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Abstract

Experiments are proposed for the measurement of the vicinal coupling constants bgteagbons and either

amide protons of the same or carbonyl carbons of the preceding amino acid restdGé3-labeled proteins.

Both couplings depend on the backbone torsional angl&€he three-dimensional pulse sequences give rise to
E.COSY-like multiplet patterns in which heteronuclear one-bond couplings separate the doublet components cor-
responding to the two spin states of the respective passive nuclei. Thus, in contrast to previously published pulse
schemes which employed the homonucle}€?,CP) interaction, difficulties due to overlap of spectral regions

of active and passive spins are avoided. A major drawback of the novel sequences is their limited sensitivity.
Nevertheless, application esulfovibrio vulgaridlavodoxin yielded coupling constants for more than 85% of all
non-glycine and non-proline residues.

Introduction separate the multiplet components corresponding to
the a andp spin states of th@-carbon. A problem
The reliability of torsion angle determinations fram  common to these experiments is that pulse$3gt,
coupling information improves as the number of ac- required for the coherence transfer to the vicinal cou-
cessible coupling types sensitive to rotations about the pling partner of the3-carbons (i.e.li"’C{_l or 1Hi’\‘) in-
same bond increases (Bystrov, 1976; Cowburn et al., evitably lead to a perturbation of the passive spin states
1983; Schmieder and Kessler, 1992). Owing to differ- in amino acid residues such as serine and threonine
ent phase relations the inherent degeneracy of Karpluswhose!3C* and3CP resonance regions overlap. This
equations which relate vicinal coupling constants with difficulty does not occur for quantitativiecorrelation
the intervening dihedral angle (Karplus, 1959, 1963) schemes suitable for the measuremerﬁ‘]()ti’_l,cf%)
can be resolved. Also, as has been recently demon-(Hu and Bax, 1997; Konrat et al., 1997), but very
strated for the protein backbone angpe(Hu and small coupling constants may not be detectable be-
Bax, 1997; Schmidt et al., 1999), Karplus parame- cayse of sensitivity limitations. Finally3J(HN,C")
trizations can be achieved without taking recourse to ¢oypling constants can be extracted from intraresid-
X-ray structural information when experimental data 5 HN-HP cross peaks in 2D NOESY (Wagner, 1990)
for all six associated vicinal couplings is available. o 3p 15N-separated NOESY-HMQC spectra (Seip et
Two of these couplings include tHéC’ nucleus, and 51 1994) exhibiting an E.COSY-like multiplet pattern
E.COSY-type (Griesinger et al., 1985, 1986, 1987) que to scalar couplings to the passie? spin. The
methods have been devised for their measurementyealth of correlations encountered in some spectral re-
(Lohrand Ruterjans, 1995; Wang and Bax, 1996; LONr gions can however obstruct the evaluation of relevant
et al., 1997), exploiting théJ(C*,C) interaction o ¢ross peaks to a higher extent than in triple-resonance

*To whom correspondence should be addressed. E.COSY methods where only one or two signals per
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residue are detected. While it is conceivable to remove the F3 dimension, leading to an undesired tilt. Sensi-

this overlap in a 4D'°N,'3C-separated NOESY ex-
periment, it may be difficult to achieve an adequate
resolution for the’J determination.

tivity enhancement combined with gradient coherence
selection in the final reverse INEPT step is accom-
plished in the usual manner (Palmer et al., 1991; Kay

In this paper we describe an experimental scheme et al., 1992). During the preparation of the manuscript

capable of measuring eithd(C/_,,C) or 3J(HN,C")
coupling constants in isotopically labelled proteins in-

a conceptionally identical experiment for the measure-
ment of3J(C',C?), named [COJHN(CA)CB-E.COSY,

dependent of the residue type and the magnitude of thewas published by Hu and Bax (1998). Some minor

couplings themselves. It is based on the well-known
HNCACB pulse sequence (Wittekind and Mueller,

1993) and correlates amide protons and nitrogens with
p-carbons of the same and the preceding residue.

Depending on whethéC’ or *HN spins are left un-
touched during thé°N evolution period, intraresidual
E.COSY-like multiplets arise from which either of the
two vicinal coupling constants can be determined in
the indirectly detecte#®CP dimension. Interchanging

active and passive spins compared to the E.COSY ex-

differences are however worth mentioning and shall
be briefly described in the following.

In order to resolve thé°N-13C’ splitting a rela-
tively long 1°N evolution period is required. There-
fore, the magnetization transfer from the amide ni-
trogens toa-carbons is implemented in an HMQC
manner rather than by use of INEPT steps, allowing
to exploit both the de- and rephasing delays e
constant time chemical shift evolution (Madsen and
Sgrensen, 1992). If the chosen constant time delay

periments mentioned above abandons the need to dis-Tn exceeds twice the optimal intraresiddaN-13C

criminate betweei- andp-carbons by bandselective
pulses.

A different approach for the determination of
3J(Hi’\',(:fi) has already been proposed but not demon-
strated by Seip et al. (1994). The direct scalar corre-
lation of nitrogens an@-protons via long-range cou-
plings using the HNHB scheme (Archer et al., 1991)
yields HV-HP cross peaks, where the doublet compo-
nents corresponding to the differel¥CP spin states
are displaced byJ(H?,C%) and3J(HN,C?) in orthog-

transfer time T £ 31 ms for averagedJ(N,C*) and
2J(N,C*%) coupling constants of 10.5 and 7.5 Hz, re-
spectively (Delaglio et al., 1991)), a delay= Tn/4 —
T/2 has to be inserted between the 1p0Ises ort°N
and13C?. As a possible simplification of the étN
evolution period, the second 18pulse on nitrogens
may be omitted in combination with a reversal of the
direction in which the firsf°N refocussing pulse is
shifted. In order to use the entirgyTperiod for°N
evolution, the first G3 pulse am-carbons would then

onal dimensions. Since carbon nuclei are not neededP€ applied at a timg after the associated nitrogen

for any magnetization transfer step, no perturbation of
the passivé3CP spins can occur. Here, we report the
succesful implementation of the HNHB{EE.COSY
experiment (according to the nomenclature of Wang
and Bax (1995) the nucleus to which theoupling is
measured is indicated by the square brackets).

Materials and methods

Description of pulse sequences

In contrast to the original HNCACB sequence, all
90° and 180 carbon pulses in th&C'-coupled ver-
sion diagrammed in Figure 1A selectively cover the
aliphatic region, ensuring that t#éC’ spin states are
not disturbed duringtor to. Carbonyl decoupling dur-
ing acquisition is on the other hand mandatory here,

because otherwise the multiplet components corre-

sponding to the'®C’ o andp spin states would not
only be separated bYJ(N,C)) in F1 and by3J(C',C%)
in F2 but additionally be displaced RJ(HN,C) in

pulse. However, for the ease of pulse programming,
the version of Figure 1A avoids a crossing of any pulse
with the start of'H decoupling.

While the sequence by Hu and Bax (1998) em-
ployed a constant tim&C? evolution period adjusted
to 143(C*,CP), we prefer a non-constant timegteriod
to maximize integrated signal intensities and to avoid a
restriction of the resolution in the domain in which the
coupling of interest is determined. On the other hand,
undesired one-bond carbon-carbon couplings evolve
during % in our variant, leading to additional mul-
tiplet splittings at the expense of the signal-to-noise
ratio. Finally, care has been taken in the present im-
plementation to prevent any dephasing of the water
magnetization by the action of theyBield gradients
(Grzesiek and Bax, 1993; Stonehouse et al., 1994) or
by RF inhomogeneity during proton composite-pulse
decoupling (Kay et al., 1994) such that no saturation
of rapidly exchanging amide protons occurs.

The HNCACB[H']-E.COSY pulse sequence out-
lined in Figure 1B employs the same magnetization
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Figure 1. HNCACB-E.COSY pulse schemes for the measurement of3(JQ¢i’_l,Cf5) and (B)3J(HiN,C?) coupling constants. Narrow and

wide filled bars denote rectangular pulses witlt @d 180 flip angles, respectively. Unless indicated explicitly, pulse phases are adjusted

to the +x axis. The proton carrier frequency is placed onto th® lfesonance throughout sequence A, while it is temporarily switched to
8.54 ppm for the duration of the DIPSI-2 (Shaka et al., 1988) decoupling sequence (4.5 kHz RF field) and to 2.67 ppm during the 1.59 ms
I-BURP-1 (Geen and Freeman, 1991) pulse in the centre of version B. The water-selective 9@ulse with phase-x in version A has

a Gaussian shape and a duration of 2.5 ms. In each sequence the first and last carbon pulses are shifted to 58 ppm by phase modulation, the
carbon carrier being positioned at 46.25 ppm. The widths of rectangular carbon pulses are adjusted to provide a null in their excitation profile
in the carbonyl region while the refocusing pulse centered in the d&lases250us G3 Gaussian cascades (Emsley and Bodenhausen, 1990).
The G3 inversion pulses applied in thg Period of sequence A have a width of 5@6. Bandselective $0pulses on aliphatic carbons have

the shape of the centre lobe of a sinc function and a width gi@@Refocusing of scalar couplings involving carbonyl or aromati@rbons

during both evolution times of sequence B is accomplished byZ0€osine-modulated 18Ginc-pulses with two excitation maxima at 176

and 133.5 ppm. GARP-1 modulation (Shaka et al., 1985) with RF fields of 1 kHz and 0.75 kHz, respectively, is empléyetdod 1°N
decoupling during acquisition. All gradients are sine-bell shaped and have the following durations, strengths at their centre and difections: G
0.7ms, 10 G et (y); Gf: 1ms,—39.4/39.4 G criit (z); G3: 0.5 ms, 4 G et (x), 5.5 G cnt L (y); G4: 0.5 ms, 5.5 G cm? (x), 4 G cnit

(y); Gs: 0.5 ms, 8 G cm~ (z). For eachi increment N- and P-type signals are collected alternately by inverting the polarity &ibGg with

the pulse phasefs (A) or ¢g (B). After each { increment the pulse phasés (A) or ¢g (B) are inverted together with the receiver reference
phase. Quadrature detection in thelimension is achieved by applying the States-TPPI protocol (Marion et al., 1989a) to phasedd,.

Delay durations are adjusted as follows= 2.3 ms,n = 5.4 ms,e = 29 ms,{ = 2.1 ms,d = 134 or 9.6 msg’ = 2.5 ms,7” = 0.7 ms. The

lengths of the constant-time evolution periodg dre 70.4 and 26.5 ms in versions A and B, respectively. Phase cycles arg; Ay, —V,

¢2 = 2(X)1 2(_X)v ¢3 = 4(X)1 4(_X)! ¢4 = Z(y), 2(_Y)! ¢5 =Y, Rec.= X, 2(_X)v X, =X, 2(X)v —xand (B)d)l =YY= ¢2 = 2(X)1 2(_X)v ¢3 =

4(x), 4(=X), ba = 2(y), 2(=y), ¢5 = 8(X), 8(=X), dg =Y + 45°, d7 = X + 45°, hg = X, hg =y, Rec.= X, 2(—x), X, =X, 2(x), —X. Phasesg

andd¢7 are adjusted to compensate for zero-order Bloch—Siegert errors, as indicated.
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Figure 2. HNHB[CS]—E.COSY experiment for measurirﬁj(Hi'\',C?) coupling constants. The initial water selective® ¥Baussian pulse has a

duration of 10 ms. All further pulses applied to proton and nitrogen spins are rectangular, employing RF fields of 17 and 7 kHz, respectively.

Nitrogen decoupling is achieved by a 0.96 kHz GARP-1 modulation. Thé ¢&8@on pulse, centered at 116 ppm has a G3 envelope with a
duration of 50Qus. A simultaneous inversion of carbonyl amaarbon spins is accomplished via appropriate cosine modulation. The delays
v andt” are setto 2.3 ms, 2.5 ms and 0.7 ms, respectivalyisadjusted to either 75.6 or 96.4 ms. Gradients and phase cyclind: 1@s, 7.5

G em 1 (x); Go: 1 ms, 10 G et (y); Gz: 1 ms,—39.4/39.4 G ¢ (z2); G4: 0.7 ms, 4 G et (x), 5 G en 1 (y); Gs: 0.7 ms, 5 G cmit

(x), 4 G enmL (y); Ge: 0.5ms, 8 G cm™ (2); b1 =Y, —Y, d2 = 2(X), 2(-X), ¢3 = 8(x), 8(y), b4 = 4(x — 45°), 4(—X — 45°), 5 = 8(x),
8(—x), ¢ =V, Rec.= x, 2(—x), X, —X, 2(x), —x. Echo- and antiecho coherence transfer pathwaysg anet selected alternately by concerted
sign reversal of @and¢g. The phase, is changed in the TPPI manner (Marion and Wuthrich, 1983) to achieve quadrature detection in t

transfer pathway as the previous one except for the
polarization transfer steps froMN to 13C* and vice
versa which now replace the HMQC-type element.
The most important difference, however, is that amide
proton decoupling is not extended over theahd %
evolution times. As a consequence, #¢HN,N) and
3J(HN,c?) couplings give rise to an E.COSY multi-
plet pattern in the F1,F2 plane of the 3D spectra with
an antiphase doublet structure along AN dimen-
sion. The large3CP-1HP splitting is eliminated by an
I-BURP pulse (Geen and Freeman, 1991) applied in
the centre of 4, selectively inverting théH® region
while leaving amide protons untouched. Refocusing of
1)(CP,cY) couplings in aromatic and Asx side chains
is achieved by a 20Qs cosine-modulated sinc-shaped
180 pulse with its two excitation maxima set to the
centre of the carbonyl and the aromatic carbon regions.
Carbonyl decoupling during acquisition is optional
here, but is is recommended as it results in a slight
line-narrowing through removal 88 and3J *HN-13¢C’
interactions.

The HNHB[C’]-E.COSY pulse sequence (Fig-
ure 2) is based on the HNHB version of Madsen et al.
(1993), including &°N full-sweep constant time evo-
lution period and the sensitivity enhancement scheme
combined with gradient coherence selection. When
applied to a doubly labelled protein passive scalar in-
teractions involvingt3CP spins occur in both proton
dimensions, enabling thJ(HN,C?) coupling con-
stants to be measured froh?(F2)-tHN(F3) cross
peaks. The only carbon pulse which has to be intro-
duced invertd3C’ and3C* magnetization in order to

remove one-bond and two-bond splittings in #38l
dimension. Being applied before the start of the t
evolution time for any value ofit it does not affect
the E.COSY-like multiplet pattern. A further modifi-
cation involves the enhancement of signals from fast
exchanging amide protons by the constructive use of
radiation damping. In more detail, the initial water-
selective pulse, together with the“dfard pulse of the
same phasepq) aligns the HO magnetization along
the—z axis before the application of the purge gradient
G,. A relatively high selectivity could be achieved by
the shaped proton pulse without any sensitivity loss
due to relaxation as it acts before the excitation of
protein resonances (Matsuo et al., 1996; Andersson
et al., 1998). The water magnetization is then flipped
back to+z by the following 180 pulse and adopts
different orientations depending on the phase relation
of the two 90 pulses flanking thextevolution period.
However, as demonstrated by Jahnke et al. (1995), a
displacement by 45results in a constant magnitude of
the transverse component for all steps of the TPPI cy-
cling employed forw, frequency discrimination such
that the radiation damping field always brings the wa-
ter back to thetz axis prior to the phase-encoding
gradient G. The overall effect of the remaining pro-
ton pulses on the $#D magnetization is merely a 720
rotation around the x-axis and therefore no dephasing
occurs by the final gradient, avoiding a saturation of
exchangeable amide protons.



NMR measurements

All pulse sequences have been applied to recombi-

nant 13C/15N-labelled Desulfovibrio vulgarisflavo-
doxin (MW = 16.3 kDa at natural isotopic abun-
dance). A 1.4 mM protein sample dissolved in 95%
H>0/5% D,0, 10 mM KPi (pH= 7.0) was used. The
temperature was set to 2€. HNCACB-E.COSY and
HNHB-E.COSY experiments were carried outlat

resonance frequencies of 600 and 800 MHz, respec-

tively, using Bruker Avance spectrometers equipped
with 5 mm three-axis gradientH{3C 1°N} triple
resonance probes.

In the HNCACB-E.COSY experiments the dura-
tion of thed delay for the polarization transfer between
13c* and 13c? was empirically optimized fof3CP
signal intensity, yielding a value of 9.6 ms for flavo-
doxin. Cross peaks involving-carbons can however
be cancelled by adjusting to 1/(2 1J(C*,C?)), thus
eliminating a potential source of overlap. Therefore,
each of the two variants was recorded twice with
values of either 9.6 or 13.4 ms. Spectral widths were
14.7,20.0 and 15.1 ppm in theN, 13C, andHN do-
mains, respectively. The data sets consisted of §4 (t
I5N) x 127 (b, 13C) x 896 (&, HN) complex points
for the 13C"-coupled version (A) and 224(t1°N) x
152 (b, 13C) x 896 (&, HN) complex points for the
IHN_coupled version (B), corresponding to acquisition
times of, respectively, 70.4 ms, 42.1 ms, 99 ms (t
ty, t3) and 23.5 ms, 50.4 ms, 99 mg,(ty, t3). For
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domain data were extended by mirror-image linear
prediction (Zhu and Bax, 1990) in tHéN dimension,
while backward linear prediction of the first points
was applied in thé*CP and1HP dimensions of the
HNCACB- and HNHB-E.COSY spectra, respectively,
to avoid a first order phase correction. Apodization in
the HNCACB-E.COSY data sets involved multiplica-
tion with a squared cosine-bell in tHé€C and*HN
dimensions and a squared sine-bell, shifted by, 60
in the 1N dimension. A squared cosine-bell multi-
plication was applied in all three dimensions of the
HNHB-E.COSY. The residual $0 signal was elim-
inated in all spectra by time domain deconvolution
along & (Marion et al., 1989b). After zero-filling
and Fourier transformation the digital resolution in
the dimensions relevant for the measurement of the
3J couplings was 5.9 Hz in both the HNCACB- and
HNHB-E.COSY data sets.

Vicinal coupling constants were extracted from the
horizontal displacement of the upper and lower multi-
plet components by a trace-alignment procedure. The
two F2 (F3) traces in the HNCACB-E.COSY (HNHB-
E.COSY) spectra were generated by summing over
appropriate points in the F1 and F3 (F1 and F2) di-
mensions and were then inversely Fourier transformed
and subjected to a least-squares superposition in the
time domain (Schmidt et al., 1995).

each FID, eight scans were accumulated in version A Results and discussion

(measuring time: 86 h) while 16 scans were collected
in version B (measuring time: 73 h). In addition, a
pair of HNCACB[C]-E.COSY data set(= 9.6 ms
and3 = 13.4 ms) was recorded with a prolong€€
acquisition time of 61.6 ms (186 tncrements) and a
shortened relaxation delay, otherwise using identical
parameters as above (measuring time: 99 h).

The HNHB[C*]-E.COSY experiment was car-
ried out twice with the delay N/2 for the evolu-
tion of 15N-1H couplings adjusted to either 48.2 ms
(~ 9[2YInH] 1) or 37.8 ms & 7[28nH] L), Spectral
widths comprised 15.0 ppm in F3HN), 21.2 ppmin
F1 ®*N) and 8.2 ppm in F21). Acquisition times
were 85.3 ms ing (1024 complex points), 20.9 ms
in t; (36 complex points) and 16.9 ms in 222 real
points). Accumulation of 16 scans per FID resulted in
a recording time of 80 h for each of the two spectra.

Processing and evaluation of spectra

The pulse sequences proposed here are suitable for the
measurement of-related vicinal coupling constants
involving 13CP for all amino acid residue types except
for proline (and glycine, of course). This contrasts
with E.COSY methods relying ohJ(C*,C%) to sep-
arate the multiplet components corresponding to the
two passive spin states which certainly fail for ser-
ines and threonines and possibly also for leucine and
aromatic residues with downfield shiftédC? reso-
nances. Typical intraresidual cross peaks from both
types of HNCACB-E.COSY spectra are shown in Fig-
ures 3 and 4. Apparently, the optimal superposition
of the projected F1 doublet components is not af-
fected by the relatively low digital resolution in F2
as the alignments were carried out in the time do-
main. Vertical splittings correspond tdye andtInn
couplings, respectively, while partially resolved dou-
blet, triplet or quadruplet fine structures appear along

Spectra were processed with Felix 1.1 (Hare Research,F2, depending on the number &iC spins directly

Inc., Woodinville, WA, USA). In all experiments, time

bound to the respectivg-carbons. Their one-bond
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Figure 3. Determination of3J(C{_l,CIB) coupling constants iDesulfovibrio vulgarisflavodoxin from 3D HNCACB[C]-E.COSY spectra

recorded with!3C (F2) acquisition times of 42.1 ms (upper row) and 61.6 ms (lower row). The contour plots show cross sections through
15N(F1)-13¢B (F2) signals taken at the intraresidd@dN resonance positions of the residues given at the top. One-dimensional projections of
the high-field (dashed line) and low-field (solid line) multiplet halves are obtained by summing over appropriate spectral points in F1 and F3.
A superposition of traces after fitting their amplitude and horizontal positions is shown at the bottom of each panel. Different numbers of F2
data points were included to account for the varying multiplet widths. Measwaldes are indicated together with the uncertainty of the fitted

horizontal displacements.
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Figure 4. Extraction of3J(HiN,C|6) coupling constants from intraresidual cross peaks in HNCA@B{EI.COSY spectra of flavodoxin. Multi-

plets exhibit an antiphase splitting in theN domain owing to the coupling to the directly bound protons. Positive and negative contours are
drawn without distinction. For clarity, the projection of the negative upper multiplet half (dashed line) has been inverted. Its intensity is scaled
up during the time-domain trace alignment procedure, the result of which is shown at the bottom.
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Figure 5. Dependence of HNCACB—E.COSY—derivéd(Ci’_l,C?) coupling constants in oxidizeDesulfovibrio vulgarisflavodoxin on the
¢-torsional angles in its crystal structure (M. Walsh, unpublished results). The dotted and dashed lines are Karplus parametrizations taken from
Léhr et al. (1997) and from Hu and Bax (1997), respectively.

interaction withy-carbons in Asp/Asn and aromatic limitation is the relatively fast transverse relaxation of
residues can be eliminated in théVHbut not in  the3CP coherences.

the CO-coupled version. In the latter, therefore, a Analysis of the HNCACB-E.COSY spectrayielded
distortion occurs in thé”>N dimension due to the a total of 1123)(C,C%) and 863J(HN,CP) values
xt-dependent intraresidudl(N,CY) coupling, which for the 126 non-glycine and non-proline residues of
may lead to an increased uncertainty in the determi- flavodoxin. The smaller number Sf(HN,C?) cou-
nation of 3J(Ci’71,cf’) from the displacement along Pling constants is due to increased spectral overlap as
the orthogonal3c? domain (see, e.g., D34 in Fig- @ consequence o_f th_e larger one—bqnd coupling and
ure 3). Contrary to the Econstant time version (Hu ~ the lower resolution in thé°N domain. A remedy
and Bax, 1998) the size of tR8(N,CY) coupling con- for this prob_lem wo_ulq be the introduction _of a spin-
stants in these residues cannot be measured here alongtate-selective excitation ) element (Meissner et
F1, because th&)(CP,CY) splitting is not completely &l 1997a,b, 1998a) prior to theN evolution time
resolved. In the HNCACB[M]-E.COSY (Figure 4) in the pglse sequence of Figure 1B, allowing for the
15\ high-field and low-field doublet components have decoupling oftJ during 4. _

clearly unequal intensities. This effect arises from  Multiple determination of the coupling constants
differential relaxation caused BN CSA/AH-15N di- in different spectra of the same type permitted the
pole cross-correlation (Goldman, 1984; Tjandra et afssessment. of their random errors. The pairwise rms
al., 1996) during the constant time evolution period dlffelrences '”fhﬁ] values were 0.67 and 0.63 Hz in
Tn. It does not interfere with the evaluation of vic- the °C’- and H™-coupled HNCACB-E.COSY ver-
inal coupling constants as the amplitudes are fitted SIONS, respectively. In Figure 5, the average values

together with the horizontal displacements during the for *J(C',.C") are plotted versus th-torsion angles
trace alignment procedure. derived from the flavodoxin 1.7 A X-ray structure (M.

As demonstrated in Figure 3, the precision in the Waish, unpublished results). Two empirical Karplus
determination of coupling constants can be slightly CUrves based on protein data are also shown in Fig-
improved by increasing the resolution. However, this Ure 5. The curve of Hu and Bax (1997) resulted

can only be achieved at the expense of a longer record-from the application of the HN(CO)C quantitative
ing time because they are measured in an indirectly correlation method to human ubiquitin, while the para-

detected dimension. In any case, the most importammetrization of Lohr et al. (1997) has been carried out
with flavodoxin using an H(N)CA,CO[g-E.COSY
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Figure 6. Representative cross peaks from a 3D HNHBJE.COSY spectrum of flavodoxin. Projections of the two major multiplet com-
ponents before and after trace alignment along F3 are shown in the lower half of each panel. The ?emﬂr,@?) coupling constants

are indicatedfd andpu denote the downfield and upfieﬂdmethylenelH resonances, respectively. For residues S77, L78 and E109 vicinal
coupling constants can be measured separately from both cross peaks while in E48, Q121 and D135 finetbms are degenerate.

experiment. Overall the coupling constants obtained pulse sequence this effect was minimized owing to
in this study fit better to the flavodoxin curve, the the immediate consecution qf &nd %. In contrast, a
average values being only slightly smaller than pre- larger systematic error towards lowgwalues occurs
dicted by the latter. The decrease may be explainedin the H'-coupled version of the HNCACB-E.COSY.
by the passive spin flips occurring during the tho At 600 MHz, selective!HN T values for flavodoxin
periods and thé3C? (t,) evolution time, although the  fall in the 0.12—0.2 s range (F. Léhr and H. Riiterjans,
influence on the relative displacement of the multiplet unpublished results), leading to an underestimation of
components is expected to be small considering the 3J(HN,C?) of up to approximately 10%. As pointed
relatively long carbonyl T relaxation times (Hu and  out recently (Meissner et al., 1998b), this source of
Bax, 1998). Note that in the H(N)CA,CO-E.COSY error could be eliminated in ar’E E.COSY version
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Figure 7. Relation betweer?’J(Hi’\‘,Cl6 ) coupling constants measured for oxidizBesulfovibrio vulgarisflavodoxin and its crystal struc-

ture-derivedg-angles. Filled and open diamonds represent the average values obtained from the two HNERAERJBSY and the two
HNHB[CS]—E.COSY spectra, respectively. The solid line is the Karplus curve parametrized with the X-ray structure of human ubiquitin (Wang
and Bax, 1996).

of the pulse sequence, but it was not attempted here asconstants from both cross peaks. The discrepancy be-
the random variation of the coupling constants appearstween the two values simply reflects the random error
to be larger in our measurements. of the 3J measurement. A degeneracy of the i

As an alternative to the HNCACBW-E.COSY, resonances can be advantageous in this experiment,
3J(HN,c?) coupling constants can be measured by the because it increases the signal-to-noise ratio while not
HNHB[CP]-E.COSY method. The latter is a relatively preventing an evaluation of the E.COSY peaks — con-
simple experiment which does not require extensive trary to the case where the chemical shifts are not
optimization. The coupling of interest is detected in identical, but differ by less than the one-boné,1g?
the directly acquired dimension, allowing an adjust- splitting plus two times the Hlinewidth. The two
ment of the resolution in this domain without taking HNHB[CP]-E.COSY spectra recorded for flavodoxin
the total recording time into account. The signal-to- yielded3J(HN,C?) coupling constants for 89 residues
noise ratio is not degraded by one-bond carbon-carbonwith a pairwise rms difference of 0.47 Hz.
splittings as in the HNCACB-E.COSY experiments. Since one of the three dimensions differs be-
On the other hand, the transfer efficiency in the HNHB  tween the HNCACB[M]-E.COSY and HNHBJ[E]-
depends on long range interactions (i%(N,H?)) E.COSY spectra the two experiments complement
which may be vanishingly small. A further drawback each other with respect to signal overlap. Alto-
is that for B-CH, groups overlap can be introduced gether, therefore3J(HN,C?) values are available for
by the appearance of cross peaks involving Hath a considerable fraction (109 out of 126 potential)
nuclei. For these reasons the HNHB[E.COSY ex- of the residues in flavodoxin. Their dependence on
periments were carried out at 800 MHz, gaining the the crystal structure-derivegl-angles is depicted in
highest possible sensitivity and spectral resolution. Figure 7. In contrast to ouPJ(C,C’) data, the
Again, the resolution might be further improved by 3J(HN,CP) coupling constants from both types of mea-
decoupling ofJ(HP,CP) in t5 using an 8E element. surements do not seem to deviate systematically from

Examples of cross peaks from the HNHEBJC the ubiquitin-derived Karplus curve (Wang and Bax,
E.COSY spectra are given in Figure 6. In a few amino 1996). On average, larger couplings were observed
acid residues in flavodoxin (e.g. S77, L78 and E109) in the HNHB[C]-E.COSY experiment than in the
the pair of3-methylene signals is well separated and of HNCACB[HN]-E.COSY. We presume that this effect
sufficient intensity to extract th&J(HN,C?) coupling is caused by the longer lifetime of the passhe®
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Figure 8. Measurement o?J(Ci/_l,Cia) and3.J(HiN,Cf5) for selected residues of flavodoxin. The cross peaks were chosen on the basis of their
above-average signal-to-noise ratios and the correspondingly small uncertainty of the trace alignment procedure. The first, second and third
row show examples from HNCACB[GE.COSY, HNCACB[HV]-E.COSY and HNHB[®]-E.COSY spectra, respectively.

spin states compared ttHN. This explanation is  from its X-ray structure (Watt et al., 1991) were de-
substantiated by the fact that the majority of the val- tected by NMR (Stockman et al., 1994; Knauf et al.,
ues around 3 Hz were measured for alanine residues,1996; Blumel et al., 1998), but rather has to be primar-
which exhibit the longest3CP T; relaxation times in ily attributed to random experimental errors. However,
a protein. a variation of the motional averaging along the pro-
The experimental data presented in Figures 5 and tein backbone may also contribute to the spreagof
7 show a large scattering of both types of vicinal coupling constants for similar crystallographic torsion
couplings around the maxima of the Karplus curves angles (Hoch et al., 1985; Bruschweiler and Case,
at —60° in particular, and discrepancies to the back- 1994).
calculated values of up to approximately 1 Hz are The inherently low sensitivity of both the
observed. This may not only be caused by differences HNCACB- and HNHB-E.COSY methods led to a rel-
between the backbone conformations of flavodoxin in atively high uncertainty of the measurétivalues for
the crystal and in solution, as only minor deviations a number of residues, which is reflected in a poor fit
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4

of the two multiplet components after trace alignment
as well as in large variations upon repeated mea-
surements. Good signal-to-noise ratios were however
obtained for the 17 alanine residues in flavodoxin ow-
ing to their reducedHP/13CP linewidths. A further
contribution, which is particularly important for the
HNCACB-E.COSY experiments, is the presence of
only one homonuclear coupling partner, while in the
case of the HNHB[&]-E.COSY the intensity is in-
creased through the superposition of cross peaks from £
three equivaleng-protons. As a resulgJ(C',C*) and
3J(HN,c?) couplings can be determined with a rela-
tively high precision. This is demonstrated in Figure 8
for several alanines as well as a few other residues in
flavodoxin that exhibit increased mobility and there- —T T - "
fore diminished transverse relaxation rates (e.g. the 7180 S0 20 90 60 %0 0
C-terminal 1148). Note that in addition the cross peak ¢[deg]

intensity for non-alanine residues is conformation de- Figure 9. Subset of the coupling data presented in Fig-
pendent in the HNHB-E.COSY because of the mag- ures 5 and 7. Averag@J(C{_;,C) coupling constants from
netization transfer vi&J(N,H®). Within a group of HNCACBIC']-E.COSY spectra (crosses) aﬁﬂ(HiN,Cl6 ) coupling

23 residues in flavodoxin comprising all alanines and EOI\InlitBagg] féoéno:ygAgfgﬁg;fdgii e(g'rzdarfeﬁa{ggggi)ergzgthe
reSIdu.eS S35, V41, E80, D10.6’ V144, 1148, pairwise ¢-angles of 17 alaninep residues as weﬁl as S35,Fi/41, E80, D106,
rms differences for the coupling constants measured 144 and 1148 in the flavodoxin crystal structure. Solid and dotted
in the HNCACB[C]-E.COSY, the HNCACB[H']- lines are Karplus curves represented®HN, ') = 2.78 cod(¢
E.COSY and the HNHBI[#J-E.COSY were reduced  + 60°) — 0.37 cosf + 60°) + 0.03 Hz (Wang and Bax, 1996)
to 0.48, 0.31 and 0.24 Hz, respectively. As shown and3)c/_,.cf) = 2.54 cod(¢ — 12¢°) — 0.55 cosg — 12C°) +

in Figure 9 the coupling data for this group agrees 0-37Hz (Lohretal., 1997), respectively.

reasonably well with the values expected from the con-

formation in the X-ray structure. This implies that, to 2H/A3C/*5N-labelled proteins after slight modifi-

depending on the sensitivity that can be achieved, the ¢4iqng 1o include deuterium decoupling, benefitting
methods proposed here are able to provide useful iN-som the markedly prolonged3c*/® T, relaxation

formatlondto cor_nple_men; gthifg data for a morle times. Therefore, in cases where the sensitivity losses
accurate determination of backbone torsion angles  sing from transverse relaxation are not a major

ch; 3Jc',CH Hz

3J(HN

In proteins. concern, the methods presented here may be useful
alternatives to other triple-resonance E.COSY exper-
) iments in which the determination 68 couplings
Conclusions

involving the 13CP nucleus is a priori excluded for

. serine and threonine residues.
Pulse sequences have been introduced for the de-

termination of twod¢-angle-related vicinal coupling

constants. '_rhe undgrlylng E.COSY principle Ensures A cynowledgements

that arbitrarily small interactions can be detected while

the choice of the passive spins allows the!r_a_ppl_me_ltlon We thank Dr. J.M. Schmidt for providing the soft-
fprall relevant fe3|duetypes. Dueto'sensnlwtyllmlta-. ware for the trace alignment procedure. The support
tions less precise value; were obte}lned for flavodoxin ¢om prof. S.G. Mayhew (Department of Biochem-
when compared to previously published E.COSY ex- oy yniversity College Dublin) with the expression
periments. It has been demc:nstrated,shom’/\‘ever, that,ng labelling of theD. vulgaris flavodoxin is grate-

a reliable measurement 89(C',C") and *J(H",C’) fully acknowledged. We are indebted to Dr. Martin

should.be feasiblpT for small proteins with favourgble Walsh (EMBL, Hamburg) for making available the
relaxation properties. Alternatively, the two versions 4 - & X-ray structure of oxidized flavodoxin prior to
of the HNCACB-E.COSY sequence can be applied
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