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We discuss procedures for processing data in rotor-synchro-
nized two-dimensional magic angle spinning (2D MAS) NMR
exchange measurements for both structural and dynamical stud-
ies. We show, both mathematically and experimentally, that there
are two distinct data processing procedures that lead to 2D MAS
exchange spectra with purely absorptive crosspeaks. One proce-
dure is that described previously by Hagemeyer, Schmidt-Rohr,
and Spiess (HSS). The other procedure is related, but different,
and leads to crosspeak intensities given by the formulae of Herz-
feld, Roberts, and Griffin (HRG). In 2D MAS exchange experi-
ments on doubly “C-labeled r-alanylglycylglycine, we demon-
strate that the HSS and HRG crosspeak intensities can be ex-
tracted separately from the same data set and contain independent
information. Processing and analysis of 2D MAS exchange data
with both the HSS and the HRG procedures may enhance utili-
zation of the information content of 2D MAS exchange measure-
ments.

Key Words: solid state NMR; molecular structure; molecular
dynamics; two-dimensional spectroscopy; magic angle spinning.

INTRODUCTION

polarization between the two nuclei. In studies of molecule
motions, the kinetics can be extracted from the dependence
the spinning sideband crosspeaks on the exchange perioc
while the symmetry can be extracted from the crosspeak i
tensities in the fully exchanged (i.e., lomplimit. In studies of
molecular conformation, the relative orientation of the twc
CSA tensors, which contains structural information if the CS/
tensors have been characterized, can be extracted from
spinning sideband crosspeak intensities in the fully exchang
limit. This structural information is then purely angular in
nature.

As shown originally by Veeman and co-workets 9), it is
essential that the RF pulses in the 2D exchange sequence
synchronized with the MAS sample rotation if crosspeaks al
to arise only when exchange occurs. In an unsynchroniz
experiment, crosspeaks appear even if the CSA tensars in
andt, are identical. As shown originally by Spiess and col
leagues 3, 4), two different types of synchronizationust be
employed in order to obtain 2D MAS exchange spectra wit
purely absorptive crosspeaks. In one data set, which we sh
call data set I,r is required to be an integer multiple of the

Two-dimensional (2D) exchange spectroscopy, combiné@mple rotation period. In the other, which we shall call data
with magic angle spinning (MAS) at moderate or slow speedt I, 7 + t, is required to be an integer multiple of.
has been shown to be a useful technique for investigating slown this paper, we show theoretically and experimentally the

molecular motionsi—6) or molecular conformationg£10 in

there are two different procedures for processing data sets |

solids, including organic molecular solids, @—6, synthetic !, both resulting in purely absorptive spinning sideband cros:
polymers P—4), and biopolymers 7-10. Information about Pe€aks, but with different crosspeak intensities. One processi
molecular motions or conformations is contained in the inteRfocedure is that of Hagemeyer, Schmidt-Rohr, and Spie
sities of crosspeaks in a 2D spectrum that connect spinniigSS) @)- The other leads to crosspeak intensities given by tt
sideband lines arising from two different chemical shieldinfprmulae derived by Herzfeld, Roberts, and Griffin (HRG) ir
anisotropy (CSA) tensors or tensor orientations in the twife context of 2D dipolar/chemical shift correlation experi
spectral dimensions. A simple radiofrequency (RF) pulse d8ents (1). As discussed below, in certain cases it may b
quence for 2D MAS exchange measurements is shown in Fglvantageous to perform both the HSS and the HRG proce
1. In studies of molecular motion&-6), the CSA tensors it, INg procedures on the same data set in order to extract maxin
andt, are associated with the same nucleus, and the chang&fermation from the data.

the CSA tensor between andt, is due to molecular, usually
orientational, motion. In studies of molecular conformations
(7-10, the CSA tensors in, andt, are associated with two
different nuclei that are weakly dipole-coupled, and the changeFollowing earlier treatments of 2D MAS exchange experi
in the CSA tensor betwedn andt, is due to exchange of spinments 2, 3, 4, §, the NMR signals in data set | due to ex-
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90 90 90 tion, Fourier series expansion of time-dependeritinctions,
X o X and integration ovety, the signals can be expressed as
ﬂ 0
// SI+(a! Bv tl! t2)

* * data set |
+ + data set ||

FIG. 1. Simple radiofrequency pulse sequence for 2D MAS exchange
measurements. Arrows indicate time points that coincide with the beginning of
a rotor period. The two types of rotor synchronization considered in this work
are shown. In data set |, the exchange periéggla multiple of the MAS rotor

27
f dy(SX + iSIy)
0

+oo

= E AM,NeXdi(Mthl + N(,!)th + Qltl + taz)]

period. In data set Ilt; + 7 is a multiple of the rotor period. For tHéC NMR M.N=—e

experiments described here, the initial 9Q@ulse is replaced by cross-polar- [4a]
ization from protons and proton decoupling is applied duringtthandt,

periods. S—(al Bl tll tZ)

J dy(slx - iSIy)

change from site 1 to site 2 in a molecule with orientation
specified by Euler angles, 8, andy in the MAS rotor can be

expressed as +o0
= > Bunexd—i(Mwgt; — Nogt, + Qit; — Q,t))]
Sx(a, B, v, ti, 1) = Re fi(y) fi(y — wgty)*e'™4] M=o
X oy + wrty) fo(y)* €' [1a] [4b]
Syla, B, v, ty, tp) = Im[ f1(y) fi(y — wgty)*e'*4] Sis(a, B 1y, 1)

X fo(y + oty fo(y)* e [1b]

27
f dy(Six + iSIIy)
for ¢ = xand¢ = y in Fig. 1. In these expressionq, and 0
), are the isotropic shifts from the RF carrier frequency;in
andt,, wg = 27/7g, and

E BM,NeXdi(Mthl + NthZ + Qltl + taz)]
M,N=—
fly) = exp{i @o [Ada, B)sin 2y — By(a, B)cos 2y [4c]
@R SI—(a! Ba ty, tz)

+ Ck(al B)Sin 'Y - Dk(a! B)COS'Y]}! [2]

J dy(Six — iS”y)
0

whereA(«, B), Bi(a, B), C(a, B), andD («, B) are real

functions of the CSA tensor elements jrandw, is the Larmor +o

frequency 4, 8). [Equation [1] differs from equations in pre- > Auynexg—i(Mwgt; — Nogt, + Qit; — Q,t,)]
vious treatments8) because the pulse sequence for data set | MN= -

in Fig. 1 is assumed to begin at timet,, rather than time 0.

woAdw in Eq. [2] equalsa, in Eq. [2a] of Ref. 8), etc.] The [4d]
NMR signals in data set Il can be expressed as
with
Six(a, B, v, ty, t,) = Re fi(y + wgty) fl('}’)*emm]
X oy + ogt) R(y)*e'™  [3a] Aun = (Fit)* FRGIZ [52]
Sly(aa B, v, ty, tp) = Im[ f,(y + wgty) fl('Y)*eintl] Bun = F(,\,})FNZ)RF\,}'E%\, [5b]
X f5(y + wrty) fo(y)* €22 [3b] 1 (2= _
Fa(a, B = 277J dye ™fi(y) [6a]
As in the earlier treatment8(4, 8§, after pairwise combina- 0
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. 1 2 ) S—IRGf(av B! t11 t2)
Gy(a, )Y = ZWJ dye ™ f;(y) fu(y)* (6] 1
0 = E (SI+ - S—)
Ru(a, B) % = e dye™f(y)*fu(y)* [6c] < - -
N 27 i KA = > Buasin(Mogt; + Qt)exgi(Nogt, + Q,t,)].
0 M,N=—c

[8b]
Further combination of the data according to the HSS proce-
dure yields Processing ofS;rs; and Syre- Yields a 2D spectrum with
crosspeak intensities equal ®,, = (47)"* [§ dB sing
57 daByn(a, B), which correspond to the expressions o
Sussi(a, B, ty, ty) HRG (11). B is also purely real§). In fact, if o; ando, are
the two CSA tensors in a common axis system, than(o,

_ E(S +5,) 0;) = A _yn(—01, 07).
2 = Ayn and By, both depend on the principal values anc
orientations of the CSA tensorstipnandt,, and therefore both
+oo contain dynamical or structural information. An important dis:
= > AunCOIMwgt; + Qt)exd i (Nwgt, + Q,ty)]  tinction between the two forms is that, when the CSA tensor
MN=— identical int, andt, [i.e., fi(y) = fi(y)], dun = 0 forM #

N but %, is generally nonzero. Thus, HSS processing prc
duces crosspeaks only if a true exchange process occl
Suss(a, B, ty, o) whereas HRG processing produces crosspeaks in any event
the experiments described below, the isotropic sHiftsand

), are resolved in the MAS spectra. It is then possible t

[7a]

o (S = Si) measure separately the crosspeaks that result from excha

(calledintersite crosspeaks) and the crosspeaks that are ind

4o pendent of exchange (call@ttrasite crosspeaks). The intersite

= > Aunsin(Mogt; + Qit))exd i (Nogt, + Q,t,)].  crosspeaks contain structural or dynamical information. Fe

M,N=—c both types of data processing, the crosspeak intensities can
[7b] evaluated numerically for any assumed CSA tensots and

t,, using Egs. [2], [5], and [6]. Quantitative comparisons be
tween experimental data and simulations can then be used

. . extract structural or dynamical parameters.
Standard processing & ss. andS,ss (12) yields a 2D spec- . . . .
. . . ; i Signal decays during, andt, due to spin relaxation or
trum in which the intensity of the crosspeak connecting ttHa 9 Y 9 2 P

L : 7 D . . dephasing have been suppressed in the above treatment.
Mth spinning sideband ity with the Nth spinning sideband in course, if signal decays were truly absent, the 2D spectra wol
t,, when averaged over molecular orientationssdgy =

(@m) " [ dB sin B [2° daAyn(e, B). We have previously simply be sums of delta functions and it would only be nec

h thatel. - i | | th K ”essary to acquire data sets | or Il, but not both. In real expe
S OV\Im ba Mt’.N is purely real §), so the crosspeaks are a iments, both data sets are necessary to eliminate dispers
purely absorplive. - L components in the 2D spectr3, 4, 8, 12.

An alternative procedure for combining the data is given by

EXPERIMENTAL AND NUMERICAL METHODS

Sire+(at, B, i, To) A 30-mg polycrystalline sample of the tripeptidealanyl-
1 glycylglycine (AGG), in which 5% of the AGG molecules
=5 (S +5S) were “C-labeled at the carbonyl positions of Ala-1 and Gly-2

was prepared as previously describéd §. 2D MAS ex-
change measurementgL0Q were carried out at &C NMR
frequency of 188.6 MHz, using a Bruker Instruments DMX-
750 spectrometer and a 4-mm Bruker MAS probe. Measur
ments were performed at room temperature. The MAS spe
[8a] waswg/2m = 4.695 kHz. Proton RF amplitudes were 50 kHz

+oo

= > BunCoSMawgt; + Qity)exdi(Nogt, + Qst,)]

MN=—c
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FIG. 2. 2D MAS exchange spectra of doubfC-labeled AGG, processed according to the HSS (a) or the HRG (b) procedure. The regions of the 2D s
that include the labeled carbonyl and natural-abundance carb@xgignals, with spinning sideband orders frer8 to +3, are shown. Arrows indicate examples
of intersite crosspeaks, which result from exchange between the labeled carbonyl carbons of Ala-1 and Gly-2 and connect spinning sidebandgfeféms twc
sites, and intrasite crosspeaks, which are independent of exchange and connect spinning sidebands of a single site. Contour levels increage2tgnfhctc
have the same values in (a) and (b). All lineshapes, including those of diagonal peaks, are absorptive,imtdih.

®C magnetization was prepared by cross-polarization, usingi®S (Fig. 2a) and the HRG (Fig. 2b) procedures. Th
ramped RF amplitude on tH&C channel*C m/2 pulses were principal values of the carbonyiC chemical shift tensors of
5 us in length. The exchange period was 512 ms, sufficient Ala-1 and Gly-2 have previously been determin&d§) to
for complete exchange between the t0-labeled sites. Two be §,,, 8,,, 8:; = 245, 186, 88 ppm and 242, 182, 89 ppm
hundred fifty-sixt, points were acquired, with an increment ofespectively, leading to isotropic chemical shifts of 173 an
25 us and 16 scans per point per data set. The total sign#l1 ppm. Both 2D spectra, which derive from the sam
acquisition time was approximately 14 h. Experimental datfme-domain data, show diagonal peaks for spinning sidk
were processed with the NMRPipe software packd@. ( pand orders from-3 to +3 and crosspeaks that connect the
Crosspeak intensitiesly,, and %,y were evaluated numeri- spinning sideband lines. Intersite crosspeaks, which conne
cally as functions of the dihedral anglésandy that describe the gpinning sideband lines of the two different labeled sites
conformation of AGG at Gly-2, i.e., that determine the relativgpIoear as doublets oriented perpendicular to the diagon:
orientations of the CSA tensors of the two labeled sites. Crosspggkpe 2p spectra. Intrasite crosspeaks, which connect spi
intensities were calculated using trapezoidal quadrature with ﬁ%g sideband lines of a single site, appear as double
equal size subintervals for thergeriodic integrals ovett andy ianted parallel to the diagonal. As predicted above, tt
and composite two-point Gaussian (Gauss—Legendre) quadrafife, qite crosspeaks are prominent in Fig. 2b but are near

with 32 equal size submtervals for tﬁentegrals' over the interval absent in Fig. 2a. The small residual intrasite crosspeaks
[0, 7]. These calculations assume the chemical bond angles an

o : . . ig. 2a result from spin-lattice relaxation ofN nuclei
(.:SA prlnc!pal axis system described prev!ous'lya). Calculg— directly bonded to the carbonyl carbons, a process that ¢
tions for Fig. 3 were carried out over a grid ¢f ¢ values, in

increments of 6°. The calculations assume complete exchan ghai?ge the principal values and orientations of the effecti
) b 9 onyl CSA tensor of a singféC site (i.e., the sum of the

all molecular orientations. The effect 6IN-"°C dipole—dipole fsa - . .
coupling on the spinning sideband crosspeak intensitie® (as C CSA tensor and thé’C—"N dipole—dipole coupling

not included in these calculations. This effect is negligible at tﬁgnsor) duringr without changing the isotropic shift(§).

magnetic field strength of the current experiments, as discusé@ﬁas'te crosspeaks that result frofiN spin-lattice relax-

further below. Minima inx® (defined below) were Computedatlon are weaker in thg present experimints than. in garli
using the quasi-Newton (BFGS) option in the program CONMINEXPeriments at lower ?eld because tHe-"N coupling is
available as TOMS algorithm 500 from NETLIB (http:/fwww.WeaKer relative to thé’C CSA. As expected, the carboxyl

netlib.org) 06). cgrbon of Gly-3, with an isotropic shift of _179 ppm, con-
tributes crosspeaks to Fig. 2b but not to Fig. 2a.
RESULTS AND DISCUSSION Figure 3 shows fits of calculated intersite crosspeak inte

sities to experimental intersite crosspeak intensities (i.e., Vc
Figure 2 shows the carbonyl region of 2D MAS exchangames) extracted from the 2D exchange spectra in Fig. 2. The
spectrum of the®C,-AGG sample, processed with both thdits are represented as contour plots of theeviation between
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: L X\ ‘ wh_ereo2 is the mean squared noise in the experimental spect
] @ ‘ E{X is the experimental crosspeak intensity connecting sid
- bandM of sitei with sidebandN of site j, and C{;} is the
calculated intensity (eithedd, y or %) of the same cross-
peak for the assumed values &dfand . The scaling facton
minimizes x* at each choice of and s and is the only free
fitting parameter beside$ and .. All other parameters, de-
scribing the chemical bonding geometry and CSA tensor or
entations relative to the bonding geometry, are fixed as d
scribed previouslyq, 8). Only negative values ap are plotted

in Fig. 3 because the quantitig3;}, are invariant to the
substitution of— ¢, — s for ¢, s, implying thatx*(— ¢, —¢) =
X, ¥) (8).

For Fig. 3, the valueE{} with i # j are extracted from the
2D exchange spectra by integrating the spectral intensity ov
rectangular areas that enclose the intersite crosspeaks.
values ofo? are determined by integrating the spectral intensit
over 160 equal areas centered at positions in the 2D spectra t
are well removed from crosspeak8).( The signal-to-noise
b O(d;gsﬁeegfo ratio, defined as the ratio of the larg&sty with M # N and

i # jtoo,is24.1in Fig. 2a and 26.0 in Fig. 2b. The sums ir
FIG. 3. Fits of calculated spinning sideband crosspeak intensities to ei¢qs. [9] are restricted tM # N because the intersite cross-

perimental crosspeak intensities extracted from the 2D MAS exchange spe ks withM = N are not sufficiently well resolved from the
in Fig. 2. Cont lot: t the d d f the total d deviati

|n2 ig ontour plots represent the dependence of the total squared devia Hgonal peaks to be measured accurately.

x° between calculated and experimental crosspeaks ogb ted s dihedral ! .

angles assumed in the calculations (see text for details). (a) Calculated Hs\ccording to the AGG crystal structure determined by Suk:

crosspeak intensities fit to experimental HSS crosspeak intensities. (b) Cak@manian and Lalithald), the ¢ and ¢ values for Gly-2 are
lated HRG crosspeak intensities fit to experimental HRG crosspeak intensitiesg3° and 170°. The plots in both Figs. 3a and 3b, which sho
_(c) Ca_lt;ulated HRG crosspeak intensities .flt to e_>_<per|_mental HS_S crosspﬁd), ) for HSS calculations fit to the HSS spectrum and HRC
intensities. (d) Calculated HSS crosspeak intensities fit to experimental H lculati fi he HRG both displ .
crosspeak intensities. In all plots, the darkest regions reprgdenty?;, with C&? C_u atlonf It to the spectrum, both display regions
x&n = 200, 300, 700, and 1500 in (a), (b), (c), and (d). White regions represéRinimum x“(¢, ) that are very close to these values. Othe
X* > Xhao With xhe = 1000, 1100,1500, and 2300 in (a), (b), (c), and (d)local minima inx*(¢, ) are also apparent. These “false” local
Contours increase in units of 200. Thi ¢ values for Gly-2 in AGG minima arise because. for any given ¢ values, there are
determined from the crystal structurg4f are indicated by crosses. typically several other, i pairs that correspond to similar,
although not identical, relative orientations of the CSA tensol
calculations and experiments as a function of the dihedefl the two labeled sites8]. Interestingly, several of the local
anglesp andys of Gly-2 assumed in the calculations. We defineninima in Fig. 3a do not appear in Fig. 3b, i.e., they lead t

\J (degrees)

X by significantly largery® values in the HRG spectrum. Thus, a
combination of the two forms of data processing allows thes
1 +3 local minima to be ruled out with a high level of confidence.
X, ) = — > {[EX2 — AP, p)CF2(d, ¥)]? In Fig. 3a, the global minimum ig?(¢, ¥) is 152.1 atp, i =
T MN=—aM#N ' ' —74.9°, 168.5°. The next lowest minimum (¢, ) is 162.7

at ¢, y = —99.4°,—-126.7°. In Fig. 3b, the global minimum in

*[EGN = Mo CHN(E, W 192] \acy ) is 2232 atd, § = —99.3°, 164.3°. The next lowest

A, ¥)
> [EGRCHA(d, ) + EGYCEI(d, ¥)]

M,N=—-3;M#N

+3

> A[CHA(d, ¥CGR(H, ¥)

M,N=-3;M#N
+ Can(d, p)CEN(d, )1}
[9b]

minimum inx*(¢, ¥) is 226.0 aip, y = —94.3°,—127.1°. The
largerx” values and the smaller difference between global ar
next lowest local minimum values for the HRG spectrum i
Fig. 3b may be due to the difficulty of accurately determinin
the experimental intersite crosspeak intensities in the preser
of the large and partially overlapping intrasite crosspeaks.
Simultaneous fitting of both 2D spectra (results not showr
does not improve the precision of thie y measurement in this
case because the global minima in Figs. 3a and 3b do r
coincide precisely. The principal advantage of analyzing bof
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2D spectra is the elimination of many local minimayhfrom resolved lines, it is possible to measure separately the inters
consideration as possibtg s values. crosspeaks that arise from exchange and the intrasite cro
The differences in calculated crosspeak intensities at variquesaks that are independent of exchange. The HRG and H
¢, y combinations depend on the choice of sample spinnisgectra are then both potentially accessible and useful.
frequencyws. It is clearly advantageous to perform experi- In principle, even in the case of unresolved lines, the cor
ments at a spinning frequency that maximizes the differendeution to the crosspeak intensities from a true exchang
between crosspeak intensities at the tfya)s values and the process could be separated from the contribution that is inc
local minimum ¢, ¢ values. The valuewg/2m = 4.695 kHz pendent of exchange in an HRG spectrum, since the intras
used in the experiments in Fig. 2 is close to the value of 5.260sspeaks depend only on the carbdid@ICSA (and*C—*N
kHz that maximizes the surff of the squared differencesdipole—dipole coupling in lower fields) and,/wgz and thus
between the calculated crosspeaR§f with —3 =M # N= could be calculated separately and subtracted. In practi
3;i,j=1,2and 2, 1) atp, y = —83°, 170° and at-96°, factors such as contributions from unresolved natural-abu
—132°, for a®C NMR frequency of 188.6 MHz and thedance signals with uncertain intensities may make such
carbonyl CSA tensors given above. The latter ¢ values separation difficult to implement accurately, especially i
correspond roughly to the deepest local minima in Figs. 3a asiluctural studies of doubly labeled systems of high molecul;
3b. ¥ is greater than 90% of its maximum within the intervalveight.
3.94 kHz= wr/27 = 6.71 kHz. Finally, we note that in the 2D MAS experiments of Herz-
In cases where the signal-to-noise ratio of the 2D MAfId et al. (11), unlike in later 2D MAS exchange experiments
exchange measurements does not permit a reliable differeti~10, the NMR spectra in the, andt, dimensions were
ation of “true” and false minima iry*(¢, ¥), additional solid- spectra of the same nuclear spin determined by two differe
state NMR measurements, such as measurements of consipity interactions, namely the heteronuclear dipole—dipole co
time double-quantum filtered dipolar evolution curvd$)( pling in t; and the CSA int,. No exchange processes were
can be carried out on the same doubig-labeled samples. involved. Thus, the issue of the separation of exchange-dep:
Figures 3c and 3d show the results of fitting calculated HR@nt from exchange-independent crosspeaks did not ari
crosspeak intensities to the experimental HSS spectrum akido, the beginnings of both the and thet, periods coincided
calculated HSS crosspeak intensities to the experimental HRGh the beginnings of rotor periods and the spectr, iwere
spectrum, respectively. In both cases, the global minima sgmmetric. It was therefore only necessary to collect one set
x°(¢, ) are substantially greater than in Figs. 3a and 3b. Bignals, namel\5,,.
neither case does the global or any of the local minima corre-
spond to the crystallographi$, iy values. These results con-
firm that the HSS and HRG crosspeak intensities for AGG are CONCLUSIONS
really quite different from one another. The fact that the

position and number of the local minima in Figs. 3a and 3b are\we have demonstrated that there are two independent p

different also indicates that the HSS and HRG crosspeak iﬂe’dures for processing 2D MAS exchange data, both of whi
tensities contain independent structural information. It is thergfeld 2D spectra with purely absorptive crosspeaks. One pr
fore a(_jvantageous to process the 2D MAS (_axchange d ure leads to crosspeak intensities given by the HSS expr
according to both procedures and to carry out fits to both S

f calculated Ki . i Figs. 3 4 3b Bns. The other leads to crosspeak intensities given by t
of calculated crosspeak intensities, as in Figs. 3a an " 'HRG expressions. The experimental 2D MAS exchange spe
In mathematical terms, the independence of the informati

%3 of AGG illustrate the desirability of carrying out both date

content Of. the HSS _and HRG_spectra_ Is express_ed in_the f F&:essing procedures and fitting calculations of the HSS a
that the time-domain NMR signals (i.e., the orientationall RG crosspeak intensities to the two resulting 2D spect

averaged functionS,, Sy, Sy., andS,,) depend on both the when the exchanging sites have resolved sets of spinni

SﬁM'N and the%r:”“ values, as can be sien in I(qusl. [4]. Neithes.rideband lines. Use of both the HSS and the HRG crosspe
the HSS nor the HRG spectrum can be used alone to reCltensities may increase the information obtained from 2I

struct all of the time-domain data. In pr|nC|pI_e, the tWo Spectigag exchange measurements in both structural and dynami
could be used together to reconstruct the time-domain dat tudi

To date, experimental 2D MAS exchange data acquired In
both structural T-10 and dynamical X-6) studies have been
processed exclusively according to the HSS prescription. As
discussed above, the HSS prescription leads to crosspeaks only
if a true exchange process occurs. This is an important advan- . ,
tage when the exchanging sites do not have resolved setarﬁjl.E'B' gratefully ackpowledges support for this work during FY98 from the

ied and Computational Mathematics Program of the Defense Advanc

spinning sideband lines, i.e., when the isotropic shifts @nd  Rresearch Projects Agency. This research was supported in part by a grant fr
t, are the same. However, when the exchanging sites hameNIH Intramural AIDS Targeted Antiviral Program.

ACKNOWLEDGMENTS



DUAL PROCESSING OF 2D EXCHANGE DATA

REFERENCES

. A. F. de Jong, A. P. M. Kentgens, and W. S. Veeman, Two-
dimensional exchange NMR in rotating solids: A technique to study
very slow molecular reorientations, Chem. Phys. Lett. 109, 337-342
(1984).

. A. P. M. Kentgens, E. de Boer, and W. S. Veeman, Ultraslow
molecular motions in crystalline polyoxymethylene: A complete
elucidation using two-dimensional solid-state NMR, J. Chem. Phys.
87, 6859-6866 (1987).

. A. Hagemeyer, K. Schmidt-Rohr, and H. W. Spiess, Two-dimen-
sional nuclear magnetic resonance experiments for studying mo-
lecular order and dynamics in static and rotating solids, in “Ad-
vances in Magnetic Resonance” (W. S. Warren, Ed.), Vol. 13, pp.
85-130, Academic Press, San Diego (1989).

. Z. Luz, H. W. Spiess, and J. J. Titman, Rotor synchronized MAS
two-dimensional exchange NMR in solids: Principles and applica-
tions, Israel J. Chem. 32, 145-160 (1992).

. J.J. Titman, Z. Luz, and H. W. Spiess, Solid-state reactions studied
by **C rotor-synchronized magic angle spinning two-dimensional
exchange NMR: 1. Self-diffusion and the tautomeric hydrogen shift
in tropolone, J. Am. Chem. Soc. 114, 3756-3765 (1992).

. J.J. Titman, Z. Luz, and H. W. Spiess, Solid-state reactions studied
by **C rotor-synchronized magic angle spinning two-dimensional
exchange NMR: 2. The Cope rearrangement and molecular reori-
entation in bullvalene, 3. Am. Chem. Soc. 114, 3765-3771 (1992).

. D. P. Weliky and R. Tycko, Determination of peptide conformations
by two-dimensional magic angle spinning NMR exchange spec-
troscopy with rotor synchronization, J. Am. Chem. Soc. 118, 8487-
8488 (1996).

8.

10.

11.

12.

13.

14.

15.

16.

147

R. Tycko, D. P. Weliky, and A. E. Berger, Investigation of molecular
structure in solids by two-dimensional NMR exchange spectros-
copy with magic angle spinning, J. Chem. Phys. 105, 7915-7930
(1996).

. H. W. Long and R. Tycko, Biopolymer conformational distributions

from solid-state NMR: a-Helix and 3,,-helix contents of a helical
peptide, J. Am. Chem. Soc. 120, 7039-7048 (1998).

D. P. Weliky, A. E. Bennett, A. Zvi, J. Anglister, P. J. Steinbach, and
R. Tycko, Solid-state NMR evidence for an antibody-dependent
conformation of the V3 loop of HIV-1 gp120, Nature Struct. Biol. 6,
141-145 (1999).

J. Herzfeld, J. E. Roberts, and R. G. Griffin, Sideband intensities in
two-dimensional NMR spectra of rotating solids, J. Chem. Phys.
86, 597-602 (1987).

D. J. States, R. A. Haberkorn, and D. J. Ruben, A two-dimensional
nuclear Overhauser experiment with pure absoprtion phase in four
quadrants, J. Magn. Reson. 48, 286 (1982).

F. Delaglio, S. Grzesiek, G. W. Vuister, G. Zhu, J. Pfeifer, and A.
Bax, NMRPipe: A multidimensional spectral processing system
based on UNIX pipes, J. Biomol. NMR 6, 277-293 (1995).

E. Subramanian and V. Lalitha, Crystal structure of a tripeptide,
L-alanylglycylglycine, and its relevance to the poly(glycine)-Il type
of conformation, Biopolymers 22, 833-838 (1983).

A. E. Bennett, D. P. Weliky, and R. Tycko, Quantitative conforma-
tional measurements in solid state NMR by constant-time homo-
nuclear dipolar recoupling, J. Am. Chem. Soc. 120, 4897-4898
(1998).

D. F. S. Shanno and K. H. Phua, Remark on algorithm 500, ACM
Trans. Math. Software 6, 618-622 (1980).



	INTRODUCTION
	THEORY
	FIG. 1

	EXPERIMENTAL AND NUMERICAL METHODS
	FIG.2

	RESULTS AND DISCUSSION
	FIG. 3

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

