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Abstract

A pulse scheme for measuring cross-correlation betwé@hH* dipolar and carbonyl chemical shift anisotropy
relaxation mechanisms is presented from which the protein backbone dihedrallaisgieeasured. The method
offers significant sensitivity gains relative to our recently published scheme for measurbased on this
cross-correlation effect [Yang et al. (199F)Am. Chem. Sac119 11938-11940]. The utility of the method
is demonstrated with an application to a 42 kDa complex'®{,13C-labeled maltose binding protein and
B-cyclodextrin.

Pioneering studies, largely by Grant, Werbelow and delay during which cross-correlated relaxation evolves
co-workers, have established that cross-correlated spinwhich must be set to the inverse @fg)(the one-bond
relaxation can provide a detailed understanding of aliphatic 13C-13C coupling). This delay, required to
molecular dynamics in solution (Werbelow and Grant, minimize net evolution and hence sensitivity losses
1977). Recently, Griesinger and co-workers have resulting from homonucleaC-13C scalar coupling
shown that it is possible to use cross-correlated spin re- effects, is often longer than optimal for applications to
laxation to obtain information about molecular struc- large proteins, resulting in spectra with a poor signal
ture as well (Reif et al., 1997). In their elegant exper- to noise ratio. With this problem in mind we have
iment, cross-correlated relaxation betweé@®-1H" developed an experiment which improves the sensi-
and ®N-NH dipolar fields was used to measure the tivity of our original scheme. We illustrate the utility
backbone dihedral anglein the protein rhodniin. We  of the new approach by measuring cross-correlated
have recently developed a similar experiment based relaxation rates in a complex @fcyclodextrin and

on the measurement of cross-correlated relaxation be-1°N,13C-labeled maltose binding protein (42 kDa).
tween!3C*-1H* dipolar and carbonyC’) chemical At the core of our original3C*-1H* dipolarA3C’

shift anisotropy (CSA) relaxation mechanisms for the CSA experimentis the generation of double- and zero-
measurement o that enjoys sensitivity advantages quantum!3C’-13C* coherences which are allowed to
over the dipole—dipole cross-correlation experiment evolve for a fixed period, of duratiorcT during which
(Yang et al., 1997). Excellent agreement between relaxation occurs. In this interval evolution also pro-
experimentally measured cross-correlated relaxation ceeds due to the one-boh#C*-tH® scalar coupling,
rates and rates calculated theoretically on the basisJcH, so that cross peaks are observed at frequen-
of X-ray derived structures of a number of proteins cieswc + wcy £ mJcnH in the case of double-quantum
[ubiquitin (Vijay-Kumar et al., 1987) and CheY (Stock spectra and at- wc + wcy + tdcH in zero-quantum

et al., 1994)] was obtained. Nevertheless, a potential data sets. The transverse relaxation rates of each of the
limitation of the experiment lies in the use of a fixed double- and zero-quantum multiplet components can
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be calculated by considering dii*-13C*-13C’ spin

Thus, it is sufficient to measure the average re-

system. It can be shown that the relaxation rates arelaxation rates of the 2@, and 0Qf components

given by

I'2Qa = Fa+ 'Haca.Ca + THace,.cr + Ccac
I'208 = I'a — THaCo,Ca — THaCo,c + Ccac
Foga = 'a+ 'Hace,Ce — THaca,c — F'cac
Fogp = I'a — T'Haca,ca + THaco,c — Tcacy

1)

whereT'aqgq is the relaxation rate of the a-quantum
(a=0,2) 13C’-13c* coherence, g is the spin state
(g = a, B) of thelH proton,I'y is the auto-relaxation
rate of each of the linesI'Hoco,ca (THaca.c’) 1S
the cross-correlation relaxation rate derived from the
e IHe dipolarf3c* (13C') CSA interactions and
Ccqcr is the rate arising from cross-correlated relax-
ation betweert3C* and13C’ CSA terms. It is worth
noting that contributions to relaxation from neighbor-
ing protons will affect all lines equally (increase in
I'a). As we showed previously (Yang et al., 1997), by

(frequencies ofwc + wcy — mdcH, denominator of
Equation (2)) and, correspondingly, the average
rates of 2% and 0Qu components (frequencies
of wg + wey + TIcH, NuMerator of Equation (2)).
Therefore, if the 2Q, and 0Qf components are in-
terchanged midway through the period,Twith in-
terchange of 0@, and 2Qf multiplets as well, a
simplified spectrum results (see below) in which the
averages indicated in Equation (4) are generated
facto during the course of the pulse scheme. Recall
that the 2Qy and 0Qf components are derived from
the transitionsppp — aca andpap — PPa, where
the three spin functions from left to right correspond to
IHa 13ce and13C’ states [0Qy and 2QB are derived
from aafp — afa andppp — Poa, respectively].
Thus, the interchange of components can be readily
accomplished by the simultaneous (or successive in

measuring the intensities of each of the components in our case, see below) application'éf* and'3C* 180

13¢’-13¢c* double- and zero-quantum spectra it is pos-
sible to obtain the cross-correlation relaxation rate for
the 13C*-1H dipolarA3C’ CSA interaction according
to

PHaca,c
(0.25/To)In[(I2qploqe)/(12Q.uloqp)] 2)
where hq g is the intensity of the a-quantutic’-13c*
component coupled to H* proton of spin state g.
The value ofl'yyco,c Can be directly related to the
dihedral anglelr according to Equations (1) and (2)
of Yang et al. (1997) (see below). A more complete
calculation shows that contributions from the cross-
correlation betweeh3C’-1H dipolar and'3C* CSA
interactions cannot be separated from tA€*-1H®
dipolarA3C’ CSA term; the former effect is, however,

much smaller, as we have discussed previously (Yang spectively

etal., 1997).

At first glance, Equation (2) seems to indicate that
the intensities of both double- and zero-quantdé-
13Cce components are required to obtdip,c, ¢ and

indeed our original scheme was based on recording

all four multiplet components. However, because the
intensity of a componentad, g, is simply given by

lagg = exp(—T'aqgTc) 3)
it follows that Equation (2) can be rewritten as
IHaco,c = (1/2){1/2[I"2Qa + Togyp]
—1/2[T2qp + l'oQ.ul} (4)

pulses at the midpoint of thecIperiod.

Figure 1 illustrates the pulse scheme that we have
developed to measuii®y,c,,c With increased sensi-
tivity. As with the previous sequence for measuring
13ce.1He dipolarA3C’ CSA interactions, the scheme
is based on an HNCOCA magnetization transfer (Bax
and lkura, 1991). At point a in the sequence double-
and zero-quantur?C’-13C* coherences are generated
and allowed to evolve for the period#8B+C+D il-
lustrated in Figure 1. During this complete period
cross-correlated relaxation resulting frorC*-1H®
dipolarA3C’ CSA relaxation mechanisms is operative.
In this regard, the application dffC* 180> pulses
(three shaped pulses between aand b in Figure 1) is ac-
companied by eithérC’ or IH (not both) 180 pulses.
Note that the terms which contribute to tht¢’ CSA
and13C®-1H® dipolar Hamiltonians#; and #,, re-
in the macromolecular limit can be written
as (Abragam, 1961)

H x Cy

Ho x C3lz (5)

where G , C5 and ; are the z-spin angular momen-
tum operators fot3C’, 13C* and'H* spins. There-
fore, the successive application’* and'H® 180°
pulses of3C* and13C’ 180° pulses preserves the rel-
ative signs of the Hamiltonians in Equation (5) and
hence ensures that the terms resulting from evolution
due to cross-correlation betwe#fy and#, both prior

to and after the application of the pulses will add con-
structively. It is important to recognize that tAéC’



and 13C* pulses are applied successively@ be-
fore13C’) and not simultaneously, since the large field
which is employed for thé3C* pulses would interfere
with the effects of thé3C’ pulses. A second point of
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90° pulse of phase5 at point b in Figure 1. An anal-
ogous situation occurs in the 2Bi-X HMQC experi-
ment (Mueller, 1979; Bax et al., 1983), where despite
the fact that botAH and X zero- and double-quantum

interest is that thé3C* 180° pulse of phas&4 (be-
tween B and C) is selective and intended to refocus
13c* magnetization without inverting®C® spins. In
this way the evolution of3C* magnetization during
the delay A+ B (= T¢/2) resulting from gc is refo-
cused during the subsequent delay-© (= T¢/2);

coherences are present during H chemical shift

is refocused, resulting in a data set in which only
the X chemical shift is recorded in.tin the present
experiment, spectra are obtained with cross peaks at
(wc[i] £ deH, onli + 1], onuli + 1]) where i and

i + 1 emphasize that the correlation connects thefC
note that the two-3C* refocusing pulses between A  residue i with the amide shifts of residue-il. Thus,

and B and C and D are non-selective [406 RE- spectra are more readily analyzed relative to data sets
BURP (Geen and Freeman, 1991) pulses]. Therefore,where zero- and double-quantum frequencies are mea-
the constant time period between a and b can be of sured since (i) an HNCO-type data set is generated

any duration, rather than a multiple of ¢&Jwhich
might otherwise be selected so tH&€*-13CP scalar
couplings would not decrease the sensitivity of the ex-
periment. The selectivity of thi$*C* pulse dictates
that its duration be significant (2 ms RE-BURP). Thus,
the simultaneous application éfC* and 1H* 180¢°
pulses would result in a substantial loss in sensitivity
from TH*-13C* J-evolution which would occur during
the application of thé3C* pulse. This unacceptable
loss in signal is easily avoided by applying the pulses
successively.

and (ii) I'hocq, o Is Obtained from the relative inten-
sities of two multiplet components (rather than four)
resonating abbc £+ Jcn, as discussed below.

From Equations (1) and (6) it follows directly that
the relaxation rates of the twopfmultiplet compo-
nents generated by the scheme of Figure 1 are given
by

I'20,04+00,p = I'a+ 'Haca,
I'208+0Qa = I'a — I'HaCa,C’ (7

where I'qq400,p IS the average relaxation rate of

Unlike the previous pulse sequence for measuring the component with am; frequency ofwc: — ch,

Checa.cry Where sums and differences sic* and
13¢’ shifts are recorded during,t'3C* chemical shift

(wc > 0) corresponding to the interchange of transi-
tionsapp — aca andpap — BPa in the center of the

evolution between points a and b is refocused in the constant time period (between a and b in Figure 1),

scheme of Figure 1 so that only théC’' chemical
shift is recorded during this period. This can be un-
derstood by recalling that the 2Qand 0Qf lines
resonate with frequencies afc + wcy — TJcH and
wc — wey — TJeH, while the 0Qy and 2QB com-
ponents are at frequencies®f — wcy + Jcq and
wc + wey + IcH, respectively. Therefore, we can
write

p2Q.a(Tc) =
p0Q,6(Tc) ox exp(—iwogpt1/2)exp(—TogpTc/2) %
exp(—iw2q.at1/2)eXp(—I'2qaTc/2)
= exp—i(wc — mIon)t1] x
exp—0.5(T'ogp + I'20.4) Tcl
p0Q.a(Tc) =
020,8(Tc) x exp(—imaqptr/2)exp(—T2qpTc/2) x
exp(—ion’utl/Z)exp(—FoQ,uTc/Z)
= exp—i(oc + mIon)t1]x
expg—0.5(T'2q + o) Tcl (6)
where the density matrix elemepkgg(Tc) is the

value at the end of the constant time period of duration
Tc, immediately prior to the application of tHéC*

while I'>q g+00.« IS the average relaxation rate of the
multiplet atwc + mJcH, derived from the interchange
of transitionsppf — Paa andaafp — afa. From
Equation (7) we can write

CHoca, ¢
(0.5/To)In[(I2q.8+0Q.a)/ (12Q.a+0Qp)] (8

where bgptoga and boatogp are the intensi-
ties of the doublet components al + nJcy and
wc — nJcH, respectively, and from which Equa-
tion (4) follows directly. As described previously
(Yang et al., 1997)'Haco,c CaN be recast according
to

PHaca.c =

(4/15)(h/2m)wcycyHrpetct(ox, oy, 0z)  (9.1)
where

f(ox, oy, 0z) = 0.5[ox (3C0§9x -1+

oy (3c0$0y — 1) + 67(3c0$07 — 1)] (9.2)
vi is the gyromagnetic ratio of spin i,n¢ is the

distance betweefH* and3C® nuclei, . is the cor-
relation time describing the overall tumbling of the
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Figure 1. Pulse scheme used to measure cross-correlation betf#@nlH® dipolar and carbonyl chemical shift anisotropy relaxation
mechanisms. All narrow (wide) pulses are applied with flip angles 8f(280°) and are along the x-axis, unless indicated otherwise. The
14, 13c and®N carriers are positioned at 4.72 ppm (water), 176 ppm and 119 ppm. All proton pulses are applied with a 22 kHz field with
the exception of the WALTZ decoupling elements (Shaka et al., 1983) and the flanking pulses (6%Hgises use a 6.2 kHz field, with
WALTZ-16 decoupling achieved with a 1 kHz field. ABC’ and13c rectangular pulses are applied with a field strength\ ¢£/15, where

A is the separation in Hz between the centers of i@ and13C’ spectral regions (Kay et al., 1990). Th¥C’ shaped pulses have r-SNOB
profiles (390us, 6.0 kHz peak rf) (Kupce et al., 1995) while thece shaped pulses make use of RE-BURP profiles (Geen and Freeman, 1991).
The non-selective refocusifgC® pulses (first and third shaped pulses) are 468q15.5 kHz peak rf, excitation centered at 50 ppm), while
the13C® selective refocusing pulse (phas) is of duration 2 ms (3.2 kHz peak rf, excitation centered at 55 ppm). The phase of the selective
13¢® pulse is adjusted carefully to ensure optimal sensitivity. Note thatdBeand13C® refocusing pulses are not applied simultaneously.
Rather, the higher powérC* pulses are applied prior to tHEC’ pulses in both cases, compensating the Bloch—Siegert effects dAche
magnetization (Vuister and Bax, 1992). The 180° pulse between B and C is applied prior to the par o pulse.13C°‘ decoupling during the

15N evolution period is achieved using WALTZ-16 with the shape of each of the elements (8§5g8/en by the SEDUCE-1 profile (McCoy

and Mueller, 1992). The delays used atg:= 2.3 ms;t, = 5.3 ms;tc = 124 ms;t1q = 8.6 ms+ pwsel/2, where pwsel is the selective

13¢e refocusing pulse (2 ms}y; = 8.6 ms — pwsel/25 = 0.5 ms; A= (Tc +t1)/4; B= (Tc —t1)/4; C= (Tc —t1)/4; D= (Tc + t1)/4;

E=TN —1t2/2; F=TN +12/2 — tp; Tc = 28 ms for ubiquitin, 18 ms for CheY and 10.4 ms for maltose binding protgin=T124 ms.

The phase cycling employed i = —X, 2(x), —=X; d2 =Y, —Y; ¢3 =X, —=X; ¢4 = 8(x), 8(y), 8(—X), B(—y); 5 = 4(y), 4(—y); dg = X;

07 = 4(X), 4(—X); dg = X; rec= 2(x), 4(—X), 2(X), 2(—X), 4(X), 2(—X). Quadrature detection imHks achieved by States-TPPI ¢f (Marion

et al., 1989) while quadrature irpFemploys the enhanced sensitivity pulsed field gradient method (Kay et al., 1992; Schleucher et al., 1993),
where for each value of tseparate data sets are recorded for {g9,and g9, ¢g + 180°). For each successivg ¥alue,¢pg and the phase of

the receiver are incremented by 280 he duration and strengths of the gradients are: g1=(0.5 ms, 8 G/cr);(65 ms, 5 G/cm); g3= (1
ms,—15 G/cm); g4= (1 ms, 10 G/cm); g5 (0.1 ms,—20 G/cm); g6= (0.4 ms, 20 G/cm); g% (0.3 ms, 5 G/cm); g& (1 ms, 15 G/cm);

g9 = (1.25 ms, 30 G/cm); g16: (0.4 ms, 5 G/cm); g1% (0.3 ms, 4 G/cm); g12= (0.125 ms, 29 G/cm). Decoupling is interrupted prior to

the application of gradients (Kay, 1993). It is important that all delays and pulses be properly accounted for. Copies of the pulse programming
code are available upon request.

assumed rigid and isotropically tumbling molecule,
wc is the carbon Larmor frequenay, is the ith prin-

cipal component of the chemical shift tensor (values

given in the legend to Figure 2) and €pds the
direction cosine defining the orientation of th¥C-
1H* pond with respect to the i axis of the carbonyl
shift tensor (Goldman, 1984). Finally, the direction

only the most upfield and most downfield compo-
nents of the triplet in Equation (8) and substituting
f(ox, oy, 0z) with fi(ox, oy, 0z) +fa(ox, oy, 02),
where f = fand % is obtained by replacingi(—120°)

with (¢ + 120°) in Equation (10) (Yang et al., 1997).
On a practical note regarding the use of Equations (8—
10) to extracty, rmI>qe+00p and bopiroga (S€€

cosines can be recast in terms of the dihedral angle Equation (8)) correspond to the intensities of the up-

¥ according to

coyx = —0.3095+ 0.3531cosy — 120°)
cody = —0.1250— 0.8740cosy — 120°)
codz = —0.9426siny — 120°) (10)

for non-glycine residues. In the case of glycine,
Iheca.c Can be obtained by using the intensities of

field and downfield components in spectra recorded
with the scheme of Figure 1, respectively. Note that
in Equation (2) o« and kop are the intensities of
the upfield and downfield components YC*-13C’
g-quantum spectra (g O, 2).
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Figure 2. Correlation between calculated (solid) and experimental valudygg, o and for non-glycine residues in ubiquitin (a) and

CheY (b) obtained from the previously published method of Yang et al. (1997arid the present scheme]. Average errors obtained with

the two methods are shown by the vertical bars in the upper left hand corner, with the smaller bar corresponding to the results from the method
of Figure 1. A 2 mM ubiquitin sample, 50 mM potassium phosphate, pH 59C3@as employed and a total measuring time of 19 h was used

to record the 3D data set using the scheme described herein with ZBms[28 x 18 x 512 complex points with acquisition times of 23.2,

17.8 and 64 ms in {{ty,t3)]. In the case of CheY (1.8 mM, 5 mM Mggl0.1 M phosphate buffer, pH 6.8, 3C) a data set was recorded in

36 h [36x 24 x 512 complex points with acquisition times of 15.1, 23.7 and 64 mg ity (t3), Tc = 18 ms]. Values of (244, 178, 90 ppm)

were used fordx, oy, oz) (Teng et al., 1992). All spectra were recorded on a Varian UnB90 MHz spectrometer with data processing and
analysis achieved using the programs NMRPipe (Delaglio et al., 1995) and PIPP/CAPP (Garrett et al., 1991), respectively. Ngliggsdor

were obtained from Equation (8) with the intensities of the downfield and upfield multiplet componentuged for the numerator and
denominator, respectively. Note that, depending on how the sequence is coded, the net time that cross-correlation evolves may differ slightly
from T¢. In our case thd3c shaped pulses between A and B and between C and D were applied priorlﬁﬁmulses and the durations

of the 13C’ pulses were subtracted from B and D in Figure 1 (i.e., theulses are applied at the start of the delays denoted by B and D in
Figure 1). The duration o3¢ pulses and additional delays that affédc’ evolution were compensated by the addition/subtraction of the
appropriate delays from they andréj periods. In our implementation of the sequence the net time for cross-correlatigr-H24pwco180,

where pwco180 is the duration of the shaﬁéﬁ’ refocusing pulse (390s).
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Figure 3. (a) Correlation betweelly,c, v andy for non-glycine residues in a complex pfcyclodextrin and maltose binding protein. A
1.4 mM sample, 20 mM sodium phosphate, 3 riMyclodextrin, pH 7.2, was employed. A value of &= 10.4 ms was used with a data
acquisition time of 110 h [2& 26 x 512 complex points with acquisition times of 7.9, 21.4 and 64 ms;itp(t3)]. Sensitivity enhancement
was not used to record this data set. The data was processed using mirror-image linear prediction to double the time domain, iarehgh of t

using the procedure outlined in Kay et al. (1991). (p)cFoss-sections through Ala 134, Ala 223 and Val 97, illustrating the rangg g, o
values.

A comparison of Equations (2) and (8) indicates 120,8+0Q4(Tc) =
that becaus€,cq. ¢ Values are obtained from a ratio 2lpexp{—0.5Tc(IM2qp + ToQa)} (11.2)
of two rather than four terms in the present method, L _
the precision is higher than in our previous approach In the case of our 0r|g|_nal experiment where zero- and
(Yang et al., 1997). Moreover, neglecting pulse imper- double-quantum multiplet components are recorded
fections, the sensitivity of the scheme of Figure 1 is (Yangetal., 1997),
predicted to be a factor of 2 higher than in our pre- 05 _
vious method. This can be understood by noting that EL@%[(IE)IQ%((FTZZE + Togp))
the intensity of the cross peak at an frequency of [120 B(TC)|OQa(TC;]O'5 _
oc — mdeH, l20.04+0Qp. arises from both of the tran- Ioeip[—O.STé(Fng + Tooa)) (12)
sitionsafp — aca andpaf — BPa for the first half of i '
the Tc period (A+B in Figure 1) and the correspond- A comparison of Equations (11) and (12)
ing transitions obtained after application tH® and suggests, therefore, that the relative sensiti-
13c* 180 pulses during the second half. Thus, we can vity of the two classes of experiments can be

write defined asdq u+00.6(Tc)/[120.«(Tc)loas(Tc)1%2 (or
l20ar00s(TC) = 120.+0Qa(Tc)/[12q(Tc)l0Qu(Te)1®°) and can be
2l0exp(—0.5Tc(M20.0 + Fogp)) (11.1) as large as a factor of 2. In practice the predicted

sensitivity gain of 2 is not realized since the present
In a similar fashion, recognizing that the cross experiment employs a larger number of pulses than
peak atwc + mJcy derives from the transitions the previous scheme in which intensities of each of
BB — Paa(aaf — afa) and aaf — afa(Bpp — the multiplet components iA3C’-13C* double- and
Baa) for the first (second) half of thecTperiod, the  zero-quantum spectra are recorded. In addition, re-
decay of bg p+00. iS given by call that a selectivé3C® pulse is used in the center
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of the constant time delay between points a and b in correlation rate (see Equations (2) and (8)). In the case
Figure 1, ensuring that refocusing 51C*-13CP cou- of ubiquitin (CheY),'yqca.c Values for 63 (87) and

plings occurs in a manner which is independent of the 60 (82) non-glycine residues were obtained from data
delay chosen. In practice the selectivity is not per- sets recorded with our previous method (Yang et al.,
fect, decreasing the sensitivity of cross peaks arising 1997) and the present scheme, respectively. The im-
from a number of residues. For a 2 ms RE-BURP perfect selectivity of thé3C* refocusing pulse (see

pulse centered at 55 ppm, simulations establish that above) results in only a small decrease in the num-
refocusing (¢, —> 0.95C;,) extends from 63.3to  bers of cross peaks observed in spectra of both of

46.7 ppm (500 MHz!H frequency). Thus, amino these proteins; correlations for only two residues in
acids such as Val, Gly and Pro may not be completely ubiquitin (Leu 67 and 69) and three residues in CheY
refocused. In addition, inversion §G> < —0.95C)) (Leu 9, Ser 58 and Leu 84) were not observed in

extends over the same bandwidth so that magnetiza-the new experiment. The remaining differences in the
tion from G of most Ser residues will be inverted. numbers of correlations observed result from different

leading to sensitivity losses arising froPAC*-13CP patterns of spectral overlap observed in the two classes

J-modulation. Simulations also indicate th3€? car- of experiments. _
bons with chemical shifts less than 41.7 ppm or greater ~ F19ure 3a shows they,co, ¢’ versusy profile from

than 68.3 ppm are not affected by the application of &N applicationtoa complex gtcyclodextrinand mal-
the13C2 selective pulsecg —> 0.93¢%). Therefore, tose binding protein (42 kDa). Cross-sectiong)(F

the sensitivity of correlations involving residues with through correlqtlons from. res'|dues Ala 1.34i Ala 223
downfield 23CP shifts ( 41.7 ppm) may also be af- and Val 97 are illustrated in Figure 3b to indicate that
fected adversely. In the case of amino acids where very different cross-correlation relaxation rates (mag-
the lack of selectivity of the refocusing pulse is an nitude and sign) can be obtained. Because of the large

issue, the complete EXORCYCLE (Bodenhausen et size of the complex and the concomitant large values

3 . for both auto- and cross-correlation relaxation rates a
al., 1977) of thé _C°‘ 180 selective pulse ensures that Tc (A + B+ C + D) delay of 10.4 ms€ 1/Jcc) was
only the sensitivity of the measured correlations and h d rates for 159 resid biained. Th
not the accuracy of the measured cross-correlation re-Chosen andrates for residues were obtained. The

laxation rate is affected. This has been established bothiigkcg;dp?;i frg‘l:Etzr?oxgrll::ggeﬁgn?fr;hsiILet;S(;er]ulierT?itI;
by calculations and by comparing measufgg,c,.c . . . - i
values using the present method with results obtained :!ons, 'rgeﬁszd?gy th.i necgs;]arlly slhqrtlathlws:tjlg'r;.
previously (see below). Sensitivity gains of as much as Ime an kef resi ueg, n f € m_g ec? eina |f|(|)n,
a factor of 1.9 relative to our previous experiment are _crtoss gea S from a num derotret?]l us ygegd?r:e?thow
noted and for residues whosé 6hifts are refocused ~ '"MENSIy OF aré missing due to the bandwidth of the

. 13 . . .
and whose € spins are not perturbed by the selective s;:tltictlve bC“ refoICLtJ'smg pglsde appllett)j n thﬁ 'cent(tar
13ce refocusing pulse an average gain of a factor of ©' M€ ¢aroon evoiution perio (see above). Itis note-
1.75is measured. worthy that the sensitivity of our previous scheme for

Figure 2 illustrates a comparison of measured MeasurngHaco,c IS NOt sufficient for measurements

Hoca, ¢ Values obtained using the present methoy ( on molecules of this size.

and our previously published schemg) @s a function On average, reasonable agreement between mea-
of the backbone dihedral anglg;, for the proteins suredI'nacy,c rates and predicted values based on

ubiquitin (a) and CheY (b). The relations between Equations (8)~(10) and values derived from the X-

. . . ray structure of the complex (Sharff et al., 1993) are
[Haca.c @nd yr obtained theoretically (Equations (9) no);ed A number of outIFi)ers Eare observed hovv)ever

and (10)) assuming standard bond lengths and angles , )
and values for the orientation and principal compo- In particular, mgasured rates for_some of the residues
nents of the!3C' chemical shift tensor described in WIth W values in thef-sheet region of ) space
. - . are larger than predicted, assuming a global overall
Teng et al. (1992), are given by the solid curves in S .
g ( ) g y correlation time of 12 + 0.8 ns, determined b¥°N

the figure. Average errors iffy,cq,c Values have .
decreased by a factor of approximately 2, the result rele_lxatlon measurements (_Farrovy etal, 1994)‘. Inter-
estingly, many of the outlying residues cluster in the

of the improved sensitivity and the fact that a ratio )
P y region Leu 262—Asn 267 and are part of-atrand

of only two rather than four experimentally derived tending bet the two d X th lecul
intensities is required in the calculation of the cross- e€xtending between e two domains ot Ihe moiecuie.
In the absence of additional structural information, the
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Ihece.c Values measured for these residues would doctoral fellowship from the Helen Hey Whitney
place their}r values in regions which are inconsistent Foundation.

with values for the dihedral angle derived from the X-

ray structure. This emphasizes the importance of using
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