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ABSTRACT. Previous studies, and the three-dimensional structurénabaenaPCC 7119 ferredoxin

NADP* reductase (FNR), indicate that the positive charge of Lys75 might be directly involved in the
interaction between FNR and its protein partners, ferredoxin (Fd) and flavodoxin (FId). To assess this
possibility, this residue has been replaced by another positively charged residue, Arg, by two uncharged
residues, GIn and Ser, and by a negatively charged residue, Glu-vid\absorption, fluorescence, and

CD spectroscopies of these FNR mutants (Lys75Arg, Lys75GIn, Lys75Ser, and Lys75GIlu) indicate that
all the mutated proteins folded properly and that significant protein structural rearrangements did not
occur. Steady-state kinetic parameters for these FNR mutants, utilizing the diaphorase activity with DCPIP,
indicate that Lys75 is not a critical residue for complex formation and electron transfer (ET) between
FNR and NADP or NADPH. However, steady-state kinetic activities requiring complex formation and
ET between FNR and Fd or FId were appreciably affected when the positive charge at position of Lys75
was removed, and the ET reaction was not even measurable if a negatively charged residue was placed
at this position. These kinetic parameters also suggest that it is complex formation that is affected by
mutation. Consistent with this, when dissociation constaqisfér FNR.x—Fdox (differential spectroscopy)

and FNRx—Fdq (laser flash photolysis) were measured, it was found that neutralization of the positive
charge at position 75 increased tgvalues by 56-100-fold, and that no complex formation could be
detected upon introduction of a negative charge at this position. Fast transient kinetic studies also
corroborated the fact that removal of the positive charge at position 75 of FNR appreciably affects the
complex formation process with its protein partners but indicates that ET is still achieved in all the reactions.
This study thus clearly establishes the requirement of a positive charge at position Lys75 for complex
formation during ET between FNR and its physiological protein partners. The results also suggest that
the interaction of this residue with its protein partners is not structurally specific, since Lys75 can still be
efficiently substituted by an arginine, but is definitely charge specific.

Most of the energy used by living organisms in their reactions, we have used ferredoxiKADP™ reductase (FNR)
biological functions originates from electron transfer (ET) from the cyanobacteriumAnabaenaPCC 7119 (FNR,
reactions between proteins. These reactions can only takel.18.1.12) and its physiological reaction partners, ferredoxin
place if proper binding of the proteins involved occurs. To (Fd) and flavodoxin (FId), as a model system. FNR is a
obtain a better understanding of the structural basis for theseflavoenzyme which acts during photosynthesis, catalyzing

ET from the one-electron carrier Fd to the two-electron
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in the oxidized state; Fg Fd in the reduced state; FId, flavodoxin; ~ ducers between nicotinamide dinucleotides (two-electron
Fldox, Fid in the oxidized state; Fig Fld in the semiquinone state;  carriers) and one-electron carrie&s—).

Fld, FId in the reduced state; IPTG, isoprogdp-thiogalactoside; ; ; _Aami ;

dRf, 5-deazariboflavin; dRftlsemiquinone form of dRf; DCPIP, 2,6- . FNR consists of a smgle_ 30.3 amino acid chaipdnd a.
dichlorophenolindophenol; ET, electron transfer; PDR, phthalate di- single molecule of FAD which interacts noncovalently with

oxygenase reductase; wt, wild tyde;ionic strength. the apoprotein. When this organism is grown under low-
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iron conditions, Fld is synthesized instead of Fd, and replacest,pe 1: conservation of the Lys6Thr84 Loop of Anabaena
it in the ET reaction from PSI to FNR6). The ET reactions  pcc 7119 in the FNR Family
between FNR and its physiological partners (NADFd,

and Fld) have been extensively studi@e-(5). The three- :,j;m E— ZQN GKPEKLRLYSIA 58: ij
dimensional structure ohnabaenaFNR has recently been g s Nrssrgesscrrrsns
determined 16). It resembles that of the spinach enzyme  spinach R e
and consists of two distinct domains. The FAD binding  # ensiatinm AR R SO0
domain contains a scaffold of six antiparallel strands arranged # s«n R I S )

LR T I “n

in two perpendiculas-sheets, the bottom of which is capped ~ &#@
by a shorta-helix and a long loop. The NADPbinding Synechococcus T002 TrrETmEEEEREERY @
domain consists of a core of five parall@istrands sur-

rounded by sevea-helices. The edge of the dimethylbenzyl

Other reductases of the FNR family

ring of FAD, which is the only part of the flavin isoalloxazine ¢, e eytoctome pasd rosuctase AL*NALQA*Y* **s%_ (g
moiety exposed to the solvent, is putatively involved in the  sumenei yppimuiun sufite reductase ALV*#LTP***%s%%_ (5
intermolecular ET W|th Fd or Fld FNR and Fd (OI’ Fld) Human erythrocytes cytochrome bs reductase --#GNLVV*P*TPIL*S &)
form an electrostatically stabilized 1:1 complex, which has  Pseudomonas cepacia phiaiste dioxygenasereductase = = = = = GSR*¥T**LCND (5

been extensively studied%, 17, 18), although other studies “The fi - - - - - .

L . e final alignments were obtained by visual inspection. Asterisks
have shown that both electrostatic interactions and hydro-j,gicate exact matches of the sequences to thahabaendCC 7119
phobic forces must be important in the FNRd ET FNR. Hyphens are packing characters introduced to align the sequences.
interaction (1, 19). Itis also accepted that FNR contributes
basic residues, while Fd contributes acidic residues, to the
electrostatic stabilization of the complekgj. The site of
Fd binding to FNR has been studied by a variety of
techniques such as chemical modificatiol2,(13, 21),
chemical cross-linking22), site-directed mutagenesig3
24), and the three-dimensional structural analysis of both
proteins (6, 25). All of these studies provide evidence that
Fd must bind to FNR in a concave site in the FAD binding
domain.

Attempts to crystallize the FNRFd complex are in
progressand FNR-Fd model complexes based upon the
known crystal structures of both proteins and various
biochemical data have been propos28, 6). Use of the
three-dimensional structure of PDR, a member of the FNR
family which possesses a Fd domain bound to the FNR-like
domain, has not led to the production of a satisfactory model
for the FNR-Fd complex 4). However, there is a large
volume of information concerning the binding of Fd to FNR.

completely conserved in FNRs isolated from various sources
and in other proteins belonging to the same family (Table
1), which would allow a study of its involvement in the
interaction of FNR with FdZ4). Recently, we have also
observed that replacement of Lys75 of FNR produced an
enzyme with altered propertie24). The amine group of
Lys75 is situated 12 A from the exposed methyl groups of
the flavin, so, in principle, it is not expected to be directly
involved in the catalytic process. Nevertheless, it is con-
served in all the FNR sequences analyzed thus far (Table
1), but not in other members of the family, indicating that
although its function is preserved well in all of the FNRs, it
is not a critical residue in the rest of the family members. In
this study, further protein engineering on Lys75 has been
carried out to investigate its role in complex formation and
ET to Fd or FId. Removal of this positive charge might be
expected to produce significant changes in complex stabiliza-

h fh b . di 2 tion between FNR and its protein partners. We have replaced
In the case of thénabaengroteins, a dissociation constant Lys75 by Arg, GIn, Ser, and Glu, thereby altering the side

(Kg) of 4 uM (14) has been determined. Itis also proposed (j ain charge, polarity, and hydrogen-bonding capabilities.

tbhat Fd mlrJ]St bind dwithi_n theflle;ﬁs cle:;t Vr\:hiChh is Fs(ijtu_ated These mutants were studied by steady-state and transient
Tty and that the 0N Linetic measurements as well as by bWis absorption,

sulfur center must be .situated close to the methyl groups C’fﬂuorescence, and CD spectroscopies to rationalize their
the flavin ring, which is the only part of the FAD exposed | opavior.

to the solvent16, 25). A careful study of the FNR surface

around the expected ET site reveals the presence of SOM ATERIALS AND METHODS

hydrophobic residues that also could be involved in the

binding between FNR and F8)( Nevertheless, these cannot Oligonucleotide-Directed Mutagenesi&:NR mutants at

be the only forces involved in complex formation, and several position 75 were produced using as a template a construct
patches of positively charged residues have been implicatedof the petH gene which had been previously cloned into the
(26). Among these, there is one situated at shéace of expression vector pTrc99&)( The MORPH mutagenesis
the flavin ring, between residues Lys69 and Tyr79 of kit (5 Prime 3 Prime, Boulder, CO) was used to prepare the
AnabaenaPCC 7119 FNR, which includes four positively Lys75GIn, Lys75Arg, and Lys75Ser mutants. The mutagenic
charged residues conserved among all the FNR sequenceprimers used were'55TA GAG TCT CAA “ACG” TTC
analyzed (Table 1). Inthe spinach enzyme, Lys85 and Lys88CGG CTT GC 3for Lys75Arg, 3 GTA GAG TCT CAA
(equivalent to Lys69 and Lys72 iknabaenarespectively) “CTG” TTC CGG CTT GC 3 for Lys75GIn, and 5GTA
have been implicated in complex formation with FzP). GAG TCT CAA “GGA” TTC CGG CTT GC 3 for
Also, site-directed mutagenesis studies of Lys72 in the Lys75Ser. The Lys75Glu substitution was obtained using
Anabaenand the equivalentys88 in the spinach enzymes the Transformer site-directed mutagenesis kit from CLON-
have also pointed out the importance of such residues in bothTECH in combination with the synthetic oligonucleotide 5
species 23, 24). Thus far, no active mutants that properly GAG TCT CAA TT“C” TTC CGG CTT GCC 3 for
bind FAD have been obtained at Arg77, a residue that is Lys75Glu and the trans oligddd —Sadl 5' AGT GCA CCA
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TCC GCG GTG TGA 3 Mutations were verified by DNA  the laser flash photolysis data (cf. Figure 2A) to the exact
sequence analysis. The constructs containing the mutatedsolution of the differential equation describing the minimal

FNR gene were used to transform tBscherichia coliPC (two-step) mechanisnB6, 37).

0225 strain 27). Estimation of Reduction Potentialfeduction potentials
Purification of Proteins. FNR mutants were purified from  for the oxidized-semiquinone couple£(®) of the different

IPTG-induced cultures as previously describdd, (27). FNR mutants were estimated by comparison of the extent

Recombinant Fd and Fld froinabaenavere prepared as  of reoxidation of Fg by FNR., observed at 507 nm in the
described T, 28). UV-visible spectra and SDSPAGE laser flash photolysis measurements to that produced with
were used as purity criteria. wt FNR.

Spectral Analysis.UV—visible spectral analyses were Stopped-Flow MeasurementET processes between FNR
carried out on either a CARY-15 (OLIS-modified), a and Fd, or Fld, were studied by stopped-flow methods using
Hewlett-Packard 8452 diode array, or a Kontron Uvikon 942 an Applied Photophysics SX17.MV spectrophotometer in-
spectrophotometer. Circular dichroism (CD) spectra were terfaced with an Acorn 5000 computer and the SX.17MV
obtained using either a Jasco 710 or an Aviv model 62A software of Applied Photophysics under anaerobic conditions
DS spectropolarimeter at room temperatureail cmpath as previously described4) in 50 mM Tris-HCI (pH 8.0) at
length cuvette. The spectra were recorded on solutions13°C. These conditions, as well as protein concentrations,
having protein concentrations ranging from 55 touM in were chosen to slow the very fast reactions observed for the
the visible region (306620 nm), of 4uM for the aromatic wt protein, thereby making them detectable by this technique.
region, and of 0.ZM for the far-UV region. Samples were Two wavelengths appropriate for following the reactions
prepared in 20 mM Tris-HCI (pH 7.3) for the visible region were chosen for each reaction since our system only allows
and in 1 mM Tris-HCI (pH 8.0) for the aromatic and far- the measurement of a single wavelength at a time. The ratio
UV regions. Protein and flavin fluorescence were monitored of proteins was chosen such that the FNR protein partner
using a Kontron SFM 25 spectrofluorometer interfaced with concentration was at least twice that of FNR and that the
a personal computer. Solutions for fluorescence measure-total protein concentration was low enough that the detector
ments contained AM protein in 50 mM Tris-HCI (pH 8.0). was operating in the linear range. The protocol for anaerobic

Binding Constants. Kvalues and binding energies of the stopped-flow sample productiof4) does not allow an exact
complexes between oxidized Fd and the different oxidized control of protein concentration, making it impossible to
FNR mutants were obtained at room temperature by differ- prepare all of the different mutant samples at the same
ence absorption spectroscopy as previously describ®d (  concentration. Concentrations were recorded at the end of
Fd was titrated into a sample containing—117 uM FNR, the experiment. However, we attempted to keep concentra-
except for Lys75Arg in which case the mutated FNR was tions within certain limits to enable the observed rate
titrated into 3QuM Fd. In addition to protein, solutions also  constants to be used for comparative purposes.
contained 1 mM EDTA in 4 mM potassium phosphate buffer
(pH 7.0). The ionic strengthl was adjusted to 100 mM RESULTS
by addirg 5 M NacCl (these conditions simulated those used  Expression and Purification of the Lys75 FNR Mutants.
in the laser flash photolysis experiments; see below). In The level of expression i&. coliof all the mutants prepared
those cases in which saturation was not obtained due to veryat position 75 ofAnabaenaPCC 7119 FNR was judged to
weak binding, a value oKq was estimated by calculation  be similar to that of the recombinant wt enzyme. All mutants
from the difference spectra, assuming that the extinction were purified by following the same protocol that was used
coefficient for complex formation with Fd of these mutants for the wt FNR, and about 5 mg of protein per liter of culture
was the same as those obtained experimentally for the wtwas obtained in homogeneous form, as shown by -SDS
Fd—wt FNR and wt Fd-Lys75Arg FNR complexesNessonm PAGE.
= 2000+ 300 M~ cm™). Spectral Properties of the Lys75 Mutant®lo major

Enzymatic AssaysThe diaphorase activity using DCPIP  differences were detected in the YVisible, FAD, and
as an electron acceptor, and the Fd or Fld FNR-dependentprotein fluorescence and circular dichroism spectra of the
NADPH—cytochromec reductase activity using Fd or Fld  different FNR Lys75 mutants relative to those of the wt FNR
as a mediator, were measured as described previoldly (  (not shown). These data indicate that no major structural

29, 30). All measurements were taken at 25 in 50 mM perturbations have taken place upon replacement of Lys75
Tris-HCI (pH 8.0), unless otherwise stated. in AnabaenaPCC 7119 FNR by Arg, GlIn, Ser, or Glu.
Laser Flash Photolysis MeasurementEhe pulsed laser Steady-State KineticsThe steady-state catalytic behaviors

photolysis apparatus used to obtain transient ET kinetics hasof the different FNR mutants at Lys75 were determined for
been described previously2@ 31, 32), except that a  two reactions catalyzed by FNR. All the kinetic parameters
Tektronix TDS410A digitizing oscilloscope was used in the were obtained by fitting the data to the equation for a ping-
current system. The photochemical reaction which initiates pong mechanism. The values calculated for the FNR mutants
ET has also been describe8B(-35). Laser flash-induced  are reported in Table 2 and compared with those obtained
kinetic measurements were taken at room temperature. Infor the wt enzyme14). No major effects were detected in
addition to protein, samples also contained 1 mM EDTA any of the kinetic parameters for the diaphorase actity.
and 95-100uM dRf in 4 mM potassium phosphate buffer values for NADPH were in the same range as those reported
(pH 7.0). The ionic strength of the solution was adjusted to for wt FNR. When thék., values were analyzed, the largest
100 mM usig 5 M NaCl. Samples were made anaerobic effect was found for Lys75Glu FNR, for which ttkg,; value

as described previouslyl4). Binding constants for the is 59% of that of wt FNR. Nevertheless, the catalytic
transient Fg—FNR. complexes were determined by fitting  efficiency of this mutant is still 79% of that of the wt enzyme.
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Table 2: Steady-State Kinetic Parameters of Wild-Type FNR and Lys75 FNR Mutants
Diaphorase Activity with DCPIP

FNR ke () KaOPH (uM) el KO (M 5 )
wild-type? 81.5+ 3.0 6.02+ 0.54 13.5+£ 0.5
Lys75Arg 71.7+£7.6 49+ 1.1 14.6+ 1.4
Lys75GIn 48.3+ 1.7 3.0+ 0.4 16.1+ 1.4
Lys75Ser 65.0- 2.8 3.564-0.51 18.3+ 1.6
Lys75Glu 48.3+ 1.0 457+ 0.36 10.6+ 0.6
NADPH-Dependent CytochromeReductase Activity
with ferredoxin as a mediator with flavodoxin as a mediator
FNR kcat (Sfl) KmFd (/lM) kCa{KITIFd (‘L{Mil S*l) kcat (Sfl) KmFId (,MM) kca{KmFld (lqul s*l)
wild-type? 2004+ 10 11+ 2 18.24+ 1.0 23.3+1.6 33+5 0.704 0.05
Lys75Arg 2704+ 20 94+ 9 2.94+0.1 23.3+2.2 15+ 3 1.6+0.2
Lys75GIn 190+ 33 >500 <0.38 27+ 6 6324 144 0.0424- 0.001
Lys75Ser 200k 35 >500 <0.4 50+ 7 800+ 170 0.062+ 0.004
Lys75Glu - - - - - -

aData from refl4.

The NADPH-dependent cytochrontereductase activity
of the different FNR forms was studied using either Fd or
FId as a mediator for this activity. Replacement of Lys75
by Glu produced an enzyme that did not show any activity
with Fd or with Fld. Moreover, the Lys75GIn and the
Lys75Ser FNR mutants also showed low catalytic efficiencies
compared to the wt protein (Table 2). However, these two
mutants had values in the same range as the wt protein,
while theirK, values were much larger than that for wt FNR.
These results indicate that replacement of Lys75 by either
GIn or Ser affects the complex formation process and not
the ET process. Replacement of Lys75 by Arg produced a
FNR with kinetic parameters, with either Fd or with FId,
similar to those for the wt enzyme. This indicates that this
enzyme is capable of forming complexes with Fd and Fid
and transferring electrons efficiently from NADPH to its
protein partners. Itis noteworthy that the kinetic parameters
for the different FNR variants at position 75, obtained using
either Fd or FId as a mediator, are parallel although with
different magnitudes.

Interaction of Lys75 FNR Mutants with Fd«. To
determine whether the mutations affected the Fd binding site
of the reductase, the binding of the different RjNRiutant
forms to Fdx was evaluated using difference absorption
spectroscopyl). TheKg values and the binding energies
obtained for FNR—Fd.x complex formation for wt and
mutant FNRs are reported in Table 3. While Lys75Arg FNR
appears to behave like the wt enzyme, no acclfatealues

Table 3: Constants for Binding of Oxidized Wild-Type Fd to
Oxidized Lys75 FNR Mutants and to Wild-Type FRIR

FNR Kg (uM) AG° (kcal/mol™)
wild-type 3.3+ 0.8 —-7.4+0.1
Lys75Arg 4.8+05 —7.2+0.1
Lys75GIn 380+ 20¢ —46+0.1
Lys75Ser 200t 60¢ —5.0+£0.2
Lys75Glu nd nd

aSolutions also contained 1 mM EDTA in 4 mM potassium
phosphate buffer (pH 7.0). The ionic strength was adjusted to 100 mM
usig 5 M NaCl. Taken from ref31. ¢Binding was too weak to
observe saturation in the experimentally accessible protein concentration
range. Thereforels was determined from difference spectra, assuming
that the difference extintion coefficient for the complex was the same
as thatAe calculated for the complexes of Lys75Arg and wild-type
FNR with wild-type Fd Ae = 20004 300 M~ cm™). 9 The spectral
perturbation due to binding was too weak to be measured for this
mutant.

(or Fdyy) if this is present in the reaction mixturéq, 33—

35, 38). The reduction of all FNR mutants at Lys75 by laser-
generated dRfHwas monitored by the absorbance increase
at 600 nm, corresponding to FNRormation. Transients
were fitted well by monoexponential curves, and the obtained
rate constants were within a factor of 2 of that of the wt
FNR protein (Table 4), indicating that the FAD of all the
mutants is accessible and redox active. Reduction gf Fd
by dRfH can be followed at 507 nm (a wavelength which
is an isosbestic point for the transition between EN&hd
FNRsq and principally monitors absorbance changes due to

could be obtained for the other three mutants, suggesting adRfH* and F¢; see Figure 4 from re39 for details), where

very weak binding.Ky values were estimated for Lys75GIn

a rapid rise in absorbance is obtained due to the production

and Lys75Ser (as described in Materials and Methods) andof dRfH*, followed by an exponential decrease in light
were 115 and 60 times larger than those measured for theabsorption to below the preflash baseline as, Fdreduced

wt FNR, respectively. No binding could be measured for
the Lys75Glu FNR—Fd interaction over the accessible
concentration range.

Reduction of Lys75 FNR Mutants Studied by Laser Flash
Photolysis. Upon laser flash photolysis of a solution
containing dRf and EDTA, absorbance transients are pro-
duced corresponding to the rapidly formed dRf triplet state,
and the dRf semiquinone radical (dRfHesulting from the
abstraction of a hydrogen atom from EDTA by the dRf
triplet. The dRfH radical decays by disproportionation and,
in competition with this mode of decay, will reduce FNR

by dRfH. If both FNRy and Fdy are present in the reaction
mixture, an initial decrease in absorbance is observed at 507
nm due to the reduction of kdby dRfH and a subsequent
rise in absorbance at 507 nm (data not shown; cf. #efsd

40 for representative kinetic traces at 507 nm) due to the
reoxidation of Fg by FNR,. This rise in absorbance is
accompanied by an absorbance increase at 600 nm (a
wavelength that principally monitors absorbance changes due
to FNRy) due to the formation of FN&upon reduction of
FNRox by Fd4. As expected, the absorbance increases at
these two wavelengths follow the same kinetics. Figure 1
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Table 4: Kinetic Parameters for the Reduction of the Different Lys75 FNR Mutants Studied by Laser Flash Photolysis
reduction by ferredoxin

reduction by dRfH

FNR kx 108 (M1s™) Kqg (uM)® AG° (kcal/mol) Ker (s7H)P kx10°9(M-1ts e
wild-type® 2.1+ 0.0 1.7+0.1° —7.80+ 0.04 5500+ 400 1.4+ 0.1
Lys75Arg 2.3+ 0.1 3.0+ 0.2 —7.50+ 0.08 4900+ 60C° 0.75+ 0.10
Lys75GIn 1.6£0.1 - - - 0.038+ 0.01%®
Lys75Ser 1.6£0.1 - - - 0.056+ 0.002
Lys75Glu 1.4+0.1 - - - 0.00082+ 0.00003

a Deaerated solutions also contained 1M 5-deazariboflavin and 1 mM EDTA in 4 mM potassium phosphate buffer (pH 7.0). The ionic
strength was adjusted to 100 mM ugi M NaCl.? These values were evaluated from Figure 2 as described in thé Tehése second-order rate
constants were evaluated from Figure 2 as described in thefEaken from ref31. ¢ Corrected for the concentration of the preformed complex.
fThese values were obtained, for the sake of comparison, from the initial slopes of the curves in FiglikoRéorrected for the concentration
of the preformed complex. Thi€; values given in Table 3 are estimated values (see text), and given their magnitudes, any correction would be
negligible.

T T T T T T T T T T v
5+ o A
0.5 4 %7 |
.:2\ ' 4r- ) * -
c K75Q o ©
> 2 o
g 0.0 1 oof - % 3r 4
[ At ("
5 ! | x o N
= 0.000 0002  0.004 0.00 0.01 0.02 x 27
~ [o
Q 1.0 1.0 . . . 1L i
o
c
S L
'8 05 ] 0 . : . | . ! . | P
8 0.5 [~ J 0 4 8 162 16 20
] 0.0 - K75 | [FNR];ee X 10° (M)
2 > 1 1 ‘' T ‘' 1 = 1T L
0.0 - B |
0.5 |- . |
i s { L | 3 | s |
0.000 0.002  0.004 0.0 0.5 1.0
Time (s) .
Ficure 1: Transient kinetic traces observed upon laser flash P
photolysis of solutions containing 30M wt Fd and 5.2uM wt L 4 |
FNR, 5.1uM Lys75Arg, 5.5uM Lys75GIn, and 4.8M Lys75Glu, L
respectively. The monitoring wavelength was 600 nm. Solutions - .
also contained 1 mM EDTA and 93,00 uM dRf in 4 mM
potassium phosphate buffer (pH 7.0). The ionic strength was L '
adjusted to 100 mM using aliquot§ 5 M NaCl. Lys75Ser (data 0 20 40 60 80 |
not shown) was very similar to Lys75GlIn.

shows kinetic traces observed at 600 nm which demonstrate 0 20 30 40 S0 80 70

the formation of the one-electron reduced (neutral semi- [FNR] x 10° (M)

quinone) forms of wt, Lys75Arg, Lys75GIn, and Lys75GIlu  Ficure 2: Dependence of pseudo-first-order rate constants for the
FNR due to laser-induced reduction by,fdit is apparent  reduction of (A) wt ©) and Lys75Arg @) FNRs and (B) Lys75GIn
from the time scales of Figure 1 (reaction conditions and (®). Lys75Ser(), and Lys75Glu ©) FNRs by reduced Fd at an

. . ionic strength of 100 mM. FNR was titrated into solutions
concentrations used were such that these curves are d'real)(’:ontaining 30uM wt Fd, except for the case of wt FNR, where

comparable to one another) that Lys75Arg is very similar FNR was titrated into 9.8&M wt Fd. Solution conditions were as
in its reactivity to wt FNR whereas Lys75GIn (as well as described in the legend of Figure 1. The monitoring wavelength

Lys75Ser; data not shown) is somewhat affected andwas 600 nm.
Lys75Glu is severely impaired in its ability to accept fore, using the&y values for the complexes obtained for the
electrons from Fd. wt and Lys75Arg mutants (Table 4), the concentration of
Pseudo-first-order plots for the dependenck,gfon FNR unbound FNR was calculated and the kinetic data were
concentration for the reduction of wt FNR and the different replotted in Figure 2 (upper panel). The saturation behavior
FNR mutants at position 75 by @tl = 100 mM are shown  observed for these two mutants allowed determinatidg-of
in Figure 2. Saturation was observed for wt and Lys75Arg a limiting first-order rate constant that includes contributions
FNR forms (Figure 2A), whereas linear concentration from structural rearrangements, changes in hydration of the
dependencies were observed for the GIn, Ser, and Gluprotein, changes in solvent structure, and other factors leading
mutants (Figure 2B). As we have shown previously)( to the attainment of an optimal orientation for interprotein
Fdq does not react with the FNR-Fd,x complex. There- ET, andKq for the transient Fg—FNR,x complex @6, 37).
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at low ionic strengths of a nonoptimal orientation for ET of
the two proteins within the intermediate complex. It is thus
quite apparent from these data that the positive charge of
Lys75 plays an important role in this orientation process.
Reduction Potentials.The reduction potentials of the
oxidized—semiquinone couple of the Lys75 mutant FNR
forms have been estimated from the flash photolysis data
(see Materials and Methods). The Lys75Arg, Lys75GIn, and
Lys75Ser FNR mutants showed approximately equivalent
extents of reoxidation of kg as wt FNR at similar
concentrations, whereas approximately twice as much of the
Lys75Glu mutant protein was required to obtain comparable
extents of Fg reoxidation. This implies that the one-electron
reduction potentials of the Lys75Arg, -Gln, and -Ser FNR
mutants are approximately equal to that of wt FNR, whereas
the potential of Lys75GIlu was decreased by approximately
20 mV (to —351 mV vs NHE) relative to that of wt FNR
(=331 mV) @0). Note that this small shift still makes the

|1/2 (M1/2)

Ficure 3: lonic strength dependence of pseudo-first-order rate . . o
constants for the redugtion 0? wt FNRY andpthe Lys75Arg4), reduction potential for Lys75Glu more positive than that

Lys756|n -)’ Lys?SSer D)! and |_y5756|u (o) FNR mutants by measured for wt Fd‘(384 mV vs NHE) It should also be
reduced Fd. For the Lys75Glu reaction, the solution contained eachnoted that in a previous study(, it was shown that the

protein at 3QuM. For the other reactions, solutions contained 40 gne-electron reduction potential of FNR in several complexes
#M wt Fd and 3QuM FNR. The ionic strength was adjusted using it wt and mutant Fds was shifted positively (making ET
aliquots d 5 M NaCl. Other conditions were as described in the . S
legend of Figure 1. more thermodynamically favorable) by significant amounts
(40—-62 mV). On the basis of these considerations, it is
These kinetically derived constants are given in Table 4, unlikely that altered reduction potentials are responsible for
where it is shown that although tiker values from Fg to the observed decreases in reactivity.
wt and to Lys75Arg FNR are the same within experimental Rapid Reaction Stopped-Flow Studies of the FNR Mutants
error, theKqy value for the intermediate ke-FNRx complex at Lys75. Stopped-flow kinetic studies were carried out for
involving Lys75Arg is almost twice that of the complex with  the different mutants prepared at Lys75 to further study the
wt FNR. Correction for unbound mutant Fi\Rwas not behaviors observed above. This technique allows us to study
used for the other FNR mutants, since binding constants forthe time course of association and ET between FNR, in the
the oxidized protein-protein complexes either could not be oxidized and reduced states, and its two ET protein partners,
measured (Lys75Glu) or were large enough that correction Fd and Fld 14). Reactions between FNR and Fd were
would be negligible (Lys75GIn and Lys75Ser). Also pre- followed at 507 nm, although kinetic traces at 600 nm were
sented in Table 4 are the observed second-order rate constantsso obtained to determine which reactions were taking place.
for the ET processes with the different FNR forms deter- The value of 507 nm is an isosbestic point for RNBnd
mined from the plots in Figure 2B for the GIn, Ser, and Glu FNRsq(39), and although it is not an isosbestic point for the
mutants, and estimated from the initial slopes of the plots in FNRsq and FNRy transition, the absorbance change due to
Figure 2A for wt and Lys75Arg FNR forms. These values this FNR transition is very small compared to that due to
confirm that Lys75GIn and Lys75Ser are kinetically quite the redox state change of ferredoxin. These facts make 507
similar to each other, and that Lys75Glu is severely impaired nm an appropriate wavelength for following reduction or

in its ET interaction with Fd.

Figure 3 shows the ionic strength dependencidgafor
wt and the Lys75 FNR mutants. As is evident from the data,
Lys75Arg behaved very much like wt FNR at high ionic
strengths, but is somewhat inhibited in the low-ionic strength
region (approximately 20%). The value at which the
maximalkg,s value is obtained is about the sanhe{(110—
140 mM) for the two proteins, although the observed rate

reoxidation of Fd in the presence of FNR. Previous stopped-
flow studies of the ET process betweengdahd FNR, have
shown that the ET from Rgland to wt FNRy (Kops Of at
least 1000 s, producing FNR, and Fd,, must take place
within the instrumental dead time, and that the rate constant
observed by stopped-flow methods (2560 snust correspond

to the oxidation of another gdmolecule and reduction of
FNRsqto FNRq (14, 41). When this reaction for the different

constants are significantly different. Thus, whereas the effect FNR mutants is studied at Lys75, varied behaviors were

of the Lys to Arg substitution is small, it is not inconse-
quential. Lys75Ser and Lys75GIn react quite similarly to

observed (Figure 4A), as shown by the observed rate
constants reported in Table 5. A rate constant of 280 s

each other over the whole ionic strength range, and reachwas obtained for the reduction of Lys75Arg FiNRvhen it

their maximal value ofk.s at an ionic strength of ap-

proximately 30 mM, a value significantly lower than that
observed for the Lys75Arg and wt FNR forms. In sharp
contrast, Lys75Glu is highly impaired in its ET interaction
with wt Fd, and if it has an optimal ionic strength at all, its

reacted with F@. This behavior is very similar to that
reported for wt FNR, and thus, the observed rate constant
must correspond to the reduction of F)R FNRq by a
second F@ molecule. As shown by the laser flash photolysis
data (Table 4), the expectég,s for ET between Fg and

value is shifted well below the accessible range. We have Lys75Arg FNRy to produce FNR, and Fdy should be in

previously (1) associated the appearance of an optimum in
the ionic strength curves with the electrostatic stabilization

the same range as that for the reaction with wt FNR and
much faster than the value that can be observed using
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Table 5: Fast Kinetic Parameters for Electron Transfer Reactions of Wild-Type and Lys75 Mutant FNR Forms Studied by Stopped-Flow
Method$

Kobs (s71) for the mixing of FNRxwith Kobs (s71) for the mixing of FNRywith
FNR Fdg® Fld,? Fdo® Fldo

wild-type® nc® alog nct 25+1.0

250+ 30 1.0+ 1.0

Lys75Arg nd >350 >350 9.4+ 0.6
280+ 50 50+ 1 1.46+ 0.18

Lys75GIn 50+ 12 26+ 4 60+ 15 1.0+ 0.3
1.7£0.3 6.4+ 04 0.45+ 0.05

Lys75Ser 296t 32 25+ 4 67+ 15 1.3+ 0.3
50.2+ 04 4.6+ 1.8 0.43+ 0.06
Lys75Glu 2.7t£04 0.52+ 0.06 <0.0011 0.1H1 0.02

0.50+ 0.05 0.08+ 0.02 0.018+ 0.001

aThe samples were mixed in the stopped-flow instrument at the indicated concentrations (Figures 4 and 5) and redbx=si8é&€. All
samples were prepared in 50 mM Tris-HCI (pH 8/0pata from refl4. ¢ Reaction followed at 507 nn¥.Reaction followed at 600 nnf.Reaction
occurred within the dead time of the instrument.

0.020 However, despite the large differences observed in the rate

constants and in the different protein concentrations used in
each case, the amplitudes of the phases for all of the FNR
forms are, within experimental error, in the same range,
indicating that it is not the ET reaction itself that is affected

by the mutations. All these data are consistent with the laser

0.016

0.012

0.008

E oo flash photolysis results in clearly indicating that the overall

% 0000 S o0 008 0.3 ol6 020 ET process between Rdand FNRy to produce FNR is

N greatly affected by removal of the positive charge at position

E 0.020 75.

T oaio B Reduction of Fd by the different FNRRforms was also

ﬁ 0013 oe assayed. In all cases, the stopped-flow data were best fitted
0010 oot to a single-exponential process with amplitudes in the same

o0 range (Figure 4B and Table 5). This process, which was

0.005 0 200 400 600 800 1000

too fast for the wt FNR to be followed by stopped-flow
spectrophotometry1d), showed three different ranges of
0005 bbbt observed rate constants for the different FNR mutants at
000 0.02 004 006 008 0.10 0.12 Lys75. When reduction of Fd by Lys75Arg FINRwas
Time (5) studied, although nearly limited by the instrumental dead
FiGUrRe 4: Time course of anaerobic reactions of FNR forms with  time \we were still able to detect a decay which corresponded

Fd. Reactions were carried out in 50 mM Tris-HCI (pH 8.0) at 13 1 : :
°C and followed at 507 nm. Final concentrations are given. (A) wt to arate constant 6f 350 s*, demonstrating that this process

FNRoy (8.44M, —) was reacted with 26M Fd, 7.54M Lys75Arg has been affected to a small degree which we are not able
FNRyy (O) with 25 uM Fdyg, 10.3uM Lys75GIn FNRy (®) with to quantitate. Lys75GIn and Lys75Ser FyBhowed rate

0.000

13.3uM Fdyy, 9.9 uM Lys75Ser FNRy (O) with 21.3uM Fdy, constants for the reduction of Fd of only 60 and 6% s

i‘;gég\srgt'):'gg‘”(\g/';'3\//'373)G\I'V‘;s'::\‘e§>ét$d)w"i‘{ﬁh2§&/‘|:'\g F%rdé/EEl\g/l) respectively, while there was almost no reaction when
d ’ oxy O. : .

Lys75GIn FNRy (®) with 25 uM Fday, 10 M Lys75Ser FNR reduction qf Fd by Lys75Glu FNRwas studied (Table 5).

(O) with 25.8uM Fdoy, and (inset) 8. M Lys75GIu FNRq (a) ET reactions between FNR and Fld were analyzed for the

with 24.5uM Fdoy. different FNR forms by stopped-flow methods, and the

results were compared with those reported for the wt enzyme
stopped-flow methods. Nevertheless, as shown in Table 5,(14). The reactions were followed mainly at 600 nm (to
the process of ET from Fgto FNR,, as studied by stopped-  observe production of both Fld and FNR semiquinone forms),
flow methods, showed two different phases when the although kinetic traces at 460 nm were also obtained in some
Lys75GIn, Lys75Ser, and Lys75Glu FiRforms were cases to determine which reactions were occurring. As
analyzed. The two phases corresponded to two markedlypreviously described, the time course of wt RiNReduction
different observed rate constants. For these three FNRby reduced Fld cannot be followed by stopped-flow methods
mutants, the first rate constant must correspond to the(14). Nevertheless, all the mutants prepared at Lys75 of
production of the semiquinone state of the FNR, while the AnabaenaFNR showed reaction, and the traces for these
second process should correspond to the full reduction of reactions were analyzed and best fit by two-exponential
this FNRq by a second Fgd molecule. For these mutants, processes with similar amplitudes. Furthermore, the total
the kops values for both processes were considerably slower amplitudes of the reactions were similar for all the different
than those obtained for wt and Lys75Arg FNR forms. FNR forms (Figure 5A). Reduction of Lys75Arg FNFy
Nevertheless, it is important to note that while Lys75Ser and Fld,q showed one rate constant 8350 s* and a second
Lys75GIn FNR were still able to accept electrons fronyFd  rate constant of 50 3§, which is consistent with the
with appreciable rate constants, replacement of Lys75 by asimultaneous formation of both semiquinones, followed by
glutamic acid nearly abolished the enzyme’s ET capability. the reduction of FNR to the fully reduced state by a second
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0.07 mutants. Finally, replacement of Lys75 by Glu resulted in
0.06 by far the largest decrease in the observed rate constants for
0.05 - reduction of FId by FNR (Table 5).

22: To determine if the reoxidation of the different FNR
0.02 mutants at Lys75 followed a reoxidation process similar to
0.01 that of the native enzymeld), flavin reoxidation of the
0.00 different FNRq mutants by molecular oxygen was followed
by stopped-flow spectrophotometry at 460 and 600 nm.
Reoxidation of the FAD can be followed at 460 nm. We
observe the appearance of the neutral flavin semiquinone
upon reaction of the fully reduced enzyme with ®hile
monitoring at 600 nm, and the subsequent slower reaction
of the formed semiquinone with a second oxygen molecule
(42). The traces obtained for these processes for the different
Lys75 FNR mutants (not shown) showed profiles similar to
those observed for wt enzyme at both wavelength, (
indicating that the sequence followed in the reoxidation of
these FNRy mutants is similar to that of the native enzyme,
producing an intermediate semiquinone state.

Absorbance at 600 nm

Time (s)

Ficure 5: Time course of anaerobic reactions of FNR forms with
FId. Reactions were carried out in 50 mM Tris-HCI (pH 8.0) at 13
°C and followed at 600 nm. Final concentrations are given. (A) DISCUSSION

Lys75Arg FNRy (10.7 uM, O) was reacted with 20.6M FId,q, . . .
10uM Lys75GIn FNRy (®) with 22.74M Fld,q, 11.2uM Lys75Ser In this study, we probe the importance of Lys75 in
FNRo (O0) with 24.2 uM Fldr, and (inset) 10.7%M Lys75Glu complex formation and in the ET processes between FNR
FNRox (A) with 22 uM Fldg. (B) Wt FNRyq (9.6 uM, —) was and its protein partners. The positive charge provided by

reacted with 26:M Fldox, 10.2uM Lys75Arg FNRq (O) with 22.8 o
UM Fldoy, 11.84M Lys75GIn FNRq (@) with 24.54M Fldo, 10.6 Lys75 has been replaced by neutral and positively and

uM Lys75Ser FNR; (O) with 23.3uM Fldo, and (inset) 9. %M negatively charged residues as described above. Spectro-
Lys75Glu FNRy (a) with 26 uM Fldoy. scopic characterization of the different mutants produced at

position 75 did not show significant differences in absor-

molecule of Flgy (14). This result indicates that replacement bance, circular dichroism, or fluorescence relative to those
of Lys75 by an Arg produced an enzyme with altetggl of the wt protein 14), indicating that gross protein structural
values for the reduction of FNR by reduced Fld. When the rearrangements were not introduced by the mutation. This
ET process from Fldto Lys75GIn, Lys75Ser, and Lys75Glu  was expected, since Lys75 is located at the protein surface,
FNRo.x mutants was studied, two different phases were also and generally replacements of surface residues are less likely
observed (Table 5 and Figure 5A). The observed rate to alter the structure or stability of the protein. The analysis
constants for the reduction of Lys75GIn and Lys75Ser FNR  of the steady-state diaphorase kinetic parameters for the
mutants by Flg had similar magnitudes (26 and 25 sand different Lys75 FNR mutants indicates that Lys75 is not a
6.4 and 4.6 s, respectively) and were considerably smaller critical residue for complex formation and ET between FNR
than those reported for the reduction of the wt enzyme by and NADP or NADPH. However, when the steady-state
Fldg (Table 5). Again, replacement of Lys75 Ahabaena kinetic activities were analyzed where complex formation
FNR by a Glu produced an enzyme with a highly impaired and ET between FNR and Fd, or Fld, were required, a
ability to accept electrons from Rgyielding observed rate  decrease was observed in the catalytic efficiency of the
constants of 0.52 and 0.08sfor the two processes. process. Nevertheless, not all the studied mutants were

The ET reaction from FNRto Fld,x was also investigated ~ affected to the same extent (Table 2), and three groupings
for the different FNR mutants at Lys75 (Figure 5B). As of reactivity were observed among these mutants. Similar
was observed for ET from wt FNRto Fld,,, two phases reactivities were also observed when the binding of the
were also detected for all the Lys75 FNR mutants (Table different FNR mutants to Fd and their ET reactivities were
5). These phases correspond, as previously proposed, to thé1easured.
processes of ET from FNRto Fld,x to produce FNR, and Replacement of Lys75 by Arg, the most conservative
Flds, followed by reduction of a second molecule of &Id  replacement possible, produced an enzyme whose behavior
to the semiquinone state by FNRR14). However, although ~ most resembled that of the wt FNR. This enzyme was able
three different behaviors can again be observed for theto transfer electrons efficiently to and from Fd and FId, as
different FNR mutants prepared at Lys75, the amplitudes of shown by the catalytic constants obtained in the NADPH-
both phases are similar and all the FNR forms have similar dependent cytochromereductase activities (Table 2), and
total amplitudes for the process. Again, Lys75Arg FNR by the laser flash photolysis (Table 4 and Figures 2 and 3)
shows the maximal efficiency for this process (Figure 5B and stopped-flow (Figures 4 and 5) results, although the data
and Table 5), with observed rate constants slightly higher also indicate that the reaction is somewhat inhibited in the
than those obtained for the wt FNR. The rate constants low-ionic strength region and that some observed rate
observed for the processes when Lys75GIn and Lys75Serconstants obtained by stopped-flow methods are slightly
FNRg donate one electron to Rldappear to be between 40 slower than that for the wt enzyme (Figures 4 and 5 and
and 50% of those reported for the wt enzyme (Table 5), Table 5). The Lys75Arg FNR shows a catalytic efficiency
indicating that this process is still quite efficient for these in the NADPH-dependent cytochrontereductase activity
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slightly lower than that of the wt enzyme, due to a larger which a drastic decrease in the rate of ET upon replacement
Km. TheKgyvalues obtained for the Ga-Lys75Arg FNR of a charged residue was observed, it was not attributed to
and for the Fgk—Lys75Arg FNRy complexes are slightly  a lower stability of the complex formed, but to other factors,
larger that those reported for the complexes with the wt FNR such as the inability to form a hydrogen bond. Mutants
(Tables 3 and 4). Glu94Lys, Phe65Ala, and Ser47Ala of Fd, which are severely

Lys75GIn and Lys75Ser reacted similarly, but were impaired in ET with FNRT, 40), formed complexes with
significantly impaired relative to the wt in ET with Fd and FNR that had stabilities similar to that of the complex
Fid, as seen in both transient and steady-state kinetic studiesinVolving the wt protein. These results are the first example
GIn and Ser could still interact through hydrogen bond " which a single mutation drastically alters the stability of
interactions with the Fd carboxyl expected to interact with the complex and, consequently, the rate of ET in the
Lys75. The highK, values obtained in the NADPH- Anabaenad—FNR system. There is no doubt that much
dependent cytochromereductase activity, using either Fd MOre mformatu_)n is requwe_d befo_re a clear_ picture of the
or Fld, suggest that complex formation and stability are Molecular basis for proteifprotein recognition in ET
affected (Table 2). This is confirmed by th€&s values reactions is obtained, but the results presented in this paper

obtained for the Fg—FNRox complexes (Table 3) and by clearly contribute to the better understanding of this intricate
the linear concentration dependencies observed for these twdroblem.
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