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Abstract: A method is described to determine long-range cross-correlations between the modulations of
an anisotropic chemical shift (e.g., of a C' carbonyl carbon in a protein) and the fluctuations of a weak
long-range dipolar interaction (e.g., in cross-correlation between the same C' carbonyl and the HN proton
of the neighboring amide group). Such long-range correlations are difficult to measure because the
corresponding long-range scalar couplings are so small that Redfield’s secular approximation is often
violated. The method, which combines features of single- and double-quantum NMR spectroscopy, allows
one to cancel the effects of dominant short-range dipolar interactions (e.g., between the CSA of the amide
nitrogen N and the dipolar coupling to its attached proton HV) and is designed so that the secular
approximation is rescued even if the scalar coupling between the long-range dipolar coupling partners is
very small. The cross-correlation rates thus determined in ubiquitin cover a wide range because of local
motions and variations of the CSA tensors.

Introduction a suitably chosen set of complementary relaxation rates can in

In the past few years, there has been much interest in crossPrinciple Iead_to a full description of internal motions. It is
correlation effects for both structural and dynamic studies of therefore crucial to have access to a large number of cross-cor-

macromolecules. Such effects have been used not only torelation rates to characterize dynamical and structural param-
determine dihedral angles in protefT$,but also to determine eters. This q.uest has been one of the driving forces behind recent
chemical shift anisotropy (CSA) tensdr$ to characterize methodologlcql developmen.ts. Select.ed cross-rglaxatlon eﬁgcts
rotational diffusion tensor&8 and to obtain information about ~ can be determined by focusing attention on the interconversion

hydrogen bond dynamics in nucleic ackisleasurements of between specific terms of the density_op_erator. So far, however,
cross-correlation rates have also brought new insights into MOSt Of these methods have been limited to cases where the

dynamic processes in proteif-12 Cross-correlation processes ~ S€cUlar approximation holds, in Redfield's sense that there
can be exquisitely sensitive to local anisotropic motions. Indeed, Should not be any degeneracies between the relevant transitions
in the single- or multiple-quantum spectra under investigation.
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97 interference effects may lead ientical spectroscopic signa-
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Figure 1. Two cross-correlation mechanisms may lead to the intercon-
version of in-phase and antiphase density operator t@Bmand[2BH,[in

an amide group ©NHN of a protein. (a) During multiple-quantum
relaxation (where B= 2C,Ny represents a superposition of double- and
zero-quantum coherences), there are two CSA/dipolar cross-correlated
mechanisms, that is, the dominant N/NHnd the long-range '@C'HN
mechanisms that contribute to cross-relaxation, that is, to the interconversion
between 2GNyx and 4CNxH.. (b) During single-quantum precession
intervals (where B= Ny), only the dominant N/NH interference effect

can lead to an interconversion betweegpaNd 2NH.. (c) The effect of the
N/NHN cross-correlation mechanism is averaged out by combining multiple-
and single-quantum relaxation periods, so that only the long-rati@a-®
mechanism remains effective. The principal components of the CSA tensor
Oxx Oyy, @andoy;are oriented so that;,is perpendicular to the peptide plane,
while oy subtends an angle with respect to the CN bond. In the one-
dimensional Gaussian amplitude fluctuation (1D-GAF) médehotions
through an angle, are considered around the axigdashed line) defined

by the two neighboring €carbons.

spectroscopy and can be applied to a wide variety of problems.
We illustrate this general method by applications to the
measurement of the cross-correlation f&gowN involving the
CSA of the carbonyl carbon’@nd the long-range dipolarigN
interaction. This rate turns out to be very sensitive both to
dynamics and to structural variations of the CSA teri&éf.

Pulse Sequence and MethodologyCross-correlation effects can
be studied by a wide variety of methotlsBecause these effects lead
to differential line-broadening (or, as optimists will appreciate, line-
narrowing), the ratios of the peak intensities of individual lines within
a multiplet can provide a direct measure of cross-correlation tates.
This can be shown by expanding the density operator in a single-
transition basis and by using Redfield theory for single transitibns.
On the other hand, if one uses a bads} of products of Cartesian
angular momentum operatgfscross-correlation effects can be rational-
ized in terms of interconversions between different terms of the density
operator. This situation is best described by using Redfield’s double
commutator formalism. The cross-correlation rate can be determined
by measuring the decay of a “source” term(Bliagonal peak” with
amplitude a(l)) and the build-up of a “destination” term Bcross-
peak” with amplitude a(ll)). In both strategies, the interpretation of
the rates is greatly simplified if the secular approximation is fulfilled,
that is, if the cross-relaxation rate that couples the single transition
operators is smaller than the difference between their precession
frequencies. The time-dependence of two single-transition coherences
ors anday, is governed by the differential equation:

) @

o) ™™ Mra

Restu =i Oyt Ruw

wherews andwy, are the precession frequenci®sys and Ry, are the
auto-relaxation rates, anBsy is the coupling term, which can be
neglected provided it is smaller than the difference between the diagonal
elements (this corresponds to Redfield’s “secular approximation”). In
the case of CSA/DD cross-correlations acting on a single-quantum
coherence (e.g.,'® which involve a dipolar interaction (e.g.,'€

HN) with an external passive spin | (e.g.NH this off-diagonal rate
(i.e., the rate that couples @, and CH";) can be estimated to be
half of the differenceAR between the autorelaxation rates of coherences
that are in-phase and antiphase (i.€,. &hd 2C.HN,) with respect to

the external spin I. To a good approximation, this differenéecor-
responds to the longitudinal autorelaxation raf& @y of the external
spin?t22In other words, the secular approximation is fulfilled if the
longitudinal relaxation rate Tf(l) of the external spin is much smaller
than theeffective scalar coupling between this external spin | and the
coherence under investigation. Thus, the long-raRgenN cross-
correlation rate cannot be easily extracted from the line-widths of the
doublet of the carbonyl Csingle-quantum coherence (SQC), since
the relevant coupling constafii(C'HN) may be smaller than the rate
1/Ty(HN), which is dominated by dipolar interactions with neighboring
spins and by chemical exchange. However, a double- or zero-quantum

d
dt

OFS
Oy

OFS
Oy

This fact underscores the need for the measurement of complecoherence (DQC or ZQC) involving both the’ Carbon and the

mentary cross-correlation rates to separate contributions of
dynamic and structural properties.

Materials and Methods

Uniformly 13C and'*N-enriched ubiquitin was obtained commercially
(VLI). The protein was dissolved in 10%,D/90% HO at pH 4.5 to
a concentration of 1.5 mM in a Shigemi tube. NMR data were acquired
at 30°C with a Bruker DMX-600 spectrometer equipped with a triple
resonance TBI probe with triple axis gradients. The 2D spectra were
recorded with the pulse scheme shown in Figure 2, with a relaxation
delay of 1.5 s between subsequent scans; the spectral widths were 182
and 8389 Hz in the; andw, dimensions. The total measurement time

neighboring amide nitrogen N (i.e., M+ or C-N.) benefits from a
much larger effective scalar coupling with the amide protn,=
LJ(NHN) 4 2J(C'HN), thus restoring the validity of the secular
approximation and allowing one to measure the long-rangé€’ig\
cross-correlation effect.

It can be shown that the dominant N/Nigross-correlation mech-
anism has the same effect on the DQC and ZQC as the long-range
C'/IC'HN mechanism. In a Cartesian basis, botfOGHN and N/NHY

(13) Pang, Y.; Wang, L.; Pellechia, M.; Kurochkin, A. V.; Zuiderweg, E. R. P.
J. Biomol. NMR1999 14, 297-306.

ﬁl4 Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.

(15

Matlab Reference GuigéMath Works Inc.: Natick, MA, 1992.

for a pair of 2D spectra was 9.5 h. The data were processed using the(16) Bevington, P. R.; Robinson, D. Rata Reduction and Error Analysis for

package nmrPipe/nmrDratLinear prediction was used to extend the
data matrix from 32 512 to 64x 512 complex points. Each dimension
was apodized with a squared cosine-bell window function and zero-
filled once. Relaxation rates were obtained by least-squares fitting of
the build-up curves, by using the Levenbefgarquardt algorithm in
matlab®® Errors were estimated by using a Monte Carlo analysis with
300 synthetic data sets.
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Figure 2. Pulse sequences and coherence transfer pathways of the hybrid scheme used to measure the cross-corréiatian fdeerow and wide
rectangles indicate 9Gand 180 pulses, respectively. Lower rectangles stand for selective rectangdlpuB@s applied at the water frequency. The pulses
are applied along the-axis unless specified otherwise. THe, 1N, and'3C carriers are positioned at 4.7, 118, and 175 ppm, respectively. Two composite
pulsed? are applied to refocus th€N single quantum coherences between poméndf. Pulses applied to the aliphatic carbons are obtained by phase
modulation. The carbon pulses have field strengthAwf/15 andAv/~/3 Hz for 90 and 180 pulses, whereé\v is the difference between the centers of
the 13C’ and the'3Call regions Av = 17 655 Hz at 600 MHz). The delays are setrio= 1/(4.J(NHN)) = 2.7 ms,72 = 1/(22(C'N)) = 33 ms,A; = A, =

Ag = App= T[ot/8 - t1/8 = [2/4 + T/8 — t1/8, A3 = Ag = Ttot/8 + t1/8 = [2/4 + T/8 + t1/8, A4 = A7 = Ttot/8 -T2+ t1/8 = ‘L’2/4 — 3T/18 + t1/8. Note that

the symbolsA; refer to the actual delays that must be implemented by the pulse programmer, the synitdilsate their relationships with the scalar
couplings, whileT refers to the discussion of cross-correlated relaxation effects. The evolution uné@t tiemical shifts in the single-quantum coherence
(SQC) intervals is allowed in the manner of constant-time experiments by incrementing the Algldys A7, and Ag by t1/8 while decrementind\1, A,

A, andAjp by the same amount. The phase of the signal is adjusted to pure absorption in the ingdileaension by shifting thé®N refocusing pulses

by T/4 from the center of the SQC intervals. The 1§Qlse applied to thé3C' carbonyl carbon during the multiple-quantum coherence (MQC) interval
refocuses the ‘@hemical shifts. Quadrature detection is obtainediby the States-TPPI techniqéeThe Watergate scher#fdnserted just before acquisition
ensures effective suppression of the water resonance. Nitrogen decoupling is achieved by using WAWWitk i6radio frequency field strength of 1.2
kHz. The phase cycle 81 = X, X, =X, =X, ¢2 = X, =X, X, =X, ¢3 = 8(X), 8(y), 8(—X), 8(—Y), ¢a = 4(X), 4(—X). For experiment | (“source term” or “diagonal
peak”), Y1 = —X, P2 = —X, ¢5 = X, and Prec = 2(X, =X, =X, X, =X, X, X, =X, =X, X, X, =X, X, =X, —X, X). For experiment Il (“destination term” or
“cross-peak”) 1 = X, Y2 = =Y, ¢s = 32(X), 32(y), 32(—x), 32(—Yy), andprec = 2(2(X, =X, =X, X, =X, X, X, =X, =X, X, X, =X, X, =X, =X, X), 2(—X, X, X, =X,

X, =X =X X X, =X, =X, X, =X, X, X, —X)). The gradient®};, g3, gs, andgs destroy unwanted coherences, while the y@radients are part of the water
suppression scheme. Other gradients are applied to cancel pulse imperfections. The gradients have the following durations and;strefigths; 46.5
Gl/cm),g2 = (1 ms, 7.5 G/cm)gs = (1 ms, 21.25 G/cm)g4 = (1 ms, 2.25 G/cm)g5 = (1 ms, 16.75 G/cm)g6 = (500us, 9.5 G/cm)g7 = (500us, 7.5
G/cm), g8 = (1 ms, 22.25 G/cm), and9 = (500us, 15.5 G/cm).

cross-correlation effects transform the density operator tergN2@to In doing so, the relevant basis of the density operator is in effect reduced
4C,N,H; so that the measured rate corresponds to the Reygnn + to the subset{2CyN, 4CyN,H;}. The pulse sequence used for
Runit. Although the dominant rat&ywy can be measurétiby a measuring the cross-correlation ra®e,cuy is shown in Figure 2.

separaté®N SQC experiment (where the secular approximation holds), After a first INEPT sequence leading to a single-quantum coherence
this procedure is not only time-consuming, as discussed at the end of —2N,H, at pointa, an interval 2, is inserted to enable subsequent
this section, but also prone to subtraction errors sRgenN < RunnN. selection of either a(l) or a(ll) signals. To measure a(l), one chooses
To isolate the effect of the long-rang&/CHN interaction from that of 11 = —X, so that the evolution under the one-bond scalar coupling
the dominant N/NHM interference, we propose a more efficient experi-  1J(NHN) is refocused at poirit. The density operator 2NyH, at point
ment where the N/NMeffect acting during two SQC intervals cancels b is therefore the same as that at paino measure a(ll), one must
the effect of the same N/NHinteraction during an MQC interval sety: = X, so that the antiphase coherene@N,H, at pointa is

(Figure 1). In essence, the conversion from,RCto 4C,NH, during converted into in-phase coherencgat pointb. The phasey; is then

the MQC period is balanced by the conversion fromy2No N, during adjusted to convert the selected coherence into longitudinal two-spin
the SQC intervals. In doing so, the unwanted dominant rate is averagedorder 2NH, (experiment I) or into N(experiment 11), and a z-filté#

to zeroth-order (vide infra). The long-range cross-correlationRate~ is applied to destroy unwanted coherences. For sequence I, this scheme
can then simply be obtained by measuring the decajdGf,NH, has the added benefit of suppressing coherences associated with
(“diagonal peak”, experiment 1) and the build-up [@CyN,H[from RCONHH groups in the side-chains of asparagines and glutamines

2C,Nx[(“cross-peak”, experiment ), and by fitting the ratio of the  (1J(NH) = 1J(NH")), which have a phase that is orthogonal to that of
corresponding signals with a hyperbolic tangent functigh:

(23) Tjandra, N.; Szabo, A.; Bax, Al. Am. Chem. S0d.996 118 8, 6986~
6991

a(ll exXpRejomnT) — eXP—ReyonnT) .
——= = +tanhRy o) (2) 24) Sgrensen, O. W.; Rance, M.; Ernst, RJRMagn. Resorl984 56, 527—
a(l)  expReicnnT) + eXPCReicmnT) Rerorm () 534. 9
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Figure 3. (Left) Averaging of coherent and incoherent processes during the SQC/MQC periods for an evolutirrtiteFor clarity, only the first half
T2 of the symmetric intervali, between pointg andf in Figure 2 is shown. In the lower part, “toggling frame diagrafrd&pict the alternation of the
effective signs of various interactions (scalar couplings, chemical shifts, and cross-correlation rates). Their signs can be reversed bg@pplyseg at
suitable positions. Fdg = 0, the 180 refocusing pulse applied N is in the center of the first half,,/2 of the intervalTi, which ensures perfect phasing

in the w1 dimension. ThéH and!3C?2i 18 pulses are positioned to cancel the evolution undefifieHN) and1J(NC®) couplings and to average out the
effects of the dominant cross-correlation r&enw~ during the intervallio.. (Right) Same as on left, showing that the undesirable interactions also cancel
for an arbitrary duration of the evolution tinte The effective evolution intervals during the whdle: period aret; for the 15N chemical shifts, 2x
[1/(2Y3(C'N))] for LJ(C'N), that is, 1/(2J(C'N)) to create the doubly antiphase coherenceMEl, and 1/(2J(C'N)) to restore the singly antiphase coherence
2NyH;, andT for the long-range cross-correlation rde cHv.

the desired magnetization of backbone amideNNjroups. Between T, the signal in experiment Il can only arise from the long-rangfe C
pointsa andb, these coherences evolve as follows: C'HN cross-correlation mechanism.

Figure 3 shows the first half of the symmetric SQC/MQC/SQC

TANH)ZNGH 20, interval Tir. The values of the delaya; have been calculated to

FINH)2NH' 20,

—2NH, avoid simultaneously the evolution under the scalar couphia@eN)
and'J(NC®) and manifestations of the N/N‘+tross-correlation mech-
—2NyH, cos(r(NH)2z;) cos@@I(NH")2z,) + anism during the overall periofi,. The toggling frames in Figure
N, sin@rJ(NH)2z,) cos@J(NH')2z,) + 4N,H' H, cos@I(NH)2z,) 3 summarize the evolution of some of the interactions. All scalar
x sin@rJ(NH')2z,) + 2NH', sin@J(NH)2z,) sin@zJ(NH")27,) (3) couplings, chemical shifts, and cross-correlation rates, in particular of

the dominant rat&unwv, are averaged to zero regardless of the duration
The suppression of the last term is of prime importance, as it may lead Of t1, €xcept for the nitrogen chemical shift which evolves during
to strongdispersbe signals, which tend to obscure the weak signals of and the long-range cross-correlation raté0d" which is effective
experiment Il. From point ¢ to d, SQC of the amide nitrogen N is during the intervall. Other interference effects, such as 'R\H or

allowed to evolve under the one-bond scalar couptiifG'N) so that NHY/NC® (i, j = a, , N), only contribute to the signal a(ll) via second-
one obtains the desired multiple-quantum coherence MQC tefghigC ~ order processes.

(a superposition of ZQC and DQC) after a°98ulse applied to the The toggling frame diagram of Figure 3 merely depicts a zeroth-
carbonyl carbon C During the relaxation interval, the MQC is order representation of various processes occurring during the first half
affected both by the long-range/C’HN cross-correlation mechanism  of the intervalT,. Because the long-rand®cN rate that we wish to
and by the dominant N/NHinterference. A 18Dpulse applied to C determine is very weak, an analysis of higher order effects is worth-

refocuses the evolution under thé ¢hemical shift and under scalar  while. Differential relaxation of in-phase and antiphase coherences may
couplings between 'Cand other nuclei. The magnetization is then lead to imperfect refocusing of couplings and unwanted cross-correlation
transferred back to M The®N chemical shift is allowed to evolve in  rates?” Numerical simulations of the evolution of the density operator
a constant-time manner during the whole SQC/MQC/SQC intékval show that second-order contributions to the build-upi4€yNyH,O
between points andf. Protons and aliphatic carbons are decoupled through nonsecular effects mediated WWNHN) and by Rynwv are

by 180 pulses during this period. The locations of these pulses have negligible (see Supporting Information). However, additional contribu-
been designed to compensate evolution during the relaxation periodtions to the build-up of the detected coherencegtZhay occur through
(see below for details). Pure absorption signals are obtained inithe  longitudinal C'/C'HN cross-correlation that may transform the term
domain by using the States-TPPI technidugVater suppression is 2C Ny into 4CN,H,, which is then converted into 2N, under the
achieved by the Watergate technig@@nly the density operator term  evolution of the scalar coupling(C'N). This contribution can only
2NyH, at pointf leads to a detectable signal for = 0. Because affect an SQC of spilN that is in antiphase with respect to the carbonyl
couplings to protons cannot evolve during the SQC/MQC/SQC interval carbon. Moreover, it is partially averaged out by thea@d protone
pulses. Simulations show that this effect systematically attenuates the

(25) Marion, D.; Ikura, M.; Tschudin, R.; Bax, Al. Magn. Reson1989 85,
393-399.
(26) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661—665. (27) Meersmann, T.; Bodenhausen,@em. Phys. Letl996 257, 374-380.
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measured rat&¥ %,y by a factor of 1/(1+ €) wheree = 0.1 forz. =
4.1 ng® at 600 MHz. Thus, the true transverse cross-correlation rate
Rcicnt can be obtained from the apparent measured R#g,

Reicm@CyN,) = (1 + R 0 @

It is important to note that both longitudinal and transverse contributions

arise from the same mechanism and thus depend on the same dynamicg

and structural parameters (see Supporting Information for more details).
It might appear that information about long-range correlations could

101

| 105

L 110

L 120

wdd Ng,

be extracted more conveniently by recording separately an MQC and
a SQC experiment, rather than a single hybrid experiment. Indeed, such

a double-barrelled method would also be a novel approach, which could
be particularly useful if the protons were exchanging rapidly, since
one could decouple the protons during theintervals of Figure 3.

125

L 130

Care should of course be taken to ensure that heating effects are
comparable for the separate MQC and SQC experiments. A normal
MQC experiment would require a pulse sequence which is similar to

11

—

F107

105

the one shown in Figure 2, except that the filter between time points
aandb of duration 2; = 5.3 ms can be removed. For ubiquitin, where
nitrogen-15 single-quantum coherences have transverse relaxation times
T, on the order of 170 ms, this would only give a marginal gain. On
the other hand, a pure SQC experiment would give an improvement in
S/N of nearly a factor of/,, as compared to a pure MQC experiment,
assuming that losses are only due to relaxation. The build-up rate of
the dominant interactioRy nn could thus be determined with an error
reduced to abou¥/s, as compared to the hybrid experiment. Thus, if
the total available time were equally split between an MQC and an
SQC experiment, the relative error on the long-range cross-correlation
rate Rcycnn would actually be degraded by a factor of 1.7. A more
appropriate manner of partitioning the total available time could reduce
this loss, but the hybrid experiment is always more efficient. Note that
even a small systematic error in the single quantum experiment might
result in a large inaccuracy in the determination of the long-range rate. Figure 4. Correlation spectra showing the shifts of the andifi¢and!HN

It should also be noted that the hybrid experiment does not merely nuclei of doubly enriched*C/"*N ubiquitin obtained with the pulse
cancel a variety of undesirable rates by arithmetic subtraction, but that Séduences described in Figure 2, for a relaxation pefied17 ms. Top:

. R . experiment | with amplitudes of “diagonal” or “source” signals. Bottom:
itrr:tisrsglz t?: ggu\?l:hsopposne signs during the two SQC and the MQC experiment Il with “cross-peak” or “destination” signals. Cross-sections

parallel to the horizontab, axes at thé®N shift of residue S20 (signals
due to the pair of amino acids P19/S20) are shown. The acquisition times
were 1 h for experiment | and 8.5 h for experiment II.
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Results and Discussion

Figure 4 shows typical spectra obtained with the two . . .
complementary experiments | and Il described in Figure 2 with carried out tvx_nce to evalu_ate the reproducibility of the results
13C and!N doubly enriched human ubiquitin. Nonvanishing (S€€ Supporting Information.) o ) e
signals were detected for 69 pairs of amino acids (out of a total b Zor an arbitrary CSA tensor, the ratg,c can be calculated
of 76 pairs). In the following, the peptide planes will be labeled Y
by specifying first the residue containing the carbonyl carbon 2, B
C' and then the amino acid carrying the amide nitrogen N. Pairs Rejomn = lhyc VH 0{(0 — 5,)[4) )+
of residues with signals that overlap were excluded from further <" 6" 3, x Pzt CHN
analysis, T9/G10, V17/E18, V26/K27, 130/Q31, L71/R72, H68/ 3] + (0. — 0. )[4] 0) + 3J
L69, and R72/L73. The remaining peaks were integrated using en(@] + (0~ 02 4ycin(0) yy'CHN(wCz]S})

the nmrPipe package. For both experiments | and IlI, the
relaxation timeT was incremented between 10 and 18 msin 9 wherea; are the principal components of the CSA tensor of

steps of 1 ms. Figure 5 shows representative build-up CurveSgjg e 1. and the other symbols have their usual meanings.
of the ratio a(ll)/a(l) for a few residues located in a loop (Figure Ji (o) are the cross-correlation spectral densifiés
5a), ana helix (Figure 5b), and g strand (Figure 5c). For '

each ratio, the error was calculated from an estimate of the noise

level in the corresponding experiments. The measured cross-J; cynl(we) =
correlation rates¥,,w Were then obtained by fitting to eq 2

The errors of these cross-correlation rates were estimated by a (6)
Monte Carlo procedure with 300 synthetic data sets generated

using a random Gaussian distributinThe experiment was where 7. is the overall rotational correlation time, andis
defined so that™! = 7.1 + 7.1, with the local correlation

(Py(cosb; o) — Szi,CHN)T
1+ (wcr)?

2 Szi,c'HNTc

o1+ (wcfc)2

(28) Schneider, D. M.; Dellwo, M. J.; Wand, A.Biochemistryl992 31, 3645~
3652. (29) Brischweiler, R.; Ernst, R. Rl. Chem. Phys1992 96, 1758-1766.
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Figure 5. Typical build-up plots of the intensity ratios a(ll)/a(l) observed as a function of the relaxation iner¢@ The amino acid pair P19/S20 is
located in a loop, (b) the pair A28/K29 is part of thel-helix, and (c) the pair T66/L67 is located in tjfed-sheet. The solid lines represent fits of
experimental data to eq 2 using the Levenbévtarquardt algorithm. The errors have been calculated by using error propagation with separate estimates of
the noise in the spectra.

Tod a2

B3

|
bt
>

Reycmn [s7]
&
fo

10 20 30 40 50 60 70 80
residue number

Figure 6. Cross-correlation rateRc,cyv determined by the hybrid scheme of Figure 2. The white bars correspond to experimentally measured rates. Errors
have been estimated by means of a Monte Carlo procedure. The shaded areas rgmiesetst and: helices as discussed in the text.

time 7e.3° Py(X) = (3x% — 1)/2 is the second-order Legendre solutions (mean parameters of Figureds 38°, oy = —74.7

polynomial. The cross-correlation order parametazi;»:HN ppm, o,y = —11.8 ppm, andr,; = 86.5 ppm, with respect to

describe motional averaging of the correlation between the the isotropic shiftf! one would expect the same ra®e ;cyd

principal valueo; of the CSA tensor and the dipolar K = —0.93 s’ for all residues. If one uses an average CSA tensor

interaction. If internal motions can be neglect&, o = derived from solid-state NMR measuremenis= 35.7, oy

P,(cos 6 cyv), where 6 v are the angles between tlog = —73.6 ppm,oyy = —4 ppm, ando,, = 77.6 ppm)3 the

components and the CH vectk{crN = o + 25° andfyy,cpN expected rate would bBcycyv = —0.77 st for all residues.

= o + 115, see Figure 1). More refined estimates can be obtained if one assumes that the
Finally, Figure 6 displays the measured long-distance cross- CSA tensors of all residues m helices are the same, as could

correlation ratefRc/cnt corrected according to eq 4 with= be determined for ubiquitin in bicellar solutiong € 42°, oy«

0.1. The average idRc/cpN= —0.66+ 0.03 s'%. In a helices, = —71.2 ppm,oyy = —23.3 ppm, andr,, = 94.5 ppm)3! and

the mean rate iBRc,cnuNld = —0.954 0.03 s'1, while the mean that all tensors i sheets have common features= 37°, oy«

rate forf sheets iSRc/cnvd = —0.65+ 0.03 s The relative = —76.5 ppmoyy, = —7.5 ppm, andr,, = 84 ppm)3* In Figure

errors vary from about 5% to 40%. If one assumes that the C 6, the heights of the gray areas represent the rates expected for
tensors are identical for all amino acids in ubiquitin, and if one f strands and helices in ubiquitin withr. = 4.1 n8if internal
uses average CSA tensor parameters obtained from bicella

I’(31) Bax, A.; Cornilescu, GJ. Am. Chem. So200Q 122, 10143-10154.
(32) Teng, Q.; Igbal, M.; Cross, T. Al. Am. Chem. S0d.992 114 5312
5321.

(30) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559.
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motions could be neglecte@he ratio of the mean experimental ‘ - ; , 1 T ]
rates ino. helices angB strands/RecnNd/Reicnnd = 0.7, is \\ glpha-helix
the same as would be expected for CSA tensors determined in 25 ¢ !
bicellar solutions! This is likely to reflect changes in orienta- \iz Te—
tions and magnitudes of the CSA tensor components when i ' |
comparingo helices angb strands. Besides differences between '
o helices ang3 strands, one notes large variations of the rates
within any given region. This highlights the sensitivity of the
cross-correlation rateRc,cyN to local dynamics. Clearly, a
guantitative determination of all parameters affectiRgcny
is impossible from a single measurement. To underline the
complexity of the problem and to show the need for comple-
mentary rates, a qualitative discussion is presented below.
The distancegn™ determined by diffractioft varies between
ca. 2.00 and 2.05 A, which leads to a spread of 4%diN.
In the current analysis, we assume that theHN\' vector and
the CSA tensor of the '‘Catom are fixed with respect to the
peptide plane. Slow conformational changes can only affect
cross-correlations between these interactions if they modify the
components of the 'CCSA tensor. Dramatic changes in the
environment would be required to produce a significant modula-
tion of the CSA components, which is unlikely to be caused by
dynamic conformational changes, especially in structurally
ordered regions of the protein. Even for the pair E24/N25, with

beta-sheet

0

a peptide plane that is subject to extensive slow motibtise : | ]
relaxation rateRc/cHv = —0.92+ 0.04 s has a magnitude |
comparable to those found for other peptide planes in the same 5t ! ]
a-helical environment. |

It is worth noting that the so-callextoss-correlated chemical 05— ‘ N  E— ‘ —
shift modulation CSM/CSM})? of the isotropic shifts of the o [7]

C" and N nuclei, another manlfes.tatlon of slow motlpns, are Figure 7. Contours indicating the predicted cross-correlation R nv
averaged out by the 18@ulse applied to the '@arbons in the as a function of CSA tensor orientations in the 1D GAF model. As shown
center of the MQC interval. in Figure 1,a is the angle between the CSA componeptand the ON

; ; bond, ando, is the amplitude of the motion around the axisubtended
Consequently, the large dispersion of the observed I’atesby two consecutive €carbons. The rates are calculated for CSA tensors

Rejcnt in Figure 6 must result from “structural” variations of  typical for a helices (top) and fop sheets (below). The vertical dashed
the CSA tensors from residue to residue and from the presencdines indicate the meaa angles subtended betweep and CN that are
of fastinternal motions (i.e., faster than the rotational diffusion typical fora helices ang sheets. In ubiquitin, amplitudes updp =16 or

- . 20° have been reported in the literatdfayhich can account for aimost all
of the molecule). That a variation of tlaenplitudesof the CSA of the observed rates in Figure 6.
components directly affects the magnitude of the r&eg v
is easily seen from inspection of eq 5. A more detailed simulations have shown that significant motighsccur in
description of this effect has been presented by Zuiderweg andstructurally ordered regions of ubiquitin around an axéefined
co-workerst® These variations can be due to changes in by the two G atoms in the peptide plane, as defined in Figure
conformatios!-3> as they occur when going from-helices to 1. In an attempt to describe their influence qualitatively, the
p-strands. Hydrogen bonds also influence the values of the C order parameters in eq 6 may be calculated by using a 1D-
CSA tensors. I-helices o,y changes by about14 ppm, while GAF modet” modified for the interference effect under
oxxincreases by cat-2 ppm upon formation of hydrogen bonds. investigation:
In 5-strands these components change-t#0 and-+4 ppm,
respectively?® This would lead to an increase B,c1N by about Szi,CHN = Py(c0sb; o) — 3 sin6; , x
25 and 20% im-helices angs-strands, respectively.

Other factors influencing these rates are the presence of fast
internal motions and local variations of the CSA tensor ) . 4
orientations Because the latter determine how sensitive cross- 25N 0i, Sin Oy, (1 — € yz)} ™
correlation rates are to the former, their effects must be
considered simultaneously. An investigation of the influence where6; , are the angles between the CSA tensor components
of motions onRccxY has been presented elsewh&r& MD oii and they axis,OcM, is the angle between the i@ vector
andy, and6; oy is the angle betweem; and the CHN vector.

(33) ;gg‘haegn‘:: ?IggzeggéJi;sl\fEilrégf W.; Ogunjobi, O. M.; Love, S.; Shaw, K. Note that since all interactions_ lie in thg same pI_ane, no
(34) Lienin, S. F.; Bremi, T.; Brutscher, B.; Bschweiler, R.; Ernst, R. RI. azimuthal dependence appears in eq 7. This expression can be
(35) é’;‘éghsrrkg&ﬁgggir}?&i‘g"g%‘f;gbq 10, 197203, derived either from the 1D-GAF model for auto-correlated

(36) Walling, A. E.; Pargas, R. E.; de Dios, A. @.Phys. Chem1997 101,
7299-7303. (37) Brischweiler, R.; Wright, P. El. Am. Chem. S04994 116, 8426-8427.

sin GC.HN’V{—COSOH’V oSO, (1 — e )+
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relaxation or from a reduction of the 3D-GAF modékvhere that have small scalar couplings, the only condition being that
both interactions are assumed to be rigidly tied to the peptide one should be able to excite higher-order coherences that
plane and therefore experience motions of the same amplitudeovercome the violation of the secular approximation. For
o,. To account for possible structural variations of the CSA example, in proteins it can be used to measure long-range cross-
tensors, the order paramet&t was calculated for different correlation effects Roycne, Ronveone, Rwnne,  Receonn,
anglesa. betweeroy,, and CN (see Figure 1) ranging from 30 etc. In ubiquitin, under the conditions discussed above, these
to 50°. Figure 7a shows the expected variation in rates for a rates can be as large as 4, 1.5, 0.3, and 038 that is,
CSA tensor typical of armt helix, and Figure 7b shows the comparable to the raté&cnN determined in this paper, which
expected variation in rates for a tensor i aheet. To explain are on the order of 173. The hybrid experiment can also be
the dispersion of th&:cpN rates of Figure 6 by a static model  applied to nucleic acids with base pairs that are held together
would obviously require drastic changes in conformation. by hydrogen bonds between donor and acceptor nitrogen atoms
Clearly, only dynamic effects can explain the tremendous NP—H:--NA2 |t should be possible to measure cross-correlations
dispersion of the observed rates. Amplitudes of ca- 12 NA/HNA between the fluctuations of the CSA tensor of the
account for much of the attenuation of the rates with respect to acceptor nitrogen Nand the dipolar interaction +tNA. The
those expected for a rigid molecule. Recent stiifisaggest procedure can be extended to coherences of arbitrary order. For
that some residues in ubiquitin exhibit motions of significant example, if there is a violation of the secular approximation in
amplitudes around axes that are orthogonal to thexis. the relaxation of double-quantum coherence, this may be
Moreover, structural variations of the angle(see Figure 1) resolved by resorting to an interval where triple-quantum
also have some influence on tRe,cN rates. Furthermore, the  coherence is allowed to evolve. TRecyN cross-correlation
07z component of the Ctensor may not be perfectly perpen- rates measured in ubiquitin are very sensitive to fast local
dicular to the peptide plane, as it has been assumed so far, anagnotions and appear very suitable for investigating protein
the NH vector may also tip away from this plane. Consequently, dynamicst13“Structural” variations of the CSA tensors (i.e.,
a complete analysis of these parameters would require thelocal variations of magnitudes and orientations of their principal
measurement of several complementary cross-correlatiorffdtes. components) determine how sensitive the cross-correlation rates
are to internal motions. This underscores the need to determine
a number of complementary cross-correlation rates. The new
The approach described in this paper allows one to measuremethod extends the number of cross-correlation rates that can
long-range cross-correlation rates in cases where the seculabe measured and therefore represents a significant step for the
approximation would be violated if one used conventional characterization of dynamics in biomolecules.
single-quantum NMR. In addition, it is possible to separate two
different cross-correlation mechanisms that have the same Acknowledgment. We thank Dr. Joel R. Tolman and Dr.
signature for multiple-quantum coherence by canceling the Catherine Zwahlen for helpful comments and stimulating
effects of the unwanted mechanism during a single-quantum discussions. This work was supported by the Fonds National
interval. The method is no more time-consuming than conven- de la Recherche Scientifique and the Commission pour la
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ably insensitive to second-order effects. It can be applied to National de la Recherche Scientifique of France.
measure a wide variety of cross-correlation effects in systems
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