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Farmacéuticas, UniVersidad Nacional de Rosario, Suipacha 531, S2002LRK Rosario, Argentina

ReceiVed June 9, 2006; ReVised Manuscript ReceiVed August 29, 2006

ABSTRACT: Ferredoxin (flavodoxin)-NADP(H) reductases (FNRs) are ubiquitous flavoenzymes that deliver
NADPH or low-potential one-electron donors (ferredoxin, flavodoxin, and adrenodoxin) to redox-based
metabolisms in plastids, mitochondria, and bacteria. The FNRs from plants and most eubacteria constitute
a unique family, the plant-type ferredoxin-NADP(H) reductases. Plastidic FNRs are quite efficient at
sustaining the demands of the photosynthetic process. At variance, FNRs from organisms with heterotrophic
metabolisms or anoxygenic photosynthesis display turnover numbers that are 20-100-fold lower than
those of their plastidic and cyanobacterial counterparts. To gain insight into the FNR structural features
that modulate enzyme catalytic efficiency, we constructed a recombinant FNR in which the carboxyl-
terminal amino acid (Tyr308) is followed by an artificial metal binding site of nine amino acids, including
four histidine residues. This added structure binds Zn2+ or Co2+ and, as a consequence, significantly
reduces the catalytic efficiency of the enzyme by decreasing itskcat. TheKm for NADPH and theKd for
NADP+ were increased 2 and 3 times, respectively, by the addition of the amino acid extension in the
absence of Zn2+. Nevertheless, the structuring of the metal binding site did not change theKm for NADPH
or theKd for NADP+ of the FNR-tail enzyme. Our results provide experimental evidence which indicates
that mobility of the carboxyl-terminal backbone region of the FNR, mainly Tyr308, is essential for obtaining
an FNR enzyme with high catalytic efficiency.

Ferredoxin (flavodoxin)-NADP(H) oxidoreductases (FNR1,
EC 1.18.1.2) are an extensive distributed class of flavoen-
zymes that utilize the noncovalently bound FAD cofactor
as the redox center. FNRs1 participate in a wide variety of
redox-based metabolisms by transferring electrons between
obligatory one- and two-electron carriers, thus functioning
as a general electronic splitter. In nonphototrophic bacteria
and eukaryotes, the reaction is driven toward ferredoxin
reduction, providing reducing power for multiple metabolic
pathways, including steroid hydroxylation in mammalian
mitochondria, nitrite reduction, and glutamate synthesis in
heterotrophic tissues of vascular plants. These enzymes are
also involved in radical propagation and scavenging in
Escherichia coliand other prokaryotes and hydrogen and
nitrogen fixation in anaerobes (for reviews, see refs1 and
2).

Several three-dimensional structures of FNRs have been
determined (3-11). They show that these enzymes always
contain two different domains, an antiparallelâ-barrel that

makes up the core for FAD binding in the amino-terminal
region of the flavoprotein and a carboxyl-terminal domain
that contains the NADP+ binding site, with a characteristic
R-helix-â-strand region that folds back into the FAD site.
It has also been observed that other enzymes which are built
using this FNR-like module contain additional amino or
carboxyl domains which extend their enzymatic capabilities
(12).

Several key issues have attracted attention to these
enzymes in the past years. The terminal tyrosine (Tyr308 in
pea FNR) has been shown to be responsible for substrate
specificity (13, 14). This residue is conserved in all plant-
type plastidic FNRs stacked coplanar to there face of the
isoalloxazine moiety making extensive interactions with it
(refs 1, 2, and12 and references therein). During enzyme
turnover, the nicotinamide ring is required to go also onto
there face of the isoalloxazine moiety to permit the electron
transfer between the cofactor and the substrate. Thus, Karplus
and co-workers (4) have proposed that the aromatic side
chain of the carboxyl-terminal tyrosine should be displaced
to allow the substrate to move into the correct position. This
process results in a decrease in the binding affinity for
NADP(H) relative to those of the 2′-P-AMP and 2′-P-ADP-
ribose analogues (13, 15, 16). The stacking of the terminal
tyrosine onto the isoalloxazine weakens the interaction
between the nicotinamide and the prosthetic group, increasing
the relevance of the interactions which allows the enzyme
to discriminate between NADP(H) and NAD(H).
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The involvement of the C-terminal residue has also been
implicated in enzyme catalytic efficiency. Plant-type FNRs
can be classified into a plastidic class that is characterized
by an extended FAD conformation and high catalytic
efficiency, and into a bacterial class that displays a folded
FAD molecule and has low turnover rates (1, 17). Turnover
numbers in the range of 100-600 s-1 have been reported
for Anabaena, Chlamydomonas reinhardtii, and chloroplast
FNRs (2). On the other hand, bacterial reductases exhibit
low efficiencies because of a severe decrease in thekcat

values, whereas theKm values for NADP(H), Fd, and Fld
remain in the low micromolar range for all reductases (2).
In the chloroplastic and cyanobacterial reductases, as with
most flavoproteins, the FAD molecule binds in an extended
form, and the AMP moiety interacts with a short sheet-
loop-sheet motif (4-8). At variance, in the bacterial FNRs,
the adenosine of FAD bends backward such that the nitrogen
at position 7 of the adenine group forms a hydrogen bond
to nitrogen 1 of the isoalloxazine (9-11). This interaction
is further stabilized by stacking of the adenosine onto an
aromatic side chain of a tryptophan or a phenylalanine, which
is positioned after the tyrosine that faces the isoalloxazine,
homologous to Tyr308 from pea FNR. From this arrange-
ment, one can suggest that movement of the amino acid
facing the isoalloxazine is constrained and may be one of
the determinants of the low catalytic efficiency of these
bacterial enzymes.

The role of the terminal tyrosine in plant FNRs has been
thoroughly studied. Its contribution to catalysis, in the
modulation of the FAD reduction potential and in the inter-
and intraprotein electron transfer processes, has been dem-
onstrated (13, 14, 16, 18, 19). Participation of the above-
mentioned tyrosine in these processes, as well as in the
determination of specificity and the high catalytic efficiency,
clearly suggests that this residue needs to have freedom and
that its displacement may be essential for its functions, which
has been proposed by several authors (4, 13-16). However,
no direct physical evidence of this motility has been obtained.
Recently, using NMR, it has been shown that Tyr314 from
maize FNR, in addition to the carboxyl-terminal region of
the protein, is perturbed upon NADP+ binding (20).

In an effort to provide evidence of the mentioned displace-
ment, we constructed a mutant FNR in which Tyr308 is
followed by an artificial metal binding site composed of nine
amino acids, including four histidine residues. In the presence
of a metal ion, this added structure folds itself and, as a
consequence, may impair carboxyl-terminal backbone move-
ment. This mutant FNR exhibited a decline in enzyme
catalytic efficiency in the presence of either Zn2+ or Co2+.
TheKm for NADPH and theKd for NADP+ were increased
2 and 3 times, respectively, by the addition of the amino
acid extension but were not affected by Zn2+ binding. Our
results provide experimental evidence that freedom of the
carboxyl-terminal backbone region of FNR, mainly Tyr308
motility, is essential for obtaining high enzyme catalytic
efficiency.

MATERIALS AND METHODS

Protein Expression and Purification.Wild-type pea FNR
was overexpressed inE. coli as reported previously (21)
using vector pGF205+ (22). This vector expresses a GST-

FNR fusion protein that contains a thrombin recognition site
between the carboxyl terminus of GST and the first amino
acid of mature FNR. Purification of the protein fromE. coli
JM109 was carried out as described previously (21). The
mutant pea FNR containing a metal binding site (FNR-tail)
was obtained by expression inE. coli using plasmid
pGF105H. Briefly, the pGF105H expression vector contain-
ing the coding sequence for the mature pea ferredoxin-
NADP+ reductase followed by 30 bp of extra sequence was
constructed as follows. The C-terminal half of the coding
sequence for mature ferredoxin-NADP+ reductase was
amplified by PCR using the oligonucleotides FNR460 (5′-
gacaagaatggcaagcctcacaa-3′) and FNRtail (5′-ttagaattcagt-
gagcgtgagcccaagcgtgagcgtgatagacttcaacgttccattgc-3′) as prim-
ers and vector pCV105 (23) as a template. To facilitate the
cloning process, anEcoRI restriction site was introduced into
the FNRtail primer. After amplification, the product (∼683
bp) was digested withNheI and EcoRI enzymes and the
resultant fragment was ligated into the pGF205+ vector (22)
digested with the same enzymes, yielding plasmid pGF105H.
Mutant pea FNR-tail was purified basically as follows. FNR-
tail expression was performed without addition of EDTA to
the culture medium. Then, the recombinant enzyme was
purified from the cell extracts by affinity chromatography
using Ni-NTA agarose (QIAGEN). Protein was eluted with
100 mM imidazole and digested with the endoprotease
thrombin to separate FNR-tail from the GST carrier protein.
FNR-tail was then chromatographed in a DEAE Macroprep
column (2.5 cm× 50 cm, Bio-Rad) equilibrated in 50 mM
HEPES (pH 8). The column was extensively washed with
the same buffer, and bound FNR-tail was eluted using a 0
to 0.4 M linear gradient of NaCl in 50 mM HEPES (pH 8).
Finally, purified samples were dialyzed against 50 mM
HEPES (pH 8) previously treated with Chelex. Mutant FNR
Tyr308Ser was purified as described previously (15, 19).

Recombinant pea ferredoxin was obtained via expression
in E. coli using vector pET28-Fd (21). This vector allows
for the expression of pea ferredoxin inE. coli as a soluble
protein with a high yield. Fd purification was performed
essentially as described previously (24).

Protein Expression Assays.FNR-tail expression was
analyzed under different growth conditions. In all cases,E.
coli cells were growth in 10 mL of LB broth supplemented
with 100 µg/mL ampicillin and 20µM ZnSO4 or EDTA at
variable concentrations (0.1, 1.0, 5.0, and 10 mM). After
induction of the culture with 1 mM IPTG at 30°C for 2.5 h,
cells were collected. The protein extracts were separated by
SDS-PAGE and visualized with Coomassie Brilliant Blue
R-250 stain or Western blotting (25, 26), using anti-FNR
antibodies that were produced in rabbits.

Colorimetric Zn2+ Concentration Binding Assay.To
determine the amount of Zn2+ bound to FNR-tail and FNR,
a colorimetric assay using 4-(2-pyridylazo)resorcinol (PAR)
was performed (27). The recombinant protein was incubated
with 80 µM ZnSO4 for 20 min on ice. Then, the sample was
filtered through a G25 Sephadex spin column. The amount
of protein in the eluted sample was determined; it was then
mixed with guanidine-HCl (final concentration of 8 M) and
incubated at room temperature for 10 min. Then, samples
were mixed with a freshly prepared PAR solution (final
concentration of 100µM), and absorbance spectra were
recorded. The Zn2+ concentration was estimated by the
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maximum emission intensity at 500 nm (corrected for the
buffer) as compared with calibration experiments using zinc
solutions of known concentrations (from 1 to 10µM).

Spectral Analyses.Absorption spectra were recorded on
a Shimadzu UV-2450 spectrophotometer. The nicotinamide
ring occupancy of the binding site in FNR-tail was estimated
from the absorbance spectrum change produced after addition
of NADP+. FNR-tail and FNR Tyr308Ser samples were
diluted in 50 mM HEPES (pH 8) to a final concentration of
∼15 µM. Absorption spectra were recorded at 25°C both
before and after the addition of 300µM NADP+, either in
the absence or in the presence of 20µM ZnSO4. The mutant
Tyr308Ser shows a very stable interaction between nicoti-
namide and the enzyme-binding site. Therefore, it has been
assumed that substrate occupancy is 100% at a saturating
NADP+ concentration (13). Then, we compared the absor-
bance differences (∆A at 515 nm) obtained with FNR
Tyr308Ser and mutant FNR with the metal binding site, and
we estimated the nicotinamide ring occupancy of the binding
site in the latter.

The flavin fluorescence was monitored using a Varian
Cary Eclipse fluorescence spectrophotometer interfaced with
a personal computer. The solution for fluorescence measure-
ments contained∼1 µM protein in 50 mM HEPES (pH 8).
The samples were previously filtered through a desalting
column. FAD fluorescence (λexc ) 445 nm;λem ) 500-600
nm) was registered both before and after the addition of 300
µM NADP+ or 30 µM ZnSO4 at 25°C.

ActiVity Measurements.FNR-dependent diaphorase activity
was determined by a published method (28). The reaction
mixture (1 mL) contained 50 mM HEPES (pH 8), 3 mM
glucose 6-phosphate, 0.3 mM NADP+, 1 unit of glucose-6-
phosphate dehydrogenase, and 0.033 mM dichlorophenolin-
dophenol (DCPIP). After the addition of∼20 nM pea FNR,
the reactions were monitored spectrophotometrically by
following DCPIP reduction at 600 nm (ε600 ) 21 mM-1

cm-1). The effect of metal on enzyme activity was analyzed
by adding different concentrations of ZnSO4 or CoSO4 to
the reaction medium.

The cytochromec reductase activity of FNR was assayed
in reaction medium (1 mL) containing 50 mM HEPES (pH
8), 0.3 mM NADPH, 50µM cytochromec, and 5µM Fd.
After the addition of ∼15 nM FNR, the reaction was
monitored spectrophotometrically to follow cytochromec
reduction at 550 nm (ε550 ) 19 mM-1 cm-1). This activity
was also assayed in the presence of 30µM ZnSO4.

All kinetic experiments were performed at 30°C.
Determination of Kinetic Parameters. For the estimation

of kinetic parameters of the diaphorase reaction, measure-
ments were carried out at different NADP+ concentrations,
at a fixed saturating concentration of DCPIP, in both the
absence and presence of 30µM ZnSO4 in the case of mutant
FNR. Steady-state kinetic data were fitted to the theoretical
curves using SIGMAPLOT (Systat Software Inc., Point
Richmond, CA).

Determination of the Dissociation Constant of the FNR‚
NADP+ Complex. To determine theKd value of the complex
between FNR and NADP+, ∼15 µM flavoprotein in 50 mM
HEPES (pH 8) was titrated at 25°C with the substrate. After
each addition, the absorbance spectrum (300-600 nm) was
monitored using a Shimadzu UV-2450 spectrophotometer.
Then, difference spectra were calculated and the absorbance

differences (∆A at 515 nm) were plotted against NADP+

concentrations. Data were fitted to a theoretical equation for
a 1:1 complex using the nonlinear regression program
included in SIGMAPLOT to optimize theKd value. The
effect of Zn2+ on theKd value of this complex for mutant
FNR was also determined. The experimental setup was as
described above, except that 20µM ZnSO4 was included in
the solution.

Determination of the Dissociation Constants of the FNR-
Tail‚Zn2+ Complex. To determineKd values for binding of
Zn2+ to FNR-tail, the sample was excited at 295 nm, and
the fluorescence emission was scanned from 300 to 450 nm.
Spectra were obtained for solutions containing each enzyme
at 2 µM with increasing concentrations of ZnSO4 of up to
60 µM in 50 mM HEPES (pH 8) at 25°C. Emission data at
344 nm were fitted to the theoretical equation for a 1:1
stoichiometric complex by means of nonlinear regression.

Molecular Graphics. The computer graphics are based on
X-ray diffraction data for the pea enzyme (15) using Swiss-
PdbViewer 3.7 (SP5) and rendered with POV-Ray. The
model of the metal binding site was generated using the
conjugate gradient method of Fletcher-Reeves to achieve
final convergence available in Hyperchem 6.01.

RESULTS

Design and Construction of an Artificial Metal Binding
Site at the Carboxyl Terminus of FNR.Ferredoxin-NADP+

reductase was converted into a Zn2+ binding protein via the
addition of a nine-amino acid extension to its carboxyl
terminus. We decided to construct a site composed of only
histidines to avoid the experimental difficulties resulting from
the inclusion of cysteines. The first histidine was introduced
immediately after Tyr308 to maximize the perturbation that
the added amino acid extension may introduce upon metal
binding. Alanines were placed around histidines to favor
some plasticity of the peptide in the absence of metals. When
the amino acid extension was analyzed using intrinsic protein
disorder prediction software (29), residues were assigned as
belonging to loops, which can be taken as an indication of
disorder (not shown). In the central region of the designed
peptide, a tryptophan surrounded by two alanines was
included to force the peptide to fold back which facilitates
metal binding. Furthermore, the aromatic amino acid allows
an internal signal to be tracked for the assessment of binding
of metal to the artificial site (Figure 1A).

A predicted structure was obtained using Hyperchem and
a Fletcher-Reeves geometry optimization assuming that the
four histidines were involved in metal binding and using only
the allowed torsional angles (Figure 1B). We are aware of
the possible existence of different binding structures. Not
all possible sequence and rotamer combinations were ex-
plored because this analysis was out of the scope of this
work. A cartoon representation of the structures of pea FNR
with the added peptide in an open extended form without
metal bound and a hypothetical folded form with Zn2+ are
shown in Figure 1C. The cartoon suggests the probable
change upon binding of metal to the amino acid tail with
respect to the entire protein. Figure 1D shows a hypothetical
composed drawing of the NADP(H)‚FNR complex in which
only FAD, the added extra amino acids in an extended form,
and NADP+ were included. This simulation was performed
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by fitting the crystallographic structure of the wild type and
the Tyr308Ser FNR mutant with NADP+ bound plus the
metal binding tail, considering the orientation of Tyr308. This
allows us to envisage that the added amino acid tail does
not directly affect the binding site for NADP(H).

Expression, Purification, and Characterization of FNR-
Tail. The presence of FNR polypeptides in inducedE. coli
cells expressing the recombinant protein was studied by
SDS-PAGE (Figure 2). Inclusion of 20µM ZnSO4 in the
culture medium resulted in a marked impairment of recom-
binant enzyme solubility (Figure 2A, lanes 4-6). From these
cells, marginally low levels of the active enzyme were
recovered by glutathione agarose chromatography when
compared to the purification performed fromE. coli cells
expressing the protein in a culture medium lacking the
addition of Zn2+ and in the presence of EDTA (compare
lanes 3 and 6 of Figure 2A). On the other hand, inclusion of
Zn2+ during expression of the wild-type enzyme did not alter
its solubility (not shown). The addition of EDTA to the
culture medium during induction of protein expression
increased the fraction of soluble recombinant protein, but it
reduced the protein expression levels (Figure 2B). The
protein produced as a GST amino-terminal fusion was
partially recovered in the supernatant as a ca. 60 kDa product
similar to those of the wild-type flavoprotein fused to the
same carrier protein. Digestion with thrombin produced a
recombinant FNR-tail 1 kDa greater in size than the wild-

type enzyme, which is expected with the addition of a nine-
amino acid extension (Figure 2C).

We observed that FNR-tail strongly interacted with Ni-
agarose resin and eluted as a single peak with 100 mM
imidazole. Under identical conditions, wild-type FNR did
not bind to the metal affinity column. Thus, metal affinity
chromatography was introduced as the first purification step
of the GST-FNR-tail fusion protein as described in Materials
and Methods. Purified FNR-tail was active, contained no
bound metals, and was>99% pure as observed by SDS-
PAGE and Coomassie Brilliant Blue staining (Figure 2D).
FNR-tail displayed the characteristic flavoprotein absorption
spectra (see below) and was stable while frozen at-70 °C
for months. When the protein was electrophoresed on
standard nondenaturing polyacrylamide gels and stained for
the determination of enzymatic activity, both wild-type FNR
and recombinant FNR-tail were detected as single active
bands. Inclusion of 20µM Zn2+ in the sample and all
electrophoresis buffers did not produce any protein aggrega-
tion and resulted in an only small change in enzyme mobility
and a lower activity (data not shown).

Metal Binding.Total binding of Zinc was assessed for the
wild-type enzyme and for FNR-tail using 4-(2-pyridylazo)-
resorcinol (PAR) as described in Materials and Methods. As
shown in Table 1, FNR-tail was able to retain∼0.55( 0.05
mol of Zn2+ per mole of polypeptide after filtration through
a G25 Sephadex spin column, whereas no Zn2+ was found

FIGURE 1: Design of the artificial metal binding site. (A) Sequence of the carboxyl-terminal region of FNR-tail, including the last three
FNR residues and the nine additional amino acids. (B) Predicted structure of the artificial metal binding site obtained using Hyperchem and
a Fletcher-Reeves geometry optimization assuming that the four histidines (H1, H2, H3, and H4) were involved in metal binding. The
gray sphere represents the zinc ion. (C) Cartoon representation structure of pea FNR with the added peptide in an open extended form (left)
and a hypothetical folded form with bound Zn2+ (right). The FAD and the metal binding site are colored black and dark gray, respectively.
(D) Hypothetical composed drawing of the NADP+‚FNR-tail complex. This simulation was performed by fitting the crystallographic structure
of the wild-type and mutant Tyr308Ser‚NADP+ FNRs and the metal binding site, considering the orientation of Tyr308. Only FAD (dark
gray), NADP+ (light gray), and the artificial metal binding site in an extended form (gray) are shown.
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to be associated with the wild-type enzyme. Then, we tested
if the fluorescence properties of the tryptophan included in
the metal binding site displayed environmental sensitivities
related to metal binding. Pea FNR contains six tryptophans,
none of which are directly involved in the prosthetic group
or NADP(H) binding. Tryptophans 52 and 176 are partially
exposed to the environment. All others are buried inside the
protein structure. When fluorescence emission spectra were
recorded with an excitation of 295 nm, only subtle changes
were detected for the wild-type protein upon addition of 60
µM Zn2+ (Figure 3A). FNR-tail displayed an increase in
fluorescence with a maximum at 344 nm (Figure 3B). Using
these experimental conditions and different concentrations
of the metal, we calculated a dissociation constant of 2.1(
0.4µM for binding of Zn2+ to the FNR-tail protein, assuming
1 mol of metal per mole of polypeptide. The obtainedKd

value was similar to that obtained with a GST fusion protein
containing only the artificial metal binding site fused to its
carboxyl terminus through a 19-amino acid peptide linker
(not shown). This observation supports the contention that
the site folds upon Zn2+ binding. The artificial metal binding

site displays a high affinity for Zn2+, suggesting the original
design was appropriate for the proposed analysis.

Spectral Properties of FNR-tail and Interaction with
NADP+ and NAD+. We first performed spectral analysis of
the purified FNR-tail enzyme, which had been treated with
Chelex or 1 mM EDTA to avoid interference of any trace
metals. The protein displayed a typical FNR spectrum with
maxima at 385 and 459 nm and shoulders at 430 and 470
nm (Figure 4A). The 275 nm:459 nm spectral ratio was
between 8 and 8.9, indicating that the purified recombinant
enzyme contains one FAD per molecule of apoprotein. A
FAD:polypeptide stoichiometry of 0.95 was also calculated
by FAD release in the presence of 0.2% SDS (30). Therefore,
the addition of the small carboxyl-terminal metal binding
domain neither prevents assembly of the prosthetic group
nor impedes the production of a folded protein, although, as
we mentioned above, the folded metal binding site may affect
the protein folding process. Then, we carried out the same
analysis by adding 40µM ZnSO4. As shown in Figure 4B,
only subtle changes were detected.

FIGURE 2: Expression and purification of FNR-tail. (A) FNR-tail expression in inducedE. coli cells was studied by SDS-PAGE. Cells
were grown in LB medium supplemented with 100µg/mL ampicillin, and either 10 mM EDTA or 20µM ZnSO4. The soluble fraction was
in lanes 1 and 4; the insoluble fraction was in lanes 2 and 5, and enzyme recovered by glutathione-agarose chromatography was in lanes
3 and 6. (B) Effect of the addition of different EDTA concentrations (0.1, 1.0, 5.0, and 10.0 mM) to the culture medium during induction
of protein expression on FNR-tail solubility. SDS-PAGE was followed by Western blotting using anti-pea FNR antibody. Soluble fractions
were in lanes 1, 3, 5, and 7; insoluble fractions were in lanes 2, 4, 6, and 8. (C) Wild-type FNR and FNR-tail were obtained as GST
amino-terminal fusions: lane 1, GST-FNR-tail; lane 3, GST-FNR. Then, they were digested with thrombin: lane 2, FNR-tail; lane 4,
wild-type FNR. (D) Purified FNRs: lane 1, FNR-tail; lane 2, molecular weight markers; lane 3, wild-type FNR.

Table 1: Effects of Metal Binding on the Kinetic Parameters of the Wild-Type and Recombinant Forms of Pea FNR

FNR form
mol of Zn2+/mol
of polypeptidea

Kd
b

(µM, Zn2+)
Kd

c

(µM, NADP+)

nicotinamide ring
occupancy of the
binding site (%)c

cytochromec
reductase activityd

(µmol mg-1 min-1)
Km

d

(µM, NADPH)
kcat

d

(s-1)
kcat/Km

d

(µM-1 s-1)

wild-type
FNR

- NDe 32 ( 2.3 14 30.5( 1.5 1.2( 0.1 74.1( 5.9 61.7

FNR-tail - NDe 97 ( 19 10 29.2( 1.7 2.4( 0.2 73.5( 5.1 30.6
FNR-tail

with Zn2+
0.55( 0.05 2.1( 0.4 100( 22 10 5.3( 0.3 2.6( 0.2 10.1( 0.7 3.8

a Metal bound to the protein after filtration and centrifugation through Sephadex G25.b Data obtained from Figure 3.c Data obtained as described
in Materials and Methods.d Each value represents the average of three independent experiments.e Not determined.
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We investigated the capacity of FNR-tail to interact with
pyridine nucleotides either in the absence or in the presence
of Zn2+, under conditions in which the metal binding site is
completely folded. As shown in panels B and C of Figure
4, NADP+ elicited the same spectral change when bound to
the FNR-tail enzyme in both the absence and presence of
Zn2+, indicating that metal binding site folding did not alter
the interaction of NADP+ with the prosthetic group. Titration
experiments with NADP+ and NAD+ were performed to
determine the affinity of recombinant FNR for ligands and
the effect of Zn2+ addition. TheKd values obtained for the
FNR-tail‚NADP+ complex, either in the absence or in the
presence of 40µM Zn2+, were both the same and higher
than that obtained for the wild-type enzyme (Table 1). In
the case of NAD+, theKd values for the complex with either
wild-type FNR, FNR-tail, or Zn2+-bound FNR-tail were too
high to be appropriately measured with the methods em-
ployed, and no spectral differences were detected with a
NAD+ final concentration of up to 2 mM. However, in both
cases, aKd of >2 mM is expected. Thus, it can be concluded
that the structuring of the metal binding site did not increase
the affinity of the enzyme for NAD+.

Piubelli et al. (13) defined a degree of nicotinamide
occupancy of NADP+ bound to FNR, assuming that the
complex of FNR Tyr308Ser with NADP+ has 100% oc-
cupancy. Then, the occupancies of any FNR‚NADP+ com-
plex can be estimated by comparison of the spectral changes
at 515 nm between the enzyme under study and the mutant
FNR Tyr308Ser. When we analyzed recombinant FNR-tail,
we obtained values that indicate a similar occupancy for the
recombinant enzyme in the absence and presence of Zn2+

(10%, Table 1). These values are similar to those obtained
for wild-type FNR [14% (this work and refs13 and 16)].

The environment of bound FAD in FNR-tail was probed
by measuring the intrinsic flavin fluorescence of the protein.
The fluorescence emission spectra are shown in Figure 5.
The fluorescence of bound FAD is known to be largely
quenched in the native oxidized form of wild-type FNR (31).
We observed that the emission of both FNR and FNR-tail
flavoenzymes at 524 nm were∼0.5-0.7% of that of free
FAD if measured immediately after gel filtration (not shown).
FNR-tail displayed only small increases in the relative
quantum yields in the absence of Zn2+. Addition of 30µM
Zn2+ caused an increase in fluorescence (Figure 5A),
indicating that the structuring of the metal binding site altered
the interaction between Tyr308 and the isoalloxazine ring.
It has been reported that FNR undergoes FAD fluorescence
enhancement upon formation of a complex with NADP+ (18,
31, 32). Following addition of the nucleotide, an increase in
quantum yield was observed for FNR-tail. The amplitude
of the increase in fluorescence obtained by NADP+ addition

FIGURE 3: Determination ofKd values for binding of Zn2+ to FNR-
tail. (A) Fluorescence emission spectra (λexc ) 295 nm) registered
with 2 µM wild-type FNR both before and after addition of 60µM
Zn2+. (B) Fluorescence spectra (λexc ) 295 nm) obtained during
titration of 2µM FNR-tail with Zn2+ (0-60 µM ZnSO4). The inset
shows emission data at 344 nm that were fitted to the theoretical
equation for a 1:1 stoichiometric complex by means of nonlinear
regression. The determinedKd value was 2.1µM.

FIGURE 4: Spectral properties of FNR. (A) Absorbance spectra of
wild-type FNR (thin line) and FNR-tail (thick line). The inset shows
an amplified view of the region between 300 and 600 nm. (B)
Absorption spectra of FNR-tail, obtained in either the absence
(dashed lines) or presence (solid lines) of 40µM Zn2+, and mutant
FNR Tyr308Ser (dotted lines) monitored both before (thin lines)
and after (thick lines) the addition of 300µM NADP+. (C)
Differential spectra elicited by the binding of NADP+ obtained from
the absorption spectra depicted in panel B.
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was equivalent for the FNR-tail in both the absence and
presence of Zn2+. The fluorescence enhancements observed
with the addition of NADP+ and Zn2+ to FNR-tail were
approximately additive relative to those observed with each
one, separately. These results suggest that, in both cases, the
fluorescence enhancements were caused by breakdown of
the stacked interaction between the flavin and aromatic side
chain at position 308, and the processes are probably
independent of each other (Figure 5A,B).

Enzyme ActiVities and Steady-State Kinetics of FNR-Tail.
The effect of metals on recombinant FNR enzymatic activity
is shown in Figure 6. DCPIP diaphorase activity was
decreased via the addition of increasing concentrations of
ZnSO4. DCPIP diaphorase activity was chosen because we
have previously determined that ZnSO4 inhibits FNR in the
presence of ferrocyanide, the product of the ferricyanide
diaphorase activity of the enzyme (21). Addition of Co2+

also affected the activity of the recombinant enzyme, but to
a lesser extent. None of the metals affected the activity of
the wild-type enzyme under the same conditions. NADPH
oxidation, catalyzed by the FNR-tail enzyme using ferredoxin
(Fd) as an electron acceptor, was also affected by the
presence of Zn2+, but no inhibition was observed using the
wild-type enzyme (Table 1). Thus, it may be inferred that
binding of metal to the histidine rich extension affects
enzyme activity.

To further investigate the relative changes in the enzyme
upon metal binding, the catalytic activity using NADPH and
DCPIP as a function of pH was analyzed. In the absence of
any metal, FNR-tail displayed a pH profile similar to that
obtained for the wild-type enzyme. In parallel, we analyzed

the activity profile of pea FNR Tyr308Ser. Both the mutant
enzyme that lacks an aromatic amino acid stacked on the
isoalloxazine and FNR-tail containing bound Zn2+ exhibited
a shallow increase in activity as a function of pH (Figure
6B).

The steady-state kinetics showed that FNR-tail in the
absence of metal displayed an identicalkcat value for the
diaphorase activity using NADPH and DCPIP; meanwhile,
an increase of 100% in theKm for the nucleotide was
observed (from 1.2 to 2.4µM) with respect to that of the
wild-type enzyme (Table 1). When the kinetic parameters
were obtained in the presence of Zn2+, a substantial decrease
in kcat was observed and no changes were detected forKm

with respect to that of the recombinant enzyme in the absence
of the metal.

Thus, the structuring of the metal binding site produces
neither an alteration of NADP+ binding nor detectable
changes in nicotinamide occupancy. Moreover, theKm of
the recombinant enzyme remains unchanged, whereas a
significant decrease inkcat was observed upon metal binding;
as shown in Table 1, a 16-fold decrease in catalytic efficiency
was observed under the conditions that were tested.

DISCUSSION

The significant role of the C-terminal Tyr in the enzyme
function of plant-type ferredoxin-NADP+ reductases has been
firmly documented (13, 14, 16). Aromatic amino acids have
also been identified as being stacked over the isoalloxazine

FIGURE 5: FAD fluorescence of FNR. Fluorescence emission
spectra of FNR-tail (λexc ) 445; λem ) 500-600 nm) monitored
both before (thin line) and after successive additions of (A) 30µM
Zn2+ (dotted line) and 300µM NADP+ (thick line) or (B) 300µM
NADP+ (thick line) and 30µM Zn2+ (dotted line). Insets shows
fluorescence emission data at 524 nm: (A) lane 1, FNR-tail; lane
2, FNR-tail and 30µM Zn2+; lane 3, FNR-tail and 30µM Zn2+

and then 300µM NADP+; and (B) lane 1, FNR-tail; lane 2, FNR-
tail and 300µM NADP+; lane 3, FNR-tail and 300µM NADP+

and then 30µM Zn2+.

FIGURE 6: Effect of the presence of metal on the diaphorase activity
of the FNR-tail enzyme. (A) NADPH-DCPIP diaphorase activity
was assayed in both the absence and presence of increasing ZnSO4
(O) or CoSO4 (b) concentrations (from 0 to 50µM) in the reaction
medium. The effect of the metal on wild-type FNR diaphorase
activity was also assayed under the same conditions (4 and 2).
(B) NADPH-DCPIP diaphorase activity was assayed as a function
of pH using wild-type FNR (2), mutant FNR Tyr308Ser (O) and
FNR-tail both with (b) and without (9) 20 µM Zn2+.
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in other FNRs and closely related flavoenzymes (10, 11, 33,
34). This role has also been suggested for nitric oxide
synthase (35, 36) and cytochrome P450 reductase (37-39).
The obtained crystal structures of mutant and wild-type
enzymes containing bound NADP+ suggest that the phenol
side chain of the terminal tyrosine has to be moved out to
allow nicotinamide to be situated in a position compatible
with the electron transfer process (6, 14, 15). However, Tyr
movement had never been documented, and unfortunately,
it has not been possible to obtain crystal data showing the
orientations of the above-mentioned Tyr and the nicotinamide
during productive substrate binding. The obtained data
indicate that the terminal Tyr of FNR may have more than
one role during substrate binding and catalysis (13, 14, 16,
18, 19). This issue is still not settled and needs to be
addressed further. The carboxyl-terminal Tyr strongly influ-
ences the enzyme specificity for NADPH by destabilizing
the interaction of nicotinamide, the common moiety of both
nucleotides NAD+ and NADP+ (13, 14, 16). A similar
observation was recently made for flavocytochrome P450
BM3 from Bacillus megaterium(39). Similarly, the FAD
shielding residue, Phe1395, of the neuronal nitric oxide
synthase, an enzyme which contains a FAD/NADPH sub-
domain that belongs to the FNR family (12), facilitates
NADP+ release (36). This aromatic amino acid prevents
release of the nucleotide from being rate-limiting and enables
the substrate to modulate a conformational equilibrium that
controls the electron transfer of another subdomain which
contains FMN. In the same way, the terminal Tyr of FNR
decreases the affinity of the enzyme for the nucleotide,
allowing for fast dissociation of the substrate after hydride
transfer that would otherwise remain bound, thus preventing
another steady-state enzyme cycle (14, 16). Removal and
substitution of the Tyr by site-directed mutagenesis have
proven that this amino acid is by no means essential for
catalysis (2), but it is important for enzyme catalytic
efficiency optimization. The precise mechanism in which
Tyr308 participates in these functions is still not completely
understood. Some bacterial reductases, likeE. coli FNR, have
a Tyr residue equivalent to Tyr308 that faces the isoallox-
azine. However, turnover numbers of these enzymes are at
least 1000 times lower than those observed for the plastidic
FNRs, while theirKm andKd values for substrates remain in
the same range (ref2 and references therein). In these
bacterial reductases, the Tyr is followed by a short amino
acid stretch that interacts with the adenine moiety of FAD,
which is bound in a twisted conformation. This arrangement
probably reduces the carboxyl-terminal movement of the
protein.

In this work, we have examined whether it is possible to
modify the catalytic efficiency of FNR by restricting the
motility of the carboxyl-terminal region. By constructing an
artificial metal binding site next to Tyr308 of pea FNR, we
were able to examine some of the different roles of Tyr308.
We present here the first experimental evidence that the
backbone conformational freedom at the C-terminus of FNR
is related to the enzyme catalytic efficiency.

Histidine-based metal binding sites have been identified
in nature and have been introduced into artificial metal
binding peptides (40-50). In those proteins, the metal ion
controls the backbone conformation and the arrangement of
the R groups of the involved amino acids, which produces

defined structures. By adding a nine-amino acid extension,
containing the sequence HAHAWAHAH, we converted pea
FNR into a metal binding enzyme. Since the added peptide
extension is structured by metal binding, perturbations should
occur in the immediately preceding Tyr308, thus restricting
its ability to spontaneously and independently move. In the
absence of metal, the added tail should be flexible and, as
predicted in silico, does not contain a rigid secondary
structure.

Changes in tryptophan fluorescence in response to con-
formational perturbation allowed us to monitor that the
artificial metal binding site introduced in FNR binds Zn2+

at micromolar concentrations. Neither changes in tryptophan
fluorescence nor metal binding was detected in the wild-
type enzyme. Moreover, the analysis of the pea FNR crystal
structure showed that no histidine or cysteines are close
enough to participate in metal binding with the added
extension. Four acidic residues, Glu272, Asp276, Asp277,
and Asp171, are in the proximity, but only the last two may
be accessible for metal binding in conjunction with the added
histidines. Thus, it can be suggested that the effects observed
by the addition of metal to FNR-tail are related to the
structuring of the amino acid extension, although it is not
possible to preclude possible interactions with other surface
residues of the protein. The structuring effect is valid in any
case. We measured∼0.55 mol of bound Zn2+ per mole of
enzyme. The stoichiometry was lower than expected, which
may be due to the method employed which involves
Sephadex filtration. Filtration and centrifugation through the
matrix may reverse the equilibrium by decreasing the amount
of metal bound to the protein if the metal-protein complex
rapidly reaches equilibrium. However, the obtained value
indicates that at least 1 mol of Zn2+ binds to the protein
under the conditions that were tested. TheKd of 2.1 µM for
the FNR-tail‚Zn2+ complex obtained by analyzing the protein
fluorescence emission spectra is in agreement with the
formation of a rigid metal binding site with the involvement
of more than one histidine. This structuring should affect
carboxyl-terminal motility. Correspondingly, it has been
suggested that an alternatively spliced N-terminal variable
region of troponin T with a HxxxH core sequence modulates
the conformation and flexibility of another protein domain
through metal binding (50).

Previous results have shown that nonconservative muta-
tions at the C-terminal position of pea andAnabaenaFNRs
produce extremely high affinities for NADP+ and generate
the ability of the enzyme to bind NAD+ and catalyze
reactions with it (13, 14, 16, 18). The changes observed in
those mutants probably occur because Tyr308 modulates the
thermodynamics of nicotinamide binding. When we analyzed
theKd for binding of NADP+ to FNR-tail, we observed that
the structuring of the metal binding site did not influence
the affinity of the recombinant enzyme for the nucleotide.
Thus, it can be inferred that Tyr308 is still controlling
NADP+ binding under both conditions. Moreover, binding
of metal to FNR-tail enhanced the intrinsic flavin fluores-
cence, but it remained lower than that produced by NADP+.
The fluorescence enhancement produced by nucleotide
binding is thought to originate from displacement of Tyr308
from the isoalloxazine (18). In that context, it has been
determined that only∼14% of the population of FNR with
bound NADP+ had the nicotinamide stacked over the
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isoalloxazine, which produces the fluorescence enhancement
observed upon nucleotide binding, whereas the enhancement
directed by metal binding comes from all FNR-tail molecules.
Thus, we can conclude that if some rearrangement of the
terminal tyrosine and the isoalloxazine occurs upon structur-
ing of the metal binding site, this change should be relatively
minor with respect to that produced by the nucleotide.
Moreover, the structuring of the artificial tail did not affect
the fluorescence enhancement that was induced by the
substrate. Thus, Tyr308 undergoes a rearrangement upon
binding of NADP+ to the FNR-tail enzyme in the presence
of Zn2+ similar to that in the wild-type enzyme. One plausible
explanation for our observations is that the equilibrium
between nicotinamide and the terminal tyrosine is equivalent
but is reached more slowly upon structuring of the metal
binding site. Therefore, theKin andKout values for binding
of nicotinamide to the binding site would be equally affected
(see Figure 7).

Using NMR techniques, it has been determined that the
carboxyl-terminal polypeptide chain of FNR is particularly
flexible and conformational changes of these regions prob-
ably favor opening of the active sites (20). Recently, a
detailed study on binding of NADPH to cytochrome P450
reductase has been performed (51). The FAD binding domain
of this enzyme belongs to the FNR family, while the FMN
binding domain is related to flavodoxins (52). The determi-
nation of energetic contributions indicates that binding of
coenzyme to the FAD subdomain can drive a global
conformational change of the enzyme that affects the FMN
domain (51). Thus, binding of NADP+ to FNR may be able
to drive a conformational change that includes the carboxyl-
terminal region. The calculated catalytic constants (Table 1)
indicate that the catalytic efficiency decrease is directly
related to metal binding. These results suggest that the
motility of the carboxyl-terminal region, which has been put
under structural constraints, affects enzyme catalysis. Mean-
while, theKd and Km of the enzyme are the same for the
FNR-tail enzyme in either the absence or the presence of

Zn2+, and the structuring of the metal binding site severely
decreased the catalytic efficiency of the FNR-tail enzyme,
which is mainly due to a reduction inkcat. A mechanism in
which the tyrosine flips “in” and “out” of the pocket has
been anticipated (4, 13-15). Recently, Tejero et al. (14)
proposed that this movement would create an equilibrium
between the in and out conformations of tyrosine, where the
in conformation is the one in which the nicotinamide is in
the proper position and, then, it is the reactive species (see
Figure 7). A slow equilibrium between both conformations
would convert the reactive species in a bottleneck. If the
equilibrium mentioned above exists, it should proceed in a
short time scale to be not rate-limiting. The equilibrium
constants obtained by these authors clearly support the
proposed hypothesis. Our data also support this model. The
structuring of the carboxyl-terminal region by metal binding
probably decreases bothKin andKout similarly and produces
a considerable alteration of the catalytic efficiency, as we
detected. We think that these results are the first evidence
of physical movement of the tyrosine. Moreover, the data
presented here support the idea that local backbone motion
of the carboxyl-terminal region is necessary to obtain the
observed efficiency in plant-type FNRs. Thus, two different
functions of the carboxyl-terminal regions may be envisaged.
One is directly related to the adjustment of nucleotide affinity
by the inclusion of an aromatic ring facing the isoalloxazine,
thus blocking the ability of the nicotinamide to strongly
interact with it. The other function is to ensure the rapid
exchange of the nicotinamide in and out of the active site
through local backbone movement. The freedom that evolu-
tion has developed in plastidic reductases for its carboxyl-
terminal backbone is restricted in bacterial-type FNRs. The
typical folded FAD, which allows for stacking of its adenine
with an aromatic side chain (Trp248 in the case ofE. coli),
probably results in the low mobility of the carboxyl-terminal
region and thus results in enzymes with low catalytic
efficiencies.

The concerted studies of this recombinant FNR, other
mutants, and wild-type enzymes, as well as the generation
of new crystal data, will allow these issues to be better
understood.
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