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ABSTRACT The influence of the amino acid residues surrounding the flavin ring in the flavodoxin of the cyanobacterium
Anabaena PCC 7119 on the electron spin density distribution of the flavin semiquinone was examined in mutants of the key
residues Trp®” and Tyr®* at the FMN binding site. Neutral semiquinone radicals of the proteins were obtained by photore-
duction and examined by electron-nuclear double resonance (ENDOR) and hyperfine sublevel correlation (HYSCORE)
spectroscopies. Significant differences in electron density distribution were observed in the flavodoxin mutants Trp®” — Ala
and Tyr®* — Ala. The results indicate that the presence of a bulky residue (either aromatic or aliphatic) at position 57, as
compared with an alanine, decreases the electron spin density in the nuclei of the benzene flavin ring, whereas an aromatic
residue at position 94 increases the electron spin density at positions N(5) and C(6) of the flavin ring. The influence of the FMN
ribityl and phosphate on the flavin semiquinone was determined by reconstituting apoflavodoxin samples with riboflavin and
with lumiflavin. The coupling parameters of the different nuclei of the isoalloxazine group, as detected by ENDOR and
HYSCORE, were very similar to those of the native flavodoxin. This indicates that the protein conformation around the flavin
ring and the electron density distribution in the semiquinone form are not influenced by the phosphate and the ribityl of FMN.

INTRODUCTION

Flavodoxins are smalk/g flavoproteins, involved in elec- flavodoxins the isoalloxazine ring, the redox-active moiety
tron transfer reactions, that under iron deprivation condi-of FMN, is stacked between two aromatic residues. One of
tions, can replace ferredoxin in various physiological reacthem is a very well-conserved tyrosine that makes extensive
tions such as electron transfer from photosyntheticcontacts with the isoalloxazine, and the other aromatic res-
membranes to ferredoxin-NADP reductase (FNR) and idue is usually a tryptophan that interacts mainly with the
electron transfer to nitrogenase in nitrogen fixation (Smillie,two methy! groups of the isoalloxazine (Lostao et al., 1997).
1965; Fillat et al., 1988). The principal feature of flavodox- The proximity of these two aromatic residues to the flavin
ins is that they contain a noncovalently bound low-potentiaking makes them interesting candidates for a role in modu-
cofactor flavin mononucleotide (FMN) that confers redox |ating the redox potentials of flavodoxin, as well as the
properties on the protein. On binding to the apoflavodoxinelectron spin distribution within the isoalloxazine ring. The
the midpoint redox potentials of the FMN are drastically jnfiyence of these aromatic residues on FMN binding and
altered, and the FMN semiquinone becomes much morg,yoqoxin redox potentials has been studied by site-di-
stable. This allows flavodoxin to behave as a one-electron,(aq mutagenesis (Swenson and Krey, 1994: Zhou and
transfer center, that, in vivo, cycles between the SemiqUiSwenson, 1996a: Lostao et al., 1997).

none and the fully reducgd forms (Ludwig and I__uschinsky, AnabaenaPCC 7119 flavodoxin has been cloned and can
1992; Mayhew and Tollin, 1992). The three-dimensionaly, o eqsed iEscherichia coliwith high yield (Fillat et

structures of several flavodoxins are known (Watenpaugh et . . S

. al., 1991). InAnabaendlavodoxin, the isoalloxazine ring is
al., 1973; Burnett et al., 1974; Smith et al., 1983; FUkuyamasandwiched between Tand TyP%, these being the onl
et al.,, 1990; van Mierlo et al., 1990; Rao et al., 1992; T g y

ide chains in contact with the flavin ring (Rao et al., 1992).
Genzor et al., 1996b), and the x-ray crystal structure o h id h b individuall laced b h of
Desulfovibrio vulgarisflavodoxin substituted with ribofla- €se residues have been individually replaced by each o

vin has also been determined (Walsh et al., 1998). In most{:e other aromatic residues, by alanine, and by leucine, and
the reported redox potentials of the mutants indicate that

Trp®’ and, especially, Tyf play an important role in mod-
Received for publication 22 February 1999 and in final form 17 May 1999. ylating the flavin redox potentials (Lostao et al., 1997).
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Electron paramagnetic resonance (EPR) spectroscopy hamieties in the electron distribution of the flavodoxin
been very useful in the detection of flavin semiquinonessemiquinone.
and particularly for distinguishing between the anionic and
neutral flavin semiquinone radicals (Edmondson, 1985).
EPR, however, provides little insight into the structure ofMATERIALS AND METHODS
protein-bound semiquinones because the large number @jological materials
anisotropic hyperfine couplings cannot be resolved. Higher _ o
resolution EPR-related techniques such as eIectron—nucIe%Pe flavodoxin mutants studied in the present work were prepared by
. oligonucleotide-directed mutations of the flavodoxin gene framabaena
double resonance (ENDOR) and electron spln-echo eNVesce 7119 as previously described (Lostao et al., 1997). The expression in
lope modulation (ESEEM) have been shown to offer im-g. coli and purification of all flavodoxin mutants were as described by
proved spectral resolution and to provide information on theGenzor et al. (1996a). Removal of the FMN group was carried out by
molecular structure and electron spin distributions of mode}regtment of the holoprotein with trichloroagetic acid as pre_viously de-
flavin and flavoprotein radicals (Kurreck et al., 1984, 198g;ScriPed (Genzor et al., 1996a). The resulting apoflavodoxin was then
. dissolved in buffer and dialyzed to remove the acid. Reconstitution with
Edmondson, 1985)- Recently we have characterized SeVeIGhiflavin or riboflavin was achieved by titration of the apoflavodoxin
flavoprotein semiquinones, neutral and anionic, using ENwith the correspondent flavin under spectrophotometric monitoring. Sam-
DOR, three-pulse and four-pulse 1D-ESEEM, and 2D-ples were transferred to the desired buffer (unless otherwise stated, 10 mM
ESEEM hyperfine sublevel correlation (HYSCORE) SpeC_HEPES, pH 7) by diIL_Jtion and tjltrafiltr_ation through centricon 10 mi-
troscopies. These studies led to the assignments of hyperfigconcentrators (Amicon) at 4°C. This procedure was repeated three
X . . " . _times, to give a final buffer enrichment of 95-99% and an appropriate
couplings to nuclei at six positions of the isoalloxazine yqtein concentration.
flavoprotein semiquinone ring, namely N(1), N(3), H(5),
H(6), CH;(8), and N(10), and to the determination of the
interaction parameters of these atoms with the electron spifNDOR and ESEEM sample preparation
(Medina et al., 1994, 1995, 1997; Medina and Cammackyne fiavodoxin mutants were reduced anaerobically to the semiquinone
1996; Gnkaya et al., 1997; Mantez et al., 1997). These state at 4°C by light irradiation with a 150-W Barr and Stroud light source
parameters provide an experimental measurement of the the presence of 20 mM EDTA and 24M 5-deazariboflavin as
electron spin density distribution in flavoprotein semiqui- described previously (Medina et al., 1995; Maez et al., 1997). The
nones. Moreover, these studies also show that these tecffmPes: Co.lnta'n'ng 600-800M semiquinone, were stored in liquid
niques allow the detection of changes in the electron spirr11Itrogen unil use.
density distribution of the semiquinone radical with changes
in its environment (Medina et al., 1994, 1995, 1997; MedinaSpectroscopic measurements

and Cammack, 19969@(8‘3/8‘ etal, 1997)'_ Continuous-wave EPR (cw-EPR) spectra were recorded on a Bruker
In the present study we have characterized by ENDORgsp300 EPR spectrometer, using a TE102 cavity at X-band (9.4 GHz).
1D-ESEEM, and HYSCORE techniques the semiquinoneontinuous-wave X-band ENDOR measurements were made with a
form of several mutants at positions 57 and 9/ofhbaena  Bruker broadband ENDOR accessory with a 3200L radiofrequency power
PCC 7119 flavodoxin: TI?? — Ala, Trp57 —Tyr, amplifielr ang a ThMllo cavitfy.hUnIess qther\l/vise sta_tedr,] the fieg position
57 7 4 94 was selected in the center of the EPR signal to obtain the ENDOR spectra.
Trp %Ehe’ Trﬁ - L?u’ Tyrg jAla’ Tyr7 é,Phe’ Spectra were recorded with radiofrequency modulation, and they appeared
and TyP* — Trp. The wild-type Ty?* and Trg” residues 4 first derivatives. Measurement temperatures were set between 100 K and
have been shown to stabilize the apoflavodoxin-FMN com-=260 K, using an Oxford Instruments ESR900 flow cryostat adapted for
plex in all redox states, and a role has been suggested fdiguid nitrogen flow.
Trp57 in the kinetics of flavodoxin redox reactions (Lostao A Bruker ESP380E spectrometer operating in X-band (9-10 GHz) was
., 1997). Because the neutral semiquinone is thermod u_seq_for pulsed EPR measurement_s. Spectra were taken a_t 15 K. Th‘e field
eta o e q_ ¥>osmon, at the center of the EPR signal, was selected to give a maximum
namically stabilized and accumulates in all of these fla-gcho intensity (Maftez et al., 1997). The microwave pulse sequence was
vodoxin mutants, they appear to be a good system to studys/2-r-m/2-t,-1-t,-/2) for the four-pulse 2D-ESEEM (HYSCORE) exper-
by EPR-related techniques, the influence of the environiment. Appropriate phase cycling was applied to remove unwanted echoes.
ment of the isoalloxazine ring on the electron spin density’LD-ESEEM experiments were recorded as indicated elsewhere (arti

et al., 1997). In HYSCORE experimentsvas selected to be 96 ns, and

distribution in the radical state, which could be related to theSpectra varying, andt, independently had (25& 256) points. Typical

reactivity and mechanistic properties of the protein. To OUfsteps fort, andt, were 16 ns. HYSCORE spectra with steps of 32 ns were
knowledge, this is the first report of the characterization ofalso recorded to improve resolution in the low-frequency region. A shot
a flavoprotein in various mutated forms by these techniquegepetition time as long as 25 ms was used to avoid saturation effects.
In addition, taking advantage of the ability of this fla-
vodoxin to form reversibly a tight complex with the flavin,
the cofactor has been removed from the protein and th
FMN analogs riboflavin, which lacks the phosphate group ENDOR features for the coupling;”, of an electron spin§ = 1/2) with
and lumiflavin, which lacks both the phosphate and the? proton spin I( = 1/2) occur in pairs symmgtrically ;paced around the
L . . . nuclear Zeeman frequency,, (~14.3 MHz at field settings close © =
“,b'tY" he}ve been 'ntrqduced !n the protein _at the FMN 2 at X-band microwave frequencies), wherg > |A//2 and A is the
binding site. These flavin-substituted flavodoxins have beeRngyiar-dependent effective hyperfine coupling. Usually a number of pro-
used to probe the role of the FMN ribityl and phosphatenounced ENDOR line pairs symmetrically spaced around the proton Lar-

gata handling/analysis
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FIGURE 1 Wide-scantH-ENDOR spectra of wild-type, Tyf — Ala, Tyr®*— Trp, Tyr®* — Phe, Tr3’ — Ala, Trp°>’ — Tyr, Trp®”’ — Phe, and

Trp®” — Leu flavodoxin semiquinones. The magnetic field was centred at 337 mT, correspondjrrg 20005. Temperature, 120 K; microwave power,

6.3 mW; microwave frequency, 9.45 MHz; modulation depth, 12.5 kHz, radiofrequency power, 180 W. All of the samples were prepared in 10 MM HEPES,
pH 7.0. @), (2), and @): Different detected signals (see text).

mor frequency are detected in flavoprotein semiquinones and hence ate the parameters of the fitted line and then to the hyperfine parameters. In
assigned to proton hyperfine couplings. Pheresonances with the largest  this way error bars had been estimated to be less a8 MHz fora and
ENDOR splittings have been attributed to the two principal components,+0.2 MHz for T.

A, and A, of a hyperfine coupling tensor with axial symmetry from a
freely rotating methyl group. These two values allow the determination of

the absolute values of the isotropic and anisotropic contributions (MedinzBESULTs

et al., 1995; Marfnez et al., 1997). Il fl :
vodoxin  mutant — Al
Pulsed EPR frequency-domain spectra were obtained using the WIN- avodo utants assayEd’ m a,

94 4 7 7
EPR program from Bruker in the following way. The baseline was sub- yr57 — Phe, TyP j Trp, Trp5 — Leu, Trpr’ — Phe, ]
tracted in the time domain spectrum. Windowing with a hamming function Trp>” — Tyr, and Trp” — Ala, as well as those samples in
was applied to enhance the signal-to-noise ratio. Then a fast Fouriewhich the cofactor had been replaced by riboflavin or by
transform algorithm was applied, the modulus of the result being thejymiflavin, produced high yields of the neutral semiquinone
frequency spectrum. radical and reproduced the isotropic cw-EPR spectrum,

The following protocol was followed to analyze HYSCORE hydrogen _ . . .
correlation ridges to reduce the estimated errors. The frequency-domaif‘\lemred atg = 2.005, described for wild-type flavodoxin

spectra were represented in the(w3) plane. The correlation ridges then S€Miquinone (Medina et al., 1995). The WH Leu fla-
appeared as straight lines (Maez et al., 1997). Maximum intensity vodoxin mutant was the only one that could not be studied,
positions along the whole detected lines were determined, assuming gecause of its low affinity for FMN (Lostao et al., 1997).
common error bar for all points of 12 MHZ in the highest frequency

direction (that goes from 300 to 800 MBz The points were fitted to a

straight line by a standard least-squares method. With our error estimatioENDOR of flavodoxin mutants

more than 90% of the points were consistently on the fitting line. Points . .

that deviated significantly at random were attributed to noise effects andl € X-band ENDOR spectra of the different mutants in the

therefore were rejected. The estimated error for the points was propagat&emiquinone state are shown in Figs. 1 and 2. All of the
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16 17 18 19 20 21 flavodoxins are difficult to detect and interpret. Among all
U DL B of these couplings, a splitting 0f1.4-1.9 MHz has tenta-
tively been assigned, in other flavins and flavoproteins, to
CH(7) of the flavin ring (Kurreck et al., 1984; Macheroux
etal., 1996). The splittings of 1.4—1.7 MHz observed for the
different flavodoxin semiquinone mutants could be assigned
to these methyl protons. For Tfr— Ala, Trp°’ — Phe,
and Trp’ — Leu the couplings were, within experimental
error, the same as that obtained for wild-type flavodoxin
semiquinone, but those for 18— Trp, Tyr’*— Phe, and
Trp®’ — Tyr were greater. No splitting was detected in this
range when TrpY was replaced by alanine (not shown).
Fig. 1 shows the comparison of tAE-ENDOR spectra
of the different flavodoxin semiquinone mutants, recorded
over the full proton radiofrequency range. The splittings
from the methyl protons at position 8 and the proton at
position 6 of the flavin ring are illustrated in Fig. 2, which
shows the high-frequency region with the ENDOR line pair
from these protons on an enlarged scale. Small but signifi-
T T R B cant shifts were observed in the line positions for some of
16 17 18 19 20 21 the mutant proteins. Th&H-ENDOR hyperfine splittings
observed for the semiquinone state of the different mutants
are listed in Table 1. Replacement of T9by alanine or

FIGURE 2 High-frequency region of thtH-ENDOR spectra of wild- tryptophan prOduceq Sma”e.r hyperfine couplings to the
type, TyP*— Ala, and Tr’ — Ala flavodoxins in their semiquinone CH3(82,7protons t.han in the wild type, Wher.eas replagemgnt
states. Other conditions are as in Fig. 1. The vertical lines indicate the shift®f Trp>* by alanine produced larger couplings. No signifi-
of the the axial signal features. cant changes were observed in the other mutants examined.
Couplings to H(6) were also detected in the 12- and
17-MHz regions for all of the mutants; the corresponding
frozen semiquinone samples give rise to't&-ENDOR isotropic hyperfine coupling constants are listed in Table 1.
powder-type spectrum that is symmetrical, is centeredA significant decrease in the hyperfine coupling €0.4
around the proton Larmor frequenay, and exhibits cou- MHz was observed for the Tyt— Ala mutant, and an
plings in the same regions as those reported for wild-typencrease of 0.5 MHz in Trjy — Ala mutant.
flavodoxin (Medina et al., 1995). In the spectra analyzed,
the following features can be observed:

1. Small couplings in the “matrix region” of the spectra
that may represent protons from water molecules, proton
from nearby amino acid residues, or protons;Gh, H(9),  The 1D-ESEEM and 2D-ESEEM HYSCORE spectra of the
and H(3) of the isoalloxazine ring (Kurreck et al., 1984; different flavodoxin semiquinone mutants recorded are very
Ehrenberg et al., 1968; Mer et al., 1970). similar to the one reported for the wild-type protein (Mar-

2. The largest hyperfine couplings observed by ENDOR{inez et al., 1997) (not shown). No significant differences
in native flavodoxin semiquinone, correspond to the;}  could be discerned in théN hyperfine couplings, in either
group of the flavin ring (Eriksson et al., 1969; Edmondson,1D or 2D experiments. On the other hand, analysistbf
1985; Kurreck et al., 1984; Medina et al., 1995). It is ancouplings by HYSCORE as described previously (Maat
axial signal with two componentg,, andA,. et al.,, 1997) allowed the detection of weak changes in

3. A hyperfine coupling assigned to proton H(6). This hydrogen hyperfine interaction parameters and, in particu-
signal is of rhombic shape, but because of its high anisottar, the H(5) hyperfine coupling, which is difficult to detect
ropy, the signal is relatively weak and only the centralby ENDOR. A detailed study of the HYSCORE ridges
derivative-type feature is observed (Medina et al., 1994following a protocol described under Materials and Meth-
1995). ods yielded the interaction parameteisthe isotropic hy-

As shown in Fig. 1, théH-ENDOR spectra of the dif- perfine coupling constant, ani] the anisotropic hyperfine
ferent flavodoxin mutants present all of these major featuresoupling constant for H(5) in the different flavodoxin mu-
(Medina et al., 1995), but subtle shifts can be detected fotants, summarized in Table 2. A noticeable decrease in the
some of the mutants. Because of the large number of protoabsolute value of was observed in mutant T3— Ala
resonances with similar splittings in the “matrix proton” (~0.4 MHz), whereas the rest of the mutants presented
region, an unequivocal assignment of these couplings canalues similar to those of wild-type flavodoxin. The aniso-
not be made, and differences between wild-type and mutaritopic hyperfine coupling constants of T Ala,

Wild Type

Tyr94Ala

Trp57Ala

FREQUENCY (MHz)

gYSCORE experiments of flavodoxin mutants
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TABLE 1 Hyperfine coupling constants determined by ENDOR spectroscopy for CH;(8), CH;(10), and H(6) protons of the flavin
ring in the different flavodoxin semiquinone forms from Anabaena PCC 7119

Flavin ring proton localization

CHy(8) CH,(10) H(6)
Flavodoxin form A Al |al T A Al El T |al

Wild type 9.5 7.9 8.4 15 5.7
Tyr® — Ala 9.2 7.7 8.2 15 53
Tyr* — Phe 9.5 7.9 8.4 1.5 5.7
Tyr® — Trp 9.3 7.7 8.3 1.5 5.8
Trp®” — Leu 9.4 8.0 8.5 15 5.8
Trp®” — Ala 10.0 8.4 8.9 1.6 6.2
Trps” — Tyr 9.4 8.0 8.5 1.4 5.8
Trp®” — Phe 9.4 8.0 8.5 1.4 5.8
RB-FId in phosphate 9.4 8.0 8.5 15 5.8
RB-FId in MOPS 9.5 8.1 8.6 1.4 5.6
LM-FId in phosphate 9.4 8.0 8.5 1.4 14.7 11.4 12.5 3.2 5.7
LM-FId in MOPS 9.5 8.0 8.5 1.4 14.7 115 12.6 3.2 5.7

Data are from Figs. 1, 2, and 3. Values are in MHz. The error for all of themm Gs1 MHz.

Tyr** — Phe, and Tyt — Trp were also slightly lower 1997) were also present in the semiquinones of apofla-
than those of wild-type flavodoxin semiquinone. vodoxin reconstituted with riboflavin (RB-FId) and of LM-
FId, and no major changes are detected in their hyperfine
coupling parameters (Table 2). However, a new correlation
ridge was observed in the positive quadrant centered at
'H-ENDOR spectra were also recorded for those flavodoxirabout (25 MHz, 5 MHz) in the LM-Fld semiquinone (Fig. 4
semiquinone samples in which the FMN-flavin cofactor wasA). The new HYSCORE feature, only present when FMN
replaced by either riboflavin or lumiflavin, in both phos- was replaced by lumiflavin, was detected in phosphate and
phate and MOPS buffers. As shown in Fig. 3 and in the datéh MOPS buffer. The ridge shape and position are compat-
reported in Table 1, no major changes seemed to occur ifple with the interaction of a newH nucleus with the
the hyperfine couplings on replacement of FMN by ribofla- radical. To clarify the origin of this new hydrogen interac-
vin or lumiflavin in the presence or absence of phosphatdion, an LM-FId semiquinone sample was prepared in deu-
buffer. In the case of apoflavodoxin reconstituted with lu-terated water. The corresponding HYSCORE spectrum
miflavin (LM-Fld) semiquinone, an additional axial signal (Fig. 4 B) did not show the (25 MHz, 5 MHz) ridge,
with line pairs around 8 and 21 MHz was also observedconfirming that it is due to an exchangeable proton coupled
This signal corresponds to an axial hyperfine coupling, forto the radical spin. The calculated parameters for such a
which isotropic and anisotropic components were estimateg@roton are not consistent with the coupling of any proton of
(Table 1). The value of 12.5 MHz obtained for the isotropicthe flavin ring.
hyperfine coupling constant is within the range expected for
the protons of the freely rotating methyl group at position 10
of the lumiflavin semiquinone (Kurreck et al., 1984). DISCUSSION
1D-ESEEM and HYSCORE experiments were also car-The Trp’ and TyP* aromatic residues surrounding the
ried out on these flavodoxin reconstituted samples. All ofisoalloxazine ring inAnabaenaPCC 7119 flavodoxin are
the features previously reported for the wild-type fla- known to influence its redox potentials and absorption spec-
vodoxin semiquinone HYSCORE spectrum (Maez et al.,  trum. Moreover, the study of the apoflavodoxin-FMN com-

Replacement of FMN by riboflavin and lumiflavin

TABLE 2 H(5) hyperfine parameters, a and T, for wild-type flavodoxin semiquinone, the different flavodoxin mutants at
positions of Trp®” and Tyr®* in the semiquinone state, and flavin-replaced flavodoxin semiquinones obtained from
HYSCORE experiments

Flavodoxin form a (= 0.3 MHz) T (= 0.2 MHz) Flavodoxin form a (= 0.3 MHz) T (%= 0.2 MHz)
Wwild type* -18.4 9.0 TyP* — Ala -18.0 8.7
Trp®” — Ala —-18.6 9.0 TyP* — Phe —18.7 8.7
Trp®” — Phe —-18.6 8.9 TyP*— Trp —-185 8.7
Trp®” — Leu —18.6 8.9 RB-Fld -18.4 8.9
Trp®” — Tyr —-18.2 9.1 LM-FId —18.4 8.8

*Parameters obtained for wild-type flavodoxin have been corrected from values previously reportéde#/etral., 1997). The application of the analysis
method has provided more accurate values.
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€ 8 10 12 14 16 18 20 22 The observed changes @&in the mutants ofAnabaena

T r1rr1rr1r 17+ 17 4v 1 i flavodoxin are similar in magnitude to those observed in
equivalent positions of flavoenzyme semiquinones upon
@) substrate binding (Medina et al., 1994, 1995; Macheroux et
al., 1996; Gnkaya et al., 1997). Moreover, tHel-ENDOR
couplings reported so far for protons ¢{8) and H(6) are
within a similar range for a large number of neutral fla-
voprotein semiquinones with different flavin environments,
(b} sequences, redox potentials, and functions (Edmondson,
1985; Medina et al., 1995; Macheroux et al., 19981kaya

et al., 1997). This implies that the characteristic electron
spin density distribution of neutral flavoprotein semiquino-
nes appears to be stable and not very sensitive to its imme-
diate environment.

The only significant changes in the electron spin distri-
bution of the semiquinone isoalloxazine ring occurred when
the residues at positions 57 and 94 were replaced by the
small alanine (Tables 1 and 2). Because the values for all of
PR IO NN N N S T SO T the substitutions other than alanine mutants were similar

6 8 10 12 14 16 18 20 22 (Tables 1 and 2), we averaged the difference between the
FREQUENCY (MHz) alanine mutants and all of the nonalanine mutants (Table 3).
Couplings to CH(8), which is attached to the benzene ring
FIGURE 3 Wide-scaiH-ENDOR spectra ofg) FMN-Fid, (b) RB-FId,  of the isoalloxazine, were changed in the alanine mutants at
and €) LM-Fd in the semiquinone state. The samples were prepared in 130546 57 put not significantly in those at residue 94. For
mM phosphate (pH 7.0). Other f;ondltlons are as in Flg. 1. No addltlonaIH(G) in the benzene ring changes were observed in mutants
resonances were detected outside the regions shown in the spectra. !
in residues 57 and 94. For H(5), changes were observed for
alanine mutants at residue 94, but not significantly for
plex binding energies showed that both $¥yand Trp’  alanine mutants at residue 57. These data indicate that the
strengthen the interaction of apoflavodoxin with FMN in the presence of any bulky residue (Leu, Trp, Tyr, or Phe) at
different redox states and are involved in setting the charposition 57 decreases the electron spin density of the ben-
acteristic redox potentials (Lostao et al., 1997). In thezene flavin ring relative to alanine, whereas an aromatic
present study, we were able to examine the influence ofesidue at position 94 increases the electron spin density at
these amino acids on the semiquinone state of the protein kyositions C(6) and N(5) of the flavin ring. Examination of
measuring all of the couplings of the flavin ring protons thatthe structure ofAnabaenaflavodoxin (Fig. 5) shows that
are large enough to be detected by ENDOR and HYSCOREgvery atom of the flavin ring interacts with the side chain of
CH4(8), H(6), and H(5) (Kurreck et al., 1984; Medina et al., Tyr®*, which stacks on it, whereas Tinteracts only with
1995; Martnez et al., 1997). The hyperfine coupling con- the hydrophobic edge of the flavin ring. Our data are thus
stants are directly related to the electron spin density distrieonsistent with the three-dimensional structure of the pro-
bution on the isoalloxazine ring. We have attempted tatein in that the effect of substitutions at position 57 produces
determine whether the electron spin density distribution othe greater effects in the benzene portion of the isoallox-
the semiquinone state is influenced by the residues stackeakzine ring, whereas substitutions at position 94 affect both
against the isoalloxazine ring. As shown in Tables 1 and 2the benzene and pyrazine rings.
replacement of the wild-type T?p and TyP* by other The decrease produced in the electron density of the
aromatic residues and even (at position 57) by leucinésoalloxazine benzene ring when a bulky residue is present
produced only subtle changes in the isotropic and anisotraat position 57 relative to alanine can be due to either a
pic hyperfine coupling constants for all of these protons.shielding of the flavin electron density from stabilizing
This indicates that TfJ and TyP* are not strictly required interactions with the solvent or to a delocalization of the
to set the characteristic electron spin density distribution oflavin electron density in the aromatic side chain at position
neutral flavoprotein semiquinones. Unfortunately, other57. The fact that the mutant with a leucine at that position
mutants that might cause more drastic changes in the elebehaves like those with aromatic residues indicates that
tron density distribution within the flavin semiquinone, such shielding from solvent is the likely cause. On the other
as replacement of TY# by Leu, were not suitable for hand, the presence of an aromatic residue at position 94,
spectroscopic examination, because they did not incorporatghere the side chain can interact with most of the isoallox-
the flavin (Lostao et al., 1997). Recently, a similar result hasazine atoms (Rao et al., 1992), produces the opposite effect
been reported for tyrosyl radicals, where hydrogen bondingelative to alanine: an increase in the electron spin density
has a very minor impact on the ground-state spin distribudistribution on N(5) and C(6) positions. This can be due to
tion (Dole et al., 1997). a stabilizing interaction between the electron density of the
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FIGURE 4 Frequency domain 2D-HYSCORE spectra of LM-flavodoxin in the semiquinone sta#g,water and B) D,O. The ridge corresponding
to the H(5) proton is marked witHL) and the new appeared ridge wit).(The static magnetic field was set at 347 mT, and the microwave frequency was
9.57 GHz. For other experimental conditions see Materials and Methods.

flavin in this region and the aromatic side chain at positiontron density from the benzene into the pyrazine ring, and
94, which is, in principle, possible in certain orientationsthis may help to place the electron density that enters the
(Hunter and Sanders, 1990), or to delocalization of electromxidized isoalloxazine nearer to where it can be best neu-
density of the aromatic side chain in the flavin. Finally, thetralized by protonation.

changes in semiquinone electron distribution in our mutant Samples ofAnabaenaapoflavodoxin were reconstituted
flavodoxins do not appear to be correlated with their redoxwith the FMN analogs riboflavin and lumiflavin in such a
potentials or FMN binding energies (see data in Lostao emmanner as to stabilize the semiquinone forms of these
al., 1997). The possibility that the observed changes in thélavins. The dissociation constants calculated for the RB-
electron density distribution are related to differences inFld (31.5 + 0.8 uM) and LM-FId (206 = 94 uM) com-
electron transfer reactivity remains to be tested. Whateveplexes (Lostao and Sancho, unpublished results) in phos-
the case, the combined net effect of Trpnd TyP* on the  phate absence indicate a weaker binding than that of the
flavodoxin semiquinone seems (Table 3) to withdraw elec+MN-apoflavodoxin complexy = 0.26 = 0.06 nM), but
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TABLE 3 Averaged differences between the isotropic
hyperfine coupling constants of protons CH;(8), H(6), and H(5)
of the flavin ring in flavodoxin variants at positions 57 (x =
Trp, Tyr, Phe, Leu) and 94 (x = Trp, Tyr, Phe) and those of the
corresponding alanine mutants (Ala%” and Ala®?)

Flavin ring proton localization

Flavodoxin CHy(8) H(6) Al H(5) Ala|
residue Alal* (MHz) (MHz) (MH2)
57 +04+0.1 +0.4+0.1 +0.2+ 0.3
94 -0.1+0.1 -0.4+0.1 —-0.5*+0.3

The errors were calculated by propagating thosglito Alal.
*Alal = 3,(|aad — |a/)/N. Position 57: x= Trp, Tyr, Phe, LeuN = 4.
Position 94: x= Trp, Tyr, Phe;N = 3.
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parameters of protons at G8), H(6), and H(5) or nitro-
gens at N(1), N(3), and N(10) for RB-FId or LM-FId when
compared to the FMN-FId complex. This indicates that the
spin densities at these positions are nearly the same as those
found for the semiquinone of the apoflavodoxin-FMN com-
plex. It has been reported (Pueyo et al., 1996; Zhou and
Swenson, 1996b) that the negative charge on the phosphate
group of the cofactor does not make a disproportionally
large contribution to the general electrostatic environment
of the hydroquinone anion, but its effect is, at most, similar
in extent to those of the acidic amino acid residues sur-
rounding the cofactor. Our results indicate that the phos-
phate and the ribityl of FMN do not affect the electron

distribution of bound semireduced FMN.
clearly show thafAnabaendlavodoxin is able to bind these ~ Another new ridge also appeared in the HYSCORE spec-

cofactors in sufficient amounts to carry out spectroscopidr@ of the LM-Fld semiquinone sample in water (Fig. 4),
studies. The redox potentials of the riboflavin complex with&/though we have not been able to correlate unequivocally

Anabaenaflavodoxin have been reported (Pueyo et a|_,the interaction parameters of this signal with any previously

1996), showing the same value 85 (213 mV) and a much reported atom of the flavin ring. With the obtained data we
less negative value foE, (—258 mV versus—436 mV) can qnly conclude that the new ridge mu;t pe due to the
than wild-typeAnabaendlavodoxin. Thus far, there are no COUPling of an exchangeable hydrogen, which is not present
data available for the redox potentials Ahabaenafla- in the rest of flavodoxin samples, with the corresponding

vodoxin reconstituted with lumiflavin. These Rb-Fld and deuterium feature, if present, hidden under other, more
LM-Fid complexes have been analyzed in their semiquiZNtense signals fronfH(5) and nitrogen couplings in the

none states by ENDOR and HYSCORE spectroscopies tlpw-frequency regions of the HYSCORE spectra. The most

study a possible influence of the phosphate and ribityfikely assignment of the new ridge is the coupling to an
groups, through interactions with the protein, on the elec€*changeable hydrogen, which is not present in the other

tron distribution of the isoalloxazine ring. In the case of lavodoxin samples.
LM-FId semiquinone a new axial signal appears in the

1 . . . .
H-ENDOR spectra. The interaction parameters of this SlgThis work was supported by grant BIO97-0912C02-01 from the Comision

nal correlate with those reported in model systems for th§,ierministerial de Ciencie y Tecnolagto CG-M, by grants PB97-1027
protons of the free rotating methyl group G#0) (Kurreck  from Direccim General de EnSenza Superior and P15/97 from Consejo
et al., 1984), which are absent in FMN and riboflavin. Superior de Investigacioy Desarrollo (Diputacio General de Aragy
Importantly, when analyzing the HYSCORE spectra, we dig(CONSIHD DGA) to JS, by grant P15/98 from CONSD (DGA) to PJA,

not observe any significant difference in the interactiona”d by grant UzZ97-CIE-09 from the Universidad de Zaragoza to JIM. MM
was the recipient of a travel award to King's College London from the

CAI-CONSI+D. AL was supported by DGA.
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