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Mattias Ede,** Andreas Brinkmann,* Henrik Luthman,* Lars Eriksson,T and Malcolm H. Le¥itt*

*Physical Chemistry Division, antiStructural Chemistry Division, Arrhenius Laboratory, Stockholm University, S-106 91 Stockholm, Sweden

Received October 8, 1999; revised February 3, 2000

The principles of molecular geometry determination by high-
quantum heteronuclear local field spectroscopy in solid-state
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 ¥ torsion angle in a
[®°N,, C,]-labeled sample of the peptide ala—ala—gly. Two regions
of torsion angle space fit the experimental data, one in the neigh-
borhood of —152° and one in the neighborhood of +161°. The
latter determination is in excellent agreement with the X-ray
estimate of +160.5°. © 2000 Academic Press

1. INTRODUCTION

Solid-state NMR is becoming an established tool for mole
ular structural determination in a wide variety of system

Techniques have been introduced that allow accurate est
tions of intermolecular distanceg,(2), as well as bond angle
and torsional angles3¢9. Unlike solution NMR or X-ray

diffraction, solid-state NMR is able to study large disorder

molecular systems, such as polymet§)(and noncrystalline
proteins (1, 12.

In solid-state NMR, molecular structural information is of

ten obtained by studying the spin dynamics of clusters

magnetic nuclear spins, usually introduced by isotopic labeli
at the sites of interest. In this paper, we consider heteronuclﬁar

spin clusters of the formg, K, i.e.,M spins of typeS, located
close in space to two spins of a different tyieBoth species

are assumed to be spinThe general aim is to design solid-

state NMR experiments which locate the tWospins with

respect to the cluste§,, using only through-space dipolar

coupling information.

Some specific cluster topologies are shown in Fig. 1. T
first example (Fig. 1a) shows3K, cluster. If the neighboring

atoms are directly bonded, and if the bond lengths and b

angles are fixed, then the geometry of this unit is defined by t

S

K,=S,—S,—K, torsion angle. Double-quantum experiments fo
estimating torsion angles in this topology have been demo
strated 6—8). These experiments are only sensitive to th
absolute magnitude of the torsion angle.

Figure 1b shows &;K, cluster. As shown below, excitation
of triple-quantum coherence (3QC) in ti$s unit allows the
K,=S,—S,—K, torsion angle to be estimated. If the four atoms
S, S, S;, and K, do not lie in the same plane, then 3Q
experiments in th&;K, system are sensitive to the sign of the
K,=S,—S,—K, torsion angle.

Figures 1c and 1d show more complex cluster topologies. |
Fig. 1c, two torsion angles are necessary to define the geo
etry. In Fig. 1d, we consider a general case in which &vo
spins are in the vicinity of &-spin cluster without being
directly bound. TheK spins are considered to be relatively
distant (hence the dashed lines). For example, the cluster o
é_pins could be located in a labeled ligand, near the active s
gf a protein labeled withK spins. We anticipate that the
experimental strategy discussed in this article may be adapt
Tthe problem of locating and orientingSaspin cluster with
respect to two or more “triangulation pointsK (spins), pos-
%'bly located on a different molecule. Related experiment
®Rave been performed by the group of Schaefer, who ha
shown that REDOR distance estimates may be enhanced us
multiple-quantum coherencéd). Distance measurements us-
E)r}g REDOR variants have also been performed systems
r\{\éhICh gngs spin is coupled to sever#l spins 93, 1'4. .

In principle, it is possible to extract geometrical informatior

om the single quantur8-spin spectrum of th&§,K, systems.
However, the single-quantum spin dynamics of such clusters
generally very complicated due to the large number of inte
actions. The evolution of the single-quantum coherences
normally dominated by th&-spin CSA interactions and the
S-Sthrough-space dipolar couplings. It is particularly difficult
ﬁ% extract the geometrical information in the presence c
magic-angle-spinning, which provides good sensitivity an
c)recfolution, but which strongly attenuates the effect of th
ﬁg)ole—dipole couplings.

A great simplification of the spin dynamics may be achieve
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multiple-quantum coherence (MQCL1H). The simplest dy-
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to evolve.Several techniques have been introduced for thi
purpose, both for recoupling of homonuclear and heteronucle
interactions 26, 27).

The spinj isotopes**C and *°N are particularly interesting
for biomolecular structural studies, since carbon and nitroge
nuclei compose the backbone structure of peptides and pi
teins. In what follows, we identifyf§ = *C andK = "°N.
Carbon-13 double-quantum coherences in MAS NMR hav
been excited and exploited in numerous structural investig
tions 6-8, 12, 27, 28 Recently, we have also demonstratec
that it is possible to excit€C triple-quantum coherence29)
under MAS conditions. High-order excitation 4 MQC in
MAS on solids has also been demonstrate@l, (9—22.

The basic strategy of the present experiments is to excite t
extreme™C coherences in a cluster of couplEg spins, and

FIG. 1. Examples of heteronuclear spin systems of t§&, with dif- then to _Iet the FOher.enceS evolve under the recoup@e™N .
ferent topologies. (a$,K,. Evolution of S-spin double-quantum coherencesdipolar interactions, independent of the homonuclear coupling
under the four heteronucle8+K couplings provides a direct measurement oand the chemical shifts (both isotropic and anisotropic). Thi
theK,;~S,-S,-K torsion angle. (b) One variant of !&K, model system: In  ¢|3ss of experiments is demonstrated by estimating the pepti

this case, evolution of 3QC under the $xK couplings gives information torsion analew in a molecular fraament of the isotopicall
about theK;,—S,-S,—K, torsion angle. (c) Anothe®;K, system: evolution of gley g p Yy

the 3QS-spin coherence is sensitive to the relative orientation ofihg and labeled tripeptide’fN,*C.—ala]-[*N-gly]-gly (AGG), which
SiK, vectors. Panel (d) shows a geneBaK, system, with distanK spins.  has the X-ray structure depicted in Fig. 2a. The cluster of thre
3C spins and twd®N spins has the topology shown in Fig. 2b.
orders+M. If theK spins are spif; there are eight coherencesThe experiment is performed by excitifgC triple-quantum
of this type inSyK, systems. The evolution of these cohercoherences (3QC) in théC-labeled alanine residue. This
ences is independent of tl&-S dipolar andJ interactions. If experiment is referred to as NCCN-triple-quantum heterc
other interactions, such as the-K couplings andS-spin nuclear local field spectroscopy (NCCN-3Q-HLF). The torsior
chemical shifts, are ignored or suppressed, then the extreamgle resolution of the method is about 5°, and it is possible
S-spin coherences evolve solely under the heteronu8elr discriminate between positive and negative torsion angles. #
dipolar interactionsX5). The evolution of MQC is sensitive to shown below, the triple-quantum experiment complements e

the relative orientations of the heteronuclear dipolar couplingsiing techniques employing double-quantum coherence f
and thereby provides a route for the direct determination gktimation of torsion angleg(9).

geometrical parameters. The dynamics may be described by
simple formulas, even for large spin systems.

Experiments employing high-order MQC require reliable
excitation technigues for the coherences. In systems of coupleda
spins3, multiple-quantum excitation usually exploits the
through-spac&-Sdipolar couplings. In static solids and liquid
crystals, numerous demonstrations of high-order multiple-
guantum excitation in systems of coupled sgirsave been
performed. Most experiments have involved strongly magnetic
nuclei, such asH (16—22 and *F (23), but demonstrations
have also been performed on systems involving the niiei
(24) and*'P (25).

In order to increase the sensitivity and spectral resolution,
solid-state NMR studies of nonoriented samples are usually
performed under magic-angle-spinning conditions. However,
the rapid sample rotation has the disadvantage of suppressing
the effect of the dipolar interactions which makes it more
difficult to excite high-order MQC. For the type of experiments
addressed here, these couplings need to be reintroduced. This
applies to both the homonucle&-S interactions that are FIG. 2. (a) Molecular structure of ala—gly—gly monohydrate. The torsior

required forexcitation of the MQC, as well as the hetero-angie y measured in the NCCN-3Q-HLF experiment is shown. (b) The
nuclearS-K couplings under which the coherences are allowedupling topology corresponding to t8K, spin cluster.




268 EDEN ET AL.

T 7T N7 7w T 7T

; . Texc I 7T

S E | Nz 'H‘ N2+ Ty,

D, D, D, D,

FIG. 3. (a) NCCN-3Q-HLF radio-frequency pulse scheme.$5pin coherence transfer pathways during the experiment, as selected by the phase cy
scheme (see text).

2. THE NCCN-3Q-HLF EXPERIMENT v = —1 for C7. The use of opposite winding numbers is

2. . . ._required by the change in double-quantum phases induced
The NCCN-3Q-HLF experiment for measuring the torsme 7 pulse on theS spins in the middle of the evolution

angleys in a [°N,, *C,]-labeled molecular fragment employs. ) , _
the pulse scheme shown in Fig. 3. This is a triple-resona inferval @5). Each cycle spangof a rotational periodr,

e . .
experiment, and starts with transfer of magnetization fiém WEW/““" wherew, is the rotational frequency. In the POST-C7

(denoted) to the**C (denoteds) by ramped cross-polarizationimplementatiol$l)’ the cycle used for excitation of 3QC
(30). High-power unmodulatedH decoupling is applied for corresponds €, = (m/2),(2m),.(3m/2),, and that for MQ
the rest of the pulse sequence (except for during fi&@ reconversion t&€, = (37/2),(2m),..(7/2),. We have found
m-pulse). empirically that this choice of pulse sequence elemen

The POSTE7 sequenceXl), here denoted_:)7, is applied to leads to improved overall efficiency, in this context. This
cross-polarized transverse magnetization in order to excighavior is not fully understood at present, but it is presun
triple-quantum coherence (3Q@9). The recoupled 2Q Ham- ably due to cancellation of undesirable high-order term:
iitonian generated by C7 partly converts the cross-polarizddl® two excitation and reconversion blocks of C7 are o
+1Q coherences inta:3Q coherences. The 3QC is allowed t¢dual durationTe, = Tewn, The starting phases of the
evolve in the presence of a seriesmpulses applied to thig ~ excitation and reconversion blocks are denofedand @,
spins, in order to recouple the heteronuci®ak couplings ). respectively. These phases depend in a complicated way
The 3QC is reconverted back into observable transverse mi Phase cycle and on the value of the evolution interva
netization by applying a modified POST-C7-sequence, deno@Rgcified fully below.

C7, as described below. The signal is filtered through Iong‘l‘-u-rhe excitation and reconversion scheme shown in Fig. 3

i o . e } itable when exploiting odd-order multiple-quantum coher
tudinal magnetization by a pair of phase-shiftef2-pulses, ence in systems with an odd number®8&pins. For systems

and the NMR signal is observed in the subsequent detectloq ;
with even numbers o8 spins, even-quantum coherences ar

interval. . . . N
terva excited by inserting ar/2 pulse after the cross-polarization

2.1. Excitation and Reconversion of Multiple Quantum  nteérval, and by removing one of the'2 pulses at the end of
Coherence the reconversion sequence. Note, however, th@)C cannot

be excited in four-spig-systems this wayl(7, 18, 36, 3Y.
The C7 sequencel, 32 consists of a set of rf cycles, each

with an overall phase shith, = ® + 2mvp/7, wherep = 0, 2.2. Evolution of MQC

1,2, ..., isthe cycle index, andl is the starting phase. The The MQC evolution interval between the two blocks of C7
“winding number” 33, 39 v is given byv = +1 for C7 and irradiation has a duration equal % + 2 rotational periods
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FIG. 4. Expansion of the central region in Fig. 3, showing the positions oKtspin 7-pulses forr; # 0 andN = 6. The positions of the shaded pulses

depend on the parametey.

(Fig. 4). This interval contains ( — 2) m pulses applied to of rotor periods, the evolution under tisespin chemical shift
the K spins and onerr pulse applied to theS spins. The anisotropy is suppressed.

positions of theK-spin pulses depend on the values of the Half of the K-spin 7r-pulses remain fixed, and the other half
evolution intervalr,. A set of experiments is conducted withmove toward the center of the evolution interval asis
different values ofr,. The arrangement of pulses correspondncreased. This pulse sequence strategy has been used befo
ing to one particular evolution time, is depicted in Fig. 4. In the context of the REDOR experimer®)( There are other
general, thepth K-spin 7-pulse is centered around the timepossibilities for recoupling th&K interactions 8, 38.

pointt,, specified by

t, = t(l) + 7+ 7
t2 = t?"_ 27,»
t3 = t? + zTr + T1
te = t?f 37,
0 N
they = t1+§7’r
0 N
ther = t1+§7',+’7‘1
_ 0 N
tN - t1+ 54‘2 Ty — Tq1
_ 0 N
ey = 94+ 54—2 T
t21\;—4 = tg + N7, — 1y
t2N—3 = tg"‘ N'T,-
tn-2 = t(l) +(N+ D7 — 7, (1]

In practice, the choice adfl is dictated by the need to achieve
sufficient heteronuclear modulation without too high relaxatio
losses. The experimental results discussed below employ
N = 8 and the spinning frequency 5000 Hz.

In order to reduce the effect of pulse imperfections, wi
employed the following repeating sequence of rf phases {
712, 0,72, w2, 0,72, 0} for the K-spin 7-pulses, as recom-
mended in Ref.39).

2.3. Z filter

We improved the phase properties of the triple-quantur
filtered signals by employing az-filter” (40) prior to signal
detection. This is done by tws/2 pulses of phaseb,; and®,
(Fig. 3). The phases are varied in a phase cycling scheme (
below). Thez filter selectively detects NMR signals passing
through longitudinal magnetization and removes dispersiv
components of the spectral peaks.

2.4. Phase Cycling

The S-spin coherence transfer pathway of the experiment

where the time point; indicates the start of the evolutionghown in Fig. 3b. The indicated coherence transfer pathwa

interval as indiqated in Fig. 4. Ar-pulse is applied on ths_ are selected by adjusting the post digitization phdsg to
channel at the time-poinf + (N + 1)7,/2. The phase of this satisfy the equation

pulse is denotedb, (Fig. 3). This pulse refocuses evolution
under isotropic chemical shifts during the evolution time pe-
riod, as well as Bloch—Siegert shifts of ti&spin Larmor
frequency during th&-spin pulses Z, 35. Since the overall

evolution interval has a fixed duration equal to an even number

Dy = 3(Py — @) — 6(P, — DY) + 3(Py— DY)

- (<D4 - qj?t) + (I)rec:

(2]
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where @ . is the rf receiver phase, and the pulse sequence M
blocks are cycled according to He(t) = D) w,(1)S,, [7]
n=1
O, = P9 [3a] Hk(t) = o;(t) Kj; + ay(t) Ky, [8]
D, =PI+ 2: f|oor{ } [3b] We ignore the homonuclear interactions betweenkhgpins,
N N3N, since these are small in the case= "N considered below.
O, = ®+ 27m/n, [3c] The heteronuclear and homonuclelacouplings are denoted

J5 and J5,, respectively. The time-dependent heteronuclez

27 m 3% and homonucleard:s) dipolar couplings are given b
D, = o+ roor{} B ) o) dip PNgs are given by
Ny N3
2
b..=0, 3e )
Bl s =b, D D3(QH) D (Qur)di(Br)
q.9=-2
wherem is the transient counten = 0, 1, 2,...,143. The (00 ;
' X exp—i trexpliqw,t}, 9
function floor(x) returns the largest integer not greater than A -idartiexpliqot) [9]
The initial phases werd; = ®; = 0, 3 = — 0, Teye, P = 2
3m/2. Note that the phase of the reconversion bidgklepends 0at) = bpy > D3 QPN D24(Qur)dZ(Bry)
on the duration of the excitation block, in order to achieve a q,9=-2
correct phase correspondence between the average Hamiltoni- X expl —iga, tiexdiqwt}, [10]

ans in the multiple-quantum excitation and reconversion inter-
vals 32). Our experiment employed, = 12,n; = 6, and i i ) .
n. = 2, giving a total phase cycle comprising 144 steps. THYth by andb,, representing the dipole—dipole coupling eon
values ofn;, n,, ns, andn, are dictated by the need to selecBt@nts defined by

both +3Q pathways in Fig. 3, according to the usual rules for

hase cycling40). v _
P yeling40) by = — ﬁ ysvkhr o (11]

3. THEORY . Mo L, .
bmn: _E'Ysﬁrmn- [12]
3.1. Spin Hamiltonian

Consider aS,K, spin system. We label the twi¢ spinsj Herer; denotes the distance between nuglandk, and the

andk and neglect the interactions with the abundaispins other symbols have their usual meanings. The symbdls
(*H), since high-power proton decoupling is performeénd dg, represent second rank Wigner elements and reduc

throughout the experiment. Wigner elements, respectivel¢k). (g, denotes a set of Euler
The high-field spin Hamiltonian at time-poitt in the ab- angles 41), specifying the transformation between the princi
sence of rf fields, may be expressed pal axis system of the coupling between spimsindn, and a

frame of reference fixed on the molecul®, specifies the
transformation from this system to a frame fixed on the rotol
The angled),, are fixed by the molecular geometry, wherea:
the angleg),,s are random in a powder. Theaxis of the rotor
with frame is along the sample rotation axis, which subtends @
angleBg, with respect to the static magnetic field direction. Fo
magic-angle-spinning3s, = arctanV/2. The anglex, defines

H(t) = Hg(t) + Hy(t) + Hgk(t) + Hgdt) (4]

M the position of the rotor at the time poiht= 0.
Hs(t) = X {o3(t) + mI592S,K;, Similar expressions hold for the chemical shift terms
n=1
{00 + mI5925:K, [5] | : i )
wm(t) = wlrio + E [A?q”] PD q”q’(QQM) Dq’q(‘Q'MR)
M q.9'.9'=-2
Hsdt) = 2 wnn(®) 1(313szn - S S)
s s mmt2 z X dio(Broexp —iaj tiexpliqo,t}. [13]

+ 2133380 S, [6] Herew is the isotropic chemical shift frequency of spim
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FIG. 5. Schematic energy levels for&,K, system, assumings > 0 andyx < O (as appropriate for the caSe= *C andK = **N). The eight extreme
S-spin angular momentum states are labeled. The eight extBspin multiple-quantum coherences are shown by arrows. Two such coherences are lak
explicitly.

and [A%]" is theq"th component of the irreducible spherical laa - - rammy = la) ® |a) ® @ |aw
tensor representing the chemical shift anisotropy, expressed in
its principal axis system. ® |m) ® [my [15]
The rf Hamiltonian during pulses on eithKror S spins is
- 9P P BB - - -BMmY =B @ |B) ® - -® |Bu)
given by
® Im) ® |my. [16]

HE(D) = obexpl—igLiLexplip,L); L=K,S [14]
These states obey the eigenequations

wherewy, is the nutation frequency, anpl, is the phase of the

pulse. The rf Hamiltonian is only finite during intervals + Slaa - -
512, t + 75/2], wheret is the center of the pulse,, is the

duration of them-pulses, satisfyingr, = . In practice, the 1
strong rf puls_es also llnduce BIoch—Slege_rt shlfts_ of the coher- SIBB - - -Bmmy) = — 5 M|BB - - - Bmmy) [18]
ences associated with nonresonant spins, which have been

observed to have a significant effect in REDOR experiments

(2). However, the current experiments are compensated for  K,|aa - - -ammy) = m|aa - - -amm,)

these shifts, as discussed further in R8B)(

1
'Olmjmk> = E M|Ol0l T 'amjmk> [17]

. sz|BB co Bmmy = mj|BB - pmmy) [19]
3.2. Multiple-Quantum Coherences
For a single spiB-nuclei we denote the state withcom- KiJaa - - -ammy) = mjaa - - - ammy)
ponent of spin angular momentum) = 3 by |«) and the state
with m; = —3 by |B). A convenient basis for describing the KdBB - - Bmm, = m(|Bg - - - pmmy), [20]

SuK, spin system is constructed by taking direct products

between the Zeeman states of the individual spins. A schematic

picture of the energy levels of &,K, spin system (assumingwhereS, is the operator for the component of total5-spin
positive magnetogyric ratio fo and negative magnetogyricangular momentum. The eight statésa - - - amm,) and
ratio forK) is shown in Fig. 5. There are four states of the forfg - - - Bmm,) are eigenstates of the high-field Hamiltonian
|aa - - - amym,) and four states of the forfBg - - - Bm;m,) and may therefore be used to label eight energy levels of ti
according to the quantum numbers andm, for theK spins, energy level diagram (Fig. 5).

which are assumed to be sgin- In what follows, we use a Liouville space notatiat?). The
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operator for maximum positive ord®& of S-spin coherence, 3.3. Evolution of Multiple Quantum Coherence

with K-spin quantum numbers; andm,, is denoted From the commutation relationships of Eqgs. [26] and [27

B we get the following equation for the evolution of theM-
[+ + -+ mm) = [aa - ammy(BB - - - pmmy. quantum coherences over the intertgal> t,, in the absence of
[21] rf pulses

The operator fos spins having the extreme negative quantum

"1 0
coherence of orderM is denoted US(ty, ta)|+ + - - -+ mmy)
= exp{ —i(P3(ty, t) + DIty t)
|[— = =mm) =[BB - - - pmm{aa - - -ammy.

+ OIN(ty, t)} [+ + - - -+ mmy),  [31]
[22]

Two of the eight+M-quantum coherences are denoted b§"d
arrows in Fig. 5. These are eigenoperators of the commutation

superoperator for the tot&spin angular momenturs, O°(ty, t)|— — - - -— mm,)
. = exp{+i(Pi(ty, t) + PI™(t,, t,
See™M+ + ..o+ mmy) = M|+ + - - -+ mm,) [23] PAI(D (L 1) sic' (b 1)
- + OGSt t)} [— — - -—mmy),  [32]
SP™M === mmy = —M|—- — - - .= mm), [24] > :

with the definitions

where a commutator superopera®?™ transforms a given

operatorB as follows @2): to
D5ty ta) = | w3(tdt, [33]
AcmB) = |[A, BI). [25] -
th
The eight extreme coherence operators are eigenoperators of DK (ty, ta) = f wgg(tdt (34]
the Hamiltonian commutator superoperalto¥™": ta

HO™t)[+ + - - -+ mm,)

= {wi(t) + W™+ 0D+ + - - -+ mm)  [26] The heteronuc!ear thrqugh-space dipolar couplings refoc
over a full rotational period

Hcom”(t”_ - vt mjmk)
= —{oit) + oI+ 0I™B} - — - - -— mm)), DgM(ta+ 7, ta) = 0. [36]

[27] The K-spin m-pulses prevent this process by implementin

wherews(t), w2™(t), andw are sums oB-spin chemical coherence transfer at suitably chosen time-points
shifts, heteronuclear throughspace dipolar, dndouplings,

respectively: RE(m)|+ + - - -+ mm) = [+ + - -+ (—m)(—my),
[37]
M
wit) = D w,(t) [28] Wwhere the pulse propagation superoperator is
n=1
RX(m) = exp[—imK,}. [38]

M
am(t) =2 m o X(t) + mao SNt 29
st 2 ( o (1) @ri(V) [29] Similarly, theS-spinw-pulse performs the following coherence

n=1
transfer
M
w?k”}*(t) =2m E (mj‘]ﬁjK"_ mk‘]ﬁli( : (30] I’Qf('n')|+ + -+ mm) = |_ — = mm) [39]
n=1

Note that the5-S couplings do not appear in the eigenfrequen-
cies of the extreme: M-quantum coherenced¥). These relationships may be used to calculate the evolution



MOLECULAR GEOMETRY DETERMINATION BY SOLID-STATE NMR 273

the £M-quantum coherences over the pulse sequence segnwérihe heteronuclear spin—spin interactions is only approxima

specified in Fig. 3, in the

case that relaxation is neglected in that case.
The expressions in Eqgs. [43]-[46] are independent of th

0evo|(71)|+ + ok mmy) S-spin chemical shifts, due to the refocusing effect of the

S-spin m-pulse and the use of equal numbers of complet

=exp{—i®go(r)}|— — - -—mmy) [41] sample revolutions before and after this pulse. The extren

L’\Jevol(ﬂrl)|_ - mjmk)

MQ coherences undergo a relatively simple evolution, whic
may be simulated using a rather small number of geometric

evol

= exp[+id ()} + + - - -+ mm). [42] parameters and without any consideration of $&pin chem-

The phasebgiy“(7,) may be derived to different degrees o
approximation. Assuming infinitely strong-pulses, ¢, = 0)

ical shift anisotropies or homonuclear couplings.

t3.4. The Signal

mj mg

gives the following expression fabgio(7,): The multiple-quantum filtered signal amplitudér,, Q)

for a given orientation{) is given by

D Zor(71) = N{D gM(my + 3, 1)

+ OO, — 7+t D] [43]  a(m, Qwe) = 2

O T A CAL VAR Y

(SIS)
If the finite pulse durations are taken into account, one obtains (S™|Qrecomp gnm@evol(n)ﬁ:n}woexq S)
N (SdS)
O R(Ty) = (2 - 1>q> PR i [44] [47]
. HereP{ are the projection superoperators ®spin MQC
with of order +M:
(ijmk(T):(ijmk(T _ETK_’_IO T — T +1TK+tO) ﬁ)(+M)_|+++ m]mk)(+++ m]mk| [48]
A 1 SK r 2'p 1 r 1 2P 1 mlmk—(++-"+mjmk|++"'+mjmk)’
) 1 1 |——...—m.m)(__..._m.m|
+(Dm'mk(T—TK+'[O,T +’TK+IO> pOM LX 2 149
SK r.o2°'p 17927 1 mjmi (__..._mjmk|__..._mjmk) [ ]
mimi K 0 1 K 0 : H
— P T T — 2 7p + 1, 5o +t Equation [47] assumes that the density operator after the cro:
polarization interval is proportional t8,, and thatS is the
o 1 .1 0 observable corresponding to a quadrature detected NMR s
S A I PR SN P A S B [45] T i -
S 2'p 2'p nal. The projection superoperators take into account the phe
1 cycling, which selects the coherence transfer pathways spe
dO™(ry) = q)g,Kmk< T+t T — = 7§ + tf) fied in Fig. 3b._ _ _
2 The expressions for the signal amplitude Eq. [47] may b
expressed
(Dmlmk 1 S 0 1 K 0
+ bk Tr—57p+tl, Tl+§'rp + t;
1 1 a(ty, Qur) = E aﬁq}“ﬂ)(n, Qur) + a%{nﬁﬂ)(n, Qur), [50]
—d)@;(”‘k(ﬂ— 71—27g+t8,27§+t2> o
. whereal (11, Q) is the contribution from an individual
_ q)gwlénk( T - ETE + 19, t?). [46] (+M)-quantum coherence given by

aEnTn”\]ﬂ)(Tl, QMR) = exp{_|q);n\1/g:k

These expressions depend only on the heteronuclear dipolar

couplings, and are independent of the homonuclear dipolar

couplings. This is a consequence of using the extrenhé- (Sf|0recon\1+ b mmY(— — - mjmk|Oexc|S<)
quantumS-spin coherences. In some cases, it is possible to usex (SIS

lower quantum orders in combination with “constant-time evo-
lution” to achieve a similar effecd@). However, the isolation [51]
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Y _ -
Al (72, Q) = exp{—id T and

o 1+ sin(w/14) o
¢c,(t°) = —arcta W — o t”+ ywr, [57]

" (SO — — . .= mm)(+ + - - -+ mmJU™9YS)
(SIS0 .

respectively.
[52] The signala(t., Q) evaluates to

The propagators for excitation and reconversion processes alry, Q) = EfC7(T Q)
depend on the pulse sequence used. A large number of methods™ '~ V%~ 2 "MQt Texe TAMR
for multiple-quantum excitation exis26, 27. In the pulse
scheme shown in Fig. 3, C7 pulse sequences are used for the

excitation and reconversion of the triple-quantum coherence,

. . . : |
In this case, the excitation and reconversion propagators %f%eref“_"Q(Texc’ {lyg) includes _the orientational dependenc_e 0
given by the excitation and reconversion of MQC. In the case of triple

guantum excitation ir§5;K,-spin systems, the following ana
lytical expression has been derivezb)

X (cog @ o)} + cod@li(Ty)})  [58]

0= 0%(re) [53a]
N = |w'kw'm 1 WO, T w'mwkm|2
UreconV: U 7(Trecon\)1 [53b] fgé(Texo QMR) = J : 2J7w?ms J
\,@
with the propagators for C7 given by X Sin4(2 wrmsTexc) : [59]
087(7) — exp[—i7lf|g7} [54a] which applies to the casé, = 0. The root-mean-square
A frequency is defined
U (r) = exp{—itHz!, [54b]
Wms = Tg (wjkwTk + wjmme + wkmwtm) 1/2- [60]
and the corresponding effective Hamiltonians are (ignoding N

couplings
piings) Note that these expressions only depend on the magnitude
the dipolar couplings and their relative orientations, i.e., th
three-dimensional geometry of the spin system.

For a powdered sample, Eq. [58] must be integrated over ¢
possible molecular orientation3s:
+ S Scexplider})expli2d,} [55a]

a(ty) = alty, Qur))ous

_ 1 .
He = > 2 |wﬁ7l(31+5k+exp[—l¢c7}
j<k

_ 1 .
H€7 = E 2 |wj(l:(7|(sj+slzrexmld)c7} 1 2w T 2w
=<k = 871'2f daygr f sin Byr dBur f dyur @ (71, Qur).
0 0 0

+ S/ Syexp —idcr)expli2ds).  [550] [61]

The nutation frequency and phase of the effective doubleForM > 2, the powder average amplituds@ ;) depend on
quantum field during C7 are the sign of the torsion angk. This behavior is different from
the caseM = 2, where the amplitudes(t,, ) for asingle

molecular orientation depend on the signygfbut where the

0§ = by 343\"% (1 + sin{m/14})Y2 sign-dependence is removed by the powder average over

. Y 780m orientations(),z. In the case oM > 2, the dependence on the

5 sign of ¢ persists, due to the nonsymmetrical configuration c

X S d2 (BE)d2 L (Bur) the entire spin system. Note carefully that the dependence
P m the sign ofys is not solely due to the change in timeagnitudes

_ N of the long-range heteronuclear interactions. In the spin syste
X exp{—im(ypy + awr)}, [56] of Fig. 2b, therelative orientationsof the S,—K, and S,—K,
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-5000 -2500 0 2500 5000
/27 [Hz]
' FIG. 7. CP-MAS **C spectrum of 33%*N,, *C;]-AGG at a spinning

frequency ofw,/27m = 5000 Hz. Thespectrum is the result of 24 transients.

FIG. 6. Newman projections of the spin system in Fig. 2b, for the cases (a)

¢ = +160°, and (b} = —160°. The large arrows indicate the principal axes

of the S;—K , and theS,—K , dipolar couplings. The relative orientation of thesebeled material (1:2). The sample is referred to as 35%,[

couplings is different for the two signs of the torsion angle. In addition, th€C3]—AGG.

S;—K, distance is different in (a) and (b). In practice, both effects lead to a Figure 7 shows théC spectrum obtained from a standard

dependence of the 3Q evolution curve on the sigij.of o . . .
cross-polarization experiment (the cross polarization interv
was 1.00 ms), followed by signal acquisition. Figure 8 show

interactions are different for different signs #f and this fact the triple-quantum filtered spectrum obtained using the puls

is sufficient to break the symmetry, without the participation giéquence in Fig. 3, using = 0, i.e., with no heteronuclear

the weakS,—K , interaction. This point is illustrated in Fig. 6,&velution of the 3QC. As discussed in Re29], most of the

which shows Newman projections of the spin system in FigPectral intensity is concentrated in t6& peak. All spectral

2b, for the cases = +160° andy = —160°. The large gray PeaksinFig. 8 are in pure absorption mode. This spectrum m

arrows indicate the directions of tt&-K, andS,—K, inter- be compared with that given in Fig. 2b of Re29|, which was

action terms. The relative orientation of the two tensors is quig@tained without employing the filter. In that case, small

different for the two signs of. In addition, the magnitude of dispersion amplitudes were obtained.

the long-rangeS,—K , interaction depends on the sign f In The experimental triple-quantum filtering efficiency was

practice, both effects contribute to break the symmetry wifilly around 2.5%. As discussed in Re29), the theoretical

respect to sign inversion of. maximum efficiency for 3Q filtering using this pulse scheme i
The pulse sequence shown in Fig. 3 is appropriate fafound 6%. The remaining losses are due to relaxation, pul

systems with anyodd order of coupledS spins. However, imperfections, and insufficient proton decoupler power durin

analytical solutions for the multiple-quantum excitation do ndbe C7 sequences.

currently exist forM > 3. The multiple-quantum excitation A set of integrated multiple-quantum filtered amplitudes fo

dynamics may nevertheless be treated by numerical diagorig-values ofr, andN = 8 is shown in Fig. 9.

ization of the average Hamiltonians in Eq. [55], or by explicit The peak amplitudes for each evolution timewere est

spin dynamical simulations using all spin interaction paramglated as follows. A synthetic noiseless spectrum was gent

ters. ated, containing three Lorentzian weighting functions, whos
In the case of even quantum excitation in systems of even

numbers of spins, two additional2 pulses must be inserted in

order to convert the cross-polarized transverse magnetization

into z magnetization, and to convert the firmmagnetization

into observable signal. The propagators in the casevefi M

are therefore

Gee=0 aﬁi(ﬂ-/z)w M even [62]
Oreconv: AR?(—’IT/ 2)0C7 .
[ . I . 1 . l . |
4. RESULTS -5000 -2500 0 2500 5000

w/2r [HZ]

We have demonstrated the NCCN-3Q experiment by apply+ 5 g 3QF C spectrum of 33%N,, “C,-AGG from a NCCN-3Q-

ing it to a crystalline sample of the isotopically Iabeled TIPERALE experiment ats, 9w — 5000 Hz. Thespectrum fs o0l = 8 andr, =
tide [*N, “*C,—ala]-[°"N—gly]-gly (AGG), diluted in nonla 0. The spectrum is the result of 2304 transients.
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=3 o (e AdY 63]
h
wherea?™® anda;™ is the experimental and calculated value o
a(hAr,), respectively.oy, is the standard deviation of the
experimental noise, which was estimated independently f
eachr;-value.A represents an overall scaling factor by whick
the values of each simulated curve are multiplied. This togeth
with the torsion angle are the only adjustable parameters.
0 50 100 150 In previous 2Q-HLF experimentd (8), it was necessary to
t,/us include an additional parameter for the decay of the 2QC ov
the variable evolution interval and a separate experiment fi
FIG. 9. Expe_rimental 3_Q-fi|tered arr_lplitude_s_, compared with a selection @fatermination of this parameter. This is not necessary in tt
calculated best-fit dephasing curves with positive valueg.dfhe error bars o, et implementation, since the total evolution interval doe
represent the standard deviation of the noise. ’
not depend orr;.
The experimental results are compared with best-fit simul;

. . . tions for a range of negative torsion angles in Fig. 10. In thi
widths and center frequencies matched the experimental pegggew — _152° provides the best fit. The quality of the fit for

in the 7, = 0 spectrum. The experimental spectra were multi, " — ~ 152° is approximately the same as the X-ray value fc
plied by this masking function and integrated with respect to _ +161°. The torsion anglé = —160° is clearly incom-
frequency. These integrals were identified as the experime ﬁhble with the experimental results.

amplitudes. The same synthetic spectrum was used for ally plot of x? for the experimental data and the best-fi
m-increments. The standard deviation of the noise was esfiylations againsty is shown in Fig. 11. This plot shows
mated for each spectrum by using the same procedure, Ql‘étarly thetwo minima iny?, one aty = +161° and one ap =

shifting the Lorentzian masking functions so that they only 152° The lack of symmetry abouyt= 0 has been discussed
covered signal-free regions. This procedure was repeated 15@@ve.

times, with random positions of the Lorentzian functions. The |t should be noted that the simulations do not match th
standard deviation of these 1500 integrals was used asexperimental measurements satisfactorily, given the measur
estimate of the noise variance for each experimental poimsise variance. The minimum value gf is well above that
(shown by error bars in Fig. 9). The noise variance was foumdhich would be expected for a “good” fit. This does not
to vary slightly, probably due to pulse breakthrough and othdegrade the quality of the torsion angle measurement signi
instabilities. cantly, but it is nevertheless a case for concern. Similar dev
X-ray crystallography was performed on a single crystal éttions have been observed in related experimentsAt the
the AGG sample and the crystal structure was proved to B@ment, we do not understand the reason for these discrep:
identical to that in Ref.44). cies, which are consistent and reproducible. Possible reasc
The NMR simulations used the geometrical paramete‘Fde be minor asymmetric molecular vibrations, pulse impel
(bond lengths and bond angles) from Refd)( with the ex- f_ections,_nonunifor_m _cross-polarization, or minor spin interac
ception of the torsion anglé, which was the only free geo- tions which are missing from the theoretical model. Intermo
metrical parameter. Dephasing cura€s,) were calculated as
a function of ys, and are shown in Fig. 9. The simulations 12
included the calculated orientational dependence of the 3Q
excitation as well as correction for finite pulse-durations (Eq.
[44]). Assumptions made in the simulations are (i) isolated 0.8
S:;K, spin systems during the experimental time-scale, (ii) a(t,) 06
neglect of the°N—"N couplings (which are smaller than 60 Hz !

T T 1 T T 1 T T T

PR I T ST SN T

for all values ofy), (iii) perfect performance of ther pulses, 04

and (iv) negligible orientation dependence of the initial cross- 0.2

polarization. A selection of best-fit calculated curves with 0.0

positive values ofiy are plotted in Fig. 9, together with the I R R R R
experimental data. The noise variances are given as error bars e 0 50 100 150 200
for each spectrum. T,/us

Each of the calculated curves was fitted against the experi- . _ _ ] )
tal data. b L, di t FIG. 10. Asin Fig. 9, but with a selection of calculated best-fit dephasinc
mental data, by minimizing“, according to curves with negative values gt
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frequencies: 83 kHz during acquisition; 109 kHz during C7
100 kHz during the evolution interval (except during tHe
pulse, when the decoupling was turned off).

Fifteen experiments with different values were performed.
In order to reduce the effects of long-term instrumental inste
bilities, the time signal was acquired in blocks that were adde
prior to processing. Each of the 15 signals was a sum of 23(

-150-100 -50 0 50 100 150 accumulated transients.
b 400
6. DISCUSSION
2 300} ]
X In this paper we have shown that it is possible to extend tf
200} . existing double-quantum torsion angle experimemss| to

higher orders of multiple quantum coherence. This allow
. . s . geometry determinations on clusters of many spins, withol
160 -155 180 145 compromising the simplicity of the mathematical descriptior
of the experiment. It is still possible to interpret the dephasin
curves of the multiple-quantum coherences using only tf
geometrical parameters of the spin system (heteronuclear o
tances and angles), without taking chemical shift dncbu-
pling terms into account. In the case of triple-quantum excite
tion in three-spin systems, closed formulas may be given ft
the curves as a function of molecular orientation.
In the case of the'{N,, *°C;]-labeled AGG sample, a rea
U} sonable fit between experiment and simulation is obtained f
the two anglegy = +161° and one al = —152°. The first of
FIG. 11. x*deviation between simulated and experimental data, plotted Hiese values corresponds well to the X-ray value
a function ofys over the following ranges: (a) 0% ¢ = 360", (b)—l42_° = +160.5°). However, the geometfy= —152° gives an equally
Y = —162°, (¢) 150°= ¢ = 170°. The value oi) obtained from a single- 44 fit and cannot be excluded by this experiment alone.
crystal X-ray study of the sample is shown (dashed line). . . . .
Previous versions of the NCCN-HLF experiment employing
2QC (7, 8), estimate thebsolute valuef the torsional angle,

lecular couplings are unlikely to be the reason, since &#aving the sign undetermined. In the 3Q-HLF case, the pre
experiment performed on a more dilute sample (1:9) displa§gce of the third carbon atom breaks the symmetry of the pha

100

C 400

X 3001

0 1 e Il
150 155 160 165 170

similar discrepancies. functions, thus making it possible to distinguish between po:
itive and negative values af.
5. EXPERIMENTAL In principle it should be feasible taniquelydetermine the

value ofys, including the sign, by combining information from

The AGG sample was prepared by solid-state synthesis 2Q-HLF experiment with that obtained from an 3Q-HLF
starting from Ne-Fmoc-alanine (98%°C,, 99% N) and experiment. This currently requires molecules with two differ:
N-a-Fmoc-glycine (98%"N). The labeled tri-peptide was ent types of carbon labeling, since the 2Q experiment cannot
purified by HPLC and mixed with nonlabeled AGG (1:2). Thapplied directly to the**C,-labeled compound, due to the
mixed tripeptides were cocrystallized in water by slow evajnterference fron5-S interactions, as discussed above. How
oration of the solution. We verified by single-crystal X-rayever, the use of two different samples might be avoided &
diffraction that the crystal structure was identical to that giveemploying a multidimensional extension of the 2Q experimen
in Ref. @4). in order to apply this to thé’C,-labeled sample. This possi

AllNMR experiments were performed at a magnetic field dility is currently under investigation.
4.7 T on a Chemagnetics Infinity-200 spectrometer at a spin-An interesting feature of Fig. 11a is that therensvalue of
ning frequency ofw,/ 27| = 5000 Hz.Approximately 50 mg s around which the? curve is symmetric. This indicates that
of the sample was filled in a 4-mm zirconium oxide rotor. Ththe torsion angle might be estimated unambiguously in son
NCCN-3Q-HLF experiment used = 8 and an increment in molecules, using only the 3Q experiment.
7, of 11.1 us. The relaxation delay was 5 s. The durations of Although the experiment described here has many intere:
the *°C and™N m-pulses were 7.3 and 885, respectively, and ing features, it would be problematic to use for large biomo
the *C m/2-pulse was 3.5us. The duration of C7 excitation lecular systems, due to its low sensitivity. Clearly, new meth
and reconversion intervals were 8574, corresponding to 15 odologies are needed for more efficient excitation of high ords
C cycles. The experiment employed the followitig) nutation multiple quantum coherences in solids. Recent publicatior
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indicate a renewed interest in high-order multiple quantuna. T. Gullion and J. Schaefer, Detection of weak heteronuclear dipolar
excitation 0_9_22, 24, 29 coupling by rotational-echo double-resonance nuclear magnetic
The current experiment is limited to a spinning frequency of :fslz:?nie’TeAi\; '\::3”,\'/' R:Z;r;sﬁ’ i::iél:g&m corelation
around 6 kHz, mamly due to the rf fle!d requirements of the Cf NMR: IYDetermina,tion of dihedral an,gles ir?solids, Chepmy. Phys. Lett.
sequences and the need to accomplish good proton decouplinggs, 133-140 (1996).
while exciting the MQC. The REDOR sequences are alsg . schmidt-Rohr, Torsion angle determination in solid **C-labelled
limited to relatively low spinning frequencies. In principle, the  amino acids by SLF 2Q-NMR, J. Am. Chem. Soc. 118, 7601-7603
use of a rather low spinning frequency does not compromise (1996).
the accuracy of the experiment, since the extreme multiplés- D. P. Weliky and R. Tycko, Determination of peptide conformations
quantum evolution is in any case unaffected by chemical shift by 2D MAS NMR exchange spectroscopy with rotor synchroniza-
anisotropies and homonuclear couplings. Nevertheless, the use'®™ J- Am- Chem. Soc. 118, 8487-8488 (1996).
of a low spinning frequency does degrade the available signl % Feng: Y- K. Lee, D. Sandstrom, M. Eden, H. Maisel, A. Sebald,
. . . ) . and M. H. Levitt, Direct determination of a molecular torsional angle
strength, since the chemical shift anisotropies and homonucleary, sqjid-state NMR, Chem. Phys. Lett. 257, 314-320 (1996).
couplings do cause modulations of the single-quantum cohej- y Feng, M. Edén, A. Brinkmann, H. Luthman, L. Eriksson, A.
ences during detection. The technique could be readily adaptedcrasiund, O. N. Antzutkin, and M. H. Levitt, Direct determination of
to high spinning frequency by replacing the C7 and REDOR a peptide torsional angle s by double-quantum solid-state NMR,
recoupling sequences by variants which are designed to func-J- Am- Chem. Soc. 119, 12,006-12,007 (1997).
tion under fast spinning8( 34, 38, 43 8. P. R. Costa, J. D. Gross,.M. Hor\g, and R. G. Griffin, Solid-state
In its present form, the 3Q-NCCN experiment is experimen- MR measurement of y in peptides: A NCCN 2Q-heteronuclear
. ’ . . local field experiment, Chem. Phys. Lett. 280, 95-103 (1997).
ta”y. demandmg and prowdes very poor Slgnal Strength . M. Hong, J. D. Gross, and R. G. Griffin, Site-resolved determination
Against these disadvantages should be weighed the advamag%f peptide torsion angle ¢ from the relative orientations of back-
of relatively simple data analysis, employing a minimum of pone N-H and C-H bonds by solid-state NMR, J. Phys. Chem. B
assumptions, and without the need for explicit spin dynamical 101, 5869-5874 (1997).
simulations. There are few other techniques which are capabde K. Schmidt-Rohr, A double-quantum solid-state NMR technique
of comparable accuracy in the solid-state NMR of muItipIe- for determining torsion angles in polymers, Macromolecules 29,
spin systems. One may compare, for example, with the selec- 3975_3?81 (1996)',
tive rotational resonance experiments on a fully labelled amifd 7 Tomita E. J. O'Connor, and A. E. McDermott, A method for
. L. . . . dihedral angle measurement in solids: Rotational resonance NMR
acid (45) Quantitative geomemcal information was Only made of a transition-state inhibitor of triose phosphate isomerase, J. Am.
available by demanding multiple-spin simulations including chem. Soc. 116, 8766-8771 (1994).
chemical shift anisotropies and many homonuclear couplings. x. reng, P. J. E. Verdegem, Y. K. Lee, D. Sandstréom, M. Edén, P.
Different approaches such as the CSA correlation methods of Bovee-Guerts, W. J. de Grip, J. Lugtenburg, H. J. M. de Groot, and
Tycko et al. (5), are currently limited to magnetically dilute M. H. Levitt, Direct determination of a molecular torsional angle in
spin pairs. It may be possible to extract torsion angle informa- e membrane protein rhodopsin by solid-state. NMR, J. Am.
. . _ . : Chem. Soc. 119, 6853-6857 (1997).
tion from multiple-labeled samples using three-dimension

. . . . . J. Schaefer, REDOR-determined distances from heterospins to
spectroscopy, but such experiments still requires extensive spin  siers of *C labels. J. Magn. Reson. 137, 272-275 (1999).

dynamical simulations for a fully quantitative analysis. 14. T. Gullion and C. H. Pennington, §-REDOR: An MAS NMR method
Analogous experiments may be applied in isotropic solution, to simplify multiple coupled heteronuclear spin systems, Chem.

where the higher order multiple-quantum excitation is some- Phys. Lett. 290, 88-93 (1998).

what easier 46). In this case, the geometric information ist5. D. P. Weitekamp, J. R. Garbow, and A. Pines, Determination of

provided through the cross-correlated relaxation of multiple- dipole coupling constants using heteronuclear multiple quantum

quantum coherence. 2Q-HLF experiments of this kind have NMR.J. Chem. Phys. 77, 2870-2883 (1982). _

already proven to be very useful‘.(, 48- Higher order cross- 16. B. H. Meier and W. L. Earl, Excitation of multiple quantum transi-

lated rel . . hould al be f ibl tions under magic angle spinning conditions: Adamantane,
correlated relaxation experiments should also be feasible. J. Chem. Phys. 85, 4905-4911 (1986).
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