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The principles of molecular geometry determination by high-
quantum heteronuclear local field spectroscopy in solid-state

K 1–S1–S2–K 2 torsion angle. Double-quantum experiments
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NMR are discussed. The extreme multiple-quantum coherences in
a cluster of nuclear spins are allowed to evolve in the presence of
heteronuclear through-space couplings to two spins of a different
type. The multiple-quantum dephasing curve is independent of the
homonuclear spin–spin couplings and may be described in terms
of geometric parameters. The triple-quantum version of the exper-
iment is demonstrated by determining the c torsion angle in a
[15N2,

13C3]-labeled sample of the peptide ala–ala–gly. Two regions
f torsion angle space fit the experimental data, one in the neigh-
orhood of 2152° and one in the neighborhood of 1161°. The

latter determination is in excellent agreement with the X-ray
estimate of 1160.5°. © 2000 Academic Press

1. INTRODUCTION

Solid-state NMR is becoming an established tool for mo
ular structural determination in a wide variety of syste
Techniques have been introduced that allow accurate es
tions of intermolecular distances (1, 2), as well as bond angl

nd torsional angles (3–9). Unlike solution NMR or X-ray
iffraction, solid-state NMR is able to study large disorde
olecular systems, such as polymers (10) and noncrystallin
roteins (11, 12).
In solid-state NMR, molecular structural information is

en obtained by studying the spin dynamics of cluster
agnetic nuclear spins, usually introduced by isotopic lab
t the sites of interest. In this paper, we consider heteronu
pin clusters of the formSMK 2, i.e.,M spins of typeS, located

close in space to two spins of a different typeK. Both specie
are assumed to be spin-1

2. The general aim is to design sol
state NMR experiments which locate the twoK spins with
respect to the clusterSM, using only through-space dipo
coupling information.

Some specific cluster topologies are shown in Fig. 1.
first example (Fig. 1a) shows aS2K 2 cluster. If the neighborin
atoms are directly bonded, and if the bond lengths and
angles are fixed, then the geometry of this unit is defined b
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estimating torsion angles in this topology have been de
strated (6–8). These experiments are only sensitive to
absolute magnitude of the torsion angle.

Figure 1b shows aS3K 2 cluster. As shown below, excitati
of triple-quantum coherence (3QC) in theS3 unit allows the
K 1–S1–S2–K 2 torsion angle to be estimated. If the four ato
S1, S2, S3, and K 2 do not lie in the same plane, then
experiments in theS3K 2 system are sensitive to the sign of
K 1–S1–S2–K 2 torsion angle.

Figures 1c and 1d show more complex cluster topologie
Fig. 1c, two torsion angles are necessary to define the g
etry. In Fig. 1d, we consider a general case in which twK
spins are in the vicinity of aS-spin cluster without bein

irectly bound. TheK spins are considered to be relativ
distant (hence the dashed lines). For example, the clusteS
spins could be located in a labeled ligand, near the activ
of a protein labeled withK spins. We anticipate that t
experimental strategy discussed in this article may be ad
to the problem of locating and orienting aS-spin cluster with
respect to two or more “triangulation points” (K spins), pos
sibly located on a different molecule. Related experim
have been performed by the group of Schaefer, who
shown that REDOR distance estimates may be enhanced
multiple-quantum coherence (13). Distance measurements
ing REDOR variants have also been performed system
which oneS spin is coupled to severalK spins (13, 14).

In principle, it is possible to extract geometrical informat
from the single quantumS-spin spectrum of theSMK 2 systems
However, the single-quantum spin dynamics of such clust
generally very complicated due to the large number of in
actions. The evolution of the single-quantum coherenc
normally dominated by theS-spin CSA interactions and t
S–S through-space dipolar couplings. It is particularly diffic
to extract the geometrical information in the presence
magic-angle-spinning, which provides good sensitivity
resolution, but which strongly attenuates the effect of
dipole–dipole couplings.

A great simplification of the spin dynamics may be achie
by incorporating as manyS-spins as possible in a state
multiple-quantum coherence (MQC) (15). The simplest dy
namical behavior is obtained for the extremeS-spin coherenc
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267MOLECULAR GEOMETRY DETERMINATION BY SOLID-STATE NMR
orders6M. If the K spins are spin-1
2, there are eight coherenc

of this type inSMK 2 systems. The evolution of these coh-
nces is independent of theS–S dipolar andJ interactions. I
ther interactions, such as theK–K couplings andS-spin

chemical shifts, are ignored or suppressed, then the ex
S-spin coherences evolve solely under the heteronuclearS–K
dipolar interactions (15). The evolution of MQC is sensitive
the relative orientations of the heteronuclear dipolar coupl
and thereby provides a route for the direct determinatio
geometrical parameters. The dynamics may be describ
simple formulas, even for large spin systems.

Experiments employing high-order MQC require relia
excitation techniques for the coherences. In systems of co
spins-12, multiple-quantum excitation usually exploits
through-spaceS–Sdipolar couplings. In static solids and liqu
crystals, numerous demonstrations of high-order mult
quantum excitation in systems of coupled spins-1

2 have bee
performed. Most experiments have involved strongly mag
nuclei, such as1H (16–22) and 19F (23), but demonstration
have also been performed on systems involving the nucle13C
24) and 31P (25).

In order to increase the sensitivity and spectral resolu
olid-state NMR studies of nonoriented samples are us
erformed under magic-angle-spinning conditions. Howe

he rapid sample rotation has the disadvantage of suppre
he effect of the dipolar interactions which makes it m
ifficult to excite high-order MQC. For the type of experime
ddressed here, these couplings need to be reintroduced
pplies to both the homonuclearS–S interactions that ar

required forexcitation of the MQC, as well as the heter
nuclearS–K couplings under which the coherences are allo

FIG. 1. Examples of heteronuclear spin systems of typeSMK 2 with dif-
ferent topologies. (a)S2K 2. Evolution of S-spin double-quantum coheren
under the four heteronuclearS–K couplings provides a direct measuremen
theK 1–S1–S2–K 2 torsion angle. (b) One variant of theS3K 2 model system: I
his case, evolution of 3QC under the sixS–K couplings gives informatio
bout theK 1–S1–S2–K 2 torsion angle. (c) AnotherS3K 2 system: evolution o

he 3QS-spin coherence is sensitive to the relative orientation of theS1K 1 and

3K 2 vectors. Panel (d) shows a generalSMK 2 system, with distantK spins.
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purpose, both for recoupling of homonuclear and heteronu
interactions (26, 27).

The spin-12 isotopes13C and 15N are particularly interestin
for biomolecular structural studies, since carbon and nitr
nuclei compose the backbone structure of peptides and
teins. In what follows, we identifyS [ 13C and K [ 15N.
Carbon-13 double-quantum coherences in MAS NMR h
been excited and exploited in numerous structural inves
tions (6–8, 12, 27, 28). Recently, we have also demonstra
that it is possible to excite13C triple-quantum coherences (29)
under MAS conditions. High-order excitation of1H MQC in
MAS on solids has also been demonstrated (16, 19–22).

The basic strategy of the present experiments is to exci
extreme13C coherences in a cluster of coupled13C spins, an
then to let the coherences evolve under the recoupled13C–15N
dipolar interactions, independent of the homonuclear coup
and the chemical shifts (both isotropic and anisotropic).
class of experiments is demonstrated by estimating the pe
torsion anglec in a molecular fragment of the isotopica
labeled tripeptide [15N,13C3–ala]–[15N–gly]–gly (AGG), which
has the X-ray structure depicted in Fig. 2a. The cluster of
13C spins and two15N spins has the topology shown in Fig.
The experiment is performed by exciting13C triple-quantum
coherences (3QC) in the13C-labeled alanine residue. Th
experiment is referred to as NCCN-triple-quantum het
nuclear local field spectroscopy (NCCN-3Q-HLF). The tors
angle resolution of the method is about 5°, and it is possib
discriminate between positive and negative torsion angle
shown below, the triple-quantum experiment complement
isting techniques employing double-quantum coherence
estimation of torsion angles (7, 8).

FIG. 2. (a) Molecular structure of ala–gly–gly monohydrate. The tor
angle c measured in the NCCN-3Q-HLF experiment is shown. (b)
coupling topology corresponding to theS3K 2 spin cluster.
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268 EDÉN ET AL.
2. THE NCCN-3Q-HLF EXPERIMENT

The NCCN-3Q-HLF experiment for measuring the tors
anglec in a [15N2,

13C3]-labeled molecular fragment emplo
the pulse scheme shown in Fig. 3. This is a triple-reson
experiment, and starts with transfer of magnetization from1H
(denotedI ) to the13C (denotedS) by ramped cross-polarizati
(30). High-power unmodulated1H decoupling is applied fo
he rest of the pulse sequence (except for during the13C

p-pulse).

The POST-C7 sequence (31), here denotedC7W , is applied to
cross-polarized transverse magnetization in order to e
triple-quantum coherence (3QC) (29). The recoupled 2Q Ham
ltonian generated by C7 partly converts the cross-pola

1Q coherences into63Q coherences. The 3QC is allowed
volve in the presence of a series ofp-pulses applied to theK

spins, in order to recouple the heteronuclearS–K couplings (2).
The 3QC is reconverted back into observable transverse
netization by applying a modified POST-C7-sequence, den

C7Q , as described below. The signal is filtered through lo
tudinal magnetization by a pair of phase-shiftedp/2-pulses

nd the NMR signal is observed in the subsequent dete
nterval.

.1. Excitation and Reconversion of Multiple Quantum
Coherence

The C7 sequence (31, 32) consists of a set of rf cycles, ea
with an overall phase shiftf p 5 F 1 2pnp/7, wherep 5 0,
1, 2, . . . , is the cycle index, andF is the starting phase. T

“winding number” (33, 34) n is given byn 5 11 for C7W and

FIG. 3. (a) NCCN-3Q-HLF radio-frequency pulse scheme. (b)S-spin co
scheme (see text).
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n 5 21 for C7Q . The use of opposite winding numbers
required by the change in double-quantum phases induc
the p pulse on theS spins in the middle of the evolutio
interval (35). Each cycle spans27 of a rotational periodt r 5
2p/v r u, wherev r is the rotational frequency. In the POST-
implementation (31), the cycle used for excitation of 3Q

orresponds toCf
W 5 (p/2)f(2p)f1p(3p/2)f, and that for MQ

reconversion toCf
Q 5 (3p/2)f(2p)f1p(p/2)f. We have foun

empirically that this choice of pulse sequence elem
leads to improved overall efficiency, in this context. T
behavior is not fully understood at present, but it is pres
ably due to cancellation of undesirable high-order te
The two excitation and reconversion blocks of C7 are
equal durationtexc 5 t reconv. The starting phases of t
excitation and reconversion blocks are denotedF1 andF3,
respectively. These phases depend in a complicated w
the phase cycle and on the value of the evolution inte
specified fully below.

The excitation and reconversion scheme shown in Fig.
suitable when exploiting odd-order multiple-quantum co
ence in systems with an odd number ofS spins. For system
with even numbers ofS spins, even-quantum coherences
excited by inserting ap/2 pulse after the cross-polarizat
interval, and by removing one of thep/2 pulses at the end
the reconversion sequence. Note, however, that64QC canno
be excited in four-spin-1

2 systems this way (17, 18, 36, 37).

2.2. Evolution of MQC

The MQC evolution interval between the two blocks of
irradiation has a duration equal toN 1 2 rotational period

nce transfer pathways during the experiment, as selected by the phase
here
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269MOLECULAR GEOMETRY DETERMINATION BY SOLID-STATE NMR
(Fig. 4). This interval contains (2N 2 2) p pulses applied t
the K spins and onep pulse applied to theS spins. The
positions of theK-spin pulses depend on the values of
evolution intervalt1. A set of experiments is conducted w
different values oft1. The arrangement of pulses correspo-
ing to one particular evolution timet1 is depicted in Fig. 4. I
general, thepth K-spin p-pulse is centered around the tim

oint t p, specified by

t1 5 t 1
0 1 t r 1 t1

t2 5 t 1
0 1 2t r

t3 5 t 1
0 1 2t r 1 t1

t4 5 t 1
0 1 3t r·

·
·

·
·
·

·
·
·

tN22 5 t 1
0 1

N

2
t r

tN21 5 t 1
0 1

N

2
t r 1 t1

tN 5 t 1
0 1 SN

2
1 2D t r 2 t1

tN11 5 t 1
0 1 SN

2
1 2D t r

·
·
·

·
·
·

·
·
·

t2N24 5 t 1
0 1 Nt r 2 t1

t2N23 5 t 1
0 1 Nt r

t2N22 5 t 1
0 1 ~N 1 1!t r 2 t1 , [1]

where the time pointt 1
0 indicates the start of the evoluti

interval as indicated in Fig. 4. Ap-pulse is applied on theS
hannel at the time-pointt 1

0 1 (N 1 1)t r / 2. The phase of th
pulse is denotedF2 (Fig. 3). This pulse refocuses evolut

nder isotropic chemical shifts during the evolution time
iod, as well as Bloch–Siegert shifts of theS-spin Larmo

frequency during theK-spin pulses (2, 35). Since the overa
evolution interval has a fixed duration equal to an even nu

FIG. 4. Expansion of the central region in Fig. 3, showing the positio
epend on the parametert1.
e

-

er

of rotor periods, the evolution under theS-spin chemical shi
anisotropy is suppressed.

Half of theK-spinp-pulses remain fixed, and the other h
move toward the center of the evolution interval ast1 is
ncreased. This pulse sequence strategy has been used be
he context of the REDOR experiment (2). There are othe
ossibilities for recoupling theS–K interactions (8, 38).
In practice, the choice ofN is dictated by the need to achie

sufficient heteronuclear modulation without too high relaxa
losses. The experimental results discussed below emp
N 5 8 and the spinning frequency 5000 Hz.

In order to reduce the effect of pulse imperfections,
employed the following repeating sequence of rf phase
p/2, 0,p/2, p/2, 0,p/2, 0} for theK-spinp-pulses, as recom
mended in Ref. (39).

2.3. Z filter

We improved the phase properties of the triple-quan
filtered signals by employing a “z-filter” (40) prior to signa
detection. This is done by twop/2 pulses of phasesF3 andF4

(Fig. 3). The phases are varied in a phase cycling schem
below). Thez filter selectively detects NMR signals pass
through longitudinal magnetization and removes dispe
components of the spectral peaks.

2.4. Phase Cycling

TheS-spin coherence transfer pathway of the experime
shown in Fig. 3b. The indicated coherence transfer path
are selected by adjusting the post digitization phaseFdig to
satisfy the equation

Fdig 5 3~F1 2 F 1
0! 2 6~F2 2 F 2

0! 1 3~F3 2 F 3
0!

2 ~F4 2 F 4
0! 1 F rec, [2]

of theK-spin p-pulses fort1 Þ 0 andN 5 6. The positions of the shaded pul
ns
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270 EDÉN ET AL.
locks are cycled according to

F1 5 F 1
0 [3a]

F2 5 F 2
0 1

2p

n2
floorH m

n3n4
J [3b]

F3 5 F 3
0 1 2pm/n3 [3c]

F4 5 F 4
0 1

2p

n4
floorHm

n3
J [3d]

F rec 5 0, [3e]

wherem is the transient counterm 5 0, 1, 2, . . . ,143. The
unction floor(x) returns the largest integer not greater thax.
he initial phases wereF 1

0 5 F 2
0 5 0, F 3

0 5 2v rt exc, F4
0 5

3p/2. Note that the phase of the reconversion blockF3 depend
n the duration of the excitation block, in order to achiev
orrect phase correspondence between the average Ham
ns in the multiple-quantum excitation and reconversion i
als (32). Our experiment employedn2 5 12, n3 5 6, and

n4 5 2, giving a total phase cycle comprising 144 steps.
values ofn1, n2, n3, andn4 are dictated by the need to sel
both63Q pathways in Fig. 3, according to the usual rules

hase cycling (40).

3. THEORY

3.1. Spin Hamiltonian

Consider aSMK 2 spin system. We label the twoK spins j
nd k and neglect the interactions with the abundantI spins
1H), since high-power proton decoupling is perform

throughout the experiment.
The high-field spin Hamiltonian at time-pointt, in the ab

ence of rf fields, may be expressed

H~t! 5 HS~t! 1 HK~t! 1 HSK~t! 1 HSS~t! [4]

with

HSK~t! 5 O
n51

M

$v nj
SK~t! 1 pJnj

SK%2SnzKjz

1 $v nk
SK~t! 1 pJnk

SK%2SnzKkz [5]

HSS~t! 5 O
m,n51

M

v mn
SS~t!

1

2
~3SmzSnz 2 Sm z Sn!

1 2pJmn
SSSm z Sn [6]
a
ni-

r-

e
t
r

HS~t! 5 O
n51

vn~t!Snz [7]

HK~t! 5 v j~t! Kjz 1 vk~t! Kkz. [8]

We ignore the homonuclear interactions between theK spins
ince these are small in the caseK [ 15N considered below

The heteronuclear and homonuclearJ couplings are denote
Jnj

SK and Jmn
SS, respectively. The time-dependent heteronuc

(v nj
SK) and homonuclear (vmn

SS) dipolar couplings are given b

v nj
SK~t! 5 bnj O

q9,q522

2

D 0q9
2 ~V PM

nj ! D q9,q
2 ~VMR!dq0

2 ~bRL!

3 exp$2iqa RL
0 t%exp$iqv rt%, [9]

v mn
SK~t! 5 bmn O

q9,q522

2

D 0q9
2 ~V PM

mn! D q9q
2 ~VMR!dq0

2 ~bRL!

3 exp$2iqa RL
0 t%exp$iqv rt%, [10]

with bnj andbmn representing the dipole–dipole coupling c-
tants defined by

bnj
SK 5 2

m0

4p
gSgK\r nj

23 [11]

bmn
SS 5 2

m0

4p
g S

2\r mn
23. [12]

Here r jk denotes the distance between nucleij andk, and the
other symbols have their usual meanings. The symbolsDq9q

2

and dq0
2 represent second rank Wigner elements and red

Wigner elements, respectively (41). VPM
mn denotes a set of Eul

angles (41), specifying the transformation between the pri
al axis system of the coupling between spinsm andn, and a

rame of reference fixed on the molecule.VMR specifies th
transformation from this system to a frame fixed on the ro
The anglesVPM are fixed by the molecular geometry, wher
the anglesVMR are random in a powder. Thez axis of the roto
frame is along the sample rotation axis, which subtend
anglebRL with respect to the static magnetic field direction.
magic-angle-spinning,bRL 5 arctan=2. The angleaRL

0 defines
the position of the rotor at the time pointt 5 0.

Similar expressions hold for the chemical shift terms

vm~t! 5 v m
iso 1 O

q,q9,q0522

2

@A2q0
m # PD q0q9

2 ~V PM
m ! D q9q

2 ~VMR!

3 dq0
2 ~bRL!exp$2ia RL

0 t%exp$iqv rt%. [13]

Here vm
iso is the isotropic chemical shift frequency of spinm
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271MOLECULAR GEOMETRY DETERMINATION BY SOLID-STATE NMR
and [A2q0
m ] P is theq0th component of the irreducible spheri

tensor representing the chemical shift anisotropy, express
its principal axis system.

The rf Hamiltonian during pulses on eitherK or S spins is
iven by

H rf
L~t! 5 v nut

L exp$2ifpLz%Lxexp$ifpLz%; L 5 K, S, [14]

herevnut
L is the nutation frequency, andf p is the phase of th

pulse. The rf Hamiltonian is only finite during intervals [t 2
t p

L/ 2, t 1 t p
L/ 2], wheret is the center of the pulse.t p is the

duration of thep-pulses, satisfyingvnut
L t p 5 p. In practice, th

strong rf pulses also induce Bloch–Siegert shifts of the co
ences associated with nonresonant spins, which have
observed to have a significant effect in REDOR experim
(2). However, the current experiments are compensate
these shifts, as discussed further in Ref. (35).

3.2. Multiple-Quantum Coherences

For a single spin-1
2 nuclei we denote the state withz com-

ponent of spin angular momentummj 5 1
2 by ua& and the stat

with mj 5 21
2 by ub&. A convenient basis for describing t

SMK 2 spin system is constructed by taking direct prod
between the Zeeman states of the individual spins. A sche
picture of the energy levels of aSMK 2 spin system (assumin
positive magnetogyric ratio forS and negative magnetogy
atio forK) is shown in Fig. 5. There are four states of the f
aa . . . amjmk& and four states of the formubb . . . bmjmk&
according to the quantum numbersmj andmk for theK spins
which are assumed to be spin-1

2.

FIG. 5. Schematic energy levels for aSMK 2 system, assuminggS . 0 an
S-spin angular momentum states are labeled. The eight extremeS-spin multi
explicitly.
in

r-
en

ts
or

s
tic

uaa · · ·amjmk& ; ua1& # ua2& # · · ·# uaM&

# umj& # umk& [15]

ubb · · ·bmjmk& ; ub1& # ub2& # · · ·# ubM&

# umj& # umk&. [16]

These states obey the eigenequations

Szuaa · · ·amjmk& 5
1

2
Muaa · · ·amjmk& [17]

Szubb · · ·bmjmk& 5 2
1

2
Mubb · · ·bmjmk& [18]

Kjzuaa · · ·amjmk& 5 mjuaa · · ·amjmk&

Kjzubb . . . bmjmk 5 mjubb · · ·bmjmk& [19]

Kkzuaa · · ·amjmk& 5 mkuaa · · ·amjmk&

Kkzubb . . . bmjmk 5 mkubb · · ·bmjmk&, [20]

whereSz is the operator for thez component of totalS-spin
ngular momentum. The eight statesuaa . . . amjmk& and

ubb . . . bmjmk& are eigenstates of the high-field Hamilton
and may therefore be used to label eight energy levels o
energy level diagram (Fig. 5).

In what follows, we use a Liouville space notation (42). The

K , 0 (as appropriate for the caseS 5 13C andK 5 15N). The eight extrem
-quantum coherences are shown by arrows. Two such coherences are
dg
ple
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272 EDÉN ET AL.
with K-spin quantum numbersmj andmk, is denoted

u1 1 · · ·1 mjmk) ; uaa · · ·amjmk&^bb · · ·bmjmku.

[21]

The operator forS spins having the extreme negative quan
coherence of order2M is denoted

u2 2 · · ·2 mjmk) ; ubb · · ·bmjmk&^aa · · ·amjmku.

[22]

Two of the eight6M-quantum coherences are denoted
rrows in Fig. 5. These are eigenoperators of the commu
uperoperator for the totalS-spin angular momentumŜz

Ŝz
commu1 1 · · ·1 mjmk) 5 Mu1 1 · · ·1 mjmk) [23]

Ŝz
commu2 2 · · ·2 mjmk) 5 2Mu2 2 · · ·2 mjmk), [24]

where a commutator superoperatorÂcomm transforms a give
peratorB as follows (42):

Â commuB) 5 u@A, B#). [25]

The eight extreme coherence operators are eigenopera
he Hamiltonian commutator superoperatorĤ comm:

Ĥ comm~t!u1 1 · · ·1 mjmk)

5 $v S
S~t! 1 v SK,J

mjmk 1 v SK
mjmk~t!%u1 1 · · ·1 mjmk) [26]

Ĥ comm~t!u2 2 · · ·2 mjmk)

5 2$v S
S~t! 1 v SK,J

mjmk 1 v SK
mjmk~t!%u2 2 · · ·2 mjmk),

[27]

wherevS
S(t), vSK

mj mk(t), andvSK,J
mj mk are sums ofS-spin chemica

shifts, heteronuclear throughspace dipolar, andJ couplings
respectively:

v S
S~t! 5 O

n51

M

vn~t! [28]

v SK
mjmk~t! 5 2 O

n51

M

~mjv nj
SK~t! 1 mkv nk

SK~t!! [29]

v SK,J
mjmk~t! 5 2p O

n51

M

~mjJnj
SK 1 mkJnk

SK!. [30]

Note that theS–Scouplings do not appear in the eigenfrequ
cies of the extreme6M-quantum coherences (15).
y
on

s of

-

From the commutation relationships of Eqs. [26] and
we get the following equation for the evolution of the6M-
quantum coherences over the intervalt a3 t b in the absence o
rf pulses

Û 0~tb, ta!u1 1 · · ·1 mjmk)

5 exp$2i~F S
S~tb, ta! 1 F SK

mjmk~tb, ta!

1 F SK,J
mjmk~tb, ta!!% u1 1 · · ·1 mjmk), [31]

and

Û 0~tb, ta!u2 2 · · ·2 mjmk)

5 exp$1i~F S
S~tb, ta! 1 F SK

mjmk~tb, ta!

1 F SK,J
mjmk~tb, ta!)} u2 2 · · ·2 mjmk), [32]

ith the definitions

F S
S~tb, ta! 5 E

ta

tb

v S
S~t!dt, [33]

F SK
mjmk~tb, ta! 5 E

ta

tb

v SK
mjmk~t!dt [34]

F SK,J
mjmk~tb, ta! 5 v SK,J

mjmk~tb 2 tb!. [35]

The heteronuclear through-space dipolar couplings re
over a full rotational period

F SK
mjmk~ta 1 t r, ta! 5 0. [36]

The K-spin p-pulses prevent this process by implemen
coherence transfer at suitably chosen time-points

R̂x
K~p!u1 1 · · ·1 mjmk) 5 u1 1 · · ·1 ~2mj!~2mk!),

[37]

here the pulse propagation superoperator is

R̂x
K~p! 5 exp$2ipK̂x%. [38]

Similarly, theS-spinp-pulse performs the following coheren
transfer

R̂x
S~p!u1 1 · · ·1 mjmk) 5 u2 2 · · ·2 mjmk) [39]

R̂x
S~p!u2 2 · · ·2 mjmk) 5 u1 1 · · ·1 mjmk). [40]

These relationships may be used to calculate the evolut
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pecified in Fig. 3, in the case that relaxation is neglecte

Ûevol~t1!u1 1 · · ·1 mjmk)

5 exp$2iF evol
mjmk~t1!%u2 2 · · ·2 mjmk) [41]

Ûevol~t1!u2 2 · · ·2 mjmk)

5 exp$1iF evol
mjmk~t1!%u1 1 · · ·1 mjmk). [42]

he phaseFevol
mj mk(t 1) may be derived to different degrees

approximation. Assuming infinitely strongp-pulses, (t p 5 0)
gives the following expression forFevol

mj mk(t 1):

F evol
mjmk~t1! 5 N$F SK

mjmk~t1 1 t 1
0, t 1

0!

1 F SK
mjmk~t r 2 t1 1 t 1

0, t 1
0!%. [43]

If the finite pulse durations are taken into account, one ob

F evol
mjmk~t1! 5 SN

2
2 1DF A

mjmk 1 F B
mjmk, [44]

with

F A
mjmk~t1! 5 F SK

mjmkS t r 2
1

2
t p

K 1 t 1
0, t r 2 t1 1

1

2
t p

K 1 t 1
0D

1 F SK
mjmkS t r 2

1

2
t p

K 1 t 1
0, t1 1

1

2
t p

K 1 t 1
0D

2 F SK
mjmkS t r 2 t1 2

1

2
t p

K 1 t 1
0,

1

2
t p

K 1 t 1
0D

2 F SK
mjmkS t1 2

1

2
t p

K 1 t 1
0,

1

2
t p

K 1 t 1
0D [45]

F B
mjmk~t1! 5 F SK

mjmkS t r 1 t 1
0, t r 2 t1 1

1

2
t p

K 1 t 1
0D

1 F SK
mjmkS t r 2

1

2
t p

S 1 t 1
0, t1 1

1

2
t p

K 1 t 1
0D

2 F SK
mjmkS t r 2 t1 2

1

2
t p

K 1 t 1
0,

1

2
t p

S 1 t 1
0D

2 FSK
mjmkS t1 2

1

2
t p

K 1 t 1
0, t 1

0D . [46]

These expressions depend only on the heteronuclear d
couplings, and are independent of the homonuclear di
couplings. This is a consequence of using the extreme6M-

uantumS-spin coherences. In some cases, it is possible t
ower quantum orders in combination with “constant-time e
ution” to achieve a similar effect (43). However, the isolatio
ns

lar
lar

se
-

n that case.
The expressions in Eqs. [43]–[46] are independent o

-spin chemical shifts, due to the refocusing effect of
-spin p-pulse and the use of equal numbers of comp

sample revolutions before and after this pulse. The ext
MQ coherences undergo a relatively simple evolution, w
may be simulated using a rather small number of geome
parameters and without any consideration of theS-spin chem
ical shift anisotropies or homonuclear couplings.

3.4. The Signal

The multiple-quantum filtered signal amplitudea(t 1, VMR)
for a given orientationVMR is given by

a~t1, VMR! 5 O
mj,mk

~S2uÛ reconvP̂mjmk

~2M!Ûevol~t1!P̂mjmk

~1M!Û excuSx!

~SxuSx!

1
~S2uÛ reconvP̂mjmk

~1M!Ûevol~t1!P̂mjmk

~2M!Û excuSx!

~SxuSx!
.

[47]

Here P̂mj mk

(7M) are the projection superoperators forS-spin MQC
f order6M:

P̂mjmk

~1M! 5
u1 1 · · ·1 mjmk)~1 1 · · ·1 mjmku
~1 1 · · ·1 mjmku1 1 · · ·1 mjmk!

, [48]

P̂mjmk

~2M! 5
u2 2 · · ·2 mjmk)~2 2 · · ·2 mjmku
~2 2 · · ·2 mjmku2 2 · · ·2 mjmk!

. [49]

Equation [47] assumes that the density operator after the c
polarization interval is proportional toSx, and thatS2 is the
observable corresponding to a quadrature detected NMR
nal. The projection superoperators take into account the p
cycling, which selects the coherence transfer pathways s
fied in Fig. 3b.

The expressions for the signal amplitude Eq. [47] ma
expressed

a~t1, VMR! 5 O
mjmk

amjmk

~1M!~t1, VMR! 1 amjmk

~2M!~t1, VMR!, [50]

hereamj mk

(1M)(t 1, VMR) is the contribution from an individu
(1M)-quantum coherence given by

amjmk

~1M!~t1, VMR! 5 exp$2iF evol
mjmk%

3
~S2uÛ reconvu1 1 · · ·1 mjmk!~2 2 · · ·2 mjmkuÛ excuSx!

~SxuSx!

[51]



amjmk

~2M!~t1, VMR!) 5 exp$2iF evol
mjmk%
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3
~S2uÛ reconvu2 2 · · ·2 mjmk!~1 1 · · ·1 mjmkuÛ excuSx!

~SxuSx!

[52]

The propagators for excitation and reconversion proce
depend on the pulse sequence used. A large number of me
for multiple-quantum excitation exist (26, 27). In the pulse
scheme shown in Fig. 3, C7 pulse sequences are used f
excitation and reconversion of the triple-quantum cohere
In this case, the excitation and reconversion propagator
given by

Û exc 5 Û C7W~texc! [53a]

Û reconv5 Û C7Q~t reconv!, [53b]

with the propagators for C7 given by

Û C7W~t! 5 exp$2itH#̂ C7W% [54a]

Û C7Q~t! 5 exp$2itH#̂ C7Q%, [54b]

nd the corresponding effective Hamiltonians are (ignoriJ
ouplings)

H# C7W 5
1

2 O
j,k

uv jk
C7u~Sj

1Sk
1exp$2ifC7%

1 Sj
2Sk

2exp$ifC7%!exp$i2F1% [55a]

H# C7Q 5
1

2 O
j,k

uv jk
C7u~Sj

1Sk
1exp$ifC7%

1 Sj
2Sk

2exp$2ifC7%!exp$i2F3%. [55b]

The nutation frequency and phase of the effective do
quantum field during C7 are

uv jk
C7u 5 bjk

343Î6

780p
~1 1 sin$p/14%! 1/ 2

3 O
m522

2

d0m
2 ~b PM

jk !dm21
2 ~bMR!

3 exp$2im~g PM
jk 1 aMR!%, [56]
es
ods

the
e.
re

le

fC7~t
0! 5 2arctanS1 1 sin~p/14!

cos~p/14! D 2 v rt
0 1 gMR, [57]

respectively.
The signala(t 1, VMR) evaluates to

a~t1, VMR! 5
1

2
f MQ

C7 ~texc, VMR!

3 ~cos$F evol
aa ~t1!% 1 cos$F evol

ab ~t1!%! [58]

wherefMQ
C7 (t exc, VMR) includes the orientational dependence

the excitation and reconversion of MQC. In the case of tr
quantum excitation inS3K 2-spin systems, the following an-
lytical expression has been derived (29)

f 3Q
C7~texc, VMR! 5

uv jkv jm 1 v jkvkm 1 v jmvkmu 2

27v rms
4

3 sin4S Î3

2
v rmstexcD , [59]

which applies to the caseF1 5 0. The root-mean-squa
frequency is defined

v rms 5
1

Î3
~v jkv*jk 1 v jmv*jm 1 vkmv*km! 1/ 2. [60]

ote that these expressions only depend on the magnitu
he dipolar couplings and their relative orientations, i.e.,
hree-dimensional geometry of the spin system.

For a powdered sample, Eq. [58] must be integrated ov
ossible molecular orientationsVMR:

a~t1! 5 ^a~t1, VMR!&VMR

5
1

8p 2 E
0

2p

daMR E
0

p

sin bMR dbMR E
0

2p

dgMR a ~t1, VMR!.

[61]

ForM . 2, the powder average amplitudesa(t 1) depend o
the sign of the torsion anglec. This behavior is different from
the caseM 5 2, where the amplitudesa(t 1, VMR) for a single
molecular orientation depend on the sign ofc, but where th
sign-dependence is removed by the powder average ov
orientationsVMR. In the case ofM . 2, the dependence on t
sign of c persists, due to the nonsymmetrical configuratio
the entire spin system. Note carefully that the dependen
the sign ofc is not solely due to the change in themagnitude
of the long-range heteronuclear interactions. In the spin sy
of Fig. 2b, therelative orientationsof the S1–K 1 and S3–K 2
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275MOLECULAR GEOMETRY DETERMINATION BY SOLID-STATE NMR
interactions are different for different signs ofc, and this fac
is sufficient to break the symmetry, without the participatio
the weakS3–K 1 interaction. This point is illustrated in Fig.
which shows Newman projections of the spin system in
2b, for the casec 5 1160° andc 5 2160°. The large gra
arrows indicate the directions of theS3–K 2 and S1–K 1 inter-
action terms. The relative orientation of the two tensors is q
different for the two signs ofc. In addition, the magnitude
the long-rangeS3–K 1 interaction depends on the sign ofc. In
practice, both effects contribute to break the symmetry
respect to sign inversion ofc.

The pulse sequence shown in Fig. 3 is appropriate
systems with anyodd order of coupledS spins. Howeve
analytical solutions for the multiple-quantum excitation do
currently exist forM . 3. The multiple-quantum excitatio
dynamics may nevertheless be treated by numerical diag
ization of the average Hamiltonians in Eq. [55], or by exp
spin dynamical simulations using all spin interaction para
ters.

In the case of even quantum excitation in systems of
numbers of spins, two additionalp/2 pulses must be inserted
order to convert the cross-polarized transverse magnetiz
into z magnetization, and to convert the finalz magnetizatio
into observable signal. The propagators in the case ofeven M

re therefore

Û exc 5 Û C7WR̂y
S~p/ 2!

Û reconv5 R̂y
S~2p/ 2!Û C7Q JM even. [62

4. RESULTS

We have demonstrated the NCCN-3Q experiment by a
ing it to a crystalline sample of the isotopically labeled trip
tide [15N, 13C3–ala]–[15N–gly]–gly (AGG), diluted in nonla-

FIG. 6. Newman projections of the spin system in Fig. 2b, for the case
c 5 1160°, and (b)c 5 2160°. The large arrows indicate the principal a
of theS3–K 2 and theS1–K 1 dipolar couplings. The relative orientation of th
couplings is different for the two signs of the torsion angle. In addition
S3–K 1 distance is different in (a) and (b). In practice, both effects lead

ependence of the 3Q evolution curve on the sign ofc.
f
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te
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beled material (1:2). The sample is referred to as 33%-[15N2,
13C3]-AGG.

Figure 7 shows the13C spectrum obtained from a stand
cross-polarization experiment (the cross polarization inte
was 1.00 ms), followed by signal acquisition. Figure 8 sh
the triple-quantum filtered spectrum obtained using the p
sequence in Fig. 3, usingt1 5 0, i.e., with no heteronucle
evolution of the 3QC. As discussed in Ref. (29), most of the
spectral intensity is concentrated in theCa peak. All spectra
peaks in Fig. 8 are in pure absorption mode. This spectrum
be compared with that given in Fig. 2b of Ref. (29), which was
obtained without employing thez filter. In that case, sma
dispersion amplitudes were obtained.

The experimental triple-quantum filtering efficiency w
only around 2.5%. As discussed in Ref. (29), the theoretica

aximum efficiency for 3Q filtering using this pulse schem
round 6%. The remaining losses are due to relaxation,

mperfections, and insufficient proton decoupler power du
he C7 sequences.

A set of integrated multiple-quantum filtered amplitudes
5 values oft1 andN 5 8 is shown in Fig. 9.
The peak amplitudes for each evolution timet1 were esti-

mated as follows. A synthetic noiseless spectrum was g
ated, containing three Lorentzian weighting functions, wh

FIG. 7. CP-MAS 13C spectrum of 33%-[15N2,
13C3]-AGG at a spinning

requency ofv r / 2p 5 5000 Hz. Thespectrum is the result of 24 transien

a)

e
a

FIG. 8. 3QF 13C spectrum of 33%-[15N2,
13C3]-AGG from a NCCN-3Q

LF experiment atv r / 2p 5 5000 Hz. Thespectrum is forN 5 8 andt1 5
0. The spectrum is the result of 2304 transients.
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widths and center frequencies matched the experimental
in the t1 5 0 spectrum. The experimental spectra were m-
plied by this masking function and integrated with respec
frequency. These integrals were identified as the experim
amplitudes. The same synthetic spectrum was used fo
t1-increments. The standard deviation of the noise was-

ated for each spectrum by using the same procedure
hifting the Lorentzian masking functions so that they o
overed signal-free regions. This procedure was repeated
imes, with random positions of the Lorentzian functions.
tandard deviation of these 1500 integrals was used
stimate of the noise variance for each experimental
shown by error bars in Fig. 9). The noise variance was fo
o vary slightly, probably due to pulse breakthrough and o
nstabilities.

X-ray crystallography was performed on a single crysta
he AGG sample and the crystal structure was proved t
dentical to that in Ref. (44).

The NMR simulations used the geometrical parame
bond lengths and bond angles) from Ref. (44), with the ex-
eption of the torsion anglec, which was the only free ge

metrical parameter. Dephasing curvesa(t 1) were calculated a
function of c, and are shown in Fig. 9. The simulatio

included the calculated orientational dependence of the
excitation as well as correction for finite pulse-durations
[44]). Assumptions made in the simulations are (i) isola
S3K 2 spin systems during the experimental time-scale,
neglect of the15N–15N couplings (which are smaller than 60
for all values ofc), (iii) perfect performance of thep pulses
and (iv) negligible orientation dependence of the initial cr
polarization. A selection of best-fit calculated curves w
positive values ofc are plotted in Fig. 9, together with t

xperimental data. The noise variances are given as erro
or each spectrum.

Each of the calculated curves was fitted against the ex
ental data, by minimizingx2, according to

FIG. 9. Experimental 3Q-filtered amplitudes compared with a selectio
calculated best-fit dephasing curves with positive values ofc. The error bar
represent the standard deviation of the noise.
aks
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whereah
exp andah

calc is the experimental and calculated value
a(hDt 1), respectively.s h is the standard deviation of t
experimental noise, which was estimated independentl
eacht1-value.A represents an overall scaling factor by wh
the values of each simulated curve are multiplied. This tog
with the torsion angle are the only adjustable parameters

In previous 2Q-HLF experiments (7, 8), it was necessary
nclude an additional parameter for the decay of the 2QC
he variable evolution interval and a separate experimen
etermination of this parameter. This is not necessary in
urrent implementation, since the total evolution interval d
ot depend ont1.
The experimental results are compared with best-fit sim

ions for a range of negative torsion angles in Fig. 10. In
ase,c 5 2152° provides the best fit. The quality of the fit

c 5 2152° is approximately the same as the X-ray value
c 5 1161°. The torsion anglec 5 2160° is clearly incom
patible with the experimental results.

A plot of x2 for the experimental data and the bes
simulations againstc is shown in Fig. 11. This plot show
clearly thetwominima inx2, one atc 5 1161° and one atc 5
2152°. The lack of symmetry aboutc 5 0 has been discuss
above.

It should be noted that the simulations do not match
experimental measurements satisfactorily, given the mea
noise variance. The minimum value ofx2 is well above tha
which would be expected for a “good” fit. This does
degrade the quality of the torsion angle measurement si
cantly, but it is nevertheless a case for concern. Similar
ations have been observed in related experiments (7). At the
moment, we do not understand the reason for these discr
cies, which are consistent and reproducible. Possible re
could be minor asymmetric molecular vibrations, pulse im
fections, nonuniform cross-polarization, or minor spin inte
tions which are missing from the theoretical model. Inter

FIG. 10. As in Fig. 9, but with a selection of calculated best-fit depha
curves with negative values ofc.

f
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277MOLECULAR GEOMETRY DETERMINATION BY SOLID-STATE NMR
lecular couplings are unlikely to be the reason, since
experiment performed on a more dilute sample (1:9) disp
similar discrepancies.

5. EXPERIMENTAL

The AGG sample was prepared by solid-state synt
starting from N-a-Fmoc-alanine (98%13C3, 99% 15N) and

-a-Fmoc-glycine (98%15N). The labeled tri-peptide wa
urified by HPLC and mixed with nonlabeled AGG (1:2). T
ixed tripeptides were cocrystallized in water by slow ev
ration of the solution. We verified by single-crystal X-
iffraction that the crystal structure was identical to that g

n Ref. (44).
All NMR experiments were performed at a magnetic fiel

.7 T on a Chemagnetics Infinity-200 spectrometer at a
ing frequency ofuv r / 2pu 5 5000 Hz.Approximately 50 mg

of the sample was filled in a 4-mm zirconium oxide rotor.
NCCN-3Q-HLF experiment usedN 5 8 and an increment
t1 of 11.1 ms. The relaxation delay was 5 s. The duration
the 13C and15N p-pulses were 7.3 and 8.0ms, respectively, an
the 13C p/2-pulse was 3.5ms. The duration of C7 excitatio
and reconversion intervals were 857.1ms, corresponding to 1
C cycles. The experiment employed the following1H nutation

FIG. 11. x2 deviation between simulated and experimental data, plott
function ofc over the following ranges: (a) 0°# c # 360°, (b)2142° #

c # 2162°, (c) 150°# c # 170°. The value ofc obtained from a single
crystal X-ray study of the sample is shown (dashed line).
n
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100 kHz during the evolution interval (except during theC
pulse, when the decoupling was turned off).

Fifteen experiments with differentt1 values were performe
In order to reduce the effects of long-term instrumental in
bilities, the time signal was acquired in blocks that were ad
prior to processing. Each of the 15 signals was a sum of
accumulated transients.

6. DISCUSSION

In this paper we have shown that it is possible to exten
existing double-quantum torsion angle experiments (7, 8) to

igher orders of multiple quantum coherence. This all
eometry determinations on clusters of many spins, wit
ompromising the simplicity of the mathematical descrip
f the experiment. It is still possible to interpret the depha
urves of the multiple-quantum coherences using only
eometrical parameters of the spin system (heteronuclea

ances and angles), without taking chemical shift andJ cou-
ling terms into account. In the case of triple-quantum ex

ion in three-spin systems, closed formulas may be give
he curves as a function of molecular orientation.

In the case of the [15N2,
13C3]-labeled AGG sample, a re-

sonable fit between experiment and simulation is obtaine
the two anglesc 5 1161° and one atc 5 2152°. The first o
these values corresponds well to the X-ray value (c 5
1160.5°). However, the geometryc 5 2152° gives an equal
good fit and cannot be excluded by this experiment alon

Previous versions of the NCCN-HLF experiment employ
2QC (7, 8), estimate theabsolute valueof the torsional angle
eaving the sign undetermined. In the 3Q-HLF case, the
nce of the third carbon atom breaks the symmetry of the p

unctions, thus making it possible to distinguish between
tive and negative values ofc.

In principle it should be feasible touniquelydetermine th
value ofc, including the sign, by combining information fro
an 2Q-HLF experiment with that obtained from an 3Q-H
experiment. This currently requires molecules with two dif
ent types of carbon labeling, since the 2Q experiment cann
applied directly to the13C3-labeled compound, due to t
interference fromS–S interactions, as discussed above. H
ever, the use of two different samples might be avoide
employing a multidimensional extension of the 2Q experim
in order to apply this to the13C3-labeled sample. This pos-
bility is currently under investigation.

An interesting feature of Fig. 11a is that there isno value of
c around which thex2 curve is symmetric. This indicates th
the torsion angle might be estimated unambiguously in s
molecules, using only the 3Q experiment.

Although the experiment described here has many inte
ing features, it would be problematic to use for large bio
lecular systems, due to its low sensitivity. Clearly, new m
odologies are needed for more efficient excitation of high o
multiple quantum coherences in solids. Recent publica

as



indicate a renewed interest in high-order multiple quantum
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excitation (19–22, 24, 29).
The current experiment is limited to a spinning frequenc

around 6 kHz, mainly due to the rf field requirements of the
sequences and the need to accomplish good proton deco
while exciting the MQC. The REDOR sequences are
limited to relatively low spinning frequencies. In principle,
use of a rather low spinning frequency does not compro
the accuracy of the experiment, since the extreme mul
quantum evolution is in any case unaffected by chemical
anisotropies and homonuclear couplings. Nevertheless, th
of a low spinning frequency does degrade the available s
strength, since the chemical shift anisotropies and homonu
couplings do cause modulations of the single-quantum c
ences during detection. The technique could be readily ad
to high spinning frequency by replacing the C7 and RED
recoupling sequences by variants which are designed to
tion under fast spinning (8, 34, 38, 43).

In its present form, the 3Q-NCCN experiment is experim
tally demanding and provides very poor signal stren
Against these disadvantages should be weighed the adva
of relatively simple data analysis, employing a minimum
assumptions, and without the need for explicit spin dynam
simulations. There are few other techniques which are ca
of comparable accuracy in the solid-state NMR of multi
spin systems. One may compare, for example, with the s
tive rotational resonance experiments on a fully labelled a
acid (45). Quantitative geometrical information was only m
available by demanding multiple-spin simulations includ
chemical shift anisotropies and many homonuclear coupl
Different approaches such as the CSA correlation metho
Tycko et al. (5), are currently limited to magnetically dilu
spin pairs. It may be possible to extract torsion angle info
tion from multiple-labeled samples using three-dimensi
spectroscopy, but such experiments still requires extensive
dynamical simulations for a fully quantitative analysis.

Analogous experiments may be applied in isotropic solu
where the higher order multiple-quantum excitation is so
what easier (46). In this case, the geometric information
provided through the cross-correlated relaxation of mult
quantum coherence. 2Q-HLF experiments of this kind h
already proven to be very useful (47, 48). Higher order cross
correlated relaxation experiments should also be feasible
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