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ABSTRACT 

Electron transfer to and between the redox centers 

of milk xanthine oxidase 

flash-photolysis technique. 

was investigated by laser 

Evidence is presented for slow 

equilibration of electrons {k < 38 S-1 )between the various 

redox centers of the enzyme. The enzyme-bound flavin and 

the heme moieties of the flavoprotein and cytochrome 

subunits of g-cresol methyl hydroxylase from pseudomonas 

putida are both reduced rapidly in a second order manner by 

5-dRf' generated by the laser flash, followed by slower 

first order intramolecular electron transfer (k = 220 S-I) 

from the protein-bound neutral flavin radical to the 

oxidized cytochrome. Complex formation between spinach 

ferredoxin:NADP+-reductase (FNRox ), spinach ferredoxin 

(Fdox ), rubredoxin(Rdox ) from Clostridium pasteurianum, two 

homologous HIPIP's from Ectothiorhodospira halophila (iso-1 

and iso-2) and two homologous cytochromes (cytochromes-c2 

from Paracoccus denitrificans and Rhodospirrilum rubrum) 

have been investigated. Evidence is presented supporting 

the formation of 1:1 complexes that are stabilized by 

attractive electrostatic interactions at low ionic strength. 

Kinetic studies of the abovementioned complexes provide 

xiv 



xv 

evidence for extremely rapid to relatively slower 

intracomplex electron transfer rates (It 7000 S-1 to 4 S-I). 

In addition the effect of complexation on the degree of 

accessitility of the various redox centers of the respective 

complexes to reduction by small reductants such as 5-dRf' 

and LfH· generated by the laser flash has been evaluated. 

The effect of both pH and ionic strength on the second order 

rate of reduction and the intracomplex rates in the 

respective complexes have also been investigated. The 

results have been interpreted in terms of redox potential 

differences, electrostatic and structural features that 

influence the electron transfer rates in these systems. 



INTRODUCTION 

Biological electron transfer reactions are common to 

many important processes such as photosynthesis, 

respiration, nitrogen fixation, etc. These involve the 

transfer of an electron from one site to another, either via 

a single redox protein containing one or more prosthetic 

groups, or via a number of redox proteins intricately linked 

together in an electron transport chain. The components of 

these systems possess a 

flavins (linked to 

variety of 

the protein 

prosthetic groups, e.g. 

either covalently or 

non-covalently), heme (common to the cytochromes), 

iron-sulfur clusters (low and high potential ferredoxins) 

and copper (plastocyanins, azurins). The components of 

these electron transferring chains are uniquely situated, 

and each carries out a specific function determined by their 

physico-chemical properties. Depending upon their function, 

these proteins are either water soluble, loosely associated 

with a membrane, or an integral part of the membrane. 

Examples of these classes of proteins are found in the 

photosynthetic electron transport complex found in higher 

plants. Cytochrome-f an integral membrane protein, acts as 

one of mediators of electron flow from photosystem-2 to 
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photosystem-1. The 2Fe-2S ferredoxin, involved in the 

terminal stages of photosynthetic electron flow, is believed 

to be loosely membrane bound, which perhaps facilitates its 

interacton with the reducing end of photosystem-1 (bound 

ferredoxin). An example of a water soluble protein is 

ferredoxin:NADP+-reductase, an FAD containing protein, that 

catalyzes the transfer of two electrons from ferredoxin to 

NADP+, representing the terminal stage of photosynthetic 

electron flow. The exact mechanism by which an electron is 

transferred from one site to another remains to be clearly 

elucidated. Factors that determine the biological 

specificity and intrinsic rates of these reactions are 

therefore of importance. Two mechanisms of electron 

transfer that are generally accepted are the outer and inner 

sphere mechanisms. The former requires that an electron be 

transferred from donor to acceptor via a bridging ligand, 

while electron transfer via the latter mechanism occurs 

through orbital participation(Miller et aI, 

1983; Newton and Sutin, 1984). 

1984; Sutin, 

Not much information can be obtained about the 

nature of the electron transfer process, unless extensive 

kinetic and structural investigations are carried out. This 

would provide information on the influence of such factors 

as redox potential differences between donor and acceptor, 

distances between participating redox centers, their 

2 



relative orientation with respect to one another, surface 

topographies including steric and electrostatic effects and 

relative exposure of the chromophores to the solvent. 

The availability of X-ray crystal structures has 

been invaluable in interpreting the mechanisms of many of 

these electron transfer proteins (Adman, 1979). In the 

absence of structures,kinetic studies in conjunction with 

spectroscopic techniques such as NMR and EPR (Chan et aI, 

1983; Van Huevlen, 1976; Miura et aI, 1980; Fischer and 

Hurst, 1978; Hazzard and Tollin, 1985) have proven to be a 

powerful tool in interpreting the electron transferring 

properties of redox proteins. Rapid kinetic methods such as 

stopped-flow, temperature-jump, pulse-radiolysis and 

flash-photolysis (Simondsen et aI, 1982, 1983; Meyer et aI, 

1983, Maskiewiscz and Bielski, 1982), have all been used 

with a fair amount of success. 

Recent publications from this laboratory describing 

the electron transfer kinetics of a series of structurally 

homologous redox 

copper proteins) 

both small (free 

proteins 

and their 

flavin 

(cytochromes, 

bimolecular 

semiquinones, 

HiPIP's and blue 

interactions with 

generated by the 

laser-flash photolysis technique), and larger more complex 

reactants (flavodoxin semiquinone), have elucidated various 

features of the electron transfer process (Meyer et aI, 

1983; Przysiecki et aI, 1985; Meyer et aI, 1984; Tollin et 

3 



aI, 1984jMeyer et aI, 1985j Tollin et aI, 1985(a)j Tollin et 

aI, 1985(b)). X-ray structural information, sequence 

homologies (for those proteins of undetermined structure), 

together with kinetic data, were used to obtain insight into 

the effects of redox potential, sterics, and electrostatics 

on reaction rate constants. The effects of similar factors 

on the reaction mechanisms and intramolecular electron 

transfer rates in redox proteins containing more than one 

chromophore, and intracomplex electron transfer in 

bimolecular complexes that are partially stabilized by 

electrostatic interactions, are not as clearly understood, 

however. The content of this thesis deals with this 

problem. Intramolecular electron transfer in milk xanthine 

oxidase and in the flavocytochrome 

hydroxylase have been investigated. In 

formation and electron transfer 

g-cresol methyl 

addition, complex 

between spinach 

ferredoxin:NADP+-reductase, spinach ferredoxin and several 

high potential redox proteins has been studied. A brief 

description of the general properties of each type of redox 

protein involved in this investigation is presented. 

4 



Xanthine Oxidase 

Mechanistic studies of inter and intramolecular 

electron transfer reactions in enzymes containing multiple 

redox centers have been and continue to be an area of active 

research (Palmer and Olson, 1980). Due to its ready 

availability and stability, milk xanthine oxidase has been 

the subject of numerous kinetic and structural studies (cf. 

Bray, 1975, 1980). The enzyme's main function is to 

catalyze the 

although it 

oxidation of 

reacts with 

xanthine and hypoxanthine, 

a wide variety of purines, 

pyrimidines, aldehydes, pterins etc. The natural acceptor 

molecule that is involved in the reoxidation of the reduced 

enzyme is molecular oxygen (02), although the specificity 

for other electron acceptors is perhaps just as diverse as 

its substrate specificity. The enzyme consists of two 

identical functional subunits( MW 300 kilodaltons) 

containing one molybdenum , one FAD, and two 2Fe-2S centers 

that are spectrally distinct. The major site of electron 

entry is now generally accepted to be the Mo center, whereas 

the FAD moiety is the site of reduction of 02. The enzyme 

is capable of accepting up to six electrons, two each to the 

Mo and FAD sites and one to each of the 2Fe-2S centers. 

Hence 3 moles of substrate are required to achieve full 

reduction of the enzyme. This process is believed to occur 

in a sequential manner involving substrate binding, followed 
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by distribution of reducing equivalents to the various redox 

centers and subsequent release of the products. Recent 

potentiometric titrations of the enzyme at different pH 

values (Porras and Palmer, 1982; Spence et al., 1982) have 

established the respective redox potentials for each redox 

center (Table 1). From the observed biphasicity of the 

reoxidation kinetics with 02 as the acceptor, Olson et 

al.(1974) suggested that the primary process in this 

reaction was the initial reaction of 02 with FADH2, leading 

to the formation of superoxide (02'-) and FADH' , This is 

followed by reformation of FADH2 by electron transfer from 

the remaining reduced centers, which then reacts with 02'

resulting in peroxide formation. The redox potential of 

this half reaction (i.e. 02,------> H20Z) is favorable from 

a thermodynamic standpoint when compared to the potential of 

the FAD-----> FADH' half reaction (800 mV vs. -300 mV), 

More recently, Hille and Massey (1981) studied the oxidative 

half reaction of xanthine oxidase, in order to reexamine the 

formation of the superoxide anion. They employed 

cytochrome-Q to monitor the formation of superoxide, and 

determined that the ratio of superoxide produced to xanthine 

oxidase reoxidized was 2:1. Experiments with the two and 

four-electron reduced enzyme also produced the same result, 

indicating that the final two electrons to leave the enzyme 

are responsible for the formation of superoxide. Their data 

6 



also suggested that the removal of the electrons from the 

fully reduced enzyme occurred in the sequence, 6---> 4---> 

2---> 1---> O. The reaction of molecular oxygen with the 

fully reduced form of FAD is k~netically favorable when 

compared to its reaction with the blue neutral semiquinone. 

The larger rate constants obtained for the first three steps 

(20-35 S-I) compared to that of the final step (~1 S-I), 

suggested that the oxygen was reacting with the semiquinone 

form of FAD. It has already been well established that the 

native enzyme can be selectively modified at specific sites. 

Reduction of the enzyme followed by complexation with 

alloxanthine results in loss of catalytic activity, with Mo 

being trapped in its +4 oxidation state. Arsenite treatment 

also results in a non-functional Mo although the mechanism 

of inactivation involves both binding and an alteration 

(increase) in the redox 

(Stewart et aI, 1984). 

in a change in the 

potential of the molybdenum center 

The altered redox potential results 

distribution of electrons among the 

various centers of the enzyme. The binding of arsenite to 

the reduced enzyme was found to be tighter than to the 

native oxidized enzyme, whereas the oxidized desulfo enzyme 

bound arsenite almost as tightly as the oxidized native 

enzyme. The exact nature of the interaction that 

facilitates the tighter binding of arsenite in the reduced 

enzyme is not known. However, it has been suggested that 

7 



the reduction of the Mo could result in altered basicity of 

an unknown active site group, which would result in the 

formation of an additional bond to the arsenic atom of the 

complex. Cyanide (CN-) treatment of the native enzyme 

results in the inactivation of the enzyme, by rendering the 

Mo non-functional. The effect of the CN- is to remove an 

essential sulfur atom ligated to the Mo, which in turn is 

replaced by oxygen (Nishino et aI, 1982;Coughlan, 1977). It 

has been demonstrated that the FAD moiety of the native 

enzyme can be removed by treatment with high concentrations 

of KI or Ca 2+ (Kanda et aI, 1972; Komai et aI, 1969). The 

deflavo enzyme can still accept electrons from substrate but 

can no longer donate electrons to 02' The exact mechanism 

by which the dissociation of the flavin occurs is not clear. 

However, it is possible that the presence of high 

concentrations of ions alters the ionic properties of the 

exterior of the protein sufficiently to result in 

'loosening' of the structure and release of the bound 

flavin. Reduction of the protein greatly facilitates the 

release of the flavin. This could either be a result of a 

conformational change or perhaps the hydroquinone form of 

FAD (FADH2) has a decreased affinity towards the enzyme. 

Treatment of the native enzyme with iodoacetamide in the 

presence of xanthine, results in the alltylation of the FAD 

rendering it redox inactive, and results in a reduced 

8 



optical absorption due to the FAD than in the native enzyme 

(Komai and Massey, 1971). The alkylated enzyme can still be 

reduced, but its reactivity towards oxygen is extremely 

slow. The nature of the differe~ce spectrum (oxidized minus 

reduced) of the alkylated enzyme is similar to the deflavo 

enzyme, but quite different from that of the native enzyme. 

Removal of the alkylated flavin yielded normal deflavo 

enzyme, and reconstitution with FAD resulted in the 

restoration of its activity. Prolonged irradiation of the 

alkylated enzyme, however, results in photo dissociation of 

the alkyl group from the flavin. Results from studies on 

the deflavo enzyme (Komai et al.,1969) have shown that the 

Mo center is capable of direct electron donation to the 

2Fe-2S centers, as well as to the FAD. Olson et al.(1974) 

were the first to propose that internal electron transfer 

among the various redox centers was more rapid than 

catalytic 

hypothesis 

Edmondson 

turnover. They cited as support for this 

ESR experiments of the pH-jump rapid freeze 

et al. (1973), as well as the success of 

calculations based on the relative oxidation reduction 

potentials in describing stopped

and steady-state kinetic data. 

hypothesis is quite attractive 

kinetic properties of xanthine 

desirable to obtain a direct 

flow, rapid-freeze quench 

The rapid equilibrium 

in describing the known 

oxidase, and thus it is 

measurement of electron 

9 
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transfer rates among the individual centers of the enzyme. 

These reactions have not been resolvable by normal rapid 

mixing techniques 

Temperature-jump kinetic 

(Palmer and Olson, 1980). 

studies on the partially-reduced 

enzyme have also been reported to be unsuccessful (Fischer 

and Hurst, 1978), presumably as a consequence of either a 

temperature insensitivity of the various equilibria or to an 

identical enthalpy change for each of the equilibria 

involved. The results presented in this thesis describe the 

kinetic behavior of the native and modified forms of the 

enzyme using several of the abovementioned modifications. 
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p-Cresol Methyl Hydroxylase 

p-cresol methyl hydroxylase (PCMH) from Pseudomonas 

putida(NCIB 9869) is an anaerobic dehydrogenase that 

catalyzes the dehydrogenation and subsequent hydration of 

p-cresol to p-hydroxybenzaldehyde (Hopper, 1978, 1976; 

McIntire et aI, 1984, 1985). The enzyme consists of two 

subunits of apparently the same molecular weight, a 

flavoprotein and a £-type cytochrome (Keat and Hopper, 

1978). 

The flavocytochrome has a number of interesting 

properties. Isoelectric focussing studies on the native 

enzyme (Mcintire and Singer, 1982) have shown that the 

flavoprotein and cytochrome subunits can be dissociated, 

resulting in almost complete loss of activity (V max for 

p-cresol oxidation by the flavoprotein is only two percent 

that of the native enzyme; McIntire and Singer, 1982; 

McIntire, 1983). On reconstitution full activity is 

recovered, and the reconstituted enzyme has all the 

properties of the native enzyme (i.e. molecular weight, 

redox potential, spectral properties, etc). 

The enzyme catalyzes the two-electron oxidation of 

p-cresol, followed by the addition of water, initially 

leading to the formation of p-hydroxybenzyl alcohol, which 

itself is a good substrate for the enzyme. This in turn is 

oxidized to p-hydroxybenzaldehyde. The oxidation of the 
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methyl group is therefore achieved without the participation 

of molecular oxygen, with the incorporated oxygen being 

derived from water(Hopper, 1978). In addition to ~-cresol, 

the enzyme also catalyzes the dehydrogenation and hydration 

of homologues of ~-cresol. It catalyzes the partially 

assymmetric hydroxylation of 4-ethyl phenol to 

1-(4-hydroxyphenyl) ethanol via a mechanism that probably 

includes three stereospecific steps (Radola, 1975). 

The flavin moiety of the flavoprotein subunit is 

covalently linked to the apoprotein via an unusual 8-

-O-tyrosyl bond (McIntire et aI, 1982 and references cited 

therein). This is the only flavin containing enzyme that is 

presently known to posses this type of linkage. 

The redox potential of the cytochrome subunit of the 

native enzyme has been determined to be +250 mY. 

Dissociation of the flavoprotein subunit, however, leads to 

a substantial drop in the midpoint potential of the 

cytochrome subunit(Em = +180 mY) (Keat and Hopper, 1978). 

Although the one and two electron potentials of the flavin 

moiety in the native enzyme and isolated flavoprotein 

subunit have not been determined, sulfite binding studies on 

8- -O-tyrosyl riboflavin have established an Em ,7 value of 

-169 mV (Muller and Massey, 1969; McIntire et aI, 1982). 

Full reduction of the enzyme requires three electron 

equivalents, with the reduction of the heme being observed 
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prior to the reduction of the flavin. EPR studies have 

suggested that the initial reduction of the covalently bound 

flavin results in the formation of the anionic (red) flavin 

radical, followed by full reduction of the flavin moiety 

(Ackrell et aI, 1982). Stopped flow and steady state 

studies gave no indication of the formation of the neutral 

(blue) flavin radical (McIntire et aI, 1985(a)). 

Titration studies using g-cresol as the reductant 

(which is a two electron donor), have suggested the 

possibility of intermolecular electron transfer between the 

anionic protein-bound flavin radical on one enzyme molecule 

and the oxidized heme located on another enzyme molecule 

(McIntire, et aI, 1982, 1985). 

It has been demonstrated that molecular oxygen will 

itself not oxidize the reduced enzyme (Causer et aI, 1984). 

However, PMS has been used as an acceptor to facilitate the 

reoxidation reaction, either acting as a donor to molecular 

oxygen or to 2,6-DCPIP. A recent pUblication (Causer et aI, 

1984) has suggested that a blue copper protein (Pseudomonas 

azurin, MW = 14,000 daltons) may be the natural electron 

acceptor. This conclusion was based on the observation that 

reduction of the azurin was achieved in the presence of 

g-cresol and native PCMH. The isoelectric point (pI = 7.3) 

and the amino acid analysis of the azurin suggests the 

presence of a higher number of Arg and Lys residues than is 
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typical for this class of protein. The pI of native PCMH is 

substantially lower in both the oxidized and reduced forms 

(5.0 and 4.8, respectively; McIntire et aI, 1984), and hence 

electrostatic interactions may possibly play an important 

role in this reaction. 

ThG results presented in this dissertation describe 

the kinetic behaviour of native PCMH and its individual 

subunits with 5-deazariboflavin and lumiflavin semiquinones, 

generated 

technique. 

anaerobically by the laser flash-photolysis 
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Rubredoxin 

As a class, rubredoxins contain no labile sulfur and 

usually a single iron atom tetrahedrally coordinated to the 

sulfur atoms of four cysteine residues near the surface of 

the small (~6 kilodalton protein. Although Q. 

pasteurinum rubredoxin (Rd ox ) is well characterized 

structurally (Watenpaugh et al., 1979), its specific 

biological function, as that of all Rd's from anaerobic 

sources, remains unknown. However the somewhat atypical 

(2-Fe and ~19 kilodalton Rd from the aerobe Pseudomonas 

oleovorans is known to function as an electron carrier in an 

-hydroxylation/epoxidation system within this organism (Lode 

and Coon, 1973). As part of this three component system, Rd 

accepts electrons from an FAD containing NADH:rubredoxin 

reductase. A 1:1 complex between Rd and its reductase is 

formed in vitro at low ionic strength, although the 

catalytic importance of this complex has not been shown. 

Reduced P. oleovorans Rd can specificallY act as a donor to 

a third component of the system, the hydroxylase enzyme, and 

is also able to reduce alkylhydroperoxides to alcohols (Lode 

and Coon, 1973). The ~. oleovorans system is chemically 

analogous to the adrenal mitochondrial steroid hydroxylation 

system and others in which a flavoprotein NAD(P)H reductase 

donates an electron to an Fe/S protein, which in turn 
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donates its electron to a hydroxylase enzyme (Kamin et aI, 

1978). 

The facile reduction of Rd's by NAD(P)H reductases 

appears to be a reaction common to many Rd's (Lovenberg and 

Sobel, 1965; Mayhew and Peel 1966; Lode and Coon 1973; and 

Yang et al. 1980). 

homologous Rd's from C. 

More specifically, the structurally 

pasteurianum and M. elsdenii are 

known to be readilY reduced by NAD(P)H and catalytic amounts 

of spinach ferredoxin:NADP+-reductase (Peterson and Coon, 

1968). 

At low ionic strength, M. elsdenii Rd has been 

found to rapidly form a 1:1 complex with spinach FNR that is 

stabilized in part by electrostatic forces, as suggested by 

decreased complex stability with increasing ionic strength 

(Foust et aI, 1969). 

The three dimensional structure of C. pasteurianum 

Rd has been determined at high resolution (1.2 A, Watenpaugh 

et aI, 1979). The folding of the polypeptide chain occurs 

in such a way as to form a roughly three sided box, with the 

N-terminal region forming one side of the box (consisting 

mainly of two strands of a three stranded antiparallel beta 

sheet). The second side of the box is made up of a portion 

of the polypeptide chain that is loosely held together by 

hydrogen bonds. The remaining portion of the chain 

constitutes the third side of the box. The Fe-center is 
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itself located in a relatively hydrophobic region of the 

protein molecule. 

charged residues 

However, a large number of negatively 

are spread across the surface of the 

protein molecule away from the Fe-center, and may function 

as a possible reductase binding site. In addition to this, 

the ring of negatively charged amino acid residues (residues 

14, 19, 36, 48, and 50) in closer proximity to the Fe center 

may also be involved in reductase recognition. At present 

it is difficult to distinguish between the two possible 

sites. However, kinetic studies with other Rd's of known 

sequence, in addition to further structural characterization 

by other techniques such as NMR and computer modelling may 

better define the possible recognition sites. 

The redox potential of C. pasteurianum Rd is -57 mV 

at pH 7.0 (Lovenberg and Sobel, 1965). Due to the 

relatively low potential, and because of its autooxidable 

nature, C. pasteurianum Rd (or any other Rd) has been the 

subject of only a single transient kinetic study in the past 

(Jacks et aI, 1974). As mentioned above, complex formation 

has been observed at low ionic strength between spinach FNR 

and M. elsdenii Rd. The spinach FNR/C. pasteurianum Rd 

system therefore provides a system to investigate electron 

transfer in 1:1 flavoprotein reductase:Fe-S protein 

complexes. The fairly large redox potential difference 

between the one electron reduced species in this system ( E 
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~ 260 mY) should facilitate irreversible electron transfer 

from the protein-bound FNR semiquinone to oxidized Rd within 

the complex. Complex formation was investigated by visible 

absorption difference spectroscopy, and by difference CD. 

In addition, the intracomplex electron transfer reaction 

from FNR· to Rd ox , as well as the accessibility of the Fe 

center in free and bound Rdo x, were investigated using 

5-dRf· and LfH· generated anaerobically by the laser flash 

photolysis technique. 
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Cytochromes-c2 

Cytochromes from prokaryotic sources are closely 

related to those obtained from eukaryotic sources in their 

overall size, amino acid sequence, visible spectrum and the 

manner in which the hememoiety is covalently linked to the 

polypeptide chain (Ambler et aI, 1976; see Meyer and Kamen, 

1982 for review). These cytochromes function as electron 

carriers in bacterial respiration, photosynthesis and 

inblue-green algal respiration. 

The respiring bacterium Paracoccus denitrificans, 

which is capable of using either molecular oxygen or 

inorganic nitrateas the oxidant, contains a cytochrome 

(cytochrome-c2, PC2ox) that isbelieved to be involved in 

oxygen respiration (Vernon, 1956). Theprotein is composed 

of 135 amino acid residues and is fairly acidic in nature 

(pI~4.0). 

In a majority of cases, the bacterial cytochromes 

do notcross-react with the cytochrome oxidase and reductase 

from eukaryotic sources, and the eukaryotic cytochromes will 

not cross-react with oxidases and reductases from bacterial 

sources (Yamanaka and Okuniki, 1964; Yamanaka, 1967). 

However Scholes et al (1971) noted that the rate of reaction 

of the mitochondrial cytochrome-c with the oxidaseof the 

cytochrome-c2 was much faster than with the cytochrome-c2 

itself. On the other hand, the reactivity of the 
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cytochrome-c2 with theoxidase of the mitochondrial 

cytochrome-c is only a fraction (~4.5 percent) of that 

observed with the mitochondrial cytochrome. The reactivity 

with the mitochondrial NADH-cytochrome-c reductase, however, 

was muchhigher (~70 percent, Errede and Kamen, 1978). This 

result issurprising in that the mitochondrial cytochrome is 

substantially more basic(pI~10), and of a smaller size (103 

residues). Both classes ofcytochromes are similar in that 

they are oxidized by an a-type cytochrome-oxidase, which 

itself is oxidized by molecular oxygen, and that 

bothcytochrome types are situated at similar positions in 

their respectiverespiratory chains. The cross-reactivities 

between the two cytochrome classes, suggested that the two 

cytochrome types are sufficiently similar in their basic 

structure, although their detailed structures maydiffer. 

The X-ray crystal structure of P. 

denitrificanscytochrome-c2 (PC2ox) has been determined at 

2.45 A resolution (Timkovich and Dickerson, 1976), and a 

number of structural similarities have been noted between 

this cytochrome and tuna cytochrome-c. The foldingof the 

PC20x molecule is similar to that of tuna-c (Swanson et aI, 

1977), consisting of four -helices wrapped around the heme, 

with the major differences lying in the addition of extra 

loops of the polypeptide chain at different locations on the 

surface. In addition, the C-terminal region has an added 
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tail, comprised of 15 residues. The aromatic residues that 

remain invariant in the c-type cytochrome are apparently 

conserved in the appropriate positions in PC20x aswell. It 

has been suggested that these residues are essential for the 

structure and function of the cytochrome molecule, in that 

they could forman -electron channel that would facilitate 

the reduction of the heme iron (Dickerson et aI, 1972). 

However replacement by Valor Leu inproteins possessing 

similar redox characteristics, has dispelled this ideaheme 

in cytochrome-c is also conserved in PC2ox. 

The H-bonding patterns are also comparable between 

the two types of cytochromes (Timkovich and Dickerson, 

1976). The most obvious similarities are seen in the 

H-bonding between the -helices occurring at the Nand 

C-terminal end, and in the 50's and 60's region of the 

polypeptide chain (tuna-c numbering). An insertion in the 

50's region leads to an additional turn in the -helix at the 

base of themolecule. Another similarity is the nature of 

the N-terminal residue, which is acylated in both tuna-c and 

PC2ox. 

The insertions (3) of additional residues at 

various locations in the protein surface implies that they 

must be of secondary importance. The 15 residue C-terminal 

region appears not to have any secondary structure, and its 

function remains unclear. 
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A distinct difference between the two cytochromes is 

the number of acidic and basic residues. However, 

positively charged lysine residues in both proteins surround 

the heme crevice near the exposed heme edge. 

The cytochrome-c2 from the non-sulfur purple 

bacterium Rhodospirillum rubrum (RC2ox) consists of 112 

amino acids, and displays sequence homology to the 

eukaryotic c-type cytochromes (Dus et aI, 1968) . The 

overall structural similarities to the cytochromes-c from 

eukaryotes and its sequence homology to Pc2, in addition to 

itslower pKa value (6.3), suggests that there is substantial 

structural similarity to PC2ox. Salemme et al (1973) have 

determined its crystal structure at 2 A resolution. Once 

again the overall folding of the protein molecule is similar 

to that observed for the cytochrome-c and PC2ox. The 

polypeptide is folded into roughly three domains, the first 

domain consisting of the N-terminal~helix and the chain of 

residues that are involved in H-bonding interactions with 

the heme. The second domain consists of two small~-helical 

regions, and some regions of less structured polypeptide. 

The final domain consists of the C-terminal~-helix that 

interacts with the second~-helix, heme and the N-terminal 

helix. An interesting feature of the RC2 ox molecule is the 

large number of H-bonds that serve to hold the heme moiety 
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rigidly in place, such that the hydrophobic heme edge is 

exposed to solvent. 

Another feature that is similar to cytochrome-c and 

RC20x is the concentration of positively charged residues 

surrounding the heme crevice. A total of 11 lysine residues 

form this charged ring. The negatively charged portion of 

the protein surface is perhaps not as well defined, with 

possibly 4 acidic residues clustered together at the 

intersection of the Nand C-terminal helices. 

Weber and Tollin (1985), on the basis of 

electrostatic field calculations and computer graphics, have 

demonstrated that, similar to tuna cytochrome-c, RC20x has 

an asymmetric charge distribution, with the positively 

charged potential surface surrounding the exposed heme edge, 

and the negatively charged region distant from the heme 

edge. The positively charged surface is significantly 

smaller than that of tuna cytochrome-c, whereas the 

negatively charged sites are larger. The sequence homology 

to RC20x suggests that a similar asymmetric charge 

distribution probably exists on the surface of the PC20x 

molecule as well, although one can expect the negatively 

charged potential surface to be even more prominent in the 

latter protein. 

Stopped flow studies of the ionic interactions 

between RC20x and Clostridium MP flavodoxin indicate that 
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formed are stabilized by 

attractive electrostatic interactions. It also suggests 

that the electron enters the molecule via the exposed heme 

edge (Weber and Tollin, 1985). This is supported by studies 

inwhich small negatively charged molecules were employed as 

reductants(Wood et aI, 1977; Wood and Cusanovich, 1975). 

Errede and Kamen (1978) have suggested that the 

differences in the cross-reactivities of the different 

prokaryotic cytochromes towards mitochondrial reductase and 

oxidase arise from the differences in the distribution of 

the cationic residues surrounding the heme edge. The R. 

charge rubrum and P. denitrificans-c2's have 

distributionswhich are significantly different from horse or 

tuna c, but are sufficiently similar to each other to be 

expected to react in a similar manner with the mitochondrial 

enzymes. The data are consistent with this interpretation 

(Errede and Kamen, 1978). In the present studies we have 

investigated complex formation and electron transfer between 

FNR and the two homologous cytochromes, and explored the 

accessibility of the heme to an external reductant in their 

free and complexed forms. In addition we have obtainedthe 

rate constants for the first order intracomplex electron 

transfer from FNR. to each cytochrome in its respective 

complex. 
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Spinach Ferredoxin 

Spinach ferredoxin is a typical 2Fe-2S ferredoxin, 

intimatelyinvolved in the terminal photosynthetic reduction 

of NADP+. The enzymeis an obligatory one electron donor to 

the flavoprotein reductase, FNR (see previous section). It 

consists of a single polypeptide chain, with a molecular 

weight of 

thereducing 

~11,600 daltons. It accepts electrons from 

end of 

transfers them to FNR. 

photosystem 1 (bound ferredoxin) and 

Since full reduction of the FAD of 

FNR requires two electrons, two reduced Fd's are required to 

achieve this. The 1:1 stoichiometry of theFd:FNR complex in 

vitro suggests that two independent one electron transfers 

are involved (Batie and Kamin, 1984b). Spinach Fd 

ischaracteristic of 2-Fe ferredoxins in that it possesses an 

exceptionally low redox potential (Em,7 -420 mY). 

Complexation between Fd and FNR results in positive 

visible absorption and difference CD spectra (Foust et aI, 

1969).Crosslinking studies (Zanetti et aI, 1984) have 

indicated that the crosslinked complex is similar to the 

native complex, in that the the general shape of the 

difference spectrum as well as the position of themaxima are 

similar, and in addition has approximately the same 

isoelectric point and cytochrome-c reductase activity as the 

native complex. Since both FNR and Fd have overlapping 

spectral transitions, no definitive assignment can be made 
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concerning the origin of the spectra (Zanetti et aI, 1984). 

The stoichiometry of the cross-linked complex was shown to 

be 1:1, and NADpt was capable of binding to the complex with 

an affinity similar to that observed in the native 1:1 

electrostatic complex at low ionic strength. This result 

indicated that the Fd and NADpt binding sites are distinct. 

In addition to this NADPH was capable of reducing the 

cross-linked complex. 

Batie and Kamin (1981) have demonstrated that 

complex formation at pH 8.0 resulted in a marked decrease in 

the redox potential of the Fd (90 mV more negative), whereas 

the redox potential of FNR within the complex was only 

slightly altered. This phenomena was also observed by Smith 

et al (1981) who observed a 20 mV decrease in the potential 

of Fd at pH 7.3, and an approximately 20 mV increase in the 

FNR potential. Although some discrepancy exists between 

these results this may in part be due to the differences 

in the pH at which these measurements were made), both 

suggest that complex formation facilitates the electron flow 

from reduced Fd to oxidized FNR. 

EPR studies (Batie and Kamin, 1984a) on the reduced Fd:FNR 

complex using Dy3t as the paramagnetic probe have suggested 

that the Fe center of the Fd molecule was partially occluded 

in the reduced complex. In addition, the FAD of FNR also 

appeared to be blocked.These results are at least partially 
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consistent with the pulse radiolysis studies, where no 

direct reduction of the Fe-S center of Fd by the NADP+ was 

apparent. 

The structure of the homologous 2Fe-2S ferredoxin 

from S. platensis has been determined at a resolution of 

2.5 A (Tsukhihara et aI, 1981). The molecule possesses a 

-barrel type structure, with about 25% of the residues 

forming -structures and 10% in -helical conformation. The 

iron-sulfur cluster is located in a looped out region of the 

peptide chain, containing three essential cysteine residues. 

The types of NH-S hydrogen bonds to the cysteine and 

inorganic sulfur atoms are similar to those observed in 

rubredoxin and a high potential iron-sulfur protein (Adman 

et aI, 1975). It has been found that Gly-44 is invariant in 

28 (2Fe-2S) ferredoxins. Due to the torsional angles 

exhibited by this residue, it appears to be conserved to 

preserve the looped out structure (Matsubara et aI, 1980). 

The iron atoms are about 5 A from the surface of the 

protein. The sulfur atoms are buried within the protein and 

are thus shielded from the solvent. Only a single cysteine 

residue (Cys-79) appears to be exposed to solvent, with the 

remaining three (residues 41, 46 and 49) being shielded to 

varied extents by the polypeptide chain. The aromatic 

residues are all quite distant from the active site (>6 A), 

with Phe-65 (and Leu 77) being positioned such that one of 
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the inorganic sulfur atoms is protected from the solvent. 

The non-polar residues are mainly in the barrel portion of 

the molecule, with the exception of three residues that have 

their side chains exposed to solvent and appear on the upper 

portion of the molecule (Ala-43, 45 and Leu-66). The 

iron-sulfur center is therefore in a relatively hydrophobic 

portion of the molecule. All the acidic residues are 

solvent exposed and appear to be concentrated on either side 

of the molecule, considering the iron-sulfur center to be in 

the top-center. 

The exact nature of the Fd:FNR complex is not known, 

due to the unavailability of a high resolution FNR 

structure. However, based on the sequence homology of the 

spinach Fd to the Fd from S. platensis, the negatively 

charged residues that may function as possible FNR binding 

sites are also concentrated on opposite sides of the Fd 

molecule, with the Fe-S center located in a relatively 

hydrophobic region in the middle. Chan and coworkers 

(1983), from solution NMR studies, have demonstrated that 

the reductase binding site on Fd includes at least three 

glutamate residues, and an arginine residue. Although the 

importance of the participation of the arginine residue in 

complex formation is unclear, 

(trinitrophenylation; Shin et aI, 

1983) of this residue resulted 

chemical modification 

1981; Sakihama et aI, 

in loss of electron 
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transferring ability.However, the modified ferredoxin was 

still capable of forming a complex with native FNR. 
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Ferredoxin:NADP+-Reductase 

Ferredoxin:NADP+-reductase (FNR) is an FAD 

containing enzyme catalyzing the light driven photosynthetic 

reduction of NADP+ in higher plants. The enzyme is capable 

of accepting a total of two electron equivalents in two 

consecutive one electron steps from its natural electron 

donor ferredoxin, which in turn accepts electrons from the 

reducing end of photosystem 1. 

The enzyme consists of a single polypeptide chain, 

and has been isolated in at least eight isoelectric forms, 

with the predominant form having a molecular weight of 33 

kilodaltons, and a pI of 5.9 (Gozzer et aI, 1977; Ellefson 

and Kroggman, 1979; Hasumi et aI, 1983). However, all the 

isoelectric forms do not differ greatly in their ability to 

bind ferredoxin, and in their activities with respect to the 

NADPH- diaphorase reaction. 

One electron reduction of the enzyme results in the 

formation of the neutral protein-bound flavin radical ( 

600~2750 M-1cm- 1), and further reduction results in the 

formation of the fully reduced enzyme. The redox potentials 

of the half reactions FAD/FADH· and FADH·/FADH2, have been 

estimated at -320 mV and -370 mV (Keirns and Wang, 1972; see 

also Batie and Kamin, 1981 and Smith and Smith, 1980). 

Under conditions of low ionic strength, FNR forms binary 

complexes with spinach Fd and a number of acidic Fe/S and 
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non-iron containing proteins (Foust et aI, 1969). These 

complexes are stabilized at least in part by electrostatic 

forces, as suggested by decreased complex stability with 

increasing ionic strength. The physiological importance of 

the 1:1 Fd:FNR complex remains to be tested. 

The three dimensional structure of FNR has not been 

completely elucidated. However, based on low resolution 

X-ray data and sequence information, Karplus et al (1981, 

1984) have demonstrated that the NADP+ domain is located in 

the C-terminal half of the molecule, which is folded in a 

typical nucleotide binding conformation (Karpluset aI, 

1984). Using secondary structural predictions, Karplus et 

al(1984) suggested the possibility of the existence of a 

-sheet (residues 164-168) and a helix (176-187) in the NADP+ 

binding region. In addition they observed that the electron 

density at 3.7 A resolution for the -strand and the helix 

were consistent with the amino acid sequence. The NADP+ 

domain therefore has fo -~ structure, characteristic of 

nucleotide binding regions. 

has yet to be determined. 

The exact location of the FAD 

The region of polypeptide that 

bears the greatest homology to the Spirulina protein 

(residues 86-99) may be involved in the interactions with 

FAD. Although a fair amount of sequence homology exists 

between the spinach and Spirulina enzymes, the sequence 

homology to the other FAD binding proteins is minimal. 
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However, the disulfide region in FNR showed some similarity 

to the FAD-linked redox-active disulfide regions of 

glutathione reductase and lipoamidedehydrogenase, which also 

possess separate FAD and NADP+ domains (see Karpluset aI, 

1984). The positively charged binding sites on the native 

enzyme that are directly involved in the electrostatic 

binding interactions with the negatively charged proteins 

remain in question. In the event that a high resolution 

structure of FNR becomes available, this region of binding 

may be identified. 

The reduction kinetics of the spinach Fd:FNR complex 

has been investigated by pulse radiolysis and stopped flow 

techniques. Pulse radiolysis studies using the NADP+ 

radical as the reductant have indicated that the reaction is 

first order and dependent on ionic strength (Maskiewiscz and 

Bielski, 1981). Only direct reduction of FNR leading to 

FNR· formation was observed. In addition, a slow back 

electron transfer from FNR· to the oxidized Fd in the 

complex was observed, occurring with a rate constant of ~2.4 

S-I. No direct reduction of Fd occurred. Owing to the 

extremely slow reverse electron transfer rate, it is 

possible that the observed decay rate maybe in part due to 

the slow disproportionation of the FNR semiquinone. 

Formation of a binary complex between FNR and NADP+ 

has been adequately demonstrated (Batie and Kamin, 1981; 
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Although a ternary complex is formed 

between the Fd:FNR complex and NADP+, the relative 

affinities of Fd and NADP+ for FNR were decreased (Batie and 

Kamin, 1984a). Stopped flow studies have indicated that 

the one electron transfer from reduced Fd to FNR occurs 

within the dead time of the apparatus. The second electron 

transfer (i.e. formation of the fully reduced FNR), 

however, is much slower (37-80 S-I). The electron transfer 

reaction between reduced Fd and NADP+ takes place via a 

ternary complex involving Fd,FNR and NADP+ (Batie and Kamin, 

1984b). The inclusion of NADP+ greatly accelerated the 

second electron transfer rate, probably by facilitating the 

release of oxidized Fd. These results are consistent with 

negative cooperativity, in that the Kd's for NADP+ and Fd 

binding to FNR increased (20-30 fold) relative to the binary 

complexes. 
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High potential iron-sulfur proteins 

High potential iron-sulfur proteins (HiPIP's) 

constitute a unique class of redox proteins that possess a 

4Fe-4S cluster and unusually high redox potentials. These 

proteins can be isolated from a number of sources, including 

the photosynthetic purple sulfur, non-sulfur and halophilic 

bacteria. The majority of the HiPIP's isolated are small ( 

~ 63-85 residues) and a substantial amount of homology 

exists between those HiPIP's whose sequence have been 

determined. The exact function of the HiPIP's is not 

clearly understood. However, the HiPIP from C. vinosum 

HiPIP may be involved in light driven photosynthetic 

electron transport (Evans et aI, 1974). It has also been 

found to act as an electron acceptor to a thiosulfate 

oxidizing enzyme (Fukamori and Yamanaka, 1979). 

Structural studies on the HiPIP from C. vinosum 

(Carter, 1977) indicate that the polypeptide chain has no 

distinct secondary structure, with the exception of two 

short -helical regions. The x-ray crystal structure 

confirms the existence of mainly two domains, consisting of 

an N-terminal portion and the cluster 

4Fe-4S cluster is itself buried in 

binding domain. The 

the interior of the 

protein. The portion of the cluster that is closest to the 

solvent is in a relatively hydrophobic patch. The amino 

acid residues that essentially shield the cluster are Thr 81 
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and Phe 48. One of the inorganic sulfur atoms is protected 

from the solvent by lIe 65. 

Comparison of the 4Fe-4S clusters found in HiPIP's 

and the bacterial 8Fe-8S ferredoxins (two 4Fe-4S clusters) 

shows striking similarities between the overall structures 

and environments of the clusters (Carter, 1972). Based on 

this it was suggested that the hydrophobicity and the 

bulkiness, rather than the aromaticity, of the surrounding 

residues influenced the electron transferring mechanism 

(Adman et aI, 1973; Lode et aI, 1974). However, the exact 

mechanism by which the electron reaches the cluster remains 

obscure. 

The distinct difference between the HiPIP's and the 

ferredoxins is the difference in the redox potentials (HiPIP 

potentials range from +50 to +350 mY), whereas the 

ferredoxin potentials usually lie close to -400 mV 

(Stombaugh, 1976). 

that the difference 

Spectroscopic studies have suggested 

in redox potential arises from the 

differences in the available oxidation states between the 

two classes of proteins (Carter et aI, 1972). In addition, 

Kassner and Yang (1977) have suggested that the redox 

potential of a cluster is determined by the difference in 

charging energies in environments of different dielectric 

constants. Hence, the width of the dielectric shell 
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directly surrounding the cluster would influence the redox 

potential. 

The 4Fe-4S cluster has a cubane like structure, with 

the four iron atoms and the four sulfur atoms being in two 

interpenetrating tetrahedra (Carter et aI, 1972; Kraut et 

aI, 1968). Reduction of the cluster leads to a small 

expansion of the cubane like structure in all four 

directions (Carter et aI, 1974, 1977). 

The relatively small solvent exposure of the 

cluster, along with the relative hydrophobicity of the 

surrounding domain, suggests that the reaction of HiPIP's 

with small charged reductants should not be strongly 

dependent on ionic strength. Based on the sequence homology 

between the HiPIP's, the reactivity of the clusters would be 

expected to be similar towards small charged reactants. 

Mizrahi et al (1980) noted that the reactivity of the 

clusters towards iron hexacyanides in three homologous 

negatively charged HiPIP's was similar, in that they all 

displayed similar ionic strength effects. It was apparent 

that the localized rather than the overall protein charge 

was important. 

The reactivity of free flavin semiquinones and the 

protein bound neutral semiquinone of C. pasteurianum 

flavodoxin with a series of homologous HiPIP's has been 

investigated by the laser flash-photolysis and stopped flow 
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1984; 

Przysiecki et aI, 1985). Flash photolysis experiments with 

lumiflavin and 5-deazariboflavin as the reductants indicated 

that a direct correlation exists between the redox potential 

difference of the reactants and the second order rate 

constants for reduction of a series of homologous HiPIP's. 

The data are in agreement with semi-empirical equations 

(Marcus, 1968) relating the rate constant 

Meyer et 

with the 

aI, 1983). thermodynamic driving force (cf. 

Further studies with FMN and flavodoxin semiquinones as the 

reductants suggested that the electrostatic, steric and 

redox potential effects on the reoxidation rates are much 

larger for the protein-bound neutral radical than for the 

free FMN semiquinone (cf. Tollin et aI, 1984;Przysiecki et 

aI, 1985). The data with a series of homologous HiPIP' 

suggest that both short and long range electrostatic effects 

influence the reactivity of the semiquinones with the 

oxidized HiPIP cluster. The short range interactions are 

most likely due to the negative charge on the iron-sulfur 

cluster. HiPIP's with a net negative protein charge have an 

enhanced negative charge effect, whereas those with an 

overall positive charge tend to have a cancellation effect 

on the local charge. This implies that the effect of ionic 

strength on the reactivity of a charged reductant with the 

HiPIP iron-sulfur cluster would be minimal. Direct proof of 
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this is demonstrated by the effect of ionic strength on the 

second order rate of reaction between FMN semiquin,one and 

the HiPIP's from Rsp. gelatinosa and Rsp. tenue 3761 both 

of which are positively charged (Przysiecki et aI, 1985). 

The larger effect of ionic strength (9-fold vs. 3-fold, for 

flavodoxin and free FMN semiquinone reoxidation by C. 

vinosum HiPIP) on the second order rate constants of 

reoxidation of the flavodoxin semiquinone, when compared to 

the rate const~nts of FMN semiquinone reoxidation by the 

HiPIP's, is presumably a consequence of the larger 

difference in the charge and in the size of the site of 

interaction. 

Comparison of the effect of ionic strength on the 

second order rate constants of reoxidation of flavodoxin 

semiquinone by HiPIP to results obtained with cytochrome-c 

(where the ionic strength effect is ~10-fold larger than 

that observed for C. vinosum HiPIP over a similar range of 

ionic strengths; Tollin et aI, 1984), led to the conclusion 

that the electrostatic field experienced by the 

flavodoxin,in the vicinity of the electron transfer site, is 

much smaller in the case of the HiPIP. This result is 

consistent with the mode of distribution of charges on the 

surface of the HiPIP protein molecule, in that no well 

defined charged regions are obvious, and the iron-sulfur 

center is in a relatively hydrophobic environment. 
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The effect of redox potential difference on the rate 

constant (k ,obtained by extrapolation to infinite ionic 

strength) of reduction of the HiPIP's by FMN and flavodoxin 

semiquinones has also been investigated. The results 

clearly demonstrate a relationship between the redox 

potential and the extrapolated second order rate constants, 

although the deviation of the k values from the theoretical 

curve in the case of the flavodoxin reactions are more 

pronounced. The overall effect of the redox potential 

difference on the k values for the flavodoxin reactions with 

the HiPIP's is much larger than for the FMN reactions (e.g. 

300-fold vs. 3-fold for semiquinone oxidation by C. 

vinosum HiPIP). It has been suggested that this difference 

arises from the larger extent of molecular rearrangement 

required for the flavodoxin semiquinone to reach its 

transition state, compared to that required by the free F~IN 

radical (Tollin et aI, 1984). 

The HiPIP's from the halophilic bacterium 

Ectothiorhodospira halophila (isozymes 1 and 2, HPlox and 

HP2ox), have been recently sequenced and the redox 

potentials have been determined (Tedroet aI, 1985). 

Comparative studies on the sequences of the two isozymes 

indicated that there is ~70 percent homology between the two 

forms, the major difference being in the N-terminal regions 

of the polypeptide chains. The iso-2 form is the most 
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acidic HiPIP isolated to date, carrying a net negative 

charge of -14, with the iso-1 form being only slightly less 

acidic, having a net negative charge of -11. The two iso 

forms are also homologous to HiPIP's isolated from other 

species, requiring a minimum of three insertions or 

deletions for proper alignment. Apart from conservation of 

the four cysteine residues (Cys 43, 46, 63 and 77), Tyr 19, 

Asn 45 and Gly 75 are also conserved.It is believed that the 

conserved Tyr residue that is adjacent to the prosthetic 

group has a direct 

1977; Sheridan et 

influence 

aI, 1981), 

on its properties (Carter, 

although the nature of its 

function remains to be elucidated. The conserved Gly 

residue is probably involved in the folding of the 

polypeptide chain. Another interesting feature of the two 

HiPIP's is that they possess unusually low redox potentials. 

The redox potentials of the iso-l and iso-2 forms are +120 

and +50 mY, respectively (Przysiecki, 1984). Carter (1977) 

suggested that the redox potentials are influenced by the 

number of backbone N-H hydrogen bonds to the sulfur atoms of 

the iron-sulfur center. The much higher redox potential of 

the HiPIP from C. vinosum (+354 mY) suggests that the 

number of such backbone H-bonds would have to be less in the 

two iso-HiPIP's. Tedro et al (1985) have suggested a single 

residue deletion (Leu 65, which is H-bonded to Cys-63), or a 

two residue insertion (which would disrupt the H-bond 
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between Asn 72 and Tyr 19), as possible candidates. 

However, the interatomic distances between the oxygen of Tyr 

19 and the sulfur of Cys 43 (5.3 A), or the inorganic sulfur 

(6.1 A), indicate that these are too large for the formation 

of H-bonds between the -OH of the Tyr and the inorganic 

sulfur atom. Hence, the importance of the H-bonding and its 

influence on the redox potential of the HiPIP's is 

questionable. 

In the present studies we have investigated complex 

formation and electron transfer between spinach FNR and the 

two isozymes at low and high ionic strengths, and have 

obtained rate constants for the intramolecular electron 

transfer from FNR' to the respective HiPIP's. 
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Research Proposal 

The main aims of the work to be described below 

were: (a) to identify and quantitate those factors that 

influence the direction and rate of electron flow in two 

different water soluble multicomponent redox proteins, 

xanthine oxidase and PCMH; (b) To investigate complex 

formation between the flavoprotein spinach 

ferredoxin:NADP+-reductase (FNR), its physiological electron 

donor spinach ferredoxin (Fd), and several acidic 

non-physiological high potential redox proteins (rubredoxin, 

HiPIP's and cytochromes-~2); (c) To determine the rates of 

intracomplex electron transfer between Fd and FNR , and 

between FNR and the high potential redox proteins, and to 

explore the accessibility of the redox centers in the 

respective complexes. The laser flash-photolysis technique 

was employed, and the reactions of each system with 

5-deazariboflavin (5-dRf) and lumiflavin (Lf) semiquinones 

were investigated at different ionic strengths. This 

technique has an advantage over the conventional mixing 

techniques in that a powerful reductant can be rapidly 

generated « 1~) in situ under anaerobic conditions, which 

allows the measurement of reactions too rapid to be followed 

by conventional mixing methods. The systems under 

investigation, and the information expected from the results 

are summarized below. 
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the 

molybdo-flavo iron-sulfur protein xanthine oxidase (XO) from 

bovine milk, was investigated by laser flash-photolysis, 

with the majority of the measurements being made at neutral 

pH. Due to the low redox potentials of the redox centers of 

the enzyme, 5-dRf' (E m .7 = -650 mY; Blankenhorn, 1976) was 

employed as the reductant. The decay kinetics of the 5-dRf 

semiquinone were investigated in the presence of oxidized 

XO. The second order rate constant corresponding to the 

reaction between 5-dRf· and oxidized XO could thus be 

determined. The reduced species formed by the 

abovementioned reaction was subject to identification and 

kinetic analysis, by obtaining data on varied time scales 

and wavelengths. The reduction of the two iron-sulfur 

clusters was monitored at the FAD/FADH' isosbestic point, 

whereas the kinetics of the bound FAD was followed at 590 

nm. The kinetic behaviour of the partially reduced enzyme 

could enable one to distinguish between the two iron-sulfur 

centers, and to establish the order of reduction of the 

different chromophores. 

Laser flash experiments with several modified forms 

of XO (chemically modified either at the molybdenum or 

flavin sites, or both) could establish the entry point for 

electrons into the oxidized enzyme, and could determine 

whether an alternate site of electron entry is available 
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the relative 

reactivities of the redox centers between the native and 

modified forms of XC, and the pathway of electron flow, 

could be established. The kinetic data so obtained will 

provide evidence for or against the hypothesis that the rate 

of electron equilibration occurs faster than turnover, and 

that the equilibration of the electron between the various 

redox centers is governed by their relative redox 

potentials. 

The electron transfer kinetics of an unusual 

flavocytochrome, ~-cresol methyl hydroxylase (PCMH), 

isolated from P. putida, was also investigated by laser 

flash-photolysis. The kinetic behaviour of native PCMH and 

its isolated flavoprotein and cytochrome subunits with both 

5-dRf' and LfH· was examined. The experiments performed 

identified the reduced species formed initially by the 

reaction with the flavosemiquinone, and in addition explored 

the possibility of an intramolecular electron transfer from 

the one electron reduced protein-bound flavin to the 

oxidized heme. The ){inetic data also determined whether a 

neutral protein-bound flavin radical was formed transiently, 

prior to deprotonation to the anionic form. 

Kinetic experiments with the isolated subunits could 

indicate whether the cytochrome subunit modulates the 

activity of the flavoprotein subunit. The reduction 
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kinetics of the flavoprotein subunit was examined at 

different wavelengths and time scales in an attempt to 

observe the deprotonation reaction. The results provide a 

direct comparison to the known kinetic properties of the 

other flavocytochromes that have been subject to similar 

investigations. 

Co'mplex formation between spinach FNR and ~ 

pasteurianum rubredoxin (Rd) was investigated by visible 

absorption difference spectroscopy and difference CD 

techniques. The reduction kinetics of the individual 

components and their 1:1 mixture at low and high ionic 

strengths was examined by laser flash-photolysis. The 

reactivity of the laser produced lumiflavin radical (LfH'), 

with both complexed and free Rd, determined the 

accessibility of the Fe-4Cys center within the complex. The 

possibility of intracomplex electron transfer from FNR 

semiquinone to the oxidized Rd in the complex, with 5-dRf· 

as the reductant was examined, as well as the effect of 

increasing the ionic strength on the observed kinetics. 

Experiments in which FNR was in excess over the Rd 

concentration at low ionic strength could test the 

possibility of a bimolecular reaction between free FNR· and 

bound Rd. The results have been interpreted in terms of 

redox potential differences between the participating 

chromophores and the X-ray structure of Rd, in an attempt to 
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identify possible binding sites, and the pathway of electron 

flow from FNR· to oxidized Rd. 

Since 1:1 complex formation between spinach Fd and 

FNR has been extensively studied and documented, no attempt 

was made to present added proof of this. Due to the 

extremely low potential of the components of the Fd/FNR 

system, 5-dRf' was employed as the source of reducing 

equivalents in the laser flash experiments. Once again, 

kinetic measurements of the individual components with 

5-dRf· were made at different ionic strengths. 

At low ionic strength, electron transfer from 5-dRf' 

to the oxidized proteins in the 

and semi-reduced complexes, 

1:1 Fd:FNR 

can identify 

fully oxidized 

the initial 

products of the reaction, and explore the accessibility of 

the iron-sulfur and protein bound flavin within the complex. 

In addition, similar experiments at low and high ionic 

strengths and different pH values, can provide information 

on the intracomplex electron transfer rate constant from 

reduced Fd to oxidized FNR. Thus, the influence of 

electrostatics and possibly redox potential on the observed 

electron transfer rates may be examined. Once again, since 

the structure of ferredoxin is available, an attempt was 

made to correlate the observed kinetic behaviour with 

possible structural features of the complex that influence 

its electron transferring properties. 
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Complex formation between FNR and two homologous 

HiPIP's and cytochrumes-Q2 was investigated by visible 

absorption difference spectroscopy and gel-filtration, at 

low and high ionic strengths.Complexes formed between FNR 

and the respective HiPIP's were subject to the same kinds of 

experimentation as in the case of the FNR:Rd complex. It 

has been previously shown that LfH· is not very reactive 

towards either HiPIP, and the dominant reaction occurs 

between fully reduced Lf, which at neutral pH has a net 

negative charge (LfH-). Thus, the electrostatic interaction 

between the individual HiPIP's and LfH- would be expected to 

be a repulsive one. To investigate this, the effect of 

ionic strength on the reduction kinetics of the individual 

proteins with LfH- was examined. The effect of complexation 

of each HiPIP with FNR at low ionic strength on the second 

order rate constant of this reaction was also studied. 

Furthermore intracomplex electron transfer from FNR· to 

each HiPIP in the respective complexes was investigated as 

described above. Since both HiPIP's have a different net 

charge and redox potential, the effect of these parameters 

on the intracomplex electron transfer can be assessed. 

Both of the cytochromes-Q2 investigated here have 

previously been shown to be reactive with LfH·. The 

asymmetric distribution of charges on the surfaces of both 

cytochromes suggests that the FNR would bind to the side of 
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the molecule distant from the exposed heme edge, leaving it 

accessible to reduction by small reactants. Comparison of 

the LfH· kinetics of the free and complexed cytochromes 

could provide evidence in support of this argument. The 

large redox potential differences involved in this system, 

suggest that intracomplex electron transfer from FNR· to 

each oxidized cytochrome would be thermodynamically 

favorable, and perhaps quite rapid. However, since all 

cytochromes appear to be reduced via the exposed heme edge, 

the intracomplex reduction kinetics should prove 

interesting. Since both cytochromes possess different net 

charges and redox potentials, the effect of both these 

factors on the intracomplex electron transfer rates can be 

examined. 



EXPERMENTAL PROCEDURES 

Materials 

Xanthine oxidase was isolated from fresh raw 

buttermilk according to the procedure of Massey et al. 

(1969). The purified enzyme preparations exhibited 

A28o:A45o spectral ratios between 5.2 and 5.5 and exhibited 

AFR values consistent with 50-60 percent functionality. 

Analyses of two representative enzyme preparations gave 

Mo/FAD ratios of 0.9-1.0. The deflavoenzyme was prepared 

either as described by Komai et al., (1969) or by the KI 

procedure outlined by Kanda et al. (1972). No spectral or 

kinetic differences were observed to distinguish the two 

types of preparations. Desulfo xanthine oxidase was 

prepared as described by Massey and Edmondson (1970). 

Alloxanthine-complexed enzyme was prepared by 

reduction of the enzyme with dithionite in the presence of 1 

mM alloxanthine. Removal of excess reagents and reoxidation 

of the FAD and Fe/S centers was achieved by passing the 

sample down a G-25 (lx10 cm) column equilibrated with 20 mM 

phosphate-0.3 mM EDTA, pH 7.0. Preparations of xanthine 

oxidase in which the FAD moiety is alkylated by 

iodoacetamide were prepared using dithionite-reduced enzyme 

as described by Komai and Massey (1971). 
49 
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PCMH from Pseudomonas putida, N.C.I.B. 9869, grown 

in 3,5-dimethylphenol, was isolated by a modification of the 

procedure of Keat and Hopper (1978). The specific activity 

of the enzyme was approximately the same as that of 

preparations isolated by the published method. The enzyme 

was resolved into its subunits by isoelectric focusing, as 

described previously (McIntire and Singer, 1982). 

Clostridium pasteurianum (ATCC 6013) cell paste was 

a gift from Dr. R.P. Simondsen. The Rd from Q. pasteurianum 

was isolated and partially purified by the procedure of 

Armstrong et al. (1980) with final purification 

(Aox280/Aox490 = 2.4) using ammonium sulfate chromatography 

as described by Lovenberg (1972). Rd concentrations were 

determined using an ~x530 = 3.7 X 10 3 M-I cm- I • This value 

was estimated from an average ox 490 value of ten different 

Rd's (6.3 X 10 3 M-I cm- l ) and the relative absorbances at 

490 and 530 nm of oxidized C. pasteurianum Rd (Lovenberg and 

Sobel 1965; Atherton et al 1966; Newman and Postgate 1968; 

Bachmayer et al 1968; Bruschi et al 1977; Moura et al 1978; 

Yang et al. 1980). 

Spinach FNR was 

according to the method 

purified (Aox458/Aox275 = 0.12) 

of Borchert and Wessels (1970), 

although a few experiments were performed with FNR that was 

a kind gift from Dr. E. Gross. An extinction coefficient of 
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10.3 X 10 3 M-l crn- 1 at 458 nrn was used to determine the 

concentration of oxidized FNR (Foust et al. 1969). 

Spinach Ferredoxin was isolated according to the 

method of Zanetti and Curti (1980). An extinction 

coefficient of 9.7 X 10 3 M-l crn- 1 was used to determine the 

concentration of oxidized protein. 

High potential iron-sulfur proteins iso-1 and 

iso-2) from Ectothiorhodospira halophila were isolated by 

the method of Meyer(1985). An extinction coefficient of 20 

X 10 3 M-l cm- 1 at 385 nm was used to determine the 

concentration of the oxidized HIPIP's. 

Paracoccus denitrificans and Rhodospirillum rubrum 

cytochrome-~2 were isolated by the methods of Scholes(1971) 

and Kamen(1963). An extinction coefficient of 30 X 103 M-1 

cm-1 at 550 nm for the reduced cytochromes was used to 

determine their concentrations. 

All buffer components were A.C.S. reagent grade. 

5-deazariboflavin was a gift of the late Professor Peter 

Hemmerich, University of Konstanz. Lumiflavin was prepared 

by the method of Guzzo and Tollin (1964). 
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Methods 

In order to achieve anaerobicity in the xanthine 

oxidase flash experiments, deoxygenation was carried out in 

a 0.8 cm glass cell fitted with a vacuum stopcock, and the 

following procedure adopted. Initially the sample was 

brought to ice temperature and an indirect vacuum was 

applied to prevent foaming and denaturation of the protein 

sample. Once all bubbles were removed from the sample, the 

cell was brought to room temperature by immersion in a water 

bath followed by another evacuation. This cycle was 

repeated about 4 times. The transient signals themselves, 

i.e. FAD reduction, Fe/S center reduction and deazaflavin 

radical formation and decay (see below), provided a good 

indicator of degree of oxygen removal. Once this was 

accomplished, the kinetics were quite reproducible from 

sample to sample. In all the other flash experiments, 

deoxygenation was achieved in a 1 cm glass cuvette fitted 

with a rubber septum and argon was bubbled through the 

appropriate flavin solution (typically 2 ml), for about 45 

minutes. Concentrated protein solutions were then added 

with the aid of a Hamilton syringe, and further degassing 

achieved by blowing argon over the surface of the solution, 

for a few additional minutes. 

The buffer used for the pH 7.0 experiments with 

xanthine oxidase was 20 mM potassium phosphate, 20 mM 
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~70 ~ M 

5-deazariboflavin. At pH 8.5, 20 mM sodium pyrophosphate, 

20mM EDTA and ~70~M 5-deazariboflavin was the buffer used. 

The PCMH flash-photolysis experiments were performed in 25 

mM sodium phosphate, 20 mM EDTA and 100 ~ M 5-deazariboflavin 

(or 50 ~M lumiflavin), pH The buffer used for the low ionic 

strength experiments for the investigation of complex 

formation and electron transfer between spinach FNR and the 

various low and high potential redox proteins was 4mM 

potassium phosphate, 0.5 mM EDTA and 100~M 5-deazariboflavin 

(or 50~M lumiflavin) at pH 6.0 and 7.0. At pH 8.0, the 

buffer was 10 mM Bis-tris-propane, 0.5 mM EDTA. The buffers 

were adjusted to the appropriate ionic strengths by the 

addition of solid KCl. 

The laser flash-photolysis apparatus utilized a 

pulsed nitrogen laser (PRA LNIOO) to pump a dye laser 

consisting of a 1.2 mM solution of 1,4-bis-(2-methylstyryl) 

benzene in g-dioxane (for the 5-deazariboflavin 

experiments), or Coumarin-2 in ethanol (for the lumiflavin 

experiments), in a 1 cm rectangular quartz cuvette. The 

stimulated emission provided a pulse of light at 420 nm (or 

436 nm) for a duration of approximately 300 ps. This served 

as a source of excitation for the respective flavins, which 

via reduction of the triplet state by EDTA generate the 

flavin semiquinone. Optical transients were monitored by 
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focussing monochromatic visible light through the sample 

cell onto a RCA 4463 photomultiplier tube (S 20 response). 

The laser excitation beam illuminated the sample at an angle 

of N10 to the monitoring beam. A Nicolet 1170 Signal 

Averager accumulated the optical transients which were fed 

into a strip chart recorder. Normally, one thousand data 

points were obtained along the decay curve. Unless 

quantitation was required, the number of flashes per sample 

varied. All data were obtained at ambient temperatures 

(23-260). All kinetic experiments were carried out under 

pseudo-first order conditions, in which the concentration of 

oxidized protein was in excess over the amount of flavin 

reductant produced per laser flash « 0.7~M). 

Complex formation between FNR and the various acidic 

proteins was investigated by visible absorption and 

difference CD techniques. All spectra were obtained at room 

temperature as described by Foust et al. (1969). All 

absorption spectra were taken with a Cary Model 118 

recording spectrophotometer. CD spectra were measured at 

ambient temperature using a Cary Model 60 with a 6001 CD 

attachment. A partitioned cylindrical quartz cell with each 

pathlength equal to 10 mm was used to obtain the difference 

CD spectra. The absorbance of all samples was less than 1.2 

over the wavelengths studied and the baseline was checked 

before and after each set of spectra. Spectra were 



digitized and read into a Nova 

manipulations. DIfference CD 

either subtracting the additive 
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II computer for further 

spectra were obtained by 

CD spectrum of the mixture 

of Rd and FNR, or by subtracting the CD spectrum obtained by 

making an equimolar Rd/FNR mixture 0.3 M in KCI from the 

mixture spectrum. Gel-filtration experiments were run on a 

1 X 25 

equilibrated 

Sephadex 

with the 

G-50(superfine) column, that 

appropriate buffer before each 

was 

run. 

The absorbance of the emerging fractions was monitored at 

250 nm on an LKB 4700 UV monitor. 



KINETIC STUDIES OF NATIVE OXIDIZED, PARTIALLY REDUCED AND 

CHEMICALLY MODIFIED FORMS OF BOVINE MILK XANTHINE OXIDASE 

Kinetic Studies of the Native Enzyme 

The visible spectrum of xanthine oxidase in its 

oxidized form is comprised of contributions from the FAD 

moiety ( max=450 nm) and from the two 2Fe-2S centers which 

have broad, featureless transitions in the visible regions. 

Spectral studies of the enzyme during stepwise reduction by 

dithionite (Porras and Palmer, 1982, Olson et al 1974) 

indicate that the two 2Fe-2S ceriters do not contribute 

equally to the decrease in absorbance observed on reduction 

of the enzyme. A possibility has been suggested (Porras and 

Palmer, 1982) that the molybdenum center also contributes to 

the visible absorption spectrum; to date there is no direct 

evidence for this hypothesis. 

Fig. 1 shows flash-induced difference spectra. for 

xanthine oxidase measured at 50 ms and 400 ms after the 

laser flash. These are consistent with the formation and 

partial decay of the protein-bound FAD radical (wavelength 

region 510-600 nm) and with the formation of reduced FefS 

centers (wavelength region 480-510 nm; it is technically 

difficult to make observations much below 480 nm due to 
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Figure 1. Flash-induced difference spectra (oxidized minus 
reduced) observed at 50 ms and 400 ms after flash for 20)J M 
xanthine oxidase inthe presence of 70)J M 5-deazariboflavin. 
The buffer used was 20 mMpotassium phosphate-20 mM EDTA, pH 
7.0. 

x------x 50 mx 
------ 400 ms 

( • ) 50 ms; 50 percent reduced prior to flash 
50 percent oxidized minus fully reduced (data 

normalized at 483 nm to flash data) 
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Figure 1. Time-resolved flash-indured difference spectrum 
(oxidized minus reduced) for native xanthine oxidase at pH 
7. O. 
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reduction of the sample by the monitoring beam). The 

relative signal intensities at 483 nm and 580 nm are 

approximately 2.9. This is in agreement with reasonable 

values for the relative difference extinction coefficients 

of oxidized/reduced Fe/S centers and FAD/FADH·. Three 

kinetically separable optical transients are observed at 483 

nm following 

radical (Fig. 

the laser-induced formation of the deazaflavin 

2) • 

neutral semiquinone 

The absorption of 

forms of the flavin 

the oxidized and 

are isosbestic at 

this wavelength (using the present optical system) and thus 

the reduction of the FAD center will not contribute. 

Ini tially 

formation 

a 

of 

rapid 

the 

increase in absorption due to the 

deazaflavin radical (Edmondson et al., 

1972a) is observed which subsequently decays in a first 

order manner (Fig. 2c)(k = 530 sec-I) (see below) due to its 

oxidation by the redox centers in the enzyme. The 

corresponding rapid absorption increase and slower decay 

observed with deazaflavin in the absence of xanthine oxidase 

is shown for comparison in Fig. 2d. Subsequent to the 

oxidation of the deazaflavin radical, bleaching of the Fe/S 

centers are observed at a rapid (k = 77 S-I, Fig. 2b) and 

at a slow (k = 12 S-I, Fig. 2a) rate. Both of the observed 

rates of Fe/S reduction follow first-order kinetic behavior 

(within experimental uncertainty). Analysis of the kinetic 

data from several batches of enzyme show that the relative 



Figure 2. Transient absorbance changes observed at 483 nm 
upon laser flash photolysis of 20W M xanthine oxidase in the 
presence of 70 WM 5-deazariboflavin under anaerobic 
conditions a. 400 ms time scale, b. 50 ms time scale, c. 
10 ms time scale, d. deazariboflavin alone, 10 ms time 
scale. The enzyme was 50 percent functional and the buffer 
used was 20 mM potassium phosphate - 20 mM EDTA, pH 7.0. 
Insets in a, band c represent plots of exponential fits to 
the decay curves in these time ranges (shown in the traces 
as superimposed solid lines; in c the theoretical line is 
not extended back to zero time for purposes of clarity). 
Inset in d is a second order plot for deazaflavin radical 
disproportionation. The apparent first-order kinetic 
constants included with each trace were obtained from the 
slopes of these plots. 
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amplitude of the rapid and slow phase of Fe/S reduction is 

somewhat variable, ranging between 1:1 and 1:2 depending 

upon the sample. 

The kinetic properties of enzyme-bound FAD radical 

formation and decay were monitored at 590 nm (Fig. 3). 

Changes in the absorption of the Fe/S centers are small at 

this wavelength compared to the absorption of the neutral 

FAD radical (pKa = 9.5, Porras and Palmer, 1982). The data 

in Fig. 3 show that the rate of FAD radical formation is 

very fast (half-time < 25 s). This is within the time 

resolution of the apparatus under present conditions, which 

is estimated to be 10-50 s with these enzyme samples due to 

scattering artifacts. If this were a second order reaction, 

its rate constant would be >1.4 x 10 9 M- I s-I, which is close 

to being diffusion-controlled. However, as we will discuss 

below, this reaction probably proceeds via a pre-existing 

complex. Only a small amount of decay of the FAD radical is 

observed at times up to 400 ms. Thus, either this species 

does not appreciably reduce any of the other redox centers 

in the enzyme, or reduction of FAD to FAD radical by the 

reduced molybdenum is occurring within the sample at a rate 

comparable to the oxidation of FAD radical by an Fe/S 

center, thus leading to only a small net change in 590 nm 

absorbance (this absorbance change cannot be attributed to 

the bound deazaflavin radical, since this species does not 



Figure 3. Transient absorbance changes observed at 590 nm 
upon laser flash photolysis of 20 ~M xanthine oxidase in the 
presence of 70 ~M 5-deazariboflavin (a,b). The experimental 
conditions are identical to those in Fig. 2 except that 
sensitivity is twice as great. Part (0) is transient 
obtained with arsenite-treated xanthine oxidase. 
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appreciably absorb at this wavelength). We will show below 

that the latter is probably the case, inasmuch as when the 

molybdenum is non-functional, appreciable FAD radical decay 

is observed. Furthermore at pH = 8.5, where the potential 

difference between FAD and Fe/S is greater than at pH = 7.0, 

we also observe FAD radical decay. 

The Effect of Enzyme Concentration on the 
Observed Kinetic Properties 

In order to determine which optical transients are 

due to intramolecular electron transfer and which are due to 

the direct reduction by the photo-generated deazaflavin 

radical, the concentration of the enzyme was varied while 

the deazaflavin concentration was kept constant. Any 

observed concentration dependence would reflect a second 

order reaction with the deazaflavin radical. The only 

observed spectral transient exhibiting such behavior was the 

decay of the deazaflavin radical itself (Fig. 4), with a 

calculated second-order rate constant of 3.3 x 10 7 M- Is-I. 

No dependence on concentration was found for any of the 

other transients observed at 483 nm. The rate of FAD 

radical formation was too rapid to follow (see above) and 

thus its concentration dependence could not be determined. 

The very rapid rate observed for its formation (tl/2 <25 s) 

is faster than the rate of the majority of the 5-deazaflavin 



Figure 4. (X) Dependence of kobs for deazariboflavin 
radical decay upon xanthine oxidase concentration. (6) 
Dependence of kobs for deazariboflavin radical decay upon 
alloxanthine-treated xanthine oxidase concentration. (0) 
Dependence of kobs for deazariboflavin radical decay upon 
deflavo xanthine oxidase concentration. Conditions as in 
Fig. 2. 
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semiquinone oxidation (t1/2 = 2 ms). These data suggest 

that the deazaflavin radical reacts directly with the FAD 

moiety and with the molybdenum center (which is not expected 

to give any color change on reduction). This will be 

considered further below. 

If it is assumed that FAD radical formation is a 

second-order process (k > 1.4 x 10 9 M- 1s-1), then it must 

proceed at a rate which is more than an order of magnitude 

greater than the rate of deazaflavin radical reaction with 

molybdenum (k = 6.6 x 10 7 M- 1s-1; corrected value for 100 

percent functional enzyme). Thus, it would be expected that 

the FAD center would be the predominant site for electron 

entry into the enzyme. This is not supported by the 

experimental data since large quantities of deazaflavin 

radical are oxidized via the slower rate process. The only 

interpretation which would be consistent with these data is 

to postulate that an oxidized deazaflavin-enzyme-FAD complex 

exists prior to electron transfer, and that reduction of FAD 

occurs via a first-order intramolecular process subsequent 

to photochemical reduction of the protein-bound deazaflavin 

(k > 2.8 X 10 4 S-1). Difference spectral and gel filtration 

studies showed no observable binding of oxidized deazaflavin 

to the oxidized enzyme under the conditions (pH, buffer, 

reactant concentration) of the flash experiments. However, 

the amount of xanthine oxidase reduced per flash is very 
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small (~3 x 10- 8 M) and thus the detection of such a small 

amount of complex would be exceedingly difficult using these 

techniques. Indeed, under the experimental conditions used, 

a dissociation constant of 50 mM can be calculated for this 

complex if a quantum yield for photoreduction of 100 percent 

is assumed. Furthermore, as we shall show below, the 

existence of a complex is consistent with the results 

obtained with modified xanthine oxidase, where fast FAD 

reduction occurs under conditions in which deazaflavin 

radical decay is observed to be independent of enzyme 

concentration. 

Kinetic Properties of Partially Reduced Enzyme 

In order to distinguish which Fe/S center is rapidly 

and which is slowly reduced upon laser photolysis, flash 

experiments were performed on enzyme samples at various 

stages of reduction (accomplished by steady-state 

illumination). The rationale for this approach is that due 

to the difference in the oxidation-reduction potentials of 

the two Fe/S centers (0.1 V, Porras and Palmer, 1982), it 

should be possible to observe the kinetic properties of 

partially reduced samples of enzyme in which Fe/S)) is 

substantially reduced while Fe/S) is substantially oxidized. 

If, for example, the rapid Fe/S reduction is due to Fe/S) 
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and the slow rate is due to Fe/SII, one should observe 

decreasing amounts of the slow component of Fe/S reduction 

as the enzyme is progressively reduced. The fractional 

degree of Fe/SII reduction (as well as the other redox 

centers in the enzyme) were estimated using the redox 

potential data of Porras and Palmer (1982) and the 

computational method described by Olson et al (1974) and by 

Hille et al (1981). 

Fig. 1 shows a flash-induced difference spectrum 

obtained 50 ms after the flash with an enzyme sample which 

had been approximately 50 percent reduced. It is apparent 

that the positive absorbance change due to FAD radical 

formation has disappeared (consistent with the redox 

potentials which predict that 80 percent of the FAD would be 

reduced under these conditions) and that Fe/S reduction is 

diminished. Also shown for comparison is the 50 percent 

oxidized minus reduced spectrum obtained in a 

spectrophotometer after complete photochemical reduction of 

this sample. As can be seen, the agreement is satisfactory. 

From redox potential considerations (Porras and Palmer, 

1982), this should correspond to the difference spectrum for 

reduction of Fe/SI. This supports the assignment that the 

slow phase of reduction is in fact due to Fe/SII. The data 

in Fig. 5 show that upon reduction of the enzyme the slow 

Fe/S decay decreases in amplitude in proportion to that 



Figure 5. Dependence of amplitude of slow Fe/S reduction 
after laser excitation upon extent of prior reduction of 
xanthine oxidase. Conditions as in Fig. 2. Dashed line is 
exponential fit to the data. 



Figure 5. Dependence of amplitude of slow Fe/S reduction 
upon the extent of prior reduction of xanthine oxjdase. 
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calculated for Fe/SII. The decay rate remains relatively 

constant. Over this same level of reduction, only 15 

percent of Fe/SI is calculated to be reduced, and 

correspondingly we find little or no change in the amplitude 

of the fast Fe/S decay. These kinetic data provide 

additional support for the suggestion that the slow Fe/S 

reduction rate is due to the high potential Fe/SII and that 

the rapid rate is due to the reduction of the lower 

potential Fe/SI. We also find that the rate of deazaflavin 

radical decay is unchanged upon partial reduction, which is 

consistent with the molybdenum-deazaflavin radical reaction 

proposed above. We conclude that Fe/SI reduction proceeds 

via electron transfer from MoV formed as a result of the 

reaction of MoVI with deazaflavin radical. 

Kinetic traces obtained from flash experiments 

carried out at pH 8.5 indicate that the reduction of both 

Fe/S centers and the oxidation of deazaflavin radical occur 

at rates comparable to those observed at pH 7.0 (data not 

shown). The only difference in kinetic behavior between pH 

8.5 and pH 7.0 is observed at 590 nm where virtually 

complete decay of the protein bound FAD radical is found to 

occur at a rate identical to that of reduction of Fe/SII. 

This difference in behavior may be explained on the basis of 

the changes in midpoint potentials of the FAD/FADH· and 

Fe/SII,ox/Fe/SII,red couples. The redox potential 
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difference is larger at pH 8.5 (-90 mY) than at pH 7.0 (-38 

mY) . Hence from a thermodynamic point of view FADH· 

functions as a stronger reductant for oxidized Fe/SII at 

this pH. These experiments are thus consistent with 

electron flow from reduced FAD to oxidized Fe/SII (see 

below) • 

Kinetic Studies of the Desulfo-Enzyme 

It is well known that all preparations of xanthine 

oxidase contain varying amounts of non-functional enzyme . . 
This non-functionality results from loss of a sulfur atom 

from the molybdenum center (Massey and Edmondson, 1970; 

Edmondson et al., 1972b) which has been suggested to be a 

per sulfide group (Massey and Edmondson, 1970) or a Mo=S 

group (Bordas et aI, 1979; Wahl and Rajagopalan, 1981). No 

alterations in the FAD or Fe/S centers have been observed 

for th~ desulfo enzyme. The major effect of desulfuration 

is on the redox and ESR properties of the molybdenum center. 

The ESR spectrum takes on the characteristics of the "slow" 

signal (Bray, 1980), and the Movl/Mov redox couple decreases 

in potential by 0.035V (Porras and Palmer, 1982). Since the 

kinetic properties observed for the native enzyme (Fig. 2) 

which contained about 40 percent desulfo enzyme could be 

influenced by this form, we performed a similar series of 
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flash experiments on the CN- treated enzyme (which is 100 

percent desulfo). These measurements show that the Fe/S 

centers in the desulfo enzyme are reduced in a biphasic 

manner and at rates which are close to those observed with 

the native enzyme (data not shown). However, the observed 

signal intensities are about one-half those found with 

unmodified xanthine oxidase. The decay of the deazaflavin 

radical differs from that found in the presence of the 

native enzyme in that its rate is independent of enzyme 

concentration and is considerably slower. The FAD radical 

is produced rapidly and in an amount similar to that 

observed with the native enzyme by an analogous direct 

reaction with the deazaflavin radical. However, an 

appreciable decay corresponding to its oxidation is observed 

(Fig. 3c), in contrast to what is found with the native 

enzyme (compare with Fig. 3b). The rate of this decay is 

approximately that of Fe/SII reduction. Taken together, 

these results suggest that the deazaflavin radical reacts 

directly with the FAD moiety (intramolecularly) and not with 

the desulfo molybdenum, and that the FAD radical produced 

reduces the Fe/SII center. No indication that FAD radical 

reduces Fe/SI is found. This is consistent with the redox 

potentials of the two centers (-235 mV vs. -300 mY, 

respectively). The observed concentration independence of 

deazaflavin radical decay supports the contention that the 
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desulfo molybdenum is not reduced (at least not rapidly), 

rather than the alternative possibility that it is reduced 

by the deazaflavin radical but is not able to transfer 

electrons to the other centers in the enzyme. The lack of 

any evidence for the participation of the FAD radical or the 

desulfo molybdenum in the reduction of Fe/SI leaves only the 

deazaflavin radical as a possible source of reducing 

equivalents. When samples of desulfo xanthine oxidase were 

partially reduced to a level such that the Fe/SII and FAD 

moieties were reduced, the transients corresponding to FAD 

radical and to the reduction of Fe/SII disappeared. The 

reduction of Fe/SI, however, was still apparent at a rate 

similar to that observed with the partially-reduced native 

enzyme. We suggest that this transient is due to a 

relatively slow direct reduction of Fe/SI by deazaflavin 

radical which proceeds in the absence of functional 

molybdenum. Since this reaction occurs so slowly, it is 

difficult to obtain a value for the second order rate 

constant, due to the limited range of accessible 

concentrations. 
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Kinetic Studies with Enzyme Analogs Modified at the 

Molybdenum Center 

Since the above data were consistent with the 

molybdenum center serving as one of the entry points for 

reduction of xanthine oxidase by the deazaflavin radical, it 

was of interest to modify the molybdenum so as to alter 

either its oxidation-reduction potential or to form a 

stable, reduced form. Recent studies by Hille et al (1982) 

and by Barber and Siegel (1983) have shown that arsenite, a 

known inhibitor of the enzyme, binds to the functional 

molybdenum center and alters its oxidation-reduction 

potential. 

potential of 

complexation 

Palmer, 1982) 

Barber and Siegel (1983) have shown that the 

the Molv/Mov redox couple upon arsenite 

is -0.13, as compared to -0.3 V (Porras and 

for the uncomplexed enzyme (this is the 

reported value using frozen samples to determine the 

concentration of MoV. No data at ambient temperatures are 

available). Furthermore, they have shown that arsenite 

binding to the desulfo-enzyme results in only small changes 

in the MoV ESR spectrum. Thus a comparison of the kinetic 

properties of the arsenite-complexed enzyme with those of 

the native form should provide information concerning the 

role of MoV in the observed intramolecular electron 

transfer, since it would now be the highest potential center 
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in the enzyme and thus not thermodynamically capable of 

reducing the other redox centers. 

Laser photolysis transients obtained at 590 nm show 

that, as in the native enzyme and the desulfo enzyme, the 

FAD radical is rapidly formed in the arsenite-enzyme complex 

(data not shown). It differs from the active form, but 

coincides with the properties of the desulfo form, in that 

an appreciable subsequent FAD radical oxidation is observed 

with a rate constant corresponding to Fe/SII reduction. The 

reduction of Fe/S centers observed at 483 nm proceeds at the 

same rate as in the native enzyme; however, the amplitude of 

the reduction is approximately 

enzyme (Fig. 6). Since only 

arsentite complexed form it 

one-half that of the native 

half of the enzyme is in the 

is possible that this Fe/S 

center reduction is due to the desulfo enzyme present and 

that actually no Fe/S reduction occurs via molybdenum on 

photolysis of the oxidized arsenite enzyme. This suggestion 

is consistent with the higher potential MoV serving as the 

"electron sink", with no visible color change occurring 

coincident with its formation. The optical transient at 

483 nm due to the reduction of Fe/SI is still apparent in 

the partially-reduced arsenite complex; however, the 

transient due to the reduction of the Fe/SII center has now 

disappeared (Fig. 6). Partial reduction of the arsenite 

enzyme also results in an approximately two-fold increase in 



Figure 6. Transient absorbance changes observed at 483 nm 
in arsenite-treated xanthine oxidase. Conditions as in Fig. 
2. 

a - oxidized 
b - 50 percent reduced 

Sensitivity in B is one-half that in A and same as in Figure 
2. 
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Figure 6. Transient absorbance changes corresponding to the 
reduction of the Fe/S centers in arsenite treated xanthine 
oxidase. 
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the amplitude of Fe/Sl reduction relative to the oxidized 

form. This increase in amplitude is not entirely unexpected 

inasmuch as the high potential MOVI is now 

stoichiometrically converted into MoV and thus the Fe/SI 

center serves as the "electron sink". The Mov/Molv redox 

couple in the arsenite-complexed form is lower in potential 

than that of the native form (Barber and Siegel, 1983) and 

thus could serve as a facile reductant for Fe/SI following 

reduction of MoV by deazaflavin radical. Consistent with 

this, the rate of deazaflavin radical decay increases 3-4 

fold upon partial reduction of the enzyme (data not shown). 

It has been known since the work of Massey et al. 

(1970) that the MOIV form of xanthine oxidase can be 

stabilized by complexation with alloxanthine. This allows a 

form of the enzyme to be studied in which the FAD and Fe/S 

centers are oxidized while the molybdenum is reduced and 

thus not able to participate in intramolecular electron 

transfer. Kinetic results can therefore be obtained in 

which only the FAD and Fe/S centers are involved. The 

problem of the existence of functional and non-functional 

(i. e. desulfo) forms of the enzyme was circumvented by 

using conditions (Edmondson et aI, 1972b) such that both 

forms of the molybdenum center were complexed with 

alloxanthine. 
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The kinetic data observed with this form of the 

enzyme at 590 nm (data not shown) demonstrates that the FAD 

reacts with the deazaflavin radical very rapidly, as found 

with the other forms of the enzyme, and that the decay of 

the FAD radical coincides with the reduction of Fe/SII. The 

deazaflavin radical decay was found to be independent of 

enzyme concentration (Fig. 4), as was also observed for the 

desulfo enzyme. This is again consistent with the reduction 

of the functional molbydenum center being responsible for 

the observed 

radical (cf. 

intramolecular. 

pseudo-first order 

Fig. 4) and with 

decay of the deazaflavin 

FAD reduction being 

This concentration independence also 

confirms the previous suggestion that desulfo-Movl does not 

react rapidly with the deazaflavin radical. 

The transients observed at 483 nm (data not shown) 

demonstrate that both Fe/S centers are reduced at rates 

comparable to those of the native enzyme. The signal 

amplitudes, however, are again approximately one-half those 

found with native xanthine oxidase. Presumably, FAD radical 

is involved in Fe/SII reduction (its slow decay is 

observed), and Fe/SI is reduced via the slow reaction with 

deazaflavin radical. 
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Kinetic Studies of Deflavo-Xanthine Oxidase 

In agreement with expectations, no transient 

absorbance at 590 nm due to FAD radical formation is 

observed on the reaction of deazaflavin radical with 

deflavo-xanthine oxidase. The rate of deazaflavin radical 

decay is dependent on the enzyme concentration, giving an 

apparent second-order rate constant of 3.8 x 107M- 1 sec- 1 

(Fig. 4), a value similar to that observed with the native 

enzyme (see above) and consistent with the functional 

molybdenum center being the 

second-order reaction. 

other reactant in this 

The transients observed at 483 nm (Fig. 7) show 

three discrete components associated with Fe/S center 

reduction: a very fast component (coincident with 

deazaflavin radical decay; compare Fig. 7b with Fig. 2b), a 

component comparable in rate to that observed for the 

reduction of Fe/SI in the native enzyme, and a slow 

component similar in rate to that observed in native 

xanthine oxidase for the reduction of Fe/SII. Upon partial 

reduction of the deflavoenzyme, the slow kinetic component 

disappears, as expected since the FeSII center is now 

reduced. In addition, the very fast component at first 

slows down (consistent with the rate of reaction being 



Figure 7. Transient absorbance changes observed at 483 nm 
upon laser flash photolysis of deflavo xanthine oxidase. 
Conditions as in Fig. 2. Insert in c represents plot of 
exponential fit to the decay curve (shown as superimposed 
solid line; this is not extended back to zero time for 
purposes of clarity). a - 400 ms time scale, b - 40 ms time 
scale, c - 10 ms time scale. 
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dependent on the concentration of oxidized Fe/SII) and 

finally disappears on further reduction, leaving only the 

component due to Fe/SI reduction. Thus, we may conclude 

that Fe/SII reduction occurs both via a direct reaction with 

deazaflavin radical and via a slow pathway in the 

deflavoenzyme. The slow component is presumably due to 

reduction of Fe/SII by the MoV generated during the flash by 

reaction of MoVI with deazaflavin radical, as in the other 

forms of the enzyme. It would appear then that removal of 

the FAD allows Fe/S to react directly with the deazaflavin 

radical. If we assume that all of the enzyme molecules 

contain reducible Fe/SII, whereas only one-half contain 

functional molybdenum, the above second order rate constant 

for Mo reduction can be corrected to a value of 7.6 x 

10 7M- I s-I. 

Further evidence for this reduction pathway is 

obtained from flash photolysis of deflavoxanthine oxidase in 

which the molybdenum center is trapped as MolV via its 

complexation with alloxanthine. Reaction of this modified 

form of the enzyme with deazaflavin radical results in the 

appearance of only the two rapid components of Fe/S 

reduction (Fig. 8). Thus Fe/SII again is reduced rapidly by 

a direct reaction with deazaflavin radical, and Fe/SI is 

reduced somewhat more slowly. This latter reduction also 

proceeds by (a slower) direct reaction with 



Figure 8. Transit absorbance changes observed at 483 nm 
upon laser flash photolysis of alloxanthine-complexed 
deflavo xanthine oxidase. Conditions in Fig. 2. 
Sensitivity in a is one-half that in band c and is same as 
in Fig. 2. a - 400 ms time scale, b - 40 ms time scale, c-

10 ms time scale. 
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photochemically-generated deazaflavin radical inasmuch as 

the molybdenum is now non-functional as a redox component. 

In agreement with the proposed direct reaction of 

deazaflavin radical with each of the Fe/S centers, the rate 

of decay of the deazaflavin radical was proportional to the 

concentration of the enzyme with an apparent second order 

rate constant of 6.4 X 10 7 M-1 S-l. Since this does not 

have to be corrected for functional enzyme concentration, it 

can be compared directly to the other rate constant values 

given above. 

dependent on 

observations 

As expected, the decay rate was found to be 

the degree of Fe/S reduction. These 

observed 

upon the 

contrast directly with the 

independence of deazaflavin radical decay 

concentration of alloxanthine-complexed native enzyme. 

Thus, removal of the FAD moiety and alteration of the 

molybdenum center results in a xanthine oxidase form which 

is still capable of rapid reduction by an external donor via 

the Fe/S centers. 

We have also performed flash experiments on native 

and desulfo (CN- treated) enzymes containing an alkylated 

flavin moiety (Komai and Massey, 1971) which would be 

incapable of transferring electrons to any of the other 

redox centers of the enzyme. In the alkylated native 

enzyme, reduction of both Fe/S centers occurred at rates 

comparable to those observed in the native enzyme (data not 
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shown). This demonstrates that the rapid reduction of 

Fe/SII observed in the deflavo enzyme requires more than 

just a non-functional flavin and that molybdenum is capable 

of serving as a reductant for both Fe/S centers. In 

addition, partial reduction of the enzyme (~25%) resulted in 

a loss of the slow Fe/S component as was found in the native 

enzyme. In the alkylated desulfo enzyme, no Fe/SII 

reduction was observed. However, Fe/SI reduction occurred 

at rate similar to that in the native enzyme, although the 

amplitude of the signal due to reduction of this center was 

smaller than in the native enzyme. No FAD transients were 

found in either the native or desulfo enzymes, as expected. 

These experiments therefore provide further evidence for a 

direct reduction of Fe/SI by deazaflavin radical. They 

further suggest that no electron transfer from Fe/SI to 

Fe/SII is occurring. 

Conclusions 

The results quoted above clearly demonstrate the 

utility of the laser 

kinetic properties 

photolysis technique for studying the 

of complex, multifunctional redox 

enzymes. One of the goals of the study was to provide 

direct evidence for or against the hypothesis of Olson et al 

(1974) that the distribution of reducing equivalents among 

the various redox centers of xanthine oxidase is the result 
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of a rapid equilibrium governed by the relative redox 

potentials. The recent publication of these potentials 

determined at ambient temperature (Porras and Palmer, 1982) 

was very helpful in our interpretations. 

The present kinetic data show that the functional 

molybdenum center and the FAD serve as major reaction sites 

in the native enzyme 

deazaflavin radical. It 

for the photochemically-generated 

is of interest that the desulfo 

molydenum is not kinetically functional with this highly 

reactive radical, even though thermodynamic considerations 

would suggest a facile electron transfer. Analogous 

behavior is also observed with other non-specific 

reductants. Thus, it was shown by Edmondson et al (1972b) 

that NaBH4 will reduce only functional enzyme and not the 

desulfo form. 

The FAD moiety of both functional and non-functional 

forms of the enzyme is reduced quite rapidly by the 

deazaflavin radical. Furthermore, when molybdenum is 

non-functional a slow reaction of deazaflavin radical and 

Fe/Sl apparently occurs. The Fe/SII center is directly 

reduced by the deazaflavin radical upon removal of the FAD 

moiety. This change in reactivity suggests an alteration in 

the environment of this component. No direct structural 

data has been obtained which would support such an 

environmental modification. Previous work has shown that 
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the ESR and CD properties of the Fe/S centers in the deflavo 

enzyme are identical with those in the native enzyme (Komai 

et aI, 1969). Furthermore, unpublished studies by Dr. D.E. 

Edmondson (private communication) have shown that the 

IH-ENDOR spectra observed for proton couplings to Fe/SI and 

Fe/SII are identical for the native and deflavo forms of the 

enzyme. Thus, if a structural modification of the 

environment of the Fe/S centers is indeed occurring upon FAD 

removal, it must be a rather subtle one. 

Taken together, the kinetic data show that the 

reactivity of the deazaflavin radical towards the various 

redox centers of the enzyme is not identical. Such 

discrimination is, of course, a requirement for the 

determination of the rates of intramolecular electron 

transfer among the redox centers of the enzyme. A summary 

of the reactivity of each of the centers of xanthine oxidase 

with deazaflavin radical is shown in Scheme 1. 

One of the transients observed in the visible 

spectral region, the formation of the neutral form of FAD 

radical, is the simplest to detect, inasmuch as none of the 

other possible redox species would give rise to a net 

increase in absorption. The native enzyme (50-60 percent 

functional) showed only a small FAD radical decay after its 

initial formation. In actuality, however, a further, slower 

reduction of FAD must occur as a result of electron transfer 
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Scheme - I 
Reactivity of deazariboflavin radical with the redox centers 
of native and deflavo-xanthine oxidase. 
(The reaction indicated by the asterisk occurs in the 
deflavoenzyme. but we are unable to determine a value for 
the second order rate constant. It is undoubtedly smaller 
than the rate constant for Fe/SII reduction, however. It 
also occurs in the desulfo form of the enzyme). 
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from Mov. We suggest that the reason this is not observed 

is that the FAD radical decays in the desulfo form of the 

enzyme. Thus, the extent of FAD radical formation as a 

result of intramolecular transfer from MoY must 

approximately equal that produced upon direct deazaflavin 

radical reduction and must occur at a rate closed to 12 

sec- 1 • The use of fully-functional enzyme would have been 

very helpful in testing this suggestion. However, efforts 

to obtain such a preparation using the method of Nishino et 

al. (1981) were unsuccessful. It is also possible, on 

thermodynamic grounds, that some FAD radical formation 

occurs via electron transfer from reduced Fe/ST, although we 

do not observe this kinetically. 

The observed biphasic reduction of the Fe/S centers 

is due to the individual rates of electron transfer to each 

of the two centers. The kinetic experiments performed with 

partially-reduced samples of enzyme clearly show that the 

slow component is due to reduction of Fe/SIT, whereas the 

more rapid component corresponds to Fe/SJ. This is the same 

in all forms of the enzyme tested, with the exception of the 

deflavo forms where some fast direct reduction of Fe/SII by 

deazaflavin radical occurs. We find no evidence for 

electron transfer occurring between the two Fe/S centers. 

It is appropriate at this point to compare the 

levels of reduction of each of the redox components of 
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xanthine oxidase which are predicted to be formed upon 

one-electron reduction on the basis of the relative redox 

potentials, 

photolysis 

Table I show 

with those actually observed in the flash 

experiments. The equilibrium values listed in 

that substantial amounts of reduced Fe/SII 

should be present, but only trivial amounts of reduced 

This is clearly at variance with the flash 

photolysis data shown in Fig. 2 and Fig. 3, in which 

appreciable amounts of reduced Fe/SI are formed relative to 

reduced Fe/SII and to FAD radical at the end of a 400 msec 

time period following the laser flash. Furthermore, no 

apparent reoxidation of reduced Fe/SI is observed on this 

time scale. These results suggest that the equilibrium 

distribution of a single electron among the redox centers of 

xanthine oxidase must occur in times longer than 400 msec. 

We will return to this again below. 

The rate constant for Fe/SI reduction in the native 

enzyme (77 sec- 1 ) is due to intramolecular electron transfer 

from MoV produced upon reduction of MoVI by deazaflavin 

radical. This rate is faster than that observed in 

rapid-freeze ESR or in stopped-flow kinetic studies by 

approximately a factor of 5 (Edmondson et al 1973). It 

should be realized, however, that the latter work was done 

using xanthine as a reductant and thus MolV was produced 

upon two-electron reduction. The rate of reduction of 



Table 1. CalculatedB Levels of Each of the Oxidized and 
Reducedb Components of Xanthine Oxidase at 7.2 
Upon One-Electron Reduction Based on Their 
Respective Redox Potentials 

Xanthine 
Oxidase 
Form MOVI Mov MOIV Fe/Sllox Fe/SIlred 

Native .98 .02 0 .46 .54 

Alloxanthine 0 0 1. oc .45 .55 
Native 

Deflavo .92 .08 0 .18 .82 

Alloxanthine 0 0 1. oc .13 .87 
Deflavo 

BHille et al. , 1981; Olson et aI, 1974 

bPorras and Palmer, 1982 

C Level of reduction prior to laser photolysis 
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Fe/SII is approximately one-seventh the rate of Fe/Sr 

reduction. The rate constant for this reaction (12 sec -1 I, 

is. in fact, comparable to that found for total Fe/S 

reduction in rapid mixing experiments using xanthine as the 

reductant. We will return to this point again below. In 

the laser experiments, intramolecular electron transfer to 

Fe/SII originates from the FAD radical in the desulfo enzyme 

and from both FAD radical and Mov in the functional enzyme. 

The observed rate is apparently the same, independent of the 

reducing center. 

From the above rate data for reduction of the two 

Fe/S centers, it is possible to calculate the rate constants 

for both the forward and reverse reactions with their 

respective electron donors. We will also assume that 

electron transfer to FAD from MoV proceeds at the same rate 

as the reduction of Fe/SrI. The observed rate constant is 

the sum of the forward and reverse constants for a simple 

first order reaction system: 

ko b 8 = k, + kb ( 1 I 

and the ratio of the two rate constants is determined by the 

equilibrium constant for the electron transfer reaction: 

Keq can be readily 

Ke q = k, /kb 

calculated 

potentials of the centers involved. 

( 2 ) 

from the known redox 

The rate constants 

calculated using this approach are given in Scheme II. The 



Fe/S l 

38 sec-1 

Scheme - II 
First order rate constants calculated for the electron 
transfer among the redox centers of native xanthine oxidase. 
(These are based on the measured redox potentials (cf. 
Porras and Palmer, 1982). 
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most rapid rates of electron transfer are those between 

molybdenum and Fe/SI. The rate constants for electron 

transfer between MoV and FAD, between reduced Fe/SII and 

MOVI and between FAD radical and Fe/SII are in the range 

10-12 sec-I; the remaining rate constants are appreciably 

slower. 

It is important to attempt to reconcile the present 

kinetic data with those observed previously by other rapid 

kinetic techniques. An apparent inconsistency is 

immediately evident in that Fe/SI is reduced approximately 5 

times faster than is Fe/SII in the flash experiments, 

whereas the rapid-freeze ESR data show the two Fe/S centers 

being reduced at the same rate (Edmondson et al (1973). 

This apparent 

be resolved 

contradiction (if it is not artifactual) can 

by the following explanation, which 

unfortunately cannot be experimentally verified at present 

for technical reasons. In the case of the rapid mixing 

experiments, the rate of reduction was followed subsequent 

to mixing the enzyme with the substrate (xanthine) under 

anaerobic conditions. In this circumstance, the initial 

event would involve a two-electron reduction of MOVI to 

MOIV. If the oxidation of MOIV by either Fe/SI or Fe/SII is 

slow (i.e. ~ 12 sec-I), the resulting MoV would reduce 

the remaining Fe/S center (either Fe/SI or Fe/SII) with the 

rate constants observed in the flash experiments (77 sec- 1 
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or 12 sec-I, respectively). In this situation, both Fe/S 

centers would be reduced at the same rate since the 

limitation would be due to Fe/S reduction by MOIV. 

Alternatively, the MOIV could also reduce FAD relatively 

slowly, resulting in MoV and FAD radical, which could then 

function as reductants for Fe/SI and Fe/SII with the rate 

constants described above. Here again the rate limitations 

would involve MOIV oxidation, resulting in the same observed 

rate of Fe/S center reduction. The extent of reduction of 

the Fe/S centers in the flash experiments appeared to be 

approximately the same as shown by the flash data. The 

rapid equilibrium hypothesis suggests that although the rate 

constants can be the same, the extent of reduction of the 

two Fe/S centers should reflect the different Em values of 

the two centers. This is clearly not the case here. Data 

presented here suggest that on partial reduction of the 

arsenite-complexed enzyme, the MOIV species serves as a 

facile reductant for Fe/SI. This form of molbydenum, 

however, does not function catalytically and thus may have 

quite different kinetic properties than does the MOIV form 

of the functional enzyme. On the other hand, 

substrates/products bound to the enzyme during catalysis are 

thought to perturb the potential of the molybdenum and to 

stabilize the otherwise thermodynamically unstable MOIV 

(Olson et al 1974; Palmer and Olson, 1980). The apparent 
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inconsistency between the rates of intramolecular electron 

transfer and the turnover number for the native enzyme is 

apparent. These differences could be a result of the 

difference in the number of electrons introduced into the 

enzyme molecule. Thus the conformation of the two electron 

reduced enzyme and/or binding of the substrate/product to 

the enzyme may lead to altered redox potentials could be 

responsible for these differences. It remains for future 

work to assess the validity of this explanation. 

the information contained here In conclusion, 

clearly demonstrates that the rates of intramolecular 

electron transfer in native xanthine oxidase are not 

excessively fast, even on a millisecond time scale. 

Furthermore, it is evident that the equilibrium levels (i.e. 

those based on the measured potentials) of the various 

reduced centers are not completely achieved, at least upon 

one-electron reduction, at a rate which is faster than 

catalysis. 



LASER FLASH PHOTOLYSIS STUDIES OF INTRAMOLECULAR ELECTRON 

TRANSFER IN p-CRESOL METHYLHYDROXYLASE 

Laser Flash Photolysis of the Native Enzyme 

The initial experiments were aimed at determining 

which of the redox centers in the enzyme was more rapidly 

reduced by the deazaflavin radical generated by the laser 

flash (Edmondson et aI, 1972; Massey and Hemmerich, 1978) 

and whether intramolecular electron transfer between 

endogenous flavin and heme occurred under these conditions. 

The formation and decay of the deazaflavin radical was 

monitored at 500 nm, which is an isosbestic point between 

the oxidized and fully reduced enzyme. At this wavelength, 

in the presence of oxidized PCMH, an initial rapid increase 

in absorbance occurred, followed by an approximately first 

order decay to the baseline (Fig. 9A). These changes 

corresponded to the formation and decay of the deazaflavin 

radical. The decay of the deazaflavin radical transient was 

much faster than the (second order) decay of this species 

obtained in the absence of protein (Fig. 9B), indicating 

that the radical was being oxidized by the protein. 

Furthermore, the rate of decay of the deazaflavin radical 

94 



Figure 9. Transient absorbance changes corresponding to the 
formation and decay of deazaflavin radical in (A) the 
presence and (B) the absence of oxidized PCMH at pH 7.6. 
The protein concentration in (A) was 2 ~M oxidized PCMH. 5-
deazariboflavin concentrations and buffer conditions were as 
described in the Methods section. 
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~igure 9. Transient absorbance changes corresponding to 
formation and decay of deazariboflavin radical in the 
presence and absence of oxidized PCMH. 
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was dependent of the concentration 

From a plot of the dependence of 

of oxidized protein. 

kobs on the PCMH 

concentration (Inset of Fig. 9A), a second order rate 

constant of 2.8 + 0.5 x 109 M- 1 s-l was calculated for 

electron transfer from deazaflavin radical to the native 

enzyme. 

In order to determine the initial product(s) of 

flavocytochrome reduction and whether any other electron 

transfer processes occurred subsequently, the transient 

kinetics were examined at various wavelengths and at longer 

times (25 ms). At pH 7.6, and at 590 nm (Fig. lOA), an 

initial rapid increase in absorbance was observed, followed 

by a slow exponential decay that eventually went below the 

·preflash baseline. Such changes are consistent with the 

formation and reoxidation of the neutral endogenous flavin 

semiquinone, resulting in the production of reduced heme. 

At 550 nm, a wavelength at which heme reduction can be 

monitored, an initial rapid increase in absorbance was 

observed, followed by 

increase (Fig. lOB). 

a slower exponential absorbance 

The oserved first order rate constant 

for the slow rise at 550 nm (220 + 10 S-I), was the same 

(within experimental uncertainty) as the rate of reoxidation 

of the protein-bound neutral flavosemiquinone monitored at 

590 nm (Inset of Fig. lOA). Figure 11 shows flash-induced 

difference spectra obtained at pH 7.6 for native PCMH at 



Figure 10. Transient kinetics of the (A) protein-bound 
neutral flavin semiquinone and (B) heme of native PCMH at pH 
7.6. 
Semiquinone kinetics were monitored at 590 nm; heme 
reduction was monitored at 550 nm. Protein concentrations 
in (A) and (B) were 20}J M. Buffer conditions were as 
described in the experimental section. The inset shows 
semilog plots of the decay curves in (A) and (B). 
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20---------------

Figure 10. Transient kinetics of the protein-bound neutral 
flavin semiquinone and heme of native peMH. 



Figure 11. Flash induced difference spectra (reduced minus 
oxidized) for native PCMH obtained at t = 0 and t = 25 after 
the laser flash at pH 7.6. 
The kinetic transients were extrapolated to zero time (e) to 
obtain the maximum amount of reduced speC1es formed 
initially by the flash. (0·) represents the reduced species 
present 25 ms after the laser flash. The protein 
concentration was 20 ~M; Buffer conditions were as 
described in the Methods section. The inset represents a 
plot of kObS vs. protein concentration, corresponding to the 
slow reoxidation of protein-bound neutral flavin semiquinone 
(.) and the slow formation of reduced heme (0). 
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Figure 11. Time-resolved flash-induced difference spectra 
(reduced minus oxidized) PCMH corresponding to the 
intramolecular electron transfer reaction in native PCMH. 
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t = 0 and 25 ms after the laser flash (the t = 0 IDS value 

was obtained by extrapolation of the slow (25 ms) 

transientsto zero time). It is evident from the figure 

that, subsequent to the decay of the deazaflavin radical, 

both heme and flavin reduction has occurred (solid circles). 

From the relative extinction coefficients of reduced heme 

and neutral flavin semiquinone, a ratio of reduced heme to 

flavin radical of 2:1 was calculated 5. At longer times the 

difference spectrum resemble that of a typical oxidized 

minus reduced heme moiety (open circles), indicating that 

the flavin radical had transferred its electron to the 

oxidized heme. This is consistent with the slow first order 

processes observed at 550 and 590 nm. 

In order to determine whether this was an 

intramolecular electron transfer the concentration of 

protein was varied. The rationale behind this experiment is 

that if the observed spectral transient reflects a true 

first order process, then its observed rate constant should 

be invariant with protein concentration. The inset shows 

that this was indeed the case, inasmuch as when the protein 

concentration was varied over a 3-fold range, the rate 

constant for reoxidation of the endogenous flavin 

semiquinone, as well as the slow phase of heme reduction, 

remained unchanged within experimental error. We thus 

conclude that this first order rate constant corresponds to 



100 

intramolecular electron transfer from the protein-bound 

neutral flavin semiquinone to the oxidized heme. 

On progressive reduction (achieved by steady-state 

photochemical reduction) of the heme component the magnitude 

of the decay of the protein-bound neutral flavin radical Has 

considerably decreased, and when the heme was almost 

completely reduced (~80%), no decay of the protein-bound 

flavin radical could be observed on a 25 ms time scale. 

This is consistent with the interpretation above. 

The electron transfer reaction of lumiflavin radical 

with oxidized PCMH was also investigated by the laser flash 

photolysis technique. At pH 7.6, this reaction was second 

order and occurred with a rate constant of 8.3 + 1.0 x 10 7 

M- 1 s- 1 (data not shown). The flash-induced difference 

spectrum obtained at pH 7.6 was qualitatively similar to 

that observed with deazaflavin, in that both the endogenous 

flavin and heme reduction were found to occur (data not 

shown) . The intramolecular electron transfer from 

protein-bound flavin semiquinone to oxidized heme could not 

be observed because of the reduction of the flavocytochrome 

by fully-reduced lumiflavin, formed as a result of the rapid 

disproportionation reaction of the lumiflavin radical. 

Preliminary results obtained from the photochemical 

titration of the enzyme indicated that both the flavin and 

the heme components of the unresolved enzyme could be 
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and 

ethylenediaminetetraacetate under steady-state conditions 

(McIntire, 1983). These studies have recently been extended 

in order to determine the relative extent of reduction of 

these components. The reduction of the heme preceeded the 

reduction of the protein-bound flavin, and the absorbance 

changes (monitored at 385 nm) were triphasic (Bhattacharyya 

et aI, 1985). An initial decrease was observed, coincident 

with the increase in absorbance at 552 nm, due to the heme 

reduction in the second phase, an increase in absorbance 

occurred, and this can only be the result of the formation 

of the anionic flavin radical (McIntire, et al 1981 and 

McIntire, et aI, 1984b). In the final phase a decrease in 

absorbance occurs, 

enzyme-bound flavin. 

indicating full reduction of the 

The difference spectra of the enzyme 

after the first, second, and third phases are consistent 

with this. Although the appearance of reduced flavin 

occurred later in the titration than that of the heme, the 

resulting time intervals for the three phases observed at 

385 nm are about equal, indicating that either the rates of 

reaction of each enzyme species with the deazaflavin radical 

may be similar or that the reductions are limited by the 

rate of formation of the deazaflavin radical. A more 

detailed analysis of the relative rates was prevented by the 

fact that a number of redox reactions seem to occur 
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concurrently: reactions of the deazaflavin radical with the 

flavoquinone, the semiquinone, and the heme component , as 

well as rapid intermolecular electron transfer (McIntire et 

al. , 1984b). The occurrence of these multiple reactions 

seems to account for the characteristics of the absorbance 

changes described. 

The results of the steady-state experiment are 

consistent with the laser flash photolysis experiments, in 

which the reduced flavin is shown to transfer its electron 

to heme on a millisecond time scale. Thus, in a 

steady-state expeiment, the heme was reduced prior to the 

flavin, and deprotonation of the protein-bound neutral 

radical had occurred before the spectrum could be recorded. 

We can conclude from these experiments that the redox 

potential of the heme is higher than that of the flavin, and 

that there is communication between the flavin and heme 

moieties of the native enzyme. 

Flash Photolysis Studies of the Cytochrome Subunit 

As was the case with the flavocytochrome, the 

reaction of deazaflavin radical with the oxidized cytochrome 

subunit was monitored at 500 nm. Kinetic traces showed an 

initial increase in absorbance, followed by an approximately 

first order decay to the baseline, again consistent with 

rapid formation and reoxidation of the deazaflavin radical 
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oxidized cytochrome subunit. The rate of oxidation 

deazaflavin radical increased with increasing 

concentration of the cytochrome subunit and a plot of kobs 

vs. oxidized protein concentration yielded a second order 

rate constant of 3.7 + 0.4 x 109 M- 1 s-l (Inset of Fig. 12). 

This rate constant is approximately the same as that 

observed with the intact flavocytochrome. 

The course of reaction between deazaflavin radical 

and the cytochrome subunit was followed at several 

wavelengths, and a flash-induced difference spectrum was 

obtained at pH 7.6 (Fig. 12). Also shown for comparison is 

a dithionite reduced minus oxidized difference spectrum 

obtained in a Cary 15 spectrophotometer. Considering the 

poorer spectral resolution of the laser photolysis 

apparatus, the agreement is satisfactory. 

Laser Flash Photolysis Studies of the Flavoprotein Subunit 

Kinetic traces obtained from laser flash experiments 

performed at 500 nm were consistent with the reoxidation of 

the deazaflavin radical by the oxidized flavoprotein 

subunit. The rate of decay of deazaflavin radical increased 

with increasing oxidized flavin subunit concentration, and a 

plot of kobo vs. protein concentration yielded a second 

order rate constant of 2.2 + 0.1 x 109M- 1 s-l (Inset of Fig. 



Figure 12. Flash-induced 
difference spectrum obtained for 
pH 7.6. 

(reduced minus 
the cytochrome 

oxidized) 
subunit at 

The closed circles represent the data from the flash 
experiment. The cytochrome subunit concentration was 13 ~M. 
The solid line corresponds to an oxidized minus dithionite 
reduced cytochrome subunit difference spectrum obtained in a 
Cary 15 spectrophotometer. The inset shows a second order 
plot for the reaction between deazaflavin radical and 
oxidized cytochrome subunit. 
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Figure 13. Laser flash-induced (reduced minus oxidized) 
difference spectrum for the flavoprotein subunit of PCMH. 
The spectrum was obtained by plotting the signal obtained 5 
ms after the laser flash as a function of wavelength. The 
protein concentration was 20~ M. Buffer conditions were as 
described in the Methods section. The insert shows a second 
order plot corresponding to the reaction between deazaflavin 
radical and oxidized flavoprotein subunit. 
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13) for the electron transfer reaction. This is very 

similar to that obtained with the holoprotein. 

Fig. 13 shows the flash-induced difference spectrum 

obtained for the flavoprotein subunit at pH 7.6 measured 5ms 

after the laser flash. The decrease in absorbance below 495 

nm is consistent with reduction of the protein-bound flavin 

moiety. The spectral changes between 495 and 610 nm are 

consistent with the formation of protein-bound neutral 

flavin radical (Muller et al., 1972). 

The flash experiments described above indicated that 

the neutral flavin radical was stable up to 50 ms after the 

laser flash (data not shown). On the other hand, 

steady-state phototitration experiments (McIntire, 1983) 

have shown that only the anionic form of the flavin radical 

can be observed upon irradiation. A possible explanation 

for this discrepancy is that ethe neutral radical, which is 

initially produced by hydrogen transfer from the deazaflavin 

radical, is slowly deprotonated to the 

prompted us to investigate the 

anionic form. 

kinetics of 

This 

the 

laser-produced flavin neutral radical at much longer times. 

Any deprotonation of this species would be reflected in a 

loss of absorbance at 590 nm. Furthermore, the decay should 

be a first order process. Fig. 14 shows the kinetic 

behaviour of the flavin radical on a 5 second time scale. 

An initial rapid increase in absorbance occurred followed by 



Figure 14. Absorbance changes corresponding to the 
formation and decay of the protein-bound neutral flavin 
semiquinone of the flavoprotein subunit monitored at (A) 590 
and (B) 480 nm. 

The protein concentration was 20 ~M. Buffer conditions 
were as in Fig. 7. The inset corresponds to semilog plots 
of the slow transient kinetics observed at 590 nm ( • ) and 
at 480 nm (0). 
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an almost complete first order decay (k = 1 S-I) to the 

baseline (Inset). This result is consistent with the rapid 

formation of the neutral radical and a slow deprotonation to 

the anionic form. That the observed decay in absorbance 

at590 nm is not due to disproportionation, or to reoxidation 

of the flavin radical by some external oxidant, is shown by 

the kinetics at 480 nm, a wavelength at which oxidized 

flavin absorbs. On a 5 second time scale a rapid decrease 

in absorbance Has observed at this wavelength, followed by a 

much slower additional bleaching (Fig. 14) . The rate 

constant for the slow bleaching was the same within 

experimental error as the rate constant for the slow decay 

observed at 590 nm (Inset of Fig. 14). If the SlOH decay at 

590 nm resulted in the formation of oxidized flavin, then, 

at 480 nm on a 5 second time scale, an increase in 

absorbance, rather than decolorization should have been 

observed. We thus attribute the observed first order 

process to the slow deprotonation of the neutral flavin 

radical to its anionic form. This interpretation is 

consistent with the results of the steady-state 

photochemical titration experiments. 
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CONCLUSIONS 

The results presented above demonstrate the utility 

of the laser flash photolysis technique in measuring both 

the inter- and intramolecular processes involved in the 

electron transfer reactions of native PCMH and its 

individual subunits. The rate of reduction of the native 

enzyme by deazaflavin semiquinone was close to the diffusion 

limit, and the difference spectra indicated that both flavin 

and heme were reduced simultaneously. The simplest 

explanation of this latter fact is that both redox centers 

are exposed at the enzyme surface and directly interact with 

the deazaflavin radical. Since twice as much reduction of 

heme occurs relative to flavin (based on concentration of 

reduced heme and flavin) this would imply a greater 

reactivity of the heme moiety with the deazaflavin radical. 

However, it should be kept in mind that we can only measure 

the formation of the neutral flavin semiquinone, and thus if 

some of the anionic form were also being produced we may 

have underestimated the extent of flavin reduction. 

We were also able to observe intramolecular electron 

transfer from the protein-bound flavin semiquinone to the 

oxidized heme moiety in the native enzyme. Although the 

redox potential of the flavin has not been measured, the 

direction and extent of the observed intramolecular electron 

transfer reaction indicates that the one electron potential 
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of the protein-bound flavin is appreciably lower than that 

of the heme (E e , 7 = +250 mV). This result is consistent 

with the results obtained from the steady-state experiments. 

The reduction kinetics of native PCMH may be 

compared with those of two other flavocytochromes, isolated 

from Chromatium vinosum and Chlorobium thisulfatophilum 

(Cusanovich and Tollin, 1980; Tollin et aI, 1982; Cusanovich 

et aI, 1984) • The reaction of all three flavocytochromes 

with deazaflavin radical is second order, with rate 

constants ranging from 3 X 10 B M- 1 s-l (Chromatium) to 2.8 X 

10 9 M- 1 s- 1 (PCMH) . PCMH is also more reactive towards 

lumiflavin semiquinone than the other two flavocytochromes 

(Cusanovich et. al, , 1984). Furthermore, the initial 

electron transfer from the deazaflavin radical to the 

oxidized protein in all three flavocytochromes, leads to the 

formation of both the protein-bound neutral flavin radical 

and reduced heme. In contrast to the other two 

flavocytochromes, we were able to directly observe the 

intramolecular electron transfer from the flavin radical to 

the oxidized heme in PCMH. At least with the Chromatium 

flavocytochrome, we were not able to observe an analogous 

intramolecular reaction. Since the second order rate 

constants for the reduction of the flavoprotein and 

cytochrome subunits are approximately the same as that 

observed for the native enzyme, litton of the flavoprotein 
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and cytochrome subunits are approximately the same as that 

observed for the native enzyme, litton. Using laser 

photolysis we were able to observe the deprotonation of the 

neutral semiquinone of the flavoprotein subunit to its 

anionic form, occurring with a rate constant of 1 S-I. In 

the case of the holoprotein, this reaction cannot be 

directly observed because of the intramolecular electron 

transfer to the heme. However, when the Heme is fully 

reduced, the neutral flavin radical formed in the flash 

experiment was stable for 25 ms. Since only the anionic 

flavin radical was observed in the photochemical titration, 

a fairly rapid deprotonation (on the time scale of minutes) 

must also occur in the case of the flavocytochrome. The 

formation of the anionic flavin semiquinone was also seen 

during the titration of the flavocytochrome with ~-cresol 

(McIntire et. al., 1984). Stopped flow studies and other 

experiments (McIntire, 1983; McIntire et aI, 1984) have 

shown that with most 

semiquinone can be 

substrates, only the 

detected with PCMH, 

anionic flavin 

although with 

~-cresol, formation of another transient has been shown to 

preceed this event. However, the spectral properties of 

this transient were not consistent with those of the neutral 

protein-bound flavin radical. Future studies utilizing 

rapid freeze techniques should be aimed at determining the 

nature of the transient radical formed upon reaction "ith 

~-cresol. 



COMPLEX FORMATION AND INTRACOMPLEX ELECTRON TRANSFER BETWEEN 

SPINACH FERREDOXIN:NADP+-REDUCTASE AND 

CLOSTRIDIUM PASTEURIANUM RUBREDOXIN 

Complex Formation 

At low ionic strength (I = 10 mM), C. pasteurianum 

Rdox gives a maximal visible difference spectrum for complex 

formation at an Rdox / FNRox ratio of 1:1 (Fig. 15). The 

spectrum is very similar to that seen with M. elsdenii Rdox 

and FNRox (Foust et al., 1969), although there are some 

small, but distinct differences between the spectra. 

Complex formation also produces a difference CD spectrum 

(Fig. 16). Due to the overlapping spectral transitions of 

Rdox and FNRox in the wavelength region of the difference 

spectra, no definitive assignment can be made concerning the 

origin of the spectra. At high ionic strength (I = 310 mM), 

the complex is apparently dissociated (cf. Fig. 16). 

Reduction Kinetics of Free FNRox and Rdox 

with 5-dRf· as the Reductant 

Kinetic experiments were performed under 

pseudo-first order conditions in which the concentration of 

oxidized redox protein was in large excess over that of the 
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Figure 15. Absorption difference spectrum for Rdox:FNR ox 
complex. 
Difference spectrum shown is the maximum obtained; inset 
shows titration to this maximal spectrum .• The E390 nm has 
the units of M_I cm- I . Concentrations were corrected for 
dilution. Final concentration of Rd ox and FNRo x were 138 
and 108~M, respectively. Experiments were performed in 4 
mM potassium phosphate, 0.5 mM EDTA, pH 7 buffer (I = 10 
mM) . 
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Fi~ure 15. Absorption difference spectrum for the Rd ox :FNkox 
complex. 



Figure 16. Difference CD for the Rdox:FNR ox complex. 
a) C. pasteurianum Rdox, pH 7, I = 10 mM. b) Spinach 
FNRo x , pH 7, I = 10 mM. c) 1.3:1 mixture of Rd ox , pH 7, I 
= 10 mM. d) Same ratio and concentrations of proteins as 
in (c) but unmixed. e) Difference (c)-(d). f) Equimolar 
Rdox/FNRox mixture, pH 7, I = 10 mM. g) (f) + 0.3 M KCI, 
pH 7, I = 310 mM. h) Difference (f)-(g). 
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Figure 16. Difference CD for thA Rdox :~NRox complex. 
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free flavosemiquinone (or FNR semiquinone) generated by the 

laser flash « 0.7 M/flash). The kinetic trace shown in 

Fig. 17(a) represents the rapid formation and subsequent 

disproportionation of 5-dRf in the absence of oxdized 

protein. In the presence of Rdox , however, subsequent to 

rapid formation of 5-dRf· , a fairly rapid bleach is observed 

corresponding to the formation of Rdred (Fig. 17b). Fig. 

17c shows the formation of the neutral protein-bound 

semiquinone of FNR (FNR' ), monitored at 590 nm, formed as a 

consequence of the reaction of FNRo x with 5-dRf·. The 

kinetics of reduction of free Rdox and FNRox by 

photoproduced free flavin semiquinones exhibit no 

complexities. A plot of the dependence of kobs on Rdox 

concentration was linear (Fig. 18a) with an apparent second 

order rate constant for Rdox reduction by 5-dRf' of 3.0 x 

108 M- 1 s - 1 (I ;: 10 mM, pH 7). It should be mentioned that 

in addition to the 5-dRf· reaction, a much slower second 

order reduction of Rdox was also observed (data not shown; k 

~ 10 7 M-1 S-1, although the kinetics may have more than one 

component). Although this may be at least partly due to 

fully reduced 5-deazariboflavin, we were unable to measure 

any reduction by the 

state-generatedlight/EDTA/5-deazariboflavin 

steady 

photoproduct. 

However, it has been suggested that this latter product is 

not identical with authentic fully reduced 5-deazariboflavin 



Figure 17. Laser flash-induced kinetic trances 
representing: (a) rapid formation and subsequent slower 
disproportionation of 5-dRf·, obtained in the absence of 
oxidized protein. 5-dRf concentration was 90 ~ M. Buffer 
conditions were as described in the Methods section. (b) 
Reduction of Rd ox by 5-dRf·, monitored at 504 nm. The 
protein concentration was 36 ~ M. (c) Formation of the 
protein-bound neutral FNR semiquinone, monitored at 590 nm. 
The protein concentration was 12 ~M. Buffer conditions in 
(b) and (c) were the same as in (a). 
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Figure 18. Second order kinetics representing reaction 
between Rd ox and FNR ox with 5-dRf·. 
Dependence of kobs for 5-dRf' decay upon a) Rdox, b) FNR ox 
concentrations. Both reactions were monitored at 504 nm. 
Reactions were performed using 4 mM potassium phosphate. 
0.5 mM EDTA, pH 7 buffer (I = 10 mM), 89 ~ M 5-
deazariboflavin under anaerobic conditions. 
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(Massey and Hemmerich, 1978). 

reducing 
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Since identification of the 

species involved in this slow process would be difficult, it 

was not further investigated. 

Laser-induced reduction of FNRox by 5-dRf' can be 

monitored by following the oxidation of 5-dRf· at 504 nm, an 

FNR oxidized/semiquinone isosbestic wavelength (using the 

present optical system), or by measurements at 590 nm where 

the protein-bound neutral FAD semiquinone absorbs. 

Pseudo-first order rate constants were the same, within 

experimental error, at the two wavelengths. Plots of kobs 

versus FNRox concentration for the data obtained at 504 nm 

were linear over the concentration range studied with an 

apparent second order rate constant of 5.5 x lOs M-l S-1 

(Fig. 18 b). As with the Rdox /5-dRf· reaction, a much 

slower transient decay was observed (data not shown). 

Reaction Kinetics of LfH· with Free and Complexed Rdox 

As expected on thermodynamic grounds, lumiflavin 

semiquinone (LfH' was not measurably reactive with FNRox 

(up to 50 M protein; data not shown). We have therefore 

used this flavin to investigate the relative reactivities of 

free and complexed Rdox • The results establish that Rd ox is 

reducible by LfH· when complexed with FNR ox and that no 

detectable alteration in the rate constant relative to free 
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Rdox reduction is observed (k = 1.3 x 10 7 M-l S-l; Fig. 19) 

The much larger second order rate constant for. Rd ox 

reduction by 5-dRf· versus LfH· is consistent with the lower 

redox potential for 5-dRf' (-650 mV versus -231 mV, 

respectively; Draper and Ingraham, 1968, Blankenhorn, 1976). 

Intracomplex Electron Transfer Between 

FNR· and Rdox at Low Ionic Strength 

Based on the relative redox potentials of Rd (-57 

mV; Lovenberg and Sobel, 1965) and the FNR 

oxidized/semiquinone redox couple (-320 mV; Keirns and Wang, 

1972; however, see also Batie and Kamin, 1981 and Smith et 

al., 1981) it is expected that an intracomplex electron 

transfer reaction would involve irreversible 

electron transfer from FNR semiquinone to Rdo x • To 

investigate the possible occurrence of this reaction, we 

added increasing amounts of a solution containing equal 

concentrations of Rdox and FNRox to a low ionic strength 

solution (I = 10 mM) containing 5-deazariboflavin. Under 

these conditions, most of the added protein is complexed and 

any complexed FNR semiquinone which is produced by laser 

photolysis would be expected to transfer its electron 

intramolecularly to Rdox • By analogy to the LfH· reaction, 

direct reduction of complexed Rdox by 5-dRf· should also be 



Figure 19. Second order kinetics representing reaction 
between LfH' and Rd ox in its free and complexed states. 
Dependence of kobs for LfH· decay upon Rd ox concentration (0 
) and mixtures containing equal concentrations of Rd ox and 
FNR ox ()(). Concentrations for both reactions expressed as 
the conc~ntration of Rd ox added. Lumiflavin (50 ~M) was in 
4 mM potassium phosphate, 0.5 mM EDTA, pH 7 buffer (I = 10 
mM) . 
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Figure 19. Second order kinetics representing the reaction 
between LfH.and Rdox in its free and complexed states. . 
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possible, but this will be a second order process and 

protein concentration 

dependent. Thus it will be kinetically distinguishable from 

an intracomplex reaction. Reactions 1-3 summarize the 

possible interactions which can occur: 

(1) 5-dRf' + FNRox:Rdox-PFNRox:Rdred + 5-dRfox 

(2) 5dRf· + FNRo x :Rdo rlFNR :Rdo x + 5-dRfo x 

(3) FNR·: Rdo X-+FNRo x : Rd r " d 

At 590 nm, the mixture, upon laser photolysis, gives 

a first order decay (Fig. 20 c) which is different from the 

transient decay obtained with solutions containing 

equivalent concentrations of the individual proteins (Fig. 

20, a and b) • The observed first order rate 

constant,however, does not increase linearly with increasing 

amounts of the mixture, but instead remains constant (k = 

2.0 x 10 3 S-I), within an experimental uncertainty of +15%, 

after the first few additions (Fig. 20c, inset). Thus, the 

observed transient must reflect a true first order reaction 

rather than a pseudo-first order reaction. We attribute the 

slightly smaller kobs values at the lowest concentrations to 

the occurrence of parallel second order reactions involving 

free FNRox (and Rdox ) present in equilibrium with the 

complex. 

The transient shown in Fig. 20c has components both 



Figure 20. Laser flash-induced kinetic properties of 
mixtures containing equal concentrations of Rd ox and FNR ox . 
Transient absorbance changes at 590 nm were measured upon 
laser photolysis of solutions which were 89 ~M in 5-
deazariboflavin, pH 7, 4 mM potassium phosphate, 0.5 mM EDTA 
(I = 10 mM) and a) 23.1 ~M in FNRox, b) 23.1 ~ M in Rdox; 
or c) a mixture 23.1 ~M in Rd ox and 23.1 ~M in FNR ox under 
anaerobic conditions. Transient absorbance changes at 504 
nm, d) were measured with a solution 23.1 ~M in Rd ox and 
23.1 ~M in FNRox; other conditions as above. Insert c), 
dependence of kobs for the transient observed at 590 nm (X ) 
and the slow phase transient (see discussion) at 504 nm (e 
,0) on the total concentration of Rd o x (or FNRo x) added 
from a concentrated stock of a solution containing an equal 
concentration mixture of Rd ox (or FNRox) added from a 
concentrated stock of a solution containing an equal 
concentration mixture of Rd ox and FNR ox . 
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Figure 20. Laser flash-induced kinetic properties of 
mixtures containing equal concentrations of Rdox and FNHo~. 
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above and below the preflash base-line as would be expected 

if reactions 2 and 3 were occurring (cf. Fig. 20, a and b). 

The ratio of the absorbance above the preflash base-line 

(obtained by extrapolating the decay curve to t = 0) to that 

below the preflash baseline (~1.2) is in reasonable 

agreement with the ratio of FNR· /FNRo x to Rdox/Rdred (~1.1) 

(the value used was 2.75 X 10 3 M-l cm- 1 at 600 nm (Zanetti 

and Curti, 1982) and the value for Rdox/Rdred was 2.5 X 10 3 

M-l cm- 1 at 590 nm, obtained from the = 6 X 10 3 M-l cm- 1 and 

Rdox spectral properties. Rdred has no absorbance at 590 

nm). Similar quantitative agreement is also obtained forthe 

transients shown in Figs. 22a and 23b (see below). The 

first order process of Fig. 20c therefore can be assigned to 

intracomplex electron transfer from FNR semiquinone to Rdox . 

The time-resolved, flash-induced difference spectrum 

obtained for this reaction provides further support for this 

interpretation (Fig. 21). Specifically, the absorbing 

species immediately following the laser flash has spectral 

properties consistent with the FNR· minus FNRo x steady-state 

difference spectrum (Fig. 21). Furthermore, the total 

decrease in absorbance (i.e. the amplitude of the transient 

signal below the preflash base-line) is similar in shape to 

the Rdox minus Rdred steady-state difference spectrum. The 

small differences between the flash data and the 



Figure 21. Time resolved flash-induced difference spectra 
associated with the intracomplex electron transfer reaction 
of the FNRox:Rd ox complex. Laser flash data were with a 
sample 25 Jl M in both FNR ox and Rd ox and 85 Jl M in 5-
deazariboflavin. The buffer was 4 mM potassium phosphate, 
0.5 mM EDTA, pH 7 (I = 10 mM). The flash data indicated by 
(X) represents the signal amplitude below the pre flash 
baseline (t = 3.5 ms), at each wavelength. The data 
represented by (0) were obtained by extrapolating the first 
order portion of the reaction to zero time and subtracting 
from this value the values given by (X) in order to obtain 
the spectrum of the species initially formed by the laser 
flash. The steady-state FNR· minus FNR ox difference 
spectrum (--) was obtained in a spectrophotometer using 5-
deazariboflavin/EDTA as the reducing system. The steady
state Rd ox minus Rdred spectrum ( ) is that of Rd ox ; 
reduced Rd has no appreciable absorbance in the wavelength 
region of the difference spectrum (see Lovenberg and Sobel, 
1965). The flash data were normalized to the steady-state 
spectra at 590 and 490 nm for the data indicated by (0) and 
(X ), respectively. 
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associated with the intracomplex electron transfer reaction 
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Figure 22. Transient absorbance changes at 590 nm upon 
laser flash excitation of a solution containing 13 ~M of 
Rd ox and FNR ox in the presence of 89 ~M 5-deazariboflavin at 
pH 7 and a) 4 mM potassium phosphate, 0.5 mM EDTA (I = 10 
mM) or b) 4 ruM potassium phosphate, 0.5 mM EDTA, 0.3 M KCI 
(I = 310 mM) . 
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Figure 23. Laser flash-induced kinetic properties of 
solutions containing a fixed FNR ox concentration and 
increasing amounts of Rd ox . 
Transient absorbance changes at 590 nm upon laser flash 
photolysis of solution that were 89 ~M in 5-deazariboflavin, 
4 mM potassium phosphate, 0.5 mM EDTA, pH 7 and a) 35 ~M in 
FNR ox , b) a mixture 2.5 ~M in Rd ox and 34.8 ~ M in FNRo x , 
Rdox/FNR ox = 0.07. The concentration of FNR ox was corrected 
for dilution. The inset shows the dependence of the 
observed rate constant for the abovementioned reaction of 
different, Rdox/FNRo x ratios. 
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Figure 23. Laser flash-induced kinetic properties of 
solutions containing a fixed FNRox concentration and 
increasing amounts of Rdox. 
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our experimental 

At 590 nm, the increase in absorbance due to direct 

FNRox reduction by 5-dRf· (cf. Fig. 20a) must cause 

cancellation (cf. Fig. 20c) of the decrease in absorbance 

(cf. Fig. 20b) due to direct Rdox reduction by 5-dRf' 

(reaction 1). This follows because at other wavelengths, 

for example, at 504 nm (Fig. 20d), which is an FNRox/FNR· 

isosbestic wavelength, these rapid 5-dRf' oxidation 

reactions can be seen, i.e. biphasic kinetics are observed 

(reactions of small amounts of Rdox and FNRox in equilibrium 

with the complex could also contribute to the fast phase 

kinetics, primarily at low complex concentration). The 

cancellation effect indicates that reduction of Rdox and 

FNRox within the complex by 5-dRf· must have almost 

identical rate constants. The fast phase reaction would be 

expected to reflect the second order kinetic properties of 

reactions 1 and 2. The slow component of the 504 nm 

transient, however, has the same rate constant and the same 

concentration independence as does the transient observed at 

590 nm (Fig. 20c). In fact, within experimental error, the 

rate constant for this transient is independent of 

wavelength from 490 to 610 nm. 

Increasing the ionic strength results in the 

disappearance of the first order transient and the 
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appearance of a decay curve which displays complex kinetics 

(Fig. 22). Thus, the effect of ionic strength is 

qualitatively consistent with the previously observed 

dissociation of the M. elsdenii Rdox :FNRox complex at high 

ionic strength (Foust et al., 1969), as well as with our own 

observations with the c. pasteurianum Rdox complex (see 

above) . 

Bimolecular ReactioL Between FNR· and Bound Rdox 

In order to estimate the second order rate constant 

for the reaction between free FNR semiquinone and complexed 

Rdox , we have carried out flash experiments in the presence 

of an excess of FNRox over Rdox in a low ionic strength 

solution (10 mM) containing 5-dRf. We find that the 

otherwise kinetically stable FNR semiquinone generated by 

5-dRf' reduction (Fig. 22 a) undergoes a first order decay, 

superimposed upon a bleach due to Rdox reduction (590 nm, 

Fig. 23b). Reactions 4 and 5 describe the possible 

interactions: 

FNR· + FNRo x : Rdo x~FNRo x + FNRo x : Rd r e d (4) 

FNR· + Rdo x~ FNRo x + Rd r e d (5 ) 

Under the experimental conditions used to obtain the 

transient in Fig. 23b (Rdox/FNRox = 0.07), most of the FNR 

is free whereas essentially all of the Rdox is complexed. 

Thus, the transient represents predominately electron 



129 

transfer between free FNR semiquinone and complexed Rdox 

(reaction 4). This is consistent with the fact that 

complexation still allows facile reduction of Rdox by LfH· 

and 5-dRf' (see above), Based on the rate constant for the 

reaction shown in Fig. 23b and that for a reaction system 

containing a 2-fold higher Rdox concentration (data not 

shown), the apparent second order rate constant for reaction 

4 is estimated to be 5 x 10 7 M-l S-I, The possibility also 

exists that FNR' reacts with free Rdox in equilibrium with 

the complex (reaction 5). However, assuming that FNR· only 

reacts with free Rd ox and that the Kd for the M. elsdenii 

Rdox :FNRoJ complex (5 x 10- 7 M; Foust et al., 1969) is 

applicable to the present system, in order to account for 

the kinetics free Rdox would need to be ~600-fold more 

reactive towards FNR at I = 10 mM than is found at I = 310 

mM (based on the data given in the legend of Fig. 23b). 

Furthermore, the large amplitude of the kinetic trace below 

the preflash base-line is inconsistent with the expected 

small concentration of free Rdox . 

clearly dominant. 

Thus, reaction 4 is 

At higher Rdox (keeping FNRox constant), where a 

greater fraction of FNRox would be complexed, the observed 

kinetics are complicated by an increased contribution from 

the first order intracomplex process (Reaction 3). However, 
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ratio the kinetics are identical to 

those observed in Fig. 20c. 

The reaction of free FNR semiquinone with free RdoI 

can be measured at high ionic strength (I = 310 mM) in an 

experiment (data not shown) where the Rdox to FNRox ratio is 

small (0.07), as described in Fig. 23. The apparent second 

order rate constant under these conditions is estimated to 

be 4 x 106 M-1 S-1. This decrease in rate constant at high 

ionic strength may in part be due to electrostatic effects 

involving localized opposite charges on the proteins. Such 

an interpretation would be consistent with the suggested 

role of electrostatics in complex formation (Foust et al., 

1969). 

Conclusions 

Little information is currently available on 

intracomplex electron transfer processes between redox 

proteins. It is interesting that the flavodoxin/cytochrome 

Q system which possesses a larger driving force than the 

Rd/FNR system and, based on putative complexes generated by 

computer modeling, has portions of the heme and flavin 

chromophores within van der Waals contact distance, and yet 

a relatively small first order rate constant is found 

(Simondsen et al., 1982). This is different from what is 

found for the second order reduction of homologous redox 

proteins containing heme Q or 4Fe-4S prostetic groups by 
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photoreduced free flavins (Meyer et al., 1983) and suggests 

that factors other than redox potential (e.g. relative 

orientation of redox cofactors, structural reorganizations) 

are important in determining intracomplex and intramolecular 

electron transfer. The exact nature of such effects is not 

known in detail as yet, but in a multiheme-containing 

cytochrome from Pseudomonas aeruginosa, cytochrome cd!, the 

perpendicular orientation between hemes Q and d! has been 

suggested to account for the slow intramolecular electron 

transfer observed between them (Makinen et al., 1983) The 

possibility of redox enzymes altering structural factors in 

order to control the rates of intermolecular or 

intramolecular electron transfer is intriguing. In this 

regard, the observation that the rate constant for 

intramolecular electron transfer is modified in the redox 

enzyme, 

changes 

trimethylamine 

induced by 

dehydrogenase, by conformational 

substrate binding to the 

flavohydroquinone form of the enzyme is of considerable 

interest (Steenkamp and Beinert, 1982). 

Several lines of evidence have emphasized the 

importance of complementary charged residue interactions in 

stabilization of redox protein complexes (Foust et al., 

1969; Salemme, 1976; Poulos and Kraut, 1980; Smith et al., 

1980; Mauk et al., 1982; Simondsen et al., 1982; Waldmeyer 

et al., 1982; Chan et al., 1983; Matthew et al., 1983; 
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Poulos and Mauk, 1983). The present kinetic data are unable 

to distinguish between the large number of charged side 

chains spread across a surface of the protein away from the 

Fe center (Watenpaugh et al., 1979) and a ring of negative 

charges (residues 14, 19, 36, 48 and 50) in closer proximity 

to the Fe center (Adman, 1979) as possible FNR recognition 

sites within Rd. However, additional kinetic studies with 

other Rd's of known sequence may help do so. Furthermore, 

structural characterization of the complex by such 

techniques as NMR or by computer modeling (upon completion 

of the FNR structure, see Karplus and Herriott, 1982) may 

better define possible recognition sites. Examination of 

the electron transfer kinetics of FNR complexed with other 

redox proteins may allow one to delineate the range of 

variability in the first order rate constant associated with 

FNR semiquinone intracomplex electron transfer. Such 

information could begin to better define those factors (e.g. 

distance between redox centers, redox potential, specific 

structural features, etc. ) which act to influence 

intracomplex electron transfer between redox proteins. Such 

studies are presented in the following sections. 



RAPID KINETIC STUDIES ON ELECTRON TRANSFER BETWEEN SPINACH 

FERREDOXIN AND SPINACH FERREDOXIN:NADP+-REDUCTASE 

Kinetics of Reduction of Individual Proteins 

The laser-induced kinetic trace shown in Fig, 24a 

illustrates the rapid formation « 2 ~s) and slower 

disproportionation of 5-dRf' which occurs in the absence of 

oxidized protein, as monitored at 500 nm10 , In the presence 

of Fdox (Fig. 24b), laser photolysis results in an initial 

increase in absorbance at 500 nm, followed by an exponential 

decay that eventually goes below the pre-flash baseline. 

Such changes are consistent with the rapid formation of 

5-dRf· and its subsequent reoxidation by Fdox , leading to 

formation of Fdred. Under these conditions, 5-dRf' 

disproportionation no longer occurred because virtually all 

of the deazaflavin radical had reacted with the oxidized 

protein10 , The flash-induced difference spectrum obtained 

by similar measurements as a function of wavelength, 

monitored 5 ms following the laser flash was consistent Hith 

this interpretation (Fig. 25, closed triangles) ( on this 

time scale all kinetic processes are complete). The solid 

line represents a Fdred minus Fdox spectrum obtained by 

dithionite reduction of Fdox in a spectrophotometer. As is 
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Figure 24. 
formation 

Kinetic traces representing: (a) Rapid 

and slower disproportionation of 5-dRf· in the absence of 
Fd ox and FNR ox at I = 10 mM, pH = 7. (b) Reduction of Fd ox 
monitored at 500 nm. Buffer conditions as in (A). The 
protein concentration was 9~. The inset shows second order 
plots of kobs versus Fd ox concentration at (~) 10 mM, (0)310 
mM, and (0) 460 mM ionic strengths. (c) Formation of FNR· 
monitored at 590 nm. FNR ox concentration was 30~M. The inset 
shows second order plots of kobs versus FNR ox concentration 
at ionic strengths of (0) 10 mM and (~) 310 mM, and (0) a 
1:1 Fdox:FNR ox mixture at I = 10 mM. Solid lines in band c 
are single exponential curves drawn through the data. 
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Figure 24. Kinetic traces representing the reoxidation of 
5-dRf. in the absence and presence of Fdox and FNRox. 



Figure 25. (A) Laser flash-induced difference spectrum 
corresponding to Fd ox reduction by 5-dRf' measured 5 ms 
following the laser flash at I = 10 mM, pH = 7, for 22~M 
free Fd ox • The solid line represents the dithionite-reduced 
Fdred minus Fd ox spectrum obtained in a 
spectrophotometer.The spectral data was normalized to the 
flash data at 520 nm. (8) Laser flash-induced difference 
spectrum corresponding to reduction of FNR ox to FNR· by 
5-dRf·, measured 600 ms following the laser flash, for 11~M 
free FNR ox • The solid line corresponds to the FNR· minus 
FNR ox spectrum obtained by steady-state photoreduction in a 
spectrophotometer. The spectral data was normalized to the 
flash data at 570 nm. 
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evident the agreement is satisfactory. From a plot of kObs 

versus Fdox concentration, a second order rate constant for 

the reduction of Fdox by dRf· of 2.0 x lOB M- 1s-l was 

obtained (inset, Fig. 24b; Table-2). At higher ionic 

strengths (310 and 460 mM) and at pH 7.0, the second order 

rate constant for the abovementioned reaction increased 

approximately 3-fold (6.7 x lOB M-1s-l and 6.4 x lOB M-l S-1 

at 310 mM and 460 mM, respectively) ( Inset, Fig. 24b; 

Table-2). This increase in rate constant could be a result 

of a salt-induced conformational change or a change in redox 

potential of Fdox • This deserves further investigation. 

The reaction of 5-dRf· with FNRox can be followed as an 

exponential increase in absorbance at 590 nm (Fig. 24c). 

This absorbance increase was kinetically stable up to 600 ms 

following the laser flash Fig. 26a). The flash-induced 

difference spectrum (Fig. 25) is consistent with formation 

of the FNR neutral (blue) semiquinone (FNR' I. THe solid 

line represents the FNR· minus FNRox spectrum obtained by 

steady- state photoreduction in a spectrophotometer. Again, 

the agreement is satisfactory. The second order rate 

constant corresponding to the reaction of 5-dRf· with FNRox 

was 6.1 x 10& M- 1 s-l at I = 10 mM, pH 7.0 (inset, Fig. 24c; 

Table-2). No change in the second order rate constant 

couldbe detected at the higher ionic strengths (inset, Fig. 

24c; Table-2). 



Figure 26. Kinetic traces demonstrating 
FNR·monitored at 590 nm. (a) 11 ~M FNR ox 
Fdox:FNRoxI both at 1= 10 mM, pH = 7. 

stability of 
(b) 14~M 1:1 
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Figure 26. Kinetic traces demonstrating stability of 
FNR.monitored at 590 nm. (a) 11 11 M FNRox (h) 14 11 ~I 1:1 
Fdox:FNRox,both at I = 10 mM, pH 7.0. 
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Table 2. Second Order Rate Constants (k2) Corresponding to the 
Reaction Between 5-dRfh·, Fdox and FNRox at pH 7.0 
and Various Ionic Strengths. 

Electron Transfer Reaction 

5-dRfH' Fdox 10 2 x 108 

310 6.7 x 108 

460 6.4 x 108 

5-dRfH' FNRox 10 6.1 x 108 

310 6.1 x 108 

460 not determined 
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Kinetics of Reduction of the 1:1 Complex at Low Ionic 

Strength 

Based on the reported redox potentials of Fd and FNR 

(Keirns and Wang, 1972; Batie and Kamin, 1981; Smith et al., 

1981), it is expected that the predominant direction of 

intracomplex electron transfer at pH 7.0 would involve a 

reaction between Fdred and FNRox leading to the formation of 

FNR· (> 10:1). As shown above, however, at I = 10 mM, pH 

7.0 the rate constants for reduction of the isolated 

proteins by 5-dRf' would favor an initial reduction of FNR 

upon laser photolysis (~3-fold, 6 X 10 8 vs. 2 X lOS f'1- 1 

s- 1 ) • In order to directly determine the sequence of events 

upon 5-dRF' interaction with the complex, we added 

increasing amounts of a 1:1 Fd-FNR solution to a low ionic 

strength buffer (10 mM, pH 7.0) containing 5-dRf. Upon 

flash photolysis, no direct reduction of Fdox was observed 

(at the FNR isosbestic point of 500 nm). However, we were 

able to observe direct reduction of the FAD center of FNR, 

leading to the formation of FNR" which was kineticall:v 

stable up to at least 600 ms following the laser flash (Fig. 

26b) . The flash-induced difference spectrum obtained was 

similar to that observed for free FNR (data not shown). A 

plot of kobs vs. complex concentration yielded a 

second-order rate constant of 5.6 x 106 M-1s-l for electron 

transfer from 5-dRf' to the FAD in the oxidized Fd-FNR 



140 

complex (inset, Fig. 24c; Table-I), almost the same as for 

the isolated FNR. These observations demonstrate that upon 

complexation the FAD center in FNR remains as accessible to 

reduction by 5-dRf· as it was in the free state. 

To further investigate the reactivity of the 

iron-sulfur center of Fd in the complex, we performed laser 

photolysis experiments in the presence of a stoichiometric 

amount of fully-reduced FNR at low ionic strength (10 mM). 

Upon flash photolysis, after its initial rapid formation, 

5-dRf· was found to react with Fdox with a rate constant 

approximately one-thirtieth that of uncomplexed Fdox . The 

kinetic trace shown in Fig. 27 represents the slow reduction 

of Fdox in the semi-reduced complex. If the slow process 

represented dissociation 

observed kinetics would 

( i.e. first order). 

of the semi-reduced complex, the 

be independent of concentration 

A plot of kobs vs. complex 

concentration (expressed as FdoI added; Fig. 27, inset) 

yielded a second order rate constant of 7 x 106 M-Is-I. The 

flash-induced difference spectrum was consistent with 

formation of Fdred (data not shown). These results indicate 

that the access to the 2Fe-2S center is partially blocked 

upon complexation 11. This is consistent with the 

abovementioned results of Maskiewicz and Bielski (1982), and 

with EPR experiments in which Dy3 + was used as a 

paramagnetic probe to determine the degree of exposure of 



Figure 27. Kinetic trace representing the slow reduction of 
4~ ~dox in the presence of a stoichiometric amount of 
FNRred, monitored at 500 nm. The solid line is an 
exponential curve drawn through the data. The inset shows a 
second order plot of kobs vs. Fd ox concentration in the 
presence of stoichiometric amounts of FNRred, at I = 10 mM, 
pH = 7.0. 
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Figure 27. Kinetic trace representing slow reduction of 
Fdox in the semi- reduced Fd:FNR complex. 
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and FAD centers of the partially reduced 

(Batie and Kamin, 1984) . In these 

experiments the extent of line broadening of the signal 

corresponding to the reduced 2Fe-2S center was signifi0antly 

reduced upon addition of a stoichiometric amount of FNRred 

at low ionic strength. This result suggests that complex 

formation occurs between Fdred and FNRred at low ionic 

strength and the accessibility of the 2Fe-2S center to Dy3+ 

is diminished 11.pon complex formation. 

Kinetics of Reduction of Protein Mixtures at High Ionic 

Strength 

As noted above, the reaction between Fdred and 

.FNRo x, leading to FNR· formation, has been found to occur 

in the dead-time of the stopped-flow instrument «2 ms). In 

an attempt to directly observe 5-dRf· reduction of Fdox and 

subsequent reoxidation of Fdred, we added increasing amounts 

of FNRox to a high ionic strength solution (310 mM) at pH 

7.0 containing Fdox and 5-dRf. Upon flash photolysis, 

monitored at 500 nm, an initial decrease in absorbance was 

observed, followed by 

This is consistent with 

reoxidation of Fdred. 

an exponential increase (Fig. 28a). 

the rapid formation 12 and slower 

In the absence of FNR, no reoxidation 

of Fdred occurred on the same time scale (data not shown). 

Furthermore, when this same experiment was carried out at 



Figure 28. Kinetic traces showing: (a) formation of Fdred 
followed by its subsequent reoxidation by FNR ox monitored at 
500 nm. (b)reduction of FNR ox to FNR· by Fdred, monitored at 
590 nm. I = 310 mM,pH= 7. Concentrations of Fd ox and FNR ox 

were 15 WM and 14 WM, respectively. The solid lines are 
exponential curves drawn through the data. 
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low ionic strength (10 mM), i.e. under conditions in which 

FNR would be complexed, again no reoxidation of Fdred was 

observed (data not shown). This latter result is consistent 

with the lack of reduction of complexed Fd described in the 

previous section. With increasing FNRo x concentrations, the 

amount of free Fdox 

progressively decreased, 

reduced 

while the 

directly 

amount of 

by 

FNR· 

5-dRf' 

formed 

increased. The formation of FNR· could be followed by the 

absorbance increase at 590 nm (where Fdred reoxidation would 

also result in an increase in absorbance) (Fig. 28b). As 

the FNRo x concentration was increased, the rate of 

reoxidation of Fdred increased, as did the rate of formation 

of FNR· (monitored at 590 nm). The time-resolved 

flash-induced difference spectra monitored at t = 0 

ms(extrapolated) and t = 2.5 ms(where all kinetic processes 

are complete) (Fig. 29), are consistent with electron 

transfer from Fd r e d to FI\'Ro ~ . The small positive signal 

observed at t = 0 ms (extrapolated) in Fig. 28 corresponds 

to direct reduction of FNRox by 5-dRf" The solid line 

drawn through the flash data represented by the closed 

circles in Fig. 29 represent an FNR· minus FNRox spectrum 

obtained by the steady-state photoreduction of FNRox in a 

spectrophotometer. It is evident that the agreement is 

good. The line drawn through the data represented by the 

open circles, corresponds to the sum of the difference 



Figure 29. Laser flash-induced difference spectra 
corresponding to the reactions described in Fig. 5 (0) t = 0 
ms (G) t = 2.5 ms. Protein concentrations and buffer 
conditions were as described in Fig.5. The solid line drawn 
through the data represented by (e) was obtained as 
described in Fig.2. The solid line drawn through the data 
represented by (O)corresponds to the sum of the difference 
spectra of equal concentrations of Fdred and FNR'. 



~ 
< 
CD 
CD 
~ 

tC -::r -~ 
3 -

{)'S (arb. units) 
I 

~~ ~ 
00C)~--~----T---~----~()----~----~---T----~() 
() 

U1 
() 
() 

U1 
N 
() 

U1 
~ 
() 

U1 en 
() 

U1 
00 
() 

en 
() 
() 

]·Fi 

Figure 29. Lasp.r flash-induced difference spectra 
corresponding to intracomplex electron transfer in a 
transient Fdred:F~Rox complex. 
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spectra of FNR· and Fdrpd. and represents initial direct 

reduction of approximately equal amounts of Fdox and FNRox 

by 5-dRf· (see legend to Fig. 29 for details). Once again 

the agreement is satisfactory. 

At low FNRox concentrations, second-order kinetics 

were observed for electron transfer from Fdred to FNRox, 

whereas at higher FNRox concentrations (ratio of FKRox/Fdox 

> 1. 0) the kobs values became relatively independent of 

concentration (Fig. 30). The individual rate constants were 

obtained by fitting the data to a simple two-step mechanism, 

in which the reactants form a transient complex followed by 

intracomplex electron transfer and product formation. 

may be represented as follows: 

Fd r e d + FNRo x~( Fdr e d' ... FNRo x )~ Fdo x + FNR· 

This 

Data fits which included k32 (the rate of reverse electron 

transfer from FNR· to Fdox ) did not appreciably alter the 

values obtained for the other rate constants (given in Table 

3); a maximal value of ~100 S-l was obtained for k32 The 

solid lines in Fig. 30 are the theoretical fits. As is 

evident, the agreement is quite good. Based upon the extent 

of reoxidation of Fdred observed at low FNRox concentrations 

(30 - 35%), a redox potential difference (at I = 310 mM, pH 

7.0) of approximately 50 mV can be calculated between the 

one electron reduced Fd and FNR. When the same experiment 



Figure 30. Plots of kobs versus FNR ox concentration for 
Fdred reoxidation at different pH and ionic strengths: (0) 
pH=6, I = 310 mM; (A)pH=6, I = 460 mM; (e) pH=7, I = 310 mM; 
(B) pH=7, I = 460 mM. The initial Fd ox concentration in all 
cases was 15.5 ~M. Solid curves correspond to theoretical 
fits to the two-step mechanism given in the text. 
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Figure 30. Second order plots of kobs versus FNRox 
concentration corresponding to Fdred reoxidation by FNRox at 
different pH and ionic strengths. 
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was carried out in the presence of excess NADP+ (~6-fold) 

essentially no change in the kinetics was observed. 

Ionic strength effects are expected to occur on the 

second order rate constant for this reaction, due to 

electrostatic interactions between the positively and 

negatively charged sites on FNR and Fd, respectively, and 

are not expected to be manifested on the limiting first 

order rate constant unless step contains a 

contribution from any rearrangement or reorientation of the 

two redox proteins during non-optimal collisions which might 

occur prior to formation of the actual electron transfer 

complex (Simondsen and Tollin, 1983). In order to 

investigate this further, a similar experiment was performed 

at pH 7.0 and at an ionic strength of 460 mM. Upon flash 

photolysis under these conditions, the second order rate 

constant for reoxidation of Fdred in the presence of FNRox 

decreased, as did the limiting first order rate constant 

(Table 3; see also Fig. 30). These ionic strength effects 

are consistent with a plus-minus interaction between the tHO 

proteins, and demonstrate that electrostatics play an 

important role in the formation of a productive electron 

transfer complex. This suggests that the attractive force 

between the two components acts to optimize the mutual 

orientation between the redox centers for electron transfer. 

This also accounts for the similar ionic strength effects on 
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Table 3. Effect of pH and Ionic Strength on the Rate Constants 
for the Electron Transfer Reaction Between Fdred and 
FNRox 

Ionic 
pH Strength k12 (M- 1 s- 1 ) k21 ( s- 1 ) k23 ( s- 1 ) 

7.0 310 1. 5 x 108 1.9 X 10 3 4.0 X 10 3 

7.0 460 7.0 x 10 7 1.3 X 103 1.6 X 103 

6.0 310 3.0 x 10 8 (7.0 X 10 3 )8 

6.0 460 1. 3 x 108 2.2 X 10 3 3.4 x 10 3 

BThis value is an estimate (see text for details). 
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the second and first-order rate constants (cf. Table 3). 

Thus, at higher ionic strengths there will be a greater 

probability of unfavorable orientations upon collision than 

at lower ionic strengths, which will act to sloh the 

subsequent product formation step. These results are 

similar to those observed for the flavodoxin-cytochrome-Q 

complex (Simondsen and Tollin, 1983). 

In order to study the effect of pH on the rate 

constant for electron transfer between Fdred and FNRox, the 

same experiment was performed at two other pH values (pH 6.0 

and 8.0). The rationale behind these experiments is that 

since the redox potential of Fd changes only slightly with 

pH (~3-4 mV/pH unit (Stombaugh et al., 1976)) and the 

one-electron E/ pH of free flavins and a number of 

flavoproteins 13 varies by ~60 mV/pH unit (Stankovich et 

al., 1978; Ohnishi et al., 1981; Mayhew et al., 1969; Draper 

and Ingraham, 1968; O'Donnell and Williams, 1983; ), one 

would expect the FNR potential to become more negative as 

the pH is raised above 6.0, and to approach the Fd potential 

which remains essentially the same. Any pH induced changes 

in the redox potential difference between Fd and FNR should 

then be reflected in the electron transfer rate constant 

(Meyer et al., 1983). At pH 6.0, I = 310 mM, the reaction 

between Fdred and FNRox was second order (k ~3.0 x 108 

M- 1 s-1) and no saturation was observed over the accessible 



concentration range (Fig. 30). 

151 

However, the larger second 

order rate constant is consistent with the expected greater 

potential difference between Fd and FNR at pH 6.0. Since 

the effect of ionic strength at pH 7.0 was to decrease both 

the second order and the limiting rate constants, we 

investigated the electron transfer kinetics at pH 6.0 and I 

= 460 mM in an attempt to determine if saturation kinetics 

could be observed. As in the case of the pH 7.0 experiment, 

the second order rate constant decreased (k = 1.3 x 10 5 

M- 1 s- 1 ), and saturation was observed at high FNRox 

concentrations (Fig. 30) . The limiting first-order rate 

constant had a value of 3.4 x 10 3 

Fig. 30). 

S-1 (Table 3; see also 

The second order rate constants at both pH 7.0 and 

6.0 decreased approximately two-fold when the ionic strength 

was increased from 310 to 460 mM. In the case of the 

limiting first order rate constant, the decrease is also 

approximately two-fold at pH 7.0. It is thus possible to 

estimate a value for the limiting rate constant of -7000 S-1 

at pH 6.0 and 310 mM (Table 3). 

The kinetics of Fdred decay were also investigated 

at pH 8.0 and high ionic strength. Under these conditions, 

no reoxidation of Fdred in the presence of FNRox could be 

detected (data not shown). This result is inconsistent with 

the reported redox potentials for Fdox/Fdred (Em - -420 mY) 
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and FNRox/FNR· (Em ~ -430 mY) (Batie and Kamin, 1984) at pH 

8.0, in that one would expect equal distribution of 

electrons between the two reduced species, and thus expect 

some reoxidation of Fdred under these conditions. The 

result suggests that the reported literature value for the 

one-electron potential of FNR at pH 8 may be incorrect, or 

that the one electron redox potential of Fd is altered under 

these conditions. This deserves further investigation. 

CONCLUSIONS 

The results reported above constitute a direct 

observation of rapid electron transfer between Fdred and 

FNRox within a transient electron-transfer complex leading 

,to the formation of FNR·. The values (cf. Table 2) obtained 

for the intracomplex electron-transfer rate constant (>1.6 x 

10 3 S-l) are consistent with the reaction being too rapid to 

observe with stopped-flow methods. The magnitude of the 

second-order rate constants observed at pH 6.0 and 7.0 and 

the existence and direction of ionic strength effects 

indicate that the reaction between the two proteins is 

strongly influenced by complementary electrostatic charges 

on the protein surfaces and is close to being diffusion 

controlled. The effects of pH on the rate constants are 

consistent with previous results (Meyer et al., 1983) that 

demonstrate a relationship between redox potential 
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differences and rates of electron transfer between free 

flavin semiquinones 

protein. 

and a series of homologous redox 

It is interesting to note that although the FNR

rubredoxin system (Przysiecki et al., 1985) has a larger 

difference in redox potential ( E ~ 260 mV) than the FNR-Fd 

system ( E~ 50 mV at pH 7.0), the rate of electron transfer 

from FNR· to Rdox (k = 2xl0 3 S-1 at I = 10 mM) is at most 

half that observed for Fdred to FNRox (k = 4xl0 3 S-l at I = 
310 mM; by extrapolation of the observed ionic strength 

effects, the k value should be even larger at I = 10 mM). 

This difference in rate constant magnitude could be a 

consequence of the relative distances and orientations of 

the participating redox centers within the electron-transfer 

complex. Thus,. the electrostatic interactions in the 

nonphysiological FNR-Rd complex may not orient the two 

proteins in a manner as favorable to electron transfer as in 

the FNR-Rd complex being unchanged from that of free Rd 

(Przysiecki et al. , 1985), whereas the Fe center is 

partially blocked in the FNR-Fd complex (see above). 

The results obtained for the 1:1 complex at low 

ionic strength demonstrate that the FAD center in FNR 

remains exposed to solvent. On the basis of the structuraJ 

homology between the Fd from Spirulina platensis, for which 

the three-dimensional structure is known (Tsukhihara et al., 
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.1981), and spinach Fd, there are two possible negatively 

charged FNR binding sites which occur on opposite sides of 

the Fd molecule. At present we cannot distinguish between 

these recognition sites, although it may be that both are 

being used simultaneously and that this accounts for the 

2Fe-2S center being partially occluded due to FNR folding 

itself around the Fd molecule. When a high-resolution 

three-dimensional structure for FNR becomes available 

CKarplus & Herriott, 1982; Karplus et al., 1984), one may be 

able to generate hypothetical complexes by the use of 

computer graphics (Simondsen et al., 1982; Weber & Tollin, 

1985) to test this possibility. We also have data 

CBhattacharyya et al., 1986) on electron transfer and 

·complex formation between FNR and some nonphysiological 

iron-containing high-potential electron acceptors 

(cytochromes, HiPIP's), which provide further information on 

the factors involved in determining the rate constants for 

electron transfer in electrostatic bimolecular complexes 

formed between two redox proteins. 



COMPLEX FORMATION AND ELECTRON TRANSFER BETWEEN SPINACH 

FERREDOXIN:NADP+- REDUCTASE AND HIGH POTENTIAL REDOX 

PROTEINS 

HIPIP Complex Formation with FNR 

Complex formation between FNRox and the high 

potential iron sulfur proteins from Ectothiorhodospira 

halophila was investigated using visible difference 

absorption spectroscopy and gel filtration techniques. 

Unlike the other negatively charged proteins which interact 

with FNRox and which have been previously studied (Foust et 

aI, 1969. ) , little or no difference in the visible 

absorption spectrum could be detected between 1:1 protein 

mixtures at low (10 mM) and high (310 mM) ionic strengths. 

Gel filtration studies, however, demonstrate the occurrence 

of a substantial alteration of the elution pattern at the 

lower ionic strength, and that the proteins were 

predominantly dissociated at the higher ionic strength (Fig. 

31a), consistent with complex formation. No significant 

differences could be detected in the elution patterns of the 

1:1 FNRox -HP1 ox and FNRox -HP2ox mixtures at low and high 

ionic strengths, indicating that the two complexes are 
155 



Figure 31. (A) Elution profiles of a 1:1 mixture of 
FNR ox :HP1 ox on Sephadex G-50, at ionic strengths of (a) 10 
mM and (b) 310 mM. In both cases ~O.l~moles of each protein 
was loaded on the column. The composition of the buffers and 
a description of the column have been presented in the 
'Materials and Methods' section. (B) Elution profiles of a 
1:1 mixture of FNR ox :PC2 ox at (a) 10 mM and (b) 310 mM. In 
both cases 0.08 ~moles of each protein was loaded on the 
column. Buffer conditions were as described earlier. 
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Figure 31. Elution profiles of 1:1 mixtures of FNRox:HPlox 
and FNRox:PC2ox at low and hiRh ionic strenRths. 
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probably similar in stability. The dissociation of the 

protein complexes at the higher ionic strength once again 

indicates that an attractive electrostatic interaction must 

influence complex formation. 

Lumiflavin Reduction Kinetics of the Individual Components 

The kinetic trace in Fig. 32a shows the rapid 

formation and disproportionation of the lumiflavin radical 

monitored at 560 nm, obtained in the absence of oxidized 

protein. In the presence of oxidized HP1 ox , a rapid 

increase in absorbance at 560 nm was observed, followed by a 

biphasic decrease which went below the preflash baseline 

(Fig. 32b). These absorbance changes correspond to rapid 

formation of lumiflavin semiquinone (LFH' ), 

disproportionation to form fully-reduced lumiflavin (LFH-) 

and the subsequent reaction of LFH- with HP1 ox . The pKa of 

fully-reduced lumiflavin has been estimated to be 

approximately 6.0 (Draper and Ingraham, 1968), and thus at 

pH 7.0 the anionic form (LFH-) would be the predominant 

species present. A plot of kobs versus HP1 0x concentration 

yielded a second order rate constant of 1 x 106 M-l S-1 at 

1= 10 mM, (inset, Fig. 32b) The reaction of laser 



Figure 32. (a) Kinetic trace repesenting rapid formation 
and disproportionation of the lumiflavin semiquinone (LFH') 
monitored at 560 nm and 5 ms following the laser flash. The 
concentration of lumiflavin was 50~M. (b) Reduction kinetics 
of HP1 0x monitored at 560 nm, with LFH- as the reductant. 
The protein concentration was 70~M. Solid line is a single 
exponential fit to the data. The inset shows second order 
plots corresponding to the reaction of LFH- with (O)HP1o x 

(0) HP2 0x at 10 mM ionic strength, and (X) HPl ox (~) HP2 ox , 
at 310 mM ionic strength. 
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Figure 32. Kinetic traces representing the reactions of 
LfH.in the absence and presence of HP1ox. 
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photoreduced lumiflavin with HP20x was also followed at 560 

nm. Once again the predominant reaction was between LFH

and the oxidized HiPIP. The second order rate constant 

obtained for this reaction was 0.8 x 106 M- 1 s-l (inset, Fig. 

32b). For both proteins, the rate constants for the LFH· 

reactions were too small to be accurately measured. Since 

both reactants (LfH- and HiPIP) in the abovementioned 

electron transfers are negatively charged, increasing the 

ionic strength should result in an increase in the second 

order rate constant. The data in Fig. 32b shows that this 

is indeed the case, inasmuch as when the ionic strength was 

increased from 10 to 310 mM, the second order rate constants 

for the reaction of both HPl ox and HP2 0x with LFH- increased 

by approximately 2-3 fold. This is consistent with a 

weakening of the repulsive electrostatic forces between the 

two negatively charged species. 

Lumiflavin Reduction Kinetics of the 1:1 FNR-HiPIPox 

Complexes at Low Ionic Strength 

In order to investigate the kinetics of reduction of 

the oxidized HiPIP's in the presence of FNRox at lo~ ionic 

strength, we performed experiments in which increasing 

substoichiometric amounts of FNRox were added to a low ionic 

strength solution containing oxidized HiPIP and lumiflavin. 

Upon flash photolysis (monitored at 560 nm), LFH- reduction 



of the oxidized HiPIP was observed, 
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and as the FNRo J 

concentration was increased,the second order rate constant 

for the LFH- reaction also increased (Fig. 33a). At 

FNRox/HiPIPox ratios approaching unity, the kinetics became 

relatively independent of the concentration of added FNRox . 

These results demonstrate that both HiPIP's remained 

reducible in the complex, and that in both cases an 

approximately 2.5- fold increase in the second order rate 

constant was observed upon complexation with FNRox . This 

change in rate constant can be attributed either to a change 

in the HiPIP redox potential or conformation upon complex 

formation, or to a decreased repulsive interaction between 

LFH- and the oxidized HiPIP in the complex, probably as a 

consequence of charge cancellation effects occurring between 

the negatively-charged HiPIP and the positively-charged 

binding site on the oxidized FNR molecule. The results also 

argue that the stoichiometry of the complex is 1:1, since 

the observed rate constants became relatively independent of 

FNRox concentrations at protein ratios above unity. The 

exact stoichiometry of these complexes could not easily be 

determined directly due to the absence of spectral changes 

upon complexation. 



Figure 33. (a) Dependence of the second order reaction rate 
between LFH- and oxidized HIPIP's on the addition of 
increasing FNR ox concentrations at I = 10 mM for (~) HPl ox (0 
) HPl ox . (b) Second order plots corresponding to the 
reaction between LFH- and 1:1 FNRox:HIPIP ox complexes at low 
ionic strength, (A) FNR ox :HPl ox (0) FNR o x:HP2 ox . 
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~igure 33. Dependence of the second order reaction rates 
for the reduction of HiPIPox by LfH- in the presence of 
FNRox. 
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We also performed experiments in which increasing 

amounts of a 1:1 FNRox-HiPIPox mixture were added to a low 

ionic strength solution containing LF. As expected, 

reduction of the oxidized HiPIP's was observed upon laser 

photolysis and plots of kobs vs. complex concentration 

yielded second order rate constants of 3 x 106 M- 1 s-l and 2.5 

X l06M- 1 s-l for the FNRox:HPl ox and FNRox :HP2 ox complexes, 

33b) . This result is in reasonable respectively (Fig. 

agreement with the limiting second order rate constants 

obtained in the titration experiment. 

5-Deazariboflavin Reduction Kinetics Of The Free HIPIP's 

The reaction of 5-dRf· 

was followed at 500 nm. 

formation and slower 

5-deazariboflavin radical, 

with free HPl ox and HP2 0x 

Fig. 34a illustrates the rapid 

disproportionation of the 

in the absence of oxidized 

protein. Upon addition of the oxidized HiPIP, a rapid 

increase was observed followed by a single exponential decay 

that eventually went below the preflash baseline (Fig. 34b). 



Figure 34. (a) Kinetic trace representing rapid formation 
and slower disproportionation of 5-dRf' monitored at 500 nm 
and 5 ms following the laser flash. The 5-dRf concentration 
was ~100~ M. Solid line is a single exponential fit to the 
data. (b) Kinetic trace representing reduction of HPl ox by 
5-dRf·, monitored at 500 nm. The protein concentration was 
17~M. The inset shows second order plots corresponding to 
the reaction between 5-dRf·, (0) HPl ox and (0) HP2 ox • 

Solid lines in (a) and (b) are single exponential fits to 
the data. 
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Figure 34. Kinetic traces representing reactions of 5-dRf. 
in the absence and presence of HjPIPox. 
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This is consistent with rapid formation and reoxidation of 

5-dRf·, concomitant with reduction of the oxidized HiPIP. 

Second order rate constants of 2.5 x 108M- 1 s-l and 2.0 x 

lOS M- 1 s- 1 at I=10mM, were obtained for HPl ox and HP2 ox , 

respectively (inset, Fig. 34b). 

5-Deazariboflavin Reduction Kinetics of the 1:1 FNR:HiPIP 

Complexes 

Based on the reported one-electron redox potentials 

of FNR (Em,7 = -320 mV ,HPl o x (Em, 7 = 50 mV) and HP20x (Em, 7 = 

120mV) (Keirns and Wang, 1972; Meyer et al,1983), it is 

expected that the predominant direction of intracomplex 

electron transfer upon 5-dRf' reduction would be from the 

semiquinone of FNR to the oxidized HiPIP's. Based on the 

results of the lumiflavin experiments, it is also expected 

that substantial amounts of the bound HiPIP's would be 

reduced directly by 

sequence of events 

5-dRf' . In 

upon 5-dRf· 

order to determine the 

interaction with the 

complex, we added increasing amounts of a 1:1 mixture of 

FNRox and HIPIPox to a low ionic strength solution 

containing 5-dRf. Upon flash photolysis(monitored at 500 

nm, which is an approximate isobestic point for FNR) of the 

FNR ox :HPl ox complex, an initial rapid decrease in absorbance 

~"as observed, followed by a much slower additional bleach 

(Fig. 35a). These changes in absorbance are consistent \,ith 
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rapid direct reduction of the HPl ox by 5-dRf" followed by a 

slower reduction step which had a kobs of 23 S-1. In order 

to determine the nature of the slower reaction, we followed 

the reduction kinetics at 590 nm, a wavelength at which the 

absorbance decrease due to HPl ox reduction is much smaller, 

and that due to FNR· oxidation much larger. Furthermore, 

at this wavelength the absorbance changes in the fast phase 

of the reaction tend to cancel and in the slow phase to 

reinforce each other. The results show that the predominant 

transient observed was a slow decay that began slightly 

above the preflash baseline (Fig. 35b) . The first-order 

rate constant obtained for this slow process (kobs = 23 S-1 J 

was the same within experimental error as for the slow 

bleach observed at 500 nm. Such changes are consistent with 

the rapid formation and slower reoxidation of FNR·, leading 

to the formation of HPl re d. 

Time-resolved flash-induced difference spectra (Fig. 

36) for the FNRox :HPl ox system, obtained at t = 0 ms 

(extrapolated) and t= 250 ms following the laser flash, are 



Figure 35. (a) Biphasic reduction of HP1 ox , monitored at 
500 nm, in the 1:1 FNR ox :HPl ox complex at low ionic 
strength, measured 250ms following the laser flash. (b) Slow 
reoxidation of FNR· by HPl ox in the 1:1 FNR ox :HPl ox complex, 
monitored at 590 nm. The complex concentration was 15~M. The 
inset shows the dependence of the rate constants of the 
abovementioned slow reactions on the concentration of the 
oxidized complexes. FNR ox :HP1 ox , (b.) 500 nm (0) 590 nm and 
FNR ox :HP2 ox , (4) 500 nm (e) 590 nm. 
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~igure 35. Transient ahsorbance changes representin~ the 
intracomplex electron transfer reaction from FNH. to HPlox 
in the l:lFNRox:HPlox complex. 



Figure 36. Laser flash-induced time resolved difference 
spectra(oxidized-reduced), corresponding to the reactions 
descri bed in Fig35. (e) t = 0 ms (&l t = 250 ms. The solid 
line drawn through the data points shown by (e) represents 
the sum of the difference spectra of roughly equal amounts 
of FNR· and HPlred. The solid line drawn through the data 
represented by (A) corresponds to an oxidized minus reduced 
HPl ox spectrum obtained by dithionite reduction in a 
spectrophotometer. 
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FiRure 36. Flash-induced time-resolved difference spectra 
(oxidized minus reducedlcorresponding to the intracompJpx 
electron transfer reaction from FNR. to HPlox. 
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consistent with initial direct reduction of both FNRox to 

FNR· and HPl ox to HP1 re d,followed by electron transfer from 

FNR· to the oxidized HIPIP. The solid line drawn through 

the data points represented by the closed circles (t = 0 ms) 

corresponds to a difference spectrum comprised of both FNR· 

and HPl re d, and thus reflects the initial direct reduction 

of the FNRox and HPl ox by 5-dRf·. The agreement between 

this spectrum and the flash data is quite good. The solid 

line drawn through the data represented by the closed 

triangles (t = 250 ms), corresponds to an HPl re d minus HPl ox 

difference spectrum obtained by dithionite reduction of 

HPl ox in a spectrophotometer. Again the agreement is 

satisfactory, and thus at 250 ms essentially of all the FNR· 

had reacted with HPl ox • 

To determine whether the slow electron transfer 

reaction occurred within the complex (i.e. was first 

order), we increased the concentration of the 1:1 mixture of 

oxidized proteins. The plot of kobs vs. complex 

concentration shown in the inset of Fig. 35 indicates that, 

over the accessible range of protein concentrations, the 

rate constant for the reaction corresponding to electron 

transfer from FNR· to HPl ox was essentially independent of 

concentration, consistent with first order character. A 

limiting first order rate constant of -23s- 1 was obtained 

for this reaction. The slightly lower values obtained at 
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the lower complex concentrations was probably a result of 

parallel second order reactions occurring between free FNR· 

and HPl ox • 

When the same experiment was carried out with the 

FNR ox :HP2 ox complex, a limiting rate constant of ~4S-1 was 

obtained for the intracomplex electron transfer (inset, Fig. 

35b). Once again the kinetics were predominately biphasic 

at 500 nm, while at 590 nm the slow reoxidation of FNR· and 

reduction of HP2 0x was more easily observed (data not 

shown). The time-resolved flash-induced difference spectra 

obtained for this system (measured at t = a and t = 1 

second) was qualitatively similar to those obtained for the 

FNRox :HPl ox complex (data not shown). 

Kinetic Studies at High Ionic Strength 

The reduction kinetics of a 1:1 mixture of 

FNRox :HiPIPox by 5-dRf· were also investigated at high 

ionic strength (310 mM). Upon flash photolysis monitored at 

500 nm in the presence of the FNRox :HP1 ox (1:1) mixture, an 

initial rapid absorbance decrease was observed followed by a 

much slower decrease ( data not shown). Such absorbance 

changes are consistent with an initial rapid direct 

reduction of HP1 0x by 5-dRf·, followed by a much slower 

additional reaction between FNR· and HPl ox • The kinetics 

of the slow phase of reduction were second order (k=6.2 x 
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10 5 M-1s-l ,data not shown), consistent with the reduction of 

free HPl ox by FNR· . This result was not unexpected since 

the complex is completely dissociated at this ionic 

strength. When the same experiment was performed on the 

FNRox :HP2 ox system, direct reduction of HP2 0x was also 

apparent. However, FNR· was not measurably reactive with 

HP2 0x ( up to 5 seconds).II. 

Cvtochromes c2Complex Formation With FNR 

Complex formation and the electron transfer between 

FNRox and two structurally homologous cytochromes 

Paraccoccus denitrificans and __ ~R~h~o~d~o~s~p~l~'~r~i~l~l~u~m=-__ ~r~u~b~r~u~m 

cytochromes-Q2) were also investigated by spectroscopic, gel 

filtration and laser flash photolysis techniques. Visible 

absorption difference spectroscopy between lOH (10 mM) and 

high(310 mM) ionic strengths for a 1:1 mixture of oxidized 

FNR and gel filtration experiments (on Sephadex G-50) (Fig. 

31b) indicated that at low ionic strength (10 mM) in the 

presence of stoichiometric amounts of FNRox both cytochromes 

eluted as a single peak, whereas dissociation occurred at 

the higher ionic strength (310 mM). The dissociation of the 

complexes at higher ionic strength again indicates that an 

attractive electrostatic interaction must be involved in 

complex formation. Both cytochromes are known to possess an 

asymmetric charge distribution, with the negatively charged 
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region away from the heme edge, and the positively charged 

surface dominating that portion of the cytochrome molecule 

which surrounds the exposed heme edge (Timkovich et al,1976; 

Timkovich and Dickerson,1976; Salemme et al,1973; Weber and 

Tollin,1985; Dus et aI, 1968). Based on previous results 

(Foust et al,1969), FNRox would be expected to bind to the 

negatively charged portion of each cytochrome, i.e. away 

from the exposed heme edge. Thus intracomplex electron 

transfer would either be prevented or might be forced to 

occur over much greater than normal distances. 

Reduction Kinetics of the Individual Proteins with 

Lumiflavin 

The reaction of the lumiflavin radical (LfH· ) 

generated by the laser flash with the two cytochromes was 

followed at 575 nm. At this wavelength, upon flash 

photolysis, an initial rapid increase in absorbance ~as 

observed followed by an exponential decay that eventually 

went below the preflash baseline, indicating rapid formation 

and subsequent reoxidation of LFH· leading to the formation 

of reduced cytochrome(Fig, 37a) Plots of kobs vs. oxidized 

cytochrome concentration at I = 10 mM yielded second order 

rate constants of 5 x 107M- 1 s-l and 4.3 x 107~1-1S-1 for 



Figure 37. (a) Kinetic trace representing rapid formation 
of LFH·followed by its subsequent. reoxidation and reduction 
of PC2 ox , monitored at 575 nm. The protein concentration was 
36WM . The inset shows second order plots corresponding to 
the second order reactions between LFH· and(A) RC2 0x and (0) 
PC2 ox • The solid line is a single exponential fit to the 
data. (b) Second order plots corresponding to the reaction 
between LFH·, (A) RC2 0x and (0) PC2 0x in their respective 
·1:1 complexes with FNR ox at low ionic strength. 
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Figure 37. Kinetic traces representing the reactions 
ofLfH.in the absence and presence of oxidized cytochrome-~~. 
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PC2 0x and RC2 ox , respectively (Inset, Fig. 37a). FNRox was 

not measureably reactive with LFH· up to 50 M protein 

concentration. 

Reduction Kinetics of the 1:1 FNRox-Cvtochrome C2 Complexes 

with Lumiflavin at Low Ionic Strength 

As mentioned above, lumiflavin semiquinone reacts 

fairly rapidly with the free oxidized cytochromes. In order 

to investigate the accessibility of the heme within the 

complex, we determined the reactivities of the two 

cytochromes with LFH· in 1:1 FNRox :cytoox mixtures at low 

ionic strength (10 mM). Under these conditions LFH· 

produced by the laser flash reacted in a second order manner 

with both cytochromes. Second order rate constants of 5 and 

4.3 x 107 M- 1 s-l were obtained for the reactions with 

FNRox :PC2ox and FNRox :RC2 ox complexes, respectively (Fig. 

37). Thus, the second order constants obtained for LFH· 

reduction of the two cytochromes remained essentially 

unchanged from those of the free cytochromes. This result 

indicates that the heme remains as accessible to reduction 

by LFH· in the complex as in the free cytochrome (assumin~ 

that little or no change in redox potential occurs upon 

complexation). 

binding to 

It is also consistent with the 

the negatively-charged sites 

FNR molecule 

of the two 



Figure 38. (a) Kinetic trace representing rapid formation 
and subsequent reoxidation of 5-dRf' by PC2 ox , monitored at 
500 nm. The protein concentration was 5WM. The inset shows 
second order plots corresponding to the reaction between 
5-dRf·, (e) PC2 0x and (a) RC2 o x, at low ionic strength. (b) 
Flash-induced difference spectrum (oxidized-reduced) 
obtained 5 ms following the laser flash for RC2 ox , with 
5-dRf' as the reductant. The protein concentration was 12WM. 
The closed circles represent the flash data. The solid line 
represents an RC2 0x difference spectrum obtained by 
dithionite reduction in a spectrophotometer. 
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away from surface containing the heme 

5-Deazariboflavin Reduction Kinetics of the Individual 

Proteins 

The reduction kinetics of the individual oxidized 

cytochromes by 5-dRf· were investigated at low ionic 

strength(IO mM). We have previously shown the 5-dRf· 

reaction wi th FNRo x (k = 6 x 108 M- 1 s- 1) which leads to the 

formation of FNR·. The reaction of 5-dRf' with PC2 0x and 

was rapidly RC2 0x was followed at 500 nm. 5-dRf' 

reoxidized in a pseudo first order manner by the oxidized 

cytochromes (Fig. 38a). Plots of kobs vs. oxidized protein 

concentrations yielded second order rate constants of 6 x 

105M- 1 s-l and 9 x 108M- 1 s-l for PC2 0x and RC2 0 x , 

respectively (inset, Fig. 38a). The flash induced (oxidized 

minus reduced) difference spectra for the two cytochromes 

obtained by similar measurements as a function of wavelength 

are consistent with this interpretation (Fig. 38b). Due to 

the larger slit widths needed for laser photolysis data 

collection, the peaks at 525 and 555 nm are truncated. In 

addition, the isosbestic points are not as well defined. 
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Reduction Kinetics of 1:1 Mixtures of FNR and Cvtochromes 

With 5-Deazariboflavin at Low Ionic Strength 

Based on the reported one-electron redox potentials 

of PC2 0x and RC2 0x (+250 mV and +340 mV; Meyer et aI, 1983; 

Pettigrew et aI, 1978), it is expected that upon FNR 

reduction one would observe irreversible electron transfer 

from FNR· to the oxidized cytochrome ~2 's. In order to 

investigate this, we performed experiments in which 

increasing amounts of the preformed 1:1 FNRox :cytochrome 

£20X complex were added to a low ionic strength solution 

containing 5-dRf. The kinetic trace shown in Fig. 39a, 

obtained upon flash photolysis of the FNRox :PC2 ox mixture at 

590 nm, where FNR· absorbance should predominate ,showed an 

initial rapid increase in absorbance, followed by an 

exponential decay that eventually went below the preflash 

baseline, consistent with formation and subsequent 

reoxidation of FNR·, leading to the production of reduced 

heme (which is bleached at 590 nm). With increasing complex 

concentration, the rate of FNR· reoxidation remained 

essentially constant (inset, Fig. 39a) , indicating that 

this is a true first order process, and thus represents 

intracomplex electron transfer. A limiting first order rate 

constant of ·700 S-l was obtained. When the kinetics were 

monitored at 555 nm, a wavelength at which both FNR and heme 

undergo an increase in absorbance, but where heme reduction 



Figure 39. (a) Kinetic trace representing rapid formation 
and slower reoxidation of FNR· by PC2 0x in the 1:1 
FNR ox :PC2 ox complex leading to the formation of PC2 re d. The 
reaction was monitored at 590 nm. (b) Kinetic trace showing 
rapid direct reduction of PC2 0x by5-dRf' followed by slower 
reduction by FNR· in the 1:lFNR ox :PC2 ox complex at low ionic 
strength. The reaction was monitored at 555 nm. The protein 
concentration in (a) and (b) was 12~M. The inset shows the 
dependence of the rate constants for the slow reactions on 
complex concentration for FNRox:PC2ox (0) 590 nm (~) 555 nm, 
and FNRox:RC20x (e) 590 nm (4) 555 nm. (c) Laser 
flash-induced difference spectra (oxidized-reduced)obtained 
for the 1:1 FNRox:PC20x complex corresponding to the 
abovementioned reactions measured at ( .. ) t = 0 ms 
(extrapolated) and (X) t = 10 ms following the laser flash. 
The protein concentration was the same as above. 
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Figure 39. Kinetic traces and flash-induced difference 
spectra corresponding to the intracomplex electron transfer 
reaction from FNR.to oxidized cytochrome-Q2. 
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dominates, an initial rapid rise due to direct cytochrome 

and FNR reduction, followed by a slower increase wa~ 

observed (Fig. 

SlOH increase 

39b). The first order rate constant for the 

in absorbance was the same (within 

experimental uncertainty) as the rate constant for the SlOH 

reoxidation of FNR· and the reduction of heme observed at 

590 nm. Once again the rate constant for the slower 

increase in absorbance was essentially independent of the 

complex concentration (inset, Fig. 39c). The 

reduced) flash-induced time-resolved (oxidized minus 

difference spectrum shmom in Fig. 39c (t = 0 ms, 

extrapolated values) is consistent with initial reduction of 

both the heme and flavin moieties. At t = 10 ms (where all 

kinetic processes were essentially complete), the spectrum 

is that of reduced heme. Once ag~in the isosbestic points 

are not as well defined due to the larger slit widths 

required for data collection. The direct reduction of PC2 0x 

in the complex was not unexpected since the lumiflavin 

kinetics indicated that the heme remained as accessible to 

reduction in the complex as in 

ionic strength the reaction 

PC2 0x was second order (k = 5 

the free state. At high 

of flash-produced FNR· with 

X 106 M-1s-l). This is 

consistent "lith the lower complex stability under these 

conditions. 
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When the same experiments were performed on the 

FNRox :RC2 ox complex, once again the reaction of 5-dRf' 

the complex resulted in the initial reduction of FNRox to 

FNR· , which was subsequently reoxidized by RC2 0 x, leading to 

forma t i on of RC2 u d (data not shown). A first order rate 

constant of ~400S-1 was obtained for electron transfer from 

FNR· to RC2 0x within the complex. The time resolved 

flash-induced difference spectrum at t = 0 ms (extrapolated) 

and t = 15 ms (where all kinetic processes were complete) 

was qualitatively similar to that obtained for the 

FNRox :PC2 ox complex (data not shown). 

Conclusions 

The results presented above clearly demonstrate 

complex formation between FNRox and the non-physiolo~ical 

electron acceptors studied, as well as intracomplex electron 

transfer from FNR· to the oxidized redox proteins. It is 

clear that no consistent correlation exists between the 

redox potential differences between the participating 

electron transfer centers and the observed rate constants 

for the intracomplex reactions (cf. Przysiecki et al., 1985 

and Bhattacharyya et aI, 1985). Both systems investigated 

here (i.e. FNR:HiPIP and FNR:cytochrome Q2) possess a larger 

driving force (E > 370 mV) than either the FNR-Rd or FNR-Rd 

systems previously studied IE < 260 mVI, and yet have 
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smaller rate constants for intracomplex electron transfer (k 

< 700 S- 1 vs k > 2000 s- 1 ) • In the case of the HiPIP' s, the 

relatively uniform overall charge distribution over the 

surface of the protein molecule (based on homology with the 

structurally-characterized HiPIP from Chromatium vinosum; 

cf. Przysiecki et al., 1985), suggests that a number of non

productive electron transfer complexes may be formed during 

the course of the reaction. Furthermore, the iron-sulfur 

cluster is in a relatively hydrophobic region, and is not 

well exposed to the solvent. Therefor, the slow rates of 

intracomplex electron transfer may be due 

large distance between the chromophores. 

to the relatively 

In the event that 

a high resolution X-ray crystal structure becomes available 

for FNR, one may be able to generate hypothetical complexes 

between FNR and the iso-HiPIP's (using the C. vinosum 

structure) by the use of computer graphics (Simondsen et 

al., 1982; Weber and Tollin, 1985), in an attempt to observe 

specific structural features that may influence the electron 

transfer rates from FNR· 

discussed previously, it 

binds to the back side of 

to the oxidized HiPIP's. As 

is likely that the FNR molecule 

the two cytochromes. Based on 

calculation using the structural coordinates of each 

cytochrome, the distance of closest approach to the atoms of 

the pyrrole rings of the heme macrocycle (calculated form 

the carbon atoms of the residues closest to the tryptophan 



molecule in the heme pocket), from 

structure is in the range of 9-11 A. 
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this region of the 

This is not an 

unreasonable distance over which tunnelling could occur 

during the intracomplex electron transfer process 

1984; Peterson-Kennedy et al., 1984, (Brunschwig et al., 

Simolo et al., 1984). Once again in the event that a high 

resolution FNR structure becomes available, one may be able 

to better define those structural features (distance bet~een 

chromophores, relative orientations, etc.) which influence 

the observed rates of biological electron transfer in 

protein-protein complexes that are stabilized 

electrostatic forces. 

Summary 

The rate constants of intramolecular and 

intracomplex electron transfer appear to be significantly 

affected by factors other than differences in the redox 

potentials alone. Studies on the magnetic interactions of 

paramagnetic centers in xanthine oxidase have indicated that 

the redox centers are < 30 A apart (Lowe et aI, 1972). Long 

range electron transfers have been observed in transition 

metal ions when the participating redox centers are bridged 

by -delocalized orbitals that mediate the electron transfer 

between the donor and the acceptor (Taube and Nordmeyer, 

1968; Fischer et aI, 1976) . However, this structural 

feature is not observed in many biological systems, and 
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stacking of 

aromatic residues within the protein interior in such a way 

as to provide a pathway for electron flow between the distal 

redox centers. Another possibility is the existence of 

hydrophobic channels that facilitate the flow of electrons 

between the various redox centers (Moore and Williams, 

1976). Conformational changes upon reduction of the enzyme 

could possibly bring the redox centers into closer proximit~' 

of each other, and thus allow electron transfer to occur. 

Tunnelling of electrons from one center to another provides 

a fourth possibility. 

The relatively slow rates of intramolecular electron 

transfer observed in native milk xanthine oxidase contradict 

the theory that the equilibration of electrons between the 

various redox centers of the enzyme occurs faster than 

turnover and that their distribution is dependent on the 

relative redox potentials. These slow rates of electron 

transfer could be the consequence of relatively large 

distances between the participating chromophores. In the 

event that a high resolution crystal structure (and relevant 

sequence information) becomes available, one may be better 

able to define factors involved in controlling the rates of 

intramolecular electron transfer. Further, studies on a 

related enzyme, xanthine dehydrogenase, could provide 
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additional information on the electron transfer process in 

these complex multicenter redox enzymes. 

The results of the flash-photolysis experiments on 

the flavocytochrome PCMH suggest that the accessibility of 

the protein-bound FAD and heme of the flavoprotein and 

cytochrome subunits to an external reductant are not 

severely altered upon association of the individual 

subunits. Since both the Vmax for substrate processing and 

the redox potential of the cytochrome subunit are altered 

upon dissociation, the exact nature of the modulation 

effects of one subunit upon the other remains unclear. 

However, it is possible that the observed kinetic behaviour 

is a consequence of the use of a strong non-specific 

reductant, i.e. 5-dRf· , which behaves differently than the 

natural substrate. The direction of electron flow suggests 

that the one electron redox potential of the protein-bound 

flavin is lower than that of the heme. Due to technical 

reasons, a direct measurement cannot be made at present. 

Recently, a low resolution X-ray crystal structure 

of PCMH has been determined (Shamala et aI, 1986). The 

results at -6 A resolution suggest an 2 2 type of structure, 

consisting of large (-50 kilodalton) flavoprotein subunits 

facing each other, with the smaller cytochrome subunits (-8 

kilodalton) on the outside. The apparent proximity of the 

cytochrome and flavoprotein subunits is consistent with the 
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rapid electron transfer 

between the protein-bound flavin radical and the oxidized 

heme. The availability of a high resolution x-ray crystal 

structure, along with additional sequence information, ~ill 

undoubtedly provide useful information regarding the 

distances and the relative orientation between the 

protein-bound FAD and the heme in the native enzyme. 

Complex formation was 

ferredoxin:NADpt-reductase, 

investigated 

rubredoxin, 

between 

the 

spinach 

acidic 

iso-HiPIP's and cytochrome-gz's. In the case of the FNR/~ 

pasteurianum Rd system, positive difference spectra were 

observed between measurements made at low and high ionic 

strengths. The overall shape of the visible difference 

spectrum was similar to that obtained for the FNR/~ 

elsdenii Rd system, with the only difference being observed 

in the wavelength region> 500 nm. This indicates that the 

two complexes are similar in nature. Similar measurements 

on the FNR/HiPIP and FNR/cytochrome-g2 systems indicated 

that little or no perturbation of the spectra occurred upon 

association of the proteins at low ionic strength. This 

suggests that the extent of orbital overlap between the 

chromophoric groups is greater in the FNR/Rd systems than in 

the latter two systems. 

The electron transfer kinetics of the individual 

component proteins and their respective complexes with FNR, 
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indicated that complexation either resulted in an alteration 

of the kinetic behaviour of the componemts or in no change 

from those of the free proteins. Comparison of the effects 

of complexation on the accessibility of the iron-sulfur 

centers to an external reductant in the FNR/Rd and the 

FNR/Fd systems suggests that the extent of structural 

rearrangement that must occur prior to the formation of the 

productive electron transfer complex in the case of the 

FNR:Rd complex is larger than in the FNR:Fd complex. This 

is also reflected in the first order rates of intracomplex 

electron transfer betl~een the participating chromophores 

(4000 S-1 vs. 2100 S-I). The relatively slow rates of 

electron transfer in the case of the FNR/HiPIP system is 

probably partly a consequence of the degree of accessibility 

of the iron-sulfur centers, and the distribution of the 

negatively charged residues on the surface of the HiPIP 

molecule, which affects the distance between the redox 

centers in the complex. Furthermore, in this case an effect 

of redox potential difference is apparent. 

intracomplex rate (23 S-1 vs. 4 S-I) was observed for the 

HiPIP with the higher redox potential 

120 mV vs. HP2 xo , Em.7 = 50 mV). 

(i. e. HP 1 0 x, Em. 7 = 

With the FNR/cytochrome-~2 system, the accessibility 

of the heme remained virtually the same in the free and 

complexed forms. This result was not unexpected since the 
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FNR was most likely to bind to the portion of the cytochrome 

molecule distant from the exposed heme edge. The larger 

first order rate constant for intracomplex electron transfer 

between FNR· and PC2ox , compared to that obtained for F~R' 

and RC2 0x in spite of the latter system possessing a larger 

difference in the thermodynamic driving force, could be a 

consequence of the greater number of negatively charged 

residues in the former that might facilitate the transient 

formation of a larger number of non-productive electron 

transfer complexes. A comparison of the intramolecular and 

intracomplex complex electron transfer systems studied here 

and those reported elsewhere is shown in Table 4. The data 

supports the contention that there is no absolute 

correlation between the thermodynamic driving force and the 

first order rate constants. Availability of high resolution 

3-D structures for these proteins will no doubt better 

define the structural features which are 

controlling the reaction rate constants. 

involved in 



Table 4. First order Rate Constants for Intracomplex or 
Intramolecular Electron Transfer in Various 
Redox Systems. 

TYPE OF ELECTRON TRANSFER: 
Proteins 

INTRACOMPLEX: 
Clostridium pasteurianum 
flavodoxin/ 
horse heart cytochrome ~ 

Redox Centers/ E(V)1 

FMNH'~heme ~ Fe3 '/O/4022 

Bovine adrenal NADPH:adrenodoxin FADH~[2Fe-2S]2'/-O.043 
reductase/bovine adrenal adrenodoxin 

Spinach FNR/ FADH~[2Fe-2S]2'/-O.162 
Spinach ferredoxin 

Spinach FNR/ FADH·~Fe3'/O.263 
Clostridium pasteurianum Rd 

INTRAMOLECULAR: 
Chlorobium thiosulfatophilum 
flavocytochrome ~ 

Pseudomonas aeroginosa 
cytochrome cd! 

Hyphomicrobium X 
trimethylamine dehydrogenase 

Hansenula anomala 
flavocytochrome Q2 

Milk xanthine oxidase 

Spinach Fd/Spinach FNR 

Spinach FNR/E. Halophila iso-l 
HiPIP 

Spinach FNR/E. Halophila iso-2 
HiPIP 

Spinach FNR/E. dentrificans 
cytochrome-Q2 

Spinach FNR/R. Rubrum 
cytochrome-Q2 

Q-cresol methyl hydroxylase 

8- 0( -cysteinyl heme.£ 
Fe3t /O.06 FADH' 

heme ~ Fe2 '-7 heme 9.1 
Fe3t /-O.007 

6-S-cysteinyl-FMNH2 
[4Fe-4S]2'/not known 

FMNH2 ---7 heme Q2 
Fe3t /0.016 

Mo(V)-+[2Fe-2S]2t/O.008 4 

Mo(V)~[2Fe-2S]2t/O.0964 
FADH'~[2Fe-2S]2t /0.056 4 

[2Fe-2S]~FAD/0.055 

FADH·~[4Fe-4S]/O.44 

FADH·~[4Fe-4S]/0.37 

FADH·/~heme/0.57 

FADH' ----7 heme/O. 66 

8- OC,-O-tyrosyl 
FADH'~heme/not known 



First Order 
Rate Constant(s-l) Comments 

85 Ionic strength 
dependent 

1.9 NADPH bound to 
flavoprotein 

2.4 

2100 

1200 

0.3 

23 

380 

38 
11.8 
9.8 

4000 6 

23 

4 

700 

400 

220 

NADPH+ bound to 
flavoprotein 

Binding of substrate to 
FMNH2 form decreases 
rate constant 

pH and ionic 
strength dependent 
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Reference 

Simondsen et al. 
1982 

Labeth 1982 

Maskiewicz and 
Bielski 1982 

This work 

Tollin et al. 1982 

Schichman and Gray 
1981 

Steenkamp and 
Beinert 1982 

Capeillere-Blandin 
et al. 1982 

This work 

This work 

This work 

This work 

This work 

This work 

This work 
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