ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Archives of Biochemistry and Biophysics 459 (2007) 79-90

ABB

www.elsevier.com/locate/yabbi

Catalytic mechanism of hydride transfer between NADP/H
and ferredoxin-NADP™ reductase from Anabaena PCC 7119

Jesus Tejero ®, José Ramén Peregrina ®, Marta Martinez-Jilvez ®, Aldo Gutiérrez °,
Carlos Gémez-Moreno , Nigel S. Scrutton ®!, Milagros Medina **
& Departamento de Bioquimica y Biologia Molecular y Celular, Facultad de Ciencias, and Institute of Biocomputation and Physics of Complex

Systems (BIFI), Universidad de Zaragoza, E-50009 Zaragoza, Spain
® Department of Biochemistry, University of Leicester, University Road, Leicester LEI 7RH, UK

Received 22 August 2006, and in revised form 20 October 2006
Available online 9 November 2006

Abstract

The mechanism of hydride transfer between Anabaena FNR and NADP'/H was analysed using for the first time stopped-flow pho-
todiode array detection and global analysis deconvolution. The results indicated that the initial spectral changes, occurring within the
instrumental dead time upon reaction of FNR with NADP'/H, included not only the initial interaction and complex formation, but
also the first subsequent steps of the sequential reactions that involve hydride transfer. Two different charge-transfer complexes formed
prior and upon hydride transfer, FNR,,-NADPH and FNR,4-NADP". Detectable amounts of FNR,,-NADPH were found at equilib-
rium, but FNR,4-NADP™" accumulated to a small extent and quickly evolved. The spectral properties of both charge-transfer complexes,
for the first time in Anabaena FNR, as well as the corresponding inter-conversion hydride transfer rates were obtained. The need of an
adequate initial interaction between NADP"/H and FNR, and subsequent conformational changes, was also established by studying the

reactions of two FNR mutants.
© 2006 Elsevier Inc. All rights reserved.
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Ferredoxin-NADP™ reductase (FNR? EC 1.18.1.2) is a
FAD-containing enzyme that catalyses electron transfer
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NADP'/H; ET, electron transfer; WT, wild-type; CT, charge-transfer
complex; MC, Michaelis—-Menten complex; Fd, ferredoxin; Fld, flavodoxin;
CT-1, FNR,,-NADPH charge-transfer complex; CT-2, FNR,-NADP*
charge-transfer complex; 2'-P-AMP, 2/-P-AMP moiety of the NADP'/H;
ka>B, kp>c, apparent rate constants obtained by global analysis of spectral
kinetic data; ko, single-wavelength detected observed rate constant; kyr,
kyrt.1, hydride transfer first-order rate constants for the direct and reverse
reactions, respectively; Kq napph, Kda.NaDp+ dissociation constants for the
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0003-9861/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.abb.2006.10.023

(ET) from light reduced ferredoxin (Fd), or flavodoxin
(F1d), to NADP" producing NADPH [1]. This photosyn-
thetic role in chloroplasts and cyanobacteria vegetative
cells was the first documented physiological function for
this enzyme. Later, flavoproteins with FNR activity were
reported in chloroplasts, phototrophic and heterotrophic
bacteria, animal and yeast mitochondria and apicoplasts,
demonstrating the ubiquity of FNRs among living organ-
isms [2]. Photosynthetic FNRs show high specificity
towards NADP™" versus NAD™ [1,3-5]. FNRs from differ-
ent organisms, including Anabaena, have been thoroughly
characterised [6-14]. Moreover, the FNR structure is the
prototype of a family of flavin reductases that comprises
NADPH- and NADH-dependent enzymes [15], including
phthalate dioxygenase reductase [16], cytochrome b5 reduc-
tase [17], cytochrome P450 reductase [18] or sulphite reduc-
tase [19]. All these enzymes contain a flavin-binding
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domain, which binds a molecule of either FAD or FMN,
and a NAD(P)"/H binding domain and, generally operate
by using reducing equivalents from the cellular NAD(P)H
pool to provide low-potential electron carriers for oxidore-
ductive metabolisms [1,2,20].

Although the main role of FNR in photosynthetic
organisms is reduction of NADP" by FNR,4, this process
is reversible in vivo and in FNRs from different sources [2].
Thus, a thorough understanding of FNR catalytic mecha-
nism is important owing to its position as prototype for a
large family of enzymes showing similar catalytic mecha-
nisms. The mechanism of FNR reduction by NADPH
has been studied [4,5,14,21-30]. In this reaction, one
NADPH molecule reduces the FAD prosthetic group of
the enzyme to the anionic hydroquinone state by a formal
hydride transfer: E-FAD + NADPH = E-FADH ™ +
NADP?. It is commonly accepted [2] that reduction of
FNR by NADPH takes place via a two-step mechanism,
in which the first observed process is related to the forma-
tion of the FNR,,-NADPH (CT-1) charge-transfer com-
plex through an intermediate Michaelis-Menten complex
(MC-1), followed by hydride transfer to produce an equi-
librium mixture of the CT-1 and FNR,4-NADP" (CT-2)
charge-transfer complexes (Scheme 1).

Observed rates for the reaction of FNR,, and NADPH
have been estimated to be around 800-500 s~ for the first
step and 200-100 s7! for the second one [5,14,26,
28,29,31,32]. However, since the first experimentally detect-
ed rate is faster than the accurate limit for determination
with stopped-flow techniques, this model, largely derived
from single-wavelength studies at 460 nm and, from studies
where the spectrum was reconstructed by measurements at
different wavelengths [26], might provide inadequate esti-
mations of the rate constants and the processes related to
each one. Taking into account that spectral time evolution
has not been analysed in the case of the Anabaena FNR,
that no information about evolution of CT complexes
has been reported for this FNR and, that spinach and Ana-
baena FNRs although closely related show differences in
the processes with NADP'/H [14], it appears appropriate
to study the reaction of Anabaena FNR with NADP"/H
on the full spectral range.

Thus, we have studied the mechanism of this reaction in
Anabaena FNR by using stopped-flow photodiode array
spectroscopic measurements for the hydride transfer and
reduction of the enzyme by NADPH, as well as for the
hydride transfer from FNR,4 to NADP™". Hydride transfer
mechanisms were also analysed for two FNR mutants with
altered coenzyme binding properties, Tyr235Ala and
Tyr235Phe [5]. The Tyr235 side-chain has been shown to
stabilize NADP'/H binding through the formation of a

Fig. 1. Environment of the Tyr235 in the Anabaena FNR-NADP*
complex [12]. FAD (orange), NADP™ (yellow), and side-chain of Tyr235
(red) are shown as sticks. H-bond interaction between Tyr235 side-chain
and the 2/-P of NADP" is indicated by a green dashed line. Produced with
PyMOL [49].

H-bond to the 2’-P group of the coenzyme and of a stack-
ing interaction with the adenine group (Fig. 1) [12].

Materials and methods

Site-directed mutagenesis and protein purification

The Tyr235Phe and Tyr235Ala FNR mutants were produced as
described previously [5,32]. The corresponding vectors were used to
transform Escherichia coli BL21(DE3) Gold cells (Stratagene). The dif-
ferent FNR forms were prepared from E. coli cultures as previously
described [32,33].

Stopped-flow pre-steady-state kinetic measurements

Anaerobic fast kinetic reactions of FNR with either NADPH or
NADP" were followed using an Applied Photophysics SF.17 MV stopped-
flow contained within a customized glovebox (Belle Technology) (<5 ppm
0,). Under experimental conditions, instrument dead time was ~1.8 ms in
single-wavelength mode and ~1.28 ms for the photodiode array detector,
(for the experiments at 6 °C this instrumental dead time appears to
increase up to ~3 ms). All buffers were made oxygen-free prior to intro-
duction into the glovebox. Changes in absorbance were used to follow the
reaction, either in single-wavelength mode or in a spectral range between
290 and 725 nm using a photodiode array detector. In the reactions of
FNR,q with NADP', | mM EDTA and 2 UM 5-deazariboflavin were
added to the FNR solution in order to photoreduce the enzyme prior
initiating the reaction. Final FNR concentrations used were 25 pM in
diode array experiments and 10 uM in single-wavelength ones. A range of
pyridine nucleotide concentrations were used. Multiple wavelength
absorption data were collected and processed using the X-SCAN software
(Applied Photophysics Ltd.). Typically, 400 spectra per second were col-
lected for the processes involving WT and Tyr235Phe FNRs and 196 in
the case of the Tyr235Ala FNR. Most of the experiments were carried out
at 15°C in Tris/HCI 50 mM, pH 8.0 (confirmation measurements were
recorded at 6 °C). Photodiode array spectral deconvolution was per-
formed by global analysis and numerical integration methods using Pro-K
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Fig. 2. Evolution of spectral changes accompanying the reactions of WT FNR with NADP*/H. (A) Time course of the reaction of 25 uM WT FNR,,
with 250 pM NADPH and (B) 25 uM WT FNR,4 with 250 uM NADP" as monitored in the full spectral range. Spectra were recorded every 2.56 ms. The
corresponding protein spectrum before mixing is shown as a dotted line, and the first spectrum after mixing as a bold line. Directions of absorbance
changes are indicated by an arrow. Spectra after mixing are shown at 0.00128, 0.0038, 0.0064, 0.0115, 0.997 and 2.047 s. The insets show the absorption
kinetic transients obtained at 458 nm with a single-wavelength detector for the reaction of 10 uM WT FNR with 100 uM NADP"/H. Other experimental
conditions: Tris/HCI 50 mM, pH 8.0, and 15°C. (C and D) The absorbance spectra for the two pre-steady-state kinetically distinguishable species
obtained by global analysis of the reactions in A and B, respectively. Insets show the corresponding evolution of species along the time. Species are denoted

as line for the initial one (A) and a dashed line for the final (B).

software (Applied Photophysics Ltd.). Data collected over ranges from
0.00128 to 0.05 s for WT and Tyr235Phe FNRs at 15 °C, 0.0038-0.05 s for
WT and Tyr235Phe FNRs at 6 °C, and up to 0.00128-8.2 s for the reac-
tions of Tyr235Ala FNR were fit either to a single step, A > B, or to a two
step, A > B> C, models (Figs. 2, 4 and 5) allowing estimation of the
conversion rate constants (Table 1). A, B and C are spectral species,
reflecting a distribution of enzyme intermediates at certain point along the
reaction time course, and do not necessarily represent a single distinct
enzyme intermediate. Moreover, none of them represents individual spe-
cies of products or reactants and, their spectra can not be included as fixed
values in the global-fitting. Model validity was assessed by lack of sys-
tematic deviations from residual plots at different wavelengths, inspection
of calculated spectra and consistence among the number of significant
singular values with the fitted model.

Estimation of K; and kyr values for the hydride transfer processes

The observed rate constants as a function of coenzyme concentration
were fit to the mechanisms described in Scheme 2. Under rapid-equilib-
rium conditions and since the first process, formation of CT-1 or CT-2 is
fast, kops, OF ka-p, values can be related with the enzyme and coenzyme
concentration by [34,35]

o _ k(Ko + [FNR] + [ NADP" /H]) + kur ([FNR] + [NADP' /H))
o [FNR] + [NADP* /H] + K4

)
If concentration of coenzyme is much larger than that of the enzyme

i _ ki (Ka + [NADP* /H]) + kur[NADP” /H]
obs [NADP*/H] + K4

2)

This simple model might apply only if the hydride transfer steps are rate-
determining and the concentration of substrate is in excess over that of the
enzyme. This later condition might not apply in some of our cases at the
lower NADP/H concentrations used, but in some cases this can be over-
come using only data obtained at ratios of NADP*/H:FNR higher than 2.
It should be notice that taking into account the whole system additional
equilibria (Fig. 7) might be preferable. However, our data fit this equation
and did not fit more complicate ones (Figs. 3A, 6A and B).

Spectral and kinetic simulations

Spectra of the intermediate CT-1 and CT-2 were estimated using the
Pro-Kineticist II software (Applied Photophysics Ltd.) by analysis of the
photodiode array data for the reaction of WT FNR,x with NADPH under
pseudo-first order conditions (25 puM FNR,, and 250 M NADPH).
Under this conditions, the three step mechanism proposed in Scheme 3 can
be used in combination with the spectra of free FNR,, and FNR 4 forms
and the kinetic constants derived from Table 2 (taking into account that
for each reaction, the initial CT is formed in the instrumental dead time,
indicating that kinetic rate constants for CT formation must be larger than
750 s~ ! in the cases of WT and Tyr235Phe FNRs whatever is the direction
of the initial reaction).

Time dependent spectral simulations were performed using the Pro-K
software. During simulations, FNR,x was considered to present a single
absorbance maximum at 458 nm with a bandwidth of 20 nm and a relative
height of 9.4 (extinction coefficient value), whereas FNR 4 was simulated
by a single absorbance maximum at 380 nm with bandwidth of 50 and
height of 1. CT-1 was consider with two absorbance maxima, 458 and
610 nm with bandwidths of 20 and 50 nm and, heights of 8.6 and 1.2,
respectively. The corresponding parameters used for CT-2 were absor-
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Fig. 3. (A) ka-p rate constants the function OF nucleotide concentration for the reactions of WT FNR,, with NADPH (@) and, WT FNR,4 with
NADP" (B). Solid and dashed lines, respectively, for NADPH and NADP", show fitting of the data to Eq. 2. (B) Spectra of CT intermediates derived by
global analysis of the reaction of FNR with NADP*/H; CT-1 (line) and CT-2 (dotted-line). (C) Simulation of the evolution of the reaction of WT FNR o,
(25 uM) with NADPH (250 uM). Spectra simulated at 0.0000, 0.0002, 0.00054, 0.0009, 0.0014, 0.002, 0.0027 and 0.01 s. (D) Simulation of the evolution of
the reaction of WT FNR,q4 (25 uM) with NADP™ (250 uM). Spectra simulated at 0.0000, 0.0001, 0.00035, 0.00075, 0.0013, 0.002 and 0.01 s. The insets
show evolution along the time of the different species, FNR (dashed line), FNR 4 (dash-dotted line), CT-1 (line), CT-2 (dotted line) and the absorbance
at 458 nm (bold line). A vertical line at the instrumental dead time indicates the part of the simulated process that must occur within the instrumental dead

time (left) and the part experimentally observed (right).

bance maxima at 453 and 740 nm, bandwidths of 20 and 100 nm and
heights of 3 and 1.2, respectively.

Results
Fast-kinetic processes between WT FNR and NADP*IH

Reactions between WT, in oxidised or reduced states,
and NADP'/H were studied by stopped-flow methods
using either a photodiode array detector or a single-wave-
length detector at 458 nm (Figs. 2A and B). Reaction of
WT FNR,, with NADPH produced a long-wavelength
absorbance band with a maximum around 610 nm within
the experimental dead time (first spectrum after mixing at
1.28 ms, Fig. 2A). Formation of the long-wavelength
absorption band occurred within the instrumental dead
time at 15 °C (Fig. 2A) and 6 °C (not shown). This band
was previously attributed to CT interactions between the
oxidised flavin isoalloxazine ring and the nicotinamide ring
of NADPH, in particular to the FNR,,-NADPH charge-
transfer complex (CT-1) [21,27]. Simultaneously with its
formation, absorbance in the flavin band-I (459 nm)
decreased within the dead time of the instrument (both at
15 and 6 °C), suggesting FNR reduction. Evolution of
the flavin band-I in the following spectra indicated subse-
quent flavin reduction. The obtained spectra as a function
of time were fitted globally by numerical integration. An

A > B kinetic model was the most satisfactory in describing
the absorption changes. Fig. 2C shows the species obtained
by global analysis deconvolution of spectra obtained by
mixing WT FNR, with NADPH (Fig. 2A). The first spe-
cies observed after mixing, A, showed a spectrum consis-
tent with the presence of FNR,x and CT-1 (see Fig. 3B
below), the latter being formed in the instrumental dead
time and, characterised by a broad absorption band cen-
tred at 610 nm. A rapidly evolved to form species B (similar
behaviour at 15 and 6 °C, despite the expected reduction in
the rate constant (ka-p > 354 s 'at 15°C and >250 s~ at
6 °C)) (Table 1 and Fig. 2C). Comparison of species B with
A indicated FNR reduction, as well as a small decrease in
the intensity of the peak of the CT-1 band, which also
resulted displaced to longer wavelengths. This suggested
formation of a small amount of FNR,y-NADP' CT (CT-
2) in equilibrium with CT-1 (Fig. 2C).

When analysing the reduction of NADP" by FNR,4
(Fig. 2B), the first recorded spectrum after mixing
(1.28 ms, bold line in Fig. 2B) showed a CT band absor-
bance with a maximum beyond 700 nm, consistent with
CT-2 formation [26]. Similar results were observed at 15
and 6 °C and we were unable to follow the time dependent
formation of this absorption band. In this spectrum, the
flavin absorbance band-I showed significant oxidation of
the enzyme, and the pronounced absorbance in the 500—
700 nm range suggested a mixture of the FNR,,-NADPH
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Fig. 4. Evolution of spectral changes accompanying reactions of Tyr235Phe FNR with NADP*/H. (A) Time course of the reaction of 25 uM Tyr235Phe
FNR,, with 250 yM NADPH and (B) 25 uM Tyr235Phe FNR,4 with 250 M NADP" as monitored in the full spectral range. The insets show the
corresponding absorption kinetic transients obtained at 458 nm with a single-wavelength detector. Other conditions as in Fig. 2. (C and D) The
absorbance spectra for the two pre-steady-state kinetically distinguishable species obtained by global-fitting analysis of reactions in A and B, respectively.
Insets show the corresponding evolution of species along the time. Species are denoted as line for the initial one (A), a dashed line for the intermediate (B)

and a dotted line for the final (C).

and FNR,y-NADP" CTs. Spectra recorded at different
times after the initial indicated further FNR oxidation, as
well as evolution of CT-2 to CT-1. The final equilibrium
established appeared to present some FNR,, and, mainly,
CT-1 as the predominant species. Again, the spectra as a
function of time fitted globally to an A > B model
(Fig. 2D). The spectrum for species A showed a broad
band in the 600-720 nm region consistent with a mixture
of CT-1 and CT-2. That this was the first spectral species
obtained indicated that FNR,4 associated with NADP"
to produce CT-2 (characterised by a maximum above
730 nm) and hydride transfer started to produce CT-1
within the instrument dead time. Species A evolved rapidly
to form B (ka-p =413 s ' at 15°C and >300s~! at 6 °C)
(Fig. 2D). A comparison of species B with A indicated an
increase in the absorption intensity at 460 nm, consistent
with almost full FNR oxidation. A decrease in the intensity
CT band peak was also observed, which was also displaced
to shorter wavelengths (centred at 610 nm), again consis-
tent with the main presence of CT-1.

Since single-wavelength analysis must coincide with that
of the global data analysis to confirm the mechanistic inter-
pretations, characterisation was also performed by follow-
ing the absorbance changes at 460 nm in single wavelength
experiments (insets Figs. 2A and B and data at Table 1). As
expected, the single wavelength absorbance transients
obtained best fit to single-exponential equation and no

significant improvement was achieved on fitting to a bi-ex-
ponential. The observed transients for the reactions of WT
FNR recorded by single-wavelength detection showed
amplitudes that corresponded to an apparent 20% reduc-
tion (inset Fig. 2A) or 30% oxidation (inset Fig. 2B) of
the protein and allowed determination of &, values (Table
1). These data were in agreement with those obtained using
the photodiode array detector, that present similar values
for kops and which accounted for an apparent 20% reduc-
tion with NADPH and 30% oxidation with NADP" when
comparing the final absorption level with that seen in the
first spectrum after mixing (Figs. 2A and B). Additionally,
when comparing the photodiode array time course data
with the expected absorption of the fully oxidised enzyme
(Fig. 2A) (or reduced, Fig. 2B) it was clear that much of
the reaction had already occurred on collecting the first
spectrum after mixing, and, therefore, also before the first
useful point with the single-wavelength detector.

The concentration dependence of the overall rate of the
process was also studied by following the above described
reactions at variable concentrations of the nucleotide while
keeping a constant concentration of FNR. Reactions
involving WT FNR, either in the oxidised or reduced
states, were mostly independent of the nucleotide concen-
tration (Fig. 3A). Such observation was consistent with
the high coenzyme affinity reported for WT FNR [27,33].
Kinetic data at much lower NADP"/H concentrations or
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Fig. 5. Evolution of spectral changes accompanying reactions of Tyr235Ala FNR with NADP'/H. (A) Time course of the reaction of 25 uM Tyr235Ala
FNR,x with 250 uM NADPH. Spectra after mixing are shown at 0.0038, 0.106, 0.214, 0.526, 0.997 and 4.095 s. and (B) Time course of the reaction of
25 uM Tyr235Ala FNR 4 with 250 uM NADP" monitored in the full spectral range. Spectra after mixing are shown at 0.0038, 0.055, 0.096, 0.178, 0.243
and 4.095s. Spectra were recorded every 5.1 ms. The insets show the corresponding absorption kinetic transients obtained at 458 nm with a single-
wavelength detector. Other conditions as in Fig. 2. (C and D) The absorbance spectra for the three pre-steady-state kinetically distinguishable species
obtained by global analysis of the reactions in A and B, respectively. Insets show the corresponding evolution of species with time. Species are denoted as
line for the initial one (A), a dashed line for the intermediate (B) and a dotted line for the final (C).

lower temperatures could be helpful, but in this particular
case the ka-p and ks values under those conditions were
still near the limit for the stopped-flow apparatus, as shown
by the experiments recorded at 6 °C. Additionally, a slight

decrease of the ka-p and ks values was observed upon
increasing the concentration of the coenzyme. This obser-
vation correlated with that reported by Batie and Kamin
[27], suggesting the presence of additional equilibria

Table 1
Kinetic rate constants obtained by stopped-flow for the reaction of FNR with NADP*/H
NADPH NADP"
kasp (57 kpoc (s7") kasp (s kpoc (s7")
Rate constants obtained by global analysis deconvolution of spectra obtained between 390 and 726 nm along reaction to either an A>Boran A>B>C
model®
WT >354° — >413P _
WT (6 °C) >250 >300
Y235F 178 12 309° —
Y235F (6 °C) 90 5 140
Y235A 4.8 0.4 13 0.4
NADPH NADP*
Kobst (s™) kobsa (s~") Kobst (s~") kovsa (")
Observed rate constants obtained by fitting-single-wavelength detection data at 458 nm to a single-exponential or double-exponential mechanism®
WT >430° — >469° —
Y235F 151 18 260° —
Y235A 3.6 0.28 9.9 0.89

Data from kinetics obtained at FNR:NADP"/H ratio of 1:10 and 25 °C unless otherwise stated.
* Errors in the estimated values of ka-p and kg-c were +15%.
® This process fits better to a single A > B model.
¢ Errors in the estimated values of ks were =10%.



J. Tejero et al. | Archives of Biochemistry and Biophysics 459 (2007) 79-90 85

Ky NapPH kuri
FNR,, + NADPH [FNR,,-NADPH] [FNR4-NADP*]
kg
Ky NADP+ ki
FNR 4+ NADP* [FNR4-NADP*] [FNRx-NADPH]
kHT]
Scheme 2.

involving the formation of non-productive FNR,,-
NADP" and FNR,-NADPH complexes (see Fig. 7). This
phenomenon has also been reported in other related
enzymes [36].

The observed rates as a function of coenzyme concentra-
tion might fit the simplest mechanisms describing the
studied processes (Scheme 2).

In Scheme 2, K4 nappu and Kqnapp+ are the dissocia-
tion constants for either the CT-1, or CT-2, complex and
kyt1 or kyr.1 the corresponding rates of hydride transfer
for each direction. Since under our experimental measure-
ments, and due to the high affinity of the WT enzyme for
both coenzymes inferred from Fig. 3A, the amount of free
WT FNR was much lower than that of the coenzyme and,
upon avoiding the 1:1 ratio, Eq. 2 might be used as an
approximation to determine Ky and kgt values. However,
due to the almost independent value of rate constants on
nucleotide concentration, fitting of the experimental data
of Fig. 3A to Eq. 2 only provided upper limit values for
the dissociation constants and lower limit values for
the hydride transfer rates (Table 2). The obtained
values (Kgnappu <1 uM and Ky napp+ < 0.5 pM, for the
FNR,,-NADPH and the FNR,;-NADP' complexes,
respectively) were considerably lower than the value
reported for the Ky (5.7 uM) of the FNR,,-NADP™" com-
plex [33], indicating that in Anabaena WT FNR reduction
increased the affinity for the coenzyme. These results are
fully consistent with those reported for the spinach enzyme
[27].

Spectra of the intermediate CT-1 and CT-2 were esti-
mated by analysis of the spectral data along the time for
the reaction of WT FNR with NADPH under pseudo-first
order conditions (Fig. 3B) taking into account the three
step mechanism proposed in the discussion section (Scheme
3) and the kinetic constants derived from Table 2. The
spectrum derived for CT-1 species presented maxima at
458 nm and 610nm with extinction coefficients of
8.6mM ' cm ™! (slightly smaller than that of free FNR,,,
94mM'em™!) and 1.2 mM ' em™', respectively, and a
shoulder at 480 nm. Apparently, the CT-2 species was
characterized by maxima at 453 nm and beyond 726 nm
with extinction coefficients of 3.0 mM 'em ™' and
~0.7mM ' em™!, respectively, and a shoulder at 483 nm.
Properties of these CT-1 and CT-2 spectra for Anabaena
PCC 7119 FNR were consistent with those of the equiva-
lent complexes reported for the processes of phthalate
dioxygenase reductase when reacting with NADH [37].

To validate the estimated Ky (and the kinetic constants
derived from these data) and kgt values (Table 2), as well
as the spectral positions and relative extinction coefficients
derived for CT-1 and CT-2 species, a simulation analysis
was carried out. This simulation took into account the data
obtained in Table 2, the estimated spectral properties of
CT-1 and CT-2 (Fig. 3B) and the fact that for the reaction
in both directions the initial CT was formed in the instru-
mental dead time. Comparison of the obtained simulated
spectra as a function of time and the evolution of the dif-
ferent species (Figs. 3C and D) with the experimental data
in Fig. 2 indicated that our model reproduced the experi-
mental data. Comparison of simulated evolution of species
and absorbance at 460 nm (insets Figs. 3C and D) with
experimental absorbance changes at 460 nm (insets Figs.
2A and B) were also consistent with the assumption of
some of the derived kinetic rate constants being just lower
limit values, especially for those processes involving FNR 4
and NADP™.

Fast-kinetic processes of the Tyr235Phe and Tyr235Ala
Anabaena FNR mutants with NADP*IH

Reduction of Tyr235Phe FNR by NADPH (Fig. 4A)
showed features similar to those of WT FNR, with for-
mation of the CT-1. However, a concomitant decay of
the CT band and the flavin absorbance band-I with time
were produced, which was not observed with WT FNR.
Both features indicated that when reaching the equilibri-
um this reaction presented a larger percentage of FNR 4
and less CT-1. Global analysis deconvolution of spectra
obtained for the reaction of Tyr235Phe with NADPH bet-
ter fit an A > B> C model (Fig. 4C). The first species
observed after mixing (A, similar to WT) showed a spec-
trum consistent with the presence of FNR,, and CT-1
that evolved to form species B, this conversion being
slower than for WT (Table 1 and Fig. 2C) (kasp ~
178 s~' at 15°C and 90 s ! at 6 °C). It involved reduction
of FNR and, a small decrease in the intensity of the peak
of the CT-1 band together with its displacement to longer
wavelengths (suggesting production of a small amount of
CT-2). However, B further evolved to form species C
(kg=c ~ 12s7"), a process that, as shown by the spectra
of both species, mainly involved FNR reduction without
important changes in the CT band (Fig. 4C). The reaction
of Tyr235Ala FNR with NADPH was a much slower
process, in agreement with previous data [5], and the
CT character was barely detectable (Fig. 5A). The
observed spectral changes deconvoluted to produce three
different species (Fig. 5C, Table 1). We inferred that spe-
cies A represented FNR,, and NADPH, which if bound
to the enzyme did not produce a CT species and rather
represented the MC-1 complex. B mainly consisted of
FNR,4 and hardly any CT species had accumulated.
Finally, species B converted to C, decreasing further the
absorption of the flavin band-I and showing a very small
amount of a CT interaction.
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(250 uM). Spectra shown were simulated at 0, 0.0005, 0.0012, 0.0021, 0.0032, 0.0045, 0.006, 0.008 and 0.020 s. The insets show evolution along the time of
the different species, FNRx (dashed line), FNR 4 (dash-dotted line), CT-1 (line), CT-2 (dotted line) and the absorbance at 460 nm (bold line). A vertical
line at the instrumental dead time indicates the part of the simulated process that must occur within the instrumental dead time (left) and the part
experimentally observed (right).
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Fig. 7. Proposed mechanism for the reactions of Anabaena FNR with NADP'/H. At high coenzyme concentrations, or by effect of mutations, the side-
reactions to form the unproductive complexes FNR,,-NADP" and/or FNR,;-NADPH become noticeable. Kianappu and K4 napp+ denote the
dissociation constants for the CT-1 and CT-2 complexes, respectively. K nappu and Kjnapp- are the dissociation constants for the unproductive

inhibitory complexes FNR,i-NADPH and FNR,,-NADP™, respectively. kyyr; and kyr.; are the hydride transfer rates for each direction.

In the reverse reaction (Fig. 4B) the Tyr235Phe mutant
behaved more similarly to the WT enzyme and only a
slightly smaller amount of the CT character was observed.
Deconvolution of spectra obtained for this reaction fit an
A > B model, with spectral features of species A and B sim-
ilar to those found for the reaction of WT enzyme
(Fig. 4D) and only showing a reduction in the conversion
rate (ka-p=309s ' at 15°C and 140s~! at 6 °C) (Table
1). Again, reaction involving the Tyr235Ala FNR and
NADP" (Figs. 5B and D) was considerably slower, and
the CT character was barely detectable. The spectral data
best fit a two step (three species) model (Fig. SD, Table
1). From the deconvoluted spectral properties, we infer
species A represents FNR,q and NADP" (either bound
(MC-2) or free) and the lack of absorbance beyond

700 nm suggested there was no formation of CT-2. B indi-
cated formation of FNR, along with CT-1. In the conver-
sion of species B to species C, there was a further increase
in the absorption of the flavin band-I, suggesting further
oxidation of FNR.

Single wavelength absorbance transients at 460 nm for
processes with the Tyr235Phe and Tyr235Ala FNRs (insets
Figs. 4A and B, 5A and B) were fully consistent with pho-
todiode array data. Two observed rate constants (kqps
and k) described the absorption changes for the reaction
of Tyr235Phe with NADPH and Tyr235Ala with both
redox states of the coenzyme. In all these cases, the second
phase (slow, kqps2) contributed only a very small change in
absorption (5-7% of the total amplitude change observed,
consistent with the small differences observed between spe-
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Table 2

Kinetic parameters for the hydride transfer processes between FNR and NADP*/H

FNR,x and NADPH

FNR,q and NADP"

Kanappu (BM7) ki (571 Kanapp+ (RM7T) kyra (571

Kinetic parameters derived from k-p data obtained by global analysis deconvolution®

WT <1 >370 <0.2 >620

Y235F 46 200 >41 ~338

Y235A >110 6.4 > —>°
Kinetic parameters derived from k. values obtained at 458 nm®

WT <0.7 >501 <0.5 >560

Y235F >60 ~240 >90 ~438

Y235A >140 6.0 > >

# Errors in the estimated values of Ky and kgt values were +20% and +15%, respectively.

® Linear dependence prevented determination of these values.

cies B and C when analysing photodiode array data (Figs.
4C, 5C and D)). A single-exponential ks described the
reaction between Tyr235Phe FNR 4 and NADP™, also con-
sistent with global analysis deconvolution (Fig. 4B). kqps
values, especially for Tyr235Ala, were notably slower than
the ones for the WT enzyme reactions (Table 1). The ampli-
tudes observed in single wavelength experiments for the
equivalent reactions of WT and Tyr235Phe FNRs were sim-
ilar (insets Figs. 2A and B, 4A and B), although, according
to the diode array data (Figs. 2C and 4C), different ampli-
tudes might be expected for the reaction with NADPH.
Closer inspection of the spectra showed that reaction of
WT FNR,, with NADPH was completed in only 11 ms
(Fig. 2A), but in the reaction of Tyr235Phe FNR,, with
NADPH significant reduction still took place after this time
(Figs. 4A and C). Thus, the time scale used in the inset of
Fig. 4A only accounted for the fast process of the reaction
of Tyr235Phe FNR with NADPH. This observation agrees
with the deviation observed when the kinetic traces were fit
to a single-exponential equation. In reactions of Tyr235Ala
FNR with either NADPH or NADP™, the kinetic traces
clearly fit a bi-exponential equation and the absorbance
changes observed accounted for the full reactions detected
in the photodiode experiments (Fig. 5, Table 1), since reac-
tions were considerably slower than those of WT and
Tyr235Phe FNRs (Table 2) and followed to their complete
extent. The degree of hydride transfer achieved for each
reaction was around 65%, in good agreement single-wave-
length and photodiode array detected data.

Reactions of Tyr235Ala and Tyr235Phe FNR with
NADP*'/H showed an increasing dependence of the ka-p
and kg values with coenzyme concentration. The ka-p
and kops; values for the Tyr235Phe mutant suggested a
hyperbolic dependence on the coenzyme concentration for
both NADP" and NADPH, which almost reached satura-
tion (Fig. 6A). The calculated Kq nappu and Ky napp+ Val-
ues for complexes of the Tyr235Phe FNR (in the
appropriate redox state) with both redox states of the coen-
zyme were similar between them, but two orders of magni-
tude larger than the values for WT (Table 2), indicating
that replacement of Tyr by Phe at position 235 considerably
hindered the optimal coenzyme binding to the protein. These

values were lower than the value reported for the Tyr235Phe
FNR,,-NADP" complex (Kg=200puM) [5], suggesting
that, as also happens in WT FNR, reduction also increased
the affinity for the coenzyme. Finally, kgt and kyt.; values
indicated that hydride transfer was slower in this mutant
thanin the WT FNR (Table 2). The same simulation analysis
used for the WT enzyme was used to validate the values
derived for Tyr235Phe FNR in Table 2. Again, comparison
of simulated (Figs. 6C and D) and experimental data (Fig. 4)
validated the procedure and the obtained kinetic parameters.

Reactions involving the Tyr235Ala mutant were signifi-
cantly slower. The dependence of ka-p and ku,s; on the
coenzyme concentration for Tyr235Ala FNR suggested a
hyperbolic dependence on NADPH concentration,
whereas a linear dependence was obtained for NADP™"
(Fig. 6B). This is consistent with a much lower affinity
for the coenzyme in this mutant than in Tyr235Phe and
WT FNRs [5]. The saturation profile for the reaction
between FNR,, and NADPH was used to estimate limit
values for Ky and kgt (Table 2). The obtained values sug-
gested a weak interaction with NADPH (consistent with
the fact that previous studies did not succeed in determina-
tion of the Tyr235Ala FNR,,-NADP" Kj value [5]), and
a dramatic decrease in kyr.

Discussion

Kinetic reaction mechanism of Anabaena FNR
and NADP*IH

In the reactions of Anabaena WT FNR with NADP'/H,
the photodiode array data were consistent with the forma-
tion of two CT species (Fig. 2). Their spectral features were
similar to those reported for the equivalent complexes of
other related flavoproteins, including FNRs [8,26,37-41].
In the reaction of WT FNR_, with NADPH, formation
of CT-1 as well a hydride transfer took place within the
apparatus dead time. However, when reaching the equilib-
rium, full FNR reduction was not achieved and the spec-
trum of the final equilibrium mixture clearly showed the
presence of CT-1 and FNR,4. It should be noted that
CT-2 showed little accumulation and rapidly evolved to
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form CT-1 or, in less extension, FNR,qy plus NADP™.
These facts were confirmed when analysing the reverse
reaction. Thus, although in the first spectrum after mixing
(Fig. 2B) a considerable amount of the CT-2, in mixture
with CT-1 was observed, together with a significant
amount of FNR,,, CT-2 rapidly evolved to CT-1 in equi-
librium with FNR, plus NADPH. Global analysis of the
spectra along the reaction time course clearly indicated
that, in both directions, the reaction best fit an A > B mod-
el (Figs. 2C and D). Comparison of global analysis decon-
volution (Table 1) and single-wavelength stopped-flow
kinetic data (Table 1), clearly indicated that ks-p must
relate to kops1. Taking all these considerations together this
is, in our opinion, the simplest scheme that accounts for the
experimental results here presented

where the relative length of the arrows gives and idea of
the equilibrium conditions. It could be expected that
Michaelis complexes (Scheme 1, Fig. 7) should be formed
in each direction since, apparently, observed rate constants
for CT formation are concentration independent under our
experimental conditions. However, these values are close to
the instrumental limit of the technique, not allowing to
resolve into two sequential processes and, therefore, not
relevant during the fitting.

These observations suggest that the final equilibrium
species of both reactions are similar and must be closely
related to the reduction potential of the enzyme [36]. This
can be experimentally stated when equimolecular amounts
of FNR and coenzyme react (not shown). For WT FNR it
is clear that CT-2 is very unstable, rapidly decaying to CT-
1 or FNR 4 (Fig. 2). This provides an equilibrium mixture
displaced towards NADPH production, consistent with the
main role of the enzyme. In the pea Tyr308Ser FNR,
reduction of the enzyme in the presence of NADP" shows
the formation of long-wavelength bands with an apprecia-
ble amount of CT-2, instead of CT-1 also found as pre-
dominant in the case of the WT enzyme [8]
Determination of the reduction potential of the equivalent
mutant in Anabaena FNR showed that this variant pre-
sents a Eoyq value considerably less negative than the
WT enzyme [42], explaining the stabilisation of CT-2 ver-
sus the CT-1 one and supporting our interpretation of
the mechanism. An analogous behaviour is observed in
related proteins of the FNR family; for instance, mutant
Trpl046Ala of cytochrome P450 reductase-BM3 shows a
change in the redox potential with similar stabilisation of
the CT-2 [41].

Observed process/es
Dead time

- A N
CT-1 : CT-2 A
FNR + NADPH =—= [FNR,,-NADPH] == [FNR-NADP*] =—== FNRqs+ NADP*
N\ \ )
N /
Dead time Observed process/es
Scheme 3.

Role of Tyr235 in the formation of charge-transfer
complexes in Anabaena FNR

Photodiode array stopped-flow data indicated that reac-
tion of Tyr235Phe FNR with either NADPH or NADP™"
takes place through the CT-1 and CT-2 complexes
observed for the WT (Fig. 4), whereas reactions of Tyr235-
Ala FNR with NADP*/H produced insignificant amount
of CT and were impaired (Fig. 5, Table 1). In both cases,
although especially for the Tyr235Ala variant, weaker
interactions with the coenzyme were produced (Table 2).
This suggests that optimal hydride transfer requires forma-
tion of the CTs, which in the case of Tyr235Ala are difficult
to form from the corresponding Michaelis—Menten com-
plexes. The different behaviour of the Tyr235Ala FNR with
respect to WT does not rule out that hydride transfer
occurs after formation of CT-1, the slow rate may indicate
that with this mutant the limiting step becomes the forma-
tion of CT-1 and CT-2.

Deviations from mono-exponential fits in single wave-
length experiments and requirement of fitting an
A >B>C model in scan mode detection are especially
noticeable for the reactions of Tyr235Phe with NADPH
and Tyr235Ala with either NADPH or NADP" (Figs.
4C, 5C and D), correlating the behaviour with slower reac-
tion rates (Fig. 6, Table 1). As pointed out by Daff [36],
when the lower affinity towards the coenzyme makes sub-
strate binding (and/or the inhibitory reactions of substrate
or product) increasingly important, and the hydride trans-
fer step is no longer rate-determining, the single-exponen-
tial fit is no longer applicable. Comparison of values
obtained from global analysis deconvolution with the
obtained from single-wavelength stopped-flow kinetics
(Table 1), shows that ka-p and kp-c might match with
kobs1 and kgpgo, respectively. Therefore, mutations at posi-
tion 235 allow observing how differences in the substrate
binding processes modify the apparent hydride transfer
rates. For mutants at position of Tyr235 hydride transfer
is no longer the rate-determining step, especially in the
Tyr235Ala mutant, and the decrease in stability of the pro-
duced CT complexes will determine the overall apparent
rate constant. Thus, while the Tyr235Phe enzyme can still
behave similarly to the WT in the reactions with the coen-
zyme, introduction of Ala at position 235 produces an
important deleterious effect due to impairment of the inter-
action with NADP'/H [5]. This clearly indicates that a
stacking interaction between an aromatic residue of the
enzyme at position 235 in Anabaena FNR and the adenine
ring of NAD(P)"/H is necessary to achieve formation of an
efficient complex between the protein and the pyridine
nucleotide for a subsequent hydride transfer. This is consis-
tent with the reported mechanism indicating that initial
recognition of NADP"/H by FNR occurs through the 2'-
P-AMP moiety of the coenzyme and the 221-239 region
of the protein [12]. The final coenzyme recognition is
attained when this complex rearranges allowing the nico-
tinamide ring to approach the isoalloxazine ring of FNR
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[12]. Replacement of Tyr235 produces disruption of the ini-
tial interaction step and might prevent the subsequent con-
formational changes required for optimal orientation and
subsequent hydride transfer. Thus, in the case of the
Tyr235Ala mutation, the important decrease of affinity is
even preventing formation of CT complexes between the
nicotinamide and the isoalloxazine. A Tyr at 235 is much
more efficient than a Phe for NADP/H binding and orien-
tation and, but the lack of a H-bond between Tyr and the
2’-P of NADPH in the Phe mutant still allows NADPH
binding and conformational changes that evolve to CT for-
mation. However, the weaker interaction at the initial step
of recognition becomes the limiting-step and slows down
the subsequent induced conformational changes, produc-
ing as final result a slower hydride transfer. Our data reflect
the importance of this H-bond between the Tyr-OH and
the 2/-P of NADP"/H, and especially of the stacking inter-
action between the Tyr235 ring and the 2’-P-AMP ribose.

Role of charge-transfer complexes in fast hydride transfer

Hydride transfer in systems involving flavins and pyri-
dine nucleotides is highly dependent on the approach and
co-linear orientation of the N-5 of the flavin, the hydride
to be transferred and the C-4 of the nucleotide nicotin-
amide ring. Upon production of such approach the nicotin-
amide ring can partly overlay the isoalloxazine ring,
producing CT interactions. However, CT complexes might
not be formed if the nicotinamide ring is held in a position
where it does not overlap the isoalloxazine ring, but the co-
linearity for efficient hydride transfers of C, H and N is
maintained. Thus, significant formation of CT complexes
occurs in systems with relative slow apparent rates
[37,38], whereas more efficient hydride transfers have been
reported for systems in which CT formation is not detected
[43]. Therefore, although CT interactions suggest close
contact between the reacting rings and might indicate if
the orientation for efficient hydride transfer is achieved,
CT interactions are not absolutely necessary [44]. Never-
theless, CT complexes between flavoproteins and pyridine
nucleotides have been reported in numerous enzymes,
including systems chemically analogous to the photosyn-
thetic FNRs [45,46]. The CT band extinctions have been
related to the fraction of enzyme molecules that form the
correct interaction between NADPH and FAD for hydride
transfer to occur at high rates [44] and, small changes in the
efficiency of the overlap between the w orbitals of the flavin
and the nicotinamide have been shown to cause important
changes in the hydride transfer rates [47,48]. The kinetic
data here presented show a correlation between CT com-
plex stability and fast reaction rates. Thus, impairment of
coenzyme binding in the case of the Tyr235 mutants ham-
per CT formation and, consequently, hydride transfer
rates. This observation is in agreement with that reported
for the spinach Glu312Leu and Ser96Val FNR mutants,
which showed no evidence of CT complex formation and
no hydride exchange ability [29,31]. In the presence of sat-

urating amounts of coenzyme it has been shown that only a
very small fraction of FNR molecules contain the nicotin-
amide ring placed in contact to the flavin, and are therefore
competent for hydride transfer, since displacement of the
C-terminal Tyr from its position appears to be required
for the interaction to occur [4,14]. Thus, we can expect that
in the case of FNR catalytic cycle CT interactions might
not be incidental to a high rate of hydride transfer. The
observed CT band intensities could be related to the frac-
tion of enzyme molecules exhibiting the proposed move-
ment of Tyr-terminal side-chain and the correct
interaction with the coenzyme for hydride transfer to occur
at high rate [44]. Nevertheless, although a good agreement
between CT formation and ET rates is apparent from the
limited data set used here for FNR, further work must be
done to prove such hypothesis.

In conclusion, our data indicate that hydride transfer
between Anabaena FNR and NADP'/H occurs through
formation of two CT complexes. Spectroscopic properties
for such complexes and the hydride transfer rates for
inter-conversion have been estimated. However, whereas
FNR,-NADPH accumulates during the reaction and at
the equilibrium point, FNR,4-NADP™ rapidly evolves to
other FNR states. Finally, the importance of FNR and
NADP'/H conformations and orientation during the
enzyme:coenzyme interaction is shown to be critical in
the case of Anabaena FNR formation of CT complexes,
which are necessary for an efficient hydride transfer.
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