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Abstract

The solid state NMR technique of rotational resonance (R2) has been used extensively to measure distances approaching 5–6 �AA
between 13C nuclei in a variety of compounds including amyloidogenic peptides and membrane proteins. The accuracy of the

distance information extracted from the time-dependent spin dynamics at R2 is often limited by the accuracy with which the relevant

zero-quantum lineshape parameters are estimated. Here we demonstrate that measurement of spinning frequency dependent

magnetization exchange dynamics provides data from which both distance and zero-quantum relaxation parameters can be ex-

tracted independently. In addition to providing more accurate distance information, this technique allows examination of the zero-

quantum lineshape, which can indicate the presence of correlated relaxation or chemical shift distributions between dipolar-coupled

sites. With this approach we have separated the contribution of dipolar couplings and zero quantum relaxation to R2 exchange

curves. Thus, we have significantly improved the accuracy of the measurement of the intramolecular, internuclear distances between

a pair of 13C�s in two model compounds (N-acetyl-DD,LL-valine and glycylglycine �HCl) that lie in the distance range 4.6–4.7�AA.

� 2003 Elsevier Inc. All rights reserved.
1. Introduction

Extracting internuclear distance information from the

dipolar interactions between spin pairs has a long hi-

story in nuclear magnetic resonance (NMR). In solution

spectroscopy, measuring the magnitude of the nuclear

Overhauser effect between neighboring 1H nuclei pro-

vides sufficient internuclear distance information to de-
termine the structure of proteins and other biomolecules

[1]. Experiments in solids are at a more preliminary

stage, and techniques for measuring homonuclear and

heteronuclear dipolar interactions are still developing

rapidly. Almost all of the newer methods developed for

structural studies in solids utilize the high spectral res-

olution provided by magic-angle spinning (MAS) [2–4]
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which averages anisotropic chemical shift interactions.

MAS also attenuates the dipolar interactions between

low-c nuclei (e.g., 13C; 15N). Because observing the ef-

fects of these interactions is often the primary goal of

structural studies in the solid state, some method of re-

introducing their effects—�recoupling� the relevant spin

pairs [5,6]—becomes essential.

The rotational resonance (R2) technique has been
used extensively to recouple homonuclear spin pairs

(particularly 13C–13C) in rotating solids [7,8]. Matching

a multiple of the sample spinning frequency to the

chemical shift difference (in Hz) between a pair of lines

in the spectrum:

D ¼ nmr; ð1Þ
(where D is the chemical shift difference, mr is the spin-

ning frequency, and n is a small integer representing the

order of the resonance) leads to an interference effect
between the MAS-modulated spatial component of the

dipolar interaction and, in the appropriate interaction

frame, the chemical-shift modulated spin component of

the interaction. Under these conditions MAS does not

effectively attenuate the dipolar interaction and dipole-
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dependent effects can be observed in the spin dynamics.
These include broadened resonance peaks and a much

accelerated rate of longitudinal magnetization exchange.

Quantification of either effect can then be used to de-

termine the internuclear distance.

Characterization of the rate of longitudinal magne-

tization exchange has been the method of choice for

extracting internuclear distance information with R2

[7,9–11]. This is particularly true for weakly coupled
spin pairs where spectral broadening due to the recou-

pled dipolar interaction may be obscured by other

contributions to the linewidth (although recent work

indicates that in systems with sufficiently narrow lines a

transverse approach may be reasonable [12]). To ob-

serve longitudinal exchange, an initial state of difference

polarization is prepared along the rotating-frame z-axis,
and the time-evolution of this state is examined in a
series of experiments in which the mixing period is

varied over the desired range yielding what is termed a

�magnetization exchange trajectory.�
The shape of the magnetization exchange trajectory

depends on a number of spin interaction parameters

including the dipolar coupling constant, and the mag-

nitude and in some cases the relative orientation of

chemical shift tensors. When these are the only relevant
parameters, extraction of the dipolar coupling constant

(and hence the internuclear distance) becomes a single-

parameter fit to the experimental data, provided that the

chemical shift tensors can be appropriately character-

ized by other means. Under such conditions the accu-

racy of extracted distance information is expected to be

limited primarily by the signal-to-noise ratio (S/N), and

is often better than �0:1 �AA for 4–5 �AA distance mea-
surements in model compounds.

However, magnetization exchange curves have been

shown to be sensitive to at least two additional param-

eters, both related to the zero-quantum lineshape [11].

The homogeneous zero-quantum linewidth parameter,

T ZQ
2 , characterizes the rate at which the zero-quantum

coherence created during the magnetization exchange

process relaxes (a Lorentzian lineshape is assumed),
while the inhomogeneous zero-quantum lineshape char-

acterizes the degree to which precise rotational reso-

nance can be matched across the sample in the presence

of inhomogeneously broadened single-quantum reso-

nances. These parameters have a significant effect on the

exchange dynamics when their �magnitudes� approach
that of the recoupled dipolar interaction, a condition

which is usually satisfied for the weakly coupled spin
pairs whose internuclear distances are of significant

structural interest. In such cases the accuracy with which

the zero-quantum lineshape parameters are determined

often becomes the limiting factor in determining the

accuracy of the R2 distance measurement. Estimation of

zero-quantum parameters from single-quantum mea-

surements presents another alternative [8,10]. However
such an approach involves assumptions about correla-
tion between the sites which some authors have sug-

gested lead to uncertainties in distance measurements

approaching 1 �AA for 13C–13C pairs [13].

Here we demonstrate that measurement of the reso-

nance mismatch (e.g., spinning frequency) dependence

of the longitudinal magnetization exchange process at a

fixed mixing time—rather than as a function of mixing

time with the spinning frequency set precisely on reso-
nance—provides data from which dipolar coupling

constants can be extracted independent of zero-quantum

lineshape parameters. This is expected to yield more

accurate distance information in systems in which ac-

curate estimates of the zero-quantum lineshape param-

eters are unavailable. We demonstrate the process in a

pair of 13C2-labeled model compounds (N-acetyl-DD,LL-

valine and glycylglycine�HCl) with intramolecular, in-
ternuclear distances on the order of 4.6–4.7 �AA. Fits

to the standard on-resonance, mixing time dependent

experimental data show the typical strong correlation

between the dipolar coupling constant and the zero-

quantum linewidth. In contrast, we find that fits to the

spinning frequency dependent data show very little

correlation and allow separate extraction of both pa-

rameters. Such an approach can in principle also be
applied to other dipolar recoupling experiments (for

example heteronuclear CP [14] (under fast-spinning

conditions) and homonuclear 2Q-HORROR experi-

ments [15]).

The determination of the zero-quantum linewidth,

T ZQ
2 , in this manner provides additional information of

interest concerning the presence of correlations between

the sites, which may improve significantly on estimates
of zero-quantum parameters from single-quantum

measurements. Our experiments indicate that such

correlations between sites do not occur in the weakly

coupled spin pairs examined here. More detailed zero-

quantum lineshape information may also be accessible.

In particular, measurement of the magnetization ex-

change as a function of xr is similar to �CW� detection of

the zero-quantum lineshape (particularly when the
coupling is much smaller than the homogeneous zero-

quantum linewidth). Thus, exchange curves recorded as

a function of spinning frequency can provide informa-

tion about the zero-quantum spectrum that goes beyond

the linewidth alone.
2. Experimental methods

2.1. 13C2-labeled samples

Synthesis and purification of 13C2-labeled N-ace-

tyl-DD,LL-valine (abbreviated NAV; with 13C labels

at the acetyl methyl and valine carboxyl car-

bons: 13CH3CðOÞNHCðCHðCH3Þ2Þ13CO2HÞ followed



Fig. 1. Pulse sequences used in the experiments described in text.

Cross-polarization (CP) and CW 1H decoupling during subsequent

dipolar mixing and signal acquisition are standard. (a) Longitudinal

mixing sequence appropriate for standard rotational resonance. After

CP and an optional transverse evolution period for inversion, 90�
pulses transfer the polarization to the z-axis for mixing, and then to the

transverse plane for detection. The time period between these pulses

defines the dipolar mixing period. (b) Modified mixing sequence for

rotational resonance tickling. Ramp-in and ramp-out pulses are ap-

plied just after and just prior to the initial and final pulses, respectively,

to rotate the polarization to and from the near-longitudinal axis ap-

propriate for dipolar mixing. In between these pulses the rf magnitude

is ramped to pass through dipolar resonance. (c) Single p-pulse Hahn

echo sequence for extracting homogeneous linewidths. The p pulse is

timed to occur after an integer number of rotor periods.
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standard methods using specifically 13C2-labeled starting
materials obtained from Cambridge Isotope Labs

(Cambridge, MA) [16]. The labeled NAV was diluted

1:30 in natural abundance (calculated by comparing the

integrated intensity of labeled and natural abundance

resonance peaks in a series of 13C CP/MAS spectra) to

attenuate intermolecular dipolar interactions. Synthesis

and purification of 13C2-labeled glycylglycine�HCl (GG;

with 13C labels at the N-terminal a- and terminal car-
boxyl carbons: NH2

13CH2CðOÞNHCH2
13CO2H) have

been previously described [16] and the labeled material

was diluted 1:10 in natural abundance.

2.2. NMR experiments

13C NMR spectra were recorded either at 4.7 T (50

MHz 13C; NAV experiments) or 9.4 T (100 MHz 13C;
GG experiments) using Cambridge Instruments spec-

trometers with data acquisition and processing software

courtesy of D. Ruben. Transmission line probes were

designed and constructed by C. Rienstra and B. Itin of

our laboratory and utilize either 5mm (NAV experi-

ments) or 4mm (GG experiments) Chemagnetics (Ft.

Collins, CO) spinning modules. Spinning frequencies

were controlled to within �2 Hz of the reported values
using a Doty Scientific (Columbia, SC) spinning fre-

quency controller. Recycle delays of 3 s were used in all

experiments.

The R2 experiments were performed using the pulse

sequence diagrammed in Fig. 1a. After a 2 ms cross-

polarization (CP) period and an optional delay for in-

version, 90� pulses are applied on the 13C channel. The

first p=2 pulse creates longitudinal polarization for di-
polar mixing, and the second transverse polarization for

detection. The time between the 90� pulses constitutes

the dipolar mixing time. For time-dependent exchange

curves, the sample spinning frequency was set to the

isotropic chemical shift difference between the relevant

spins (the center of the inhomogeneously broadened

chemical shift difference distribution), and a series of

experiments was performed at various mixing times
spanning the desired range. At each time point, experi-

ments with initial conditions of longitudinal sum and

difference polarization were performed, the former

serving as control for the latter (particularly to factor

out changes in signal intensity due to probe heating ef-

fects and T1 relaxation). We have found this to provide

more reliable data than inserting a period of decoupling

between longitudinal storage and selective inversion
with its length adjusted to keep the overall decoupling

time constant. However, there is an obvious increase in

averaging time required to achieve the same spectral

signal/noise. At no point did sum polarization decay by

more than 5–10% as compared to the zero-mixing time

intensity. Sum and difference polarization were calcu-

lated at each time point using integrated peak intensities,
and were normalized by dividing by the intensity of the

zero-mixing time point in each case. The normalized

difference polarization at each time point was then di-

vided by the corresponding normalized sum polarization

intensity, and subtraction of the natural abundance

contribution yielded the final exchange curve.

For spinning frequency dependent exchange curves, a

series of experiments was performed at spinning fre-
quencies spanning the n ¼ 1 resonance condition (typi-

cally over a range of �0:5 kHz about mr ¼ D). At each

xr, four different experiments were performed: with

initial conditions of sum and difference polarization and

with mixing times of 0 ms and the selected longer mixing

time (30 or 100 ms in the experiments described below).

The 0 ms mixing time experiments at each spinning

frequency allow appropriate normalization of the data
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in the event of spinning frequency-dependent changes in
CP transfer efficiently. These experiments could be ig-

nored if a reliable spinning-frequency independent
1H–13C CP technique is employed. The final exchange

curve was calculated using the normalization procedure

described above.

Rotational resonance tickling (R2T ) [17] was used to

verify the effective internuclear distance in NAV. R2T , in
comparison with conventional R2 experiments, improves
spectral resolution because it is off R2. Further, it re-

duces the dependence of the dipolar-driven magnetiza-

tion exchange on the zero-quantum parameters. These

improvements results from the utilization of a small

(quasi-adiabatic) ramped rf field at the beginning and

end of the mixing period. In the presence of a small rf

field during the mixing period, the difference of the ef-

fective fields at the coupled spins drives the polarization
transfer. When the rf amplitude ramps slowly through

the R2 resonance condition in the rotating frame,

transfer of polarization between the spins of interest

occurs adiabatically. The pulse sequence is similar to

that for standard R2, however a variable amplitude rf is

applied between the 90� pulses to sweep the system

through dipolar resonance (Fig. 1b). Immediately after

the first 90� pulse creates longitudinal polarization, a
�ramp-in� is used to quasi-adiabatically prepare the spins

for the mixing period, smix. Following the mixing period,

a ‘‘ramp-out’’ pulse preceding the final 90� pulse reverses
the process. These pulses each typically last 200–300 ls.
In between, the rf magnitude is ramped over a fixed

range (from one side of the dipolar resonance to the

other, typically of the order of a few kilohertz), with the

duration of this ramp determining the overall mixing
time. Magnetization exchange as a function of rf ramp

rate is measured by repeating the basic experiment for a

series of different mixing times. Again, both the sum and

difference polarization are prepared as initial states, and

the final normalized curve is calculated as described

above.

Single p pulse Hahn echo experiments [18] with

transverse evolution during the echo period, were used
to measure the homogeneous linewidth of each 13C la-

beled site (Fig. 1c). Spinning frequencies were set well

away (at least 0.7 kHz) from R2 conditions to eliminate

dipolar contributions to the signal decay, and the echo

mixing period was timed so that the center of the p pulse

occurred at an integer number of rotor periods after the

end of CP.

2.3. Numerical simulation of spin dynamics

Exchange curves were calculated using the method

initially described by Levitt et al. [8], with modifications

where necessary to include a weighted distribution of

isotropic chemical shift differences. The details of the

R2T exchange curve calculations are discussed elsewhere
[17]. The CSA parameters necessary for the calculations
included the magnitude of the principal components,

but not the relative tensor orientation. These values

were extracted from the sideband patterns in slow-

spinning spectra and were in agreement with previously

published values.

In what follows differences between exchange curves

are characterized as ‘‘average square deviations.’’ For

time-dependent curves this is calculated according to:

r2 ¼ 1

N

XN
n¼1

xð1Þ tnð Þ
�

� xð2Þ tnð Þ
�2
; ð2Þ

where N is the number of points along the curves at

which the calculation is made, the superscripts (1) and

(2) denote the two curves being compared, and xðiÞðtnÞ
represents the value of the nth time point along the ith
curve. Spinning frequency-dependent curve comparisons

are calculated analogously.
3. Background

3.1. Longitudinal magnetization exchange—time-depen-

dent spin dynamics

The spin dynamics at rotational resonance have been

described in detail by several authors [7,8,19]. Here we

focus on the features relevant to longitudinal magneti-

zation exchange. For a dipolar-coupled, homonuclear

two-spin system, matching the spinning frequency pre-

cisely to the difference in isotropic chemical shifts yields

a purely dipolar average Hamiltonian (in the appropri-
ate interaction frame). This Hamiltonian couples the

central two levels of the typical two spin-1/2 energy level

diagram—it has zero-quantum character—and can be

represented as a transverse vector in the fictitious spin-1/

2 subspace [20,21] corresponding to the coupled pair of

energy levels. Longitudinal difference polarization cor-

responds to a longitudinal vector in this space. Further,

the coherent evolution of a 2-spin system precisely at
R2 consists solely of a rotation of the initial longitudi-

nal state vector about the transverse Hamiltonian

vector, between states of difference polarization and

zero-quantum coherence. According to this description,

detection of difference polarization during the magneti-

zation exchange process in a single crystallite would

yield an cosinusoidal oscillation described by:

hIz � SziðtÞ ¼ cos j-Bjtð Þ ð3Þ
(j-Bj is the magnitude of the recoupled dipolar interac-
tion). Powder averaging over the range of recoupled

dipolar interaction strengths in a polycrystalline sample

then yields a characteristic damped oscillation.

Relaxation modifies the coherent dynamics in a

manner that depends on its rate relative to the magni-

tude of the recoupled interaction [22]. Relaxation is



Fig. 2. (a) Simulated time-dependent magnetization exchange curve for

a spin pair with bIS ¼ 73 Hz and T ZQ
2 ¼ 1:4 ms (solid line). Superim-

posed on this line are two additional dotted lines which are not dis-

tinguishable from the solid curve. They correspond to bIS of 65 and 80

Hz and T ZQ
2 of 1.8 and 1.2 ms, respectively. (b) 2D contour plot

comparison of a series of simulations at a range of coupling constants

and T ZQ
2 values to the curve in (a). The plotted value is the �average

square deviation.� The contour levels in this and subsequent 2D plots

vary from 10�2 to 10�3 in increments of 10�3, and then from 10�3 to

10�4 in increments of 10�4 (this corresponds to root-mean-square

(rms) deviations plotted from 1% to 10%). The vertical and horizontal

lines in (b) indicate bIS and T ZQ
2 values for simulations in (a).
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anisotropic in the fictitious spin-1/2 space—longitudinal
components of the state vector relax according to T1
while transverse components relax according to T ZQ

2 . In

many samples T1 is sufficiently long that it can be ig-

nored, and we can focus solely on the relaxation of zero-

quantum coherence (transverse vectors in the fictitious

spin space) described by T ZQ
2 . If the recoupled interac-

tion is sufficiently large to induce several 360� rotations
of the state vector on a timescale short compared to
T ZQ
2 , then the observed dynamics are simply an expo-

nentially damped version of the ideal coherent dynam-

ics. This is as if relaxation were isotropic and governed

by an overall time constant twice the zero-quantum

value. Simple exponential damping of the ideal coherent

dynamics does not occur in systems in which zero-

quantum relaxation has a significant effect on the time-

scale of a single coherent oscillation. Levitt et al. [22],
have calculated the modified dynamics under these

conditions:

hIz � SziðtÞ ffi e�t=2TZQ

2 coshðRt=2Þ
h

þ r
R
sinðRt=2Þ

i
; ð4Þ

whenR2 > 0 (whereR ¼ ½ðT ZQ
2 Þ�2� 4j-Bj2
, r ¼ ðT ZQ

2 Þ�1
).

As relaxation begins to dominate (the �fast relaxation�
regime: R2 >> 0), oscillations in the observed dynamics

disappear, and the decay of difference polarization as a

function of time approaches an exponential functionwith

a time constant proportional to ðT ZQ
2 j-Bj2Þ. Specifically:

hIz � SziðtÞ ffi e�tðTZQ
2

j-Bj2Þ ¼ e�t=Texchange : ð5Þ
Thus, compensating changes in the coupling constant

and the rate of zero-quantum relaxation can lead to
exchange curves with identical Texchange values, particu-

larly in the fast-relaxation limit. In this regime extracting

accurate distance information from experimental data

obtained under these conditions requires an accurate

estimate of T ZQ
2 . This situation is illustrated in Fig. 2a,

where we show the simulated decay of difference po-

larization as a function of time for a dipolar-coupled

spin pair with an internuclear distance of 4.7 �AA (corre-
sponding to a dipolar coupling constant bIS ¼ 73 Hz),

and a T ZQ
2 ¼ 1:4 ms. These parameters, and the chemical

shift parameters used in the simulations, are typical

values for the NAV experiments described below. In

Fig. 2b we show a contour plot of the average square

deviation between the curve in Fig. 2a and a series of

simulations generated using a range of dipolar coupling

constant and zero-quantum relaxation values. The
minimum that extends from the lower left to the upper

right corner of the 2D plot indicates that the curve in

Fig. 2a can be closely approximated by simulations us-

ing a range of dipolar coupling values, as long as T ZQ
2 is

decreased appropriately to account for increases in the

dipolar coupling constant (and vice-versa). The point is

further emphasized by superimposing in Fig. 2a two

additional simulations calculated assuming internuclear
distances of 4.85 and 4.55 �AA (bIS ¼ 65 and 80 Hz) and

with the T ZQ
2 values (1.8 and 1.2 ms, respectively) which

provide the best match to the original 4.7 �AA curve. As

can be surmised from the figure, these curves are not

distinguishable from one another. The similarity among

the three simulations illustrates the difficulty of ex-

tracting unambiguous distance information from R2

exchange curves when the zero-quantum relaxation rate
is not known.

3.2. Mismatch-dependent spin dynamics

An alternative to measuring R2 exchange dynamics as

a function of mixing time, smix, is measurements as a

function of resonance mismatch, ðD � mr) at a fixed

mixing time. The motivation for such a measurement is
illustrated in Fig. 3. Calculation of the mismatch-de-

pendence of exchange for a 2-spin system with a 4.7 �AA
internuclear distance and T ZQ

2 values of either 1 ms or

4 ms (other simulation parameters appropriate for
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NAV) after 100 ms of mixing are diagrammed in Fig. 3a.
Note that the labels along the vertical axis run opposite

to the normal sense to yield a rotational resonance

�peak� rather than a �trough.�We display only one-half of

the resonance because the symmetry of the effect ensures

that both halves are essentially identical (particularly if

we ignore the small, Bloch–Siegert-like shifts in the

resonance condition [22], and any asymmetric distribu-

tion in chemical shift differences). With T ZQ
2 ¼ 4 ms,

there is less exchange observed off-resonance and more

exchange on-resonance, as compared to the curve cal-

culated using T ZQ
2 ¼ 1 ms. These curves demonstrate

that increases in T ZQ
2 narrow the width and increase the

intensity of the observed resonance condition (as indi-

cated by the arrows in the figure), leaving the overall

area under the resonance relatively unchanged. In con-

trast, Fig. 3b demonstrates that increases in the dipolar
coupling constant both broaden the width and increase

the intensity of the resonance as indicated by the arrows

(calculations assume T ZQ
2 ¼ 2 ms and internuclear dis-

tances of approximately 5.3 and 4.2 �AA, corresponding to

bIS of 50 and 100 Hz).

The qualitatively different response of the resonance

shape to changes in the two parameters suggests that

they may be extracted separately from experimental
data without strong correlations. This idea is further

supported by Fig. 4 where the solid line in Fig. 4a shows
Fig. 3. Variation in magnetization exchange curves collected as a

function of absolute resonance mismatch due to changes in (a) T ZQ
2

(1 and 4 ms, with bIS ¼ 73 Hz) and (b) bIS (50 and 100 Hz, with

T ZQ
2 ¼ 2 ms. Note that the labels along the vertical axis run opposite to

the normal sense to yield a rotational resonance �peak� rather than

�trough.� Only one-half of the resonance is displayed because the

symmetry of the effect ensures that both halves are essentially identical.
the xr dependent exchange curve expected for the 4.7 �AA
(bIS ¼ 73 Hz, T ZQ

2 ¼ 1:4 ms) parameter set used in Fig. 2.

The 2D contour plot in Fig. 2b shows the average square

deviation over a range of coupling constants and zero-

quantum relaxation rates. The shape of the 2D plot in-

dicates that both the coupling constant and T ZQ
2 can, at

least in principle, be extracted independently of one

another with some accuracy. The additional simulations

in Fig. 4a (dotted and dashed lines) show the best fits
with coupling constants corresponding to distances of

4.55 and 4.85�AA for comparison to Fig. 2a.

3.3. The effects of chemical shift dispersion

A distribution of isotropic chemical shifts at each of

the recoupled sites (termed chemical shift dispersion, or

CSD) can further modify the coherent rotational reso-
nance dynamics since precise matching of the resonance

condition for all spin pairs in the sample may no longer

be possible. With the spinning frequency placed at the

center of the resulting isotropic chemical shift difference

distribution one generally maximizes resonance match.

However, those spin pairs whose shift difference lies

away from the center of the distribution will evolve

under a recoupled Hamiltonian with a longitudinal
component (in the fictitious spin space). The degree to

which this affects the dynamics depends upon the rela-
Fig. 4. (a) Resonance mismatch-dependent exchange curve with pa-

rameters from Fig. 2a (solid line). (b) 2D �average square deviation�
contour plot. Vertical and horizontal lines indicate bIS and T ZQ

2 values

for additional simulations in (a) (dotted lines).
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tive sizes of the resonance mismatch, D � mr and the
recoupled dipolar components of the Hamiltonian.

When the magnitude of the latter approaches or exceeds

the former (and hence significantly affects the orienta-

tion and magnitude of the recoupled interaction) we

expect significant CSD-dependent effects.

We can view the difference distribution as the inho-

mogeneous component of the zero-quantum lineshape,

with T ZQ
2 representing the linewidth of the homogeneous

component (a Lorentzian shape is assumed). Both of

these effects act to damp the coherent, oscillatory time-

dependent dynamics. Particularly when the recoupled

interaction is comparable to or larger than the zero

quantum relaxation rate, ðT ZQ
2 Þ�1 (i.e., when significant

zero-quantum coherence is created during the exchange

process), they have qualitatively different effects that

must be distinguished to accurately simulate the spin
dynamics. Transverse echo experiments allow separa-

tion of inhomogeneous and homogeneous contributions

to the lineshape of the relevant single-quantum coher-

ences, and estimating the homogeneous zero-quantum

linewidth as the sum of the homogeneous single-quan-

tum linewidths has been described [11,23]. Calculation

of the inhomogeneous zero-quantum lineshape from the

inhomogeneous components of the single-quantum
lineshapes is also straightforward using the appropriate

convolution (see below). In both of these calculations,

however, one assumes that the underlying effects giving

rise to the single-quantum behavior is uncorrelated at

the two sites. For instance, the �random local fields� that
lead to homogeneous dephasing of single-quantum co-

herence will also dephase zero-quantum coherence only

to the extent that the local fields at the two sites are
different [23]. Similarly, slight structural variations that

lead to variations in chemical shift at one site [24] must

not imply specific structural variations at the second site

which would lead to correlation in their chemical shift

distributions.

The need for distinguishing between the effects of

inhomogeneous and homogeneous zero-quantum line-

shape components has been clearly demonstrated by
�control� experiments in 13C2-labeled amyloid peptides

with large inhomogeneous linewidths (1–3 ppm)

[10,11,13]. With the labeled sites separated by two bonds

(i.e., carbonyl and a-carbon labels on successive resi-

dues), the internuclear distance is approximately fixed

by molecular geometry and yields a relatively large

coupling constant (bIS � 0:5 kHz). Under typical ex-

perimental conditions, this coupling is strong enough to
drive coherent, time-dependent oscillations while not

being so large as to essentially eliminate zero-quantum

damping effects. By close examination of the time-de-

pendent dynamics in these cases, various authors have

proposed to detect evidence of correlation in both

homogeneous and inhomogeneous single-quantum

parameters as just described [13]. Proposals have been
made to extrapolate zero-quantum parameters mea-
sured in these systems to the more weakly coupled spin

pairs whose internuclear distances are of structural in-

terest, and where the small size of the coupling makes it

difficult to use similar techniques to extract zero-quan-

tum lineshapes information. One clear problem with this

approach is the expected distance-dependence of corre-

lation, which may make extrapolation of zero-quantum

parameters from strongly coupled spins to more weakly
coupled spins suspect. The techniques that we present

here represent a reliable alternative for extracting dis-

tance information without resorting to such measures.

3.4. The fast relaxation regime

Extracting the dipolar coupling constant and zero-

quantum relaxation rate from mismatched-dependent R2

exchange curves is complicated by the additional de-

pendence of the observed dynamics on chemical shift

dispersion. Because the damping effects of the two

components of the zero-quantum lineshape (homoge-

neous characterized by T ZQ
2 , and inhomogeneous char-

acterized by both a linewidth and shape) differ

considerably under certain conditions, their effects gen-

erally must be included separately in the simulations
with which distance information is extracted from ex-

perimental data. In these cases the measured R2 line-

width provides a constraint on a qualitative �sum� of the
widths of the two ZQ lineshape components (given a

certain value for the coupling constant), so that only the

relative amounts of the two contributions to the dy-

namics remain unknown. Furthermore, increases in one

ZQ linewidth component (homogeneous or inhomoge-
neous) at least partially compensates for decreases in the

other. Therefore, simulations with a fixed coupling

constant and overall zero-quantum linewidth, but with

varying division into inhomogeneous and homogeneous

components, are often very similar. Measurement of the

R2 width at a series of mixing times can facilitate sepa-

ration of the two lineshape parameters because the time

dependence of their contribution to the dynamics differs
significantly. Exploiting these effects reduces the uncer-

tainty in extracting distance information from R2 data

when ZQ lineshape components are not known accu-

rately by other means.

Nevertheless, we can avoid the need to separately

include homogeneous and inhomogeneous ZQ compo-

nents in simulations if we perform experiments under

conditions in which their damping effects are similar.
This occurs in the �fast-relaxation� regime: when the

zero-quantum relaxation rate (i.e., ðT ZQ
2 Þ�1) dominates

the rate of zero-quantum coherence creation (deter-

mined by the magnitude of the recoupled dipolar in-

teractions). The effect is illustrated in Fig. 5, where

simulations with fixed coupling constant (bIS ¼ 60 Hz)

and zero-quantum linewidth (�350 Hz, corresponding
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to an effective T ZQ
2 of 3.1 ms), but with varied division of

the ZQ lineshape into homogeneous and inhomoge-

neous components, are compared. The near identity of

the simulations demonstrates that separating the two

components is unimportant under these conditions. This

holds equally well for spinning frequency dependent R2

data (representative simulations not shown). (Note that

at very long mixing times the difference between the two

components can again become important.)
We can enter the �fast-relaxation� regime by lowering

the 1H decoupling power enough to sufficiently decrease

the value of T ZQ
2 . Measuring homogeneous linewidths

provides one indicator of the degree to which the fast-

relaxation condition is satisfied, and in typical experi-

ments strict fulfillment of the condition is not required.

In the fast-relaxation regime, we fit R2 data solely using

bIS and T ZQ
2 parameters. The homogeneous ZQ line-

width will be an �effective�parameter one that includes

whatever inhomogeneous contribution is present. Al-

though the inhomogeneous ZQ component may have a

non-Lorentzian shape, the assumption of an overall

Lorentzian ZQ lineshape implicit in the effective T ZQ
2 is

an adequate approximation, at least for the experimen-

tal data we show below.
Fig. 5. Calculated exchange curves for bIS ¼ 60 Hz and a fixed zero

quantum (ZQ) linewidth of 0.32 kHz. (a) Spinning frequency depen-

dent exchange curve with 30 ms of mixing assuming a purely homo-

geneous ZQ line (the width of the observed R2 resonance is slightly

larger than the true ZQ linewidth). (b) Five time-dependent exchange

curves calculated assuming homogeneous (T ZQ
2 , in ms) and inhomo-

geneous (shape assumed Lorentzian, in kHz) ZQ components as fol-

lows: 3.1 ms/0.0 kHz, 3.7/0.05, 4.5/0.10, 5.93/0.15, 8.5/0.20 (all pairs

add to the same overall ZQ linewidth).
In two spin systems with little or no inhomogeneous
ZQ linewidth, a loss of polarization transfer efficiency is

expected with the decreased T ZQ
2 values associated with

the fast-relaxation regime. In systems with significant

inhomogeneous broadening, however, the increased

width of the resonance condition in the fast-relaxation

regime compensates for the decreased on-resonance ex-

change rate (faster exchange in the off-resonance part).

The result is often a minimal decrease, and in some cases
a measurable increase, in the dipole-driven polarization

transfer rate at R2 in inhomogeneously broadened

samples.
4. Results and discussion

4.1. Longitudinal exchange dynamics in 13C2-NAV

Analysis of MAS spectra of the 13C2-labeledN-acetyl-

DD,LL-valine sample (labels at the acetyl methyl and valine

carboxyl carbons), obtained at 4.7 T, yield the following

chemical shift parameters: isotropic chemical shift

difference D ¼ 7:518 kHz; methyl CSA d ¼ 1:25 kHz,

g ¼ 0:5; carboxyl CSA d ¼ �3:75 kHz, g ¼ 0:56. The

molecular structure of the compound determined by X-
ray crystallography [25] indicates an intramolecular, in-

ternuclear distance of 4.67 �AA, corresponding to a dipolar

coupling constant of 75 Hz. Rotational resonance tick-

ling (R2T ) experiments were performed to verify the

magnitude of the dipolar coupling. Spinning at

xr=2p ¼ 8:3 kHz required application of a 1.7 kHz rf

field, carrier frequency precisely between the lines, to

induce dipolar resonance, confirmed by measurement of
the dipolar resonance condition shown in the inset of

Fig. 6. Ramping through the dipolar resonance (the

ramp range is indicated by the bar under the inset reso-

nance condition) at series of ramp rates yielded the ex-

change curves shown in the larger figure (filled symbols).

Data was acquired at several 1H CW decoupling field

strengths (circles, 105 kHz; squares, 80 kHz; triangles,

50 kHz) to verify the absence of decoupling-power de-
pendence. Comparison to simulated curves (calculated

assuming a 50 Hz 2-quantum relaxation rate) indicates a

coupling constant between 70 and 75 Hz, very close to

that calculated from the X-ray structure. Note that the

high dilution level (1:30) drastically attenuated any in-

termolecular effects that might otherwise have been

present.

Fig. 7a shows the time-dependent n ¼ 1R2 exchange
curve (xr=2p ¼ 8:7518 kHz) obtained from NAV at high
1H decoupling power (110 kHz; filled circles). The

presence of substantial oscillations implies a zero-

quantum relaxation rate that does not dominate the

magnitude of the recoupled dipolar interaction. This is

confirmed by single p-pulse Hahn echo experiments that

yield single-quantum homogeneous linewidths of 7 and



Fig. 7. Longitudinal magnetization exchange at the n ¼ 1 rotational

resonance for 13C2-labeled NAV. (a) Longitudinal exchange curve at

the n ¼ 1 resonance (xr=2p ¼ 7:518 kHz) with 105 kHz 1H decoupling

field strength. Simulation (solid line) requires inclusion of relaxation

(T ZQ
2 ¼ 22 ms) and chemical shift difference distribution effects (the

latter reduced from 60 to 40 Hz (Gaussian) to correct for magnet in-

homogeneity). (b) The decay of 13C methylene (open circles) and

carboxyl (closed circles) polarization as a function of transverse evo-

lution time in a standard single p-pulse Hahn echo experiment. Ex-

ponential fitting yields homogeneous linewidths of 7 and 8 Hz,

respectively. (b) Convolution of the methylene resonance with the

mirror image of the carboxyl resonance yields the expected �chemical

shift difference distribution� (hence calculated by multiplying the FID

by a copy of itself with the imaginary component inverted, followed by

negative exponential multiplication by 15 Hz to remove homogeneous

broadening, followed by FT). A 60 Hz Gaussian (dotted line) roughly

fits the experimental peak. (Data in (b) and (c) acquired at

xr=2p ¼ 8:2 kHz and with 105 kHz 1H decoupling.)

Fig. 6. Rotational resonance tickling ðR2T Þ applied to 13C2-labeled

NAV. The inset shows the dipolar resonance (exchange as a function

of rf field strength at a fixed mixing time, in this case 100 ms), with a

line underneath indicating the rf ramp range for the ramped R2T ex-

periment. The larger plot shows the decay of normalized difference

polarization as a function of ramp rate (circles, 110 kHz 1H decoupling

during mixing; squares, 80 kHz; triangles, 50 kHz). Comparison to the

simulated curves (calculated using a 50 Hz 2-quantum relaxation rate)

indicates a coupling constant between 70 and 75 Hz, which compares

favorably with the 75 Hz coupling (corresponding to a 4.67 �AA distance)

calculated from the X-ray crystal structure. Note that the solid lines

denoting the simulated curves connect a finite number of calculated

values; this explains the �kinked� appearance of these lines.
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8Hz for the methyl and carboxyl carbons, respectively

(Fig. 7b). Simulations based on the chemical shift pa-

rameters given above, a dipolar coupling constant of

72.5 Hz, and including the T ZQ
2 value calculated from

the single-quantum echo measurements (22 ms), do not,

however, match the experimental data. A correction is

required for the distribution of chemical shifts at each

site. If we assume that the inhomogeneous distributions
at the two sites are not correlated, then we can easily

calculate the expected difference distribution (for in-

stance, (complex) multiplication of the FID by a copy of

itself with the imaginary part inverted, and with ap-

propriate negative line-broadening before Fourier

transformation to remove the homogeneous component

of the linewidth). For the NAV sample the spectrum

resulting from this process is illustrated in Fig. 7c. A 60
Hz Gaussian roughly fits the relevant peak (the others

derive from natural abundance background signals).

Because some fraction of the single-quantum linewidth

derives from magnet inhomogeneity, and hence is ex-

pected to correlate between the sites in a single molecule,

the contribution of that fraction must be subtracted

from the measured difference distribution to yield the

width of the actual distribution. In this case the width of
the difference distribution was reduced to 40 Hz, and the
resulting simulation (solid line) closely matches the

experimental data. The closeness of the fit in this

case provides at least circumstantial evidence that the

�no-correlation� assumption used to calculate zero-

quantum parameters from single-quantum measure-

ments is acceptable.

Nevertheless, measuring the exchange dynamics as
function of resonance mismatch provides a means of

extracting the coupling constant directly from R2-in-

duced dynamics without resorting to estimates of the

zero-quantum parameters. Reducing the decoupling

power to 40 kHz allows us to enter the �fast-relaxation�
regime defined above, and yields the exchange curve as a

function of spinning frequency shown in Fig. 8a, where

the mixing time was set to 100 ms. The measured curve
as a function of spinning frequency (inset of Fig. 8a) on
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both sides of the resonance condition (i.e., with positive
and negative mismatch values) was averaged about the

central value to yield the experimental data points.

These are shown as a function of absolute mismatch in

the larger plot (an asymmetric inhomogeneous ZQ

lineshape contribution will be averaged by this process,

simplifying the fitting process). Comparison of this ex-

perimental data to a series of simulated curves using

dipolar coupling constants and zero-quantum relaxation
rates spanning the expected ranges yields the 2D con-

tour plot shown in Fig. 8b. The best fit is obtained with

a coupling constant of 72:5� 3 Hz and a T ZQ
2 value of

1:4� 0:1 ms, both values extracted independently of one

another. Simulated curves superimposed on the experi-

mental data in Fig. 8a show the best-fit curve (solid line)

and, for comparison, curves calculated assuming 65 and

80 Hz coupling constants (dotted lines) with the ap-
propriate zero-quantum values to maximize the fit (1.5

and 1.4 ms, respectively).

The conventional time-dependent R2 exchange curve

(obtained at the same decoupling field strength—

40 kHz) is shown in Fig. 8c for comparison, with the

associated 2D contour plot in Fig. 8d. The contour

plot shows the characteristic correlation between the

dipolar coupling constant and T ZQ
2 , which precludes

extraction of the former without knowledge of the

latter. In this case, echo measurements yield a 3.0 ms
Fig. 8. Magnetization exchange as a function of resonance offset near the n
ference polarization as a function of absolute resonance mismatch (the inset

40 kHz and mixing time of 100ms. (b) Comparison of a series of simulations a

in (a) (plotted values correspond to �average square deviations�). Vertical an
(c–d) identical to (a–b), except that data (decay of difference polarization) co

(xr=2p ¼ 7:518 kHz).
value for T ZQ
2 , suggesting a coupling constant on the

order of 62 Hz. Calculation of an effective T ZQ
2 directly

from the observed linewidths, to include the inhomo-

geneous contribution to the zero-quantum linewidth,

yields a value of 2.29 ms, which then yields a dipolar

coupling constant (71 Hz) which closely approximates

the correct value. This is further evidence that the as-

sumptions inherent in estimating zero-quantum pa-

rameters from single-quantum measurements are valid,
at least in this sample. The discrepancy between the

zero-quantum linewidth values estimated from the

single-quantum linewidths (2.3 ms) and fitting of the

spinning frequency dependent exchange curve (1.4 ms)

is likely related to the presence of slow- and fast-re-

laxation components.

4.2. Longitudinal exchange dynamics in 13C2-GG�HCl

Identical experiments were performed in 13C2-labeled

glycylglycine�HCI (GG). The chemical shift parameters

extracted from MAS spectra at 9.4 T were:

D ¼ 12:891 kHz; a-carbon CSA d ¼ 1:99 kHz, g ¼ 0:99;
carboxyl carbon d ¼ �9:08 kHz, g ¼ 0:47. The internu-

clear distance calculated from the neutron diffraction

structure [26] is 4.56 �AA, corresponding to a dipolar cou-
pling constant of 80 Hz. Previous experiments performed

on the 1:10 diluted sample used here, including a detailed
¼ 1 rotational resonance for 13C2-labeled NAV. (a) The decay of dif-

shows the result without symmetrization) with a decoupling power of

t a range of coupling constants and T ZQ
2 values to the experimental data

d horizontal lines indicate values for corresponding simulations in (a).

llected as a function of time, with spinning frequency set on-resonance
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series of RFDR experiments [27]. In what follows we will
assume that this is the correct value.

Fig. 9 illustrates the experimental data and fitting

results for this sample in an analogous manner to what

is presented in Fig. 8 for NAV. The data were collected

at a 1H decoupling field strength of 80 kHz, and the

spinning frequency dependent exchange measurements

were made with a 30 ms mixing time. The 2D contour

plot showing the fit to the spinning frequency-dependent
data (Fig. 9b) clearly indicates a coupling constant of

95� 1:5 Hz independent of T ZQ
2 , and suggests a value

for the latter of 1:25� 0:1 ms. The time-dependent data

shows the typical correlation between bIS and T ZQ
2 ; with

the effective T ZQ
2 value calculated from the observed

linewidths (1.29 ms), the correct dipolar coupling con-

stant is extracted. Again, the estimation of zero-quan-

tum parameters from single-quantum measurements is
acceptable. Furthermore, the value for T ZQ

2 extracted

from fitting the spinning frequency-dependent exchange

curve data agrees with that calculated directly from the

single-quantum linewidths. That all of the measure-

ments are internally consistent adds additional support

to the conclusions drawn from the data.

4.3. Resonance mismatch measurements in related reso-

nance techniques

There exists a series of resonance recoupling ex-

periments with strong similarities to R2. These include
Fig. 9. Magnetization exchange as a function of resonance offset near the n
difference polarization as a function of absolute resonance mismatch (inset sh

and a mixing time of 30ms. (b) Comparison of a series of simulations at a ran

(plotted values correspond to �average square deviations�). Vertical and hori

identical to (a–b), except that data (decay of difference polarization) were c

onance (xr=2p ¼ 12:891kHz).
heteronuclear CP [14] (under fast-spinning conditions)
and homonuclear 2Q-HORROR experiments [15]. In

both cases rf is applied to create a match between the

sum or difference of the effective field strengths of the

relevant spin pair and some (low) integer multiple of

the spinning frequency. Time-dependent, on-resonance

magnetization exchange dynamics in these experiments

are expected to be damped by effects including rf in-

homogeneity and relaxation of the relevant (either
zero or double) multiple-quantum coherence, making

it difficult to extract accurate distance information

from time-dependent exchange data. Mismatch-de-

pendent exchange data, i.e., at a fixed mixing time and

as a function of either rf field strength or spinning

frequency (e.g., a CP Hartmann–Hahn matching

spectrum [28]), provides the same type of comple-

mentary information for these experiments that the
spinning frequency-dependent data we have described

here provides for R2 experiments. Rf-inhomogeneity

and related time-dependent damping influences will

manifest themselves as broadening in the mismatch

spectrum, and combined analysis of mismatch-depen-

dent and on-resonance, time-dependent exchange

curves should allow extraction of more accurate dis-

tance information. Under the appropriate 1H decou-
pling conditions (i.e., the fast-relaxation regime),

fitting of mismatch-dependent data alone should allow

extraction of distance information in these experi-

ments, as we have shown here for R2.
¼ 1 rotational resonance for 13C2-labeled GG�HCl. (a) The decay of

ows result without symmetrization) with a decoupling power of 80 kHz

ge of coupling constants and T ZQ
2 values to the experimental data in (a)

zontal lines indicate values for corresponding simulations in (a). (c–d)

ollected as a function of time, with the spinning frequency set on-res-
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5. Conclusions

We have demonstrated that studying the R2 mismatch

dependence, D � mr, of longitudinal magnetization ex-

change dynamics in a two-spin system allows extraction

of accurate distance information without regard to zero-

quantum lineshape parameters. Because the remaining

parameters upon which the dynamics depend are easily

measured using well-established techniques, we believe
this increases the utility of the technique for distance

measurements in a wide range of samples. The accom-

panying information about the zero-quantum lineshape

is useful as a measure of the correlation of chemical shift

and relaxation at the two sites.
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