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CHAPTER 1 

INTRODUCTION 

1.1. Electron transfer reactions 

Electron transfer reactions are ubiquitous phenomena in all organisms. These 

reactions are central to many of the metabolic processes necessary for the survival of all 

organisms (Scott etal, 1985). These processes include energy producing pathways and 

assimilation of inorganic compounds, as well as regulation of cellular functions. The 

thermodynamics and control of electron transfer reactions have been given extensive 

attention in several reviews (Dutton, 1978; Dutton and Wilson, 1974; Scott etal, 1985; 

Chance etal, 1979; Wheriand and Gray, 1977; Tollin et al., 1986). I will present here 

only a brief overview of the thermodynamics of electron transfer. 

Electrons may be transferred from some small molecule to a protein containing an 

organic prosthetic group or a metal site or between two protems containing prosthetic 

groups. In eitiier case a redox component or "couple", Arcduced/^oxidized. can be 

represented as undergoing the following reaction 

Areduced = Aoxidized + ne-. (1) 

Such an equation represents only half die complete oxidation-reduction reaction; it is 

called a half cell. Another half cell is required to complete the reaction. The complete cell 

is: 

Ared + BQX = AQX + Bred- (̂ ^ 
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The equilibrium constant (Keq = fA^^im i) ^^^ depend on the individual affinities 

of the A and B couples for electrons. From the equation for the standard free energy of the 

reaction (i.e., AG° = -RT InKeq) one can obtain the following expression: 

where R and T are the gas constant and the absolute temperature, respectively. 

Instead of listing equilibrium constants or Gibbs free energies for reactions between an 

almost infinite number of redox couples one refers to electron affmities of individual redox 

half cells as compared to one half cell which is chosen as a standard. This is usually the 

standard hydrogen half cell which is written as 

^ H 2 = H + + e-. (4) 

Because of the nature of the measurements and the reactions, it is appropriate to use 

electrical potential units throughout. This is achieved by using the equation 

AG = -nFAE, (5) 

where AE is the redox potential difference between two half calls, F is the Faraday constant 

(F = 96.493 J/V) and n is the number of electrons transferred during oxidation or 

reduction. Thus, substituting Eqn. (5) into Eqn. (3) gives 

.„ .po RT ,_ [Aox][Bred] /̂ ^ 
^ = ^ - TTF "̂ [AredJlBoxJ * ^̂ ^ 



The Em of the standard hydrogen half cell (it a partial pressure of hydrogen of 1 atm and 

unit activity of H+) is defined as 0.0 V. Identifying rg ^i as die standard hydrogen half 
DT* r A 1 

cell, -^ In n—rr will equal 0 and the redox potential of die half cell described by B 

becomes the well-known Nemst equation: 

c. CO j^ RT , [ B Q X ] 

Eh = E + -jjp I n p ^ . (7) 

where Eh is the ambient potential vs. the standard hydrogen potential (SHE) and E** is 

referred to as the midpoint potential of B, i.e., for the reaction : 

Bred = Box + ne", (8) 

E° is that Eh at which [Box] = [Bred] with unit activities and pH = 0. In general for work 
RT 

done at 24°C the -p-term together with a change to logio simplifies the expression to : 

c . no . 0.059 V [ox] ,Q. 
Eh = E H ^og[FidT- ^ ^ 

In biological systems it is unlikely diat standard conditions will apply. In particular, 

since unit activity of protons (pH=0) would denature many biomolecules, biochemists 

usually select pH 7.0 for their standard state. The symbol, Emx (pH=x) was introduced 

(Clark, 1960) for "standard" half reduction or midpoint under conditions other than pH=0. 

Often Em' is used to denote die Em at pH 7.0. The convention used by biochemists is that 

an Em<0 would have a lower electron affinity (thus its reduced form would be a stronger 

reductant) than a redox couple with an Em>0 (stronger oxidant). This can be seen by Eqn. 

(5) above, i.e., a positive redox potential change represents electron transfer from a couple 
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of more negative potential to one of a less'<iegative potential. The resulting negative AG for 

such a reaction represents diermodynamically favorable electron transfer. 

In certain cases redox reactions involve H+ uptake or release. In diese cases die 

proton cannot be ignored. When die proton is consider^ die reaction becomes 

redH =ox + e" + H+, (10) 

for an n=l reaction. The Nemst equation becomes 

Eh = Emx + O-O^Vlog^^^ - 0.06V pH. (11) 

Eqn. (11) indicates that die Em will shift -60 mV for every pH unit increase. This is 

demonstrated by the fact diat die Em of die SHE at pH 7.0 is -420 mV. The ambient pH 

must be between a pKox and pKred in order for the system to show this pH-dependent 

behavior. When the pH is above or below the pK's diere is no net proton uptake on 

reduction and the Em loses its dependency on ambient pH. It is important to consider that 

alterations in measured Em can come from any preferential interactions of agents for the 

oxidized or reduced components. Where a ligand binds preferentially to either the reduced 

or oxidized form, the result is an Em alteration ± 60 mV per factor of ten in die activity of 

die reagent The direction of die change is dictated by die redox state of the couple for 

which the reagent has die higher affinity. With increasing reagent activity, die Em becomes 

more negative if binding to the oxidized form is of higher affinity and more positive if 

binding is to the reduced form. It is more likely that, as observed for proton binding, the 

reagent binds to bodi forms but with different affinities, in which case the dependency of 

the Em is dictated by the equilibrium binding constants of the reagent for the oxidized and 
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reduced forms. The identity of die ligand c%n range from a small molecule or ion, to a 

protein-conformational alteration. We shall see an example of diis latter phenomenon in 

Sec 3.1.3. 

Clark (1960) drew attention to the difficulties in estimating redox potentials of organic 

systems and emphasized die difficulties in establishing any absolute criteria for die 

reliability in potentials measured. A problem of particular importance has been of ensuring 

diat the systems under investigation arc truly at equilibrium. These problems of 

equilibrium can often be minimized dirough the use of redox mediators. These questions 

seem even more pertinent to the study of bioenergetic processes which, for the most pan, 

operate within, across or at the aqueous interface of a complex, semi-permeable, 

lipoprotein membrane. The availibility of an increasing number of partially lipophillic 

mediators, the use of more sophisticated spectrophotomecric instrumentation to monitor 

redox reactions and advances in the technique of measuring redox potentials (e.g., 

electrochemical techniques) have significantiy improved the precision and reliability that can 

be achieved in measurements of the in situ properties of electron transfer components. 

Oxidation-reduction reactions between two proteins require the formation of an 

intermediate complex in which the redox centers of the two proteins are optimally oriented 

to achieve electron transfer (Poulous and Kraut, 1980; Tollin ejal., 1986). Cytochrome c 

is one of the most investigated electron carrier proteins. Complex formation between 

cytochrome c and both physiological and non-physiological partners have been studied 

(Poulous and Kraut, 1980; Waldmeyer and Bosshard, 1985; Hazzard et al, 1988; 

Salemme, 1976; Elay and Moore, 1983; Simondsen et al., 1982; Dickerson et al., 1985, 

among many others). Our lab has been involved in studying die interaction between 

ferredoxin and ferredoxin-dependent enzymes (Knaff et al-. 1980; Smith et al-, 1981; 

Hirasawa and Knaff, 1985; Hirasawa et al, 1986; Hirasawa et aL, 1987; Hirasawa et 

al., 1988a) and between die soluble cytochrome C2 of photosynthetic bacteria and its 
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various reaction partners (Davidson etal., 1985; Gray and Knaff, 1982). Several mediods 

have been employed to demonstrate die formation of a complex, including die perturbation 

of optical and/or circular dichroism spectra, co-chromatography on gel filtration columns 

and binding to affinity columns. Complexes between redox proteins can be stabilized by 

either electrostatic or hydrophobic forces or by a combination of die two (Klotz, 1985). 

One can differentiate between diese altematives by studying die ionic strcngth dependence 

of complex formation and die ionic strcngth dependence of electron transfer rates. 

Recendy, though, Hazzard etal. (1988) have reported diat, at least in some cases, the 

formation of an electrostatically-stabilized complex can actually impede electron transfer 

between proteins. 

The following study is composed of two main parts. Both are concerned with soluble 

electron transfer proteins but from two diverse systems. The first part involves the 

elucidation of the initial steps of methylamine metabolism in the Gram-negative bacterium 

Paracoccus denitrificans. Oxidation-reduction properties and protein-protein interactions 

for the soluble constituents are reported. The second part concerns several ferredoxin-

dependent enzymes from spinach. The interaction between ferredoxin and ferredoxin-

NADP+ oxidoreductase (FNR); ferredoxin-thioredoxin oxidoreductase (FTR) and 

ferredoxin-nitrite oxidoreductase (nitrite reductase) is studied. 

1.2. Methvlamine metabolism in P. denitrificans 

P̂  denitrificans is a bacterium which commands our attention on two counts: its great 

nutritional adaptability and die great similarity of its rcspiratory electron transfer chain to 

that of mitochondria. Kluyver (1956) wrote diat: "I have dwelt at some lengdi on the 

special case of M. denitrificans because it seemed to me diat diis might be an effective way 

of impressing upon the reader the marvel of die characteristic of life diat is embodied in die 

word flexibility." 
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From a comparison of P. denitrificans with die mitochondrion John and Whadey 

(1977) suggested diat P̂  denitrificans may be thought of as a free-living, highly adaptable 

mitochondrion. This suggestion was based on die conclusion diat oxidative 

phosphorylation and die constituitive rcspiratory chain in R denitrificans rcsemble 

oxidative phosphorylation and die respiratory chain in mitochondria. This has led to R 

denitrificans being cast in die role of a mitochondrial ancestor widiin the general framework 

of the endosymbiotic theory of the evolutionary origin of die eucaryotic cell (Margulis, 

1970; Margulis, 1975). A hypothetical transition from die plasma membrane of R 

denitrificans to the mitochondrial membrane was demonstrated to be both feasible and 

simple (Margulis, 1975). 

As indicated above, P̂  denitrificans shows a very flexible nutritional adaptability. It 

can grow either autotrophically widi H2 and CO2 (utilizing the reductive pentose phosphate 

cycle to fix the CO2) or heterotrophically (Komberg et aL, 1960). This bacterium can 

grow aerobically or it can adapt to anaerobic conditions if nitrate, nitrite or nitrous oxide arc 

available as terminal electron acceptors. The ultimate product arising from the reduction of 

these N-containing acceptors is N2 (Kluyver, 1956). Under heterotrophic growth 

conditions R denitrificans is capable of utilizing a wide variety of compounds as sources of 

carbon and energy (Davis et al, 1969). The rcspiratory chain of R denitrificans has a 

branched structure (see Fig.l). Therc are two cytochrome oxidases present during aerobic 

growdi: aas and o. Growth in die presence of CN" induces the formation of a third 

oxidase-cytochrome d (van Verseveld and Stouthamer, 1978; Henry and Vignais, 1979). 

Several bacteria are able to grow on Ci compounds ( e.g., methanol, methylamine) 

and arc able to utilize diese compounds as a sole source of carbon and energy (Kenny and 

M Întire, 1984). Some bacteria, for example Methvloohilus methvlotrophus. are obligate 

methylotrophs (Anthony, 1982) whereas others arc facultative methylotrophs such as 

Bacterium W3A1 (Kenny and M Întirc, 1984), Psuedomonas AMI (Peel and Quayle, 
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1961) and R denitrificans (Cox and Quayle, 1975). The fu-st step in the metaboUsm of 

diese Ci compounds is oxidation by a dehydrogenase. Growdi on methylamine involves 

die oxidation to formaldehyde and ammonia. The amine may serve as eidier a carbon or 

nitrogen source, or as a source for bodi (Large, 1980). If it is acting as a source of bodi 

carbon and nitrogen the ammonia is used for biosyndiesis and the formaldehyde for bodi 

biosyndiesis (assimilation) and oxidation to yield energy for growdi (dissimilation). 

Formaldehyde is oxidized ultimately to CO2 via formate (by way of NAD+-linked 

dehydrogenases) and die CO2 is used to build cellular intermediates via die Calvin cycle 

(Cox and Quayle, 1975). It has been shown diat several Gram-negative bacteria contain a 

methylamine dehydrogenase (Duine et al., 1986). Mediylamine dehydrogenase (MADH) 

was first described in the pink facultative mediylotroph Psuedomonas AMI by Eady and 

Large (1968,1971) and was shown to be a tetramer of an 0.2^ structurc (two large and 

two small subunits). An almost identical enzyme has been described in detail in the 

obligate mediylotroph Psuedomonas sp. J (Matsumoto, 1978) and die MADH from odier 

obligate methylotrophs (Psuedomonas RJ3 and Methvlomonas methvlvora) appear to be 

similar to diese enzymes (Mehta, 1975; Mehta, 1977). Recently Husain and Davidson 

(1987) have purified and characterized a MADH from R denitrificans diat is induced only 

when the bacterium is grown on methylamine. The dehydrogenases rcsponsible for Ci 

compound oxidation have been shown to be periplasmic proteins (Kasprzak and 

Steenkamp, 1983; Quilter and Jones, 1984; Alefounder and Ferguson, 1981). 

Oxidoreductases form a class of enzymes that transfer redox equivalents from or to 

their substrates. For that purpose they need the assistance of a low molecular weight 

prosthetic group, accepting or donating the redox equivalents. Among the organic 

compounds participating in these processes, nicotinamides and flavins are the most 

frequendy encountered. In most cases nicotinamides easily dissociate from the protein and, 

since dieir reduced state is stable under aerobic conditions, diey are well suited to transport 
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die hydride abstracted from a substrate in die, cytoplasm to die respiratory chain. In 

contrast, flavins are more fumly bound to die protein part of die enzyme since die non

protein bound, reduced flavin becomes rapidly oxidized by oxygen. Since die flavin 

molecule can accommodate an unpaired electron, giving a free radical diat is stable when 

bound to die protein, flavoproteins are able to catalyze redox reactions by one electron steps 

as well as in two electron reactions. In this respect it is understandable diat flavoprotein 

dehydrogenases are well suited for direct transfer of redox equivalents from die substrate to 

the one electron caniers of die rcspiratory chain. The identity of the prosdietic group of 

mediylamine dehydrogenase (and die very similar medianol dehydrogenase, MDH) was not 

elucidated for quite some time. 

In contrast to other previously characterized dehydrogenases the prosthetic group of 

MADH (and MDH) appeared to be neidier a flavin nor NAD(P)+-dependent but was 

considered to be a pteridine derivative (Andiony and Zatman, 1967). In die following 

years, this opinion was strcngthened by rcports of Forrest and co-workers (Urushibara et 

al.̂  1971; Sperl et al., 1973), suggesting first neopterin cyclic phosphate and later a 

lumazine derivative as die co-factor. In fact, Eady and Large (1968, 1971) suggested that 

the covalendy bound coenzyme of MADH might be a pyridoxal derivative. Since that time, 

electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) 

measurements rcvealed a g-value and linewidth for the prosthetic group of die enzymes that 

were similar to those of fi-quinones (Duine etal., 1978; DeBeer gt il., 1980). Quinones 

arc widespread in nature and diey play a role as redox carriers in die rcspiratory chain. 

However, these quinones are ^-quinones and are lipophillic, in contrast to the co-factor of 

MDH and MADH, which appeared to be an o-quinone, to be hydrophillic and to contain 

two nitrogens. The structure was elucidated by NMR, mass spectroscopy (Duine et ai., 

1980) and X-ray diffraction (SaUsbury et al-, 1979). SaUsbury et ai. (1979) called this 

co-factor medioxatin whereas Duine et ai. (1980,1981) gave it die name 
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"pyrroloquinoline quinone" (PQQ) (Fig. 2)c, The systematic name is: 2,7,9-tricarboxy-lH-

pyrrolo[2,3-flquinoline-4,5-dione. The proteins containing this prosthetic group have been 

given the name "quinoproteins" in analogy to the names hemoproteins and flavoproteins for 

those proteins containing diese prosdietic groups. The free radical form of P(2Q is 

functional in die enzyme and it has the properties of a quinone free radical-this implies diat 

the quinone group in the molecule is participating in the redox cycle of the enzyme 

(Westerling et M-. 1979). It has recendy been established diat a number of oxidoreductases 

from a variety of sources arc quinoproteins (Duine et al, 1987). Several eukaryotic amine 

oxidases (e.g., plasma amine oxidase, diamine oxidase and lysyl oxidase) have also been 

shown to contain this prosthetic group. These eukaryotic amine oxidases possess bound 

copper in addition to covalendy attached PQQ (Duine et ai-. 1987). 

PQQ can either be covalendy bound or non-covalendy bound. The methanol 

dehydrogenase from Bacterium W3A1, a facultative mediylotroph, is composed of two 

subunits which each contain a non-covalendy bound PQQ (Davidson et ai., 1985). In 

contrast to MDH, MADH from a variety of sources (Psuedomonas AM 1 [Ishii et 

ai., 1983]; R denitrificans [Husain and Davidson, 1987]) contains covalendy bound PQQ. 

The PQQ is bound to each of the two small subunits of a tetrameric protein in each case. 

Ishii £t ii. (1983) have sequenced die small subunit of MADH of Psuedomonas AMI but 

were not able to identify die rcsidues which were rcsponsible for binding to PQQ (even 

though they surmised diat it was bound via two diioester bonds). 

One of die problems in studying dehydrogenases is diat of determining precisely how 

diey channel their electrons into the terminal electron transfer chain, i.e., what is die nature 

of the physiological electron acceptor. Beardmore-Gray et ai. (1983) observed that 

methanol dehydrogenase from M* methvlotrophus reacts dirccdy widi a soluble cytochrome 

c and suggested that this cytochrome, named cytochrome CL is die physiological electron 

acceptor. In contrast, the rate of reduction of cytochrome C551 by MADH from 
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P$ue<Jomonas sp. J was approximately 2% of the rate of reduction of die nonphysiological 

acceptor phenazine methosulfate (Matsumoto, 1978). Tobari and Horada (1981) purified a 

Type I blue copper protein from mediylamine-grown Psuedomonas AMI which diey called 

amicyanin. It was proposed diat amicyanin could serve as the primary electron acceptor 

from MADH and mediate electron transfer between MADH and cytochrome c. A similar 

protein has been isolated from several odier bacteria, in particular Thiobacillus versutus 

(Houwelingen et al., 1985) and P. denitrificans (Husain and Davidson, 1985). Amicyanin 

is a typical Type I blue copper protein that has some sequence homology widi plastocyanin, 

the electron donor to spinach Photosystem I (Ryddn, 1984, Ambler and Tobari, 1985). 

Based on results from Raman spectroscopy (Sharma et ai., 1988) and sequence 

information (Ambler and Tobari, 1985) it had been proposed that the copper binding site 

consists of two histidines, one cysteine and one mediionine but die spacing of the ligand 

rcsidues is different from that in plastocyanin (Ambler and Tobari, 1985). Husain and 

Davidson (1985) and Husain et ai. (1986) determined that amicyanin is synthesized only 

when Pt denitrificans is grown on methylamine. In addition to the induction of MADH and 

amicyanin synthesis by mediylamine, P̂  denitrificans also synthesizes two soluble, 

periplasmic c-type cytochromes in rcsponse to the presence of mediylamine. A third 

constituitive soluble, periplasmic cytochrome, cytochrome C550 is also prcsent (Husain and 

Davidson, 1986). These inducible cytochromes were called cytochrome £551, (Mr = 22 

kDa, pl = 3.5) and cytochrome 05531 (Mr = 30 kDa, pi = 3.8). Bosma £t ai. (1987) have 

also purified several periplasmic cytochromes c fix)m medianol-grown R denitrificans. 

Two of diese cytochromes appear to be identical to cytochrome 05511 and cytochrome 05531 

based on Mr and pi values. They hypothesize that cytochrome 05511 (they rcfer to it as 

C552) is identical to the membrane-bound cytochrome C552 diat may function as electron 

donor for cytochrome aa3 (Kuo et ai-» 1985) but may also function in electron transfer to an 

alternative oxidase. They show diat antibodies raised against die 22 kDa membrane-bound 
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cytochrome C552 cross reacts widi die periplasmic 22 kDa cytochrome. The co-induction of 

groups of proteins diat are involved in oxidation of Ci compounds appears to be a 

characteristic trait of bacteria which are capable of growdi on diese compounds (Andiony, 

1982). Neidier cytochrome 05511, cytochrome 05531 nor the constituitive cytochrome C550 

were able to act as effective electron acceptors from MADH but amicyanin-mediated 

electron transfer was observed for each cytochrome, widi cytochrome C5511 functioning 

most efficiently (Husain and Davidson, 1986). 

This report will attempt to provide additional evidence for die padiway proposed by 

Husain and Davidson (1986) i.e., electrons derived from the oxidation of mediylamine by 

MADH are transferred to cytochrome 05511 via amicyanin. We shall see if indeed the 

thermodynamic parameters (i.e., oxidation-reduction properties) support the kinetic data. 

Additionally, a study of die interaction between redox partners in the padiway will be 

performed. 

1.3. Ferredoxin-dependent enzvmcs 

Photosyndiesis involves the conversion of light energy to chemical energy by plants 

and certain bacteria. Conceptually, photosynthesis can be divided into two phases. The 

first involves the capture of light energy and its transduction to chemical energy (ATP) and 

reducing equivalents (reduced nicotinamide adenine dinucleotide phosphate, NADPH). 

These processes have often been called die light reactions. Secondly, the ATP and 

NADPH are consumed in the reduction of CO2 to sugars via the carbon assimilation 

padiway in the so-called dark reactions (Hopkins and Baker, 1986). 

In eukaryotes, photosynthesis takes place in die chloroplasL The light reactions of 

photosyndiesis occur in or on a complex network of thylakoid membranes found inside the 

chloroplast. For die promotion of electrons from water to NADP+, higher plants have 

developed a mechanism to use two quanta in succession for non-cyclic electron flow. The 
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flow of electrons from two sites of photochemistry became known as die "Z scheme." The 

first Z scheme was presented by Hill and Bendall (1960). The starting point for die two-

quanta hypodiesis was die observation of enhanced photosyndietic yields in plants when 

suitable light quanta of differcnt wavelengdis acted together (Emerson gt al., 1957). The Z 

scheme consists of two photosystems (Duysens et ai., 1961). Photosystem n (with die 

specialized Chi a , P680, serving as the primary electron donor) acts to oxidize water while 

Photosystem I (widi die specialized Chi a dimer, P700, acting as die primary electron 

donor) delivers electrons via a series of membrane-bound electron acceptors to a soluble 

carrier which ultimately donates electrons to reduce NADP- (Clayton, 1980). This soluble 

canier is an iron-sulfur protein ([2Fe-2S]) of Mr = 10,500 Da called fenedoxin (Clayton, 

1980). Ferredoxin is the electron donor for a number of reductant-requiring rcactions in 

chloroplasts (Miflin,1980). 

1.3.1. Fenedoxin-NADP^ oxidoreductase 

Fenedoxin functions in the terminal steps of photosynthetic electron transfer, receiving 

electrons from the reducing side of Photosystem I and subsequendy serving as an electron 

donor for the reduction of NADR** to NADPH via die flavoprotein fenedoxin-NADF^ 

oxidoreductase (hereafter refened to as FNR) (E.C. 1.18.1.2) (Kiester siil . , 1962; Shin 

filii., 1963; Shin and Amon, 1965). FNR is an enzyme with Mr = 37 kDa, which 

contains a single non-covalendy bound FAD (Shin gi al., 1963). The amino acid sequence 

of FNR is known (Karplus £l ai-» 1984) and a 3.7 A rcsolution x-ray structure has been 

solved (Sheriff and Herriot, 1981). Furthermore FNR has been modified with 2',3'-

dialdehyde NADP^ (periodate-oxidized NADF^), which selectively modified a lysine 

residue at die nucleotide binding domain (Chan £i ai., 1985). The identity of the 

derivatized rcsidue (Lys244) and die NADP+ binding site fragment (242 - 250) was 

determined (Chan £i al.» 1985). 
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Considerable evidence exists showing FNR and fenedoxin form an electrostatically 

stabilized, 1:1 complex (Shin and San Pietro, 1968; Bade and Kamin, 1981; Foust et al-, 

1969; Knaff et ai., 1980; Shin, 1973). The evidence includes observations of pertmtation 

of absorbance spectra upon mixing die two proteins (Shin and San Pietro, 1968; Hirasawa 

and Knaff, 1985; Bade and Kamin, 1984) or circular dichroism difference spectra (Shin, 

1973; Zanetti and Curti, 1981; Nelson and Newman, 1969; Smidi et ai., 1981) upon 

mixing die two proteins; co-chromatography on gel filtration columns (Shin, 1973); l^C-

NMR investigations (Chan et ai., 1983); cross-linking of fenedoxin and FNR (Zanetti et 

al, 1984; Vieira and Davis, 1986), and; binding of FNR to fenedoxin affinity columns 

(Shin and Oshino, 1978). When the same experiments werc performed under conditions 

of high ionic strength no evidence for complex formation was observed, consistent with the 

premise diat the complex is stabilized by electrostatic interactions. Intercstingly, the 

formation of the complex was shown to alter the oxidation-reduction properties of both 

proteins to enhance the transfer of an electron from fenedoxin to FNR. The Em of 

fenedoxin becomes 22 ± 6 mV more negative upon complex formation while the Em value 

of FNR becomes 23 ±4 mV more positive (Smidi et ai., 1981). Bade and Kamin (1981) 

determined that die Em value of FNR shifts to a 27 mV morc positive value upon 

complexation but die Em of ferredoxin is shifted to a value 41 mV more negative. Once 

again these differences were not observed under conditions that prcclude complex 

formation, i.e., high ionic strcngth. 

At diis time it was widely accepted that fenedoxin forms a complex widi FNR that is 

stabilized by electrostatic forces. Several groups became intercsted in which residues on 

the respective proteins were rcsponsible for diis interaction. Sakihama et ai. (1983) 

trinitrophenylated exposed amino groups on fenedoxin but this was shown not to interfere 

in the ability of fenedoxin to form a complex with FNR. l̂ C-NMR investigations (Chan 

et ai., 1983) have implicated carboxyl side chains from thrce glutamate residues on 
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Anabaena variables fenedoxin in complex formation widi FNR. Vieira and Davis (1986) 

modified a limited number of carboxyl groups on fenedoxin widi glycine ediyl ester (GEE) 

in die prcsence of l-ediyl-3-(3-dimediylaminopropyl)carbodiimide (EDC). This 

modification was shown to occur in diree regions of die molecule-residues 26-30,65-70 

and 92-94 (Vieira et ai-, 1986) (Fig. 3). The so-called "modified" fenedoxin was not able 

to interact widi FNR as well as native, unmodified ferredoxin or could it participate in 

NADP^ photoreduction by chloroplast membranes as efficiendy as unmodified, native 

fenedoxin (Vieira and Davis, 1986). Binding of modified ferredoxin to FNR was still 

observed, diough, by monitoring the tryptophan fluorescence upon mixing. The K<i for 

modified fenedoxin, in this case, was higher by a factor of 10 (D. Davis, personal 

communication). In contrast, modified fenedoxin could still accept electrons from die 

reducing site on PSI. Vieira and Davis (1986) concluded that different sites on ferredoxin 

must be responsible for binding PSI and FNR. Additional evidence for the involvement of 

carboxyl groups on fenedoxin came from cross-linking experiments. When FNR and 

fenedoxin are cross-linked in the presence of EDC diey form a 1:1 complex (Zanetti et ai., 

1984). In the cross-linked complex fenedoxin is still photoreduced by PSI and reduction 

of NADF^ and of the nonphysiological acceptor, cytochrome £, is still observed. The 

fenedoxin: FNR complex had no reductase activity with exogenous ferredoxin indicating 

die site for fenedoxin binding was completely masked. These snidies also imply that die 

binding site on fenedoxin for FNR differs from that for reduction via PSI. 

Recendy, Zanetti et ai. (1988) have obtained additional structural information on the 

complex between FNR and fenedoxin. After sequencing die cross-linked complex diey 

found that Lys 85, Lys 88 and Lys 91 of FNR were involved in binding to fenedoxin. 

The region 72-91 lies widiin die flavin binding domain (Sheriff and Herriot, 1981). The 

regions 76-97 and 26-30 on fenedoxin were found cross-linked to FNR. These regions 

are about lOA away from die [2Fe-2S] of fenedoxin. Therefore they concluded that diis 
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interaction could bring die FAD and die [2F6-2S] center close enough to facilitate electron 

transfer. The regions found cross-linked on ferredoxin are similar to those found to be 

modified by GEE plus EDC in the studies of Vieira and Davis (1986), except for 65-70 

region. 

We became interested in determining if we could provide additional evidence for die 

decreased ability of modified fenedoxin to form a complex widi FNR. Part of diis 

dissertation involves experiments which show that modified fenedoxin, in contrast to the 

native protein, does not co-migrate with FNR on a gel fdtration column. All of die above 

data, therefore, supports the hypodiesis that carboxyl groups on ferredoxin are involved in 

the interaction with FNR. There arc, however, some alternative possible explanations for 

the observation that modified ferredoxin does not mediate NADP+ photorcduction as 

efficiently as native fenedoxin. One can imagine that the modification of 3-4 carboxyl 

residues on fenedoxin significantiy alters either its oxidation-reduction midpoint potential 

to make the electron transfer to FNR thermodynamically unfavorable or drastically affects 

the orientation of the prosthetic group or the protein environment around the prosthetic 

group to deleteriously affect electron transfer. Another part of diis investigation is to 

comparc the redox properties and circular dichroism spectra of modified and native 

fenedoxin. 

1.3.2. Fenedoxin-thioredoxin oxidoreductase 

Recently light has been found to function in the regulation of synthetic or carbon 

reduction phase of photosynthesis and in rclated biochemical processes (for reviews see 

Buchanan, 1986; Cs6ke and Buchanan, 1986; Buchanan, 1980). Light has been shown to 

modulate selected enzymes. Biosyndietic enzymes arc light-activated, whereas the 

degradative enzymes arc light-deactivated. In 1967, Buchanan et ai. rcported that fructose-

1,6-bisphosphatase (FBPase) was activated by light via ferredoxin. The 
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fenedoxin/thioredoxin system has been sho^n to be an important component in light 

activation of enzymes (Wolosiuk and Buchanan, 1977). Reduced diioredoxins 

(thioredoxin m and diioredoxin f) activate enzymes of biosyndiesis, including diose of die 

reductive pentose phosphate cycle and deactivate a key enzyme of die oxidative pentose 

phosphate cycle (glucose-6-phosphate dehydrogenase) (Buchanan, 1980). The 

diioredoxins also regulate NADP+-malate dehydrogenase; CFi-ATPase and enzymes of 

nitrogen and sulfur assimilation (Cs6ke and Buchanan, 1986). Thioredoxins undergo 

reversible reduction and oxidation during activation of these rcgulatory enzymes. This 

reduction and oxidation takes place at the level of a disulfide group (S-S - > 2 SH) 

(Buchanan, 1980). Thioredoxin is rcduced by ferredoxin via die iron-sulfur protein, 

fenedoxin-thioredoxin oxidoreductase (hereafter refened to as FTR) (Droux et ai., 1983). 

Similar to thioredoxin, FTR contains a catalytically active diiol group that is reduced in the 

light by photoreduced fenedoxin (Droux et ai., 1987a, 1987b). The photoreduction of 

FTR is dependent upon ferredoxin and thiol transfer from FTR to NADF^-malate 

dehydrogenase is dependent upon thioredoxin m (Droux et ai., 1987b). Lara et al (1980) 

purified a protein factor which activated FBPase in the absence of die components of the 

fenedoxin/thioredoxin system. They called this new protein factor ferralterin, i.e., an 

alternate to the fenedoxin/thioredoxin system. Later de la Torrc et aL (1982) performed a 

physicochemical characterization of this ferralterin. The iron-sulfur group of fenalterin 

was demonstrated to be EPR-detectable only when oxidized and had an Em of +410 mV. 

The EPR spectrum was rcminiscent of a high potential iron sulfur protein (HiPlP) type 

[4Fe-4S] iron-sulfur center. They suggested diat it seemed unlikely that the iron-sulfur 

cluster of ferralterin could participate directiy in die reductive activation of FBPase because 

of its highly positive Em~they ascribed the prosthetic group rcsponsible for activation of 

FBPase as a disulfide. Recendy Droux et ai- (1987b) have shown diis directiy by 
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analyzing die sulfliydryl status of FTR widi [^C] iodoacetate and monobromobimane 

during die reaction. 

Droux £t ai- (1987a) determined diat ferralterin was in actuality an FTR: fenedoxin 

complex. The molecular weight of die spinach FTR was detennined to be approximately 

30 kDa and protein shown to be two dissimilar subunits (13 kDa, 17 kDa). Their rcsults 

suggested diat die active disulfide is localized on die smaller subunit. Droux et ai. (1987a) 

used a ferredoxin affinity column as part of the purification protocol for FTR, thus 

providing additional evidence for complex formation between FTR and fenedoxin. We 

became interested in die possibility of demonstrating complex formation by other methods, 

similar to diose used for other fenedoxin-dependent enzymes. In this case though, die 

fencdoxin-dependent enzyme is not directiy involved in assimilation but rather in 

regulation. It was of interest to determine if the same ferredoxin amino acid rcsidues 

shown to be rcsponsible for the fenedoxin : enzyme interaction in other systems were 

involved herc. Hirasawa et ai. (1988a) demonstrated complex formation between FTR 

and ferredoxin by co-chromatography on gel filtration and by titration of optical absorbance 

differences. The shape of the titration curve suggested a stoichiometry of 1 mol fenedoxin 

to 1 mol FTR in die complex and a K<i of < 1 X 10"'̂  M at 15 mM ionic strcngdi. This 

complex was shown to be electrostatically stabilized since complex formation was inhibited 

under conditions of high ionic strcngth. 

Unlike other ferredoxin-dependent enzymes, i.e., nitrite reductase (Hirasawa, et ai., 

1986); glutamate synthase (Hirasawa et ai., 1986) and FNR (Vieira and Davis, 1985), but 

similar to sulfite reductase (Hirasawa et ai., 1987a) modification of 3-4 carboxyl groups 

caused linle change in the properties of its complex with FTR based on optical absorbance 

difference spectra and kinetic and binding parameters. However, there werc differcnces in 

the gel fdtration patterns of the FTR complexes with native and carboxyl-modified 

fenedoxin, le., FTR : native fenedoxin, apparent Mr = 48 ± 3 kDa and FTR : modified 
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fenedoxin, apparent Mr = 53 ± 3 kDa. This difference in apparent molecular weight 

indicates diat carboxyl group modification may have some effect on fenedoxin's interaction 

with the enzyme. The Km for bodi native and modified fenedoxin was 1.7 îM. These 

rcsults raise die possibility diat die binding domain on fenedoxin for nitrite reductase and 

FNR may differ in part from that of FTR. I will present here additional evidence (using 

circular dichroism difference spectra) diat FTR fomis a complex widi fenedoxin and diat 

die complexes between FTR and native fenedoxin and FTR and carboxyl-modified 

ferredoxin arc quite similar. 

1.3.3. Ferrcdoxin-nitrite oxidoreductase 

Nitrate which, in contrast to ammonium, is relatively innocuous and is the 

predominant form of nitrogen available to most cultivated plants grown under normal field 

conditions (Beevers and Hageman, 1980). Nitrate assimilation is regulated by 

carbohydrate oxidation and associated with organic acid production (Kamin and Privalle, 

1987). C ônsequendy, nitrate can be accumulated to relatively high concentrations without 

detriment to the plant. The reduction of nitrate to the usable (ammoniacal) form requires 

eight electrons. In chlorophyll-containing tissue, two electrons come from NAD(P)H 

derived finom carbohydrate oxidation, producing nitrite from nitrate in a rcaction catalyzed 

by nitrate reductase (Beevers et ai., 1964; Hageman and Hucklesby, 1971; Losada et ai., 

1981). The rcmaining six electrons required for the reduction of nitrite to ammonia are 

derived from die trapping of light energy (via fenedoxin and fenedoxin-nitrite 

oxidoreductase) (Vega et ai., 1980). Nitrite is reduced to ammonia by nitrite reductase 

according to the reaction: 

NO2- + 6e- + 8H+ -> NH4+ + 2H2O. 
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The ammonium is used for synthesis of aniino acids. The stoichiometric conversion 

of nitrite to ammonia was demonstrated in extracts from photosyndietic organisms by die 

incubation of plant extracts with die non-physiological electron carrier benzyl viologen 

(Cresswell etai., 1962; Hageman etai.. 1962). It was also demonstrated diat nitrite 

reduction in extracts from spinach could be stimulated by illuminated chloroplasts 

(Huzisige and Satoh, 1961). This work culminated in the discovery that fenedoxin serves 

as the physiological electron donor for nitrite reductase from higher plants and that nitrite 

reductase was localized in the chloroplasts (Hewitt, 1975). 

Spinach nitrite reductase (E.C. 1.7.7.1) has been characterized extensively. It has 

been shown to contain siroheme and a [4Fe-4S] center as prosthetic groups (Murphy et 

ai., 1974; Aparcio etai-, 1975; Ramirez etai-, 1966; Hucklesby etai., 1976; Vega and 

Kamin, 1977; Lancaster et aL, 1979; Knaff etaL, 1980; Hirasawa-Soga et ai., 1982; 

Wilkerson et aL. 1983; Hirasawa-Soga et ai., 1983; Ida and MIkami, 1986; Hirasawa et 

al. 1987; Cammack et ai-, 1978). A suggested sequence for the reduction of nitrite 

involves: 1) an initial reduction of siroheme by electrons from fenedoxin (Hucklesby et 

ai., 1979). 2) Reaction of the reduced heme with nitrite to form a nitrite-heme complex. 

Formation of this complex facilitates the reduction of the iron sulfur center. Electrons may 

transfer to the siroheme-nitrite complex from the iron-sulfur center. 3) The reduced 

siroheme-nitrite complex receives an electron and is converted to the NO-siroheme 

complex. 4) The further transformation of the NO-siroheme complex to an enzyme-NHL4 

complex involves the addition of five electrons. Although the sequence of additions and 

the intermediates formed have not been determined (Hucklesby £l ai-. 1979), NH2OH may 

be a late intermediate (Vega et ai-, 1980). Stoller et al (1977) used EPR and oxidation-

reduction potentiometry to estimate die Em value of the siroheme and iron sulfur center in 

nitrite reductase.' They estimated die midpoint potential of die siroheme to be about -50 mV 

and the Em value of the iron-sulfur center at ̂  -500 mV (pH 9). A value of -120 mV for 
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the siroheme and -570 mV (pH 8.1) for die{4Fe-4S] center has been reported for die 

enzyme from Cucurbita pepo (die squash) (Cammack et ai., 1978).Cammack et ai- (1978) 

found that the Em for die [4Fe-4S] was pH dependent. The extremely low Em value of die 

[4Fe-4S] center of nitrite reductase creates a concepmal problem in understanding how die 

[2Fe-2S] center of ferredoxin (Em = -420 mV) can reduce another iron sulfur center of Em 

<, -550 mV. 

Under conditions of low ionic strength nitrite reductase has been shown to form a 

complex with its physiological electron donor, ferredoxin (Hirasawa and Knaff, 1985; 

Privalle et ai-, 1985; Hirasawa etai-, 1986). Complex formation was shown to be 

inhibited at higher ionic strength (200 mM NaCl), establishing the electrostatic nature of the 

complex (Hirasawa et ai., 1986). While studying the generality of fenedoxin carboxyl 

group involvement in binding to fenedoxin-dependent enzymes Hirasawa et ai- (1986) 

observed that a modified form of fenedoxin (modified at 3-4 carboxyl groups) still co-

migrated with nitrite reductase on gel chromatography. However, die dissociation constant 

(K<i) measured for modified ferredoxin was approximately 160 times higher dian that for 

native fenedoxin (lOOjiM vs. 0.63 L̂M). Interestingly diough, die Km for fenedoxin was 

not affected by carboxyl group modification while Vmax was only 20 % of native 

fenedoxin. 

For some time now there has been some controversy as to the "native" molecular 

weight of spinach nitrite reductase. Several groups (Paneque et aL, 1964; Ramirez etaL, 

1966; Ho and Tamura, 1973; Murphy et ai., 1974; Aparicio et ai-. 1975; Ida, 1977; Stoller 

et ai-, 1977; Vega and Kamin, 1977; Lancaster etai-, 1979; Krueger and Siegel, 1982; 

Wilkerson etaL, 1983; Kamin and Privalle, 1987; Ida and Mikami, 1986; Siegel et aL, 

1987; Hucklesby, 1987) have observed a monomeric spinach nitrite reductase of Mr = 61 

to 64 kDa, containing I mol siroheme/mol enzyme (in some instances less than 1 mol). In 

contrast to diese reports, which use the non-physiological electron donor reduced methyl 
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viologen to assay enzymatic activity during purification, a heterodimeric 85 kDa nitrite 

reductase has been observed in spinach leaves (Hirasawa et aL, 1987; Hirasawa and 

Tamura, 1980; Hirasawa and Tamura, 1981; Hirasawa etai-, 1982; Hirasawa etai-, 

1984; Hirasawa and Knaff, 1985). This preparation catalyzes nitrite reduction with eidier 

reduced mediyl viologen or reduced fenedoxin as die electron donor, but exhibits a higher 

specific activity with its physiological electron donor, fenedoxin, dian widi mediyl 

viologen. The Mr = 85 kDa protein has been shown to contain die Mr = 61 kDa siroheme-

and iron sulfur center-containing subunit and a Mr = 24 kDa subunit (Hirasawa and 

Tamura, 1980; Hirasawa and Tamura, 1981; Hirasawa and Knaff, 1985). This small 

subunit, which has been referred to as the coupling protein (Hirasawa and Tamura, 1980), 

contains a relatively high affinity fenedoxin-binding site (Hirasawa and Knaff, 1985). 

Other differences include the fact diat die 85 kDa protein contains 2 mol siroheme/mol 

enzyme (Hirasawa et aL, 1987b); the 61 kDa protein exhibits a decreased ability to bind 

fenedoxin (Hirasawa et ai-, 1986), and; the 61 kDa form has lost a considerable portion of 

it fenedoxin-dependent activity (Hirasawa and Tamura, 1980; Hirasawa and Tamura, 

1981). Recendy, Romero etaL (1987) have purified a heterodimeric, 85 kDa nitrite 

reductase from the green alga Chlamvdomas rcinhardtii which also showed considerable 

loss of fenedoxin-dependent activity when the small subunit (24 kDa) was rcmoved. 

Recently, Hirasawa et al. (1988b) have provided further evidence for the two subunit 

composition of die spinach enzyme and offered several explanations why they observe this 

dimeric form of the protein while odiers only observe die monomeric protein. The 

observation diat die Mr = 85 kDa, native form and die Mr = 61 kDa, modified form differ 

in siroheme content and in ligand binding parameters (Hirasawa et al., 1987b) raised the 

possibility diat the different siroheme environments in die two proteins could affect the 

redox properties of this prosthetic group. This study will demonstrate that the 85 kDa and 
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61 kDa forms of the protein differ in several physical properties, specifically circular 

dichroism (CD) spectra and Em values of the siroheme. 
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Figure 2. Pynoloquinoline quinone (PQQ) stnicturc. 
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Figure 3. Suspected sites of modification of GEE plus EDC modified 
fenedoxin. Only die alpha carbons are shown. The carboxyl groups which 
are candidates for modification arc shown in black. All other carboxyl 
groups arc cross-hatched. The iron sulfur center (not shown) is attached to 
the protein by cysteine residues at positions 39,44,47 and 77. 
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CHAPTER 2 

MATERL\LS / J ^ METHODS 

2.1.Materials 

Fresh spinach obtained from a local produce warehouse was used as the starting 

material for all plant enzyme preparations. DEAE - cellulose was obtained from Whatman, 

Inc. Ultrogel AcA 44 was obtained from LKB. Cyanogen bromide-activated Sepharose 

and Sephadex G-75, G-lOO and G-10 were obtained from Pharmacia Fine Chemicals. 

Biogel P-100 was obtained from Bio-Rad Laboratories. Ultra pure ammonium sulfate was 

obtained from Schwarz/Mann Biotech. Protein molecular weight standards were obtained 

from Sigma Chemical Co. and Bio-Rad Laboratories. Polyacrylamide gels were prepared 

using an electrophorcsis kit obtained from Bio-Rad Laboratories. Membrane filtration 

apparatus as well as membrane filters and Centricon miniconcentrators were obtained from 

Amicon. All dialysis was performed with Spectrapor I dialysis mbing (Mr cutoff = 6,000 

- 8(X)0 Da). Plastocyanin was a gift from Dr. Richard Malkin of the Division of Molecular 

Plant Biology, University of California, Berkeley. All solutions were prepared with 

doubly distilled water which was passed dirough three Sybron-Bamstead combination 

demineralization/organic rcmoval cartridges connected in series. 

2.2.Methods 

2.2.1. Mediylamine metabolism in P. denitrificans 

2.2.1.1. Protein purification 

Purification of amicyanin (Husain and Davidson, 1985), die c-type cytochromes 

(Husain and Davidson, 1986) and methylamine dehydrogenase (Husain and Davidson, 

1987) from Paracoccus denitrificans (ATCC 13543) was as previously described. These 

proteins were kindly supplied by Dr. M. Husain and Dr. V. L. Davidson, VA Medical 

30 
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Center and die Department of Biochemistry and Biophysics, University of California, San 

Francisco. 

2.2.1.2. Oxidation-reduction titrations 

Electrochemical titrations werc performed as described by Smidi et ai- (1981), using 

an optically transparent gold electrode in a diin-layer cell. A Ag/AgCl electrode was used as 

a refercnce electrode. The complete system was connected to a G. Bank Elektronik 

Potentiostat from Brinkman Instruments to poise die ambient potential. The padilength of 

the sample cuvette was 0.33 mm and the oxidation state of die sample was monitored 

spectroscopically using an Aminco DW-2a spectrophotometer. The titrations were 

performed at either 20 °C or 5 °C. Buffer concentrations and die redox mediators used, 

which differed with individual titrations, are indicated in the figure legends. Control 

titrations, performed with horse heart cytochrome c , spinach fenedoxin and methyl 

viologen gave Em values within 5 mV of literature values. 

2.2.1.3. Protein concentrations 

Protein concentrations were determined using eidier die method of Bradford (1976) 

with bovine serum albumin as a standard or using extinction coefficients calculated for the 

c-type cytochromes (Husain and Davidson, 1986), amicyanin (Husain and Davidson, 

1985) and methylamine dehydrogenase (Husain etal-, 1987). 

2.2.1.4. Complex formation 

Optical difference spectra were obtained using a 1 cm padilength quartz split cell as 

described prcviously (Knaff et ai-, 1978). The sample cuvette contained in one 

compartment the mixturc of the two proteins of intercst and in the other compartment only 

buffer. The reference cuvette contained in one compartment only one of die proteins of 

interest and the odier compartment contained die second protein. The oxidation state of the 
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individual protems was controlled by preincubation in eidier excess potassium fenicyanide 

or ascorbate followed by rcmoval of any excess free ascorbate or fenicyanide by gel 

filtration on a Sephadex G-10 column. Spectra were recorded on a Perkin-Ehner Lambda-

5 spectrophotometer. 

2.2.1.5. Circular dichroism spectra 

Circular dichroism spectra were recorded on a Jasco J-20 spectropolarimeter at room 

temperature. The pathlength of die cuvette was 1 cm. 

2.2.1.6. Enzvme assavs 

All assays werc performed in die laboratory of Dr. Victor Davidson. 

2.2.1.7. Gel filtration co-migration 

Amicyanin and MADH were mixed in a 3:1 ratio (23.4 nmol amicyanin, 7.5 nmol 

MADH) and applied to a Biogel P-100 column (1.5 X 25 cm) previously equilibrated with 

10 mM potassium phosphate buffer, pH 7.5. Elution of the proteins was determined by 

monitoring the absorbance of fractions at 595 nm and 426 nm for amicyanin and MADH 

respectively. Co-concencration experiments were performed using eidier an Amicon 

Centricon-30 microconcentrator (30 kDa molecular weight cutofO or an XM-50 (50 kDa 

molecular weight cutoff) ultrafiltration membrane fitted to an Amicon ultrafiltration 

apparatus (bodi in die prcsence of a small amount of potassium fenicyanide). The fdtrate 

was monitored at 595 nm to determine the amount of amicyanin passing dirough the 

membrane. 
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2.2.2. Fenedoxin-dependent enzymes 

2.2.2.1. Protein purification 

2.2.2.1.1. Fenedoxin-NADP+ oxidoreductase 

500 grams of frcsh spinach leaves were homogenized in 100 mM Tris/HCl, pH 8.0 

containing 200 mM NaQ, 1 mM PMSF and 1 mM EDTA. The homogenate was squeezed 

through diree layers of cheeseclodi and chilled acetone was added to a concentration of 

30% (v/v). After centrifugation (10,000 X g for 10 min.) the pellet was discarded. 

Additional acetone was added to the supematant to a final concentration of 75% and 

centrifuged (10,000 X g for 10 min.). The pellet was dissolved in 50 mM Tris/HCl, pH 

8.0 containing 200 mM NaCl, 1 mM PMSF and 0.5 mM EDTA and dialyzed against the 

same buffer for 6 hours with two changes of buffer. The buffer was dien changed to 10 

mM Tris/HCl, pH 8.0, containing 200 mM NaCl and 0.5 mM EDTA and dialysis 

continued for 6 more hours. Lastly the buffer was changed to 10 mM Tris/HCl, pH 8.0, 

containing 200 mM NaCl for 6 hours. The dialysate was applied to a DEAE-cellulose 

(Whatman DE-52) anion exchange column equilibrated with 10 mM Tris/HCl, pH 8.0, 

containing 200 mM NaCl. A yellowish grcen fraction eluted from the column and was 

collected. This fraction was concentrated by precipitation at 75% saturated ammonium 

sulfate, resuspended and dialyzed against 50 mM sodium phosphate buffer, pH 7.5 

containing 20 mM sodium pyrophosphate. The dialysate was dien applied to an Ultrogel 

AcA-44 column (Mr = 10,000 - 130,000 Da range) equilibrated with 10 mM sodium 

phosphate buffer, pH 7.5. The yellow fractions were collected and re-applied to a DEAE-

cellulose anion exchange column equilibrated with 10 mM sodium phosphate buffer, pH 

7.5. The column was washed with two column volumes of the equilibration buffer and the 

FNR was eluted with 50 mM sodium phosphate buffer, pH 7.5. The peak fractions 

(determined by A456/A280) werc applied to a fenedoxin-Sepharose affinity column 

equilibrated widi 10 mM sodium phosphate buffer, pH 7.5 and FNR was eluted with 10 
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mM sodium phosphate buffer, pH 7.5 containing 200 mM NaCl. The yellow fractions 

were pooled and concentrated using an Amicon Ultrafiltration apparatus fitted widi a PM-

10 (Mr = 10 kDa cutoff) membrane. The fmal fractions had a A456/A28O of 0.134 and 

when run on a 12.5 % SDS-PAGE exhibited a single Coomassie Blue staining band widi a 

Mr = 37 Kda. Small aliquots werc frozen separately in liquid N2 until used. 

2.2.2.1.2. Fenedoxin-nitrite oxidoreductase 

All protein which was prepared by the method of Hirasawa et ai- (1988a), was kindly 

provided by Dr. Masakazu Hirasawa. 

2.2.2.1.3. Spinach fenedoxin 

Spinach fenedoxin was co-purified widi FNR dirough the first DEAE-cellulose 

chromatography step. Absorbed fenedoxin was eluted from the anion exchange column 

with 30 mM Tris/HCl, pH 8.0 containing 800 mM NaCl. The crude fenedoxin, after 

dialysis against 30 mM Tris/HCl pH 8.0 was purified by chromatography on a second 

DEAE-cellulose column using a linear gradient from 0 to 400 mM NaQ in the same buffer. 

Fractions with A422/A277 ̂  0.4 were pooled, concentrated using an Amicon YM-5 

membrane and further purified by gel filtration chromatography on Ultrogel AcA 44 in 30 

mM Tris/HCl, pH 8.0 containing 200 mM NaCl. The purified ferredoxin (A422/A277 = 

0.45) was concentt-ated and stored at liquid nio-ogen temperaturc until used. 

2.2.2.1.4. Carboxyl modified fenedoxin 

All protein was prcpared in die laboratory of Dr. D. J. Davis (Department of 

Chemistty , University of Arkansas, Fayetteville, Arkansas) by die method of Vieira and 

Davis (1986). 
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2.2.2.1.5. Fenedoxin-diioredoxin oxidoreductase 

All protein which was prepared by die mediod of Droux et ai- (1987a), was kindly 

provided by Dr. B. B. Buchanan, Division of Molecular Plant Biology, University of 

Califomia, Berkeley. 

2.2.2.2. Fenedoxin-Sepharose affinity column 

The material was prepared using CNBR-activated Sepharose 4B according to 

manufacturers insttiictions (Affinity Chromatography Technical Bulletin, Pharmacia Fine 

Chemicals). 

2.2.2.3. Gel filn-arion co-migration 

EDC-modified ferredoxin and FNR were mixed in a 1:1 ratio (15 nmol each in a 200|il 

volume) and applied to a Sephadex G-75 column (1.5 X 25 cm) previously equilibrated 

widi 30 mM Tris/HCl pH 8.0. Native umodified ferredoxin and FNR were mixed in a 1:1 

ratio (50 nmol each in a 200}il volume) and applied to a Sephadex G-75 column (1.5 X 25 

cm) previously equilibrated widi 30 mM Tris/HCl pH 8.0. Elution of fenedoxin and FNR 

was determined by monitoring fractions at 460 nm (minus 1.8 AA540 conttibuted by FNR) 

and 540 nm, rcspectively. 

2.2.2.4. Circular dichroism spectra 

Same as described above. Sec. 2.1.5. 

2.2.2.5. Oxidation-reduction titt^arions 

Same as described above. Sec. 2.1.2. 

7 2.2.6. Protein concentt-ation 

Protein concentrations were determined using eidier die method of Bradford (1976) 

widi bovine serum albumin as a standard or using extinction coefficients calculated for 
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ferredoxin fTagawa and Amon, 1962) FNR (Foust et ai., 1969) and nitrite reductase 

(Lancaster etai., 1979). 



CHAPTER 3 

RESULTS 

3.1. Medivlamine metabolism in P. denittificans 

3.1.1. Electrochemical tio-ations of amicyanin, MADH, 
cytochrome 05511 and cytochrome 05531 

As stated above, when R denioificans is grown on methylamine as die sole carbon 

source die synthesis of several redox active proteins is induced. These include two soluble 

c-type cytochromes, designated C5511 and C5531 (Husain and Davidson, 1986), a Type I 

blue copper protein, amicyanin (Husain and Davidson, 1985) and a PQ(3-containing 

mediylamine dehydrogenase (Husain and Davidson, 1987). The constituitive soluble 

cytochrome C550 is also present Since kinetic experiments (Husain and Davidson, 1986) 

revealed a possible electron transfer sequence, it was of intercst to determine die oxidation-

reduction midpoint potentials of the species involved. 

Figure 4 shows a potentiometric titration of cytochrome 05511. The oxidation state of 

die protein was determined by monitoring AA at 416 nm minus 435 nm (the latter 

wavelength is an isosbestic poinO- The titration was fully rcversible and die results from 

three independent titrations over a 5-fold mediator concentration range gave identical Em 

values with a standard deviation of ±4 mV. Figure 5 shows the potentiometric titration of 

amicyanin. The oxidation state was determined by monitoring AA at 595 nm. Figure 6 

shows a Nemst graph for amicyanin and the three cytochromes. The Em values for each of 

diese proteins are listed in Table 1. Cytochrome C550 is presumably identical to the 

cytochrome C550 isolated previously from R denitrificans (formerly Micrococcus 

(jienitrificans) (Kamen and Vemon, 1955; Scholes et ai-, 1971). The measured Em of 253 

± 5 mV (n = 0.99 ± 0.02) is in good agreement with die value previously reported for that 

protein of 250 mV (Kamen and Vemon, 1955). The Em value of P. deninificans 
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amicyanin was calculated to be 294 ± 6 mV (n = 0.95), which is consistent with values 

reported for diree other amicyanins isolated from taxonomically divergent sources: 

Psuedomonas sp. sQ-ain AMI, Em = 280 mV (Tobari, 1984): Thiobacillus versuttis. Em = 

260 mV (van Houwelingen et al., 1985), and organism 4025, Em = 294 mV (Lawton and 

Anthony, 1985). Figure 6 also shows that the midpoint potential of cytochrome 05511 has 

been calculated to be 190 ± 4 mV (n = 0.92 ± 0.07) and diat of cytochrome C5531 to be 148 

± 5 mV (n = 1.15 ± 0.04). As mentioned above, Bosma et ai- (1987) have recendy 

purified several cytochromes c from medianol-grown R denittificans. These include two 

cytochromes that appear to be identical to cytochrome 05511 and cytochrome 05531 reported 

here. They calculated the Em values of these enzymes to be 199 mV and 160 mV, 

respectively. These values are in relatively good agreement widi those determined in our 

laboratory. 

As mentioned above, MADH is a tetrameric protein in which die two small subunits 

(15 kDa each) each contain a PQQ prosthetic group. Substrate (mediylamine) titration 

(Husain etai-, 1987) of this protein showed no stable semiquinone (PQQ- has a specttum 

quite distinct from PQQ and PQQH2), whereas titt^tion with sodium dithionite (Husain et 

ai., 1987) results in die formation of a stable semiquinone. Previously, die oxidation-

reduction midpoint potentials of free PQQ and some analogs of PQQ have been measured 

(Duine et ai-, 1981; Eckert et ai-, 1982; Sleadi et ai.,1985; Faraggi et ai-, 1986) but no Em 

value of a PQQ-containing protein has been reported. Figure 7 shows an elecQxx:hemical 

titt-ation of MADH. No semiquinone state was observed during the tio-ation-reminiscent of 

a substt-ate tittation. An Em of 100 ± 4 mV (average of five independent tittations) and an 

n value of 2.15 ± 0.15 was calculated for the two electt-on couple PQQ / PQQH2 (Fig. 8). 

This value is quite similar to die one detennined for free PQQ at neutt^ pH, 90 mV (Duine 

et ai., 1981). Similar values have been obtained for PQQ analogues at neuttal pH (Eckert 
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et ai-, 1982; Sleadi et ai-,1985). The similarity of diese values gives some insight into the 

protein environment around die PQQ-binding site, i.e., more dian likely a hydrophillic site. 

Previous experiments have shown diat cytochrome 05511 can accept electt-ons from 

MADH but amicyanin must be present for die reduction of die cytochrome to occur (Husain 

and Davidson, 1985; Gray et ai-, 1986). It has also been shown that amicyanin is directly 

reduced by MADH (Husain and Davidson, 1986). The above calculated midpoint 

potentials would seem to indicate that the reduction of cytochrome C5511 by amicyanin is not 

thermodynamically favorable. To further examine this apparent discrepancy, amicyanin 

was reduced with Na2S204 and added to cytochrome C5511 in die absence of MADH (Fig. 

9). Under these conditions, as predicted by the thermodynamic data, one observes no 

reduction of the cytochrome. Upon addition of mediylamine/HCl and MADH, which do 

not by themselves reduce cytochrome £55H (Husain and Davidson, 1985; Gray et ai-, 

1986), rapid reduction of the cytochrome occurred. 

3.1.2. Complex formation between MADH and amicyanin 

Realizing that simple linear electton transfer from MADH to amicyanin followed by 

reduction of the cytochrome could not occur we set out to determine how this apparent 

uphill process proceeded. It has been demonstrated that under certain conditions redox 

partners form complexes (Tollin et a]., 1986) and one can use spectt-oscopic techniques to 

monitor diis complex formation. If die environment around die chromophore is sufficiently 

perturbed by interaction widi its redox partner, substantial changes in die spectrum of die 

chromophore may occur. Figure lOA shows the difference specttum for oxidized 

MADH: oxidized amicyanin minus oxidized MADH plus oxidized amicyanin. There is a 

positive peak at 408 nm and a tt-ough at 468 nm. The major specttal differences are in die 

region of PQQ absorbance. A different specttoim is observed using reduced amicyanin 

(Fig. lOB). In this case, only a tt-ough at 464 nm is observed, with no positive peaks. 
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When the percent maximum absorbance is plotted vs. the ratio of amicyanin to MADH (mol 

: mol) the results shown in Fig. 11 are obtained. Using a non-linear least squarcs program 

a sigmoidal curve can be fitted dirough bodi sets of data. The fact diat die binding 

isodierms are sigmoidal in shape instead of hyperbolic is indicative of cooperative binding 

(Hammes, 1982). To further investigate this phenomenon the data was plotted according 

to Hill (Hammes, 1982) and Scatchard (Connors, 1987). Hill plots were linear and Hill 

coefficients (Fig. 12) were calculated to be 1.8 ± 0.2 for oxidized and 2.1 ± 0.2 for 

reduced amicyanin. This result and the shape of the Scatchard plots (Fig. 13) suggest 

positive cooperativity during binding (Connors, 1987). When the spectral perturbation 

experiments are repeated under conditions of high ionic sttength (200 mM NaCl) (Figs. 

lOA and lOB) the absorbance differences are much smaller. The fact that therc is still a 

detectable difference when the experiments are performed in the prcsence of 200 mM NaCl 

(Fig. 14) indicates that electtostatic interactions-though important-are not die sole source 

of complex stabilization. The complexity of die binding curves precludes a definite 

assignment of stoichiometry. 

Even though spinach plastocyanin (a Type I blue copper protein that is the primary 

elecQ-on donor to higher plant Photosystem I) and amicyanin have some sequence 

homology (/"ambler and Tobari, 1985), plastocyanin was not able to mediate electron 

ttansfer between MADH and cytochrome C5511 (V. L. Davidson and R. Malkin, personal 

communication). No spectt-al differences were observed upon mixing plastocyanin with 

MADH up to ratios of 6 mol plastocyanin to 1 mol MADH (data not shown). This in itself 

does not prcclude die possibility of some sort of interaction between plastocyanin and 

MADH. However the observation diat upon mixing plastocyanin and MADH produced no 

spectral perturbations is at least a partial conttol diat the AA's observed widi amicyanin and 

MADH are specific. Also, we could observe no specttal perturbations upon mixing 

MADH widi cytochrome C5511 up to ratios of 4:1 (cytochrome: MADH). 
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To gain further insight as to the nature of this putative complex between amicyanin and 

MADH, the proteins were mixed in a 3:1 ratio (mol amicyanin : mol MADH) and 

chromatographed on a Biogel P-100 column. The two proteins did not co-migrate under 

die experimental conditions (data not shown), but if the proteins are mixed (2 mol 

amicyanin : 1 mol MADH) and concenttated using Amicon Centricon - 30 

miniconcentrators or an Amicon Ultrafiltration apparatus (fitted widi an XM-50 membrane) 

no detectable amicyanin was observed in the fdo-ate under low ionic strength (Table 2) even 

though amicyanin (Mr = 14.5 kDa) would be expected to pass through the membrane. 

WTien the same experiments were performed in the prcsence of 200 mM NaCl amicyanin 

was shown to pass through the membranes. Furthermore, if the proteins are mixed in a 4:1 

ratio (mol amicyanin : mol MADH) amicyanin was observed in the filtrate even in the 

absence of NaCl 

Figure 15 demonstrates the ionic strcngth dependence of electron transfer from 

mediylamine to cytochrome C5511 catalyzed by MADH. In die presence of 200 mM NaCl 

the rate of electron transfer is reduced substantially. Not only is die rate of electron Q-ansfer 

to the cytochrome reduced but direct reduction of amicyanin was also been shown to be 

ionic sQ-engdi dependent (data not shown). The rate of electt"on ttansfer from MADH to 

amicyanin in die presence of 200 mM NaCl is 40% die rate in die absence of NaCl. This 

diminution of electtxjn oansfer is likely due to die protein : protein interactions radier than to 

adverse affects upon die oxidation of mediylamine ECT se, since die enzyme-catalyzed 

oxidation of mediylamine widi the non-physiological dye phenazine ediosulfate serving as 

electt-on acceptor was not affected by incrcasing the ionic stt-ength to values as high as 1.5 

M NaCl (V.L. Davidson, personal communication). 
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3.1.3. Electrochemical titt-ation of die putative complex 

Previous studies (Smith et ai-, 1981; Bade and Kamin, 1981) have shown diat in 

certain instances die formation of a complex between two redox proteins causes a shift in 

the midpoint potentials of die reactants. The observation from die kinetic rcsults (Fig. 9 

and Fig. 15) clearly indicates diat electtx)n tt^insfer does indeed occur from amicyanin to 

cytochrome 05511 (in the prcsence of MADH) despite an apparent unfavorable 

thermodynamic barrier, i.e., AE = -104 mV. Figurc 16 shows die results of a redox 

titt-ation of a mixture of amicyanin and MADH at both low and high ionic sttength. In die 

absence of NaCl an Em value of 221 ± 5 mV (n = 0.88 ± 0.05) is obtained for amicyanin 

whereas in die presence of 200 mM NaCl an Em value of 278 ± 8 mV (n = 0.89 ± 0.05) is 

calculated. This figure also shows the results of a titration of amicyanin alone in the 

presence of 200 mM NaCl (Em = 287 ± 5 mV, n = 0.95 ± 0.05). 

When a similar experiment was performed with a mixturc of MADH and cytochrome 

C5511 no shift in the Em value of the cytochrome was observed (data not shown). 

3.2. Ferredoxin-dependent enzvmes 

3.2.1. Circular dichroism spectmm and Em determination of 
modified ferredoxin 

Several fenedoxin-dependent enzymes (Hirasawa eiai., 1986; Hirasawa £i ai-, 1987a) 

have been shown to form electrostatically stabilized complexes with fenedoxin. An 

important aspect of diis study was to characterize odier ferredoxin-dependent enzymes and 

to attempt to identify which portions on fenedoxin are rcsponsible for "docking" to its 

redox partners. 

Vieira and Davis (1985) and Vieira £l al- (1986) demonstt-ated diat tt-eatement widi 

glycine ethyl ester in die presence of EDC modifies 3-4 carboxyl groups on ferredoxin 

(Fig. 3). This modification virtually eliminates the ability of fenedoxin to produce 
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complex-indicating spectral perturbations upon mixing with FNR. Furthermore, this 

modification inhibited NADF^ photoreduction by chloroplast membranes by 80 % (Vieira 

and Davis, 1985). This affect upon the difference spectrum and activity has been attributed 

solely to the removal of important negative charges on fenedoxin. Therefore it was of 

paramount importance to demonstrate diat the modification of fenedoxin in this manner had 

no affect on its odier properties, particularly its oxidation-reduction properties and CD 

spectrum. It has already been demonstrated that the visible spectrum of modified 

fenedoxin is essentially identical to that of unmodified, native fenedoxin (Vieira and Davis, 

1985). As can be seen in Fig. 17 the CD of native and modified fenedoxin are also 

essentially identical. Therc was some concern that this modification had some affect upon 

the Em of ferredoxin and that this may have accounted for die decrease in photoreduction of 

NADP-. Figurc 18 demonstrates diat bodi modified and native ferredoxin have very 

similar Em values (-444 ± 5 mV and -423 ± 5 mV, respectively). These experimental 

rcsults gave us reasonable assurance diat the carboxyl group modification of ferredoxin 

does not significantiy perturb the environment around the iron-sulfur center. 

3.2.2. Co-chromatography of FNR widi modified and native 

ferredoxin 

It has been known for sometime diat ferredoxin will cchmigrate widi FNR on a gel 

filtt^tion column (Shin, 1973). Since modified fenedoxin could not act very efficiently as 

an electron donor to FNR and did not produce die characteristic spectral perturbations upon 

mixing we wanted to use another method to determine if, indeed, this modification could 

weaken fenedoxin binding to FNR. Figure 19 demonsttates diat, in conttast to unmodified 

ferredoxin, ferredoxin modified widi GEE plus EDC does not co-migrate with FNR during 
gel filtt-ation chromatography. 
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3.2.3. CD differcnce spectra of fenedoxin-thioredoxin 

oxidoreductase and fenedoxin 

Continuing widi the work being done to characterize fenedoxin-dependent enzyme 

complexes CD speott^ were rccorded for the FTR: ferredoxin complex. In conttast to 

other fenedoxin dependent enzymes, the optical difference spectrum arising from mixing 

modified fenedoxin and FTR did not differ appreciably fix)m that of die complex between 

native fenedoxin and FTR (Hirasawa etaL 1988). The CD specoiim of FTR has not yet 

been reported and this information could give some insight as to the structure of this unique 

iron-sulfur protein. The individual CD spectta of FTR and fenedoxin can be seen in Figs. 

20 and 17, respectively. The mixture of die two produce differences in the CD (Fig.21) 

but, as widi the optical spectra, there werc no major differences between the CD spectra of 

modified fenedoxin : FTR and native fenedoxin : FTR. Similar to the optical spectra 

results and results from co-chromatography (Hirasawa et ai-, 1988a) the addition of 200 

mM NaCl caused any spectral perturbations in the CD to disappear-strcngthening once 

again the premise that the complex is electrostatically stabilized. 

3.2.4 Circular dichroism spectrum of 85 kDa form of nittite 
reductase 

The CD specoiim of die Mr = 85 kDa , native form of nittite reductase has not yet been 

rcported. Since it has been shown that ligand binding properties of the siroheme within the 

two forms of the protein arc quite distinct (Hirasawa gt ai-, 1987b) the CD specoiim may 

offer more information as to the differences in the environment of both the siroheme and 

the [4Fe-4S] cluster. Figure 22 shows the CD spectrum of native nittite reductase in the 

region of 250 - 600 nm. This is significantly differcnt from diat rcported prcviously for a 

prcsumably modified, Mr = 61 kDa fonn of die enzyme (Knaff £i al-, 1980). 
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3.2.5. Electt-ochemical titration of die 85 kDa form of nitrite 

reductase 

Recendy, Hirasawa gtai- (1988b) have shown that, consistent widi their previous 

reports, that spinach nitrite reductase consists of two subunits. It was of interest to 

determine if certain properties of this heterodimeric form (Mr = 85 kDa) differed from the 

previously characterized monomeric (Mr = 61 kDa) form of die protein. Odiers have 

reported an Em value of the siroheme to be between -50 mV (Stoller et al-, 1977) and -120 

mV (Cammack gt ai-, 1978). Both of these values werc obtained using die Mr = 61 kDa 

form of nitrite reductase. The siroheme of Ê  coli NADPH : sulfite oxidoreductase (which 

can catalyze the six electron reduction of NO2* to NH3 in addition to the six elecQ-on 

reduction of its normal substrate SO32- to H2S [Siegal etai-, 1982; Siegal, 1978]) was 

shown to have an Em of -340 mV (Siegal gtai-, 1982). As can be seen in Fig. 23 an 

oxidation-reduction titration of the siroheme of die Mr = 85 kDa form of nitrite reductase 

gives a value of -307 mV (n = 1.08) for the Em- The titt-ation was fully rcversible and an 

average of -305 ± 5 mV (n = 0.98 ±0.1) was calculated for thrce independent titt-ations. 
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Figure 4. Potentiomettic titt-ation of P. denittificans cytochrome 05511. 
Cytochrome 05511 (45 îM) was tittated at 5°C in die presence of 50|iM 
N,N,N',N'-tetramethyl-p-phenylenediamine dihydrochloride (TMPD), 
5|iM phenazine methosulfate (PMS) and 20 |iM potassium ferricyanide. 
The applied potentials werc (from top to bottom) 46,96,116,146,176, 
206 and 266 mV. The optical pathlength was 0.3 mm. 
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Figurc 5. Potentiometric titration of P. denitrificans amicyanin. Amicyamn 
(130 îM) was tittated at 5°C in die presence of 10 nM 2,3,5,6-tett^imediyl-
p-phenylene diamine, 5 jiM PMS, 10 \sM hydroquinone and 10 îM 1,2-
naphthoquinone. The applied potentials werc from top to bottom: 446,346, 
326.286,246 and 186 mV. 
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Figurc 6. Oxidation-reduction potentials of P. denittificans electron canier 
proteins. The buffer was 20 mM potassium phosphate, pH 6.7. (o) 
Cytochrome C5531 (30|iM) was tittated in the presence of 50 )iM TMPD, 5 
|iM PMS, 5 |iM phenazine ediosulfate (PES) and 10 ̂ iM duroquinone. (ĉ  
Cytochrome £5511 (25 |iM) and 30 |iM cytochrome £550 (A) were titt-ated in 
die prcsence of 50 îM TMPD, 5 |iM PMS and 20 |J,M potassium 
ferricyanide. (0)Amicyanin (130 |iM) was tittated in the presence of 10 |iM 
2,3,5,6-tetramethyl-p-phenylenediamine, 5 |iM PMS, 10 jiM hydroquinone 
and 10 iiM 1,2-naphdioquinone. Titrations were conducted at 5°C and the 
oxidation states of each protein were determined by monitoring a AA at two 
wavengths using an isosbestic point as a refercnce. The wavelengdis used 
were 418 and 442 nm for cj^ochrome 05531,416 and 435 nm for 
cytochrome C5511,415 and 435 for cytochrome C550 and 595 and 500 nm 
for amicyanin. (Dpen symbols rcpresent points taken during reductive 
tittations and closed symbols rcpresent points taken during oxidative 
tittations. The straight lines rcpresent die best fits as determined by a least-
squares program run on an Apple II computer. 
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Table 1 

Redox properties of Paracoccus denittificans electton carrier 
proteins. 

Protein Em value (mV) n value 

/jnicyanin 294 ± 6 0.95 ± 0.04 

Cytochrome 0550 253 ± 5 0.99 ± 0.02 

Cytochrome 05511 190 ± 4 0.92 ± 0.07 

Cytochrome C553i 148 ± 5 1.15 ±0.04 

Em and n values represent the average of diree independent 
titrations. 
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Figure 7. Potentiomettic titration of P. denitrificans methylamine 
dehydrogenase. Mediylamine dehydrogenase (22 mg/ml) in 50 mM 
potassium phosphate, pH 7.5 was titrated in the presence of 10 |iM 
duroquinone, 10 |iM 1,2 naphdioquinone, 20 [iM TMPD, 5 îM PMS and 
5 jiM PES. The applied potentials were, from top to bottom, 166,136, 
116,106,96 and 46 mV. 
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Figure 9. Methylamine dehydrogenase-dependent reduction of cytochrome 
£5511 by amicyanin. The assay mixturc (1.1 ml) contained 1.3 nmol of 
cytochrome 05511 in 0.1 M potassium phosphate buffer, pH 6.7. The first 
arrow indicates addition of 50 jil containing 2.2 nmol of reduced amicyanin. 
The second arrow indicates the addition of 14 pmol of MADH and 4 jimol 
of methylamine/HQ. Changes in absorbance were monitored at 420 nm. 
The small increase in absorbance after the first addition is due to absorbance 
by amicyanin. 
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Hgure 10. The effect of the interaction between amicyanin and 
methylamine dehydrogenase on the visible absorbance spectra of the 
proteins. (A). The sample cuvette contained in a 1.0 ml volume: 9.4 nmol 
oxidized MADH, 10 pmol potassium phosphate buffer (pH 7.5) and 54 
nmol oxidized amicyanin. (B) The sample cuvette contained in a 1.0 ml 
volume: 6.45 nmol oxidized MADH, 10 jimol potassium phosphate buffer 
(pH 7.5) and 39.6 nmol rcduced amicyanin. The refercnce cuvettes 
contained identical concentrations of the components but the two proteins 
werc present in separate compartments. Solid lines in both (A) and (B) 
show the spectra immediately after addition of NaCl to a concentration of 
200 mM to both sample and rcfercnce cuvettes. 
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Figure 11. Binding curves for oxidized (o) and reduced (•) amicyanin widi 
methylamine dehydrogenase. For oxidized amicyanin, AA at 408-468 nm 
was measured and for reduced amicyanin, AA at 420-465 nm was 
measured. The absorbance changes werc normalized so diat the maximal 
absorbance change at each wavelength pair was set = 100%. Experimental 
conditions werc as in Fig. 10. 
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Figure 12. Hill plots for oxidized (A) and reduced (B) amicyanin with 
methylamine dehydrogenase. Experimental conditions werc as in Fig. 10 
and Fig. 11. Hill coefficients were calculated to be 1.8 ± 0.2 for each the 
oxidized protein and 2.1 ± 0.2 for the reduced protein. 
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Figurc 13. Scatchard plots for oxidized (A) and reduced (B) amicyariin 
widi mediylamine dehydrogenase. Experimental conditions werc as in Fig. 
10 and Fig. 11. 
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Table 2 

Membrane ultrafiltration of the amicyanin : mediylamine dehydrogenase 
complex 

% Amicyanin in Filo^te 

Amicyanin 80 ± 5 

Amicyanin + Mediylamine dehydrogenase 0 

Amicyanin + Methylamine dehydrogenase (200 mM NaCl) 75 ± 5 

Membrane ultrafiltration of the amicyanin : methylamine dehydrogenase 
complex. Oxidized amicyanin (50 nmol) in 10 mM potassium phosphate 
buffer, pH 7.5, was centrifuged in an Amicon Centticon concentrator as 
described in Materials and Methods in the presence or absence of MADH 
(25 nmol). The total sample volume was 1.0 ml. The amount of 
amicyanin passing through the membrane was monitorcd by determining 
the absorbance of the filtrate at 595 nm in the presence of potassium 
ferricyanide to insure complete oxidation of the amicyanin. 
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Rgurc 15. Amicyanin-mediated transfer of electrons from mediylamine 
dehydrogenase to cytochrome £5511. The 1.0 ml reaction mixturc contained 
methylamine dehycfrogenase and cytochrome £5511 in 20 mM potassium 
phosphate buffer (pH 7.5) in die absence (A) or the presence (B) of 200 
mM NaCl. The first arrow indicates the additions of 2(iM 
niethylamine/HQ. The second arrow indicates the addition of 100 pmol 
amicyanin. Changes in absorbance werc monitored at 420 nm 
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Figurc 16. Oxidation reduction titrations of amicyanin in the prcsence of 
methylamine dehydrogenase. 100 ̂ M amicyanin was mixed widi 300 jiM 
mediylamine dehydrogenase in 10 mM potassium phosphate buffer (pH 
7.0) at 5°C Absorbance changes were nionitored at 595 nm. Titrations 
werc perforaied in the absence (+) or in the presence (A) of 200 mM NaCl. 
Amicyanin (1(X) jiM) was also titrated alone in die presence (») of 200 mM 
NaQ. Redox mediators in the absence of NaQ were: lO^M dihydroxy-1,4-
naphthoquinone, 10 \iM 2,3,5,6-tetramethyl-p-phenylenediamine, 10 |iM 
1,4-benzoqiiinone, 10 |iM 1,4-naphthoquinone and 10 ^M PMS. In the 
presence of 200 mM NaCl and amicyanin alone in the presence of 200 mM 
NaQ die mediators used werc: 10 jiM PMS, 10 îM 2,3,5,6-tetramediyl-p-
phenylenediamine, 10 ̂ iM 1,2-naphdioquinone, 10 îM 1,4-benzoquinone 
and 10 |iM potassium fenicyanide. 
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Figurc 18. Oxidation-reduction tioi-ations of GEE plus EDC modified 
ferredoxin (•) and unmodified (o) ferredoxin. The reaction mixturc contained 
200 îM ferredoxin in 30 mM Tris/HCl buffer, pH 8.0. 30 ^M mediyl 
viologen and 15 |iM benzyl viologen werc prcsent to serve as redox 
mediators. The tittations were conducted at 5°C under a N2 atmosphere and 
the oxidation state of ferredoxin was monitored using A420 nm - A390 nm-
Optical pathlength = 0.3 mm. 
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Figure 19. Elution profile of FNR: ferredoxin complexes. Chromatography 
was performed on an Sephadex G-75 column (1.5 X 25 cm). Elution in 30 
mM Tris/HQ buffer, pH 8.0. (A) Data for unmcxiified, native ferredoxin 
plus FNR. 50 nmol FNR was mixed with 50 nmol native, unmodified 
ferredoxin. (B) Data for carboxyl-modified ferredoxin plus FNR. 15 nmol 
FNR was mixed with 15 nnwl carboxyl mcxiified ferredoxin. The amount of 
FNR in each fraction was determined by monitoring the AA460 - I.8AA540. 
The amount of ferredoxin in each fraction was determined by monitoring die 
AA540. 
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Figure 23. Oxidation-reductation titration of the Mr = 85 kDa form of 
spinach nitrite reductase. The reaction mixturc contained 40 |iM nitrite 
reductase in 10 mM potassium phosphate buffer, pH 7.0. The mediators 
used were 5 }iM safianin, 15 |iM benzyl viologen, 20 \iM anthroquinone 
sulfonate and 20 jiM anthroquinone 1,5-disulfonate. The titrations were 
earned at 5°C under a N2 atmosphere. The redox state of the protein was 
monitored using the wavelength pair A573 nm - A58O nm- Optical padilength 
= 0.3 mm. 
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CHAPTER 4 

DISCUSSION 

4.1. Methvlamine metabolism in P. denittificans 

As stated above, results from kinetic experiments (Husain and Davidson, 1986) were 

used to propose a padiway of electt-on ttansfer for the oxidation of methylamine in 

Paracoccus denittificans. It had been proposed diat electtx)ns derived from the oxidation of 

mediylamine were ttansferred from die PQQ-containing mediylamine dehydrogenase to 

cytochrome 05511 via die Type I blue copper protein amicyanin. This repon continues the 

study of this electton transfer system. I have determined die oxidation-reduction properties 

of the proteins involved and characterized the complex formed between two of the proteins 

involved in this electton transfer pathway. 

Thermodynamics would predict diat if, indeed, the kinetic data were correct, that the 

midpoint potentials would become more positive as one proceeds down the pathway, i.e., 

Em (MADH) < Em (amicyanin) < Em (cytcx:hrome 05511). As expected the Em value of the 

dehydrogenase (+100 mV) is less positive than that of amicyanin (+ 294 mV). Therefore 

AG for this reaction (AG = -nFAE) would be less dian zero and, by definition, the reaction 

would be spontaneous and favorable. We encounter a problem, though, in the next step, 

i.e., from amicyanin to cytochrome £5511. The Em of cytochrome £5511 was calculated to 

be +190 mV corresponding to a AEm (cytochrome 05511 minus amicyanin) of -104 mV. 

Thus from thermodynamic considerations diis reaction should not occur to any appreciable 

extent (AG > 0). The evidence has shown, in fact, that reduced amicyanin by itself can not 

reduce cytochrome C551J, which is consistent with the thermodynamic data. If, though, the 

dehydrogenase is present one observes rapid reduction of the cytochrome (even though it 

has been shown that MADH alone can not directiy reduce cytochrome 05511). 

88 
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Consequendy there must be some type of interaction occurring that allows an odierwise 

thermodynamically unfavorable reaction to become favorable. For any electron ttansfer 

reaction to cx:cur an intermediate must be formed in which the two components involved 

form a complex (ToUin et al., 1986). At a minimum three possibilities exist: 1) amicyanin 

is interactiuig with the MADH to shift the Em value of amicyanin to a more negative value; 

2) cytochrome £5511 is interacting widi die MADH to shift die Em value of die cytochrome 

to a more positive one, or, 3) all diree interact to shift the Em values of bodi amicyanin and 

cytochrome £5511. A fourth possibility in which only amicyanin and cytCKhrome £5511 

interact is not plausible since MADH must be present for die reaction to cx:cur. Since the 

electrons probably enter the membrane-bound electron ttansfer chain at the level of die 

constituitive cytcx:hrome £550 (Em = +250 mV), or die terminal oxidase, cytochrome aa3 

(Bosma gt al., 1987; Kuo £t al-, 1985) it would not be possible for the Em value of 

cytochrome £5511 to shift to values > +294 mV and still be able to donate electtons to the 

constituitive electron transfer chain. 

The spectral perturbation data clearly indicates that there is some type of interaction 

cx:cuning between amicyanin and MADH, It appears that the specuiim of the P ( ^ 

prosthetic group is being perturbed since the differences are confined to a region in which 

PQQ absorbs and not in the area of the charge transfer band of amicyanin. One cannot be 

certain of the nature of the perturbation from optical absorbance data alone but circular 

dichroism difference spectra (data not shown) indicated no detectable differences in the 

orientation of PQQ that result from interaction widi amicyanin. The difference specttnm of 

the oxidized amicyanin : MADH complex is distinct from that of die reduced amicyanin : 

MADH complex, suggesting some dissimilarities in these two complexes. Further 

evidence for the formation of a complex between amicyanin and MADH comes from die 

co-concenoation experiments. Since the molecular weight of amicyanin is less dian die 

cutoff value of the two membranes used one would expect (and indeed observes) that 
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amicyanin would easily pass dirough die membrane. The faa diat no amicyanin is 

observed in die filttate when MADH is present suggests a formation of a complex between 

diese two proteins. The negative results from die gel filttation co-chromatography 

experiments suggest diat die binding is relatively weak and diat die K<i for complex 

formation is greater dian 1 X 10-5 M, consistent widi die data obtained from die optical 

tittations (Fig. 11) in which relatively high ratios of amicyanin to MADH are needed to 

sattarate binding. In addition to this data amicyanin has been observed to co-crystallize widi 

MADH (V.L. Davidson, personal communication). We therefore have several independent 

lines of evidence for die formation of a complex between amicyanin and MADH. The 

sigmoidal binding isotherm (Fig. 11) is indicative of a cooperative process occurring 

(Hammes, 1982) and die results from bodi Hill plots (n = 1.8 and 2.1 for die oxidized and 

reduced protein, respectively) and Scatchard plots support the premise that binding is 

cooperative (Connors, 1987). One cannot simply assign a stoichiometty from the binding 

isotherm alone. The co-concenttation data suggest a minimal stoichiometry in the complex. 

If the stoichiometry was less than 2 mol amicyanin to 1 mol MADH one would observe 

some amicyanin in the filtrate upon concentration when the proteins are mixed in this ratio. 

This does not cx:cur, verifying that die stoichiometry is at least 2:1. The a2p2 structure of 

MADH, containing two PQQ sites, also suggests at least two binding sites for amicyanin. 

One can observe that there are differences in the interaction between MADH widi oxidized 

and reduced amicyanin. This is borne out in the distinctions in the difference spectra as 

well as the binding isotherms. A higher concenttation of reduced amicyanin is needed to 

saturate binding to MADH dian oxidized amicyanin, suggesting preferential binding of 

MADH to the oxidized form of amicyanin. 

Complexes between two proteins can be stabilized by a variety of forces. These 

include electtx)static, hydrophobic, hydrogen bonding or Van der Waals interactions (Klotz, 

1985). Figure 10 showed diat upon addition of NaCl to 200 mM (a condition which 
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inhibits electtx)static interactions) most of die feattires in die difference specoa diminish in 

magnittide. Furdiermore, the kinetic data shows diat die rate of electron ttansfer in die 

presence of 200 mM NaCl is substantially diminished. This data suggests diat electtx)static 

forces (i.e., salt bridges between charged amino acid rcsidues) arc important in stabilizing 

the complex between amicyanin and MADH, but one can not totally atnibute stabilization to 

electt-ostatic forces since: 1) die difference spectta do not rettim completely to die baseline 

under conditions of high ionic sorengdi (Fig. 14), and ; 2) co-crystallization occurred under 

very high ionic sttength. The above information indicates that not only arc electtostatic 

forces involved in diis complex but also possibly hydrophobic interactions. 

We can see, thercfore, that at least one of the three aforementioned possibilities does 

indeed occur, i.e., a complex between amicyanin and MADH. When the same mixing 

experiments were performed with MADH and cytochrome £5511 no spectral perturbations 

were observed. This result in itself does not preclude the possibility that there is complex 

formation between cytochrome £5511 and MADH but, coupled with data to be discussed 

later, indicates that the Em value of this cytochrome is not affected upon mixing with 

MADH. 

When amicyanin and MADH are mixed togedier at low ionic sttength one observes a 

substantial shift (-73 mV) in the Em value of amicyanin. Therc is precedence for a shift in 

midpoint potentials upon complex formation. When FNR and ferredoxin arc mixed the 

midpoint potential of the [2Fe-2S] cluster in ferredoxin shifts to a more negative value 

while die potential of die FAD group in FNR shifts to a morc positive one (Smith et al., 

1981; Batie and Kamin, 1981). In conttast to die MADH/amicyanin system though, the 

transfer of an electron from ferredoxin to FNR is thermodynamically favorable beforc any 

shift. The shift in the midpoint potential of amicyanin, caused by complex formation, 

results in a significant narrowing of the difference between Em values of amicyanin and 

cytochrome £5511 from -104 mV for the isolated proteins to -31 mV for die proteins in the 
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complex. Thus, formation of diis complex will facditate electton ttansfer from amicyanin 

to cytochrome £551;. One observes diat die midpoint potential of amicyanin does not rettim 

completely to die conttol value after addition of NaCl to 200 mM. The Em of amicyanin 

alone in 200 mM NaCl was detenmined to be +287 ± 5mV (close to die value in low ionic 

strengdi, Em = 294 ± 4mV). This observation-coupled widi die differcnce spectra and 

kinetic data-may provide furdier evidence diat die interaction between amicyanin and 

MADH is not totally conttoUed by electrostatic forces. 

As stated earlier die binding isodierms for oxidized and reduced amicyanin differ. In 

fact, higher concenttations of reduced amicyanin are required to samrate binding to MADH. 

Thermodynamics requires (see Sec. 1.1) diat for a negative shift in the midpoint potential 

binding of a "ligand" must be preferential for the oxidized form. The data presented here 

are consistent with this requirement and provides independent evidence for a shift in the 

midpoint potential. 

Since the mixing of MADH and cytochrome £5511 caused no shift in the Em of 

cytochrome £5511 the enhancement of electton transfer from amicyanin to cytochrome £5511 

observed in the complete system can be attributed to interactions between die enzyme and 

amicyanin. One must realize, diough, that there must be the formation of a temary complex 

in vivo, i.e., between MADH-amicyanin-cytochrome £5511. This must occur because if 

the amicyanin dissociates from the MADH after electtxjn ttansfer diere will no longer be any 

shift in the Em value of amicyanin. This temary complex may also cause some type of 

perturbation in either the Em of cytcx:hrome £5511 or that of amicyanin. In any case, the 

results of these studies would largely seem to resolve the apparcnt paradox conceming die 

ttansfer of an electron from amicyanin to cytochrome £5511 and provide an explanation for 

our earlier observations that while amicyanin-mediated electron transfer ftxjm MADH to 

cytochrome £5511 occurred, no electton ttansfer from reduced amicyanin to die cytochrome 

occurred in the absence of this quinoprotein. 
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One can imagine several avenues of furdier experimentation. Through die use of 

chemical crosslinking and/or chemical modification of specific surface residues on 

amicyanin and MADH one may be able to determine bodi die stoichiometty as well as die 

site of interaction. By extending diese studies to investigating die possibUity of a temary 

complex one may observe odier effects upon binding to furdier facilitate electton ttansfer 

from amicyanin to cytochrome £5511. Additionally Resonance Raman difference spectta 

may be able to detect a differcnce in die coordination spherc of die copper in amicyanin 

when complex formation cx:curs. If such a difference exists this may provide a molecular 

basis for the shift in the midpoint potential of the copper in amicyanin. 

4.2. Ferredoxin-dependent enzvmes 

4.2.1 .Ferredoxin-NADP+ oxidoreductase 

A modified form of ferredoxin has been used in the past to attempt to localize the site 

on ferredoxin responsible for binding to ferredoxin-dependent enzymes (Vieira and Davis, 

1985; Vieira and Davis, 1986; Vieira etal., 1986; Hirasawa etal., 1986; Hirasawa £t al., 

1987a). This so-called modified ferredoxin is modified at 3-4 carboxyl rcsidues through 

die use of EDC and GEE (Vieira and Davis, 1985; Vieira and Davis, 1986; Vieira et al-. 

1986). We became concemed diat diis mcxiification may have had some deleterious affect 

upon the conformation or oxidation-reduction properties of the [2Fe-2S] cluster of 

ferredoxin and that it was this perturbation that caused decreased activities with its rcdox 

partners. The circular dichroism spectrum of modified ferredoxin is, in fact, identical to that 

of native spinach ferredoxin. Since all of die CD measurements were taken in die visible 

region of die specttum we can say diat there is no change in the conformation of die 

chromophore. However, since CD measurements were not taken around 200 nm we 

cannot mle out changes in the helix or p sheet content Furthermore, modified ferredoxin 

actually was shown to have a slighdy more negative Em (-444 mV) dian native ferredoxin 

i 
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(Em = -423 mV). The results of these experiments suggest diat die altered binding and 

kinetic properties observed for modified ferredoxin were not due to a sttiicttiral alteration or 

a shift in die oxidation-reduction midpoint potential. 

The results presented here also provide additional evidence that carboxylate residues 

on ferredoxin are, indeed, involved in binding to FNR. The co-migration data clearly 

indicates diat modified ferredoxin no longer forms an electtostatically stabilized complex of 

high affinity widi FNR. This is in complete agreement with die observations of Zanetti et 

aL (1988) in which ferredoxin was shown to crosslink to FNR via two regions on 

ferredoxin. These regions are two of three shown to be modified on modified ferredoxin. 

Even diough die above results indicate diat die carboxylate groups on ferredoxin are 

important in the interaction with FNR recent results from tryptophan fluorescence 

experiments suggests that some other type of interaction may be occurring as well (Davis, 

D. J., personal communication). 

4.2.2. Ferredoxin-thioredoxin oxidoreductase 

Similar to odier ferredoxin-dependent enzymes studied to date, FTR has been shown 

to form an electrostatically stabiHzed complex widi ferredoxin (Hirasawa et al., 1988a). 

Since FTR is a regulatory protein, in conttast to the assimilatory enzymes FNR, nittite 

reductase and sulfite reductase, it was of interest to determine if the same site on ferredoxin 

was responsible for binding to FTR. Both native ferredoxin and modified ferredoxin have 

been observed to co-migrate widi FTR (Hirasawa et al., 1988a) but the apparent Mr s 

differed by values greater than the experimental uncertainty suggesting some difference in 

the globular structure of the complex. The stoichiometry of bodi complexes was 1 mol 

ferredoxin to 1 mol FTR. The CD specttiim of FTR exhibits some similarity to that of die 

reduced form of die [4Fe-4S] cluster-containing high potential iron-sulfur protein (HiPIP) 

from die photosyndietic purple sulfur bacterium Thiocapsa pfcnnigii (Przysiecki et aL, 
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1984) but bears little resemblance to diat of [2Fe-2S] cluster-containing proteins such as 

spinach ferredoxin (Garbett et al., 1967). Coupled widi earlier evidence from visible 

absorbance spectta and chemical analyses (Droux et al., 1987; de la Torre et al., 1982; 

Schiirmann, 1981), the CD spectmm is consistent widi the hypodiesis that FTR contains a 

[4Fe-4S] cluster. 

The fact that the CD specttoim of a mixture of FTR and ferredoxin is different ftx)m diat 

of the addition of the two individual spectra is consistent with die formation of a complex 

between the two proteins. When 200 mM NaCl is present one does not observe any 

differences in the spectra of the mixture or the simple addition of the individual spectra. 

This suggests that, as widi other ferredoxin-dependent enzymes, electrostatic forces are 

important in the stabilization of die complex. But, in contrast to die odier ferredoxin-

dependent enzymes, the optical difference spectra between FTR : ferredoxin and 

FTR : modified ferredoxin were not substantially distinct (Hirasawa et ai-. 1988a). 

Similarly, we could only observe minor differences in the CD difference specua between 

FTR : ferredoxin and FTR : modified ferredoxin. This suggests that the binciing sites on 

ferredoxin may differ, in part, ftt)m diose involved with other ferredoxin-dependent 

enzymes similar to results obtained for die ferredoxin-dependent sulfite reductase of 

spinach chloroplasts (Hirasawa et aL> 1987a). 

4.2.3. Ferredoxin- nittite oxidoreductase 

Previous work in our laboratory demonstrated diat removal of die Mr = 24 kDa 

subunit from native nittite reductase resulted in a 30% to 50% decrease in enzyme siroheme 

content (Hirasawa gt al-, 1987b). The observation diat the modified, Mr = 61 kDa forni of 

die enzyme exhibits a hyperbolic, Michaelis-Menten dependence of reaction rate on nittite 

concentration while die native, Mr = 85 kDa form of die enzyme exhibits a sigmoidal 

dependence on rate of nittite reduction (Hirasawa et al., 1987b) suggested die possibility 
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diat the siroheme remaining in the modified enzyme was in a somewhat different 

environment dian the siroheme in the native enzyme. 

This report confirms diis possibility in two ways. Firsdy, it demonstrates that die Em 

value of die siroheme in die native enzyme, -305 mV, is some 150 to 250 mV more 

negative dian die values reported for die modified form (Stoller £t al.,1977; Cammack et 

al., 1978). The Em value of -305 mV for the siroheme in native nittite reductase is quite 

close to that reported for the siroheme-containing subunit of E £oli assimilatory sulfite 

reductase (Em = -340 mV [Siegal et al., 1982]). 

The large difference in the siroheme midpoint potential between the native and 

modified nitrite reductases raises the possibility that the Em value for the [4Fe-4S] cluster 

of the native enzyme may also be significantiy different from that reported for the 63 kDa 

forms of die enzyme. A value of -570 mV (pH 8.1) has been reported for the Q^ pepo 

enzyme (Cammack £t al., 1978) and an Em ̂  -550 mV (pH 9.0) for die spinach enzyme 

(Stoller £t ai., 1977). These values are considerably more electtonegative dian die Em 

value of -420 mV measured for die [2Fe-2S] center of ferredoxin (Fig. 18 an'd Smith et al., 

1981; Tagawa and Amon, 1962; Hawkridge and Ke, 1976). Therefore it is not clear how 

diermcxiynamically favorable electron ttansfer could cxxur from die physiological electton 

donor, ferredoxin, to die [4Fe-4S] cluster of nittite reductase. 

Secondly, even though die feattires of the CD specGiim have not been unambiguously 

assigned to eidier die siroheme or the [4Fe-4S] cluster die substantial differences in die CD 

spectra of die two forms of the protein may suggest that die protein environment around 

either one or bodi of these groups is different. If both environments are different the Em 

value of the [4Fe-4S] cluster may shift in die Mr = 85 kDa form as compared to the Mr = 

61 kDa form of the protein. 



UST OF REFERENCES 

Alefounder. P. R. and Ferguson, S. J. (1981) Biochem. Biophys. Res. Conim. 2^. 778 -
/o4. 

Ambler. R. P. and Tobari. J. (1985) Biochem. J. 222,451 - 457. 

Andiony, C. (1982) In "The Biochemistty of Mediylottophs." Academic Press, New 
York. 

Andiony, C. and Zattnan, L. J. (1967) BiocheoL J. VQ4,960 - 969. 

Aparicio, P. J.. Knaff, D. B. and Malkin. R. (1975) Arch. Biochem. Biophys. 169, 102 -
107. 

Batie, C. J. and Kamin, H. (1981) J. Biol. Chem. 25^ 7756 - 7763. 

Batie. C. J. and Kamin. H. (1984) J. Biol. ChenL 2 ^ 8832 - 8839. 

Batie. C. J. and Kamin, H. (1986) J. Biol. Chem. 2 ^ 11214 - 11223. 

Beardmore-Gray, M., OTCeefe. D. T. and Andiony, C. (1983) J. General Microbiol. 129, 
923 - 933. 

Beevers, L.. Flesher. D. and Hageman, R. H. (1964) Biochim. Biophys. Acta 29,453 -
464. 

» 

Beevers, L. and Hageman, R. H. (1980) In "The Biochemistry of Plants : A 
Comprehensive Trcatise." (Miflin, B. J., ed) Vol 5. pp. 115 -168. 

Bosma, G., Braster, M., Stouthamer, A. H. and van Verseveld, H. W. (1987) Eur. J. 
Biochem. l ^ 665 - 670. 

Bradford, M. M. (1976) Anal. Biochem. 21, 248 - 254. 

Buchanan. B. B. (1980) Annu. Rev. Plant Physiol. 2i . 341 - 374. 

Buchanan. B. B. (1986) In "Thioredoxin and Glutaredoxin Systems : Structurcs and 
Function." (Holmgren. A.. £t al.. eds.) Raven Press. New York. pp. 233 - 242. 

Buchanan, B. B.. Kalbercr. P. P. and Amon. D. I. (1967) Bicx:hem. Biophys. Res. 
Comm. 22,74 - 79. 

Cammack. R.. Huckelsby, D. P. and Hewitt, E. J. (1978) Biochem. J. U L 519 - 526. 

Chan, R. L., Carrillo, N. and Vallejos, R. H. (1985) Arch. Biochem. Biophys. 240, 172 
177. 

97 

I 



98 

Chan. T. M.. Ulrich. E. L. and Markley. J. L. (1983) Biochemistty 22, 6002 - 6007. 

Clark, W. M. (1960) In "Oxidation - Reduction Potentials of Organic Systems." Waveriy 
Press, Baltimore. 

Clayton, R. K. (1980) In "Photosyndiesis : Physical Mechanisms and Chemical Pattems." 
Cambridge University Press, Cambridge. 

Connors. K. A. (1987) In "Binding Constants: The Measurcment of Molecular Complex 
StabiUty." John Wiley & Sons. pp. 78 - 86. 

Cox. R. B. and Quayle. J. R. (1975) Biochem. J. l̂ Q. 569 - 571. 

CrcssweU, C. F., Hageman. R. R and Hewitt, E. J. (1962) Biochem. J. £ 1 38 - 39. 

Cs6ke. C. and Buchanan, B. B. (1986) Biochim Biophys. Acta ̂ 5143 - 63. 

Davidson, M. W.. Gray. G. O. and Knaff. D. B. (1985) FEBS Lett. 187, 155 - 159. 

Davidson, V. L.. Neher, J. W. and Cecchini. G. (1985) J. Biol. Chem. 2 ^ , 9642 - 9647. 

Davis. D. H,. Doudoroff. M.. Stanier. R. Y. and Mandel. M. (1969) Int. J. Sys. 
Bacteriol. 1£, 375 - 390. 

DeBeer. R., Duine. J. A.. Frank. J. and Large. P. J. (1980) Biochim. Biophys. Acta 622. 
370 - 374. 

de la Torre. A., Lara, C. Yee. B. C, Malkin, R. and Buchanan, B. B. (1982) Arch. 
Biochem. Biophys. 213. 545 - 550. 

Dickerson. J. L.. Kormic, L J. and R^es. D. C. (1985) J. Mol. Biol. 2 ^ 5175 - 5178. 

Droux. M.. Jacquot, J. P., Miginiac-Maslow. M., Galdal, P., Huet, J. C, Crawford, N. 
A., Yee. B. C. and Buchanan, B. B. (1987a) Arch. Biochem. Biophys. 212,426 -
439. 

Droux. M., Jacquot, J. P., Suzuki. A. and Galdal. P. (1983) In "Advances in 
Photosynthesis Research." (Sybesma, C, ed.) Vol HI. Nijhoff/Junk, The Hague, pp. 
533 - 536. 

Droux, M.. Miginiac-Maslow. M.. Jacquot, J. P.. Galdal. P., Crawford, N. A., 
Kosower, N. S. and Buchanan, B. B. (1987b) Arch. Biochem. Biophys. 256, 372 -
380. 

Duine, J. A. and Frank, J. (1981) Trends in Biochem. ScL ^ 278 - 280. 

Duine, J. A., Frank, J. and Jongejan. J. A. (1986) FEMS Microbiol. Rev. 22.165 - 178. 

Duine, J. A.. Frank, J. and Jongejan, J. A. (1987) Adv. Enzymol. 59. 169 - 212. 

Duine. J. A.. Frank. J. and Verwiel. E. J. (1980) Eur. J. Biochem. IM, 187 - 192. 



99 

Duine. J. A., Frank, J. and WesterUng, J. (1978) Biochim. Biophys. Acta 524,277 - 287. 

Dutton. P. L. (1978) In "Mediods in Enzymology." (Reischer. S. & Packer. L., eds.) 54, 
Academic Press, New York. pp. 410 - 435. 

Dutton, P. L. and Wilson. D. F. (1974) Biochim. Biophys. Acta 24^, 165 - 212. 

Duysens, L. N. M., Amesz, L and Kamp, B. M. (1961) Nattire l^ 510 -511. 

Eady, R. R. and Large, P. J. (1971) Biochem. J. 123,757 - 771. 

Eady, R. R. and Large, P. J. (1968) Biochem. J. I M 245 - 255. 

Eckert, T. S., Bruice, T. C. Gainor. J. A. and Weinreb, S. M. (1982) Proc. Nad. Acad. 
Sci. USA 22, 2533 - 2536. 

Eley. G. G. S. and Moore. G. R. (1983) Biochem. J. 215, 11-21. 

Faraggi, M., Chandrasekar. R.. M^Whirter, R. B. and Klapper, M. H. (1986) Biochem. 
Biophys. Res. Conun. 122, 955 - 962. 

Foust, G. P., Mayhew, S. G. and Massey, V. (1969) J. Biol. Chem. 2M, 964 - 970. 

Garbett, K., Gillard, R. D., Knowles, P. F. and Stangroom, J. E. (1967) Nattire 215, 824 
-828. 

Gray. G. O. and Knaff. D. B. (1982) Biochim. Biophys. Acta MQ, 290 - 296. 

Gray, K. A.. Knaff, D. B., Husain, M. and Davidson, V. L. (1986) FEBS Lett. 2QL 239 
-242. 

Hageman, R. H.. Cresswell, C. F. and Hewitt, E. J. (1962) Nattire 121. 247 - 250. 

Hageman, R. H. and Hucklesby, D. P. (1971) In "Mediods in Enzymology." (San Pieo-o, 
A., cd.) 21. Academic Press, New York. pp. 491 - 503.Hammes, G. G. (1982) 
Enzyme Catalysis and Regulation (Horesker, B., Kaplan, N. O., Marmur, J. & 
Scheraga, H. A., eds.) Academic Press, New York. 

Hawkridge, F. M. and Ke, B. (1976) Anal. Biochem. 2a. 76 - 85. 

Hazzard, J. T., M^Lendon G., Cusanovich, M. A. and Tollin, G. (1988) Biochem. 
Biophys. Res. Comm. 15L 429 - 434. 

Henry, M. F. and Vignais, P. M. (1979) FEBS Lett. li}Q, 41 - 46. 

Hewitt. E. J. (1975) Ann. Rev. Plant Physiol. M, 74 -100. 

Hirasawa, M.. Boyer, J. M., Gray, K. A., Davis, D. L and Knaff, D. B. (1986) 
Biochim. Biophys. Acta £51,23 - 28. 



'[ 

Hirasawa. M Boyer, J. M., Gray, K. A., Davis, D. J. and Knaff, D. B. (1987a) FEBS 
Lett. 22L 343 - 348. 

^^^??^r:.̂ -*P^°"'̂ » ^» ^^y» ^- A- Boyer. J- M., Davis, D. J.. Buchanan. B. B. and 
Knaff. D. B. (1988a) Biochim. Biophys. Acta (in press). 

Hirasawa, M Fukashima. K.. Tamura. G. and Knaff. D. B. (1984) BiochinL Biophys. 
Acta22L145-154. 

Hirasawa. M. and Knaff. D. B. (1985) Biochim. Biophys. ActaSliL 173 -180. 

Hirasawa, M.. Gray. K. A.. Sung, J. and Knaff, D. B. (1988b) J. Biol. Chem. 
(submitted). 

Hirasawa, M., Horie. S. and Tamura, G. (1982) Agric. Biol. Chem. 4^, 1319 -1328. 

Hirasawa, M., Shaw, R. W., Palmer, G. and Knaff, D. B. (1987b) J. Biol. Chem. 262, 
12428 - 12433. 

Hirasawa. M. and Tamura. G. (1980) Agric. Biol. Chem. 44,749 - 759. 

Hirasawa. M. and Tamura, G. (1981) Agric. Biol. Chem. 45.1615 -1620. 

Hirasawa-Soga. M.. Tamura. G. and Horie. S. (1983) J. Biochem. 24, 1833 - 1840. 

Ho, C. H. and Tamura, G. (1983) Agric. Biol Chem. 2L 37 - 44. 

Hopkins. M. F. and Baker, N. R. (eds.) (1986) In "Photosyndiesis Energy Transduction, 
A Practical Approach." IRC Press. Washington. D.C. 

Huckelsby, D. P. (1987) In "Inorganic Nitogen Metabolism." (Ullrich, W. R., Aparicio, 
P. J., Syrett. P. J. & Castillo, F.. eds.) Springer-Verlag. New York. pp. 123 - 175. 

Huckelsby. D. P.. Cammack. R. and Hewitt, E. J. (1979) In "Nitrogen Assimilation of 
Plants." (Hewitt, E. J. & Cutting. C. V., eds.) Academic Press. New York. 245 -
254. 

Hucklesby. D. P., James, D. M., Banwell, M. J. and Hewitt, E. J. (1976) Phytochemistry 
(Oxf) 15, 599 - 603. 

Husain, M. and Davidson, V. L. (1985) J. Biol. Chem. 2 ^ , 14626 - 14629. 

Husain. M. and Davidson. V. L. (1986) J. Biol. Chem. 26L 8577 - 8580. 

Husain. M. and Davidson. V. L. (1987) J. Bacteriol. l^ 1712 - 1717. 

Husain. M., Davidson. V. L.. Gray. K. A. and Knaff. D. B. (1987) Biochemistty 2^, 
4139 - 4143. 

Husain, M., Davidson, V. L. and Smidi, A. J. (1986) Biochemistty 25, 2431 - 2436. 

Huzisize, H. and Satoh, K. (1961) BoL Mag. 24, 178 - 185. 



' rf 

101 

Ida, S. (1977) L Biochem. 22,915 - 918. 

Ida, S. and Mikami, B. (1986) Biochim. Biophys. Acta STL 167 -176. 

Ishii Y.. Hase. T.. Fukumari, Y., Matsubara, a and Tobari, J. (1983) J. Biochem. 21. 

John, P. and Whadey, F. R. (1977) Biochim. Biophys. Acta 4^ , 129 -153. 

Kamen. M. D. and Vemon. L. P. (1955) Biochim. Biophys. Acta 12,10 - 22. 

Kamin, H, and Privalle, L. S. (1987) In "Inorganic Nitt-ogen MetaboUsnL" (Ulrich, W. 
R., Aparicio, P. J. & Castillo, F., eds.) Springer-Verlag, New York. pp. 112 - 117. 

Kaiplus, P. A., Walsh, K. A. and Herriot, J. R. (1984) Biochemistry 22, 6576 - 6583. 

Kasprzak, A. A. and Stenkamp, D. J. (1983) J. Bacteriol. 156, 348 - 353. 
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