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Abstract: Transient kinetics and proteitprotein binding measurements over a wide range of ionic strehgitiaye

been used to characterize the interactions occurring during complex formation and electron transfer (et) between
recombinant ferredoxin (Fd) and both native and recombinant ferredoxin:NARBuctase (FNR) from the
cyanobacteriumnabaena Betweenl = 12 mM andl = 100 mM, the dissociation constard) for the complex

formed between oxidized Fd and oxidized native FNR increases from 4.5 tdvB.Wherea for the Fd complex

with recombinant FNR increases from 0.3 to 2. For both pairs of proteins, the ionic strength dependence of

kobs for the et reaction is biphasic. With native FNRps increases only slightly betwedr= 12 mM andl = 100

mM, whereas for recombinant FNRys increases by about 4-fold over this ionic strength range. For both proteins,
kobs decreases monotonically above= 100 mM. The dependence kf,s on FNR concentration is linear for both

pairs of proteins at = 12 mM, with the second-order rate constant for recombinant FNR being about 3 times
smaller than that for the native protein. In contrastl at 100 mM thekgps values are the same for both protein

pairs, and show saturation behavior with respect to the FNR concentration, indicating that et becomes rate-limiting
at high FNR concentrations. Electrostatic analysis of the kinetic data devi00 mM allows a prediction of the

ionic strength dependence of tg values, if electrostatic interactions are the only determinant of complex stability.
The predicted dependence is dramatically larger than the observed one, indicating that hydrophobic interactions
make an important contribution to complex stability. The differences in binding between native and recombinant
FNR are ascribed to proteolytic cleavage at the N-terminus, which occurs during preparation of the native enzyme
and which removes two positively charged residues, thereby decreasing the electrostatic interactions with Fd. The
kinetic results are explained by assuming that formation of the oxidized prgieitein complex blocks the et site,

and thus reaction only occurs between reduced Fd and free FNR. However, even after correction for the presence
of the preexisting complex, the reactivity of FNRIat 12 mM is significantly lower than that &t= 100 mM. This

is ascribed to electrostatic effects which force the complex with reduced Fd to be less optimal, implying that
hydrophobic interactions favor a more productive interaction between the two redox proteins.

Introduction from Anabaena(derived respectively from the closely related

In green plant, algal, and cyanobacterial photosynthesis,
ferredoxin (Fd) is the terminal electron acceptor from photo-
system |. After being reduced, Fd, which is a small, acidic
protein containing a single [2F&S] center, interacts (in two
one-electron steps) with ferredoxin:NADPeductase (FNR),
an FAD-containing flavoprotein which catalyzes the reduction
of NADP* to NADPH according to eq 1, where the subscripts

red and ox signify the reduced and oxidized states of the Fd,
respectively. X-ray crystal structures for both!Ra@nd FNR

strains 7120 and 7119) have been determined to high resolution,
and both proteins have been cloned and overexpressed in
Escherichia coli*> making them available in high quantities
and making it possible to readily construct site-directed mutants.
In previous work from this laborato§7,2 we have investi-
gated the electron transfer (et) mechanisms for the reactions of
wild-type and site-directed mutants of recombinant Fd from the
cyanobacteriumAnabaena7120 with native FNR (natFNR)
isolated fromAnabaenar119. It was shown that the observed
rate constantkg,y for the reduction of natFNR by k4 is
linearly dependent on the concentration of FNR when the
experiment is performed at low ionic strength (12 mM), but at
higher salt concentratiorig,s showed a nonlinear dependence

2Fd.q+ NADP" + H" —2Fd, + NADPH (1)
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we have reported preliminary results on the et reaction betweenpublished procedur¥. Difference spectra were recorded using dual-

wild-type Fd and wild-type recombinant FNR (recFNR).
Similar to the previous results, at low ionic strength= 12
mM), Kops for the reduction of both native and recombinant
FNRox by Fdeq is linearly dependent on FNR concentration,
whereas for the reaction at= 100 mM a nonlinear FNR

concentration dependence is observed. Generally, for a (mini-

mal) two-step mechanisthsuch as that given in eq 2, curvature

K ket
Fdleg+ FNRy, == [Fd o *FNR,] = F, + FNRy  (2)

compartment cuvettes, and the observed spectral changes at 460 nm
were fit to a hyperbolic function to obtaiy values.

Laser flash photolysis to obtakgysvalues for the et reaction between
Fdeqs and FNRx was performed as described previousiBriefly, a
N laser (PRA Model LN100, 0.1 mJ energy, 300 ps fwhm pulse
duration; PRA, London, Ontario) was used to pump a dye laser (BBQ
2A368 dye, 396 nm wavelength maximum; PRA), which excited the
sample containing the proteins to be studied. The photochemical
reaction, in which the 5-deazariboflavin (dRf) triplet state initiates
protein/protein et has been describetf. In this protocol, the dRf triplet
state generated by the laser flash extracts a hydrogen atom from a
sacrificial donor (EDTA in this case, present in 10-fold excess) to form

indicative of an approach to saturation is often observed, causedthe dRf semiquinone radical (dRfHn less than Jus. This, in turn,

by a change in the rate-limiting step from complex formation
to electron transfer. Indeed, such nonlinear behavior was
obtained over a wide range of ionic strengths in the et reaction
between natFNR and natFd froAmabaenar1191° We have

reduces the protein (B¢, which is present in large excess over dRfH

so that pseudo-first-order conditions apply and only a single electron
can enter each protein molecule. Subsequent to this reduction, protein/
protein et events occur (Rdto FNR,y), which are spectroscopically
monitored by an optical system as described previotisk.Samples

also reported measurements of the ionic strength dependencgseq for flash photolysis contained 10M dRf and 1 mM EDTA in
of kops for the reactions between Fd and natFNR and between 4 mm potassium phosphate buffer, pH 7.0. lonic strength was adjusted
Fd and recFNR, which showed a decrease in reaction rateby addition of aliquots 65 M NaCl. Samples without protein in 1 cm

constant occurring at low ionic strengths< 100 mM); this
was interpreted in terms of the formation of nonoptimal
complexes under these conditidits.

In order to further clarify the physicochemical mechanisms
involved in these ionic strength effects, we have carried out a
more detailed investigation of both the et kinetics and the
protein—protein binding constant&() for the reactions between
wild-type Fd and both natFNR and wild-type recFNR over the
ionic strength rangé= 12—100 mM. The results obtained in
this low ionic strength region are compared with a predicted
ionic strength dependence fdg based on an electrostatic model
for the proteir-protein interaction, derived from an analysis
of the ionic strength dependence of thgs values at > 100
mM using the Watkins equatidi. We interpret this to indicate
that both ionic and hydrophobic interactions occur during the
protein—protein interaction, with hydrophobic forces becoming
more prominent at higher values bf At | = 100 mM, the
[Fdrea—FNRG] complexes involving both natFNR and recFNR
become similar in reactivity, whereaslat 12 mM both FNRs

cuvettes sealed with a rubber septum were deaerated by bubbling with
Ar for 1 h. When needed, Ar was blown over the sample surface to
remove traces of £added upon subsequent introduction of protein or
NaCl to the sample. Generally4.0 flashes were averaged. Kinetic
traces were well fit by a single exponential, and were analyzed by a
computer fitting procedure (Kinfit, OLIS Co., Bogart, GA). dRf was
synthesized as described previouSly.

The ionic strength dependence of proteproteinKy values between
| =10 mM and = 100 mM, which would be expected if the interaction
were purely electrostatic, was obtained by first fitting thes data
experimentally determined in the high ionic strength regior (L00
mM; cf. Figure 1) to the Watkins equatidhusing only the monopote
monopole interaction term:

Ink(l) =Ink, — V;X(1) 3)

In eq 3,k(I) andk. are the observed rate constants at ionic strehgth
and at infinite ionic strength, respectively is the monopole
monopole interaction parameter, axf) is the electrostatic potential
as a function of ionic strength. An interaction radius of 3.8 A was
used in the calculation df; to optimize the fit (see ref 11 for details),

are less reactive. We ascribe these effects to a larger electrownich resulted in values of 495for k., and—10.6 forV; for the data

static interaction at low which results in a less productive et

of Figure 1. The reciprocals of thdl) values calculated from eq 3

complex, whereas the hydrophobic interactions between the twowere used to determine the shape of the ionic strength dependence in

proteins favor a more productive et complex.

Methods and Materials

Wild-type Fd fromAnabaena7119 was overexpressed i coli
and was prepared as described previofishtatFNR fromAnabaena
7120 was also isolated and purified by previously described metfods.
The recFNR gene fromAnabaena7120 has been cloned and overex-
pressedin E. coli PC 022%\on~; the 36 kD recFNR was purified as
described previously. All other materials were obtained as noted in
earlier publication$,or were of AR grade.

UV —vis absorbance spectra were measured with an OLIS (Bogart,
GA) modified Cary-15 spectrophotometer. Fd concentrations were
determined using an extinction coefficient of 9700 Mm™ at 422
nm,® and FNR concentrations were calculated using an extinction
coefficient of 9400 M* cm™ at 459 nm'?

Dissociation constants for complexes between the oxidized forms

the low ionic strength region; the resulting curve was normalized to
the experimentay value obtained dt= 12 mM in order to calculate
a theoretical ionic strength dependence Kar

Results

The effect of ionic strength on thgysvalues for the reactions
between Fd and natFNR and between Fd and recFNR are shown
in Figure 1. 1t is clearly evident that both reactions show a
biphasic ionic strength dependence. However, a significant
difference between the two forms of FNR occurs in the low
region; thekops values for the recFNR system decrease much
more dramatically, resulting in this reaction being slower by
almost a factor of 4 at = 12 mM. We have previously
ascribed this difference in behavior to the fact that recFNR

(14) Sancho, J.; Gnez-Moreno, CArch. Biochem Biophys 1991, 288

of Fd and FNR were measured spectrophotometrically according to a 231-238.
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Figure 1. Dependence of pseudo-first-order rate constants on ionic o °
strength for the reduction of nativ@®) and recombinantd) FNR by 0 o . : ‘ ! . !
Fdes For the reaction of Fd with natFNR, the reaction mixture 0 10 20 30 40
contained 3(«M of each protein. For the reaction of Fd with recFNR, [FNR] x 10° (M)

the reaction mixture contained 4M Fd and 30uM FNR. Other ) ) . .
conditions were as given in Figure 2. These data have been adapted:'gure 2. Ps'eudo-flrst-order'rate constants_for_ the reduction of native
from ref 9. The dashed line shows a fit to thss values obtained for ~ and recombinant FNR by wild-type Fd at ionic strengths of 12 and

both proteins abové = 180 mM using the Watkins equatidhthe 100 mM. For recombinant FNR &t=12 mM (@) and| = 100 mM
fitting parameters were as followsi = 3.8 A, Vi = —10.6, anck., = (m) and for native FNR at = 12 mM (O), FNR was titrated into a
49 s (see text for details). solution containing 3@&M Fd. For native FNR at = 100 mM (»),

FNR was titrated into a solution containing 4™ Fd. All solutions

contains six extra amino acids at the N-terminus compared to were deaerated and contained 10@ 5-deazariboflavin and 1 mM
natFNR, which is due to the absence of N-terminal proteolytic EDTA in4 mM potassium phosphate buffer, pH 7.0. The ionic strength
cleavage of the recombinant protein in its protease-defiéient ~was adjusted with NaCl. The solid line through the Fd/recFNR and
coli host, a modification which does take place during the Fd/natFNR data is the theoretical fit to the data assuming a two-step
isolation ,procedure from the natural hoAhabaena The mechanism (see text for details). The Fd/natFNR data are taken from

. - S - ref 6. Inset: Data from main panel replotted after the FNR concentra-
sequence of these six amino acids is TQAKAK (unpubllsheq tions were corrected for preexisting [RdFNR.,] complex, as
results). Thus, the presence of these extra residues, two of whic iscussed in the text.
bear a positive charge, apparently causes the highly negatively

pharged F d and the net positively_ charged r_ecFNR to form an allowed the evaluation of the effects that site-directed mutations
intermediate complex at lowthat is less optimal for et than have on the Ed/ENR interactiéng

the complex formed at highbetween the two proteins, or the . .
complex formed at low with the natFNR. It should be noted For the reactions B _the two FNRs W.'th Fdlat 100 mM,
not only is nonlinearity observed (Figure 2) but also no

hat the N-terminal region lies j | hatregion of the FNR . .~ . . .
that the N-terminal region lies just below thatregion of the significant difference is found between the two proteins. The

molecule which binds the FAD cofact®f, and therefore . ; ! )
probably lies near the interaction site with Fd. The decrease in nonlinear behavior ?"OWS E.i” of the data_ to be fit (solid curve
kons With increasingl which occurs for both proteins above through the data points) using the analytical solifiéhof the

° differential equations describing the mechanism shown in eq

approximatelyl = 100 mM is as expected for a collisional . .
electrostatic interaction involving reactants of opposite charge. 2, from Wh'C.th for the formation of the F'd‘./FN.ROX complex
can be obtained, as well as a value for the limiting rate constant,

A nonlinear least squares fit to these portions of the data, using
the Watkins equatidi applied to theko,s values for both ket Th‘?se values are 9'.3 0.7 ‘.‘M aF‘d 6200+ 400 s, .
natFNR and recFNR, is shown by the dashed curve in Figure respectl\{ely (ITablil.l)th'Chlaé%n satlls:ﬁ;tor]%/ g%rel\e;lmen(; with
1. Itis clear that this portion of the data is adequately fit by a g;(r)grgeylo\lj\ieyc%iclﬁdg frgamuthesrenc?;ta tha.ilea:. fOO ;nM
model which only includes electrostatic contributions (see below : . -

the extra positive charge at the N-terminus of recFNR does not

for further discussion). significantly influence the protetaprotein interaction during

The dependence ok,s on FNR concentration for the .
reduction of recFNR and natFNR by ggat| = 12 and 100 Fhe et Process as It doesla@t'r 12 mM, prgsumably dug to salt
ion screening of the protein charges (i.e., weakening of the

mM is shown in the main panel of Figure 2. For both reactions electrostatic forces). As is shown also in Figure 1, at 100

at| =12 mM, the dependence is linear, whereas &t 100 mM the two proteins also behave similarly, as expected once
mM nonlinearity is observed. Similar ionic strength depend- pr - Y, P
the electrostatic charges are effectively masked.

encies have been reported previously for the reaction of natFNR

with a number of recombinant Fd mutaft$. The linear plots In order to further elucidate the nature of the interaction
for the Fd/natFNR and Fd/recFNR systems$ at12 mM yield between Fd and FNR, we have directly measured the binding
second-order rate constants of (%00.1) x 108 M~1s1 and constants for complex formation between the oxidized proteins

(0.40+ 0.07) x 108 M1 571, respectively (Table 1: the ratio  OVer 2 wide ionic strength range. The binding data, the
of these rate constants is consistent with the rati,gfvalues corresponding hyperbolic fits, and the calculakedvalues are
for the two proteins shown in Figure 1 bt= 12 mM). Since shown in Figure 3. Itis clear that, for the Fd/natFNR system,
saturation could not be observed under these conditions, thesé<d does not change appreciably betwé¢en 12 and 112 mM,
second-order rate constant values reflboth the complex (20) Smondsen. R. P.- Tollin. Giochemistryl983 22, 3008-3016.

forma}tion _Stepindt.he §Ubsequent et step (i.Edker, see eq 2). (21) Simondsen, R. P.; Weber, P. C.; Salemme, F. R.; Tollin, G.
Despite this complication, such second-order rate constants haveBiochemistry1982 21, 6366-6375.
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Table 1. Kinetic Parameters for the Reduction of Native and Recombinant FNR by Ferdt2 and 100 mM

uncorrectedl corrected
FNR I (mM) ke x 1B (M~1s?) Kq (uM) Ket (S71) Kq (M) Ket (57
nat 12 1.0+£0.1 nd nd 2.2£0.3 3600+ 400
nat 100 nd 9.3: 0.7 6200+ 400 1.7£0.1 5500+ 400
rec 12 0.40+£ 0.07 nd nd 2.2:0.3 3600+ 400
rec 100 nd 9.3: 0.7 6200+ 400 1.7£0.1 5500+ 400

aConditions are as given in Figure 2See text for details.
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Figure 3. Spectral changes observed upon binding between native and
recombinant FNR and wild-type Fd at various ionic strengths. For lonic Strength (mM)
native FNR atl = 12 mM (©), FNR was titrated into a solution

containing 11.3«M Fd. For native FNR at = 112 mM (a), Fd was Figure 4. Theoretical @) and experimental @) ionic strength

titrated into a solution containing 10 FNR. For recombinant FNR ~ dependence dfq for the Fd/recENR protein system. The experimental
atl = 12 mM (@), Fd was titrated into a solution containing 6\ values are those obtained from the data in Figure 3. Calculation of

FNR. For recombinant FNR at= 50 mM (a), Fd was titrated into the theoretica! values was _performe_d u_sing the parar_netgrs obtained
a solution containing 7.8M FNR. For recombinant FNR at= 112 from the Watkins equation fit to the kinetic data shown in Figure 1, as
mM (M), Fd was titrated into a solution containing 1 FNR. descrlt_)ed in the text. The dlffgre_nce bet_ween the two curves |_s_asc_r|bed
Solutions also contained 1 mM EDTA in 4 mM potassium phosphate {© the influence of hydrophobic interactions on complex stabilization.
buffer, pH 7.0. The ionic strength was adjusted with NaCl. Solid lines
through the data points are hyperbolic fits to the data assuming a 1:1
complex. Dissociation constantaNl) mfor the oxidized proteins The above results provide strong evidence for the occurrence
derived from such hyperbolic fits are indicated next to each curve.  of photh electrostatic and hydrophobic interactions between Fd
and FNR during complex formation and et (Figure 4), as well
which is consistent wittKq values for the native FgfFNRox as for the existence of nonproductive interactions at low ionic
complex obtained from kinetic measureme®tsFor the Fd/ strengths (Figure 1). Given the magnitude of the binding
recFNR systemKgy increases by approximately 10-fold over constants for the [Rg—FNR,] complexes (Figure 3), a
this same range (Figure 3). The extent of the latter increase insjgnificant fraction of FNR will be present as complex at low
K4 correlates well with the large increase in the et rate constant|. |t is possible to account for the decreasekips values at
(Figure 1) for this protein pair over this ionic strength range. < 100 mM (cf. Figure 1) in a quite simple manner if one
Similarly, the smaller increase in the et rate constant for the assumes that the electrostatically stabilized complex formed
Fd/natFNR system (Figure 1) corresponds with the smaller petween the oxidized proteins (eq 4) is incapable of reacting
change inKy obtained for this system. These correlations ith either dRfH or Fdeq (€gs 5 and 6), i.e., that the reactive
strongly suggest that the kinetic behavior and the thermodynamicsites of Fd and FNR are blocked in the complex and thus&NR
behavior reflect the same underlying mechanism. formation can only result from direct reaction of free F)NR
Figure 4 compares the experimentally determined values of with Fdeq (€q 7).
Ky with a theoretical plot determined using the Watkins

Discussion

equation! (see Materials and Methods), which yields the ionic Fd,, + FNRy, = [Fdo,—FNR,] (4)
strength dependence Kf which would be expected if complex
stability resulted from purely electrostatic interactions. It is clear dRfH" + [Fd,,—FNR,] » (5)
that this theoretical curve fdfy increases much more rapidly
with ionic strength than the experimentally obtained values. This Fd.q+ [Fd,,—FNR,,] » (6)

difference is approximately 3-fold at the highest valué.ae

conclude from this that complex stability is strongly influenced Fd.y+ FNR,,=[Fd . ~FNR,] — Fd,,+ FNR 4 (7)

by factors other than electrostatics, presumably hydrophobic

interactions, which are expected to have an ionic strength This is consistent with the X-ray structure of FRRhich shows
dependence opposite that for ionic interactions. Thus,ias a cavity near the edge of the flavin cofactor within which Fd is
increased, electrostatic interactions are weakened and hydromost probably bound. Using the measured binding constants
phobic interactions become stronger in the{NR] complex. (Figure 3), the kinetic data in Figure 2 can be corrected for the
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concentration of FNR that is present as the nonproductive electrostatic interactions are the dominant factors in properly
complex. Such corrected data are plotted in the inset to Figure orienting proteins within productive et complexXé2> Such

2. an interpretation is consistent with observations of a monotonic

For both recFNR and natFNR lat= 100 mM, the dependence  dependence dfy,s 0n |, an example of which is given by the

of kops ON the concentration of free FNR remains hyperbolic oxidation of Chlorobium thiosulfatophiluncytochromec-555
after correction; values of 1M and 5500 s* for Kq andkes, and ofPseudomonas aeruginosgtochromec-551 by spinach
respectively, are obtained from an analysis of these data (Tableplastocyanir?® This type of ionic strength dependence differs
1). Note that the value ok is essentially unchanged after dramatically from the biphasic dependence obtained for the Fd/
correction, whereas the value Kf is decreased from 9.3 to  FNR system discussed herein (Figure 1), as well as for a large
1.7 uM. A smaller Ky is expected upon correction for the  number of other proteinprotein system3 which we have

concentration of FNR present as nonproductive complex. ascribed in the present study to a combination of electrostatic
Itis important to note that for both natFNR and recFNR the and hydrophobic effects. That hydrophobic interactions can
dependence df,nson the concentration of free FNR bt 12 stabilize protein/protein complexes has been known for many

mM becomes hyperbolic after correction; thus, the apparent lackyears?” More recently, several structural studies have indicated
of saturation can simply be ascribed to competition for FNR {he jnvolvement of hydrophobic interactions in electron transfer
between Fg and Fded-l Analysis of these curves yields values  rgtein complexes. These include the crystal structure deter-
of 2.2uM and 3600 s" for Kq andke, respectively (Figure 2, mination of the yeast cytochronuéyeast cytochrome peroxi-
inset, and Table 1). Note that although the binding constants j,qo complex, which shows that hydrophobic and van der Waals
are quite slmllar to t_he _correspondmg values tha'ned for both interactions are the predominant forces holding this protein pair
protein pairs at high ionic strength aft_er °_°”eCt'°“'“¥‘°”"’."993 together® and the crystal structure of the complex between
are 5|gn|f|c_:antly smaller. Thus, low ionic strefr;gth |nh|b|t§ the methylamine dehydrogenase and amicyanin, which demonstrates
et interaction between fkd and FNR,, even after correction that the interface between these two proteins is largely hydro-

for the concentration of preexisting complex, suggesting that . 29 :
the stronger electrostatic interaction forces the two proteins into phobic: . For the yeast cytochro ytochrom_ec peroxu_zlas_e
system, it has also been shown by site-specific cross-linking of

a less productive orientation. When the electrostatics are . . .
weakened by the increase in ionic strength, the two types of the two proteins that the orientation revealed by the crystal

FNR form more reactive complexes. This implies that the Structure is et competeft. A number of other types of studies,
hydrophobic forces which begin to dominate under these including a thermodynamic study of the binding of spinach Fd
conditions are more effective in producing a reactive orientation t© spinach FNR kinetic measurements of the cytochrome
than are the electrostatic forces. It is also important to note ¢/Cytochromec peroxidase systeft,complex formation in the
that, at still higher ionic strengths, the weakening of the long- Cytochromebs/cytochromec systen?? site-specific mutagenesis
range electrostatic interactions apparently causes the collisionsstudies of the interaction between plastocyanin and photosystem
between the two proteins to become slow enough and randoml,34~3¢ and measurements of the binding of NADPH-cytochrome
enough so that the frequency of productive encounters dominated?450 reductase to cytochrome P45Bave also demonstrated
the kinetics of the reaction, despite the growing importance of the importance of hydrophobic interactions in the stabilization
the shorter range hydrophobic interactions. Thus, the Watkins of et protein complexes.

formalism is able to adequately fit this portion of the ionic  The present system differs from the ones described above in
strength dependence kfps inasmuch as it takes into account  that an electrostatic attraction between the proteins, which is
the acceleration of the collisions by long-range Coulombic most important at low, yields alessproductive et complex. A
forces. . _ _ o ) productive orientation between the two redox proteins dominates
The mechanism described above is very similar to a “con- at jonic strengths close to those found physiologically, where
formational gating” process in which there is interconversion yresumably an appropriate balance is achieved between elec-
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