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Abstract: We introduce a radio frequency (rf) pulse sequence for efficient homonuclear double-quantum dipolar
recoupling under magic-angle spinning NMR. The sequence is optimized for two-dimensional double-quantum
13C—13C chemical shift correlation spectroscopy in multiple spin systems, such as*fi@ldbeled antibiotic
erythromycin A. Spin systems such as this display a wide range of isotropic and anisotropic chemical shifts
and, therefore, require a broadband dipolar recoupling sequence that minimizes the errors arising from the
interaction of chemical shifts and rf inhomogeneity. The sequence should also preserve the theoretical efficiency
over the powder average-{3%) provided by the C7 experiment of Levitt and co-workers (Lee, Y. K.; Kurur,

N. D.; Helmle, M.; Johannessen, O. G.; Nielsen, N. C.; Levitt, MCHem. Phys. Letl995 242 304—309).

We satisfy these criteria by combining the standard G#% {27,150 elements withz-pulse permuted elements

(7p— 2741180~ 74, IN @nalogy to the MLEV decoupling scheme) to remove error terms oxek@ range of

rf amplitude. The new sequence, which we refer to as CM®MmbinedMLEV refocusing and @), yields

for two-spin systems broadband double-quantum filtering efficiencies greater than 70%. For multispin systems,
the improved polarization transfer efficiency results in greater cross-peak intensities, facilitating assignment

of U-13C-labeled molecules in the solid state.

Introduction

which combines cross-polarizat®rand high-powetH decou-
pling?%23 to provide isotropic chemical shift spectra of high

In recent years, solid-state NMR has witnessed a rapid de- sensitivity and resolution. This spectral dimension provides site
velopment of techniques aimed at measuring anisotropic interac-resolution but little direct structural information. The latter is

tions in the presence of magic-angle spinning (MA$)These

techniques provide valuable structural information via site-re-

solved measurements of interatomic distaficeand the rela-
tive orientations of dipole vectofs'? and/or chemical shift

usually measured in indirect dimension(s), where radio fre-
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quency (rf) perturbations are applied to recover NMR observ- ROR or C7). This increased efficiency is particularly useful
ables that are correlated with structural parameters. for applications such as correlation spectroscopy and DQF of
The behavior of the spin system under rf modulations that strongly coupled spin pairs, where the sensitivity of the
interfere with MAS-assisted averaging is customarily described €xperiment depends on the mixing efficiency.
by coherent averaging theot§2> In principle, any term in the However, the often unavoidable presence of rf errors,
Hamiltonian with unique spin and/or spatial symmetry can be especially inhomogeneity, complicates this picture. Although
measured independently of other terms. However, accomplish-some recent probe desighbased on loop-gap resonatrsan
ing this in a manner that is efficient and free of contamination provide extremely high rf homogeneity over the full sample
is a continuing challenge, particularly for the class of experi- volume (<1—2% full width at half-maximum (fwhm) in the
ments that recover homonuclear dipettipole couplings. For  nutatiorf! dimension), most solid-state NMR probes use solenoid
example, the first rf-driven homonuclear recoupling experiments, coil geometries that have distributions of rf field amplitude of
such as DRAMAS27and RFDR28:29were designed solely with ~ 5—10% over the sample volume. In addition, amplifier and/or
rotor-synchronizedr/2 andzr pulses. Even in the ideal pulse probe instabilities can contribute to short- or long-term fluctua-
limit, these sequences depend on chemical shifts, both isotropictions in rf amplitude. Therefore, in the development of
and anisotropic, to the detriment of dipolar recoupling efficiency. recoupling sequences, it is necessary to consider explicitly the
The spin dynamics responsible for this compromised efficiency effects that rf inhomogeneity has upon the recoupling dynamics;
may be understood with the fictitious sgia theory3%3lwhere, these effects are usually not explained fully by basic theoretical
in the appropriate dipolar subspa@déhe residual chemical shifts ~ treatments.
are orthogonal to the recovered dipolar interaction. The exact For example, it has been observed experimentally that the
dipolar evolution is described by spin decoupling theory, C7 sequence works most effectively when the rf carrier is
whereby large residual chemical shifts quench the dipolar centered between the two signals of intePaghere the chemical
interactions’® shift in the DQ subspaé@3lvanishes. When this condition is
The dependence on chemical shifts is, to some extent, inherentot satisfied, a residual offset appears as a cross-term between
in the laboratory frame spin dynamics, and several sequenceghe rf inhomogeneity and chemical shift (described below),
have been proposed to avoid this shortcoming by using aproducing an effective quenching field orthogonal to the

continuous (windowless) rf irradiation field that is large

compared to the chemical shifts. Under these conditions,

recoupled interaction. This results in spin dynamics analogous
to rotational resonané&*>43and frequency-selective hetero-

chemical shift spin terms are, to first approximation, averaged nuclear dipolar recoupling (FDR*). In such selective se-

to zero. This approach was first applied to dipolar recoupling
with the MELODRAMA sequencé* which generates a pure
double-quantum (DQ) dipolar Hamiltonian without interference
from chemical shifts terms. Similarly, the DRAWS sequénicé
effectively averages chemical shifts, albeit at the cost of
introducing a zero-quantum (ZQ) component, which is undesir-
able for some applications.

guences, the quenching field may be exploited to eliminate the
effects of strong couplings in order to measure weaker interac-
tions in a multispin syster#¥~48 However, when the goal is to
recouple many spins with high efficiency for correlation
spectroscopy or DQF, it is desirable to eliminate the effects of
chemical shift offset entirely. This goal has motivated the
development of an improved version of the MELODRAMA

An additional theoretical consideration for sequences of this S€duence which uses phase-compensapases superimposed

type, demonstrated by Levitt and co-worké#§,shows that

individual spatial components can be selected so that recoupling U e e e
| the additional advantage of maintaining a pure DQ Hamiltonian.

occurs independent of rotor phase (specifically the azimuthal
angle, ypgr, relating the principal axis frame of the dipolar
interaction to the rotor-fixed frame). Over the powder average,

upon the basic sequence to provide correction for rf efrs.
The result is comparable to the DRAWS sequeftc#, with

Despite the experimental reliability of these two sequences,
each promises onht52% maximum theoretical DQF efficiency.

elimination of the rotor-phase dependence increases the theoretiClearly, development of a robust compensation scheme, similar

cal double-quantum filtration (DQF) efficiency from52%
(with MELODRAMA?34 or DRAWS®) to ~73% (with HOR-
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to that for MELODRAMA or DRAWS, would be highly useful

for the more efficient C7 sequence. Yet, to retain this efficiency
advantage, the solution must not introduce rotor-phase depen-
dence or otherwise disrupt the sequence symmetry. In the
following sections, we will demonstrate theoretically how rf
field inhomogeneity directly affects the averaging of chemical
shift terms in the C7 sequence and propose a method for
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minimizing the residual shifts on a short time scale. The
compensation scheme slightly restricts the sampling interval but
effectively scales the cross-terms between rf errors and chemi-
cal shift offsets to provide broadband performance under typi-
cal experimental conditions. Because the compensation involves
implementation of MLEV-type composite rotations and super-
cyclesO to refocus error terms, we refer to the new sequence
ascombinedMLEV refocusing and € (CMR7). The utility Trnix
of this broadband sequence is demonstrated in a 2D correlation (b) R R
spectrum of the USC-labeled antibiotic erythromycin A.

CW Decoupling

TPPM

[N
NE)

Experimental Methods

NMR Experiments. NMR spectra were acquired on custom-
designed spectrometers operatingtatfrequencies of 397.8 (9.4 T), C =
317.4 (7.4 T), or 198.3 MHz (4.7 T) with custom-designed triple- or
guadruple-resonance MAS probes implementing transmission line _
isolation and tuning circuit®:53 At the high frequency, standing wave C,=|(@m,
losses are minimized by periodically altering the characteristic imped-

¢=p(2n/7)

ol
1l
a

2

ance along the main transmission line. This approach allows the final
tuning and matching to be removed from the magnet bore, leaving space
for high-voltage fixed capacitors (American Technical Ceramics,
Huntington Station, NY) and high-voltage variable capacitors (Polyflon
Co., Norwalk, CT, or Jennings Technology Co., San Jose, CA), while

© -~
R=C,C'C,C'CC.C

0T 17273747578

R'=C'C,C,CC.CC,

R'=C'CC.,CC.CC

2737 4767 8

R=CCCC.CCC

0T 12T 374 578

Supercycle = RR'RR' RRAR RRRR' RRR'R

maintaining optimal overall circuit efficiency. Solenoid sample coils
wrapped from Teflon-coated wire were mounted in spinner modules Figure 1. CMR7 rf pulse sequence. (a) General sequence for double-
(4 mm for the 397.8- and 317.4-MHz probes, 5 mm for the 198.3- quantum dipolar recoupling in the framework of CP-MAS spectroscopy.
MHz probe) from Chemagnetics/Otsuka Electronics USA (Fort Collins, Following ramp CP and an optional period of chemical shift evolution,

CO). Unless indicated otherwise, rotors were packed with enough sum polarization is stored longitudinally and the mixing sequence

sample to fill the entire usable volume as specified by the manufacturer. initiated. After mixing, observable coherence is read out with/2

This resulted in rf inhomogeneity of-510% fwhm. Recycle delays
were 2-4 s.

pulse. During the evolution and acquisition periods, TPPMlecou-
pling?®is implemented; during the mixing period, high-power resonant

All experiments employed some version of the pulse sequences CW decoupling is used. (b) Basic CMR7 mixing sequence, constructed

presented in Figure 1. Ramped€Rom 'H to °C created the initial
transverse polarization. In the two-dimensional (2D) version of the
sequence, a period of evolution under TPPM decoupliilsgused to
encode chemical shifts in the indirect dimension. In the one-

from C, units of various symmetry. Notation is consistent with that of
Lee et al*t The complete sequence is composed in a manner that most
rapidly refocuses large, isotropic error terms. (c) Full supercycling of
the compensation scheme for achieving quantitative long-time results.

dimensional (1D) experiment, transverse magnetization is immediately Phase inversions and cyclic permutations of the basic CMR7 sequence

stored longitudinally with an/2 pulse. In either case, mixing is

help to maximize coherence of the appropriate order. References to

performed according to the phase modulation scheme presented inC7 and CMR?7 indicate th&l = 2, n = 7 sequence unless explicitly
Figure 1, where compensation for residual rf errors is accomplished Stated otherwise.

by alternation ofC, and C; subcycles. The basi€, elements are
combined to provide a complete CMR7 cycle over four rotor periods.

was dissolved with 1 equiv of NMDH in aqueous solution and

Improved long-time behavior (not discussed in detail here) is obtained recrystallized by slow evaporation.

by expanding the basic unit with phase inversions and cyclic permuta-

U-13C-Erythromycin A was prepared by fermentation $diccha-

tions to create the supercycle as indicated in Figure 1. For the 2D ropolyspora erythraeatrain ER598 in a salt medium containing 1%

experiment, the total mixing time was chosen to be a multipleraf 4

p-glucose-UCs as the sole source of carbon. Two liters of the

so that residual errors between the CSA and rf inhomogeneity would medium was dispensed at 50 mL in 500-mL Erlenmeyer flasks.
be refocused most effectively. Spectral intensities in all cases are Vegetative inoculum grown in a rich organic medium was washed and
computed by integration of the line shape and include correction for used at 1%. The flasks were incubated at°82on a rotary shaker

natural abundance background.

operating at 225 rpm for 6 days. -Erythromycin was purified

Phase cycles for the DQF experiments followed standard proceduresffom 1500 mL of beer from two separate shake flask experiments by

for selection of DQ coherenég,in addition to spin temperature
alternation of the'H reservoir. The 2D chemical shift correlation

extracting twice with equal volumes of GEll, at pH 9. The extracts
were pooled, dried, and digested into 2.5 mL of a solvent system

experiment incorporated phase cycles for pure phase detection in bothconsisting ofr-hexane/ethyl acetate/aqueous potassium phosphate (0.02

dimensions developed by Ruben and co-workérs.

13C-Labeled Samples. All U-3C*N-labeled amino acids (Cam-
bridge Isotope Laboratories, Andover, MA) were, where indicated,
diluted in natural abundance material and recrystallized by slow
evaporation from aqueous solution. *&-Oxalic acid (also from CIL)

(50) Levitt, M. H.; Freeman, R.; Frenkiel, 7. Magn. Resonl982 50,
157-160.

(51) Holl, S. M.; McKay, R. A.; Gullion, T.; Schaefer, J. Magn. Reson.
199Q 89, 620-626.

(52) McKay, R. A. United States Patent 4,446,431, 1984.

(53) McKay, R. A. Private communication, 1995.

(54) Wu, X.; Zilm, K. W. J. Magn. Reson. A993 104, 154-165.

(55) Wokaun, A.; Ernst, R. RChem. Phys. Lettl977, 52, 407.

(56) States, D. J.; Haberkorn, R. A.; Ruben, D0.Magn. Resoril982
48, 286.

M, pH 7) (3:7:5). The mixture was subject to countercurrent chroma-
tography in an Ito multilayer Planet Coil centrifuge, with the upper
phase mobile. Fractions were monitored on the basis of bioactivity
against Streptomyces aureuand from *H NMR spectra. UYC-
Erythromycin was crystallized using ethyl acetate aftexane to yield

39 mg with>98% labeling efficiency based on an analysis of the' C-1
resonance. These conditions produced the dehydrated form for solid-
state NMR studie&!8?

Background

Homonuclear recoupling sequences are readily described
within the formalism of average Hamiltonian theory (AHRS
For simplicity, we assume that the abundaht spins are
removed from the dynamics completely by high-power decou-
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pling. (This assumption i_s not always ju_stified, but we will To= S, (6a)
demonstrate that such a limit can be achieved experimentally
in the spinning speed regimes used here.) The rotating-frameand the two-spin operators as
Hamiltonian, therefore, consists of terms corresponding to the
low-y spin chemical shifts, dipotedipole couplings, and an k1 _a.
applied rf field®” T20 \/6(33128“ S'S) (6b)
H=H,, + Hg (1a) . 1
S T =59'S (60)

Hipe = (DS, T oS, + @p, (0(35,S, — §S)  (1b)
Hy = 0,()[(Sx + Su) cose(t) + (§, + Sy) sing(t)] (1c)

where the time dependence of the coefficients of (1b) are
expressed as

2
o)=Y wo" e @)
m=—2

and

3

2
— (m) Jmaoyt
p, () ﬁ,zng’k e

Complete expressions for the chemical shift anisotrmp&jm
may be found in ref 13, although the coefficients are not
important in the following, where averaging is designed to
eliminate their effects. The time-dependent forms for the
dipole—dipole coupling, however, will be used further and,
therefore, are defined (assuming M&S) as

) =0 (4a)
= @ e @)
x 22
@p ,
w§k2> = le Sinf(Bpp) €277 (4c)

where the angleSpr andypg describe the transformation from
the principal axis system of the dipole vector to the rotor-fixed
coordinate syster?® The dipolar coupling constant in angular
units is

_ Mo virih
ijk - Az rﬁ( (5)

When the time dependence ldf; involves nonorthogonal rf

phases, the Cartesian basis may be cumbersome for purposes

of calculating the interaction frame Hamiltonian. Therefore,
in the following, we use irreducible spherical tensor operators
in the convention of Spie$8. This notation permits both the
spatial and spin parts of the Hamiltonian to be expressed in
similar forms and, in particular, simplifies the calculation of

Substituting these terms into eq 1 and following the treatment
of Lee et all we examine the Hamiltonian in the interaction
frame of the rf field,

F'(t) = UerintU_lrf = ZZ @?ﬂlm(t - tg) X
Aulm
expli2z(Nm— «)p/n] T2, (7)

defined over the time of thpth subcyclety <t < to,,. The

variableQ refers to the type of interactiohthe rank with respect

to spatial modulatiorin the spatial rotational componemh &

{—=1,—1+1,..,1}), 4 the rank with respect to spin modulations,

andu the spin rotational component € {—4,—1 + 1, ...,A}).
The values of the coefficients

B (T) = 1A (B()) D XM, (T + 1] (8)

are given in general by the reduced Wigner functi«]f)@s*"9
and the overall spin rotation anglg, which is a function of
time, dependent on the sequence being investigated.

For the @ class of experiments, whene phase-shifted
elements are implemented owérotor periods (e.g., for Ch
= 7 andN = 2), the rf field is chosen to match an appropriate
multiple of the spinning speed, as defined by

_2n
= —wr

3 ©)

Wy
However, in practice this match is only approximately true
across the entire sample volume due to rf inhomogeneity, and
some effort must be made to understand the effects of deviation
from the ideal value. One approach to analyzing the effect of
an inhomogeneous rf field is to partitidf into a large term,
lw1(t)], which defines the interaction frame, and a smaller rf
inhomogeneity termAwa(t)|, included inHi.. Analysis of the
effective Hamiltonian

A=H9+AY+ /9 + ... (10)
through second order, defined as
AO =1 rfe ot (11a)
T /0
= —i Te tor ~ ~
AW = [Fdt, [ AW AR dy  (L1b)
Cc

50 = =1 ey e (g tRe) TR,
spin terms that arise upon general (i.e., nonorthogonal) phasel! ~ — 6ch0 dt, [, "dt, [ "dty([A(ty),[A(t) AT +

shifts of the rf irradiation. Thus, the phases of all terms of the
Hamiltonian may be described together in a convenient form.
In this basis, single-spin operators are expressed as

(57) Mehring, M.Principles of High-Resolution NMR in SolidSpringer-
Verlag: Berlin, 1983.

(58) Spiess, H. W. INMR Basic Principles and ProgresBiehl, P.,
Fluck, E., Kosfeld, E., Eds.; Springer: Berlin, 1978; Vol. 15, pp-284.

[H(ta),[AL) HET) (11c)

results in error terms which arise H® and ﬁ(z), involving
|[Aw4(t)| and @; + wi). This is a general approach to calculating

(59) Sakurai, J. Modern Quantum Mechanic€ummings Publishing:
Menlo Park, CA, 1985.
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Table 1. Coefficients from AHT Calculation™¢ H©) for the General Windowless Recoupling Scheme Defined in Figtire 1

Aul k a a b o]
. (Nm7' . (Nmr - Nmr
102 1 Nmnsm(T) Nmnsw(T) — 22 ssin(279) —4n? ssin(zs) COE(T)
2 . (Nmz! . (Nmz . N
299 \/glr\}_r?] —4nssm(T) —4nssm(T) Nmsin(4rs) 2Nmsin(2rs) co T)

aThe effect of rf inhomogeneity is explicitly included in the variablevhich expresses deviation from the ideal valse=(1). The coefficients
a andb refer to theC, subcyclesa’ andb’ to theC subcycles. Note that all functions of the fok¢a + b) are even with respect to tiseso phase
inversion alone does not remove the residual error. Through this level of AHT, all other spin components vanish according to eq 15.

the relative magnitude of various higher-order contributions to 0.6 -
the total effective Hamiltonian and has been used to derive '_"_"_'gp.
another compensated C7 sequefice. I S
In the present context, we are primarily concerned with the s 0.2_'
effect of rf inhomogeneity on the spin terms, so we choose an 2 | ..................................
alternative form of analysis that is well suited for excitations 5 00 e
with symmetry such as the elements from which CMR7 is - T R S
composed. Because each subcyd® ¢r C,) consists of E 02 M T e
rotations with phaseg and¢ + 7, constructed as in Figure 1b, 5 04 ]
the sequence is periodic over the eleméht € 1), independent e
of the exact rf amplitude. This allows the average spin terms 064 — —— R
to be conveniently incorporated inté® without making any 0.6 0.8 10 12 14
assumptions about the relative magnitude of the rf inhomoge- rt scaling factor (s)
neity by including explicit dependence on a rf field scaling  rigyre 2. Residual isotropic chemical shift due to rf inhomogeneity
factor, for the basic subcycl€, = 27,27,+150 and the cyclic permutatio@;,
= m,2m,+180T,. See Table 1 for analytic forms. Combination of the
S= W4 acrual V1 jdeal (12) two in the manner shown in Figure 1 refocuses isotropic chemical shift

_ _ ) o error terms (to this level of approximation) over a time scalé/af,
We proceed with direct calculation of the coefficients and and anisotropic terms overd= 2z..

find, after algebraic simplification, that each term has the general ) o : Coe
form chemical shift (in the DQ subspaagg),, + w7y, is nonzero.

With the C, element alone, the longitudinal term has a strong
e = Q dependence og as illustrated in Figure 2. Thecomponent
@iam = PEICTK;@am *+ D) (13) carr: be inverted over the next gelemer(t;ﬁ(l) by F():yclic
where the first factor permutation of ar rotation®®61 Combination of these two
elements cancels the (large) isotropic error term (throQ¢h
@D (p) = expli2zz(Nm— w)p/n] (14) — 1)%) over the time scale of/7z,. The isotropic error term
would not be averaged by the standard C7 phase-shifting alone
is a phase depending on several variables. Incremepfiragn (through the symmetry of eq 15) because the error term phase
one subcycle to the next provides a means for selecting desireds invariant with respect to the shifts in rf phase (i.e., fior=
spin () and spatial i) components by choice of the pulse , =0, ®(p) = 1). Additional, smaller error terms due to the
sequence parameteisandn. Upon summation of the phases interaction of CSA with the inhomogeneity are averaged on a
over the complete cycle, we find the function time scale of 4.

The analytic forms of Table 1 provide a simple method for
calculating the magnitude of recoupled interactions in a general
manner. The expression fari+(with s =1, i.e., ideal rf
irradiation) can be evaluated over the generalcgcle as

(15)

PP [1 Nm-— u=n(integer)
pZO n |0 Nm-—u=n(integer)

The second factor of eq 13 does not explicitly depend on the B 3
spin componentu): N10o10011 _i3van (expfiN27z/n] — 1)

ik o
20 wp SiN Ppg (17)
p = 2 2
= coll) (16a) S 2 N(N?—16m)

This expression allows convenient evaluation of the scaling
d= Coéj(m)wo (16b) factors for alternative formulations of thenGequences. For
example, foN = 2 andn > 6, only a single spatial component
expliNmzz/n] is selected for each spin component € +1 for u = £2).
(16¢c) The exact scaling factor depends on the value;dbr n = 7,
the familiar C7 scaling factor is recovered:

K _
a(Nm— 2Ang(Nm+ 21ng)

The expressions for the spin componeis(@y,.um + biuim), /14
gathered in Table 1, contain the explicit dependence upon rf |Dgpiq] = |— M
inhomogeneity as a function ef The most important result is 5201+/2
the significant error term that arises whe# 1 and the isotropic

| = 0.2320% sin B, (18)

In the limit wheren — oo, the dipolar scaling factor under

(60) Hohwy, M.; Jakobsen, H. J.; BdeM.; Levitt, M. H.; Nielsen, N.
C. J. Chem. Phys1998 108 2686-94. (61) Waugh, J. SJ. Magn. Reson1982 49, 517-21.
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double-quantum dipolar recoupling is (a) On resonance
T 100
_ 3 K g ]
|@gy9pp1| = —==0.26507 Sin 2pg (19) T 807
8v2 £ o0 CMR7
P
Therefore, when it is experimentally feasible, more rapid phase 5 407
shifting (and correspondingly higher rf amplitudes) may be used T 201 c7
to increase the scale factor by up+d4% within this limit. ‘_5 O/
This may be useful for the measurement of weak couplings in CE -20 \
some circumstances. 3 -40-

1 T T T T T T
Of more general use for correlation spectroscopy are the cases 30 35 40 45 50 55
wheren = 7 andN = 5 or 9. These solutions satisfy the

symmetry constraints in a manner similar to that of khe= 2 (b) 5 kHz off resonance

case; i.e., only DQ spin termg (= 42) with a single spatial 100
componentifpn = F1 for N =5, m= +1 for N = 9) remain 80
over the cycle. With respect to the sample rotation, the rf phases 60 CMR7

are shifted less rapidly a®l increases, and the intuitive
expectation of a less favorable dipolar scaling factor results:

40
o] /\07
0 laced yd

Sum Polarization (Normalized)

pazoa) = P2 ED) 6 008k sin 9 e \/
Wot22-1l = = 0. D PR 20
12657v/2 ol
for N= 5 (ZOa) T T T T T T
30 35 40 45 50 55
H 13 . N
343¢ + €™ L C RF Field Amplitude (kHz)
WDsperl = |~ ( 4)I = 0.05™ sin 28,5
21097+/2 Figure 3. Experimental*C double-quantum filtration (DQF) efficien-

for N=9 (20b) cies in UC,'*N-glycine. Experiments were performed at 397.8-MHz
H frequency and 5.95-kHzH5 Hz) MAS rate, with 67Qts double-
However, the reduction in scaling factor may be an acceptable quantum excitationzfix = 1.34 ms) under 125-kHz resonant C\W
compromise for applications at high MAS rates because the decoupling. Decoupling power was reduced to 80-kHz TPPM4S,8
required rf field amplitude is decreased approximately by the =7-5) during acquisition. The sample-Q0 mg) was packed in the
same percentage as the dipolar scaling factor. In the MAS middle ~20% of the 4-mm rotor (Chemagnetlgs/Otsuka Electrom(_:s)
regime of 16-20 kHz and beyond, achieving: = (2n/N)w sample volume to ensure optimal rf homogeneity. (Steady-state rf field

. . amplitudes and homogeneity 3% fwhm) were determined with
may not be experlmentally feasible fr= 2. In these cases, standard nutation experimerft$.The solid horizontal line indicates
the sequences wit = 5 or 9 would allow more reasonable rf  {he maximum theoretical C7/CMR7 DQF efficiency. (a) Carrier
field amplitudes to be used. FJPC—!3C chemical shift  frequency centered between the two peaks of interest. (b) Carrier
correlation spectroscopy in BC-labeled samples, the higher  frequency offset by 5 kHz from center.

N alternatives imply increasing the optimal mixing time for one-
bond transfer fron~1 to 2.5 and 4 ms (foN = 5 and 9, whenNm= n(integer). The residual chemical shift interactions
respectively). Provided that appropridté decoupling condi-  (biozn (for s= 1) can be minimized by improved compensation
tions are maintained (see below), the additional mixing time is scheme$? The remaining shortcoming of the MELODRAMA
not expected to cause significant signal loss, allowing the full sequence is that botm = 1 andm = —1 spatial components
advantage of the C7 line shape to be exploited at higher MAS are recoupled, leading to a sjr dependence in the average
rates. As discussed in more detail below, withkhe 2 CMR7 recoupled interaction. Integration ovggr then reduces the
sequencey~1 ms mixing provides strong one-bond correla- maximum double-quantum filtering efficiency from73% to
tions and many two-bond correlations in all G-labeled ~52%. (For C7/CMR7, the phase, but not the magnitude, of
systems studied thus far. Similar behavior would be expectedthe recoupled interaction depends @sk.)
for the highem alternatives with proportionately longer mixing ) )
times. Here we also note that the form for thg,mcomponent Results and Discussion
in Table 1 indicates a Scaling of the dipolal’ Coupling that de- Radio Frequency Error Compensation andH—-13C De-
pends explicitly on the rf amplitude. The implications of this coupling Dynamics. Figure 3 illustrates the dependence of C7
effect with respect to quantitative distance measurements withand CMR7 DQF efficiency on rf amplitude for two different
CMR?7 will be discussed in a forthcoming publicatith. carrier offsets. The total mixing time, consisting of one-half
For the MELODRAMA* pulse sequence (where= 4, N double-quantum excitation and one-half reconversion, is chosen
= 2) although the overall symmetry of the sequence does notto maximize the theoretical DQF efficiency-{3%). For a
cause terms such as= 0, m = +£2 to vanish, the symmetry  2.kHz dipolar coupling, this maximum occurs atl.3 ms,
described in Lee et dl(eq 15) is a sufficient but not necessary which, in this case, is approximately equal ta. 48r,). The
condition for removal of all CSA terms. Direct examination even integer multiple of the pulse sequence cycle is used to
of the termsayoomandbiozmin Table 1 shows that the subcycle  ensure that all anisotropic chemical shifts are averaged as
averaging of all chemical shift terms in the MELODRAMA  completely as possible. Sampling within the cycle yields small
sequence is accomplished on half-rotor period time scale, rathergscillations due to the combination of CSA and rf error.
than the two-rotor period time scale of the full C7 averaging.  The results presented in Figure 3 were obtained under
Foru = 0, this is identically true, as the termoomvanishes  circumstances that are optimized beyond what is typical
(62) Rienstra, C. M.; Mueller, L. J.; Hatcher, M. E.; Griffin, R. G. forstandard solenoid sample coils. Only the center portion of
Manuscript in preparation. the available sample volume was used, yielding a small rf field
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strength during mixing. Experiments are performed at 198.3-NtHz
frequency and 6.053-kHzt5 Hz) MAS rate, with 668+s double-
guantum excitationtgix = 1.3216 ms). In this case, a 5-mm rotor
(Chemagnetics) is filled with~120 mg of sample, providing an rf
inhomogeneity of 6:8% fwhm. The decoupling field is incremented
from 0 to>210 kHz in steps of approximately 2.2 kHz, a¥@ carrier
frequency is approximately centered between the two signals. Signal
due to natural abundance background is subtracted prior to calculation
of DQF efficiency. They-axis is normalized to the maximum observed

CMR7 DQF efficiency ¢70% of the total intensity observed in the . . . . .
CP-MAS experiment witht/2 pulses). Referring back to Figure 3, with & decoupling field of

125 kHz, a more subtle demonstration of #&-13C interfer-

inhomogeneity £+1-2%). In Figure 3a, the carrier is €nce effect is observed as an asymmetry in DQF efficiency as
positioned on resonance (in the DQ subspace, where the sunf function of3C rf field about the ideal theoretical value. In
of the two shifts is zero). The basic C7 sequence shows someFigure 3a, the C7 DQF efficiency slopes downwardat rf
sensitivity to error in the rf field amplitude, although the DQF  @mplitudes higher than 3345 kHz. Likewise, in Figure 3b,
efficiency is 40% or better over the range of-3% kHz. The  the CMR7 DQF efficiency is lower when tHéC rf amplitude
optimal rf amplitude is slightly less than that predicted by theory €S on the high side. Separate experiments (not shown here)
(in part due to @H decoupling effect discussed below), but in indicate that lowering the decoupling field exacerbates this
general the performance is acceptable for this two-spin system.&ffect, and raising the decoupling field reduces the asymmetry.
Here, the CMR7 sequence offers improvement at higher rf field This result suggests another possible strategy for improved
amplitude, a maximum of 62% DQF efficiency. decoupling when'H field amplitudes are limited, namely
When the carrier is moved off-resonance by 5 kHz, the reducing the'C field a few percent below the correct value;
differences are even more pronounced. A severe sensitivity toNder these circumstances, the CMR7 compensation effectively
the rf field amplitude is observed for the C7 sequence. Even '€MOVves the rf error and chemical shift terms, and the required
when the nominal field amplitude is matched to the theoretical _lH f'eld IS reduce(_j 3 t|mes_ as r_apldly_ as ti€ field. Such an
value (42 kHz), only 40% DQF efficiency is realized. In part intentional reduction of rf field is particularly well tolerated for
this is due to a distribution of rf fields over the sample. Also, & tWO-Spin systert? when the carrier is centered between the
crystallites with small effective dipolar couplings (due to the resonances, for the aforementioned reasons.

; ; Figure 5 demonstrates broadband DQ excitation under the
sin 28pr dependence) may be fully quenched by the chemical ) !
shift, resulting in little or no DQ coherence produced in those CMR7 sequence. With &C rf field of 42 kHz, 50% or better

crystallites. DQF efficiency (3 dB below the theoretical maximum) is

Finally, and perhaps of greatest significance, the heteronuclearc’bserVeOI over a bandW|df[h &f10.5 kHz; in contrast, t.h? cr .
decoupling dynamics exhibit strong dependence on mismatch S€duence behaves selectively. Both sequences exhibit a slight
of H and 13C rf field amplitude®6364 This effect causes frequency offset from zero chemical shift due to an asymmetric

essentially irreversible loss &#C coherences into thi bath, ph_ase transient ?ffeCt’ which qancels a portion of the chemi_cal
as illustrated in Figure 4. For the case of rotor-synchronized S.h'ft due to rotation error. Th's effect is more p.ro.nounced n
pulses, mismatch of the rf field amplitudes by a factor of 3 high Q probes and h]gher i field strengths, and similar behawor'
greatly reduces the depolarization effect due to interference has besen observed in frequency-selective heteronuclear experi-
between the two rf fields. Although the theoretical approxima- ments?® Probe overCOL_Jphng"andlor opt|m|zat|on_of the_ carrier
tion of 7 pulses is not directly applicable to windowless mixing frequgncy are e§_sent|al only for C7, wh.e.re slight dlfferences
sequences due to the time scaleldf-1H interactions we from ideal conditions can lead to nontrivial DQF efficiency

find experimentally that the DQF filtration efficiency for CMR7 Iosst_es_. lHOV\t/_ev_er,t_the _bandW|dth of CMR? implies that such
rapidly increases as a function ¥4 field until the factor of 3 emlvﬁ"rl'fa _OpDImIE? ion 1s ltJnnelf_ﬁss?ry. A ing that th
is achieved (atv125 kHz), at which point the rate of increase ultispin Double-Quantum Filtration. - Assuming that the

reduces substantially. This suggests that, in cases whergWo-spin DQ Hamiltonian is created over the CMR7 cycle with

decoupling fields are hardware-limited, substantial increases in minimal depepdpnce on chemica}l shift, additional sp!n; can be
DQF efficiency may be achieved by decreasing the MAS c_ons_udered within the approximation that each two-spin interac-
spinning rate @) or implementing sequences that require a tion is recoupled according to the zeroth-order theory. Multispin

e Frequency Offset (kHz)

Figure 5. Bandwidth comparison fo*C DQF of U+3C *N-glycine
(diluted to 10% with natural abundance material). Th¢ CW
decoupling field during mixing is 160 kHz. Otherwise, experimental
conditions are identical to those in Figure 4. Thaxis is normalized

to the CP-MAS signal intensity (with/2 pulses) at the corresponding
frequency offset.

lower multiple of wy:w,.56 (65) Rienstra, C. M.; Bennett, A. E.; Sun, B.-Q.; Griffin, R. G. Manuscript
in preparation.
(63) Ishii, Y.; Ashida, J.; Terao, TChem. Phys. Lettl995 246, 439 (66) Hohwy, M. H.; Rienstra, C. M.; Jaroniec, C. P.; Griffin, R. G.
445. Manuscript in preparation.

(64) Bennett, A. E. Ph.D. Thesis, Massachusetts Institute of Technology,  (67) Burum, D. P.; Linder, M.; Ernst, R. R. Magn. Reson1981, 43,
1995. 463-471.
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(a) In the four-spin system of WC-Thr, the corresponding
B behavior is observed at short mixing time. With 38-DQ
excitation, the relative integrated intensities (from left to right
in the spectra shown) fap, 3, a, andy are 25%, 42%, 37%,
and 23%, respectively. Here the intensity ratio of 1:2:2:1 is
approximately correct. At longer mixing time (76& DQ
excitation), the outer spins increase in intensityt¢ 43%,y
to 33%), while the inner spins remain almost constghi(
L 41%,0 at 37%). We have explored this behavior in larger spin
. 7 systems as wgll, where the effects are quglitatively similar.
L B S LA S e e e Experiments with larger 33C-labeled amino acids and peptides
200 150 100 50 0 suggest that it is possible to achieve DQF efficiencies of at least
C Chemical Shift (ppm) 40—45% for spins within a continuous chain and slightly less
(b) for spins at or near the end of chains. In general, the optimal
v total mixing time for DQF in multispi°C systems is slightly
less (~0.8—1.0 ms total excitation and reconversion time) than
o that in the two-spin case (1.3 ms). Atlonger mixing times<{1.2
1.5 ms), the total polarization is distributed to the ends of the
Reference| © chain more evenly, although the total integrated intensity
768 us decreases rapidly. This signal loss may be due to the creation
384 us LU of higher order (8-quantum) coherences, which show greater

U-1SC,15N-AIanine

Reference
580 us
290 us

U-130,15N-Threonine

sensitivity to experimental imperfections such as phase tran-
sients, calibration errors, and amplitude imbalances among non-
orthogonal transmitter phases. Because total coherence order
200 150 100 0 0 is not conserved, in contrast to the analogous ZQ experirfignts,
8¢ Chemical Shift (ppm) not all polarization is reconverted to observable coherence for

Figure 6. Experimental DQF spectra for multispin systems. In both detection, and ca_mcellatlo_n 'T‘ay oqcur during reconversm_n of
cases, the rf carrier frequency is placed at approximately 100 ppm, PQ coherences in a multispin environment. These consider-
and the DQ excitation time is annotated for comparison with the ations suggest that, in the present context, shorter mixing times
reference spectrum. The reference spectra are scaled to correct fo@re most appropriate for DQF experiments in multispin systems.
natural abundance background signal. (a}*C-Ala spectra were Two-Dimensional 133C—13C Chemical Shift Correlation
acquired at 317.4-MH2H frequency, with 6.896-kHz5 Hz) MAS Spectroscopy. Several sequences, including RFERMELO-

rate. CW 'H decoupling (135 kHz) was used during the mixing pRAMA, 3449 DRAWS35-37 and RIL7%7! have been applied
period, and TPPM (100 kHz, 4/8/15) during acquisition. (b) UC- to 13C—13C chemical shift correlation spectroscopy. Although
Thr spectra were acquired at 397.8-MF#d frequency, with 5.952- 0 | oyer three sequences also offer dipolar recoupling which

kHz (&5 Hz) MAS rate and 115-kHz CWH decoupling during S itive to chemical shift and tol t of rf th
mixing. TPPM decoupling (80 kHz, 5,8s/15) was used during the IS Insensitive 1o chemical shilt and tolerant ot 1t errors, ne

acquisition period. Short-time behavior can be approximated by the CMR7 DQ mixing scheme does so with significant improve-
excitation and reconversion of DQ coherence between neighboring spinMent in theoretical cross-peak intensity. With 73% polariza-
pairs. Longer filtering times result in more even distribution of tion transfer, the ratio of cross-peak to diagonal intensity
polarization. would be expected to be almost 3:1, and in two-spin cases
such as USC,15N-Gly, we have observed better than 2:1 rela-
tive intensities in 2D spectra (not shown). However, as
demonstrated in the three- and four-spin DQF experiments
above, the full theoretical DQF efficiency is not realized in

o
~

A J

numerical simulations indicate that orientation-dependent effects
in multispin chains may be observaldf® However, in the
present context, we are primarily concerned with the efficient

excitation of DQ coherence for purpose of DQF experiments, multispin systems, and similar behavior is observed in correla-

with the intent of removing naturallabundgnce backgrqund N tion spectra with respect to cross-peak intensities. Nevertheless,

cases where labeled clusters of spins are inserted within larger, many cases, cross-peak intensities exceed the diagonal peaks,

mol_ecules. . . and in favorable instances the ratio of intensities is greater than
Figure 6 demonstrates the three- and four-spin cases in the,.; o onin the multispin limit

U-13C-labeled amino acids Ala and Thr. At short times, : : )
olarization is shared almost equally between each spin in the Although 2D correlation spectra can be implemented with
P DQF 8 there are several advantages to constant DQ phase

DQ state. With 29Q¢s DQ excitation, the integrated intensities < : . . .
of w-, a-, andpB-13C signals of Ala (normalized to the reference mixing. In either implementation, cross-peaks arise only from
P pairs of13C spins. However, with the filter, half of the selected

0, 0, 0, 1 -
spectrum) are 22%, 43%, and 27%, respectively. The ap DQ coherence is reconverted to the diagonal peak (in the two-

proximate 1:2:1 ratio is the result of equal distribution between in case). For many applications, this diagonal peak intensit
spin pairs at short time, neglecting higher order coherences and>? ) Y app ' 9 P y

weak couplings (€.gw t0 8). The significant CSA of the»-13C provides little additional information and may obscure cross-
signal causes a slight reduction of intensity relative tofhe peaks near the diagonal, in particular when cross-peaks have

However, this asymmetry is reduced upon longer mixing, due the same sign (as is t.he case for the standard DQF 2[.) im-
" . . plementation). In addition, we have observed that multiple-

to the additional compensation for higher order CSA effects bond cross-peaks appear with greater relative intensity without

provided by the CMR7 supercycle. At 583 DQ excitation, P pp 9 y

the intensities of 30%, 57%, and 34% correspond to higher total  (69) Bruschweiler, R.; Emst, R. R. Magn. Reson1997, 124, 122—

efficiency, and the 1:2:1 ratio is still approximately correct.  126.

(70) Baldus, M.; Tomaselli, M.; Meier, B. H.; Ernst, R. Rhem. Phys.
(68) Geen, H.; Gottwald, J.; Graf, R.; Schnell, |.; Spiess, H. W.; Titman, Lett. 1994 230, 329-336.

J. T.J. Magn. Resonl997, 125 224-227. (71) Baldus, M.; Meier, B. HJ. Magn. Resonl1997, 128 172-193.
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Table 2. Chemical Shifts for USC-Erythromycin A Assigned via shift difference. However, an additional important consideration

the 2D CMR7'C—1C Correlation Spectrufn is the improved contrast and dynamic range implied by the DQ
chemical chemical transfer. A minority of the total polarization remains on the
position shift (ppm) position shift (ppm) diagonal, and so this uninformative part of the spectrum is de-
9 221.0 1 176.1 emphasized; also because the diagonal and cross-peak differ in
1 176.1 2 44.8 sign, a sharp delineation is observed between the two. Cancel-
r 102.7 3 79.4 lation of cross-peaks due to degeneracies of opposite sign are
é gg'i ‘é 23% not significant in this spectrum, although partial cancellation
3 79.4 6 73.8 can lead to slight distortions of the line shape and uncertainties
4" 785 7 38.7 in chemical shift (in the absence of explicit line shape simula-
13 76.7 8 45.3 tions). Note that, in one case (C® C-5), a two-bond DQ
12 74.3 9 221.0 transfer of resonances of small chemical shift difference provides
g,, ;g’-z’ i(lJ gg-i a line shape similar to that observed under ZQ transfer. This
o 711 12 743 is manifested as a broadening of the diagonal that is often
11 68.4 13 76.7 experimentally indistinguishable from the line shape asym-
5 68.2 14 21.6 metries that arise due to uneven initial polarization and nonideal
3 65.5 15 10.6 IH decoupling condition?
= 653 16 5.7 An additional advantage of the DQ mixing scheme lies in
8 49.2 17 9.6 . e g
8 453 18 26.2 the identification of two-bond cross-peaks (e.g., from'GQel
2 44.8 19 17.9 C-3 and C-1 to C-3"); these peaks are valuable for confirming
4 39.2 20 12.1 the assignment in the congested hexose region and are unam-
7 38.7 21 16.5 biguously distinguished from one-bond transfers due to the sign
13,, 3?5772 % 1%-; difference. Significant polarization transfer through weaker
@ 589 3 655 couplings (e.g., the 500-Hz two-bond couplings of C-3 to'C-1
18 26.2 A 28.9 C-5to C-1, C-3 to C-7 and C-8, etc.) is not observed when
14 21.6 5 68.2 multistep transfer pathways through strong2t-2.2 kHz)
7" 21.6 6 21.3 couplings exist34647 However, in one case, where a strong-
6 213 r 95.8 coupling pathway is not available, direct transfer through a 500-
lg 115;'99 i, ?gz Hz coupling is observed (C“3o C-8'). The intensity of this
21 165 2z 785 cross-peak is substantially weaker than many of those that arise
16 15.7 T 65.3 due to two-step transfers (e.g., Ctd C-3, C-1' to C-3', C-3
20 12.1 6 18.9 to C-16, C-5to C-17, etc.), but the direct transfer is unambiguous
ig 1g-g g ié-g due to the sign of the cross-peak. Only the 'Caid C-8

resonances are not assigned from the 2D spectrum, due to
apeaks are referenced to thé%g-resonance of glycine at 43.5 ppm. motional averaging of the C-3to C-7 and C-3 to C-8

Digital resolution is 0.25 ppm. (The @nd 8 signals are not observed  couplings®®-82

in the correlation spectrum, due to motional averaging of the dimeth-

ylamino group at room temperatute??

Conclusions

the DQ filter. Filtration does, of course, scale the natural abun-  We have demonstrated that the theoretical advantages of the
dance background signal and, therefore, may be of use forC7 sequence of Lee et &lmay be applied in a more ex-
applications to spin labels within larger molecules, despite the perimentally robust manner. By refocusing the dominant error
fact that sensitivity in the information-rich cross-peak region is terms due to chemical shifts and rf errors, a DQ dipolar
reduced. Yet, for smaller molecules, the constant phase DQHamiltonian can be created under MAS conditions with high

mixing provides superior spectra in our experience. efficiency over a bandwidth of approximatelyl0 kHz. This
Anillustrative example of these effects and the improvement allows for potential applications of CMR7 up té1 frequen-
in resolution observed upon extending to a secdd@a:hemical cies of at least 400 MHz in multispin systems experiencing a

shift dimension is provided by the 2D correlation spectrum of large range of chemical shifts, both isotropic and anistropic.
U-13C-labeled erythromycin A (Figure 7). Erythromycin A is The ability to excite and filter DQ coherence with high
a macrohde a_nt|b|ot|c that inhibits protein synthesis by_blndlng (72) Barber, J.: Gyi. J. 1~ Morris, G. A Pye. D. A Sutherland, JJK.
to bacterial rlbosomgs. A number_ of struqtural studies have chem. Soc., Chem. Commu29Q 15, 1040-1041.
been performed on this molecule using solution-state KAVIR (73) Barber, J.; Gyi, J. |.; Lian, L.; Morris, G. A.; Pye, D. A,; Sutherland,
and X-ray crystallographi®#! The erythromyciaribosome  J- K7- i'é:;r%g]r' %0.055 Fi’e‘;k'ln.Tlgags-éE% Jgr’]élriszc:)lfgéhem Commun
complex exhibits a solid-state NMR spectrum even in solution 195(91 )18 1245’%15523_" <l Ye B AL : N : )
and motivates the solid-state studies of free erythromycin A.  (75) Cane, D. E.; Hasler, H.; Taylor, P. B.; Liang, T.-Cetrahedron
Th rum shown in Figure 7b allows the unambi 1983 39, 3449-3455.

. e spectrum sho gu e. b allows .t e unambiguous (76) Pye, D. A.; Gyi, J. |.; Barber, J. Chem. Soc., Chem. Commun.
assignment of all resonances which have directly borided 199Q 17, 1143-1145.
neighbors and represents an important first step for future (77) Everett, J. R.; Tyler, J. WI. Chem. Soc., Perkin Trans.1®87,
structural studies. Of particular utility are the regions of cross- 16?%)1867- T3 Egan. R. Setrahedron Lett1969 5, 387-390

H H erun, I. J.; Egan, R. setranedron Le s — .
peaks n?ar the diagonal ,(685 ppm), Corr,eSp,ondl,ng to the (79) Kubo, A.; McDowell, C. AJ. Chem. Soc., Faraday Trans1988
hexose rings where chemical shift dispersion is minimal. The g4 3713-3730.
resolution in this region is significantly better than that observed  (80) Sun, B-hQ.; Rienstra, C. M.; Costa, P. R.; Williamson, J. R.; Griffin,
; i _dri ; R. G.J. Am. Chem. S0od.997, 119, 8540-8546.

W.Ith Z_Q7gn|xmg methﬁds’ such as RFE.R .aHd dnve.n spin (81) Stephenson, G. A.; Stowell, J. G.; Toma, P. H.; Pfeiffer, R. R.;
diffusion (data not shown). In part, this is due to improved pyr, 'S R.J. Pharm. Sci1997, 86, 1239-1244.

polarization transfer efficiency between spins of small chemical  (82) McGeorge, G. Private communication, 1998.
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Figure 7. (a) Chemical structure and (b) 2BC—*3C chemical shift correlation spectrum of ‘8c-erythromycin A, which consists of a 14-

member lactone ring with desosamine (labeled prime) and cladinose (labeled double prime) sugar substituents. Experimental conditions for DQ
mixing are the same as in Figure 3, with the following exceptions: (1) MAS rate is 8.00kBH{); (2) mixing time is 1.0 ms; and (3) rotor

volume is fully utilized with~30—35 mg of sample; and (4) the phase of the DQ Hamiltonian is constant throughout the mixing period. Two-
dimensional data processing includes sine bell and exponential apodization functions in each dimension. Ten contour levels are logarithmically
spaced over the range of 19400% of maximum peak amplitude (positive in blue, negative in red). The diagonal peaks are numbered and cross-
peaks labeled with a color-coded scheme as follows: black for the macrocyclic ring, magenta for the desosamine, and green for the cladinose.

efficiency in such multispin systems facilitates the use of mixing), is a valuable tool in the assignment process in cases
U-13C-labeled molecules within a large natural abundance such as erythromycin A, where multiple degeneracies exist in
background. In addition, correlation spectroscopy of similar the 1D3C spectrum and one-bond correlations alone are not
systems permits more expedient and cost-effective determinationsufficient to make unambiguous assignments.
of chemical shifts and allows the unambiguous assignment of  Beyond the assignment and filtering applications, extensions
spin labels. of dipole—dipole correlation experiments are possible with the
The 2D B*C—13C correlation spectrum of erythromycin A CMR7 sequence. By incorporating a third dimension of het-
provides a vivid example of the enhanced resolution by ex- eronuclear dipolar evolution (e.gH—13C or13C—15N) into the
tension to a second chemical shift dimension. Although other chemical shift correlation experiment, each correlated pair in
DQ3435:37498%nd/or Z(@82970.718tecoupling methods may also  the 2D 13C—13C spectrum may be constrained with respect to
produce correlation spectra of high quality, the improved cross- the relative orientation of the attach&d or 15N spins. Such
peak intensities observed with the CMR7 method are a an experimen[ could constrain seveldl—13C—13C—1H78 or
significant advantage in larger spin systems, where sensitivity 15 —13c—13C—15N9.12 torsion angles in a single experiment.
is problematic. In addition, the alternation of cross-peak inten- Finally, we note that the compensation scheme presented here
sities from negative to positive, etc. (characteristic of DQ is generélly applicable and does not perturb the symmetry
(83) Boender, G. J.; Raap, J.; Prytulla, S.; Oschkinat, H.; de Groot, H. inherent to @ sequences, where each unit has time-reflection
J. M. Chem. Phys. Lettl995 237, 502—508. symmetry and the overall sequence is organized according to
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the coherence order desired. (This, in general, is not true ina postdoctoral fellowship for M.E.H. L.J.M. is an American
sequences that superimposgeor /2 pulses over the basic  Cancer Society Postdoctoral Fellow, and C.M.R. is a Howard
unit.) Therefore, we anticipate that similar compensation Hughes Medical Institute Predoctoral Fellow. Insightful dis-
schemes will facilitate applications with other types of window-  cussions with John D. Gross and Dr. Marc A. Baldus are appre-
less mixing sequences. ciated, as are the critical reading of the manuscript by Prof.
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