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Abstract: A novel NMR experiment allows one to characterize slow motion in macromolecules. The method
exploits the fact that motions, such as rotation about dihedral angles, induce correlated fluctuations of the
isotropic chemical shifts of the nuclei in the vicinity. The relaxation of two-spin coherences invol¢iagd

Cf nuclei in proteins provides information about correlated fluctuations of the isotropic chemical shifts of C
and &. The difference between the relaxation rates of double- and zero-quantum coheréi@esu@ ¢

C? is shown to be affected bgross-correlated chemical shift modulatiolm ubiquitin, evidence for slow
motion is found in loops or near the ends/bktrands andx-helices.

Introduction

Conformational dynamics and internal mobility play a central
role in many biological processes including protein/protein
interactions!, protein folding? and enzymatic reactioSNMR

spectroscopy can in principle provide a vital contribution to the
understanding of biomolecules by supplementing structural

information through dynamic information. In particular, NMR
has a unique ability to assess segmental motions spanning

wide range of time scales. Fast motions on the subnanosecondOf
time scale are usually characterized by a so-called model-free

analysié using a combination of longitudinal, transverse, and
cross-relaxation rates’{, T, and nOe). Order parameters are
usually measured by usifd§N nucleP® and less frequently by
using13C nuclei? The local order parameté®?, derived from

such an analysis, gives a measure of the amplitude of the

fluctuations of a bond vector and thus reflects the local flexibility

of a protein. By using appropriate models, such fast scale

motions can be described in more detafl® Slow motions in

the microsecond to millisecond range are usually detected by

measuring differences betweé and Ty, the latter often
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recorded as a function of the (possibly tilted) effective RF
fields ' or using relaxation-compensated CPMG sequekceés.
The simplest indication of slow motion is the observation that
Ti, > To. However, in uniformly*3C-enriched proteins, measur-
ing T, and Ty, for side-chain carbons is fraught with problems,
and in practice these methods can only be applietfNoand
carbonyl nuclei, or to proteins that are selectively enriched in

eparticular carbon positions.

In the present paper, we propose a new approach to the study
slow motions through the relaxation rates of multiple quantum
coherences. Such motions could be due to the making or
breaking of hydrogen bonds, motions of the backbone, large-
scale wobbling of a loop, large-amplitude conformational
changes of side chains, etc. Such motions, which are expected
to occur on a microsecond to millisecond time scale, are much
slower than overall tumbling (the rotational correlation times
of typical biomolecules being in the range of 3 to 30 ns) so
that all anisotropic interactions (dipetelipole and CSA) have
been averaged out by overall tumbling in the protracted intervals
between the rare events associated with slow motions. If slow
motions are to leave a signature on the NMR response, they
must therefore affedsotropic properties that are not averaged
out by overall tumbling. Indeed, it is known that the making or
breaking of a hydrogen bond (N\H---O) modulates not only
the orientations and magnitudes of the principal components
of the CSA tensors of the nuclei involved but also their isotropic
shifts, i.e., the average between the three principal components
of the CSA tensot>®More generally, rotations around dihedral
angles affect the isotropic shifts of neighboring nuclei. For
example, fluctuations around the dihedral angles), andy:
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Figure 1. Pulse sequence for the measurement'@ @nultiple quantum relaxation. Black and white rectangles indig#2eands pulses, respectively.
The pulses are applied along tk@xis, unless specified otherwise. THe, >N carriers are positioned at 4.7 and 118 ppm, respectively.1Xhe
carrier is initially at 175 ppm, then, as indicated by small arrows, moved to 43 ppm prior to 8@ with phase. and back to 175 ppm just
before the 90, pulse applied t0'3C'. Rectangulaf*C pulses are applied with field strengths A&fv/15 and A/v/3 for 90 and 180 pulses,
respectively. When the carrier is positioned at 175 ppnis defined as the difference in Hz between the centers of¥Bleand the'*C* regions,
while A is the difference between the centers of & and the'3C?' regions if the carrier is positioned at 43 ppm. Off-resonance pulses applied
on3C« (58 ppm) while the carrier is at 175 ppm are phase modulated. Pulses introduced to compensate fc8iBtgah phase shifsare labeled
with BS. During the mixing timery, the3C’ carbons are inverted by two*Q@ulses® of 300us. Chemical shift evolution of the multiple quantum
coherence is refocused by a 506 RE-BURP puls® applied in the middle of.. The delays are set ta = 2.7 ms &(4J(NH))™), 7 = 11 ms
(R(AJC'N)™, 13 = 4.3 ms &(4J(C'CH)™Y), 4 = 7.1 ms &(4J(C*CF))Y), andd = 1.3 ms. Thé>N magnetization evolves during a semiconstant
time period” indicated by RT (real time) and CT (constant time). Quadrature detectigrisrobtained by the enhanced-sensitivity pulsed field
gradient methot#?°where for each value of t1 separate data sets are recorded withsJ@ghd (—g7, ¢s+18C). A water flip-back puls& ensures
good water suppression. Proton and nitrogen decoupling are achieved by using the WALTZ-16 $équitmcadio frequency field strengths of
7.2 and 1.2 kHz, respectively. The phase cyclgiis= X, —X, ¢2 = 4(X), 4(), 4(—X), 4(=Y), da =X, ¥, =X, =Y, 5 = X, X, =X, =X, 6 =V, Y, Y,

—y. For selection of zero-quantum coherenc@s= 4(X), 4(y), 4(—X), 4(—Y), 4(—X), 4(-Y), 4(x), 4(y) andgrec = 4(X, =X, =X, X), 4(—X, X, X, —X);

for selection of double-quantum coherencgs= 4(x), 4(y), 4(—X), 4(—y) and¢grec = 2(X, —X, =X, X, =X, X, X, —X). The duration and strengths of
the gradients are g% (1 ms, 6.5 G/cm), g2= (1 ms, 46.5 G/cm), g3= (1 ms, 27 G/cm), g4 (1 ms,—6.5 G/cm), g5= (1 ms,—18.5 G/cm),

g6 = (1 ms, 40 G/cm), and g# (1 ms, 4.05 G/cm).

modulate the isotropic shift of both“Gand @ nucleil” The correlated and anticorrelated CSM, respectively. The pulse
measurement of;, of a nucleus as a function of the effective sequence presented here allows one to record decay curves of
RF field may be interpreted as a means of ascertaining the C*C# coherences. By fitting these curves, both the effective
amplitude of the fluctuations of the isotropic shift. However, scalar couplings to the’@arbons and the auto-relaxation rates
Ty, studies of single-quantum coherences cannot reveal theof ZQ and DQ coherences can be estimated. The ZQ and DQ
details of the dynamic processes. coherences have different decay rates since they are sensitive
In this paper, we introduce a new step toward a better in a different fashion to cross-correlated relaxation mechanisms.
characterization of slow conformational exchange. We inves- A complete analysis of all relaxation pathways is presented,
tigate the transverse relaxation rates of zero-quantum (ZQ) andassuming slow isotropic tumbling. In ubiquitin, cross-correlated
double-quantum (DQ) coherences ofGZ subsystems in CSM reveals slow internal motion for several residues located
isotopicaly enriched proteins. Since rotations aroging, and either at the end of secondary structure elements or in loops.
y1 affect the isotropic shifts of both and @ nuclei )
simultaneously, the modulation of these shifts will be correlated. Material and Methods
Multiple-quantum spectroscopy is exquisitely sensitive to cor-  ynjformly 3C/*5N-enriched ubiquitin was obtained commercially
related fluctuations. Thus, the transverse relaxation of a two- (VLI). The protein was dissolved in 10%,D/90% HO at pH 4.5 to
spin coherence involving the two sping @d @ will report a concentration of 1.5 mM. NMR data were acquired &t Glon a
not only on the time-dependent fluctuations of the isotropic shifts Bruker DMX-600 spectrometer equipped with a triple resonance probe
of the & and C sites, as could in principle be obtained from Wwith triple axis gradients. 2D spectra were recorded by using the pulse
the separate measurementTaf(C*) and Tlp(C‘ﬁ), but on the scheme shc_an in Figure_l and a data matri_x consisting ok 1.2
extent of correlation of the fluctuations of the isotropic shifts COMPIex points was acquired; the spectral widths were 1824 and 8389
of two sites. We shall use the expression cross-correlated' 1z N the @1 and w, dimensions. A relaxation delay of 1.5 s was
isotropic chemical shift modulation (CSM) to describe this employed and 32 scans were accumulated. The total measuring time

. ! - " for a 2D experiment was 1.7 h. The data were processed by using the
situation. The measurements allow one to distinguish betweenpackage NMRPipe/NMRDradf. Each dimension was apodized with

positive and negative rates corresponding to events generating, 65 shifted squared sine-bell window function and zero-filled once.
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Relaxation rates and scalar coupling constants were obtained by least-

squares fitting of the decay curves, implemented by using the
Levenberg-Marquart algorithm in MatlaB? Errors were estimated by
using a Monte Carlo analysis with 300 synthetic data %ets.

Results and Discussion

Pulse Sequencelhe pulse sequence designed for measuring
decay rates of @F zero- and double-quantum coherences is
shown in Figure 1. During the preparation period, amide proton
magnetization is transferred fromNHo C* in a HNCOCA
fashiorf! leading to a doubly antiphase single-quantum coher-
ence 4GN,C', (a) that is converted into &TIN,C', at pointb
following evolution under the one-bond scalar couphaE*CF).

A 90°« pulse applied to the aliphatic carbons creates the desired
ZQ and DQ coherences which can be separated by phase cycling

of the three pulses prior to the relaxation perfédihe ZQ

(respectively DQ) coherences correspond to density operator

elements of the form 45CC/1 N,C' ,—4C* Cﬁ N,C'; (respec-
tively 4C C’i N,C,—4C* cf N C',), that have relaxation prop-
erties similar to ¢ C* —C* C} (respectively ¢ C} —C*

C?) in the slow tumbling limit. Gradient selection would
result in a loss of a factor of 2 in sensitivity for the DQ
coherence, since only the P- or N-type pathway could be
selected. During the relaxation periog, relaxation of the ZQ
and DQ coherences is monitored, while chemical shift evolution
is refocused by a RE-BURP pufecovering the aliphatic
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Figure 2. Selected cross-correlated mechanisms that affect the
relaxation of GC# multiple quantum coherences—g) Cross-correlated
effects that contribute to auto-relaxation. (a) Dipole/dipole cross-
correlation involving a single external spin (heré)H(b) CSA/CSA
cross-correlation, and (c) correlated isotropic chemical shift modulations
(CSM). These mechanisms induce differential line broadening when
comparing the ZQ and DQ line widths. {@&) Cross-correlated
relaxation mechanisms that may transform the initial cohererfce C
c? or ¢t ¢ into doubly antiphase terms with respect to &hd H,

i.e. 4C. CIHEHY or 4Ct CPHZ HY. The mechanism shown in (d)
gives rise to differential relaxation of ZQ vs DQ coherences, while the
contributions depicted in (e) have the same effect on both coherences.

region. As a result, scalar couplings between aliphatic C For the mechanisms (a), (d), and (e) all permutations of the&Cand
carbons and the ZQ or DQ coherences are not averaged angie, H# nuclei must be considered. Depending on the amino acid,
cause a cosine modulation of the decaying coherences. Protormechanisms involving £, H%2, or H? will also affect C:Cf relaxation.
decoupling prevents the conversion from in-phase into antiphase

magnetization through the evolution of the one-bdHd-13C
scalar couplings that would complicate the analysis of the decay
curves?*25 Cross-correlated mechanisms involving either the
CC’ or the GC dipoles are averaged out by the twé ilsed®
applied to the carbonyl ‘Ghuclei. At the end of the relaxation
period, the magnetization is transferred back tb Fb optimize
resolution and sensitivity*H—1°N correlation is achieved by
labeling the signal in a semiconstant time maRhasing the
sensitivity enhancement technig&e®in the final transfer step.
Two zfilters are inserted during the preparation period to
eliminate unwanted coherenc&sThe use of a water flip-back
pulsélin concert with gradient selection provides good water
suppression.

CeCF Relaxation. The relaxation of @C# ZQ and DQ
coherences arises from a combination of auto- and cross-

correlated mechanisms. Figure 2 shows the cross-correlated
mechanisms that are not averaged out during the relaxation
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periodzy,. The relaxation modes depicted in Figure-2bcause
differential line broadening, i.e., a difference between zero- and
double-quantum relaxation rates. The three cross-correlation
mechanisms shown in Figure 2a contribute to the auto-
relaxation of the multiple quantum coherences, while those of
Figure 2d,e cause cross-relaxation leading to the build-up of
doubly antiphase terms such as 14(:& H Hf, a process
which is accompanied by a multiexponential decay of the
multiple quantum coherences. However, for short mixing times
the relaxation of @ ZQ and DQ coherences can be considered
to be monoexponential:

;& Or,) = exp{ —T*(ZQ)r} [T ¢ [0) (1a)

€% ¢ O, = exp{ —T"R(DQ) 7,} [T C} [{0) (1)

and likewise for the complex conjugates. The auto-relaxation
rateI"*R arises from a linear combination of auto-correlated rates
I'AR(AC) and cross-correlated ratE4R(CC), In the slow tumbling
limit, the auto-correlated relaxation rat€$RA)(ZQ) of zQ
coherence anBAR(AC)(DQ) of DQ coherence differ only by the
relaxation induced by the ®C? dipole32

(#0)2 K V?:

4 r

6
CaCp

1
10

rAR(AC)(DQ) _ I“AR(AC)(ZQ) = (2)

Tc

whereug is the permittivity constant in vacuuny, the gyro-
magnetic ratio, and. the correlation time of the protein. For a
molecule like ubiquitin at 30°C, with 7. = 4.1 ns3 this
difference is negligible €0.07 Hz), hencel™R(*C)(ZzQ) ~

(32) Macura, S.; Huang, Y.; Suter, D.; Ernst, R. R.Magn. Reson.
1981, 43, 259-281.
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IARACYDQ) & TARAC), Our analysis of cross-correlated rates
therefore focuses on the three mechanisms shown in Figure 2a
¢, which lead to relaxation rates that contribute with opposite
signs for ZQ and DQ coherences. As a result, their respectiveWheregaiﬁi denotes the angle subtended by ti¢iCand GH

auto-relaxation rates can be expressed as: vectors and, s the angle between the symmetry axes of the
two CSA tensors. The dipolar and chemical shift anisotropy

TSRS 2 oo, 5 FHO0) S (Bcod(0,) ~ 1) (8b)

AR _ 1+AR(AC) _ 1~AR(CC)
(zQ=r I (3a) interaction constants are given Hy:
FAR(DQ) — [AR(AC) | [AR(CO) (3b) . e
0 C’H

Clearly the differenc R = MR(DQ) — MR(ZQ) = 2rAR(CO) Aoy = V6 e (9a)
depends only on cross-correlated mechanisms. For a rigid F i
molecule, dipole/dipole and CSA/CSA cross-correlation (Figure
2a,b) fuII_y account foAT"AR. However, confor_mation_al mobi_Iity o= \/2 Ao ycBy (9b)
or chemical exchange may cause fluctuations ofisiaéropic 3

chemical shifts, which may also contribute to relaxaibfor

two spins, chemical shift modulation can be described by the where Aog; is the chemical shift anisotropyBo the static
following Hamiltonian: magnetic field, angl= a, 5. For fast internal motions the auto-
correlation spectral density is given by:

H(t) = 00, ()Cy + dwy(t)C) (4
where 6%,,;(0 are the time_-dependent deviations from the JDD/DD(O):%TCSZDD/DD (10a)
average isotropic shifts defined so thatv,s(t)0= 0. In the

case of ZQ and DQ coherences, CSM induces relaxation through or
both auto- and cross-correlated mechanisms. The CSM/CSM JSNCA0) = — Spcsa (10b)
cross-correlation ratel€5e ") can be calculated by using S

Redfield theory:
wheret, is the correlation time of the protein ar$fl are the

1@ Cics[ch.crao com generalized order parameters.
2 [ce Cjﬂ|C§1 Clﬁg b5 (0) (5) Only the last term in eq 7 is relevant in this study. Although
CSA/CSA cross-correlation (eq 8b) is sensitive to conforma-
wherei andj = + or —. Note that because of the form of the tional mobility in that it reflects the average rate over all
Hamiltonian of eq 4, the only relevant component of the spectral conformations, it tends to be negligible (even at 14 T) since
density is at zero frequency, regardless of the correlation time the anisotropies of €and & shift tensors are quite small. Using
7 of rotational diffusion. The cross-correlation spectral density the experimental observations of Fu ef%&nd of Bax et al43
for CSM is: we can estimate thakoma(C*) = 43 ppm andAoma{(CF) =
M - - 45 ppm. In the worst possible case, assuming two axially
M0) = [, dw,(How,(t—T) dr (6) symmetric tensors with unique axes that are parallel, we can
] ) o estimate that CSA/CSA cross-correlation may contribute about
Relaxation rates derived from eq 5 havg opposne signs for DQ g 16 51 for 7. = 4.1 ns in ubiquitin. The dipole/dipole cross-
and ZQ coherences, leading to differential line broade?ing. correlation rates in eq 8a can be calculated (see below) and are
Thus the difference between the relaxation rates of the DQ andinvariant to conformational mobility, since the angtks,: are

ZQ coherences is equal to: independent of the torsion angles v, andg.

ATAR = 22 [oDED |+ 2ESAICSA L ppCSMICSM 7y In summary, the contribution of cross-correlated CSM can
CaHi/CBHi Cw/Ch Ca/CB . . .
T be obtained from the difference between the experimental rates
after subtracting the calculated dipole/dipole cross-correlation
rate:

/
oo G ) =

where the summation runs over all external spiasa., 51, f2,

Bs. In the slow isotropic tumbling regime with fast internal

motions® and for axially symmetric CSA tensors, the terms in 1

eq 7 can be rewritten &§: 4° [ESMICSM_ Z ATAR _ ZFDD’DD (11)
2 T

Co/CB CoHi/CBHi
DD/DD _1‘ }JDDIDD 1‘ 2
Z T copicon = z doapiosm (0)-(3co
T 24 3 2 If one has a completely deuterated protein, the magnitude of
(0o ) — 1) (82) the dipolar term in eq 11 is attenuated byfyp)? i.e., by a

factor of about 42.
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to aliphatic C carbons are not refocused during, the decay

curves are modulated by the evolution of the effective scalar f’ b ¢
couplings J22 = |1)(CPC?) — 2)(CoCy)| for ZQ and 52 = L5 JAL
|LJ(CPCY) + 2)(C*Cr)| for DQ coherences. Amino acid residues o

are separated into three categories according to their topology: ﬁ |
no aliphatic C carbons (e.g. Ala, Ser, Phe, Tyr, Asn, ...), one g . Sl ¢

aliphatic €@ atom (Leu, Thr, GIn, ...), and two aliphati¢’ @oms 23 = z

(Val, lle). In Figure 3a-c, a few typical decay curves are shown
with their respective Fourier transforms for the three types of T [Ms]
residues. Fitting the decay curves up to 60 ms with an
exponential decay multiplied by [cosler Tm)]", Wheren is the
number of aliphatic € carbons, allows one to extract the
effective scalar couplings, which are on averaget3b Hz for
ZQ coherences and 38 1 Hz for DQ coherences. Further work
is in progress to improve the accuracy of the measureniénts.
Moreover, the sum of the two effective couplingfs(J5¢ +
Jgf?) gives the one-bond scalar coupliag(C’C»), while the
two-bond 2J(C*Cr) coupling is obtained from the difference ) . . .
y (JDQ _ JZQ) (see Supporting Information, Table 2). Figure 3: Exa}mples of decay curves for amino acids with none, one,
2\eff eff PP g Inic v e or two aliphatic C carbon atoms. ZQ decays correspond to circles and
Since cross-correlation mechanisms shown in Figure 2d,e aregyjiq jines, while DQ decays are represented by triangles and dashed
not suppressed by proton decoupling and not averaged Outjines. (a-c) Relaxation curves with their Fourier transforms. (a) Since
during the relaxation period, the multiexponential character of the G magnetization of D58 is not inverted by the refocusing pulse in
the decays becomes important at long mixing times. To a good the relaxation periodiJ(CAC") is effectively decoupled leading to a
approximation, however, the decays are monoexponential for singlet after Fourier transform of the decay curve. (b) For L67, the
Tm < 30 ms (eq 1) with a characteristic auto-relaxation rate decay curves are modulated by effective couplings to thautleus,
IR defined in eq 3. The decay rates were obtained by fitting giving rise to a doublet in the frequency domain. (c) For V5, the Fourier
each curve for 1< 7, < 30 ms with an exponential function tr_ansform of th(_e decay curve gives a degenerate dquble_t-of-doublets
multiplied by [cosrde 7w)]", wheren is the number of aliphatic since the effective couplings to the twa €arbons are identical. {d

cr b dur is th i tant obtained by fitti e) Initial rate domain used to obtain auto-relaxation rates. (d) For E24,
carbons andeit IS the coupling constant obtained by TitiNGg e gifference of the auto-relaxation rates of the ZQ and DQ coherences

the data up to 60 ms. Decay curves of ZQ and DQ coherences,grees with the rate predicted by dipole/dipole cross-correlation alone.

for two glutamic acid residues are shown in Figure 3d,e. For (e) E34 exhibits a larger difference between the two decay rates that

E24 the differenceAI'*R in relaxation rates between DQ and can be attributed to cross-correlated chemical shift modulation (CSM).

ZQ coherences is small (Figure 3d), while for E34 (Figure 3e) The average error on peak integration is shown in the lower left corner

AT"R is larger than expected from dipole/dipole cross-correla- of each graph.

tion alone. This indicates that residue 34 is undergoing con-

formational exchange. Figure 2a) is the main source of differential line broadening.
Out of the 64 detectable residues, 6 were disregarded becaus€&or ubiquitin, these rates were estimated by means of eq 8a

of overlapping signals, corresponding to V17, V26, 130, H68, using the X-ray structufé to take into account variations in

L71, and R72. Visual inspection of the curves showed that local geometry. Note that the andlg; si subtended by the two

differences in the relaxation rates of DQ and ZQ coherences of dipoles is invariant to rotations around the dihedral angle

residues with two Catoms (I3, V5, 113, V17, 123, V26, 130,  so that the calculated cross-correlation r AB&Hi reflects

136, 144, 161, V70) are masked by the cosine-squared modula- only the numberof 5-protons. For a correlation timg = 4.1

tion. These residues were therefore removed from the final ns, the dipolar term of eq 8a ranges approximately from 5.6,

analysis. Since the primary focus is to detect residues that8.4, and 12.0s' for residues with one, two, or thrgleprotons,

present deviations between measured relaxation rates and thoseespectively. These rates would drop to approximately 0.1, 0.2,

predicted from eq 8a, an additional 16 residues were excludedand 0.3 s? if the protein was deuterated.

on the basis of largg? values during the fitting procedure or Dynamic effects cause deviations from these predictions
large errors in the Monte Carlo analysis, namely M1, L15, E16, \which are based on the assumption of a rigid molecule. Fast
P19, D21, N25, A28, Q41, R42, A46, ES1, S57, Y59, N60, internal motions in the picosecond to nanosecond time scale
S65, and T66. Moreover, the values &7 and Jgf were  |ead to a decrease of the order param&feFor thel2222 .
varied systematically, within 5 Hz of the fitted values, to check ¢ross-correlation rate, we assumed variationSab be similar

that unusualAI*R were not a mere side-effect of fitting errors. o those described for the N¥NHN auto-correlation interaction,

In the end, 36 residues uniformly distributed along the primary namely 0.7< & <110 For the ratel*gDF’{?'fO,Hﬂ we used 0.4<

sequence were retained for the analysis. Differences in decayg < 1 corresponding to the range of order parameters of the

rétles.AFAR are shown in Figure 4. They range from 1.6 10 13.7  spsi/cADAi auto-correlation interactioff. Differences that can

s ! with an average value of 7.45 be accounted for in this manner by fast local dynamics are
Cross-Correlated CSM. The relaxation _rates of ©F ZQ represented by the gray zone in Figure 4. Clearly, most

and DQ coherences were measured by using the pulse sequenGgiterences between predicted and experimeAEt® can be

of Figure 1. It was shown that in the initial rate regime, when 5 explained by fast motions on the picosecond to nanosecond

the relaxation mechanisms shown in Figure 2d.e can be(ime scale. However, residues marked by filled diamonds in
neglected, the differene®lR depends only on the three cross-

correlated mechanisms shown in Figure 2a,c. For a rigid residue, (45) vijay-Kumar, S.; Bugg, C. E.; Cook, C. J. Mol. Biol. 1987, 194,

dipole/dipole cross-correlation°@/CPH' (with i = a, 3, see 531-544. ‘ _ ‘
(46) Yang, D.; Mittermaier, A.; Mok, Y.-K.; Kay, L. EJ. Mol. Biol.
(44) Frih, D.; Quebatt, L.; Zwahlen, C.; Bodenhausen, G. In preparation. 1998 276, 939-954.
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Figure 4. Difference between DQ and ZQ autorelaxation rates. Diamonds correspond to experimental results. The shaded area represents the range
that can be explained by dipole/dipole cross-correlated mechanisms (see text for more details). The upper bound corresponds to rates estimated with

& = 1.0, while the lower bound was calculated by us#ig= 0.7 for dipole/dipole cross-correlations involving BindS = 0.4 for those involving

HP. Filled diamonds indicate residues that exhibit cross-correlated CSM. Errors estimated by Monte Carlo analysis are shown in the upper part of

the figure. The secondary structure of ubiquitin is displayed in the lower part. Arrows ingisttands, zigzag lineg-helical domains, and solid
lines random caoils.

Figure 4 exhibit rates that cannot be explained by reasonable
variations of the order parameters. These discrepancies must
be due to cross-correlated CSM as depicted in Figure 2c. Since
correlated modulations of the isotropic shifts of two carbon
atoms are not affected by overall tumbling, cross-correlated
CSM is a sensitive probe for motions on the microsecond to
millisecond time scale. Various dynamic processes may lead
to cross-correlated chemical shift modulation, such as rotations
around dihedral angleg( ¢, x1, etc.), slow collective motions,
fluctuations of intramolecular interactions, transient hydrogen
bonds, exchange with solvent molecules, etc.

In ubiquitin, most of the 12 residues identified as undergoing
slow exchange are located in loops or near the ends of secondary
structure elements, regions which are usually assumed to feature
higher mobility. For the residues shown in Figure 5, rotations
around various dihedral angles would be most likely to occur,
thus modulating the chemical shifts of botlt @nd & nuclei.
Indeed it is well known that the isotropic®@nd & chemical
shifts depend on secondary structiiréand that @ nuclei are
deshielded when going from helical to extended conformations,
while C? nuclei are shielded. Rotations aroupgdcan lead to
all possible combinations of up- and downfield shifts of tifie C  Figure 5. Ribbon representation of an X-ray structure of ubiquitin
and @& chemical shiftd” Dihedral angle rotations can therefore ~ (1ubg.pdt). Side chains are shown for all residues where cross-
give rise to either correlated or anti-correlated modulations of correlated CSM has been observed. The figure was made with the
the chemical shifts of the two nuclei and hence can lead to Pro9ram MOLMOL:
positive or negative cross-correlated CSM rates.

Indeed both cases are observed in the present work. S20, D3
and F45 are residues subject to anticorrelated fluctuations of
the isotropic shifts of € and &, while the rates of T9, T14,
Q31, K33, E34, L50, T55, L56, and E64 show a positive
correlation. Clearly a more detailed interpretation of these results
would require a deeper knowledge of the effects of the motions
described above on the isotropic shifts of tiea@d @ carbons
for each residue. In principle, further experimental information
could be obtained by using, or CPMG techniques applied to

(47) Spera, S.; Bax, Al. Am. Chem. S0d.991 113 5490-5492.

(48) Wishart, D. S.; Sykes, B. IMethods Enzymoll994 239 363— (49) Carlomagno, T.; Maurer, M.; Hennig, M.; Griesinger, £.Am.
392. Chem. Soc200Q 122 5105-5113.

9C°‘ and @ single-quantum coherences to determine their auto-
correlated CSM rates. Unfortunately, for a fullSC-enriched
protein, as it is most frequently encountered, both techniques
will suffer from complications arising from scalar coupling.
Interestingly, residues Q31, K33, and E34, which are located
near the C-terminus of the firstl helix, all reveal significant
cross-correlated CSM. Recently, a detailed analysis of various
cross-correlation rates suggested that slow cooperative motions
of that helix might occuf? Case et al. have shown that averaging
of scalar couplings in ubiquitin could only be explained by slow




4816 J. Am. Chem. Soc., Vol. 123, No. 20, 2001 “Hrat al.

time scale conformational fluctuatioA%A quantitative inter- 15N ZQ and DQ coherences in nucleic ac<learly, cross-
pretation of cross-correlated chemical shift modulation would correlated chemical shift modulation promises to extend our
require a rigorous treatment based on ab initio chemical shift ability to observe and characterize motions on slow time scales.
tensor calculations to establish a relationship between CSM and

rotations around dihedral angles. Such an analysis could be very Acknowledgment. We thank Dr. Skastien Vincent for
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We have presented a new experiment designed to study slo
motions in biomolecules. The differences of the relaxation rates
of ZQ and DQ coherences involving‘@nd @ nuclei depends,
inter alea, on the correlated fluctuations of the isotropic shifts
of C* and @ nuclei that arises from slow internal rotations. In
ubiquitin our method revealed the presence of both correlated
and anticorrelated chemical shift modulation of these nuclei.

The relaxation behavior of other pairs of nuclei can be readily
studied by using the methodology described in this paper. The
combination of multiple relaxation rates derived from different
nuclei would provide a unique tool to characterize slow motions JA003487K
in macromolecules. In a recent contribution by Kloiber and
Konrat, cross-correlated chemical shift modulation has been

Supporting Information Available: Spectra obtained with
the pulse sequence of Figure 1 and two tables containing the
measured and calculated rathE”R, as well as the effective
scalar couplingsZ? and J2%, and the couplingdJ(C*CF) and
2J(C*C») (PDF). This material is available free of charge via
the Internet at http://pubs.acs.org.
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