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Abstract

The Ca chemical shift tensors of proteins contain information on the backbone conformation. We have determined
the magnitude and orientation of the Ca chemical shift tensors of two peptides with a-helical torsion angles: the
Ala residue in G¥AL (¢ = —65.7°, ¢ = —40°), and the Val residue in GG*V (¢ = —81.5°, ¥ = —50.7°). The
magnitude of the tensors was determined from quasi-static powder patterns recoupled under magic-angle spinning,
while the orientation of the tensors was extracted from Ca—Ha and Ca—N dipolar modulated powder patterns. The
helical Ala Ca chemical shift tensor has a span of 36 ppm and an asymmetry parameter of 0.89. Its o1 axis is
116° £ 5° from the Co—Ha bond while the ooy axis is 40° £ 5° from the Ca—N bond. The Val tensor has an
anisotropic span of 25 ppm and an asymmetry parameter of 0.33, both much smaller than the values for p-sheet
Val found recently (Yao and Hong, 2002). The Val o33 axis is tilted by 115° 4= 5° from the Ca—Ha bond and 98° +
5° from the Ca—N bond. These represent the first completely experimentally determined Ca chemical shift tensors
of helical peptides. Using an icosahedral representation, we compared the experimental chemical shift tensors with
quantum chemical calculations and found overall good agreement. These solid-state chemical shift tensors confirm
the observation from cross-correlated relaxation experiments that the projection of the Ca chemical shift tensor
onto the Ca—Ha bond is much smaller in a-helices than in f-sheets.

Introduction

The chemical shift tensor of backbone Ca is an im-
portant probe of the conformation of peptides and
proteins. It has long been recognized that Ca isotropic
chemical shifts in a-helical and pB-sheet conformations
differ by an average of about 3.6 ppm (Spera and Bax,
1991; Wishart et al., 1991). But in addition to this
isotropic shift difference, chemical shift anisotropy
(CSA) is also sensitive to protein secondary structure
(Sitkoff and Case, 1998). This was first observed in
solution NMR xperiments that utilized relaxation in-
terference between Co—Ha dipolar coupling and Co
CSA to determine Ac™ = AGorh—ACpar, Where Acpar
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is the shielding along the Ca—Ha bond and Ao
is the average shielding orthogonal to it. These ex-
periments found Ac* to be 6.1 + 4.9 ppm in helical
residues but 27.1 + 4.3 ppm in sheet residues (Tjandra
and Bax, 1997). Quantum chemical calculations re-
vealed that for B-branched amino acids such as Val and
Ile, the span of the Ca shielding tensor, 2 = 033 — 011,
is larger in sheet than in helix, but the non-g-branched
amino acids do not show such a clear magnitude differ-
ence (Havlin et al., 1997). Calculations also indicated
that the orientation of the Ca shielding tensor changes
significantly between helix and sheet, causing the pro-
jection of the shielding tensor onto the Ca—Ho bond
to be especially different (Walling et al., 1997). Direct
solid-state NMR measurements in ubiquitin confirmed
the differences in the tensor span 2 between helix
and sheet for resolved residues (Hong, 2000). These
measured span differences are much smaller than the
Ac* difference observed in solution. This was re-
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cently found to be a result of the difference in the
Ca shielding tensor orientations. When experimen-
tally measured chemical shift spans €2 of several solid
peptides were converted to Ac™® using the calculated
tensor orientations, good agreement was found with
the Ac™ values of globular proteins in solution (Havlin
et al., 2001).

Therefore, the orientation of the Ca shielding ten-
sor is an important conformation-dependent parameter
and may be more generally sensitive to peptide back-
bone torsion angles than the magnitude of the tensor.
Until recently, this orientation information was not
easily accessible from solid-state NMR, due to the
difficulty of specifically labeling '3Ca and >N in
most amino acids except for Gly. SN labeling is
necessary for accurate determination of the Ca ten-
sor, since it enables both decoupling of the ’N-13Ca
dipolar interaction and the use of ’N-13Ca dipolar
coupling to compare with the orientation of the Ca
shielding tensor. Uniform '3C labeling is undesirable,
since the homonuclear '3C-13C couplings significantly
complicate the determination of the '3Ca chemical
shift tensor. The lack of '3Ca and N double la-
beling prevented the use of static dipolar modulation
experiments on powder samples to measure the chem-
ical shift tensor orientation and magnitude (Hartzell
et al., 1987; Hartzell et al., 1987). Meanwhile, sin-
gle crystals of model peptides are generally difficult
to obtain, thus precluding the use of rotation pat-
terns for Ca tensor determination. These limitations
prompted us recently to develop a general solid-state
NMR technique to determine the Ca tensor orienta-
tions on powder samples without '3C labeling but with
5N labeling (Yao and Hong, 2002). Our approach
utilizes the recently developed 2D SUPER experiment
(Liu et al., 2002) to first recouple the CSA interaction
under magic-angle spinning (MAS). This yields quasi-
static powder patterns in the indirect dimension of a
2D spectrum. The tensor orientation is then measured
by modulating these CSA powder patterns with 3Co—
"Ho and '3Ca—!°N dipolar couplings (Yao and Hong,
2002). As a result, the orientation of the Ca shielding
tensor relative to the Ca-Ha bond and the Ca-N bond
is determined.

We previously applied this dipolar-modulated CSA
recoupling technique to N-acetyl-valine (NAV), a
model amino acid with p-sheet torsion angles (Carroll
etal., 1990). NAV Ca has a relatively large CSA span
of 46.5 ppm, and the o1 axis is close to parallel (22°)
to the Ca—Ha bond (Yao and Hong, 2002). In this
work, we determine the complete Ca chemical shift

tensors of alanine and valine in two helical peptides to
compare with the B-sheet case. The two helical pep-
tides, GG*V-OH and G*AL-OH, where Val and Ala
were !N labeled, were chosen due to their known
crystal structures (Chaturvedi et al., 1991; Lalitha
et al., 1984). The Val residue in GG*V has torsion
angles of ¢ = —81.5° and ¥ = —50.7°, while the Ala
residue in G*AL has torsion angles of ¢ = —65.7°
and ¥ = —40°. Both residues were N labeled to
allow '3C-1°N dipolar modulation of the Ca powder
patterns and to permit complete decoupling of nitro-
gen during the '3C chemical shift evolution. We found
that the Ca tensor of these helical residues has very
different orientations and magnitudes from that of the
B-sheet Val.

Materials and methods

Peptide synthesis and purification

Wang resin, Fmoc-Leu-Wang resin and Fmoc-Gly
were purchased from Novabiochem (San Diego,
CA).’N-Fmoc-alanine and >N-Fmoc-valine were
purchased from Cambridge Isotope Laboratories (An-
dover, MA). The "N-labeled G*AL-OH and GG*V-
OH were synthesized by Fmoc solid-phase peptide
synthesis methods and cleaved with trifluoroacetic
acid. ’N-Fmoc-valine was linked to Wang resin us-
ing a symmetrical anhydride (Synthesis notes, Nov-
abiochem). The identities of the peptides were con-
firmed by electron spray ionization mass spectrometry,
'H solution NMR and '3C solid-state NMR. The crude
peptides were purified by ion exchange chromatog-
raphy and recrystallized by slow evaporation from
water at 4 °C. The crystal structure of the synthesized
GAL was directly determined by X-ray crystallogra-
phy and found to be identical to that shown in the
literature (Chaturvedi et al., 1991). The crystal struc-
ture of GGV was not directly measured due to the
small sizes of the crystallites. However, the labeled
GGV exhibited identical '3C and 'H isotropic chem-
ical shifts with those of the commercially available,
unlabeled, GGV. Further, repeated recrystallization of
GGV always yielded the same NMR spectra, indicat-
ing that the molecular conformation of this peptide is
extremely stable and that the molecule is unlikely to
have a second conformation.



NMR experiments

All NMR experiments were carried out on a Bruker
DSX-400 spectrometer (Karlsruhe, Germany) at a
magnetic field of 9.4 Tesla. A triple-resonance MAS
probe with a 4-mm spinning module was used for the
experiments. Standard 90° pulse lengths were 3.5 s
for 'H and 5 s for 13C and 'N. The 'H decoupling
field strength was 75 kHz during acquisition and 85—
95 kHz during the evolution period. A >N decoupling
field of about 20 kHz was used during '*C evolution.
Cross polarization (CP) spin-lock fields of 50 kHz
were used, and the contact time was typically 500 s
except in the C-H dipolar modulation experiments.
The indirect dimension of the 2D experiments was in-
cremented synchronously with sample rotation, which
was typically at a speed of 2.5 kHz. Due to the scaling
factor of 0.155 for the CSA recoupling sequence, the
effective t; dwell time was 1 x 0.155 = 400 ws x
0.155 = 62 ps. This effective dwell time was used in
data processing. Recycle delays were 1.5-3 s. Signal-
averaging time for the 2D experiments ranged from
8 h to 22 h. Typical line broadening was 60 Hz in the
direct dimension and 40—100 Hz in the indirect dimen-
sion. All 13C chemical shifts were referenced to the
carbonyl line of external glycine at 176.4 ppm relative
to TMS.

We describe the CSA magnitudes by the anisotropic
span €2, defined as (811 — 833)/(1 — orer) & 811 — 833,
where the three principal values follow the convention
d11 = 822 > 333 (Jameson, 1998). The symmetry of
the CSA tensor is described by the asymmetry para-
meter, 1, which is defined as (822 — 811)/(833 — djs0)
when 811 is closer to the isotropic shift, and (822 —
333)/(811 — diso) When 333 is closer to the isotropic shift
(Duncan, 1997; Schmidt-Rohr and Spiess, 1994). We
report the experimentally measured principal values
on the 3 scale, but the principal axis orientations by
the shielding notation o.

Pulse sequences

The unmodulated CSA powder spectra were measured
using the SUPER sequence shown in Figure 1(a) (Liu
et al., 2002). During the t; period, the 3C CSA in-
teraction is recoupled by 27 pulses placed at specific
time points in each rotor period calculated to yield
undistorted powder patterns. This recoupling sequence
is an improvement over the original Tycko experiment
(Tycko et al., 1989) by replacing m pulses with bet-
ter compensated 21 pulses. The quasi-static powder
patterns, which are independent of the MAS spinning

53

(a) R I—C_P—I DD | IDD :TPPMI

13C
cp (lTl ITI\I I WMW"
CSArec/” TOSS

15N

(b)

1
H I‘_‘ DD
13C WICN_’ ‘CCN___>I I I

CNrec CSArec’" TOSS HHH

15|
N (ITI ITI)H(I‘I‘I I‘I‘I) DD

||DD I|DD'TPPMI

Figure 1. Pulse sequences for determining the orientation of the Co
chemical shift tensor. (a) SUPER experiment. With a short Iy 3¢
CP contact time, this is also the Ca—Ha modulation experiment.
(b) Co—N modulation experiment. DD: dipolar decoupling. TOSS:
total sideband suppression (Dixon, 1982). TPPM: two-pulse phase
modulation (Bennett et al., 1995).

speeds, yield accurate principle values. C-H dipo-
lar modulation of the powder patterns is achieved by
using a short CP contact time of about 20 ps (Yao
and Hong, 2002). During this short time, the Co-—
Ha dipolar coupling is minimally affected by the slow
sample rotation, and thus modulates the CSA spectra
according to the relative orientation of the chemical
shift tensor to the Ca—Ha bond. Ca—N modulation of
the CSA spectra is achieved by recoupling the 'Ca-
I5N dipolar interaction for a fixed duration before the
CSA evolution (Figure 1(b)). The Bc.BN dipolar
interaction is recoupled by applying the same rotor-
synchronized 27 pulses on the N channel, since the
SUPER sequence recouples all interactions linear in
the spin of interest. Subsequently, the Ca—N dipolar-
dephased '3Co magnetization evolves under the pure
CSA interaction to yield a modulated powder pattern.

To confirm the result of the Ca—Ha modulation ex-
periment on GGV, we carried out an additional exper-
iment that dephases the Ca CSA spectrum according
to the Ca—Ha dipolar coupling. This dephasing exper-
iment is the opposite of the CP-based Ca—Ha build-up
experiment, in that the principal value most closely
parallel to the Ca—Ha bond has the lowest intensity
rather than the highest intensity. The experiment dif-
fers from the original SUPER sequence only in the
addition of a rotor-synchronized echo period of 2t
after the CP step and before the t; evolution. At the
beginning of this echo period, 'H decoupling is turned
off for a time short compared to the rotor period. In
this way, Co. magnetization is dephased according to
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Figure 2. B¢ spectra of (a) GAL and (b) GGV. Spinning speed:
7 kHz.

the relative orientation of the Ca—Ha bond to the Ca
CSA tensor.

The radio-frequency field strength of the 2 pulses
for CSA recoupling was 12.12 times the spinning
speed. To minimize undesirable CP from '3C to 'H
during CSA recoupling, a relatively slow spinning
speed of 1.8 kHz to 2.5 kHz was used in the experi-
ments. A TOSS sequence (Dixon, 1982) was applied
before detection to remove the spinning sidebands.

Results and discussion

Ala spectra of GAL

Figure 2 shows the aliphatic region of the 1D '3C
MAS spectra of recrystallized GAL (a) and GGV
(b). The isotropic shifts of Val and Ala Ca are
65.3 = 0.3 ppm and 52.0 £ 0.3ppm, respectively.
Compared to their respective random coil shifts of
61.4 ppm and 51.7 ppm (Wishart et al., 1991), these
secondary shifts confirm the helical conformation of
the Val and Ala residues. The line widths of the
Co peaks are 27 Hz (0.27 ppm) for Val and 31 Hz
(0.31 ppm) for Ala, indicating that the peptides have
homogeneous structures. For the residues that are not
I5N labeled, the second-order quadrupolar effects of
14N, which cannot be completely averaged by MAS,
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Figure 3. Recoupled CSA spectra of Ala Ca in G*AL. (a) SUPER
spectrum without dipolar modulation. NS per t; slice = 192. (b)
Best fit for (a), yielding the three principal values. (c) Ca—Ha mod-
ulated CSA spectrum, acquired with a CP contact time of 20 ws.
NS per t; slice = 192. (d) Best fit for (c), using Bcy(o33) = 70°
and acy(033) = 58°. (e) Ca—N modulated CSA spectrum, acquired
with a Ca—N dephasing time of 3.2 ms. NS per t| slice = 512. (f)
Best fit for (e), using Bcn(033) = 56° and acn(033) = 68°. All 2D
spectra were obtained with 44 t; slices and a maximum evolution
time of 8.8 ms.

are transferred to the directly bonded '*C through
dipolar coupling and cause splittings in the Leu Ca
peak of GAL and the Gly2 Ca line of GGV (Figure 2)
(Harris and Oliveri, 1992). However, the fast NH;
rotational motions of the N-terminal glycine residues
in both peptides remove this effect so that no splitting
is observed for these Gly Ca peaks.

The Ca CSA spectra of Ala with and without
dipolar modulation are shown in Figure 3. The unmod-
ulated CSA spectrum is best fit with principal values
of 811 = 70 ppm, 822 = 51 ppm, and 333 = 35 ppm
(Figure 3(b)). Ca—Ha(N) dipolar modulation changed
the powder pattern in a way that is indicative of the
relative orientation between the Co chemical shift ten-
sor and the Ca—Ha(N) bond, respectively (Figure 3(c,
e)).

To extract the chemical shift tensor orientation, we
compared the experimental spectra with the calculated
spectra as a function of the polar angle f and azimuthal
angle o of the Ca—Ha(N) bond relative to the principal
axis system (PAS) of the CSA tensor. The f and o
angles are defined as shown in Figure 4: in a right-
handed Cartesian coordinate system representing the
chemical shift PAS, Bcyn)(033) is the polar or direc-
tional angle between the 033 axis and the Ca—Ha(N)
bond, while acH(ny(033) is the angle between the pro-
jection of the Ca—Ha(N) bond onto the o11-022 plane
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Figure 4. Definition of the polar coordinates « and f. Here the f
angle corresponds to BcH(N) (033) while the o angle is acH(N) (033)-

and the o1 axis. With this definition, once the polar
and azimuthal angles between the 033 axis and the Co—
Ha(N) bond are determined, the other two directional

angles, Bcumy(o11) and BcHy(022), can be readily
calculated according to:

cos[Bcuvy (o11)] = cos[acHw)(033]
sin[BcHn) (033)], (1)

cos[Bcum)(022)] = c0s[90° — ach)(033]
sin[BcHn) (033)]. (2)

Note that the orientation of the chemical shift tensor in
the molecular frame is independent of the choice of the
angles being used in the simulations. We could have
simulated for Bcuy(oii) and acumy(oi) (1 = 1, 2)
and would have obtained the same tensor orientation.
The experimental Ca—Ho modulated Ala Ca spec-
trum (Figure 3(c)) is best fit with Bcp(o33) = 70° and
ach(o33) = 58° (Figure 3(d)), while the Ca—N mod-
ulated powder pattern is best fit with Ben(033) = 56°
and acn(033) = 68° (Figure 3(f)). To indicate the an-
gular resolution of the dipolar modulation, we show
several calculated Co—Ha and Ca—N modulated CSA
spectra with Bcun) (033) and achn)(033) from 0° to
90° (Figure 5(a-b)). It can be seen that the mod-
ulated Ca CSA spectra of Ala are quite sensitive
to both Bchny(033) and acHn)(033) angles. When
Bcam) (033) = 0°, the Ca—Ho(N) bond is along the 033
direction, thus spectra with different o angles are iden-
tical. The best-fit angles for the experimental spectra
were obtained from the minimum root-mean-square
deviation (RMSD) between the experiment and the
simulation. Figure 5(c) and (d) display the RMSD
plots for the Ca—Ha and Ca—N modulated spectra, re-
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spectively, where the minimum RMSD value was nor-
malized to 1. The contour plots show that both dipolar
modulated experiments are more sensitive to varia-
tions in Bch(n)(033) than to changes in achHN)(033).
Since each orientation angle has a two-fold degen-
eracy in a 180° range, we only show the RMSD
between 0° and 90° for both polar coordinates. The
best fit for the Cao—Ha modulated Ala spectrum is
Bcu(o3z) = 70° £ 5° and acp(oz3) = 58° £ 10°,
while the best fit for the Ca-N modulated spectrum is
Ben(033) = 56° £ 5° and acn(o33) = 68° £ 10°.

Val spectra of GGV

The Ca CSA spectra of Val in GGV with and without
dipolar modulation are shown in Figure 6. The unmod-
ulated CSA spectrum is best fit with principal values
of 811 = 75 ppm, 822 = 70 ppm and 833 = 51 ppm
(Figure 6(b)). The Ca—Ha modulated Val Ca spec-
trum (Figure 6(c)) is best fit with Bcpg(o33) = 65°
and acy(o33) = 20° (Figure 6(d)), while the Co-—
N modulated spectrum (Figure 6(e)) corresponds to
Ben(o33) = 82° and acn(o33) = 62° (Figure 6(f)).
These best fit angles were again obtained by com-
paring with the simulated spectra. As shown in Fig-
ure 7(a-b), the angular resolution for the Ca—Ha(N)
modulation experiments is higher in the p angle than
in the o angle.

In addition to the normal 180° degeneracy in the
orientation determination, another near-degeneracy
was observed in the GGV spectra. Figures 7(a) and
(b) show that the spectral intensities at 817 and 872
frequencies are similar regardless of the orientation
angles. This arises from the near uniaxiality of the Val
CSA tensor (n = 0.33), where the 811 and 327 principal
values differ by only 5 ppm. For an exactly uniax-
ial CSA tensor, the 011 and o7y axes are equivalent,
thus the orientation of the o1 axis with the Ca—Ha(N)
bond would be indistinguishable from the orientation
of the o7 axis. In contrast, the unique o33 axis has an
unambiguous orientation. This justifies our choice of
simulating the experimental Val spectra using 033 as
the primary reference axis. One consequence of this
near degeneracy is that the orientations of the o1; and
0727 axes may be interchanged if care is not taken in
analyzing the spectra. According to Equations (1) and
(2), and using Bcu(033) = 65° and acy(o33) = 20°,
one obtains Bcg(or;) = 32° and Bcu(ozn) = 72°.
However, the near degeneracy between the o1; and
022 axes could also mean that Bcy(o11) = 72° and
Bcu(o22) = 32°.
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Figure 5. Simulated Ca—Ha (a) and Ca—N (b) modulated Ca CSA spectra of Ala as a function of the orientation of the Co—Ha(N) bond. The
best fit (cross) is found as the minimum in the 2D RMSD contour plot for the Ca—Ha modulation experiment (c) and the Ca—N modulation
experiment (d). These give Bcy(033) = 70°+£5%, acp(033) = 58° £10°, Ben(033) = 56° £ 5°, and acn(o33) = 68° £ 10°.
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Figure 6. Recoupled CSA spectra of Val Ca in GG*V, extracted
from the indirect dimension of various 2D spectra. (a) CSA pow-
der pattern without dipolar modulation. NS per t; slice = 192. (b)
Best-fit spectrum of (a). (¢) Co—Ha modulated CSA spectrum, ac-
quired with a CP contact time of 20 ps. NS per t| slice = 192. (d)
Best-fit spectrum for (c), using Bcy(033) = 65° and acy(033) =
20°. (e) Ca—N modulated CSA spectrum, acquired with a C-N de-
phasing time of 4 ms. NS per t; slice = 512. (f) Best-fit spectrum
for (e), using Ben(033) = 82° and o (033) = 62°. All 2D spectra
were obtained with a maximum evolution time of 11.2 ms.

To resolve this near degeneracy between the o1}
and 077 axis orientations, we carried out a complemen-
tary Ca—Ha modulation experiment that relies on C-H
dipolar dephasing rather than C-H build-up, which
is inherent to the short CP experiment, to modulate
the Ca powder pattern. The dephasing experiment
inserts a short period (about 30 js) without 'H de-
coupling into the SUPER experiment, while the initial
CP contact time is allowed to be long to create full
13C magnetization. The Ca magnetization dephases
under the Ca—Ha dipolar coupling for the undecou-
pled period before CSA evolution. This dephasing
experiment allows the observation of low or negative
intensities at the frequency position closest to paral-
lel to the Ca—Ha bond. Thus it offers an alternative
way of distinguishing the 811 and 3,7 positions of the
Ca powder pattern. Figure 8(a) shows the experimen-
tal Val Ca spectrum dephased by 30 ps of Ca—Ha
coupling, where the sample was spun at 1.8 kHz to
satisfy the quasi-static condition. For comparison, the
simulated spectra for the two possible orientations of
the 011 and o027 axes are shown in Figure 8(b—c). The
comparison indicates that the 11 axis is closer to be-



ing parallel to the Ca—Ha bond than perpendicular to
it, with Bcy(o11) = 32°. Spectrum simulated using the
quantum chemical calculated angle of Bcy(o11) = 97°
is also shown (Figure 8d), and is found to be in-
consistent with the experimental spectra in the rela-
tive intensities of the ;7 and 8> edges. Similarly,
we analyzed the Ca—N modulated spectrum with the
two possibilities of the o1 and oy axis orientations.
The experimental spectrum (Figure 8(e)) shows posi-
tive intensities at ~77 ppm, which is consistent with
Ben(o11) = 62° but inconsistent with the complemen-
tary angle of 28°, nor with the quantum chemical
prediction of Ben(o11) = 20°.

Solutions for the Ala and Val Ca tensor orientations

In principle, the dipolar-modulated experiments give
a number of degenerate orientations for the chemical
shift tensor. For example, the o33 axis can have two
possible orientations based on a unique Bcy(033) and
a unique Bcn (033). These two orientations correspond
to the intersections of the two cones around the Co—
Ha bond and the Ca—N bond with cone semi-angles
of Bcu(o33) and Pen(033), respectively. The fact that
each polar angle has a two-fold degeneracy within a
180° range increases the number of possible principal
axis orientations. As a result, a total of 8 orienta-
tions are possible for each principal axis, when the
experimentally determined angles for each axis are ex-
amined separately. However, when the orientations of
the three principal axes are considered together, most
solutions are ruled out by the molecular geometry, and
by the requirement that the three principal axes form a
right-handed Cartesian coordinate system.

The orientations of the Ala and Val Ca chemical
shift tensors in the molecular frame are shown in Fig-
ure 9. For G*AL, two solutions that satisfy both the
molecular geometry and the experimental results were
found. The solution closer to the quantum chemical
calculations is shown in Figure 9(a). The angles be-
tween 011, 022, 033 and the Co—Ha bond are 116°,
146° and 70°, respectively. On the other hand, the Co—
N bond is 108°, 40° and 56° from the 011, 022, and 033
axis, respectively. For GG*V, the o33 axis forms an
angle of 98° from the Ca—N bond and 115° from the
Co—Ha bond (Figure 9(b)). This is unambiguous from
the experiments, since the ¢33 axis is the main princi-
pal axis of the tensor. The o1 axis is 155° from the
Co—Ha bond and 63° from the Ca—N bond. These an-
gles, which are constrained by the molecular geometry
and the Cartesian coordinate system, deviate from the
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best-fit values by 7°-17°, reflecting the uncertainties
in the angle determination.

Comparison with ab initio calculations

The experimentally determined magnitude and orien-
tation of the Ala and Val CSA tensors are listed in
Table 1, along with the calculated Ca shielding tensors
for the same torsion angles (Sun et al., 2002). The tor-
sion angles were taken from the crystal structure that
is either available in the literature (Lalitha et al., 1984)
or directly measured on the NMR sample.

Ab initio calculations predicted an Ala Ca CSA
span of about 30 ppm for both helix and sheet confor-
mations with relatively small differences (Havlin et al.,
1997). We measured a span of 35 ppm in GAL. The
experimental asymmetry parameter is 0.89, compared
to 0.91 from calculation. The experimental angles be-
tween the o011, 022, and 033 axis and the Co—Ha bond
are 116°, 146° and 70°, respectively, while the corre-
sponding calculated angles are 108°, 160° and 82°.
Thus, the calculated angles differ from experiments
only by 8°-14°. The orientations of the three princi-
pal axes relative to the Ca—N bond are 108° for o1,
40° for o, and 56° for 033. The calculated values are
114°, 53° and 47°, again in good agreement (6°—13°
deviations) with the experimental results. The Ala ten-
sor results confirm the prediction that the 011 principal
axis is roughly perpendicular to the Ca—Ha bond in
the helical conformation. This contrasts with the oy
orientation of p-sheet Val, where the oy axis is 22°
from the Ca—Ha bond (Yao and Hong, 2002). The
experimental Val Co CSA span in GGV is 24 ppm,
which is only 1.4 ppm apart from the predicted value
of 22.6 ppm. This is more than 20 ppm smaller than
the span of the f-sheet Val in NAV (Yao and Hong,
2002), which is 46.5 ppm. This large distinction be-
tween helical and sheet CSA span is well predicted by
theory (Oldfield, 1995). The asymmetry parameter of
the helical Val is 0.33 from experiment and 0.23 from
calculation, again in good accord with each other. The
experimental angle between o33 and the Ca—Hao bond
is 115°, which is only 8° different from the calculated
angle of 107°. The experimental o33 to Ca—N angle is
98°, compared to a calculated value of 99°. Thus, the
calculated orientation of the main principal axis of the
Val tensor agrees with our experimental measurement
closely.

As discussed above, the near-uniaxiality of the Val
tensor, manifested as only a 5 ppm difference be-
tween the 811 and 3y principal values, renders the
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Figure 7. Simulated Ca—Ha modulated (a) and Ca—N modulated (b) CSA spectra of GG*V as a function of the orientation of the Ca—Ha(N)
bond. The best fit (cross) is found as the minimum in a 2D RMSD contour plot for the Ca—Ha modulation experiment (c) and the Co—N
modulation experiment (d). These give Bcp(033) = 65° £ 5°, acy(033) = 20° £+ 30°, Ben(o33) = 82° £ 5°, and acn(033) = 62° £ 30°.

orientations of the o1 and o7, axes more difficult to
distinguish. However, both the CP-based Ca—Ha mod-
ulation experiment and the Ca—Ha dipolar dephasing
experiment support the conclusion that the 511 axis in
GGV is more closely aligned with the Ca—Ho bond
than the o2, axis is. This differs from the quantum
chemical calculation. We hypothesize that for such
nearly uniaxial tensors, factors other than local torsion
angles, such as intermolecular packing and hydrogen
bonding with water, may significantly influence the
orientation of the Ca tensor. Such factors would exist
in a realistic sample but is not taken into account in
ab initio calculations. The C-terminus inductive effect
may also influence the Ca tensor orientation. How-
ever, according to the crystal structure of GGV, both
oxygen atoms of the valine carboxyl group are in-
volved in hydrogen bonding. This means the negative
charge on the C-terminus is shared by the hydrogen-
bonded protons, thus the inductive effects should be
very weak.

Comparison between the experimental chemical
shifts and calculated chemical shielding for the three

peptides — GAL, GGV and NAV - is best made using
an icosahedral representation (Alderman et al., 1993).
This formalism is attractive since it allows both the
magnitude and orientation of the tensors to be com-
pared as the six principle values along the six apolar
directions of an icosahedron. These directions are de-
fined by connecting the 12 vertices of an icosahedron
with lines through its center. Both the experimen-
tal shift and the theoretical shielding tensors are ro-
tated from their respective Cartesian PAS frames to a
common molecular frame and then to an icosahedral
frame. The transformation from the Cartesian sys-
tem to the icosahedral system involves straightforward
analytical expressions converting the nine Cartesian
matrix elements of the tensor to the six diagonal el-
ements in the icosahedron system (Alderman et al.,
1993). Once the experimental and calculated tensors
are expressed in the icosahedral representation, the
theoretical chemical shielding values can be plotted
against the corresponding experimental chemical shift
values.
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Table 1. Summary of Val and Ala Ca CSA tensors from experiments and ab initio

calculations (Sun et al., 2002)

GG*V G*AL

Experiment  Calculation®  Experiment Calculation®
¢ —81.5° —81.5° —65.7° —65.7°
W —50.7° —50.7° —40° —40°
X 180° 180°
311 (ppm) 75 70
o11 (ppm) 1289 126.7°
322 (ppm) 70 51
677 (ppm) 132.1 141.3%
333 (ppm) 51 35
675 (ppm) 1515 158.2°
diso (Ppm) 65.3 52.0
Giso (PpM) 1375 142.1°
Q (ppm) 24 22.6 35 31.5
" 0.33 0.23 0.89 0.91
611-CH angle (°) 1554 97 1164 1164 108
625-CH angle (°) 894 161 1464 1464 160
033-CH angle (°)  115%d 107 704 11004 82
611-CN angle (°) 634 19 1084 1084 114
625-CN angle (°) 284 74 40d  40d 53
633-CN angle (°) 984 99 564 124¢d 47

40btained from Sun et al. (2002).

bObtained from the chemical shielding calculator at http://waugh.cchem.berkeley.edu/

~bob/cs.html

¢ Angles directly obtained from simulations of the experimental spectra. For GGV, these

are the most reliable angles.

4The error bars for the experimentally determined orientation angles are £ 5°, except for
the orientations of the o] and o, axes of GG*V, which have an uncertainty of £10°.

Figure 10 displays the comparison between the ex-
perimental shift and the calculated shielding for GAL,
GGYV, and NAV, using this icosahedral representation.
A clear linear correlation is observed between experi-
ment and calculation. Linear regression analysis of the
data yielded slopes (m) of —0.77 to —0.95 and corre-
lation coefficients (R) from 0.91 to 0.98 for the three
peptides. These indicate good agreement between the
experiments and calculations. The fact that the slopes
deviate from —1 suggests small systematic errors in
the calculated chemical shielding tensors that may re-
sult from factors other than backbone torsion angles.
Among the three peptides, NAV and GAL have less
scatter than GGV, as indicated by their higher R values
as well as the smaller relative RMSD values, which are
defined as the ratio of RMSD to the anisotropic span
Q. The better fit for GAL and NAV is understandable,
since GGV is the only compound with significantly
different 011 and oy orientations between the experi-
mental and calculated tensors. However, the compar-

ison in the icosahedral representation shows clearly
that the impact of such an orientation deviation is rela-
tively minor, due to the near uniaxiality of the 17 and
027 elements.

Figure 10(d) combines the icosahedral representa-
tion for all three peptides, where both the isotropic
shift and the isotropic shielding are set to O ppm. In-
terestingly, this procedure resulted in overall better
agreement between theory and experiments, as man-
ifested by a slope of 0.88, a correlation coefficient of
0.94, and an RMSD of 1.9 ppm.

Comparison with solution NMIR

Since Ac* = Oorth — Opar have been shown to cor-
relate strongly with protein secondary structure, we
converted the CSA tensors determined here to Ac™.
The conversion was made according to Tjandra and
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Figure 8. Ca—Ho dephased (left column) and Ca—N dephased (right
column) Val spectra of GGV. The full CSA powder pattern with-
out modulation (dashed lines) is superimposed with each dephased
spectrum (solid). (a) Experimental Ca—Ha dephased spectrum, af-
ter a dephasing time of 30 ps. Simulated spectra are for (b)
Bcu(o11) = 72°, (¢) Beu(oqr) = 32°, and (d) Bcylogy) = 96.8°.
(e) Experimental Co—N dephased spectrum with 4 ms dephasing.
Simulated Co-N dephased spectra for (f) Ben(o11) = 28°, (g)
Ben(orr) = 62°, and (h) Ben (o) = 18.8°.

Table 2. Ac* values of three model peptides,
obtained from the experimentally determined
chemical shift principal values and principal axes

orientations
Pepides ¢ (°) W (°)  Ac* (ppm)
G*AL —65.7 —40 1.9
GG*V —-81.5 —50.7 8.3
NA*V —136.5 178.2 289

Bax (1997):
Opar = 01105 (Bcu(o11)) + 022c05* (Ben (622))
+o33c05%(Bn (033)), 3)
Ac* = Oorth — Opar = 1.5 % (Oiso - Opar)- (4)

To obtain the shielding values o;; from the chemi-
cal shifts §;;, we used the absolute shielding of liquid

TMS at room temperature (Jameson and Jameson,
1987)

dii = 184.1 — oy 5

Table 2 lists the Ac™ values for helical Ala and Val
and for the B-sheet Val measured in NAV. The experi-
mental Ac* is 1.9 ppm for helical Ala and 8.3 ppm for
helical Val. However, a much larger Ac™* of 28.9 ppm
was obtained for the p-sheet Val in NAV. A similar
calculation of Ac™* for several solid peptides was made
recently, in which the experimental CSA principal
values obtained from sideband intensities were com-
bined with the calculated tensor orientations (Havlin
et al., 2001). That study found Ac* values of less
than 10 ppm for the helical residues but about 30 ppm
for the sheet conformation, consistent with our current
results.

Conclusions

In summary, we have determined both the orientation
and the magnitude of the Ca chemical shift tensors of
Ala and Val in the helical conformation using dipo-
lar modulated CSA recoupling experiments. We found
that in helical Ala, the o1 axis is 116° & 5° from the
Co—Ha bond and 108° £ 5° from the Ca—N bond.
Thus, the helical Ala o1; axis is roughly perpendic-
ular to the Ca—Ha bond, in contrast to the B-sheet
Val in NAV, whose o7 axis is nearly parallel (22°)
to the Ca-Ho bond. The anisotropic span of the he-
lical Ala is 36 ppm. In helical Val, the Ca CSA span
is 25 ppm, almost a factor of two smaller than in -
sheet Val. The o33 axis is 115° & 5° from the Co—Ha
bond and 98° £ 5° from the Co—N bond. The tensor is
nearly uniaxial, with the 811 and 8, principal values
differing by only 5 ppm. Detailed C—H dephasing ex-
periment showed that the o1 axis is 155° £ 10° from
the Ca—Ha bond and 63° £ 10° from the Ca—N bond.
The experimentally determined chemical shift tensors
are compared with quantum chemical calculations us-
ing an icosahedral representation. This comparison
yielded linear least-square fits with correlation coef-
ficients larger than 0.9, indicating good agreement
between theory and experiment. Converting the exper-
imental chemical shift principal values and principal
axis orientations to Ac*, we found small Ac™ values
for the helical Val (8.3 ppm) and Ala (1.9 ppm), but a
large Ac™ value for the B-sheet Val (28.9 ppm). Thus,
Ac* is an excellent indicator for the backbone confor-
mation of peptides and proteins. Even for a chemical



Figure 9. Orientation of the Ca chemical shift tensor of helical Ala
(a) and Val (b).

shift tensor with a large span, such as that of Ala in
GAL, Ac* is very small in the helix conformation due
to the tensor orientation.

The ability to determine the Ca tensor orientations
in peptides with site resolution opens up new possi-
bilities for distinguishing protein secondary structures
using solid-state NMR. Spectral editing experiments
(Hong, 2000) incorporating both the CSA magnitude
and orientation can be conceived. These can be used to
better identify backbone conformations and to refine
the structure measured via other parameters such as
torsion angles (Weliky and Tycko, 1996; Costa et al.,
1997; Feng et al., 1997; Hong et al., 1997; Bower
et al., 1999).
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Figure 10. Comparison between experimental chemical shifts and
calculated chemical shielding in the icosahedral representation.
(a) G*AL. Linear least square fit parameters: slope m = —0.77,
intercept yo = 183.2 ppm, R = 0.98, and RMSD = 1.6 ppm
(4.4%). (b) GG*V. m = —0.85, yo = 191.7 ppm, R = 0.91, and
RMSD = 2.7 ppm (10.8%). (¢) NA*V. m = —0.95, yg = 197.5 ppm,
R = 0.94, and RMSD = 4.1 ppm (8.8%). (d) Combined data from
all three peptides. The isotropic shift and isotropic shielding are set
to zero according to 8 = 8 — 8;5o and ¢’ = 050 — . GAL (diamond),
GGV (square), and NAV (circle). m = 0.88, yg = 0 ppm, R = 0.94,
and RMSD = 1.9 ppm.
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