the intensities around This indicates that the-€H bond is approximately perpendicular
011 remained high. This agrees qualitatively with the static to the o3 ando,, axes. Indeed, the best-fit simulation of the
spectrum acquired with the same CP time (Figure 2d). Again, 2D spectrum yielde@cy(o11) = 25° and acy(o11) = 10° in
the static spectrum shows the meth3C signal that is absent  good agreement with the MAS result. The best-fit 2D spectrum
in the CH cross section of the site-resolved 2D MAS spectrum. differs significantly from other orientations of the chemical shift
Due to the G-H modulation, sif(wchrcH), the CSA spectrum  tensor, as shown by the simulated spectrafigi(o11) = 60°
should exhibit the highest intensity at the principal value whose and fScn(o11) = 90°, both with acn(o11) = 0° (Figure 4c,d).
axis is most parallel to the-6H bond. When the two interaction C—N Modulated CSA Experiment on 15N-tBoc-13Ca-
axes are collinear, a crystallite whose chemical shift principal glycine.We choseN-tBoc-glycine, one of the few commercially
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Figure 3. Simulated CG-H modulated CSA spectrum of the methine carbon in methylmalonic acid, using the principal values obtained from the simulation
in Figure 2a. Columns show variations with the polar anfiigfo11), between the; axis and the €H bond. Rows show variations with the corresponding
azimuthal anglepch(o11). The best-fit simulation, wittBcu(o11) = 25° andoch (011) = 20°, is shown in bold.
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Figure 4. (a) 2D separated-local-field spectrum of methylmalonic acid,

correlating the &H dipolar coupling with thé3C chemical shift anisotropy.
Only the methine region is shown. The spectrum was acquir&dhi with
768 scans pet; slice, 16t; slices, and a maximum evolution time of 614
us. (b) Best-fit simulation, obtained witbcn(o11) = 25° and ocn(oir) =
10°. (c) Simulation with3cr(o11) = 60° andack(o11) = 0°. (d) Simulation
with ﬁCH(Ull) = 90° and (ICH(O'J_]_) = 0°.

available amino acids with®N and 3Co. double labeling, to
demonstrate the measurement of the orientation of ta€E8A
tensor relative to the €N bond. Figure 5a shows the unmodu-
lated Gx CSA spectrum oN-tBoc-glycine, extracted from the
Co. cross section of the 2D MAS spectrum. The best-fit
simulation yielded principal values @fi; = 67.0 ppm,o2; =
48.0 ppm, andzz = 18.5 ppm. Thé3C—1N dipolar dephasing

48.0

(@)

sim.

80 60 40 20
13C

Figure 5. C—N modulated CSA spectra dfN-tBoc-13Ca-glycine. (a)
Recoupled @ CSA spectrum without dipolar dephasing. Best-fit simulation
is shown below the experimental spectrum. NStpslice, 16. (b) Recoupled
Co. CSA spectrum with 3.2 ms of €N dipolar dephasing. NS pér slice,

96. (c) Recoupled & CSA spectrum with 4.0 ms of €N dipolar
modulation. NS pet; slice, 128. All 2D spectra were recorded with §0
slices and a maximum evolution time of 10 ms.

0 ppm

C—N bond must lie somewhere between the most shielded
element,ozs, and the intermediate,, axis.

Simulated CSA spectra with 4 ms of-@ dephasing are
displayed in Figure 6. Large negative intensities are observed
near theoss edge forfcn(oss) around O and close to ther;
edge forfcn(oss) near 90 and acn(oss) near 0. At Scen(oss)
= ocn(osz) = 90°, the C-N bond is parallel to ther,, axis;
thus, the center of the powder pattern shows the most negative
intensities. The best-fit simulation yieldgdn(oz3) = 35° and
acn(osz) = 90°, consistent with the expectation that the- IS

was then turned on for 3.2 ms and for 4.0 ms, yielding spectra bond lies between thess and theo», axis. The result of this
in Figure 5b and 5c, respectively. Since the modulation function C—N modulated CSA recoupling experiment was verified by a

is cosfucenten), the frequency position with the lowest intensity,
rather than maximal intensity, is most parallel to theNCbond.

2D static SLF spectrum correlating tF€—5N dipolar coupling
with the 13C CSA. The 2D spectrum (Figure 7a) shows the

Simple inspection of the experimental spectra indicates that thelargest splitting close to thes; edge of the powder pattern,
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Figure 6. Simulated C-N modulated CSA spectra of thexGite of N-tBoc-glycine. Spectra vary as a function of anges(oss) and acn(oss) between
the o33 axis and the €N bond. The best-fit simulation, obtained wifian(oss) = 35° and acn(oss) = 90°, is shown in bold.
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Figure 7. (@) 2D SLF spectrum olN-tBoc-glycine, correlating thé3C—
15N dipolar coupling with thé3C chemical shift anisotropy. The spectrum
was acquired in 20 min with 16 scans peslice, 32 slices, and a maximum
evolution time of 4 ms. (b) Best-fit simulationBcn(oss) = 35° and acn-
(0'33) = 80°.

while the downfield edgegii, has about half the rigid-limit
splitting. The best-fit simulation (Figure 7b) yielded angles of
Ben(oz3) = 35° and acn(ozz) = 80°, in good agreement with
the MAS results.
Co. Chemical Shift Tensor Orientation of N-Acetyl-p,L- 100 80 60 40 20 0
valine. Using these two dipolar-modulated CSA techniques, we 13C (ppm)
measured th_e € te_nsor orientation OflSN'acetylva“ne’ a Figure 8. Recoupled CSA spectra 8iN-acetylvaline. (a) Without dipolar
compound with torsion angles ¢f= —136.5 andy = 18C° modulation. NS pet; slice, 256. The best-fit simulation is shown below
for the Val residue, as determined by X-ray crystallography. the experimental spectrum. (b)-& modulated CSA spectrum, acquired

Figur hows the unm lat A pattern and it t-fit With a CP contact time of 2f2s. NS pert; slice, 256. (c) &N modulated
gure 8a shows the unmodulated CSA pattern and its bes CSA spectrum, acquired with a-@N dephasing time of 4.0 ms. NS pgr

simulation. The principal values are_ 82'6'.53'2' and 36.1 ppm' slice, 512. All 2D spectra were obtained with #Glices and a maximum
The C-H modulated spectrum, acquired with a CP contact time evolution time of 8 ms, except for spectrum b, which was processed using

of 20 us (Figure 8b), shows that the intensity is best retained 36 1 slices.

near theo1; edge of the powder pattern, indicating that thetC 9. The simulations were carried out as a function of the angles
bond is approximately parallel to thei; axis. The &N pepween the €H bond ands; axis to facilitate later compari-
modulated CSA spectrum with 4.0 ms of dipolar dephasing son with quantum chemical calculatiohg/henBen(ows) = 0°,
(Figure 8c) exhibits two distinct valleys, which correspond 10 the most downfield edge of the powder pattern has the highest
the largest €N dipolar coupling. intensity. Wherer(o1z) = 90° andaci(o1z) = 90°, the G-H

The quantitative orien_tation _of theoCbhgmical_shift_ tensor  pond is aligned with thesss axis, giving the upfield edge of the
relative to the G-H bond is obtained from simulations in Figure spectrum the highest intensity. Finally, whBgu(o1) = 90°

(33) Carroll, P. J.; Stewart, P. L.; Opella, S.Atta Crystallogr.199Q C46, andaCH(Oll) : 0°, th_e CﬁH b?”d is al_igned with thez, axis,
243-246. thus enhancing the intensity in the middle of the spectrum. The
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Figure 9. Simulated C-H modulated CSA spectra of NAV as a function of the angles betweea;thexis and the €H bond. The simulation closest to
the best-fit offcn(o11) = 22° and acn(o11) = 58° is shown in bold.
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Figure 10. Simulated C-N modulated CSA spectra of NAV as a function of the angles betweenthexis and the €N bond. The simulation closest
to the best fit officn(o22) = 36° and acn(o22) = 37° is shown in bold.

best-fit simulation, as determined by the RMSD calculation in both thea andj angles. For both experiments, the best-fit
described below, yield8cn(o11) = 22° and ocp(o11) = 58°. simulation is significantly better than the rest, as indicated by
Thus, theoj; axis of the @ chemical shift tensor is ap- the relatively steep contour level changes at the global mini-
proximately along the €H bond. The small deviation between mums. We estimate the uncertainty in the measured polar angles,
the experiment and the best fit is most likely a result of the Scu(o11) and Sen(o22), to be 3, while the uncertainty in the
signal-to-noise ratio of the experimental spectrum. two azimuthal angles are about°1lfor the C—H experiment

A similar set of simulations, made by varying the orientation and 5 for the C-N experiment. Thus, the angular resolution
of the C—N bond relative to ther,, axis, was carried out for  of these dipolar-modulation experiments is reasonably high.

the C—N modulated CSA experiment (Figure 10). The experi- Figure 11 also shows the angular degeneracy of these dipolar-
mental spectrum was best reproducedfayi(o2,) = 36° and modulated CSA experiments. Both theando angles have a
ocn(o22) = 37°. 2-fold degeneracy within a 18@ange. This means thAtand

To quantify the angular precision of the NAVoCtensor 180 — B, or o and 180 — a, are equally valid solutions.
orientation, we calculated the RMSDs between each experi- Overall, eight pairs of equivalent solutions can be found, since
mental dipolar-modulated CSA spectrum and the correspondingthe 8 angle varies from Oto 180 and thea angle varies from
simulations. This is shown as two contour plots in Figure 11. 0° to 360.

The minimum RMSD value was normalized to 1, and 15 contour ~ Comparison of Experimental NAV Tensor with Quantum
lines were plotted between the maximum and minimum RMSD Chemical Calculations.

values. The RMSD plot for the €H modulation experiment Figure 12 summarizes the orientation of the €hemical shift
shows that the spectra are extremely sensitive to the polar angldensor of NAV. Theoy; axis is drawn to be 15&rom the C-H
Pecn(or1) but less sensitive to the azimuthal anglgy(o11). The bond, while ther,, axis is 144 from the C-N bond. We chose

C—N modulated spectra show comparable angular resolution these values instead of the complementary values dfap2
2736 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002
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Figure 11. Plots of RMSDs between the experimental NAV spectra and
the simulations. (a}3C—H modulated CSA experiment. The minimum
RMSD (cross) is found fopcH(o11) = 22°, ach(o1r) = 58°, and their
complementary angles. (0C—15N modulated CSA experiment. The
minimum RMSD is found forien(o22) = 36°, acn(o22) = 37°, and their
complementary angles.

Figure 12. Orientation of the @ chemical shift tensor of Val in NAV.
The angles between tha; axis and the €H bond and between the:,
axis and the &N bond are indicated. Thess orientation is not measured
but has a restricted number of solutions based on théi@nd C-N
modulation results.

36°, since they are the closest to the ab initio calculation for
N-formylvaline amide. The experimental chemical shift pa-
rameters for NAV are listed in Table 1, along with the torsion
angles of Val determined by X-ray crystallograpfyFor

Table 1. The Ca Chemical Shift Tensor of Val in the 5-Sheet
Conformation

structure experimental calculation®

o —136.5 —-135

b 178.2 180

x1b —60° —60°

Ao 46.5 ppm 45.4 ppm
7 0.68 0.68
o011—CH angle 22,158 168

02— CN angle 38, 144 14

2 The calculation was done fdi-formylvaline amide and available from
ref 5 and the web site http://feh.scs.uiuc.edu/amino_acid.htiitle NAV
torsion angles were obtained from ref 33.

that the experimental CSA magnitudes, in terms of both the
span,Ac = |o11 — 033, and the asymmetry parameter,are

in excellent agreement with the calculations. In terms of the
tensor orientation, the theoretical orientation of the axis to

the C-H bond is only 10 different from the experimental value,
while the calculatedrz, orientation from the €N bond is
identical to the experimental result within the experimental
uncertainty. The small difference in tleg; orientation could
result from the different C-terminus environment of the two
molecules: the Val in NAV has a carboxyl end group, while
the Val in N-formylvaline amide has a carbonyl group capped
by a peptide bond. The replacement of a nitrogen atom by an
oxygen atom may affect the electronic environment af C
sufficiently to account for this small differencedn; orientation.
Overall, the experiment confirms the calculation that the
axis is roughly parallel to the €H bond.

It is reassuring to note that, among the multiple solutions for
the four angles obtained from the—€l and C-N dipolar-
modulation experiments, a subset is consistent both with the
H—C—N bond angle and with the quantum-chemifak(o11)
andfcn(o22) angles. In addition, the orientation of the; axis
relative to thel®Ca—13CO bond, while not measured here, is
constrained by the four measured angles. Due to the degeneracy
of the experimentally obtained orientation angles, a number of
solutions forBcc(oss) is found, some of which arg-11° from
the predicted angle of 27n -sheet Val.

Conclusions

We have shown a new technique for determining chemical
shift tensor orientations in powder samples with site resolution.
Static-like CSA powder patterns are recoupled under MAS using
a 2r-pulse-based sequent®eSite resolution is obtained by
correlating the recoupled CSA powder patterns with the isotropic
shifts in a 2D fashion. By modulating the recoupled CSA spectra
with C—H and C-N dipolar couplings, we obtain the relative
orientations of the CSA tensor with respect to these dipolar
vectors. The €&H modulation is achieved by use of a short
IH—13C CP time, while the €N modulation is accomplished
by dephasing thé3C magnetization with the recoupled-®l
dipolar interaction. The €H and C-N modulated CSA
experiments were demonstrated on methylmalonic acid and on
N-tBoc-glycine, respectively. Comparison with the correspond-
ing static SLF spectra indicates that the MAS experiments yield
accurate orientation angles. Using these dipolar-modulated CSA
methods, we measured theoxGensor orientation of Val in
N-acetylvaline, which hag-sheet torsion angles. The resulting

comparison, the quantum-chemical calculated Val chemical CSA tensor parameters agree very well with the quantum
shifts for similar torsion angles are also listed. It can be seen chemical calculations in terms of both the magnitude and the
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orientation. This suggests that the predictedt€nsor orienta- resolution in larger molecules. These dipolar-modulation tech-
tion difference between various secondary structure motifs may niques have high sensitivity: the 2D spectra of the unlabeled
indeed be present. Experiments on the €nsor orientations  methylmalonic acid and NAV were acquired ir-20 h. Finally,

of helical peptides are currently in progress. this robust CSA recoupling technique provide a promising

The G CSA tensor orientz?ltion may be US‘?M as an additional means for studying molecular motions in complex systems with
tool for protein structure refinement, especially when the CSA jte resolution.

magnitudes give ambiguous information on secondary structure.
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. W
the CSA modulation sequences presented here can be extende%
to incorporate a third, isotropic, dimension to enhance site JA017137P

2738 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002



