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ABSTRACT. Ferredoxin (Fd) and ferredoxin:NADPreductase (FNR) fromAnabaenafunction in
photosynthetic electron transfer (et). The et interaction between the FNR charge-reversal mutant E139K
and Fd at 12 mM ionic strengthu) is extremely impaired relative to the reaction with wt FNR, and the
dependency okyps on E139K concentration shows strong upward curvature at protein concentrations
>10 uM. However, at values oft = 200 mM, reaction rates approach those of wild-type FNR, and
normal saturation kinetics are observed. For the E139Q mutant, which is also significantly impaired in its
et interaction with Fd at low FNR concentrations and lewalues, the dependency kf,s on E139Q
concentration shows a smaller degree of upward curvatyre=ail2 and 100 mM and shows saturation
kinetics at higher values af. wt FNR and the E139D mutant both show a slight amount of upward
curvature at FNR concentrations30 uM at 4 = 12 mM but show the expected saturation kinetics at
higher values ojt. These results are expained by a mechanism in which the mutual orientation of the
proteins in the complex formed at low ionic strength with the E139K mutant is so far from optimal that

it is almost unreactive. At increased E139K concentrations, the added mutant FNR reacts via a collisional
interaction with the reduced Fd present in the unreactive complex. The et reactivity of the low ionic
strength complexes depends on the particular amino acid substitution, which via electrostatic interactions
alters the specific geometry of the interface between the two proteins. The presence of a negative charge
at position 139 of FNR allows the most optimal orientations for et at ionic strengths below 200 mM.

There are numerous electron-transferl(systems found  number of surface amino acid residues involved in the
throughout biology whose function depends on the recogni- interaction of these two proteins.
tion and proper interaction between proteins that shuttle Fd from vegetative cells oinabaenar120 is an 11-kDa
electrons along these pathways. Photosynthetic et, in aprotein containing one [2Fe-2S] cluster. FNR from the
reaction driven by light energy, removes electrons frof®H  closely relatecdAnabaena’119 is a 36-kDa protein containing
and ultimately uses these to reduce L0 carbohydrate.  a noncovalently bound FAD cofactor. Fd, 2) and FNR
There are a number of membrane-associated and solublg3—5) have both been cloned and overexpressdeksicheri-
redox proteins involved in the photosynthetic apparatus of chia coli, and high-resolution X-ray crystal structures are
plants, algae, and oxygenic photosynthetic bacteria (such asavailable for both proteins6(-8). For these reasons, this
the cyanobacteriumAnabaeny Two of these soluble et protein pair is an ideal system to study structuienction
proteins, ferredoxin (Fd) and ferredoxin:NADPeductase relationships in et proteins. Fd, the ultimate electron acceptor
(FNR), have been the subject of numerous studies in thefrom photosystem |, transfers two electrons in two one-
authors’ laboratories, using a combination of site-directed electron steps to FNR. FNR then catalyzes the 2-electron
mutagenesis and laser flash photoloysis/transient absorbanceeduction of NADP to NADPH (eq 1):
measurements to evaluate the relative importance of a large

2Fdeq+ NADP" + H" — 2Fd, + NADPH (1)
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Ficure 1: Molecular models of Fd (upper) and FNR (lower) showing electrostatic surface potentials mapped onto their surfaces as described
in the text. The model shown in the upper left represents the front side of Fd, and the model in the upper right shéwstatibdOabout

they-axis. wt FNR is shown in the lower left, and the E139K FNR muant is shown in the lower right. Positive potential is shown in blue,
and negative potential is shown in red. Mutated residues discussed in the text and the [2Fe-2S] and FAD cofactors of Fd and FNR, respectively,
are labeled.

In such experiments, values fig andke can be determined  of the Cys46 carbonyl may be the signature of the reduction
by fitting the kinetic data to the exact solution for the of the iron atom (Fel).
differential equations describing this mechanist, (15). It has also been demonstrated for FNR that a positively
In previous work from these laboratories, we have shown charged amino acid is required at position 29,(21) and
the requirement in Fd for an aromatic amino acid at position that K72 1) and R16 21) are also critical residues for
65 (10, 16; see the electrostatic potential maps shown in efficient et. This has been confirmed by steady-state NADP
Figure 1 for the location of this residue and of those residues photoreduction assay29). In addition, E301 of FNR has
in Fd and FNR discussed below), an acidic amino acid been shown to be a crucial residue for the catalytic functions
residue at position 9410, 17), and an amino acid bearinga of the enzyme Z3), and an X-ray structure has been
hydroxylated side chain at position 471j in order for determined for the E301A FNR mutari?4). The crystal
efficient et to FNR to proceed (see r&8 for an overview structure of this mutant shows greater solvent exposure of
of structure-function studies oAnabaenda-d). The crucial the dimethylbenzene ring of the FAD cofactor, which may
role of the S47 residue has been discussed in light of thefacilitate access of oxygen to the reduced FAD. The authors
recent X-ray structure determinatialdj of the oxidized and  suggest this difference as a possible reason for the production
reduced forms of Fd from the closely relatédabaenar119. of H,O, by this mutant 23) upon oxidation by @ rather
This study confirmed the central role of the Ser47 hydroxyl than Q'~, which is produced in the case of wt FNR. E301
group as a major stabilizing factor of the molecular surface. has also been shown to stabilize the semiquinone form of
The principal difference between the oxidized and reduced the FAD cofactor 23).
crystals involved the peptide bond joining Cys46 and Ser47. The present study demonstrates the critical nature of the
In the oxidized crystals, the Cys46 carbonyl oxygen points negative charge at position 139 in FNR for efficient et with
toward the [2Fe-2S] cluster and points away from the cluster Fd. Furthermore, it is shown that, for the E139K mutant at
in the reduced crystals. The authors suggest that this “flip” low ionic strength, the complex formed between the mutant
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FNRox and Fg.q reacts so slowly that the complexed,f&is

able to react with another FNRmolecule in a collisional
interaction to yield FNRy4 and Fdy. It is also shown that
similar interactions may be a general phenomenon for protein
pairs at low ionic strengths when complexation results in
nonoptimal orientations for et, i.e., orientations that cause
the cofactors to “communicate” less efficiently. Such reac-
tions involving et proteins are not unique and have been
described previously for the cytochroneecytochromec
peroxidase systen2b—29).

MATERIALS AND METHODS

Protein Preparation.Recombinant wt Fd was prepared
as described previousfL@). Recombinant wt and mutant
FNRs were prepared from IPTG-induced cultures also as
previously described2@, 30). FNR concentrations were
determined spectrophotometrically using an extinction coef-
ficient of 9400 Mt cm™t at 459 nm 81). Fd concentrations
were determined using an extinction coefficient of 9700tM
cm ! at 422 nm 82). Spectra were recorded using either an
Olis-modified Cary-15 spectrophotometer or a Hewlett-
Packard 8453 diode array spectrophotometer.

MutagenesisSite-directed FNR mutants were made using
the Transformer mutagenesis kit (Clonetech, Palo Alto, CA),
which is based on the unique site elimination method of Deng
and Nickoloff 33). Mutagenic primers used were as fol-
lows: 5-GG TAA CAG CATGTC TTT ACC CAG AGG-

3 for E139D, 3-GG TAA CAG CATCTG TTT ACC CAG
AGG-3 for E139Q, and 5GG TAA CAG CATTITTTT
ACC CAC AGG-5 for E139K. Base changes are italicized.
The sequence of the selection primer, which convertsdah
restriction site to &adl site, was 5>AGT GCA CCA TCC
GCG GTG TGA-3. Primers were synthesized commercially
by Sigma Genosys (The Woodlands, TX). Mutations were
verified by DNA sequence analysis. Molecular biology
procedures followed standard protocosl,(35).

Laser Flash Photolysis/Transient Absorbance Measure-
ments.The laser and associated optics used for obtaining
transient kinetic traces initiated by laser flash photolysis have
been describedp, 37), except that a Tektronix TDS 410A

Biochemistry, Vol. 39, No. 45, 20003697

Circular Dichroism. Circular dichroism measurements
were made using an Aviv model 62A DS circular dichroism
spectrometer (Aviv Associates, Lakewood, NJ). Protein
concentrations were BM in 10 mM Tris buffer (pH 7.3)
for measurements in the 25650-nm range and AM in
H.O in the 196-250-nm range. Four spectra were averaged.
The temperature of the sample was23.5°C.

Dissociation Constant®issociation constant() for the
complex formed between wt dand the E139K FNRK
mutant were determined spectrophotometrically using split-
cell cuvettes as described previousél). As mentioned
above Kq values for the transient kg—FNR.x complex were
determined by fitting the kinetic data to the exact solution
of the differential equation describing the reactidd, (15)
depicted in eq 2.

Reduction PotentialsOn the basis of the concentration
of E139K required to completely reoxidize &gdatu = 12
mM (measured at 507 nm), relative to the concentration of
wt FNR required to reoxidixe kg, it is estimated that the
one-electron reduction potential of oxidized E139K is
decreased to a very slight extent relative to wt FNR. Such a
small change in reduction potential cannot be the cause of
the large decrease in et reactivity observed for this mutant
(see below). The reduction potentials of E139Kuat 100
mM and of the E139D and E139Q mutants at both ionic
strengths are estimated to be essentially identical to wt FNR.

Electrostatic Surface Potential MapBlectrostatic poten-
tials of Fd and FNR were calculated using the software
package DELPHI (Molecular Simulations, Inc., San Diego,
CA), with an ionic strength of 12 mM. Mapping of the
electrostatic potential onto the surface of the protein was
performed using GRASRIR), with a potential range of 15
to + 15 kT. Coordinates for the crystal structure of FNR
determined by Serre et al8)( were obtained from the
Brookhaven Protein Data Bank (file code 1QUE). Coordi-
nates of the crystal structure of Fd determined by Rypniewski
et al. ) were also obtained from the Brookhaven Protein
Data Bank (file code 1FXA). The structure of the E139K
FNR mutant was generated by replacing the amino acid using
Insight Il (Molecular Simulations, Inc.).

digitizing oscilloscope was used in the current apparatus. TheresyL TS

photochemical mechanism by which 5-deazariboflavin (dRf)
initiates et has also been describ&8-{40). Briefly, the

Transient decay curves (monitoring FNR reduction to the

triplet excited state of dRf, generated by a laser flash, extractssemiquinone state at 600 nm) for the reduction of EN#®¥

a hydrogen atom from EDTA to generate the highly reducing
dRf semiquinone radical (dRflHwhich, in competition with

its own disproportionation, reducesd.Kinetic experiments
were performed under pseudo-first-order conditions in which
the Fdx concentration is present in large excess over the
concentration of dRfHgenerated by the laser flask{ uM).
Samples containing 0.1 mM dRf and 1 mM EDTA in 4 mM

Fdeq are shown in Figure 2 for wt FNR and the E139D,
E139Q, and E139K mutants at comparable concentrations
at 12 mM ionic strength. At this low ionic strength, it is
apparent (se&.ps values given in legend to Figure 2) that
the E139K charge-reversal mutant is quite impaired in its et
interaction with Felg and that the E139Q charge neutraliza-
tion mutant is also significantly impaired, although to a lesser

potassium phosphate buffer (pH 7.0) were deaerated byextent. In contrast, E139D under these conditions is even
bubbling fa 1 h with H,O-saturated Ar gas. Microliter  faster than wt in its reactivity. These relative reactivities at

volumes of concentrated protein solution were then intro- low u are reflected in the ionic strength dependency curves
duced into the sample contained in a 1-cm path length cuvetteshown in Figure 3. Transients observed at 507 nm (data not
through a rubber septum. Ar gas was blown over the sampleshown), a wavelength that monitors Fd reduction and

surface to remove traces of added. @nic strength was  reoxidation, yield rate constants that are the same, within
adjusted using aliquots & M NaCl. Generally 410 kinetic experimental error, as those obained at 600 nm. It is
traces were averaged. Kinetic traces were analyzed using amportant to note that the experiments shown in Figure 2

computer fitting routine (Kinfit, Olis, Bogart, GA). were performed using 1M FNR and that the experiments
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E139Q E139D Ficure 4. Dependence okyys On the concentrations of wt and
E139D FNR at 12 and 100 mM ionic strengths. FNR was titrated
o} 1 or ‘M 1 into solutions containing 4@M wt Fd. The ionic strength was
adjusted using aliquotsf & M NacCl. Other conditions were as in
‘ . ' ' Figure 2. Data att = 100 mM for wt Fd are taken from ref3.
0.00 0.05 010 0000 0.002 0004
Time (s) Time (s) Table 1: Kinetic Parameters for Electron Transfer Interaction of wt

FiGURe 2: Transient decay curves showing the reduction of wt and and Mutant FNRs with wt Fd at Various lonic Strengths
mutant FNRs by reduced Fd. Deaerated solutions containgd/15

— 1
FNR and 4Q«M Fd in 4 mM potassium phosphate buffer (pH 7.0), FR u (M) ket (7 Ka (M)
containing 1 mM EDTA and 0.1 mM 5-deazariboflavin. The ionic wt 100 6200+ 400° 9.3+0.7
strength was 12 mM, and the monitoring wavelength was 600 nm. 200 8100+ 600 16.6+ 1.2
Solid lines are single-exponential fits to the data; the rate constants E139K 200 290@r 100 12.8+0.5
obtained for these kinetic curves are 68020 s for wt (panel E139D 100 710@: 800 20.0£2.2
A), 1.4 + 0.4 st for E139K (panel B), 70+ 4 st for E139Q E139Q 200 640& 400 153+ 09

(panel C), and 120@&- 100 s for E139D (panel D). a Deaerated solutions contained 104 5-deazariboflavin and 1 mM

EDTA in 4 mM potassium phosphate buffer, pH 7.0. Fd was titrated
into 40uM FNR. The ionic strength was adjusted using aliquots of 5

T T T

5t e ow 1 M NaCl. The monitoring wavelength was 600 nfrData taken from
s E139D f43
. ref 43,
— 4 i o ]
Tl’, Table 2: Binding of Oxidized wt and Mutant FNRs to Oxidized wt
W 3r : Fd at Various lonic Strengths
x FNR u (mM) Kg (uM)
S0 ] wt 12 0.3+ 0.1
100 3.3+ 0.6
3 1 E139K 12 0.8+ 0.3
100 2.7+ 0.7
‘ ‘ N 200 7.3£07
00 02 04 06 08 10 E139D 13’3 gozit 83

Square Root of lonic Strength - - - -
. ) a Solutions contained 1 mM EDTA in 4 mM potassium phosphate
Ficure 3. lonic strength dependence ks for the reduction of buffer, pH 7.0. Fd was titrated into 40M FNR. Aliquots ¢ 5 M NaCl

wt, E139D, E139Q, and E139K FNR by reduced Fd. Solutions \yere ysed to adjust to 100 mM when necessaryData taken from
contained 3«M FNR and 40uM wt Fd, except for the E139K ref 43,

experiment, which contained 1M FNR and 40uM wt Fd (to
minimize complications caused by direct reduction of FNR). All
other conditions were the same as in Figure 2. The ionic strength
was adjusted using aliquotsf & M NaCl. Error limits are
comparable to those in Figures-8.

obtained from the latter kinetic data are 6200 and 9.3
uM (Table 1). Saturation kinetics were also obtained &t
200 mM (data not shown), and the values kof and Kgq
obtained from these measurements are also given in Table
shown in Figure 3 were performed usingdd FNR (except 1. The values oKy for the complex formed between the
for the E139K experiment). The apparent discrepancy in oxidized wt proteins were measureduat= 12 and 100 mM
reactivity for the E139Q mutant relative to wt FNR in these and were found to be 0.3 0.1 and 3.3+ 0.6 uM,
figures is due to the nonlinearity ik,,s observed for this respectively (Table 243).
mutant in going from 15 to 3@M FNR (see below). Previously obtained data&®) for the dependence &

wt FNR.As previously shown43), the dependence tfps on u for the reduction of wt FNR by Fd g are shown in
on wt FNR concentration at = 12 mM (Figure 4) is Figure 3. The increase in rate constanjas increased in
predominantly linear at low FNR concentratiorrs30 uM). the low u region is ascribed to the “loosening” of nonpro-
However, a slight upward curvature is observed at higher ductive et complexes that are held together by electrostatic
FNR concentrations. At = 100 mM, saturation kinetics  forces (L2, 43). This allows the attainment of more reactive
are obtained (Figure 443) as expected for the two-step orientations of the proteins within the complexes leading to
mechanism depicted in eq 2. The values kgf and Kqg more rapid et. The decreasekigsat higher ionic strengths
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Ficure 5: Dependence d§,,s0on the concentrations of EI39K FNR  FIGURE 6: Dependence df,,s on the concentrations of E139Q at
at various ionic strengths. FNR was titrated into solutions containing 12, 100, and 200 mM ionic strengths. FNR was titrated into
40 uM wt Fd. The ionic strength was adjusted using aliquots of 5 solutions containing 4@M wt Fd. The ionic strength was adjusted
M NacCl. Other conditions were as in Figure 2. Inset: 12 mM ionic using aliquots 65 M NaCl. Other conditions were as in Figure 2.
strength data plotted on an expanded scale.

is ascribed to screening of the net oppositely charged proteinsmUtant protein in both the visible and UV regions are

by salt ions, thereby diminishing long-range electrostatic tehsaste:gallr)égle;tr'ﬁig?atlhOjﬁjgﬁ?gﬁg ];(?r:)\/své ZEE’:QSL??SP?he
attractive forces43). 9 P

E139K FNRThe dependence &f,s0n FNR concentration mutation. Thus, differences in reactivity are not attributable

: to major structural changes caused by the mutation. It is
for the E139K charge-reversal mutant at various values of expected. however. that a charae-reversal in the predomi-
w is shown in Figure 5. Al = 12, 100, and 150 mM, this b ' ! g P

dependerc showpardcuraiure ke the saraton (%13 TSN Shrgen s cse o 38 Cloue it
kinetics expected for the mechanism depicted in eq 2. It is P 9

clear from these results that E139K is severely hindered in change the mutual orientation of the proteins in the transient

et aty = 12 mM; even at the highest FNR concentration complex. ) ) o
used, the value dfobs is less than 208 (Figure 5, inset)_ E139Q FNR.The maximum in the ionic St!’ength depen-
Increasingu to 100-150 mM increasedoys Very signifi- dence ofkgps for the E139Q charge-neutralization mutant

cantly, diminishes the degree of upward curvature, and shifts (Figure 3) is also shifted to a highgr value than for wt
the onset of curvature to higher FNR concentrations. The FNR (about 210 mMu!? ~ 0.45 mM*), although ap-
expected saturation kinetics are observed for the E139K Preciably less so than for the E139K mutant. This again
reaction af = 200 mM (Figure 5). indicates that more salt is required to allow the attainment
For this mutant, the maximum in the ionic strength ©Of the most optimal conformation for et for this pair of
dependence dfos (Figure 3) is clearly shifted to a higher ~Proteins as compared to the wt proteins. Assuming that
value of 4 (u ~ 0.375 mM, corresponding ta'? ~ 0.6 E139K interacts with negative charges on Fd, it is not
mMY2 in Figure 3), indicating that considerably higher salt Unexpected that the peak for E139Q occurs at a lpweiue
concentrations compared to wt FNR are required to allow than E139K since attractive interactions experienced by the
the attainment of the most productive mutual orientation. E139K mutant that result in highly nonproductive orienta-
Below abouty = 120 mM 2 ~ 0.35 mM“?), the values  tions are not present in the E139Q mutant. Alternatively,
of kops are extremely small. From the E139K concentration &Ny repulsive interactions between E139K and the positive
dependence dé,psatu = 200 mM (Figure 5), the values of ~ charges on the Fd surface that contribute to the mutual
the kinetic constantge; andKq (for the transient et complex), ~ orientation of the proteins in the complex would be decreased
are 2900+ 100 st and 12.8+ 0.5uM, respectively (Table ~ for the E139Q mutant. In addition, repulsive interactions
1). This value forke is 35% as large as the value obtained ©ccurring between E139 in wt FNR and the net negatively
for wt FNR (81004 600 s'%; Table 1) at this ionic strength, ~ charged Fd surface are lost as a consequence of the E139Q
and theK, is not too different from that determined for wt Mutation. This is very likely an additional factor in the
FNR (16.6+ 1.2 uM; Table 1). TheKq value determined ~ Proadening of the ionic strength dependency curve for E139Q
for oxidized E139K with Fg, atx = 12 mM (0.8 0.3  (Figure 3).
uM; Table 2) is only 2-3 times larger than for wt FNR (0.3 Like the E139K mutant, the dependencekgf on E139Q
+ 0.1uM; Table 2) and is equivalent to wt FNR at= 100 concentration shows upward curvatureuat 12 and 100
mM (2.7 + 0.7uM for E139K vs 3.3+ 0.6 uM for wt FNR; mM, although this is only evident at significantly higher FNR
Table 2). Thus, the effect of low ionic strength on dramati- (>20 uM) concentrations than with the E139K mutant
cally decreasing the et rate constant for the mutant is not(Figure 6). As with the E139K mutant, saturation kinetics
due to changes in the complex formation constants for eitherwere observed at = 200 mM for E139Q (Figure 6). From
the oxidized or the reduced proteins or to the intrinsic these data, values of 640D 400 s* and 15.34+ 0.9 uM
reactivity of the E139K mutant (note that the limitirkg, were obtained foKy and ke, respectively (Table 1). Note
value for this mutant is still quite rapid at 2969100 s'%; that these values are comparable to those of wt FNR at high
Table 1). It should also be noted in this context that the values ofu (Table 1) and that thé& value is significantly
circular dichroism spectra (data not shown) of the E139K larger than that for E139K (290& 100 s!). Again, the
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circular dichroism spectra (data not shown) of the E139Q
mutant protein are essentially identical to those obtained for
wt FNR, indicating that no gross structural perturbations
resulted from the mutation. Thus, any differences in reactivity
cannot be attributed to structural alterations caused by the
mutation. Although neutralization of the negative charge at
E139 is expected to alter the electrostatic surface potential
in this area of the molecular surface (Figure 1, lower) and
thus would be expected to change the mutual orientation of
the proteins in the transient complex, this should not occur
to the same extent as for a charge reversal mutation.

E139D FNR.The E139D charge-conservation mutant
reacts with Fd in a manner very similar to wt at all values
of u (Figure 3). Although the value of the maximg}svalue
attained in the ionic strength dependence experiment (Figure
3) is somewhat smaller than that obtained with wt FNR, the
ionic strength at which this maximum is realized is the same
as for wt FNR. Furthermorépsaty = 12 mM in the ionic
strength dependency curve (Figure 3) is somewhat larger for
E139D as compared to wt. This latter observation is
consistent with thé&,sdependencies on E139D and wt FNR
concentrations at = 12 mM (Figure 4). As in the case of
wt FNR and the other mutants at = 12 mM, upward
curvature is also observed, although at appreciably higher
concentrations of E139D than for the K and Q mutants.
Saturation kinetics are observeduat= 100 mM for E139D
(Figure 4), and the kinetic constants obtained from these data
are given in Table 1. The value kf; (71004 800 s'%; Table

1) is similar to the wt value (6208 400 s), and the value Ficure 7: Mechanism of interaction of FNR with Fd at low ionic
Of Kq (20.0+ 2.2 FM; T.able 1) is about a factor of 2 larger strengthé. The FIFNR complexes shown are schematic repre-
than the value determined for wt FNR (943 0.7 FM) at sentations of nonoptimal complexes, with the-Secenter of Fd
this value ofu. The values oKy determined for the oxidized  occupying the furthest possible position from the FAD of FNR.
preeis e~ 12 and 100 i (42 09 and 5 1 02 2 Derhaain semiione s es o ey
uM, respectively) are given in Table 2. At both valuesof W . =t o

K4 for the oxidized proteins is larger for the E139D mutant E“gﬁ: ggmg:gi I(S a:]tgrv]v:&irli)a.dIgn%trr]:;;gs;bm; rAezutlrt]lggggr?cen_
than for wt FNR, as was observed for the transient complexX tration of FNR increases, a collisional interaction occurs whereby
atu = 100 mM (Table 1). A charge conservation mutation free FNR, oxidizes the exposed F& center of the reduced Fd in
at E139 would be expected to have minimal effects on the the complex (pathway C).

mutual orientation of the proteins in the transient complex,

which seems to be the case based on the kinetic behavio€omplex. As the total concentration of FiRs increased

observed for the E139D mutant. in the reaction mixture, the reduced complex is able to react
with free FNRy via a collisional interaction resulting in
DISCUSSION AND CONCLUSIONS oxidation of the Fglyin the complex and formation of FNR

As described above, the upward curvature in the FNR (Pathway C). In all cases, but especially in the E139K mutant,
concentration dependence observed at low ionic strengthsthis reaction proceeds more rapidly than the intracomplex
and at higher FNR concentrations is especially exaggerated'@action as the FNR concentration is increased. This results
in the E139K mutant and to a lesser extent in the E139Q in upward curvature of thiessvs [FNR] curves at the higher
mutant and is found to a still smaller extent in E139D and concentrations of FNR. The degree of reactivity of the
wt FNRs. This behavior can be explained by the mechanism complex determines the FNR concentration and the ionic
depicted in Figure 7. Here it is assumed that binding of Strength range at which this nonlinear behavior is observed.
photochemically reduced Fd (pathway A) to FNRt low Thus, the E139K charge-reversal mutation results in the least
ionic strengths produces a &g-FNRo complex in which favorable orientation of the proteins and the most nonreactive
the mutual orientation of the proteins is not optimal for et, complex with Fd. The E139Q mutation allows a more
resulting in a slow intracomplex et process (a particularly reactive, yet still significantly nonoptimal complex. At the
poor mutual orientation is depicted for the complex shown higher ionic strengths where saturation kinetics are observed,
in Figure 7, with the et cofactors being situated at the furthest the proteins can apparently bind such that the [2Fe-2S] center
possible distance from one another). The degree of nonop-Of Fd and the FAD of FNR can “communicate” effectively,
timal orientation varies with the FNR, being most severe in I-€., nonproductive complex formation is minimal or non-
the E139K mutant and progressively less so in the E139Q, eXistent.

E139D, and wt proteins. As shown in Figure 7, reduction of ~ Inasmuch as the interaction between Fd and FNR is known
Fdox in a preformed complex between oxidized proteins to be predominantly electrostatic in nature, it is instructive
(pathway B) results in the same nonoptimal slowly reacting to examine the electrostatic surface potential maps of Fd and
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FNR shown in Figure 1. It is important to note that the FNR interaction” @4). The present results indicate that a similar
map is based on an X-ray structure of the protein that situation is also operative in the interaction between the
includes the seven N-terminal residues that are typically Anabaenaproteins. It is also possible that, in the present
proteolytically removed during the preparation of the native system, the positive charges located on the backside of Fd
FNR. (Figure 1, upper right panel) are involved in the overall
The electrostatic surfaces of these proteins can be readilydocking process. This requires further study. It is clearly
divided into several distinct neutral or charged regions. The evident, however, that the E139Q charge-neutralization
front face of Fd, shown in the upper left panel of Figure 1, mutation lessens repulsive interactions between E139 and
contains a “bulge” (referred to below as the FeS bulge) that the Fd surface, which are involved in achieving proper
corresponds to the closest distance between the [2Fe-2Sprientations of the proteins leading to et. As previously stated,
center and the protein surface, and is seen to be electrostatithis loss of electrostatic repulsion contributes to the broad-
cally neutral under the conditions of the calculatiahlb ened ionic strength dependency curve observed for this
KT and 12 mM ionic strength). Immediately above the FeS mutant (Figure 3).
bulge is a region of negative charge generated by E94 and The fact that at = 12 mM, the valueq for E139K with
E95. E94, the closer of the two glutamates to the FeS centerFd in the oxidized form (Table 2) is quite similar to that
has been shownl() to be absolutely essential for the et found for the wt proteins is striking in light of the large
interaction of Fd with FNR, whereas mutations at E95 have difference in reactivity at this low value of. Even atu =
little or no effect. Immediately below and to the right of the 100 mM, the binding constant for the complex of E139K
FeS bulge is a positive charge due to R42, which has alsoand wt Fd is the same as that measured for the wt proteins
been shown not to be important in the interaction with FNR (Table 2), although the reactivities are still quite different
(10). The majority of the acidic residues in Fd are located (Figure 3). These findings support the conclusion that the
in two regions that are relatively far from the FeS bulge. A mutual orientation between the proteins in the transient
large acidic patch, consisting of D67, D68, D69, and E72, complex is the main factor affecting reactivity in these et
can be seen to the upper left of the FeS bulge (Figure 1, protein complexes. This same conclusion was reached in an
upper left panel) as a large negatively charged projection. extensive studyl(l) that included thermodynamic and X-ray
This region has been showh3d] to be important (although  structural studies in addition to kinetic studies on a number
not crucial) for the et reaction between the two proteins. The of Fd mutants. Thus, it appears from our work that a unifying
majority of the negative charge in Fd is located below the theme in proteir-protein et, at least in the Fd/FNR protein
FeS bulge (Figure 1, upper left panel). This negative patch system fromAnabaenajs that it is this mutual orientation
extends around to the “backside” surface of the protein that is the principal factor governing et reactivity.
(Figure 1, upper right panel, shows a view rotated°lsfbut
the y-axis) and is comprised of eight acidic residues (D22, REFERENCES
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