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Abstract

A triple resonance pulse scheme is presented for recofdidt-tH* one-bond dipolar couplings itPN, 13C

labeled proteins. HNCO correlation maps are generated where the carbonyl chemical shift is modulated by the
18ce_1H* coupling, with the two doublet components separated into individual data sets. The experiment makes

use of recently described methodology whereby the protein of interest is dissolved in a dilute solution of bicelles

which orient above a critical temperature, thus permitting measurement of significant couplings (Tjandra and Bax,

1997a). An application to the protein ubiquitin is described.

Macromolecular structure determination by NMR the major contributions to the susceptibility anisotropy
spectroscopy has long been predicated on the estabarise from peptide bond and aromatic groups and the
lishment of internuclear distance restraints via the net sum from all the contributors in a molecule is
nuclear Overhauser effect and dihedral angle re- small. Thus, differences in one bofN—NH dipolar
straints from measurement of scalar coupling con- couplings ranging from 0 to approximateiy0.2 Hz
stants (Withrich, 1986). More recently, the use of were obtained for the protein ubiquitin from measure-
restraints derived from residual dipolar couplings has ments recorded at 600 and 360 MHz (Tjandra et al.,
been introduced for the refinement of structures of 1996). In contrast, in the case of the paramagnetic pro-
proteins and protein complexes (Tjandra et al., 1997; tein cyanometmyoglobin, dipolar couplings ranging
Tolman et al.,, 1995). The development of method- from 5 to—1 Hz were measured at 750 MHz (Tolman
ology for the accurate and precise measurement of etal., 1995), while couplings on the order of 2 Hz were
residual dipolar couplings in macromolecular systems measured from®N—NH splittings recorded at 750 and
is strongly motivated by their fundamentally differ- 360 MHz for a complex of the transcription factor
ent sensitivity to structure and dynamics compared to GATA-1 and a 16-base-pair oligonucleotide (Tjandra
measured NOEs and scalar coupling constants. Theseet al., 1997).
dipolar couplings can, in principle, be used to estab- Recently Tjandra and Bax described a method for
lish the spatial relationship of remote segments of the significantly increasing the size of dipolar couplings
molecule (Tjandra et al., 1997), as well as serving in macromolecules, including systems where align-
as motional probes of dynamic processes spanningment based on the magnetic susceptibility anisotropy
the picosecond (ps) to millisecond (ms) timescales would lead to couplings of only a few tenths
(Tolman et al., 1997). of a Hz (Tjandra and Bax, 1997a). The ap-
Initial work with dipolar couplings focused on sys- proach is based on dissolving the molecule of in-
tems with alignment established by an anisotropic terest in a solution containing bicelles composed
molecular susceptibility (Tjandra et al., 1996; Tol- of a mixture (mol/mol) of approximately 1:3 di-
man et al., 1995). In the case of diamagnetic proteins hexanoyl phosphatidylcholine (DHPC) and dimyris-
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toyl phosphatidylcholine (DMPC) (Sanders et al., periods, with the first recording chemical shift and
1994; Sanders and Schwonek, 1992). Above a critical the second coupling evolution. Recently an analogous
temperature, which is a function of the lipid concentra- accordion-style experiment (Bodenhausen and Ernst,
tion and the ratio of the lipid components, the bicelle 1981) has been proposed by Tolman and Prestegard
particles strongly align with the magnetic field and a for recording®®N—-NH couplings in proteins (Tolman
small residual alignment of the macromoleculeresults. and Prestegard, 1996a). Unfortunately the use of this
Below the critical temperature the solvent is isotropic strategy generates doublets in the carbonyl dimension,
and, as mentioned above, for diamagnetic macromole- severely compromising resolution in the case of appli-
cules the residual dipolar couplings are essentially cations to larger proteins. In addition, because of the
zero. Thus, the difference in couplings measured be- limited acquisition time which can be used for mea-
low and above the temperature of bicelle ordering suring the couplings in the first place (see below), the
gives the residual dipolar coupling. Based on this ap- doublet components are not resolved to baseline and

proach Tjandra and Bax repdPN—NH and!3C*—tH® the measured splittings therefore underestimate the
dipolar couplings for ubiquitin as large asl5 and true coupling values. In order to avoid these problems,
—40 Hz, respectively (1997a). it is important that two spectra be recorded, with sep-

Although a significant amount of effort has been aration of the doublet components (one per spectrum),
expended in the development of robust pulse schemesas described below.
for the measurement 0°N-NH dipolar couplings The key features of the pulse scheme can be il-
(Tjandra et al., 1996; Tolman and Prestegard, 19964, lustrated by considering a brief operator description,
1996b), fewer experiments have been devised for the where only the essential terms are retained, mul-
measurement of residual one-bohtC*—1H* dipo- tiplicative factors ignored and relaxation neglected.
lar couplings. Tjandra and Bax have described a At point a in Figure 1, spin coherence of the form
constant-timel3C—'H HSQC sequence which mea- N,C', is present, whereX. denotes thez compo-
surest3C*—1H® splittings using the principle of quan-  nent of magnetization from spiX. Using the first
titative J-correlation (Tjandra and Bax, 1997b), but line of the phase cycle described in the legend to
this method is limited to applications involving small the figure, the term of interest at poibtis pro-
proteins. With this in mind we have developed an portional to NC';C*;cos(wct1), where wc is the
HNCO-based sequence for recordiig*—H* dipo- carbonyl resonance frequency. The subsequent period
lar couplings and demonstrate the utility of the method between pointd andc, of duration 1/(2ZcH) where
by an application to the protein ubiquitin. JcH is the one-bond®C*-1H scalar coupling, is
Figure 1 illustrates the pulse scheme that has beencrucial for the separate selection of each of the two
developed for the measurement of one-bdA@*— doublet components. Fap4 = —x, evolution due
IHe dipolar couplings in'°N, 13C labeled proteins.  to 13C*-1H* coupling is refocused so that the term
The sequence is similar in many respects to previously of interest at pointc is the same as ab. During
published HNCO (Kay et al., 1990) and HNCOCA the interval extending between pointsand e the
(Bax and lkura, 1991) pulse schemes and therefore cosine modulated component of magnetization is se-
only a brief description of the experiment is pro- lected, so that at e the relevant signal is of the form
vided. Magnetization transfer is described concisely N,C';C*;coswc11)cos(rIkri)cos(ulcapkrs), where
according to, J is the sum of the one-bontPC*-IH® scalar and
NHH 15\ 1807 ) Toron 13 Yo dipolar couplings andglg is the one—bolnél?’.C"‘-l'?’C6
131N 15 3 coupling. Subsequently, the magnetization is trans-
C= PN(t2) MNH(t), (1) ferred back to thé">N and finally to the NH spins,

where the active couplings involved in each transfer using coherence transfer elements that have been de-
step are listed above the arrows(i = 1, 2,3) is an scribed in detail in the literature (Muhandiram and

acquisition time and a constant, typically 0.5 (see Kay, 1994).

below). A second experiment is recorded where the phases
The essential idea behind the experiment is to ¢2, ¢S5 and¢7 are incremented by 90with inver-

record an HNCO correlation map where the carbonyl sion of the phase$4 and¢8. A similar argument to

chemical shift of residué is modulated by the one-  that given above establishes that the signal of inter-

bond 13c*—1H* coupling of the same residue. This €st in this case is proportional to a term of the form

is accomplished through the use of twoevolution  Sin(wct1)sin(rdkrr)costrdeqpkr). By recording data
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Figure 1. Pulse scheme for the measurement3g*—1H* one-bond dipolar couplings #PN, 13C labeled proteins. All narrow (wide) pulses
are applied with a flip angle of Sq180°) and are along theaxis, unless indicated otherwise. THe and1®N carrier frequencies are centered

at 4.7 (water) and 119 ppm, respectively, while 1R€ carrier is centered at 176 ppm except between pbirgsvhen the carrier is at 58 ppm.

All proton pulses are applied with a field of 28 kHz, with the exception of the 2 ms water selectifgpd@ack pulse prior to the gradient g3,

the WALTZ-decoupling elements (Shaka et al., 1983) and the flanking pulses (6 kHz). The proton pulse in the center of the period extending
from d-e is of the composite variety (2a80,90,) (Freeman et al., 1980)1.5N pulses are applied with a 6.3 kHz field, while decoupling
during acquisition is achieved with a 1 kHz field. Afflc/ pulses have a field strength af+/15, whereA is the separation in Hz between the
centers of thd3C’ and13C* shifts (Kay et al., 1990). AIF3C* 90° (18C°) pulses are applied at a strength/&f/15 (A/+/3). The vertical
arrows indicate the positions of the Bloch—Siegert compensation pulses (Vuister and Bax, 1992). Note' fiost 1186° pulse during the 2
period is applied prior to thé3C’ refocusing pulse. The first and 1aSIC* 18(° pulses are phase modulated by 118 ppm (Boyd and Scoffe,
1989; Patt, 1992)?300‘ decoupling during thd>N evolution period was achieved using WALTZ-16 with the shape of each of the elements
(320 1s) given by the SEDUCE-1 profile (cosine modulated by 118 ppm) (McCoy and Mueller, 1992). The delays usgd=a3 ms;

h = 5.5 ms;tc =124 ms;tg = 1.75 mS;te = 4.5ms;8 = 0.5 ms;A=1e — ng; B=1/2 —ng; C=1/2 4+ 1¢; D =«k11/2; E= Ty

— 12I2; F =Ty + 12/2 — tp; Ty = 12.4 ms. A value ok = 0.5 is used. The value of = 0,1,2,... (N — 1), where N is the number

of complexz1 points, is incremented for each complgxpoint andg = (te — g5)/(N — 1) (Grzesiek and Bax, 1993; Logan et al., 1993).
The phase cycling employed for the data set in which the signal is modulated accordingetg, eQ80s(tJii1)costrcagkty) is given by:
d1=(x,—X); b2=Y; p3=(x,—X); dd=—X; $5=X; $6=2(x),2(),2(—x),2(=Y); ¢7=X; $8==Y; $9=X; $10=4(x),4(—X); d11=X; acg=2(x),2(—x).

For the data set modulated by sig{ )sin(tJkt1)costrJcypkty) the phase®2, ¢5 and¢d7 are incremented by 90 while ¢4 and$8 are
increased by 180 The cosine and sine modulated spectra are recorded in an interleaved manner. Quadrature detgcisoactmnieved by
States-TPPI ob1 (Marion et al., 1989), while quadrature i» makes used of the enhanced sensitivity pulsed field gradient method (Kay et
al., 1992; Schleucher et al., 1993), where for each valug séparate data sets are recorded §d0@11) and g10,4$11+18C°). For each
successivey value ¢9 and the phase of the receiver are incremented b§.IBfe duration and strengths of the gradients gie:(0.5 ms,
8G/cm);g2=(0.5 ms, 5G/cm)g3=(1 ms, 15G/cm)gd=(1.5 ms, 10G/cm)g5=(0.1 ms, 25G/cm)g6=(1 ms, 8G/cm)g7=(1 ms, 15G/cm);
98=(1.2 ms,—15G/cm); g9=(1 ms, 10G/cm);gl0=(1.25 ms,—30G/cm);g11=(0.4 ms, 5G/cm)gl2=(0.3 ms, 4G/cm)gl3=(0.125 ms,
29G/cm). Decoupling is interrupted prior to the application of gradients (Kay, 1993).

from these two experiments (and their corresponding (1996) and a ismilar method has been described by
guadrature components) separately and subsequenthSorensen and coworkers (1997).
adding and subtracting data sets in a post-acquisition ~ As described above, the passt#C*—13CP cou-
manner, spectra are generated with correlations atpling which evolves between points d and e in Figure 1
wc (i) + mxd, on(i + 1), onk(i + 1) (spectrum 1) and  and the rapid3C* transverse relaxation time which is
wc/ (i) — mkd, on(E+1), onH(i+1) (Spectrum 2). Note  operative during this interval necessitate the use of a
that the resolution ifF; is not sufficient to observe the  shortkr; acquisition time. Thé3C*-13CP coupling is
passive3C*—13CP coupling (see below). Values ofthe =~ 35 Hz, while13C* T, values may be as short as
13ce_1H* couplings are obtained directly by subtract- 15-20 ms for proteins in the 20-30 kDa molecular
ing F1 cross-peak positions from the two spectra since weight regime (Yamazaki et al., 1994), necessitating
the separation is given yd Hz. It is noteworthy that  the use ofict1 max values< ~ 12 ms. In contrast, in
an essentially identical method for measuring scalar order to achieve sufficient resolution i, carbonyl
couplings has been published by Yang and Nagayamachemical shift evolution must proceed for a period
(r1.max) Of significantly longer duration thari max.
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The value ofk must not be chosen to be too small the bicelle samples and found to significantly increase
since the measured one-bdi@*~1H® coupling iskJ stability (Prestegard, personal communication). Thus,
Hz and the error in the measured valudd@nd hence  the sample used in the present study contained 0.7 mM
in the dipolar coupling is thus scaled by a factor of T.T.A.B.
1/k. In practice we find that a value ef = 0.5 is a Figure 2 presents portions ofH planes show-
good compromise between resolution, sensitivity and ing cross-peaks from residues Ala 28, Pro 19 and Phe
attenuation of the measured coupling value. 4 of ubiquitin obtained from a data set collected with
In the above discussion a uniform value for the the pulse scheme given in Figure 1 on an oriented
13ce_1H* coupling has been assumed. While this as- bicelle sample. Ftraces through the cross-peaks in-
sumption is reasonable for molecules dissolved in an dicate that very good separation of tA&C*—1H®
isotropic medium the situation is quite differentin the doublet components is achieved. In this regard it is
case of an oriented sample. For example, couplings noteworthy that the values of the one-bddg*—H*
which deviate by as much as 30 Hz from the canon- dipolar coupling,DcH, are—29.7,—0.8 and 19.9 Hz
ical Jcy value of ~ 140 Hz (Vuister et al.,, 1992) for Ala 28, Pro 19 and Phe 4, respectively, and that the
have been measured in the ubiquitin/bicelle (4.5% range of couplings measured in this sample extends
w/v) sample employed in the present study. There- from —30 to 20 Hz (see below). Thus, the degree to
fore, the sinfpcit1)sin(mlkri)cosfrlcypkty) term is which each of the doublet components are separated
reduced by a factor, sin{2t;), relative to the into individual data sets for all of the amino acids in
cos(wct1)cos(rlkty)cos(rleapkts) modulated com-  the protein is well represented by the separation of
ponent, leading to the incomplete separation of mul- components for the residues selected in Figure 2.
tiplet components. Spectra are obtained where the In order to establish the reproducibility of the
intensity of the principle multiplet componentis given method the experiment was repeated twice, with the
by the factor 0.5[1+ sin(rJ2tq)], while the minor results shown in Figure 3a. A good correlation be-
component has an intensity of 0.5f sin(rJ2tq)]. tween dipolar coupling values measured from the
For the largest dipolar coupling measured in our sam- two experiments was obtained with a pairwise root-
ple (see below), sin(J2tg) = 0.94 and the principle = mean-squared-deviation (rmsd) of 1.35 Hz for the
component is over 30 fold larger than the minor com- 63 residues considered. It is also possible to com-
ponent. Of course, for the majority of residues the pare results from the present method with dipolar
relative ratio of multiplet intensities is even larger than couplings that are obtained using different experi-
30 and clean separation of the componentsis achieved ments. Figure 3b shows a comparison between the
In order to evaluate the method a sample of 1.0 mM results obtained using the method of Figure 1 (re-
15N, 13C labeled ubiquitin was prepared in which ferred to as method 1) with a similar frequency-based
DHPC and DMPC were added in the ratio 1:2.9 measurement approach in which couplings are ob-
(mol/mol) to give a net concentration of lipid of tained from splittings in the ¥ proton dimension
4.5% w/v. The sample included 20 mM potassium of an HA(CACO)NNH-based experiment (method 2)
phosphate, pH 5.8, 10%20/90% HO. All spectra (Grzesiek and Bax, 1993). In this case a pairwise rmsd
were recorded on a Varian Unity500 MHz spec- of 1.8 Hz is obtained.

trometer equipped with a pulsed field gradient unit and
a triple resonance probe with an actively shielded z-
gradient. Experiments were performed at°85and

25°C for oriented and unoriented bicelles, respec-
tively, and the splittings measured from data sets

The values ofDcH obtained from the scheme of
Figure 1 are compared with predicted dipolar cou-
plings established from the X-ray derived structure
of ubiquitin (Vijay-Kumar et al., 1987) in Figure 3c.
Calculated values were obtained using the relation

recorded at these two temperatures were subtracted taTjandra and Bax, 1997a),

yield dipolar coupling values. During stability trials
involving a number of different proteins we noted that
the lifetimes of the samples were critically dependent
on the pH and salt concentration of the solution. In
general stability was improved by working at pH val-
ues close to neutral and at low salt concentratiens (
50 mM). A small amount of tetradecyltrimethylammo-
nium bromide (T.T.A.B.,~ 1-5 mM) was added to

Dpo(6, ¢) = —S(o/4m)ypyoh / (47°r} )

[A4(3c0$ 6 — 1) + 3/2A, sir? 6 cos 2] 2)

where y; is the gyromagnetic ratio of spin h is
Planck’s constant;p¢ is the distance between spins
P andQ, Sis the order parameter describing the am-
plitude of PQ bond vector motion,A, and A, are
the axial and rhombic components of the molecular
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Figure 2. F1 cross-sections through cross-peaks from AlaR28yj= —29.7 Hz), Pro 19Dcy=—0.8 Hz) and Phe 4§ ;;=19.9 Hz) obtained

from spectra recorded at 8&. Individual doublet components were separated into two spectra according to the method described in the text
with software written in-house. Spectra were recorded using the scheme of Figure 1 in an interleaved manner, with 16 scans/FID giving rise to
a total acquisition time of 22 h (for each temperature). Spectral widthg;ifF$, F3) of (1200 Hz, 1063.5 Hz, 7993.6 Hz) and net acquisition

times of (23.3 ms, 18.8 ms, 64 ms) in {»,/3) were employed. Each of thg andr, time domains were apodized using cosine-bell window
functions. The digital resolution was improved # by zero-filling ther; time domain to 512 points prior to Fourier transformation. The

time domain data was doubled using mirror image linear prediction (Zhu and Bax, 1990), apodized and zero filled to 128 complex points. A
65° shifted sine-bell-squared window function was usegsiand the data zero-filled to 1 K points prior to transformation. All data sets were
processed with NMRPipe (Delaglio et al., 1995) and analysis performed with PIPP/CAPP (Garrett et al., 1991).

alignment tensor of the molecule afA@ define the tors (Palmer and Case, 1992). ValuesSbf 0.92
orientation of thePQ vector in the principle coordi-  (Tjandra et al., 1995) and 0.95 fd*N-NH and
nate axis system of the molecular alignment tensor. 13C*—'H* bond vectors were thus used in the present
The values ofd,, A, and the Euler angles describing minimization and 4,,4,) = (7.5x10°4,1.5x10~%)

the orientation of the principle alignment axis system obtained. Essentially identica, and A, values of
with respect to the axis system in which the X-ray (7.5x10741.5x10~%) and (7.6<10°4,1.7x10~%) are
structure coordinates are defined were obtained by aobtained from separate fits using only #%&l—-NH or
least squares minimization grid-search procedure us-only ¥C*-1H* dipolar data, respectively. The pair-
ing both!®>N—NH and'3C*-1H® dipolar couplingdata  wise rmsd between predicted and measured values
as input. Note that the order parameter in Equation 2 of D¢y is 2.9 Hz and this difference likely reflects
derives from motions occurring on timescales rang- small deviations between solution and crystal forms of
ing from 1012 to 1072 s. Currently the only values the protein, errors in the crystal structure coordinates,
available forS are from molecular dynamics simu- departures from the simplistic assumption concern-
lations or from NMR spin relaxation measurements, ing the nature of the internal motions of the protein
both of which are restricted to the measurement of and a number of potential errors in the measurements
dynamics on ps-ns timescales. Simulations on a 25 themselves.

residue zinc finger peptide have shown thawalues One possible source of error in measurBgy

for backbone!®C*—1H® pairs are on average higher values derives from cross-correlated spin relaxation
by 0.06 units thars? values for'>N-NH bond vec-  occurring during the interval extending fragirto e in



i e different linewidths, perturbing the positions of the
| e ] 18ce1H* doublets, with the separation between the
é ‘: s e o T doublets decreasing (increasing) for positive (nega-
5 tive) cross-correlation relaxation rates (Tjandra and
e ] Bax, 1997b). Hence measurdgy+Dcy values will
° z‘(’) I l be in error. It is noteworthy that in the macromolecular

R 20 0 R 2 20 limit the cross-correlation effect is proportional to the

° Dosi (Hz, pradictad) molecular tumbling time, as discussed in some detail

— wl® R ] by Tjandra and Bax. (1997b).
é ol 2 2 ] Two limiting cases regarding the coupling of
g, g B S | 13¢ce(j) and tH(i) must be considered with regards
£, ) ° | to the effects of crq;s—correlated spin relaxat!on on
31 g ] gnegsure.d.peak positions. In the case thaf#e& (j)-

20 H(i) splitting arises predominately from scalar cou-

) © b (i method 2) » 2 pling (the 13C°‘(j)—1H(I) bond vector is oriented near

“ the magic angle with respect to the principle axis of
ol ® | an axially symmetric alignment tensor, for example)
3.l s | the cross-correlated relaxation induced errors in mea-
g , sured peak splittings will be approximately the same
£ o ° | in experiments performed on oriented and unoriented
2z o &7 | samples. Hence, the extractedipvalues are largely

o independent of this effect. Note that since the ori-
o 2 o o 0 2 o entation of the sample is achieved by an increase in

Dy (Hz, method 1) temperature relative to the unoriented state°@0n
Figure 3. (a) Comparison oD¢y values measured from two sets ~ the present experiments) there will be a concomitant
of spectra recorded with the scheme of Figure 1 (method 1). A decrease in correlation time leading to an incomplete
pairwise rmsd of 1.35 Hz is obtained. (b) ComparisonZgfy cancellation of errors from cross-correlation. In the
values obtained using method 1 with dipolar couplings from an al- fth biquiti le that h d th
ternative frequency domain approach (method 2) whga¥—1H® case of the ubiquiin sampie that we have used there
couplings are measured from splittings in the proton dimension of IS @n increase in average correlation time by a factor
an HA(CACO)NNH-based experiment (see text). Doublet compo- of 1.17 for a temperature decrease from 35 t6@5
nents were separated into individual data sets using an identical In contrast to the case considered above. if the

procedure to that described in the text for the scheme of Figure 1. . 3 . 1oy . .
The pairwise rmsd between the two data sets is 1.8 Hz. (c) Predicted COUp“ng betweert Ca(J) and H(') arises from d|po-

D¢y vs. measured ¢y values using method 1. The X-ray derived  1ar as opposed to scalar effects, the splitting from
structure of ubiquitin (Vijay-Kumar et al., 1987) was used to calcu-  the 13C%(j)-tH(i) interaction will only be present
late DC.H(pbre('iict(eid) as discussed in the text. A pairwise rmsd of when the sample is oriented and errors from cross-
2.9 Hzls obtained. correlation will not cancel wheDcy is calculated
from the difference between splittings measured in
Figure 1. The major source of relaxation interference oriented and unoriented samples. For the majority of
is due to thet3C*(j)-tH*(j) dipolar interaction and a  13¢(j) spins the coupling withH(i) will include con-
second dipolar effect involving th€C* spin and a  tributions from both scalar and dipolar terms and it is

proximal proton,*H(i), that is also coupled t&3C*. important to establish the size of the error®igy that
In this case each of thEC%(j) doublet components might therefore be expected.
arising from the coupling withH®(j) is further split by In the case of the pulse scheme of Figure@*—

coupling of thet3C* spin with *H(i). In macromolec-  H® couplings are measured during a non-constant
ular applications thé3C*(j)-tH(i) coupling will not  time evolution period which extends for a duration
be resolved and in the absence of the cross-correlationkt; nax &~ 12 ms. Linewidths in theF; dimension
effect mentioned above the center of each of the com- of the Fourier transformed dataset are thus domi-
ponents arising from th€C*-'H® coupling does not  nated by the effects of the limited acquisition time,
change. In the case where cross-correlated relaxationthe 13C*-13C# one bond coupling, and the signifi-
is non-zero, however, each of the two (unresolved) cant weighting function that must be applied to the
lines produced by th€C(j)-tH(i) coupling will have time domain in order to minimize truncation artifacts.
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This reduces the relative differences in linewidths Simulations show that errors on the order of 0.5-1
of cross-peaks and hence errors which result from Hz can occur. The increase in the pairwise rmsd be-

cross-correlation. Consider an AMX spin system
where A=13C*, M=1H®, X='H with ryy=1.1A,
rax=2.2A, Jay+Dam=140 Hz,Jox+Dax=10 Hz.
Note thatr,x=2.2A approximates the distance of
closest approach for®@H? spins in proteins. From
the equations provided in Tjandra and Bax (1997b) it
is straightforward to show that in the macromolecular
limit the ratio of the relaxation rates of the components
arising from theA—X coupling differ by less than a
factor of 1.3. Simulations with & max of 12 ms and
employing the same time-domain weighting functions

tweenDcy values obtained using methods 1 and 2 (see
above and Figure 3a,b) relative to the rmsd obtained
from duplicate data sets recorded with the sequence
of Figure 1 may well reflect in part the increased
errors associated withAH frequency domain split-
ting measurements relative ¥8C-based experiments.
We therefore prefer experiments where couplings are
obtained from splittings in the carbon dimension.

A potential source of error in the present scheme
derives from proton pulse imperfections. Thé 180°
pulse which separates the twe;/2 periods during

as used for the experimental data establish that thewhich time thel3C*—1H® coupling evolves is partic-

peak positions of each of tHéC* AM doublet com-
ponents are affected by less than 0.1 Hz fromAbxe
coupling. It is noteworthy that d4 x+Dsx value of

ularly critical, since any noA180° character of this
pulse leads to a reduction in the measured coupling.
Simulations indicate that a 10% error in flip angle

10 Hz is approximately a factor of two larger than the for a 180 pulse decreases the measured dipolar cou-
largestAX coupling that would be predicted for the de- pling by 0.25 Hz# or 0.5 Hz in our case. Experiments
gree of alignment present in the sample considered in performed on our spectrometer indicate that for a com-
this study. Therefore, cross-correlated spin relaxation posite inversion pulse errors in flip angle are under
is unlikely to introduce significant errors in measured 7% and a comparison of the predicted and measured

dipolar couplings using the sequence of Figure 1.
Itis important to recognize, however, that the situa-
tion may be quite differentin the case whéfe*—1H*

couplings are recorded during a constant-time evolu-

dipolar data does not suggest any systematic underes-
timate of the experimental couplings which might be
expected from imperfections in this proton pulse.

In summary, we have described an HNCO-based

tion period. For example, consider the constant-time sequence for the measurement of one-bo@i—tH®

scheme[ + 11/2 180&3C) T — #1/2, with 13C* trans-
verse magnetization present at the start. In this éase
linewidths of all multiplet components will be equiva-
lent, but peak intensities will be modulated according
to exp2R;T), where R; is the relaxation rate of
multiplet component. The relative ratios of compo-

dipolar couplings int>N, 13C labeled proteins. Val-
ues of Dcy are obtained from splittings dfC*-1H
doublet components that are recorded in separate data
sets, and in this manner spectral resolution is not com-
promised. The use of dipolar couplings in solution
structure determination is a powerful supplement to

nents will thus be preserved in a manner independentexisting methodology relying on restraints obtained

of the length of acquisitiory;, or the applied window

from NOEs and scalar coupling constants.

function, and cross-correlated spin relaxation effects

of the type discussed above can introduce errors in

the measured coupling values. Finally, it is noteworthy Acknowledgements
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