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ABSTRACT. Flavodoxins (Flds) are electron transfer proteins that carry a noncovalently bound flavin
mononucleotide molecule (FMN) as a redox active center. A distinguishing feature of these flavoproteins
is the dramatic change in th&q.q reduction potential of the FMN upon binding to the apoprotein (at pH

8.0, from—269 mV when free in solution te-438 mV in Anabaend-Id). In this study, the contribution

of three neighboring FMN residues, Thr56, Asn58, and Asn97, and of three negatively charged surface
residues, Glu20, Asp65, and Asp96, to modulate the redox properties of FMN upon its binding to the
apoprotein has been investigated. Additionally, the role of these residues in the apoflavodoxin:FMN
interaction has been analyzed. Concerning the redox potentials, the most noticeable result was obtained
for the Thr56Gly mutant. In this FId variant, the increased accessibility of FMN leads to an increase of
+63 mV in the Esqiq Value. On the other hand, a correlation between the electrostatic environment of
FMN and theEsqrd has been observed. The more positive residues or the less negative residues present
in the surroundings of the FMN N(1) atom, then the less negative the valugsfar With regard to

FMN binding to apoflavodoxin, breaking of hydrophobic interactions between FMN and residues 56, 58,
and 97 seems to increase tkg values, especially in the Thr56Gly Fld. Such results suggest that the
H-bond network in the FMN environment influences the FMN affinity.

Flavodoxins (Flds)are smalla/3 flavoproteins involved Binding of ApoFId to FMN modifies the free flavin midpoint
in electron-transfer (ET) reactions in microorganisms and reduction potentials, witlEoysq being displaced to a less
certain algae, which are either constitutively synthesized or negative value, whil&sqq4is shifted to a more negative one
induced to replace ferredoxin (Fd) under iron stress condi- (1, 2). These changes reflect a stabilization of the intermedi-
tions. Flds are noncovalent complexes between an apoproteirate flavin semiquinone by the protein. The role played by
[apoflavodoxin (ApoFId)] and a low-potential flavin cofactor, the protein environment in modulating the properties of
the FMN, that confers redox properties to the protein. bound FMN has been studied using Flds from several

sources. These studies have demonstrated the importance of
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Ficure 1: Sequence alignment of flavodoxins fraknabaenaA. nidualns C. beijerinckii D. vulgaris, andD. desulfuricansat the regions
involved in FMN binding among residues-20, 5170, and 86-100. Alignments have been obtained with CLUSTALW. Numeration
corresponds to that oknabaenaFld. Residues in bold and presenting an asterisk under sequence are those studied in the present paper.

IeS59

Glu59 Asp58
Glus9 Asp58

Met56

Ficure 2: (A) FMN environment withinAnabaenaFld. H bonds are denoted by dashed lines, and distances are in angstroms. The figure
was produced with LIGPLOTSE). (B) Relative position of Thr56, Asn58, and Asn97 with regard to the FMRnabaena-ld. H bonds

are shown by blue lines. (C) Surface representatioArabaena-ld showing the localization of the negatively charged residues (in red)
Glu20, Asp65, and Asp96 and the neutral residue Asn58 (in magenta). The FMN surface is shown in yellow. B and C were produced using
PyMOL (57). (D) Representation of th€. beijerinckii Fld isoalloxazine environment in the semiquinone and oxidized states.

In some Flds, such as that frofmabaenathe isoalloxazine  is the 11e59 NH (Figure 2B). The distance between these
ring is stacked between a Tyr and a Ti§9,(21, 22, 27, two nitrogen atoms is 3.6 A and therefore larger than usual
31-33). In these structures, the Tyr residue is positioned in for an H bond. However, the groups are well-oriented,
a nearly coplanar orientation with the outer face of the suggesting that a weak H bond may be establis@éy (n
isoalloxazine ring, whereas the Trp forms a large portion of addition to these H-bonding interactions, the isoalloxazine
the inner surface of the flavin-binding pocket. Three seg- moiety makes nonpolar contacts with atoms from Asn58,
ments of ApoFId contribute to FMN binding: the phosphate- 11e59, Gly60, Tyr94, and Asn97 (Figure 2A).
binding loop (residues 1015 in Anabaend-ld) and the loops While the H-bond network observed AnabaenaFld is
connectingf3 and a3 (residues 5662) andf4 and o4 essentially conserved in Fld structures from different species
(residues 9699) (Figures 1 and 2A)209). In particular, the (26), the 56-62 segments vary considerably in both sequence
56—62 and 96-99 segments contain residues in close contact and conformation. Additionally, conformational changes
with the isoalloxazine ring system (parts A and B of Figure upon FMN reduction have been reported in this region. Thus,
2) and are likely to influence the binding of FMN and the the analysis of the oxidized and semiquinone structures of
redox properties of the flavird( 16, 17, 34). Anacystis nidulansClostridium beijerinckij and Desulfo-
Parts A and B of Figure 2 summarize the interactions, wibrio vulgaris Flds indicates that semiquinone formation is
either hydrophobic or H bonds, that might contribute to FMN accompanied by a backbone rearrangement that allows a
stabilization in oxidizedAnabaend-ld. The Asp90 NH forms ~ main-chain carbonyl O to fon a H bond with the N(5)H
a bifurcated H bond with N(1) and O(2) of the flavin; the present in the neutral flavin semiquinori(23, 24). In C.
GIn99 backbone NH makea H bond to O(2); the Asn97  beijerinckii, D. wvulgaris, and D. desulfuricansFlds, this
main-chain CO is H-bonded to N(3); the Gly60 NH H-bonds carbonyl O is contributed by a Gly, whereasAnnidulans
to O(4); and the Thr56 CO H-bonds to N(1) of the flavin. FId it comes from an Asn (corresponding to Asn58 in
The protein group closest to the key N(5) position of FMN AnabaenaFld) (7, 15, 26). Moreover, the formation of this
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H bond is accompanied in some Flds by the breakage of acoefficients for the neutral semiquinone state at 580 nm were
weak H bond to FMN N(5) that appears in oxidized FId [with determined from data obtained during anaerobic photo-
Val59 NH in A. nidulans equivalent to 1le59 NH in reduction in the presence of 5-deazariboflavin (dRf) and
Anabaenaor with the side chain of Thr58 iifChondrus EDTA (see below). The maximum semiquinone state sta-
crispusFId (35)]. Such backbone rearrangements appear to bilized for each Fld form was determined as the intercept of
provide a versatile device for reduction potential modulation. the two linear sections of a plot of the absorbance at 580
The fact that the semiquinone states Auf nidulansand nm versus the absorbance at 460 nm. Fluorescence spectra
Anabaend-lds are less stable than those of Flds from other were recorded at 25C in a Kontron SFM25 spectro-
species has been related to the weaker H bond that is formedluorimeter in 50 mM Tris-HCI at pH 8.0. Circular dichroism
between the N(5)H of the flavin and the backbone CO of spectra were recorded at 26 in a Jasco 710 spectropola-
Asn compared to the bond formed with the smaller Gly ( rimeter h a 1 cmpath-length cuvette in 1 mM Tris-HCI at
The three-dimensional structure of thAeabaend-ld semi- pH 8.0 and 25C. The protein concentrations were @Vl
quinone is not known, and it therefore remains to be for the far-UV and 4uM for the near U\~vis regions of
confirmed whether a similar conformational change occurs the spectrum. Photoreduction of protein-bound flavin was
in this protein. carried out at 25C in an anaerobic cuvette containing-15

In an attempt to further elucidate the roles played by the 254M Fld in the desired buffer, which also contained 1 mM

residues in the 5662 and 96-99 segments inabaena  EDTA and 2uM dRf to initiate reduction via the highly
FId, we have introduced different mutations at key residues reductive dRfHradical. Reaction solutions were made anaer-

around the isoalloxazine moiety so that the polarity and/or obic by several cycles of evacuation and flushing with O
the H-bond network is modified. The influence of the free Ar. Absorption spectra were recorded after successive
Thr56Gly, Thr56Ser, Asn58Cys, Asn58Lys, and Asn97Lys periods of irradiation with a 150 W light source and were
mutations on the reduction potentials and binding affinities used to calculate the concentration of the different redox
of FMN in its three redox states has been determined. In states of the proteinflavin complex throughout the reduction
addition, we have studied the effects of mutating three Process.

negatively charged residues on the surface of the protein that To carry out electron paramagnetic resonance (EPR) and
are close to the FMN but have no direct contact with the €lectron spir-echo envelope modulation (ESEEM) spec-
flavin ring (mutants Glu20Lys, Asp65Lys, and Asp96Asn; troscopic measurements the Fld mutants were reduced

Figure 2C). anaerobically to the semiquinone state af@ by light
irradiation with a 150 W light source in the presence of 20
MATERIALS AND METHODS mM EDTA and 2.5«M dRfin 10 mM HEPES at pH 7.0, as

) ) ) o _ described previously30, 40). A Bruker ESP380E spectrom-

Biological Material. Site-directed mutagenesis to produce gier operating in X band (910 GHz) was used for
the Asp96Asn mutant oAnabaenasp. PCC7119 Fld has  ¢ontinyous wave (cw)-EPR and pulsed-EPR measurements.
been previously described). The Glu20Lys, Thr56Gly,  gpectra were taken at 15 K. The field position, at the center
Thr56Ser, Asn58Lys, AsnS8Cys, Asp65Lys, and Asn97Lys of the EPR signal, was selected to give a maximum echo
mutants were produced using the QuickChange mutagenesi%tensity @0). The microwave pulse sequence wals 7
kit (Stratagene) and 'Fhe following synthetic oligonucleotides _ A, =t — 7 — t, — ) for the 4-pulse 2D-ESEEM
(base changes are in bold): 5-CTGAATCAGTAGA- (HYSCORE) experiment. Appropriate phase cycling was
AAATCATTCGAGACGAGTTTGG-3 for Glu20Lys, 5 gppjied to remove unwanted echoes. 1D- and 2D-ESEEM
GATTATTGGCTGTCCTGGTTGGAATATTGGC-3  for experiments were recorded as indicated elsewh&e (
Thrs6Gly, 5 'GATTATTG,GCTGTCCT"GCTGGAATAT' Reduction Potential Determination®lidpoint reduction
TGGC-3 for Thro6Ser, 5-CGCTTTGCAGTTCGCCAAT-  qientials of Glu20Lys, Thr56Gly, Thr56Ser, Asn58Cys,
TTTCCAAGTAGGACAGCC-3 for Asn58Lys, 5GTTC- Asn58Lys, Asp65Lys, Asp96Asn, and Asn97Lys Flds were
GCCAATACACCAAGTAGGA- 3 for AsnS8Cys, 5-GGC-  jatermined by anaerobic photoreduction in the presence of
CAACTGCAAAGCAAATGGGAAGGACTCTATTCAG- 3 M dRf and 20 mM EDTA at 25°C using a saturated
3 for Asp65Lys, and 5-CCAAATAGGTTACGCAGATAA-  c3i0mel electrode as the referencél)( Stepwise FId

ATTTCAGGATGCGATCGG-3for Asn97Lys. photoreduction was achieved by irradiating the solution (with
Mutations were verified by DNA sequence analysis. The the cell immersed in ice water) with light from a 250 W
expression and purification of the Fld mutants was essentially sjide projector for periods of approximately 1 min. After
as described previously{, 30). The UV—visible absorption  reduction, the cell was placed in a temperature-controlled
spectrum and SDSPAGE patterns were used as purity holder in a Cary 1 spectrophotometer. The solution potential
criteria. ApoFld was obtained by treating the Fld with \as monitored using a Sycopel Ministat potentiostat. Equili-
trichloroacetic acid at 4C in the presence of dithiothreithol.  pration of the system was considered established when the
The precipitate of ApoFld was separated from FMN by measured potential remained stable for 10 min, and the- UV
centrifugation 87). vis spectrum was then recorded. The concentrations of the
Spectroscopic AnalysidJV—vis spectra of Flds were different redox species in equilibrium were determined from
recorded on a Kontron Uvikon 942 or a CARY 1 spectro- the absorbance spectra. The two one-electron steps in
photometer. Extinction coefficients of the different Fld reduction could be analyzed separately because only oxidized
mutants in the fully oxidized state were determined in 50 and semiquinone states were present during most of the first
mM Tris-HCl at pH 8.0 as described by Mayhew and Massey step and only semiquinone and hydroquinone Flds were
(38) using, for released FMN, a corrected extinction coef- present during most of the second one. The concentration
ficient of 12.02 mM?! cm™ at 445 nm {1). Extinction of semiquinone was calculated from the absorbance of the
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Table 1: UV-Visible Spectral Properties of WT and Mutated 0.50
Flavodoxins in the Oxidized and Semiquinone States
oxidized = 0.40

Amax Emax semiquinone s
Fld (hm) (MM~ cm™) jsoshestic points Ama Emax 8 0.30 i
form I Il I 1 e&ley ox/sq(hm) (nm) (M~tcm™?) %
WT 463 374 9.4 86 1.1 516.3 578 5.0 2 o
T56G 465 373 9.4 8.0 1.2 528.3 581 3.5 8
T56S 464 372 87 7.6 1.1 520.3 580 4.6 2 o4}
N58C 464 370 8.6 8.6 1.0 518.3 574 4.4 <
N58K 463 370 8.2 7.6 1.1 524.3 580 3.5
N97K 463 372 9.1 76 1.2 516.3 574 4.6 0.00

aData obtained in 50 mM Tris-HCI at pH 8.0 and 2G. 300 350 400 450 500 550 600 650 700

580 nm band (maximum and extinction coefficient used for Wavelength (nm)

; - FIGURE 3: Absorption spectra of WT (bold line), Thr56Gly (thin
each Fld form can be found in Table 1), and the concentratlon”ne), Thrs6Ser (broken thin line). Asn58Cys (dotted thin line),

of the (_)ther species was determined by subtraction _Of theAsn58Lys (broken bold line), and Asn97Lys (dotted bold line)
semiquinone concentration from the total concentration of AnabaenaFid forms in the visible region. The spectra were recorded
Fld. The midpoint potentials for the redox couples were in 50 mM Tris-HCI at pH 8.0 and room temperature. Different

calculated by linear regression analysis of the plots of Protein concentrations were used to clarify the figure.
potential versus logarithm of the concentration ratio (oxidized/ . i o o ]
semiquinone or semiquinone/hydroguinone) according to the ©3¢h additionfna is the remaining emission intensity at

Nernst equation the end of the titrationF; is the difference in emission
intensity between LM free FMN and 1uM FId, Ca is the
E = E,, + (0.059h) log([ox]/[rd]) 1) total protein concentration after each additid@y, is the

starting concentration of FMN, ardlis the dilution factor

Data points in the region of maximal semiquinone ac- of this initial concentration (initial volume/total volume) after
cumulation were not included in the regression because, ineach addition. Error in the determination & values was
this region, all three redox species could be present. Theestimated to be:10%.
midpoint potentials are reported relative to the potential of Measurement of the @ay Volume.On the basis of the
the standard hydrogen electrode. Typical experimental solu-AnabaenaFld three-dimensional structure (PDB accession
tions contained 2540 uM protein, -3 uM mediator dyes, code 1flv), models for the different mutants studied have
2 uM dRf, and 1 mM EDTA at 25°C. The following dyes been generated using the Swiss-PdbViewer by using the
were used as mediators;uM anthraquinone-2,6-disulfonate  replace routine (GlaxoSmithKline R&D). The cavity volume
(—184 mV) and uM anthraquinone-2-sulfonate-25 mV) was calculated for each all-atom Fld mutant model with a
for the determination 0Eqwsq and 1uM benzyl viologen probe radius of 1.4 A using the method implemented in the
(—359 mV) and 1uM methyl viologen (446 mV) for the Swiss-PdbViewer42).
determination oEsq¢ When required, protein spectra were
corrected for the spectra of oxidized or reduced mediators. RESULTS

The buffer used for the determination of the reduction  Expression, Purification, and Spectral Properties of the
potential at pH 8.0, 7.3, and 7.0 was 50 mM Tris-HCI, pifferent Fid MutantsThe levels of expression of Glu20,
Whe_reas determinatiqns atpH 6.6, 5.9, and 5.7 were carriedthrs56, Asn58, Asp65, Asp96, and Asn97 mutants and their
out in 20 mM potassium phosphate. The error in agsq spectral properties were similar to those of the wild-type
and Esqiq determined was estimated to B8 mV. (WT) Fld (not shown), indicating that no major structural
Dissociation Constantd he dissociation constants of the perturbations had occurred. The Thr56Gly mutant lost a
ApoFld:FMNo complexes were determined fluorometrically - fraction of its FMN during purification, an early indication
in-a SMF25 spectrofluorimeter at 25C in the dark. that the flavin in this protein is bound rather weakly.
Excitation was at 445 nm, and emission was recorded at 525  Although the absorption spectra of the mutants are similar
nm. The FMN used was 95% pure according to reverse- g that of WT Fld, differences occur in the shapes of the
phase HPLC. In a typical experiment, 1 mL of 200 nM FMN - gpectra and also in the extinction coefficients at the maxima
in 50 mM Tris-HCl at pH 8.0 was titrated with aliquots of (Figure 3 and Table 1). In most cases, the extinction
10-100:M ApoFld solutions. Binding of the protein to the  coefficients at the maxima around 460 nm are smaller than
cofactor strongly quenches its fluorescence emission. After that of the WT, and the spectra of Asn58Lys and especially
each protein addition, the system was allowed to reachthat of Thr56Gly show an important decrease of the
equilibrium for 2 min. The dissociation constants were characteristic shoulder found at 480 nm in WT Fld, indicating
calculated by fitting the fluorescence emission to the fol- that the flavin environment has been modified. Photoreduc-
lowing equation 28): tion under anoxic conditions showed that all of the mutants
. stabilize the blue neutral semiquinone. However, the absorp-
F = Fpna + Fs(dC — [(Ca + Ky + dC) — tion spectra of the semiquinone forms of the mutants differ
[(C, + Ky+ dC)? — 4C,dC]*3/2 (2)  from that of the WT, both in the position of the maximum
around 580 nm and in the extinction coefficient at the
whereF is the observed fluorescence emission intensity after maximum. An isosbestic point between the spectra of the
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Table 2: Midpoint Reduction Potentials and Percentage of Maximal
Semiquinone Stabilized for the Different Fld Fofms

Fid % Fid %
form on/sq Esq/rd Sq form on/sq Esq/rd Sq
WT —266 —439 97 N58K —289 —407 72
E20K —265 —430 94 D65K —247 —423 90
T56G —264 —-376 75 D96N —279 —426 88
T56S —251 —445 93 N97K —282 —421 86
N58C —272 —450 90 FMN free —269 -215 14

aData obtained in 50 mM Tris-HCI at pH 8.0 and 26.° Data
from refs54 and55.

oxidized and semiquinone forms of WT Fld occurs at 516.3
nm; the corresponding isosbestic point for most of the
mutants is different (Table 1). The extent of semiquinone
stabilization at half-reduction is less for the mutants than
for WT FId, and the decrease is especially marked for
Thr56Gly and Asn58Lys (Table 2, values determined from
the reduction potentials).

The fluorescence emission of FMN bound to WT FId is
very low (less than 5% of free FMN under our experimental
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conditions) as a result of the strong quenching by the Ficure 4: UV—visible spectra obtained during photoreduction and

apoprotein {1). The flavin fluorescence of the mutants is
similar to that of the WT, except in the case of Thr56Gly
and Asn58Lys, which display 29 and 9%, respectively, of

redox titration of (A) WT, (B) Thr56Gly, and (C) Asn58Lys FId
forms. The insets show the Nernst plots for the different Fld
forms: (A) oxidized/semiquinone of WTa(), Asp65Lys (), and
Asp96Asn M) and semiquinone/hydroguinone of WK)( Asp65Lys

the fluorescence of free FMN. The greater fluorescence of (@), and Asp96Asnm); (B) oxidized/semiquinone of Glu20Lys
these two mutants suggests that the FMN in them has more(®), Thr56Gly ©), and Thr56Ser ) and semiquinone/hydro-

exposure to the external medium. The circular dichroism UV
spectra of mutated FId forms are very similar to that of the
WT, again indicating that the global protein fold is not
affected by the introduced mutations.

The semiquinone forms of all of the Fld mutants that were

quinone of Glu20Lys ), Thr56Gly @), and Thr56Ser4); (C)
oxidized/semiquinone of Asn58Cy<0), Asn58Lys W), and
Asn97Lys () and semiquinone/hydroquinone Asn58Cy@®),(
Asn58Lys ), and Asn97Lys 4).

is replaced by the charged residue Lys, b6t andEqysq

investigated gave the isotropic cw-EPR spectrum, centeredchange, causinBqwsqto become more negativdE = —23

at g = 2.005, that was described for WT Fld semiquinone

mV) and Esqrq to become less negativeE = +32 mV).

(39). Similarly, the 1D- and 2D-ESEEM spectra of the Again, the decrease by 55 mV in the difference in reduction
different FId semiquinone mutants are very similar to those potential between the two steps of reduction is consistent
of the WT @0) (not shown). No significant differences could with the decrease observed in the maximum semiquinone
be discerned between the different Fld mutants and the WT stabilized by this mutant (25% less than for WT FId) (Table

protein either in thé“N hyperfine couplings of the flavin
ring nitrogens, in 1D or 2D experiments, or in the calculated
isotropic and anisotropic hyperfine coupling constants for
H(5). This indicates that the individual residues modified
around the flavin ring do not influence the electron density
distribution in the semiquinone form of the FMN.
Reduction PotentialsThe average slopes of the Nernst
plots for WT FId and its mutants were 53482.0 and 60.8
£ 3.0 mV for Egysq and Esqirq respectively (Figure 4). The
midpoint reduction potentials calculated from the Nernst plots
for the WT protein at pH 8.0 are similar to those reported
earlier @3). In general, although both midpoint reduction
potentials,Esqrq and Eoysq Change for the mutants, larger
effects are seen iBsqrq (AE from —11 to+63 mV) than in
Eowisq (AE from —23 to +19 mV). The effects are greatest

2). However, when Asn58 is replaced by Cys, the changes
are smaller, with both potentials becoming slightly more
negative AEsgq= —11 mV andAEqsq= — 6 mV. Changes
also occur in theEqysq and Esqiq Values of the Asp65Lys,
Asp96Asn, and Asn97Lys mutants (Table 2). In contrast,
when the surface charge from the side chain of Glu20 is
reversed in the Glu20Lys mutant, neither reduction potential
is affected.

The effects of pH on the reduction potentials were
determined for WT FId and for the Thr56Gly and Asn58Lys
mutants in the pH range from 6 to 8 (Figure 5). Data obtained
for WT FId confirmed an earlier study8), which showed
that Eoxsqis pH-dependent with a slope ef51 mV/pH unit
and thatEsqq is pH-independent at high pH but becomes
pH-dependent as the pH is decreased below about pH 7

for the Thr56Gly and Asn58Lys mutants. Thus, replacement (Figure 5). The slope foEqxsq is smaller than might be

of Thr56 by the smaller residue Gly makeg,qless negative
(AE = +63 mV), while the mutation has no effect &gysq

expected for the addition of one electron and a proton to
form the neutral semiquinone (theoretical valu89 mV at

The potentials for the two steps tend to converge so that the25 °C), possibly reflecting ionizable groups on the apoprotein
semiquinone that is stabilized at half-reduction decreasesthat might alter the FMN environment and modulate the

from 97% for WT Fld to only 75% for the mutant (Table

reduction properties of the flavirprotein complex. The slope

2). It is notable that, when Thr56 is replaced by Ser, a side change for Esyq has been ascribed to a redox-linked

chain that is also able to fora H bond, only small changes
in Esqira @ndEgysq 0ccur (Table 2). In contrast, when Asn58

protonation of the hydroquinone complex with an apparent
pKa of 6.1 43). Similar pH-dependent changeskgyqhave
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L 1 L L 1 AGrd

Apo+FMN,, «—=> Holo,

E (mV)

-500
55 6.0 65 7.0 75 80 85

PH FIGURE 6: Thermodynamic cycle showing the relationship between
FIGURES: pH dependence of the,sqvalues of WT (0), Thr56Gly the reduction potentials of free and bound FMN with the affinity
(O), and Asn58Lys Y) Flds and ofEsqq values of WT W), constants of the oxidized, semiquinone, and hydroquinone ApoFId:
Thr56Gly @), and Asn58Lys ¥) Flds. FMN complexes 11).
Table 3: Dissociation Constants for the ApoFId:FMKomplexes 4 4
and Free Energies for the Formation of the Corresponding Oxidized, — ~ sl A sl B
Semiquinone, and Hydroquinone Compléexes =
Fld K AGox AGsq AG E s X
form (nM)>  (kcal moiY)e  (kcal mol%)¢d  (kcal molt)d g
= -

wT 30  -11.69 ~11.76 —6.61 < 10 10

E20K 47 -11.42 -11.52 —6.57 g 12 12

T56G 554 —8.60 —8.71 —5.01 , . . , d .

T56S 9.6 —11.00 —11.41 —6.12 ! . ! y

N58C 50 ~10.02 —9.95 —4.54 ox sq rd ox sq rd

N58K 15.7 —10.71 —10.25 —5.83 Redox state

DE5K 6.0 —11.28 —11.78 —7.00 FIGURE 7: Binding energy profiles versus reduction for WT and
D96N 2.5 —11.80 —11.57 —6.72 mutated ApoFld:FMN complexes. (A) WTLj, Thr56Gly @),
N97K 186  —1060 —10.31 —557 Thr56Ser &), Asn58Cys ©), and Asn97Lys M); (B) Glu20Lys

aData obtained in 50 mM Tris-HC| at pH 8.0 and Z%. (O), Asp96Asn M), Asn58Lys @), and Asp65Lys ).

b Determined from fluorometric titrations of FMNwith WT or mutated ) . ) o )
ApoFlds.¢ Calculated from data in B Calculated from datain c using ~ experimental conditions, while the remaining mutants bind

egs 3 and 4. oxidized FMN less strongly (Table 3). Th&; values for
the Thr56Ser, Asn58Lys, and Asn97Lys mutants are in-
been reported for other Flds. There is evidence thatkie p creased by 3.2, 5.2, and 6.2-fold, respectively, compared with
is not associated with the flavin itself but rather with that of the WT protein. Finally, th&y for the Asn58Cys
ionization of group(s) on the apoproteid4( 45). mutant shows a 17-fold increase, while the Thr56Gly mutant
The pH dependencies diosq for the Thr56Gly and  shows the weakest affinityg increased 184-fold).
Asn58Lys Fld mutants are close to the theoretical value The reduction potentials of ApoFld:FMN complexes are
(slopes of—61 and—65 mV/pH were found for Thr56Gly  linked to the binding affinities of the different FMN redox
and Ans58Lys, respectively). The pH dependencieif forms by the thermodynamic cycle shown in Figure 6,
for these two mutants are even more different from that of allowing theKq values for the corresponding semiquinone
the WT protein, with the values for both mutants changing and hydroquinone complexes to be calculatéd).(Thus,
throughout the pH range investigated (Figure 5). In addition, the free energy for the ApoFld:FMN(AGo,) complex can
the slope for the Thr56Gly mutant is ony83 mV/pH, while be obtained directly from thi, values, while those of the
that for Asn58Lys is larger{89 mV/pH). These different  ApoFId:FMNs, (AGsg) and ApoFld:FMNy (AGq) complexes
pH effects mean that while at pH values below 7 the redox can be calculated from the following equatiodd)
potential for the semiquinone/hydroquinone couple is much

less negative than that of the WT (at least30 mV for the AGgy= AG,y, — F(Epysq— EOX,Sqfre (3)

Asn58Lys mutant), with the differences becoming smaller

at high pH (only+32 mV for Asn58Lys at pH 8). AG, = AG,, — F(E, ., + — g free_ free)
Dissociation Constant®issociation constant«() for the a o oisa * Esara ™ Eousg Ssro ()

ApoFIld:FMN,, complexes have been determined for WT

AnabaenaFld and for the mutants (Table 3). The value whereF is Faraday’s constant.

determined for the WT complex (3 nM in 50 mM Tris-HCI The data obtained (Table 3) show that the stability of the
at pH 8.0) is about 10 times larger than previously reported semiquinone complex in WT FId is similar to that of the
(0.26 nM in 50 mM Mops at pH 7.0)2Q8). The difference oxidized complex, while further reduction of the FMN
can be attributed to the different experimental conditions useddestabilizes the flavifprotein interaction (Figure 7). The
in the two measurements, because kaefor a variety of corresponding energy profiles of the FId mutants along the
Flds is known to be affected by the type of buffer, by the reduction are similar to that of the WT, with the oxidized
ionic strength, and especially, by the pH that in this case and semiquinone complexes having similar strength and the
suffers a change of 1 uni28, 46—48). The K4 values for interactions with the hydroquinone flavin being significantly
the Glu20Lys, Asp65Lys, and Asp96Asn mutantsAofa- weaker. However, theAG values vary in the different
baenaFId are similar to that of WT FId under the same mutants. Thus, the\G,, AGs, and AGq values for the
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ApoFId:FMN interactions of the Glu20Lys, Thr56Ser, +18 mV, respectively. Moreover, th&gyq also shifts
Asp65Lys, and Asp96Asn mutants are similar to those of moderately to less negative values upon charge reversion of
WT FId (Table 3 and Figure 7). When Thr56 is replaced by Glu20 (by +9 mV) and Asp65 (by+16 mV), residues
Ser, a slight weakening of the oxidized and hydroquinone situated on the Fld surface further away from the flavin ring
complexes occurs, whereas the affinity of the protein for the by 20 and 13 A, respectively. These observation might
FMN semiquinone is unaffected. In contrast, the changesindicate that the positive charges introduced in the flavin
associated with the other mutants are larger. Thus, theenvironment partially neutralize the negative charge that
substitution of Asn58 or Asn97 by residues with a positively interacts with the negative charge at N(1) of the FMN
charged side chain clearly displaces the free energy profile hydroquinone. SimilarlyEsqrq @lso becomes less negative
to less negative values (Figure 7). For Asn58Lys, the when Lys replaces either Asn58 or Asn97. The results clearly
destabilization of the semiquinone and hydroquinone com- show that elimination of negative charges in the FMN
plexes is larger than that of the oxidized complex, whereas surroundings favors reduction to the hydroquinone, an effect
the greater destabilization for the Asn97Lys mutant occurs that is also produced by partially balancing the negative
with the hydroquinone complex. Moreover, when Asn58 is charge with the positive charge. Our observations are in
replaced by a Cys, further destabilization of the interaction agreement with earlier ones that indicate that the generally
in all redox states is observed, again with the greatest effectnegative electrostatic environment generated by negatively
on the hydroquinone complex. Finally, the largest overall charged residues in the FMN surroundings contributes to the
effect is observed when Thr56 is replaced by Gly. Complexes negative Esyq value in Flds 4, 8, 9, 51). Theoretical

of this mutant with FMN in all redox states are much weaker calculations on the Fld system estimate a contribution 4f
than in the WT protein, and the effects are greatest for the mV (at an ionic strength of 100 mM) per negatively charged

oxidized and semiquinone complexes. residue to the shift of the free FMN potentiéd2j, and
experimental neutralization of negatively charged residues
DISCUSSION in D. vulgaris Fld has shown an increase ¢115 mV in the

Esqra Value per mutated residud, (10). A comparison of

The factors involved in modulation of reduction potentials the crystal structures of the Asp95Asn mutant in its three
in flavoproteins have been an object of study for many years, redox states with the corresponding structures of the WT of
and the molecular basis for differences in redox potentials this protein revealed that the conformations of the two protein
is still a matter of extensive discussion. Mutations have beenloops that bind the flavin hydroquinone are different in the
introduced in the close environment of the flavilinabaena mutant and that the phenol ring of Tyr98 rotates so that it
FId to modify not only the electrostatic environment of the makes an edgeface interaction with the isoalloxazine rather
isoalloxazine ring but also the solvent accessibility of the than a face-face interaction®). Similarly large structural
flavin, as indicated by the differences found between the changes occur in the oxidized forms of several Gly61 mutants
UV—vis absorbance and FMN fluorescence quenching of this FId (17), emphasising that mutations at the flavin site
properties of the different mutants (Table 1). The data can have profound structural consequences. The importance
indicate that, when the electrostatic properties of amino acid of electrostatic repulsion in the control of the sg/rd potentials
side chains within a radius of 14 A of the isoalloxazine in Flds has also been demonstrated with the proteir@.of
system are modified, substantial changes occur in bothbeijerinckii, A. nidulans andM. elsdenii(7, 8, 50).
reduction potentialsoysqandEsqrq (Table 2). However, only Solvent accessibility is another important factor that has
small effects occur when Glu20, a negatively charged amino been shown to contribute to modulatiBgy,s Thus, replace-
acid on the surface of Fld and more than 20 A from the ment of the aromatic side chain that stacks against the flavin
isoalloxazine moiety, is replaced by Lys. Additionally, for ring by a smaller amino acid leads to a displacemeiigf;
the Thr56Gly mutant, onl¥Esqrqis modified (Table 2). to less negative value8,(11). In addition, the more negative

Modulation of the sqg/rd Potential by the Protein #on- values forA. nidulansandD. wulgaris Flds compared with
ment.Structural and functional studies have established thatthat for theC. beijerinckii protein can be explained by a
electrostatic interactions are a determinant factor in the sg/channel for the solvent at the pyrimidine end of the
rd equilibrium in Flds. Because the hydroquinone form of isoalloxazine ring in theC. beijerinckii Fld that is blocked
FMN in FId is normally not protonated at N(1%9) and by three to five additional residues in the other two proteins
because this position is in an environment of negative charge(7). Among the mutations analyzed in the present study, we
in the protein, repulsive forces are generatdd 50). A can also observe how the accessibility of the flavin to the
careful analysis of thEsyqvalues for the differenrdnabaena solvent influencessqe Thus, when Thr56 is replaced by
FId mutants indicates that either removal of negatively Gly, a +63 mV increase ofEsyq iS Observed, whereas
charged side chains or introduction of positive ones shifts replacement by a more bulky residue such as Ser produces
Esqra tO less negative values, with the magnitude of the a value for this parameter that is similar to that of WT Fld.
change depending on the distance and on the relative locationThe theoretical calculation indicates that the volume of the
of the modified charge relative to the isoalloxazine ring. internal cavities increases only in the case of the Thr56Gly
Thus, neutralization of the Asp96 side-chain charge, situatedmutant. In addition, the changes are only observed in the
on the FId surface 10 A away from the flavin ring, by an close environment of the FMN and the mutated side chain,
Asn, produces a change 6f13 mV in Esyq Whereas where a 20 A cavity is present in WT FId. In the case of
introduction of Lys in the direct environment of the FMN the Thr56Gly mutant, the cavity is enlarged to 43akhd a
isoalloxazine ring at positions 58 or 97 (side chains around second smaller cavity (16%appears next to it (Figure 8A).
4 and 5 A away from the ring, respectively) causes Modulation of the ox/sq Potential by the Proteinion-
displacement oEsqyq to less negative values b¥32 and ment.Transition from the oxidized to the semiquinone state
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WT Fid Thr56Gly Fld

Ficure 8: Representation of the cavities formed around the isoalloxazine system in WT and Thr56Gly Flés silise Thr56Gly Fld

mutation has been obtained using the Swiss-PdbViewer. The same program has also been used to add H atoms, minimize the structures,
calculate the cavity volumes, and produce the figure. The protein backbone is represented in dark blue; FMN, in orange; and position 56,
in green. One cavity is found in the close environment of WT Fld isoalloxazine (red). This cavity is enlarged in the case of the mutant (also

in red), where a new cavity is also formed (gray).

of A. nidulans C. beijerinckii andD. vulgarisFlds has been  of Gly. This Asn residue raises the energy of the O-up
shown to be accompanied by a backbone peptide rearrangesemiquinone conformer7), thus making reduction more
ment (O-up conformation, Figure 2D). Thus, a comparison difficult and producing a decrease in the ox/sq potential. In
of these oxidized and semiquinone 3D structures indicatesfact, the Asn58Gly substitution iA. nidulansFld produces
that, upon reduction to the semiquinone state, formation of the expected increaseHsq (7). In this context, replacement

a new H bond occurs between a carbonyl O of the twisted of Asn58 of AnabaenaFld by a Lys produces a more
backbone and the N(5)H position of the ring G38(5)H negativeEqysq value (by—23 mV) compared to that of the
(A. nidulansnumbering) 7) and that the NH59 to N(5) WT. The effect might correspond to an increase in the
contact that is found in the oxidized state is lost. Therefore, conformational energy of the peptide Asn58-11e59 in the
this peptide rearrangement appears to provide a versatilesemiquinone state of this mutant by comparison with that
device for manipulation of the ox/sq potential. Although the of WT Fld. However, changes in the interaction between
amide group of lle59 in oxidizeAnabaend-Id is known to residue Asn58 and N(5)H cannot be discounted as secondary
establish a weak H bond with the N(5) of the flavin ring contributors to the potential shifts. In fact, thAeabaenaFid

(21), the structure of the semiquinone of this Fld has not structure shows that this mutation might break hydrophobic
been determined and there are no data to confirm theinteractions between the side chain of Asn58 and C6, C7,
existence of structural changes in the backbone uponand C(7)M atoms of FMN. Finally, the introduction of a
reduction to the semiquinone Fld state. However, the positive-charged residue near the neutral semiquinone can
structural similarities betweelnabaenandA. nidulansFlds cooperate in raising the energy for the conversion oxidized
and the fact that the loop sequence Trp57-Asn58-1le59- semiquinone.

Gly60-Glu61l inAnabaenaFld is conserved irA. nidulans Dependence of Reduction Potentials on gthough no

FId with only 1le59 substituting for a Val, suggest that the major alterations are detected in thgysq values of the
Asn58-1le59 region in AnabaenaFld would similarly mutants, changes in the slopesEfs, versus pH for the
experience rearrangement in the transition from the oxidized mutants compared to that of WT Fld and of the theoretical
form to the semiquinone (Figure 1). Thus, previous studies value expected for the addition of one electron and one
have shown that replacement of lle59 by a Ly&\mabaena proton to give the neutral semiquinone suggest that the
Fld produces a displacement®fysqto more negative values ~ mutations introduced affect the redox-linked protonation of
(53). This proposed that conformational change might act some ionizable group in the flavin environment that con-
in two ways, first, by altering flavirprotein contacts and, tributes to the modulation of thi,sq potential.

second, by modifying the conformational stability of the = Because no structural changes accompany reduction of
protein itself. It has been demonstrated that replacement offlavodoxins from the semiquinone to the hydroquinone, it
the N(5-HN59 interaction in the oxidized state by the has been difficult to establish the basis for their very low
N(5)H—058 bond in the semiquinone state is energetically Esqra potentials. However, it is accepted that in the Fld-
favorable because N(5yHO58 is the strongest of the two reduced state the FMN ring remains unprotonated (anionic)
H bonds ). On the other hand, the conformation adopted and that the change in slope Bfqg (With pKy ~ 6—7)

by the Asn58 side chain iA. nidulansFld has lower energy  reflects a change in the protonation state of the apoprotein,
in the oxidized state than in the semiquinone stafe (  either of a single nearby carboxylate side chain or to the
However, this energy difference might be compensated by combined effects of several negatively charged side chains
changes at 11e59. One key difference betw€ebeijerinckii around the flavin-binding site4d, 45, 50).

FId and the proteins fromA. nidulansand Anabaends the The introduction of a Gly at the position of Thr56 or of a
presence of Asn at position 58 in the last two proteins insteadLys at Asn58 evidently increases the value of the apparent
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pKa of Anabaendr-ld. Although our data are insufficient for  the complexes ApoFld:FMY and ApoFld:FMN, the H

the new values to be calculated, they appear to be greatelbond between Asn58 and N(5)H is the one that is affected.
than K, = 8. Moreover, because the amino acids that were In conclusion, the data presented here indicate that
introduced are completely different both in their physico- flavodoxin regulates the FMN redox properties by limiting
chemical properties and in their locations relative to the FMN the solvent accessibility to the isoalloxazine ring, by control-
ring, the reasons for the changes are probably different for ling the hydrophopicity and electrostatic properties of its
the two mutants and related to conformational changes inenvironment. In direct relationship with such observations,
the flavin ring environment. Unfortunately, none of the our data support the idea that th&pvalues of protein
mutant proteins has crystallized in a form suitable for ionizable groups and H-bond networks around the flavin ring
structural determination by X-ray crystallography. However, are important determinants of the ApoFId:FMN interaction
our 3D models suggest that, when Thr56 is replaced by Gly, strength.

cavities are produced around the N(1) and N(3) atoms of

the flavin ring (Figure 8). In solution, such cavities might ACKNOWLEDGMENT
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