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Role of critical charged residues in reduction potential modulation

of ferredoxin-NADP* reductase

Differential stabilization of FAD redox forms
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Reduction potential determinations of K75E, E139K and
E301A ferredoxin-NADP" reductases provide valuable
information concerning the factors that contribute to tune
the flavin reduction potential. Thus, while E139 is not
involved in such modulation, the K75 side-chain tunes the
flavin potential by creating a defined environment that
modulates the FAD conformation. Finally, the E301 side-
chain influences not only the flavin reduction potential, but
also the electron transfer mechanism, as suggested from the

values determined for the E301A mutant, where Eqyq and
Eyra shifted +41 and + 102 mV, respectively, with regard
to wild-type. Reduction potentials allowed estimation of
binding energies differences of the FAD cofactor upon
reduction.
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reductase.

Ferredoxin-NADP™ reductase (FNR, EC 1.18.1.2) cata-
lyses NADPH production during photosynthesis in higher
plants as well as in cyanobacteria. During this process, FNR
accepts one electron from each of two molecules of the one-
electron carrier ferredoxin (Fd) and uses them to reduce
NADP* to NADPH via hydride (H") transfer from the N-5
atom of the FAD cofactor of the enzyme to the nicotin-
amide ring of the pyridine nucleotide [1]. When, in
cyanobacteria and certain algae, the organism is grown
under iron-deficient conditions, flavodoxin (Fld) replaces
Fd in this reaction [2]. In the proposed catalytic mechanism,
upon reduction of FNR by the first Fd a transient FNR
semiquinone is produced [1,3,4]. Three-dimensional struc-
tures of FNRs from different species, either in the oxidized
or the reduced states, show that no significant conforma-
tional differences exist between oxidized and reduced FNR
[5,6]. Crystal structures for complexes of the enzyme with
NADP™ [6,7] and, more recently, three-dimensional struc-
tures of the complex between FNR and Fd have also been
reported [8,9]. The geometry of these FNR:NADP™ and
FNR:Fd complexes suggest nonsteric impediments to the
proposed [NADP " :FNR:Fd] ternary complex. Moreover,
the structures reported for the FNR:Fd complexes [8.9]
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indicate that an FNR molecule interacts specifically with a
single Fd molecule before each one-electron transfer
process, also suggesting that disassembly of the FNR-Fd
interaction takes place upon a redox linked conformational
change in the Fd molecule once the electron has been
transferred to FNR [8]. Although FNRs from different
species have been thoroughly investigated [3,4,10-15], the
mechanism of proton and electron transfer (ET) between
FNR and its substrates is still not clear.

The molecular interface between Fd and FNR [8] consists
of a core of hydrophobic residues from both molecules,
whose role in complex stabilization and ET has been
confirmed [12,16,17]. In addition, charged groups on both
molecules are also critical [4,10-13,17]. Among these, in
Anabaena PCC 7119 FNR, K75, residue which is conserved
in all the FNR sequences analysed but not in other members
of the FNR family, seems essential for stabilization of the
intermediate FNR:Fd complex [10], evidence supported by
the H-bond between K75 FNR and E94 Fd observed in the
complex [8] (Fig. 1). Structural analysis also suggested that
the E301 carboxylate might be involved in the catalysis by
transferring protons from the external medium to the buried
N5 atom of the isoalloxazine through S80 (Fig. 1) [4-6,15].
Replacement of E301 by Ala impaired the FNR ability to
exchange electrons in those processes where a transient
semiquinone FNR was expected [4]. Such behaviour was
related to the very low stability of the E301A FNR
semiquinone and, consequently, modification of the flavin
reduction potential might be expected for this mutant.
Although the E301A FNR overall folding was absolutely
conserved with respect to the wild-type, the E301-S80
H-bond was absent, and a conformational change was
observed in the E139 side-chain, which now points towards
the FAD cofactor [18]. This E139 conformation was
stabilized by a network of H-bonds to several new water
molecules that connect E139 and S80 side-chains, suggesting
that E139 might influence the FAD properties. Previous
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Fig. 1. Three-dimensional structural comparison, in Anabaena PCC
7119, of the conformations of the FAD and the FNR K75, S80, E139 and
E301 side-chains. Free FNR (coloured in blue), FNR:Fd complex
(coloured following CPK). E94, S64 and [2Fe-2S] of complexed Fd are
also shown.

site-directed mutagenesis studies indicate that the E139
charge has a significant effect on the geometry of the inter-
acting FNR-Fd surfaces but not on the ET process itself[13].

Versatility of protein-bound flavins arises from the
interaction of its redox centre, the isoalloxazine ring, with
the apoprotein, which determines its reduction potential
within the protein environment [19-21]. For many years, no
reduction potentials for FNR mutants were reported [4,15],
and only recently have we been able to achieve its
measurement [16]. The close proximity of K75, E139 and
E301 to the flavin ring and the reported characterizations of
K75E, E139K and E301A FNRs make it interesting to test
the influence of these charged residues on FNR reduction
potential.

MATERIALS AND METHODS

Protein production

K75E, E139K and E301A Anabaena PCC 7119 FNR
mutants were obtained using as a template a construct of the
petH gene which had been previously cloned into the
expression vector pTrc99a, as previously described [4,10,13].
Mutants and wild-type FNR forms from Anabaena PCC
7119 were purified from the corresponding E. coli cultures
by previously described methods [4]. UV-Visible absorption
spectroscopy and SDS/PAGE electrophoresis were used as
purity criteria.

FNR photoreduction

Photoreduction was carried out at 10 °C in an anaerobic
cuvette containing 15-25 um FNR, 1 mm EDTA and 2 pum
dRfin 50 mm Tris/HCIL, pH 8.0 [4,20]. Solutions were made
anaerobic by successive evacuation and flushing with
O,-free Ar. Absorption spectra were recorded after succes-
sive periods of irradiation with a 150-W light source and
were used to calculate the FNR,,, FNRy and FNR4
concentrations throughout reduction. The extinction coef-
ficients used at 458 and 600 nm were, respectively, 9400
[22] and 200 M 'em™ [12] for FNR. 3400 [3] and
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5000 M em™ [22] for FNR;
300 M~ em ™' [12] for FNR,q.

and 900 [22] and

Spectroelectrochemistry for reduction potential
measurements

Potentiometric titrations of FNRs were performed in a
three-electrode electrochemical cell [23] using a gold work-
ing and a silver/silver chloride reference electrodes. Redu-
cing equivalents were provided either electrochemically,
with methyl-viologen as mediator, or photochemically.
Both methods yielded the same results. Experimental
solutions contained 12-20 pm protein, 1-3 pm indicator
dyes, 10% (v/v) glycerol and 100 um methyl-viologen
(electrochemical reduction) or, 1 um dRf and 1 mm
EDTA (photoreduction), in 50 mm Tris/HCl buffer at
pH 8.0. Indicator dyes included; lumiflavin 3-acetate
(=223 mV), benzyl-viologen (-348 mV); and methyl-
viologen (—443 mV). Solutions were made anaerobic over
a 2-h period. After each reduction step, the cell was held at
10 °C. Once equilibration of the system was achieved, the
UV-Visible spectrum was recorded (PerkinElmer 2S). Prior
to redox species quantitation, turbidity and dye contribu-
tions were subtracted. Due to the low degree of FNR
semiquinone stabilization it was not possible to measure the
potential for the two one-electron steps. Values for Eoyq of
FNRs were determined according to the Nernst equation:

E = Eoxjra + (0.056/n) - log([ox]/[red])

Each FNR displayed a two-electron redox behaviour
based on the slopes of the Nernst plot, ~30 mV. The
reduction potentials are reported vs. the standard hydrogen
electrode. The error in the £ determinations was estimated
in £3 mV.

RESULTS

Photoreduction

Photoreduction enabled the visible spectral properties of the
different FNRs to be monitored throughout the reduction
process, thereby allowing an accurate quantitation of the
maximal amount of the total flavin semiquinone stabilized
without spectral interference from the mediators. Thus, the
concentrations of the different redox species at each
reduction step were calculated by solving a mass balance
equation and two Beer’s law relationships (458 and
600 nm). Our data indicate that although wild-type, K75E
and E139K FNRs accumulate a maximum of 22, 27 and
21%, respectively, of the total flavin as neutral semiquinone
(Table 1), almost no absorbance changes attributable to a
semiquinone were detected for E301A FNR [4].

Spectroelectrochemistry for reduction potential
determination

Wild-type FNR. Figure 2A shows the spectra of the wild-
type FNR species generated throughout potentiometric
titration. The corresponding Nernst plot is consistent with a
two-electron reduction (inset), as described previously
for spinach and Anabaena FNRs [12,22,24], and with an
Ewroxra of =325 mV at pH 8.0. Despite the small differ-
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Table 1. Midpoint reduction potentials and differences in binding energies of the oxidized, semireduced and reduced apoFNR:FAD complexes of wild-

type and mutated FNR forms at pH 8.0.

onVrd on,fsq Esq/rd AAqu—ox AAGrcl—sq AAGrd—ox
FNR (mV) (mV) (mV) %SQ (kcal'mol™") (kcal'mol™) (kcal'mol™)
Wild-type =325 -338 =312 22 -14 4.2 2.8
K75E -305 =312 -298 27 -2.0 3.8 1.8
E139K -326 -341 =311 21 -1.35 4.1 2.8
E301A —284 —358% =210 2 -1.0 1.8 0.9
FAD -265° -400° -130° 0.2

2 Data from [4]. ® Data for free FAD at pH 8.0 estimated from [29].
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Fig. 2. Spectra obtained during potentiometric titration of (A) wild-type
and (B) E301A FNRs. The insets show the corresponding Nernst plots:
K75E (@), E139K (A), wild-type ((0) and E301A (O) FNRs.

ences observed among wild-type and native Anabaena
FNRs, due to proteolytic cleavage of six residues at the
N-terminus of the native enzyme purified from Anabaena
cells, the value here obtained for wild-type FNR is in good
agreement with those previously reported for native
Anabaena FNR (Exngoxra = =376 mV, pH 8.0 [22] and

EpNRoxrd = —320 mV, at pH 7.0 [26]), for the Anabaena
wild-type FNR' (Ewtoxra = =323 mV, pH 7.5 [12]) and
also with that described for the spinach FNR
(EwToxra = —380 mV [24], pH 8.0).

The reduction potentials of the one-electron reduction
steps can be derived according to the equations

on/sq - Esq/rd =0.11 IOg{z[SQ]/(l - [SQ])} [25} (1)
(on/sq =+ Esq/rd)/2 = on/rd (2)

once FEoxrd (EwToxrd = —325 mV) and the maximum
concentration of semiquinone stabilized by the wild-type
enzyme ([SQ] = 22.4% as determined by photoreduction
experiments) are known. Thus, by simultaneously solving
this Nernst derived two-equation system, the reduction
potentials for the two individual ET processes for wild-type
FNR have been calculated to be Ewroxjsq = —338 mV and
Ewrsqra = =312 mV in Tris/HCI, pH 8.0 (Table 1).

K75E FNR. Spectra obtained through potentiometric
titration of K75E FNR are nearly identical to those of
wild-type. The corresponding Nernst plot yields an Eoy g
value 20 mV more positive than that of wild-type (Fig. 2A,
inset). By considering the maximum of semiquinone
stabilized, the values of Ex7spoxsq = —312 mV and
Ex7sesqra = —298 mV were calculated (Table 1). There-
fore, a charge-reversal replacement of K75 is somehow
affecting the flavin reduction potential.

EI39K FNR. The spectra generated by E139K FNR during
reduction exhibit properties indistinguishable from those of
wild-type and, the corresponding Nernst plot yields a
midpoint potential for the ox/rd couple almost identical to
that of the wild-type. According to Eqns (1,2), the values of
EE]39K0X/Sq = =341 mV and EE139qu/rd = =311 mV were
calculated (Table 1). Thus, the Eora, Eoxsq and
Ey/ra values obtained for E139K FNR are the same, within
experimental error, as those of the wild-type.

E3014 FNR. Potentiometric titration of E301A FNR
shows that no detectable levels of the semiquinone inter-
mediate state accumulated (Fig. 2B), which is consistent
with the photoreduction analyses and with previous studies
[4]. Moreover, the midpoint reduction potential calculated
from the Nernst plot of E301A (inset) is 41 mV more
positive than that of the wild-type (Table 1). Due to the lack
of semiquinone stabilization it was not possible to perform
the analysis above described to calculate the one-electron
reduction potentials. However, based on the fact that
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reoxidation of laser flash reduced Fd requires approxi-
mately twice as much E301A FNR than wild-type FNR, it
was previously estimated that Eg301a0x/sq Should be 20 mV
more negative than the corresponding wild-type value [4].

Therefore, using Egso1aoxsq = —358 mV, the experimental
value of Eg301a0x/ra and Eqns (1,2), a +102 mV shift of the
Egs01asqrd (EGusoiala sqrd = =210 mV) and a maximal

amount of only 2% of semiquinone are shown by E301A
FNR (Table 1).

Binding affinities of apoFNR variants for the different
redox states of FAD

Due to the irreversible denaturation of FNR upon FAD
dissociation, we were not able to determine experimentally
either the Ky or the binding energies for the apoFNR:FAD
complexes in any redox state. However, as the reduction
potentials of free and bound FAD are linked to the binding
affinities of the FAD redox forms to apoFNR, differences
between the binding energies for the interaction of the
different FAD redox states can be calculated once the
reduction potential values of complexed and free FAD are
known [21]. Thus, according to:

AGyg = AGox — F(Eqyjsq — EteiiP) (3)
AGrd = Aqu - F(Esq/rd - g;efrEAD) (4)

differences between the free energies for the FAD:apoFNR
complexes in the different redox states:

AAqu‘Ox = Aqu — AGOX = — F(EOX/Sq _ EfreeFAD) (5)

ox/sq

AAGig-5q = AGrg — AGyq = _F(Esq/rd - ?(-f/erl:iAD) (6)

AAGrd-ox = AGrd - AGox = - F(on/sq - ngstqAD

+ Eqra — Egfid™?) (7)

can be obtained (Table 1). As the three-dimensional struc-
tures of the oxidized and reduced forms of the spinach FNR
do not show major structural differences in FAD confor-
mation and binding to the protein [5], the shifts observed in
the binding affinities of the three FAD redox forms to
apoFNR cannot be a result of redox linked conformational
changes in the flavin environment. For all the FNRs,
complexes with semireduced FAD are considerably more
stable than those of the oxidized forms, while reduced FAD
complexes are less stable than the semiquinone or oxidized
ones. Thus, in the wild-type protein, the FAD semiquinone
is bound slightly more tightly (by 1.4 kcal'mol™) to the
apoFNR than the oxidized form, while the reduced cofactor
considerably destabilizes the complex compared with both
the oxidized (2.8 kcal'mol™) and the semiquinone forms
(4.2 keal'mol™). E139K FNR, has identical reduction
potential values as wild-type FNR (Table 1) and therefore
an identical binding energy profile. Replacement of K75 by
Glu produced an enzyme that upon reduction stabilized
more the semireduced complex than the wild-type. More-
over, the reduced complex is destabilized relative to the
oxidized and the semireduced ones, although, for both cases,
the magnitude of the destabilization (1.8 and 3.8 kcal'mol™",
respectively) is slightly smaller than that found for the wild-
type FNR complexes. In the case of E301A, although the
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semiquinone and the reduced complexes are again more and
less stable, respectively, than the oxidized, differences in the
magnitude of the shifts are observed. Thus, in comparison
with wild-type, the semiquinone complex is less stabilized
with respect to the oxidized and, on the contrary, the
reduced is much less destabilized relative to both the
oxidized and the semireduced complexes.

DISCUSSION

Knowledge of the reduction potentials of the FNR
mutants enables us to interpret their behaviours in
thermodynamic terms and, consequently, the role of
specific side-chains in the ET processes. Substitution of
K75 by Glu produced an enzyme whose semiquinone
appears to be stabilized to a slightly larger extent than
that of the wild-type, and which had ox/rd, ox/sq and sq/
rd FAD reduction potentials more positive by 20, 26 and
14 mV, respectively, suggesting that the K75 side-chain is
somehow influencing the FAD reduction potential within
the protein environment. FNR structure shows that K75
side-chain is not making any contact with the FAD-
isoalloxazine [12.40 A from K75-NH, to CH;(8)] (Fig. 1).
Moreover, K75 is not involved in any intraprotein
interaction, but is situated at the entrance of a water
cavity, at the bottom of which are the pyrophosphate and
the ribose from the FAD. Therefore, K75 cannot be
directly modulating the potential of the flavin ring by
itself, but replacement of its positive charge by a negative
one may produce a different organization of this solvent
cavity. This might force the different regions of the FAD
to adopt a slightly different conformation, which could
produce the differences observed in flavin binding and
reduction potentials. Such differences in relative confor-
mation of the FAD moieties are, for instance, detected in
the structure of the Fd:FNR complex, where a displace-
ment of K75 side-chain from the water cavity to form a
salt-bridge with Fd E94 side-chain is accompanied by a
displacement of the pyrophosphate and the ribose of
FAD towards the water cavity, which produces a less
tight FAD L conformation (Fig. 1) [8]. Such complex
formation has been shown to produce changes in the
flavin reduction potentials [12]. We can conclude that K75
side-chain, which is conserved in all the FNR sequences
analysed, apart from being a key residue in stabilizing
complex formation with Fd prior to ET [10], modulates
the protein/flavin interaction and contributes to a long
distance modulation of the flavin reduction potential.

All the properties of E139K FNR analysed here were
identical to those of the wild-type (Table 1). Therefore, the
negative E139 side-chain does not influence the potential of
the flavin within the protein environment, nor is involved in
the stabilization of the FAD:apoFNR complex. This was
expected, due to the long distance between the E139 side-
chain and the FAD [10.87 A from carboxylate to CH;(7)
of (FAD)] (Fig. 1) [6]. This is consistent with previous
interpretations, which indicate that the large decrease in the
ability to accept electrons from Fd,y exhibited by this
mutant, is not due to an alteration of its reduction potential,
but more likely to a nonoptimal mutual orientation of the
cofactors within the intermediate complex [13].

Replacement of E301 by Ala produced an enzyme that
does not stabilize the semiquinone state at all and has a
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reduction potential for the two-electron transfer process
that is 41 mV more positive than the wild-type enzyme, i.e.
EGiuso1Alaoxrd = —284 mV (Table 1). These two facts imply
an important alteration of the reduction potentials for the
two one-electron reduction processes, on/sq and Esq/rd.
Previous characterization of the reactivity of this E301A
FNR mutant in complex formation and ET to its substrates
had already indicated that the lack of its semiquinone
stabilization was the cause for its highly impaired ET ability,
as compared to the wild-type, in those processes in which a
transient neutral semiquinone intermediate should be pro-
duced, i.e. with Fd and FId [4]. Based on these transient
kinetic results, which showed that it is required twice as
much E301A mutant than wild-type FNR to completely
reoxidize Fd,4, a reduction potential value 20 mV more
negative than the corresponding value for the wild-type was
estimated for the OX/Sq couple, ie. EGlu301Alaox/sq =
-358 mV [4]. Taking into account both values,
EGusoialoyrd = =284 and  Egusoialoysq = —358 mV,
and according to Eqn (2), a large shift is expected for the
reduction potential of the sq/rd couple to a much more
positive value, Egj301Alasqrd = —210 mV, which would set
up a thermodynamic barrier for semiquinone stabilization.
This is consistent with the experimental observations.
E301A does not stabilize the semiquinone and its Eqyq is
41 mV more positive than the wild-type one, which implies
alteration of the one-electron potentials. This also indicates
that, in E301A FNR, the H-bond network connecting E139
and N5 of the isoalloxazine does not substitute for E301 in
modulating the flavin potential [18], and that it might only
provide an alternative means of providing protons to the
flavin ring to produce the hydroquinone form upon
reduction of the enzyme when E301 is not present to
provide them. Replacement of E301 by Ala also shifts the
binding energy differences between the different FAD redox
states compared with the wild-type. In this mutant the
stabilization of the semiquinone complex relative to the
oxidized is less pronounced, while the fully reduced state
does not introduce such a large destabilization, relative to
both the oxidized and the semireduced. Although in FNR it
is accepted that reduction by the first electron is accom-
panied by the uptake of a proton, this is not the case for the
second electron transfer [3,22], being the anionic hydroqui-
none formed. Therefore, it seems likely that an electrostatic
repulsion between it and the neighbouring E301 results in
destabilization of the hydroquinone FAD:apoFNR com-
plex relative to those complexes involving the quinone and
semiquinone. Such effect would not be produced in the case
of the E301A mutant, and could account for the decreased
destabilization of the complex observed upon reduction.
The roles of E301 stabilizing the transient semiquinone,
destabilizing the flavin hydroquinone complex and therefore
influencing the FAD reduction potential, support the
original hypothesis of its role in proton transfer from the
solvent to the isoalloxazine N(5) position, via S80, to yield
the neutral semiquinone [4,6]. Such a mechanism is also
supported by the structures reported for FNR:Fd com-
plexes [8,9]. Thus, in the Anabaena complex, the carboxylate
group of E301 is not exposed to solvent but is H-bonded to
the hydroxyl group of Fd S64, which is in turn exposed to
solvent and could initiate the solvent proton transfer chain
[8]. The maize complex shows structural changes around the
FAD, where E312 (equivalent to E301 in Anabaena FNR) is
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displaced towards S96 (S80), bringing both side-chains into
H-bonding distance [9]. In the Anabaena complex, changes
are observed in the relative distances and organization
between the atoms of the S80 and the E301 side-chains, and
a torsion is introduced into the isoalloxazine of the FAD
(Fig. 1). The structural perturbations in the environment
and the conformation of the isoalloxazine are very likely
related to the reduction potential shifts observed upon
complexation [12,22,27,28]. In fact, complex formation
between wild-type FNR and Fd not only shifts the ox/rd
reduction potential of the flavin by +25 mV, but also
inverts the two one-electron potentials, resulting in a
stabilization of the semiquinone [12,28]. Therefore, an
‘anchoring’ role can be proposed for the side chain of E301,
which is situated in the structure in such a way as to
promote the crucial H-bonding network that stabilizes the
flavin semiquinone. This effect is likely enhanced when,
upon complexation with Fd, structural changes in the active
site of the enzyme are induced.

These results also allow interpretation of the different
behaviour of E301A FNR in accepting electrons from Fd or
FId [4]. In such a reaction, it is proposed that Fld cycles
between the semiquinone and reduced states, as Fld is not
able to further reduce FNR. However, in the case of E301A
FNR, the two-electron reduction of E301A FNR by Fid
becomes thermodynamically favourable, avoiding the
intermediate semiquinone, which has to be produced with
the one-electron carrier Fd. Moreover, in the ET reaction
between Fld and wild-type FNR it is expected that the
electrons are transferred one at a time, as only the methyl
groups of the FNR dimethylbenzene ring, proposed to be
the entry point of electrons, are exposed to the solvent [20].
Replacement of E301 by Ala increases the degree of
exposure of the dimethylbenzene flavin ring to solvent
[18], which might also contribute to a different mechanism
for the reduction of E301A FNR by Fld.

In conclusion, the determination of the reduction poten-
tial values for K75E, E139K and E301A FNR forms and
their comparison with those of the wild-type provides
additional information concerning factors that contribute to
tune the reduction potential of the flavin within the protein
environment. Thus, our results suggest that some side-
chains may modulate the reduction potential value of the
flavin ring by creating defined environments that modulate
the conformation of the FAD, which in turn seems to have
an effect on the flavin redox properties, as shown for the
K75 side-chain. Moreover, it has also been shown that other
residues located close to the flavin ring influence not only its
reduction potential, but also the mechanism of ET for the
enzyme.

ACKNOWLEDGEMENTS

We are grateful to A. Stephens, University of Minneapolis and to Drs
J. K. Hurley and G. Tollin, University of Arizona, for their
collaboration in many aspects of this work. Work supported by grants,
CICYT-BIO2000-1259 to C.G.-M and DGA-P006/2000 to M. M.

REFERENCES

1. Arakaki, A.K., Ceccarelli, E.A. & Carrillo, N. (1997) Plant-type
ferredoxin-NADP * reductase: a basal structural framework and a
multiplicity of functions. FASEB J. 11, 133-140.



© FEBS 2002

10.

11.

12.

15.

Fillat, M.F., Sandman, G. & Goémez-Moreno, C. (1988) Flavo-
doxin from the nitrogen fixing cyanobacterium Anabaena
PCC7119. Arch. Microbiol. 150, 160-164.

Batie, C.J. & Kamin, H. (1984) Electron transfer by ferredoxin-
NADP™ reductase: Rapid reaction evidence for participation of a
ternary complex. J. Biol. Chem. 259, 11976-11985.

Medina, M., Martinez-Julvez, M., Hurley, J.K., Tollin, G. &
Gomez-Moreno, C. (1998) Involvement of Glutamic 301 in the
catalytic mechanism of ferredoxin-NADP™ reductase from
Anabaena PCC 7119. Biochemistry 37, 2715-2728.

Bruns, C.M. & Karplus, P.A. (1995) Refined crystal structure of
spinach ferredoxin reductase at 1.7 A resolution: oxidised, reduced
and 2’ phospho 5" AMP bound states. J. Mol. Biol. 247, 125-145.
Serre, L., Vellieux, F.M.D., Medina, M., Goémez-Moreno, C.,
Fontecilla-Camps, J.C. & Frey, M. (1996) X-ray structure of the
ferredoxin-NADP * reductase from the cyanobacterium Anabaena
PCC 7119 at 1.8 A resolution, and crystallographic studies of
NADP" binding at 2.25 A resolution. J. Mol Biol. 263, 20-39.
Deng, Z., Aliverti, A., Zanetti, G., Arakaki, A.K., Ottado, J.,
Orellano, E.G., Calcaterra, N.B., Ceccarelli, E.A., Carrillo, N. &
Karplus, A. (1999) A productive NADP™ binding mode of
ferredoxin-NADP " reductase revealed by protein engineering and
crystallographic studies. Nat. Struct. Biol. 6, 847-853.

Morales, R., Charon, M.-H., Kachalova, G., Serre, L., Medina,
M., Goémez-Moreno, C. & Frey, M. (2000) A redox dependent
interaction between two electron transfer partners involved in
photosynthesis. EMBO Reports 1, 271-276.

Kurisu, G., Kusunoki, M., Katoh, E., Yamazaki, T., Teshima, K.,
Onda, Y., Kimata-Ariga, Y. & Hase, T. (2001) Structure of the
electron transfer complex between ferredoxin and ferredoxin-
NADP " reductase. Nat. Struct. Biol. 8, 117-121.
Martinez-Jlvez, M., Medina, M., Hurley, J.K., Hafezi, R.,
Brodie, T., Tollin, G. & Gomez-Moreno, C. (1998) Lys75 of
Anabaena ferredoxin-NADP ™ reductase is a critical residue for
binding ferredoxin and flavodoxin during electron transfer.
Biochemistry 37, 13604-13613.

Martinez-Julvez, M., Medina, M. & Gomez-Moreno, C. (1999)
Ferredoxin-NADP * reductase uses the same site for the inter-
action with ferredoxin and flavodoxin. J. Biol. Inorg. Chem. 4,
568-578.

Hurley, J.K., Weber-Main, A.M., Stankovich, M.T., Benning,
M.M., Thoden, J.B., Vanhooke, J.L., Holden, H.M., Chae, Y.K.,
Xia, B., Cheng, H., Markley, J.L., Martinez-Julvez, M., Gomez-
Moreno, C., Schmeits, J.L. & Tollin, G. (1997) Structure-Function
relationships in Anabaena ferredoxin: correlations between X-ray
crystal structures, reduction potentials, and rate constants of
electron transfer to ferredoxin-NADP* reductase for site-specific
ferredoxin mutants. Biochemistry 36, 11100-11117.

Hurley, J.K., Faro, M., Brodie, T.B., Hazzard, J.T., Medina, M.,
Gomez-Moreno, C. & Tollin, G. (2000) Highly nonproductive
complexes with Anabaena ferredoxin at low ionic strength are
induced by nonconservative amino acid substitutions at Glu139
in Anabaena ferredoxin-NADP™" reductase. Biochemistry 39,
13695-13702.

Piubelli, L., Aliverti, A., Arakaki, A.K., Carrillo, N., Ceccarelli,
E.A., Karplus, P.A. & Zanetti, G. (2000) Competition between
C-terminal tyrosine and nicotinamide modulates pyridine
nucleotide affinity and specificity in plant type ferredoxin-NADP ™"
reductase. J. Biol. Chem. 275, 10472-10476.

Aliverti, A., Deng, Z., Ravasi, D., Piubelli, L., Karplus, P.A. &
Zanetti, G. (1998) Probing the function of the invariant glutamyl

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

FNR K75E, E139K and E301A reduction potentials (Eur. J. Biochem. 269) 2661

residue 312 in spinach ferredoxin-NADP™ reductase. J. Biol.
Chem. 273, 34008-34015.

Martinez-Julvez, M., Nogués, 1., Faro, M., Hurley, J.K., Brodie,
T.B., Mayoral, T., Sanz-Aparicio, J., Hermoso, J.A., Stankovich,
M.T., Medina, M., Tollin, G. & Gémez-Moreno, C. (2001) Role
of a cluster of hydrophobic residues near the FAD cofactor in
Anabaena PCCT119 ferredoxin-NADP™ reductase for optimal
complex formation and electron transfer to ferredoxin. J. Biol.
Chem. 276, 27498-27510.

. Hurley, J.K., Fillat, M.F., Gomez-Moreno, C. & Tollin, G.

(1996) Electrostatic and hydrophobic interactions during complex
formation and electron transfer in the ferredoxin-NADP™"
reductase system from Anabaena. J. Am. Chem. Soc. 118,
5526-5531.

Mayoral, T., Medina, M., Sanz-Aparicio, J., Gomez-Moreno, C.
& Hermoso, J.A. (2000) Structural basis of the catalytic role of
Glu301 in Anabaena ferredoxin-NADP ™ reductase revealed by
X-ray crystallography. Proteins 38, 60—69.

Miiller, F., Hemmerich, P., Ehrenberg, A., Palmer, G. & Massey,
V. (1970) The chemical and electronic structure of the neutral
flavin radical as revealed by electron spin resonance spectroscopy
of chemically and isotopically substituted derivatives. Eur.
J. Biochem. 14, 185-196.

Mayhew, S.G. & Tollin, G. (1992) General properties of
flavodoxins. In Chemistry and Biochemistry of Flavoenzymes
(Miiller, F., ed.), Vol. III, pp. 390417. CRC Press, Boca Raton,
London.

Lostao, A., Gomez-Moreno, C., Mayhew, S.G. & Sancho, J.
(1997) Differential stabilization of the three FMN redox forms by
tyrosine 94 and tryptophan 57 in flavodoxin from Anabaena and
its influence on the reduction potentials. Biochemistry 36, 14334—
14344.

Pueyo, J.J., Gomez-Moreno, C. & Mayhew, S.G. (1991) Oxida-
tion-reduction potentials of ferredoxin-NADP™ reductase and
flavodoxin from Anabaena PCC 7119 and their electrostatic
complexes. Eur. J. Biochem. 202, 1065-1071.

Stankovich, M.T. (1980) An anaerobic spectroelectrochemical cell
for studying the spectral and redox properties of flavoproteins.
Anal. Biochem. 109, 195-308.

Corrado, M.E., Aliverti, A., Zanetti, G. & Mayhew, S.G. (1996)
Analysis of the oxidation-reduction potentials of recombinant
ferredoxin-NADP ™ reductase from spinach chloroplasts. Eur.
J. Biochem. 239, 662-667.

Clark, W.M. (1960) Oxidation—Reduction Potentials of Organic
Systems. Williams & Wilkins, New York.

Sancho, J., Peleato, M.L., Gomez-Moreno, C. & Edmonson, D.E.
(1988) Purification and properties of ferredoxin-NADP* reduc-
tase from the nitrogen-fixing cyanobacteria Anabaena variabilis.
Arch. Biochem. Biophys. 260, 200-207.

Batie, C.J. & Kamin, H. (1981) The relation of pH and oxidation-
reduction potential to the association state of the ferredoxin-
ferredoxin-NADP ™" reductase complex. J. Biol. Chem. 256,
7756-7763.

Smith, J.M., Smith, W.H. & Knaff, D.B. (1981) Electrochemical
titrations of a ferredoxin-ferredoxin-NADP " oxidoreductase
complex. Biochim. Biophys. Acta 635, 405-411.

Keirns, J.J. & Wang, J.H. (1972) Studies on nicotinamide adenine
dinucleotide phosphate reductase of spinach chloroplasts. J. Biol.
Chem. 247, 7374-7382.



