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Introduction

Flavoenzymes constitute a structurally and functionally diverse
family of redox proteins.[1] The fact that they all share the
flavin nucleus as the single redox unit to catalyze a wide range
of biotransformations and electron-transfer processes implies
that the redox properties are controlled by noncovalent inter-
actions with the apoprotein. As the smallest members of the
flavoprotein family, flavodoxins can serve as model systems for
flavin-binding domains in order to provide insight into such in-
teractions. They are small acidic flavoproteins that utilize ribo-
flavin 5’-monophosphate (flavin mononucleotide, FMN) to
transfer electrons between other redox proteins in a variety of
microorganisms,[2] functioning at low redox potential close to
that of the hydrogen electrode Em,7=�0.414 mV. Their physical
properties are well established, and their structures in all three
accessible oxidation states have been extensively studied by X-
ray crystallography[3] and solution NMR spectroscopy;[4] these
revealed that tight, noncovalent binding of the cofactor results
from stacking interactions of the isoalloxazine (flavin) ring
system with aromatic side chains and from intermolecular hy-
drogen bonds (H-bonds). Flavodoxin-like structures occur as
domains in certain larger redox proteins of higher organisms,
such as cytochrome P450 reductase and NO synthase.
Flavodoxins are functionally equivalent to ferredoxins. In cer-

tain microorganisms they are synthesized in place of ferredoxin
in response to iron deficiency,[5] while the sulfate-reducing bac-
terium Desulfovibrio vulgaris[6] produces flavodoxin even during
growth on iron-rich media. In order to replace ferredoxin as an
electron carrier in low-potential redox reactions, midpoint po-
tentials of the cofactor must be strongly altered as a result of

binding to the apoprotein. Hydrogen bonding is assumed to
play a major role in this regulation.
A variety of NMR parameters, including reduced exchange

rates of labile hydrogens,[7] 2H/1H fractionation factors,[7a,8,9] in-
tramolecular[9] and trans-hydrogen-bond[10] 2H isotope effects,
isotropic[8d,11] and anisotropic[12] chemical shifts, 2H quadrupolar
coupling constants,[13] and scalar one-bond coupling con-
stants[14,15] provide indirect evidence for the existence of H-
bonding interactions. Direct “observation” of individual hydro-
gen bridges, however, is made possible by the presence of
trans-H-bond scalar couplings, termed hnJ, where n denotes the
number of intervening bonds and h indicates that one of
these is actually a H-bond. With the aid of COSY-type experi-
ments, such electron-mediated, scalar couplings allow a corre-
lation between magnetically active nuclei on both sides of the
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hydrogen bridge. Although the detection of two-bond cou-
plings between amide protons and 113Cd or 199Hg, mediated by
N�H···S hydrogen bonds in metal-substituted rubredoxin, had
already been reported more than ten years ago,[16] the more
recent discovery of h2JN,N and h3JC,N couplings in nucleic
acids[17, 18] and proteins,[19,20] respectively, demonstrated their
general applicability to exploration of hydrogen-bond net-
works in biological macromolecules. Further types of trans-H-
bond scalar couplings, such as h1JH,N,

[18,21,22] h4JN,N,
[23] h2JH,C’,

[24,25]

h3JH,Ca,
[26] h3JH,H,

[27] and h3JCa,C’
[28] have been observed subsequent-

ly. A comprehensive overview of the underlying NMR method-
ology, applications, and structure dependence of hJ couplings
has been presented in a series of reviews by Grzesiek and co-
workers,[29] and developments in the field of hJ-based NMR
spectroscopy of DNA were summarized by Majumdar and
Patel.[30]

While hJ couplings within protein and nucleic acid molecules
appear to be abundant, only a limited number of scalar cou-
plings across intermolecular H-bonds in protein–ligand or nu-
cleic acid–peptide complexes have been detected so far.[31–33]

In a previous study[32] we examined the intermolecular hydro-
gen bonding pattern between oxidized D. vulgaris apoflavo-
doxin and the FMN phosphate group through h2JH,P and

h3JN,P
couplings. Here we focus on H-bond interactions involving the
isoalloxazine ring system of the cofactor. It has been investigat-
ed whether N�H···N and N�H···O=C hydrogen bridges formerly
inferred from crystallographic distances[3b, f, l, o] and from NMR
chemical shift[15b,34] and NOE[4d,e,34] data can be detected in a
more direct manner. The measurements required minor modifi-
cations to be introduced into experimental schemes previously
applied to either protein or nucleic acid systems.

Results and Discussion

Flavins can occur in three distinct redox states: oxidized, one-
electron reduced (semiquinone), and two-electron reduced (hy-
droquinone). For the flavodoxin from D. vulgaris, the midpoint
redox potentials for the oxidized/semiquinone couple (E2) and
the semiquinone/hydroquinone couple (E1) at pH 7.0 are shift-
ed from �313 and �101 mV in free FMN[35] to �143 and
�440 mV, respectively, upon binding to the apoprotein.[36] Un-
fortunately, NMR is unable to provide information about the
immediate vicinity of the cofactor in the semiquinone form,
due to the compound’s radical character, which causes severe
line broadening. There is, however, evidence from X-ray crystal-
lography that the FMN–apoprotein contacts are very similar for
the one- and two-electron reduced species of flavodoxins.[3f, k]

This study of H-bonding interactions therefore concentrates on
the oxidized and the fully reduced forms of the flavin, depicted
in Scheme 1.
The cofactor binding site is primarily formed by three poly-

peptide loops near the surface of the protein. Intermolecular
hydrogen bonding networks involving the isoalloxazine part of
FMN in both redox states are represented in Figure 1. The
most obvious difference is a reorientation of the Gly61-Asp62
peptide, enabling the formation of a H-bond between the N(5)
nitrogen of reduced FMN and the carbonyl oxygen of Gly61,

Scheme 1. Chemical structures and numbering scheme of the oxidized (top)
and fully reduced (bottom) forms of the isoalloxazine ring system of FMN,
which can be interconverted by a two-electron transfer. Rib denotes the ribityl
phosphate (�CH2(CHOH)3CH2OPO3

2�) side chain.

Figure 1. Stick representation of the flavin-binding site in oxidized (top) and
fully reduced (bottom) Desulfovibrio vulgaris flavodoxin. Only backbone atoms
of apoprotein residues potentially involved in hydrogen bond interactions with
the isoalloxazine ring of the cofactor are drawn. Relevant N(�H)···N and
N(�H)···O distances are in J. The figure was prepared by using PyMOL[37] with
the low-temperature (�150 8C) X-ray coordinates of Watt et al.[3f]

1524 G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 1523 – 1534

F. Lçhr et al.

www.chembiochem.org


while the H-bond between the nitrogen of Asp62 and the
FMN C(4) carbonyl is broken. The hydrogen bonds between
the N(1)�C(2)O�N(3)H moiety of the flavin ring and residues
Asp95, Tyr100, and Cys102 are believed to exist in both redox
states.
In order to detect cofactor–apoprotein hydrogen bonds of

D. vulgaris flavodoxin in solution directly, a variety of quantita-
tive J correlation[38] experiments were carried out. These
1) allow identification of a H-bond interaction by correlating
the chemical shift of the involved proton with those of the
donor 15N and the acceptor 15N or 13CO nuclei, and 2) provide
a measure of its strength through the magnitude of the trans-
H-bond scalar coupling.

Measurement of hJN,N coupling constants

Homonuclear 15N–15N couplings were detected through a
[15N,1H]-TROSY-HNN-COSY experiment.[17] This “out-and-back”-
type correlation scheme yields in-phase diagonal and cross-

peaks of opposite sign. Their intensity ratio depends on the
magnetization transfer times D employed and on the magni-
tude of the active coupling constants according to �Icross/Idia=
tan2 (pJD), which can be exploited for a quantitative determi-
nation of the latter. In a preliminary study,[39] application of 2D
[15N,1H]-TROSY-H(N)N-COSY revealed the presence of h2JN,N in-
teractions between FMN N(1) and the amide nitrogen of Asp95
in both redox states. However, quantification was complicated
by partial overlap of the Asp95 diagonal peak in the oxidized
state, and additional interactions might have been masked by
adjacent strong diagonal peaks. The experiments were there-
fore repeated in a 3D version, modified as described in the Ex-
perimental Section.
The relevant nitrogen–nitrogen correlations observed for

oxidized and fully reduced flavodoxin are compared in
Figure 2. The above-mentioned Asp95 N’–FMN N(1) hydrogen
bridge manifests itself as a cross-peak at the 15N chemical shift
of the FMN N(1) acceptor nitrogen (oxidized state: d=

186.4 ppm; reduced state: d=185.0 ppm) along the F1 dimen-

Figure 2. Scalar 15N–15N correlations in A) oxidized and B) fully reduced D. vulgaris flavodoxin. Top: F1 (
15N)-F3 (

1H) strips (widths: 0.24 ppm) from 3D [15N,1H]-TROSY-
HNN-COSY spectra taken at the F2 (

15N) positions of FMN N(3), Asp95 N’, and Cys102 N’ and centered at the F3 (
1H) chemical shifts given at the bottom of each

panel. Positive (diagonal peaks) and negative (cross-peaks) intensities are represented by black and red contours, respectively. The FMN N(5) resonance of oxidized
flavodoxin is aliased in the F1 dimension and corresponds to a chemical shift of 338 ppm. Artifact peaks appearing symmetrically with respect to very strong
diagonal peaks along F1 are indicated with asterisks. Bottom: scheme showing the observed scalar connectivities involving FMN nitrogens and the corresponding
coupling constants as determined from cross-peak/diagonal peak intensity ratios. Regular J couplings and trans-H-bond (hJ) couplings are indicated in cyan and
magenta, respectively.
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sion at the 15N/1H (F2/F3) positions of the donor amide group.
Owing to the dispersion along the third dimension the Asp95
diagonal signal is now completely resolved, allowing the deter-
mination of the corresponding h2JN,N coupling constants, which
amount to 0.42 Hz in the oxidized state and 0.58 Hz in the re-
duced state. In addition, a weak h4JN,N interaction between
Asp95 N’ and FMN N(3) is established by a pair of cross-peaks
at the 15N/1H (F2/F3) positions of both NH groups in the oxi-
dized state. The same correlation is also observed in the re-
duced state, although it could only be detected in the FMN
N(3) slice. On the other hand, h4JN,N coupling between
Cys102 N’ and FMN N(1) exists exclusively in the reduced state.
Notably, both types of h4JN,N interaction had formerly escaped
detection when the 2D [15N,1H]-TROSY-H(N)N-COSY version was
applied.[39]

At first sight, the lower cross-peak intensities observed in
the reduced state appear to be inconsistent with higher mag-
nitudes of the associated J couplings when compared to the
oxidized state. This can, however, be attributed to the general-
ly lower sensitivity of all experiments carried out on reduced
flavodoxin, for reasons discussed below. The relative sensitivity
of spectra recorded in the two states can be gauged from vici-
nal 15N–15N couplings in the protein backbone, which are readi-
ly observed in the oxidized state (3JAsp95N’,Gly94N’=0.30 Hz;
3JCys102N’,Phe101N’=0.26 Hz),[40] whereas they did not give rise to
cross-peaks in the reduced state. To the best of our knowl-
edge, four-bond nitrogen–nitrogen coupling across H-bonds
has so far been reported only for a G·G·G·G tetrad in a DNA
quadruplex,[23] in which it was found to be slightly smaller than
the values measured in flavodoxin. It should be noted that
there are two possible pathways for the h4JAsp95N’,FMNN(3) interac-
tion since the Asp95 amide forms a bifurcated H-bond with
N(1) and O(2) as acceptors.[3b, f] Experimentally it cannot be dis-
tinguished which of these branches contributes to the ob-
served scalar coupling or whether it is a combination of both.
Long-range 15N,15N J couplings within the flavin ring system

are also detected in the [15N,1H]-TROSY-HNN-COSY spectra. The
two-bond 15N(3),15N(1) interaction is observed in both redox
states and is found to be somewhat larger in the reduced
flavin. In contrast, a relatively large 3J coupling between N(3)
and N(5) appears to exist exclusively in the oxidized state. It
should be mentioned that, while this correlation is detected in
the [15N,1H]-TROSY-HNN-COSY spectrum of Figure 2A despite
the large offset of the 15N(5) resonance (d=338 ppm), its mag-
nitude would be severely underestimated because of the finite
excitation bandwidth of the 15N radio frequency pulses. In-
stead, the value reported in Figure 2 was measured accurately
by using a pseudo-heteronuclear variant of the experiment[41]

(not shown), in which pulses on resonance with the two 15N
nuclei are applied sequentially. A weak four-bond coupling be-
tween N(3) and N(10) was detected in the reduced but not in
the oxidized state. Again, two pathways (i.e. , via C(4) and C(4a)
or via C(2) and N(1)), are conceivable. Although they cannot be
distinguished experimentally it is likely that the latter makes a
larger contribution since the 3JN(3),N(5) coupling, which shares
two bonds with the N(3)-C(4)-C(4a)-C(10a)-N(10) pathway, is
vanishingly small in reduced flavodoxin. While it is not unex-

pected that the homonuclear scalar interactions of the nitro-
gen nuclei in the flavin differ between the two redox states as
a consequence of pronounced changes in electron densities,
to the best of our knowledge, this study has experimentally
demonstrated this effect in a flavoprotein for the first time.

Measurement of hJC,N coupling constants

Three-bond 13C’,15N couplings across N�H···O=C H-bonds in
proteins are commonly probed by long-range HNCO-type ex-
periments.[19,20,42, 43] Unlike their homonuclear counterparts,
such J-correlated spectra do not contain diagonal peaks that
could be exploited to determine coupling constants from in-
tensity ratios. Quantification therefore usually involves record-
ing of separate reference spectra containing sequential cross-
peaks due to magnetization transfer through 1JC’,N couplings. A
different strategy was followed in the current study. Intermo-
lecular h3JC,N coupling constants were measured by use of 3D
quantitative J-correlated [15N,1H]-TROSY-HNC pulse sequences
that give rise to internal reference signals.[44] This approach is
less susceptible to peak-integration errors in separate spectra,
possibly of different dimensionality, nonuniform 1JC’,N reference
coupling constants, and sample instability. The last point was
of particular relevance for reduced flavodoxin samples, which
showed signs of partial reoxidation after approximately two
days in the spectrometer.
The method is outlined in Figure 3. Briefly, following the ini-

tial INEPT[48] sequence, magnetization is transferred from nitro-
gens to scalar coupled carbon spins in an HMQC manner,[49]

upon which 13C magnetization is frequency-labeled during t1.
Quadrature in the F1 dimension is achieved by a modified
STATES[47] scheme by use of an x/�x phase cycling of the 13C
908 pulse following t1 in concert with the receiver reference
phase in the imaginary part but not in the real part of each t1
increment. As a result, magnetization components not transfer-
red from 15N to 13C during the D periods are cancelled in the
imaginary part of the t1 interferogram while being retained in
the real part. As schematically shown at the bottom left of
Figure 3, this gives rise to a signal devoid of chemical shift
modulation but subject to 15N transverse relaxation, superim-
posed on the components that were transferred by 15N,13C
scalar interactions. The latter evolve as multiple quantum co-
herences carrying 13C chemical shift information. After Fourier
transformation, spectra therefore contain cross-peaks at the 13C
pseudo-single quantum positions along F1 as well as an axial
peak (i.e. , at zero frequency), which takes the role of diagonal
peaks in homonuclear quantitative J correlations, thus enabling
the measurement of coupling constants from intensity ratios.
The basic [15N,1H]-TROSY-HNC pulse sequence shown in

Figure 3 was applied to oxidized flavodoxin in order to investi-
gate a potential H-bond of the FMN N(3)H group. A common
difficulty in heteronuclear quantitative J-correlation experi-
ments is the suppression of magnetization transfer through
large one-bond couplings that would otherwise completely de-
grade the efficiency of the transfer via the much smaller scalar
interactions to be studied. This can be achieved by setting the
transfer period D to a multiple of the inverse of the 1J coupling
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constant. In the long-range HNCO experiment described above
this is relatively straightforward, because there is only a single
1JC’,N coupling, which has a well known range in protein back-
bones. In contrast, the isoalloxazine ring has a more complex
spin topology. Therefore, in a first step, the quantitative J-cor-
related [15N,1H]-TROSY-HNC experiment was carried out with a
short D delay (15 ms) to determine the coupling constants be-
tween the N(3) nucleus and its adjacent ring carbons. The left-
most strip in Figure 4A represents an expansion from the re-
sulting spectrum, showing three cross-peaks at the chemical
shifts of the FMN 13C(2), 13C(4), and 13C(4a) nuclei. Evaluation of
cross-peak/axial peak intensity ratios yielded coupling con-
stants of 11.6, 12.9, and 6.5 Hz for 1JC(2),N(3),

1JC(4),N(3), and
2JC(4a),N(3),

respectively. The one-bond coupling constants are in good
agreement with values obtained for free flavins by 1D direct
observation 15N and 13C spectroscopy,[15a,50] whereas the two-
bond coupling is considerably stronger than determined pre-
viously,[15a] where the limited sensitivity and resolution of the
1D 15N spectra might have impeded its accurate determination
in the presence of additional 1J splittings. The experiment was

then repeated with a D value adjusted to 162.5 ms�
2/1JC(2),N(3)�2/1JC(4),N(3)�1/2JC(4a),N(3) to minimize the
magnetization transfer along these pathways. As a
result, the one-bond and two-bond correlations are
still observed due to an unavoidable D mismatch
(Figure 4A, second strip from left), but the presence
of these large couplings was no longer prohibitive
for transfer of magnetization through 13C,15N J inter-
actions that are at least an order of magnitude small-
er. This enabled the detection of a cross-peak at the
position of the Tyr100 carbonyl resonance (d=
178.2 ppm), providing evidence for an intermolecular
H-bond. By using the axial peak as internal
reference the cross-peak intensity translates into a
h3JTyr100C’,FMNN(3) coupling constant of 0.26 Hz. Addition-
al cross-peaks arise through long-range correlations
within the isoalloxazine ring system (i.e. , 3JC(10a),N(3)=
0.91 Hz and 4JC(5a),N(3)=0.30 Hz.
Attempts to observe an analogous trans-H-bond

scalar coupling in the reduced state failed. Measure-
ments of one-bond and two-bond couplings revealed
an increase in 1JC(2),N(3) (13.0 Hz) and a decrease in
2JC(4a),N(3) (5.0 Hz), rendering simultaneous matching of
D to the inverse of all three J values impossible.
However, since the 13C(4a) resonance in reduced
flavodoxin is shifted upfield to approximately
104 ppm,[15b] the two-bond coupling can be selective-
ly refocused, allowing D to be adjusted to 153 ms�
2/1JC(2),N(3)�2/1JC(4),N(3). At the

15N/1H (F2/F3) position of
FMN N(3)H, the corresponding spectrum exclusively
contained cross-peaks due to the residual 1JC(2),N(3) and
1JC(4),N(3) couplings (Figure 4B). The absence of a cross-
peak at the Tyr100 13C’ chemical shift (d=177.3 ppm)
does not completely rule out the existence of a H-
bond, but an upper limit of 0.17 Hz can be calculated
for h3JTyr100C’,FMNN(3) in the reduced state from the noise
amplitude and the intensity of the axial peak. The

same holds for regular long-range JC,N(3) couplings that were
likewise not observable.
Reduction of the flavin is followed by protonation of the

N(5) nitrogen, introducing a second potential H-bond donor. In
fact, X-ray structure analysis[3f] has revealed a conformational
rearrangement of the protein backbone in D. vulgaris flavodox-
in, resulting in the formation of an intermolecular N(5)�H···O=
C(Gly61) hydrogen bridge in the reduced state (Figure 1). The
major obstacle for NMR investigation of this interaction is the
near degeneracy of the N(5)H proton resonance (d=4.84 ppm)
with the water signal. This rather unusual 1HN chemical shift is
in reasonable agreement with a previously reported assign-
ment (d=5.13 ppm at T=303 K and pH 8.3).[34c] In contrast, at
pH 7 the 1H(5) resonance is not observable at temperatures
above 295 K and below this temperature has chemical shifts
around 7.0 ppm.[51] To increase the separation by approximate-
ly 0.1 ppm (at 900 MHz; 1JN(5),H=86.4 Hz) the [15N,1H]-“TROSY”-
HNC experiment involved recording of the “south-west” semi-
TROSY 1H,15N 2D doublet component at the cost of a minor
line-broadening in the 1H dimension, while the more slowly

Figure 3. Top: Generic [15N,1H]-TROSY-HNC quantitative J-correlation pulse scheme, as em-
ployed to determine 15N,13C coupling constants involving N(3) of FMN in oxidized flavodoxin.
Narrow and wide bars denote rectangular 908 and 1808 pulses, respectively, applied with RF
fields (at carrier positions) of 19.4 kHz (7.8 ppm) for 1H, 6.9 kHz (157 ppm) for 15N, and
16.7 kHz (148.4 ppm) for 13C. Selective 1H water flip-back pulses[45] have a Gaussian shape,
truncated at 10%, and a duration of 2 ms. Optional heteronuclear decoupling during ac-
quisition to eliminate unresolved long-range 1HN(3),13C couplings employs a 1.7 kHz GARP-1[46]

modulation. The period D is adjusted as described in the text. Delays t, t’, and x have dura-
tions of 4.6, 5.4, and 0.4 ms, respectively. Sine-bell shaped z-gradient pulses have the follow-
ing lengths and peak amplitudes: G1, 0.5 ms, 5 Gcm�1; G2, 0.5 ms, 7.5 Gcm�1; G3, 1.6 ms,
19.73 Gcm�1; G4, 0.3 ms, 4 Gcm�1; G5, 0.3 ms, 5.5 Gcm�1; G6, 0.2 ms, 16 Gcm�1. Pulse
phases are x unless otherwise stated. Phase f1 is cycled x,�x along with the receiver, f2=y,
f3=x. Echo and anti-echo coherence transfer pathways are selected alternately by inverting
the polarity of G3 and pulse phases f2 and f3. Quadrature detection in F1 is achieved by the
STATES[47] protocol by using different phase cycles for the real and imaginary parts as ex-
plained in the text. Bottom: schematic representation of the real and imaginary parts of a
resulting t1 interferogram and the corresponding F1 cross section after complex Fourier
transformation.
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decaying 15N component was still selected during the D and t2
periods. This modification allowed the observation of one-
bond correlations (Figure 4B, second strip from left) when D=

12 ms was chosen, yielding 14.4 and 11.7 Hz for 1JC(4a),N(5) and
1JC(5a),N(5), respectively. Adjustment of D to significantly longer
values in order to probe a potential h3JGly61C’,FMNN(5) coupling re-
sulted in a complete loss of signal. It cannot be excluded that
the reduced flavodoxin samples employed here contained
trace amounts of semiquinone, entailing accelerated relaxation
of 15N and 1H magnetizations at the N(5) position due to fast
electron exchange between fully reduced and semiquinone
species. Furthermore, the sensitivity of all proton–nitrogen cor-
relation experiments directed towards the detection of the
N(5)H resonance was reduced because the water flip-back[45]

procedure could not be applied.
Significantly improved efficiency of through-hydrogen bond

15N,13C correlations of main-chain amide nitrogens in non-deu-
terated proteins can be achieved by composite pulse decou-

pling of a-carbons,[52] which suppresses scalar relaxation of the
second kind.[53] Consequently, quantitative J-correlated [15N,1H]-
TROSY-HNC experiments directed towards the identification of
intermolecular H-bond donors of apoflavodoxin included
band-selective 13Ca decoupling during the D periods resulting
in sensitivity enhancements of between 20 and 25%. Measure-
ments involving the Asp95 amide required additional refocus-
ing of the relatively large intraresidual 3JN’,Cg coupling amount-
ing to 2.25 Hz.[54] Separate experiments were performed for in-
dividual amides in order to adjust D to 2/1JC’,N according to
previously determined one-bond coupling constants.[44c] For
details regarding all modifications of the basic pulse scheme of
Figure 3 in the various [15N,1H]-TROSY-HNC quantitative J-corre-
lation experiments, see the Experimental Section.
Both the Asp95 NH and the Cys102 NH of oxidized flavodox-

in are hydrogen-bonded to FMN O(2), as attested by h3JC,N cor-
relations in [15N,1H]-TROSY-HNC spectra (Figure 4A). Although
the cross-peaks are of similar intensity, the h3JFMNC2,Cys102N’ cou-

Figure 4. Multiple-bond 13C,15N couplings in A) oxidized, and B) fully reduced D. vulgaris flavodoxin as determined by internally referenced quantitative J correlation.
All strips have a width of 0.24 ppm along the F3 (

1H) dimension and are centered at the chemical shifts indicated at the bottom. Positions in the F2 (
15N) dimension

are given at the top of each strip, along with the value of the 15N,13C transfer time D employed in the individual [15N,1H]-TROSY-HNC experiments. Positive and neg-
ative intensities are represented by black and red contours, respectively. The resulting values of trans-H-bond (hJ, magenta) and intramolecular long-range (J, cyan)
coupling constants are given in the lower part of the figure.
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pling constant is found to be larger as becomes apparent by
reference to the respective axial peaks. The reasons for the re-
duced overall intensity in the Cys102 strip are the faster trans-
verse relaxation of its amide nuclei and the longer D period
used. Of the two cross-peaks in the low-field half of the Asp95
strip, the one at 176.3 ppm is due to the intraresidual two-
bond coupling (2JC’,N=0.35 Hz) while the second exactly match-
es the Cys93 13C’ chemical shift[55] such that it is tentatively as-
signed to a four-bond interaction (4JCys93C’,Asp95N’=0.23 Hz)
along the protein main chain. In contrast, the large sequential
and intraresidual correlations with Gly94 C’ (d=173.7 ppm)
and Asp95 Cg (d=179.9 ppm), respectively, have been effec-
tively suppressed. No indication for the putative H-bond be-
tween the Asp62 amide and FMN O(4) could be obtained from
quantitative J-correlation experiments (not shown). The refer-
ence peak intensity determines an upper limit of 0.23 Hz for
the h3JFMNC(4),Asp62N’ coupling constant. The fact that transverse
15N magnetization of Asp62 decays more rapidly than that of
most other amides in flavodoxin[56] explains why this value is
higher than the one that could be readily measured for the
FMN C(2),Asp95 N’ interaction.
By similar methodology, Asp95/Cys102 to FMN O(2) H-bonds

were also directly observed through scalar couplings in the re-
duced state (Figure 4B). While the magnitude of h3JFMNC(2),Asp95N’
lies in the same range for both redox states, h3JFMNC(2),Cys102N’ is
significantly larger in reduced flavodoxin. Again, the overall
signal-to-noise ratio in the spectra of the latter species is appa-
rently lower, which is a consequence of: 1) lower protein con-
centrations, 2) higher buffer concentrations, 3) enhanced sol-
vent exchange due to higher pH values, and 4) the usually
shorter measurement times imposed by its limited stability. It
is therefore to be expected that the values reported for the hy-
droquinone species should be somewhat less precise than
those for the oxidized form. It should be mentioned here that
all quantitative J-correlation experiments of oxidized flavodox-
in were performed in triplicate in order to assess their preci-
sion. This was made possible by the high stability of this redox
state. In no case did the variations of measured coupling con-
stants exceed 0.04 Hz, indicating that—despite their very low
magnitudes—reliable values were being obtained.

Measurements of hJH,N and hJH,C coupling constants in
oxidized flavodoxin

Besides through-bond interactions between heteronuclei on
both sides of a H-bond, J couplings were detected between
the bridging hydrogen nuclei and the acceptor group hetero-
nuclei.[18,21, 24,25] E.COSY-type[57] methods for the determination
of h1JH,N rely on relatively large h2JN,N interactions either to sepa-
rate doublet components corresponding to the two spin states
of a passive 15N nucleus along an orthogonal dimension[58] or
to transfer magnetization to the acceptor nitrogen in order to
measure the 15N frequency difference in two subspectra repre-
senting the donor 1H a and b spin states.[18] As the h2JN,N cou-
plings observed in flavodoxin are far too small to give rise to
splittings, the second option, a 1H spin-state-selective (S3) 2D
[15N,1H]-TROSY-H(N)N experiment, was chosen here. Because of

the long h2JN,N transfer time required, it was essential to use a
version of the pulse sequence that selects for the TROSY com-
ponent during both D periods and either leaves 1H spin states
unperturbed or inverts them immediately before and after the
t1 evolution time[59,60] (for details see the Experimental Section).
The 15N(1)-{1H} doublet components of the Asp95 HN–FMN

N(1) cross-peak taken from the two 1H–S3 [15N,1H]-TROSY-H(N)N
subspectra of oxidized flavodoxin are shown in Figure 5A–C.
They exhibit a very small, yet measurable displacement of
0.25 Hz along the 15N dimension, corresponding to the inter-
molecular h1JAsp95HN,FMNN(1) coupling. Repeating the experiment
three times indicated an uncertainty of less than �0.1 Hz. The

Figure 5. Determination of A)–C) h1JAsp95HN,FMNN(1) and D)–F) 3JFMNH(3),N(1) in oxi-
dized flavodoxin. Contour plots A), D), and B), E) are taken from subspectra of
the 2D 1H-S3 [15N,1H]-TROSY-H(N)N experiment with selection of the 1HN b (no
1808 pulses before and after t1) and a spin states, respectively. Traces along the
F1 (

15N) dimension taken from A), B), and from D), E) are superimposed in C)
and F), respectively, where the solid line represent the 1HN b and the dashed
line the a spin state. The horizontal displacement between the two 15N-{1H}
doublet components corresponds to the C) h1J and F) 3J coupling constants as
indicated.
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sign of the coupling is opposite to that of the 1JH,N coupling of
the Asp95 autocorrelation peak (i.e. , positive). This is consistent
with results obtained for nucleic acid-base pairs, where h1JH,N
couplings were found to be positive and of approximately half
the size of the associated h2JN,N interaction.

[18,21,59–61] The extrac-
tion of the three-bond coupling between FMN N(1) and the
H(3) from the intramolecular 15N(3),15N(1) correlation in the
same spectrum is shown in Figure 5D–F. It is also positive and
has a value of 0.6 Hz, which is similar in magnitude to the
3JH(3),N(1) coupling (0.9 Hz) reported for oxidized riboflavin tetra-
butyrate dissolved in chloroform.[50] Analogous experiments di-
rected towards the measurement of h2JFMNH(3),Tyr100C’ and
h2JCys102HN,FMNC(2) employed a 1H-S3 [15N,1H]-TROSY-H(N)C pulse
sequence[25] with Tyr100 13C’ and FMN 13C(2) selective pulses,
respectively, and yielded coupling constants between 0 and
1 Hz (results not shown). Unfortunately, the variations upon re-
peated measurements were of the same order of magnitude,
indicating that the sensitivity was not sufficient to provide reli-
able results. Since information from h1JH,N and h2JH,C coupling
constants is to some extent redundant to that available from
h2JN,N and h3JC,N, respectively, and their precision depends
strongly on the signal-to-noise ratios that can be obtained,
these experiments were not attempted for reduced flavodoxin.

Correlations with chemical shifts and H-bond lengths

For both proteins[19] and nucleic acids[21] clear correlations of
the isotropic chemical shifts of the H-bonded proton and hJ
coupling constants have been observed. An H···O distance de-
pendence of dH,N in proteins has long been recognized,[15,16, 62]

with short H-bond lengths corresponding to larger values for
the chemical shift. Although density functional theory calcula-
tions indicate that angular dependencies cannot be neglect-
ed,[63] trans-H-bond scalar couplings are predominantly deter-
mined by donor–acceptor distances and an exponential rela-
tionship between h3JC’,N and the N···O distance [(h3JC’,N=�5.9V
104 HzVexp[�4VRNOW�1])] in proteins has been established
empirically.[42] Nitrogen–nitrogen and carbon–nitrogen hJ cou-
pling constants measured for flavodoxin in both redox states
are summarized in Figure 6 along with the donor 1HN chemical
shifts. The correlation between the two parameters is obvious.
Downfield shifts of the amide proton resonances of Asp95 and
Cys102 by 1.47 and 1.83 ppm, respectively, upon two-electron
reduction are accompanied by increases in the h2JFMNN(1),Asp95N’
and h3JFMNC(2),Cys102N’ coupling constants. In the same sense,
h3JFMNC(2),Asp95N’ and

h4JFMNN(3),Asp95N’ become slightly larger and the
h4 JFMNN(1),Cys102N’ interaction is exclusively observed in the re-
duced state. Conversely, h3JTyr100C’,FMNN(3) coupling is only detect-
able in the oxidized state, where the chemical shift of the
proton within the H-bond is 1.77 ppm downfield from that in
the reduced state.
Qualitatively, these results are in accordance with donor–

acceptor distances measured in low-temperature crystal struc-
tures of oxidized and fully reduced flavodoxin[3f] (Figure 1);
that is, the Asp95 N’···N(1) and Cys102 N’···O(2) distances
become shorter when flavodoxin is reduced. Interestingly, a
somewhat larger Asp95 N’···N(1) distance was observed in a

more recent 2.5 W refined X-ray structure of the oxidized apo-
flavodoxin–FMN complex[64] and since, additionally, the Asp95
N�H···N(1) bond angle (122.58) deviates considerably from opti-
mal geometry it has been considered unlikely that this H-bond
actually occurs.[65] This conclusion appears to be in contradic-
tion with our results. However, it should be noted that the
h2JFMNN(1),Asp95N’ coupling constants are about one order of mag-
nitude smaller than h2JN,N values measured in nucleic acid-base
pairs[17,18, 21,41,66] and between imidazole nitrogens of two histi-
dine residues in a protein,[67] suggesting that the Asp95 N�
H···N(1) H-bond is weak but not absent in solution. Further-
more it cannot be ruled out that the detected “h2JN,N” couplings
include a contribution from a second pathway via the Asp95
N�H···O=C(2) H-bond and the coupling constants are the com-
posite of two-bond and four-bond scalar interactions across
two distinct H-bonds.
In reduced FMN the negative charge of the anionic isoalloxa-

zine ring was found to be located at the N(1)–C=O(2)
moiety.[15] When bound to apoflavodoxin, strengthening of in-
termolecular H-bonds in this region occurs upon two-electron
reduction, as evidenced by increased hJ coupling constants in-
volving the 15N(1) and 13C(2) nuclei. This may reflect partial
charge delocalization through the amide groups of Asp95 and
Cys102, as previously suggested on the basis of 1H chemical
shifts.[34c]

Figure 6. Comparison of hJ coupling constants and 1HN chemical shifts in oxi-
dized (left) and fully reduced (right) flavodoxin. Vertical scales on the left-hand
and right-hand sides apply to chemical shifts and coupling constants, respec-
tively, for both redox states. Experimental data involving FMN N(3)H, Asp95
HN’, and Cys102 HN’ donor groups are represented in red, green, and blue, re-
spectively. The lower limit for hJN,N and

hJC,N couplings to give rise to detectable
cross-peaks in quantitative J correlation experiments (“detection limit”) depends
on the reference peak intensity and the noise level in the individual spectra
and was found to vary between 0.13 and 0.18 Hz. No information was
obtained for putative through-hydrogen-bond scalar couplings between
Asp62 15N’ and FMN 13C(4) in the oxidized state and between Gly61 13C’ and
FMN 15N(5) in the reduced state, where the experimental sensitivity was consid-
erably lower.
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Through-hydrogen bond couplings gave little information
about the H-bonding pattern of the N(5)�C(4a)�C=O(4)
moiety of FMN, information that would be indicative of a con-
formational change of the apoprotein backbone in response to
reduction of the cofactor. While measurement of h3JGly61C’,FMNN(5)
in reduced flavodoxin was impossible for reasons mentioned
above, an upper limit can be given for the FMN 13C(4)–
Asp62 15N’ scalar coupling in the oxidized species, which pre-
cludes a strong H-bond interaction. This is consistent with the
comparatively high-field chemical shift (d=8.78 ppm) and H/D
exchange characteristics of the Asp62 amide proton.[34] Fur-
thermore, structural investigation of oxidized D. vulgaris flavo-
doxin in solution[4e] revealed an even longer donor–acceptor
distance for the putative H-bond than in the crystal structure.
The elongation of the Tyr100 (C’)O–FMN N(3) distance by

0.23 W observed in the X-ray structures is reflected by the fact
that a h3JTyr100C’,FMNN(3) coupling constant of 0.26 Hz is measured
in the oxidized state, whereas it is below the detection limit
(0.17 Hz) in the reduced state, which may be indicative of a
complete breakdown of the N(3)H hydrogen bond. Computa-
tional and electrochemical investigations of model systems im-
plied that hydrogen bonding at this position has a marked
effect on the redox potential of the flavin system, predicting
modulations of up to 80 mV.[68] Systematic replacement of the
FMN N(3)H–apoprotein H-bond acceptor in conjunction with
1H–15N NMR studies on Clostridium beijerinckii flavodoxin pro-
vided further evidence that this interaction contributes to co-
factor binding primarily in the oxidized state and is least im-
portant for the fully reduced state.[69]

In conclusion, we have demonstrated that the measurement
of hJ couplings is suitable for the identification of intermolecu-
lar H-bond interactions in protein–cofactor complexes. Though
small, their magnitudes can be determined precisely by the
use of TROSY-based[70] quantitative J-correlation experiments in
conjunction with high polarizing fields. Therefore, subtle
changes of H-bond strengths upon reduction of the flavin in
D. vulgaris flavodoxin could be probed through concomitant
hJN,N and hJC,N coupling constants. Differential thermodynamic
stabilization of the three accessible redox states of flavodoxin-
bound FMN by H-bond interactions is likely to contribute to
the observed shifts of midpoint potentials relative to free FMN.
The results presented here suggest trans-H-bond scalar cou-
plings as a useful tool with which to investigate correlations
between redox potentials and individual intermolecular H-
bond strengths in flavoproteins. More generally, owing to the
structural similarity between the isoalloxazine ring system and
nucleobases, it may be expected that hydrogen bridges at
macromolecular interfaces such as protein–nucleic acid com-
plexes might be identified in a similar manner.

Experimental Section

Sample preparation : Recombinant [U-15N]- and [U-13C,15N]-labeled
D. vulgaris flavodoxin was expressed in Escherichia coli TG1 and
grown on M9 medium containing [15N]ammonium chloride
(1 gL�1�1) as the sole nitrogen source and either unlabeled or
[13C6]glucose (2 gL�1) as well as unlabeled or [13C3]glycerol as

carbon sources. Protein expression was induced by the addition of
isopropyl b-d-thiogalactopyranoside (IPTG; 20 mm) when the cells
reached an O.D.600 between 0.4 and 0.5. The protocol for purifica-
tion has been described elsewhere.[34a,36] Oxidized flavodoxin was
dissolved in potassium phosphate buffer (pH 7.0, 20 mm) at con-
centrations of 4.5 mm and 2.1 mm for 15N- and 13C/15N-labeled pro-
tein, respectively. Samples were placed in Shigemi microcells with
total volumes of 300 mL. To obtain the hydroquinone redox state,
flavodoxin solutions (500 mL, 4.0 mm

15N-labeled and 1.5 mm
13C/

15N-labeled) containing sodium pyrophosphate (pH 8.5, 100 mm)
were made anaerobic by successive cycles of degassing and flush-
ing with oxygen-free argon. NMR tubes sealed with serum caps
were connected to a vacuum line through syringe needles. A
threefold molar excess of anaerobic sodium dithionite solution pre-
pared in the same buffer was added by gas-tight Hamilton syringe.
All samples contained D2O (5%), sodium azide (0.02%), Pefabloc
protease inhibitor (50 mgmL�1), EDTA (0.3 mm), and 4,4-dimethyl-4-
silapentane-1-sulfonate (DSS; 0.15 mm).

NMR spectroscopy : All pulse sequences applied in this study were
of the TROSY[70] type and employed a gradient echo/anti-echo co-
herence selected, sensitivity-enhanced detection scheme.[71] Experi-
ments were performed at sample temperatures of 300 K on Bruker
Avance spectrometers operating at 1H Larmor frequencies of
800.13 or 900.13 MHz. Quantitative J-correlation experiments em-
ployed conventional 5 mm single-axis (at 800 MHz) or three-axis
gradient (at 900 MHz) 1H{13C,15N}-triple resonance probes. E.COSY-
type hJH,N and hJH,C measurements were carried out at 900 MHz by
use of a cryogenic z-gradient 1H{13C,15N}-triple resonance probe.
Proton chemical shifts were referenced with respect to internal
DSS, while indirect calibration of 13C and 15N chemical shift scales
employed consensus X ratios.[72]

The HNN-COSY[40] experiment for the measurement of homonu-
clear 15N,15N couplings was implemented essentially as described
by Dingley and Grzesiek.[17] Three modifications are worth mention-
ing, however: firstly, the rectangular 15N refocusing pulses in the
centers of the fixed J evolution delays D were replaced by pairs of
1.5 ms WURST-20[73] adiabatic pulses (80 kHz sweep), applied at D/
4 and 3D/4, to obtain a more uniform transfer efficiency over the
widely dispersed 15N chemical shifts of FMN and protein backbone.
Secondly, the evolution of 1JN,H couplings in t1 was refocused by a
pair of 1H 1808 pulses.[74] This removes splittings from cross-peaks
involving protonated nitrogens while preserving the 1H spin state
corresponding to the slowly relaxing 15N doublet component
during both de- and rephasing periods D. Thirdly, to reduce signal
overlap a third dimension was introduced in a constant-time
manner by shifting one of the adiabatic 15N 1808 pulses of the
second D period as a function of t2.

Heteronuclear 13C,15N coupling constants involving the isoalloxa-
zine 15N(3) nucleus of oxidized flavodoxin were measured by the
scheme described in Figure 3. To refocus 2JC(4a),N(3) in the reduced
species, 2.6 ms G3 Gaussian cascades,[75] applied at 103.9 ppm,
were centered in the two D periods. The phase f3 in the pulse se-
quence of Figure 3 was inverted to select the low-field 1H (semi-
TROSY) component of the FMN 1H{15N(5)} doublet and the 1H2O-
selective pulses were not applied. For the determination of scalar
interactions between amide nitrogens of apoflavodoxin and the
isoalloxazine 13C2 nucleus in both redox states, the pulse sequence
was supplemented with a train of 13Ca-selective adiabatic inversion
pulses during the two D periods. Pulses were spaced at 2.7 ms and
had a WURST-20 shape with a 15 kHz sweep and a duration of
3 ms. When the h3JAsp95N’,FMNC(2) interaction was probed, 2.6 ms G3 in-
version pulses, positioned slightly downfield from the side-chain
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13COg resonance of Asp95 at 180.6 ppm, were additionally applied
in the center of D.

Measurements of JN,N in both redox states and of JC,FMNN(3) in the
oxidized state were performed at 800 MHz, while the remaining ex-
periments were carried out at 900 MHz proton frequency. In all ex-
periments the 1H carrier was centered in the amide region of the
spectrum. Gaussian-shaped water flip-back pulses of 2 ms duration
were applied at the H2O resonance through phase modulation of
the radio frequency[76] to avoid saturation of exchanging protons
due to gradient dephasing[45] and to achieve effective solvent sup-
pression. The spectral width in the 1H dimensions was set to
9.0 ppm and the number of data points was adjusted to obtain ac-
quisition times of, typically, 70 ms. The 15N carrier frequency was
set at 144 and 137 ppm for [15N,1H]-TROSY-HNN-COSY experiments
on oxidized and reduced flavodoxin, respectively. In [15N,1H]-TROSY-
HNC experiments the 15N carrier was positioned approximately on-
resonance with the respective H-bond donor N�H group. Further
acquisition parameters and time requirements of the individual
quantitative J correlations are listed below.

Oxidized flavodoxin: [15N,1H]-TROSY-HNN-COSY (D=170 ms): spec-
tral widths (SWs) in indirectly detected dimensions F1(

15N)=
99.5 ppm, F2(

15N)=8.5 ppm, data size 192 (t1)V24 (t2) complex
points, acquisition times t1max=23.7 ms, t2max=33.6 ms, number of
scans per FID (NS)=8, recording time=71 h; [15N,1H]-TROSY-
HNFMNN(3)C (D=15 ms): SW (F1,

13C)=69.0 ppm, SW (F2,
15N)=

22.0 ppm, 56 (t1)V12 (t2) complex points, t1max=4.0 ms, t2max=
6.7 ms, NS=4, recording time=2.5 h; [15N,1H]-TROSY-HNFMNN(3)C
(D=163 ms): SW (F1,

13C)=73.1 ppm, SW (F2,
15N)=22.0 ppm, 76

(t1)V24 (t2) complex points, t1max=5.1 ms, t2max=13.4 ms, NS=32,
recording time=113 h; [15N,1H]-TROSY-HNAsp95C (D=125 ms): SW
(F1,

13C)=30.0 ppm, SW (F2,
15N)=7.0 ppm, 66 (t1)V36 (t2) complex

points, t1max=9.7 ms, t2max=56.4 ms, NS=16, recording time=
112 h; [15N,1H]-TROSY-HNCys102C (D=146 ms): SW (F1,

13C)=
30.0 ppm, SW (F2,

15N)=7.0 ppm, 58 (t1)V18 (t2) complex points,
t1max=8.5 ms, t2max=28.2 ms, NS=32, recording time=90.5 h. Re-
duced flavodoxin: [15N,1H]-TROSY-HNN-COSY (D=170 ms): SW (F1,
15N)=112.1 ppm, SW (F2,

15N)=11.8 ppm, 184 (t1)V32 (t2) complex
points, t1max=20.2 ms, t2max=33.4 ms, NS=8, recording time=
90.5 h; [15N,1H]-TROSY-HNFMNN(3)C (D=12 ms): SW (F1,

13C)=
73.6 ppm, SW (F2,

15N)=15.0 ppm, 128 (t1)V16 (t2) complex points,
t1max=7.7 ms, t2max=11.6 ms, NS=4, recording time=15 h; [15N,1H]-
TROSY-HNFMNN(3)C (D=153 ms): SW (F1,

13C)=66.9 ppm, SW (F2,
15N)=15.0 ppm, 112 (t1)V20 (t2) complex points, t1max=7.4 ms,
t2max=14.6 ms, NS=16, recording time=90 h; [15N,1H]-semi-TROSY-
HNFMNN(5)C (D=12 ms): SW (F1,

13C)=98.2 ppm, SW (F2,
15N)=

40.0 ppm, 112 (t1)V16 (t2) complex points, t1max=4.5 ms, t2max=
4.4 ms, NS=4, recording time=15 h; [15N,1H]-TROSY-HNAsp95C (D=
129 ms): SW (F1,

13C)=32.0 ppm, SW (F2,
15N)=20.0 ppm, 80 (t1)V

12 (t2) complex points, t1max=11.0 ms, t2max=6.6 ms, NS=32, re-
cording time=89.5 h; [15N,1H]-TROSY-HNCys102C (D=144 ms): SW
(F1,

13C)=32.0 ppm, SW (F2,
15N)=20.0 ppm, 48 (t1)V12 (t2) complex

points, t1max= t2max=6.6 ms, NS=32, recording time=48 h.

The determination of one-bond JH,N coupling constants was carried
out with a 1H–S3 2D [15N,1H]-TROSY-H(N)N experiment.[59] Modifica-
tions of the original pulse sequence included the use of adiabatic
15N 1808 pulses during D[60] and gradient coherence selection. In
addition, the two pairs of 1H 908 pulses flanking the t1 evolution
time were replaced by 908x1808f908x composite pulses, where the
phase f was altered between �x and �y to select either TROSY of
anti-TROSY components during t1. The two data sets were record-
ed in an interleaved manner using JN,N evolution delays (D of
120 ms and spectral widths of 127.5 and 15.2 ppm in the 15N (carri-

er position: 137.1 ppm) and 1H (carrier position at the 1H2O reso-
nance) dimensions, respectively. Time domain data comprised 1396
(t1)V1024 (t2) complex points, corresponding to acquisition times
of 120.1 ms in the nitrogen dimension and 75 ms in the proton di-
mension. The total recording time was 66 h with 16 scans per FID.

Spectra processing was performed with Bruker XWIN-NMR (version
2.6) software. Linear prediction was employed to extend acquisi-
tion data in the 15N dimensions (t2 only) of all 3D experiments by
approximately half of their original length. Prior to zero-filling and
Fourier transformation, time domain data were apodized with
squared-cosine functions in all dimensions. Contour levels of all
spectra shown in Figures 2, 4, and 5 are plotted on an exponential
scale with a factor of 1.2.

Nitrogen–nitrogen coupling constants were calculated from the
ratio of cross-peak and diagonal peak heights according to J= [arc-
tan(�Icross/Idia)1/2]/pD. By contrast, peak volumes were measured for
the evaluation of 13C–15N coupling constants to account for differ-
ential line widths of cross-peaks and axial peaks along the 13C di-
mension in HCN-type quantitative J-correlation experiments,
caused by faster relaxation of transverse magnetization compo-
nents that give rise to cross-peaks and by unresolved passive split-
tings only occurring for the latter.
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