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Abstract

In this publication, we introduce a version of the rotational resonance width experiment with a homogeneously broadened matching
condition. The increase in the bandwidth is achieved by the reduction of the proton decoupling power during mixing, which results in the
reduction of zero-quantum relaxation, and broadens the rotational resonance condition. We show that one can achieve recoupling of the
carbonyl-aliphatic side chain dipolar interactions band selectively, while avoiding the recoupling of strongly interacting C 0–Ca and C 0–
Cb spin pairs. The attenuation of the multi-spin effects in the presence of short zero-quantum relaxation enables a two-spin approxima-
tion to be employed for the analysis of the experimental data. The systematic error introduced by this approximation is estimated by
comparing the results with a three-spin simulation. The experiment is demonstrated in [U–13C,15N]N-acetyl-L-Val-L-Leu dipeptide,
where 11 distances, ranging from 2.5 to 6 Å, were measured.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Magic angle spinning (MAS) [1] is the most commonly
used method for obtaining high resolution nuclear mag-
netic resonance (NMR) spectra in solids. Recent studies
have demonstrated the feasibility of multi-dimensional
solid-state NMR (SSNMR) in samples with uniform incor-
poration of 15N and 13C labels [2–11]. Isotropic chemical
shifts are available from one-, two-, and three-dimensional
chemical shift correlation spectra, and provide valuable
constraints on secondary structure [12,13]. More quantita-
tive structural information is available from measurements
of dipolar couplings. Dipolar interactions are averaged by
MAS, but can be reintroduced through the application of
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amplitude and phase-modulated radio-frequency pulses.
These dipolar recoupling techniques [14] have proved to
be useful in applications to samples with selective incorpo-
ration of 13C and/or 15N labels, where accurate internu-
clear distance constraints could be determined [15–19].
However, application of these techniques in uniformly
labeled samples is not straightforward. In particular,
broadband recoupling schemes result in a continuous net-
work of coupled spins, in which spin dynamics are gener-
ally dominated by the strongest one-bond interactions
[20–22], which truncate the weak structurally constraining
couplings.

Two approaches have been developed to circumvent the
problem of dipolar truncation in uniformly labeled sam-
ples. In the first set of techniques it was shown that
increased coupling to the proton bath, either through the
reduction of the decoupling power during recoupling in
proton-driven spin diffusion (PDSD), or through the active
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matching of the recoupling conditions (such as simulta-
neous matching of the Rotary Resonance [23] and HOR-
ROR [24] conditions in DARR experiment [25,26]) helps
to restore weak dipolar interactions [27]. These approaches
have recently been used for estimation of distance-con-
straining dipolar couplings in proteins [4,28], although
the structural restraints derived from PDSD or DARR
measurements are generally not accurate. Frequency selec-
tive recoupling techniques [29–33] represent the second
approach to distance measurements, as they are capable
of introducing only the weak couplings of interest, while
the strong one- and two-bond interactions remain averaged
by the magic angle spinning. The simplest to implement
and perhaps the most widely employed frequency selective
recoupling scheme is the rotational resonance (R2) effect
[29,34–36], which occurs when the chemical shift difference
between two spins matches a small integer of the spinning
frequency. The R2 recoupling not only depends on the
internuclear distance but also on the residual coupling to
the proton bath, which can be described by a phenomeno-
logical zero-quantum (ZQ) relaxation rate. Despite this
complication, the distances can be measured quite accu-
rately in cases where the ZQ relaxation rate is smaller than
the dipolar coupling. For example, rotational resonance
has been used to measure distances in uniformly labeled
amino acids and peptides [37,38], and in amyloid fibrils
[39]. In the case when the ZQ relaxation rate exceeds dipo-
lar interaction, the interpretation of rotational resonance
data may result in ambiguities in the measured distances.
In this respect, Costa et al. [40] have developed an alterna-
tive approach to distance measurements, which involves
probing the width of the rotational resonance condition,
i.e., monitoring the magnetization exchange as a function
of spinning frequency, and demonstrated that both the
internuclear distance and the zero-quantum relaxation rate
can be extracted unambiguously from the resonance shape
analysis. This Rotational Resonance Width (R2W) method
has recently been demonstrated in uniformly labeled pep-
tides [41,42].

Selectivity of the R2 and closely related R2W methods is
crucial for minimizing dipolar truncation and multi-spin
effects. It is also a major weakness of the technique when
it comes to its application to uniformly labeled proteins,
as a large number of experiments are required for the mea-
surement of the large number of distance constraints that
are required to generate a high resolution structure. In gen-
eral, some broadening of the recoupling resonance width
would be beneficial, provided that the recoupling occurs
only between weakly interacting spins. To increase the R2

recoupling bandwidth, S. Vega and co-workers proposed
a narrow-band version of radio-frequency driven recou-
pling [43,44], and demonstrated the utility of this technique
[45,46]. In this paper, we report a different and simple way
to increase resonance width of the R2 condition—by
decreasing decoupling power during mixing. The reduction
of decoupling power increases residual coupling to the pro-
ton bath, broadens homogeneous width of the zero-quan-
tum transition, and thus the recoupling bandwidth. We
provide experimental evidence that this homogeneously
broadened rotational resonance (HBR2) approach can be
used to accurately measure internuclear distances in uni-
formly labeled samples. The reduction of decoupling power
during R2 mixing, and the broadening of the R2 width may
result in the increase of multi-spin effects. We demonstrate
that a simple two-spin approximation can still be used for
the data analysis under the conditions of reduced ZQ relax-
ation, due to the attenuation of the multi-spin effects. In the
extreme case, when relaxation rates are large, like in the
case of proton-driven spin diffusion, the dipolar truncation
effects are significantly reduced and the weak dipolar cou-
plings are restored [27].

2. Experimental

2.1. Samples

Uniformly 13C,15N-labeled L-Valine, L-Threonine,
L-Valine-FMOC, L-Leucine-FMOC were purchased from
Cambridge Isotope Laboratories (Andover, MA). Natural
abundance amino acids were purchased from Sigma
Aldrich. [U–13C,15N]-L-Val was diluted to c.a. 9% in natu-
ral abundance valine, and [U–13C,15N]-L-Thr was diluted
to 24% in natural abundance threonine. All amino acid
samples were recrystallized from aqueous solution by slow
evaporation at 4 �C. N-Acetyl-[U–3C,15N]-L-Val-L-Leu and
natural abundance N-Acetyl-L-Val-L-Leu were synthesized
by American Peptide. N-Acetyl-[U–3C,15N]-L-Val-L-Leu
(NAcVL) was diluted to �8% in the natural abundance
NAcVL, and recrystallized from aqueous solution by slow
evaporation at 4 �C as described previously [47].

In threonine, the position of Tc resonance in the spec-
trum is well separated, and it can be considered a model
two-spin system. Similarly, valine represents a model
three-spin system, where V 0 carbonyl carbon can be
recoupled selectively to the side chain methyl carbons,
Vc1 and Vc2, while V 0–Vb recoupling is suppressed.
NAcVL represents a more complicated model system,
where many couplings are present simultaneously.

2.2. NMR Experiments

All experiments were performed on the wide bore Bru-
ker Avance NMR spectrometer operating at 500 MHz pro-
ton frequency. A 4 mm HXY solid-state NMR probe with
X = 13C was used.

The pulse sequence used in the experiments is shown in
Fig. 1. In all experiments, the cross-polarization [48] mixing
time was equal to 2.0 ms, with 1H rf-field intensity ramped
linearly around n = 1 Hartmann–Hahn condition [49]. The
1H and 13C p/2-pulse durations were 2.5 ls and 5 ls,
respectively. TPPM decoupling [50] of �79 kHz (pulse
length 6 ls, with phase modulation of ±7.5�) was used dur-
ing t1 and t2 acquisitions. CW decoupling of 100, 83, 75, 62,
50, 45, and 79 kHz TPPM decoupling were employed



Fig. 1. A pulse sequence used to acquire 2D HBR2 spectra in N-Ac-Val-
Leu. Black rectangles denote 90� pulses. Gaussian 270� pulse is used to
select carbonyl region prior to t1 chemical shift evolution. The rest of the
spectrum is suppressed by the phase cycle. The phases used in the
experiments were as follows: /1 = x; /2 = 8 · y, 8 · (�y); /3 = x;
/4 = y,�y; /5 = �y; /6 = y,y,�y,�y; /7 = 4 · x, 4 · y; /rec = x,�x,�x,
x,y,�y,�y,y,�x,x,x,�x,�y,y,y,�y. Phase sensitive spectra in t1 dimension
were collected using TPPI scheme by incrementing the phase /6 by 90�. 1D
version of the same experiment was used to collect R2W data in threonine
and valine samples.
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during the R2 mixing to control ZQ relaxation time, and to
probe the dependence of the R2 dynamics on the decoup-
ling power.

The pulse sequence in Fig. 1 was used to study the R2

dynamics in N-Ac-Val-Leu, where more than one carbonyl
carbons are present, and multi-dimensional NMR is
required to separate the R2 recoupling occurring between
different spin pairs. 1D version (no t1 chemical shift evolu-
tion) of the same pulse sequence was used in experiments in
threonine and valine.

In the experiment in Fig. 1, the selective Gaussian pulse
is applied to the carbonyl region (270� flip angle, duration
of 200 ls), and the phase cycle ensures that only carbonyl
spins were effectively polarized prior to t1 chemical shift
evolution. The intensity of the polarization transfer to the
aliphatic side chain resonances was measured as a function
of the spinning frequency. In our experiments, the spinning
frequency varied from 8 to 11 kHz.

The 2D spectra were processed using NMRpipe [51],
and the peaks were picked and integrated using Sparky
version 3 (T.D. Goddard and D.G. Kneller, University of
California, San Francisco). One-dimensional spectra were
processed and analyzed using Bruker XwinNMR 3.0.

2.3. Theory

2.3.1. The effective Hamiltonian
The high-field Hamiltonian for the many spin system

consisting of carbonyls (I-spins) and aliphatic side chain
spins (S-spins) under magic angle spinning conditions is:

H ¼
X

i

xSiðtÞSiz þ
X

i

xIiðtÞI iz þ
X

i

dSiSiz þ
X

i

dIiI iz

þ
X

i;j

xðijÞd ðtÞ 2I izSjz �
1

2
Iþi S�j þ I�i Sþj
� �� �

þ
X
i<j

2pJ ijSizSjz ð1Þ

dSi,dIi are isotropic chemical shifts of spins Si, Ii. We as-
sume that the spinning frequency approximately matches
the rotational resonance condition between spins I, S,
i.e., dIi–dSj � nmr, n = 1, 2. The dipolar interactions between
these spins contribute significantly to spin dynamics and
are retained, whereas the S–S and I–I dipolar interactions
remain averaged by MAS, and can be neglected. The last
term in the expression accounts for scalar couplings be-
tween aliphatic spins. xSi(t), and xIi(t) represent chemical
shift anisotropy of spins Si, Ii, respectively:

xkiðtÞ ¼
X2

m¼�2

xðmÞki eimxr t ð2Þ

xðmÞki ¼
X
m0 ;m00

AkP
im00D

2
m00m0 ðXPM

ki ÞD2
m0mðXMRÞd2

m0ðb
RLÞ; ð3Þ

where AkP
im00 denotes a second rank irreducible spherical ten-

sor for spin ki (k = S,I) in its principal axis frame. D2
m0m, d2

m0

are Wigner functions, and XMR = (aMR,bMR, cMR) denotes
the set of Euler angles required to transform the molecular-
fixed frame M into a rotor-fixed frame R. These angles are
random variables in a powder. The Euler angle is
bRL ¼ tan�1ð

ffiffiffi
2
p
Þ for the exact magic angle spinning. The

chemical shift anisotropy tensor of the ki spin is defined as

AkP
i;�2 ¼ �

1ffiffiffi
6
p gkix

a
ki;

AkP
i;�1 ¼ 0; ð4aÞ

AkP
i;0 ¼ xa

ki;

where the anisotropy and asymmetry parameters are

xa
ki ¼ x0ðdzz

ki � diso
ki Þ; ð4bÞ

gki ¼
dyy

ki � dxx
ki

ðdzz
ki � diso

ki Þ
: ð4cÞ

x0 in Eq. (4b) and Eq. (4c) is the Larmor frequency,
diso

ki ¼ ðd
xx
ki þ dyy

ki þ dzz
kiÞ=3 is the isotropic chemical shift.

We assume that dzz
ki is the eigenvalue of the chemical shift

tensor that is the farthest from diso
ki . Similarly, the dipolar

interaction xðijÞd ðtÞ can also be written as a Fourier series

xðijÞd ðtÞ ¼
X2

m¼�2

xðmÞij eimxr t ð5aÞ

with Fourier components defined as

xðmÞij ¼ bij

X2

m0¼�2

D2
0m0 ðXPM

ij ÞD2
m0mðXMRÞd2
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The through space dipolar coupling constant bij is given by

bij ¼ �
l0

4p

� �
c2�h

1

r3
ij

: ð5cÞ
2.3.2. Two-spin system

In the case of an Ii–Sj spin pair, the effective Hamilto-
nian near n = 2 rotational resonance condition (dIi-dSj

� 2mr) can be written as [41,52]

H eff ¼ DIiI iz þ DSjSjz þ BijðIþi S�j þ I�i Sþj Þ ð6Þ
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where the terms DIi = dIi � mr, DSj = dSj + mr account for
the off-resonance effects, and the effective dipolar interaction
is given as [52]

Bij ¼
1

2

X2

m¼�2

xðmÞij aðij;m�2Þ�
D

�����
����� ð7Þ

with

expfiUðijÞD ðtÞg ¼
X1

k¼�1
aðij;kÞD eikxr t; ð8Þ

UðijÞD ðtÞ ¼
Z t

0

ðxIiðt0Þ � xSjðt0ÞÞdt0: ð9Þ

In addition to the coherent interactions approximately de-
scribed by the Hamiltonian in Eq. (6), the spin system is
subjected to various relaxation processes, accommodated
in the Master Equation expressed in the Liouvillian space
[53]:

d

dt
qðtÞ ¼ L̂qðtÞ: ð10Þ

The Liouville superoperator is defined as L̂ ¼ �i H eff

^
�C
^

.
The matrix elements of the Hamiltonian commutation
superoperator H

^
eff , and the diagonal relaxation superoper-

ator C
^

in a basis set of operators jQi), are orthonormal in
the sense that TrðQþi QjÞ ¼ dij, and are defined as

ðQijĤ eff jQjÞ ¼ TrfQþi ½H eff ;Qj�g;

ðQijĈjQjÞ ¼
dij

T i
: ð11Þ

The parameters Ti denote relaxation times associated with
the decay of coherences Qi. The use of the diagonal repre-
sentation of the relaxation superoperator is a model
assumption, and implies that the decays of the multiple-
quantum coherences and of the longitudinal magnetiza-
tions in the tilted frame are exponential, and that the relax-
ation processes of various coherences are not correlated.

For a two-spin system, Eq. (10) can be rewritten as a
system of four homogeneous differential equations. We
define this system in the subspace spanned by four ortho-
normal states jQi), where Qi denote spin operators

Q1 ¼ I iz; Q2 ¼ Sjz;

Q3 ¼
1ffiffiffi
2
p ðIþi S�j þ I�i Sþj Þ; ð12Þ

Q4 ¼
�iffiffiffi

2
p ðIþi S�j � I�i Sþj Þ

In this basis, the diagonal relaxation parameters for states
jQ1),jQ2) have a physical meaning of T ð1Þ1 ; T ð2Þ1 longitudinal
relaxation times for spin 1 and 2, respectively. These relax-
ation times are long compared to the time scale of R2 mix-
ing (<50 ms), and are not going to affect the spin dynamics
significantly. Thus, they will be neglected in further discus-
sion. The diagonal relaxation parameters for states
jQ3),jQ4) are a ZQ relaxation rate R ¼ 1=T ZQ

2 . Four equa-
tions of motion for the expectation values of the operators
in Eq. (12) in the vicinity of n = 2 ZQ resonance condition
can be written as

d
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2.3.3. Steady-state approximation

In the experimental situation of low decoupling power
and short ZQ relaxation times, simple analytical solutions
to Eq. (13) can be obtained for long mixing times. We will
first consider an initial condition of ÆQ1(0)æ = 1, ÆQ2 (0)æ =
ÆQ3(0)æ = ÆQ4(0)æ = 0, as observed in 2D 13C–13C multi-
dimensional experiments. Q1 corresponds to the observable
spin operator contributing to the diagonal peak, while Q2 is
the observable spin operator resulting in the cross-peak.
Let us first assume that the coherences Q3, Q4 reach a
steady state, and we can assume jdQ3,4/dtj � 0. Under the
steady-state assumption, the system of Eq. (13) can be
solved analytically, and yields simple expressions for ÆQ1(t),
ÆQ2(t)æ and ÆQ4(t)æ:

hQ1ðtÞi ¼ hI izðtÞi ¼
1

2
ð1þ e�2XtÞ ð14aÞ

hQ2ðtÞi ¼ hSjzðtÞi ¼
1

2
ð1� e�2XtÞ ð14bÞ

hQ4ðtÞi ¼
�Xffiffiffi
2
p

Bij

e�2Xt ð15Þ

where

X ¼
2B2

ijR

ðD2 þ R2Þ
; ð16Þ

and D = DIi � DSj = dIi � dSj � 2mr measures the deviation
from the exact n = 2 rotational resonance condition. The
validity of this approximation is demonstrated in Fig. 2,
where we compare the analytical solutions for ÆQ2(t)æ and
ÆQ4(t)æ, obtained using Eqs. (14) and (15) with the exact
numerical integration of Eq. (13). For the practically
important cases of structurally constraining carbonyl-side
chain interactions (i.e., P3 bonds) the shortest geometri-
cally allowed distance is �3 Å, and is even longer in most
other situations. Furthermore, the band selective R2 exper-
iments are conducted under reduced decoupling power,
thus facilitating large relaxation rates. Fig. 2a compares
the exact and approximate solutions for ÆQ2æ and jÆQ4æj
for a spin pair at 3 Å apart, and a ZQ relaxation time of
1 ms. The expectation value for jÆQ4æj grows rapidly ini-
tially, and during this period, the steady-state approxima-
tion is not strictly applicable. Accordingly, the analytical
buildup curve for ÆQ2æ deviates from the exact solution of
Eq. (13) over this time period. Once the steady state is
achieved, the agreement between the two solutions im-
proves substantially. In particular, at timescales of 20 ms
or longer, relevant for the R2W experiment, the analytical



Fig. 2. A comparison of the analytical solutions of Eqs. (14) and (15) for
ÆQ2(t)æ and jÆQ4(t) æj with the exact numerical integration of Eq. (13). In (a)
and (c) the exact n = 2 rotational resonance condition is assumed for two
spins 3 Å apart, and with T ZQ

2 ¼ 1 ms. In (a), the results for a single
orientation (b = 90�) are shown. Open and solid circles represent
analytical solutions for ÆQ2(t) æ and jÆQ4(t)æj, respectively, and solid lines
show the exact solution obtained by solving Eq. (13). In (c), powder
averages of ÆQ2(t)æ and jÆQ4 (t)æj are shown. In (b), the R2W calculations
for single orientation (b = 90�) are shown as a function of the deviation
from the exact R2 condition D = d � 2mr, for two spins at a distance of 3 Å
(open circles) and 5 Å (solid circles). Dashed and solid curves show the
results of numerical solutions of Eq. (13). R2W mixing time was 20 ms,
and T ZQ

2 ¼ 1 ms. In (d), powder averages of signals under the same
conditions as signals in (b) are shown.
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and the exact solutions become practically indistinguish-
able. The agreement is further improved after powder inte-
gration, in the sense that the discrepancy between the two
solutions becomes negligible at much shorter timescales
(Fig. 2c), owing to cancellation of errors for individual
crystallites. Thus, the solution of Eq. (14) can be used for
an accelerated data analysis of R2W experiments, and to
gain additional insight into the R2W dynamics. In particu-
lar, it is obvious from Eq. (14) that the R2 transfer is rather
insensitive to the deviation from the exact matching
condition, as long as this deviation is much smaller than
the ZQ relaxation rate, D� R. Since carbonyl and methyl
carbons span relatively narrow ranges of chemical shifts,
�10–15 ppm, it is possible to satisfy the condition D� R

for many13CO–13Cc spin pairs simultaneously, and to
recouple multiple 13CO–13Cc contacts by simply shortening
zero-quantum relaxation times. This can be achieved by
reducing decoupling power during R2 mixing. As will be
discussed later, ZQ relaxation times observed experimen-
tally in threonine, valine, and in the dipeptide NAcVL
are all shorter than 1.5 ms. Thus, one expects that the R2

bandwidth will be rather insensitive to the off-resonance
term, as long as it is in the range of D 6 0.5 kHz. At the
same time, the positions of Ca and most Cb resonances
are well separated from methyl peaks, so they can be kept
significantly off of the rotational resonance condition,
excluding them from the spin dynamics. Eq. (14) should
also hold very well for the cases of very short relaxation
times. In particular, it should be applicable for the descrip-
tion of the proton-driven spin diffusion experiment.

In the case of the magnetization exchange experiments
when the initial longitudinal magnetization is prepared in
the ZQ state q(0) = ÆQ1(0)æ � ÆQ2(0)æ = Iiz � Sjz, the
steady-state approximation gives

hQ1ðtÞ � Q2ðtÞi ¼ hI iz � Sjzi ¼ expð�2XtÞ: ð17Þ

For the on-resonance case, D = 0, and for vanishingly
small chemical shift anisotropies, Eq. (17) can be reduced
to

hQ1ðtÞ � Q2ðtÞi ¼ hIz � Szi ¼ exp �
jxð2Þij j

2

R
t

( )
; ð18Þ

the result previously obtained by Levitt et al. [52].
2.3.4. Effects of CSA on the polarization transfer

The effects of chemical shift anisotropy on the R2 mag-
netization exchange experiments have been extensively
studied [42,52,54–56]. For instance, the presence of CSA
results in high order (n > 2) rotational resonance. The
effects of CSA on polarization transfer efficiency at and
around the n = 2 condition, and the implications it may
have on the accuracy of distance measurements have also
been analyzed previously [42,54]. Although there is rela-
tively small degree of uncertainty in the carbonyl chemical
shift anisotropy strength, the relative orientation of the
dipolar and CSA tensors is unknown, and can greatly alter
polarization transfer efficiency [42,54]. In particular, if r33

component of the CSA tensor is parallel to the internuclear
dipolar vector, the polarization transfer efficiency can reach
about 90% [54]. In the other extreme, when r33 component
of the CSA tensor is perpendicular to the internuclear vec-
tor, the polarization transfer will be significantly dimin-
ished. Ramachandran et al. have shown that the CSA
tensor orientation must be explicitly taken into account
to extract accurate distances from the R2W experiment
[42]. In general, if relative orientations of the dipolar and
CSA tensors are not known, the omission of the CSA
effects will result in systematic errors of ±0.5–0.6 Å.
Although their analysis was applied to the case of long
relaxation rates, it also holds well if ZQ relaxation times
are short, as confirmed in our simulations (results not
shown). In this work, the CSA orientation is explicitly
taken into account in the simulations.
2.3.5. Multi-spin effects in a three-spin system

So far, we have completely ignored any multi-spin
effects, i.e., a possibility that one carbonyl spin can be
simultaneously coupled to more than one aliphatic spin,
or more than two carbonyls interact with one aliphatic spin
or a few of them at the same time. The effective Hamilto-
nian can be easily generalized for the case of a multiple spin
system, and is given as



Fig. 3. R2W simulations in a three-spin system. We consider a linear
three-spin system where spin 1 is coupled to spins 2 and 3 as depicted in
(a). Spin 1 resonates at zero frequency, while spins 2 and 3 have the same
shift of 20 kHz. The R2W curves were simulated in the vicinity of n = 2
resonance condition, and are shown as a function of deviation from the
exact resonance, i.e., D = d � 2mr, where d is the difference in isotropic
chemical shifts between the coupled spins. The internuclear distances were
R12 = 2.5 Å and R13 = 4 Å. The R2 mixing time was chosen to be 40 ms.
The zero-quantum relaxation times were as indicated in the figures. The
signal intensity of the remote spin 3 is represented by open circles. The
black curves represent R2W signals for the same internuclear distance
(R13 = 4 Å), but for a two spin model. The dashed grey curves represent
the two-spin best fit to the three-spin solution. The best fit distances Reff

and the T ZQ
2 relaxation times extracted from the best (two-spin) fit were as

follows: Reff = 4.7 Å, T ZQ
2 ¼ 1:7 ms in (a), Reff = 4.5 Å, T ZQ

2 ¼ 1:2 ms in
(b), Reff = 4.4 Å, T ZQ

2 ¼ 0:7 ms in (c), and Reff = 4.3 Å, T ZQ
2 ¼ 0:4 ms in

(d).
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H ¼
X

i

DIiI iz þ
X

i

DSiSiz þ
X

i;j

BijðIþi S�j þ I�i Sþj Þ

þ
X
i<j

2pJ ijSizSjz: ð19Þ

As before, the first two terms account for the off-resonance
effects, while the flip–flop terms cause transitions between
pairs of states j. . .ai. . .bj. . ..æ M j. . .bi. . .aj. . ..æ. These states
are nearly degenerate near the n = 2 R2 condition. The last
term accounts for J-couplings between aliphatic spins.

In the following, we focus on the three-spin topology
typical for C 0–Cc recoupling experiments, where spin 1 is
coupled to spins 2 and 3, while spins 2 and 3 do not interact
with each other. Although a simplification, this topology
retains many features intrinsic to the multi-spin recoupling
experiments. Adequate description of the polarization
exchange processes in such a three-spin system requires
consideration of 18 coherences if J-coupling is taken into
account, and 9 coherences if J-coupling is neglected. These
coherences, as well as the corresponding Liouvillian matrix
are given in the Appendix.

Fig. 3 shows the result of a three-spin simulation as a
function of ZQ relaxation, and compares it with a simula-
tion for an isolated spin pair. No J-coupling is considered
in this case. The geometry of this three-spin system is
described in the figure caption. A significant reduction of
the polarization transfer efficiency between weakly coupled
spins 1 and 3 in the presence of strongly coupled spins 1
and 2 has been documented in the literature, and is a man-
ifestation of the dipolar truncation effect [20,21]. For a sin-
gle crystallite, the polarization transfer efficiency ratio
between I1 fi S2 to I1 fi S3 is proportional to (B12/B13)2.
This attenuation of the polarization transfer between
weakly coupled spins is significantly reduced if the ZQ
relaxation is present. The main result demonstrated in
Fig. 3 is that as the ZQ relaxation decreases from 5 ms in
(a) to 0.5 ms in (d), the difference between the two-spin sim-
ulations (black curves) and three-spin simulations (open
circles) diminishes.

To quantify these effects, the three-spin curves were fit
using the two-spin model. The results of the two-spin fit-
tings (shown as dashed grey curves in Fig. 3) are
Reff = 4.7 Å in (a), Reff = 4.5 Å in (b), Reff = 4.4 Å in (c),
and Reff = 4.3 Å in (d). These effective distances should
be compared with the ‘‘true’’ distance of 4 Å, and serve
as an estimate for a systematic uncertainty caused by the
omission of multi-spin processes.

It is obvious that the ZQ relaxation, or more fundamen-
tally the residual coupling to the proton bath plays an
important role in the multi-spin R2 polarization transfer
dynamics. The multi-spin effects are reduced in the pres-
ence of short relaxation, and this corresponds well to our
experimental situation (the extracted ZQ relaxation times
are on the order of 1.0–1.5 ms in most cases). In particular,
an error made by using two-spin approximation to inter-
pret three-spin data for typical three-spin topologies is
within 10% for T ZQ

2 � 1 ms, and even smaller for shorter
T ZQ

2 .
Additional simulations demonstrate that the aliphatic
J-couplings (J � 35 Hz was considered) generally attenuate
polarization transfer for long T ZQ

2 > 5 ms, but have negligi-
ble effect for short T ZQ

2 � 1 ms observed in this work
(results not shown).

2.3.6. Simulations and data fitting

The two-spin simulations were performed using analyt-
ical expression of Eq. (14). Three-spin systems were solved
accurately by the numerical diagonalization of the Eqs.
(13), using average Liouvillian given in Appendix. In all
cases, the dynamic phases resulting from the CSA were
evaluated according to [55]:

UðijÞD ðtÞ ¼
X2

m¼�2

m6¼0

xðmÞIi � xðmÞSj

imxr
ðeimxr t � 1Þ;

ð20Þ

The contribution from the dipolar and CSA interactions
can be expressed in a single term [52]:



Fig. 4. R2W curves of Tc in threonine measured at different decoupling
conditions. Solid circles represent signal intensities measured at TPPM
decoupling of 79 kHz, and open circles are intensities measured at low CW
decoupling power of �45 kHz. Solid black and dashed grey curves
represent best fit curves. Black curve corresponds to R = 3 Å,
T ZQ

2 ¼ 5:8 ms, and the dashed grey curve is R = 2.95 Å, T ZQ
2 ¼ 1:1 ms.

R2W mixing time was 30 ms in both experiments.
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~xij
d ðtÞ ¼ xðijÞd ðtÞ 	 e�iUðijÞ

D
ðtÞ ð21Þ

It is necessary to find the second Fourier coefficient ~xij
d that

corresponds to the n = 2 R2 condition. This coefficient was
found numerically by calculating

Bð2Þij ¼
1

sr

Z sr

0

~xij
d ðtÞ 	 e�i2xr tdt; ð22Þ

and its absolute value Bij ¼ jBð2Þij j was used to construct the
Hamiltonian matrix.

All distances were extracted using an analytical solution
of Eq. (14) for a two-spin model. One of the main advan-
tages of the rotational resonance width method is that
the interpretation of data does not require prior knowledge
of the T ZQ

2 relaxation, and both internuclear distance and
T ZQ

2 can be extracted unambiguously from the analysis of
the recoupling resonance shape [40]. Thus a grid of R2W
curves was simulated for a range of internuclear distances
and ZQ relaxation parameters, to which the experimental
data were fit. The root-mean-square deviation (RMSD)
between the experiment and simulated data was used as a
test of the goodness of fit. The distance and ZQ relaxation
parameter that yielded the lowest RMSD were taken to be
the correct values. The R2W curve was simulated for the
best fit values and perturbed by randomly generated, nor-
mally distributed noise with a mean of zero and a standard
deviation equal to the minimum RMSD of the original fit.
The perturbed curve was refit to find the new distance and
relaxation values. The Monte Carlo fitting was repeated ten
thousand times, generating a histogram of parameter val-
ues. The interval in which 95% of the ten thousand points
were able to be fit to was taken to be 95% confidence inter-
val of the internuclear distance.

3. Experimental results and discussion

3.1. T ZQ
2 dependence on the decoupling power

Threonine was used to study the T ZQ
2 relaxation depen-

dence on the decoupling power. We have run a set of 1D
experiments (t1 time is set to zero in the pulse sequence in
Fig. 1) as a function of spinning frequency, and for differ-
ent decoupling power levels. TPPM decoupling of �79 kHz
was used, as well as CW decoupling with power levels rang-
ing from 100 to 45 KHz. A gradual widening of the R2 con-
dition was observed, reflecting the shortening of the ZQ
relaxation times from 5.8 ms determined at 79 kHz TPPM
decoupling, to �1.1 ms at 45 kHz CW decoupling. For all
decoupling power levels, the extracted 13C 0–13Cc distances
are in a good agreement with 3.03 Å determined by X-ray
diffraction [57]. Further reduction of the decoupling power
below 45 kHz reduces T ZQ

2 and broadens recoupling band-
width, so the C 0–Ca polarization transfer processes become
visible. The presence of strong one-bond couplings in the
spin dynamics is undesirable because it may complicate
data interpretation and result in dipolar truncation effects.
Thus the decoupling power was kept high enough to
exclude alpha carbons from the polarization transfer. The
recoupling bandwidth at the lowest decoupling power of
45 kHz can be estimated as �0.5 kHz (twice the FWHM).

To check if T ZQ
2 relaxation times derived from the fitting

of the R2W curves correlate with SQ relaxation, the SQ line
widths for 13C 0 and 13Cc were measured in natural abun-
dance threonine under the decoupling conditions given in
Fig. 4. We have found that the experimentally determined
T ZQ

2 relaxation rates deviate from those estimated from the
SQ line widths. For example, the line widths for 13C 0 and
13Cc were determined to be 19.0 and 20.5 Hz for 79 kHz
TPPM decoupling, and 26.4 and 28.2 Hz for 45 CW decou-
pling. The corresponding T ZQ

2 relaxation parameters calcu-
lated from the SQ linewidths according to 1=T ZQ

2 ¼
1=2pðD1=2

CO þ D1=2
Cc Þ [58] are 4.0 ms and 2.9 ms for TPPM

and CW decoupling, respectively.
U–15N,13C–Valine represents more complicated system

consisting of at least three spins. Methyl resonances are
well separated from methylene and alpha resonances, and
it is possible to selectively recouple the dipolar interactions
between carbonyl and methyl carbons. Again, a one-
dimensional version of the experiment depicted in Fig. 1
was conducted as a function of spinning frequency for a
series of decoupling powers. Significant broadening of the
R2 recoupling bandwidth was observed at reduced decou-
pling. Fig. 5 shows experimental R2W curves at high
decoupling (79 kHz TPPM) and low decoupling (CW,
45 kHz) powers. The overlap is minimal at high decoupling
power in Fig. 5a, and one may expect that the V 0–Vc1 and
V 0–Vc2 spin pairs will behave as independent two-spin sys-
tems. The best fit parameters are in a close agreement with
the X-ray structure of valine that gives 3.88 Å and 2.99 Å
for V 0–Vc1 and V 0–Vc2, respectively. The best fit relaxa-
tion is 2.2 ms, somewhat short compared to the threonine
data in Fig. 4, where T ZQ

2 � 5:8 ms was observed under
similar experimental conditions. This apparent shortening



Fig. 5. R2W curves of Vc1 and Vc2 in valine measured at different
decoupling conditions. Solid squares represent experimentally measured
intensities of Vc1, and open circles represent signal intensities of Vc2. R2W
measurements in (a) were conducted at TPPM decoupling of 79 kHz, and
in (b)—at low power CW decoupling of 45 kHz. The best fit curves shown
in figures were simulated with the following parameters: in (a) R = 4 Å,
T ZQ

2 ¼ 2:2 ms for Vc1, R = 3.4 Å, T ZQ
2 ¼ 2:6 ms for Vc2. In (b) R = 4 Å,

T ZQ
2 ¼ 1 ms for Vc1, R = 3.2 Å, T ZQ

2 ¼ 1 ms for Vc2. R2W mixing time
was 30 ms in both experiments.

Fig. 6. Representative two-dimensional spectrum from the 13C–13C band
selective R2W experiment in N-Acetyl[U–13C,15N]L-Val-L-Leu obtained
on 500 MHz spectrometer and at a spinning frequency of 9.6 kHz. The
mixing time of 40 ms was used. All carbonyl–methyl side chain cross peaks
are seen in the spectra, demonstrating increased bandwidth of the HBR2.
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of the relaxation time can be attributed to the residual
multi-spin effects. Indeed attempting to fit three-spin sys-
tems with a two-spin simulation, as shown in Fig. 3, always
yielded shorter relaxation times.

The reduction of the decoupling power broadens V 0–
Vc1 and V 0–Vc2 resonances, and makes them strongly
overlap, as shown in Fig. 5b. Similar to the effect observed
in the experiments on threonine, the recoupling bandwidth
can be roughly estimated as 0.4–0.5 kHz (twice the
FWHM). Despite the overlap of V 0–Vc1 and V 0–Vc2 reso-
nances, each of the R2W curves can still be fit using two-
spin approximation, and the extracted distances agree well
with the X-ray data.
Fig. 7. (a) Comparison between experimentally determined R2W curve for
L 0–Ld1, open circles, and data simulated for the best fit internuclear
distance and zero-quantum relaxation, solid black curve. The best fit curve
was simulated with R = 4.64 Å, and T ZQ

2 ¼ 0:7 ms. (b) Ten thousand
iterations of Monte-Carlo fitting of L 0–Ld1, resulting in a 95% confidence
interval of 4.54–4.70 Å for the internuclear distance. (c) Comparison of
internuclear distances determined by HBR2 and X-ray diffraction.
3.2. HBR2 distance measurements in N-Ac-VL

Full 3D dipolar-chemical shift correlation experiments
were conducted in the sample of N-Ac-Val-Leu, using
pulse sequence in Fig. 1. The decoupling during R2 mixing
was again set to �45 kHz, which results in the broadening
of the R2 recoupling conditions as discussed before. This
decoupling power was the lowest possible level without
reintroducing the C 0–Ca interactions.

Fig. 6 shows a representative 2D spectrum taken at a
spinning frequency of 9.6 kHz. At this spinning frequency,
the n = 2 R2 condition is nearly satisfied for V 0–Vc1 (exact
matching at mR = 9.577 kHz) and for L 0–Ld1 (exact match-
ing at mR = 9.632 kHz), and the corresponding cross peaks
are at their maximum intensities. However, other reso-
nances are also recoupled. In particular, V 0–Vc2 peak
(R = 2.97 Å) is very intense despite the fact that it is
�0.46 kHz off (exact match is at mR = 9.832 kHz). Even rel-
atively weak interactions such as L 0–Vc2 dipolar coupling
(R = 4.54 Å) are recoupled, despite that the chemical shift
difference between L 0 and Vc2 resonances is off by as much
as 0.8 kHz. Clearly, the reduction of the decoupling power
allows for a significant increase in the recoupling band-
width. Furthermore, the internuclear distances can be
extracted accurately using a simple two-spin model
described above. Chemical shift anisotropy strengths and
orientations for carbon atoms were taken from Ramachan-
dran et al. and used in the simulations [42]. Typical R2W
curve for L 0–Ld1 and the best fit are shown in Fig. 7a.
The peak intensities are referenced with respect to the
sum of all peaks occurring at a given carbonyl frequency.
This normalization is equivalent to the normalization with
respect to the carbonyl intensity at zero mixing, provided
that the T1 relaxation is long on the scale of R2 mixing,
an assumption usually well justified. Sideband intensities
are also taken into account for normalization.

A total of 11 distances were measured in this dipeptide.
Overall, a good agreement with X-ray structure was
obtained as evident from Fig. 7c and Table 1, with excep-



Table 1
Internuclear distances measured in N-Ac[U-13C,15N]L-Val-L-Leu by HBR2

and X-ray diffraction

Atoms 13C–13C distance (Å)

HBR2 X-ray

V 0 Vc2 3.44 (3.38–3.49) 2.97
Vc1 3.82 (3.67–3.94) 3.88
Ld1 4.37 (4.32–4.40) 4.29
Ld2 4.94 (4.73–5.12) 5.90
Lc 3.93 (3.73–4.09) 4.35
Lb 3.63 (3.51–3.72) 3.72

L 0 Vc2 4.20 (4.05–4.40) 4.36
Vc1 5.12 (4.98–5.35) 6.46
Ld1 4.64(4.45–4.80) 4.87
Ld2 4.64(4.54–4.70) 4.68
Lc 3.85(3.67–4.08) 3.83

HBR2 distances are given with a 95% confidence interval.
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tion of V 0–Ld2 and L 0–Vc1 distances, which are clearly
underestimated. Similar effects were observed in previous
studies [41,59,60]. The explanation suggested in a number
of previous publications was that these deviations could
have been caused by the presence of residual intermolecular
effects. The confidence intervals only account for random
errors that result from experimental noise and the small
thermal motions of the atoms but they fail to deal system-
atic errors such as using the two-spin simulation to fit data
from a multi-spin system.

Although the side chain motions may have significant
effects on the distance measurements discussed in this pub-
lication, the side chain molecular dynamics effects are rela-
tively small in NAcVL. This is evident from the small B-
factors (<7 Å2) as determined by the X-ray studies [47].
The motions are probably limited to small librational
motions of the atoms due to the close crystal packing,
and it is reasonable to assume that any dynamic effects
can be ignored in the extraction of internuclear distances
in NAcVL. In proteins, however, special attention should
be paid to the questions of motional averaging.

4. Conclusion

We have presented 3D band selective R2 experiments,
which are a straightforward expansion of the previously
published R2W method. The reduction of the decoupling
power broadens the width of the rotational resonance,
making the experiment band selective.

Apart from making R2 band selective, the reduction of
decoupling and shortening of the ZQ relaxation times seem
to reduce the multi-spin effects permitting the application
of a simple two-spin analysis to multi-spin data. We show
that a simple analytical expression can be used to analyze
data, and that the distances can still be determined with
relatively high accuracy. The experiments have been dem-
onstrated in NAcVL peptide where eleven intra- and
inter-residue distances in a range between 2.9 and 6 Å were
measured. The experiments were conducted at moderate
spinning frequencies around n = 2 R2 condition.
We expect the HBR2 experiments conducted at moder-
ate-field strengths (500 MHz) in this work to be applicable
to structural measurements in non-crystalline biological
solids, such as membrane proteins and insoluble peptide
aggregates. Further extension of this simple method to pro-
teins is under development in our lab, and will be presented
in the forthcoming publication. It remains to be seen
whether this methodology will be applicable at high mag-
netic fields. For instance, at 900 MHz carbonyl-aliphatic
side chain n = 2 R2 recoupling will require spinning fre-
quencies on the order of 18 kHz. The broadening of rota-
tional resonance condition under reduced decoupling
observed in this work is homogeneous in nature, and will
be less dependent on the radio-frequency power at high
spinning frequencies.
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Appendix A

The three-spin system where spin I1(carbonyl) interacts
with two aliphatic spins S2 and S3, and S2 and S3 are J-cou-
pled, is described by the effective Hamiltonian

H ¼ D1I1z þ D2S2z þ D3S3z þ B12ðIþ1 S�2 þ I�1 Sþ2 Þ
þ B13ðIþ1 S�3 þ I�1 Sþ3 Þ þ 2pJ 23S2zS3z ðA1Þ

and can be conveniently represented in the basis set of 18
normalized operators:

Q1 ¼ 1=
ffiffiffi
2
p

I1z; Q2 ¼ 1=
ffiffiffi
2
p

S2z; Q3 ¼ 1=
ffiffiffi
2
p

S3z;

Q4 ¼ 1=2ðIþ1 S�2 þ I�1 Sþ2 Þ; Q5 ¼ �i=2ðIþ1 S�2 � I�1 Sþ2 Þ;
Q6 ¼ 1=2ðIþ1 S�3 þ S�1 Sþ3 Þ; Q7 ¼ �i=2ðIþ1 S�3 � S�1 Sþ3 Þ;
Q8 ¼ I1zðSþ2 S�3 þ S�2 Sþ3 Þ; Q9 ¼ �iI1zðSþ2 S�3 � S�2 Sþ3 Þ;
Q10 ¼ S3zðIþ1 S�2 þ Iþ1 S�2 Þ; Q11 ¼ �iS3zðIþ1 S�2 � Iþ1 S�2 Þ;
Q12 ¼ S2zðIþ1 S�3 þ Iþ1 S�3 Þ; Q13 ¼ �iS2zðIþ1 S�3 � Iþ1 S�3 Þ
Q14 ¼ 1=2ðSþ3 S�3 � Sþ2 S�2 Þ; Q15 ¼ �i=2ðSþ2 S�3 � S�2 Sþ3 Þ
Q16 ¼

ffiffiffi
2
p

I1zS2z; Q17 ¼
ffiffiffi
2
p

S2zS3z; Q18 ¼
ffiffiffi
2
p

I1zS3z

ðA2Þ

In this basis, the three-spin effective Liouvillian
L̂ ¼ �i ^̂H � C becomes

L̂ ¼ L̂11 L̂12

�L̂T
12 L̂22

 !
ðA3Þ
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L̂11 ¼

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9

Q1

ffiffiffi
2
p

B12

ffiffiffi
2
p

B13

Q2 �
ffiffiffi
2
p

B12

Q3 �
ffiffiffi
2
p

B13

Q4 �R �ðD1 � D2Þ �B13

Q5 �
ffiffiffi
2
p

B12

ffiffiffi
2
p

B12 ðD1 � D2Þ �R �B13

Q6 �R �ðD1 � D3Þ B12

Q7 �
ffiffiffi
2
p

B13

ffiffiffi
2
p

B13 ðD1 � D3Þ �R �B12

Q8 B13 B12 �R �ðD2 � D3Þ
Q9 B13 �B12 ðD2 � D3Þ �R

0
BBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCA
ðA4Þ
L̂22 ¼

Q10 Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18

Q10 �R �ðD1 � D2Þ �B13

Q11 ðD1 � D2Þ �R �B13

ffiffiffi
2
p

B12 �
ffiffiffi
2
p

B12

Q12 �R �ðD1 � D3Þ B12

Q13 ðD1 � D3Þ �R �B12 �
ffiffiffi
2
p

B12

ffiffiffi
2
p

B12

Q14 B13 B12 �R �ðD2 � D3Þ �B13

Q15 B13 �B12 ðD2 � D3Þ �R

Q16

ffiffiffi
2
p

B13

Q17 �
ffiffiffi
2
p

B12 �
ffiffiffi
2
p

B13

Q18

ffiffiffi
2
p

B12

0
BBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCA
ðA5Þ
L̂12 ¼

Q10 Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18

Q1

Q2

Q3

Q4 pJ 23

Q5 �pJ 23

Q6 pJ 23

Q7 �pJ 23

Q8

Q9

0
BBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCA

ðA6Þ
In the matrices above, only non-zero elements are shown.
We also assumed the same decay rate for zero-quantum
and double-quantum coherences that can be formed be-
tween spins 1 and 2, 1 and 3, and 2 and 3. If J-coupling
is neglected, the matrix becomes block-diagonal, and
only the first nine differential equations are important
in determining the time evolution of populations ÆS1zæ,
ÆS2zæ, ÆS3zæ. These equations can be solved either by
numerical diagonalization of the Liouvillian, or through
finding a steady-state analytical solution to this system,
assuming that the sum ÆS1zæ + ÆS2zæ + ÆS3zæ stays
constant.
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