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ABSTRACT 

Electron transfer reactions between Clostridium pasteurianum 

flavodoxin semiquinone and various oxidants (horse heart cytochrome ~, 

ferricyanide, and ferric EDTA) have been studied as a function of ionic 

strength using stopped-flow spectrophotometry. The cytochrome c reac

tion is complicated by the existence of two cytochrome species which 

react at different rates and whose relative concentrations are ionic 

strength dependent. Only the faster of these two reactions is con

sidered here. At low ionic strength, complex formation between 

cytochrome ~ and flavodoxin is indicated by a levelling-off of the 

pseudo-first order rate constant at high cytochrome ~ concentration. 

This is not observed for either ferricyanide or ferric EDTA. For cyto

chrome ~, the rate and association constants for complex formation were 

found to increase with decreasing ionic strength, consistent with 

negative charges on flavodoxin interacting with the positively charged 

cytochrome electron transfer site. Both ferricyanide and ferric EDTA 

are negatively charged oxidants and the rate data respond to ionic 

strength changes as would be predicted for reactants of the same charge 

sign. These results demonstrate that electrostatic interactions 

involving negatively charged groups are important in orienting flavo

doxin with respect to oxidants during electron transfer. 

The effects of structural modifications of the FMN prosthetic 

group of C. pasteurianum flavodoxin on the kinetics of electron transfer 

to the oxidized form (from 5-deazariboflavin semiquinone produced by 

x 



laser flash photolysis) and from the semiquinone form (to horse heart 

cytochrome ~ using stopped-flow spectrophotometry) have been investi

gated. The analogs used were 7,8-dichloroFMN, 8-chloroFMN, 

xi 

7-chloroFMN and 5, 6,7, 8-tetrahydroFMN. The ionic strength dependence 

of cytochrome ~ reduction was not affected by chlorine substitution, 

although the specific rate constants for complex formation and decay 

were appreciably smaller. On the other hand, all of the chlorine 

analogs had the same rate constant for deazariboflavin semiquinone 

oxidation. The rate constants for tetrahydroFMN flavodoxin semiquinone 

reduction of cytochrome ~ were considerably smaller than those for the 

native protein. The results for the chlorine analogs indicate the 

important roles that the polarity of the exposed flavin edge and the 

substitution of the 8 position play in electron transfer. The data 

obtained with the tetrahydroFMN analog indicates that the ~ electron 

system of the flavin is necessary for rapid electron transfer. These 

implications are discussed for the electron transfer mechanism of 

flavodoxin. 



CHAPTER I 

INTRODUCTION 

Background 

The flavodoxins are a group of ~rn-containing flavoproteins 

isolated from microorganisms which mediate electron transfer at a low 

redox potential between the prosthetic groups of other proteins. They 

are of particular interest to the enzymologist inasmuch as two 

members of this group are the first flavin-containing proteins for 

which high-resolution X-ray crystallographic structure analyses are 

available. This information has been utilized herein in two ways. 

First, the oxidation of flavodoxin semiquinone by cytochrome £ and 

other oxidants has been examined at various ionic strengths to 

investigate the role that electrostatic interactions play in the 

orientation of proteins for electron transfer. Second, it is possible 

to substitute various flavin analogs for the flavin mononucleotide 

(~) in flavodoxin. In this manner, the relationships which exist 

between the protein-bound flavin coenzyme and its electron transfer 

properties may be investigated. With these points in mind, a thorough 

discussion of flavodoxin is presented along with information on the 

principal oxidant used in this study, cytochrome £, as well as theories 

concerned with the explanation of electrostatic interactions. 

As is well-known, the flavin coenzymes exist at three oxidation 

levels which can vary in their protonation states: fully-oxidized (F), 

I 



half-reduced or semiquinone (FH· or F.-), and fully-reduced or hydro

quinone (FH2 or FH-). These are related as shown in Figure 1. 

The f1avodoxins function biochemically as one-electron carriers, 

shuttling between the semiquinone and fully-reduced forms, which has by 

far the most negative of the two potentials (see below). The ioniza

tion states of these redox forms in the protein are FH· and FH-, 

respectively (see below). 

Biological Functions of F1avodoxins 

The term "flavodoxin" was originally applied (1) to these 

flavoproteins because of their functional interchangeability with the 

ferredoxins, expressed as an induction of the synthesis of the 

flavodoxin as a replacement for ferredoxin under low iron growth con

ditions in organisms such as Clostridium pasteurianum. However, in 

other organisms (e.g. Azotobacter vinelandii) similar proteins, for 

which the same nomenclature is used, are constitutive (2) and playa 

unique biochemical role. It now appears that this type of low 

potential electron transfer flavoprotein is widely distributed among 

various types of microorganisms, including photosynthetic bacteria, 

blue-green and green algae, and nitrogen-fixing anaerobes and 

aerobes (3). 

A large number of ferredoxin-dependent enzymes have been 

identified in bacteria (4). Flavodoxin will replace ferredoxin in most 

of these. Among the most extensively studied systems are the 

following. 

2 
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Figure 1. Flavin oxidation states. 
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Pyruvate Catabolism (Phosphoroclastic Reaction) 

pyruvate + CoA ~ acetyl CoA + CO
2 

The enzyme system catalyzing this reaction, as found in 

C. pasteurianum and other anaerobes, consists of pyruvate dehydrogenase, 

phospho transacetylase and hydrogenase. Electrons derived from pyruvate 

reduce a non-heme iron sulfur moiety in the dehydrogenase (5). These 

electrons are then used to reduce ferredoxin (or flavodoxin), which in 

turn is reoxidized by hydrogenase with the accompanying formation of 

molecular hydrogen. In~. acidi-urici, the reduced ferredoxin is 

involved as an electron source in uric acid fermentation (6). 

Ferredoxin-dependent hydrogen evolution is also essential to the growth 

of the ethanol fermenting organism f. kluyveri (7). 

CO2 Fixation (pyruvate synthase) 

acetyl CoA + CO2 -7 pyruvate + CoA 

This is essentially the reverse of the process described in 

pyruvate catabolism. It has been found in ~ pasteurianum, where its 

significance is uncertain, and in f. kluyveri, where it is an essential 

metabolic component. In the latter organism, reduction of ferredoxin 

occurs via hydrogenase, or by reduced pyridine nucleotides utilizing 

an NADH or NADPH-ferredoxin oxidoreductase (9). 
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~issimilatory Sulfate Reduction 

In Desulfovibrio, ferredoxin (or flavodoxin) mediates electron 

transfer between hydrogen and sulfite (10). The details of this pathway 

have not yet been elucidated. 

Nitrogen Fixation 

The nitrogenase enzyme system is known to function at a very low 

redox potential (approximately -460 mV). In the obligate anaerobes r 

the endogenous donor of electrons to nitrogenase is ferredoxin or 

flavodoxin depending upon growth conditions (12-15). In!. vinelandii, 

a constitutive flavodoxin fulfills this function (16). It has been 

suggested (17) that the system for generating reducing equivalents for 

nitrogenase in this latter organism is localized in the cytoplasmic 

membrane, and is mediated by an NADH-flavodoxin oxidoreductase 

operating at a site of low pH (~5), at which pH the semiquinone-

hydro quinone potential (see below) is high enough to allow NADH to 

function as a reductant. The pH gradient which is generated by 

membrane energization is then used to bring the flavodoxin hydro

quinone to a low enough potential so that it can serve ~s the donor to 

nitrogenase. 

As shown in Scheme II below (Fig. 2) (11), the electron from 

flavodoxin is transferred to an iron-containing component of the 

nitrogenase system (called dinitrogenase reductase), and thence in an 

ATP-requiring process to the iron-molybdenum component (dinitrogenase) 

from which a variety of substrates can be reduced. 



Dinitrogenase 
Reductase 

Dinitrogenase 

Reduced ')II e- > e- ;;. ... 
Flavodoxin ~ 

ATP ADP+P~ 

Figure 2. Role of flavodoxin in nitrogen fixation. 

N2 
Acetylene 
H+ 

- NH3 

a Ethylene 
- H2 

0\ 
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Among the miscellaneous activities found for f1avodoxins is the 

+ ability to function in the light-dependent reduction of NADP by plant 

chloroplasts (18). It is not known whether this represents a 

biologically-occurring process. 

Molecular Weight and Amino Acid Sequence of F1avodoxins 

All f1avodoxins contain a single polypeptide chain and a single 

bound FMN. They may be divided on the basis of size into two groups, 

one of which falls between 14,000-17,000 da1tons and the second between 

20,000-23,000 da1tons. The first class contains f1avodoxins from the 

Clostridia, Megasphaera e1sdenii (formerly Peptostreptococcus e1sdenii), 

Desu1fovibrio vulgaris, Q. gigas, Escherichia ~ and Synechoccus 

1ividus. The second category includes f1avodoxins from!. vine1andii, 

Rhodospirri11um rubrum, Anacysti~ nidu1ans, and Ch10re11a fusca. It is 

only for members of the first group thus far (specifically Q. vulgaris 

and Clostridium MP) that structures have been determined crysta1-

10graphica11y (see below). 

Complete amino acid sequences are known for the f1avodoxins from 

Clostridium ~w (19), Q. vulgaris (20), ~. e1sdenii (21), and 

A. vine1andii (strain OP) (22). Partial sequences exist for the 

C. pasteurianum (20), ~ vine1andii (23) strain 0) and ~ rubrum (23) 

proteins. Thus, examples of both weight classes are available. 

Comparison of these sequences yields insight into the structure 

of f1avodoxin (23). The greatest de~,ree of homology is found for the 

FMN ribityl phosphate binding region, which is located near the NH2-

terminal end according to the X-ray analysis. Considering the first 25 



residues, there are five invariant amino acids. Two of these, serine 

and threonine, are involved in hydrogen bonding to a ribityl oxygen. 

Another is glycine which functions to allow proper alignment of 

peptide backbone segments. The remaining two invariants are alanine 

and isoleucine whose functions are not known. 

Other polypeptide chain segments which are important in FMN 

binding are residues in the ~egion of 58 to 60, and areas close to 

residues 98 and 131. These portions of the chain also exhibit a high 

degree of homology in the various flavodoxins. 

8 

Dubourdieu and Fox (20) have calculated the overall level of 

homology between the Q. vulgaris, ~. elsdenii and f. MP proteins and 

found it to be 24%. However, the correspondence between Q. vulgaris and 

C. MP is higher (33%), whereas for Q. vulgaris and M. elsdenii it is 

24%. 

Since the secondary structure for f. MP and Q. vulgaris 

flavodoxins is known from the X-ray crystallography studies, the 

structures may be compared at this level. Dubourdieu and Fox (20) have 

calculated the homology for a-pleated sheet regions to be 46%, while 

for a-helical regions it is 30%. They suggest that FMN binding could 

serve as a nucleation site for protein folding while the a~pleated 

section would become important as more of the peptide is synthesized. 

On the basis of the sequence data collected on the NH2 terminal 

region, MacKnight et al. (23) have speculated on the evolutionary 

relationship between six flavodoxins. Considering the proteins to be 

derived from a common ancestor, A. vinelandii would have diverged 
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earliest, followed by ~. rub rum , Q. vulgaris, f. MP, ~. elsdenii and 

finally f. pasteurianum. Another possibility is that ~. vinelandii 

flavodoxin is of independent origin with the observed homology being 

due to the requirements for flavin phosphate binding. 

Fox has proposed that flavodoxins predate the ferredoxins (24). 

The arguments for this are as follows. Flavins are biosynthetically 

produced from amino acids and thus would be expected to have existed 

early in evolution, whereas iron would not have been as biologically 

available due to its being bound into silicates in the crust. Further-

more, flavins could have functioned under the conditions of a reducing 

atmosphere, but as oxygen appeared, the ferredoxins may have developed 

since they are more stable towards oxygen. Finally, it can be argued 

that ferredoxins are of more recent origin because of the high rlegree 

of homology found in their sequences and amino acid compositions. If 

they were more ancient, such homologies would have been obscured by 

evolutionary change. 

Spectroscopic Properties of Flavins and Flavodoxins 

Inasmuch as flavins absorb light in the visible region of the 

spectrum, optical probes have proven quite useful in the study of 

flavoproteins, both as a determinant of flavin redox state and of flavin 

environment. Absorption spectra of Clostridium, Azotobacter and 

M. elsdenii flavodoxins in all three redox states have been 

published (3,25). In the oxidized form, flavodoxins exhibit two broad 

bands in the visible and a third in the near UV (A = 272-275 nm). 
max 

The latter includes a flavin band which overlaps with the absorption of 
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the protein aromatic residues. The positions, shapes and intensities of 

the visible bands vary with the flavodoxin (3) and are different from 

free FMN. Thus, the 445 nm band of free flavin is shifted to the red 

by 5-22 nm in many flavodoxins, blue-shifted to 443 nm in 

Q.pasteurianum flavodoxin, and unchanged in position in~. elsdenii and 

C. MP flavodoxins. The extinction coefficient is usually smaller (~15%) 

than for the free coenzyme and vibrational fine structure is apparent. 

The position and shape of the 373 nm flavin band are also changed in the 

flavodoxins. These observations have led to the conclusion that the 

flavin is in a non-polar milieu, perhaps in the vicinity of aromatic 

side chains (26). This is confirmed by the X-ray work (see below). 

Upon the addition of one reducing equivalent, the FMN adds one 

electron and one proton to form the neutral semiquinone. This species 

is blue in color (as contrasted to the yellow color of the oxidized 

form) and has broad absorption bands in the visible between 400 and 

700 nm. Addition of a second equivalent leads to a one-electron 

reduction to the hydroquinone, which is pale yellow in color and has 

weak bands at around 450 and 365 nm. 

Flavins are intrinsically optically active (due to the 

asymmetric centers in the ribityl side chain) and also gain an induced 

optical activity as a consequence of their environment in the protein. 

Thus, circular dichroism spectroscopy has proven useful in the study of 

flavodoxins (26). One of the major conclusions that has come out of 

these studies (27) is that although the flavin moieties in the 

flavodoxins all seem to be in generally similar environments, specific 

differences exist which group these proteins into two classes which 



correlate with the binding site environments found by X-ray analysis, 

as well as with other physicochemical properties (see below). 
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Oxidized flavins are also highly fluorescent in the free state. 

However, when bound to the flavodoxin apoproteins, this fluorescence is 

almost completely quenched, probably as a consequence of the proximity 

of aromatic side chains. In this regard, protein tryptophan fluor

escence is quenched as well. As will be described below, these 

properties have proven useful in the study of the kinetics and thermo

dynamics of flavin binding (28,29,30). Reduced flavins and 

flavoproteins, including flavodoxins, have recently been shown (31) to 

be weakly fluorescent. 

Magnetic resonance spectroscopy (ESR, END OR , NMR) has also been 

applied to the study of flavodoxins (32-39), The ESR and ENDOR results 

have indicated that the spin density distribution in flavodoxin semi

quinone is similar to that found in free flavins and that the flavin 

radical is probably in a planar conformation. The latter conclusion is 

verified by the X-ray structure work. The NMR studies have argued 

against any large conformational changes upon change in redox state, 

have demonstrated that aromatic protons are shifted upfield when flavin 

is bound to apoprotein and disappear upon semiquinone formation, and 

have shown that the linewidths of some of the flavin resonances are 

consistent with rigid attachment of the flavin to the protein, All of 

these conclusions are in agreement with the X-ray crystallography. 



Three Dimensional Structures of F1avodoxins 

The structures of two of the f1avodoxins have been determined 

by X-ray crystal ana1ys:i.s. These are from Clostridium MP and 

12 

D. vulgaris. Both of these f1avodoxins contain a high degree of 

secondary structure and interesting similarities as well as differences 

are found. 

Clostridium MP F1avodoxin (3, 40-43) 

Four a-helical segments occur in this f1avodoxin which contain 

up to 57 residues (40). Also present are five strands of parallel S 

sheet which can be considered to contain 37 residues (40). The 

a-helices together with parallel S-p1eated sheet form regions of so

called super-secondary structure, SaSaS (44). This type of arrangement 

is also found in dehydrogenases, subtilisin, and in adeny1ate kinase. 

The FMN is bound on the periphery of the molecule. It is 

flanked by the side chains of methionine (Met) 56 and tryptophan (Trp) 

90, the latter of which is directed toward the solvent side. Trp 90 

and the FMN are inclined at an angle of 27° to one another (40). Only 

the dimethy1benzene portion of the flavin ring system is significantly 

exposed to solvent. It is through this region of the coenzyme that 

electron transfer has been suggested to occur (3,45) (see below). 

An extensive hydrogen bonding network, together with the FMN 

contacts to Met 56 and Trp 90, serves to hold the flavin in place. An 

interesting feature is that the negatively charged phosphate moiety 

does not interact with a positively charged amino acid residue, but 

rather with a number of hydroxyamino acids and backbone amido groups. 
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F1avodoxin is a highly acidic protein. Examination of the 

structure (40) shows that there are two clusters of negatively charged 

groups. One of these, containing four charges, is close to the flavin. 

It is possible that this group of charges is important in directing 

the interaction of the f1avodoxin with other proteins (see below). 

The flavin-protein interactions serve to modulate the redox 

properties of FMN. For the redox reactions shown in Figure 1, the 

potentials E1 and E2 of free FMN are -172mV and -238mV, respectively, 

at pH 7 (46). For f. MP f1avodoxin at pH 7, E1 and E2 are -39~V 

and -92mV (25). Examination of the structures of each of the oxidation 

states of f1avodoxin suggests how these changes in the redox potential 

may be accomplished. In Figure 1, it is seen that upon one electron 

reduction of the oxidized flavin (F) to the semiquinone form (FH'), 

position N-5 becomes protonated. In the structure of oxidized f1avo

doxin, no hydrogen bonding to this position is found (40). In the 

semiquinone structure, however, the hydrogen at N-5 forms a hydrogen 

bond to the carbonyl group of glycine 57. It is believed that 

residues 56 through 59 undergo a conformation change upon reduction from 

a distorted type II 310 bend to a distorted type I bend (3,41-43). 

The formation of this hydrogen bond can partially account for the 

increased kinetic stability (see below) of the semiquinone, as well as 

explain the observed change in the redox potential. With regard to the 

latter, the 80mV change in potential is equivalent to 1.8 kca1/mo1e, 

which is not an unreasonable value for the energy of a hydrogen bond. 

In electronic terms, the shift to a more positive value may be ascribed 
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to a stabilization of the positive change at N-5 via delocalization 

through the hydrogen bond. 

It is likely that the flavin-tryptophan interaction is also 

involved in semiquinone stabilization. Gillard and Tollin (47) have 

found that the rates of oxidation of flavin radical in vitro are 

decreased by up to a factor of 10 as a consequence of complexation with 

tryptophan. It is perhaps significant that tyrosine or methionine do 

not exhibit this effect. 

The most dramatic shift in the redox potential is obse~Ted for 

the semiquinone to fully-reduced couple. Fully-reduced free flavins 

are found (48) to be bent along a line connecting N-5 and N-lO, whereas 

in fully-reduced flavodoxin the flavin ring is essentially planar (3,40, 

42,43). It has been suggeste~ (40,42) that the lowering of the 

potential is, in part, due to the constraint placed upon the fully-

reduced flavin by the protein, i.e. forcing it to assume a more unstable 

conformation. Thus, it can be concluded that the protein accomplished 

the biochemically necessary modification of El to a highly negative 

value by stabilizing FH' and destabilizing FH-. 

Close examination of the semiquinone structure (41) shows other 

chanr,es that may also affect the redox potential, albeit to a lesser 

extent. Upon reduction, there are rearrangements in the positions of 

o 
both Trp 90 and Het 56. Although these are small, about 0.5A, they 

appear to be real. Further, changes in some hydrogen bonding distances 

to the flavin occur which must reflect alterations in the bond energy. 

The extent to which these factors are important is not presently known. 
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Kinetic studies (49) of the reaction of the hydrated electron 

with C. MP f1avodoxin support the observation of conformational 

differences between the oxidized and semiquinone forms. At least one 

first order step has been found to occur during this reaction which 

could be associated with structural rearrangements. On the other hand, 

the kinetics of the semiquinone to fully-reduced conversion (29,50) 

appear to be simple second order, in agreement with the X-ray results 

which indicate little or no structural differences between these forms. 

Desu1fovibrio vulgaris F1avodoxin (51-53) 

It is estimated that about one-third of the residues in this 

f1avodoxin are part of a-helical segments and another third are part of 

parallel S-p1eated sheet (51) structures. As with the ~. MP protein, 

there are five strands of S-p1eated sheet with a pair of a-helices on 

either side. In general, the overall polypeptide folding patterns are 

remarkably similar for the two proteins. 

The residues in the vicinity of the flavin are different from 

those of C. MP. Methionine is replaced by Trp 60, and tryptophan by 

tyrosine (Tyr) 98. Tyr 98 is nearly coplanar with the isoalloxazine 

ring, whereas Trp 60 is held at about a 40° angle with respect to the 

flavin (52). These differences in the binding site environment are 

interesting in view of the similarities in redox potentials. El and E2 

are -429mV and -192mV respectively at pH 8.0 for f. MP (3) while for 

Q. vulgaris at pH 7.8, E1 and E2 are -438mV and -149mV, respectively 

(54). As in the f. MP protein, the dimethy1benzene portion of the 

flavin is exposed to solvent while the rest of the JQo1ecu1e is buried. 
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This provides another indication that electron transfer probably occurs 

through this portion of the coenzyme molecule since the protein 

residues in the vicinity of the flavin ring are not conserved. 

There are also differences in the distributton of hydrogen 

bonds to the flavin between the two flavodoxins. The most intriguing 

of these involves hydrogen bonding to N-5. As stated above, residues 

56-59 in ~ MP are presumably involved in stabilizing the semiquinone 

through hydrogen bonding to this position. In the D. vulzari~. 

flavodoxin, however, there is no structure corresponding to this poly

peptide loop. Upon reduction to the semiquinone, a conformational 

change may occur around residue 62, although a unique interpretation 

of the data is not possible (53) at present. It is conceivable that a 

hydrogen bond forms between N-5 and the carbonyl of glycine (Gly) 61 

after rotation of this residue. This would be similar to the 

mechanism proposed for the stabilization of the semiquinone of ~~ 

f1avodoxin. However, another possibility is the formation of a 

hydrogen bond between the amide of residue 62 and the carbonyl of 

residue 64. The difference map actually suggests th;i:s latter situation 

more strongly. Thus, the semiquinone may be stabilized differently 

than for ~. MP flavodoxin. 

A high resolution study of the fully-reduced ~, vulgaris 

flavodoxin is not available (53). There are problems in maintain;i:ng 

this protein in the fully-reduced oxidation state. Examination of the 

diffraction data show large intensity changes. However, the inter

pretation of these changes is difficult. 



Considering the difference in the environment of the ring 

portion of the flavin, it is interesting that the orientation of the 

protein around the phosphate binding site is identical in these two 

proteins (3). As mentioned earlier, this region of the flavodoxins 

is highly conserved. 

Flavin Binding to Apoflavod~~ 
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The FMN prosthetic group of the flavodoxins can be reversibly 

removed by either exposure to low pH (27,28) (~zotoba~~ and ~ ~ubrum 

flavodoxins) or by dialysis against concentrated KBr (30) (Clostridium 

and~. elsdenii flavodoxins). Furthermore, reconstitution with a wide 

variety of flavin structural analogs is possible. This property, 

along with the fact that flavin binding is accompanied by quenching of 

both flavin and intrinsic protein fluorescence, has allowed an 

extensive exploration of the kinetics and thermodynamics of the flavin~ 

protein interaction. 

Far UV circular dichroism spectra (28) show that the secondary 

structure of the apoflavodoxins is different from that of the holo

proteins. Thus, FMN binding must be associated with appreciable 

structural rearrangement. Unfortunately, the apoprotein has not been 

studied by X-ray methods. However, the notion of a structural change 

is supported by temperature-jump fluorescence studies (29) of the 

association between the !zotob~_ apoprotein and FMN which indicate a 

two-step mechanism. Interestingly, removal of the ribityl phosphate 

group from FMN to form riboflavin results in a simplification of the 



binding kinetics to only a single step, implying that it is the 

phosphate-protein interaction which is important in inducing the 

conformational alteration. This inference allows a rationalization of 

the otherwise puzzling fact that certain of the flavodoxins (eg. 

Clostridium, ~. elsdenii) will not bind riboflavin at all (30) whereas 

others (eg. Azotobacter, ~ rubrum, ~ vulgaris) bind this analog 

rather well (27) (see below). Based upon the observation that the far 

UV circular dichroism changes upon FMN binding are larger for those 

proteins which do not bind riboflavin, it has been suggested (27) 
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that this differentiation with respect to the essentiality of the 

ribityl phosphate group for binding is a consequence of a difference in 

the extent to which conformational changes occur upon the coenzyme

apoprotein interaction. It is interesting that this grouping of 

flavodoxins as regards riboflavin binding properties is also manifested 

in a variety of other properties (27), ego visible CD spect·ra, Amax of 

intrinsic protein fluorescence, rate constants for FMN binding to 

apoprotein, and flavin environment within the binding s;tte as shown 

by X-ray structure analysis. However, it does not correlate with 

molecular weight. 

Binding of flavin to the apoflavodoxin from Azotobacter has been 

shown to be second order, and the same rate constant is observed for 

either flavin or intrinsic protein fluorescence quenching (27,29,55). 

Similar results were obtained ~.;rith the 1'1. elsdenii protein OO}. Hith 

the Azotobacter flavodoxin, correlations between protein fluorescence 

properties and chemical modification of tryptophan (56,57), have 



suggested that quenching is due mainly to an interaction between a 

single tryptophan (presumably in the binding site) and the FMN. This 

would be consistent with the X-ray structures determined for the 

Clostridium and Desu1fovibrio proteins. 

The pH dependence of the binding of FMN and riboflavin to 

Azotobacter f1avodoxin (58) indicates that both the mono-and dianion 

forms of the FMN phosphate group are bound with approximately equal 

affinity. This is consistent with phosphorous NMR results (59) which 

show that the ribity1 phosphate group is ionized in the ho1oprotein. 

Apparently, the hydrogen-bonding network which secures the phosphate 

to the protein can adequately disperse the buried charges. 
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Information concerning the functional importance of coenzyme 

structural features may be obtained using FMN analogs. For instance, a 

5-deazaFMN analog was studied by Edmondson et a1. (60). The substitu

tion of carbon for nitrogen at the 5 position led to a profound change 

in the redox properties of the reconstituted Azotobacter f1avodoxin. 

Upon reduction utilizing irradiation in the presence of EDTA or 

dithionite, only the fully-reduced form of the protein was produced. 

This indicated that for stabilization of the semiquinone to occur, 

nitrogen must be present at the 5 position. 

Flavin analogs have also been used to determine how accessible 

certain flavin positions are to solvent in the protein-flavin complex. 

In examining the 8-position for solvent accessibility in a number of 

f1avoproteins, Schopfer et a1. (61) utilized 8-C1 and 8-S analogs. 



When using the 8-Cl analog, the proteins were reacted with thiophenol, 

while iodoacetamide and iodoacetic acid were used for the 8-S analog. 

The 8~position was solvent accessible if it reacted with the above 

reagents. For flavodoxin, the 8-8 analog showed that this position 
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was exposed while the 8",Cl analog indicated that it was not. A possible 

rationale for the latter observation was either thqt thiophenol is too 

bulky to reach the position or that the intermediate that would have 

been formed upon reaction at the 8-position was sterically prohibited, 

In a similar study, Claiborne et aI, (62) utilized 2-thioflavin 

to examine the solvent accessibility of the 2-position. Methyl 

methanethiosulfonate was used as a reagent in this case, For 

flavodoxin, the 2-position was found to be inaccessible. In both this 

case and the aforementioned case, the ~indings are in agreement with 

the X·-ray crystallographic data for flavodoxin. 

The mechanism of electron transfer has also been investigated 

using a flavin analog. Two studies (45,63) have utilized the 

7,8-dichloro analog for this purpose. The oxidation of the flavodoxin 

semiquinone by a variety of oxidants was followed using stopped"flow 

spectroscopy, The conclusion from these studies was that electron 

transfer involves the dimethylbenzene portion of the flavin (see belm,,). 

Redox Reactions of Flavodoxins 

Flavodoxins react with a variety of non-biological redox 

reagents including oxygen, sodium dithionite, ferricyanide and other 

flavins, and with non"physiological oxidants such as cytochromes. 

Because of the complexity and lack of complete characterization of the 
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physiological substrates, a good deal of work has been done using such 

model systems. The observed rates of reaction differ between f1avo-

doxins and are dependent upon the oxidation state of the protein. 

The reaction of the fully-reduced f1avodoxin with oxygen is 

fast (54,63), whereas the reaction with the semiquinone is much slower. 

The second-order rate constants (45) for the latter reaction with 

A. vinelandii, f. pasteurianum and Q. vulgaris flavodoxins are 

-2 -1 -1 -1 -1 -1 -1 respectively 8.3 x 10 M s , 3.2 M sand 5.8 Ms. The rate 

constant for the fully-reduced f. pasteurianum flavodoxin is 

4 -1-1 3.1 x 10 M s , which is very close to the value obtained for free 

fully-reduced flavin under comparable conditions (63). Although a rate 

constant for the reaction of free FR· with oxygen has not been 

measured because of the competing disproportionation, the value for F7 

is 3 x 108 M-ls-l (45). The rate constant for FR· must be more than 

104 times less than this. Thus, the oxygen stability of flavodoxin 

semiquinones can be ascribed to the shift in the rK of the neutral form 

of the radical to higher values (64) which prevents oxidation from 

occurring via the anionic form. It is interesting that ferricyanide 

shows little or no difference in reactivity between the neutral and 

anionic free flavin radicals (45). The slower rates of reaction of 

flavodoxin semiquinone with this reagent (see below) must therefore be 

due to other factors, such as the flavin-tryptophan interaction (47). 

Significant increases have bp.en observed in the rate of the 

reaction between oxygen and flavodoxin semiquinone when the methyl 

groups at positions 7 and 8 of the flavin are replaced by chlorine, 



22 

The observed second-order rate constants for these derivatives are 

-1 -1 -1 -1 29 M sand 160 M s for A. vine1andii and ~. pasteurianum, 

respectively (45). This difference has been attributed to the 

electronegativity of the chlorine atoms which shifts the pK of the 

semiquinone to lower values resulting in higher concentrations of the 

more oxygen-reactive anionic form. 

A commonly used reducing agent for the reduction of flavodoxin 

is sodium dithionite. It has been used in potentiometric titrations to 

determine redox potentials (E2). Flavodoxins from various species 

differ in their reactivity towards this reagent. For example, with 

A. vine1andii flavodoxin at neutral pH and low ionic strength, not even 

a large excess of dithionite can reduce the semiquinone (2). High 

salt concentration (3 M (NH4)2S04) or increasing the pH to 8 eliminates 

the semiquinone stability (64). On the other hand, flavodoxins from 

~. elsdenii (65) and ~. MP (25) are rapidly reduced to the ful1y-

reduced form by dithionite at neutral pH. Edmondson and Tollin (64) 

have suggested that this behavior is due to the ionization of the 

hydro quinone form of the protein, which occurs with differing pK values 

for the various f1avodoxins, i.e. that the stable protomer of the 

hydroquinone on the protein is FH-. However, more recent work (66) has 

shown that the redox potential for dithionite in this region changes 

in its pH dependence from -0.059 V/pH to -0.118 V/pH thus yielding a 

much more positive potential for dithionite at pH 7 than expected. It 

,.,ould appear then that although hydro quinone ionization may playa role 

in the dithionite reaction, the controlling factor is probably the 
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relative values of the protein and dithionite potentials as a function 

of pH. Mayhew and Massey (67) have examined the mechanism of the 

reduction of the oxidized and semiquinone form of M. elsdenii flavodoxin 

by dithionite. They found that the rates depend on the square root of 

the dithionite concentration suggesting that the reducing agent is the 

dissociation product of dithionite, soi. 

The reaction of ferricyanide with the semiquinone forms of 

flavodoxins is more rapid than is the oxygen reaction. Second-order 

rate constants with !. vinelandii, .f. pasteurianum and Q.. vulgaris 

flavodoxins are 8.3 x 103 M-ls-l , 1.1 x 105 M-ls-l , and 8.3 x 103 M-ls-\ 

respectively (45). This is to be compared with a value of 

6 x 108 M-ls-l for free flavin semiquinone (68). The 7,8-dichloro-fl1N 

analogs of ~. pasteurianum and A. vinelandii flavodoxins react more 

slowly, with second-order rate constants of 3.0 x 103 M-ls-l and 

2 -1-1 1.4 x 10 M s ,respectively. Similar behavior has been observed 

with horse 'heart cytochrome c as an oxidant. Thus, for the three 

abovementioned flavodoxins, the measured (45) rate constants are 

1.1 x 105 M-ls-l , 2.3 x 105 M-ls-l and 1.7 x 105 M-ls-l for the normal 

3 -1 -1 3 -1-1 proteins and 1.2 x 10 M sand 1.9 x 10 M s for the dichloro 

analogs of !. vinelandii and .f. pasteurianum flavodoxins. For free 

flavin, the value is <6 x 106 M-ls -1 (45). More recent ~lOrk (63) has 

shown that the flavodoxin reactions are somewhat more complex than was 

originally believed. A study of the concentration dependence of the 

observed rates has sho~vn that a protein-oxidant complex is formed along 

the reaction path~yay. However, decreases in the rate of electron 
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transfer by chlorine substitution of more than two orders of magnitude 

are still obtained. This is thought to provide direct confirmation of 

the hypothesis that electron transfer, at least from the semiquinone 

form of the flavodoxin to iron-containing oxidants, proceeds via the 

dimethylbenzene portion of the flavin ring structure, 

Flavodoxins undergo photoreduction to the semiquinone form in 

the presence of ethylenediaminetetraacetic acid (EDTA) under anaerobic 

conditions, and again display a large variance in rates. For example, 

the half-time for this reaction with A. vinelandii flavodoxin is 457 min. 

while that for C. pasteurianum flavodoxin is 46 min (45). Recently, it 

has been found that the addition of free flavin accelerates this 

reaction (69), presumably through the intermediacy of FH2 • Another 

interesting observation is that flavodoxins may be fully reduced by 

light if deazaflavins and EDTA are used (70), whereas in the absence of 

deazaflavin only the semiquinone is generated. This photoreduction 

has been found (59) to occur in two steps, with second order rate 

9 -1 -1 8 -1-1 constants of 4 x 10 M sand 2 x 10 M s for reduction of the 

oxidized and semiquinone forms of the f. pasteurianum flavodoxin. Again 

an effect of 7,8-dichloro substitution is observed, with decreases in 

rates of factors of 20 and 50 for the two steps. The interpretation of 

these rate reductions is as mentioned above, i.e. the participation of 

the flavin dimethylbenzene ring in electron transfer from deazaflavin 

radical to the oxidized and semiquinone flavodoxins. 

As was the case with oxygen, the reactions of fully-reduced 

flavodoxin with ferricyanide and cytochrome are considerably faster than 



for the semiquinone. With ~ pasteurianum f1avodoxin, rate constants 

8 -1-1 of >2 x 10 M s have been measured (63). With c' type cytochromes, 

the rates are somewhat slower and rate constants can be directly 

determined. Comparable values are obtained for the rate constants of 

the reactions of free fully-reduced flavin with these c' type 

cytochromes (63). Thus, the markedly lowered redox potential of the 

fully-reduced flavin in f1avodoxin does not appear to be reflected in 

an increased reactivity. 

Finally, oxidized and fully-reduced f1avodoxins will react by 
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comproportionation to form the semiquinone. Mayhew and Massey (67), in 

their study of ~. e1sdenii f1avodoxin, found that this reaction is 

dependent upon the ionic strength of the solution. The reaction is slow 

at low ionic strength (100 M-1 min-1 when extrapolated to zero ionic 

h) d h rapl.°d (1.4 x 105 M-1 min-1 ) t i ° t th strengt an mue more a an onl.C s reng 

of 0.16. These results suggest that protein charge repulsion is 

decreasing reaction rates in this case. The comparable rate constant 

8 -1-1 for free flavin is >10 M s (71). It will be of interest to 

extend this type of investigation to other reactions, particularly in 

view of the X-ray structure results which show that at least two 

carboxyl groups are located near the flavin binding site (3). 

Cytochrome c 

Cytochrome £ is an electron transferring protein which is an 

integral part of respiration. In the respiratory chain, it transfers 

electrons from a complex of cytochrome b and cytochrome c
l

' to 
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cytochrome c oxidase. Depending upon the species from which it is 

obtained, it contains from 103 to 113 amino acids (72) and heme c as the 

prosthetic group. A large number of amino acid sequences have been 

determined for the cytochrome £ from various species of eukaryotes 

including human, horse, tuna, dog and fruit fly. After aligning these 

sequences, there are 28 invariant amino acids (72), some important for 

positioning the heme and others structurally important for the forma-

tion of bends (i.e. glycine). The homology is higher for those species 

which are more closely related. 

In addition to sequence information, structural information 

from X-ray crystallographic studies is also available. A resolution of 
o 

2A has been obtained for both the oxidized and reduced forms of tuna 

cytochrome £ (73,74). This and earlier work (75) show four sections of 

a-helix which together with various loops serve to confine the heme 

entirely to the inside of the cytochrome £ molecule with only a small 

portion of the heme edge exposed to solvent. The heme environment is 

hydrophobic in nature which may explain the more positive redox 

potential for cytochrome £ (+260 mV) compared to aqueous heme 

complexes (76). Thus, it is difficult to maintain a positive charge in 

the hydrophobic environment and this increases the affinity of iron for 

an electron. 

This protein has an isoelectric point of about ten and is thus 

highly basic. There are a number of lysines on the surface of the 

protein and it is interesting that several of these residues are 

situated around the exposed heme edge. At the present time, electron 



transfer to and from cytochrome £ is believed to occur through the 

exposed heme edge (72). Thus, these 1ysines may be important in 

orienting cytochrome £ and its redox partners for electron transfer. 

If these residues are chemically modified or po1ycations are included 

in solution, reaction of cytochrome £ and its redox partners is 

inhibited (72). The lysine residues which are closest to the heme 
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edge in horse and tuna cytochrome c, and which are predominantly 

conserved in the amino acid sequences examined, are 1ysines 13, 27, 79, 

and 87. Other 1ysines are further removed from the heme edge but still 

appear to be largely conserved in the species which have been examined. 

In a modelling study, Salemme (77) has found that 1ysines 13, 27, 72, 

and 79 may be important in complex formation of cytochrome £ with 

cytochrome b
S

' Thus, proximity to the heme edge does not entirely 

dictate the importance of a residue in complex formation. 

Ionic Solutions 

Probably the most widely utilized theory for the treatment of 

the properties of ionic solutions is that of Debye and Ri.ickeL This 

theory assumes that the ions in solution are completely dissociated and 

that any deviation from ideality is due to electrostatic interaction 

between the ions. In the Dcbye-Ruckel approach a single ion is 

considered in relation to the solution as a whole. To determine the 

electrostatic free energy ~Gel' use is made of the following equation: 

(1) 
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where ~ is the electrostatic potential and q is charge. The electro-

static potential may be determined using Poisson's equation 

(2) 

where p is the charge density and D is the dielectric constant. 

The important point in this formulation is the postulation of 

a difference in the number of positively or negatively charged ions in 

the vicinity of the central ion depending upon its charge and that this 

difference may be calculated using the Boltzmann distribution law (78). 

This assumption allows the calculation of the charge density, with the 

additional assumption that the interionic potential energy is much 

less than the thermal energy. Using this approach, the charge density 

is: 

(3) 

with N being the number of molecules, e the charge on the electron, 

k the Boltzmann constant and T the absolute temperature. 

After substitution into equation 2, the electrostatic potential 

is found to be: 

KR 
1 + 

(4) 

where a is the radius of the ion, R is the distance from the ion and 

K is a constant which is 0.329 II at 25°. Finally, the electrostatic 

free energy is given by: 
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(5) 

where 2 is the charge on the ion. A more familiar presentation is in 

terms of the activity coefficient,y , 

In y 
(6) 

In this way, the deviation from ideality for the ionic solution can be 

expressed. 

In the transition state theory, equation 6 may be used to 

relate the rate of a bimolecular reaction at a particular ionic 

strength, k, to the rate at zero ionic strength, k. Thus 
o 

In k In k 
o + (7) 

where a is a constant and R* is the radius of the transition state 

complex. If it is assumed that ~ = Rl , then 

In k In k + o 

(22122 + 22) alI 
1 + KRI 

(8) 

There are many limitations associated with the Debye-Huckel 

treatment of electrostatic interactions. Feinburg and Ryan (79) have 

pointed out some of these shortcomings. These include the following: 

the non-reacting ions are viewed not as discrete charges but as charge 

density, no charge pairing is assumed to occur, non-colombie forces 



30 

are not considered, solvent structure is ignored and finally, only 

dilute solutions may be considered. 

Another more recent approach to the treatment of electrostatic 

interactions is the application of Marcus theory by Wher1and and Gray 

(80). In his theory, Marcus (81) has taken a statistical mechanical 

approach to electron transfer reactions. Some of the assumptions are: 

1) the states from which a reaction may occur are in thermal 

equilibrium with the other remaining states. 

2) there is only a weak interaction between electronic orbitals 

of the reactants. 

3) when electron transfer occurs the reactants form stable 

products. 

Again, transition state theory is used to calculate the rate of reaction. 

It is necessary to ascertain the magnitude of the change in free energy 

required to bring the reactants to the transition state. This free 

energy change includes contributions from the electrostatic work 

required to bring charged reactants together, changes in hydration for 

the reactants, variations in the bond length and angles for the 

reactants, and effects on the local dielectric of the medium. 

When considering the following electron-transfer reaction: 

A + B d ox re A + B red ox 
(9) 

Marcus found a correlation between the self-exchange rates and the 

rate of the above cross-reaction. Self exchange may be represented as: 
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k 
A +A 11 .. A +A 

ox red ~ red ox (10) 

and similarly 

(11) 

The correlation equation is: 

(12) 

The quantity, f 12 , is defined as follows: 

(13) 

where Z is the collision frequency. It is this relationship that has 

been useful in proving the applicability of Marcus theory (82). 

Recently, Wherland and Gray (80) have used Marcus theory to 

investigate electrostatic effects. From Marcus theory, the free energy 

of activation l'.G'\2 for the cross-reaction is: 

(14) 

** ** 0 where l'.Gll ' l'.G
22 

and l'.G
r 

are independent of electrostatics and W12 is 

the electrostatic work required to bring the reactants together. The 

function that has been used for the calculation of the electrostatic 

work is: 

[ 

KRI 
1/2 _e ___ + 

1 + KRI 
(15) 
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where K is 0.329 
°_1 II A ,R is the radius of the reactants in 

angstroms, Z is the charge on the reactants, e is the charge on the 

electron, and r is the distance between the reactants. If r ~ Rl + RZ' 

then 

(16) 

when substitutions are made for constants. Substitution into 

equation 14 and rearrangement yields 

In k in k i -3.576 [ ~-:R~R2 + (17) 

where k is the rate constant at a particular ionic strength and k
i 

is 

the rate at infinite ionic strength. 

Experimental Rationale 

To summarize, flavodoxin was selected to serve as a model of 

flavin containing proteins because its structure is known. Experi-

mental data indicated substantial electron density at the 8 position of 

the semiquinone ~vhich was suggestive of a role for this position in 

electron transfer, in addition to other earlier work suggesting that the 

dimethy1benzene ring is important in electron transfer. The avai1-

ability of flavin analogs with functional group substitutions in this 

portion of the flavin allows investigation of its importance in 

electron transfer. 
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Cytochrome £ was selected, again, because its structure is 

known and its physical properties are well characterized. Earlier work 

indicated the importance of electrostatic interactions for the proper 

orientation of protein-protein complexes for electron transfer, Thus, 

it was possible to investigate the reaction between cytochrome £ and 

flavodoxin as a function of ionic strength to learn more about 

electrostatic interactions. 

The goal of the research was to learn what role electrostatic 

interactions play in the process of electron transfer using the 

reaction between flavodoxin and cytochrome £ as a model system. This 

model system was also amenable to the investigation of the importance 

of the dimethyl benzene ring in electron transfer through the use of the 

flavin analogs: 7,8-dichloroFMN, 7-chloroFMN, 8··chloro~rn, and 

5,6,7,8 tetrahydroFMN. 



CHAPTER Z 

EXPERIMENTAL 

Growth of Clostridium Pasteurianum 

The bacterium, ~. pasteurianum, was obtained from the American 

Type Culture Collection and was designated ATCC 6013. The bacteria 

were started in a medium containing a slice of potato, Z.O g of 

sucrose, 0.5 g of calcium carbonate and 100 m1 of distilled water which 

was sterilized for ZO minutes. 

For growth of larger volumes of bacteria, a synthetic medium 

was used. A stock solution of minerals and vitamins was prepared which 

contained 600 g of ammonium sulfate, 9.0 g of anhydrous magnesium 

s-lfate, 7.5 g of calcium chloride, 0.9 g of sodium molybdate 

(NaZMo04 'ZHZO), 0.8 mg of biotin and 0.9 g of Difco yeast extract in 

5.0 liters of distilled water. A liter of the medium was prepared from 

15 m1 of the stock solution, ZO g of sucrose, 4.4 mg of iron as 

FeS04 '7HZO in 0.1 N HZS04 and about one liter of distilled water. 

Approximately 40.0 ml of a separate sterile buffer of 10.7 g of 

anhydrous potassium phosphate dibasic and 1.Z5 g of potassium phosphate 

monobasic was added before inoculation. 

After one day of growth, this solution was used to inoculate 

ten liters of medium containing approximately 150 ~g of iron/liter. The 

suspension was bubbled with nitrogen and allow'ed to grmv for one day. 

This culture \vas then used to inoculate three ten liter bottles. Such 
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a procedure was continued until the desired amount of cell paste had 

been isolated. The cells from which the most flavodoxin was isolated 

were those grown at room temperature. 

The cells were harvested using a Sharples continuous flow 

centrifuge. A typical yield of cell paste from cells grown under low 

iron conditions was about 3.0 gil. The cell paste was then frozen and 

stored until it was necessary to prepare flavodoxin. 

Isolation of.Flavodoxin 

When flavodoxin was to be prepared, cell paste was thawed. To 

the cell paste was added 1 mg of lysozyme per g of cell paste, 2.0 m1 

of 0.02 M tris buffer (pH = 7.3) per g of cell paste and EDTA to a 

final concentration of 0.01 M. This solution was stirred until it 

reached a uniform consistency. The cells were sonicated with cooling 

twice for five minutes each time. The sonicated cell solution w·as 

centrifuged at 30,000 rpm for two hours to remove cell debris and 

unbroken cells. 

Flavodoxin and other acidic proteins were collected from the 

supernatant using DEAE. The DEAE was added to a coarse, sintered 
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glass funnel to which subsequently the supernatant was added. The 

flavodoxin and other impurities formed a narrow band at the top of the 

resin. The DEAE was washed with 0.02 M tris (pH = 7.3) which contained 

0.05 M sodium chloride, to remove any of the impurities that were not 

tightly bound. All other material 'vas eluted \-lith O. 02 ~1 tris 

containing 1.0 ~1 sodium chloride. This material was dialyzed overnight 

against several changes of 0.02 M tris buffer. 



After dialysis, the supernatant was added to a DEAE column 

(2.5 cm x 25.0 cm). The flavodoxin was eluted using a linear sodium 

chloride gradient of 0.0 M to 0.6 M in 0.02 M tris buffer. The purity 

of the fractions was monitored at 272 nm, 280 nm, and 443 nm. 
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Fractions for which A280/A443 was less than six were considered to be 

pure. Those samples which had a greater purity ratio were concentrated 

to be additionally purified on a Sephadex G-75 column. Another 

spectral region which was examined was between 500 nm-650 nm, 1~ile 

flavodoxin does not have an appreciable absorption in this region, a 

common impurity, rubredoxin, does and can be detected in this manner. 

The concentrated impure flavodoxin was applied to a Sephadex 

G-75 column (3.5 cm x 75 cm) and eluted using 0.02 M tris buffer. 

Again, the purity ratio was checked and impure fractions were 

concentrated to be reapplied to the G-75 column. Pure samples were 

frozen and stored. The typical yield of flavodoxin was approximately 

15 mg of flavodoxin per 100 g of cell paste. However, in the course of 

this work, there were occasions when substantially greater yields 

(~35 mg/IOO g of cell paste) were obtained. 

Preparation of the Apoprotein 

The apoprotein of flavodoxin was prepared by dialysis of the 

ho1oprotein against 2.0 M KBr in 0.1 M acetate buffer, pH = 3.9 (30). 

This required approximately t\vO days with several changes of buffer. 

The apoprotein formed a \-lhite, flocculent precipitate \-lith the 

remainder of the solution being clear and colorless. 



The apoprotein was dialyzed against 0.OZ5 M phosphate buffer 

pH = 7.5 with 1.0 x 10-4 M EDTA and 1.0 roM dithiothreitol. The pre-

37 

cipitate redissolved under these conditions. Dialysis generally 

required one to two days. The apoprotein could then be used to bind 

the particular flavin analog of interest. In the case of those analogs 

having Cl in the .7 or 8 position, the dithiothreitol was removed by gel 

filtration using Sephadex G-Z5 before addition of the analog. Flavin 

binding was monitored by quenching of the free flavin fluorescence. 

The reconstituted protein was prepared in two ways, either by addition 

of excess analog followed by dialysis, or by addition of excess analog 

and removal of unbound material by gel filtration using Sephadex G-Z5. 

Chemicals 

Horse heart cytochrome ~ (type VI) was purchased from Sigma 

Chemical Company and used without further purification. Potassium 

ferricyanide was AR grade purchased from Mallinckrodt Chemical and used 

without further purification. Ferric EDTA was synthesized by using 

Fe(N03)3'9HZO and NaZHZEDTA'ZHZO (83). 

7,8-Dichlororiboflavin was synthesized as previously 

described (45). 7-Chlororiboflavin and 8-chlororiboflavin were the 

generous gifts of Dr. J. P. Lambooy and tetrahydro-FMN was the gift of 

Dr. S. Ghisla. The analog riboflavins were phosphorylated according to 

the procedure of Scola-Nagelschneider and Hemmerich (84) to yield the 

corresponding F}lli derivatives. 
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Instrumentation 

The stopped-flow experiments were performed on an instrument 

that was built in this laboratory (Figure 3). The mixer, drive piston 

and observation cell came from a Durrum-Gibson apparatus. Plexiglass 

was utilized for the construction of most of the apparatus. This 

material had the advantage of allowing the samples to be irradiated in 

the drive syringe compartment. A 250W tungsten-iodide projection lamp 

which utilized a Sorensen SRL 40-25 power supply served to produce the 

monitoring light beam. A Jarrell-Ash 82-410 monochromator was used 

to select the required wavelength of light for observation of the redox 

reactions. The reference light beam was focussed on the observation 

cell using microscope optics. The change in transmittance of the 

solution in the observation cell was monitored using a RCA 4463 

photomultiplier tube (S-20 response). The signal from the photo

multiplier tube went to a Nicolet Explorer I storage oscilloscope which 

was interfaced to a Northstar computer. An X-Y recorder could also be 

used to record the data. 

The flash photolysis experiments (Figure 4) utilized a pulsed 

nitrogen laser (PRA LNlOO) to pump a dye laser which consisted of a 

1.2 mM solution of 1,4-bis-(2-methylstyrol) benzene (Bis-MSB) in 

p-dioxane in a one cm pathlength square cuvette. Stimulated emission 

by Bis-MSB provided an approximately 300 ps pulse (at 421 nm). The 

monitoring beam consisted of a quartz-iodine projection lamp focussed 

through a monochromator onto the sample and then onto an RCA 4463 

photomultiplier tube (S-20 response). The laser excitation beam made 



Figure 3. Diagram of stopped-flow spectrophotometer. -- The 
components are as follows: 1) drive piston, 2) drive 
syringes and compartment, 3) lamp for irradiating samples, 
4) circulating water bath, 5) cooling reservoir, 6) mixer, 
7) observation cell (2 cm), 8) photomultiplier (PM) tube, 
9) monochromator, 10) lamp for monitoring beam, 
11) trigger and stop, 12) storage oscilloscope, 13) X-y 
recorder, 14) Northstar computer. 
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Figure 3. Diagram of stopped-flow spectrophotometer. 
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Figure 4. Diagram of laser flash photolysis apparatus. -- The 
components are as follows: 1) laser, 2) cuvette 
containing dye solution, 3) mirror, 4) focusing lens, 
5) sample, 6) lamp for monitoring beam, 7) mono
chromator, 8) PM tube, 9) signal averager, 10) recorder, 
11) Northstar computer. 
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Figure 4. Diagram of laser flash photolysis apparatus. 
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an angle of about 10° with the monitoring beam. The measuring system 

consisted of a Nicolet 1170 Signal Averager which was interfaced to a 

Northstar computer. The maximum time resolution was approximately 

1 ~s, limited mainly by fluorescence and scattering artifacts. 

Normally, one thousand points along the decay curve were obtained per 

experiment and 32 flashes were signal averaged. 

Procedures 

The stopped-flow experiments were carried out in 0.005 M 

potassium phosphate buffer, pH 7.2. The temperature was 23.5°C. The 

concentration of flavodoxin, EDTA, and deazariboflavin were 

-6 -4 -6 
4.71 x 10 M, 8.52 x 10 M and 2.46 x 10 M, respectively. Deaza-

riboflavin and EDTA were used to photochemically generate flavodoxin 

semiquinone (70). Samples were degassed for one hour and the 

transferred to the stopped-flow spectrophotometer where they were 

irradiated with white light for 15 minutes. This served to produce the 

semiquinone and to remove any residual oxygen. The reactions were 

observed at 580 nm, a wavelength which allows the disappearance of 

flavodoxin semiquinone to be followed. Ionic strength was varied by 

addition of appropriate amounts of NaCl. 

The stopped-flow experiments with analog-containing flavo-

doxins were carried out in 0.005 M potassium phosphate buffer, pH 7.2. 

The temperature was 23.5°C. The concentration of analog-containing 

-6 -3 flavodoxin ~.;ras approximately 6 x 10 M, and EDTA ~.;ras 1. 7 x 10 M. 

The neutral semiquinone form of the flavodoxin ~vas produced by 
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anaerobic photoreduction; the EDTA present functioned as the hydrogen 

donor, Samples were degassed for one hour and then transferred to the 

stopped-flow spectrophotometer where they were irradiated for 10 minutes. 

The reactions were again observed at 580 nm, Ionic strength was varied 

by addition of appropriate amounts of NaGl, 

In the case of tetrahydroFM}l flavodoxin, dithionite rather than 

EDTA ~vas used as the reductant, The reduction was performed in a glove 

box purged with nitrogen overnight, The semiquinone was separated from 

excess dithionite by gel filtration using Sephadex G-25 with 0,005 }1 

phosphate buffer containing sufficient NaGl to give the desired ionic 

strength. This column was first treated with buffer containing 

dithionite to remove any oxygen followed by buffer to remove dithionite. 

The semiquinone ~vas transferred to the stopped-flow apparatus in a 

capped syringe. The reaction was observed at 565 nm where the 

decrease in absorption is due to the disappearance of both flavodoxin 

semiquinone and oxidized cytochrome £. 

The flash photolysis experiments were carried out in 0,025 M 

phosphate buffer containing 0.015 M EDTA, pH = 7.5. Samples contained 

3.0x x 10-5 M 5-deazariboflavin, whose photoreduction by EDTA to the 

semiquinone form by the laser flash provided the source of reducing 

equivalents for flavodoxin reduction. The samples were prepared in a 

Thunberg cell, with the protein solution separated from the 

5-deazariboflavin solution. Oxygen was repeatedly removed from the 

solutions under vacuum. The solutions were mixed and then flashed. 

Obsevvations were made at 600 nm where there is no absorption due to the 



5-deazariboflavin or its semiquinone. In this way, the kinetics of 

formation of flavodoxin semiquinone could be measured. 
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The calculation of the Marcus and Debye-Huckel parameters was 

performed by computer using an iterative program which minimized the 

least squares errors for the observed second-order rate constants. The 

program was adapted from one developed by Dr. Michael Cusanovich. 



CHAPTER 3 

RESULTS AND DISCUSSION 

ylavodoxin Semiquinone Oxidation by Cytochrome c 

Upon mixing flavodoxin semiquinone and cytochrome £ in the 

stopped-flow apparatus, a net absorbance decrease is observed at 580 nm 

due to electron transfer from the former to the latter which results in 

semiquinone oxidation. Under the concentration conditions used (excess 

cytochrome £), the reaction follows pseudo-first order kinetics. Some 

representative plots of log ~s (change in signal size) vs. time at 

various cytochrome £ concentrations are shown in Fig. 5. In general, 

the plots were linear over at least three half-times. Similar results 

were obtained with ferricyanide or ferric EDTA as oxidants. From data 

such as these, it is possible to determine a relationship between k b o s 

(obtained from the slopes of plots such as those in Fig. 5) and 

cytochrome £ concentration, as a function of ionic strength. However, 

the reaction of oxidized cytochrome £ with flavodoxin semiquinone is 

complicated by the fact that two rate processes 'are observed, one fast 

and one slow. Similar biphasic kinetics have been found for 

ascorbate (85) and dithionite (86) reductions of cytochrome c. This 

phenomenon has been ascribed to an ionic strength-dependent altered 

conformation of the cytochrome £ which reacts more slowly than does the 

native conformation. As in the earlier work, we found that the 

proportion of the slow component increased with decreasing ionic 
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Figure 5. Semi-log plots of f1avodoxin semiquinone oxidation by 
cytochrome c. -- Absorbance decrease due to oxidation of 
oxidation of f1avodoxin semiquinone. X-3.75 x 10-6M, 
L:r.-7.84 x 10-6 M, 0-1.18 x 10-5 M, ®-2.59 x la-SM. The data 
shown are for the fast phase of the reaction obtained as 
described in the text. 
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strength. All rate data were corrected for this process in the 

following way. At each of the relevant ionic strengths and for each 

cytochrome £ concentration, the rate data was collected on both rapid 

and slow time scales on which the observed changes in absorption would 

be due to only one of the two forms of the cytochrome. The percentage 

of cytochrome £ in the native conformation was calculated from such 

data and used to determine the effective concentration of native 

cytochrome £ which participated in the initial fast reaction. These 

values were then used in rate constant calculations. As expected, 

biphasic kinetics were not observed for the ferricyanide or ferric EDTA 

reactions with flavodoxin semiquinone, thus confirming that ionic 

strength was affecting cytochrome £ rather than flavodoxin. 

At low ionic strength, k b (the apparent pseudo-first order o s 

rate constant for the fast reaction) shows a saturation effect with 

respect to cytochrome £ concentration (Figure 6). This has also been 

shown to occur for the dichloroFMN analog bound to apoflavodoxin (63) 

at high ionic strength, but not previously for the native flavodoxin. 

This behavior is evidence for complex formation between cytochrome £ 

and flavodoxin. It is also possible that saturation effects can be a 

consequence of reaching a diffusion limited rate, rather than of a 

change in the rate-limiting step resulting from complex formation. This 

is considered unlikely in the present case for two reasons: Saturation 

effects have been previously observed (63) for the dichloroFMN-

flavodoxin with all three oxidants for which the limiting k b values o s 

ranged over three orders of magnitude; with native flavodoxin and 
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Dependence of k b for f1avodoxin semiquinone oxidation on 
h os. R b . df cytoc rome c concentrat10n. -- ate constants 0 ta1ne rom 

semi-log plots such as shown in Fig. 5. Conditions as in 
Fig. 5 with ionic strength changed by the approp'riate 
addition of a sodium chloride solution. (X), r172 = 0.220; 
(N) r1/2 = 0.240; (t.) r1/2 = 0.255; (0) r17 2 = 0.275; 
(0) r1/2 = 0.312. Curves for rl/2 ~ 0.275 represent 
computer fits to data (see text for details). 
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cytochrome £, saturation is not observed at high ionic strength under 

which conditions the diffusion limit should be smaller because of 

electrostatic screening of opposite charges (see below) and thus more 

easily reached. As in the earlier study (63), saturation is not 

observed at higher ionic strengths or for the ferricyanide or ferric 

EDTA reactions at any ionic strength (Figure 7). 

The simplest kinetic mechanism for the electron transfer 

reaction which includes a complex formation step is as follows: (cf. 

reference 63): 

FldH' + cyto c 
-ox 

kZ 
complex ~Fld + cyto c d ox -re 

(17) 

Because of the large redox potential difference between flavodoxin and 

cytochrome £, the reverse reaction (k_Z) is neglected. 

Applying the steady-state approximation to this mechanism, the 

following relationship for k b is found: o s 

k b /(cyto c) o s -

(18) 

(19) 

In equation 19, the equal sign applies when kZ» k_l . The absence 

of saturation effects for some of the cytochrome £ data (e.g. Fig. 6) 

implies that under these conditions kZ» kl (cyto £) + k -1 for the above 

mechanism and kobs = kl (cyto. £). A value for kl may thus be obtained 
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Dependence of k b for f1avodoxin semiquinone oxidation on 
ferricyanide co8c~ntration. -- Rate constants obtained from 
semi-log plots such as shown in Fig. 5. Conditions as in 
Fig. 5 with ionic strength changed by the appropriate 
addition of a sodium chloride solution. (0) 11/2 = 0.150; 
(0) 11/2 = 0.180; (X) 11/2 = 0.224; (0) 11/2 = 0.251; 
(~) 11/2 = 0.283; (A) 11/2 = 0.316. 
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by dividing kobs by (cyto £). If k2 «kl (cyto £) + k_l' then satura

tion behavior will be observed (e.g. Fig. 4). Equation 18, under these 

conditions, becomes: 

k obs (20) 

When saturation behavior is observed, a minimum value for kl is 

all that can be obtained from the experimental data. Such a value can 

be calculated in two ways: from the initial slopes of plots of k b o s 

vs. (cyto £), i.e. Fig. 6; by using a computer to fit the k b vs. o s 

(cyto £) data according to the mechanism of eq. 17 (cf. reference 87). 

The latter procedure involves treating the mechanism as two consecutive 

first-order reactions (since all reactions were conducted under pseudo-

first-order conditions) and programming an explicit mathematical 

solution of the rate equations (88) into the computer. We restricted 

possible solutions with the constraint that they be 90% or greater 

monophasic (which corresponds to our experimental observations, 

ego Fig. 5). The program used a steepest descents procedure to obtain 

a minimum least squares error in fitting the experimental data. It was 

found that Ka(kl/k_l ) and k2 could be determined directly. However, for 

kl we could only specify a minimum value, with any value larger than 

this giving identical fits within experimental error (with K constant). 
a 

Both the graphical and computer procedures yielded closely 

equivalent results. We report only the computer derived values, 

inasmuch as these are probably more reliable. Table 1 lists the 



Table 1. Rate constants and association constants for f1avodoxin 
semiquinone oxidation by various oxidants. 

k1=kobs/(OX)* k2 Ka 
Ii (M-1 s-l) (s-l) (M-1) 

Horse heart c:ltochrome c 

0.220 4.3 x 107 85 8.0 x 10 5 

0.240 1.6 x 107 82 2.7 x 105 

0.255 1.3 x 10 7 78 2.1 

0.275 8.2 x 10 6 66 1.8 

0.300 1.9 x 10 6 

0.312 1.6 x 10 6 

0.319 1.5 x 106 

0.355 6.7 x 10 5 

0.390 3.0 x 10 5 

0.426 1.3 x 10 5 

ferric:lanide 

0.150 2.4 x 104 

0.180 3.6 x 104 

0.224 5.5 x 104 

0.251 9.0 x 104 

0.283 1.2 x 105 

0.316 1.8 x 105 

ferric EDTA 

0.283 7.6 

0.531 15.4 

Data obtained at 23.5°C in 0.005 M phosphate buffer, pH 7.2. 
Estimated error is ±10%. 

x 105 

x 105 

* Values for Ii ~ 0.275 represent lower limits to k1 determined by 
computer analysis (see text for details). 
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calculated association constants and rate constants obtained as 

described for the oxidation of flavodoxin semiquinone by horse heart 

cytochrome £, ferricyanide and ferric EDTA. 

Besides the mechanism described in equation (17), mechanisms 

involving a non-productive deadend complex or an activated form of 

flavodoxin also yield the same rate equations. The latter mechanism is 

considered unlikely since saturation behavior is not observed for the 

oxidation of flavodoxin semiquinone by either ferricyanide or ferric 

EDTA. However, the present data do not allow a distinction to be made 

between the mechanism of equation (17) and that involving a deadend 

complex. Since both mechanisms do involve complex formation, the con-

clusions to be drawn below would be valid in either case inasmuch as 

we are not considering the electron transfer step at this time. In the 

case of the inorganic oxidants, we cannot determine whether or not an 

encounter complex has a long enough lifetime to be considered a true 

intermediate in the reaction. 

The calculated K for the association between flavodoxin and a 

cytochrome £ at the lowest ionic strength investigated was 8.0 x 105 M-l 

and decreased to 1.8 x 105 M-l at an ionic strength of 0.076 M (Table 10 

above which value of the ionic strength the saturation effect was not 

observed. Complex formation thus is strongest at low ionic strength 

where electrostatic interactions would be expected to be most 

important. Since the K value was diminished by increasing the ionic a 

strength, complex formation can be ascribed to such charged group 

interactions. At the higher ionic strengths, the lowered K a 
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precluded any observation of saturation effects in the kinetic data, 

although it seems reasonable to expect that complex formation was still 

occurring along the reaction pathway. 

Table 1 also lists values for the limiting first-order rate 

constant k2 . A small ionic strength dependence is found for this rate 

constant. These values of k2 are significantly smaller than the 

previous estimate by Jung and To11in (63) at high ionic strength 

(Ii = 0.483) for the f1avodoxin-cytochrome £ reaction (>250 s-l). This 

difference may be partly attributable to the different pH (7.5 vs. 7.2) 

used in the two sets of experiments. However, there may also be a 

change in the physicochemical processes which determine k2 . Thus, at 

the lower ionic strengths used here, the initial complex which is 

formed may not be oriented properly for electron transfer due to 

improper pairing of the charged groups. In this situation k2 may 

reflect the rate of attainment of a productive orientation within the 

complex which allows reaction to occur. This could be the cause of the 

small ionic strength dependence observed here. At high ionic strengths, 

the electrostatic interactions are diminished and the proper orientation 

may be more easily and rapidly achieved, before a non-productive complex 

can be formed, thus causing the actual electron transfer to be rate

limiting. These suggestions require further investigation. 

The calculated second-order rate constants have been plotted 

vs Ii for the f1avodoxin-cytochrome £ reaction (Figure 8). For II 

values of 0.275 and less, the points correspond to minimum values of 

kl as described above. As can be seen, the rate constant increases 
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Figure S. Ionic strength dependence of second order rate constant for 
oxidation of flavodoxin semiquinone by cytochrome £.-- Solid 
lines represent theoretical curves obtained from Marcus 
theory for three different radii. 

0 0 

A - flavodoxin: l7.5A cytochrome: l6.6A 
0 0 

B - flavodoxin: SA cytochrome: SA 
0 0 

C - flavodoxin: 4A cytochrome: 4A 

The estimated error in the rate constants is ±lO%. 
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with decreasing ionic strength. This would be expected for a reaction 

occurring between two oppositely charged molecules and is in agreement 

with other work on cytochrome £ (76) which reflects a positively 

charged reaction site, and with the participation of negatively charged 

groups on flavodoxin. The lines which are drawn were calculated (see 

below for Discussion) from the Marcus theory equation as derived by 

Wherland and Gray (80) using these data points with the exception of 

the values obtained at the two highest ionic strengths (because of some 

questions as to the applicability of the equations at high ionic 

strength) (89). 

Flavodoxin Semiquinone Oxidation by Fe(CN)~- and Fe(EDTA) 

The reaction of flavodoxin semiquinone with ferricyanide is 

slower than for cytochrome £. This is due, in part, to the fact that 

both of the reactants are negatively charged and thus exert a 

repulsive force on each other. This is demonstrated in Figure 9 where 

the second-order rate constants vs. II are plotted. The increase of 

the rate constants with increasing ionic strength is expected for a 

reaction occurring between reactants of like charges. 

Also shown in Figure 9 are the second-order rate constants for 

the ferric EDTA reaction. These rate constants were determined using 

concentrations of ferric EDTA varying from 1.0 roM to 5.0 ~1. Although 

ferric EDTA forms an oxo-bridged dimer in alkaline solution (90), such 

a dimer comprises less than ten percent of the total ferric EDTA 

concentration at the pH and concentration range used and thus was not 
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Figure 9. Ionic strength dependence of second order rate constant for 
oxidation of flavodoxin semiquinone by ferricyanide and 
ferric EDTA. -- (4) - ferricyanide (e) - ferric EDTA. 
The left hand scale refers to the ferricyanide data and the 
right hand scale to the ferric EDTA data. Solid line is 
theoretical curve obtained from Marcus theory with 
following radii: ferricyanide: 4.5A: flavodoxin: 4A. No 
theoretical curve is shown for the ferric EDTA reaction. 
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considered in this work. The ferric EDTA reaction is much slower than 

either of the other two reactions. Although this system was not 

studied as extensively as the others, again the second order rate 

constant increases with increasing ionic strength indicating that this 

reaction also is occurring between reactants of like charge (ferric 

EDTA carries a single negative charge). Note also that the rate 

constant is not as sensitive to ionic stren~th c.h~nges as is the rate 

constant for the ferricyanide reaction. This is consistent with the 

smaller charge on ferric EDTA. Since only two data points were 

obtained for this system, we have not drawn a theoretical curve in the 

figure. 

Comparison of Computer Graphics Results and Experimental 
Measurements of Ionic Strength Effects with Theory 

Theoretical treatments of the effect of ionic strength upon 

reaction rates include the extended Debye-Hucke1 equation [8] and 
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the Wher1and-Gray equation [17] (80) derived using the Marcus theory of 

electron transfer (91). Other treatments have recently been given (89, 

92), but these are somewhat less useful and, in the latter case, less 

well-founded theoretically (89). The use of equations [8] and [17] to 

fit a set of k vs. Ii data allows a determination (by extrapolation) of 

ko and of the charge product (ZlZ2)' The latter can be compared with 

the known amino acid composition of the protein reactants which defines 

their charge at a given pH. An adjustable parameter in both equations 

is the R values; this may also provide a test of the applicability of 

the theoretical analysis by comparison with structural information. 
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In the ~~erland and Gray analysis, the electrostatic components 

of the interaction are considered as work terms involved in the produc-

tion of the transition state complex. In this treatment. the reacting 

species were modeled as uniformly charged spheres which are in contact, 

so that the potential between them is proportional to 

where the terms are as defined above. This expression derives from 

the work term associated with charge separation, which equals: 

(22) 

where r 12 is the distance between charges and Eo is the permittivity 

constant. 

The solid curves drawn in Figures 8 and 9 were obtained from a 

least squares fit of the Marcus theory equation to the data for several 

values of R. The calculated curves which were chosen had the lowest 

average error and were not biased toward a particular section of the 

curve. For the fits shown, the average least squares error for all the 

experimental points were 1.6% for curve A, 1.4% for curve B, and 

1.6% for curve C. The average errors for the smallest radii used in 

the calculations (curves not shown) were approximately 4.0%. The 

average error for the extended Debye-Huckel calculations were in the 

range of 1.0 to 4.0%. Table 2 lists charge products and k values for 
. 0 

all three reactions calculated from both theoretical expressions. As 

is evident from Figures 8 and 9, the fit to the data are within 



Table 2. Theoretical calculations of ionic strength effects. 

Oxidant Marcus Eguation Deb~e-Huckel Eguation 

Cytochrome .£ 17.5 16.6 -224.4 2.l8xlO26 7.35xlO 4 -93.6 8.86xlO16 7.5 

8.0 8.0 -59.2 2.48xlO16 2.13xlO 3 -44.6 9.39xlO13 5.0 

4.0 4.0 -29.2 3.9lxlO12 4.64 -25.2 8.62xlOll 5.0 

3.5 3.5 -24.1 6.06xlOll 3.63 -21.6 2.26xlOll 5.0 

3.0 3.0 -19.5 1.05x1011 2.65 -20.5 1. 93x1011 5.0 

3- 17.5 4.5 25.7 100 5 38.6 19.8 -3.0 Fe(CN)6 6.43x10 
6 8.0 4.5 13.3 676 2.05xlO 14.9 620 -3.0 

4.0 4.5 9.7 1380 7.42xlO 6 8.5 1880 -3.0 

3.0 3.0 8.0 1980 4.31xlO 7 7.7 2200 -3.0 

Fe (EDTA) 1- 17.5 4.0 15.9 9.l2xlO -2 23.3 14.6 0.21 -1.0 

8.0 4.0 5.5 0.89 27.4 5.5 0.98 -1.0 

4.0 4.0 3.6 1.42 41.2 2.9 1.88 -1.0 

3.0 3.0 2.8 1.83 59.4 2.4 2.17 -1.0 

Total net charge estimated from sequence data: Cytochrome.£ = 7 Flavodoxin -10 

~ld radius of flavodoxin ki 
rate constant at infinite ionic strength 

RO radius of oxidant 2122 calculated charge product 

k rate constant at zero ionic strength 22 selected charge for oxidant 
0 

lJl 
\D 



experimental error for a wide range of R values and charge products. 

Furthermore, as Table 2 shows, both theories yield comparable values 

for the charge product and k at small values of R, but deviate 
o 

appreciably at large values. Inasmuch as neither of the theoretical 
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approaches explicitly includes diffusion as a limitation, the fact that 

large R values yield impossibly large k values is probably not 
o 

significant. That good fits are obtained over a large range of 

parameters emphasizes the difficulties involved in detailed structural 

interpretations of ionic strength/rate data based on the Marcus and 

Debye-Huckel formulations. 

The use of full protein radii and total net charge in calculating 

the electrostatic work involved in reaching the transition state for 

complex formation is based upon the idea that the protein molecules are 

rapidly tumbling along the reaction pathway and thus present a 

spherically-smeared average field to one another which includes all of 

the charged groups on the protein surface. This is most likely the 

case at large distances. As the molecules approach each other, however, 

localized clusters of charge, multiple salt bridge interactions, and 

dipole-dipole effects begin to dominate the electrostatic interaction. 

Although it is clearly physically unreasonable to attempt to model the 

electrostatics by using smaller spheres with lower net charges, the 

computer graphics analysis (see Appendix A) suggests that such cluster 

interactions might be better modeled by charged parallel plates. We 

will return to this point again below. It is noteworthy in this 

context that Stonehuerner et al. (92) have utilized localized 
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charge/charge interactions in their considerations of ionic strength 

effects on rate constants. The recent work of Koppeno1 and Margo1iash 

(93) clearly illustrates the complex nature of the electrostatic 

potential field around molecules such as cytochrome £. It is also 

interesting that jn their model for electrostatic interactions between 

cytochrome £ and other proteins, Koppeno1 and Margo1iash assume that the 

cytochrome orients itself with its dipole vector pointing towards its 

partner, rather than presenting a spherically-averaged field. Because 

of the distance dependence of the electrostatic interactions, this 

would lead to the possibility of localized charge clusters being a 

dominant factor. 

In the present case, localized charge interactions are possible 

if one assumes that only the lysine residues which are in close 

proximity to the heme edge of cytochrome £ (77), and the glutamic acid 

and aspartic acid residues in proximity to the FMN of f1avodoxin (3) 

play a dominant role in complex formation. Such a restriction is not 

unreasonable, at least for cytochrome £, inasmuch as Geren and Millet 

(94) were able to account for the ionic strength dependence of the 

electron transfer between reduced adrenodoxin and cytochrome £ by 

neglecting interactions between charged residues separated by more than 
o 

10 A (cf. also reference 95). This suggestion is consistent with the 

properties of the complex shown in Appendix A (Figure A.2), whose 

calculated interaction charge product is -16, taking into account only 

the four positively-charged lysine residues of cytochrome £, and the 

4 negatively-charged residues on f1avodoxin directly involved in 
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intermolecular charge pairs. However, additional electrostatic 

interactions (e.g., those arising from de10ca1ized positive charge on 

the ferriheme iron, and additional nearby negative groups on f1avo-

doxin) could also contribute to the interaction, and so increase the 

magnitude of the interaction charge product. 

An earlier treatment of ionic strength effects on the rates of 

protein-small molecule reactions, given by Alberty and Hammes (96), is 

of interest in the present context. These workers considered the 

diffusion of a small substrate into a spherical-sector active site 

region as influenced by localized electrostatic interactions. Using 

the Debye treatment of ionic strength effects they were able to 

calculate the experimental value of the second order rate constant 

for the reaction of fumarase with fumarate ion, extrapolated to zero 

10 -1-1 ionic strength (3 x 10 M s ), by assuming an active site radius of 

SA and a net charge at the active site of +2 to +3. In a later paper, 

Hammes and Alberty (97) extended this treatment to also include the 

total net charge on the protein. As intuitively expected, the con-

tribution of the net protein charge increases in importance as the 

charge on the active site gets smaller and as the radius of the protein 

decreases. In essence, the theory concludes that the diffusion-

limited second-order rate constant is given as follows: 

k 
4 TI N 

1000 
(23) 

where D12 is the sum of the diffusion coefficients of protein and 

substrate, R12 is the sum of the radii of active site and substrate and 
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f is an electrostatic correction factor calculated using the Debye 

limiting law. A recent theoretical analysis of diffusion in an analogous 

situation (98) has shown that a more accurate expression for a 

diffusion-limited rate constant is (assuming all encounters are 

effective): 

(24) 

where D2 is the diffusion coefficient of the substrate calculated 

using a spherical model, r l is the radius of the protein and 8
0 

is the 

midpoint of the polar angle (in radians) over which collisions between 

enzyme and substrate are effective. Using this result, the equation 

for k including ionic strength effects becomes: 

k (25) 

The parameter, f, can be calculated using either of the two Hammes-

Alberty approaches. If one applies equation [25] to the flavodoxin-

ferricyanide reaction investigated here, the following results are 

obtained. When only the charge on the active site region is 

considered, the observed rate constant at the lowest ionic strength 

used (cf. Table 1) can be obtained with 8 
o 

° 

5°, a charge of f1avodoxin 

of -5 and a value of 1.8 A for the radius of the f1avodoxin active site 

(k (;-1 = 0.150) = 2.4 x 104 M-1s-l , k 1 = 2.42 x 104 M-1s-l ). 
obs ca c 

Although a small range of parameter values can be used to provide an 

acceptable fit, the key point is that a restricted site model is 

adequate to account for the observed rate constant using the 



Hammes-Alberty theory. When the extended version, including the total 

protein charge, is applied using the same parameter values, the 

calculated rate constant is much too low (k 1 ~ 4.6 x lO-2M-ls-l). 
ca c 

In order to fit the data with this model, the active site charge has 

to be decreased to approximately -1.8, which seems rather low in view 

of the computer modeling results. Obviously, since the electrostatic 

model used in the above calculations is oversimplified (97), any 
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quantitative results must be considered approximate. However, it would 

appear that the Hammes-Alberty theory is consistent with the 

suggestion that the ionic strength effects observed in the present 

study reflect mainly the charged groups localized in the prosthetic 

group region of the protein. 

A possible alternative to the charged-sphere formulation for the 

electrostatic work term associated with bringing the molecules together 

would approximate their interacting surfaces as charged plates. This 

work term is given by ZIZ2d12/2 EoA, where dl2 is the plate separation 

and A is their average area (99). For the complex shown in Appendix A 

(Figure A.Z), the interacting surfaces can be approximated as roughly 

triangular charged plates, having opposite net charges of 4, areas of 

166 X2, and a separation distance of 3A. Equating the resulting work 

term with that for the charged-sphere model from equation [22], and 

solving for the sum of the radii of the interacting species (R
l 

+ RZ)' 
o 

yields a value of 8.8A. This falls within the range of radii which 

give adequate fits to the kinetic data (Fig. 8). The substantive point 

is that while both a smaller charged-sphere model and the charged plate 



model would provide comparable fits to the observed kinetic data, the 

latter gives a mor:e physically realistic approximation of the inter-

action geometry be.tween large molecules like proteins. These 

considerations ne~d to be more fully explored from a theoretical point 

of vie,,!. 

7,8-DichloroFl1N Flavodoxin Semiquinone Oxidation by Cytochrome c 

The oxidation of 7, 8-i-dichloroFMN flavodoxin semiquinone by 
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cytochrome .£. was examined over a range of ionic strengtsh (0.02-0.10 M). 

The kinetics are complicated:by the fact that two rate processes are 

observed, a fast and a slow process. This is consistent with data 

obtained previously for the lteaction of the native flavodoxin semi-

quinone with horse heart cytochrome.£.. Only the fast reaction has been 

considered here. .,All rate daLta were corrected for this phenomenon as 

described earlier. 

As has beep observed Ipreviously for the dichloro analog at high 

ionic strength (63) and for rlormal flavodoxin at low ionic stre,ngth 

(see above), k b 'was found to saturate at high cytochrome concentrao s 

tions for all the ionic strengths examined (Figure 10). This behavior 

is evidence for cOPlplex formation. 

As discuss~d earlier Iwhen saturation behavior is observed, a 

minimum value for 'f<l is all that can be obtained from the experimental 

data. Again, it wps found that Ka (kl/k_l ) and k2 could be determined 

directly. However, for kl (and k_l ) we could only specify a minimal 

value, with any va;lue larger Ithan this giving identical fits within 

the experimental error (with 1Ka constant). 
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Fig. 5. The concentration of the 7,8-dich1oroF1lli f1avo
doxin was 6.0 x 10-6 M (before mixing) in 0.005 M phosphate 
buffer with 1.7 x 10-3 M EDTA, pH=7.2. The stopped-flow 
experiments were performed under anaerobic conditions with 
ionic strength changed by the appropriate addition of a 
sodium chloride solution. (6) 11/2 = 0.141; (0) 11/2 
0.200; (X) 11/2 = 0.245; (D) 11/2 = 0.265; (N) 11/2 = 0.283. 
Curves represent computer fits to data (see text for 
details). 



Both the graphical and computer procedures yielded closely 

equivalent results. We report only the computer derived values, 

inasmuch as these are probably more reliable. Table 3 lists the 

calculated values for Ka' kl , k_l and k2 . As is evident, kl increases 

with decreasing ionic strength. This is indicative of electrostatic 

interactions between functional groups of opposite charge. Similar 

results have been observed for the native flavodoxin. Figure 11 shows 

a plot of these values vs II. Also included for comparison are the 

values for native flavodoxin obtained previously. Although the rate 

constants for the dichloro analog are approximately ten times smaller 

67 

than those for the native flavodoxin, the functional dependence on ionic 

strength remains the same. We may thus conclude that the electro-

static interactions between the protein moieties of flavodixin semi-

quinone and cytochrome ~ during complex formation (as measured by 

ionic strength effects) are essentially unchanged by chlorine sub-

stitution of the FMN methyl groups. 

As we found previously for the native flavodoxin, the associa-

tion constant, K , decreases with increasing ionic strength. This is a 

undoubtedly due to the fact that unlike charges are being screened from 

each other because of the presence of counterions, thus decreasing the 

magnitude of the electrostatic interactions. Matthew et al. (100) 

were able to account quantitatively for the K values as a function of 
a 

ionic strength for the native flavodoxin-cytochrome ~ complex by an 

electrostatic mechanism. The K values for the dichloro analog protein a 

are approximately one-half those obtained previously for native 
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Table 3. Rate constants and association constants for 7,8-dichloroFMN 
flavodoxin semiquinone oxidation by cytochrome £ at various 
ionic strengths. 

If kl k_l k2 K a 
(MJ-/2) (M-1s -1) (s-l) (s-l) (M-l ) 

0.141 l.Oxl0 7 29 52 3.5xlO 5 

0.200 4.7xlO 6 26 37 1.8xlO 5 

0.245 2.lxlO 6 16 26 l. 3xlO 5 

0.265 l.2xlO 6 
l3 21 9.4xlO 4 

0.283 2.4xl0 5 
3 4.1 8.3xlO 4 

0.316 1.lxlO 
5 1.4 1.4 7.9xlO 4 

Values obtained by computer analysis as described in the text; 
kl values represent lower limit. Data measured at 23.5°C in 0.005 M 
phosphate buffer, pH 7.2. Estimated error is ±10%. 



~} Right scale 

Left scale{ x 

o 

Figure 11. Ionic strength dependence of kl for oxidation of various 
flavodoxin semiquinones by cytochrome c. --
(0) C. pasteurianum flavodoxin; (X) 7,8-dichloroFMN flavo
doxin; (0) 7-chloroFMN flavodoxin; (~) 8-chloroFMN 
flavodoxin. The estimated error in the rate constants is 
±lO%. 
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flavodoxin (at all but the lowest value of I, which is the 

least reliable). There is also a marked ionic strength dependence of 

k2' the limiting first-order rate constant for product formation, and 

of k_l , the first-order rate constant for complex dissociation. 

Comparison of the k2 values with those obtained previously for native 

flavodoxin indicates that this rate constant is also considerably 
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decreased upon chlorine substitution (approximately a factor of three), 

as is k_l (3-4 fold decrease). The k_l and k2 values are plotted in 

I Figure 12 as a function of ionic strength. Also included for comparison 

are the k2 values obtained previously for native flavodoxin. 

7-ChloroFMN Flavodoxin and 8-ChloroFMN Flavodoxin 
Semiquinone Oxidation by Cytochrome c 

Figure l3a shows plots of k b vs (cytochrome £) for the oxidao s 

tion of the semiquinone forms of the monochloroFMN analogs of flavodoxin 

obtained at Ii = 0.316 and II 0.255 and Figure l3b for the tetra-

hydroFMN analog. No saturation effects were observed at the higher ionic 

strength. This is similar to the behavior of native flavodoxin and 

unlike that of the dichloro analog, and thus indicates that the k2 

values for the monochloro derivatives are considerably larger than for 

the dichloroFMN protein under these conditions (cf. Fig. 10). Values 

for kl may be calculated from the slopes of these lines, and are listed 

in Table 4. The rate constants for the monochloroFMN derivatives are 

the same within experimental error and are approximately one-half of 

those of the native flavodoxin (cf. Fig. 11). This is to be compared 
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Figure 12. Ionic strength dependence of k2 and k_1 for oxidation of 
native and 7,8-dich1oroFMN f1avodoxin semiquinones by 
cytochrome £. -- Shown are (0) k2 for ~. pasteurianum 
f1avodoxin; (I) k2 for 7,8-dich1oroFMN f1avodoxin; 
(6) k_1 for 7,8-d1ch1oroFMN flavodoxin. 
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Figure 13. Dependence of k b for oxidation of monoch1oroFMN and 
tetrahydroFMN f£a~odoxin semiquinones by cytochrome c. 
-- (a) Conditions are as in Figure 10. (X) 7-ch1oroFMN 
f1avodoxin, r1/2 = 0.316; (e) 8-ch1oroFMN f1avodoxin, 
J:1 / 2 = 0.316; (0) 7-ch1oroFMN flavodoxin, r1/2 = 0.255; 
(4) 8-ch1oroFMN f1avodoxin, r1/2 = 0.255. (b) Conditions 
as in (a) with the exception tha1 no EDTA was present. 
(0) TetrahydroFMN flavodoxin, II 2 = 0.255; (X) Tetra
hydroFMN f1avodoxin, r1/2 = 0.316. Curves represent 
computer fits to data except for tetrahydroFMN 
f1avodoxin at 11/2 = 0.255. (See text for details.) 
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Table 4. Rate constants and association constants for oxidation of 
monoch1oroFMN and tetrahydroFMN f1avodoxin semiquinones by 
cytochrome .£. 

I k1 k_1 k2 K a 

F1avodoxin (M1/2) (M-1s -1) (s-l) (s-l) (M-1) 

7-C1FMN 0.316 8.2x10 5 (a) (a) (a) 

0.255(b) 3.8x10 6 57 91 6.6x10 4 

8-C1FMN 0.316 8.8x10 5 (a) (a) (a) 

0.255(b) 3.3x10 6 51 70 6.6x10 4 

TetrahydroFMN O. 316 (b) 3.9x10 5 2.5 3.5 1. 5x10 5 

0.255 '\,1.8x106 (c) '\,3.0 

Data obtained at 23.5°C in 0.005 M phosphate buffer, pH 7.2. 

Estimated error is ±10%. 

(a) No saturation observed. 

(b) Constants at this ionic strength obtained by computer analysis as 
described in the text. 

(c) Estimated from ionic strength dependence in Fig. 11. 
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with an approximately l3-fold decrease in kl upon dichloro substitution 

at this ionic strength (cf. Fig. 11). 

At Ii = 0.255, saturation behavior is observed for both of the 

monochloroFMN analog proteins (Fig. l3a), again analogous to the native 

protein. The constants obtained from these data by computer analysis 

are also given in Table 4. As expected, for both analogs the values of 

kl are larger at the lower ionic strength and parallel those obtained 

for the-native and dichloroFMN proteins (cf. Fig. 11). Thus, although 

the data are limited, it would appear that chlorine substitution again 

has not significantly altered the electrostatic interactions between 

the t~vo proteins (see above). The kl values for both analogs are 

approximately the same and are 3-4 times smaller than that for the 

native protein (compared to an approximately 10-fold decrease for the 

dichloroFMN protein). The K values for both monochloro proteins are a 

also the same and are approximately 3 times smaller than the K value a 

for the native protein, as well as being smaller than that for the 

dichloro protein (about a factor of two, as estimated by interpolation). 

The latter result is somewhat unexpected and will be discussed below. 
, 

The k_l values follow the same pattern as do the kls. In fact, the only 

significantly different constant for the two monochloro analogs is k2 ; in 

this case the constant for the 8-chloro~rn flavodoxin is smaller than 

that of the 7-chloro derivative. Both constants, however, are larger 

than obtained with the dichloro-substituted flavodoxin. It is 

interesting that the k2 value for 7-chloroFMN flavodoxin is slightly 
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larger than ~hat for the native protein. These relationships will 

be discussed below. 

Properties of Free and Flavodoxin-Bound 5,6,7,8-TetrahydroFMN 

The partial reduction of the dimethylbenzene ring in this 

analog causes a substantial change in its spectral properties as 

compared to ordinary flavins. The oxidized free analog exhibits a 

single absorption in the visible region with a A at 414 nm and an max 

estimated extinction coefficient of approximately 7800 cm-~-l. 

Upon binding to the apoprotein, the A is red-shifted to 425 nm max 

with the appearance of a shoulder at 495 nm. The corresponding 

spectra are shown in Fig. 14. Although we have not determined an 

association constant, the tetrahydroFMN appears to be bound to apo-

flavodoxin more weakly than is ~rn. As with FMN, fluorescence is 

quenched upon binding. 

The reduction of the free analog was studied using dithionite 

as well as illumination in the presence of EDTA. In both instances, 

full reduction occurred as indicated by the total loss of the 

absorption maximum at 414 nm with a small amount of absorption 

remaining in the visible region of the spectrum. However, upon 

reoxidation of the analog with air, only a partial return of the 

absorption peak at 414 nm was observed, suggesting that a loss of a 

portion of the analog occurred. An increase in absorption between 

350 nm and 400 nm was observed for the reoxidized sample which 

indicates the presence of at least one new compound. It should be 
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Figure 14. Visible absorption spectra of free and f1avodoxin bound 
tetrahydroFMN. -- Shown are free tetrahydroF11N (dashed 
line) in 0.025 1-1 phosphate buffer pH = 7.5 and tetra
hydroFMN f1avodoxin (solid line) in 0.005 M phosphate 
buffer pH = 7.2 
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noted that ordinary flavins display fully reversible reduction under 

these same conditions. 
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The free analog was also examined using flash photolysis in the 

presence of EDTA. A very weak transient which we attribute to the 

formation of the semiquinone was obtained. A difference spectrum for 

this transient is presented in Fig. l5a. Under these conditions, 

ordinary flavins produce much larger semiquinone signals. 

The reduction of tetrahydroFMN flavodoxin was also examined. 

Behavior similar to that of the free analog was observed for the photo

reduction with EDTA. Again, full reduction occurred upon prolonged 

exposure to light, whereas upon air reoxidation, only a portion of the 

original absorption returned. In addition, there was increased 

absorption between 350 nm and 400 nm indicative of the appearance of a 

new species. 

The reduction of the tetrahydroFMN flavodoxin with dithionite 

yielded the semiquinone as shown in Fig. l5b (compare the difference 

spectrum shown in Fig. l5a with that obtained in flash photolysis of 

the free analog). The half-time for the reduction was approximately 

20 minutes. The isosbestic point at 463 nm is indicative of the 

formation of only the semiquinone and thus full reduction apparently did 

not occur. This behavior is analogous to that observed with native 

flavodoxin. Upon admission of air, the original oxidized absorption 

spectrum was restored. Although we have not measured the kinetics of 

air oxidation, it appears to occur considerably more rapidly than for 

the native flavodoxin semiquinone. 
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Figure 15. Absorption properties of free and flavodoxin-bound tetra
hydroFMN. -- (a): (X) Difference spectrum of transient for 
free tetrahydroFMN semiquinone generated by laser flash 
photolysis in 0.025 M phosphate buffer and EDTA 
(3.0 x 10-2 M) pH=6.4; (I) oxidized minus semiquinone 
difference spectrum for tetrahydroFMN flavodoxin in 0.025 M 
phosphate pH=7.5. (b) Titration of tetrahydroFMN flavo
doxin in 0.025 M phosphate buffer, pH=7.5 with dithionite. 
Spectrum 1 is for oxidized protein with subsequent spectra 
representing various stages of reduction to the semi
quinone (spectrum 6). 
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Fig. l3b shows plots of k b vs (cytochrome c) obtained from o s -

stopped-flow studies of the oxidation of the semiquinone which was 

produced using dithionite. At both ionic strengths investigated 

(II = 0.255 and II= 0.316), saturation behavior was observed. Table 4 

lists values for kl , k_l , k2 and Ka' At II= 0.255, the rate was 

completely saturated at all of the concentrations of cytochrome £ that 

were used. This situation probably arises because kl has increased 

whereas k2 has not appreciably changed from the value obtained at 

II = 0.316. It is of course difficult to obtain a value for kl in this 

instance. Our estimate for this constant is based on the assumption 

that the analog exhibits the same dependence of kl upon ionic strength 

as does the native protein and the chloro analogs. At If = 0.316, k2 

is two-fold greater for the tetrahydroFMN flavodoxin than for the 

7,8-dichloroFMN flavodoxin. At II= 0.255, k2 is approximately thirty

fold smaller than for the native protein, as well as being below that 

for all of the chlorine analog-containing proteins. We will discuss 

these rate constant comparisons further below. 

Reduction of Flavodoxin and Its Analogs by 
5-Deazariboflavin semiquinone 

Flash photolysis offers a method by which to examine the 

kinetics of reduction of flavodoxin from the oxidized to the semi-

quinone form and to determine whether or not chlorine substitution has 

any effect upon this reaction. The reductant, 5-deazariboflavin semi-

quinone, was generated in the sample by laser photolysis using EDTA as 
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the hydrogen donor. Fig. 16 shows some representative data obtained in 

this way, along with the corresponding first order plots. 

Figure 17 shows a plot of k b vs flavodoxin concentration for 
o s 

the native protein and the various chlorine analogs. No evidence of 

saturation was found and thus if a complex exists along the reaction 

4 -1 
pathway, its rate of decay must be greater than 2 x 10 s Because 

the protein concentrations were considerably higher than that of the 

laser-generated deazariboflavin semiquinone, all of the transient 

curves that were used to calculate the k b values followed pseudo-first o s 

order kinetics (cf. Figure 16). It is apparent from Figure 17 that the 

rate constants for reduction of all of the proteins examined were 

similar, if not identical within experimental error « ±20%). The 

second order rate constant calculated from the slope of the line in 

8 -1-1 Figure 17 is 3.7 x 10 Ms. Thus, these results demonstrate that 

chlorine substitution does not affect the rate of reduction of the 

protein-bound coenzyme by 5-deazariboflavin semiquinone. This conclu-

sion is different from that reported previously by Jung and Tollin (63). 

It is likely that this is due to the greater accuracy and improved 

sensitivity of the instrument used in this study, as well as to the 

use of computer analysis in obtaining rate constants. The earlier 

study also reported a difference in the rate constants for the reduction 

of the semiquinone forms of native and dichloroFMN flavodoxins by 

deazariboflavin semiquinone. In the light of the present results, this 

needs to be reinvestigated. 
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Figure 16. Decay curves for the reduction of native and 8-chloroFMN 
flavodoxins by 5-deazariboflavin semiquinone and their 
first order plots. -- (a) Transient obtained at 600nm for 
the reduction off· pasteurianum flavodoxin (1.9 x lo-5 M) 
to the semiquinone using 5-deazariboflavin (3.5 x lo-5 M) 
in 0.025 M phosphate buffer with EDTA (1.5 x lo-2 M) 
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pH=7.5 by laser photolysis (excitation).= 421 run). The 
absorbance increase is due to production of the .semiquinone. 
(b) Transient obtained at 600run for the reduction of 
8-chloroFMN flavodoxin (5.5 x lo-5 M) to the semiquinone. 
Conditions as in (a). (c) Semilog plots of data obtained 
in (a) and (b). (0) f· pasteurianum flavodoxin; 
(X) 8-chloroFMN flavodoxin. 
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Figure 17. Dependence of k for 5-deazaribof1avin semiquinone 
oxidation upon ~£~vodoxin concentration. -- Conditions 
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Discussion of Analog Studies 

According to the mechanism of eq. 17, the rate constant kl 

reflects complex formation between flavodoxin semiquinone and cyto

chrome £. As was shown in Fig. 11, this rate constant depends upon 

ionic strength in a parallel manner for both the native and the 

chlorine-substituted flavodoxins, although the values for the chloro 

analogs are significantly smaller. This indicates that the electro

static shielding effects of solvent ions are the same for all of the 

proteins and thus that the replacement of FMN by mono or dichloroFMN has 

not resulted in any conformational change which has affected the 

topological distribution of negatively charged carboxyl groups in the 

protein. On the other hand, it is to be expected that the introduction 

of electronegative chlorine atoms into the coenzyme would alter its 

dipole moment in such a way as to render the benzene ring region of the 

molecule more negative. Inasmuch as this portion of the FMN is in 

van der Waals contact with the non-polar heme edge of the cytochrome 

according to the structure of the postulated electron transfer complex, 

it is not unreasonable to suggest that such an unfavorable interaction 

between the prosthetic group edges would increase the activation energy 

and thus result in a decrease in the rate constant for association. 

The smaller decrease in kl for the monochloro analogs (Figure 11) than 

for the dichloro analog is consistent with such an interpretation. 

Furthermore, the fact that all of the protein analogs give the same kl 

values in the laser photolysis experiment shows that the effect of 

chlorine substitution is specifically related to the nature of the 
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flavin-heme interaction. A factor of ten in the rate constant (for the 

dichloroFMN analog relative to the native protein) would correspond to 

an activation energy increase of about 1.4 kcal/mole, which is not 

unreasonable for a dipole effect. It should be pointed out, however, 

that this unfavorable interaction could be at least partially compen-

sated by the delocalized positive charge which is due to the ferriheme 

iron. Perllaps this accounts for an apparently smaller effect of 

chlorine substitution on K for the dichloro analog compared to the 
a 

native protein (see above), and for the larger value of K obtained for a 

the dichloroFMN flavodoxin compared to the monochloro analogs at 

II = 0.255. 

Other factors may also be involved here. For example, the 

increased dipole moment of the dichloroFMN could cause a localized 

distortion of the electrical potential field at the surface of the 

protein (100). Localized dielectric constant effects might be 

important (i.e. an increase in E would decrease the interaction energy), 

as well as the solvation of the exposed flavin ring which could result 

in an increased energy requirement for water expulsion during complex 

formation with the dichloro analog protein. A quantitative treatment 

analogous to that of Matthew et al. (100) might prove enlightening. 

It is necessary also to recognize the possibility that an 

increase in the amount of negative charge localized in the benzene ring 

portion of the FMN could result in a distortion of the structural 

arrangement of the immediately adjacent protein backbone and side chain 

groups, thus introducing a steric component into the rate and 
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association constants. While we cannot completely eliminate this in 

the absence of an X-ray structure analysis, it is made less likely by the 

fact that all of the protein analogs yield the same rate constants for 

reduction by deazariboflavin semiquinone. This latter result also 

argues against any influence of the different redox potentials of the 

analogs on kl and Ka. 

The limiting first-order rate constant, k2' can be a measure of 

the actual electron transfer step (which should be influenced by redox 

potential) as well as of any conformational steps which may exist 

along the reaction pathway. As an example of the latter, if the 

initial interaction between the two proteins can occur in a variety of 

ways, not all of which result in proper overlap between the two 

prosthetic groups, a rearrangement within the complex may be required 

prior to electron transfer to bring the heme and flavin into a pro

ductive alignment. The facts that k_l and k2 are of similar magnitude 

for the dichloroFMN flavodoxin (this is also true for the monochloro 

analogs) and that both depend upon ionic strength in a roughly 

parallel manner (Fig. 12), suggest that such a conformational step may 

be an important component of the limiting rate. Thus, k_l must 

necessarily reflect the ability of the two proteins to move relative to 

one another inasmuch as this step involves complex dissociation. The 

ionic strength dependence of these rate constants can be rationalized 

as follows: At high values of I, salt ions may be tightly bound to the 

charge-paired groups within the complex thus making it kinetically more 

difficult to break these apart than would be the case at low I where 
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solvation largely involves more loosely-bound water molecules. The fact 

that the ionic strength dependence of k2 for the native protein is 

parallel to that for the dich1oroFMN protein (Fig. 12) is consistent 

with such an interpretation. An alternative viewpoint would involve 

the solvation of the entire protein, with the counterion interactions 

increasing the "rigidity" of the protein, thereby making it more 

difficult for conformational fluctuations to disrupt charge-pair 

interactions. 

The k_1 values for the dich1oro analog are smaller than the 

corresponding constants for the native protein. This is to be 

expected inasmuch as the K values (and thus the thermodynamic 
a 

stabilities) for the two complexes are not very different (approximately 

a factor of two, which corresponds to a free energy difference of about 

0.4 kca1/mo1e). Thus, an increase in activation energy for complex 

formation would lead to a decrease in the relative values of both the 

forward (k
1

) and reverse (k_
1

) rate constants. 

The k2 values for the chlorine-containing analogs are clearly 

correlated with the difference in redox potentials for the reactants. 

The smallest k2 (estimated to be 23 s-l at Ii = 0.255; cf. Table 3) is 

obtained with 7,8-dich1oroFMN f1avodoxin which also has the highest 

redox potential for the oxidized/semiquinone conversion, whereas the k2 

values (Table 4) for the monoch1oro analogs are larger and in proportion 

with their respective potentials (Appendix :n, Fig. B.lo). Thus, k2 must 

also contain a contribution from the rate of electron transfer, rather 

than solely reflecting the rate of a conformational rearrangement. 
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The correlation of k2 with redox potential breaks down, 

however, for the native f1avodoxin, which has a k2 = 78 s-l at If = 0.255 

as well as the most negative redox potential. This suggests that there 

may also be specific substituent effects occurring at the 7 and 8-

positions. Since chlorine is an electron withdrawing substituent, it 

would be expected to decrease the electron density of the TI orbital of 

the atom to which it is covalently bonded. Inasmuch as the 8-position 

has a higher unpaired spin density in the semiquinone (see above) than 

does the 7-position, chlorine substitution at this location should be 

most effective in retarding electron transfer, as the experimental 

results indeed suggest. The small observed increase in k2 for the 

7-ch1oroFMN analog over that of the native protein may then be a 

consequence of two effects, i.e., the electron withdrawing property of 

the chlorine which pulls electron density away from the N5 region of the 

FMN towards the benzene ring and the electron donating property of the 

methyl group which specifically increases electron density at the 

8-position. While these differences in k2 do not prove conclusively 

that electron transfer occurs from the 8-position, they certainly 

strengthen this supposition. 

The behavior of the tetrahydroFMN f1avodoxin provides further 

insight into the nature of k2 • For this analog, k2 does not appear to 

change with ionic strength, which suggests that the rate of electron 

transfer is probably rate limiting at both ionic strengths, i.e. that 

the conformational rearrangement is occurring more rapidly than the 

heme reduction. That this slow rate of electron transfer is due to 
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structural rather than redox potential (insufficient material w~s 

available for an actual measurement of the redox potential of this 

analog flavodoxin) considerations may be inferred from the bahavior of 

this analog with dithionite. Thus, there is no formation of the fully-

reduced flavodoxin, which suggests that the redox potential for the 

semiquinone/hydroquinone conversion is more negative than for the 

native flavodoxin. Furthermore, the rate of dithionite reduction to 

the semiquinone is considerably slower than for the native protein, 

whereas the rate of 02 oxidation is appreciably faster. This implies 

that the redox potential for the oxidized/semiquinone is at least as 

negative as the redox potential of the native protein and perhaps more 

so. These properties would be consistent with the decrease in the 

extent of double bond conjugation in tetrahydroFMN and would thus argue 

for a greater reactivity of the semiquinone relative to native flavo-

doxin (i.e. a larger k2 value). Assuming no significant protein 

structural changes, the low kZ value can be rationalized as follows. 

If electron transfer proceeds by an outer sphere mechanism, reduction of 

two of the double bonds in the dimethylbenzene ring would act to 

decrease the extent of orbital overlap with the heme prosthetic group 

of cytochrome~. If, on the other hand, a tunneling mechanism is 

operative, the ~rn structural modification, by reducing the unpaired 

spin density in the exposed region of the flavin, would increase the 

distance over which the electron must tunnel in order to achieve heme 

reduction. In either case, a significant decrease in the rate of 

electron transfer would be expected. 
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Conclusion 

This investigation indicates that electrostatic interactions 

are important in orienting flavodoxin with respect to oxidants during 

an electron transfer encounter, at least for the in vitro systems 

investigated here. Inasmuch as these include a wide variety of molecular 

structures, it seems reasonable to expect that electrostatics are 

important in vivo as well. The computer analysis (see Appendix A) 

suggests that charges which are localized in the vicinity of the 

prosthetic group, rather than the overall charge on the protein, may be 

a dominant factor in the interaction. A similar conclusion has been 

reached by other workers for a variety of cytochrome £-protein inter

actions (92,94), as well as for reactions with non-protein redox 

reagents (101-104). It is important to note, however, that at very low 

ionic strengths (I <0.01) where the shielding is minimal electrostatic 

interactions including more distant charged groups may affect reaction 

rates. 

Examination of hypothetical complexes of flavodoxin with either 

ferricyanide or cytochrome £ using computer graphics techniques suggests 

that both interactions involve the participation of a similar set of 

negatively charged residues on the flavodoxin molecular surface. These 

residues are sequentially and/or structurally conserved in various 

species of flavodoxin (20,41,52). The interaction between flavodoxin 

ad ferricyanide is accompanied by electrostatic repulsion between the 

negatively charged reactant, and aspartate and glutamate residues on 

flavodoxin. In contrast, the interaction between cytochrome £ and 



flavodoxin is promoted by intermolecular charge pairs formed between 

positively-charged residues on cytochrome ~ and negatively-charged 

residues on flavodoxin. Most interesting, since cytochrome ~ and 

flavodoxin are not physiological electron transfer partners, is the 

observation that surface structural complementarity appears to play an 

important role in formation of a favorable electron transfer complex 

(assuming that the complex is on the main reaction pathway). 

Nevertheless, the results presented are consistent with previous 

proposals (76,77,106,107) that emphasize the role of complementary 

electrostatic interactions in mediation of electron transfer reactions 

between proteins. 
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The analog studies have provided some interesting new insights 

into the factors which influence complex formation, stability and 

dynamics during the interaction between two protein molecules which are 

involved in an electron transfer reaction. We have seen that the ionic 

milieu plays an important role both during and subsequent to complex 

formation. Thus, in the present case which involves proteins having 

oppositely charged interaction surfaces, a low salt ion concentration in 

the solution environment acts to increase the rate of the initial 

collisional encounter, the rate of any subsequent reorientation process 

required to bring the prosthetic groups into effective alignment, and 

the overall thermodynamic stability of the encounter complex. The low 

free ion content (and lowered dielectric constant) which would exist in 

the interior regions of a membrane would be expected to have a similar 

effect. 
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We have also seen that the polarity of the region of the 

prosthetic group which is exposed to the solvent can have a significant 

influence upon these same properties. For this reason it is probably 

not coincidental that for both the £-type cytochromes and for flavo

doxin a completely non-polar edge of the coenzyme is presented at the 

site of electron transfer. This would serve to allow the course of 

the reaction to be effectively controlled by the electrostatic 

properties of the amino acid side chains adjacent to the active site, as 

well as to minimize any potentially unfavorable effects caused by dipolar 

properties of the coenzymes in their interactions with one another, with 

the electrostatic field surrounding the active site, and with water 

molecules located in the active site region. Furthermore, it ensures 

that the actual electron transfer will proceed within a low dielectric 

environment. Further studies along these lines are important to test 

the generality of the effects described here, as well as to probe other 

aspects of electron transfer protein interaction. 

To summarize, we have found that: 

1) Negatively charged amino acid residues in close proximity to the 

site of electron transfer are important in orienting flavodoxin 

for electron transfer. 

2) These negatively charged groups interact with positively 

charged lysines on cytochrome £, which have been implicated in 

complex formation with other proteins. 

3) Electrostatic interactions are also important once the complex 

has formed (i.e. in rearrangements leading to the electron 

transfer event). 



4) The non-polar nature of the exposed flavin edge may facilitate 

electron transfer by furnishing a local low dielectric medium 

in which the event may occur, together with allowing desolva

tion of the electron transfer site to occur more rapidly 

because of unfavorable polar-non-polar interactions between 

water molecules at the site and the flavin edge. 
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APPENDIX A 

COMPUTER GRAPHICS 

In an effort to better understand the nature of the complexes 

that were formed between flavodoxin and the oxidants, Fe(CN)~- and 

cytochrome £, Dr. P. Weber and Dr. F. R. Salemme, in collaboration with 

our group, have examined these complexes using computer graphics. What 

follows is a description of the computer modeling of these complexes 

and the insight that such a study yields. 

Procedures 

Coordinates for the ferricyanide ion were derived from X-ray 

crystallographic data on structurally related compounds (108). 

Although the rate of electron transfer between flavodoxin and cytochrome 

c has been studied using ~ pasteurianum flavodoxin and horse heart 

cytochrome £, computer graphics experiments were carried out using 

coordinates derived from two closely related molecules: C. MP flavo

doxin (41) and tuna cytochrome £ (73), whose coordinates were obtained 

from the Brookhaven Protein Data Bank (109). The tertiary structures of 

the cytochromes £ from tuna and horse heart are quite similar (73,76, 

110). The 104 residue horse heart cytochrome £ contains one more amino 

acid than tuna cytochrome £, and although amino acid sequences of these 

proteins differ in 18 other positions, most involve conservative 

substitutions (111). Greater sequence diversity exists between the 
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flavodoxin molecules from C. MP and ~ pasteurianum (20). Nevertheless, 

given the similarity in overall tertiary structure exhibited by various 

flavodoxin molecules (41,52), substitution of ~ MP for ~ pasteurianum 

flavodoxin appears justified in the absence of structural information 

for the latter protein. Furthermore, as will be described below, 

negatively charged residues close to the flavin binding site are 

conserved. 

In order to determine which prosthetic group atoms might 

potentially be involved in an outer-sphere electron transfer reaction 

during complex formation, the prosthetic group exposure was estimated 

from static accessibility calculations carried out by J. Rupley (112). 

These calculations showed, respectively, that atoms at the dimethyl 

benzene end of the flavin in flavodoxin, and one edge of the porphyrin 

ring in cytochrome £, were partially exposed to solvent. Jung and 

Tollin (63) have provided evidence for the participation of the dimethyl 

benzene ring of flavin in the redox reactions of C. pasteurianum 

flavodoxin. 

Possible interactions between redox partners were examined using 

an MMSX computer graphics system (113). Individual molecules were 

initially represented as covalently bonded skeletal structures which 

could be simultaneously displayed on the viewing screen and independently 

translated and rotated. The objective in fitting the molecules together 

was to minimize the interaction distance between the exposed atoms of 

the respective prosthetic groups, subject to 1) the absence of 

unfavorable steric interactions among atoms at the intermolecular 
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interface, and 2) the optimization of possible intermolecular charge 

pairs Steric interactions were checked both by computations of inter-

atomi~ distances and visual inspection of van der Waals surfaces 

corresponding to all atoms situated at the molecular interface. At 

later stages of the fitting procedure, it became apparent that some 

improvement in in intermolecular charge pairing could be achieved by 

allowing some small conformational alterations in the crystallograph

ical1y observed positions of the lysine residues in cytochrome £, and 

the acidic side chains in flavodoxin. These alterations are physically 

reasonable, insofar as the side chains involved are located on the 

molecular surface and so are sterical1y unconstrained in solution. 

Optimal complementary charge pair interactions were assumed to 

correspond to a heteroatom separation (e.g., carboxylic acid oxygen to 

lysine terminal nitrogen) of 3.0 A. Animation of side chains and 

calculation of atomic positions in the electron transfer complex were 

accomplished using computer software developed by P. H. Bethge (114). 

Electron Transfer Complex between Flavodoxin and Ferricyanide 

The computer graphics analysis shows that approach of the 

ferricyanide (Fe(CN)~3) ion to the solvent accessible portion of the 

flavodoxin prosthetic' group is sterical1y unhindered by surrounding 

parts of the protein. Figure B.l. shows one of many similar electron 

transfer complexes between ferricyanide and flavodoxin where the ferri

cyanide ion makes van der Waals contact with the solvent exposed portion 

of the flavin prosthetic group. 
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Figure A.l. Stereoscopic views of a potential electron transfer complex 
between flavodoxin and ferricyanide. -- The ~-carbon 
backbone and prosthetic group of flavodoxin and side chains 
of Asp 58, Glu 62, Glu 63, Glu 65 and Glu 120 are shown. 
The octahedral ferricyanide ion (here represented by three 
orthogonal vectors) is within van der Waals contact of the 
flavin macrocycle. 
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Although the ferricyanide interaction with the solvent exposed 

portion of the flavin appears to be sterically unconstrained, its 

approach could be influenced by negatively-charged amino acid side 

chains localized near the exposed edge of the prosthetic group. As 

shown in Figure A.l., aspartate and glutamate residues located at 

sequence positions 58, 59, 62, 63 and 65 in C. MP flavodoxin could 

electrostatically hinder the interaction of the ferricyanide anion with 

the flavin. According to the sequence alignment of Dubourdieu and 

Fox (20), structurally and/or sequentially homologous acid residues 

appear in ~ pasteurianum flavodoxin at positions 61, 64, 65 and 67. 

Thus the structural features of this putative complex are consistent 

with the observed ionic strength effects on the rate of electron trans-

fer between flavodoxin and ferricyandie as described above. 

Interaction of Flavodoxin with Cytochrome c 

Figure A.2. shows a hypothetical electron transfer complex 

between cytochrome £ and flavodoxin. The molecules are oriented so that 

the solvent exposed portion of the prosthetic groups face the inter-

molecular interface. The prosthetic groups of this complex achieve 

van der Waals contact. The closest approach of the two prosthetic 

o 
groups is a 3.4 A contact between the heme carbon forming the Cys 17 

thioether linkage in cytochrome £, and the methyl C
7 

of the flavin 

macrocyc1e. The closest approach between TI resonant atoms of the two 
o 

prosthetic groups is slightly larger at 5.7 A. Additional close 

contacts are formed between polypeptide segments of each molecule. As 

shown in Figures A.2-A.3, the majority of hydrophobic contacts at the 



Figure A.2. Hypothetical electron transfer complex between flavodoxin 
and cytochrome c. -- The a-carbon backbone and prosthetic 
groups of flavodoxin (lower molecule) and cytochrome c 
(upper) are shown. Dashed lines indicate intermolecular 
charge pairs. 
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molecular interface are formed between residues of a loop (residues 7 

through 10) on the flavodoxin molecule, which packs into a concavity in 

the cytochrome c molecule. The relative molecular orientations in the 

complex appear to be principally determined by these contacts, together 

with intermolecular salt-links formed between the N-epsilon nitrogens of 

lysine residues 13, 25, 27 and 79 on cytochrome £, and flavodoxin acid 

groups provided by Glu120, Glu65, Glu62 and Asp58, respectively. Again, 

sequence comparison of the ~ pasteurianum and ~MP flavodoxin 

suggests the essential preservation of these charged groups in both 

molecules. Such interaction between these oppositely charged groups is 

consistent with the observed ionic strength effects on the reaction 

rates (see above). 

The formation of the proposed complex results both in extended 

intermolecular charge pairing and a complementary fit of the molecular 

surfaces. However, the feasibility of electron transfer depends 

additionally on the relative orientation and proximity of the prosthetic 

groups within the complex. In the present model, the prosthetic 

groups are sufficiently close to potentially allow electron transfer to 

occur by either outer-sphere (81) or short range tunnelling mechanisms 

(115). Further, a situation which could potentially favor orbital 

overlap between the extended ~ orbital systems of the prosthetic groups, 

as compared to a 90 0 orientation in which overlap would be zero. This 

is consistent with the fact that the rate constant for the actual 

> 2 -1 electron transfer step must be - 10 s (cf. kZ values in Table 1). 



Figure A.3. Stereoscopic views of the flavodoxin-cytochrome c 
interaction site. -- The loop of residues on fla;odoxin 
(7-10, lower left-hand corner of figure) pack adjacent 
residues 14-17 on cytochrome c. Residues involved in 
intermolecular charge pairs are also shown. 
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Comparison with Other Computer Graphics Studies of 
Electron Transfer Complexes 

The results of this study have features in common with other 

computer graphics studies of electron transfer complexes of cytochrome 

£ with either cytochrome ~5 (77) or cytochrome £ peroxidase (107). In 

all cases, lysine residues localized near the exposed heme edge of 
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cytochrome £ form salt-linkages with negatively charged residues of the 

redox partner. However, only lysines 13 and 27 are common to all 

electron transfer complexes. Lysine 72 is common to the cytochrome £ 

complexes with cytochrome ~5 and cytochrome £ peroxidase, whereas 

lysine 79 is common in complexes with cytochrome ~5 and flavodoxin. 

These differences suggest that subsets of the charged lysine domain of 

cytochrome £ may be utilized by various oxidoreductases (107,115). 

As noted in previous studies and also apparent in this study, 

complex formation results in the exclusion of water from the inter-

molecular interface. The release of solvent water from the individual 

protein molecules on complex formation may be important for the 

electron transfer process. For example, the entropy increase due to 

water release may compensate for the decrease in entropy of the 

individual protein molecules when the electron transfer complex is 

formed. In addition, exclusion of water at the intermolecular interface 

lowers the dielectric constant about the previously solvent-exposed 

atoms of the prosthetic groups. This effect, coupled with neutraliza-

tion of the charged residues clustered near the prosthetic group serves 

to de shield the prosthetic groups relative to their situation in the 

isolated molecules, and may facilitate electron transfer. 



APPENDIX B 

REDOX POTENTIAL DETERMINATION 

The redox potential determinations for the one electron reduc

tion of the monoch1oro analogs from the oxidized to the semiquinone 

forms were performed by Douglas Root in the laboratory of Dr. G. S. 

Wilson, Department of Chemistry, University of Arizona, using previously 

published methods (117). 

Determination of Redox Potentials of Monoch1oroFMN F1avodoxins 

As shown previously (63), chlorine substitution at the 7 and 8 

positions of FMN substantially shifts the redox potentials of f1avodoxin 

to higher values. It was thus of interest to ascertain the effect of 

monoch1oro substitution. Figure B.1. shows the results of the redox 

titrations. The reduction potentials found for the conversion of the 

oxidized to the semiquinone species were 10 mV and -6.0 mV for the 

8-ch1oroFMN and 7-ch1oroFMN f1avodoxins, respectively. This represents 

a positive shift of approximately 160 mV as compared to the native 

f1avodoxin and a negative shift of approximately 120 mV with respect to 

the 7,8-dich1oroFMN f1avodoxin (63). Thus, the monoch1oro proteins lie 

approximately midway between the native and dichloro f1avodoxins. 

The (two electron) redox potentials for the free analogs (118) 

are -128 mV and -144 mV for 7-ch1ororibof1avin and 8-ch1ororibof1avin, 

respectively. Thus, the potential for the 7-ch1oro derivative is more 

positive than for the 8-ch1oro analog. However, binding of the 
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Figure B.l. Nernst plots for determination of the reduction potentials 
of the monochloroFMN flavodoxins. -- Titrations were in 
0.025 M phosphate buffer pH=7.5. Fe(CN)~-, methyl viologen, 
and 1,5 anthraquinone disulfonate were used as mediators 
under anaerobic conditions. (0) 8-chloroFMN flavodoxin; 
(0) 7-chloroFMN flavodoxin. Plots for both analogs 
followed one electron reductions with least square slopes 
of 53.2 and 61.2 and correlation coefficients of 0.982 and 
0.983, respectively. 



monochloroFMN derivatives by apoflavodoxin shifts the (one electron) 

potentials so that the 8-chloro flavodoxin is now more positive than 

the 7-chloro flavodoxin. Thus, the influence of protein binding is 

greater at the 8-position than at the 7-position. 

104 



REFERENCES 

1. Knight, E. Jr. & Hardy, R. W. F. (1966) J. Bio1. Chern. 241, 
2752-2756. 

2. Hinkson, J. W. & Bulen, W. A. (1967) J. BioI. Chern. 242, 3345-3351. 

3. Mayhew, S. G. & Ludwig, M. L. (1975) Enzymes 12B, 57-118. 

4. Yoch, D. C. & Valentine, R. C. (1972) Ann. Rev. Microbio1. ~, 
139-162. 

5. Uyeda, K. & Rabinowitz, J. C. (1971) J. Bio1. Chern. 246, 3111-
3119. 

6. Valentine, R. C., Jackson, R. C. & Wolfe, R. S. (1962). Biochem. 
Biophys. Res. Commun. I, 453-456. 

7. Fredericks, W. W. & Stadtman, E. R. (1965) J. Bio1. Chern. 240, 
4065-4071. 

8. Jungermann, K., Rupprecht, E., Ohr1off, C., Thauer, R. K. & 
Decker, K. (1971) J. Bio1. Chern. 246, 960-963. 

9. Thauer, R. K., Rupprecht, E., Ohr1off, C., Jungermann, K. & 
Decker, K. (1971) J. Bio1. Chern. 246, 954-959. 

10. Hatchikian, E. C., LeGa11, J., Bruschi, M. & Dubourdieu, M. 
(1972) Biochim. Biophys. Acta 258, 701-708. 

11. Orme-Johnson, W. H., Davis, L. C., Henz1, M. T., Averill, B. A., 
Orme-Johnson, N. R., Munck, E. & Zimmerman, R. (1977) in 
Recent Developments in Nitrogen Fixation (Newton, W., Postgate, 
J. R. and Rodriguez-Barrueco, C. eds.) pp. 271-285, Academic 
Press, New York. 

12. D'Eustachio, A. J. & Hardy, R. W. F. (1964) Biochem. Biophys. 
Res. Commun. 15, 319-323. 

13. Mortenson, L. E. (1964) Biochim. Biophys. Acta.~, 473-478. 

14. Benemann, J. R., Yoch, D. C., Valentine, R. C. & Arnon, D. I. 
(1969) Proc. Nat. Acad. Sci. USA~, 1079-1086. 

15. Yoch, D. C., Benemann, J. R., Valentine, R. C. & Arnon, D. I. 
(1969) Proc. Nat. Acad. Sci. USA 64, 1404-1410. 

105 



16. Scherings, G., Haaker, H. & Veeger, C. (1977) Eur. J. Biochem. 
!..l., 621-630. 

17. Haaker, H. & Veeger, C. (1977) Eur. J. Biochem .. !..l., 1-10. 

106 

18. Smillie, R. M. (1965) Biochem. Biophys. Res. Commun. ~, 621-629. 

19. Tanaka, M., Haniu, M., Yasunobu, K. T. & Mayhew, S. G. (1974) 
J. BioI. Chern. 249, 4393-4396. 

20. Dubourdieu, M. & Fox, J. L. (1977) J. BioI. Chern. 252, 1453-1463. 

21. Tanaka, M., Haniu, M., Yasunobu, K. T., Mayhew, S. G. & Massey, V. 
(1974) J. BioI. Chern. 249, 4397. 

22. Tanaka, M., Haniu, M., Yasunobu, K. T. ~ Yoch, D. C. (1977). 
Biochemistry 16, 3525-3537. 

23. MacKnight, M. L., Gray, W. R. & To11in, G. (1974) Biochem. 
Biophys. Res. Commun. ~, 630-637. 

24. Fox, J. L. (1976) in Protein Structure and Evolution (Fox, J. L., 
Dey1, Z., and B1azej, A., eds.) pp. 261-272, Marcel Dekker Inc., 
New York. 

25. Mayhew, S. G. (1971) Biochim. BioEhys. Acta 235, 276-288. 

26. Edmondson, D. E. & To11in, G. (1971) Biochemistry 10, 113-124. 

27. D'Anna, J. A. & To11in, G. (1972) Biochemistry 11, 1073-1080. 

28. Edmondson, D. E. & Tollin, G. (1971) Biochemistry 10, 124-132. 

29. Barman, B. G. & To11in, G. (1972) Biochemistry 11, 4746-4754. 

30. Mayhew, S. G. (1971) Biochim. BioEhys. Acta 235, 289-302. 

31. Ghis1a, S., Massey, V., Lhoste, J. M. & Mayhew, S. G. (1974) 
Biochemistry 13, 589-597. 

32. Hyde, J. S., Erikson, L. E. G. & Ehrenberg, A. (1970) Biochim. 
Biophys. Acta 222, 688-692. 

33. Palmer, G., Muller, F. & Massey, V. (1971) in F1avins and 
F1avoproteins (Kamin, H., ed). pp. 123-140, University Park 
Press, Maryland. 

34. MacDonald, C. C. & Phillips, W. D. (1971) in Fine Structure of 
Proteins and Nucleic Acids (Fasman, G. D. & Timasheff, S. N., 
eds.) pp. 1-48, Dekker, New York. 



35. Crespi, H. L., Norris, J. R., Bays, J. P. & Katz, J. J. (1973) 
Ann. N. Y. Acad. Sci. 222, 800-815. 

107 

36. Fritz, J., Milller, F. & Mayhew, S. G. (1973) Helv. Chim. Acta~, 
2250-2254. 

37. Crespi, H. L., Norris, J. R. & Katz, J. J. (1972) Nature New BioI. 
236, 178-180. 

38. James, T. L., Ludwig, M. L. & Cohn, M. (1973) Proc. Nat. Acad. 
Sci. USA lQ, 3292-3295. 

39. Eriksson, L. E. G. & Ehrenberg, A. (1973) Biochim. Biophys Acta 
293, 57-66. 

40. Burnett, R. M., Darling, G. D., Kendall, D. S., LeQuesne, M. E., 
Mayhew, S. G., Smith, W. W. & Ludwig, M. L. (1974) J. BioI. 
Chem. 249, 4383-4392. 

41. Smith, W. W., Burnett, R. M., Darling, G. D. & Ludwig, M. L. 
(1977) J. Mol. BioI. 117, 195-225. 

42. Ludwig, M. L., Burnett, R. M., Darling, G. D., Jordan, S. R., 
Kendall, D. S. & Smith, W. W. (1975) in Structure and Conforma
tion of Nucleic Acids and Protein-Nucleic Acid Interactions 
(Sundaralingam, M. and Rao, S. T., eds.) pp. 407-429, 
University Park Press, Baltimore. 

43. Ludwig, M. L., Burnett, R. M., Darling, G. D., Jordan, S. R., 
Kendall, D. S. & Smith, W. W. (1976) Flavins and Flavoproteins 
(Singer, T. P., ed.) pp. 393-403, Elsevier Scientific 
Publixhing Co., Amsterdam. 

44. Rao, S. T. & Rossmann, M. G. (1973) J. Mol. BioI. li, 241-256. 

45. Shiga, K. & Tollin, G. (1976) In Flavins and Flavoproteins, 
(Singer, T. P., ed.) pp. 422-433, Elsevier Scientific 
Publishing Co., Amsterdam. 

46. Draper, D. & Ingraham, L. L. (1968) Arch. Biochem. Biophys. 125., 
802-808. 

47. Gillard, J. M. & Tollin, G. (1974) Biochem. Biophys. Res. Commun. 
58, 328-336. 

48. Kierkegaard, P., Norrestam, R., Werner, P., Csoregh, I.,Von Glehn, 
M., Karlsson, R., Leyonmarck, M., Ronnquist, 0., Stensland, B., 
Tillberg, O. & Torbjornsson (1971) in Flavins and Flavoproteins 
(Kamin, H., ed.) pp. 1-22, University Park Press, Baltimore. 



108 

49. Faraggi, M. & Klapper, M. H. (1979) J. Bio1. Chem. 254, 8139-8142. 

50. Dubourdieu, M., MacKnight, M. L. & To11in, G. (1974) Biochem. 
Biophys. Res. Commun. 60, 649-655. 

51. Watenpaugh, K. D., Sieker, L. C., Jensen, L. H., LeGa11, J. & 
Dubourdieu, M. (1972) Proc. Nat. Acad. Sci. USA~, 3185-3188. 

52. Watenpaugh, K. D., Sieker, L. C. & Jensen, L. H. (1973) Proc. Nat. 
Acad. Sci. USA 70, 3857-3860. 

53. Watenpaugh, K. D., Sieker, L. C. & Jensen, L. H. (1976) In F1avins 
and F1avoproteins (Singer, T. P., ed.) pp. 405-410, Elsevier 
Scientific Publishing Co., Amsterdam. 

54. Dubourdieu, M., LeGa11, J. & Favaudon, V. (1975) Biochifl. Biophys. 
Acta 376, 519-532. 

55. D'Anna, J. A. & To11in, G. (1971) Biochemistry 10, 57-64. 

56. Ryan, J. & To11in, G. (1973) Biochemistry 12, 4550-4554. 

57. Andrews, L. J., MacKnight, M. L., Ryan, J. & To11in, G. (1973) 
Biochem. Biophys. Res. Commun. ~, 1165-1172. 

58. MacKnight, M. L., Gillard, J. M. & To11in, G. (1973) Biochemistry 
12, 4200-4206. 

59. Edmondson, D. E. & James, T. C. (1979) Proc. Nat. Acad. Sci. USA 
76, 3786-3789. 

60. Edmondson, D. E., Barman, B. & To11in, G. (1972) Biochemistry 11, 
1133-1138. 

61. Schopfer, L. M., Massey, V. & Claiborne, A. (1981) J. Bio1. Chem. 
256, 7329-7337. 

62. Claiborne, A., Massey, V., Fitzpatrick, P. F. & Schopfer, L. M. 
(1982) J. Bio1. Chern. 257, 174-182. 

63. Jung, J. & To11in, G. (1981) Biochemistry 20, 5124-5127. 

64. Edmondson, D. E. & To11in, G. (1971) Biochemistry 10, 133-145. 

65. Mayhew, S. G., Foust, G. P. & Massey, V. (1969)J. Bio1.Chem. 
244, 803-810. 

66. Mayhew, S. G. (1978) Eur. J. Biochem. 85, 535-547. 



67. Mayhew, S. G. & Massey, V. (1973) Biochim. Biophys. Acta 315, 
181-190. 

68. Vaish, S. P. & To11in, G. (1971) J. Bioenergetics ~, 61-72. 

109 

69. Massey, V., Stankovich, M. & Hemmerich, P. (1978) Biochemistry 
.!Z., 1-8. 

70. Massey, V. & Hemmerich, P. (1978) Biochemistry 17, 9-17. 

71. Barman, B. G. & TolEn, G. (1972) Biochemistry 11, 4760-4765. 

72. Dickerson, R. E. & Timkovich, R. (1976) The Enzymes 11, 397-547. 

73. Swanson, R., Trus, B. L., Mandel, N., Mandel, G., Ka11ai, O. & 
Dickerson, R. E. (1977) J. BioI. Chern. 252, 759-775. 

74. Takano, T., Trus, B. L., Mandel, N., Mandel, G., Ka11ai, O. B., 
Swanson, R. & Dickerson, R. E. (1977) J. BioI. Chem. 252, 
776-785. 

75. Dickerson, R. E., Takano, T., Eisenberg, D., Ka11ai, O. B., 
Samson, L., Cooper, A., & Margo1iash, E. (1971) J. BioI. Chem. 
246, 1511-1535. 

76. Salemme, F. R. (1977) Ann. Rev. Biochem. 46, 299-329. 

77. Salemme, F. R. (1976) J. Mol. BioI. 102, 563-568. 

78. Tanford, C. (1961) in Ph~sica1 Chemistr~ of Macromolecules, John 
Wiley & Sons, Inc. , New York, pp. 457-466. 

79. Feinberg, B. A. & Ryan, M. D. (1981) in Topics in Bioe1ectro
chemistry and Bioenergetics (G. Milazzo, ed.), John Wiley & 
Sons, Ltd London, i, pp. 225-270. 

80. Wher1and, S. & Gray, H. B. (1976) Proc. Nat1. Acad. Sci. USA 11, 
2950-2954. 

81. Marcus, R. A. (1964) Ann. Rev. Phys. Chem. 15, 155-172. 

82. Campion, R. J., Purdie, N., & Sutin, N. (1964) Inorg. Chern. 1, 
1091-1094. 

83. Sawyer, D. S. & McKinnie, J. M. (1960) J. Am. Chern. Soc. ~, 
4191-4196. 

84. Sco1a-Nage1schneider, G. & Hemmerich, P. (1976) Eur. J. Biochem. 
~, 567-577. 



llO 

85. Go1dkorn, T. & Schej ter, A. (1977) FEBS Lett. 12, 44-46. 

86. Go1dkorn, T. & Schej ter, A. (1977) FEBS Lett. g, 293-296. 

87. Ahmad, I., Cusanovich, M. A. & Tollin, G. (1982) Biochemistr~ 21, 
3122-3128. 

88. Frost, A. A. & Pearson, R. G. (1961) in Kinetics and Mechanism 
2nd ed., John Wiley and Sons, Inc., New York. 

89. Koppeno1, W. H. (1980) Biophys. J. ~, 493-508. 

90. Schugar, H. J., Hubbard, A. T., Anson, F. C. & Gray, H. B. 
(1969) J. Am. Chem. Soc. 91, 71-77. 

91. Marcus, R. A. & Sutin, N. (1975) Inorg. Chem. 14, 213-216. 

92. Stonehuerner, J., Williams, J. B. & Millet, F. (1979) 
Biochemistry, 18, 5422·-5427. 

93. Koppeno1, W. H. & Margo1iash, E. (1982) J. BioI. Chem. 257, 4426-
4437. 

94. Geren, L. M. & Millet, F. (1981) J. BioI. Chem. 256, 4851-4855. 

95. Smith, H. T., Ahmed, A. J. & Millet, F. (1981) J. BioI. Chem. 
256, 4984-4990. 

96. Alberty, R. A. & Hammes, G. G. (1958) J. Phys. Chem. §l, 154-159. 

97. Hammes, G. G. & Alberty, R. A. (1959) J. Phys. Chem. 63, 274-279. 

98. Shoup, D., Lipari, G. & Szabo, A. (1981) Biophys. J. ~, 697-714. 

99. C1emmow, P. C. (1973) In An Introduction to Electromagnetic Theory 
Cambridge University Press, pp. 88-91 

100. Matthew, J. B., Weber, P. C., Salemme, F. R. & Richards, F. M. 
(1982) Nature (in press). 

101. Hodges, H. L., Holwerda, R. A. & Gray, H. B. (1974) J. Am. Chem. 
,Soc. ~, 3132-3137. 

102. McArdle, J. V., Gray, H. B., Cruetz, C. & Sutin, N. (1974) 
J. Am. Chem. Soc. ~, 5737-5741. 

103. Wood, F. E. & Cusanovich, M. A. (1975) Arch. Biochem. Biophys. 
168, 333-342. 



104. Cusanovich, M. A. (1978) Bioorganic Chern. IV, 117-145. 

105. Go1dkorn, T. & Schejter, A. (1979) J. BioI. Chern. 254, 12562-
12566. 

106. Salemme, F. R., Kraut, J. & Kamen, M. D. (1973) J. BioI. Chern. 
24~, 7701-7716. 

111 

107. Poulos, T. L. & Kraut, J. (1980) J. BioI. Chern. 255, 10322-10330. 

108. Wilford, J. B., Smith, N. O. & Powell, H. M. (1968) J. Chern. Soc. 
!, 1544-1549. 

109. Bernstein, F. C., Koetz1e, T. F., Williams, G. J. B., Mayer, E. 
F. Jr., Brice, M. D., Rodgers, J. R., Ke~nard, 0., 
Schimanouchi, T. & Tasume, M. (1977) J. Mol. BioI. 112, 535-
542. 

110. Tirnkovich, R. & Dickerson, R. E. (1976) J. BioI. Chern. 251, 
4033-4046. 

111. Dayhoff, M. o. (1976) in Atlas of Protein Sequence and Structure, 
Vol. 5, (2) pp. 26-27. 

112. Shrake, A. & Rupley, J. A. (1973) J. Mol. BioI. 22, 351-371. 

113. Barry. C. D., Bosshard, H. E., Ellis, R. A. & Marshall, G. R. 
(1974) Fed. Proc .. 33, 2368-2372. 

114. Lederer, F., G1atigny, A., Bethge, P. H., Bellamy, H. D. & 
Mathews, F. S. (1981) J. Mol. BioI. 148, 427-448. 

115. Hopfie1d, J. J. (1974) Proc. Nat1. Acad. Sci. USA 71, 3640-3644. 

116. Speck, S. H., Ferguson-Miller, S., Osheroff, N. & Margo1iash, E. 
(1979) Proc. Nat1. Acad. Sci. USA 1£, 115-159. 

117. Wilson, G. S. (1978) Methods Enzymo1. 54E, 396. 

118. Walsh, C., Fisher, J., Spencer, R., Graham, D. W., Ashton, W. T., 
Brown, J. E., Brown, R. D. & Rogers, E. F. (1978), Biochemistry, 
.!I, 1942-1951. 


