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Abstract: Experiments for measuring chemical shift anisotropy (CSA) cross-correlated spin relaxation between
pairs of carbonyl spins iA°N,13C-labeled proteins based on differences in relaxation rates of double- and
zero-quantum carbonyl coherences are presented. In the case where the carbonyl spins reside on successive
residues, information about the interveningy) backbone dihedral angles is obtained. A good correlation
between predicted and measured cross-correlation rates is observed in experiments recorded on an SH3 domain
from spectrin. Cross-correlated spin relaxation between carbonyl spins residing on two peptide planes linked
via hydrogen bonding can also be measured for small proteins in concentrated samples, providing information
about the relative orientation of these planes, as demonstrated for the spectrin SH3 domain.

Structure determination by solution NMR spectroscopy is example, the measurement of a large number of dipolar
predicated to a large extent on the establishment of internuclearcouplings'®!! These couplings can be interpreted in terms of
distances from the nuclear Overhauser effect and on thethe orientation of the individual internuclear vectors in a defined
measurement of dihedral angles based on recording scalaimolecular framé, providing projection information that is
couplings between NMR active spidd.o date, structures of a  similar to that obtained from the spin relaxation experiments
large number of proteins with molecular weights up to ap- mentioned above.
proximately 25 kDa have been determined using these types of
restraints. More recently a number of methods have been
developed allowing structural information to be obtained through
measurement of so-called “projection restraints”. In one set of

experiments spin relaxation is used to measure the projection . T o .
of one bond vector onto another or the orientation of a bond YECtor in the principal frame of the CSA tensor, it is also possible

vector in a defined molecular frandeExamples of protein [0 Measure cross-correlated spin relaxation between two CSA
applications include measurement of the angle between thelnteractions. Assumm_g thgt t_he orientation of the CSA tensors
1He-13Ce and HN-15N bond vectors of successive residues, and the values of their principal components are known, such
i — 1 andi, through recording double- and zero-quantum Measurements can provide useful structural information since
13ce(i — 1)—15N(i) coherenced; or determining the orientation ~ they are sensitive to the projection of one CSA frame onto
of the IH*-13C vector relative to the principal axes of tR€O another. Although it has been known for some time from
chemical shift tensor from measurement¥E2—13CO double- theoretical analyses that the difference between the double- and
and zero-quantum relaxation rafesBoth of these approaches zero-quantum relaxation rates of a pair of spins can provide a
provide information about the dihedral angle In a second direct measure of the cross-correlation between the CSA
class of experiments the molecule of interest is dissolved in a interactions of the two nuclé!3experimental observations of
dilute liquid crystal solution resulting in weak alignment with  this effect have only recently appearéd!® To date studies have

the external magnetic fieR® Interactions which would normally

average to zero in isotropic solvent no longer do, allowing, for  (8) Tjandra, N.; Bax, ASciencel997,278, 1111-1114.
(9) Prestegard, J. HNat. Struct. Biol. NMR supplemeh®98,5, 517—

In addition to measuring dipotedipole cross-correlated spin
relaxation, which provides the relative orientation of the two
dipole vectors, or dipolechemical shift anisotropy (CSA) cross-
correlation which is sensitive to the orientation of the dipole
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not focused on using CSACSA cross-correlated spin relaxation
as a probe of protein structure.
Herein an experiment which measures#@0—13CO cross-

Skrynnétaal.

15N spin relaxation experiments were recorded on*ihg'3C 2H-
labeled spectrin SH3 sample using the sequences described by Farrow
et al?? A value of Diso = (D} + 2Dp) / 3= 0.260x 1(¥s ! (r=6.4

. . . H i i 2325 \ai
correlation rate between carbonyl carbons of successive residue&S) Was obtained from an analysis basedTgii ratios?* with D,/

in proteins is described. Because this rate is sensitive to the

relative orientation of the CSA frames of the carbonyl spins,
which in turn is directly related to the intervening,¢’) dihedral

Dy = 1.22, whereDy and D), are thex (or y) and z components,
respectively, of the assumed axially symmetric reorientational diffusion
tensor.

The effect of relaxation coupling between various DQ/ZQ modes

angles, useful structural information can be obtained. This is ;55 investigated using complete x4 4 relaxation matrixes in the

demonstrated through an application on'aM,'3C 2H-labeled

operator base€,C., C:C.CY, C+C.N, andC,C.CiN,, whereC =

sample of the spectrin SH3 domain, where a good correlation 13co() andC =*CO( — 1). All dipolar and CSA contributions in the
between measured rates and those predicted on the basis of thgve-spin system comprisingCOG — 1), 25N(i), HN(), 3Ce(i), and

high-resolution X-ray structure of the protéins obtained. In

13CO() were taken into account in calculating the relaxation matrix

addition, we demonstrate using the spectrin SH3 domain sampleelements. The evolution of the ZQ and DQ coherences during constant-

that, sensitivity permitting, it is possible to derive long range
projection restraints by measurifgCO—13CO cross-correlated
spin relaxation involving carbonyl spins from peptide planes
that are linked via hydrogen bonding.

Materials and Methods

All spectra were recorded on &MN,**C ?H-labeled sample of spectrin
SHS3 prepared in a manner similar to that described by Blanco’t al.
The sample was a gift from Drs. Tanja Kortemme and Luis Serrano
(EMBL). Sample conditions were 6 mM, pH 3.5, 90%®] 10% O,

1 uM leupeptin, 1uM pepstatin, 80«M Pefabloc, 10«M DSS, 25
°C. All spectra were recorded on either Varian Inova 500 or Inova

time period 4¢ (Figure 1a) was computed using these relaxation
matrixes. The resulting multiexponential decay curves were used to
simulate F line shapes for DQ and ZQ peaks, allowing evaluation of
the peak intensitiespg and Lo, from whichRpg — Rzq is estimated
(see eq 6).

Density functional theory (DFT) computations'8€O CSA tensors
were performed using the program deMbas described in detail by
Scheurer et &’ Molecular fragments used for CSA computations
included nearby aromatic rings and electric charges on the surrounding
charged amino acids. Hydrogen bonds formed by the carbonyl group
of interest, CO, and the adjacent amide group, NH, were also taken
into accoung’ A table (S2) of'3CO CSA tensors computed for five
pairs of hydrogen-bonded peptide planes is given in Supporting

600 MHz spectrometers. Although a concentrated sample was necessarynformation.

for measuring'3CO—3CO cross-correlated spin relaxation involving

carbonyl spins from peptide planes that are linked via hydrogen bonding Resyits and Discussion

(scheme of Figure 1b, see below), a significantly more dilute sample

could be used in measuring cross-correlation betwée® carbons

Description of the Experiments.Figure 1 illustrates the pulse

from successive residues (scheme of Figure 1a) since average S/Nschemes that have been developed to measuféGirCSA—
values of 300 (zero-quantum data) and 400 (double-quantum data) wereCSA cross-correlated spin relaxation rate between (a) pairs of
obtained from data sets recorded at 600 MHz (see Supporting carbonyl spins that are adjacent in primary sequence and (b)

Information). Indeed, we are currently in the process of applying this
methodology to maltose binding protein (42 kDa, 1.4 mM sample),

and the sensitivity appears to be sufficient to extract accurate relaxation

rates in this case.

For the sequence of Figure la data matrixes of&780* x 512*
(500 MHz) or 68x 36* x 576* (600 MHz) points were acquired in
ty,to,t3 (Where * refers to complex points), antd,i,ts) acquisition times

between pairs of remote carbonyl spins in residuesl andj,

that lie in peptide planes that are connected by a hydrogen bond
formed by the NH of residué and the CO of.. The flow of
magnetization is illustrated in the upper left-hand corners of
each of the sequences. A description of scheme (a) is best
accomplished by considering only the operators describing the

at 500 and 600 MHz of (60 ms, 27.6 ms, 64 ms) and (48.6 ms, 27.8 important coherences at various stages in the sequence and by

ms, 64 ms), respectively, were employed. Data sets#8tk y,x were

ignoring the factors describing the efficiency of each transfer

recorded in an interleaved manner and either subtracted or added tostep. Magnetization that originates on ##\ spin of residué
yield spectra with cross-peaks derived from double- or zero-quantum is transferred to the directly couplédN spin and thelSN

correlations, respectively, as described below. Constant-time periods,
2Tc, of 72 and 50 ms were employed at 500 and 600 MHz, respectively.

Eight transients were recorded per FID with a recycle delay of 1.6 s,
resulting in net acquisition times of 30 (500 MHz) and 35 h (600 MHz).

magnetization evolves due to either the one- or the two-bond
15N —13Ce coupling in addition to the one-boAeN—13CO scalar
coupling. Note that coherences that are generated from evolution

The data sets were processed using Gaussian apodization functions iflue to all three couplingsdnca, 2Inca, andiInco) are selected

t; and thet, time domain extended by mirror image linear predicfidn.

against in the present scheme. Focusing for the moment on

Final processed data sets were comprised of (256, 128, 1024) real datevolution undetJyc, andJyco one obtains a term of the form

points (500 MHz) or (256, 128, 2048) real points (600 MHz) before

COLi — 1)NLi)C*(i) at pointa in the scheme, where subscripts

discarding spectral regions where peaks are not found. Processing waxy,z identify the component of spin magnetization and indices

carried out using the NMRPipe/NMRDraw suite of progrétrend
analysis performed using CAPP and PAPR. data matrix comprising
56 x 32* x 512* points corresponding td(t2,ts) acquisition times of

(47.8 ms, 29.5 ms, 64 ms) was recorded (500 MHz) using the sequence

of Figure 1b with aT¢ value of 32.5 ms. Processing and analysis were

i,i — 1 indicate the residue. Between poirgsand b in the
sequence transverd&C(i) magnetization evolves as a result
of the 1Jcqco coupling so that at poirth the relevant operator

(22) Farrow, N. A.; Muhandiram, R.; Singer, A. U.; Pascal, S. M.; Kay,

performed in a manner identical to what is described above for the C. M.; Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.; Kay, L.

experiments of Figure 1a. A final data matrix consisting of (256, 128,
1024) real points was analyzed.
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Nature 1992 359, 851—855.
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Figure 1. Pulse schemes to measure (a) cross-correlated spin relaxation between péi3 spins that are sequential in primary sequence and
(b) between pairs of remoféCO spins in residues— 1 andj with a hydrogen bond between the NH of residud the CO of (see text). All
narrow (wide) pulses are applied with flip angles of §08C°) and are along th& axis, unless indicated otherwise. THe, 15N, and?H carriers

are positioned at water, 119 and 4.7 ppm, respectively. Field strengths of 36 kHz, 6.25 kHz, and 2 kHz are empleleéd\fpand?H pulses,
respectively, with the exception of the shaped water selectitep@Be (2 ms), théH WALTZ-16, decoupling element&,and flanking pulses
which emply a 6 kHz field and theH WALTZ-16, elements which use an 800 Hz fiel8equence (a)The 3C carrier is at 55 ppm until
immediately prior to thé3CO pulse of phas#3 when it is moved to 176 ppm. The carrier is returned to 55 ppm aftéf@@ 90 pulse of phase

y. All 1%C rectangular 90(180°) pulses are applied with a field strengthM«/l_S (A/«/é) whereA is the difference in Hz between the centers of
the 13CO and'3C® regions of the carbon spectrifihOff-resonance pulses are applied using phase modulation of the é4ffighe simultaneous
13COMC* shaped pulses during the intervals of duratidiy Benote adiabatic frequency-swept WURST puis&gone for each 2y period, 80

kHz sweep, 15 kHz rf field at peak height, 3@6 duration) that invert botFCO and'*C* spins. The midpoint of each pulse is centered between
the 13CO and3C* chemical shifts. Thé3C# pulses are applied with the IBURP-2 profffeare centered at 30 ppm, and have durations of 1.8 ms

x (500M,), wherev, is the'H spectrometer frequency in MHz. Simultaned860/A3C* decoupling can be used during acquisition to enhance the
sensitivity for applications involving small proteifsin this case, WALTZ-16 decoupling is employed where each element has the SEDUCE-1
shapé&® (325 us). The carrier is positioned midway between @0 and'3C* spins and the decoupling element is cosine modulated so that both
types of spins are perturbédi!N decoupling during acquisition emplsy 1 kHz WALTZ-16 field. The delays employed are; = 2.3 ms,7, =

5.3 ms, Ty = 14.0 ms,§ = 2.25 ms,Tc = 36 ms (500 MHz), 25 ms (600 MHz) = 500 us. Values of the delays may have to be adjusted for
maximum sensitivity or to ensure that double- and zero-quantum correlations have sufficiently different intensities followigtimestant-time
period so that accurate cross-correlation rates can be extracted. Delays listed are for a protein tumbling with a correlation time of 6.4 ns. The phase
cycle employed is:¢1l = (X,—X); ¢$3 = 2(Y),2(=Y); ¢4 = 4(X),4(=X); ¢7 = 4(Y),4Y); 8 = (X,—X); $9 = X; rec= 2(X,—X),2(—x,X). The3CO

180 pulses in the intervals of duratiorf 4re applied after th&C® pulses (phaseg2 and¢6). The phases of thedéC* pulses must be adjusted

for maximum signal. This is most easily accomplished by adjuspgfor example, to give zero signal and then addingt@3he obtaineds2

value. The phase¢5 must be adjusted so that absorptivdifte shapes (both double- and zero-quantum correlations) are obtained. We have ensured
that all delays for power switching etc. in the pulse sequence code are carefully adjusted and absdipgv&Bpes of zero-quantum peaks are
obtained. However, witlp5 = x the double-quantum peaks can be slightly out of phase. Since the phase of the zero-quantum signal is not affected
by ¢5, while double-quantum is, absorptive spectra can be readily obtained. Typically, we record;aRDpFojection and phase the double-
guantum correlations to pure absorptive. The valug®is subsequently set to 1/4 of this phasing value. (The sigtbahust be confirmed by
recording an additional 2D spectrum). Quadrature detectivnisnobtained by the enhanced sensitivity pulsed field gradient métiiédhere for

each value of; separate data sets are recorded for (@@0and (~g1049 + 18C°). For each successitgvalue¢7 and the phase of the receiver

are incremented by 18@ Quadrature ir; is not employed. Separate data sets¢dr=y and$3 = x are recorded in an interleaved manner and
subtracted or added to yield either double- or zero-quantum data sets. The duration and strengths of the gradients(@r:ngf) 8 G/cm), gl

= (0.5 ms, 5 G/cm), g2 (1 ms, 15 G/cm), g3= (0.75 ms, 20 G/cm), g& (0.15 ms, 18 G/cm), g5 (0.15 ms, 25 G/cm), g6 (0.8 ms, 25 G/cm),

g7 = (0.25 ms, 12 G/cm), g& (1 ms, 18 G/cm), g9 (0.4 ms, 10 G/cm), g16- (1.25 ms, 30 G/cm), g1% (0.4 ms, 2.9 G/cm), g12 (0.3 ms,

5 G/cm), g13= (0.125 ms, 29 G/cm)Sequence (b)The carbon carrier is at 176 ppm throughout the experiment, except during acquisition when
it is moved to midway between th8CO and3C* spins as described above. AfiC pulses are applied with a field strength Af/3. 13ce
decoupling is achieved with 121 ppm cosine-modulated SEDUCE decouplingué3palses). The twdH 18C° pulses applied during theTg

period are of the composite variéty90,180,90,) and serve to eliminate contributions from cross-correlated spin relaxation invéhtitfg 3CO(
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Figure 1. (Continued) — 1) dipolar and**CO(j) CSA orHN(i) 13CO() dipolar and*CO( — 1) CSA interactions. The delays employed arg:
= 2.3 ms, Ty = 81.7 ms,Tc = 32.5 ms (500 MHz)¢§ = 250us. The phase cycle employed i#1 = (X,—X); $2 = 2(y),2(—Y),2(x),2(—X); ¢5 =
8(x), 8(—X); 96 = 2(X),2(—X); ¢7 = X; Rec= 4(x,—X),4(—x,x). Data sets withp4 = 4(y), 4(x) andp4 = ¢4 + 90° are recorded in an interleaved
manner and subtracted or added to generate double- or zero-quantum data sets. Tk phashusted to ensure that correlations are pure-
absorptive in the Ffrequency domain, as described for the scheme of Figure 1a. Quadrature detectiedntteved via the enhanced sensitivity
approach, while quadrature is not employed inTFhe duration and strengths of the gradients are=g5 ms, 5 G/cm), g2= (1 ms, 15 G/cm),
g3 = (1 ms, 18 G/cm), g4 (0.25 ms, 12 G/cm), g5 (0.7ms, 20 G/cm), g6= (1.25 ms, 30 G/cm), g# (0.4ms, 2.9 G/cm), g& (0.3 ms, 5
G/cm), g9= (62.5us, 27.6 G/cm). In both sequences decoupling is interrupted during application of the gr&diarise sequences are available
upon request.

is CO(i — 1)NLi)C*(i)COLi). The undesired evolution from Evolution of the terms in eq 1 during the CT period proceeds
Ycqcp during this period is refocused for many of the residues according té°

by application of band selective inversion pufSesentered at -

30 ppm, resulting in significant sensitivity improvements. The rp —S exp=2R.-T D cos +

13CO 90 pulse applied immediately after poibt (¢3 = y) {DQJ PE2RooTe) [{, Q4 Geog-

generates the coherence, {iG- 1)N,(i)C%(i)COy(i), which is wcoplts T{DQy} Sin@cog-1) T wcop)ti]

allowed to evolve for a constant time (CT) period of duration 3)
2Tc. In what follows it is convenient to rewrite the operator 2Te. - _

COi — 1)NAI)C*()COK() as a linear combination of double- 124~ EXPEC2ReTINZQ4 COSocog-y)

(DQ) and zero- (ZQ) quantum components accordirf§ to wcopty T {ZQy} sin(@coi—1) — ot

COi — 1)N(i)C:()COLi) = where Rpg and Rzg denote the double- and zero-quantum
T _ . _ relaxation rates, respectively. Application of the subsequent
0.5N(I))C™(I){CO(i — 1)CQ(i) — CO[i — 1CQ(i)} + 13CO 90 pulse gives

0.SNMC™ M COi — NCQM + COfi —CQ(} (1) 4 (i — DNL()C))COL) [ 0.5 exp(-2RogTe) x

where, following the notation of Sgrensen ef4l. COS@cog-1) T Weopts T 0.5 eXPE2R0Te)
COS@COG*l) - wcoa))t1] (4)

{DQ} ={CQ i — 1CQ(i) — CO(i — 1)CQ(i)}

_ . . . . where the multiplicative factor in parentheses indicates the
{2Q4 ={CQf = )Caf) + COV(' 1)COV(')} separate evolution pathways of double- and zero-quantum states
{DQy} ={CO( — 1)CQ(i) + COi — 1)CQ(i)} (28) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—141.

. . . . - (29) Sarensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.;
{Z2Q} ={CQ(i — 1)CQ(i) — CO(i — 1)CQ(i)} Ernst, R. RProgr. NMR Spectroscl983 16, 163-192.
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during ZTc. The spin order described in eq 4 is subsequently transverse!®N(i) magnetization efficiently evolves under the
transferred back to observaBBlgN magnetization following the  effect of both’XJyco and the small coupling betweé?N(i) and
reverse of the pathway outlined above. Fourier transformation 13CO() across the hydrogen bof#33 3yco (3"nco ~ 0.6 Hz

of the resultant time domain data set produces a spectrum withfor residues in3-sheet regior#g). Thus, at point the operator
cross-peaks atalcog-1) £ @cop, @G, @hne)- Note that  of interest is given by C@ — 1)NJ(I)COLj), where Ng(i)
quadrature detection in;Fs not employed so that quadrature refers to the component 8N magnetization coupled to th#

images are obtained in this dimension. IHN spin state, selected via the TROSY schémBuring the
To separate double- and zero-quantum signals a second datgubsequent CT period of duratiofic2double- and zero-quantum
set is recorded where the phagis incremented by 90¢3 = 13CO( — 1)'8CO() coherences are allowed to evolve in the

X). This changes the sign of the first term of eq 1 describing same manner as described for the sequence of Figure 1a and
the coherence at the start of the CT period and hence leads tahe signal is subsequently returned ) for observation. Two

(cf.eq 4) data sets with correlations at frequenciesd;—1) + wcog), ©ng)
— JtlJNH, WHN(j) + J'ElJNH) (DQ set) and(()coqfl) — Wco() WN()
COLi — 1)N,(i)C*(i)COLi) [0.5 expt-2R,4T) x — 78N, oung) T k) (ZQ set) are obtained from which
Roo — Rz is calculated according to eq 6. Axial peaks at (0O,
COSeog-1) T @eop)t F 0-5 EXPE2RyeTe) a)N?i) - JT?JNH, wnnG) + i) are also observed in spectra
COS@coa—l) - wcoo)tﬂ ®) recorded with the sequence of Figure 1b. As illustrated below,
these peaks are significantly larger than the desired double- and
Addition and subtraction of data sets recorded w8 y,x zero-quantum cross-peaks since the latter are derived from
thus generates two data sets with cross-peaka@bg(1) — magnetization transfer processes involifilyco couplings that
wcog), Wn, WHN) (ZQ set) anddcog-1) + wcog), wn, whn) (DQ are typically less than 1 Hz. Finally, it is worth noting that the

set). Intensity ratios of these cross-peaks allow a direct calcula-present experiment is TROSY-badedavhile the scheme of
tion of the difference in relaxation rates between DQ and ZQ Figure 1ais not. In most triple-resonance applications involving

coherencesiRpq — Rzq, Via a small protein (a 62-residue SH3 domain was employed in the
present studies) the TROSY implementation will generally be
Roo = Ryg = —1(2T¢) In(lpo/120) (6) less sensitive than the corresponding non-TROSY scheme in

cases where transver$®N magnetization evolves for delays
wherelpg andlzq are the intensities of cross-peaks in the DQ on the order of 0.9\c or 0.50nco. This is the situation in
and ZQ spectra. experiment 1a; however, in sequence 1b the long delays

There is an additional pathway of magnetization flow which employed for transfer betweéPN and*3CO (2.5 nco ~ 163

is important to mention. The above discussion has focused onms) favor the use of TROSY-based approaches.
the term derived from evolution é%N transverse magnetization Multiple Quantum Spin Relaxation. In this section, the
under the effect otJyc, andJnco couplings which are active  theoretical expression for the difference in the auto-relaxation
during the 2 periods in the scheme of Figure 1a. However, rates between double- and zero-quantum coherences comprising
evolution of 1°N magnetization due to bothlyc, and tJnco two 13C spins is given. In addition, it is demonstrated that the
scalar couplings can also occur durin@y2 It is straightfor- experiments of Figure 1 directly provide, to very good ap-
ward to show that this pathway results in a term of the form proximation, the cross-correlated relaxation rates due to the
Coy(i — 1)NL(i) at pointb in the scheme. Because the subsequent interference between the twdC CSA interactions. In what
13CO pulses do not pertud3C* magnetization, this term does  follows we consider a spin system consisting of #8200 spins
not evolve during Zc and is transferred back to observahig at adjacent site€C = 13CO({ — 1) andC = 13CO() and the
magnetization by the remaining part of the sequence. Thus,intervening >N, HN, and '3C* spins (see Figure la). To
correlations at the frequencies @wg), @nngy) N (F1.F2,F3) calculate contributions to relaxation from the carbori@l CSA
are observed. The intensities of these axial peaks can be quiténteraction it is convenient to recast the fully asymmetric CSA
significant, typically ranging from a similar size to several times tensor in terms of a sum of two axially symmetric components,
larger than the double- or zero-quantum correlations. During so that the CSA Hamiltonian can be written in the following
data processing, axial correlations can be significantly attenuatedform:36-3°
by time domain deconvolution of the data, in an analogous
fashion to the approach currently employed for minimization H = ZAngIBo{lzD(()zg(Qx) + \/§(|+D((32—)1(Qx) _
of the residual water signal in specéaUnfortunately the 3 8

intensities of the ZQ or DQ peaks that are within-8D Hz of @) 2 @

the13CO carrier can be affected by this procedure, and therefore |_Do1(©2)( + §AUyVIBO 1.D5o(€2y) +

these peaks cannot be used in the analysis. An alternative 3

method that allows measurement of correlations closer to zero \/;(IJrDE,z)l(Qy) - |_D§$l)(s2y))} (7)

frequency inF; is described in the Appendix.

Figure 1b illustrates the pulse scheme that is used to measuraVhere Aoy = oxx — 0zzand Ady = 0yy = 0zz Oxx Oyy, aNdoz,
h . ) . :

the 13CO cross-correlated relaxation rate involving pairs of (32 Comilescu, G.; Hu, J. S.; Bax, A. Am. Chem. S0d999 121,

remote'3CO spins. The first part of the pulse scheme is similar 2949-2950.

to an HNCO3! where magnetization is transferred from #h! gig $0fdieBF-kGfZiSiE‘3 SB-_Am- Fr&leh;néﬁ;%dég?g 132l18601—1602-
. K . . ang, D.; Kay, L. . Biomol. , 3—10.

spin _Of residue to the pre_ced|ng}3CO. However’_ the delay (35) Pervushin, K.; Riek, R.; Wider, G.; Whrich, K. Proc. Natl. Acad.

2Tn is chosen to be considerably longer than in a standard sci, U.S.A1997 94, 12366-12371.

HNCO experiment (2.3Jyco in the present case) so that (36) Goldman, M.J. Magn. Resonl984 60, 437-452.
(37) Zheng, Z.; Mayne, C. L.; Grant, D. M. Magn. Reson., Ser. A

(30) Marion, D.; Ikura, M.; Bax, AJ. Magn. Reson1989 84, 425- 1993 103 268-281.
430. (38) Bremi, T.; Brischweiler, RJ. Am. Chem. S0d.997, 119, 6672—
(31) Kay, L. E.; Xu, G. Y.; Yamazaki, TJ. Magn. Reson., Ser. 1994 6673.

109, 129-133. (39) Canet, DConcepts Magn. Resof998 10, 291-297.
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are thex, y, andz components of the CSA tensoy, is the
gyromagnetic ratio of spih, By is the amplitude of the static
magnetic field,l,, 1+ = I+ ily, andI_ = Iy — ily, are spin
operatorstfq)(Q) is the pg) element of a second-rank Wigner
matrix, andQy, Qy are two sets of Euler angles specifying the
orientation of thex- andy-principal axes of the CSA tensor in
the laboratory frame. Taking into account all dipolar and CSA
interactions in th&€&NHN C* C spin system and using eq 7 with
| = C, C for Hc and Hg, respectively, one can evaluate the
auto-relaxation rateRpg of the double-quantum coherence
C;+C,, as well as the auto-relaxation raRq of the zero-
quantum coherencg,C_, obtaining the following expression
for Rog — Rz

Rog = Reo=Tce T fcece T % Aewem  (8)
M=fANNGC

where the first (dominant) term is the contribution from the

Skrynnétaal.
G&Ao::

Sy e e (10
q=—2

In eq 14,% is a fast local motion order parameter (which
can be expressed &= (1/2)cog(1 + cog) wheref denotes
the semi-angle of opening for the cone of diffusi)nD,;, and
Dp are the components of the anisotropic rotational diffusion
tensor which is assumed to be axially symmetd{é),(e) is the
(pg) element of a reduced second-rank Wigner ma#ijxand
Oy are the angles that vectaasandb, respectively, make with
the long axis of the diffusion tensor, angh — ¢y is the
difference in azimuthal angles of the vect@sandb in the
diffusion frame. In deriving eq 14 it was assumed that the fast
local motions of vectorsa and b are uncorrelated for CSA
interactions of the two distinct carbonyl spins; this assumption
is supported by analysis of a 1.5 ns window of a molecular

cross-correlation between the two CSA interactions, and the dynamics trajectory of the protein ubiquitin reported by Lienin

other (small) terms originate from dipolar interactions:

2
Tee=(37cBy) 480,803,500 + Ao,A0d,(0) +

AG,AG35(0) + Aa,Acid5(0)) (9)

l[/t 2
Aomem = (_[%hYCyM) D}’réMD]ZL/r%M %(SJCM,CM(O) +
12‘]CM,CM (wy) (10)

Ho, ,)? 1
Ncece = (_ 64_ﬂh)’(zz) Dyrts:(:ﬁl_z(&cé,cé (2wc) —
Jeece(0)) (11)

The contribution from modulation of isotropic chemical shift
by conformational exchand®which can be included in eq 9,
is not considered here. The spectral densitigév) in eqs 9-11

describe correlations between the pairs of axially symmetric

interactions (either dipolar or CSA) denoted by vecta@nd

b. To evaluate these spectral densities, a motional model must
be selected. The simplest model is one of isotropic overall

rotation with

1.2 —6p,
G.l) = £8'e **Py(cost, ) (12)

Jow) = [7G, t)edt (13)
whereP,(X) is a second-order Legendre polynomily, is the
angle between the vectoesandb, & is the order parameter
describing the amplitude of motion for local fluctuations of the
peptide plane$l-*2andDs, is the diffusion constant for isotropic
molecular tumbling. Equation 12 is valid when local motions
of vectorsa andb are uncorrelated or, alternatively, when the
local correlation time is very short.

A more complex model of motion is one which considers
anisotropic overall tumbling in addition to fast internal dynam-

ics. Here we use the “diffusion in a cone” model developed by

Lipari and Szab® which is well suited for analysis of local
dynamics in anisotropically tumbling molecules:

(40) Deverell, C.; Morgan, R. E.; Strange, J. Mol. Phys.197Q 18,
553-559.

(41) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4559-4570.

(42) Lipari, G.; Szabo, AJ. Am. Chem. Sod.982 104, 4546-4559.

(43) Lipari, G.; Szabo, AJ. Chem. Phys1981, 75, 2971-2976.

et al* Note that in the case whdby, — Dy =0 eqgs 12 and 14
become identical.

The significance of anisotropic tumbling has been assessed
by comparing calculated CSACSA cross-correlated relaxation
rates,I'c g, obtained from either eqs 9, 12, 13 (isotropic model)
or, alternatively, eqs 9, 14, 13 (anisotropic model) for all pairs
of adjacent residues in the spectrin SH3 domain. The parameters
describing molecular tumbling have been determined ftein
relaxation data (see Materials and Methods). For both models

= 0.82 was employed with CSA parameters obtained from
the solid-state experiments of Teng et*alon gramicidin
(assuming that the orientation of the CSA axes is invariant for
each peptide plane). In the case of the anisotropic model, the
X-ray structure of the spectrin SH3 domain (protein database
accession code 1SHG was used to establish the orientation
of the vectorsa andb in the diffusion frame of the molecule.
The root-mean-square deviation between rates derived from the
two models was small (0.5 5at 600 MHZ'H frequency; 0.36
s 1 at 500 MHz). Furthermore, the use of an anisotropic model
resulted in an insignificant improvement in the correlation
between the calculated and experimentally measBsed- Rzq
values (see Table 1). Therefore, eq 12 was chosen for further
interpretation of the experimental data.

The pulse sequence shown in Figure 1a does, in fact, measure
the relaxation of coherences of the for@ C.C:N,, rather
thanC.,C... However, the difference between double- and zero-
guantum auto-relaxation rates determined in this experiment is
given by an expression which is nearly identical to egdl®
with the distinction that the spectral densities at the frequencies
wc andwy are absent from the relaxation tervhgeq,cco @nd
Acn,ans respectively. EvaluatinBog — Rz in the same manner
as described above, we have established that the differential
relaxation measured in the experiment of Figure 1a is dominated
by the CSA-CSA term, eq 9, with all other terms combined,
eqgs 10 and 11, responsible for a 2% contributioRde — Rzq
at 600 MHz (3% at 500 MHz).

Finally, the effects of cross-correlated cross-relaxation transfer
between the coherence of intere€,;C.CiN, and other
coherences over the course of the periddt 2h the pulse
sequence of Figure 1la has also been investigated. Although some
of the transfer paths are blocked due to proton decoupling during

(44) Lienin, S. F.; Bremi, T.; Brutscher, B.; Bschweiler, R.; Ernst, R.
R.J. Am. Chem. S0d.998 120, 9870-9879.

(45) Teng, Q.; Igbal, M.; Cross, T. Al. Am. Chem. Sod992 114,
5312-5321.
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Table 1. Correlation between Experimental and Calculated ValueRogf— Rzq?

no. of Cross- terms
exptl CSA CSA relaxn defined by
no. points structure magnitude  orientation ﬁ b tumbling terms eqgs 10 and 11 slope intercep! rmsd
Successive Residues
1 96° 1SHG gramicidi®  gramicidirf® 0.82 isotropic ~ — + 0.90+0.08" —0.64+ 0.7 5.37
2 82 0.92+0.05 —-0.3+0.7 4.78
3 1AEYi(best of 15) 0.66+0.05 —5.1+0.7 6.71
4 1AEYi(worst of 15) 0.47+0.07 —544+1.0 8.90
5 cyclopeptidé cyclopeptidé® 0.67+0.04 —0.4+0.5 576
6 aminoacid® gramicidirf® 0.75+0.04 —0.6+0.6 5.18
per-residue
basis
7 tripeptidé”  tripeptide’ 0.87+0.05 —0.9+0.7 5.53
8 per-residue 0.91+£0.05 —-0.5+0.7 5.42
basis
9 anisotropic 0.8+ 0.05 —0.5+0.7 5.34
10 +k 0.88+0.05 —0.4+0.7 5.38
11 - 0.90+0.05 —0.1+0.7 5.38
Residues Connected via Hydrogen Bond
122 7™ 1SHG gramicidi®  gramicidirf® 0.82 isotropic ~ — + 0.79+0.07 —1.3+0.8 3.54
13 5 0.81+0.10 —1.2+1.2 361
14 3 DFT® DFT° 0.78+0.08 —0.3+1.0 3.29

2The cells which are left blank correspond to the same entries as in the reference rows 1%@dd&2 parameters have been extracted on the
basis of'*N T3, T, and*H—'N NOE data using a diffusion in a cone model by Lipari and SZainzluding anisotropic tumbling (see text). The

average order parameter determined in this mannﬁfm’s 0.82. In row 8,§ = S(i)S(i + 1) is used on a per-residue basis, whgy& and S(i
+ 1) are the order parameters for th&l spins adjacent t&CO( — 1) and**CO(), respectively® Parameters of isotropic and axially symmetric
anisotropic tumbling have been extracted fr&id relaxation data using the program R2R1 by Lee &t ak described in the text.The slope and

intercept are obtained from the linear fitting as illustrated in Figures 4 afdngsd= (T} ,((Roo — Rzq) £°° — (Rog — Req) EP)IN)Y2. f The
correlation between the experimental and calcul&gg— Rzq values is shown in Figure 4.48 cross-correlation rates measured at both 500 MHz
and 600 MHz, using two repeat measurements at both fiéltss interesting to note that, upon interchangexandy coordinates, least-square
fitting yields a slope of 0.85t 0.05 instead of the expected value 1/0:8@.11; this indicates that the value of the slope is subject to significant
statistical uncertainty beyond the error bounds estimated from the linear fitting procedilreross-correlation rates measured at both 500 MHz
and 600 MHz. Cross-correlations for which ZQ peaks fall within 0.4 ppm of the CO carrier frequency are extlwledstructures from the
cluster of 15 NMR structures (PDB accession code 1AEWhich yield the lowest rmsd (best) and the highest rmsd (worst) in our analyEhs.

calculatedRoo — Rzq Values are obtained by including cross-relaxation between coheréhées C.C.CY, C:C.iN,, and C;C.CIN,; see
Materials and Methods.The correlation between the experimental and calculated values is shown in Figu8eBn cross-correlations measured

at 500 MHz, using two repeat measuremehfSive cross-correlations measured at 500 MHz. Two cross-correlations for which DFT computations
were unsuccessful because of convergence problems are exdRkskity functional theory (DFT) computations using the program déf/am
described in Materials and Methods.

this interval, the cross-correlated cross-relaxation betweenchemical shifts of Thr 37 (a) and Val 44 (b). In addition 1D
CJrC:iCQ‘NZ and terms of the formC.C., C+Cich and projections of the spectra from a data matrix comprising both
C+C.N, remain active for either the entireT@ period or a double- and zero-quantum Eorrelations are illustrated. Note
portion of it (ZTc — t;). Simulation of the spin evolution during  that in the present case the axial peaks have been suppressed
the period Z¢ (2Tc = 50 ms,H frequency 600 MHz; see by time-domain deconvolution of the data, as described above.
Materials and Methods) established that the coupling betweenSer 36 and Thr 37 are part of the non-Src loop connecting
the coherences listed above introduces only very small changesstrandss4 andg5 and the ¢,y) dihedral angles of Thr 37 are
in decay rates of double- and zero-quantum terms. For example,(—67°, —34°). In contrast, Lys 43 and Val 44 are part of strand
Rog — Rzq rates computed with eqs—43 for all pairs of p5, (@) = (—135, 1771°) for Val 44, with the carbonyl
successive residues in the spectrin SH3 domain differ from ratesoxygens and amide protons of both residues involved in
calculated with 4x 4 relaxation matrixes by 0.3'50on average hydrogen bonding. As Figure 2 readily suggests, there are
(rmsd 0.4 s%). Moreover, inclusion of cross-relaxation does not = significant differences betwedR,qg — Rzq for the Ser 36/Thr
improve the agreement between experimental and calculated37 (—17.4 s) and Lys 43/Val 44 (7.57) pairs, illustrating
rates, as shown in Table 1. the sensitivity of the measured cross-correlated relaxation rates
Although the calculations discussed in this section have beento local geometry.
described in the context of the experiment of Figure 1a, a similar A comparison ofRog — Rz values measured at 600 and
analysis for the experiment of Figure 1b establishes that accuratespo MHz s illustrated in Figure 3, with excellent correlation
CSA—CSA cross-correlated relaxation rates are obtained in this ghserved between these two data sets. Bed@sise- Ry rates
case as well. The main distinction of the experiment presented gre dominated by thBCO—13CO CSA cross-correlation term,
in Figure 1b is that TROSY-type coherencé,C,N,, are which scales as the square of the field (see eq 9 above), a slope
present during the periodr2 so that proton 180pulses must  of 1.44 (606/50(%) is expected for this correlation. A slope of
be applied during this interval in order to suppress remote 1.48+ 0.02 is obtained from the experimental data (intercept
dipolar-CSA cross-correlatiofi$’ which would otherwise con-  of 0.17 &+ 0.15). This result, based on comparison of 500 and

tribute directly to measureBoq — Rz (see figure caption). 600 MHz data, Figure 3, provides strong support to the
Protein Applications. Figure 2 illustrates £Fs cross-  conclusion reached in the previous section that differences in

sections of double- and zero-quantum data sets at'fe  double- and zero-quantum relaxation rates can be interpreted
(46) Brutscher, B.; Skrynnikov, N. R.; Bremi, T.; Bachweiler, R.; Emst, in terms of'3CO—13CO cross-correlation exclusively and hence

R. R.J. Magn. Reson1998 130, 346-351. can be directly related to local structure.
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Figure 2. F;—F; cross-sections of double- (DQ) and zero-quantum (ZQ) data sets recorded at 500 MHz on a sample of the spectrin SH3 domain
using the sequence of Figure 1a. Slices at‘thechemical shifts of Thr 37 (a) and Val 44 (b) showing DQ/ZQ peaks involN# spins of Ser

36/Thr 37 (a) and Lys 43/Val 44 (b) are illustrated along with 1D projections of the data from a matrix containing both double- and zero-quantum
F, correlations. Axial peaks have been suppressed by time-domain deconvolution of tfddatauld equally well be eliminated by the procedure
described in the Appendix.

30 parameters reported by Teng et&for gramicidin A [(0xx Oy,
0.) = (244, 178, 90) ppm with an angle of &etween the
ol carbonyl bond and thg axis of the CSA tensor]. A linear

correlation between calculated and measirggl— Rzq values

is observed with a slope of 0.99 0.05 and a root-mean-square
deviation (rmsd) between calculated and experimental data of
5.4 s’1 (see first row in Table 1). It is noteworthy that if the
two pairs of residues marked by daggers in Figure 4 (Glu 45/
Val 46, adjacent to Asn 47 which has abnormally high B-factors,
and Lys 60/Leu 61, adjacent to the C-terminus of the 62-residue
domain) are removed, the rmsd decreases to #4.7Tée level

of agreement between calculated and observed rates is slightly
worse than what has been obtained in cross-correlation experi-

101

—10F

RDQ'RZQ (experimental, 600 MHz)
=

~20¢ ments on ubiquitin which are sensitive to the orientation of the
H*—C* bond vector in thé3CO CSA framé In the later case
a0 , , ‘ , an rmsd between predicted and observed—C dipolar/
-30  -20  -10 0 10 20 30 13CO CSA cross-correlation rat€8yqcq,co, of 1.6 s’ has been

Rpg-Rzg (experimental, 500 MIIz) obtained for a range dfiqco co Values approximately 2.5 times
Figure 3. Correlation ofRpqg — Ry values measured at 600 and 500 smaller than the range dfc ¢ values measured in the present
MHz using the sequence of Figure 1a. Because the dominant term inexperiment.
the Rog — Req rates derives from®CO—CO CSA cross-correlation,  Tpe gpread in experimental vs calculated values observed in
eq 9, a slope of 1.44 is expected for this dependence. The best fit IlneFigure 4 likely reflects the fact that uniforCO CSA

for the data has a slope of 1.48 0.02 and ay-intercept of 0.17+ t h b | d. that the effects of d .
0.15 s. The experimental uncertainty for 500 and 600 MHz data is parameters have been employed, that the eriects or dynamics

iilustrated by horizontal and vertical bars in the lower right corner with &y not be fully taken into account in our treatment (in addition,
the lengths of the bars equal to twice the rmsd between the repeatp_"-’ss'bIe contributions from chemical exc_hange have been
measurements. disregarded), and that the cross-correlation rates are very

sensitive to the relative orientations of peptide planes and hence
To quantitate the relation to local structure we have calculated reflect subtle structural differences between the solution and
Roo — Rzq rates using the 1.8 A resolution crystal structure of crystal states of the protein (see below). Table 1 illustrates the
the spectrin SH3 domaihand compared the results with the correlation between experimental and calcula®d — Rzq
values measured at both 500 and 600 MHz. Figure 4 shows thevalues, obtained with a number of different models and input
correlation between experiment and theory, where theoretical parameters. As demonstrated by rows 1 and 3, 4 in Table 1,
rates have been calculated using egsl8 with 13CO CSA the level of agreement between the calculated and experimental
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101
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Rpo-Rzg (calculated)
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Figure 4. Correlation of calculated and measured (experiment of Figure
la) Rog — Rz values A: 500 MHz data;O: 600 MHz data).
Calculated rates employ CSA parameters of Teng ®tfat. gramicidin

A [(ox0yy079) = (244, 178, 90) ppm witlx andy axes of the CSA
tensor in the peptide plane and thexis forming an angle of 8with

the carbonyl bond]. The best fit line has a slope of 190.05 and a b

y-intercept of—0.6 + 0.7s ™ (see first row in Table 1). The vertical 180 I
bars at the lower right-hand side of the figure (through the triangle
and circle) indicate the typical difference (rmsd) in calcula®ed —

Rzq values assuming CSA parameters measured for gramicidin A or,

alternatively, for a cyclopeptide in studies by Teng et®alhe data 1207 i
corresponding to the pair of residues Lys 60/Leu 61 and Glu 45/Val
46 are marked by the dagger and double dagger, respectively (see text).

60 -

values ofRpg — Rzg strongly depends on the quality of the
structure used for the calculations. The use of low-resolution
NMR structure& results in much higher rmsd values compared 0
to the high-resolution X-ray structuté,as well as low slope
values for the best-fit line. This observation underscores the
sensitivity of Rog — Rzg to variations in molecular structure. -60

Furthermore, comparison of rows 1 and®in Table 1 shows <
that the slope of the best-fit line can vary significantly depending
on the choice of CSA parametefst’48The dependence on CSA -120- i
values is also illustrated in Figure 4 where the rmsRig —
Rz calculated using two different sets of CSA parameters is
indicated by vertical bars. In this regard, CSA values calculated 189 === T 2 o *180
with the density functional theory program deMén(see 0
Materials and Methods) have been used for interpretation of Figure 5. (a) Contribution toRog — Rzq from 3CO—3CO cross-
the data obtained in the experiment of Figure 1b. The agreementcorrelated spin relaxatiod,cc, eq 9, at 600 MHzH frequency) for
between experimental and theoretiBah — Rzq values appears @ pair of sequentidfCO spins as a function of the intervening dihedral
to be slightly improved when DFT-derived CSA parameters are angles ¢,y) using gramicidin CSA parameters from Teng et®al.
used, cf. rows 13 and 14 in Table 1. DFT calculations of the Allowed regions of 4,y) space are shown in panel (b) with the
carbonyl CSA values for all residues in the spectrin SH3 domain probability of a given 4,y) value indicated by shadiri§(¢.y) values

. derived for pairs of successive residues in the X-ray structure of the

are currgr_nly IN Progress. . ) spectrin SH3 domaii are denoted by the symbal.

In addition, we have explored whether differences in dynam-
ics between sites might account in part for the rmsd values
observed in Table 1. In this caﬁ = Si)Si + 1) has been
used in evaluating eq 12 whe8f) andS(i + 1) are the order
parameters extracted from spin relaxation datafdr spins
adjacent to the carbonyls of interest. No improvement was
observed (cf. row 8 in Table 1), perhaps due to the poor
correlation between order parameters determined #@® and

15N spin relaxatiorf?

Figure 5a illustrates the sensitivity of tA&O—13CO cross-
correlated spin relaxation rate involvinfCO spins from
adjacent peptide planes to the intervening dihedral angles.(

The rates were predicted for a dipeptide fragment assuming CSA
parameters derived by Teng et &lisotropic tumbling with a
correlation time of 6.4 ns and a field of 600 MHz. The region
(47) Stark, R. E.; Jelinski, L. W.; Ruben, D. J.; Torchia, D. A.; Griffin, ~Of accessible#,3) space is illustrated in the Ramachandran

R. G.J. Magn. Resonl983 55, 266-273. plot shown in Figure 5b, with crosses denoting points obtained
31(“;%)9\_(%2? Fu, R.. Hu, J.; Hou, L.; Ding, $4agn. Res. Chenl993 from the crystal structure of the spectrin SH3 dontdifihus,

(49) Fischer, M. W. F. Zeng, L.; Pang, Y.; Hu, W.; Majumdar, A.; While a measured cross-correlation rate is consistent with many
Zuiderweg, E. R. PJ. Am. Chem. S0d.997, 119, 12629-12642. (¢,y) values, most of the possibilities can be eliminated by



7068 J. Am. Chem. Soc., Vol. 122, No. 29, 2000 Skrynnétoal.

b d _
zQ DQ t zaQ e
F172 F172
t e |
E
E 173 E173
D
- 174 - 174
> E 175 F 175
fcans>} r —
E R £
l (@) F176 ] O F176 §
£ o) o (&)
T24, M25 -
L 177 - 177
1 F
F 178 T24,Y15 E17g
K27, A11 | E
D ¢
£ 179 £ 179
T24,Y15
E E
N= 180 PNe To6, o5 | 100
116.57 ppm 122.89 ppm ’
T T T T 2 T T T T @"""""_
8.7 8.7 9.4 9.4
1
'H (ppm) H (ppm)

Figure 6. (a) Structure of the molecular fragment containing the H-bond donor/acceptor pair involving the NH of Gly 28 and the CO of Ala 11
and (b) corresponding cross-sections from DQ and ZQ quantum data sets illustratiigeFences derived from the carbonyls of Lys 27 and Ala

11. (c) Structure of molecular fragment containing the H-bond donor/acceptor pair involving the NH of Met 25 and the carbonyl of Tyr 15 and (d)
corresponding cross-sections illustrating¥/ZQ correlations involving carbonyl spins of Thr 24 and Tyr 15. In (a) and (c) the dipeptide geometries
are taken from the X-ray structure of the spectrin SH3 dorialn. (b) and (d) 1D projections from a data set containing both DQ and ZQ
coherences are shown to emphasize differences in double- and zero-quantum relaxation rates.

considering only those regions in dihedral angle space that arecoherences can be created between a pair of spins that are
significantly populated. Additionally, backbone chemical shift influenced strongly by cross-correlated interactions it may be
information can be used to distinguish between multiple possible to obtain projections, irrespective of the location of
solutions®0:51 the spins in the molecule. Unfortunately, in most cases it is
As described by Reif et &|.projection measurements using difficult to create the appropriate coherences involving remote
cross-correlated spin relaxation should not necessarily bespins since the transfer of magnetization to distal sites is
restricted to those involving interactions between intraresidue generally inefficient in macromolecules. The existence of small
spins or spins from sequential residues. In principle, so long as

(51) Cornilescu, G.; Delaglio, F.; Bax, Al. Biomol. NMR1999 13,
(50) Wishart, D. S.; Sykes, B. Ol. Biomol. NMR1994 4, 171-180. 289-302.
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Ala 1l Gly 51

Leu 31 ' Trp 42 Lys 59 peptide plane containing
HN donor site

Figure 7. Relative orientations of the CSA tensors of the carbonyl spins for which long-range correlations in double- and zero-quantum spectra
of the spectrin SH3 domain are observed. The H-bond donor peptide planes of each of the 7 donor/acceptor pairs are superimposed (lower right)
and the'*CO CSA tensors for all of the acceptor carbonyl sites rotated accordingly and displayed. The orientations of the CSA tensors are derived
from the X-ray structure 1SHGusing parameters reported by Teng etbdor gramicidin A. The residue numbers for amino acids containing the
acceptor carbonyl sites are indicated below each set of CSA principal axes.

but measurable remote scalar couplings betwé&sdrand*CO relative orientations of th€CO CSA tensors in Trp 42/Phe 52
heavy atoms of H-bond donor/acceptor p&itd (3"JInco &~ 0.6 and Lys 59/Val 9 pairs of residues are similar. ThRsq —

Hz in f-sheets) suggests that it may be possible to transfer R, values derived from DQ/ZQ coherences established between
magnetization between regions of a molecule that are far 13cQ spins for these two pairs of residues are expected to be

removed in primary sequence. Thus, using the sequence ofgjgse. Indeed, rates of 82 2.3s1 (Trp 42/Phe 52) and 12.4
Figure 1b described above it is possible to create double- and 1 o1 (Lys 59/Val 9) have been measured.

zero-quantum coherences between distal carbonyl carbon spins
(see the upper left-hand section of Figure 1b) and, in principle, ~ Figure 8 illustrates the correlation between the predicted and
get structural information characterizing the relative orientations experimentalRpq — Rzq rates that have been measured for
of the two13CO CSA tensors. remote!3CO spins. The fact that rates from only seven pairs of
Figures 6a and 6¢ show the X-ray structures of the molecular residues (listed in Table S2) could be quantitated and that large
fragments which contain the H-bond donor/acceptor pairs errors were obtained underscores the difficulties in measuring
connecting the (a) NH of Gly 28 with the CO of Ala 11 and (¢) projections involving remote spins. Nevertheless, a quite ac-
the NH of Met 25 with the CO of Tyr 15 from the spectrin  ceptable level of agreement between calculated and observed
SH3 domain. Figures 6b and 6d show cross-sections from rates is obtained (rmsd of 3.5% 500 MHz). The results from
double- and zero-quantum data sets resulting from the evolutiony,« it are summarized in the bottom three rows of Table 1,

of cohergnces involving the tWCQ carbons mgrkgd in the including the results obtained with DFT-derived CSA tensors.
plot of Figures 6a and 6c, respectively. 1D projections of the

data from a data set containing both double- and zero-quantum As Figure 5a illustratest3CO—13CO cross-correlated spin
correlations are displayed on the sides of the 2D spectra. Therelaxation involving carbonyl spins on adjacent residues is
strong axial correlations have not been eliminated by time- sensitive to the interveningp(y) dihedral angles. In the case
domain deconvolution of the data in this case. Of note is the of remote correlationsRpg — Rzq values depend on the three
sign reversal in the ratBoqo — Rzq in these two examples,  Euler angles &,3,y) which describe the transformation from
suggesting that there are important differences in structure gne 13cO CSA frame to the other. Figure 9 illustrates the
between these two sites. The solution NMR structure of the gengitivity 0fRpg — Ryo to slight changes in relative orientation
proteirt® confirms this, as it shows that Ala 11 resides at the of peptide planes for Tyr 15 and Thr 24, Figure 6c. In these
C-terminal end of stranff1 and Gly 28 is part of #-bulge calculations the CSA frame of Thr 24 is kept fixed while the

between3 and g4, while Tyr 15 and Met 25 belong to ) o
antiparallels-strands32 and33, respectively. This is illustrated CSA ffame_ of Tyr 15 is rotated through an angle= 5° about
an axis oriented at polar angle® @) with respect to the

more clearly in Figure 7 showing the relative orientation of the < € ; A

CSA tensors of the carbonyl spins for which long-range ongmal PDB coordinate system. Cross-correlation rates as a
correlations have been detected. In this diagram the peptidefunction of ©,®) calculated for aH frequency of 500 MHz
planes containing the H-bond donor sites are superimposed andire plotted in Figure 9. Although the exact details will vary for
the13CO CSA tensors for all of the acceptor carbonyl sites are each pair of residues, it is quite clear from this example that
rotated accordingly and displayed. The relative orientations of the cross-correlation rates are very sensitive to the relative
a number of the CSA tensors are quite distinct. However, the orientation of the CSA tensors.
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Figure 8. Correlation between calculated and experimeRial — Rzq
rates from remote cross-correlations involvifGO spins connected

Skrynnétoal.

as a probe of protein dynamics have been describ&.54,55

and experiments for obtaining structural information through
the measurement of projection restraints have appéaret:>°
Recently, Sprangers et ®have used cross-correlation-based
structural restraints in NMR protein structure calculations by
refining against an additional potential energy term added to
the program CNS$! Although the functional dependence of the
backbone dihedral angles on cross-correlated relaxation rates
is multivalued (cf. Figure 5a), the ambiguities can be resolved
by using a sufficient number of additional restraints in structure-
refinement protocols. In the present report we have also focused
on structural applications of cross-correlation and have presented
two triple-resonance experiments for measurlfgO—13CO
cross-correlated spin relaxation itN,13C-labeled proteins. In

the case of correlations between sequential carbonyl spins, the
measured relaxation rates are sensitive to the interveigg (
dihedral angles, providing useful structural information. A strong
correlation between rates measured in the spectrin SH3 domain
and values calculated from an X-ray structure of the protein

via H-bonds in spectrin SH3. The calculated values are obtained using@ve been obtained, suggesting the possibility of using these

the gramicidin CSA parameters from Teng et%lopen triangles) or,
where available, CSA parameters from DFT computations (filled

rates in a structure refinement protocol following the approach
of Sprangers et &P It is also possible to generate double- and

triangles). The horizontal bars indicate the experimental error estimated zero-quantum3CO—13CO coherences between carbonyl spins
on the basis of the signal-to-noise ratio. The lines correspond to the separated by many residues in primary sequence in cases where

least-squares fits between experimental rates and rates calculated usin

the CSA parameters from Teng et al. (solid) or DFT calculations
(dotted).

| PR
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Figure 9. Dependence of the long-ran§f€O—3CO cross-correlated
spin relaxation ratel'ce, eq 9, on small changes in the relative
orientation of the'®CO CSA tensors. The H-bond pair illustrated in
Figure 6¢ was chosen to produce this plot (NH of Met 25, CO of Tyr
15 corresponding to DQ/ZQ coherences involving carbonyl spins from
Thr 24 and Tyr 15). The carbonyl CSA tensor of Tyr 15 is rotated by
a fixed angle of 8 about an axis with an orientation described by the
polar angles ®,®) in the original X-ray coordinate system and the
rateTce (s71) is computed and plotted as a function &,{).

360

Summary

In recent years the importance of cross-correlated spin
relaxation in protein NMR spectroscopy has increased dramati-

cally. Applications to sensitivity enhancement in spectra of high
molecular weight proteins via the TROSY efféé253have been

these spins are located in peptide planes linked by hydrogen
bonds. Such correlations are generally weak since they result
from magnetization transfer steps with small active couplings.
To the best of our knowledge this is the first time that such
long-range projection restraints have been obtained from cross-
correlated spin relaxation in proteins.
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Figure 10. Schematic illustration of the subtraction procedure which eliminates axial peaks (filled circles) from a 3D data set containing zero-
guantum correlations (open circles). (Note that the axial peaks are subtracted out automatically when double-quantum data sets are generated). A
3D data set containing only axial peaks is generated (right-hand side) by recordingg2d4dta set and reconstructing a 3@tg,ts) data matrix

using software written in-house. Subsequently the two 3D time-domain data sets are subtracted and the resultant 3D data matrix processed as usual.
Alternatively, the data sets can be subtracted in the frequency domain, as illustrated in the figure. By subtractingegalarfe in the “axial”

data set (right-hand side) from the corresponding planes taken from the original ZQ data set (left-hand side) a new ZQ data set is obtained without
axial correlations (center). This is illustrated for-fF; plane “a” in the figure.
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the S|gnal-to_-n0|se ratio o_f correlations in DQ and ZQ spectra from signal that does not evolve during that is, the ,t,ts)
cF);the_s%ectnntSHs; doma!(rjl recqrdetﬁ at GOOtMHzS,Sgedtable. of data set containing only axial peaks is simply a set of identical
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Appendix and ZQ correlations in addition to axial peaks). In. fact, it is.
. . o ) ) only necessary to subtract the reconstructed 3D time-domain
As discussed in the Description of the Experiments section, gata from the zero-quantum time-domain data. This is because
1*N transverse magnetization can evolve under eitdges, separate double- and zero-quantum time-domain data are
“Inco Or 2Jnca, “nco couplings during the By periods in the  yically obtained by subtracting/adding data sets recorded in
scheme of Figure la. Evolution resulting frofics, “nco an interleaved manner as described above. In this way, axial
couplings gives rise to the double- and zero-quantum correla- yo s are suppressed directly in the double-quantum data set.
EIOI’]S of interest in spectra. In contrast, evolution _fr&ﬂn_m, Note that care must be taken to ensure that the axial peaks are
Jnco couplings results in axial peaks in thedimension since ¢ yo same intensity in the “axial” and original 3D data sets.
a term of the.form i — .1)NZ(') is created at poirb in the Suppose that the 2D and 3D data sets are acquired with k and
scheme of Figure 1a which does not evolve duringlt is m scans, respectively. Because the zero-quantum time domain

ggzzlr?\lliljtoiors\upr%rceesdsu %‘?ﬁecaz)gzlwﬁg:gs dggbli- t;?g'ggg?mdata set is generated from interleaved data (each with m scans)
P X the “axial” 3D must be multiplied by 2m/k prior to subtraction

guantum peaks are close to the carrier in @O dimension from the original time-domain data
(0.4 ppm), however, this can distort the intensities of these 9 ‘
peaks. We prefer, therefore, to employ an alternative approach,JA0000201
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