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Abstract: Hydrogen bonding plays a major role in the tight binding of the FMN cofactor in flavodoxins. The
present NMR investigation provides direct experimental evidence for hydrogen bonds involving the phosphate
moiety of FMN in Desulfaibrio vulgaris flavodoxin. Several trans-hydrogen boddouplings between the
phosphorus nucleus and backbone amide as well as side chain hydroxyl protons of the apoprotein have been
detected. It is shown that relaxation interference betwithemical shift anisotropy antH—3!P dipolar
interactions can also lead to correlations of these nuclei in HMBC spectra. The size Bigheoupling
constants was determined using a simpR-detected quantitativé correlation experiment. For at least one
amide group a scalar three-bond coupling between the phosphorus and nitrogen has been obsépdetH] a [
TROSY-type!™>N—{31P} spin—echo difference experiment. With approximately 1.7 Hz its magnitude is larger
than that of thelP—1H couplings, which ranged from 0.5 to 1.6 Hz.

Introduction histidine residues in apomyoglobifiand (vii) 3hJ(15N—13C"),17
2hj(IHN—-13C"),18 and3nJ(*HN—13C®)19n the backbone of various

Flavodoxins are small acidic flavoproteins that utilize ribo- .
proteins. In the present study we focus on hydrogen bond

flavin 5-monophosphate (FMN) as the only redox active
component in a variety of biological electron-transfer reactions. ™ (2) (a) watenpaugh, K. D.; Sieker, L. C.; Jensen, L. H.; Dubourdieu,
Their structures in all three accessible oxidation states are well-M. Proc. Natl. Acad. Sci. U.S.A972 69, 3185-3188. (b) Andersen, R.

; - ; ; D.; Apgar, P. A;; Burnett, R. M.; Darling, G. D.; LeQuesne, M. E.; Mayhew,
characterized by both X-ray crystallographimd NMR studies & 00T 1Ly PMEts e 8 9 & a7 60, 31893101
and proved to be virtually identical in the crystal and in solution. () Smith, W. W.; Burnett, R. M.; Darling, G. D.; Ludwig, M. L1. Mol.

Although differences in the immediate vicinity of the prosthetic Biol. 1977 117, 195-225. (d) Smith, W. W.; Pattridge, K. A.; Ludwig, M.
group, responsible for a modulation of its redox potentials, were L.; Petsko, G. A} Tsernoglou, D.; Tanaka, M.; YasunabuMol. Biol.

. : . . 1983 165 737-755. (e) Fukuyama, K.; Wakabayashi, S.; Matsubara, H.;
observed among flavodoxins from different species, it is Rogers, L. J.J. Biol. Chem.199Q 265, 15804-15812. (f) Watt, W..

undisputed that hydrogen bonding plays an important role for Tulinsky, A.; Swenson, R. P.; Watenpaugh, K..DMol. Biol. 1991 218
its strong binding to the apoprotein. Important criteria for NMR  195-208. (g) Rao, S. T; Shaffie, F.; Yu, C.; Satyshur, K. A.; Stockman,

; ; B. J.; Markley, J. L.; Sundaralingam, Nrotein Sci.1992 1, 1413-1427.
detection of hydrogen bonds are, among others, protection of(h) Fukuyama, K.- Matsubara, H.: Rogers, L33 Mol. Biol. 1992 225

exchang_e of |ab”e protons with S_0|Ve(h¥H/1H fraCt_ionatiof‘ 775-789. (i) Walsh, M. A. Ph.D. Thesis, National University of Ireland,
factors® isotropic *H chemical shift$*® and chemical shift ~ 1994. (j) Burkhart, B. M.; Ramakrishnan, B.; Yan, H.; Reedstrom, R. J.;
anisotropy (CSAﬁbJ As recently demonstrated, more direct Markley, J. L. Straus, N. A.; Sundaralingham, Ricta Crystallogr 1995

. . . . . D51, 318-330. (k) Sharkey, C. T.; Mayhew, S. G.; Higgins, T. M.; Walsh,
evidence is available by detection of scalar couplings across,; a |n Elavins and Flaoproteins Stevenson, K. J., Massey, V., Williams,

hydrogen bonds"g), allowing an identification of both donor  ¢. H., Jr., Eds.; University of Calgary Press: Calgary, 1996; pp-448.
and acceptor groups. Examples for such couplings include (i) () Romero, A.; Caldeira, J.; LeGall, J.; Moura, |.; Moura, J. J. G.; Romao,

2h1(113~ d—114)8 2h7(19 _111\8b ; ; . M. J. Eur. J. Biochem1996 239, 190-196. (m) Hoover, D. M.; Ludwig,
J(HCA—TH)® and 2(**Hg—*H)® in a metalloprotein, (i) " briiin 561997 6, 25252537, (n) Walsh, M. A McCarthy, A-

$J(*H—'H) in galactose-derived pyranosegjii) 2J(**N— O'Farrell, P. A.; McArdle, P.; Cunningham, P. D.; Mayhew, S. G.; Higgins,

15N)),10.11 (15N —1H),11 4hj(15N—15N)), 12 and 3hJ(1SN—13CO)3 T. M. Eur. J. Biochem1998 258 362-371. (o) Drennan, C. L.; Pattridge,

in nucleic acid base pairs, (i\m\](m':_lH) anthJ(lQF_lQF) in K. A.; Weber, C. H.; Metzger, A. L.; Hoover, D. M.; Ludwig, M. L1.
b . Thisn. 1 Mol. Biol. 1999 294, 711-724.

clusters of the fluoride ion with HE (v) hJ(15N—1H) and (3) () van Mierlo, C. P. M.; Lijnzaad, P.: Vervoort, J."Ner, F.:

2hJ(1N—19F) in a complex between HF and a pyridine deriva- Berendsen, H. J. C.; de Vlieg,Bur. J. Biochem199Q 194, 185-198. (b)

tive,!5 (vi) side chain-side chainz"J(:3N—15N) between two Stockman, B. J.; Krezel, A. M.; Markley, J. L.; Leonhardt, K. G.; Straus,
N. A. Biochemistryl99Q 29, 9600-9609. (c) Clubb, R. T.; Thanabal, V.;

TInstitut fir Biophysikalische Chemie, University Frankfurt. Osborne, C.; Wagner, 8iochemistryl991, 30, 7718-7730. (d) Stockman,

* Department of Biochemistry, University College Dublin. B. J.; Richardson, T. E.; Swenson, R.Blochemistry1994 33, 15298~

* Address correspondence to this author: Institut Biophysikalische 15308. (e) Knauf, M.; Lbr, F.; Bltmel, M.; Mayhew, S. G.; Rierjans, H.
Chemie. Eur. J. Biochem1996 238 423-434. (f) Peelen, S.; Wijmenga, S. S,;

(1) (@) Mayhew, S. G.; Ludwig, M. L. ImThe EnzymesBoyer, P. D., Erbel, P. J. A.; Robson, R. L.; Eady, R. R.; VervoortJJBiomol. NMR
Ed.; Academic Press: New York, 1975; Vol. 12, pp-8I18. (b) Mayhew, 1996 7, 315-330. (g) Ponstingl, H.; Otting, Geur. J. Biochem1997,
S. G,; Tollin, G. InChemistry and Biochemistry of RlaenzymesMiiller, 244, 384-399. (h) Steensma, E.; Nijman, M. J. M.; Bollen, Y. J. M.; de
F., Ed.; CRC Press: Boca Raton, 1992; Vol. Ill, pp 3826. (c) Ludwig, Jager, P. A.; van den Berg, W. A. M.; van Dongen, W. M. A. M.; van
M. L.; Luschinsky, C. L. InChemistry and Biochemistry of Rlaenzymes Mierlo, C. P. M.Protein Sci.1998 7, 306-317.
Miller, F., Ed.; CRC Press: Boca Raton, 1992; Vol. lll, pp 4266. (d) (4) (a) Hvidt, A.; Nielsen, S. OAdv. Protein Chem1966 21, 287—
Vervoort, J.; Heering, D.; Peelen, S.; van Berkel, Methods Enzymol. 386. (b) Wagner, GQ. Re. Biophys.1983 16, 1-57. (c) Englander, S.
1994 243 188-203. W.; Kallenbach, N. RQ. Re. Biophys.1983 16, 521—655.
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interactions in flavodoxin from the sulfate-reducing bacteria
Desulfaibrio vulgaris (strain Hildenborough), involving the
phosphate of FMN in the oxidized (quinone) state.

The molecule investigated here contains a single polypeptide
chain of 147 amino acid residues, forming a central, five-
stranded parallgB-sheet and twax-helices on each side. The
cofactor is mostly bound below the protein surface and makes
contacts with three loop regions, i.e., residues-18, 58-62,
and 95-102. From®P NMR studies it is known that the FMN
5'-phosphate group is dianionic when bound to apoflavodoxin,
independent of the redox st#&The absence of basic residues
in the phosphate binding site which is highly conserved among
all flavodoxins precludes any favorable electrostatic interactions.
Instead, the negative charge is stabilized by extensive hydrogen

(5) (@) Loh, S. N.; Markley, J. LBiochemistry1994 33, 1029-1036.
(b) Bowers, P. M.; Klevit, R. ENat., Struct. Biol.1996 3, 522-531. (c)
Harris, T. K.; Mildvan, A. S.Proteins: Struct., Funct., Genet999 35,
275-282. (d) Bowers, P. M.; Klevit, R. E]l. Am. Chem. So200Q 122,
1030-1033.

(6) (a) Shoup, R. R.; Miles, H. T.; Becker, E. Biochem. Biophys. Res.
Commun1966 23, 194-201. (b) Berglund, B.; Vaughan, R. W. Chem.
Phys.198Q 73, 2037-2043. (c) Wagner, G.; Pardi, A.; Whrich, K. J.
Am. Chem. S0d 983 105 5948-5949. (d) de Dios, A. C.; Pearson, J. G.;
Oldfield, E. Sciencel993 260, 1491-1496.

(7) (a) Tjandra, N.; Bax, AJ. Am. Chem. S0d.997, 119, 8076-8082.
(b) Tessari, M.; Vis, H.; Boelens, R.; Kaptein, R.; Vuister, G. WAm.
Chem. Soc1997 119 8985-8990.

(8) (a) Blake, P. R.; Park, J. B.; Adams, M. W. W.; Summers, MJ.F.
Am. Chem. S0d.992 114, 4931-4933. (b) Blake, P. R.; Lee, B.; Summers,
M. F.; Adams, M. W. W.; Park, J. B.; Zhou, Z. H.; Bax, A. Biomol.
NMR 1992 2, 527-533.

(9) Kwon, O.; Danishefsky, S. J. Am. Chem. S0d.998 120, 1588~
1599.

(10) (a) Dingley, A. J.; Grzesiek, 3. Am. Chem. So&998 120, 8293~
8297. (b) Wdnert, J.; Dingley, A. J.; Stoldt, M.; Glach, M.; Grzesiek,
S.; Brown, L. R.Nucleic Acids Resl999 27, 3104-3110. (c) Majumdar,
A.; Kettani, A.; Skripkin, E.J. Biomol. NMR1999 14, 67—70. (d)
Majumdar, A.; Kettani, A.; Skripkin, E.; Patel, D. J. Biomol. NMRL999
15, 207-211. (e) Hennig, M.; Williamson, J. Rucleic Acids Re200Q
28, 1585-1593.

(11) (a) Pervushin, K.; Ono, A.; Femdez, C.; Szyperski, T.; Kainosho,
M.; Withrich, K. Proc. Natl. Acad. Sci. U.S.A998 95, 14147-14151.
(b) Dingley, A. J.; Masse, J. E.; Peterson, R. D.; Barfield, M.; Feigon, J.;
Grzesiek, SJ. Am. Chem. S0d.999 121, 6019-6027. (c) Pervushin, K.;
Fernandez, C.; Riek, R.; Ono, A.; Kainosho, M.; Which, K. J. Biomol.
NMR 200Q 16, 39—46.

(12) Liu, A.; Majumdar, A.; Hu, W.; Kettani, A.; Skripkin, E.; Patel, D.
J.J. Am. Chem. So@00Q 122 3206-3210.

(13) Dingley, A. J.; Masse, J. E.; Feigon, J.; Grzesiek,J.SBiomol.
NMR 200Q 16, 279-289.

(14) Shenderovich, I. G.; Smirnov, S. N.; Denisov, G. S.; Gindin, V.
A.; Golubev, N. S.; Dunger, A.; Reibke, R.; Kirpekar, S.; Malkina, O. L.;
Limbach, H. H.Ber. Bunsen-Ges. Phys. Cheh998 102 422-428.

(15) Golubev, N. S.; Shenderovich, I. G.; Smirnov, S. N.; Denisov, G.
S.; Limbach, H. HChem. Eur. J1999 5, 492-497.

(16) Hennig, M.; Geierstanger, B. H. Am. Chem. Socl999 121,
5123-5126.

(17) (a) Cordier, F.; Grzesiek, 8. Am. Chem. Sod.999 121, 1601
1602. (b) Cornilescu, G.; Hu, J.-S.; Bax, A.Am. Chem. S0d999 121,
2949-2950. (c) Wang, Y.-X.; Jacob, J.; Cordier, F.; Wingdfield, P.; Stahl,
S. J.; Lee-Huang, S.; Torchia, D.; Grzesiek, S.; Bax,JABiomol. NMR
1999 14, 181-184.

(18) (a) Cordier, F.; Rogowski, M.; Grzesiek, S.; Bax,JAMagn. Reson.
1999 140, 510-512. (b) Meissner, A.; Sgrensen, O. W.Magn. Reson.
200Q 143 387—390.

(19) Meissner, A.; Sgrensen, O. \ll. Magn. Reson200Q 143 431-
434,

(20) (a) Edmondson, D. E.; James, T.Rroc. Natl. Acad. Sci. U.S.A.
1979 76, 3786-3789. (b) Favaudon, V.; LeGall, J.; Lhoste, J. MHARBvins
and Flavoproteins Yagi, K., Yamano, T., Eds.; Japan Scientific Societies
Press: Tokyo, 1980; pp 3#386. (c) Moonen, C. T. W.; Nier, F.
Biochemistryl982 21, 408-414. (d) Vervoort, J.; Mler, F.; Mayhew, S.
G.; van den Berg, W. A. M.; Moonen, C. T. W.; Bacher, Biochemistry
1986 25, 6789-6799. (e) Vervoort, J.; van Berkel, W. J. H.; Mayhew, S.
G.; Milller, F.; Bacher, A.; Nielsen, P.; LeGall, Bur. J. Biochem1986
161, 749-756. (f) Stockman, B. J.; Westler, W. M.; Mooberry, E. S;
Markley, J. L.Biochemistryl988 27, 136-142. (g) Thorneley, R. N. F.;
Abell, C.; Ashby, G. A.; Drummond, M. H.; Eady, R. R.; Huff, S;
MacDonald, C. J.; Shneier, Biochemistry1l992 31, 1216-1224.

Figure 1. Ball-and-stick model of the phosphate binding site in
Desulfaibrio wulgaris flavodoxin. Shown is the ribityl-phosphate
moiety of FMN and the amino acid residues of apoflavodoxin
potentially involved in hydrogen bond interactions with the phosphate.
Carbon atoms of the apoprotein and the ribityl chain are drawn in green
and yellow, respectively. Backbone:-NOP and side chain ®OP
distances<3 A are indicated. The figure was prepared with MOLMOL
using the X-ray coordinates of ref 2i.

bonding with the backbone and side chains of the apoprotein
as illustrated in Figure 1 for thB. yulgaris species. Hydrogen
bonds are formed with amide and/or hydroxyl groups of residues
Serl0, Thrll, Thrl2, Asnl4, Thrl5, and Ser58, as implied by
short distances observed in its crystal structdfés! NMR
assignments have been obtained for its backiéhand 15N
nucle?? as well as for side chain hydroxyl protdAs23by use

of 1H—15N and!H—'H correlation experiments. Characteristic
low-field amide!H and, in the case of Thrll and ThrI!5N
chemical shifts and unusually slow exchange with the solvent
of Ser10, Thr12, Thrl5, and Ser58 hydroxyl protons, which is
a prerequisite for their NMR detection, suggests that a very
similar hydrogen bond network exists in solution. In an attempt
to directly probe these hydrogen bonds we have carried out
NMR experiments that rely on scalar couplings involving the
phosphaté!P nucleus.

Results and Discussion

Detection of"Jp Couplings. The most sensitive NMR pulse
sequence for correlatingP with 'H is the HMBC?2* SinceD.
vulgaris flavodoxin gives rise to a single phosphorus resonance
the experiment could be performed without evolution of its
chemical shift, providing simple one-dimensioft#®-edited'H
spectra. Gradient coherence selection was employed to ef-
fectively suppress proton resonances not coupled to phosphorus.
The corresponding spectruni a 7 mM flavodoxin sample,
recorded at 800 MHz proton frequency, is shown in Figure 2A.
The spectrum exhibits intense signals at the resonance positions
of Thrl2 OH, Thrl5 NH, and Thrl5 OH as well as a weak
signal for Thrll NH. Very weak correlations due to other
putatively hydrogen bonded protons cannot be excluded, but
the signal-to-noise ratio is too low to allow their unambiguous

(21) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graph.1996 14,
51-55.

(22) (a) Knauf, M. A;; Ldr, F.; Curley, G. P.; O'Farrell, P.; Mayhew,
S. G.; Muler, F.; Riterjans, H.Eur. J. Biochem1993 213 167-184. (b)
Stockman, B. J.; Euvrard, A.; Kloosterman, D. A.; Scahill, T. A.; Swenson,
R. P.J. Biomol. NMR1993 3, 133-149.

(23) Peelen, S.; Vervoort, Arch. Biochem. Biophy4.994 314, 291~
300.

(24) Bax, A.; Summers, M. FJ. Am. Chem. Sod 986 108 2093-
2094.
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A T12 OH transfer. While it is unlikely that residual dipolar couplifgs
contribute significantly (see below), it cannot be excluded a
FMN C5'H, priori that relaxation interference betweéid chemical shift
anisotropy andH—31P dipolar (DD) interaction’s’” is respon-
sible for the observed effects. Using (OQ)HP and (N)H--P
T15 NH distances derived from the X-ray structure of flavodéxand
CSA values of hydroxyP and amidé protons taken from the
literature the buildup ofH—31P antiphase magnetization through
JUINH 1H CSAAH—3IP DD relaxation interference during theperiod
of the HMBC experiment can be estimated. Depending on the
relative orientation of the CSA tensor and the internuclear vector
B the cross correlated relaxation can mindig couplings of up
H,0 to approximately 0.6 and 0.4 Hz for OH and NH hydrogens,
respectively, where upper limits &fl chemical shift anisotropy
(oy—op) of 20 and 30 ppm and a correlation tinmg of 6 ns
were assumed. These values may well be in the order of scalar
interactions through hydrogen bonds.
C T To investigate the latter issue experimentally, tHe,J'P]-
HMBC was repeated with a slight modification of the pulse
sequence, consisting of an additiod|18C° pulse centered in
the delayA for the buildup of'H antiphase magnetization with

LNAWJLW respect to*P. This pulse refocuses scalar couplings whereas

T15 OH FMN C3’H

CSA/DD cross correlation remains active and alloWis3P

multiple quantum coherence, selected by pulsed field gradients,

to be created by the followingfP 9C° pulse. Application of the

_ . ' pulse sequence to flavodoxin yielded the spectrum depicted in

Figure 2. 1D ['H,*P]-HMBC spectra of oxidizedD. wulgaris Figure 2B. Three signals, corresponding to the hydrogen-bonded

flavodoxin recorded with delays of 20 ms. Signals in spectra A, B, hydroxyls of Thr12 and Thrl5 and the amide of Thrl5, are

and C arise from bottH—3'P scalar and cross correlation interactions, readily apparent, indicating that their interaction with the FMN

i 1 31 i i !

exclusively from *H CSAH—*'P dipolar cross correlation, and  ,p, ohrs via the CSA/DD cross-correlation mechanism is not

exclusively from scalar couplings, respectively. Thieacquisition time L . . - .
negligible, in accordance with the theoretical calculation. In

was 46 ms. After multiplication with a 22 5hifted sine-bell function, oo -
FID's were transformed in the absolute value mode. Vertical scales CONtrast, no polarization transfer occurred for the FMN ribityl

for spectra B and C are identical while that of spectrum A is compressed Protons that are covalently attached to the phosphorus via three
by a factor of 2. Note that the same number of scans were used toand five bonds, respectively, presumably because of a com-
record B and C, but a larger number were used to record spectrum A. paratively small anisotropy of their chemical shift tensors and
Proton resonance assignments are indicated. The incomplete suppressiatihe larger distances. To assess the relative contributions of scalar
of the water signal in B and C is a consequence of the additivhal Couplings and cross correlation a Complementd-ll-y,3E-P]_

180 pulse in the applied pulse sequences. HMBC experiment, in which a polarization transfer throubh

identification. The signal at 4.0 and presumably also the one at ©UPIings takes place exclusively, was performed as well. This
3.5 ppm arise from regular through-boddonnectivities with ~ Was achieved by simultaneously applying 10Ises on protons
FMN ribityl chain protons. Their chemical shifts were inde- @nd phosphorusin the_muggle of theperiod, thus suppressing
pendently assigned in an HCCH-COSY spectrutf@tlabeled ~ CSA/DD cross correlatioh?® The spectrum (Figure 2C) result-
flavodoxin (F. Ldhr, unpublished results). The degeneraté C5 INd from this version of the HMBC pulse sequence demonstrates
methylene protons are coupled to the phosphoru&iawhile that scalar coupling is the dominating effect in the case of Thrl5
the tentatively assigned G3—P correlation would correspond NH and Thr12 OH, while scalar coupling and cross correlation

to an unusual five-bond coupling. Suglpy couplings are not contribute approximately equally for Thrl5 OH. Remarkably,
normally observed, e.g. in nucleic acids, however;-113Cd additional signals of low intensity are observed at 9.78 and 7.72

andH—19Hg five-bondJ couplings have been reported for a PPM. These resonances were assigned to Asn14 amide and Ser10

rubredoxiré® Partial overlap with the CHl, signal hampers the ~ nydroxyl protons?® respectively, which are supposed to be
identification of a possibléJpy interaction of CH (6 3.90 hydrogen bonded to the phosphate group as well. The reason
ppm). It should be mentioned that similar experiments have beenth€y could be detected in the spectrum of Figure 2C and, despite
carried out onAzotobacterflavodoxir?® but no IH—3P cor- a longer accumulation time, not in the one of Figure 2A is still
relations involving the FMN phosphorus were detected which unclear. A possible explanation could be a dephasing of
may be attributed to a lower sensitivity at the magnetic field Magnetization due to chemical exchange, the effect of which is
strength (360 MHz) employed. reduced by thé'H refocusing pulse applied during when

Two aspects of the through-hydrogen bond correlations récording the spectrum of Figure 2C. It should be mentioned
revealed by the spectrum of Figure 2A deserve further inves- that CSA/DD relaxation interference in addition gives rise to
tigation. First, although the signal intensities in HMBC spectra dynamic frequency shifts which can, in principle, also lead to
provide a rough estimate of the relative size of the underlying 26) (@) Tolman. 3. R Flanagan. J. M. Kennedy. M. A Prestegard, J
interactions, a more quantitative evaluatlc.)n. is impossible due \; *5,0-"Natl. Acad. Soi. U.S.A995 92, 9279-9283. (b) Tjandra, N.;
to the antiphase fine structure. Second, it is unclear whethergrzesiek, S.: Bax, AJ. Am. Chem. Sod.996 118 62646272.

scalar coupling is the sole mechanism for the polarization (27) (a) Goldman, MJ. Magn. Resonl984 60, 437-452. (b) Tjandra,
N.; Szabo, A.; Bax, AJ. Am. Chem. S0d.996 118 6986-6991.

(25) Live, D. H.; Edmondson, D. B. Am. Chem. So&988 110, 4468~ (28) Palmer, A. G., Ill; Skelton, N. J.; Chazin, W. J.; Wright, P. E.;
4470. Rance, M.Mol. Phys.1992 75, 699-711.
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apparent] correlationg?®2.29While this effect is not eliminated
in the pulse sequences employed here, its size is too small to
contribute significantly to the observed couplings.

Quantitative Determination of 'H—31P Coupling Con-
stants. As mentioned above, even a qualitative assessment of
the magnitude of the detecteH—3P scalar couplings is

impeded primarily because of the antiphase character of signals B

in HMBC spectra. At the expense of a loss in sensitivity this

problem might be circumvented by refocusing the active w
coupling before acquisition in an HMQC manriérput the

translation of signal amplitudes into coupling constants also C

requires calibration of the relevali signal amplitudes without
selection of the magnetization transferred to the phosphorus.
Due to signal overlap this cannot generally be achieved in 1D
proton spectra of molecules of the size of flavodoxin. As far as
amide protons are concerned, 2B—1°N correlated reference
spectra may be recorded using isotopically labeled protein, but Figure 3. Traces along F1 from quantitative 2EP—'H correlation

in the case of hydroxyl protons only homonuclear correlation Spectra taken at téP chemical shift of the FMN phosphate resonance
spectroscopy would be feasible. A suitable pulse sequence hag flavodoxin (4.96 ppm). In parts B and C, respectively, Gy CSA/
been introduced for the measurementfH3 —3!P) in nucleic P—*H dipolar cross correlation or onliy couplings would give rise
acids3 However, this experiment was not attempted here for to observable cross-peaks, whereas in part A both interactions can in

; SR . principle contribute. Durations of th& periods were set to 30 ms for
the following reasons: (i) it would rely on relatively smalhy the spectrum in part A and to 32 ms for the spectra in parts B and C.

couplings to detect even smalf&lp couplings, resulting ina  The vertical scaling is the same in all spectra. The intense (truncated)
low sensitivity; (i) the OH-H region of 2D'H—H correlation signal labeled “axial peak” has been used as reference intensity to
spectra is not sufficiently resolved for all relevant serine and calculate coupling constants.
threonine residues of flavodoxin; and (iii) the lack of an
appropriate solvent suppression scheme might lead to an intensé&ensitivity being obtained for values around 30 ms. Figure 3A
residual water signal for a protein sample dissolved g0H  shows the result of a measurement wih= 30 ms. The 1D
making it difficult to quantitatively evaluate signal intensities ~section along F1 is taken at the position of the FMN phosphorus
at the serine and threoninefesonance positions. As an resonance. It contains an intense axial signal, which corresponds
alternative, a simple quantitatiiecorrelatiod? experiment was ~ to the fraction off'P magnetization not transferred to protons,
employed in which scalar coupling de- and rephasing takes as well as several cross-peaks at the chemical shifts of protons
effect on transversé'P magnetization. The pulse scheme is interacting with the phosphorus nucleus. With the exception of
loosely related to the LRCH experimé&htind represents a 2D the Asnl14 amide, signals are visible for all protons that were
31p_detected¥P H]-HMQC with chemical shift evolution of ~ already detected in the HMBC spectra of Figure 2 and, in
scalar coupled protons in the indirect dimension. Advantages addition, for Thrl2 NH and Ser58 OH, also presumed to be
over the reverse polarization transfer pathway are, first, that noinvolved in the hydrogen bond network of the FMN-5
dephasing oPP magnetization due to homonuclear couplings Phosphate group. The low signal-to-noise of the maxima at the
occurs and, second, that the reference intensity required topositions of Thrll NH, Thr12 NH, Ser58 OH, and Ser10 OH
calculate the desired heteronuclear coupling constants is meamay call the existence of significant scalar interactions into
sured in &P rather than in &H spectrum, thus avoiding overlap ~ question: however, they were present in all spectra acquired
problems. On the other handiP detection is considerably less  Wwith this pulse sequence. It is interesting to note th&tay
sensitive compared to proton detection. To reduce the contribu-coupling with the Ser58 hydroxyl proton could be measured
tion of CSA to phosphorus transverse relaxation, experiments here but was not detectable in any of tHél,f'P]-HMBC
were performed at lower field (500 MHz proton frequency).  €xperiments shown in Figure 2 despite their higher sensitivity.
The actual pulse sequence used is given in the ExperimentalPresumably the reason is that tR&-detected method is
Section. In quantitativé correlation, reference signal intensities ~ considerably less prone to hydrogen exchange with the solvent
are usually recorded in a separate experiment, which would yield which may be more significant for the Ser58 OH than for the
a single phosphorus signal in the present case. Following aother hydroxyls.
previously described procedutewe have employed a modified Again, relaxation interference, in this case betw&nCSA
phase cycle which provides cross-peaks together with theand 3!P—'H DD interactions, might be the cause of the
reference peak in a single spectrum. The latter appears as arpolarization transfer. This effect was experimentally separated
axial peak at the carrier position in the indiréet dimension. from scalar couplings in an analogous manner as described
The utility of the pulse sequence was initially tested with de- above for the 1D H,3'P]-HMBC method. The spectrum of
and rephasing delays ranging from 25 to 40 ms, the highest Figure 3B, in which the contribution of cross correlated
(29) Brischweiler, RChem. Phys. Let1996 257, 119122, rglaxatlon is selected while scalar gouplmgs are ;uppresseq, is
(30) (a) Bendall, M. R.: Pegg, D. T.; Doddrell, D. NI. Magn. Reson. virtually free of cross-peaks, indicating that this effect is
1983 52, 81-117. (b) Bax, A.; Griffey, R. H.; Hawkins, B. LJ. Magn. negligible in the3P detected JPH]-HMQC, presumably
Reson1983 55, 301-315. because of a considerably smaller CSA of the phosphorus
(31) Clore, & M., Murphy, E. C.; Gronenbom, A. M.; Bax, &.Magn. compared to the protons directly involved in the hydrogen bonds.

Reson1998 134, 164-167. . A A
(32) Bax, A.; Vuister, G. W.; Grzesiek, S.; Delaglio, F.; Wang, A. C.; In a control experiment, the result of which is shown in Figure

12 10 8 6 4 'H ppm

Tschudin, R.; Zhu, GMethods Enzymoll994 239, 79-105. 3C, cross-peaks appear dueéi®—H J couplings exclusively,
gig él;'i?gq'r' e _Vgéegaé Agb'r\]/lrﬁ%rt]' feﬁqnga}jg%’; 13%558&23# qualitatively reproducing the correlations observed in Figure
Reson.1999 20, 9-14. (b) Lihr, F.; Riterjans, H.J. Magn. Resonin 3A. The sensitivity, however, was somewhat lower, because

press. the underlying pulse sequence includes four additionaP 180
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Table 1. Trans Hydrogen BondH—3'P Coupling Constants and parameters, unambiguously identifying not only the hydrogen
Geometric Parameters Desulfaibrio vulgaris Flavodoxin donating but also the acceptor group. Note, however, that it is
Ro--o@)0r OO—H---O(P) or O(O)H---O—P or in principle impossible to determine by NMR which of the four

d%{?f (;*‘ZJ)a R?}iv)%(m N‘(ﬂ;'?(") (N)?dé‘cj))—P phosphate oxygens is the acceptor atom for a particular hydrogen

grodp g g bond. A clear correlation between hydrogen bond lengths and
?ﬁ’ ﬁ: g-gi g-ig g-gg igi ﬁ? 2hJpy, values as observed f8RJyc in proteing” and for2hJyy
TI20H 166+014 250 175 143 andthNH.ln DNA base palr!slb is not apparent from the sparse
TI2NH 0.5 2.77 134 100 data available here. Possible reasons could be the variation in
N14NH 0.5 2.98 165 116 O—H:-+O(P) or N-H---O(P) tilt angleg® and the limited
TISOH 095£0.09 279 143 115 precision of both X-ray coordinates and NMR coupling con-
TISNH 1.50+0.15  2.62 156 128

stants. Furthermore, the magnitude of the couplings may also

depend on the unknown covalent¥ and H-N distancek:39
2 Averages and maximal deviations of five separate measurements.in the respective hydrogen bonds.

Values are not corrected for differential relaxation duéepin flips. o b h .
b Distances and bond angles are taken from the flavodoxin X-ray Quantitative Determination of Mye. Previously, scalar

structure of ref 2i¢ Estimated values because of insufficient signal- €ouplings across hydrogen bonds have not only been observed
to-noise. for the protons themselves but also for the heavy atoms of donor/

) . . . ) " acceptor group¥17 From the results reported above, the amide
pulses, whose imperfections distort signal intensities. Therefore,groups of Thrl1, Thr12, Asn14, and Thrl5 therefore appeared
spectra_ ofhthe type of Figure 3A were used _to quantitatively g pe possible candidates f8fJyp couplings inD. vulgaris
determine"Jp as calculated from the expressilyfia =tar-  flayodoxin. To examine the presence of such interactions a
(TIA), wherel; andl, are |nten5|t|es of gross-peaks and a>§|al 1H 15N 31P-triple resonance experiment has been carried out on
peak, respe_ctlvely. The re_sultln_g coupling constants obtained 5 15\-|Japeled flavodoxin sample. The pulse scheme is presented
for flavodoxin are summarized in Table 1. ~in the Supporting Information. It is &N,*H]-TROSY-type?

The J values reported in Table 1 are averages from five 15N—{31P} spin—echo difference experiment that takes advan-
separate¥P H]-HMQC experiments, recorded with periods ~ tage of the partial cancellation 88N CSA and!H—15N DD
of 30, 32 (), 33, and 35 ms, and represent apparent coupling jnteractions during periods 0fN transverse magnetization,
constants. They are affected by differential relaxation as a allowing for relatively long!5N—3!P de- and rephasing times

consequence of rapid proton spin flips during Assuming a A. As mentioned above in the context of tHélB1P]-HMBC
selectiveR; proton relaxation rate of 8 it can be calculatet experiments, the discrimination ofP chemical shifts is
that the true coupling constants are underestimated bL13%,  ynnecessary in the case of flavodoxin, such that the experiment
depending on the exact length At However, no systematic  ¢ould be carried out in a two-dimensional rather than a three-
variation of the apparentvalues withA was observed for the  gimensional version resulting fti—1N correlation maps. The
relatively narrow range employed here. Some systematic error price to be paid for omitting &'P spectral dimension is that

is also introduced by using peak heights instead of integrated reference intensities needed for a quantification'®f—31P
signal intensities for the evaluation of coupling constants. The couplings cannot be derived from axial peaks in the same
former can be measured more reliably, but nonidentical line gpectrum in the manner of thép !H]-HMQC method, and

widths of cross-peaks and axial peak, resulting from different reference spectra had to be recorded separately.
transverse relaxation rates’f—3!P multiple quantum an#P A 2D H,IN—{31P} spin—echo difference spectrum of

single quantum coherences durtags well as passive proten flavodoxin is shown together with the corresponding reference
proton couplings, lead to a further underestimation by ap- spectrum in Figure 4, spectra A and B, respectively. One cross-
proximately 5-10%. Signal intensities of ribityl-Cxand -C3 peak, unambiguously assigned to Thr15 NH was detected with
bound protons translate infdpy and°Jpw coupling constants gk signal-to-noise, whereas no indication of correlations
of 2.53 + 0.20 and 0.9& 0.09 Hz, respectively, where the  qrresponding to Thr12 or Asn14 was obtained. The experiment
errors denote the largest deviations from the average values, aga5 performed twice withh = 75 ms and once witih = 90
in Table 1. It should be noted that ti®—*Hs cross-peak arises g Thedhyys coupling constant of the Thrl5 amide determined
from two degenerate protons so that the measured couplingfrom the ratio of cross/reference peaks intensities in the three
represents the maximum for either of the two vicinal interac- pairs of experiments ranged between 1.71 and 1.77 Hz
tions. Such small cogpling_ constants are in accordance with aindicating a high precision of this measurement. In two of the
gauche—g_auche conﬁgurano’ﬁ of the phosphoester bond, as spectra very weak cross-peaks were observed atHheéN
was previously found for various ﬂaVOdOX",%"’ZOC’ZS o resonance positions of Thrll, from whicJye coupling

All hydrogen bonds detected f@. vulgaris flavodoxin in constants of 0.28 (a = 75 ms) and 0.25 Hz (ak = 90 ms)
this study correspond to-NO(P) or O--O(P) distances shorter  yagpectively, can be calculated. From the complete absence of
than 3.0 A in its crystal structure resolved at 1.7 A resoldtion  Trr12 or Asn14 correlations, which exhibited lower reference
(compare Figure 1). Co.ns[sterjt Wlth-I\D(P) distances of at peak intensities compared to Thrl1l, the upper limit of potential
least 4 A, there was no indication for putative hydrogen ponds 3nJ.p interactions of these amides is estimated to be 0.25 Hz.
of the phosphate V‘%h Ser10 NF#?%or one of the Asn14 side Differential relaxation of'>N in-phase and antiphase mag-
chain amide protori$ which had been inferred solely on the a7 ation with respect 1P leads to an underestimation of
basis of their low-field*H chemical shifts. This again stresses

the inherent advantage of scalar couplings over other NMR  (37) Cornilescu, G.; Ramirez, B. E.; Frank, M. K.; Clore, G. M;
Gronenborn, A. M.; Bax, AJ. Am. Chem. Sod999 121, 6275-6279.

S58 OH 0.68+ 0.15 2.55 170 110

(35) (a) Vuister, G. W.; Bax, AJ. Am. Chem. S0d.993 115 7772~ (38) Scheurer, C.; Bachweiler, RJ. Am. Chem. S04999 121, 8661~
7777. (b) Kuboniwa, H.; Grzesiek, S.; Delaglio, F.; BaxJABiomol. NMR 8662.
1994 4, 871-878. (c) Ponstingl, H.; Otting, Gl. Biomol. NMR1998 12, (39) Benedict, H.; Shenderovich, I. G.; Malkina, O. L.; Malkin, V. G;
319-324. Denisov, G. S.; Golubev, N. S.; Limbach, H.-Bl.Am. Chem. So00Q
(36) (a) Cozzone, P. J.; Jardetzky, Biochemistry1976 15, 4860- 122 1979-1988.
4865. (b) Lankhorst, P. P.; Haasnoot, C. A. G.; Erkelens, C.; Altong, C. (40) Pervushin, K.; Riek, R.; Wider, G.; Whrich, K. Proc. Natl. Acad.

Biomol. Struct. Dyn1984 1, 13871405. Sci. U.S.A1997 94, 12366-12371.
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values determined for Thrll and Thrl5 was unexpected and is

A 3(*N) ppml not in accord with almost identical crystallographie-D(P)
distances and NH---O(P) bond angles. One possible explana-
120 tion might be the variation in (N)H-O—P angles (see Table
1), which should have an influence on the degree of overlap
L 125 between electronic orbitals participating in the hydrogen bond
and the G-P covalent bond, as was discussed recently in the
- 130 context of relative magnitudes 81J(*>N—13CO) couplings in
t proteins and nucleic acid8.In this respect it is interesting to
note that the largegtJyp coupling in flavodoxin was measured

t ;135 for the most linear arrangement of the participating atoms, i.e.,

B T12, Thrl2 O—H:--O—P.
* JEMN N3 The fact that®Jye interaction across the phosphate-Thrl5
. F120 NH hydrogen bond is larger th&WJue (1.7 vs 1.5 Hz) despite
. the 10 times smaller gyromagnetic ratio and the larger distance
Te . 105 strongly hints at a scalar rather than a dipolar nature of the
% couplings. Given the crystallographic distances in the phosphate
T15 . binding site of flavodoxin, a dipolar contribution #J4p or
f W, v, T 190 3hJyp of 0.5 Hz would require a molecular alignment which gives

Ju rise toDyy splittings of at least 2 and 50 Hz, respectively,

) F 135 assuming identical orientations of the internuclear vectors with
R B A respect to the magnetic susceptibility tensor. Both values are
C ' ' beyond what is typically observed for diamagnetic proteins in

' 120 the isotropic phas#® Therefore, residual dipolar couplings as
: a source of the detecté#l—3P and>N—31P interactions can
be ruled out.
+125
Conclusions
{ 130 The presence ofH—3P and N—31P scalar couplings
observed in this study suggests a covalent character to the
t ' L135 hydrogen bonds between the FMN phosphate and the apoprotein

1271 in D. vulgaris flavodoxin. As a consequence, the formally 2-fold
negative charge on the phosphate would be partially delocalized
on the adjacent backbone NH and side chain OH groups thus

reducing its electrostatic contribution to the remarkably low

connectivities belong to the backbone amide groups of Thrl5 and Thrll rec?ox.po_tentllal of the flavin semqumong/hydroqumone cpuple.
(very weak). The cross-peak of Thrll appears below the plotted level. This is n line with recent lnvestlggtlons 0_' UU|ga”§

The corresponding reference spectrum shown in part B is employed to flavodoxin mutants} but contrasts with earlier theoretical
calculate"Jye coupling constants. Assignments for cross-peaks of NH calculations which suggested that the phosphate accounts for a
groups relevant for FMN binding are indicated. The FMN N3 signalis  significant portion of the unfavorable electrostatic interactions
aliased along the F1 dimension and corresponds-td ahemical shift experienced by the N1 nitrogen of the FMN isoalloxazine
of 159.7 ppm. Asterisks mark minor “anti-TROSY” components of portion in the hydroquinone staté.lt seems likely that the
very strong signals. The spectrum in part C, which is plotted near the considerably less negative redox potential determined in a
noise level, was recorded with the same parameters as that of part A’complex betweerD. vulgaris apoflavodoxin and riboflavif3

but with a modified pulse sequence, exclusively allowing a polarization which lacks the Sphosphate group, results to a large extent

transfer vial>N CSAFP—N DD relaxation interference. F1 traces from the loss of hvdroaen bondina contacts rather than from
on the left side of each contour plot, taken at the positions indicated ydrog g

by arrows, are identically scaled in A, B, and C, except for the Thr11 '€moval of the negative charges. From the crystal structure of

trace (at F2= 11.6 ppm) in part A, which is expanded 10 times. Note this comple" it was concluded that the FMN phosphate plays

that the spectrum of part B was acquired with 16 times fewer scans. @ role in the optimal positioning of the flavin to the protein and
stabilizing the otherwise flexible ribityl chain of the cofactor.

To our knowledge, the measurements described here present

10 o
8,('H) [ppm]
Figure 4. (A) 3P-selectedN,'H]-TROSY spectrum of flavodoxin

recorded with the pulse sequence in Figure 1 of the Supporting
Information using &\ period of 75 ms. The only observalditN—3P

the true coupling constant in the order of50% for an
estimated phosphorus longitudinal relaxation rate around.1s the first data about trans hydrogen bahdouplings involving

The presence of significant® CSAPRIP—-15N DD cross a phosphorus nucleus. These couplings are able to provide
correlation contributions could be ruled out using a modified insight into strong cofacterapoprotein interactions in flavodox-
version of the pulse sequence which selects for the latterins and possibly in other flavoproteins. Furthermore, their
interaction but suppresses scalar couplings. In the resultingexistence may indicate a way to identify intermolecular hydro-
spectrum, depicted in Figure 4C, no cross-peaks at all were gen bonds in proteianucleic acid complexes.

detected withA = 75 ms.

: h : : (41) (a) Zhou, Z.; Swenson, R. Biochemistryl995 34, 3193-3192.
As judged from thé"J,p coupling constants of the four amide (b) Zhou, Z.. Swenson, R. MBiochemistryl996 35, 1244312454,

groups in the phosphate binding site in flavodoxin, the-NH (42) Moonen, C. T. W.; Vervoort, J.; Mier, F. In Flavins and

OP hydrogen bond of Thrl5 is considerably stronger than that glampro;eicr:ls Brgy,l_R- (fé'gﬁngel’4|;'3§§éMayhew' S. G, Eds.; Walter de
; ; ; ; ruyter o.: Berlin, ; pp .

of Thrl; and e_spgmally tho;e mvolvmaél’hrlz and Asnl4. This (a3) (a) Curley, G. P Carr, M. C.- Mayhew, S. G.: Voordouw,EBr.

picture is qualitatively confirmed by t ‘J.NP measurements, . Biochem1991 202, 1091-1100. (b) Pueyo, J. J.; Curley, G. P.; Mayhew,

although the much more pronounced difference between thes. G.Biochem. J1996 313 855-861.
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Experimental Section by the phase cycling scheme. Spectral widths covered 16.13 and 11.97
ppm in thelH and3P dimensions, respectively. 140512 complex
points were recorded, corresponding to acquisition times of 7.4 (
. . . . ._and 105.7 mstf). Accumulation of 1024 scans per FID resulted in a
experiments, the protein samples were dissolved to final concentrations .- <. rement time of 7.4 days for each experiment. The effeéPof
19N- i L T

of 7 mM (unlabeled) and 4 mM'N Iabele_d_) in 0.5 mL of 10 mM CSAFP—1H DD relaxation interference was probed using the pulse
potassium phosphate buffer, pH 7, containing 59D sequence Fi(31P)—A2—180° (BIP)—A/2—90°p(*H) —t1/2— 18P s~

All NMR expe_nments were ca_trned out on Bruker Avance spec- (CIP)—t:/2—90° a(1H)— A/2— 180 (F1P)— A/2—Aq('P), DecH). The
trometers operatlng_éH frequencies of 800.13 or 499.87 MHz with phase cycle was the same as above, but the two additionaF 80
the fsempigature_ adjusted _to 305 K. Propon—detedbbelp]-HMBC pulse phases were independently alternated betweed —x without
and™N—{*} spm—echoldlff;renceltgxpenments, performed at 800.13 change of the receiver reference phase. Restriction offfhe'H
MH?’ emplqyei a 5 mm .H/ PACIN qgadruple resonance probe polarization transfer to scalar couplings was achieved with the pulse
eq_wpped with actively shielded three-axis pulsed-field gradient (PFG) sequence 96, (*P)—A/2— 180 (P 1H)— A/2—90°go(tH)—t/2— 180 -
coils. 3'P-detected 3P 'H]-HMQC spectra were recorded at 499.87 (1P~ ty/2— 90 ha(tH)— A/2— 180° (3P H)— A/2—Aq(P), DectH). The
MHz proton resonance frequency ugia 5 mmbroadband observe resulting spectra, B and C in Figures 3, respectively, were recorded

?(r\/(\)/tljl(\el V"\’I'mgué ZFSCC;)](?V?I;‘:SSOW' Spectra were processed with the Bruker iin 6 days each, using 832 scans per increment. Prior to multiplica-

The IH *P1-HMBC pul ¢ ding the 1D tion with a squared-cosine weighting functignfime domain data in
€ [l - I pu'se slequence or r(ifor ing the 3slpectrum all spectra were extended to 200 complex points by linear prediction,
SGhzo_V\Q lqﬁlglfl[ﬁ 22‘;:565 9%( |'f|)—A—90°¢2( P)_IGl_ngO(tﬁBg[h P)I_:MN while 10 Hz line broadening was applied in thedomain.
q(‘H). The carrier frequency was placed at the 3hJye coupling constants ifPN-labeled flavodoxin were determined
phosphate resonance (4.96 ppm) and tifep0se width was adjusted by a [SN,*H]-TROSY SN—{3!P} spin-echo difference experiment
to avoid excitation of the phosphate buffer signal. The proton carrier ! '

- . - The pulse scheme and experimental details are provided in the
was centered at 8.0 ppm. Sine-bell shaped PFG’s were applied with } ) . R
strengths of GE= 40 Glcm and G2= —23.8 Glem EG1 x (yPhH Supporting Information. Spectra were recorded with acquisition times

— 1)) and durations of 0.8 ms. For optimal water suppression equal of38.1 and 91'8 ms, coIIectir_lg 1281024 complex data points in the .
relative strengths along t-he y éndz—axes were employed to obtain t; andt, dimensions, res_pectwely. Spectral widths were _41.11 ppm in
magic-angle gradientd.Pulse ,phases were cycled accordingpto= F1 (*N) and 13'9.5 ppm in F2'K). For.3lp_seleCted experiments, 128
23, 2(-X), b = X, —X '¢3= 40, 4(X). ree= X, 2(—x), X, —X, 204) scans were acquired for each FID while 8 scans were used for reference
x ,A tota'I of 114’1688'3 transient's weré a[f:ccum‘ulated ’ g’iviné risé to a experiments, resyltlng in measurement tl_mes pf 17 h and slightly more

' ; . ’ than 1 h, respectively. The spectra were identically processed, employ-
measurement time of 43 h. The versions of the pulse sequence for

exclusive detection dH CSAAH—3'P dipolar interactions (Figure 2B) :nglcl:tfagigfgsl%ﬁg 0 220 points # and squared-cosine apodization
and scalar couplings (Figure 2C) were°®*H)—A/2 —18C°(*H)— '

AI2—90°,(31P)—G1—90°p5(31P)—G2—Aq(*H) and 90¢:(*H)—A/2— . .
180(H,1P) - A/2— 90 IP)- G190 P G2— Aq(H), respec- Acknowledgment. We thank Dr. Rdiger Weisemann and

tively. To eliminate possible imperfections of the 1Qilses they were Bruker Analytik GMBH (Rheinstetten, Germany) for the loan
surrounded by a pair of 1-ms gradient pulses applied along-theés ofa 500 MHz bfoadband obs.erve NMR probe. The help .Of Dr.
with a strength of 5 G/cm. Each of the two spectra results from 49152 Martin Knauf with the expression and labeling of Dhevulgaris
transients acquired within 21 h using otherwise identical parameters flavodoxin is gratefully acknowledged. Dr. Martin A. Walsh is
as above. thanked for providing the X-ray coordinates resolved at 1.7 A.
Quantitative 2D%'P—H correlation spectra such as that shown in - This work was supported by a grant from the Deutsche
Figure 3A were obtained with the reverse HMQC pulse sequerfegg-90  Forschungsgemeinschaft (SFB 472, P10).
(31P)—A—90°¢o(tH) —t1/2—180° 5 (31P)—t1/2—90° 4 (*H) — A—
Aq(®'P), DectH). 3P and'H carrier positions were 3.8 and 10.7 ppm,  Note Added in Proof
respectively. Pulses on both nuclei were applied with an RF field
strength of 28.4 kHz. Proton decoupling during acquisition was M. Mishima, M. Hatanaka, S. Yokoyama, T. Ikegami, M.
accomplished by a 3.7 kHz DIPSf®2modulation. Phase cycles were  Walchli, Y. Ito, and M. ShirakawaJ. Am. Chem. So200Q
1= X =X 2= =X, ¢3 = 2(X), 209), 2(%), 2(-Y), ha =X, Prec =X, 122 5883-5884) recently have determineflyp and 3Jyp
2(=x), x in the real part an@ = x, —X, ¢2 = —y, ¢s = 2(3), 2(), coupling constants in a protein-nucleotide complex using

2(—x), 2(=Y), ¢a = 8(x), 8(—X), ¢rec = 2[X, 2(—X), X, 2[—X, 2(X), —X] imi i in thi
in the imaginary part of eadh increment, such th&P magnetization methods similar to those described in this paper.

that is not_ transferred t%H_dur_lngA_ls malntal_ned in the former a_nd Supporting Information Available: Pulse sequence and
canceled in the latter. This gives rise to a signal at zero offset in the

indirect dimension, which can be exploited as reference ffe@ike description of the method for the measuremerita» coupling

intensity of cross-peaks appearing in the same spectrum is not affectedconstants in flavodoxin (PDF). This material is available free
of charge via the Internet at http:/pubs.acs.org.

RecombinanDesulfaibrio vulgaris flavodoxin was expressed and
purified according to previously reported protoct#s.For NMR

(44) Mattiello, D. L.; Warren, W. S.; Mueller, L.; Farmer, B. T.,Jl
Am. Chem. Socdl996 118 3253-3261. JA001345K
(45) Shaka, A. J.; Lee, C. J.; Pines, A.Magn. Resorl988 77, 274~
293. (46) Zhu, G.; Bax, AJ. Magn. Reson. Ser. 2993 104, 353-357.




