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Quantitative Conformational Measurements in Solid internuclear distances become larger and the dipolar evolution

State NMR by Constant-Time Homonuclear Dipolar periods become correspondingly longer.

Recoupling Here we describe an approach to homonuclear dipolar recou-
pling in solid-state NMR that addresses the above experimental

Andrew E. Bennett, David P. Weliky, and Robert Tycko* problems. We have developed this approach for studies of peptide

backbone conformations, carried out on peptides Withlabels
Laboratory of Chemical Physics, National Institute at two successive backbone carbonyl sites, but the approach is
of Diabetes and Digesié and Kidney Diseases  applicable to any similar problem in which the CSA tensors of
National Institutes of Health  the labeled sites are well characterized. The elements of the
Bethesda, Maryland 20892-0520  approach are as follows: (1) We use the “rf-driven recoupling”
. (RFDR) sequenceo generate a nonzero average dipal@ole
Receied January 20, 1998 coupling under MAS. RFDR has the advantages of being
Solid-state nuclear magnetic resonance (NMR) techniques effective when the CSA is large, insensitive to inhomogeneous
provide structural information at atomic-level detail in complex, broadening of the NMR lines, and extremely sparse, so that effects
disordered, molecular solids. Structural information from solid- f pulse imperfections and signal losses due to insufficient proton
state NMR measurements takes the form of internuclear decoupling are minimized. With XY-32 cycling of thepulses
distanced; 2 dihedral or other angle€ or orientations of chemical ~ in the RFDR trair, the sequence is insensitive to rf inhomoge-
groups® depending on the techniques employed and the nature neities up to roughly=10%. The average dipotedipole coupling
of the sample. Information about internuclear distances and Hamiltonian under RFDR has the foriffys = d(l1+12- + 11-124),
dihedral angles can be obtained from measurements of magnetigvhereli;. is the angular momentum raising operator for spin
dipole—dipole couplings between isotopically labeled nuclei andd is the effective coupling constaht.(2) We incorporate
carried out with magic-angle spinning (MAS) and dipolar RFDR into a double-quantum filtering sequeficeDouble-
recoupling techniquels35 Typically, recoupling techniques yield ~— quantum filtering selects signals from coupled pair§6fnuclei,
dipolar evolution curves that are analyzed by comparison with strongly attenuating natural-abundance signals that would other-
simulations of nuclear spin dynamié$ or with numerical wise partially mask the signals of interest in systems of high
expressions. The precision and accuracy of dipolar recoupling molecular weight. The basic sequence for double-quantum
techniques are often limited by difficulties in measuring such filtering has the form CR..—(RFDR). —90;—90%—(RFDRM—
dipolar evolution curves without damping or distortion from FID, where CP represents cross-polarization from protod¥to
effects that cannot be simulated accurately. This is particularly nuclei, 9Q represents ar/2 pulse with rf phase, (RFDR)
true of homonuclear recoupling techniques (e.g., measurementgepresents an RFDR train lastihgMAS rotor periodstg, and
of 13C—13C or IN—15N couplings), where several factors can FID represents the detection of free-induction-decay signals. FIDs
distort dipolar evolution curves and prevent quantitative com- are recorded witlf = 0°, 90°, 18C°, and 270 and coadded after
parisons of experimental and simulated data: (1) radio frequency multiplication by &¢. (3) We implementonstant-timeversions
(rf) pulse sequences designed to average out chemical shiftof double-quantum filtering by extending the sequence to GP
differences and chemical shift anisotropies (CSA) may not do so (RFDR).~90;—90,—(RFDR)—90:50~ 90— (RFDRN\—FID. For
adequately, especially in high fields; (2) significant rf inhomo- @ pair of spin-1/2 nuclei with couplinglae, the second pair of
geneity may be present, particularly in measurements on biomo-7/2 pulses can be shown to refocus dipolar evolution, in analogy
lecular systems where sensitivity considerations prohibit the uset0 a Hahn spirrecho. In an ideal system, NMR signals from
of small sample volumes; (3) residual couplings to protons may the extended sequence would therefore be the same as signals
be significant even under high-power decoupling, due to the from the sequence GR:—(RFDR).—90;—90%—(RFDRM-n—
difficulty of decoupling protons during a dense rf pulse train on FID. In a real system, the extended sequence allows the total
the nuclei of interest; (4) transverse relaxation processes may berecoupling periodT = (L + M + N)zr to be kept constant

important. These factors become increasingly important as thethroughout an experiment while the effective dipolar evolution
periods are varied by varying, M, andN. The coupled two-
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state 13C NMR measurements on doubly labeled melittin in frozen
glycerol/water solution. The deviatioA (defined in text) between
experimental and simulated data is represented on a gray scale as a
function of theg andy dihedral angles assumed in the simulations. Part

c is the sum of parts a and b. Black regions repregest 10, 2, and 13

in parts a, b, and c, respectively. Contour levels increase in units of 2.
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Figure 1. Experimental (circles) and calculated (crosses) constant-time
dipolar evolution curves for doubRfC-labeled AGG. (a) Constant-time
double-quantum build-up curve, withyax = 64. Build-up time isLzg.

(b) Constant-time double-quantum-filtered dipolar dephasing curve, with
Lo = 32 andMmax = 128. Dephasing time isSN — Mmax See text for
definitions of parameters and experimental conditions. Vertical scales melittin'! in frozen glycerol/water solution (50/50 v/v) at140
are the calculated filtering efficiencies. (c) Solid-state MAS NMR spectra °C, with 250 mM phosphate buffer, pH 7.2, and with 10 mM
of doubly labeled AGG, with and without double-quantum filtering. CuNgEDTA added to reduce the proton spilattice relaxation
Filtered spectrum corresponds to the longest build-up time in part a.  time to 1.5 s. Melittin was synthesized with carbof3Z labels

at Gly-3 and Ala-4. Figure 2 shows plots of the deviatidns
experimental data. No relaxation or damping parameters are used(see below) between experimental and simulated data as functions
The good agreement between experiments and simulationsof the ¢ andy angles assumed in the simulations for the two
indicates the absence of large effects on the dipolar evolution data sets. For the 2D MAS exchange data alone, global and local
curves that cannot be simulated. minima in A occur atp = —73°, ¢ = —55° and¢ = —112,

The AGG sample contained 3% doubly labeled molecules, with = 99°, respectively, surrounded by broad areas of relatively small
13C labels at the carbonyls of Ala-1 and Gly-2, diluted in unlabeled A. For the CTDQFD data alone, ridges of minimumoccur.
AGG:* Experiments were performed at%C NMR frequency  The sum of the two functions (Figure 2c) shows significantly
of 100.8 MHz on a Chemagnetics Infinity-400 spectrometer with reduced areas of minimumy. The global minimum in Figure
a Chemagnetics 6 mm MAS probé3C x pulses in the RFDR 2c occurs atp = —67°, = —50°, in good agreement with the
train (one pulse per two rotor periods) were 135 and were valuesg = —69°, yp = —46° for Ala-4 in melittin crystals!
actively synchronized with the MAS tachometer, TPPM decou-  For Figure 2, 2D MAS exchange experiments and simulations
pling® at 85 kHz was applied between th€ x pulses, andr were performed as previously descrifedhe CTDQFD curve
was 254us. Each data point resulted from 256 FIDs and was was acquired withLy = 32, Mmax = 80, andtgr = 254 Us.
obtained by integrating carbonyl spinning sideband lines in the sjmulations of CTDQFD curves included rf inhomogeneity effects
double-quantum-filtered MAS spectra. Figure 1c shows examples pecause of the large (2460.) sample volume. CSA principal
of filtered and unfiltered spectra. The experimental fllterlng values were determined from Spinning sideband intensdias.

efficiency? atLtg = 16.256 ms [ = 32.512 ms) in Figure lais . : .
. . ! is defined to bes?(0%y/2(n—1)), with n the number of data
0.29. Simulated curves come from numerical calculations of the points (20 for 2D MAS exchange, 5 for CTDQFD, the total

ggaﬂteunrged?/nnj{};ﬁls cf)ifng?eer;vgcrzslri)tlﬂ dse)gSt;:nerlr?ed;L\t/Z? rfr:Jcl)Ilepclﬂlsaer squared deviation between experimental and simulated points, and
q ’ 9 P ; o? the mean squared uncertainty (noise plus simulation error) per

orientations. The time-dependences of dipaléole couplings : : . :
; . . point. At eachg,y pair, the scaling of the simulated data was
?nnodlegglzr:]I%agmserllrﬂsanudngesrAQlﬁiog%r:sciﬁ:glélai%i;uzlrg the adjusted to minimizeA. Variations in A by more than ap-
9 y P proximately one unit are statistically significant. If the experi-

dihedral angleg = 83" andy = 170" for Gly-2 from the AGG mental signal-to-noise were lower, additional measurements, such

crystal structuré? as 5N 2D MAS and recounli
. . pling measurements on douBSly-
CTDQBU and CTDQFD curves obtained with RFDR depend labeled peptides, might be required to distinguish the global

not only on the internuclear distance but also on the orientations .~ : PPN

of the CSA tensors of the labeled sites, i.e., on bothtlaedy minimum in A fro_m local mln_lma n Flgure 2c. .

dihedral angles between the labeled carbonyls in the case of a The constant-ﬂme.recouphng techniques described abovg are
peptide backbone. We have recently developed rotor-s;ynchro-re.lat'wEIy u_ndemandln_g on rf performa_nce and are compatible
nized two-dimensional (2D) MAS exchange spectroscopy for the with h|gh fields and h|gh molecular weights. We expect these
determination of dihedral angles in doubly carbonyl-labeled techniques to be useful in the development and testing of structural
peptides by solid-state NMR. CTDQBU or CTDQFD measure- models for biomolecular and other complex systems.

ments on the same samples provide complementary information.
To investigate this point and the applicability of constant-time
recoupling techniques to larger peptides in noncrystalline environ-
ments, a 2D MAS exchange spectrum and a CTDQFD curve were
acquired for a sumol sample of the 26-residue helical peptide JA980191U
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