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A technique for obtaining dipolar-mediated INADEQUATE experiment is potentially useful for structure deter-

NMR spectra with a large spectral window in the double-quantum
dimension is presented. Using the dipolar recoupling sequence C7
to excite the double-quantum coherence under magic-angle spin-
ning, the technique involves incrementing the evolution period in
synchrony with the phase of the radiofrequency pulses in the C7
sequence. The technique is demonstrated on a uniformly *3C-
labeled amino acid and an extensively *C-labeled protein to
identify *C connectivity patterns for spectral assignment. e 1999
Academic Press
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mination. Furthermore, it can be used in place of the scala
coupling-mediated version for resonance assignments in solic
Due to its strong distance dependence, the dipolar couplir
between directly bonded®C spins is more than five times
stronger than the two-bond couplings and other long-rang
couplings. Therefore, at short mixing times the dipolar INADE-
QUATE experiment is as valid as the scalar version for resc
nance assignment. In addition, the dipolar interaction allow
faster excitation of the DQ coherence, thereby redudipg
induced signal losses. Such a dipolar-mediated solid-state «

signment approach has been shown recently ifPNe13C
heteronuclear correlation experime8). When applying di-
Recently, solid-state homonuclear double-quantum NMR spgwlar INADEQUATE spectroscopy to unoriented solids,
troscopy has been increasingly employed to obtain spectral @lsemical site resolution must be achieved by magic-angl
signment, torsion angles, and distances in biological sdlidg( spinning (MAS). However, since MAS also averages out th
synthetic polymers 8), inorganic glasses9(10, and zeolites dipolar interaction, which drives the DQ excitation and recon
(11, 19. The utilization of double-quantum (DQ) coherence sugrersion, special radiofrequency (RF) pulse sequences must
presses signals from isolated spins so that the spectrum is simgiplied to reintroduce the dipolar coupling. Many such homo
fied to contain only signals from spin pairs3f. The DQ coher- nuclear dipolar recoupling sequences are now availdatfle- (
ence can be exploited in various ways in the experimental desig).
(14, 15. In two-dimensional INADEQUATE spectroscop¥6), One feature of the INADEQUATE experiment is that the
homonuclear DQ coherence is excited before the evolution peridighension intrinsically has a large spectral range since it re
(ty and is then reconverted to observable, single-quantum, colfigets the sum chemical shifts of pairs of coupled spins. Fc
ence for detectiort). This gives rise to 2D spectra in which thepolypeptides, thé*C DQ spectral range is at least 250 ppm,
indirect dimension ¢,) exhibits the sum chemical shift of theconsidering that DQ coherence between aromatic carbor
coupled spins that survive the double-quantum filter and is cevhich resonate at about 110 ppm downfield from the center
related with the isotropic chemical shifts of the individual spins ithe aliphatic region, can occur easily (while carbonyl—carbony
the direct dimensionef,). Compared to single-quantum correlacouplings are weak enough to be ignored). Although dhe
tion spectroscopy, which gives rise to spectra with both diagorsgdectral width may be reduced by a factor of two using delaye
and off-diagonal peaks, the double-quantum spectra have #uguisition or foldover correctioriig, 25, 2, folding crowds
distinct advantage that coupled spins with small chemical shifte spectrum and complicates the interpretation of the conne
differences can be observed clearly without interference fratimity patterns for complex biological macromolecules. To ob-
diagonal peaks. tain an INADEQUATE spectrum with a large, unfoldeg|
The double-quantum coherence can be excited by either thielth on a static solid or a solution sample, one can simpl
dipolar coupling or the scalar coupling between the two spinsake thet, dwell time small. However, to carry out a MAS-
The scalar-coupling-mediated INADEQUATE experiment watNADEQUATE experiment involving dipolar recoupling se-
demonstrated originally in solutiond®) and more recently quences, an additional requirement often arises: the recoupli
alsoin solids £, 17). Since the dipolar coupling permits spatiapulses must be synchronized with the sample rotation. This c:
proximity to be probed, a dipolar-mediated INADEQUATESeverely restrict the choice of thedwell times. For example,
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when using the C7 sequenc23| to excite and reconvert the ()
DQ coherence, the reconversion pulses normally must star
integer multiples of the rotor cycle after the end of the excit:
tion period to maintain correspondence with the rotor pha permuted ﬂ»[{:mlcepzp%lcmk%]c% Cyol
(27). This would require a minimurty, dwell time of one rotor T T

cycle. At currently feasible RF field strengths and spinnin
speeds, one rotor cycle is usually much larger than the dw
times required for a sufficiently widé*C double-quantum (b)
spectrum, as we discuss in more detail below. In a previo 1H cP dipolar decoupling
demonstration of the dipolar INADEQUATE experiment in:

corporating C7 15), this problem was circumvented fortu-

original  [Cou[Cor[Coo]Cas[CoCoc]Coe

0 T 2T,

itously becausé'P signals with a small chemical shift disper- 43 [ e H=mvc 'h to
sion were detected. cp || [[[[T] |—>W A\ AAA
In this article, we show a phase-permuted version of tl <+—Texc —> «— Trec—> |V

o'rlglnal C7 sequence which permljts the measuremefi@f FIG. 1. (a) The original C7 sequence and its equivalent, phase-permute
dipolar INADEQUATE spectra with a large DQ spectralersion used to acquire a dipolar INADEQUATE spectrum with a large
width in the w,; dimension. We chose C7 as our dipolatiouble-quantum width. (b) Pulse sequence for the dipolar INADEQUATE
recoupling sequence since it offers one of the highest Deperiment incorporating C7 for homonuclelardipolar recoupling under MAS

excitation efficiencies available so far. Our discussion bAfter cross-polarization, double-quantuffC—°C coherence is excited by a

low uses much of the original formalism of the C7 sequen train of C7 pulses. It evolves under the sum chemical shifts before bein
9 q (t;gconverted into observable single-quantum magnetization for detection. Tl

(23). Briefly, C7 is a train of continuous sevenfold phasescitation and reconversion periods consist of an integer multiple of seve
switched RF pulse cycles whose field strength fulfills thigasic C7 unitsse, = Tec = N7 (N = 7, 14,- - ). The evolution time, is
condition w; = 7w, to achieve dipolar recoupling. Due tochosen to benr, (m = 0, 1,--); thus thet, dwell time is equal to the
the weak orientation dependence of its average Hamiltonidyration of one C7 unitr.. The phases of the reconversion pulses are shiftec
C7 and its variants2g, 29 have high recoupling efficien- as described in the text to maintain synchrony with the rotor phase.
cies and are thus ideal for DQ excitation and reconversion in
the INADEQUATE experiment. In a DQ experiment, the C7
reconversion block not only changes its overall phase relBhe dependence of the averaged frequency on the rotor orie
tive to that of the excitation block in order to select the D@ation is reflected in the timé® when the C7 sequence is
coherence, but also continues the sevenfold phase switchimigated. To emphasize this time dependence, we include ¢
from the end of the excitation period. The latter is a maniime-independent terms iA(Qpg), Where Qpg is the set of
festation of the central requirement of the C7 sequendguler angles describing the relative orientation of the principal
which is thatthe sevenfold RF phase shifts must remaiaxis frame of the interaction tensor and a rotor-fixed frame.
synchronous with the sample rotatiofihis requirement is A large w, width in the dipolar INADEQUATE experiment is
reflected in the average Hamiltonian of a basic C7 unigerived by inserting an evolution period that matches the duratic
expressed in the interaction frame of the RF field, of one (or integer multiples of one) C7 unif, = 7, = 2r./7,
between the double-quantum excitation and reconversion periot
HO = > > @2um(Qer ) X explig2m— w)TL.  [1] which are chosen to comprise an integer multiple of seven bas
Q Auim Cc7 umts,Cd,p. If, instead of continuing the RF phase from the enc
of the excitation period to the beginning of the reconversior
. . eriod, we shift the phase of the latter hyp = 27/7 (or integer
The symbols have the same meanings as defined p|n . . pnas » w7 ( neg
. . multiples of this value) (Fig. 1a), then the average Hamiltonian fo
Ref. 23). For the present discussion, the relevant parameters ) S X L
. - e reconversion block is identical to that of the excitation block
are the pulse phase of tipgh C7 unit, ¢, = 2mp/7, and the . ) ) _
time-averaged anisotropic frequend®, (o t°) This can be proved as follows. It is obvious from Fig. 1a that the
pIMAEPR = S first six C7 units in the phase-permuted and time-shifted C
sequence have the same average Hamiltorfif¥sas before,
B . 1 (= . since neither the timing of the pulsef)(relative to the rotor
OLum(Qeg, 1) = S ®Fum(Qer, 10, T)dT period nor the phaseg) of the pulses have changed. For the las
0 C7 unit, the pulse phase has returned to the initial véjye O of
the original sequence, while the pulse cycle occurs exactly or
= A(QpD) Ao —Bre(7)) rot%r period after the first C7 ur@,, of the orlglnal sequence, due
tot” = t; + 61, = 71, = 7. Thus the amplitude of the average
Hamiltonian during this last C7 unit is identical to that@f, in
X explimo (7 + t%)dr. [2] the original sequence,

0



88 MEI HONG

(a) (b)

=z

—

K
-2
=

AN -
n | N
; 100 -
i o 100
: £ . L~
i -8 . ) £
: L - &
. 3 —_—
| | 3
5 L 200
j ¢ I Y . 8 *200
I 9, . ® I
I T T T T I T T T T T 'l' T T T T l T T T T I
200 100 0 200 100 0
w2 (ppm) o2 (ppm)

FIG. 2. (a) Two-dimensionat®C dipolar INADEQUATE spectra of uniformly°C-labeled glutamine. Dashed lines indicate the connectivities, and Gree
letters represent the spectral assignment. The expected tilted diagonal across the center of each pair of double-quantum signals is showimasThdotte
projections of positive and negative signals along each dimension are also shown. The spectrum was acquired with a double-quantum excit@8&n6ime
us (=27,) and at, dwell time of 40.8us. A total of 160 complex, points were acquired. The total acquisition time, which was limited by the length of th
phase cycle (32 steps), was 8.5 h. Y&} INADEQUATE spectrum of the same sample acquired without the synchronous phase switching of the C7 puls
the DQ reconversion block. Otherwise, the conditions were the same as those in (a). The dashed rectangle in the upper right corner of the spéesrum
the negative peaks observed. Note the inequality between the DQ frequencieswipdimension and the sum of the single-quantum frequencies imjhe
dimension. The chemical shift scale along theaxis was made arbitrarily to represent the samg, (Cy) sum chemical shift as that in the correct spectrum
of (a).

7o having at; dwell time small enough to ensure a largg
DL m(Qpr, 0= 1) = A(Qpp) f do(—Bre(7)) spectral width. The pulse sequence of this dipolar INADE.
0 QUATE experiment is shown in Fig. 1b.

This dipolar INADEQUATE experiment is demonstrated on

a uniformly °C- and**N-labeled sample of glutamine (Cam-

= 0%,im(Qpr t° = 0). [3] bridge Isotope Laboratories, Andover, MA). The experimen

was carried out on a Bruker DSX-300 spectrometer using

Combined, the zeroth-order average Hamiltonian of the péfiple-resonance MAS probe equipped with a 4-mm spinnin;
muted C7 sequence is identical to that of the original sequeribedule. Phase-sensitive chemical shift spectra indhedi-
mension were acquired in the hypercomplex man8eéy. (This

_ _ _ involves changing the phases of the DQ reconversion pulses
HE(0) + HY (7o) + - - -+ H (670 45° between the cosine and the sine data $dfs The sample

=HO(t; = 1) + - - -HO(67) + HY(7,). [4] was spun at 7 kHz, requiring a C7 RF field strength of 49 kHz

According to the above discussions, these conditions col

Therefore, to carry out a 2D INADEQUATE experiment, wetrained the; dwell time tor, = 40.8 us. This corresponds to
simply need to increment with a step ofr, = 27,/7, and shift @ DQ spectral width of 325 ppm. Figure 2a displays the
the overall phase of the reconversion pulses\ly= 27/7 for properly acquired"*C dipolar INADEQUATE spectrum of
successive, values. The durations of the excitation and reglutamine. Only 90% of the, window is shown. Four pairs of
conversion periods must be integer multiples of the rot®Q cross peaks in they; dimension are observed for the
period. In this way, we maintain the phase correspondengi®-carbon molecule. The tilted “diagonal” with slope 2, char-
between the DQ excitation and reconversion blocks while stitteristic of INADEQUATE spectra, is found by connecting

X exp(imo(7 + 7.))dr
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the midpoint of the two signals in each cross section. The twoThis large-spectral-width dipolar INADEQUATE experi-
carbonyl resonances are assigned based on their connectivitiesit is practically limited to spinning speeds between abol
with the aliphatic carbons. The upfield carbonyl is coupled #000 and 8000 Hz. According to the C7 resonance conditio
the well-resolved @ signal (which is assigned based on thand the phase permutation scheme discussed here, these s
chemical shift alone); thus it results from C1. This makes threng speeds would yielt; dwell times between 71.4 and 35.7
downfield carbonyl carbon the sidechaid,Gvhose aliphatic ws, which correspond to DQ spectral widths from 14 to 2¢
coupling partner must then be assigned ta Cy is in turn  kHz. The upper limit is sufficient for*C spectroscopy on
coupled to @, the most upfield resonance of all, which exspectrometers up to 100 MHZC Larmor frequency, while the
hibits a coupling to @. In the spectrum, couplings betweerower limit is insufficient for a DQ spectrum except fofC
nondirectly bonded carbons are suppressed due to the sharmor frequencies below 50 MHz. Higher spinning speed
MiXing time (Teyc = Trec = 285.6 us) used to excite the DQ (>8 kHz) would require correspondingly higher RF fields
coherence. In addition to the isotropic peaks, the spectrum a{seb6 kHz) on the**C channel, which would induce signal loss
exhibits weak spinning sidebands in both dimensions. due to CP leakage to protons under the typftaldecoupling

It is clear from the above discussion that if the C7 recorfields accessible today<(100 kHz).
version pulses always start with the same phase at the épd of In conclusion, we have shown that high-resolut/dg di-
then the average Hamiltonidny, H((t® = t; + p7.) of the polar INADEQUATE spectroscopy can be used to assign th
reconversion period differs from that of the excitation periotfC spectra of unorientetfC-labeled solids. The dipolar-based
2p F|§,°)(t° = pt.). To show that the pulse-synchronized polarization transfer can be achieved with the recoupling se
incrementation and the rotor-synchronized phase switching agence C7 or its variants. The INADEQUATE spectrum has
indeed both necessary for the success of this dipolar INADErge unfolded DQ spectral width while maintaining rotor
QUATE experiment, we performed an alternative experimesynchronization of the C7 sequence. This is achieved by ma
without these features for comparison. It was acquired with tireg thet, dwell time equal to the duration of one basic C7 unit
samet, dwell time but without the synchronous phase-switctand shifting the phase of the reconversion pulses correspon
ing scheme in the reconversion block. The resulting spectrungly forward. This large-double-quantum spectral-width dipo-
(Fig. 2b) exhibits several remarkable features. First, the batic INADEQUATE experiment, with the principal of rotor-
coupling pattern is correctly manifested. There are no dispsynchronized,- and RF-phase incrementation, can be equall:
sive intensities or spurious sidebands, which might be expecteztformed using other DQ dipolar recoupling sequences sut
for such a time-sensitive pulse sequence. However, the @s MELODRAMA (22).
phatic DQ signals exhibihegativeintensities while the car-
bonyl-aliphatic cross peaks remagositive. In addition, the ACKNOWLEDGMENTS
double-quantum frequency is no longer the sum of the single-
guantum chemical shifts, i.e@{, w,) # (; + Qj* Qi’j)_ This This Wprk was partially supported by the NSF Material_s Research Scienc
means no tilted diagonal exists for the spectrum. In fact, tﬁ_@d En_glneerlng Center. The author thanks K. Schmidt-Rohr for helpfu
chemical shift scale of the, dimension seems to have no’ScUssions:
meaning, and it is not possible to derive the altered spectrum
by folding the correct double-quantum spectrum. These pecu-
liar artifa.CtS m.ay be qua"tative.ly und.erStoqd by ConSiderinq. A. Lesage, C. Auger, S. Caldarelli, and L. Emsley, Determination of
that the insertion of the evolution pe”Od without SUbsequent through-bond carbon-carbon connectivities in solid-state NMR
compensation by the phase of the DQ reconversion pulses iSusing the INADEQUATE experiment, J. Am. Chem. Soc. 119, 7867~
equivalent to imparting an additional modulation factor to the 7868 (1997).
indirectly detected signals. 2. K. Schmidt-Rohr, Torsion angle determination in solid 13C-labeled

To further demonstrate the utility of this large-spectral-width amino acids and peptides by separated-local-field double-quan-
dipolar INADEQUATE experiment, we applied it to a 76- M NMR, J. Am. Chem. Soc. 118, 7601-7603 (1996).
residue protein, ubiquitin\l, = 8565). The sample was ex- 3. X. Feng, P. J. E. Verdegem, Y. K. Lee, D. Sandstrom, M. Eden, P.

. . . Bovee-Geurts, W. J. de Grip, J. Lugtenburg, H. J. M. de Groot, and
3
tenSIVEIy enriched with°C (32’ 33' Over 50 peaks are com- M. H. Levitt, Direct determination of a molecular torsion angle in the

pletely or partially resolved in the spectrum. About half of membrane protein rhodopsin by solid-state NMR, J. Am. Chem.

them can be assigned to the amino acid types based on theSoc. 119, 6853-6857 (1997).

connectivity patterns, thE’C chemical shifts, and the labeling 4. X. Feng, M. Eden, A. Brinkmann, H. Luthman, L. Eriksson, A.

pattern resulting from the biosynthetic expression. The spectral Graslund, O. N. Antzutkin, and M. H. Levitt, Direct determination of

resolution is quite high for a protein of this molecular weight; 2 Peptide torsion angle ¥ by double-quantum solid-state NMR,
; . : . . J. Am. Chem. Soc. 119, 12,006-12,007 (1997).

the peak widths (full width at half maximum) in the, dimen- . .

. <1 m for methvl and carbonvl carbons and.5 5. P. R. Costa, J. D. Gross, M. Hong, and R. G. Griffin, Solid-State
sion are pp y Yy ; ) NMR Measurement of ¥ in Peptides: A NCCN 2Q-Heteronuclear
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