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A series of uni- and multidimensional variants of the dipolar
exchange-assisted recoupling (DEAR) NMR experiment is de-
scribed and applied to determinations of *C—"N dipolar local field
spectra in amino acids and dipeptides. The DEAR protocol re-
couples nearby nuclei by relying on differences in their relative
rates of longitudinal relaxation, and has the potential to give
quantitative geometric results without requiring radiofrequency
pulsing on both members of a coupled spin pair. One- and two-
dimensional variants of this recoupling strategy on generic 1-S
pairs are discussed, and measurements of *C-"N distances and
2D local field experiments sensitive to the relative orientation of
CN vectors with respect to the **C shielding tensor are presented.
Since these measurements did not involve pulsing on the broad
nitrogen resonance, their results were independent of the quadru-
polar parameters of this nucleus. High-resolution 3D NMR ver-
sions of the 2D experiments were also implemented in order to
separate their resulting local field patterns according to the iso-
tropic shifts of inequivalent *C sites. These high-resolution 3D
acquisitions involved collecting a series of 2D DEAR NMR data
sets on rotating samples as a function of spinning angle, and then
subjecting the resulting data to a processing akin to that involved
in variable-angle correlation NMR. Once successfully tested on
L-alanine this experiment was applied to the analysis of a series of
dipeptides, allowing us to extract separate local field *C-"N
spectra from this type of multisite systems. © 2000 Academic Press

Key Words: solid-state NMR; dipolar couplings; multidimen-
sional spectroscopy; isotropic—anisotropic correlations.

INTRODUCTION

Solid-state nuclear magnetic resonance (NMR) has dev

oped into a versatile tool for analyzing the structure

solids (). This has been largely a consequence of progre%%
in the development of new methods for increasing t
sensitivity of the NMR experiment, of new techniques fo
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producing highly resolved spectra from powders, and of ne
approaches for measuring meaningful parameters such
orientation or chemical environment. Dipolar couplings
which depend in a well-defined fashion on internuclea
distances, have been particularly important for facilitating
NMR determinations of structures in a wide variety of solic
systems including synthetic polymers, biomolecules, an
inorganic glasses2(4). These developments started de:
cades ago with the introduction of thepin-echo double-
resonance or SEDOR technique, which can discrimina
single-spin (local) from two-spin dipolar interactiors, @),
and during subsequent years they have been further stinr
lated by the development of a number of homo- and heter
nuclear alternatives suitable for either static or spinnin
sample case2( 7-14. A common requirement among most
heteronuclear dipolar characterizations is the need to irr
diate with radiofrequency (RF) pulses both members of th
coupled spin pair in an accurately and well-controlled fash
ion. This demand may be hard to satisfy when dealing wit
broad resonances such as those arising from quadrupo
nuclei, whose tensor parameters are not alwaypriori
known or amenable to accurate manipulations.

Recently we have presented preliminary examples for &
alternative to quantitative determinations of heteronuclee
dipolar couplings dubbedipolar exchangeassistedrecou-
pling (DEAR), which achieves a purely dipolar evolution by
exploiting differences in relaxation rates among the couple
nuclei (15). This makes the approach particularly suitable
qr dealing with spin pairs possessing a fast-relaxing que
0Srupolar member attached to a more slowly relaxing spin-

dipolar couplings can then be extracted quantitativel
ithout ever pulsing on the quadrupolar spin or having t
now its field gradient characteristics. This contributior
presents a more detailed report on the use of this techniqt
as well as new extensions to correlate the dipolar couplir

" Present address: Campus Chemical Instrument Center, The Ohio Siaieasured with it to the relative orientations of the chemice

University, 176 W. 19th Ave., Columbus, OH 43210-1173.
’ Present address: Area One Learning Technology,
60008.

Rolling Meadows, |

sLhift tensor of the spig-partner. This in effect introduces a
novel form of separate local field spectroscopy, which ca

3To whom correspondence should be addressed. Fax: (312) 996-04¥4€asure along one of its dimensions the dipolar pattel

E-mail: lucio@samson.chem.uic.edu.

1090-7807/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.

330

between a spig-and a quadrupolar nucleus. The feasibility
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of this experiment is demonstrated with a series of 2D NMR A i
acquisitions on static and spinningalanine samples, which I |
focused on thé®’C—"*N spin pair and could orient the C—N 2 n
bond direction with respect to the principal axis of tHe S | @cs+top JJ "9+
chemical shift tensor. To enable the utilization of this ex- » 11/2 112 !
periment in samples of chemical or material interest, provi- 1
sions for the inclusion of an additional high-resolution di- 0 4 AN
mension capable of discriminating among chemically -1 \
inequivalent nuclear environments were also developed.
This three-dimensional rendering of the DEAR local field B (CP)g, (W2, ™2y, P
experiment achieved high resolution simply by scaling the S [ _@cs+p || storage | ~Wcs*dp
chemical shift and dipolar anisotropies by means of vari- » —1)/2 e 4— T --.—n/z_.'
able-angle sample spinning; the resulting data were then ]
processed following procedures similar to those previously 0 7 N\
described for variable-angle correlation spectroscopy -1 N\
(VACSY) (16). A number of examples of this 3D NMR
experiment on natural-abundance molecules are demon- ¢ cP 72 72
strated, and further potential refinements of these ap- s IR | |
proaches are briefly discussed. , {] —> —T = —y ————
1 echo
THEORY \
0 ——t v
N . N\
General background. One of the requirements for the suc- antiecho
cessful measurement of small heteronuclear dipolar couplings
is the removal of other interactions such as the local chemical = ﬁ*"f ("/IZ)% ﬁ”% (i)‘% o
shift anisotropy (CSA) from the effective spin evolution de-
termining the spectrum. The usual Hamiltonian encountered in P = <= 7> <lecho > —Ip—~
i P H H echo
this type of situation can thus be written ds7( (1) . 7 \ -7 \\
H = [0+ 8(Q)]S, + wp(2)21.S, [1] ! tacho

. . . . . FIG. 1. Pluse strategies associated with double-resonance and exchan
wherew;, and5((2) are the isotropic and anisotropic chemicalssisted recoupling. Pulse lengths are indicated by rotation ami@esd or
shift components of the spin being observed (e.d’C), and by cross polarization (CP); pulse phases were cycled as summarized in Ta
wD(Q’) represents thisS dipolar coupling to be measured. Thel in order to select the relevant coherence pathway diagrams shown underne

traditional strategy employed to obtain a purely dipolar speach sequence. (A) Regular SEDOR experiment. (B) One-dimensional DE/
trum derives from the SEDOR sequence shown in Fig. 1A: t version, with thd-spin longitudinal relaxation duringacting as a recoupling
a g. ! mﬁechanism between tHeand S spins. (C) 2D separated local field DEAR

involves an initial excitation followed by an evolution periotxperiment for orienting thé-S vector with respect to thé principal axis
t,/2, synchronoud and S mr-pulses that inverS, but leave shielding system. (D) 2D shifted-echo DEAR experiment for obtaining loca
21,S, unchanged, and a fin&l/ 2 period of free evolution. At field spectra without dead-time complications.

the end of this period the contributions ef,, and 6 cancel

while those ofw,, coherently add up, leading to a purely dipolar

evolution of theS spin. A “universal” function describing this

dipolar SEDOR evolution as a functiongfcan be derived for A similar evolution can be imparted on ti$espin without

arbitrary spin numbers and is given by applyingl-spin irradiation if the two nuclear species posses
different longitudinal relaxation timesE; < T;. Examples
S(t,)/S (t, = 0) = (IS,)(ty) of pulse sequences that can then be employed to achiev

purely dipolar encoding are shown in Figs. 1B-1D; thes
! sequences derive from 2D exchange NMR,(19 and form
=21 +1)7* > cod§2mmwpt,], [2] the basis of the experiments described in this work. As i
m=-1 SEDOR these sequences begin with an initial free evolutic
period; this is followed by a storage delaywhich, lasting
where thewy’s are to be weighted over all possible orientaan interval on the order oT}, results in the microscopic
tions. randomization ofl, while producing only a minor attenua
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TABLE 1 ds,
Phase Cycles for Different DEAR NMR Experiments a - K-S [4]
Introduced in Fig. 1

Pulse Phase which couples the various components in the vectc
(-1 (0 ; :
Phase cycle for 1D DEAR NMR (Fig. 18) E:z t ce ,S_Z Z Eg*uatmn [4] can be formally integrated over
@1 X YX—y XY-X-y X Y-X—y X y-x—y e storage intervat as
P2 X X X XYYy Yy Yy —X—X—X—X —y-y-y-y
©3 X X X X XX X X X X X X X X X X

Prx X TY X Y YyXTy-oX =X ¥y Xy “y—-X y X

| I
S,(1) =e ¥-S,(0) = g KnmgMpA 5
Phase cycle for 2D shifted-echo DEAR NMR, echo pathway (Fig. 1D) A7) Z( ) n§| m§| z [ ]
Q1 Xy—X-y Xy=-Xx-y X y=X-y X y=X-y
©, XX X X XX X X X X X X X X X X
[ XX X X yy y Yy X—X—X—X —y-y-y-y

where {i} denote the basis operators. If it is assumed the
i X0 XX XX e X e e X XX X single-quantum processes dominate tk&pin relaxation the
@rx XYTX =Y SYyX y=X —X-y X Yy Yy-X-y X

exchange matrix takes the simplified form
Phase cycle for 2D shifted-echo DEAR NMR, antiecho pathway (Fig. 1D)

1 X Yy-X-Yy X y-X-y X y-X-y X y-x-y

@, X X X X X X X X X X X X X X X X ]_/T'l ifi=jt1
¢3 X X X X ¥y y Yy y=X-—X-—X-X-y-y-y-y 1
Pa X X X X X X X X X X X X X X X X Ki,j ={ 75~ E Kim ifi=]j 6]
Prx XZy=—X y-y—x Yy X=X 'y Xy Yy X-y—X 1 #m
0 otherwise.

tion of S,, and is concluded by a reversal in the apparem this limit K is a tridiagonal matrix very similar to those
sense of th&-spin precession. The stimulated echo that thesncountered in Htkel's molecular orbital treatment of conju-
forms refocuses the local but not the two-spin interactiongated olefins Z1). Borrowing from results known in this area
leading to a net dipolar evolution by exclusive irradiation of becomes possible to exactly diagonalize the exchange mat

the S spins. K for arbitrary spin numbers, its eigenvalues are given by
To formulate a concise description of the results afforded by

DEAR experiments it is convenient to assume thatltspin 5 Kor
system is solely coupled by a dipolar interaction, that np — et =1 [1 + cos< )]
homonuclear dipolar couplings among theor S spins are 1 T 2l +1
present, and thal;—even if shorter tharT;—is still long
compared to the various transverse evolution times involved
(e.g.,t;). It is then possible to describe the density matrix of
the IS system as a sum oB-spin operators parameterizecnd the corresponding eigenvectors are
according to the componenin of the I-spin angular momen-

k=1,...,2+1 [7]

tum, i.e., |
u=,1- > ubul [8a]
| n m=—I+1
p =2+ X X as", [3] K

m=-li=1 u,, = —[1 +2 cos(2| n 1)]u“‘f [8b]
where the summation overcorresponds to a sum over the ., | + 2 K ®
complete set of operators describing the state ofsthpin (for Usieg = Usivj—2 COS{ o+ 1) Ustwin|s
example, in a spig-system such complete sets could (&,{ o—i<92l I8
S,, S} or {S,, S., S,}). The dipolar exchange-assisted =j=2l. [8c]

recoupling relies on monitoring the probability that a given

component of thes spin, S, shall become a different com With these expressions it is possible to derive the opeRater
ponentS!” due to the longitudinal relaxation of This relax e describing the probability that th@ quantum number of
ation process can be described classically by la<{21) X | has changed fromto j value during the storage periadof
(21 + 1) exchange matriX via the relation 20) an exchange experiment; its elements are
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21+1 P(%tL ’T) — (2| + 1) —1e—i(m.so+5)t1/2
P(r)= > eMu®u®, I1=ij=21+1. [9]
k=1 | |
X X 2 e mep (1S, [13]

m=—1 n=—I

This relaxation-driven probability matrix simplifies consider-
ably in the limit of complete exchange, when the storage ti
7is long with respect t@'; but short compared ;. This limit
is to be expected whe8 s a dilute sping nucleus such aSC
or ®N, and| is fast relaxing due to strong quadrupolar coupling
(a N or a*Co). The eigenvaluesX} -«-» .. then have the
property that\,,., = 1/T7 while all other eigenvalues depend

M&nally, after a seconth/2 period with the effectives evolu
tion reversed, the chemical shift echoes and we have

plty, 1) = (21 + 1) X X e MNP (1)SID,

| [P H | < m=—| n=-1|
on T;. This implies that forT, < 7 [14]
. =0, k=1,...,2 The normalized magnetization measurable at this time is thel
€ e fork=21 + 1. [10]  fore

SIS (ty) = Tr{p(ty, 7)S
The eigenvector corresponding to the= 21 + 1 eigen- (St tp(t, M3}
value possesses in this limit all coefficients equal to !
1/V2l + 1. Therefore the probability matrix elements are =21 +1)7 > Prk(T)
simply k=1

| I+k

s o + 2 2 2Py a(m)cod3 Akwpty)],  [15]
eiT/Tla 1 = Iy J = 2| + 11 [11] k=—1 Ak>0

Pl =31+ 1
where Ak = m — n and the identitiesR, xx = Pryeax =
reflecting the fact that when the storage time is long compareg ,,, = P,,..] were used. The first summation in this
to the relaxation time of thé spins the exchange probab“ityexpression foKS/S,) describes those spins whose neighbor
gets equalized among thed 2+ 1 states definingS in the did not change quantum state during the storage; the contrik
two-spin space. tion of these spins refocuses completely and is consequen

With this background in hand it becomes straightforward fgninteresting. By contrast the double summation represer
calculate the signals obtained for a number of different variar§gins whose neighbors made\& quantum change during the
of the DEAR NMR experiments; these calculations are pretorage period; thesg spins contribute to a purely dipolar
sented below for arbitrary spin numbers of the pairs. dephasing.

Unidimensional NMR experimentsFigure 1B illustrates a It is illustrative to consider the simple yet fairly common
simple approach for measuring dipolaiS couplings by mon- complete randomization limit, as then “universal” dipolar
itoring in a pointwise manner the intensities observed in a 1#ephasing curves independent of thepin relaxation and
stimulated-echo experiment. To calculate the resulting NM$®lely a function ofw - t; will result. In this limit Eq. [15]
signal we follow the conventions of the previous paragraph; thecomes
spin density matrix evolved during its first 2 period can then
be written as

— -1
(SISt =21 +1) 1+ oI+ 1
t _ L
p(21> — (2| + 1)—1e—|(w‘50+6)t1/2 2 e—lmetllzsg_m)_ [12] 2| 1
m=—1 X > (21 +1— Ak)co EAkatl .
Ak=1
After the storage period, when theS magnetization was [16]

placed along the external magnetic field ahdpins were
allowed to relax and randomize tlzecomponent of their spin Figure 2 illustrates some of these curves for differespin
angular momentum, we obtain numbers; as expected they all show a decay and oscillati
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= =+ —14 —i(wisot 8)(t1—t2)
1=12 p(ty, 7, t) = (21 + 1) e

1.0-"

A | |

:VQ: 1 X E E e7iwD(mt17nt2)Pmyn(T)S<_n)-
\

m=—1 n=—I
00 [17]
o 4 & The expectation value of th® magnetization is then
1.0+ I=1 (SIS)(ty, 7, tp) = (21 + 1) “le (ot

& 1
EoJ L NN NP X XX Ppg(rjeamieetw

m=—| n=—|

X @ izm oottt [18]

showing the explicit dipolar/(shielding- dipolar) correlation
obtained on viewing this signal as a function of the sheare
A, (t, + t,)/(t, — t,) variables, respectively. This equation alsc
g highlights that besides the major echotat= t, subsidiary
v dipolar echoes will form whety, = 7t,, wherem andn are the
0.0 guantum states of the fast relaxing spin duitingndt, (andm,

n # 0). Also worth noting is the fact that Eq. [18] can be cas
0 ' i ' b into an amplitude-modulated dipolar form similar to Eq. [16]

@pf /21 (cycles) by replacingk = n, Ak = m — n:
FIG. 2. Comparison between the normalized dipolar dephasing curves

expected from fully randomized exchange experiments versus the ideal(§S)(t,, 7, t,) = (21 + 1) e (wstd(ti-ta
SEDOR limiting values (—), as a function of the dephasing phaset, for
different spin numbers.

Lo 1=712

X {2 P(m)cogkewp(t; — to)]

k=1

around the (2 + 1) * value arising from the®,, sum. This | e

value compares unfavorably with the decay observed when

using SEDOR for the cade= 1 as thenS/S,) can dephase all + EI Ak_Z, APyic+akC08 Akao(ty
the way to zero, yet it becomes competitive when considering akzo

| = 1. Furthermore, since in these quadrupolar cases the ideal + ty)]cod (k + 3 AK) wp(t; — t,)]}.

SEDOR expectation may be hard to achieve or quantify by

virtue of the largel spectral linewidths, the application of [19]

exchange-assisted recoupling strategies appears particularlgecause of potential mixed-phase distortions and dead-tir

convenient for this type of cases. problems that can arise on using the sequence in Fig. 1C, \
Bidimensional separate local field experiment3he uni- found it convenient to consider also a shifted-echo version

dimensional pointwise scheme of the previous paragraph d&is local field DEAR experiment. The pulse sequence for thi

be extended to obtain not only dipol&S information, but 2D shifted-echo DEAR is shown in Fig. 1D. Propagation of th

also a correlation between this coupling tensor and nondmo@nSlty matrix over the,, storage, echo, ard time intervals

fields affecting theS-spin evolution such as the chemical shiftinder the assumption.,, < T; now gives

anisotropy. A 2D NMR sequence like that in Fig. 1C can

retrieve such correlation, as in it identical shielding but differ-

ent dipolar frequencies operate during the evolution and the p(ty, 7, temo t,) = @ (st ot 37 3

acquisition times. To calculate the actual 2D NMR signals m=—1 n=-I

afforded by this sequence we follow similar guidelines as

above; the spin propagation ougr the mixing periodr, andt,

yields [20]

i2(m— 'lnmn —
X elz(m n)th1e|2 (techo tZ)Pm’n(T)S(j)_
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Using a derivation analogous to the one leading from Eq. [17] % = [w, + 8(Q) P,(cos0)]S, + wp(Q') P,(cos0)21,S,,
to Eq. [19], the expectation value of the magnetization result- [22]
ing for this experiment can be written as

whereP,(cos6) = (3 cos6 — 1)/2 is a function of the angle

(SIS (ty, 7, 1)) 6 between the axis of sample rotation and the external magne
v field, and the angular set®()’) define now the shielding and
= (21 + 1) lg (@it dtechotz) dipolar tensor orientations with respect to rotor (rather than tt
| Zeeman) axes. All that the introduction of this sample spinnin
procedure requires is therefore scaling the anisotropic fr
X {kE Py k(7)cog Kwp(tecno— t2)] quency terms in the equations of the preceding paragraphs
=—1

a factorP,(cos6). To consider but the most involved of these

I -k cases, the signal arising from a VACSY/shifted-echo DEAF
+ > > Prcr ar(7){ cofkwp(techo experiment (Eq. [21]) simply becomes
k=-1 A:k;loik
1 <9%>(t11 T1y t21 6) [23]
- tz)]cos{2 Akwpty | + siMkop(tecno— t2) ] = (21 + 1) e lwsotoP2(c0s0)](techot2)
|
1 X1 P\ C0g KwpP,(€0S 0) (tecno — t2)]
X sin > Akwpt, . [21] k=-1
| I—k
+ Py kiakd cog kwpP,(cosh)
This expression is similar to Eq. [19] except for the appearance kzz_l AkA%Iofk el Ak oz
of additional sine terms, arising because no effecthmilse is
applied to the fast relaxingspins at the end of the echo time. 1
High-resolution 3D local field experimentsThe 2D NMR X (tecno ™ t2)JCO 2 AkwpP;(cos6)ty
sequences described in the previous paragraph have the potential
of extending to quadrupole-containing systems and in a simple + siMkwpP,(cos0) (tecno— t2) ]
fashion, acquisitions that have hitherto been confined mostly to
heteronuclear spih-pairs. If several inequivalen sites are 1
present in the sample, however, one can expect the broad 2D local X sin| 5 AkwpPy(cosO)ty | ¢ (. [23]

field patterns arising from these experiments to overlap and
thereby prevent the extraction of useful information. For dealing
with such multisite systems one would ideally like an NMPBY distinguishing the isotropic from the anisotropic compo
experiment capable of resolving the static-like dipolar/shieldiftnts of the interactions, the spinning angléntroduces the
2D powder patterns along a third high-resolution spectral dime#@dditional degree of freedom required for the 3D NMR sepz
sion, characterized solely by the isotropic shifts ®fuclei. ration. Rather than viewing this signal as a function of the
During the past several years a number of alternatives have b8¥Rerimental acquisition variables, ( t,, 6), however, the
proposed for carrying out such isotropic—anisotropic separatiof@CSY protocol views it in terms of the “extraction” variables
of interactions; these have included the use of rotor-synchroni2égich encode the isotropic frequenay,,, the DEAR dipolar
multipulse experiments on spinning sampd) (interrupted spin Powder pattern, and the sum of this powder pattern plus tt
evolutions on slowly rotating or hopping sample8<25, or shielding anisotropy, respectively. For the case of Eq. [2<
variable-angle spinning signal acquisitions. Because of its easdltse would be
implementation, high digital resolution along the isotropic dimen-
sion, and good signal-to-noise, the latter variable-angle correlatiort, =tegno—ta th =P2(c0s0)t;, t.=P,(c0SH)(tecno—12),
spectroscopy (VACSY) approach has already been successfully [24]
used in a number of 2D and 3D NMR acquisitiod$,(26—-3(.
We decided to incorporate it into the specific case of the dipoland it is against these variables that the variable-angle data
experiments hereby discussed in order to facilitate the resolutiourier transformed. This implies that just as in the static cas
of the bidimensional DEAR local field lineshapes. DEAR dipolar/shielding powder patterns with effective dipola
From the standpoint of a theoretical analysis the use of fastupling constantg Akwp, 1 = Ak = 21 + 1, will be
sample rotation requires modifying Eq. [1] into extracted. No further description of the anisotropic lineshape
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la

>

Al

P>(cosB)

I
N

| .

FIG. 3. Stages involved in the acquisition of VACSY-based high-resolution 3D separate local field spectra. (A) 2D time-domain exchange data are |
collected as a function of the axis of sample spinning using, for instance, the shifted-echo alternative shown in Fig. 1D. (B) These data asntfezhirgarr
their correct position in thet(, t,, t.) space defined in Eq. [24]. (C) Points are evenly spaced along the isaty@pis but obtaining a regular grid of data ready
to be fast Fourier transformed requires interpolating the sampled points within gath plane.

is consequently needed: the implementation of this 3ur nearest sampled data, and then use the latter to comp
VACSY/DEAR procedure simply resolves static-like patternthe expected grid value based on simple distance consid

according to each site’s isotropic shift. ations. Since the sampling of these planes was in gene
incomplete only points within the experimentally scanned re
DATA PROCESSING AND EXPERIMENTAL gions were interpolated. A further precaution that was take

prior to beginning this interpolation was to average the value
Computing and data processingThe acquisition alterna- of multiple experimental points possessing identi¢al t, t.)
tives described in the preceding section were experimentadiyordinates, arising as a consequence of having used const
assayed. The uni- and bidimensional data sets were processeg, At,, and At, increments. To give a better idea of the
on PowerPC computers using either MacNMR or the RMbverall characteristics of this procedure, a typical 3D VACSY
software programs3(, 3. The three-dimensional data wereDEAR NMR experiment involved acquiring=161,000 data
processed on Unix workstations (Silicon Graphics R3000 @bints, which were in turn used to interpolate abuaf the
Sun UltraSparc) using €+ code specially written for carry- yolume occupied by a 512 48 X 48 (t,, t,, t.) points array.
ing out a multidimensional NMR data interpolation onto &he suitability of this interpolation procedure was tested ex
regular grid of points and its subsequent Fourier processirﬁgﬂsivmy on simulations based on typi&¥¢—*N coupling and
Final visualization of these spectra was performed either on tg}(ﬁeming parameters prior to the implementation of the actu
Silicon Graphics computer using IRIS Explorer modules or Q& periments. The €+ source code for carrying out this type
the Sun computer using custom-written programs based on f§83p gata interpolation for arbitrary functionals df.(t,, t.)

POV graphic library. The processing of the 3D data sets Washending on any number of experimental variables is ava
carried out in several steps (Fig. 3). First, a series of 2[y upon request.

exchange NMR signalgS)(t,, t,) was collected for fixed . o ]

values ofP,(cos 6). These data were then stored along with NMR experiments. NMR acquisitions were carried out on
their unique sets of experimental coordinates {,, 6), and natural-abundance samplesieélanine,L-glycyl-L-alanine,L-
employed to interpolate a regular 3D grid of points equal§lanyli-alanine, and-alanyl+-aspartic acid, purchased from
distributed in the “natural” Fourier space defined by Eq. [24ﬁldrich and used without further purification. For both the
Given the linear dependence that in this case the paramete$tatic and spinning experiments these samples were pack
has on the acquisition timg, all data could be distributed into standard 5-mm Zirconia MAS spinners (Doty Sci.) anc
along equally spaced planes of points provided that the congfaced into a doubly tuned laboratory-built dynamic-angle
tion At, = At, was chosen upon setting an experiment. THpinning NMR probehead. Experiments were then run mon
patterns that the digitized data points then subtended in thégigng the**C signal at 7.1 T (75.8 MHz Larmor frequency) on
planes are shown in Fig. 3; also shown are the principlaeslaboratory-built spectrometer controlled by a Tecmag In
involved in the subsequent interpolation of the sampled datelse programmer and equipped with high-power RF compe
onto the final regular grid of points. Basically, this procedureents. The'H decoupling field strengths employed in the
required finding for each coordinate in thig,(t,, t.) grid its experiments were typically greater than 75 kHz, white =/2
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(0): 90° pulse (us) only one of these sets (the antiecho data) was consequer
7 ;:j ;jz’;‘;;s’"/;’{, collected. Also, as the absolute valueRy{cos6) decreases the

{0): #11 increments signals’ lifetime along botlt, andt, is expected to lengthen; we
consequently found it convenient to extend these evolution tim
(t;, ty) as well as the position of the shifted-echo maximug X
accordingly. Figure 4 summarizes these details by depicting hc
various experimental parameters were changed throughout the
variable-angle spinning acquisitions; notice the peculiar status
the MAS experiment arising due to the fact that at this angle r
anisotropies are worth encoding. OtH&E spectral parameters
60 ' 90 included an 11-kHz sampling width along the isotropic dimen
Spinning Angle (degrees) sion, a 5-kHz width along the dipolar dimension, and a 30-kHz
FIG. 4. Depiction of how different experimental parameters involved iwide shift anisotropy domain. The overall durations for these 3|
the 3D VACSY NMR acquisitions were varied to account for the changing|\MR acquisitions ranged between 3 and 7 days. Once acquire

spinning angled, which was also the angle between the RF coil and thgarg \yere interpolated into a dense grid as described earlier w
external magnetic field. In addition to these changes, the number of poi

collected during, was doubled (to 512) for the five experiments neighborin i2 pQIHtS 3'9”9 the isotropic dimension an(_j>48l8 pQIHtS for
the magic axis. he anisotropic ones. These arrays were suitably weighted, ze

filled to 512 X 128 X 128 points, and Fourier transformed to

obtain the final spectra.
storage pulses were 2p& long. The spinning sample experi-
ments also incorporated a ramped cross-polarization sequence RESULTS AND DISCUSSION
with contact times of 1-2 ms to ensure the homogeneous
excitation of nuclei in all crystallites even at the moderately TO test the potential uses of the various DEAR version
fast rates employed (8—10 kHz, fast enough to neglect spffiscussed above a series of experiments focusing on t
ning-related complicationsB@). For the 2D shifted-echo ex- bonded“C—“N spin pair of natural-abundancealanine was
periments typical acquisitions involved exchange times  performed. This compound was chosen because of its go
0.5-2 s, 1-Md, delays (much larger than the 86 dead Signal-to-noise and because of the possibility of easily resol
times), recycle delays of 1-2 s, 128 scans, and 4-kHz/30-kHg its three inequivalent carbon environments even whe
spectral widths along the dipolar and chemical shift dimegPinning at angles other than 54.7°. Figure 5A shows tt
sions, respectively. In an effort to further eliminate mixed-
phase artifacts, data from both echo and antiecho pathways
were collected in the 2D experiments (L6points for each)
(34); these sets were then combined and zero-filled to 128
points prior to Fourier processing. For the three-dimensional
acquisitions many of these 2D shifted-echo timing and acqui- 11 (ms)
sition parameters were kept constant; the main difference of 024
course was that a series of 2D data sets had now to be collected . 1.60
as a function of spinning angle. These consisted of 21 different 288
orientations of the rotor axis corresponding to evenly spaced 00 .
steps inP,(cos 0) between—0.5 and+0.5 (35.3°= 6 = 90°), '
set in turn by an intelligent stepping motor controller system
governed by the spectrometer’s pulse programmer. Since the
sample RF colil in the probehead was kept coaxial with the
sample spinning direction, the efficiency of both the irradiation
and the detection changed with the spinning axis chosen. This
was compensated by varying as Sih both the number of [ T =
scans and the pulse widths for each of the spinning angles. 1000 v{Hz) w1000
Inspection of the relevant 3D time domain sampled during theFIG. 5. Unidimensional DEAR NMR experiments or-alanine done
course of the experiments (Fig. 3B) also suggested additiomalle spinning the sample at 66.7° with respect to the magnetic field. (A) C
potential refinements worth incorporating. For instance, tﬁ_ého intensity as a function of storage and dephasing times; lines are the b

. . fit of Eq. [15] to all data. (B) Fourier transform of echo tops collected in the
fact t_hat _dlpo_lar patterns Were encoded by mec‘?s 0) b complete randomization limitr(= 1 s) to get a purely dipolar C—N spectrum;
function implied that acquisition of echo and antiecho data @k dotted line is an ideal simulation based on three suitably weighted 12

both positive and negative,(cos 6) values was redundant; Pake doublets.

Parameter’s Value
-
<
I

A 10

S/So
I

T
Storage time 7 (sec) L6
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T1kHz T these echo intensities as a functiort pandr by Eq. [15]. The
A ' —B 1 scaling of the dipolar coupling by the spinner angle was e>
] @ E plicitly included in the fit and the best-fit values were found tc

beTi*a =1.8+0.6s,Ti" =0.09+ 0.06s,and ¢y = 1.5+

0.3 A. The C—N distance compares favorably to the literatur

value of 1.487 A 85), while the faster relaxation of the

o= = oA 13 ; icahili
quadrupolar nucleus vis\as the ~“C confirms the applicability

— . T n premise mentioned above. In fact in the limit wheres long

Dipolar Coupling Dipolar Coupling compared tar;* a Fourier transformation of the echo tops as

FIG. 6. Experimental 2D local field results obtained when applying th@ function oft, leads to a purely dipolar C-N spectrum (Fig.
shifted-echo sequence (Fig. 1D~ 1 s) toL-alanine: (A) static powder; (8) 5B). This consists of three Pake-type components (which
sample spinning at 90°. Vertical traces indicate the projections onto ttﬁeneral will be 2 + 1, Eqg. [15]): one at zero frequency which
chemical shift axes. arises from thé,, terms, one with dipolar couplingy, due to

those™N’s whose quantum number changed by, and an
_ . ~ other with dipolar coupling of, due to those’N’s whoseAm
intensity observed for the (Earbon resonance as a function of, 5 +2.
storage timer and evolution timet;, upon applying the 1D These 1D dipolar measurements can be extended to t
echo version shown in Fig. 1B while spinning the sample gimensions as shown in Figs. 1C and 1D; experimental 2
66.7° (at this angle all three sites are still resolved but thgns|ar/chemical shift separated local field DEAR spectra aris
d|p_olar coupling ha_ls been remtroduced). To avoid potentlmlg by use of the latter sequence are shown in Fig. 6, again f
artifacts the echo times of these experiments were chosens case of -alanine in the complete randomization limit. The
multiples of the spinning sample rotor period, even if at th%}éectra clearly show the bigger CO anisotropy along the cher
spinning rates employed this may not have been relevant. if| shielding domain, the stronger C—N dipolar coupling fol
short echo times the echo intensity decays witlonoexpo- he 4 site, and the absence of a methyl peak due to its she
nentlal_ly as a result of th&C, Iongltudmal rele_lxanon. As the longitudinal relaxation (comparable to that of tH&l). Also
echo time increases, however, dipolar couplings are no longer acteristic is the reversal and scaling of all the anisotropi
averaggd an_d the decay of the echo intensity becomes mu_Itlgﬁbn repeating the static experiment while rapidly spinning ¢
ponential. Figure 5 also shows the best simultaneous fit gf angled = 90°, whereP,(cos 6) goes from a value of 1 to

—0.5. The fact that these spectra were acquiredrfer Ti™

implies that their lineshapes can be analyzed without regard

TkHz the N relaxation or quadrupolar properties, thus yielding

=Y

TrTTT T T T T

Shift Anisotropy

Ix LB - sensitive information about the relative direction of the inter
e L
I
g1 s i
S
< A L
5

R Experimental |. L.0) = (25°,73°) L

I I 1 ]
1c LS -
e u L
2
g -} - |-
g - = -
g
< 4 |- L
&
t§ - ~ -
. a9 =00 | | (09 =(90°,90") |
. . 1
Dipolar Coupling Dipolar Coupling

FIG. 7. Comparison between the experimental 2D shifted-echo DEAR
pattern observed for the Gite of staticL-alanine and simulations calculated FIG. 8. Projection of the 3D VACSY/DEAR results obtained fealanine
for different orientations X, ¢) of the C—N vector; coupling parameters are(t = 1 s) along the dipolar-encoding dimension; the result is a relaxatior
A = =35 ppm,n = 0.2, andw, = 27 - 666 rad/S. weighted**C isotropic/anisotropic correlation spectrum.
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+ :
H3NCH(CH3)CONHCH(CH3)CO,

FIG. 10. Schematic representation of the 3D VACSY/DEAR NMR results
obtained on amn-alanyl+-alanine powder: the 1D slice is the projection of the
3D set onto the isotropic 13C axis; 2D powder lineshapes show the dipol
local field patterns extracted at the indicated isotropic frequencies. Storage &
recycle delays bl s were employed in this acquisition.

regarding our 3D data acquisition and processing protocol; tl
FIG. 9. Experimental®C NMR lineshapes extracted from a 3D VACSY/only minor art'_fa,C_tS characterlzmg the powder resonances
DEAR spectrum at the isotropic frequenciesLedlanine’s G and CO sites. these 3D acqwsmons' are small diagonal ridges that arise fro
These dipolar/shielding local field powder patterns are equivalent to tha@@ incomplete sampling of all four quadrants of thg ¢.)
presented in Fig. 6A. planes.
With this positive test of the high-resolution experiment ir
hand, a series of 3D VACSY/DEAR NMR acquisitions was

nuclear vector with respect to the chemical shift principal axigarried out on several natural-abundance dipeptides; some
system. Figure 7 compares this 2D experimental result on the

C, of a staticL-alanine sample with a series of simulations

calculated as a function of polar and azimuthal angles. Thes + )
predictions illustrate the good match between the experimente ~ H3NCH2CONHCH(CH3)CO;
powder lineshape and the results expected from the C-N or|
entation §, ¢) = (25°, 73°) measured by McDowell and
co-workers on an-alanine single crystal3g).

Although alanine’s sites are well resolved in static DEAR
NMR experiments due to their different chemical nature, it is
still convenient to use this compound as a test case for th
implementation of the high-resolution 3D local field experi-
ment. Examples of various projections and slices afforded by HiNCHz
such 3D NMR acquisition are shown in Figs. 8 and 9. Project- covpt"
ing the 3D data along the dipolar dimension yields essentially.g,
a 2D NMR spectrum where alanine’s static anisotropic powde| ”fg,(_
patterns are separated along each sites’ isotopic chemical shit &,
(even if the CH group is absent due to its relaxation during the e
mixing), while slices extracted at the isotropic frequencies of
the sites are essentially indistinguishable from the 2D loca.
field spectra observed in the static exchange experiments. ThiSg, 11. The same as in Fig. 10 but ferglycyl-L-alanine, using 1.5 s
agreement justifies the various considerations described abseage and 1-s recycle delays.

CO3

T 3kHz
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+ -
H3;NCH(CH3)CONHCH(CH2CO2H)CO;

Co;
lep‘l_ir\?',l L
e CONH "A% .
Col*p“ng ; . j

FIG. 12. The same as in Fig. 10 but foralanyl+-aspartic acid using 2 s
storage and 1-s recycle delays.

the results obtained from these spectra are summarized in F

10-12. For all these cases preliminary 1D and 20 NMR
experiments were recorded to ensure that (1) all chemic

. 1kHz :
Experimental Simulated

" - T

] H3NCH ] [
2 ] [ r
S . ] r
<@ | :
[ 3 [ [
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5:: [ ]
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Dipolar Coupling ' Dipolar Coupling '

FIG. 13. Comparison between the experimental 2D local field contour

plots extracted from the 3D VACSY/DEARC spectrum of -alanyl+-alanine

SACHLEBEN, BEVERWYK, AND FRYDMAN

TABLE 2
Chemical Shift Anisotropy Parameters and CN Vector Orien-
tations Extracted by Simulating the 3D Variable-Angle DEAR
Slices Shown in Fig. 13 for L-Alanyl-L-alanine

Site A (£2 ppm) n (£0.1) O @) (£15°)
C. (N-terminal) —28.0 ppm 0.8 (20°, 90°)
C, (C-terminal) —35.0 ppm 0.2 (25°, 73°)
CO (N-terminal) 78.0 ppm 0.9 (90°, 10°)

inequivalent sites could be resolved under regular MAS cor
ditions, and (2) significant dipolar exchange ridges were visibl
in static powder experiments. Even though the latter wel
visible for all of the samples presented here no tests were ma
to ensure that the complete randomization limi T1* had
been achieved, and in that sense these results can be consid
as preliminary. Still, Fig. 13 analyzes the local field lineshape
for the nitrogen-bound carbon sites i6hlanyl+i-alanine. All
these slices show evidently bigger dipolar patterns than tho
of other sites not bonded t8N, and if it is assumed that
nitrogen spins in this compound are fast relaxing—a likel
%ossibility in view of the distinct shapes of the resolved 2C
E’AR patterns—it becomes possible to establish the orient

aﬂon of the ®*C chemical shift tensors with respect to the CN

Xnd vectors (Table 2).
Figure 14 shows additional 2D local field data, extracted thi

T o,
L-Gly-L-Ala "

-
H3NCH

L-Ala-L-Asp
F H;NCH

T T T T T TYT

;

Shift Anisotropy

Shift Anisotropy

Shift Anisotropy

Dipolar Coupling ' Dipolar Coupling

for various indicated sites, and their best-fit simulations. These fits were carriedIG. 14. 2D local field contour plots extracted for the indicated sites from
out by visual comparison and their NMR coupling is summarized in Table the 3D spectra shown in Figs. 11 and 12.
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time for various sites of-glycyl-L-alanine and.-alanyl+- 8(Q) = 2 A[(3 coFOcsp — 1) + m SiN%0csaCOS 2ocsal,

aspartic acid. Again, the 2D exchange powder patterns are [A1]

clearly broader along the dipolar dimensions among those

carbons than are directly bonded to nitrogens; a completdere(Q) = (6.sa ®csa) describes the direction of the shielding

characterization of these distinctive patterns is currently undensor’'s principal axis system, antl, n are the coupling

way. anisotropy parameters. The orientation dependence of the
polar coupling is given by

CONCLUSIONS
AT

(l)D(Q,) = d[3 COSZODD - 1] = 2d ? YZRED(BDD, 0),

The main objective of this work was to describe some of the [A2]

potential applications of relaxation-driven recoupling to the

meas_uremem of purely dipolar spectra. As a one—dimensiowered is the dipolar coupling constant given byys/4mr®
te_chmque this approach allows one to measure a que_SBy and 0, is the angle describing the orientation of the dipola
dipolar spectrum; when extended to two dimensions it al%ctor. Using Wigner rotation matrices we can relate thi

enables one to orient this dipolar tensor within the prindp@&pression to the relative orientation of the shielding an
axis framework of theS-spin local field; when incorporated dipolar tensors as

into a variable-angle three-dimensional separation an experi-

ment results which enables its application to complex molec-

ular structures possessing several inequivalent chemical sites. 7 2 @

These kinds of measurements have been available for som&® = 2915 > DEN0, Ocsa ocsa) Yorml(x, @), [A3]
time for the case of spihairs based on the use of double- me2

resonance irradiation techniques-9, 37, 33, but by relying L )

on random rather than coherent fluctuations ofltspin state where y and‘f’ are the pqlar_angles orienting _the mternucleg
the DEAR protocol opens up new possibilities regarding qu(L;FS vgcto_r W|th|.n.the ;hml_dmg S p””C'F’a' axis system. Th|s
drupolar applications while avoiding the need for multires >quation is explicitly given in terms of trigonometric functions
nance spectrometers and probeheads. The technique is pa Me-

ularly applicable when the relaxation time of one of the spins . L -

is significantly shorter than that of the other, as the dipolar @o = z {3 sin"csssin’x co42(¢pcsa + ¢)]

lineshapes become then independent of thpin relaxation or — 12 SiN0csaCOS OesgsSIN y COSY COS Pesa + @)
quadrupolar characteristics.
As examples of these concepts a series of applications was +[3 coSbcsa — 11[3 cosy — 1]} [A4]

demonstrated on simple, nonlabeled powdered compounds

containing**C—“N spin pairs. Driving this choice of systemsEquations [Al] and [A4] were used in the DEAR simulations
was their ubiquity, and the important role that according @hown in Figs. 7 and 13.

recent theoretical investigations the relative sizes and orienta-

tions of C, shielding tensors can play in determining the ACKNOWLEDGMENTS
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