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Abstract: The rotational resonance width (R?W) experiment is a constant-time version of the rotational
resonance (R?) experiment, in which the magnetization exchange is measured as a function of sample
spinning frequency rather than the mixing time. The significant advantage of this experiment over
conventional R? is that both the dipolar coupling and the relaxation parameters can be independently and
unambiguously extracted from the magnetization exchange profile. In this paper, we combine R?W with
two-dimensional 13C—3C chemical shift correlation spectroscopy and demonstrate the utility of this technique
for the site-specific measurement of multiple 23C—13C distances in uniformly labeled solids. The dipolar
truncation effects, usually associated with distance measurements in uniformly labeled solids, are
considerably attenuated in R?W experiments. Thus, R?W experiments are applicable to uniformly labeled
biological systems. To validate this statement, multiple 1*C—13C distances (in the range of 3—6 A) were
determined in N-acetyl-[U-13C,25N]L-Val-L-Leu with an average precision of +0.5 A. Furthermore, the distance
constraints extracted using a two-spin model agree well with the X-ray crystallographic data.

Introduction attenuates the dipolar interactions among the nuclear spins. Since
Recent innovations and technological advances in the field these are the primary parameters of interest in structure deter-

of solid-state NMR (SSNMR) spectroscopy have brought it to minations, it is necessary to reintroduce the dipolar interactions
the point where it shows considerable promise as a techniquein order to retrieve the desired structural information. This fact
for studying problems of biological relevance that are not N@s provided the impetus for the development of a suite of
accessible via solution NMR or diffraction technigde® In recoupling techniques that result in the reintroduction of the
particular, the combination of magic angle spinning (MAS}2 dipolar coupll_ngs during MAS in a cqntrolled manriér?4 In _
cross-polarization (CP¥:15 and heteronuclear decoupling such recoupling schemes (the rotational resonance technique
technique¥~18 yielded increased spectral resolution and sen- considered here being an exception), the spin component of the
sitivity in studies of such systems. At the same time, MAS dipolar interaction is modulated with radio frequency pulses to
constructively interfere with the MAS modulated spatial com-
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structures are not easily accessible with conventional structuralhomogeneous and inhomogeneous contributions to the zero
techniques such as solution-state NMR spectroscopy and X-rayquantum line-width parametet%:4¢ The homogeneous contri-
crystallography. bution is described by a phenomenological relaxation parameter
Dipolar recoupling technigues can be conveniently classified T,29, which characterizes the decay of the ZQ coherences
as either broad-banded or selective. To date, broad-bandectreated during the magnetization exchange. In addition, the
recoupling techniques are used extensively for spectral assign-chemical shift distribution (CSBj represents an inhomogeneous
ments, but the deleterious effects of dipolar trunc&fiand contribution that arises mainly from variations in intermolecular
other multispin interactions on the spin dynamics limit their packing and results in a distribution of chemical shifts at each
utility in distance measurements in uniformfZ labeled solids. of the recoupled spin sites. Quantifying these two zero-quantum
In particular, the strong couplings among directly bonded spins contributions is an important and nontrivial task, since they must
attenuate polarization transfer to weakly coupled neighbors, andbe separated from the dipolar couplings if structural parameters
it is precisely these distances that are essential in structureare to be measured accurately. Only recently have experiments
determination. Quantifying multispin effects in uniformly been devised to measure the homogeneous and inhomogeneous
labeled systems is difficult and usually results in inaccurate contributions to such effectg:#3:45.46.4850
distance measurements. Moreover, such techniques are sensitive |n the usual R magnetization exchange experiments, the

to pulse imperfections and require intense radio frequency dipolar couplings are extracted by fitting the experimental
modulations on the low-nuclei, which interfere with the proton  exchange curves with different sets of dipolar (and in some cases
decoupling, leading to a loss of signal intensity during the the magnitude and orientation of CSA tensors) and relaxation
recoupling period? In contrast, with selective recoupling parameters. However, the accuracy of such distance measure-
techniques such as rotational resonanc®*{R¥ and its related ~ ments is limited by the accuracy with which the zero quantum
variants}®43 such problems are circumvented because the |ine-width parameters (especiall§,??) are estimated and
applied rf fields are either weak or nonexistent. accounted for in the numerical simulations. The valuggR

In the case of Rexperiments, the dipolar interaction between has a significant influence on the exchange dynamics and
the members of a pair of spins is reintroduced selectively by depending on its relative magnitude (with respect to the effective
matching the isotropic chemical shift differenge(in hertz), dipolar interaction), the form of the magnetization exchange
to an integer multiple of the sample spinning frequengy- trajectories vary from damped oscillations in the “underdamped”
i.e.,0 = nur (wheren is a small integer representing the order regime e > 1/T,?Q) to monotonic decays in the opposite
of resonancejand monitoring the exchange dynamics as a overdamped casevgs < 1/T-29).38 Short distances often fall
function of the mixing time. This leads to a coherent interaction in the underdamped category and can be measured accdfately,
between the nuclear spins and the macroscopic sample rotationeven without an accurate estimate of the zero quantum relaxation
leading to magnetization exchange between the spins of interestparameters. However, in the context of measurements intended
Since the recoupling during®®s rotor-driven, it is, in contrast  to constrain the structure of biomolecules, the most interesting
to radio frequency driven recoupling techniques, less sensitive constraints arise from long-range dipolar contacts between
to interference fromH decoupling. Moreover, the spectral residues that are also distant in the primary structure. These
selectivity of the R phenomenon is often advantageous in distances tend to correspond to the overdamped case. Conse-
quantitative studies, as multiple and relayed polarization transfersquently, the accuracy of such long-range distance measurements
are minimized. Most importantly, as a direct consequence of using the the R magnetization exchange method can be
the selectivity, the dipolar truncation effects are significantly significantly compromised by the uncertainties associated with
attenuated in Rexperiments. the estimation of the ZQ relaxation parameters. This necessitates

In addition to the dependence on the internuclear distance, the need for developing experiments with a reduced dependence
the magnetization exchange dynamics aaFe sensitive tothe  on the relaxation parameters.

With this goal in mind, Costa et al. proposed an experiment
based on the rotational resonance technique where the magne-
tization exchange was monitored under a constant mixing time
as a function of spinning frequency (rotational resonance width,

R2W),%3 which shows a reduced dependence on relaxation
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approaches involve the observation of the ZQ resonance (a)
transition, with its intensity and width dependent on the dipolar
coupling and relaxation parameters. The simultaneous analysis o
of both (or alternatively the resonance shape) allows independent ;
extraction of distance and relaxation parameters without am- H CP
biguity when compared to the conventional periments.
Using this technique, internuclear distances in selectively labeled 0,
samples have been determined with a reduced dependence on 3¢
zero-quantum line-width parameters and with much improved CcP
accuracy and precision.

The primary aim of the experiments reported here is to extend

TPPM/CW
03 b4

t |<— Trmix ——| ¢rec
1 \

the applicability of the RWV technique to uniformly3C-labeled (b)
systems and to investigate the dependence of the accuracy of
R2W measurements in the presence of multiple spin couplings. o

constraints (in the range of-® A) in the dipeptideN-acetyl-
[U-13C 5N]L-Val-L-Leu using 3D dipolar-chemical shift cor-

relation spectroscopy. Using an approximate model of the spin 0 0y s b
2

dynamics that considers only two coupled spins, a total of 9
: . . . . 3¢ 05 ) Orec
distances were extracted in good agreement with the diffraction CP N Zier ty —"mi \
distances. The excellent agreement of all the measured distances
with X-ray data justifies the use of this simplified model. The - 1 pul for 3 iment. Solid rectandl
R . gure 1. ulse sequences for DR experiment. Solid rectangles
ability of the RW approach to separate the effects of relaxation representr/2 pulses, (a) Represents a gendfa-1C correlation experi-

and dipolar couplings, and simultaneously attenuate dipolar ment performed as a function of spinning frequency with the following

truncation, makes it an invaluable tool in structural studies of phase cycling schemep: = 1, g2 = 1313,¢3 = 2, ¢4 = 1122, 3344(rec
uniformly labeled biological systems = 1324, 3142, 3142, 1324. (b) In this scheme a selective Gaussian flip-up
' pulse is employed to select the carbonyl region of the spectrum. The

DEC] TPPM/CW

To address these issues, we have measured multiple distance
,
H
CP

Experimental Section following phase cycles were employeg; = 8 x 1, 8 x 3; ¢ =1; ¢3=8
x 2,8x 4; ps=1; ps=4 x 3, 4 x 1; pe= 1234;¢e=1234, 3412, 3412,
The experiments were performed on a sanipicetyl-[U+3C,1°N]- 1234, 3412, 1234, 1234 3412. The labels 1, 2, 3, 4 correspond to the phases

L-valine+-leucine (theN-acetyl group was not labeled). For measuring % ¥, =X, -y, respectively. In all the above experiments the phase of the
intramolecular distances, the above uniformly labeled compound was H-CP pulse was fixed along theaxis and the dipolar mixing timerifi)

. . . - was 30 ms.
diluted to 9% in natural abundance to attenuate intermolecular dipolar
couplings. The NMR spectra were recorded at 8.4 T (360.336 MHz
for *H, 90.607 MHz for'3C) using a Cambridge Instruments spec-

trometer (courtesy of Dr. D. J. Ruben) with a commercial Chemagnetics of the residual’C (only carbonyl region) spectrum is reduced, larger

triple resonance MAS probe. The probe was equipped with a 4.0 mm _ . . . . : I
- . L A t, increments are possible during the evolution period, thereby minimiz-
Chemagnetics spinning module. Spinning frequencies in the range.

5.8-7.5 kHz were used in the experiments and were regulatelto ing the total acquisition time. The chemical shifts of the carbonyl

. S resonances are then encoded dutireyolution, which is then followed
Hz with a Bruker spinning frequency controller. The standard approach -

. o . 13 o by a preparatoryz/2 pulse for the magnetization exchange. The
for site-specific measurement of multipf€—*3C distances is illustrated . A . . .
- ) 1 - influence of the heteronucle&C—H dipolar interaction during thi
in Figure 1a. Ramped cross-polarizafibfrom H creates the initial

e~ 13 . . S Y
13C magnetization. The magnetization is then encoded by tieolu- g\r;OI:g'?:’ tr?e Mg-ritl:sgp::ggepﬁ:;%%Izggna((:'lg;s&;ogéiorIrllilr:mzz:ﬂ?etr)%/e
tion, followed by a preparatory/2 pulse, which creates the initial longi- ploying P P ping

tudinal polarization (along the-axis) for dipolar mixing. The second (~83kHz,¢ =127, 7 = .6”5)’ while CW proton decoupling of 100
N~ . . kHz was employed during th&/2 pulses. The length 8fC /2 pulses
7/2 pulse creates transverse polarization for detection. The period

between the twar/2 pulses constitutes the dipolar mixing time and is was Sus, and Gaussian pulse of 308 and recycle delays 6 s were

o - . - ) employed in all our experiments.
maintained constant in the experiment. In our implementation of the . . . . . .
. . . . . Numerical Simulations. The spin dynamics under rotational
R2W experiment, a series of two-dimensional experiments are performed " .
using different sample spinning frequencies. Due to the lak@r resonance conditions have been well described by several
: . . C authorg?36:38.4843.4850and will not be considered in detail in this article.
spectral width, the; increments in such 2D experiments are generally -

) . ; ) We therefore only present modifications of the theory relevant to our
short in order to avoid spectral folding. Since the total number of scans . S Co . :
S - o . ) experimental scheme. In the high-field approximation, the spin Hamil-
is limited by the number df points (which in turn is needed to establish . - . . . o

; S - . . . tonian for an isolated spin pair during MAS is given by
high resolution in the indirect dimension) as well as by phase cycling,
such experiments are often time consuming, unnecessarily in small R
peptides where high signal-to-noise can be expected. This problem, H = w1 (O, + 01, + w210, — (1/2)(11 1; + 11 15)] (1)
however, can be circumvented by employing the pulse sequence
illustrated in Figure 1b and has been implemented in our experiments. wherewi(t), wq(t) denote the periodic time-dependent coefficients (due
Here, following*H—1*C CP, the carbonyl region of tH€C spectrum to MAS) of the chemical shift and dipolar interactions, respectively.
is selected by a 90Gaussian pulse, which restores th€=0 Such periodic time-dependent interactions may be conveniently ex-
magnetization to the-axis of the rotating frame. This is followed by  pressed by a Fourier series expansion given below
application of azfilter, during which all unwanted coherences are

cycling. After the dephasing period, the carbonyl magnetization is
restored to the transverse plane by/a pulse. Since the spectral width

dephased via transverse relaxation processes and removed through phase 2 )
t) = (m) qj2zmut 2
w;(1) w; € @
(51) Metz, G.; Wu, X.; Smith, S. QJ. Magn. Reson. A994 110, 219-227. ==}
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Wherew ) (for A = 1, 2, ord) denotes the time-independent Fourier
component associated with a particular interaction. The orientation
dependend@ of the chemical shift interaction is expressed through the
coefficients

ﬂf[Dzz QbR +

D3 (e R)]}d molBrl) (3)

(m) = wI506W0 + wanlsn{ DO m(Q F<’)

wherew?, = — wooly, andw? ., = — wook,is, represent the isotropic

and anisotropic components of the interaction. The chemical shielding

parameters (such as isotropic chemical shift, anisotropy, and asymmetry H™ =
parameters) are related to the principal values of the shielding tensor

according too, = (1/3)(0%, + o, + o‘z) a’am50 ok, — o, andnyt =
(04 — Oldl, = T, respectlverD Qg is an element of the
ngner rotatlon matrix (of rank 2) descrlblng the transformation from
the principal axis fram@* of the interactiont through a given crystal
fixed frameC (which in our case is chosen to coincide with the dipolar

principal axis system) to the rotor franf i.e.,

Dpo(Qer) = 2 Do 26Dl R @

whereQxy = { axv,Oxvyxv} denotes the Euler angles relating the frames
Xandy. Q,‘,C specifies the orientation of the interaction tensor relative
to the crystal fixed frame anQéR represents the so-called powder
angles describing the individual crystallite orientation relative to the
rotor frame. The reduced Wigner matrix elemdﬁgyo(ﬂm) relates the
transformation from the rotor franie to the laboratory framé with
PrRL= tarTl(x/E) being the magic angle. The definition of the dipolar

component (of the dipolar interaction) and the chemical shift modulated
spin component of the interaction, the above Hamiltonian is transformed
into an interaction frame (defined by the transformation functios
exp(i(2znut)I2}). In this frame, the Hamiltonian is represented by

= UH,U™" = (0 — mv)IZ® + wg®)[1Z3 cos(2emu,t) +

12%sin(2rno,1)] (10)

Inserting the dipolar time-dependent coefficients in the above expres-
sion, the interaction Hamiltonian can be re-expressed as

2
((3 _ nvr)I§3+ z w(Bm)[|i3ei(n—m)szz,t + |2_3ei(n+m)2-m,t] (11)
]

which can further be simplified to

= — )2+ |02 (12)

So far, we have neglected the time-dependence of the chemical shift
anisotropy. Although it is true that the CSA interaction would affect
the line shape of cross-peaks of a correlation spectrum, their effect on
polarization transfer is less significatdtThe unitary operator described
above may be modified to include the time-dependent CSA interaction
and has been described in detail by Karlsson effal.:

coefficients is analogous to the above description and is represented

by

w&m) —

2
jk Z Dg,ml(QJlfc) X Drznl,m(QéR)drzn,O(ﬁRL) (5)
ml==2

whereby is the through-space dipole coupling constant givetypy-
(—(uo/ M))yzh(llrfk) in units of rad s*. For the sake of clarity and
convenience, the above Hamiltonian is rewritten using the single
transition operator bas®.In this basis the Hamiltonian is written as a
sum of two interaction terms, namely,

H=H,+H, (6)
where

Ho = os(®)17* + 0,013 139 7)

Hy = 0(0)12° + wp®)1 ®)

and ws(t) = wi(t) + w(t) ando(t) = wi(t) — wo(t) denote the sum
and the difference of the chemical shift terms. Since the exchange
dynamics under the Rcondition is described in the zero quantum
subspace, the spin system is only governed by the interaction term H
and is represented by

Hy = 017+ wg(O1 9)
where the time-dependent CSA coefficients have been omitted for the
sake of simplicity andd = '™ — »'5° denotes the isotropic chemical
shift difference between the sp|n pair of interest. To describe the
observed interference effect between the MAS modulated spatial

(52) Spiess, H. W. Iibynamic NMR Spectroscopiehl, P., Fluck, E., Kosfeld,
R., Eds.; Springer-Verlag: Berlin, 1978; Vol. 15, pp-5514.
(53) Vega, SJ. Chem. Phys1978 68, 5518.
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U(t) = exp{ —i[2znw,t + ®"q1,0)]12% (13)
where
DIt ) = f "w3"Sqt) dt
In this frame the Hamiltonian is represented by
= (0 — )12+ M= (14)

where @g(t) = ws(t) exp[—i®3"Yt,0)]. Usually, the exchange dy-
namics is governed by the interaction Hamiltonian and depends on the
experimental scheme employed. In the conventiorfaé%periments

(6 = mv) the above interaction Hamiltonian has only a transverse
component and is purely dipolar in nature, whereas in the casé&/éf R
experiments, since the exchange dynamics is monitored as a function
of spinning frequency, the interaction Hamiltonian has both the
longitudinal (described by the resonance mismatch terms) as well as a
transverse component (described by the dipolar terms). Since the
exchange dynamics are influenced by both coherent (described by the
Hamiltonian operator) as well as incoherent interactions (described by
the relaxation operator), the spin dynamics is best studied by using the
Liouville formalism. In this approach, a new set of basis operators are
defined (also known as super-operators) and the time evolution of the
spin system (represented by the spin density operaft},is studied

by solving the Liouville-von Neumann equation

—i[H,p(t)] — T'o(t) (15)

d . _
Using the Liouville super-operatdr (represented by = —iH — T,

the above equation can be further simplified and rewritten as a first-
order homogeneous differential equation

Lo = Lo (16)

The termH in the Liouville super-operatdr denotes the Hamiltonian

(54) Duma, L., Hediger, S., Lesage, A., Sakellariou, D.; Emsleyl. IMagn.
Reson2003 162 90-101.
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commutation super-operator whose matrix elements are defined by

Hap =[Q,HIQ,0= TH{Q, [H.Q.} 17)

where |Qa[J]QsJetc. are orthonormal basis operators defined in the
Liouville space and” denotes the relaxation super-operator, which is

usually diagonal for all practical purposes (neglecting cross-relaxation
terms) and is formally represented by

. | QD 18)
Zﬁ”&mqm

The termT in the above equation denotes the relaxation time associated 02 81
with a given coherence In the RW experiments described here, the Leu

rgevantzlglouvnle subsjpac.e Is spanned by tAhe' Operdmﬁﬁ“hmlﬁ Figure 2. Diagram of the peptid&-Ac-Val-Leu derived from the crystal

I% Dl\/ély [ and the Liouville super-operatdy, is represented by a4 gtrycture. The nomenclature used to label measured distances in the text is
x 4 matrix. This representation of the Liouville super-operator is due jndicated.

to the fact that the RV experiments described here involve a

polarization transfer from spin 1 to spin 2 (which is not polarized (&) o2 = 6.95 kHz

initially). Moreover, the relaxation rates associated with a particular L170

coherence can be directly related to the longitudinal relaxation times. o
Using the explicit form of the operators mentioned above, eq 14 can

be expanded as follows - H174
O
1 V'/ Vvl
T Y 0 V20 & @ -178
0,0 ( T(l) 1 B L/LSI\LVL62 T
1z —— : =
()0 0 T(g) 0 - \/Ewg 182 2
d 2z 1 T T T T T ~
at|z/22mn| = 1 178 174 170 26 22 18 £
y 2 1 (b) /21 = 7.05 kHz £
— V20l Vowy (0—nw,) (_T73) -170 g
2
o V'IVy2 kS
()0 N A [, 7
0,0 ©
23 (29)
B/Elngt)D \ 178
3/213%) LA
i 182
Here,T(l') denotes the longitudinal relaxation time associated with spin T T T | T T 8
i and is determined experimentally by measuring the intensity (or 178 174 170 26 22 18
magnetization) as a function of mixing time far from rotational 13¢ Chemical Shift (ppm)
resonance conditions. In our case, the measiiédvere long and ) ] ) ) ) L
have been neglected in the calculations. The @ refers to the Figure 3. Representative two-dimensional slices from tf@—°C RAW

. i inN- 13C 15N]-L-VVal-L.- -
zero quantum relaxation parameter and accounts for effects that areSXPeriment inN-acetyl [U2%C 5NJ-L-Val-L-Leu recorded on a 360-MHz

. . . ; ) . spectrometer at (a)/27 = 6.95 kHz and (bjv,/27 = 7.05 kHz. The pulse
not directly correlated to the chemical shift or the dipolar interactions. sgquence of Figfj:l)er 1b was used with tlgeh)r;wixing time of 30 ms. pDifferent

The spin dynamics are then evaluated by solving eq 19. Usually, the cross-peaks appear at different spinning frequencies, thereby demonstrating
distance information for a particular spin pair is obtained by calculating the selectivity of the polarization transfer. In (a) cross-peaks corresponding
the root-mean-square deviation between the experimental and simulatedo the medium range -V y1 dipolar coupling R = 3.879 A according to

data that is represented as the crystal structure) appear in the spectrum, along with long-range couplings
between the 1=Lo1 (R = 4.675 A) and I—L62 (R = 4.872 A). These
N cross-peaks are not present in (b) (note that the spinning frequency changes
RMSD = E (Ei _ S‘)z (20) by just 100 Hz), but two additional cross-peaks appear betwéend

Vyl (R= 6.464 A) and Vand \y2 (R = 2.969 A).

HereE' andS denote the experimental and simulated data (integrated extracted by automated fitting to two-dimensional Gaussians. Analysis

. o A ] AP of the magnetization exchange curves involved: (i) normalization of
cross-peak intensities in our case) for a particular spin pair of interest.

The summation index here refers to the number of experiments (denotedaII dgta_pomts to_initial carponyl ntensities dem{ed f_rom cross
: . oo - polarization reference experiments conducted at identical spinning
by N, corresponding to different sample spinning frequencies) per- .
- . . frequencies to compensate for the dependence of CP enhancements on
formed. The internuclear distanceand the zero-quantum relaxation L . L
70 . ) . . the sample spinning frequency, (ii) normalization of cross-peak volumes
Tz constitute the fit parameters in such calculations. to carbonyl intensity at a spinning frequency which is free from an
Data Analysis. The experimental data from the’\R experiments y y P g 'req Y y

. ) recoupling conditions, and (iii) estimation of model parameters using
NMRP h - k vol S . . . . .
were processed using Peand the cross-peak volumes were a Liouville-space formalism (Equation 19) of the spin dynamics (vide

(55) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Pfeifer, J.; Bax,JABiomol. supra) which considers only two coupled spins. For model estimation,
NMR 1995 6, 277-293. the root-mean-square deviation between the calculated and measured
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Figure 4. Representative plots of the cross-peak intensities as a function of the spinning frequency ferlth2 and V—Vy1 rotational resonances and
corresponding graphs of the model estimator in which contour levels are confidence intervals determined from an F-test. The volume inteesities of th
cross-peaks are given relative to the corresponding carbonyl peaks. The parameters in the best fit simulations were as followd2FdR®? = 4.0 ms,

R=5.0 A. For V-Vy1: T2 = 8.9 ms,R= 4.25 A The confidence limits of the contour levels are indicated on the figure.

magnetization exchange curves was minimized; confidence intervals = 6.95 kHz, the V—Vy1l (medium-rangeR = 3.879 A
reflected in the contour plots were derived on the basis of an Ftest according to crystal structure).;+Ld1 (long-rangeR = 4.675

in which only points above the noise floor were used to enumerate the A) and L'—L62 (long range;R = 4.872 A) interactions are
degrees of f_reedom_ in the_ model fitting. T_he experimental details a_nd recoupled. However, at a slightly higher spinning frequency,
results obtained using this method are discussed in the next SeCtlon'a)rIZn = 7.05 kHz, the corresponding cross-peaks disappear,
Results and Discussion and cross-peaks corresponding to-My1 (long rangeR =
6.46 A), and V—Vy2 (short-rangeR = 2.969 A) appear. The

To validate our approach, the proposed 3 xperiment varying cross-peak intensities associated with a particular spin
was applied to carbonyl side chain distance measurements in ying P P P

N-acetyl-[UXC 15N]L-Val-L-Leu. The three-dimensional struc- pair of interest provide a measure of polarization transfer as a

ture of this dipeptide had been previously determined using Iun::';lon ?f sa}[m};)rlle Zpl:mlng :)ret?/\lljenci/hand can ]E)e tusedt a_?ha
X-ray crystallograph¥/ and is illustrated in Figure 2. In oot to estimate the distance between he spins ot interest. 1he

combination with 2D3C—13C correlation spectroscopy, the dependence of the cross-peak intensity on the spinning frequency

R2W methodology allows the measurement of multiple distance Is shown n Figure 4 fqr the L—L.62 and V_V?/l SPin pairs
constraints in a site-specific manner. together with the best-fit simulations and confidence plots. The

The RW experiments were performed at 360 MHEH( T1 relaxatioq times were palibrateq in ;eparate exper.imentg. In
frequency) and at spinning frequencies ranging from 5.8 to 7.5 all the experlments.descrlbed in this a}rtlcle,.the peak intensities
kHz, incremented in steps of 25 Hz. The sweep range of the were reference(_zl W'th rgspect to th? _|nten5|ty of thg carbgnyls
sample spinning frequencies employed in the 2-D experiments (that were polarized initially). In addition, the above intensities
were chosen to satisfy appropriate resonance conditions ( were corre'cte.d for the dependence of QP enhancement on the
2) between all carbonyl and side-chain carbons. Figure 3 sarnplfe spinning frequ'ency.. The' experlmentally observed' po-
illustrates representative two-dimensional slices from tA&/R larization transfer efficiency is quite high for stronger coupling

experiment corresponding to spinning frequencies of 6.95 and Td IS on the (I)rder OBZO%dfor Io_rkl)gzr'_ﬂ-_LgZ) dlstgnces. Us_lng d
7.05 kHz and to a mixing time of 30 ms. the numerical procedure described in the previous section an

The cross-peaks in the aliphatic region are labeled with the from the RMSD plots, a total of nine distances were extracted

carbonyl and side-chain carbon frequencies. When the spinningVAVith hi?h prfecisior:] an%larerf)redsented in Table 1 an Figu’iﬁw‘?_\;
frequency corresponds or is sufficiently close to tReéndition S Is clear from the table, the distances measured using

for a particular carbonyitside chain spin pair, the magnetization are in good agreement with X-ray data, despite the fact that

exchange between the spins results in the appearance of croséﬁ-nu”ISIOIn EfbeCtS havi been geglectedfln rc])ur_calgfl_JIatlons. Thef
peaks in the aliphatic region of the spectrum. The aliphatic agreement between the two data sets further justifies our use o

regions of the spectra demonstrate that these polarization"jl S|mpl|f|etd t_\;\éo:;pln rr1|pde| fortdzta ﬁan?ly?tsr.] It a(ljsot.ls in ;

exchange processes are highly selective. In particular/2t agreement with the earlier reported effect of the reduction o

dipolar truncation in the presence of multiple quantum relax-

(56) Shoemaker, D. P.; Garland, C. W.; Nibler, J. B¥periments in Physical  ation>8 Although multiple spins on the exchange dynamics seem
Chemistry McGraw-Hill: New York, 1989.

(57) Carroll, P. J.; Stewart, P. L.; Opella, S.Akta Crystallogr.1990 C46,
243-246. (58) Ladizhansky, V.; Griffin, R. GJ. Am. Chem. So@003 in press
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Table 1. '3C—13C Internuclear Distances and ZQ Relaxation Such dependence on CSA parameters can, however, be mini-
Times Determined in N-Ac-L-Val-L-Leu mized at then = 1 R?2 condition
C-1C distance, A One of the limitations of this approach is the stringent
_aoms RAWe X-ray 7,2, ms condition imposed on the sample spinning frequency. This
v Vy2 3.20+ 0.20 2969 59 restricts the applicability of this technique to systems in which
Vyl 4.25+ 0.35 3.879 8.9 the CSA’s are small compared to the chemical shift differences.
tgl g-ggi 8-‘712 g-%ig 13-2 Where this condition is not met, the resolution is often obscured
L Vy2 480+ 0.70 4535 43 by the presence of crowded sidebands, Whlch in tur_n affects
Vyl 6.50+ 0.80 6.460 04 the selectivity. Such problems can be partially alleviated by
Lol 5.00+ 0.60 4.675 6.0 employing the RTR technique (rotational resonance in the tilted
Lo2 5.10+ 0.50 4.872 4.0

frame) introduced by Terao et &1 This approach relaxes the
restrictions on the sample spinning frequency in addition to

aThe error bars are given with 95% confidence lebalhe RW data eliminating the broadening effects observed under rotational
for L'=Vy1 spin pair could be fitted witf>?? relaxation 0.+-10 ms. The resonance conditions.
polarization transfer efficiency for this cross-peak was very weak because
of the long distance and could be fitted with broad distribution of the ZQ Cgonclusions
relaxation parameter.

Lp 2.95+0.45 2.487 7.0

We have demonstrated the application of the 3-BAR
technique for simultaneous site-specific measurement of multiple
13C—-13C (carbonyt-side chain) distances in uniformBzC-
labeled solids. The method relies & chemical shift resolution
6 - and is expected to benefit from higher static magnetic fields
with better selectivity and reduced dependence on multispin
effects. Since the recoupling is chemical shift-modulated, its
application is limited to systems with spin pairs having sig-

8

~
1

R2W Distance (A)
(6]

41 nificant isotropic chemical shift differences. Fortunately, many
3 interesting biological systems satisfy this criterion. Further, the
effects of dipolar truncation are significantly reduced in this
2 T T T T T approach and enable the extraction of distance constraints even
2 3 4 5 6 7 8 in weaker (or long range) couplings. Moreover, in systems with
Diffraction Distance, (A) favorable chemical shift resolution, the distance information can

Figure 5. Comparison of*C—13C distances measured by using X-ray P e_Xtra_Cted without ambiguity using a simple two-spin ap-
diffraction and RW experiments. NMR results account for random errors.  proxXimation model. Thus, the reduced dependence on relaxation

and other multispin parameters makes this a suitable approach
for measuring distances in larger uniformly labeled biological
systems.

to be less significant in our case, their effects may become
prominent when studying larger biomolecules such as proteins
and peptide aggregates. However, such multispin effects can
be minimized due to better chemical shift resolution at higher  Acknowledgment. This work was supported by grants from
field strengths. the National Institute of Health (GM-23403 and R.R.-00995).

To investigate other sources of systematic error, the depen-V.S.B. acknowledges the receipt of a postgraduate fellowship
dence of the spin dynamics on the magnitude and orientationfrom the Natural Sciences and Engineering Research Council
of the CSA was studied. For a given set of model CSA of Canada.

parameter8? a series of numerically exact simulations were _ ) ]
performed and then fitted using the approximate treatment Not€ Added after ASAP: The version published on the Web

presented here. The results of the simulations indicate an11/21/2003 contained errors in egs 12 and 18 and in citation of
overestimation of the internuclear distances of at worst 0.2 A "f 38. The final Web version published 11/24/2003 and the
using NMR when the CSA parameters are not knapriori. print version are correct.

(59) Ye, C.; Fu, R.; Hu, J.; Ding, 91agn. Reson. Chenl993 31, 699. JA037761X
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