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ABSTRACT. The catalytic mechanism proposed for ferredoxin-NADfeductase (FNR) is initiated by
reduction of its flavin adenine dinucleotide (FAD) cofactor by the obligatory one-electron carriers ferredoxin
(Fd) or flavodoxin (FId) in the presence of oxidized nicotinamide adenine dinucleotide phosphate (NADP
The C-terminal tyrosine of FNR, which stacks onto its flavin ring, modulates the enzyme affinity for
NADP*/H, being removed from this stacking position during turnover to allow productive docking of the
nicotinamide and hydride transfer. Due to its location at the substrate-binding site, this residue might also
affect electron transfer between FNR and its protein partners. We therefore studied the interactions and
electron-transfer properties of FNR proteins mutated at their C-termini. The results obtained with the
homologous reductases from pea akmhbaenaPCC7119 indicate that interactions with Fd or Fld are
hardly affected by replacement of this tyrosine by tryptophan, phenylalanine, or serine. In contrast, electron
exchange is impaired in all mutants, especially in the nonconservative substitutions, without major
differences between the eukaryotic and the bacterial FNR. Introduction of a serine residue shifts the flavin
reduction potential to less negative values, whereas semiquinone stabilization is severely hampered, intro-
ducing further constraints to the one-electron-transfer processes. Thus, the C-terminal tyrosine of FNR
plays distinct and complementary roles during the catalytic cycle, (i) by lowering the affinity for NADP

to levels compatible with steady-state turnover, (ii) by contributing to the flavin semiquinone stabilization
required for electron splitting, and (iii) by modulating the rates of electron exchange with the protein
partners.

Ferredoxin-NADP reductase (FNREC 1.18.1.2) cata- In the case of several algae and cyanobacteria, particularly
lyzes the reduction of NADPto NADPH during photosyn- ~ when they are grown in a low-iron medium, an FMN-con-
thesis in higher plants, algae, and cyanobacteria. This flavo-taining flavodoxin (Fld) can replace Fd as electron donor to
protein contains a single polypeptide chain and a nonco- FNR (3), cycling between the fully reduced and the semi-
valently bound FAD as the only redox center. FNR accepts quinone states, to provide the NADPH necessary for CO
one electron from each of two molecules of the one-electron assimilation during photosynthesis. The reaction depicted in
carrier iron sulfur protein ferredoxin (Fd), previously reduced eq 1 reflects the ability of the flavin cofactor of FNR to split
by photosystem | (PSI), and uses these electrons to converelectrons between obligatory one- and two-electron carriers
NADP" into NADPH via hydride transfer from the N-5 atom (1, 4). The study of the FNR catalytic mechanism is
of the flavin, according to the following reactiod, (2): important not only due to its intrinsic biological relevance

but also because the three-dimensional structure of the protein

2Fd, + NADP + H* < 2Fd,,+ NADPH (1) has been shown to be the prototype for a large family of

1 Abbreviations: Cb5R, cytochront® reductase; CYP450R, cyto-
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flavin-dependent oxidoreductases that function as transducersVATERIALS AND METHODS
between nicotinamide dinucleotides and different one-elec-  Oligonucleotide-Directed Mutagenesi§he design and
tron carriers $—8). The FNR molecule consists of two do-  preparation of the pea FNR variants Tyr308Phe, Tyr308Trp,
mains. The N-terminal FAD binding domain is made up of and Tyr308Ser have been described previously13). The
a scaffold of six antiparallel strands arranged in two perpen- equivalent site-directed mutantsAfabaendPCC 7119 FNR
dicular 8-sheets, whereas the NADRinding domain con-  (Tyr303Phe, Tyr303Trp, and Tyr303Ser) were prepared by
sists of a core of five parall@-strands surrounded by seven using as template a construct, pET28-FNR, that contained
a-helices. The FAD cofactor is bound to the protein through the peH gene inserted into thdlcd and Hindlll sites of
hydrogen bonds, van der Waals contacts, and stacking inter-pET-28af) (Novagen), and the QuikChange mutagenesis
actions. The isoalloxazine ring system, which constitutes the kit (Stratagene) with suitable oligonucleotides. Mutations
reactive part of FAD, interacts with the aromatic side chains were verified by DNA sequence analysis. The pET28-FNR
of two Tyr residues (Tyr79 and Tyr303 #inabaenseFNR). vectors with the desired mutation were used to transform
The edge of the dimethylbenzyl ring, which is putatively Escherichia coliBL21(DE3) Gold cells (Stratagene).
involved in intermolecular electron transfer (ET) with the Protein Purification. E. colicultures were grown at 30
protein partner, is the only part of the flavin isoalloxazine °C for 24 h without isopropyB-p-thiogalactoside. The WT
moiety exposed to the solvent. According to the general ca- and mutatecdAnabaenaand pea FNR formsAnabaenaFid
talytic mechanism proposed for flavin-dependent enzymes, and Fd, as well as pea Fd, were isolated by published
hydride transfer from reduced FAD to NADRnust involve procedures1, 13, 16—18).
previous reduction of the flavin by addition of a proton and  Spectral AnalysisUV—visible spectra were recorded in
an electron to each of the nitrogen atoms at positions 1 anda Kontron Uvikon 942 or in a Shimadzu UV-2450 spectro-
5. Structures of FNR from different sources in various redox photometer. Circular dichroism spectra were recorded in a
states, with mutations in different key residues, and also in Jasco 710 spectropolarimeter in 1 mM Tris-HCI, pH 8.0 at
complexes with either Fd or NADR have been reported 25 °C in a 1-cm path length cuvette. FNR concentrations
(8—12). Based on three different binding modes so far re- were 0.7uM for the far-UV and 4uM for the aromatic and
ported for the FNR/NADP interaction, a mechanism for visible regions of the spectrum. The molar absorption
molecular recognition and complex reorganization that pro- coefficient of the bound flavin | band at 459 nm was
vides the adequate orientation for hydride transfer has beendetermined by precipitating the apoprotein with trichloro-
proposed12). This mechanism associates the observed pro- acetic acid at 4°C, and separating it from the FAD by
tein structural rearrangements with a change in the boundcentrifugation. The released cofactor was quantitated spec-
NADP* molecule conformation from an extended to a more trophotometrically. Protein fluorescence was monitored on
tight conformation, thus allowing the nicotinamide ring to a SFM 25 spectrofluorometer from Kontron Instruments.
approach the flavin after displacement of the C-terminal Tyr Solutions contained &M protein in 50 mM Tris-HCI, pH
residue that is stacking on the isoalloxazine ring. A critical 8.0. K, values and binding energies of the F)Rdy and
component of the proposed mechanism is how this Tyr is FNR,/Fld,x complexes were obtained at 26 in 50 mM
removed from its stacking position during turnover to allow Tris-HCI, pH 8.0, by difference absorption spectroscd).(
the entrance of the nicotinamide. To investigate this, the Errors in the estimateldy, Ae, andAG® values weret15%,
tyrosine in the pea reductase (Tyr308) has been replaced by+-15%, and +10%, respectively. The FNR-dependent
Trp, Phe, Gly, and Ser. In most cases, the mutations producedNADPH—cytochromec reductase activity was assayed in
enzyme forms in which the preference for NADR over 50 mM Tris-HCI, pH 8.0, with either Fd or Fld as electron
NAD*/H was markedly decreased and the affinity for both carrier from FNRy to cytochromec (16). Errors in the esti-
coenzymes was much higher than that of the wild-type (WT) mated values ofK, and k.. were +15% and +10%,
FNR (11, 13). Moreover, the mutated enzymes showed respectively.
increased catalytic efficiency with both coenzymas)( Photoreduction of protein-bound flavin was carried out at
Fast kinetic, binding equilibrium, and steady-state studies 25 °C in an anaerobic cuvette containing-1% M FNR
have suggested that FNR catalysis must proceed through thén 50 mM Tris-HCI, pH 8.0, supplemented with 1 mM EDTA
formation of a transient ternary complex, with Fd binding and 2uM dRf to initiate photoreduction of proteins via the
to a preformed FNR/NADPcomplex (4, 15). Putative ter- highly reductive 5-deazariboflavin radical (dRjH19). The
nary complexes have been modeldd 12), based on the  following extinction coefficients were used for quantitation
FNR/Fd @, 10) and FNR/NADP crystal structuresi(l, 12). of redox species at 458 and 600 nm: RNR400 Mtcm™?
The theoretical structures suggest that NAD#nding to (20) and 200 Mt cm™ (18), respectively; FNR, 3400 M
the reductase leads to rearrangements in the conformatiorcm™ (spinach enzymel5) and 5000 M?! cm™ (20),
and orientation of some residues, allowing the establishmentrespectively; FNR, 900 Mt cm™* (20) and 300 M cm™!
of new ion pairs between the side chains of FNR and Fd (18), respectively.
(12). Moreover, due to its folded conformation over the flavin ~ Spectroelectrochemistry for the Determination of Oxi-
ring, the phenol group of the C-terminal Tyr in FNR/Fd is doreduction PotentialsPotentiometric titrations of recom-
located at the interface between FNR and Fd, with the free binant WT, Tyr303Ser, Tyr303Phe, and Tyr303Trp FNR
o-carboxyl group pointing toward the Fd surfa&. (There- variants ofAnabaenaFNR, as well as that of FAD, were
fore, it is important to determine the role of this residue performed anaerobically with a calomel electrode as refer-
during ET processes with both redox protein partners, Fd ence 21). Typical experimental solutions contained-240
and FlId. In the present study we report the characterizationuM protein, 1-3 uM indicator dyes, .uM dRf, and 1 mM
of Fd and FId interactions and ET with pea afidabaena EDTA in 50 mM Tris-HCI buffer, pH 8.0, at 28C. Indicator
FNR enzymes mutated at the terminal Tyr. dyes benzyl viologen<{348 mV) and methyl viologen{443
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mV) were selected to cover the experimental potential range g3 ' ' ' ' ' ' ]
of each FNR titration, whereas anthraquinone-2-sulfonate

(—225 mV) was used for FAD titration. Stepwise FAD or

FNR photoreduction was achieved by irradiating the solution 0.25
(with the cell immersed in ice water) with a 50 W projector
bulb for approximately 1 min. After reduction, the cell was
placed in a temperature-controlled holder in a Cary 1
spectrophotometer. The solution potential was monitored
with a Sycopel Ministat potentiostat. Equilibration of the
system was considered established when the measure
potential remained stable for 10 min, and the tXs 1
spectrum was then recorded. Since the FAD semiquinoneis = o
not very stable in these proteins, it was not possible to
measure the reduction potentials for the two one-electron

0.20

0.15 |

Abs&tbance (A. U.)

steps directly. Values fdEqq Of the various FNR proteins 0.05 f -
and FAD were determined according to the Nernst equation: "

E=E,,qt (0.056h) log ([ox]/[red]) (2 0.00 . . . S T . -
whereE is the measured equilibrium potential at each point 300 400 500 600 700
in the titration,n is the number of electrons transferred to Wavelength (nm)

the system, and ([ox]/[red]) is the ratio between the redoX ggyre 1: Absorption spectra of WT (bold solid line), Tyr303Trp
species at equilibrium, as determined from the absorbance(dashed line), Tyr303Ser (thin solid line), and Tyr303Phe (dotted
spectrum. Each FNR species displayed two-electron redoxline) AnabaengFNR forms in the visible region. The spectra were
behavior on the basis of the slopes of the Nernst pt&0 recorded in 50 mM Tris-HCI, pH 8.0 at 2. Different protein
mV. The reduction potentials are reported versus the standardoneentrations were used in order to clarify the figure.
hydrogen electrode. The error in tBedeterminations was

Table 1: UV-Vis Spectral Properties of WT and Mutants of

estimated to bet3 mV AnabaenaPCC 7119 FNR, 2
Stopped-Flow Kinetic Measuremeng&topped-flow ex- -

. . . . UVmax bandll band| abs ratio €
periments were carried out under anaerobic conditions on gnr (hm)  max(nm) max(nm) Il (MM-1cm)
an Applied Photophysics SX17.MV spectrophotometer as 7 272 301 259 088 04
previously describedl@). Reduced samples of FNR, Fd, and  Y303F 274 395 460 111 9.1

i i Y303S 272 389 456 1.09 9.2
Fld were prepared by photoreduction with dRf6( 22). Va0 ar4 o 156 0.8 o5

Reactions between FNR and FId were followed at 600 nm,
whereas reactions between FNR and Fd were followed at__°All spectra were recorded in 50 mM Tris-HCI, pH 8.0, at 25
507 nm (L6). Proteins were mixed at-al:1 molar ratio and o
final concentrations of-10 uM. All reactions were carried  Visible spectra oAnabaenal’yr303Trp and Tyr303Ser FNRs
out in 50 mM Tris-HCI, pH 8.0 at 13C. The apparent indicated that the purified enzymes contaln.ed bound NADP
observed rate constants,) were calculated by fitting the ~ as already reported for the corresponding pea reductase
data to mono- or biexponential processes. Errors in their mutants {1). The nucleotide could be efficiently removed
estimated values were15%. by chromatography on a Cibacron-blue matrix.
Laser-Flash Absorption Spectroscopyhe laser flash Spectral PropertiesReplacement of the terminal Tyr in
photolysis and the photochemical systems that generateAnabaenaFNR results in small, but significant, changes in
reduced protein in situ have been previously descriiéd ( the UV—vis absorption properties of the flavin prosthetic
23, 24). Samples containing 0.1 mM dRf and 1 mM EDTA  group. The absorbance maxima of both transition bands, in
in 4 mM potassium phosphate buffer, pH 7.0, were made the 450 (band ) and 380 (band II) nm regions, were slightly
anaerobic in a long-stem cuvette with 1 cm path length by shifted in all the mutants relative to WT FNR (Figure 1,
bubbling HO-saturated Ar for 1 h. Microliter volumes of ~ Table 1). Thus, replacement of Tyr303 by a Phe produced
concentrated protein were introduced through a rubber Small shifts of both transitions to longer wavelengths, where-
septum with a Hamilton syringe under anaerobic conditions. &s introduction of a Trp or a Ser led to a more pronounced
Generally, 4-10 flashes were averaged. Kinetic traces were displacement of the maxima to shorter wavelengths (Table
analyzed by a computer fitting routine (Kinfit, OLIS, Bogart, 1). These shifts presumably aroused from alterations in the
GA). Experiments were performed at 26. Errors in the isoalloxazine ring environment upon replacement of Tyr303.
estimated values of the dissociation constaity of the ~ Thus, substitution of the C-terminal residue by Phe appar-
complexes and the ET rate constarks) (vere +15% and ently had little effect on the flavin environment, while

+5%, respectively. intro_duction of_ Trp or Ser led to a different environment of
the isoalloxazine ring. In the case of the Ser mutant, the
RESULTS prosthetic group must display a considerable degree of

Expression and Purification of the FNR MutanfBhe solvent exposure, as can be observed in the three-dimensional
expression levels of thAnabaenaand pea FNR mutants in  structure reported by Deng et allj. In addition, replace-
E. coliwere similar to those of the recombinant WT enzymes. ment of Tyr303 by Trp renders a spectrum with a broad
All reductase variants were obtained in homogeneous form transition that extends beyond 600 nm (Figure 1). A similar
as judged by SDSpolyacrylamide gel electrophoresis. The transition has been described in an equivalent mutation of
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FiGure 2: Spectra obtained during photoreduction of (A) WT, (B) Tyr303Ser, and (C) Tyr308iapaena-NRs. The insets show the

corresponding Nernst plots for W, Tyr303Ser &), Tyr303Phe ¥), and Tyr303Trp ©) FNR forms. Measurements were carried out
in 50 mM Tris-HCI, pH 8.0 at 25C.

flavodoxin and was attributed to a charge-transfer complex
between the Trp indole ring and the flavid5). Changes in
the relative absorptivity of both flavin transition bands were
observed in all cases, with an increase in the absorptivity of

Table 2: Midpoint Reduction Potentials of WT and Mutants of
AnabaenaFNR?

FNR E0></rd (mV) onlsq a (mV) Esq/rd a (mV) % SQ

i : " WT —374 —385 -371 27

transition Il with respect to transition | (Table 1). Y303F _356 _358 _354 35
The FAD fluorescence of the Tyr303Phe and Tyr303Trp v303s —250 —338 —-162 1.2

reductases was essentially the same as that of the WT en- Y303W —376 —383 —369 27

zyme, around 4% of the free FAD fluorescence. Replacement— —241 373 109 O_'zl _
of Tyr303 by Ser slightly increased the FAD fluorescence textEhggfavf?g”rﬁS,;Vf;'f(;eef?;fi‘(g;ted from eqgs 3 and 4 as described in the
to 10% of that of free flavin (data not shown). It is note-
worthy that addition of NADP to this FNR mutant decreased
the FAD fluorescence below that of the WT enzyme, sug-
gesting that the nicotinamide of NADRjuenches the flavin
fluorescence, as does the aromatic residue at position 30
in the other forms of FNR. The circular dichroism spectra
of the diff(edrent FNR r;utan)ts welre slimrillar thof:hatfofr'][he WTk 27%, respectively, of the total flavin as SQ, almost no
enzyme (data not shown). Only slight shifts of the pea ' ' : ’
positions and small changes in the relative molar ellipticities f"‘btsr? rbance th_l"’_m%%sggtt”blzuﬁg)l? to dt_he ?Qtﬁouldt_be Cletfﬁt?d
of the different bands were observed, which correlate with N the case ot 1yroboser ! » 1eading fo the estimate tha

: . . the maximum of this species accumulated during reduction
the changes found in the absorption spectra. In conclusmn,must be below 1.2% (Figure 2, Table 2)
this characterization indicates small spectral perturbations Values for the. reduction pc;tential of'the two-electron
that are likely to be caused by subtle changes in the micro-

environment of the isoalloxazine ring. Moreover, despite the g(dlé?i“rzgn%ﬁ"d)(%b?sc;) e\?vzhyer?: fcc;rsr;b\?/eerglvfirelt:e’\rlrglr;endd
reported fact that it is easier to remove a Trp than a Tyr at P y : P

the C-terminus by the NADPH nicotinamide ring 11), Tyr303Phe and Tyr303Trp FNR mutants), the values for

analysis of the three-dimensional structures reported for the uE;T/rS\q atr;](lEégérd:rﬁrzzndtglrllve(;je?ecr(r:r?irnd%g tovzltijses ::3 t4h,eby
equivalent mutants in pea FNR suggest that flavin exposuremax?mum eFr)centa o 0¥ SO stabilizexgdb each mutant. as
to the solvent in the Tyr303Trp FNR is similar to that of the P 9 y '

WT, and only replacement by a Ser leads to a considerablemdlcated abovel, 26).

increase in the flavin accessibility to the solvent. _ _ _
Photoreduction of Anabaena FNR Mutants and Determi- Eoxsq ~ Bsqra= 011 log (2[SQY(1~ [SQD)  (3)

nation of Their Oxidatior-Reduction PotentialsPhotore- (on/sq+ Esq/rd)/ 2= Egrg (4)

duction of the various FNR forms allowed an accurate
guantitation of the amount of total neutral flavin semiquinone
3(SQ) stabilized during reductiod ). Our data indicate that

while the WT and the Tyr303Phe and Tyr303Trp mutants
of AnabaenaFNR accumulate maxima of 27%, 35% and
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Table 3: Dissociation Constants, Extinction Coefficient Changes, and Free Energies for Complex Formation of Wild-Type and Mutated
AnabaenaPCC 7119 and Pea FNRForms with either Fgl or Fldyx

K Fd AeFd AGFd K d AeFld AGFd
FNR (uM) (mM~tcm?) (kcal moi) (uM) (mM~tcm?) (kcal moi)
AnabaendNR
wT?a 4.0 2.0 —-7.3 3.0 1.4 7.4
WT/NADP P 51 2.9 —7.2 30.6 25 —6.1
Y303F 2.8 2.0 —7.6 8.7 2.5 —6.9
Y303S 0.4 1.4 —8.7 1.0 2.0 —-7.8
Y303S/NADP 1.18 1.2 —8.2 14.5 2.9 —6.6
Y303W 0.8 2.3 —-8.3 c c c
Pea FNR
WT 4.5 3.9 —7.2
Y308F 3.8 35 —-7.3
Y308S 0.8 0.6 —8.3
Y308S/NADP 2.3 3.2 —-7.7
Y308W 1.0 35 —-8.1

2 Data from Medina et al.16). ® Parameters for complex formation of the redox protein partners, (Flll,) to the corresponding FNR/NADP
complexes¢ Difference spectra were obtained but the experimental data did not fit to the theoretical equation for a 1:1 complex.

Substitution of Tyr303 by Phe shifté€y g, Eoxisq andEsgsra Table 4: Steady-State Kinetic Parameters of WT and Mutated

to slightly less negative values (the shifts wer&8, +27, Anabaenaand Pea FNR Forms in the NADPH-Dependent

and+17 mV, respectively), whereas replacement by Trp had Cytochromec Reductase Activity with Either Fd oknabaenaFIld
' ! as Electron Carriers

almost no effect on these parameter2(+2, and+2 mV,

respectively). On the other hand, the midpoint reduction ryg form '(‘gi{; m;; (k;,ﬁf/fgi”; 'E;iﬁ'; (Ku",;;'; '(‘;al\f;'f/fsrﬂ';
potential calculated from the Nernst plot for the two-electron AnabacnENR

reduction of Tyr303Ser FNR (inset, Figure 2B) was 124 mV  \yta 200 11 18.2 233 33 0.7
less negative than that of the WT enzyme (Table 2). Due to Y303F 320 651 0.64 7 43 0.17
the lack of SQ stabilization observed for this mutant, itwas ~ Jaose 2 b b Py P b
only possible to calculate reduction potentials for the two Pea FNR

independent one-electron processes by assuming an estimatedyt 139 6.5 21.3 306 16.7 1.8
SQ percentage of 1.2%. The resulting values were much Y308F 239 58 4.1 40 200 0.2
closer to the potentials of the free flavin than to those of the  Jaoge, 42 °° 00 b, B P

other FNR variants (Table 2). Therefore, the data indicate = Data from Medina ot al16). ® No reaction was observedonly
that posltlon 303 mAnabaena!:NR Conmbqtes. to t'he' keat values could be estimatéd due to the very small extent of reaction
modulation of the redox properties of the flavin ring within  gpserved.

the protein environment.

Interaction of FNR, Forms with Fd, and Fld,. To further  Fq for the plant reductase. The kinetic parameters of WT
investigate the effects of mutations at the C-terminal Tyr of pea FNR for the reaction with Fid were in the range of those
FNR on the catalytic mechanism of the flavoenzyme, the reported for theAnabaenaenzyme, with a slightly larger
interaction of theAnabaenaand pea mutant reductases with . and a smalleK,,. The combined effect of both changes
their protein partners, Fd and Fld, was evaluated by differ- |ed to a moderate increase in the catalytic efficiency of the
ence spectroscopyl). In all cases, the spectral changes reaction, relative to the cyanobacterial reductase. Mutation
produced when FNR mutants were titrated with Gdor  of the C-terminal Tyr had a dramatic effect on thgvalues,
Fldox were similar to those found for WT FNR and only  \yhereas considerably smaller effects on the corresponding
minor displacements of the minima and maxima were detect- . values were observed (Table 4). Thus, substitution by a
ed, even when Tyr303Ser FRor Tyr308Ser FNR), con-  phe in FNR from both species decreased khgby 3- to
taining bound NADP was used. Although only slight g.fold for all reactions assayed. Replacement by a Ser
changes were detected in the extinction coefficients for the produced enzymes that displayed little or no activity in the
two protein SubStrateS, a moderate decreadéddﬁr both NADPH_Cytochrom& reductase assay, whereas introduc-
Fd and Fld was indeed observed in the Ser and Trp mutantsijon of a Trp at this position severely impaired activity,
(Table 3). Difference spectra were obtained for the interaction especially when Fd was the electron carrier. Table 4 also
betweenAnabaenalyr303Trp FNRy and Fld,, butthe ex-  shows thatK, values were only slightly affected by the

perimental data did not fit to the theoretical equation for a mytations, with thé<,,, for the Tyr303Phe FNR/Fd interaction

binary complex with 1:1 stoichiometry, therefore precluding yndergoing a moderate increase (5-fold higher) with respect
Kq determination. It is interesting to note that prior binding tg the WT flavoenzyme.

of NADP to either WT or Tyr303Ser FNR (or to Tyr- Taking into account the low stabilization of the SQ state
308Ser pea FNR) weakened the subsequent interaction of py the Tyr303Ser FNR form, which in other FNR mutants
the corresponding reductases withoFdr Fldo (Table 3).  has been related to the reduction and reoxidation mechanism

Steady-State Kineticthe NADPH-dependent cytochrome  (16), we assayed the oxidase activity of theabaena=NR
¢ reductase activity of the various FNR mutants was also mutants by mixing the different FNR forms with NADPH
studied with different electron mediator&nabaend-d and in the absence of any exogenous electron acceptor and under
FId for the cyanobacterial enzyme, pea Fd @thbaena aerobic conditions. All FNR mutants displayed reoxidation



6132 Biochemistry, Vol. 43, No. 20, 2004

Nogues et al.

Table 5: Laser Flash Kinetic Parameters for the Reduction of FNR o
by Fat srA 1 =100 mM e
e
u =100 mM u=375mM — .
" 4 T
k Ke Ko k Ko o ke ) T
FNRform (M™1s?) (M) (s Mish) (M) (s © . e g
Anabaen&NR ,O_ 3 7 e "
WT 7.6 5500 10 1500 w / @ T
Y303F 0.79x 108 11.6 2100 - /’r ~ T
Y303S  1.2x 10° 116 2500 8 & s
Y303W 0.43x 108 9.4 x 10° 54 A
Pea FNR
WT 20 4000
Y308F 8.8 1500
Y308S 20 4000

aThe various FNR forms were titrated into solutions containing 30
uM Anabaeneor pea Fd, respectively.

rates similar to those of the WT enzyme, and only Tyr303Trp < B =375 mM -

reacted slightly faster (data not shown). «:"l 18 f,,ﬁ B
Reduction of FNR Mutants Studied by Laser Flash o ) :';_,ff*"' ) .

Photolysis.The reduction of theAnabaenaand pea FNR ';_ yr —

mutants by laser-generated dRfi¥as monitored by the w 1.0 - ¢

absorbance increase at 600 nm, due to EN&mation. o /'/5’,:-5"

Transients were fitted by monoexponential curves, and the o

calculated rate constants were within a factor of 2 of that of o8 f,' - -

the WT FNR protein (data not shown), consistent with little 4 JF__J,__-———-*‘*‘___

or no alteration of the FAD reactivity by the mutations. op et

Transient decay curves for the reduction of FNBy Fdg 0 10 20 40

30
were also monitored at 600 nm. When nonlinear plots of [FNR] x 10° (M)
the observed rate constanks,{ vs FNR concentration were Ficure 3: Dependence ofkuss for Fdg reoxidation on the

obtained by fitting the flash photolysis kinetic data, the values concentration of WT @), Tyr303Ser ©), Tyr303Phe i), and

of Kq for the intermediate RIFNR,, complex and ok for Tyr303Trp ) AnabaenadNRy forms atu = 100 mM (A) andu

the ET process between fFdnd FNRy could be calculated = 375 mM (B), obtained by laser flash photolysis. FNR was titrated
(27). The results are summarized in Table 5, together with :/C;c; Séc(’)'gt'r?nqs containing 3gM Fd. The monitoring wavelength
the second-order rate constants for thg/F8IR,« interaction '

of those mutants for whickynsdepended linearly on the FNR
concentration.

Figure 3 shows the dependencekgf on FNR concentra-

lower than that of the WT FNR and was also decreased with
regard to the values at = 100 mM (Figure 3).

_ \ : A biphasic dependence d¢s on u was observed for
tion for the ET interaction between fgand theAnabaena  Anabaenalyr303Ser and Tyr303Phe FNR mutants (data not
FNRox mutants at two different ionic strengths)( At u = shown). Such biphasic behavior has been previously reported
100 mM, the three mutants showed a linear dependence ofin this system and has been interpreted to indicate that the
kobs ON €NZYymMe concentration. At low FNR concentrations intermediate ET complex formed at low ionic strength is tight
the kops values for the mutants were smaller than those but not in an optimal orientation for reactiog4, 28). In
obtained for the WT, but they approached the latter values contrast, the Tyr303Trp mutant failed to display this biphasic
as the enzyme concentrations were raised (Figure 3A). Theeffect in the ionic strength range measured (data not shown).
linear relationship betweeky,s and enzyme concentration At the physiologically relevant value of = 100 mM (%2
indicates that a stable intermediate complex did not form ~ 0.3), this mutant was substantially hindered in its ET
during the ET process with the mutants or thatkhealues interactions with Fg. Thus, placing a Trp residue at positions
were very large relative to that of the WT. Impairment of 303 in AnabaenaFNR dramatically impairs ET with Fg

the ET was more pronounced when the C-terminal Tyr was The reaction between WT pea FhRind pea Fd at an
replaced by the bulky aromatic residues than by a Ser, jonic strength of 100 mM (Figure 4A) was similar to that of
although the three FNR forms showed similar binding the Anabaenasystem but with slightly smalleko,s values.
affinities in the oxidized state (Table 3). At= 375 mM, The rate of FNR reduction by Fd displayed a saturation
kops for the Tyr303Phe and Tyr303Ser FNR mutants ap- kinetics for all reductase forms, allowing determination of
proached maxima at high concentration of FNR. e  the dissociation constants for the intermediate ENRlq
values for the intermediate RFNRox complexes for the  complexes as well as the corresponding ET rate constants
mutants were similar to those of WT FNR, whereaskhe  (Table 5). The ionic strength dependencegt for the pea
values were somewhat larger (Table 5). In the case of theproteins was biphasic, showing a maximunuat: 0.2 M
Tyr303Trp mutant att = 375 mM, Kops Still varied linearly for the Tyr308Phe form and at a slightly lower value for the
with the FNR concentration (Figure 3B), and therefore, Tyr308Ser reductase. Thieys values for these mutants
values ofke andKq for the intermediate complex could not  peaked at about 65% of those obtained with WT FNR (Figure
be obtained. The reactivity of this mutant was significantly 4B).
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3 | ments were carried outt(= 0.028 M, u*? = 0.17) should
A be in the same range as that of the reaction with WT FNR.

Electron exchanges between FNR and Fld franabaena

'7: = were also analyzed for the FNR mutants from battabaena
o —° and pea. Most reactions were followed at 600 nm to observe
o | o production of the semiquinone forms of FId and FNR. Two
‘; 5 © phases were detected in the measurements of ET from

® reduced forms of the Tyr303Phe and Tyr303Trp mutants of
o AnabaenaNR to Fld (data not shown). As was previously
reported for the WT of this FNR1§), they correspond to
p the successive transfer of electrons from FiNdd FNR,
A et e el ) to two different molecules of Flg The ky, values for the

’ m [FN?IGQ] X 10360 (M) “ % reactions of the two FNR mutants were within a factor of 3
s of those reported for the WT enzyme. However, a single
process, with considerably smaller amplitude &gdralues

B A

was observed in the reaction of Tyr303Ser FNRutant
(data not shown). A similar study of the reaction of WT pea
FNR4 andAnabaend-Id,« indicated that, as withnabaena
FNR, this reaction also occurred in two phases of similar
amplitude withky, values slightly larger than those observed
for WT AnabaenaFNR (9.2 st and 2.3 s' vs 2.5 s' and
1.0 s1). The pea FNR mutants reacted similarly but the
amplitudes were only about half those obtained with the WT
enzyme. Thek,, values obtained for the reaction of the pea
. Tyr308Trp mutant were similar to those of the WT reductase,
0.0 02 0.4 06 0.8 1.0 while slightly lower values were obtained with the Tyr308Ser
“Ui (MW) and Tyr308Phe mutants (data not shown). The reduction of
WT Anabaena=NR, by Fld4 occurs within the instrument
Ficure4: Reduction of pea FNR forms by pea Fd. (A) Dependence dead tlme 16), Whereas the Correspondlng reactlons of a”

of kopsvalues on the concentration of WD), Tyr308Ser [0), and .
Tyr308Phe &) pea FNR variants at = 100 mM. FNR was titrated Anabaenaand pea FNR mutants were similarly too fast to

into solutions containing 3@M Fd. The monitoring wavelength P& measured.
was 600 nm. (B) Dependence ks values on ionic strength for To determine whether the reoxidation of the fully reduced
the reduction of WT @), Tyr308Ser ), and Tyr308Phe) pea  formg of theAnabaenaNR mutants by molecular oxygen
FNR forms. . .

proceeds as in the native WT enzyme, the fully reduced
mutant reductases were allowed to react with molecular
oxygen in the stopped-flow spectrophotometer, and the
reactions were monitored at 460 nm (FNfrmation) and
600 nm (FNR, formation). The traces obtained for these

Rapid Reaction Stopped-Flow Studi&opped-flow ki-
netic studies were carried out on the differ&mabaenaand
pea FNR mutants to further study the time course of

as_squanon and ET between FNR and. Fd or Fld, in both the processes with the Tyr303Phe and Tyr303Trp FNR mutants
oxidized and reduced statebg(. Reactions between FNR ore gimilar to those observed for the WT enzyme at both
and Fd were followed at 507 nm, an |s_osbe_st|c point for wavelengths (data not shown, but seel@f indicating that
FNRox and FNRqand close to an isosbestic point for FNR  yaqxidation occurs through the production of the semiquinone
and FNRy, an appropriate wavelength to detect both Fd 55 a5 intermediate. Thie,, values for the mutants (510
reduction and reoxidation. s for kyp1 and 1-2 s for kyyy) were similar to those of

It was found that the fully reduced forms of tAmabaena  the WT. In contrast, very little absorbance change at 600
FNR mutants did not reduce kddata not shown). Thisis nm was observed during the reaction of Tyr303Ser RNR
in stark contrast to the WT of this FNR, which reduced Fd Wwith oxygen, indicating that this mutant does not stabilize
in a reaction too fast to be followed by stopped-flow the SQ state during the reaction.
spectrophotometryl@). Previous stopped-flow studies of the
reverse ET process betweendahd FNRy have indicated

th_at_the flrst ET step to produ_ce FNRand Fdy takes place Since the first crystal structures of plant FNR became
within the instrument dead time (rate constant larger than 5qijaple B), it was evident that the C-terminal Tyr had to
1000 s7) and that the final reaction observed corresponds p|ay a significant role in the enzyme function. The phenol
to the oxidation of a second fzdnolecule and reduction of  sjde chain of this residue stacks coplanar to the isoalloxazine
FNRsto FNRq (15, 16). The different mutants oknabaena  ring system of FAD and needs to be displaced to allow
FNR were also reduced by fzavithin the instrument dead  docking of the nicotinamide group of NADPH as a
time, therefore precluding the estimation of thg values  mandatory step during catalytic turnovés, {, 8). Further
(data not shown). These observations confirm the resultsresearch on pea FNR showed that replacement of this residue
obtained by laser flash photolysis (Table 5), showing that by different amino acids leads to drastic alterations in
the expected,, for ET between Fd and Anabaena=NRoy nucleotide binding and catalysi$ 13). Recent proposals,
mutants at the ionic strength at which stopped-flow experi- largely derived from structural studies, suggested that this

DISCUSSION
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Tyr might be involved in the establishment of ternary tion (Table 2). The direction of the shifts appeared to be
complexes competent for hydride and electron trandfgr (  consistent with inhibition of ET from FNRto Fd,, but we
29). According to these views, NADPH interacts first with were unable to establish a correlation between Epgq
FNR in a nonproductive manner through theP2AMP changes and the accompanying kinetic effects. ET was
region. Fd binding might then facilitate displacement of the equally impaired in the Tyr303Phe and Tyr303Trp mutants,
C-terminal Tyr by nestling the phenol side chain into a which have a very small shift, and in the Tyr303Ser mutant,
hydrophobic pocket of the iron-sulfur protein, favoring which undergoes a much larger shift. TBgq of the Ser-
nicotinamide docking and establishing a loosely bound substituted cyanobacterial enzyme was close to that of free
complex compatible with turnoved, 29). FAD (Table 2), as could be anticipated from removal of the
These hypotheses prompted us to probe the effect of site-phenol group that shields the isoalloxazine of the WT enzyme
directed substitutions at the C-terminal position on the from bulk solvent. In addition, the Tyr303Ser mutant did
interaction and ET with Fd and FId, the protein electron- not stabilize the semiquinone state during ET. Previous
transfer partners of FNR. To determine whether the observa-reports have shown that nonconservative replacements of a
tions are a common feature of eukaryotic and cyanobacterialglutamate residue at position 301 (position 306 in pea) had
enzymes, we studied these effects on the homologousa similar effect orEqg and SQ stabilization, suggesting that
reductases fromMAnabaenand pea, enzymes that share 52% the C-terminal region plays a general role in the modulation
sequence identity30). Our data indicate that mutagenesis of these very important properties of FNR6( 19, 31, 32).
of Tyr308 in pea FNR and of the equivalent residue, Tyr303, The lack of a stable SQ could certainly cause highly impaired
in the Anabaendlavoenzyme modifies the flavin environ- ET ability, compared to WT FNR, in those processes in
ment (and especially when a Ser is introduced in such which electrons are exchanged one at a time, namely, with
C-terminal position also the solvent accessibility), the flavin Fd and Fld. Again, however, this explanation cannot be
SQ state stabilization, and the redox properties of the enzyme.applied to the low activity of the Tyr303Phe and Tyr303Trp
Such effects might even block some of the electron exchangemutants, which display normal oxidoreduction intermediates
pathways with Fd. Binding of Fd and Fld was also found to (Table 2). Moreover, in these two mutants, especially in the
be slightly affected by the mutations (Table 3), again in Tyr303Trp one, impairment only takes place in the direction
particular when the terminal Tyr was replaced by a Ser. The from FNRq to Fdx. WT FNRy is able to reduce Fd, despite
data of Table 3 also show that prior binding of NADP  the fact this should be a thermodynamically unfavorable
causes a significant decrease in the affinity of FNR for both process, partly due to the fact that the reduction potential of
electron carrier proteins. These results concur with the the Fd [2Fe-2S] cluster becomes less negative on complex
negative cooperativity for substrate binding observed with formation, whereas that of FNR is more negati4g Qur
spinach FNR 14, 15). In the plant reductase, this step is results might indicate that when the Tyr303Phe and, espe-
required to facilitate product release after electron and cially, Tyr303Trp FNR mutants form complexes with Fd,
hydride transfer. Otherwise, binding of the product would changes in the reduction potentials do not occur, suggesting
be too strong to be compatible with steady-state catalysisthat the optimal complex for ET is not formed in these cases
(15). The present results are the first demonstration of a and that the Tyr residue contributed to create an adequate
similar effect with theAnabaenanzyme and also with Fld.  environment of the redox centers for efficient ET. This can
They indicate that partial reciprocal exclusion between be envisaged in the case of the Trp mutant, where Tyr has
NADP*/H and both potential protein partners might be been replaced by a more bulky residue. As this amino acid

general among the photosynthetic forms of FNR. is placed at the proteinprotein interface 1), it may alter
Nonconservative mutations at the C-terminal position of the orientation of the docking interaction.
pea andAnabaenaFNR result in a drastic impairment of In all the ET reactions between the different FNR forms

Fd(Fld)-dependent cytochromereductase activity (Table and Fld, and despite the changes observed in reduction
4). The diaphorase reaction, which is independent of the potential values, the driving force of the ET processes is still
protein carrier, was also inhibited by similar substitutions favorable for either reduction of Rlgdto the semiquinone
but to a lesser extenil). In the latter case, inhibition was state by FNR; or of FNRy also to the semiquinone state by
attributed to an abnormal increase of nucleotide affinity that Fldyg, i.e., the reactions we are able to follow by fast kinetic
prevented rapid turnover of the Michaelis complexes. Since methods. When it is taken into account that the FNR/FId
the Kq (but not theK,) values for Fgk or Fld,x were also interaction is proposed to be less specific than the FNR/Fd
altered in the mutants (Tables 3 and 4), a similar mechanismone (1), the single alteration of the terminal Tyr does not
could be invoked, in principle, to explain the slow-down of appear to alter the optimal FNR/FId orientation to the same
steady-state catalysis. If so, single-turnover events, asextentasthe FNR/Fd one. Therefore, itis easy to understand
measured in rapid kinetics, should be unaffected by the that the mutants behaved more similarly to the WT FNR in
replacements. ET from Rd(Fld,q) to FNR, was indeed  their ability to exchange electrons with Fld. Once again,
equally fast in WT and mutant reductases, when measuredhowever, replacement of Tyr303 by either a Ser or a Trp
by either flash photolysis (only for Fd, Table 5) or stopped- prevents the formation of the most optimal complex for
flow techniques. However, reduction of either.kdr Fld,« efficient ET.

by FNRy was extensively blocked for some of the mutants, It is conceivable that the properties displayed by C-
suggesting that replacement of the Tyr affected ET itself. terminal mutants of both pea aAsabaenaeductases reflect
The Eoxrq Values determined for thenabaendNR mutants the participation of the terminal Tyr in the mechanism of
showed a slight tendency to shift to less negative values askT, either by providing an adequate environment for electron
compared to the WT enzyme, with the divergence being exchange between the corresponding prosthetic groups or
especially pronounced for the nonconservative Ser substitu-by direct or indirect involvement in the protein-mediated ET.
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FNR, Anabaena PCC7119 292 LKKAG-RWHVETY 303
FNR, pea (leaf) 297 LKKAE-QWNVEVY 308
FNR, corn (root) 305 LKKNK-QWHVEVY 316
FPR, E. coli 239 PG----HMTAEHYW 248
FPR, A. vinelandii 246 PG----DYLIERAFVEK 258
CYP450R, rat 665 KLMTKGRYSLDVWS 678
nNOS, rat 1383 RLRDDNRYHEDIFGV 1397
SiR, E. coli 588 LRVER-RYQRDVY 599
NR, corn (root) 224 LDK---ACLVF 231
NR, corn (leaf) 614 MAN---SFVVF 621
Cb5R, rat 294 KE----RCFTF 300
PDR, P. cepacia 217 SG----TVHFESFGATNTNARE... 234

Ficure 5: Sequence alignment of different pyridine nucleotide-
dependent flavin oxidoreductases at the FNR Tyr303 region.
C-Terminal sequences are aligned for all enzymes but PDR, which
includes a ferredoxin-like C-terminal domain. Alignments have been
obtained from structural superimposition of the corresponding three-
dimensional structures. Numeration of aligned residues is shown
at the left and right of each sequence. Hyphens denote gaps
introduced to improve alignment. Structures used are as follows:
AnabaenaPCC7119 FNRg); pea leaf FNR 11); corn root FNR
(43); E. coliFNR (41); A. vinelandii FNR (42); rat CYP450R 84);

rat neuronal NOS37); E. coli SiR (36); corn root NR 44); corn

leaf NR @5); rat Cb5R 40); Pseudomonas cepaciaDR (38).
Tyr303 of AnabaenaFNR, Tyr308 of pea FNR, and the residues
equivalent in the other sequences are highlighted in boldface type. b

Fd (or FId) relates to the motion of a single electron from
one localized prosthetic group to another separated by severs
angstroms. In general, the electrons that are being shuttled
in most physiological ET systems propagate from donor to
acceptor without forming long-lived intermediate protein
states; that is, the polypeptide backbone does not act as &
conductor 83). Aromatic amino acidsTyr in particular—
occasionally behave as electron carriers, usually in the
presence of a highly reactive redox partner, but the energies
required to form such true protein intermediates far exceed
those involved in the majority of biological redox reactions
(33). Since donor and acceptor are seldom in close contact,Fcure 6: Structural arrangement of the FAD environment in
the electron must tunnel along the insulating protein back- different pyridine nucleotide-dependent flavin oxidoreductases: (A)
bone to move between them. Consequently, the distancemNR (PDB code 1QUE)); (B) NOS (1F20) 87); (C) NR (2CND)

i«H(45); (D) Cb5R (117P) 40); (E) CYP450R (1AMO) 84); (F) PDR
between the cofactors should be less than 17 A to accomphshEzPIA) (39): (G) A. sinelandii FNR (1A8P) 42): (H) E. coll FNR

interprotein ET on a (sub)millisecond time scale at modest (1FpRy 41). Molecular surfaces are shown in blde, except for the
free energies33). On the other hand, the redox centers must surface contributed by selected residues, which is shown in red or
be sheltered by sufficient protein backbone to prevent green. FAD (FMN in PDR) is shown in yellow. Tyr303 of
accidental unproductive electron exchange with adventitious AnabaenaFNR and equivalent residues (as marked in Figure 5)

: : : plus the C-terminal residues of nitrate reductase and Cb5R are
partners. This leaves ample opportunity for modulation of shown in red. The Fd domain of PDR and the FMN-binding domain

ET rates by the intervening amino acid residues. of CYP450R were removed for clarity. NADPH-dependent
The structures of FNR/Fd complexes conform to many of reductases have a narrow cavity (panels A, B, and E) with an

these features. The redox-active groups are placed asymaromatic residue stacking against the isoalloxazine ring of FAD.
metrically, close to the surface of both proteins but partially ;%Raﬁfgr?geé;)e'stthTehg“A¥h§fﬁ;‘I‘Ddﬁf:j%%deenrgergtd:Jec(;ﬁ(s:?atsheast (s[:]f;)r\]/\ésls
bur_led within them, and are brought into close proximity C and D) have a bigger cavity with the C-terminal residue pointing
during ET by patches of complementary charges that decoratey the inner part of the protein. Bacterial FNRs (panels G and H)
the active sites9q, 10). A detailed structure is not yet show a particular FAD conformation in which the FAD is bent by
e o O e edoes. ot s g kg i it
Modeling studies, with the NA.DPHCy.tOChmme P450 . aden'ine moiety of the FAD, Phe255 and 'Igrp248Nmtobacter
reductase structure as a queprmfc, indicate that the flavin ;0 4£ "¢ qji FNR, respectively, are shown in green. Figures were
redox centers of the two proteins in the complex are close grawn with PyMOL ¢6).

to each other, with the methyl groups of both flavins exposed

to the solvent 4). In these two FNR complexes (with Fd molecule experiments36). Thus, the present results show
and Fld), the C-terminal Tyr occupies a strategic position at that the C-terminal Tyr plays a pivotal role in catalysis, not
the interface between the relevant prosthetic grodi®, ( only through its effect on NADPH affinity but also by
establishing various interactions (hydrogen bondsrbital stabilization of the SQ state of the bound FAD and by
stacking, polar effects) with the redox-active centers and with modulating the rate of hydride and electron transfer.

other residues?)). These types of interactions strongly affect ~ The function of this critical residue and the effects of the

the efficiency of electron tunneling, as revealed by small- FAD environment on the kinetic properties of FNR can also
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be envisaged from a comparison with other related enzymes.
Many pyridine nucleotide-dependent flavin oxidoreductases
have an aromatic residue at the position occupied by the
C-terminal Tyr of FNR 6). Since this aromatic side chain
lies parallel to thee-face of the flavin in FNR (Figure 6A),

it was assumed that a similar position would be occupied
by equivalent residues in other enzymes displaying similar
properties. However, resolution of the three-dimensional
structures of several of these proteins has shown that in some
of them the aromatic side chain is not placed at the same
position as the C-terminal Tyr in FNR and that new sequence
alignments, based on the structural data, have to be proposed
(Figure 5). The stacking interaction between an aromatic
residue and the isoalloxazine ring in the NAD{F binding

site is present in most of the enzymes, including cytochrome
P450 reductase (CYP450R) and sulfite reductase (SiR) (

36) (Figure 6E). Other enzymes, such as nitric oxide synthase
(NOS) and phthalate dioxygenase reductase (PDR), have an

aromatic residue at this site but also contain an extension of 8.

the C-terminusd7, 38) (Figure 6B,F). Finally, the stacking
interaction is entirely absent in some enzymes that have an
overall folding homologous to that of FNR. Such enzymes
include nitrate reductase (NR) and cytochrdpgeeductase
(Cb5R), which clearly show an empty space at the corre-
sponding position39, 40) (Figure 6C,D). Differences in the
conformation of the C-terminal region can even be recog-
nized between FNR proteins themselves. The reductase from
E. coli has a Tyr residue equivalent to Tyr303, followed by
a C-terminal Trp that stacks on the adenine ring of FAD
(41), forcing a folded conformation of the prosthetic group
that differs from the extended L structure observed in most
other FNRs (Figure 6H). The position of the C-terminal Tyr
in Azotobacterinelandii FNR is, in turn, occupied by an
Ala, whose carbonyl group interacts with N-10 of the flavin
(42). This enzyme presents a four-residue extension of the
C-terminus, relative to their chloroplast and cyanobacterial
homologues. The first amino acid of this extra region, as in
E. coli FNR, is an aromatic residue that favors adenine
stacking and FAD folding (Figure 6G).

Since all of these enzymes are functional, it is tempting
to suggest that the C-terminal Tyr plays a sensitive role but
is by no means essential for catalysis. In this context, the
relevance of that contribution could be gauged by considering
that related enzymes that lack the Tyr at the FAD stacking
position display turnover rates that are considerably slower
than FNR forms that harbor typical C-terminal and FAD
conformations. Optimization for catalytic efficiency in the
chloroplast and cyanobacterial reductases might be related
to the demands of the photosynthetic process that requires a
very fast electron flow to sustain G@xation rates, whereas
in organisms growing by heterotrophic metabolism or
anoxygenic photosynthesis, FNR is more likely involved in
pathways that proceed at a much slower pace (reviewed in
ref 1). As more FNR proteins from very distant organisms
are isolated and characterized, these hypotheses could be
probed in a systematic way.
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