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Simple modifications of the rotational resonance experiment
ubstantially reduce the total experimental time needed to mea-
ure weak homonuclear dipolar couplings, a critical factor for
chieving routine internuclear distance measurements in large
iomolecular systems. These modifications also address several
roblems cited in the literature. Here we introduce a constant-time
otational resonance experiment that eliminates the need for con-
rol spectra to correct for effects from variable RF heating, par-
icularly critical for accurate long-distance measurements. This
educes the total number of experiments needed by as much as a
actor of 2. Other improvements incorporated include achieving
elective inversion with a delay rather than a weak pulse (P. R.
osta et al., J. Am. Chem. Soc. 119, 10487–10493, 1997), which we
bserve results in the elimination of oscillations in peak intensities
or short mixing time points. This reduces the total experiment
ime in two ways. First, there is no longer a need to average
ifferent “zero”-time points (S. O. Smith et al., Biochemistry 33,
334–6341, 1994) to correct for intensity variations. Second,
hort-mixing-time lineshape differences observed in large mem-
rane-bound proteins only appear with the weak-pulse inversion
nd not when using the delay inversion. Consistent lineshapes
etween short and long mixing times permit the use of a single
pectrum for subtraction of natural abundance background signals
rom all labeled-protein time points. Elimination of these effects
mproves the accuracy and efficiency of rotational resonance in-
ernuclear distance measurements. © 1999 Academic Press

Key Words: rotational resonance; solid-state NMR; magic-angle
pinning; homonuclear dipolar coupling; proteins.

INTRODUCTION

Solid-state NMR internuclear distance measurements
ide a powerful method for directly probing local structure
tructural changes in large biomolecules, which can contr
aluable insights into structure and function not possible
ny other method. Conventional techniques for structura
estigations are limited by the need for rapid tumbling rate
olution NMR, resulting in an upper limit of around 30 kDa
he need to form high-quality crystals for X-ray diffractio
hich is difficult for membrane-bound proteins. Magic-an

1 To whom correspondence should be addressed. E-mail: thomp
hem.umass.edu. Fax: (413) 545–4490.
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pinning (MAS) solid-state NMR enables high-resolution
eriments on immobile or slowly tumbling samples by a
ging out (3 cos2u 2 1) terms in the chemical shift Hamilt
ian, but also averages dipolar couplings, which sacri
istance information.
Reintroduction of dipolar couplings during magic-an

pinning through rotational resonance (1) has already she
ight on a variety of biological questions (2–5) [reviewed in
6)]. Rotational resonance, which recouples homonuclear
airs, occurs when an integer multiple of the spinning sp
quals the difference in isotropic chemical shifts between s
f interest,nn r 5 Ds iso. Selective inversion of one resonan
reates a difference polarization between the two spins w
hen undergo rotor-driven magnetization exchange durin
ixing time. Through-space internuclear distances are

racted by plotting experimental differences in peak inten
etween recoupled spins as a function of mixing time
imulated exchange curves for different dipolar coup
trengths (1). However, internuclear distance measurem
etween weakly coupled homonuclear spins in systems su

arge membrane-bound proteins still present a variety of
enges that must be reliably met before such experiment
e used routinely.
The biggest hurdle when dealing with large biomolec

nd weakly coupled systems is the inherently low signa
oise. Large biomolecules require specific isotopic labelin

arget sites of interest. For instance, observation of a un
ite in a 120-kDa homodimeric membrane-bound protein tr
ates into doing experiments on approximately 200 nmol o13C
pins. To evaluate a few different mixing times, such exp
ents typically require signal averaging times on the orde
ays to get intensity differences due to magnetization exch

hat are reliably above the noise.
We have developed variations of the standard rotat

esonance experiment to eliminate several artifacts previ
orrected with additional control spectra. Such improvem
re critical for measuring weak couplings where the magn
f the magnetization exchange can be nearly equal to
orrections. By introducing a constant decoupling time an
sing a delay for selective inversion of spin polarization
ave significantly improved the reliability of the experim
@
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372 BALAZS AND THOMPSON
nd reduced the number of spectra required. Improved rel
ty and efficiency should increase accessibility of homonuc
istance measurements for a wide variety of biological p

ems.

RESULTS AND DISCUSSION

Rotational resonance measurements of long13C/13C internu-
lear distances (4–6 Å) can suffer from problems that are
mmediately apparent when tested on readily available13C2

olecules with short internuclear separations. We have ch
uch a readily available molecule (1,3-13C2-Ala, with a 2.5-Å
nternuclear separation), typical of those used in most lab
ories, to demonstrate that experimental conditions ca
hosen to reveal the problems that will occur in a long-dist
easurement. First, extending the experiment to the long

ng times needed for long-distance measurements revea
roblem: nonrotational resonance magnetization decay o
ue to probe detuning. This decay is eliminated by the
tant-time experiment described below. Second, the rapid
etization exchange characteristic of short distances ca
amped to resemble the slower magnetization decay obs

n long-distance measurements by reducing the decou
eld (which decreasesT2

ZQ). This condition reveals a proble
ith oscillations in the magnetization at short times (before
tart of rotational resonance exchange) which has been
usly noted in a membrane peptide system (3, 4). These oscil

ations are eliminated by using a delay inversion (2) rather than
weak pulse inversion, as described below. Thus these

itions (long mixing times and weak decoupling fields) can
sed with readily available13C2 molecules as a means
nding and correcting problems specific to long-distance m
urements.

onstant Time

A constant-time version of the rotational resonance ex
ent was constructed for consistent RF heating durin
ixing times, thus reducing the total number of spectra ne
y as much as a factor of 2. The constant time is achieve

ntroducing an additional variable delay before spin invers
he sum of the “constant-time” delay (td) and the mixing time

tmix) is kept the same for all mixing time points to ensur
onstant overall high-power decoupling time (Fig. 1). In p
ious rotational resonance experiments, comparison of sp
ollected with and without selective inversion has been us
iscriminate loss of intensity due to detuning (caused by
eating) or due to13C T1 decay during the longer mixing tim

rom loss of intensity due to rotor-driven magnetization
hange at the rotational resonance condition (7). For strongly
oupled systems a 5–10% correction due to RF heatin
olerable, since it is relatively small compared with the la
ntensity decrease due to the magnetization exchange.
ver, in weakly coupled systems where the magnetiz
il-
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ifference being measured may also be around 10%, co
ions are no longer trivial. In addition, since magnetiza
xchange curves for long distances are simple decays w
inusoidal oscillations, final intensities are critical for defin
he curve and obtaining the correct distance. Finally, mea
ents of long distances require longer mixing times tha

horter distances, resulting in increased RF heating artifac
hese weakly coupled systems.

Figure 2 compares constant-time and nonconstant-tim
ational resonance experiments measuring the 2.5-Å distan
,3-13C2-Ala. Mixing times up to 60 ms with proton decoupli
eld strengths ofgB1/ 2p ; 70 kHz were used. Selecti
nversion creates difference polarization (I 1 2 I 2 5 D p); its
volution with mixing time yields the dipolar coupling. Ide

ical control spectra without selective inversion are use
etermine whether other factors contribute to the magne

ion decay, by plotting the sum polarization (I 1 1 I 2 5 ¥ p)
ersus mixing time. Using a constant decoupling time prev
onrotational resonance intensity losses in the control sp
nd the sum magnetization (¥p) remains constant for all mixin

imes. Without using constant-time rotational resonance
um magnetization decreases to 0.63 at 60 ms, an inte
ecrease comparable to the calculated rotational reso
xchange curve for a;5-Å distance (withT2

ZQ 5 2 ms and
hemical shift dispersion). Thus, with the nonconstant-
xperiment the decay due to RF heating or13C T1 can be the
ame as or larger than the decay from magnetization exch
n a weakly coupled spin pair. The magnitude of the decay
o RF heating is likely to vary for different probes and dec
ling powers. The magnitude of the decay due to13C T1 will be
mall at these mixing times (shortestT1 values expected a
600 ms for CH groups, predicting 10%T decay at 60 ms

FIG. 1. Constant-time rotational resonance pulse sequence. (a) Or
otational resonance pulse sequence (1). (b) Constant-time version: The fir
elay (td), with spins stored along thez axis, varies in proportion to the mixin

ime (tmix) to conserve a constant time of high-power proton decoupling fo
xperimental time points. For the inversion delay, the carrier frequen
entered between the two resonances to be recoupled.t inv is set to (2Ds iso)

21

uring which the spins of interest precess 180° apart. This delay is immed
ollowed by a 90° pulse, placing the spins onto6z for the variable mixing time
uring which rotational resonance magnetization exchange occurs.
olarization (eight-phase cycle) is ramped to maximize efficiency at
pinning speeds (11). The second and final13C p/2 pulses bring the spins on
hexy plane from each of the four possible directions, resulting in an 83 4 3
5 128-phase cycle.
3 1
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373CONSTANT-TIME ROTATIONAL RESONANCE
ote that this problem would not be apparent in a rotati
esonance experiment on a short-distance standard su
lanine because of the very rapid decay of the differ
agnetization. Corrections to the difference magnetizatio

he decay of the control spectra without inversion are insig
cant and are not needed to obtain the correct 2.5-Å dist
Fig. 2).

It should be noted that even the constant-time version o
xperiment does not correct perfectly for13C T1 decay, becaus

he state of the system differs between thetd period (both spin
n 1z) and thetmix period (spins on6z). There is no differ
ntial T1 effect with mixing time for the spin that is on1z
uring both periods. However, the spin that is inverted
xperience differentT1 decay with different mixing times
hus any experiment involving a spin with a shortT1 (e.g.,
ethyl carbon) should be performed with inversion at the o

long T1, . s) site. Then differentialT1 decay is unlikely to
ause any nonrotational resonance decays in the constan
xperiment.
The phase cycling scheme chosen for the constant

otational resonance pulse sequence succeeds in cancel
ll residual magnetization in thexy plane arising from impe

ect and/or missetp/2 pulses and missettings of the invers
elay. This was demonstrated on unlabeled glycine by d
rately missetting thep/2 pulses or the inversion delay by

FIG. 2. Constant-time (F) versus nonconstant-time (h) rotational reso
ance on 1,3-13C2-Ala. ¥p indicates sum polarization—the sum of the p
reas for the carboxyl and methyl groups without a selective inver
ithout constant-time rotational resonance this value decreases due to

ng under RF heating which reduces signal intensity.Dp indicates differenc
olarization—the difference between the peak areas for the carboxy
ethyl groups with selective inversion of the methyl peak. The solid line i

imulatedn 5 1 rotational resonance curve for an internuclear distance o
, with the following parameters:T2

ZQ 5 9 ms (estimated as 1/T2
ZQ 5

/T2(CH3) 1 1/T2(COOH), withT2 values measured with CP–t–180–t–AQ);
hemical shift tensor values [from (12)] of d 5 5.283 kHz, h 5 0.84
carboxyl),d 5 0.906 kHz,h 5 0.75 (methyl); and Euler angles relating
hift tensor to the dipolar tensor of (0, 58, 0) carboxyl and (0, 33, 0) me
educed from the crystal structure of alanine (13). The Dp data are plotte
ithout correction for the¥p decays. Both experiments give an internuc
istance of 2.5 Å in agreement with previous measurements (5, 13).
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uch as 50% and observing no change in intensities bet
ong and short mixing times. Since in natural abundance
ine there is only a 0.01% occurrence of13C-carboxyl directly
onded to13Ca, there should not be any detectable chang
eak intensities due to rotational resonance magnetizatio
hange. Without the full 128-phase cycle, decay between
nd long mixing times is apparent due toT2 decay of residua
agnetization in thexy plane (data not shown). In the case

arge biomolecules, where a large number of scans are i
ntly required, there is no disadvantage to having a
hase-cycling scheme.
Another reduction in the number of control spectra need

chieved by cycling between all time points. If data are
ected for different mixing times sequentially, it is often n
ssary to collect additional spectra (e.g., repeat the zero

ng-time spectrum) to check for instrumental drift over the l
xperiment times (;days). It is more efficient to collect data
locks of 128 transients per mixing time and cycle through
eries of mixing times to be sampled (“multicyc” comman
ruker software). Thus any instrumental drifts are equ
xperienced by each mixing time.
Constant-time rotational resonance has additional ad

ages for long-distance measurements in cases where a u
esolved spin is undergoing exchange with a small fractio
ultiple, unresolved spins. Such a scenario is typical in l
iomolecules produced biosynthetically, since single label
ften limited to unique amino acids, ligands, or cofactors
articular, constant-time rotational resonance is prefe
here the sum of intensity losses due to RF heating or13C T1

ecay at the abundant nonexchanging sites would othe
xceed the small intensity decrease due to magnetizatio
hange at the single spin pair of interest. Another advanta
he opportunity to do a single-site analysis, focusing on
nique site. Since the sum of the peaks in the inverted spe
emains constant throughout magnetization exchange (I 1 1

2 5 C), it is possible to evaluate the rotational resonanc
he difference polarization in terms of one of the resona
I 1 2 I 2 5 C 2 2I 2). For the 1,3-13C2-Ala sample shown i
ig. 2, the standard deviation forI 1 1 I 2 5 C in the inverted
pectrum is 15% through 50 ms of exchange with the cons
ime experiment, compared with a 30% standard deviatio
he nonconstant-time pulse sequence. Thus, the constan
xperiment improves the validity of a single-site analysis

elay Inversion

We observe that achieving selective inversion via a d
2, 7) [p/2–t inv–p/2, wheret inv 5 (2Ds iso)

21 with the carrie
requency centered between the two resonances] offers s
dvantages over creating6z polarization through a wea

nversion pulse with the carrier frequency centered on the
o be inverted. The weak pulse inversion takes;400ms, a long
eriod during which ambiguous effects may occur. In con

he delay inversion occurs at the second hardp/2 pulse (;4
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374 BALAZS AND THOMPSON
s). Because the delay is quite short (t inv 5 40–50ms), there
s no significant rotational resonance exchange orT2 relaxation
even for the shortest CH2 T2’s ; 1 ms).

One problematic effect that occurs with the weak pulse
ot with the delay method is a fluctuation in peak inten
uring short mixing times before rotational resonance ma

ization exchange begins (Fig. 3). For strongly coupled sys
he subtle oscillations are masked by rapid decays in inten
ue to magnetization exchange. Therefore we used low p
ecoupling fields (gB1/2p , 40 kHz) to decreaseT2

ZQ and
amp the rapid rotational resonance oscillations on the

13C2-Ala sample. These conditions reveal intensity fluctuat
ccurring before the start of rotational resonance excha
hen a weak pulse inversion is used (Fig. 3, open squa
nder the same conditions, the delay inversion method (F
lled circles) reduces the intensity fluctuations. Measurin
ccurate zero mixing time is essential for getting a co

nternuclear distance measurement because subsequent
imes are normalized to this initial time point. A consist
alue for short mixing times increases the reliability of the fi
istance determination and eliminates the need to average
r four intensities for mixing times less than 1 ms (3, 4). This
aves considerably on the overall number of spectra need
ccurately measure an internuclear distance.
The delay inversion method also yields consistent pha

nd lineshapes for the series of spectra. For the short m
imes under 300ms shown in Fig. 3, using the delay invers
esults in correct phasing for all spectra using identical pha
arameters. However, the weak-pulse inversion spectra w
ot properly phase with a single set of phasing parameters

FIG. 3. Selective inversion methods differ in zero-time-point reliabi
ata for 1,3-13C2-Ala with low power proton decoupling fields (gB1/2p , 40
Hz) during the rotational resonance mixing time. Under these cond
agnetization exchange due to rotational resonance is not observe

mix 5 500 ms. Weak-pulse selective inversions (h) display peak intensit
ariations at short mixing times, as cited in the literature (3, 4). However,
ime-delay inversions (F), taking two orders of magnitude less time to inv
pins, do not undergo short mixing time fluctuations. Thus, a single spe
ives a reliable “zero-mixing-time” point.
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ot shown). For the natural abundance spectrum of a l
embrane-bound protein (120-kDa homodimer bound to

erial inner-membrane vesicles) we observed a differenc
ineshape between the short and long mixing times when u

weak pulse inversion. For the delay inversion, both shor
ong time points had the same lineshape (Fig. 4). The pra
esult of consistent lineshapes is that a single unlabeled p
pectrum can then be used for all subtractions of 1% na
bundance13C background signals. This reduces the t
umber of spectra required and increases confidence i
ormalized experimental data used to determine internu
istances.

FIG. 4. Effects of weak pulse versus delay inversions on lineshape13C
pectra, noninverted region, of;216 nmol unlabeled transmembrane bacte
hemotaxis receptors bound to native inner-membrane vesicles, 32,000
ach without constant decoupling times,25°C. Each pair of spectra have t
ame phasing parameters. No rotational resonance should be observed
ample. (a) The selective weak-pulse inversion shows a different patt
eak intensities for short (100ms) versus long (45 ms) mixing times. (b) W

he time-delay inversion the 100-ms mixing time spectrum is indistinguishab
rom the 45-ms mixing time spectrum. Thus with a delay-inversion
nlabeled spectrum can be used for all natural abundance subtractio

mproved reliability and efficiency.
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CONCLUSIONS

The constant-time rotational resonance experiment for
uring homonuclear distances shows no decay in inten
ue to variable RF heating commensurate with mixing tim
e have also demonstrated that using a delay inversion r

n reliable peak intensities at short mixing times and consi
hasing and lineshapes for all mixing times. These eas
mploy modifications to rotational resonance eliminate
eed for multiple control spectra, increasing the reliability

he measurement and significantly reducing the experi
ime. This provides an efficient approach for performing a
ate rotational resonance internuclear distance measure
n large biomolecules.

EXPERIMENTAL

As a standard for dipolar coupling measurements,DL-ala-
ine-1,3-13C2-

15N (13C, 99%; 15N, 99%) was obtained from
ambridge Isotope Labs (Andover, MA) and diluted nine
ith unlabeled alanine to avoid intermolecular dipolar inte

ions, dissolved in H2O, and lyophilized. Unlabeled bacter
nner-membrane vesicles containing membrane-bound b
ial chemotaxis receptors were isolated from an auxotro
scherichia colistrain containing the overexpression vec
HSe5.tsr, according to protocols described elsewhere (8, 9).
et membrane-protein pellets were collected at 45,000

Beckman Ultracentrifuge Ti70 rotor) for 2 h at 4°C andstored
t 270°C until packed into a 4-mm zirconia rotor.

13C solid-state NMR experiments were performed o
ruker ASX300 spectrometer. The samples were packe
-mm zirconia Bruker rotors fitted with Kel-F end caps
agic-angle spinning at#15 kHz. The magic-angle spinnin

peed controller keeps spinning rate fluctuations to less
3 Hz. Spectrometer tuning frequencies were 300.13 MH

1H and 75.47 MHz for13C. Ramped cross-polarization (1.5-
ontact times and an 18% ramp on theX channel) was pe
ormed with proton decoupling field strengths ofgB1/ 2p ;
0 kHz. The power was increased to provide;69-kHz 1H
ecoupling fields during rotational resonance magnetiz
xchange and acquisition times. Rotational resonance e
ents on 1,2-13C2-Ala were performed with magic-angle sp
ing at 11,862 Hz (n 5 1) and 5-ms 1H and 13C 90° pulse

engths. Weak pulse inversions used a 400-ms inversion puls
carrier frequency on resonance to be inverted). Delay in
ions usedt inv 5 1/2Ds iso (carrier frequency centered betwe
he two resonances).13C chemical shifts were referenced to
ethyl peak of 1,4-di-tert-butylbenzene at 31 ppm.
Sample temperatures were calibrated by an external stand

etrakis(trimethylsilyl)silane (98%; Sigma-Aldrich, St. Lou
O) soaked in liquid methanol and packed into a 4-mm r
nder a nitrogen environment. The temperature standard wa
nder identical MAS speeds and thermocouple readout tem

ures as experimental samples to obtain the actual temperatu
a-
es
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he material in the rotor after frictional heating by high M
peeds. The difference in the1H chemical shift of the methyl an
ydroxyl peaks was fit to the modified equation of van Geet g
y Aliev and Harris (10) scaled to 300 MHz to determine t
alibrated sample temperature. Spectra on the labeled a
ere collected at a calibrated temperature of 35°C with a

ecycle delay. For spectra of frozen membrane protein sam
xtended periods of signal averaging with sample cooling
chieved by using dry air (dried with a Balston Instrumen
ryer) for the spinning and cooling gases; the latter was coo
bath of Cryocool fluid (Savant Instruments, Inc., Farmingd
Y) containing a CC-100II immersion cooler (NESLAB Inst
ents, Inc., Portsmouth, NH), followed by a second cold ba
ryocool fluid cooled with dry ice pellets. The second Cryoc
ath was critical to provide sufficient cooling of the prot
ample to compensate for frictional heating at high spin
peeds. All four spectra of frozen membrane protein (Fig. 4)
ollected in one experiment, cycling between blocks of 32
ients each (total of 32,000 scans each) without constan
ecoupling and at a calibrated temperature of25°C with a 1-s
ecycle delay.

Natural abundance corrections for unlabeled alanine co
utions not undergoing rotational resonance magnetizatio
hange were made on the integrated area differences b
ormalization. Unlabeled alanine with 1%13C is present in
inefold excess, contributing 0.09 to the total peak, whe

he 1 partDL-alanine-1,3-13C2-
15N is 99% labeled. Thus, th

orrection is made by subtracting 0.09/(0.091 0.99) of the
ero-time point integrated area difference from each of the
oints before normalization. Error bars corresponding to6 one
tandard deviation of the spectral noise were smaller tha
ymbol sizes used in the plots.
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