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This work explores the utility of simple rotary resonance exper-  dipole coupling interaction for which the tensor is axially
iments for the determination of the magnitude and orientation of symmetric and oriented along the internuclear axis. The anis
BC chemical shift tensors relative to one or more “*C-"N inter- tropic chemical shift parameters have typically been use
nuclear axes from "C magic-angle-spinning NMR experiments.  paqeq on empirical relationships between the chemical sk
The experiment relies on simultaneous recoupling of the anisotro- tensors and local structure established by solid-state NMR
pic "C chemical shift and “C-—N dipole-dipole coupling inter- related compounds. Recently, this has been supplemented

actions using 2D rotary resonance NMR with RF irradiation on L . . .
the *C spins only. The method is demonstrated by experiments ab initio or density functional theory calculations to take mor

and numerical simulations for the *C* spins in powder samples of ~ €Xplicitly into account the specific details of the anisotropi
L-alanine and glycine with B¢ in natural abundance. To investi- chemical shift interaction in the determination of molecula

gate the potential of the experiment for determination of relative/ ~ Structure 9—12. Such specific details include the orientatior
absolute tensor orientations and backbone dihedral angles in pep-  of the chemical shift tensors which may be quite sensitive, e.(
tides, the influence from long-range dipolar coupling to sequential  to the mutual orientation of peptide planes in biomolecule
N spins in a peptide chain (*N-"C~"N,,, and “N,,,—*C/-*N; (10).
three-spin system§) as well as residl_JaI quadrupolar—dipolar cou- A variety of different solid-state NMR experiments have
pling cross-terms is analyzed numerically. © 2001 Academic Press been proposed to provide information about anisotropic ni
clear spin interactions. In addition to single-crystal NMR
which relies on the availability of a suitable-size crystal, an
static powder experimentsld), these include magic-angle-
Recently there has been an increasing interest in usiRjMNing (MAS) experiments exploiting 2D exchange spectro
anisotropic nuclear spin interactions as a probe for informatiGRPY under slow-speed spinning conditior# ¢r recoupling
about the local electronic and atomic environment of nuclelgchniques to recover information about the anisotropic inte
spins. In liquid-state NMR, traditionally relying on isotropicactions under high-speed spinning conditions. The latter cal
interactions and indirect effects from anisotropic interactior®"y includes a number of dipolar recoupling methods such
through relaxation, it has proven useful to induce direct infliotational resonancel4), rotary resonancelb, 1§, REDOR
ence from anisotropic chemical shift and dipolar couplingt?). RFDR (18), HORROR (9), RIL (20), DRAWS (21), and
interactions by partially aligning the macromolecules in bicelfe? (22, 23. Furthermore, a few methods have been designe
or phage solutionsl-3. Using known relations between thefor recoupling of anisotropic chemical shift interactions eithe
anisotropic interactions and molecular structure, these effe@{gne @4) or in combination with homo- and heteronucleal
may provide new constraints for structure refinement. TK#Polar coupling interactions26). The latter approach is par-
quality of such refinement obviously depends on the anisotfécularly interesting as it may provide information about bott
pic interaction parameters available. Furthermore, informatiéf#e magnitude and the orientation of the chemical shift tensc
about the anisotropic interaction tensors may be exploited Which may add valuable constraints for structure determin
extract information about the structure and backbone dynamft@n. Typically, these methods have found their application fc
of proteins from relaxation rates determined by solution NMRC and/or”N isotope-labeled samples, e.g., amino acids ar
(4). In solid-state NMR, the same interactions may be meBeptides. However, it may be relevant to extend the area
sured directly, which has been used extensively to measteplication to involve combinations with other nuclei such a
e.g., internuclear distances and torsion angles(, Extraction “H and N, although it is known that the quadrupolar cou

of structure information is particularly easy for the dipolelings of these nuclei may complicate the performance of tt
experiment and the extraction of structural paramete
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In this work we demonstrate that information aboi@—"N
dipolar couplings and in particular the orientation of tHe ® M = Okedm-o + anisu(Déz,)m(Qép)
chemical shift tensor relative to one or mdf€—*N internu
clear axes may be obtained from a simple rotary resonance n"
experiment with irradiation of th&C spins only. The prinei B %
ples of the method are demonstrated experimentally by deter- 2
mination of the orientation of°*C* chemical shift tensors X A% (Bry), [3]
relative to the”’C—*N internuclear axis in amino acids with all
spins in natural abundance. Furthermore, using numerical swhere D?(Q}) = D@(Q3)D?(Q&r) is a second-rank
ulations we explore the applicability of the experiment fowigner matrix describing transformation from the principa
determination of the orientation 6iC* and**C’ chemical shift axis frameP through a crystallite-fixed fram€ to the rotor-
tensors in peptides, with particular attention to the influendexed frameR. In this work C is chosen to coincide witR for
from remote**N spins which may complicate the extraction othe dipolar coupling interaction between the directly bonde
orientation information but potentially also enable the extrabeteronucleid?), (B, is an element of the reduced Wigner

[D% n(Qpe) + D (22,)—m(Q)F\’R)])

tion of absolute tensor orientation information. matrix specifying transformation fronR to the laboratory
frame L through the magic angl@z, = cos *\V/3. For the

THEORY chemical shift mteractmgS the isotropic and anlsotroplc fre
guency components am@;, = wgdi, (0w = —v,By is the

. 001 Oisc .
In the Zeeman interaction representation, the relevant part giPIn Larmor frequency) antas, = wadansa réSpectively.
the high-field truncated secular Hamiltonian for a heterd-N€ iSotropic chemical shift, the chemical shift anisotropy, an

nuclear spin-pair system, consisting of a spin-1/2 nudlearsd the asymmetry parameter are related to the principal eleme

i i _1
a quadrupolar nucleus, subjected tox-phase RF irradiation ©f the chemical shift tensor d, = 3(d. + 8y + 8.), Sanso
on thel spin takes the form = 85— i ANAN = (8, — 8..)/Bansa reSpeCtively 5, —
8iso || 8xx — 810 |=] 8,y — 8i|)- For the dipolar coupling
interaction, we haves, = 0, wh = V6 bs, andn® = 0,

H(t) = HRX(t) + HEY(t) + HE'(t) + HE'(t) + HEX(L) where the dipolar coupling constabfs/ 2 is related to the
1 internuclear distance s according tob,s = —vy,yspohi/
= wret)ly + wesdt)], + wpt) =218, (rx4). The quadrupolar coupling interaction is characterize
V6 by 02, = 0, 03 = V6 7C/(25(2S — 1)) andn® whereC,

1 = e°Qq/h is the quadrupolar coupling constant.
+ wgt) B (3s;-S(S+ 1)) In the present study we are interested in determining tt
A magnitude and orientation 6i1C chemical shift tensors relative

to one or moré®C—"N internuclear axes in spin systems where

T 2ws [wo-1(Dwpa(t) + wo (D) wp,+(V)] the *C spin is dipolar coupled to at least oH&l spin. In the
5 first part of the paper we focus attention of@-"“N spin pair.
X 13S; = S(S+ 1)), [1]  considering that even for directly bonded nuclei the—"N

dipolar coupling is relatively weak and that sample spinning |
where the subscripts refer tespin RF irradiation (RF)l-spin nhecessary to obtain high-resolution spectra, this requires ¢
chemical shift (CS)]- and S-spin dipolar coupling (D), first- ploitation of residual effects froiC—"*N dipolar coupling and
order S-spin quadrupolar coupling (Q), and the second-ordéiN quadrupolar coupling second-order cross-terms in MA
cross-term betweef-spin quadrupolar coupling and tH& spectra 26, 27, 33 or the use of experiments which actively
dipolar coupling (QD).wrr = —7v,By and wes = —ysB, Prevents MAS averaging of th¢’C—N dipolar coupling.
denote thel-spin RF field strength an&-spin Larmor fre- Focusing on the dipolar coupling alone, the latter may, e.g., |
quency, respectively. For each of the nuclear spin interactio@§complished using a rotational-echo experime9).(In the
A, the time and orientation dependence may be expressedifsent case where we additionally are interested in“{@e
terms of a Fourier series, chemical shift anisotropy, it may be more relevant to us
variable-angle spinnin@@) or, as discussed earlier by Bak anc
Nielsen @5), a simple rotary resonance experimeti,(19 to
B it simultaneously recouple théC—"N dipolar coupling and the
oxm(t) = 2 oihe™, [21 *c chemical shift interactions under high-resolution MAS
m=2 conditions. In its basic form the rotary resonance experime
consists of a weak’C RF pulse of duration, bracketed by
where w, is the spinning frequency in angular units. Thé¢w/2), and (/ 2), pulses withl, being representative of both
Fourier coefficients are given by the initial and the detected operat®5]. Relying on cross-
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HE? Ao E [w(QTllw(E)nji>ei(m+m’+n)w,t| +
I |Y X DECOUPLE mm'=-2
+ wg}m)lwgm)lel(erm’fn)wrtl 7]
X (38— S(S+ 1)), [9]
t t
1 2 L ,
s | % [ T By S [0 0l + ool
Wos
mm'=-2
FIG. 1. Timing scheme for the 2D rotary resonance recoupling MAS X elmtmet] (352 — §(S+ 1)), [10]

experiment starting with cross-polarization from th# spins. Simultaneous
recoupling of the®C chemical shift anisotropy and thEC-“N dipolar
coupling in thet, period is achieved by on-resonance RF irradiation of't6e
nuclei using a RF field strength adjusted d@¢/27 = nw/2m7 with n = 1
or 2.

polarization from the abundantH spins and detection of
transverse coherence for th€ spins, this leads to the prac

tically relevant pulse sequence in Fig. 1 with the amplitude of

the weak RF field gr) duringt, adjusted to fulfill the rotary
resonance conditiornlb, 16

wgr = Ny,

[4]

where thel-spin RF carrier frequency is on-resonance with

respect to the relevanfC spins andn is a small integer
different from zero. We note thét| = 1 promotes recoupling

of homo- and heteronuclear dipolar couplings as well as aniso-

tropic chemical shift interaction2¥), while only the two latter
are recoupled fofn| = 2.

where the last term has been included to represent the effect
the quadrupolar—dipolar coupling cross-term under stande
MAS conditions (i.e., in thet, detection period of the 2D
experiment). The first-order average Hamiltonians taken ov
one rotor period,

AQ=—5lo&H " + old ] [11]
5 (D) 1 0™~
Hy' = _76["0D0 I D,OI ]Sz [12]
\J
_ 1 2
A8~ Gy = [080bI ™ + 0ol 1]
X (382 - S(S+ 1)) [13]
_ 1 2
A= =5, 2 [oflobl + oflwb™
m=-2
X 1382 — S(S+ 1)), [14]

The recoupling effect becomes evident in the interaction
frame of the pulse sequence, defined by the transformati@veal that simultaneous recoupling of the anisotrdpspin

(15, 16, 25

A = ULe(t) A() Urg(t), [5]

[6]

URF(t) — e—i(’n’/2)|ye—inmrt|1’

using the relation in Eq. [4]. In this frame we obtain

2
gg:—% w@Je ™ot t 4 glm et 7] (7]
m=-2
1 2
A= - S e ™ + e ]S, 8]
VP m=-2

chemical shift and the heteronuclear dipolar coupling is ol
tained when one of the two lowest order rotary resonan
conditions in Eq. [4] is fulfilled. Furthermore, it is apparent tha
residual (i.e., stationary) components of the quadrupolar—c
polar coupling cross-term exist both in the case of rotar
resonance (Eq. [13]) and under normal MAS (Eqg. [14]) cor
ditions, although in different forms.

To evaluate their practical influence on the NMR experi
ments, it is of interest to consider the magnitudes of the variol
terms in Egs. [11]-[14]. For this purpose we assuiie= 0,
simplifying the relevant Fourier components to

1
wg\fol) == P2 W hnisSIN(2BpR)e” er [15]
\’
1 . o
W = 5 whuSIN (BRI 126)
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+1 3 co(BA) — 1 EXPERIMENTAL

wf\(,?il] = [ /g] wgniso (ng) [17]
v All spectra were recorded on a Varian Unity-INOVA 400
1) [x1] = \,@ L A tiyh (9.4-T) widebore NMR spectrometer using a homebuilt 4-mr
N W anisSIN(2B pr)€ 7P [18] 14 X double-resonance MAS probe. To reduce effects frol

v RF inhomogeneity each sample was restricted to a 1-mm-thi

_ slice in the center of the 4-mm-o.d. ;Ni, rotor. Radiofre
\3 o) sin2(BA)e . [19] que|11cy field strengths of 72._4, 35.4, ar33d 6.0 _kHz were u_sed f
the 'H pulses and decouplingH and **C spin-lock during
cross polarization, andC rotary resonance irradiation, respec
ly. The spinning speed was controlleddg2m = 6000 +
z. The 2D rotary resonance spectra were obtained using 1

(22 [ 1]
4

Wii+1] —

w1+

\J

Using these expressions it is possible to estimate the impacﬂ‘c’f’i|
the various interactions to the spin dynamics. Fomas 1 scans for each of the 128 increments separated by, =
roFary resonance experiment the coefficients to the spin Op%%/(Swr) — 55.6 us (4-s relaxation delay). THEC cherrllical
ations may be expressed as shifts are reported in parts per million relative to external TMS
Polycrystalline powders afalanine and glycine were obtained

=) 1 @ s from Merck and used without any further purification. Numer
Hes: 5 lwggd/2m = 2 @ anisd 270 [20]  ical simulations and iterative fitting of the,/27 dimension of
1 1 the experimental 2D rotary resonance spectra were perforn
S . T L on a 450-MHz Pentium IIl processor using the SIMPSOI
Ho': \’% bl 2m = Z\E bisf 27 [21] simulation program 38). Each simulation, using 256 to 678
= acr and Beg crystallite angles selected using the REPULSIOL
g @ L 100 L od|/2m = 1+ \3Coby/2m scheme 39) and 3-12+vy.; angles implemented using-
P 4pg ' TP 322 wod2m COMPUTE @0), typically required 2 and 30 s of CPU time for
[22] *C—“N and “N-"*C—*N spin systems, respectively.
S . T 0 (0 EM
750 7 5 g [00m10DAI2T= 4 =) o (23] RESULTS AND DISCUSSION

Considering an amino acidC*~**N spin system, the simul
where the maximum value applies for the most influerial taneous recoupling of the anisotropi€* chemical shift and
crystallite angle. It should be noted that for the quadrupolat?*C*—"*N dipolar coupling interaction by = 1 rotary rese
dipolar coupling cross-terms we consider for simplicity onlpance RF irradiation of thé’C® spin is illustrated by the
the dominant among several terms as given by Egs. [13] amdmerical simulations in Fig. 2. The,/2w projections are
[14]. calculated on basis of the parameters for'fi@—"“N spin pair

Taking typical values ob,s/27 = —650 Hz (correspond in L-alanine yide infra) with Fig. 2 showing spectra for a single
ing to a C-N distance of 1.5 A, = 1.2 MHz, 0ged2m = 2 crystal withQc = {0, 7/4, 0} without and with chemical shift
kHz, andw.s/ 27 = 28.9 MHzrelevant for the study ofC* anisotropy as well as powder spectra calculated under the sa
carbons in amino acid88-37 or peptides using a 400-MHz conditions. The first of these spectra (Fig. 2a) shows a regu
(9.4-T) NMR spectrometer, the right-hand sides of Eqgs. [20}1:1 triplet with the outer peaks at(1/\/2) b,s/ 27 with the
through [23] take the maximum values 1000, 230, 1.6, and §fesent value ob,s/27 = —665 Hz for the dipolar coupling
Hz, respectively. These values reveal that the dominant inteonstant corresponding to an internuclear distance of 1.486
actions are the anisotropic chemical shift and the heteronuclépon powder averaging (Fig. 2b) this triplet transforms into
dipolar coupling (we note that the effective dipolar couplingroadened 1:2:1 triplet due to tifie crystallite angle depen
frequency is scaled by an additional factor of 2 because of thence on the outer peaks. Adding a typical (and dominar
| = 1 spin part of the interaction), while the quadrupolarvalue for the™*C* chemical shift anisotropy (specificaltyzz*
dipolar coupling cross-terms largely vanish using a 9.4-T staler = 1978 Hz) markedly perturbs the lineshape leading to tf
magnetic field. This conclusion for the cross-terms, in partisingle-crystal and powder spectra in Figs. 2c and 2d, respe
ular under rotary resonance conditions, holds even upon sdalely. We note that a very similar behavior as that describe
ing of these terms by an estimated factor of 3—7 originatirftere for then = 1 case is obtained far = 2 rotary resonance
from simultaneous interplay of about 10 recoupled componesisectra (not shown) where the overall scaling factor for bo
in Egs. [13] and [14] with different orientational dependenciegnisotropic shift and dipolar coupling is reduced by a factor ¢
Accordingly, we can safely ignore influence from th® 1/\V/2. The different powder angle dependency, howeve
guadrupolar coupling interaction in the following. causes different lineshapes for the= 1 and 2 cases.



302 ODGAARD ET AL.

shift tensor known from single-crystal NMR experiments (i.e.
a b/2m = —665 Hz, wit™ Y27 = 1978 Hz, andn® = 0.44)
(36). We note that these values for the chemical shift anisa
ropy and asymmetry parameter may readily be confirmed wi
b an accuracy within 100 Hz and 0.2, respectively, using
standard”C MAS experiment withw /27w = 1200 Hz in this
c
d

8§ 6 4 2 0 2 4 6 -8
® /21 (kHz)

FIG. 2. /27 projections from™C n = 1 2D rotary resonance spectra
calculated using thEC*~"N spin-pair parameters faralanine (parameters in
Table 1) (a) for a single-crystal with .z = {0, 7/4, 0} and wi:™* = 0, (b) as
(a) but for a powder, (c) as (a) but with the chemical shift anisotropy included,
and (d) as (c) but for a powder. The spectra usgd2m = /27 = 6000 Hz,
2561, values separated byr3w,), and data processing with zero-filling to
8192 points and apodization using a 135-Hz Lorentzian line broadening.

a. Isolated”C—“N Spin Pairs

; ; ; ; . 30 60 90 120 150 1
Figures 3 to 6 give practical examples demonstrating appli- 0 30 60,50 120 150 180

cations of then = 1 rotary resonance experiment for deter-
mination of the magnitude and orientation of tA@* chemical
shift tensor relative to thé’C*—**N internuclear axis from
powders of amino acids with all spin isotopes in natural abun-
dance. For the purpose of illustration we have chasalanine
(Figs. 3-5) and glycine (Fig. 6) for which the crystal structures
have been determined using neutron diffracti@d, 395 and
the anisotropic tensors for tH&C*—*N spin pairs are known a
priori from single-crystal 36, 37 and MAS @5, 33 solid-state
NMR. This provides an appropriate basis for evaluation of the d
parameters established using the rotary resonance approach for
tensor determination.

From neutron diffraction it is known thatalanine is ortho-
rhombic with space group2,2,2, (34). The crystal structure
has four molecules in the unit cell with the shortest intra- and
intermolecular C-N internuclear distances being 1.486 and
4.11 A, respectively, corresponding to dipolar coupling con-
stants of =665 and—31 Hz. The latter dipolar coupling is FiG.3. (a)w./2m projections from experimental and simulaé@ n = 1
sufficiently small that, to a good approximation, we can cormb rotary resonancEC MAS NMR spectra of*C* in L-alanine along with a
sider the intramoleculdfC*=*N spins representing an isolatedspectrum showing the difference between the experimental and simula
two-spin system. Figure 3a shows thg/2m projection of an spectra. The parameters corresponding to the simulated spectrum (obtaine

experimentaln = 1 2D rotary resonance experiment of least-squares fitting to the experimental spectrum) are given in Table 1 a
Xper - y Xperi r«;fresented by the ORTEP-like plot in (c) (note th&iis not established from

alanine recordeq at 9.4 T using the pulse sequence in Fig( and have been arbitrarily chosen to give the best visual match with (d)). T
Below the experimental spectrum we show a numerical simhest agreement with the experimental spectrum was obtained for a RF fi
lation resulting from iterative fitting of the experimental specstrength ofwss/2m = 6123 Hz and a Lorentzian line broadening of 163 Hz. Fol
trum and finaIIy a spectrum representing the difference bg)_mpanson (d) includes a similar represeznt_atni)r; othhe Exe;rames‘tmerzs de-Ntermn
tween the experimental and the simulated spectrum single-crystal NMR $6). (b) Plot of they” = 10" 2, (S — S™) /(2 s
. . . p_ . p © (ST 4+ S deviation between the experiment&?) and simulated $™)
iterative fitting is based on values for the dipolar couplingpectra = 1, 2, ...,N points upon zerofilling) as function 8SS (see

constant and parameters for the magnitude of¥@&chemical text).
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BCS (deg.) minima, however, are clearly distinguished by the root-mea
PC square deviation or® value. This aspect and the genera
90 sensitivity of the spectra toward variation gz are demon

strated in Fig. 3b by & versusBse scan through the range of
Bre angles from O to 180° with optimization of the other

75 variables throughout the scan. Figure 3c gives an ORTEP-Iil
representation of the magnitude and optimum orientation of tl
60 *C* chemical shift tensor in the molecular frameLedlanine.

For comparison, Fig. 3d shows the corresponding ORTEP-il
representation of th&C* shift tensor determined by Naitet

45 al. using single-crystal NMR3g). It is relevant to note that the
Bre value determined by rotary resonance agrees within -
30 with the value determined in the single-crystal NMR study

Obviously, the sensitivity of the experiment toward variation
in the orientational parameters is not only reflected in on
15 single parameter such a¢. Specific details in thew,/27
lineshape may in a sensitive manner give a direct estimate
the parameters as demonstrated in Fig. 4\ projections
calculated using the same parameters as for LHadanine
T T T spectra in Fig. 3, exceph,/2m = wgd2m = 6000 Hz,ape =
3 2 1 0 -1 -2 -3 e = 0, and variation o3¢ in steps of 15° from 0° to 90°.
Yec ) PC p
®,/2n (kHz) Although these spectra are not selected to match exactly t
o . extrema of thedse scan in Fig. 3b, it is evident that the powder
FIG. 4. - w,/2m projections from € n = 1 2D rotary resonance SPeCla|ineshape critically depends on the orientational paramete
calculated using th&€C*—"N spin-pair parameters faralanine (cf. Table 1) 1 . O ,
exceptals = v = 0 and variation of3<S in steps of 15° from 0° to 90°. Al Furthermore, although not being focused on in detail in th

spectra used,/2m = we/2m = 6000 Hz and a Lorentzian line broadening ofstudy, the spectra obviously also display sensitivity toward tt
135 Hz.

0

case. Thus, considering only small uncertainty in these param-
eters as well as a known limited variation in the one-bond

C—N dipolar coupling constant in general, the free variables

in the iterative fitting were th€5e Euler angles describing the a

orientation of the chemical shift tensor relative to the-R

internuclear axis along with variables describing minor varia- b

tions in the RF field strength and an additional Lorentzian
c
d‘J\L
J/\/\\g

linebroadening. The latter takes into account minor effects
from T, relaxation and RF inhomogeneity as well as nenre
solved effects from long-range dipolar couplings and the re-
sidual quadrupolar—dipolar coupling cross terms. We note that
the axial symmetry of the dipolar coupling tensor (oriented
along the internuclear axis) in this two-spin case only allows us
to determine two of the three Euler angles, among which the e
spectra are most sensitive to tAg angle between the unique
element of the®C chemical shift tensor (being the most
shielded element far-alanine) and the’C—"N axis.

The best agreement between the experimental and simulated , . . , —
spectra ofL-alanine was obtained for théC* chemical shift 3 2 1 0 -1 ) 3
tensor orientatiomse = —51° andBse = 21.7° in the principal /27 (kHz)
axis frame of the”C*—N dipolar coupling interaction (i.e.,

'PSC = {0, 0, 0}). The parameters resulting from the iterative FIG. 5. w,/27 projections from*C n = 1 2D rotary resonance spectra
fiting are summarized in Table 1 along with the paramete?glculated using théﬁ:“—“N spin-pair parameters faralanine (cf. Table 1)
resulting from earlier NMR and neutron diffraction studies. Wgeept forbisf 2, which takes values of (@, d)150 Hz (s — 2.44 A, (b,

) - vir c "'&) —400 Hz (s = 1.76 A), and (c, f)—665 Hz (,s = 1.50 A) andwith
note that the iterative fitting leads to two different local mingaiyes of (a—c) 0 and (d—f) 1978 Hz fer2x. All spectra useds /27 =

CS

ima, corresponding to different tensor orientations. The twg./27 = 6000 Hz and a Lorentzian line broadening of 135 Hz.
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a (see below) using a typical one-boR€—*N dipolar coupling
constant, however, indicates th4N T, relaxation is not a
major problem for the samples investigated in this study.

Figure 6 shows the analogous determination of the orient
tion of the **C* chemical shift tensor for glycine achieved by
simultaneous recoupling of the anisotropi€* chemical shift
and **C“=*N dipolar coupling interactions using= 1 rotary
resonance irradiation on-resonance with respect@s. For
glycine the shortest intra- and intermoleculat— internu
clear distances are 1.509 and 3.87 35)( corresponding to
dipolar coupling constants of 635 and—37.7 Hz, respec-
tively. As for L-alanine, the small intermolecular coupling
justifies a two-spin treatment involving the intramolecuf@®
and™N spins. Furthermore, the magnitude of tf@* chemical
shift tensor is known to be2:*727 = 1943 Hz andy“° = 0.98
e e (37). From Fig. 6a it is evident that the simulated spectrur
0 30 60 Q0 120 150 180 obtained through iterative fitting and corresponding to th

Bpc(deg) Euler anglesysc = 79° andBsc = 26.8° agrees very well with

the experimental spectrum. By inspection of these Euler ang|
(see Table 1) and the chemical shift tensors visualized |
ORTEP-like plots in Figs. 6¢c and 6d, it is apparent that th
tensor orientation determined in this study for a powder samg
with **C in natural abundance (Fig. 6¢) agrees favorably wit
that earlier established by NMR on an isotope-enriched sing
crystal of glycine 87) (Fig. 6d). We should note that the
iterative fitting resulted in two minima with almost the same
root-mean-square deviation (the lower one was taken as t
optimum solution although ambiguity remains) as illustrate
by the x* versusBee scan in Fig. 6b obtained by optimization
of the other variables throughout the scan.

From the theoretical description of the rotary resonanc
FIG. 6. (a) Experimental and optimum numerically fitted/2m projec ~ €XPeriment, it is clear that the method critically depends o

tions from**C n = 1 2D rotary resonancen(/2m = 6000 Hz) spectra of the
*C* carbon in glycine along with (b) & versusBse scan and ORTEP-like
representations of tHéC* chemical shift tensor as determined (c) in this study TABLE 1

for a powder sample and (d) using single-crystal NN3R) (note thatyss is not . . . . Ba . .
established from (a) and has been arbitrarily chosen to give the best visuaMagthdes and Relative Orientations of “C* Chemical Shift

1B3~a 14 H H H H
match with (d)). The parameters corresponding to the optimum simulation %d C - N Dlpolar Coupling Tensors Del'germlned for L-Alanine
given in Table 1,wg/27m = 6178 Hz, and a Lorentzian line broadening ofand Glycine Using Natural Abundance “C n = 1 2D Rotary

136 Hz. Resonance NMR on Powder Samples at 9.4 T*

L-Alanine Glycine
magnitud_e o_f the an_isotropic in_teractions. This aspect is a(%sﬁw (Hz) 1978 G7) 1943 @9)
dressed in Fig. 5 which, on basis of th@lanine parameters, ,cs 0.44 B7) 0.98 @39)
illustrates the effect of variations in the dipolar coupling cors,¢/2= (Hz) —665 (s = 1.486 A 34) —635 (s = 1.509 A 89))
stant between-650, —400, and—150 Hz for the cases with agé (deg) —51+ 30 (-73.1 36)) 79 = 30 (64.9 87)
and without®C chemical shift anisotropy. Finally, we shouldPec (489)  21.7= 7 (25.5 @6)) 26.8+ 10 (37.3 7))

mention that our analysis did not consider explicitly effectd® (deg) 116.6 (166.4 69) 242 (~28.8 @7)

13 14 . .
from ~C T, and N T, relaxation. The former may in part =the Euler angles are given relative to the- bonding axis, i.e. 0.5

PC —

explain the 163-Hz linebroadening required for an optimuro, 0, 0}. Accuracies were estimated using a combination of 95% confidenc
match between the experimental and simulated spectra, wiliilervals fromy? curves obtained by scanning the relevant parameter whil

the latter (which may be in the order of 10 ms according {Bting the other variables (see text) and visual inspection of lineshape chang
Numbers with indicated references correspond to previous studies.

Weliky and Tycko 41)) may lead to partial averaging of the vse can not be determined for isolatétC—“N spin systems in powder

“C—“N dipolar coupling. The favorable match between th€mples. The indicated angles correspond to the ORTEP-like plots in Figs.
experimental and simulated spectra fealanine and glycine and 6c.
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accurate matching of the RF field strength to the spinnifmckbone carbons in unlabeled peptides, where absolute ali
speed according to one of the conditions in Eq. [4]. Consment of the**C chemical shift tensor to the molecular frame
quently, the method is sensitive toward minor mismatch beequires resolvable coupling to at least two differént nuclei
tween these two frequencies and toward RF inhomogeneibging the only possibility among abundant spin species wh
Both effects may lead to a reduction in the width of theisregarding protons. Already at this stage it is emphasized tt
w,/27-dimension powder pattern, which at first sight erronehis “peptide system” only serves as an example of a heter
ously may be interpreted in terms of reduced values fobthe nuclear**N-"*C—"N spin system and that potential difficulties
and/orme® unless taken explicitly into account in the numerresolving this spin system obviously have to be solved prior
ical analysis of the experimental data. Fortunately, these effeptstential practical applicationvifle infra).
are easily identified, as mismatch betwegp andw, causes a  Considering typical internuclear distances, it appears int
longitudinal contribution to thé-spin Hamiltonian in the tilted itively possible to observe effects from the long-rang@—
frame which does not affect the initial operator. Thus, théN,., dipolar coupling in peptidé‘N,—°C,—"'N,,, three-spin
mismatch will be reflected in a signal @t/27 = 0. In case of systems withC; beingC;* or C:. It is of interest to investigate
severe mismatch or large RF inhomogeneities, this resonatitis aspect in more detail for two reasons. First, if the effect «
and its accompanying sinc wiggles (upon zero-filling) mathe long-range coupling is not resolved, the spin-pair approa
severely hamper extraction of structural data fromdh®m- demonstrated above for unlabeled amino acids in princip
dimension of the 2D rotary resonance spectra. As a consg@plies equally well for unlabeled peptides (provided that tk
quence, it is important to calibrate the RF field strengthdC resonances can be resolved and assigned), although :
carefully to obtain the best possible match and ensure that timiting the molecular reference frame for the shift tensor t
RF inhomogeneity effects are less than about 5-10%, e.g.,dne axis. Information about the magnitude of tf@" (or **C’)
restriction of the sample volume (as in this studd2)(or using chemical shift tensor and its orientation relative to the one
coils associated with low RF inhomogenei#8). Under these bond **C—*N axis for peptides may be itself potentially pro
circumstances remaining effects from RF inhomogeneity amdle important information about the structure of the peptid
mismatch may readily be taken into account in the iterativeond @, 9—13. Second, if this coupling is manifested suffi-
fitting of the experimental spectra. In the present setup the Rieéntly clearly in the spectra, it should be taken into account
homogeneity was sufficiently high that only the rotary resdhe numerical evaluation and may, as an additional benet
nance match needed to be considered. Through iterative fittmitpw determination of the absolute orientation of tH€
it was established that the spectra in Figs. 3 and,®¢& = chemical shift tensor.
6000 Hz) correspond to RF field strengths of 6123 and 6178SinceC;" shares corners of two adjacent peptide planes, i
Hz, respectively, being required to match all features in tlehemical shift tensor may in a sensitive manner reflectdthe
experimental spectra. We note that these values agree very \aallls; dihedral angles characterizing the mutual orientation
with the values determined independently from thg2w these peptide planes. Indeed, based on ab initio calculatic
splittings observed for the carbonyl carbons in the same rotanyd experimental data from several tripeptides, Heltexl. (9)
resonance spectra for the two compounds under consideratiecently demonstrated that the magnitude of i@ chemical
of the actual off-resonance effects. In practice, larger RF ighift tensor is closely related thandy. Further constraints on
homogeneities may be handled by measuring the weighted REse angles may very likely be derived from additional infor
field distribution for the carbonyl resonances in the actualation about the absolute or relative orientation of "
spectra (or using an independent nutation experimnd&®)tfor chemical shift tensorl(Q). To investigate a potential applica-
a powder of isolated spin-1/2 nuclei) and including this distrtion of the 2D rotary resonance experiment to determine tt
bution function in the simulation of the rotary resonance exrientation of**C* chemical shift tensors in unlabeled 6€-
periment by weighted coaddition of a representative numberlabeled peptides, we consider a typical pair of peptide plane
spectra calculated using the relevant RF field strengths. as illustrated in Fig. 7. The distance betweefi &d the
directly attached nitrogen Nn a specific peptide plandth
b. Effects from RemotéN Spins: The“*N-*C—“N Spin amino acid) is 1.53 A, while the distance to the closest nitroge
Ni,, in the adjacent peptide plane-{ 1’'th amino acid) is 2.40
A. The latter distance corresponds to a dipolar coupling col
The absolute orientation of chemical shift tensors relative stant of—157 Hz, being about one quarter of the value for th
the molecular frame may be determined from powder samplégectly bonded spins but considerably larger than any residt
provided that it can be measured in combination with twguadrupolar—dipolar coupling cross-termde suprd. Within
noncoaxial dipole—dipole coupling tensors. For example, thise “N,—°C*—**N,,, three-spin system the mutual orientatior
has been demonstrated recently fofC—°*C—*N (25), of the N-C" and G-N,,, internuclear axes (and the cotre
(*'P),**Cd (44), four-*C (45), and {'P),"H (46) spin systems sponding dipolar coupling tensors) depends on the dihed
using MAS NMR with appropriate combination of various reangleys;, while the orientation of th€C* chemical shift tensor
and decoupling methods. Here we address, as an example disgends on both dihedral angkésandis;. We note that even

System



306 ODGAARD ET AL.

for ¢, = 0° the homonucleat’N,—N;,, dipolar coupling is oS BCSy
too small to influence the spectra. e e
Lacking specific knowledge about the relation between the
dihedral angles and the absolute orientation of 't chem
ical shift tensor, Fig. 8 shows a serieswfi27 sections from 450,180 45,45.180 45.90,180 45,135,180
n = 1 C 2D rotary resonance spectra calculated using
different orientations of th&C? chemical shift tensor and the
C’—N;,; bonding axis relative to the peptide plane containing

C and N. These orientations are specified by the Euler angles
agé ng’ IpicSM, and 'ylp'cs”l relative to a crystal-fixed frame 135,0,180 135,45,180 135,90,180 135,135,180
with z. parallel to the N-C* bonding axis ang . axis perpen /\/\

0,0,180 0,45,180 0,90,180 0,135,180

7

90,0,180 90,45,180 90,90,180 90,135,180

=
e

dicular to the peptide plane (the principal axis frame of the 045.0 0900 01350
“N,—"*C dipolar coupling tensor). While the two former-an '
gles are allowed to vary over the full 180° range, the variation

of the pair of angles -5, yac '} has been restricted to 2101-2210-12210-12210-1-2
{40°, 180°} and {100°, 180°}, corresponding to the extrefpe ®,/2n (kHz)

angles of 180° and 0°, respectively. Using a 75-Hz Lorentzian

. . . .. c FIG. 8. w/2m projections from*C n = 1 2D rotary resonance spectra
line broadening, the spectra display visible dependenggsgn (/27 = wel2m = 6000 Hz) calculated for a peptide backboi,—Ci—

Cs H H
apc, andys; in the given order. We note that the spectra vamyy, ,, three-spin system. The calculations assume the same magnitudes for
smoothly withis; between 0° and 180°, justifying that only the*c chemical shift and®C;—*N; dipolar coupling tensors as for tH&C*~*N
two extremum values are included in the figure. By comparisgpin pair of glycine (Table 1) and 4Ci—"N;., dipolar coupling constant of
of the upper and lower rows in Fig. 8 it can be concluded that'5? Hz (corresponding to,;s,, = 2.4 A). Relative to a molecule-fixed
th tra disol . ffects f the dipol l coordinate system witk. parallel to the ¢—N; axis andy. perpendicular to

e SpeCBI’aa ISplay minor € :’-}C S rom e dipolar coup mtge peptide plane containing Ktf. Fig. 7), the anisotropic tensors are oriented
betv_vr—_zen C’ and the remote“N,,, spin. These (_effects areasOis = {0, 0, 0}, QO = {aSS, BES, 0}, and QLS = {0, BLS L, ylis+1).
sufficiently large that they should be considered if the methade actual values forse, 852, andy; are written beside each plot. Using the
is used to establish orientational information about th@ geometry in Fig. 7 the g, yrc' "'} values of {100°, 180°} and {40°,
chemical shift tensors in peptides, but at the same time &%} correspond taj; = 0° and 180°, respectively) = 180°). All spectra

. %Nere obtained using a Lorentzian line broadening of 75 Hz.

small to render 2D rotary resonance the method of choice for

determination of the backbone torsion angles in unlabeled or

selectively"*C-labeled peptides. lated rotary resonance spectra &€’ using the same setup as
The “*C’ chemical shift tensor represents another importagged in Fig. 8. Also in this case the spectra are quite sensiti
source of information about the peptide backbone conform@-the orientation of thé*C’ chemical shift tensor relative to
tions which may be accessed B rotary resonance NMR. the C—N,., internuclear axis. In contrast, with typical line
Thus, based on glycine values for the magnitud€@f chem  proadening the spectra appear less sensitive to the relativ
ical shift tensor @cs/2m = —7743 Hz,n* = 0.88) and weak dipolar coupling to the remot&\, spin, which in turn
dipolar coupling constants ab,s../2m = —927 Hz and implies that the sensitivity toward variations i is probably
b,s/2m = —146 Hz for a peptide backbori&N,—*Ci—""Ni.;  too low to be of practical use. The sensitivity of the spectr
three-spin system (cf. Fig. 7), Fig. 9 shows a series of simgward variation inaSs, on the other hand, may be of interesi
to study relations between the peptide backbone structure &
the magnitude and orientation of thf€' chemical shift tensor
relative to the peptide plane. While the magnitude and orie
tation (perpendicular to the §plane) of8,, appear relatively
independent of the residue type and the secondary structt
differences in earlier reported values for the magnitudé,pf
and the orientation of the transverse tensor elements within t
peptide planet, 8, 47 indicate some structural dependency ol
the w22, n°5, and ase parameters that may be interesting tc
explore for powder samples using the proposed 2D rota

resonance method.
FIG. 7. ORTEP-type representation of two peptide planes defining the
dihedral anglesp; and s;, which specify the conformation of the peptide
backbone. The plot, using;, = ¢; = 18C, illustrates the two relevant
N —Cr N, and *N,—"*C|—*N,., three-spin systems along with relevant )
bond angles and thEC* (arbitrary orientation) and®C’ (typical orientation) In this paper we have demonstrated that tfi@ rotary
chemical shift tensors. resonance experiment, which simultaneously recouples ani

=====
===

CONCLUSION
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