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Abstract

Two new 2D NMR experiments, CT-HMQC-HA and CT-HMQC-HN, are proposed for the rapid measurement
of homonucleaPJqnHa coupling constants of uniformBPN-enriched proteins in solution. The experiments are
based on the comparison of the signal intensities in a pair of constant!finiéHl]-HMQC spectra recorded with

and without decoupling of the amide protomproton coupling. Experimental data recorded with the 78-residue
N-terminal domain of th&. coliarginine repressor (ArgR-N) and with oxidiz&d coli flavodoxin (176 residues)
showed good agreement witlinH, coupling constants obtained by fitting of the multiplet fine structure of the
amide proton resonances or from a 3D HNHA-J experiment, respectively. Quantitative estimates for the effects
from different relaxation rates of in-phase and antiphase magnetization are given.

For small proteins?JHNHu coupling constants can  constants are determined from the relatively broad
be determined most efficiently from in-phase multi- H® resonances, leading to non-optimal sensitivity and
plets observed, for instance, in homonuclear NOESY potential interference with;tnoise from the water
spectra or in I°N,’H]-HSQC spectra recorded with a  resonance.
purge pulse (Szyperski et al., 1992). For larger pro- In a different approach2JynH. values are en-
teins, accurate measurements require more specificcoded in cross-peak intensities and determined either
techniques like E.COSY-type (Schmieder et al., 1991; by a nonlinear fit of peak intensities in a series of
Seip et al., 1992; Gérlach et al., 1993; Madsen et al., J-modulated 1°N,*H]-HSQC (Billeter et al., 1992),
1993; Weisemann et al., 1994; Lohr and Ruiterjans, HMQC (Kay et al., 1989) or constant-time HMQC
1995) or DQ/ZQ experiments (Rexroth et al., 1995). (Kuboniwa et al., 1994) spectra, or, perhaps sim-
These techniques require, however, dout g/ °N- pler, from the intensity ratio of diagonal and cross
labelled protein samples and usually the recording peaks in a single 3D HNHA-J spectrum (Vuister and
of 3D spectra. Only the % and SCT experiments  Bax, 1993; Kuboniwa et al., 19943°N labelling is
(Meissner et al., 1997; Sgrensen et al., 1997) can con-sufficient for these experiments.
veniently be recorded as 2D spectra usitig-labelled For maximum ease of data evaluation, one might
protein samples, but require a homonuclear magne-wish for an experiment where thnne coupling
tization transfer between theMand H' protons by constant could be extracted by simple comparison of
NOE or TOCSY mixing. For larger proteins, homonu- the intensities o}°N-1H cross peaks of amide groups
clear TOCSY transfer is inefficient and NOESY spec- observed in not more than two 2D HSQC- or HMQC-
tra are crowded in the spectral region containing the type spectra, as the resolution in these spectra is
HN-H® cross peaks. Furthermore, thignn, coupling usually good even for larger proteins. Here, two dif-

ferent constant-time experiments, CT-HMQC-HN and
*To whom correspondence should be addressed. CT-HMQC-HA, are proposed to achieve this goal for
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uniformly 1N-enriched or'3C/*°N doubly labelled
proteins.

Figure 1 shows the pulse sequences of the CT-
HMQC-HA and CT-HMQC-HN experiments. They
are based on the constant-timé°N,H]-HMQC
scheme (Kuboniwa et al., 1994), where, starting from

.5 |T‘ t1/“I IT~ ‘1/4| [decoupie | amide proton magnetization, heteronuclear two-spin
N : .
coherence is generated between the amide protons and
a _‘_‘ Aa the directly bonded amide nitrogens. Unless the amide
“ 91929304 protons are decoupled from the protons by some
means, they evolve under tRéuNHG coupling dur-
B ing the entire time period 4F 2A between the first
WET T Y Preo and the last non-selective 98H) pulse (Figure 1).
1 n ﬂ ﬂ n I . T I T - Iﬁ; The 90(*H) pulse at the end of the pulse sequences
S 0 gn converts any amide proton magnetization, which is
m H o antiphase with respect to the protons, intoa pro-
Sq N [lrsaz , T2 ) ton magnetization (Frey et al., 1985). Decoupling
¢T1 t/4®2 q"; s between the amide and protons is achieved either
15N o I l i | decouple | by a train of semi-selective inversion pulses applied to

thea protons (CT-HMQC-HA, Figure 1A) or by semi-
selective 180 refocusing pulses applied to the amide
protons in the middle of each time period 2TA (CT-
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Figure 1.Pulse schemes of the 2D CT-HMQC-HA and . ; ‘. )
CT-HMQC-HN experiments for the measurement HiNH HMQC-HN, Figure lB)' J-modulated spectra are

coupling constants. Narrow and wide bars indicaté 80d 180 Ob?aine‘d by omitting the selective deCOUP"_ng pulse
pulses, respectively, and round shapes indicate selective pulses.train (CT-HMQC-HA, Figure 1A) or by shifting the
All rf pulses are applied with phase x unless indicated differently. gglective 180 refocusing pu|ses close to the central
Phase cycle:x®1 = 64(x); ®2 = 16(x), 16(y), 16(-y), 16(—X); . .

&3 = 16();(, Y, *1X, -Y) ,4(X) %I>4 =6£?Z(X)(?(X()Y),i((*{()), 4?(*)/);;- non-selective 18Q1H) pulse (CT-HMQC-HN, Flg_
Brec = 2(2[2(+, =), 2(—, D), 2[2(=, +), 2(+, 9)]). b1 s ure 1B). Comparison of the cross-peak intensities in
incremented according to the States-TPPI scheme (Marion et al., experiments recorded with and without decoupling
1989). A = 1/(21JHN). Two data sets, referred to as ‘decoupled’ yields the3JHNHu coupling constants.

(Sg) and ‘J-modulated’ (), are recorded for each experiment. . . . .
The water signal was suppressed by a WET sequence (Smallcombe The S|gnal intensities in the deCOUpled data set

et al., 1995) using selective pulses of 5 ms duration and PFG Sd are independent of th&lnHo coupling constants,
amplitudes  (duration): 9= 2¢, = 4¢3 =8y =320 G/cm whereas the signal intensities in the J-modulated

(2 ms). (A) CT-HMQC-HA experiment. The data seig &d $n data set g recorded without decoupling depend on

are recorded, respectively, with and without a train of inversion the 33 l tant ith 33
pulses selectively acting on the*Hesonances. Experiments with e *JunHa coupling constants with €08 “JinHaT),

ArgR-N (flavodoxin) were recorded with hyperbolic secant pulses Where t is the time period 4H 2A between the
(Silver et al., 1984) of 5.4 ms duration, inverting the signals in the 900(1H) pulses in the CT-HMQC-HA experiment
region 39+ 1.5 ppm (40 &+ 1.5 ppm), with phase alternation in the (Figure 1A) or the time period 4AF 2A — 4 in the

pulse train ¢, —, —, +). T= 108 ms (5.4 ms), tmax = 312 ms . .
(19.2 ms) andmay = 3122 ms (114.7 ms). ® crumacHn  CT-HMQC-HN experiment (Figure 1B). The exper-

experiment. The selective pulses during the constant time delay imental coupling constant}, is determined by the
are 180 pulses selectively refocusing theNHbut not the H ratio of the cross-peak intensities in the J-modulated

resonances. The J-modulated data sgti$recorded with short .
delayse, each accommodating half the selective refocusing pulse as (Sm) and deCOUpled (ﬁ spectra by the equation

well as one of the PFGsgand ¢ including eddy-current recovery Sm
delay. The decoupled data sef B recorded withe =T + A /2. — = COS(T[Jexp‘t) (1)
PFG amplitudes (duration): 2g=2gs =97 =gg = 7.5 G/cm S

(500 ns). Experiments with ArgR-N (flavodoxin) were recorded
using RE-BURP (Geen and Freeman, 1991) pulses of 3.5 ms (2.1
ms) duration to refocus the signals in the regiof & 1.7 ppm

(8.8 &+ 2.4 ppm); T=120 ms (7.5 ms), ffmax= 288 ms (17.7

ms) and $max = 3122 ms (114.7 ms). Longer delays T improve . .
the spectral resolution in th®N dimension and allow for more determined coupllng C(_)nStantS‘

dephasing under small couplings, but reduce sensitivity due to Representative regions of the J-modulated and de-
relaxation. In practice, J-modulation periods between 30 and 70 ms coupled spectra of 2D CT-HMQC-HA and 2D CT-
resulted in comparable accuracy of the coupling constants measured

both with ArgR-N and flavodoxin.

Equation 1 shows that no J-evolution times longer
than the inverse of the maximum expected coupling
constant should be used to avoid ambiguities in the
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Figure 2. Representative spectral regions from CT-HMQC-HA and {3 E 91 Azl F 91, +
CT-HMQC-HN experiments recorded at 600 Mit frequency on 10 11—t 104 m—
a Bruker DMX-600 NMR spectrometer. Contour lines are plotted < e 4 ol Z 15\+ ¥
on a logarithmic scale with a factor of 1.6 between subsequent (3:) 1 ﬂi | 3 7+ 3;411
levels. (A, B) J-modulated and decoupled spectrum, respectively, ¢| O p . 61 C
of a CT-HMQC-HA experiment recorded with a 5.4 mM solution % % " +
of 15N-labelled N-terminal domain oE. coli arginine repressor 49 5 + +—173 44 5 A K
(ArgR-N, 78 amino acid residues) at pH 5.5,%8 Total recording CH 139 i 173
time 5.5 h. (C, D) J-modulated and decoupled spectrum, respec- 21 * 4,—90 21 +
tively, of a CT-HMQC-HN experiment recorded with a 2.1 mM _ coysal _onstal
solution of1°N/13C-labelledE. coliflavodoxin (176 residues) at pH 2 4 6 8 10JHz 2 4 6 8 10JHz

6.2, 20°C. Total recording time 4.5 h. ) . .
Figure 3. Comparison 0PIHNHa coupling constants measured by

the CT-HMQC-HA (A, C, E) and CT-HMQC-HN (B, D, F) pulse
. . schemes of Figure 1 with coupling constants obtained by different
HMQC-HN experiments recorded witl?N-labelled methods. Lines drawn parallel to the diagonal identify 1 Hz devia-
ArgR-N (Sunnerhagen etal., 1997) akriN/13C dou- tions from perfect correlation. (A, B) Coupling constants measured

ny labelled flavodoxin (Ponstingl and Otting 1997) for E. coli ArgR-N versus coupling constants determined from the
h s 2 Tod ine the si ' i multiplet splittings in a 2D¥°N,1H]-HSQC spectrum (total record-
are shown in Figure 2. To determine the signal inten- ing time 2 h) using the program INFIT (Szyperski et al., 1992).

sity ratio Sy/Sy, a small spectral region around each (c, D) Coupling constants measured for oxidizEd coli flavo-
peak maximum was integrated and the same integra-doxin versus coupling constants measured from ratios of diagonal

: ; ; _ and cross-peak heights in a 3D HNHA-J (Vuister and Bax, 1993)
tion region was used for each pair of J-modulated experiment. The 3D HNHA-J experiment was recorded using the

and decoupled spectrg. The eXperimental coupling weT sequence (Smallcombe et al., 1995) for water suppression,
constantsglp were obtained from Equation 1 and cor- 2t = 1926 ms, imax(*°N) = 17.7 ms, pmax*H) = 115 ms,

rected for differential relaxation effects (see below).  tama{H) = 1147 msand atotal experimental time of 41.5 h. (E, F)

- Coupling constants measured for oxidizedcoli flavodoxin versus
The accuracy of thé‘]HNHO‘ coupllng constants reference values calculated from the crystal structure (Hoover and

measur_ed by _the new _eXperiment_S was assessed by ,dwig, 1997) using the Karplus curve parametrization of Vuister
comparison with established experiments. For ArgR- and Bax (1993). Selected outlayers are labelled by the sequence
N, coupling constants were determined for 64 out ”tl_lmtI’e”;f tgi_coff(iz%%r)ldirég reS_iduetuiing the nun;berilng of Pon-

1571 - _ stingl an ing . Experimentally measured values were
of 72 °N-"H cross peaks from CT-HMQC-HN and corrected for differential relaxation effects assuming averatje H
CT-HMQC-HA experiments and compared to the spin-iip rates of 3.8s! for ArgR-N and 8.3 5 for flavodoxin.
corresponding values determined from fitting the Ap values were obtained from 1D NOE experiments, monitoring
amide proton signals observed in an HSQC spectrum thg 'dect:':\y of trslf ?teltict;vell)égcned* Hesonances with increasing

. . . mixing times (Stott et al., .

(Szyperski et al.,, 1992). For flavodoxin, coupling g ( )

constants were determined for 115 out of 158l-



322

IH cross peaks observed in the CT-HMQC-HA and ber of steps in the phase cycle, the rms deviation of
CT-HMQC-HN experiments and compared to the cor- the measured versus predicted coupling constants was
responding values determined from a 3D HNHA-J only little improved compared to the values measured
spectrum and predicted from the crystal structure. The from the 2D spectra. For 19 additional non-glycine

coupling constants measured for ArgR-N by the CT-
HMQC-HA and CT-HMQC-HN experiments agree

closely with the values measured by line fitting from
an HSQC experiment, with no deviation larger than
1.4 Hz (Figures 3A and B). Larger deviations are
observed when théJinHa coupling constants mea-

sured for flavodoxin by the CT-HMQC-HA and CT-

HMQC-HN experiments are compared to correspond-
ing values determined from a 3D HNHA-J experiment
(Figures 3C and D). Increased uncertainties in the

residues, M-HN cross peaks were observed in the
3D HNHA-J spectrum, for which the diagonal peaks
could not be resolved. Improving the resolution in the
15N dimension would increase the recording time of
the 3D HNHA-J experiment much more than for the
CT-HMQC-HA or CT-HMQC-HN experiments.

The two experiments are complementary in the
sense that, depending on the chemical shift ranges of
the protein, it may be easier to invert thé lreso-
nances than to refocus thé'ldesonances in a selective

measurements would be expected due to decreasedvay, or vice versa. In general, the CT-HMQC-HN

sensitivity, broader line widths and more frequent par-
tial overlap in the spectra of flavodoxin compared to
those of ArgR-N. As noted earlier, thdynHa COU-

pling values from the 3D HNHA-J experiment appear
systematically too small (Kuboniwa et al., 1994). The
coupling constants measured with the CT-HMQC-HA
and CT-HMQC-HN experiments correlated with those
predicted by the crystal structure (Hoover and Ludwig,
1997) with rms deviations of 1.29 and 1.10 Hz, re-

experiment may be preferred over the CT-HMQC-HA
experiment, because insufficient excitation of Hs-
onances by the selective pulse is immediately detected
by weak intensity of the corresponding cross peaks.
Furthermore, too small coupling constants were mea-
sured for residues 90 and 139 in the CT-HMQC-HA
experiment for an unexplained reason (Figure 3C). In
either experiment, if some%br HN resonances are in-
appropriately excited by the semi-selective decoupling

spectively (Figures 3E and F). The corresponding rms pulses, the correspondifigqnHa coupling constants

deviation of the values measured by the 3D HNHA-
J experiment was 0.96 Hz, after adding 0.63 Hz to

can be measured by further experiments with decou-
pling pulses at different frequencies, as long as the H

all measured values to compensate for the systematicand H resonances can be excited separately.

deviation (Kuboniwa et al., 1994).
Most of the differences observed between experi-

When relaxation rates approach the magnitude of
the scalar couplings, the values measured by any

mentalPJynHa coupling constants and the correspond- experimental technique deviate from the true cou-
ing values predicted from the crystal structure seem to pling constant (Lynden-Bell, 1967; Harbison, 1993;
arise from differences between the crystal and solution Rexroth et al., 1995). The most important effect on

structure or from motional averaging in solution. Thus,
similar 3J4nHe coupling constants were measured for
residues 71, 91, 111 and 173 in the CT-HMQC-HA,
CT-HMQC-HN and 3D HNHA-J experiments (Fig-

ures 3C and D; the HHN cross peak of residue

173 was not identified in the 3D HNHA-J spectrum),
but quite different values are predicted by the crys-

3JNHe Measurements arises front Hpin flips, lead-

ing to enhanced relaxation of amide proton magnetiza-
tion which is antiphase with respectdgrotons com-
pared to in-phase amide proton magnetization (Boulat
and Bodenhausen, 1993; Harbison, 1993). The differ-
ence in relaxation rates of the two magnetizatiaxs,

is approximately equal to the selective longitudinal re-

tal structure. For other residues, a large uncertainty laxation rate 1/T, of thea proton (Vuister and Bax,

was indicated already by weak cross-peak intensi-

ties (residue 15 in the CT-HMQC-HN experiment and
residue 58 in the CT-HMQC-HA experiment).

In summary, using comparablgix values in the
15N dimension of the CT-HMQC-HA, CT-HMQC-HN
and 3D HNHA-J experiments, a comparable num-
ber of 3JuNHq coupling constants could be measured
for flavodoxin by the 2D and 3D experiments. Al-
though the 3D HNHA-J required almost 10 times
longer measurement time due to the minimum num-

1993).

To calculate the effect ofiA\p on the signal in-
tensity ratio $/Sy observed in CT-HMQC-HA and
CT-HMQC-HN spectra, we disregard the presence of
the 1N spins, which are merely used to resolve the
spectra in the heteronuclear frequency dimension. The
spin operator components of the amide angrotons
are denoted as N and A, respectively. Since proton
chemical shifts are refocused, it is sufficient to cal-
culate the time evolution of the coefficient i(t) of the



in-phase componentyN relaxing with ratep, and of
the coefficient a(t) of the antiphase component &N
relaxing with ratep 4+ Ap, solely with respect to the J-
coupling and relaxation. To describe the evolution of
the two components i(t) and a(t) with time t for a free
precession interval [0, t], the following system of cou-
pled differential equations (Boulat and Bodenhausen,
1993; Harbison, 1993; Norwood, 1993; Kuboniwa et
al., 1994) has to be integrated:

—p Tdrue ) <

i\
d ( alt) ) = ( —ntdue —(p + Ap) ) dt (2)

where gye is the true coupling constant that would be
observed if relaxation could be neglected. Denoting
the coefficients at time + 0 by ip and @, and in-
troducingn = Ap/(2ndwue), the following solution is
obtained forO< n < 1:

i(t)
a(t)

n

V1—n2

1
+ag—— sin(rszcat)]

i
ol ()]

\/% Sinﬁ“scat))
!

. 1 .
HOﬁ S'”(Tstcat)]

it = |:i0 (COS(JTJscaD + Siﬂ(TEJscaD)

(32)

at) = |:30 (COS(TstcaD -

exp[— o+ %) t} (3b)
with
Jscal = Jtrue\/ 1- T\Z (4)

The differential relaxation effects were calculated
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Figure 4. Correction of experimenta’fJHNHa coupling constants
for differential relaxation. (A) Deviation of the true coupling con-
stant gye from the measured valugxp. The difference e — Jexp
was calculated for differencesp between in-phase and antiphase
relaxation rates of 5, 10 and 205 The correction curves are
not valid for Jrye < Ap/(2x) which would violate the condition

n < 1 (Eq. 4). Dashed line: correction foexp values mea-
sured by the CT-HMQC-HA experiment based on Eqg. 1 using
4T 4+ 2A = 324 ms and neglecting the influence of the decou-

by considering the pUlS? themes of Figure 1 as & S€-pling pulse train on the relaxation rate of theprotons (Hajduk
qguence of free-precession intervals separated by idealet al., 1993); Continuous line: correction fasd measured by the

instantaneous pulses. Starting from €) = (—1, 0)
after the initial 9Q(*H) pulse, Egs. 3a and 3b were
applied for each free precession interval. Only the in-
phase component was retained after the fin@(JEHD)
purge pulse. The action of a semi-selectivelg0lse

of duration 1, was approximated by the sequence
[tp/2 — 180 — tp/2], where the 18D pulse was as-
sumed to be infinitely short yet selective foor amide
protons, respectively.

CT-HMQC-HN experiment using Eq. 1 with = 1.75 ms and
4T 4+ 2A = 404 ms. (B, C) Plots of the correction term f, which
can be used with the relatioysk = (1 + f)Jexp, as a function of

4T + 2A (Figure 1) and the difference in relaxation rates of in-phase
and antiphase magnetizatiakp. Vertical bars indicate the max-
imum error made by assuming that f is constant over the range
Ap/(21) < Jrye < 120 Hz. (B) Correction for CT-HMQC-HA
data. The durationp of the semi-selective pulses was adjusted so
that (2T 4+ A)/tp was an integral number ang, = 5.4 ms. (C)
Correction for CT-HMQC-HN data, with = 2 ms (Figure 1B).



324

The exponential factors of Eqs. 3a and 3b cancel References
in the calculation of the signal intensity ratig,/&y.
In principle, different relaxation ratesp may be ex-  Billeter, M., Neri, D., Otting, G., Qian, Y.Q. and Withrich, K.
ected for the decoupled and J-modulated recordings, (1992)J Biomol. NMR2, 257-274.
P P . _g Boulat, B. and Bodenhausen, G. (1993)Biomol. NMR 3, 335—
of the CT-HMQC-HA experiment, because the semi- 343
selective inversion pulses applied to theprotons Frey, M.H., Wagner, G., Vasak, M., Sgrensen, O.W., Neuhaus, D.,
transiently convert antiphase magnetization into two- \J’V‘z\fgf’t(t:eg' E-~SK331'637-';-8'1-% Eég?i R.R.and Wathrich, K. (1985)
. . . . Am. em. SO y —| .
spin cgherence (Hajduk et al., 1993).. However, this Geen, H. and Freeman, R. (19gMagn. Reson93, 93-141.
effect is small, because the generation of antiphase Geriach, M., Wittekind, M., Farmer II, B.T., Kay, L.E. and Mueller,
magnetization is restricted by the decoupling. L. (1993)J. Magn. ResonB101, 194-197.
Given the magnitude ofp, the expected signal Hajduk, P.J., Horita, D.A. and Lerner, L.E. (199B)Magn. Reson.
. : . A103, 40-52.
intensity ratios /Sy were calculated for a range of Harbison, G.S. (1993). Am. Chem. Sacl15 3026-3027.
Jrue Values and were used to calculate the correspond-Hoover, D.M. and Ludwig, M.L. (1997rotein Sci, 6, 2525-2537.

ing experimental coupling constantsg)(Eq. 1). The Kay, L.E., Brooks, B., Sparks, S.W., Torchia, D.A. and Bax, A.

; _ . i ; _ (1989)J. Am. Chem. Socl11, 5488-5490.
dlﬁe.rence due J_exp IS In goodwapproxmatlon pro Kuboniwa, H., Grzesiek, S., Delaglio, F. and Bax, A. (1994)
portional to dxp with a factor 1= (Jrue — Jexp) /Jexp Biomol. NMR 4, 871-878.

(Figure 4A). f is characteristic for the experiment Lohr, F. and Riterjans, H. (1993) Biomol. NMR5, 25-36.
type and depends anp and the delay settings used. Lynden-Bell, R.M. (1967]rog. NMR Spectrosc2, 163-204.

. Madsen, J.C., Sgrensen, O.W., Sgrensen, P. and Poulsen, F.M.
Similarly, Eq. 3 was used to calculate f values to cor (1993)J. Biomol. NMR3, 239-244.,

rect the coupling constant Values_’ measured from 3D Marion, D., lkura, M., Tschudin, R. and Bax, A. (198%)Magn.
HNHA-J experiments. If small dispersive antiphase  Reson.85, 393-399.
contributions (Harbison’ 1993) are neg|ect%];hNHa Meissner, A., Duus, J. @. and Sgrensen, O.W. (19D7lagn.

. . oy N Reson.128 92-97.
values extracted by line fitting from in-phase Norwood, T.J. (1993). Magn. ResonA101, 109-112.

doublets correspond ta;edi Which can be corrected  ponstingl, H. and Otting, G. (L99Eur. J. Biochem.244, 384-399.
for differential relaxation effects using Eq. 4. The Rexroth, A., Schmidt, P., Szalma, S., Geppert, T., Schwalbe, H. and
magnitude of the correction decreases with increasing _ Griesinger, C. (1995). Am. Chem. Sqcl17, 10389-10390.

. Schmieder, P., Thanabal, V., Mcintosh, L.P., Dahlquist, F.W. and
coupling constants. For the smallegtyvalue (2.68 Wagner. G. (1991). Am. Chem. Socl13 6323-6324.

Hz) measured by line fitting for ArgR-N, the correc-  seip, S., Balbach, J. and Kessler, H. (1992jgew. Chem.104,
tion term e — Jscal Was calculated to be 0.07 Hz. 1656-1658.
Figure 4 shows pictorial representations of the correc- Silver, M.S., Joseph, R.I. and Hoult, D.I. (198})Magn. Reson.

. 50, 347-351.
tion terms for the CT-HMQC-HA and CT-HMQC-HN  gaicombe, SH., Patt, S.L. and Keifer, PA. (1995)Magn.

experiments. Reson.A117, 295-303.
Stott, K., Keeler, J., Van, Q.N. and Shaka, A.J. (199.7Magn.
Reson.125 302-324.

Sunnerhagen, M., Nilges, M., Otting, G. and Carey, J. (19¢a)
Acknowledgements Struct. Biol, 4, 819-826.

Sgrensen, M.D., Meissner, A. and Sgrensen, O.W. (12%ipmol.
The authors thank Prof. Martha L. Ludwig for a NMR, 10, 181-186. _ o
preprint and the coordinates of the crystal structure SZ‘,(?;;"‘hz;of;gtgg'zféégm”g' G. and Wiithrich, K. (1992)
of oxidized E. coli flavodoxin and Dr. Maria Sun-  \uister, G.W. and Bax, A. (1993). Am. Chem. Sqcl15 7772—
nerhagen for providing the NMR samples of the 7777,
arginine-repressor domain. This work was supported Weisemann, R., Riterjans, H., Schwalbe, H., Schleucher, J.,
by the Swedish Natural Science Research Council E%T;"{O.W' and Griesinger, C. (1994) Biomol. NMR 4,
(project 10161). H.P. acknowledges a graduate student
stipend from the EU training and mobility programme
(BIO4CT965011).



