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The role of the negative charge of the E139 side-chain of
Anabaena Ferredoxin-NADP " reductase (FNR) in steering
appropriate docking with its substrates ferredoxin, flavo-
doxin and NADP*/H, that leads to efficient electron
transfer (ET) is analysed by characterization of several E139
FNR mutants. Replacement of E139 affects the interaction
with the different FNR substrates in very different ways.
Thus, while E139 does not appear to be involved in the
processes of binding and ET between FNR and NADP ™ /H,
the nature and the conformation of the residue at position
139 of Anabaena FNR modulates the precise enzyme
interaction with the protein carriers ferredoxin (Fd) and
flavodoxin (FId). Introduction of the shorter aspartic acid
side-chain at position 139 produces an enzyme that interacts
more weakly with both ET proteins. Moreover, the removal
of the charge, as in the E139Q mutant, or the charge-reversal
mutation, as in EI139K FNR, apparently enhances

additional interaction modes of the enzyme with Fd, and
reduces the possible orientations with Fld to more produc-
tive and stronger ones. Hence, removal of the negative
charge at position 139 of Anabaena FNR produces a dele-
terious effect in its ET reactions with Fd whereas it appears
to enhance the ET processes with Fld. Significantly, a large
structural variation is observed for the E139 side-chain
conformer in different FNR structures, including the E139K
mutant. In this case, a positive potential region replaces a
negative one in the wild-type enzyme. Our observations
further confirm the contribution of both attractive and
repulsive interactions in achieving the optimal orientation
for efficient ET between FNR and its protein carriers.

Keywords: catalytic mechanism; electron transfer; ferre-
doxin-NADP™ reductase; protein—protein interaction.

During the photosynthetic light-driven reactions solar
energy is converted into chemical energy and stored in the
cell in the form of ATP and NADPH reducing equivalents.
Ferredoxin-NADP™" reductase (FNR, EC 1.18.1.2) is an
FAD containing flavoenzyme that catalyses the electron
transfer (ET) from each of two molecules of the one electron
carrier ferredoxin (Fd), and uses them to convert NADP™
into NADPH via hydride (H) transfer from the N5 of the
FAD isoalloxazine ring to the NADP ™ nicotinamide ring,
according to the reaction:

2Fd,q + NADP* + H* {™R oRd,, + NADPH
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In cyanobacteria and certain algae when the organism is
grown under iron deficient conditions flavodoxin (FId) is
synthesized instead of Fd and replaces it in the ET from
photosystem I to FNR [1,2]. Three-dimensional structures
of free FNRs from different organisms have been reported
[3-6], as well of those of nonproductive complexes with
NADP™ [3,7]. FNR has also been shown to be a prototype
for a large family of flavin-dependent oxidoreductases that
function as transducers between nicotinamide dinucleotides
(two-electron carriers) and various one-electron carrier
proteins [4,5,8]. Moreover, recently, the structures of biolo-
gically relevant FNR,, : Fd,, complexes, in Anabaena and
maize, have been solved [9,10], whereas no structures con-
cerning the FNR interaction with Fld have been reported.

In Anabaena FNR it has been shown that electrostatic
interactions contribute to the stabilization of a 1:1
complex with either Fd or FId [11-13]. Thus, it is proposed
that both ET proteins occupy the same region for the
interaction with the reductase, although each individual
residue on FNR does not appear to participate to the same
extent in the different processes with Fd and Fld [14]. A
wide range of results is consistent with a plus—minus
electrostatic interaction in which FNR contributes with
basic residues, while the ET protein contributes with acidic
ones, to the stabilization of the complex [13-18]. Neverthe-
less, in the FNR : Fd complex it has been proven that these
are not the only forces involved in the ET interaction and a
crucial role has been established for some hydrophobic
residues in optimal binding and orientation for efficient ET
[19,20]. The crystal structure of the Anabaena FNR : Fd
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complex is consistent with both the electrostatic nature of
the interaction as well as the critical contribution of
hydrophobic interactions to the binding specificity [9].
Moreover, the structure of FNR suggested that not only
positive charges, but also some negative ones, might play an
important role at the Fd interaction surface. Thus, site-
directed mutagenesis studies indicated that the carboxylate
group of E301 in FNR plays a critical role in the redox
processes between the isoalloxazine moiety of FAD and Fd
or Fld [21], probably by stabilizing the flavin semiquinone
intermediate while transferring protons from the external
medium to the FNR isoalloxazine N5 atom through S80
[3,5,21]. E301A FNR showed important altered properties
with regard to wild-type FNR, which were ascribed to
structural differences in the microenvironment of the
isoalloxazine ring [21,22]. Moreover, the structure of
E301A FNR also showed interesting conformational chan-
ges in the side-chain of another glutamic acid residue, E139,
that in the mutant points towards the FAD cofactor in the
active centre cavity and is stabilized by a network of
hydrogen bonds that connects it to the flavin ring through
the S80 side-chain [22]. Such observation also suggested that
in E301A FNR the side-chain of E139 might influence the
properties of the flavin, assuming some of the functions
carried out by E301 in the wild-type enzyme [22]. In this
context, a special reactivity of the side-chain of E139 had
already been shown [23]. Therefore, since in Anabaena
FNR, E301 and E139 are the only negatively charged side-
chains exposed around the putative ET protein-binding site,
it is worthwhile to analyse the function of the glutamic acid
residue at position 139. A previous characterization of the
reduction of several E139 FNR mutants by Fd suggested
the formation of less productive complexes induced by
nonconservative replacements at E139, which were respon-
sible for the impairment in accepting electrons from Fd at
low ionic strength (p) [24]. In the present study, further
characterization of E139D, E139K and E139Q FNR forms
has been carried out in order to elucidate the role of E139
not only in the protein interaction and ET with Fd, but also
with the other two FNR substrates, FId and NADP™.
Kinetic data will be used together with the three-dimen-
sional structure of E139K FNR to reveal the function of this
versatile glutamic acid residue in the interaction of FNR
with its substrates.

MATERIALS AND METHODS

Biological material

Wild-type, E139K, EI139Q and EI139D forms from
Anabaena PCC 7119 FNR were produced as described
previously [24]. UV-visible absorption spectroscopy and
SDS/PAGE were used as purity criteria.

Steady-state kinetic analysis

The FNR diaphorase, assayed with 2,6-dichloroindophenol
(DCPIP) as electron acceptor, and the FNR NADPH-
dependent cytochrome ¢ reductase, using either Fd or FId as
protein electron carrier, activities were determined for all of
the FNR mutants in 50 mm Tris/HCI pH 8.0 at 25 + 1 °C
as described [21,25]. Tonic strength was adjusted by adding
aliquots of a 5 M NaCl to each standard reaction mixture.
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Stopped-flow kinetic measurements

Fast ET processes between the different FNR forms,
either in the oxidized or reduced states, and its substrates
(Fd, Fld and NADPH), were studied by stopped-flow
methodology under anaerobic conditions using an
Applied Photophysics SX17.MV spectrophotometer inter-
faced with an Acorn 5000 computer using the sx18.mv
software from Applied Photophysics [21]. The observed
rate constants (kps) were calculated by fitting the data to
a mono- or bi-exponential process. Samples were made
anaerobic by successive evacuation and flushing with O,-
free Air, before being introduced into the stopped-flow
syringes. Equimolecular concentrations of FNR and each
of its substrates were used. Final concentrations were kept
in the range 1015 pMm. Since the protocol for anaerobic
sample production does not allow an exact control of
protein concentration, only a qualitative analysis of the
amplitudes ascribed to the different processes was per-
formed. Appropriate wavelengths to follow the reaction
were chosen for each process taking into account the
extinction coefficient changes of both reactants resulting
from the processes of oxidation and reduction. Measure-
ments were carried out in 50 mm Tris/HCl, pH 8.0 at
13 = 1 °C. Each kinetic trace was the mean of 4-10
independent measurements. Errors in the determination of
kobs values were £ 10%.

Crystal growth, data collection and structure
refinement

Crystals of E139K FNR were grown by the hanging drop
method. The 5-uL droplets consisted of 2 pL 0.75 mm
protein in 10 mm Tris/HCI pH 8.0, 1 puL B-octylglucoside
at 5% (w/v), 18% polyethylene glycol 6000, 20 mm
ammonium sulphate and 0.1 M Mes/NaOH pH 5.5.
The droplets were equilibrated against 1 mL reservoir
solution at 20 °C. Crystals grew to a maximum size of
0.7 x 0.4 x 0.4 mm in the presence of phase separation
caused by the detergent. X-ray data for the E139K FNR
were collected at 100 K on a Mar Research (Norderstedt,
Germany) IP area detector using a graphite monochro-
matic CuKo radiation generated by an Enraf-Nonius
(Delft, the Netherlands) rotating anode generator up to
2.5 A resolution. The crystal belongs to the P65 hexagonal
space group with unit cell d1rnens1ons a=b=28703 A
and ¢ = 96.37 A. The Vm is 3.3 A® /Da with one FNR
molecule in the asymmetric unit and 63% solvent content.
Data were processed and reduced with MosFLMm and
scAaLA from the ccp4 package [26]. The E139K structure
was solved by molecular replacement using the program
AMORE [27] on the basis of the 1.8-A resolution native
FNR model [3], without FAD cofactor, SO,* anion and
water molecules (Table 1). An unambiguous single solu-
tion for the rotation and translation functions was
obtained, which was refined by the fast rigid-body
refinement program FITTING. The model was subjected
to alternate cycles of conjugate gradient refinement with
the program x-pLOR [28] and manual model building with
the software package o [29]. Finally, 202 water molecules
were added. The coordinates and structure factors for the
E139K FNR mutant have been deposited in the Protein
Data Bank (accession number 1GR1).



4940 M. Faro et al. (Eur. J. Biochem. 269)

Table 1. Data collection and refinement statistics.

Data collection

Temperature (K) 100
X-ray source Rotating anode
Space group P65
Cell a,b,c (A) 87.03; 87.03; 96.37
Resolution Range (A) 27.3-2.5
N°. of unique refections 13944
Completeness of data (%)
All data 97.1
Outer shell 99.9
Ryym" (%) 16.7
Refinement statistics
Sigma cutoff 0
Resolution Range (A) 10-2.5
N° of protein atoms 2338
N° of heterogen atoms 58
N° of solvent atoms 203
Rl‘aclor b 18%
Free Reactor 25%
RMS deviation
Bond lengths (A) 0.008
Bond angles (A) 0.882
Ramachandran outliers None

! Rsym =Zha Zi | Ii— <I> ‘/th] % <I> b Rfactor =Z||F,| - FLH/Z [Fol

RESULTS

Steady-state kinetic parameters of the different FNR

forms

The steady-state kinetic parameters of the different FNR
mutants at E139 were determined for two reactions
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catalysed in vitro by FNR by fitting the experimental data
to the Michaelis—-Menten equation.

Diaphorase activity. The analysis of the kinetic param-
eters of EI39K, EI39Q and EI139D FNR variants
determined when using the DCPIP-diaphorase assay
yielded values in the same range as those obtained for
the wild-type FNR (Table 2). Thus, at the ionic strength
range assayed, all of the mutants had KNAPPH and k,
values that were within a factor of 2 of those of the wild-
type enzyme. Increasing the salt concentration produced
larger KIAPPH values for all the FNR forms (between 3-
and 5-fold from p = 28 mm to p = 200 mm), as expected
due to the electrostatic nature of the interaction between
FNR and NADP™ [3,30,31]. When analysing the key
values, the largest effect was found for E139K FNR at
= 28 mm (50 mm Tris/HCI pH 8.0) that is 72% that of
wild-type FNR. Moreover, while the k., values for E139Q
and E139D FNRs diminish with increasing ionic strength
similar to those of the wild-type enzyme, the k., value for
the charge reversal mutant, E139K FNR, is salt concen-
tration independent. Thus, when studying the catalytic
efficiency for these mutants in the diaphorase reaction, all
of them yield values very close to those of the wild-type
enzyme at the different ionic strengths assayed (within a
factor of 1.5). Moreover, in all cases an important decrease in
the efficiency of the assay was observed upon increasing the
ionic strength, which, as indicated above, is due mainly to the
increases observed in the KNAPPH values.

NADPH-dependent cytochrome c reductase activity. The
effects observed by replacement of E139 in FNR were
larger when analysing cytochrome ¢ reductase activity
(Table 3), where, apart from the interaction and ET

Table 2. Kinetic parameters for wild-type and mutated FNR variants as obtained in the diaphorase assay at different ionic strengths.

Wild-type FNR E139D FNR E139Q FNR E139K FNR
Tonic
Strel’lgth k(‘ul KEADPH kml/Km kun K,I:,IADPH kmr/Km kml K}:ADPH kml/Km k(a[ K,I;JADPH kmz/Km
(mm) G B (1Y) v7sTh 6TH () v7sTh 6sTH () (1Yt B G I (1)) (um7's7h
28 81+£3 6.0+06 135+05 89 +3 47+02 191+12 8 +5 34+02 26.1+30 59+1 58+03 102+0.6
100 66+3 76+03 86+01 8 +2 13.7+12 63+04 768 11.6+03 66+06 601 9.7+02 62+0.5
200 54+3 178 +08 30+03 58+4 297+59 21+05 60+4 237+22 25+04 63+1 334+038 1.9 +£0.1

Table 3. Kinetic parameters for wild-type and mutated FNR variants as obtained in the NADPH-dependent cytochrome c reductase assay at different
ionic strengths using either Fd or Fld as electron carrier protein.

Wild-type FNR E139D FNR E139K FNR E139Q FNR

Tonic
strength k.4, K, kear/ K Kear K, kear/ K kear K, Kearl Kn Kear K, Kearl Kn
(mm) s (m) (s (sTh (m) (um7s7h (s (um) (ums7h (57 (™) (um~'s7h
Ferredoxin

28 225+3 2341 9.7+02 280+18 100+ 13 2.8+0.7 176 5 4315 41+9 117+1 027 £0.01 433+ 19
100 209+9 20+3 104+21 192+6 23+2 84+08 155+10 25+04 62+11 58+£10 0.5+0.1 116 = 15
200 135+£5 2142 64+09 148+6 40+4 38+06 1208 35+02 34+8 70+ 10 09+04 78 £ 8
Flavodoxin

28 24+1 33+5 0.7 +0.1 3810 99+6 04+02 17 £1 100+2 1.7+0.1 25+1 24+0.1 104+0.6
100 19+£1 60+9 0.3 +0.5 - - - 262 28 %1 0.9 £0.1 25+1 109 +£0.6 23+0.2
200 14+1 127 +23 0.11 £0.04 - - - 284 49+9 0.6 +0.1 20+ 1 26.6 +3.1 0.7 £ 0.1
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between FNR and NADPH, complex formation and ET
between the FNR and the electron carrier protein is
required.

Thus, nonconservative replacement of E139 produced
large decreases in the K, values when using Fd as protein
carrier (K gd) from FNR to cytochrome ¢. Thus, under the
standard conditions (i = 28 mm), E139K and E139Q FNR
variants show K fqd values 85- and 5-fold, respectively, lower
than that found for the wild-type enzyme. This effect is
observed at all ionic strengths assayed and suggests that the
presence of a negatively charged residue at this position is in
some way involved in weakening the interaction between
FNR and Fd. In line with this, the conservative replacement
of E139 by aspartic acid produces an increase in the Kfnd
value (more than 4-fold). Moreover, while E139K and
E139Q FNRs had k., values that were 52% and 78%,
respectively, of that observed for wild-type enzyme, when
assayed under the same conditions (n = 28 mm), E139D
FNR reaches k., values slightly higher (124%) than that of
wild-type enzyme. The dependence of k., on increasing
ionic strength was the same in all of the FNR forms,
showing a decrease in the k., as the salt concentration was
increased.

When the FNR NADPH-dependent cytochrome ¢
reductase activity was assayed using FId as protein carrier,
the corresponding kinetic parameters were also altered by
E139 replacement. However, the magnitudes of the
observed changes were smaller than those observed when
using Fd. Thus, at the standard conditions (n = 28 mm),
E139K and E139Q FNRs also show K, values for Fld
(KF9) considerably smaller (13- and 3-fold, respectively),
than that for wild-type FNR, whereas their corresponding
keae values are similar to that of wild-type. With regard to
the ionic strength dependence, the KF¢ is more sensitive to
salt concentration than K'Y, leading to KT values at
p = 200 mm at least 4-fold larger than those obtained at
p = 28 mwm, for all mutated and wild-type FNRs. Again, in
contrast with the nonconservative replacements, the substi-
tution of E139 by aspartic acid causes a large increase in the
K Ed value (3-fold with regard to the wild-type) and results
in a ke, value 1.6-fold larger than that obtained for wild-
type enzyme. Moreover, linear concentration dependencies
were observed for E139D at p = 100 mm and p = 200 mm
in the FId concentration range studied (up to 150 pm)
making it impossible to calculate the corresponding kinetic
parameters.

As a direct consequence of the changes observed for the
K., values, either with Fd or Fld, the corresponding catalytic
efficiencies (kc.i/Km) are, when compared with the wild-type
values, higher for E139K and E139Q FNRs, and slightly
smaller for the E139D mutant.

Fast kinetic stopped-flow analysis of the reaction
of the different FNR variants with their substrates

Stopped-flow methodology allows further analysis of the
time course of association and ET between FNR, either in
the oxidized or reduced states, and its substrates (Fd, Fld
and NADPH) [21].

Reactions of FNR with NADP' /NADPH. Reduction of
the Anabaena FNR variants by NADPH and reoxidation of
the reduced enzyme by NADP ™ were followed by the FNR
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flavin spectral changes produced at 458 nm. Wild-type
FNR reacted rapidly with NADPH, producing a decrease
in absorption that was best fit by two processes that have
been attributed to the production of the charge-transfer
complex [FNR, : NADPH] (kops > 500~s’1) followed by
the H transfer from NADPH to FAD (ko > 14057,
resulting in the equilibrium mixture of both charge-transfer
complexes, [FNR,, : NADPH] and [FNR,; : NADP ]
[21,32]. The time courses observed for the reduction of the
different FNR E139 mutants by NADPH show kinetic
profiles that are similar to that of the wild-type enzyme
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Fig. 1. Time course of the anaerobic reactions of FNR forms with its
NADP* [H cofactor as measured by stopped-flow. Reactions were
carried out in 50 mm Tris/HCI pH 8.0, at 13 °C and followed at
458 nm. Equimolar concentrations of both reactants were used in the
range 10-15 pMm. (A) Reaction of FNR,, with NADPH. Also shown is
the residual for the fit of the transient corresponding to E139D to a
biexponential equation. (I, Wild-type FNR; <, E139D FNR; A,
E139Q FNR; @, E139K FNR. (B) Reaction of FNR 4 with NADP ",
Also shown the residual for the fit of the transient corresponding to
E139K to a monoexponential process. B, E139Q FNR; A, E139D
FNR; @, E139K FNR.
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Table 4. Fast kinetic parameters for the reactions of wild-type and mutated FNR forms with its substrates as studied by stopped-flow methodology. ND,

no data available.

kops (s) for the mixing of FNR,, with

kobs (s) for the mixing of FNR,q with

FNR variant NADPH? Fd,q" Fld,° NADP " Fd,,° Fldo,°
Wild-type > 500° ND¢ ND4 > 550° > 500° 2.5

> 140° 0.5
E139D > 350° ND¢ ND¢ 250 > 500° 4

> 140° 0.7
E139Q > 350° > 550° ND¢ 348 140 3

> 140° 0.6
E139K > 330° NDf ND¢ 220 180° 17

> 130° > 3708 13 2.2

(n = 133 mm)

 Reaction followed at 458 nm. ® Reaction followed at 507 nm. ¢ Reaction followed at 600 nm. ¢ Reaction occurred within the dead time of
the instrument. © Most of the reaction took place within the instrument’s dead time. " No reaction was detected. & Tonic strength was

adjusted to 133 mm by adding NaCl from a 5 m stock solution.

(Fig. 1A), and fitting of the kinetic traces shows only slightly
slower ks values for the process ascribed to the formation
of the initial charge-transfer complex with regard to that of
the wild-type (Table 4). The kinetics of reoxidation of the
wild-type enzyme by NADP™ produces an increase in
absorbance at 458 nm that is best fit to a single exponential
process having a rate constant > 550-s™". This reaction has
been attributed to ET within the complex, i.e.
[FNR,q : NADP'] — [FNR,, : NADPH] [21,32]. When
analysing this reaction for the different E139 FNR mutants,
a fast increase in absorption was also observed, which takes
place on the same time scale and with equivalent amplitudes
as those observed for the wild-type enzyme reaction
(Fig. 1B). Moreover, the observed kinetic traces were all
best fit to mono exponential processes with k., values
between 40% (for E139D and E139K) and 64% (for
E139Q) of that found for the wild-type enzyme (Table 4).
Therefore, although it is not possible to quantify exactly the
magnitude of the impairment due to the E139 replacement,
considering that equivalent amplitudes are detected for the
wild-type and the mutants’ processes, it appears that only
subtle changes have occurred for the overall interaction
process between FNR and its coenzyme in both redox states.

Reactions of FNR with Fd. Reactions between FNR and
Fd were followed at 507 nm; this wavelength is an
isosbestic point for FNRy, and FNRy, and, although it
is not an isosbestic point for FNRy, and FNR,, the
absorbance change associated with the FNRy; — FNR.4
transition is negligible when compared with that due to the
redox state change of Fd at this wavelength. When
following the ET process between Fd,y and FNR no
reaction was detected in the cases of the wild-type or the
E139D FNRs. Previous transient kinetic studies predict
kobs values for both wild-type and E139D FNRs to be
> 1000s! for the ET between FNR,, and Fd,4 to
produce FNRy, and Fd, [24], and thus under our
stopped-flow experimental conditions the reaction should
occur within the instrument’s dead time. Moreover,
previous stopped-flow experiments performed with wild-
type FNR and a 3-fold excess of Fd,4 [21] showed evidence
of a fast reaction (kops > 250-s™') which was ascribed to
the reoxidation of a second molecule of Fd.y by the

FNR,, expected to have been rapidly formed within the
stopped-flow experimental dead time. However, because
under our present experimental conditions FNR and Fd
are mixed in equimolecular amounts, there is no Fd,q in
excess and this second-sequential reaction is not likely
to occur. Moreover, according to the thermodynamic
driving force of the reaction, the reoxidation of Fd4
(E = =384 mV) by FNR (E = -323 mV) [33] is expected
to take place completely and no Fd,y would be in
equilibrium with the rapidly formed products Fd,, and
FNRg,. For the reaction between Fd,q and E139Q FNR,
we were able to observe only the final traces of the Fd
reoxidation to which corresponds a kgps > 550-s™! indica-
ting that this process has been affected to some degree
although we are not able to quantify it. No reaction was
detected also for the ET from Fd to EI139K FNR.
However, taking into account the large impairment
reported for the E139K mutant in accepting electrons
from Fd at low ionic strength [24], the lack of observable
reaction in this particular case must be attributed to the
fact that the reaction does not take place at all under our
stopped-flow conditions. In order to confirm this hypothe-
sis, and to rule out the possibility of the reaction taking
place within the instrument’s dead time, it was followed at
higher salt concentration. A process observed at
p= 133 mm and having a ks > 3705 (Fig. 2A) was
ascribed to the reduction of the mutant by Fd,4. This final
ionic strength was chosen so that the expected process
could be detected after taking into account the ks values
reported previously for the ET from Fdy and EI139K
FNR,, when the reaction was measured by laser flash
photolysis (Fig. 3 [24]).

When the reverse reaction, i.e. ET from FNR4 to Fd,,
was studied, different behaviours were also observed for
the E139 FNR mutants (Fig. 2B). Reduction of Fd by
wild-type FNR, although mostly limited by the instru-
ment’s dead time, yielded a decay at 507 nm which
corresponded to a kyps > 500-s™!. E139D FNR reacts in a
manner indistinguishable from wild-type, whereas E139Q
FNR shows a kops of 14057, demonstrating that neutral-
ization of the negative charge at position 139 produces a
sizeable impairment on the enzyme ET to Fd. Again,
E139K FNR was, by far, the most impaired in its ET to
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Fig. 2. Time course of the anaerobic reactions of FNR forms with Fd as
measured by stopped-flow. Reactions were carried out in 50 mm Tris/
HCI pH 8.0, at 13 °C and followed at 507 nm. Equimolar concen-
trations of both reactants were used in the range 10-15 pm. (A)
Reaction of E139K FNR,, with Fd,.4. In this particular case ionic
strength has been adjusted to 133 mm by adding NaCl; also shown is
the residual for the fit to a monoexponential process. (B) Reaction of
FNR,4 with Fd,,. A, E139Q; @, EI139K FNR; also shown is the
residual for the fit of the E139K transient to a biexponential process.

Fd, yielding kinetic transients which, strikingly, were best
fit to a biexponential process showing a fast phase with a
kops of 180-s™" and a much slower phase with a kops of
135! (Fig. 2B).

Reactions of FNR with Fld. These processes were followed
mainly at 600 nm to observe production of both Fld and
FNR semiquinone forms. As previously reported, the time
course of wild-type FNR reduction by Fld,y cannot be
followed under these conditions due to the fact that it occurs
within the instrument’s dead time [21]. None of the E139
FNR mutants show any detectable absorbance change in
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Fig. 3. Time course of the anaerobic reactions of reduced FNR forms
with Fld,, as measured by stopped-flow. Reactions were carried out in
50 mm Tris/HCI pH 8.0, at 13 °C. Equimolar concentrations of both
reactants were used in the range of 10-15 pm; O, wild-type FNR; <,
E139D FNR; A, E139Q FNR; @, E139K FNR. Also shown is the
residual for the biexponential fit of the transient corresponding to the
wild-type reaction.

A Absorbance 600 nm

this reaction, which suggests again that the reactions were
too fast to be followed under our stopped-flow conditions.

As observed for the reaction between wild-type FNR 4
and Fld,,, two phases were also detected for all the mutants
(Fig. 3). E139D FNR and E139Q FNR show wild-type like
behaviour and only subtle changes in the corresponding rate
constants were observed (Table 4). Although no major
changes were observed for this process upon replacement of
E139 by lysine, it is noticeable that E139K FNR resulted in
the maximal efficiency for this process exhibiting significant
increments on the respective observed rate constants (17"
vs. 2.5 1 for kopgy and 2.2:s7' vs. 0.5s7! for kobs2)- Fitting
the 600 nm traces for all the FNR forms yield equivalent
amplitudes, with the amplitude for the slower process being
2- to 4-fold larger than that of the faster process for all of the
mutants.

Three-dimensional structure of the E139K FNR mutant

The three-dimensional structure of the E139K FNR mutant
has been determined by X-ray diffraction. The first eight
residues in the sequence were not included in the model due
to the poor electron density map in this region. The overall
folding of the mutant shows no significant differences with
respect to the native structure, as shown by the very low
rmsd (0.22 A) of the Ca backbone. Only slight differences
are observed in the loop starting at Y104 and ending at
V113 near the region interacting with the adenine moiety of
FAD, but they are not significant due to the poor definition
of the electron density map in this region for all FNR forms
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[3,9,18,22]. No structural changes in the Co backbone at the
mutated position were observed. This is surely a conse-
quence of the fact that the 139 position is just at the end of
the FAD binding domain (residues 1-137), a region very
well stabilized by a scaffold of six antiparallel strands
arranged in two perpendicular B-sheets. The K139 residue is
well defined in the electron density map, although some
chain mobility is detected as shown by a higher thermal
atomic factor for side-chain atoms (averaged B-value of
32 A?) as compared with the other side-chains in the region.
K139 exhibits a change in the side-chain conformation
compared to the E139 conformer observed in the wild-type
enzyme (Fig. 4A). A large structural variation has also been
observed for the E139 conformer in the different Anabaena
FNR structures reported previously (Fig. 4). Finally, a
strong polarity change in the FAD environment is intro-
duced by the E139K mutation, creating an area with
positive potential in a region with a marked acidic character
in the wild-type enzyme (data not shown, see Fig. 1 in [24]).

DISCUSSION

Analysis of the FNR diaphorase kinetic parameters
indicates that replacement of E139 by aspartic acid,
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glutamine or lysine, alters kq, and KNAPPH only slightly.

Moreover, the increases in the KNAPPH value for
all of the mutants with ionic strength are consistent with
long-range electrostatic interactions being weakened
[30,31]. Only in the case of EI39K FNR is the kcy
value salt independent and slightly decreased with regard
to that of the wild-type, although still being significantly
reduced by NADPH (Table 2). However, the observed
differences induced by the salt may only be the result of
a small conformational change occurring in the produc-
tive intermediate [FNR,, : NADPH] complex when pro-
duced with the mutated enzyme. These results are
consistent with those obtained upon analysing the kqps
for the fast kinetic reduction of FNR by NADPH, which
indicate that all of the EI139 FNR mutants accept
electrons from NADPH with rates similar to that of the
WT (Table 4). The ks values obtained for the reversal
process, [FNR,q : NADP*] — [FNR,., : NADPH],

with the different FNR mutants are only slightly lower
than the wild-type (Table 4). Therefore, our data indicate
that replacement of EI39 FNR by glutamic acid,
glutamine or lysine produces only subtle changes in the
interaction and ET processes between FNR and its
coenzyme in both redox states.

Fig. 4. Three-dimensional structure comparison of the Glu139 conformer in Anabaena FNR models. (A) Superposition of wild-type FNR (cyan) with
E139K FNR mutant (green). (B) E139 presents a very different conformation in the FNR:NADP* complex (green) as compared with the wild-type
FNR (cyan). (C) A more similar conformation for E139 is observed for the wild-type FNR (cyan) and for the FNR:Fd complex (green). (D) E139
conformers as observed in the E301A FNR mutant (green), R264E FNR mutant (orange) and wild-type FNR (cyan). This figure was drawn using

MOLSCRIPT [39] and RENDER [40].
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The effects observed in the wild-type FNR K, values for
both protein carriers, Fd and Fld, upon increasing ionic
strength (Table 3) indicates that the salt debilitates the
productive FNR,4 : Fld,x interaction but not the
FNR,, : Fd,, one. Moreover, lower k., values for both
Fd and FId are observed upon increasing the ionic strength.
This can be ascribed to a shielding of the FNR : coenzyme
and FNR : protein carrier electrostatic interactions by salt
ions [14]. When studying the corresponding kinetic param-
eters for the EI139 FNR mutants, different effects are
observed depending on the nature of the replacement
(Table 3). As only negligible effects upon E139 replacement
have been observed in the FNR kinetic parameters for the
diaphorase assay (Table 2), such differences must be due to
the effect introduced by the mutation in the FNR : protein
carrier interaction. Thus, conservative replacement of E139
by aspartic acid, apparently produced an enzyme which
exhibited considerably larger K'¢ and K values, while
having k., values slightly larger than those of the wild-type
enzyme, which in the case of Fd decrease with increasing
ionic strength, like the wild-type process. Moreover, when
analysing by fast kinetic methods the ability of E139D FNR
to accept or to transfer electrons with either Fd or Fld, the
time scale of the overall process is not affected by the
mutation (Table 4). Such observations suggest that the side-
chain of residue 139 must be involved in the precise
orientation of the complex, and that the shorter aspartic
acid side-chain provides an electrostatic interaction with
either Fd or FId that, although weaker, favours the ET
process itself.

Charge reversal replacement of E139 FNR produced
noticeable effects in the reactions with either Fd or Fld.
Considerably lower Kanld and, especially, Kand values relative
to wild-type FNR were obtained (Table 3). However, the
kear values, which account for the reactivity within the
enzyme—intermediate complexes, are considerably smaller
with Fd but relatively similar with Fld, when compared to
the wild-type. This observation is also consistent with the
much lower ks values obtained by fast kinetic methods for
reaction of E139K FNR 4 with Fd,,, and the similar values
for the reaction of wild-type FNR,4 with Fld,, (Table 4).
Hence, when Fd is used as protein carrier, the decrease of
the E139K FNR K, values are not accompanied by faster
ET. Thus, although the efficiency of the reaction (kca/Ky)
results considerably increased the turnover of the process
has decreased by the introduced mutation. This might be
due either to a much higher affinity to Fd of the E139K
FNR or to the formation of a less productive complex. No
major changes have been reported in the Ky values for the
[E139K FNR,, : Fd,q] and [E139K FNR,, : Fd.] com-
plexes with regard to the corresponding ones with wild-type
FNR [24], suggesting that probably no changes should be
expected in the Ky value for the FNR 4 : Fd, interaction.
On the other hand, we have recently reported on less
reactive modes of binding at low ionic strength induced by
the E139 — K139 substitution [24]. Therefore, formation
of additional intermediate complexes must be considered.
The fact that the k.,/K gd values for E139K FNR increase
considerably with regard to those of the wild-type indicates
that in at least one of those intermediate complexes ET can
be achieved [34]. A minimal mechanism with at least two
productive intermediate complexes might be proposed for
the E139K FNR : Fd interaction:
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4 )' [FNRg:Fdox]a ka
FNRg+ Fdox FNRgq + Fdig

B Kz  [FNRg:Fdwls kb

where the reaction rate would depend upon the formation
of both intermediate complexes (the dissociation constant
ratio, Kx/Kp) and on the two ET rate constants (k, and ky,).
Thus, the effect of such a second productive binding mode
would be to make the K, lower (because a tighter
productive binding mode comes into play), to decrease the
keat (because at saturation the second complex must yield a
slower turnover number), and to increase the catalytic
efficiency (as the two former effects are not altered in a
compensatory manner). Such an additional interaction
between FNR,4 and Fd,, would be also suggested by fast
kinetic analysis of the reaction between E139K FNR 4 and
Fd, (Table 4), which results not only in severely hindered
ET but also in a process best fit to a biexponential, unlike
the monoexponential process observed with all other FNR
forms assayed thus far [13,14,18,20,21]. Therefore, the two
kobs Values might correspond to the simultaneous processes
of E139K FNR reoxidation by Fd through both complexes.
The analysis of the E139K FINR kinetic cytochrome ¢ assay
parameters with Fd suggests that although the second
complex is produced at all ionic strengths assayed, it is
greatly weakened by the salt, suggesting that electrostatic
interactions are specifically debilitated in this low-reactivity
mode of binding. Finally, when analysing the fast reduction
of E139K FNR by Fd,4, while no reaction was observed at
all at low ionic strength (Table 4), increasing the ionic
strength up to 133 mwm clearly resulted in efficient reduction
of E139K, again suggesting the formation of nonproductive
complexes at low ionic strengths. This explanation would be
consistent with previous studies of E139K reduction by Fd4
under pseudo-first order conditions ([Fd.q] < [FNR]),
which indicated a collisional ternary interaction between
FNR,, and a nonoptimal preformed [Fd,q : FNR,,] com-
plex [24]. Alternative binding modes between protein pairs,
resulting in different reactivities have also been reported in
other systems [35]. Therefore, it is not unexpected that the
surface potential change of one of the partners might also
produce a different coupling of the redox cofactors involved
in the interaction, which might cause a different efficiency in
ET.

When the EI139K FNR reactivity was assayed using
Fld as protein carrier, a salt-dependent decrease in the
K values was also observed relative to that of the wild-
type FNR, although in this case the decrease is one order
of magnitude smaller than when using Fd (Table 3). The
kear values are not altered relative to those of the wild-
type, even at high salt concentrations. Analysis of fast
kinetic reactions shows that E139K FNR is able to
transfer electrons to Fld faster than the wild-type enzyme,
while behaves similarly in the reverse process (Table 4).
Therefore, when using Fld no additional complexes seem
to be induced by replacement of E139 FNR by lysine, but
rather the mutation might be producing a stronger
optimal interaction with the protein that favours the ET
process itself.
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The kinetic data obtained for all of the processes analysed
with E139Q FNR have values intermediate of those
described for the E139K mutant and the wild-type FNRs.
Thus, the k., and K Eld steady-state parameters and the kg,
for the fast ET processes with Fd suggest that in the case of
the E139Q mutant formation of the alternative complex
might be also achieved. However, its Kz would be larger than
that for the complex with E139K FNR and produce a smaller
shift of all the steady-state kinetic parameters. Such inter-
mediate behaviour is also observed in the reactions of E139Q
FNR with Fld. These results suggest that neutralization of
the charge at position 139 also neutralizes any repulsive or
attractive interactions involving either glutamic acid or
lysine. Therefore, it must be the charge located at 139 and not
the H-bond capability that is critical at this residue position.

In the three-dimensional structure reported for the
Anabaena FNR:Fd complex the E139 FNR side-chain is
not making any direct contact with Fd, but is not situated
far away from the interaction surface [9]. Moreover,
different conformers for the E139 side-chain have been
found, not only in the E301A mutant but also in the
structures of the R264E mutant and those of the WT FNR
complexes with either Fd or NADP™ (Fig. 4) [3,9,18,22].
Thus, this conformational flexibility of E139 side-chain
would allow its implication in the reorganization process
that takes place upon the initial approach of the proteins,
and therefore, may explain why different side-chains at
position 139 might allow different modes of interaction with
Fd, which result in different ET reactivities. The require-
ment of conformational flexibility for optimal ET has been
demonstrated by covalent cross-linking of either Fd or Fld
to FNR, which lowered the ET rate between these proteins
[36-38]. Positive charges around the FAD group of FNR
have been shown to contribute to the orientation of the
intermediate [FNR:Fd] complex [14,18], and among this is
the neighbouring K138 side-chain. The change in the
electrostatic potential induced by replacement of E139
induces a stronger positive potential in the region where it is
located, which is the only negative potential region around
the FAD in the WT. Thus, E139 appears to produce a
repulsion of the very negatively charged smaller Fd
molecule upon initial collision, focusing Fd toward the
positive region of FNR, which is closer to the flavin ring of
the FAD group, thereby favouring formation of an optimal
complex for ET. We conclude that E139 seems to be
involved in optimizing the mutual orientation of the redox
cofactors by means of electrostatic repulsion, which in turn
determines ET rates. Thus far, no structure for a complex
between FNR and Fld has been reported. Nevertheless, it is
assumed that FNR uses the same site for the interaction
with Fd and Fld, although each individual residue does not
appear to participate to the same extent in the processes
with both protein carriers [14]. Moreover, our data clearly
suggest that in the FNR:Fd interaction, replacement of
residue 139 produces very different effects compared to
those produced in the FNR:FId one. Thus, the larger local
positive potential in the 138-139 region of FNR induced
upon elimination of the negative charge at position 139
seems to have a marked stabilizing effect for a productive
FNR:FId interaction. In summary, our results indicate that
E139 is not involved in the processes of binding and ET
between FNR and NADP*/H, while the nature of the
charge and the conformation of the side-chain at position
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139 of Anabaena FNR modulates the precise enzyme
interaction with the protein carriers.
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