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Distance Measurements by Dipolar Recoupling Two-Dimensional Solid-State NMR
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We present a two-dimensional NMR technique for the measurement of dipolar couplings in polycrystalline
solids. This experiment is fully transverse and uses a windowless dipolar recoupling pulse sequence (DRAWS,
described in Gregory, D. M.; et aChem. Phys. Lettl995 246, 654-663) to effect coherence transfer.
Direct, internuclear coherence transfer produces negative cross-peaks in the 2D spectrum. Cross-peak
development and experimental requirements for obtaining distances from the two-dimensional solid-state
NMR spectra of two- and three-spin systems are discussed, and demonstrations are shown for thymidine-
2,4-13C, and L-alaninel®*Cs;. Internuclear distances are derived by comparison of experimental cross-peak
buildup curves with numerical simulations. In the three-spin system, indirect coherence-transfer mechanisms
prohibit the interpretation of buildup curves as due to isolated spin pair interactions and limit the accuracy of
some distance measurements. This 2D technique can also be used for spectral assignment, as demonstrated
by an application ta-arginineHCI-U-13C,'5N.

Introduction coupled spins by cross-relaxation. In the simplest case of an

. . . isolated spin 1/2 pair, the rate of magnetization transfer is
In dipolar recoupling pulse sequences, radio frequency pulses o . . . .
. AU . A .~ “sensitive to the inverse sixth power of the internuclear distance.
are applied during “magic angle spinning” (MAS) to avoid

' . . . S However, the nuclear Overhauser effect (NOE) is also sensitive
averaging the nuclear dipolar interaction, while simultaneously

> . . . . to the overall tumbling rate of the molecule, the rates and
effecting near complete reduction of the chemical shift anisot- amplitudes of internal molecular motions, and the direct couplin
ropy (CSA). Numerous dipolar recoupling techniques have been P ' ping

reported in the literatur;12 and several have been incorporated of individual sites to the Iamg:é’-. Indirect mag.netllzatlon-trar}sfer
into two-dimensional pulse sequences for spectral assign-pamwayS may also complicate the quantitative analysis. Al-

ment311.13-17 Quantitative distance measurements using these Ejh;[;g?net)r(]t:nsrg/seeifggrt)??r?ezeeego?}fpl?:zi?nd t?ait?r??e?n?iil—
techniques have generally been limited to a single spectral ' P P 9 ' q

dimension in which a single distance between two rare spins titative ar\aly3|§ n terms of d|sta_nce ranges 'S_ often G%gd.
on a sparsely labeled compound is measé#e¥. Herein, we Two-dimensional solid-state dipolar recoupling experiments
introduce a two-dimensional (2D) dipolar recoupling pulse differ from NOESY experiments in several important respects.
sequence, 2D DRAWS, and demonstrate its applications for both F_lrst, becaus_e they effect magnetization transfer_s with static
spectral assignment and quantitative distance measurement. 28lipolar couplings, the rate of coherence transfer is related to
DRAWS is a fully transverse experiment based on the one- the inverse cube of the internuclear distance. Thus, other
dimensional technique, dipolar recoupling with a windowless conditions being equal, solid-state dipolar recoupling experi-
sequence (DRAWSY ments can measure longer distances than those measurable with
distance measurement must effect coherence transfers with mor@Mmplitudes of molecular motions are somewhat smaller than
or less equal efficiency across the broad spectral bandwidth those o_bserved in liquids. The compllcatlng effects of motional
characteristic of3C spins in high-magnetic fields. The sequence averaging can be further reduced by lowering the temperature.
should be relatively insensitive to the mutual orientations of Unfortunately, the effects of indirect coherence transfers are of
the CSA tensors, and it should produce two-dimensional spectraParticular concern in the strongly coupled spin systems encoun-
with pure|y absorptive pealgé_ The broad-band nature of tered in the solid state. We will show that, even at short mixing
DRAWS and its relative insensitivity to residual CSA effééts ~ Periods, cross-peak buildup curves fealaninet*Cs cannot be
make it a promising candidate for a 2D dipolar recoupling Simulated by factoring the system into three, separate pairwise
distance measurement technique. coherence-transfer problems. We will also show that, although
To measure distances with two-dimensional NMR pulse numerical simulations involving the full spin network do
sequences, a series of two-dimensional spectra is acquired, eacfeproduce the experimental results and allow quantitative
corresponding to a different mixing period. Internuclear distance measurements, in many cases longer distances in
distances are derived from plots of cross-peak volumes as amultispin systems cannot be determined with the same precision
function of the duration of the mixing period. In high-resolution achievable in two-spin systems.
NMR, longitudinal magnetization is transferred between dipolar-  Finally, with an application ta-arginine HCI-U-13C,*5N, we
demonstrate that spectral assignment is possible with the 2D
* To whom correspondence should be addressed. . DRAWS experiment. As in the MELODRAMAL RIL-DQT 4
La;gr;etzf;t 9a7dodée§§ﬁtf?:§?s's§3e'.D'X'rsé?)?mi'd?t ggfégﬁggg.”e National anq 77 experiments, which transfer magnetization by a double
* Present address: Department of Chemistry, Hall-Atwater Labs, Wes- quantum mechanism, the 2D DRAWS experiment produces
leyan University, Middletown, CT 06459. negative cross-peaks (relative to the diagonal “autocorrelation”
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Figure 1. (a) Basic DRAWS pulse sequence, (b) the four rotor period 0 50 100 150
sttJ]pelrcycIe, and (c) the fuc:I 3D sequ;:nce. Onlylﬂiiépulses are shgwnr.] Dipolar angle, ©
The 'H power is ramped during the cross polarization period, then _. . ) I
increasepd t0>2.5 tim(leos thel3C gower to avc?id a Hartmapﬁmahn Figure 2. Orientation dependence of the DRAWS average Hamiltonian
match condition during the recoupling peridtH power is lowered ~ COEffiCients,Cuyy andc,. The angled), ¢ specify the orientation of
slightly during the observation period to prevent probe arcing. The real the dipolar vector in the rotor framé.is the polar angle between the

and imaginary parts of the 2D matrix are obtained by adding the results diPolar vector and the-axis of the rotor frame, andlis the azimuthal
of the two experiments. Sideband suppression is incorporated to remove2nd!€. The zero-quantum coefficien is shown in a, and the double-

MAS-induced phase twisting. quantum coefficientCu-yy, is shown in b.

o rotor speed is slow relative to the CSA. The removal of
peaks) for direct internuclear coherence transfers. The cross-sidebands in the indirectly detected dimension simplifies the
peak signs alternate with each additional spin involved in the two-dimensional spectrum and allows the observation of pure
transfer mechanism, allowing clear identification of nearest phase peaks, as will be demonstrated below. For our immediate

neighbor sites. purposes, the application of TO%S?8 or SELTICS? renders
the MAS chemical shift Hamiltonian time-independent during
Theory t;. It then assumes the form
The basic DRAWS experiment consists of a four-rotor-period Hes= —Q4l, — @, Q)

supercycle, as shown in Figure 1b and discussed in ref 10. This
dipolar recoupling supercycle can be applied during the mixing  Assuming the initial density operator has the fqs(@) = Iy1
period of a two-dimensional experiment, as shown in Figure + ly> wherely, is the operator representing theomponent of
1c. This supercycle enables magnetization transfer, which is the magnetization for spin 1 ahg is the corresponding operator
detected as cross-peaks in the two-dimensional Fourier transfornfor spin 2, the propagation of the density operator for a period
of the two-dimensional time domain data set. The number of of time, t;, is easily obtained:
DRAWS supercycles applied during the mixing time is incre- —iHt it

. . . . . — 1 1
mented in successive experiments to yield cross-peak buildup p(t) = e "p(0)€
curves from which distance im_‘ormation i; obFaingd. N =1, cosQt, — I, SinQt, +

When the double quantum dipolar Hamiltonian is the driving 4 X .

force for coherence transfer in two-dimensional dipolar recou- lyp COSLL — 1, SiN Q5L (2)
pling experiments, cross-peak signs alternate with the number
of spins involved in the transfer during the mixing tifde# In the timet,
2D DRAWS, where the Hamiltonian consists of both zero and During the mixing period, dipolar recoupling is accomplished

double quantum components, cross-peak sign alternation is alsqJy the DRAWS pulse sequence. The time-independent, zeroth-

observed. The cross-peak signs and the experimental procedures§;jer DRAWS Hamiltonian has been calculated previousty as
required for the observation of pure absorptive line shapes in

the 2D DRAWS spectrum are easily understood by considering HO = o(l 1, — lyaly) + BBl — 1371) (3)
the propagation of the density matrix.

During the evolution period,, the sample spinning greatly =~ whereo. = (d/177)Cu—yy andf = (d/17x)c,z The coefficients
reduces the dipolar couplings, so to a good approximation we Cx-yy and c,; are given in ref 10, and is the static dipolar
need only consider the chemical shift precession. During MAS coupling. This Hamiltonian is thus a mixture of double quantum
the motion of the rotor induces a time dependence in the (o) and zero quantumgj terms. The effect of orientation on
chemical shift which, upon Fourier transformation, appears as the coefficients is shown in Figure 2. Average Hamiltonian
a manifold of sidebands spaced by the rotor frequency aboutand Flogquet calculations have also shown that, for the four rotor
the isotropic peak? In 2D experiments, this anisotropic time period supercycle shown in Figure 1a, the chemical shift offset
dependence leads to phase twisting in the 2D matrix when theand anisotropy effects are quite smalf°

whereH is the time-independent Hamiltonian effective during
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Thus, we neglect these effects during the mixing period and O) 0.1
the density operator is assumed to evolve under the Hamiltonian *E 0.0
given in eq 3: S -0.1 —
iR A < 02
ety +r)~e o(t)e 4 S -0.3
No generality is lost, and the calculation is simplified if we S 0.5
consider only the terms that precess&gsduringt;. This is O o6
equivalent to considering only a single spin in the initial density b
matrix, ly1. A straightforward calculation yields the expression ) .
.‘5
oty + 1) = 5
IS
[Iyl cosft cos(a 5 ﬁ) T+ 1y sinft sin(a 5 ﬁ)r] cosQt; — § 03
Qo
— — 7. —
Z[lel22 cosft sin(OL ﬁ)‘[ — Iyl sinfr cos(a—ﬁ)r] cosQt, — g 04
2 2 5 0.5
[le cospr cos(OL * ﬁ)r — I, sinfr sin(a * ﬁ)r]sin Qi + 06 T | T T
2 2 o 5 10 15 20 25
Z[Iyll22 cosft sin(OL ;— ﬁ)r + 14ly, sin Bt cos(OL Z ﬁ)r sinQt; Mixing Time (ms)
(5) Figure 3. Rates of cross-peak development for different initial

conditions. In a, the initial condition ig;, and the trace off, with the
density matrix is shown as a function of the mixing period, corre-

There are eight terms in eq 5. The four linear terms indicate sponding to thex—3 terms in eqs 6 and 7. The curve marked by open

the observable components of the magnetization: I theand
ly1 terms are the autopeaks, while thgandly, terms indicate
the developing cross-peaks. The four bilinear terms (@lg)

represent antiphase magnetization.

circles was derived using the average Hamiltonian given in eq 3. This
simulation is compared to numerical calculations where CSA effects
have either been omitted (solid line) or included (dotted line). In b, the
initial condition isly, and the trace ofy, with the density matrix is
shown. This corresponds to the+ 5 terms in eqs 6 and 7. As above,

Itis clear from thel,c andly, terms in €q 5 that the cross- the average Hamiltonian calculation is represented by open circles and
peak sign develops during the mixing period and is a direct is compared to numerical calculations where CSA effects have been

consequence of the commutation relations between the effectivéygeq (solid line) and included (dotted line). The chemical shift
dipolar recoupling Hamiltonian and the spin state at the end of parameters are those published previously for thymidi6e<Cy. 1 In
thet; period. In other two-dimensional solid-state NMR dipolar the numerical simulations, the DRAWS sequence was applied with 90
recoupling experiments;the alternation of cross-peak sign pulses. Each curve is an averge over 500 crystallites.
in a network of coupled spins is attributed to the action of the
double-quantum Hamiltonian when it dominates the coherence-can generally be neglected at faster spin rates and/or lower
transfer mechanism. In 2D DRAWS, the coherence-transfer magnetic field strengths, but if the spin rate is slow relative to
mechanism is influenced by both the zero and the double- the CSA and sidebands are not suppressed, pure phase peaks
guantum parts of the DRAWS Hamiltonian, as indicated by the cannot be observed in 2D MAS experiments. For instance, at
fact that thel, andly, terms in eq 5 precess at+  ando — 500 MHz, we have observed significant phase twisting in amino
B, respectively. acid carbonyl resonances with spin rates of up to 5 kHz in both
Propagation of the density matrix inclarifies the procedures 2D DRAWS and 2D RFDR experiments. To obtain pure
required to observe pure absorpion line shapes in the 2D absorptive line shapes in the two-dimensional spectrum, the
DRAWS spectrum. The calculation is simplified somewhat by anisotropy is removed from the indirectly detected dimension
considering only the observable components of the magnetiza-(t;) by the application of a TOSS sequetfcé® at the beginning

tion. of thet; period and a time-reversed TOSS sequence (i.e. SSOT)
ob at the conclusion of the; period, just before the mixing
PP W+ T ) = period3233 Selective elimination of chemical shift (SELTICS)

(1,2 cost, — 1,y SinQ4t,) cosfr cos(ﬁ ; a)‘[ cosQt, —

(I, cOsQyt, — 1, SINQ,t,) sin Bt sin(ﬁ ; a)r cosQut, +

(Iq cOsQyt, + 1y, sinQt,) cosfr cos(OL ; ﬁ)r sinQt, —

(1,0 COSQyt, + 1., SN Q1) sinfr sir(a ;r ﬁ)r sinQ.t, (6)

Equation 6 contains a mixture of cosine and sine termis.in

To obtain purely absorptive line shapes, these two components
must be separated. There are several methods for dointf this.

In general, a 180pulse applied just before the mixing period
changes the sign of the phase accumulated dutiteading to
a technique known as “time reversal”. In MAS experiments,

the rotor motion induces an anisotropy which is not reversed

by the pulse? resulting in phase twisting. The phase twisting

has been used successfully as well. This TOSSOT couple
applied during the; period effectively removes the chemical
shift anisotropy, allowing the observation of pure phase peaks
and the use of a 18Qulse for time reversal (see Figure 6).

If a time-reversing, 180 pulse is applied, the observable
signal inty is

Pigf)(tl Tttty =
o

(Iy; cost, — 1,y SinQ4t,) cosfr cos(ﬁ ; T CcosQ,t; —

(I,, cOSQt, — |, SIN QL)) sin Bt sir(’B ; a)r cosQ,t, —

(I, cOS2t, + 1y, SinQ4t,) cosfr cos(%)t sinQ,t; +
ot p
2

(152 COSC,t, + 1y, SIN Qyt5) sin Bt sin( )r sinQ,t; (7)
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Figure 5. Effects of spin geometry and indirect coherence-transfer
pathways on 2D RFDR cross-peak buildup rates. The geometries shown
in Figure 4a were used to calculate the curves shown in a and b.
Calculations included the chemical shift, RF, and pairwise dipolar
interactions between spits |,, andl;. Chemical shift parameters were
-1.0 — T—T T T T T those ofL-alanine wherel; = CO, |, = Ca, and I3 = CB. The

0 2 4 6 8 10 12 14 calculations were carried out as described in Figure 4|46d)5 RFDR
cross-peak buildup curves calculated for the geometries shown in 4a.
Thel;—I; distances are 1.5, 2.0, 2.3, 2.5, 3.0, 3.5, 4.0, and 5.0 Ain a
Figure 4. Effects of spin geometry and indirect coherence-transfer through h, respectively. (by—I, RFDR cross-peak buildup curves
pathways on 2D DRAWS cross-peak buildup rates. The geometries calculated for the geometries shown in 4a. The internuclear distance is
shown in a were used to calculate the curves shown in b and c. held constant at 3 A.
Calculations included the chemical shift, RF, and pairwise dipolar
interactions between spinls, I, and Is and were carried out by gyantify the effects of indirect magnetization-transfer mecha-

considering an initial spin stalg; and taking the trace of the density : . .
matrix with the observabléy, after a given mixing time. Chemical nisms, we have simulated the effects of applying the DRAWS

shift parameters were thosesklanine wheréd; = CO, |, = Cao, and pulse sequence to a series of three-spin geometries, shown in
I3 = CB. (b) Thel;—I; DRAWS cross-peak buildup curves calculated Figure 4a. The initial magnetization wéag, and the buildup
for the geometries shown in a. The-1; distances are 1.5, 2.0, 2.3,  of magnetization components, and |,z was followed as a

2.5, 3.0, 3.5, 4.0, and 5.0 A in a through h, respectively.{e)l> function of the mixing time. A series of these buildup curves
DRAWS cross-peak buildup curves calculated for the geometries shown o, lys are shown in Figure 4b. At short mixing times, the-
in a. The internuclear distance is _held constant at 3 A. Each curve is I5 cross-peaks are negative in all of these geometries, indicating
an average over 500 randomly oriented crystallites. g - "
direct internuclear coherence transfer between spins 1 and 3.

In principle, the two signals described by eqs 6 and 7 can be Both the cross-peak buildup rate and the relative cross-peak
combined in either of two ways. Addition of the two signals intensity appear to be related to the internuclear distance;
causes cancellation of the terms containingt8ify. This leads however, at longer mixing times, some cross-peaks actually
to a cosine modulated signal, the real part of a matrix with change sign, some geometries lead to the formation of only
negative cross-peaks which are formed at a rate- }. relatively small cross-peaks (e.g. conformation e, where all
Subtraction of the two signals cancels the @g; terms, distances are 3 A), and all the cross-peaks are attenuated relative
yielding the imaginary part of a matrix with positive cross-peaks to the two spin system. Hence, the best indicator of internuclear
which build up at a ratet + . As shown in Figure 2, for any  distance appears to be the initial buildup rate. This conclusion
given orientationpe andg are similar in magnitude but opposite is further supported by the buildup curves shown in Figure 4c
in sign. This results in very different rates of cross-peak for thely, magnetization. This represents the |, cross-peak
development, as shown in Figure 3. In practice, onlydhe buildup in the presence of the third spin, where thel,

p terms result in significant cross-peak intensities. distance is held constant at 3 A. When the third spin is over 4
A phase-sensitive two-dimensional spectrum is obtained by A away, the curve closely resembles the 1D DRAWS decay
performing a second experiment with the DRAWS irradiation curve; however, as the distance to the third spin decreases, the
shifted in phase by 90 This effectively changes the sign of I;—I, cross-peak intensity decreases. When all the distances
the double-quantum term in eq 3. When applied to an initial are equal (conformation e), the cross-peak formed is relatively
density operatolys, the sign ofoc in eqs 6 and 7 changes. When small, and it changes sign at longer mixing times. When the

subtracted from the corresponding time-reversed data set.third spin lies between the other two (conformationsdy a
quadrature data in; are obtained. Hypercomplex Fourier positive cross-peak is formed, and its buildup rate, even at short
transformatiofr35of the resulting data yields a two-dimensional mixing times, does not reflect the actual internuclear distance.
DRAWS spectrum in which all auto- and cross-peaks are purely It is clear that, as long as the observed 2D DRAWS cross-peaks
absorptive. are negative, the buildup rate at short mixing times is the best

Although the alternation of cross-peak sign enables the indication of the internuclear distance.

unambiguous determination of internuclear connectivities, in It is interesting to compare these results for the 2D DRAWS
multispin systems it may also complicate the derivation of sequence with those from 2D radio frequency dipolar recoupling
quantitative distance information from two-dimensional data. (RFDR)3 Since the cross-peaks observed in the DRAWS
To study the conditions that determine cross-peak signs and toexperiment are due to a mixed double- and zero-quantum

Mixing Time (ms)
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however, its distribution among the interacting resonances is
determined by the distribution of dipolar couplings. Thus,
irrespective of the method used to study the system, the intensity
of a particular cross-peak reflects a distribution of distances,
while the initial buildup rate more closely reflects the distance
between the two interacting nuclei.

Experimental Section

Homonuclear 2D DRAWS correlation experiments were
carried out on a home-built spectrometer operating &tCa
Larmor frequency of 100.57 MHz. A triply tuneiH-15N—X
probe from Doty scientific with a 5-mm spinner assembly was
used for all the experiments. Spin rates were controlled to
within &5 Hz with a home-built spin rate controll&. The13C
rf power levels were matched to tiie= 177/2 condition for
the DRAWS experiment. ThtH power levels were adjusted
to 50 kHz during cross polarization and were increased to 115
kHz for CW decoupling during the evolution, mixing, and
detection periods. ThéH pulses were provided by a Henry
Radio 2004-A amplifier, while thé3C pulses were provided
by a Kalmus LP-1000 amplifier. A 2-ms cross polarization
period was used. Power levels were set and phase transients
minimized using the method of Burum et %l.on 13CCl,
(Cambridge Isotope Labs Inc.). Sidebands were suppressed
either with the TOSS sequence of Raleigh et8abr with
SELTICS-8%° The 2D DRAWS cross-peak buildup studies
were carried out at a rotor speed of 4.9 kHz with*@ power
level of 41.6 kHz. In general, 512 transients were collected,
multiplied with a shifted sine square apodization®j9@nd zero
filled to a matrix size of 1024x 1024. The 2D simulations
consisted of only 256 transients, but spin rates, pulse lengths,
and processing were identical with those applied to the
experimental data. Chemical shift and molecular parameters
for the simulations are determined from refs 30 and-39.

The cross-peak volumes were normalized to the sum of the
diagonal peak volumes.

The phase of the initiadH pulse for cross polarization was
inverted between successive experiments in order to suppress
zero frequency peaks in thedimension of the final 2D matrix.
When combined with “cyclopg? phase cycling, this led to a

Figure 6. Effects of MAS on phase in time reversal experiments for
thymidine2,4-13C,. The matrix in a) was collected using time reversal
without sideband suppression. A T8fulse was used to reverse the

sense of precession after theperiod. This was added to the result of imol iah h | btai h
the unreversed experiment to yield the real part for the Fourier SIMPIE, eight-step phase cycle. To obtain pure phase spectra

transform. Subtraction yielded the imaginary part. In b, TOSSOT from these phase-modulated experiments, four experiments were
was incorporated in thie period. Phase cycling and processing remained combined. The first two utilize the same basic phase for all
unchanged. The spin rate was 2 kHz. periods. In the second one, a 2§flise is applied just before

the DRAWS sequence to reverse the sense ofitheecession.
hese two experiments are added to yield the real part of the
ID for the w1 dimension. In the second pair of experiments,
the 180 pulse and the DRAWS sequence are both shifted by
90 relative to the preparation and the receiver. This pair of
experiments is combined to yield the imaginary part of the

Hamiltonian, the sum magnetization of the system is not
conserved, and the cross-peaks due to different mechanism{
interfere, leading to a reduction of the cross-peak signal intensity.
In 2D RFDR, cross-peaks are formed by an effective zero
guantum Hamiltonian, and the sum magnetization of the system
is conserved. The effects of indirect magnetization transfer indirectly detected FID
on 2D RFDR buildup curves are shown in Figure 5. These . -

buildup curves are for the same geometries shown in Figure 4a _Lr;AIanlne-BCg was obtamed fTO.m .lSOt'T:C' Inc., and cut o 10%

and can be compared directly with parts b and c of Figure 4, wit un_labeled material to minimize mterm(_)l_ecular dipolar

respectively. In Figure 5a, the internuclear distance is varied, mr'geractlons_. Thelresﬂgg mixture was Iyé)p;hlhzed to dryness.
and the buildup curves show variations in both the initial buildup ;I;O?OL-grEgggeaT]g uli,e q v’\/itlr:lovt\jlf(?il?ﬁgar:ngr furr(t)r:g rcir:;ﬁg;?:n

rate and the maximum cross-peak signal intensity. In Figure P I~ 13C pul )

5b, the internuclear distance is constant at 3 A, and the initial The doubly labeled thymiding4-=°C, was synthesized as

buildup rate remains nearly constant, with the exception of the reported earliéf and used neat.
linear spin system geometry (conformation a). The maximum
cross-peak intensity, however, does not remain constant. It is
clear that, except in the case of a linear system, the initial slope Consider a simplified 2D MAS experiment which omits
of the cross-peak buildup curve is a reasonable indicator of the TOSS-SSOT but uses time reversal for phase-sensitive detec-
internuclear distance, while the cross-peak intensity is not. Thetion. The 180 pulse applied at the beginning of the acquisition
total magnetization of the system is conserved in 2D RFDR; time falls at different rotor orientations after differapperiods.

Results
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cross-peak is positive, as seen in the slice at the bottom of Figure

7. The positive cross-peak sign indicates that this peak is not
0 o the result of a simple two-spin interaction, but involves indirect
8 SS transfer of magnetization. Similar peaks are observed between
o e other two-bond distances (e.g@ECy, C8—CJ), although the
. intensities are significantly smaller.
| 2 To use the 2D DRAWS experiment for distance measurement,
®E we first considered the effects of combining TOSS with the
) g 1D DRAWS experiment. Four experiments were applied to
A ° — [2,4-13C;]thymidine. These incorporated TOSS, TOSSSOT,
LS 3 or both, as they are used in thgandt, periods of the 2D
T DRAWS experiment. The number of applications of the
DRAWS supercycle was incremented to yield DRAWS decay
EE 4 o o curves for each of the experiments. The resultant curves were
@ K 3 indistinguishable from the decay curve obtained without TOSS,
Oo ' ¥ o and simulations matched the data closely. Thus, distances
obtained from either 1D or 2D DRAWS experiments are not

compromised by sideband suppression.

The 2D DRAWS cross-peak buildup curve for thymidine-
2,4-13C, is shown in Figure 8. In these 2D experiments,

CB - CO crosspeak

Cp autopeak

of DRAWS supercycles applied during the mixing time. A full
2D matrix is acquired at each time point. The peak volumes
are measured using standard routines, and cross-peak volumes
7 * ' T are normalized to the sum of the diagonal (auto) peaks. Also
160.0 120.0 80.0 40.0 - ; . : .
@2 (ppm) presented in Flgurg 8p is the S|mulat|on of the 2D buildup curve.
For each time point in the buildup curve, the full 2D matrix
Figure 7. Two-dimensional chemical shift correlation spectrum for was simulated, transformed, and corrected using the same
uniformly labeledL-arginineHCI-"*C, N and a single slice of the  tachniques used to treat the experimental data. Each simulation

spectrum containing thefCautopeak. The mixing period was four rotor ‘e . . :
cycles at a spin rate of 5.35 kHz (0.748 ms). TH@ power was 45.5 calculated 500 randomly distributed crystallites using chemical

KHz, and the'H decoupling was raised to 115 kHz during DRAWS.  Shift and dipolar parameters published previouly.

Direct (two-spin) magnetization transfer leads to negative cross-peaks The time behavior of the 2D cross-peak volumes is quite

as seen in the Eslice at the bottom. The positive f&CO peak forms similar to that of the 1D DRAWS decay curves. On the basis

via an indirect (three-spin) magnetization-transfer mechanism. of this similarity, it should be feasible to measure buildup curves

While this pulse changes the sign of the phase acquired during’®" complex molecules and simulate the results directly if the
system is separable into a series of isolated two-spin interactions.

ty, it is not equivalent to time reversal. This interaction of the ) o .
rotor motion with the experimental parameters leads to the phase?Nfortunately, this approximation is not appropriate. In general,

twisting apparent in Figure 6a, which shows the result of this indirect coherence transfer p{ithway_s are an important determi-
simplified experiment applied t@4-13C,Jthymidine at a spin  nant of cross-peak volumes in multispin systems.

rate of 2 kHz. Figure 6b shows that this phase twisting is  The effects of indirect coherence transfer mechanisms are
removed, and the result significantly simplified, by the applica- clearly visible in Figure 9, which shows the results of a 2D
tion of the TOSS-SSOT sequence during theperiod. The ~ DRAWS buildup experiment on-alanine?3Cs. The molecule
matrix in Figure 6b is the result of a fully transverse, pure phase contains three sites with internuclear distances as shown in
version of Kolbert and Griffin’s original sideband separation Figure 9a. While the 1.5 A distances develop negative cross-
experimenf2 The magnitude of the phase twisting decreases Peaks in the 2D experiment as shown in Figure 9b,c, the longer
with increasing spin rate, but similar effects have been observed2.5 A distance is characterized by a positive cross-peak as shown
at 4 kHz. To obtain truly pure phase spectra for quantitative in Figure 9d. This sign change indicates that the longer distance,
distance measurements, we have used sideband suppression RO—C cross-peak is dominated by an indirect transfer

| e— R successive time points are acquired by incrementing the number

thet; dimension of all 2D DRAWS experiments. mechanism via the two shorter distances,-6% and Gx—
We have applied the 2D DRAWS experiment of Figure 1c¢ CB. In comparing these results with simulations of three
to several relatively complex molecules to determine-spjpin separate two-spin systems, the maximum cross-peak intensity

connectivities for spectral assignment. Figure 7 shows an is attenuated, and the CQ cross-peak builds up relatively
application of 2D DRAWS ta.-arginineHCI-U-13C,25N. The rapidly and its sign is inverted. These results indicate that the
mixing time was 0.748 ms, leading to the observation of direct, tWo-spin approximation commonly used in solution-state NMR
nearest neighbor connections. The intensities of the cross-peak§Xperiments is not appropriate in analysis of these solid-state
are variable due to relaxation effects, but all the cross-peaksresults.

are visible, and the peak assignment can be made easily as The relative importance of other terms in the Hamiltonian
shown. The matrix is quite simple, with small imperfections can be seen in the other simulations shown. The-sgin

from the SELTICS sequences used to suppress sidebands ircouplings §-couplings) between neighboring carbons are rela-
thet; dimension. The peaks are all purely absorptive, even to tively large in this system (55 Hz for C8Ca and 35 Hz for
very low contour levels, and the cross-peaks are observedCo—Cp),*! and their effect is clearly seen in comparison with
consistently over the very broad spectral width. At longer simulations that neglect these interactions. Interference between
mixing times, positive cross-peaks appear between next-nearestmagnetization-transfer mechanisms due to dipolar dnd
neighbor sites. Even at this short mixing period, the-Cp3 couplings causes a rapid decay of the negative cross-peak
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Figure 8. (a) Inverted experimental 2D DRAWS spectra of thymidi#é-*3C,. (b) Inverted 2D simulations of the experimental data. Only 256
transients were simulated, leading to the reduction in resolution compared to the experiment. (c) Comparison of experimental and simulated cross-
peak volumes.

intensity associated with the two short internuclear distances, Discussion

as shown by the dotted lines in the figure. The initial buildup 5 o0 requisite of distance determinations is the assignment
rates are unaff_ected,as_ is the pOS|t|ve pross-pgak associated v_wtlaf the observed spectral peaks to particular nuclei in the
the longer distance interaction. Since this cross-peak is yjecyle under investigation. The 2D DRAWS experiment can
primarily due to indirect dipolar coherence transfer, the relative e seq for such studies, as indicated by the application to
importance of the direct dipolar coupling between CO aid C  niformly 13C-labeledt-arginine. This assignment technique

gives some indication of the accuracy to which this longer s quite similar to the correlation spectroscopy method of Geen
distance can be determined experimentally. Unfortunately, this et a1.17 however, the observed cross-peaks are significant
coupling does not significantly change the buildup curves relative to the autopeaks, obviating the need for double-guantum
(dashed lines). Thus, even when indirect pathways are con-filtering in this uniformly labeled system. Double-quantum

sidered in the calculations, there are severe limits on the filtering can be accomplished with the DRAWS technique and
quantitative interpretation of cross-peak intensities and buildup may prove of use for samples with large natural abundance
curves in terms of internuclear distances, particularly for positive background signals such as randomly labeled biomoledégiles.

cross-peaks whose development is dominated by indirect The usefulness of double-quantum filtering techniques is limited
pathways. by signal losses through the double-quantum filter, and such
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DRAWS, the structural interpretation of NOESY data is often
complicated when magnetization is transferred through indirect
pathways. Although it has long been recognized that only the
initial magnetization buildup curves can be reliably used for
measurements of internuclear distan®es,is also clear that
unfavorable structural conditions can make it difficult to interpret
these data.

In NOESY experiments, the integrated intensity of the cross
peak between two spirlsand| following a mixing period of
O lengthty is given byt

|jk(TM) = |kj(TM) =
My W, — W

— o L~ epCryRle ™ (@)
2 V\lklz _ V\lklo TMRC

whereW, and W, are the zero-quantum and double-quantum
transition probabilities, respectivelR: is the cross relaxation
rate, which is defined aB: = 2)W§ — WE'|, andR_ is the rate

of energy transfer from the spin system directly to the lattice
(i.e., the leakage rate). The relative magnitudes of the transition
probabilitiesWy andW, are dependent on the rate of the dynamic
process that gives rise to the NOE. Thus, the cross-peak signs
in NOESY experiments depend on the rates of the motions that
give rise to the NOE. This is in contrast to 2D DRAWS, in
which cross-peak signs are a result of the dominant coherence-
transfer pathway.

Assuming two spink and| are separated by a number of
intervening sping, thek—I NOESY cross-peak amplitude can
be expanded in powers of the product of the mixing time and
. elements of the cross relaxation matrix. For short mixing times
7w, this leads to

Co -CB

©)

Time (ms)

1
ha(tw) 0 Rgty + EZRHRI"T%/' + ...
]

Figure 9. (a) L-Alanine+3C; structure and distances used in
simulationst’~° Graphs b, ¢, and d contain comparisons of experimental
cross-peak buildup curve®) with simulations based on different
approximations to the full spin system for the €0a, Ca—Cp, and

CO—Cp cross-peaks, respectively. A full 2D simulation, neglecting . - N . L .
J-couplings, is shown by+) marks. All lines represent 1D simulations 1S dominant, the initial NOE buildup curve is linear and can in

(see Figure 4). The solid line neglects theouplings, showing the principle be used to deduce internuclear distancé is small
correspondence between the two simulation methods. The dotted linecompared to second-order terms, the initial buildup curve has
(-++) shows the effect of including-couplings, and the dashed line  a quadratic form, and accurate determination of the distance
(- - -) shows the effect of neglecting the direct €05 dipolar coupling  petween spink andl is not possible. In practice, determination
completely. The dashedlotted line (- - ) corresponds to simulations ¢ 1o agnetization-transfer mechanism from initial NOESY
of separate two-spin systems for each dipolar spin pair interaction. . e . .
buildup curves is difficult if sensitivity is low.

methods are not expected to be the primary weapons in the Similar effects control the development of cross-peaks in 2D
armamentarium for study of uniformly labeled molecules. A solid-state dipolar recoupling experiments, limiting the inter-
correlation method that relies on spigpin couplings to effect  pretation of distances from cross-peaks whose buildup curves
coherence transfer has been proposed by Baldus®t‘a&vho are dominated by indirect coherence-transfer mechanisms. In
suggest the name TOBSY (through bond spectroscopy). Inthis2D DRAWS and double-quantum transfer experiments, such
technique, dipolar couplings and chemical shift effects are indirect cross-peaks are easily discerned by considering the sign
eliminated during the mixing period by high-power windowless of the cross-peak. In 2D RFDR and other zero-quantum transfer
RF irradiation to yield a Hamiltonian that is directly analogous experiments, such cross-peaks are not readily identified, and
to the TOCSY experiment of solution state NMR. As in liquids, the situation is closer to that found in liquids where the effects
each of these spectral assignment techniques is expected to bef indirect coherence-transfer mechanisms are often difficult to
useful under particular experimental and sample conditions. determine. In either case, it is clear that even if the Louivillian

It is interesting to consider the degree to which factors formulation of the solid-state experiment can be reduced to a
complicating the structural interpretation of 2D DRAWS data liquidlike rate matrix, a two-spin approximation is not warranted.
are common to other NMR methods for structure determination, In this work, we have considered only direct simulation of the
particularly two-dimensional NOE spectroscopy (NOESY). full spin system as a method of distance determination. While
Unlike 2D DRAWS and other solid-state dipolar recoupling this method is not applicable to much larger spin systems, it
pulse sequences that transfer coherence, NOESY experimentsloes allow analysis of the limitations of these experiments for
involve transfers of longitudinal magnetization. Like 2D distance measurements in multispin systems.

whereRy is the rate of direct magnetization transfer between
spinsk andl, andRg and R, are magnetization-transfer rates
from spinsk andl to an intervening spip If the direct rateRy
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Conclusion

We have shown that well-resolved, easily assigned two-
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the 1D decays used to measure distances. This should allo
the 2D method to have the same broad applicability demon-

strated earlier for the 1D DRAWS experiment: insensitivity to
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R. G.; Lansbury, P. T. JI. Am. Chem. S0d.995 117, 3539-46.
(19) Mehta, M. A.; Gregory, D. M.; Kiihne, S. R.; Mitchell, D. J.;
Hatcher, M. E.; Shiels, J. C.; Drobny, G.%olid State NMR.996 7, 211—

chemical shift parameters, pulse imperfections, and RF inho- 228.

mogeneity. We have shown that both positive and negative 317

(20) Peersen, O. B.; Smith, S. Ooncepts Magn. Resoh993 5, 303~

cross-peak_s can be selected_by j_udicious use of time reversal, (él) Ernst, R. R.; Bodenhausen, G.; WokaunPAnciples of Nuclear
and by using average Hamiltonian theory to propagate the Magnetic Resonance in One and Two Dimensi@iarendon Press: Oxford,
density matrix, we demonstrate that the development of the 1987; p 610.

relative cross-peak sign is a function of the form of the
Hamiltonian effective during the mixing period. We have
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(23) Withrich, K.NMR of Proteins and Nucleic Acigdohn Wiley and
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demonstrated that internuclear distances can be measured in (24) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021—6030.

multispin systems by simulation of cross-peak volume buildup
curves if the 2D DRAWS cross-peak is negative relative to the
autopeak. Even in this favorable case, indirect coherence-
transfer mechanisms are an important factor in cross-peak
buildup rates and must be considered in any distance determ

nation from a 2D DRAWS experiment, but both experiments

and simulations support the use of buildup curves at short mixing
times to determine internuclear distances from negative cross-

peaks. Applications of 2D DRAWS to uniformly labeled

biomolecules are in progress, along with further investigations

of the applicability and limitations of this technique for
internuclear distance measurements.
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