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CHAPTER I 

INTRODUCTION AND STATEMENT OF PURPOSE 

Ferredoxin functions as the electron acceptor of 

electrons from Photosystem I in all organisms that carry 

out oxygenic photosynthesis [1], Reduced ferredoxin 

serves, in turn, as the electron donor for a variety of 

processes, including the reduction of NADP"̂  [2], nitrite 

[3,4], sulfite [5,6], thioredoxin and regulatory enzymes 

of the Calvin-Benson cycle [7] as well as the reductive 

conversion of 2-oxoglutarate plus glutamine to glutamate 

[8,9]. Evidence exists that several ferredoxin-linked 

enzymes form a noncovalent complex with ferredoxin when 

tested by affinity chromatography, co-migration chroma

tography and spectral perturbation techniques. It has 

been proposed that this complex formation increases the 

functional efficiency of these enzymes i^ vivo [10]. 

Specifically the ferredoxin-linked enzymes 

ferredoxin:NADP oxidoreductase, ferredoxin:nitrite 

oxidoreductase, ferredoxin:sulfite oxidoreductase, L-

glutamate:ferredoxin oxidoreductase (transaminating) and 

ferredoxin:thioredoxin oxidoreductase (hereafter referred 

to as NADP reductase, nitrite reductase, sulfite 

reductase, glutamate synthase and thioredoxin reductase. 



respectively) all can be purified using an affinity column 

in which ferredoxin is covalently attached to a Sepharose-

4B matrix [5,8-14]. This suggests that these enzymes form 

a complex with ferredoxin, and it is these complexes that 

will be the subject of this investigation. 

Evidence from a number of laboratories indicated that 

electrostatic forces hold the complexes between ferredoxin 

and the ferredoxin-linked enzymes NADP reductase 

[lb-17,18-20], nitrite reductase [21-22] and glutamate 

13 synthase [23] together. C-NMR investigations have 

implicated carboxyl side chains from three glutamate 

residues on Anabaena variabilis ferredoxin in complex 

formation with NADP reductase [24] . Cross-linking 

studies between NADP reductase and spinach ferredoxin 

have also implicated ferredoxin carboxyl groups in the 

interaction of ferredoxin and NADP reductase from 

spinach. Chemical modification of 3-4 carboxyl residues 

on ferredoxin by treatment with glycine ethyl ester in the 

presence of the water soluble carbodiimide l-ethyl-3-

(3-diethylaminopropyl) carbodiimide (EDC), greatly inhib

ited the ability ot ferredoxin to form a complex with 

NADP reductase without affecting the protein's Y&^^y 

center or its ability to be photoreduced by Photosystem I 

[21,22,25]. This modification was also shown to affect 

the interaction of ferredoxin with nitrite reductase and 

glutamate synthase [23]. It, therefore, is of interest to 



investigate the effects that this ferredoxin modification 

has on other ferredoxin-linked enzymes and compare the 

different systems m order to determine whether complex 

formation with ferredoxin is a common feature of all 

ferredoxin-linked enzymes. 



CHAPTER II 

BACKGROUND AND LITERATURE REVIEW 

As already mentioned, it has been shown that affinity 

chromatography techniques can be used to show the exis

tence of a noncovalent complex between ferredoxin and 

ferredoxin-linked enzymes [5,8-14]. Due to its large net 

negative charge, ferredoxin binds very tightly to a 

DEAE-cellulose column [54]. Specifically it has been 

shown that ferredoxin cannot be eluted from a Whatman 

DE-52 DEAE-cellulose column with 10 mM Tris-HCl buffer (pH 

8.0) containing 200 mM NaCl. However, the addition of 

NADP reductase, nitrite reductase, glutamate synthase or 

sulfite reductase to a ferredoxin-saturated DEAE-cellulose 

column caused ferredoxin to be co-eluted with the enzymes 

when 10 mM Tris-HCl buffer (pH 8.0) containing 80 mM NaCl 

was applied to the column. 

There are several ferredoxin-linked enzymes from 

diverse sources that are involved in complex formation 

with ferredoxin and the list is growing. This suggests 

the possible generality of the formation of such a complex 

in the interaction of ferredoxin with all ferredoxin-

linked enzymes. This study will investigate ferredoxin-

linked chloroplast enzymes from spinach. Spinach is a 



logical choice as the source for most chloroplast enzymes 

due to Its large leafy nature which has an abundance of 

chloroplasts and its ready availability. 

Ferredoxin-linked Nitrite Reductase 

The assimilatory reduction of nitrate to ammonia 

proceeds via two steps. Nitrate reductase catalyzes the 

first step in this pathway with the two electron reduction 

of nitrite to ammonia with no intermediate compounds being 

released. This reaction is catalyzed by a single enzyme, 

nitrite reductase [26]. Initial attempts to demonstrate 

this reaction were unsuccessful until it was shown that 

nitrite reduction could be stimulated by incubating plant 

extracts with reduced benzyl viologen [27-28]. It was 

simultaneously discovered that this reduction in extracts 

from spinach could be stimulated by the illumination of 

chloroplasts [29]. These observations led to the discov

ery that reduced ferredoxin could serve as the electron 

donor for nitrite reductase isolated from higher plants 

[30-32]. It is reasonable that ferredoxin could be the 

physiological electron donor for nitrite reductase as the 

reduction of the nitrite to ammonia occurs in the chloro

plast and ferredoxin is also localized in chloroplasts 

where it is reduced by Photosystem I [33]. 

Nitrite reductase has been purified and characterized 

from a large number of sources. The most extensive 

purification with relative high recovery of enzyme 



activity utilized affinity chromatography on ferredoxin 

Sepharose-4B [4,34]. Isolation from a variety of sources 

has shown that the catalytic properties and prosthetic 

group composition are similar. There are some disagree

ments as to the acutal molecular weight of the enzyme 

isolated from spinach. Hirasawa et. aJL. have proposed that 

the molecular weight of the most stable form is 86 kDa and 

is composed of subunits of 61 and 24 kDa. This form of 

the enzyme was found to contain 2 mol of siroheme per mol 

of enzyme and 4 mol of acid-labile sulfur per mol of 

enzyme. They have designated this form as native nitrite 

reductase [4,38]. Other groups have reported isolation of 

a nitrite reductase with a molecular weight of about 63 

kDa containing only 1 mole of siroheme per mole of enzyme 

in addition to the 4 mol of acid-labile sulfur. Hirasawa 

et al. have proposed that the larger subunit is a modified 

form of the protein (and thus it is referred to as mod

ified nitrite reductase) having decreased ferredoxin-

linked activity and increased methyl viologen activity 

while the smaller subunit is a coupling protein necessary 

for ferredoxin-linked activity [38]. They have also shown 

that chromatography on DEAE-Sephadex A50 gives rise to the 

modified form of the protein [4]. To substantiate this 

hypothesis, a monospecific antiserum was prepared against 

the 86 kDa-nitrite reductase capable of catalyzing high 

rates of ferredoxin-linked nitrite reductase activity. 



Immunotitration curves showed that the modified nitrite 

reductase is inhibited to a lesser extent than the 86 kDa 

from by the anti-native nitrite reductase. They were also 

able to show that the coupling protein also reacts with 

the anti-native nitrite reductase but not with anti-

moditied nitrite reductase [35]. 

At this point, no other group has reported the 

existence of the 86 kDa form of the protein. Several 

groups have reported the isolation of the 61-63 kDa form 

of the protein (molecular weight values vary somewhat from 

group to group) [34,36,37]. This form of the protein is 

not dissociated by SDS and, therefore, apparently does not 

contain subunits of different molecular weights. The 

purified enzyme has been shown to have five atoms of iron 

per mol of enzyme. This corresponds to one iron atom 

being associated with a siroheme and the other four iron 

atoms are associated with four acid labile sulfides 

identified as one Fe,S. cluster [34,36,37]. Absorption 

spectra ot this form of the protein as well as the 86 kDa 

form are essentially the same with respect to the location 

of absorbance maxima [4,37,38]. 

Until recently, all purifications of the 61 kDa form 

of nitrite reductase utilized the artificial electron 

donor methyl viologen in the enzyme assay. High rates of 

ferredoxin-lined activity were not reported for the 61 kDa 

form. However, Ida and Mikani have reported the isolation 
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of a 61 kDa form of the protein from spinach utilizing 

affinity chromatography in which ferredoxin was bound to a 

Sepharose-4B matrix. They also report that this form of 

the protein has a much higher rate of ferredoxin-linked 

activity than previously reported [13]. However, it 

should be noted that their values are still only 30% of 

the values reported by Hirasawa e^ al.. [4,38]. 

In vitro biosynthesis studies of nitrite reductase in 

wheat [39] and pea leaves [40] have been performed to 

determine the actual native form of the protein. These 

studies suggest that the molecular weight of the protein 

is 64 kDa. In these studies, crude protein extracts were 

14 radioactively labeled with an L- C-amino acid mixture or 

35 with [ S] methionine. These extracts were then treated 

with antibodies against nitrite reductase. The immunopre-

cipitates were subjected to SDS-PAGE and a single band 

corresponding to an apparent molecular weight of 63 kDa 

was observed. This band was not observed when the in-vivo 

labeled extracts were not treated with nitrite and all 

radioactivity was eliminated when unlabeled nitrite 

reductase (previously purified) was included in the 

extract [39]. 

In other experiments, polysomes from illuminated 

leaves treated with nitrate were used to prime a cell-free 

translation of a wheat germ extract. When subjected to 

SDS-PAGE, the products of translation yields a mixture of 



products corresponding to a wide variety of molecular 

weights. When the products of translation were reacted 

with anti-nitrite reductase serum, two polypeptides were 

immunoprecipitated. The relative mobility of the two 

proteins on SDS-PAGE corresponded to apparent molecular 

weights of 63 and 67 kDa. It was concluded that nitrite 

reductase is synthesized as a heavy-molecular weight 

precursor [39] . Such precursors are common in proteins 

that have to cross biological membranes. Most of these 

heavy weight precursors contain a signal recognition 

peptide which is cleaved after transportation across 

biological membranes. 

While disagreements exist as to the identity of the 

native form of the protein, it is accepted that the 63 kDa 

form of the protein contains 1 siroheme and 1 Fe.S center 

as its prosthetic groups. It should be noted that this 

form of the protein is very similar to another enzyme, 

sulfite reductase. Both enzymes have the same prosthetic 

groups, similar absorbance spectra and molecular weights 

that vary by only 3-6 kDa (when compared to the monomeric 

from of sulfite reductase). Furthermore, it has been 

shown that nitrite reductase can utilize sulfite as a 

substrate and sulfite reductase can utilize nitrite as a 

substrate [6]. However, when subjected to immunological 

studies, the two proteins do not cross-react [35]. 
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Ferredoxin-linked Glutamate Synthase 

In 1970, Tempest, Meers, and Brown reported the 

existence of an enzyme in cell free preparations of 

Aerobacter aerogenes which catalyzed the reductive conver

sion of 2-oxglutarate plus glutamine to glutamate [41]. 

The enzyme was originally named glutamine: 2-oxoglutarate 

aminotransferase from which the acronym GOGAT arose. The 

enzyme has since been classified as E.G. 1.4.7.1 L-

glutamate: Ferredoxin oxidoreductase (transaminating) and 

is commonly referred to as glutamate synthase. 

The discovery ot this enzyme had significant implica

tions tor the understanding ot the route of ammonia 

assimilation. It is agreed that nitrate and dinitrogen 

gas are reduced to ammonia before nitrogen is incorporated 

into organic matter. However, the exact pathway has not 

always been agreed upon, as there are several possibili

ties as to the reaction and system responsible for the 

entry of ammonia into the organic form. Prior to 1970, it 

was accepted that this route ot entry was via glutamate 

dehydrogenase (GDH), which catalyzes the following 

reaction: 

L-glutamate + H2O + NAD"*" (or NADP"*") = 

2-oxglutarate + NH^ + NADH (or NADPH). 

This enzyme was universally distributed, highly active and 

its proposed role in catalyzing the entry of ammonia into 

organic compounds was supported by kinetic studies in 
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yeast [42] . After the discovery of glutamate synthase 

attention was shifted and subsequently glutamate synthase 

was found in higher plants, both in non-green tissues [43] 

and in green leaves [8]. It was shown that the enzyme m 

non-green tissues, like that found m bacteria, utilizes 

reduced pyridine nucleotides as its physiological electron 

donor while the enzyme found in green leaves utilized 

ferredoxin as its physiological electron donor. The 

pyridine nucleotide dependent glutamate synthase has not 

been found in chlorophyll containing cells ot higher 

plants, and it seems that the ferredoxin-dependent enzyme 

is restricted to the chloroplasts. 

Since it was first proposed [8] that this enzyme is 

responsible for catalyzing the major route of entry of 

ammonia into organic nitrogen, a large amount of data has 

been presented which supports this pathway tor ammonia 

assimilation [26]. 

The structural and functional characteristics as well 

as the catalytic properties of glutamate synthase differ 

according to the source. For the ferredoxin-dependent 

form of the enzyme, the enzyme isolated from spinach 

chloroplast has been the most extensively characterized. 

Glutamate synthase was first purified to homogeneity from 

spinach by Tamura et. a]^. [44]. Further studies [23,45] 

have shown that the enzyme has a molecular weight of 140 

kDa (determined by gel filtration). Gel electrophoresis 
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under denaturing conditions yields a single band with a 

relative mobility corresponding to a molecular weight of 

170 kDa. The protein has a flavoprotein like absorption 

spectra exhibiting maxima at 279 and 438 nm with shoulders 

at 415 and 460 nm and a broad band at 360 nm. Fluoro-

metric data indicated the presence of 2 mol of flavin per 

mol of enzyme and paper chromatography showed the presence 

of FAD and FMN [45]. This was the first report of a 

flavin prosthetic group in glutamate synthase. It was 

also shown that the enzyme is inhibited by atebrin, a 

flavoprotein inhibitor. The enzyme also contains 4 mol of 

acid-labile sulfide and 4 g-atoms of iron per mol of 

enzyme [45]. It has not yet been determined what type of 

iron sulfur cluster is present. 

Kinetic data showed that the effect of ferredoxin 

concentration on the rate of reaction did not obey 

Michaelis-Mention kinetics, but rather exhibited a sig-

modial relationship. The Hill coefficient was 1.8, 

indicating multiple binding sites for ferredoxin. The 

K ^^^ for ferredoxin was 1 x 10 M. The ratio of gluta-m ^ 

mate formed to glutamine produced is 2 [45] . 

Ferredoxin-linked Sulfite Reductase 

The most commonly available form of sulfur utilized 

by organisms is inorganic sulfate. Plants utilize sulfate 

as their sulfur source for the synthesis of many sulfur-

containing compounds. Reduction of sulfate by plants 



13 

quantitatively accounts for most biological sulfate 

reduction and is important in the supply of sulfur con

taining amino acids to those systems which are unable to 

utilize sulfate for their source of sulfur [26]. 

In general, the reduction and assimilation of inor

ganic sulfate in plants is similar to that of nitrate. 

Both utilize an eight electron reduction to obtain the 

inorganic forms (sulfide and ammonia) in energy requiring 

reactions prior to incorporation into organic sulfur and 

nitrogen. With the exception of the initial reduction of 

nitrate to nitrite which occurs in the cytoplasm, both 

processes occur totally in the chloroplasts. Both are 

dependent on light to supply reduced ferredoxin as well as 

ATP [26,4b]. However, there are significant differences 

in the two processes. ATP is required for activation of 

sulfate prior to reduction while in the assimilation of 

nitrate, ATP is required after the reduction for incorpor

ation of ammonia into the organic form. 

While sulfite reductase has been isolated from 

several sources, spinach sulfite reductase has been the 

most extensively studied plant enzyme [5,6,13,46-47]. 

Several groups have isolated and purified spinach sulfite 

reductase to homogeneity. It has been found that the 

enzyme exists in two active forms. One has an apparent 

molecular weight of 69 kDa which upon proteolytic cleavage 

(even under conditions so as to protect against such a 
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cleavage) gives rise to the second form which has a 

molecular weight of 63 kDa [6]. Other investigators have 

indicated that the enzyme exists in three forms of molecu

lar weight 70, 140, and 270 kDa which correspond to a 

monomer, dimer, and tetramer, respectively. Specifically 

under denaturing conditions SDS-PAGE showed a single 

polypeptide corresponding to a molecular weight of 71 kDa 

while gel electrophoresis under non-denaturing conditions 

showed a single protein band which corresponded to a 

relative molecular weight of 270 kDa [5]. At ionic 

strengths of 80 mM, molecular weight determinations by gel 

filtration chromatography gave an apparent molecular 

weight value of 136 kDa [5,6]. 

The purified enzyme has an absorption spectra that 

resembles nitrite reductase with maxima at 279, 385, 588, 

and 714 nm. The two forms of the enzyme mentioned earlier 

differ in their absorption spectra only in the A^^Q.A-^J. 

ratio indicating greater protein content for the 69 kDa 

form. This spectra is very similar to the isolated 

hemoprotein subunit of NADPH-sulfite reductase from E. 

coli which can also catalyze the six electron reduction of 

sulfite to sulfide. 

It has been shown that spinach sulfite reductase 

contains 1 mol of siroheme and one Fe.S. center per 

subunit. Studies utilizing EPR techniques have shown that 

there is a strong magnetic interaction between the two 
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prosthetic groups [6]. This interaction has also been 

demonstrated by x-ray crystallography in the hemoprotein 

subunit of NADPH-sulfite reductase from E. coli. Specif

ically the hemoprotein subunit was crystallized and 

electron density maps were produced by x-ray crystallo

graphy. In this work, both the iron sulfur cluster and 

the siroheme were found near the surface of the protein 

[46]. These observations confirm the presence of a 

siroheme and an Fe^S^ center as the prosthetic groups and 

suggests the possibility of this interaction in the 

transfer of electrons. Unlike sulfite reductase from 

other sources [49], spinach ferredoxin-sulfite reductase 

contains negligible amounts of flavin. 

It has been shown that the effect of ferredoxin 

concentration when plotted against velocity yielded 

results that obeyed Michaelis-Menton kinetics. The K ^^^ 
•^ m 

for the reaction was calculated to be on the order of 

-5 10 M [50]. Recent purification techniques have shown 

that the enzyme can be purified utilizing a ferredoxin 

affinity column [5,13,50]. This makes this enzyme a good 

candidate for further investigation of the interaction of 

ferredoxin with ferredoxin-linked proteins. 

Ferredoxin-linked Thioredoxin Reductase 

In recent years, the regulatory function of light has 

been investigated quite extensively [51-53]. The impor

tance of controlling photosynthesis is obvious, especially 
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in relation to growth and productivity of certain plants. 

One of the prime examples of light regulation is the 

ferredoxin thioreductase system which is composed of 

ferredoxin, ferredoxin-thioredoxin reductase (FTR), and 

two thioredoxins. The two thioredoxins are designated 

thioredoxin £ and thioredoxin m due to their ability to 

activate fructose bisphosphate and NADP-linked malate 

dehydrogenase, respectively. Reduced thioredoxins also 

activate various other enzymes in biosynthesis as well as 

deactivate glucose-6-phosphate dehydrogenase, a key enzyme 

in the oxidative pentose phosphate cycle. The ferredoxin-

thioredoxin system also is involved in the regulation of 

ATP synthesis and secondary plant metabolism. Thiore

doxins are reduced by reduced ferredoxin via the enzyme 

thioredoxin reductase formally referred to as ferralterin 

[14,70] . 

Since this enzyme is involved in regulatory processes 

and the other enzymes being investigated in this work are 

involved in assimilatory processes, key similarities in 

the interaction with ferredoxin would strongly suggest the 

generality of complex formation in the interaction of 

ferredoxin with all ferredoxin-linked enzymes. 



CHAPTER III 

MATERIALS AND METHODS 

Materials 

Fresh spinach obtained from a local produce warehouse 

was used as the starting material for all protein prepara

tions described herewithin. Ferredoxin-thioredoxin 

reductase was purified and kindly provided by the labor

atory of Professor B. B. Buchanan. Spinach ferredoxin was 

modified by treatment with glycine ethyl ester (GEE) in 

the presence of 1-methy1-3-(3-dimethylaminopropyl) carbo

diimide (EDC) according to the method of Vieira and Davis 

[25] and provided by Professor D. J. Davis. DEAE-

cellulose was obtained from Whatman, Inc. Ultrogel AcA 44 

and AcA 34 were obtained from LKB. Cyanogen bromide-

activated Sepharose 4B as well as Sephadex G-75 and G-lOO 

were obtained from Pharmacia Fine Chemicals. Ultra pure 

ammonium sulfate was obtained from Schwarz/Mann Biotech. 

Protein molecular weight standards were obtained from 

Sigma Chemical Co. and Bio-Rad Laboratories. Polyacryla

mide gels were prepared using an electrophoresis kit 

obtained from Bio-Rad Laboratories. Membrane filtration 

apparatus as well as membrane filters were obtained from 

Amicon. All dialysis was performed with Spectrapor 1 

17 
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dialysis tubing (molecular weight cut off 6,000-8,000). 

All chemicals were obtained from commercially available 

sources. 

All solutions were prepared with doubly distilled 

water which was passed through three Sybron-Barnstead 

combination demineralization/organic removal cartridges 

connected in series. 

Methods 

UV-visible Spectroscopy 

Absorbance spectra as well as all other spectro-

photometric data were measured using either an Amicon 

DW-2a or a Perkin-Elmer Lambda 5 UV-visible spectro

photometer at a spectral resolution of 1 nm. 

Optical difference spectra were obtained using 1 cm 

optical pathlength split cells according to the method of 

Knaff et al. [55]. 

Protein Determination 

All protein determinations were done according to the 

method of Bradford [45] and carried out as prescribed by 

the technical bulletin from the Bio-Rad protein assay kit 

obtained from Bio-Rad Laboratories. 

Gel Filtration Chromatography 

Gel filtration chromatography was utilized both for 

molecular weight determination and for the demonstration 

of complex formation between ferredoxin and ferredoxin-
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linked enzymes. All experiments were performed according 

the method of Andrews [56], 

Ferredoxin Affinity Column Preparation 

Ferredoxin, purified by the method described below, 

was used for the preparation of the affinity column 

matrix. Ferredoxin was coupled to the cyanogen bromide-

activated Sepharose 4B as described by the technical 

bulletin from Pharmacia Fine Chemicals. 

Enzymatic Assays of Ferredoxin-
linked Enzymes 

Enzymatic Assay of Nitrite Reductase 

The assay for ferredoxin-linked nitrite reductase 

activity was the same as described by Hirasawa and Tamura 

[4]. The reaction mixture contained, in a total volume of 

1 ml, 80 ysol of posattium phosphate buffer (pH 7.7), 2 

ymol of sodium nitrite, 2 mg of ferredoxin, 3.75 mg of 

sodium dithionite and the enzyme preparation. The mixture 

was incubated at 30'̂ C for 5 min. , and then the reaction 

was stopped by vigorous shaking utilizing a Vortex 

stirrer. One unit of nitrite reductase is the amount of 

enzyme that reduces 1 ymol of nitrite per minute under the 

conditions of the assay. Nitrite was estimated by the 

method of Snell and Snell [69]. 
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Enzymatic Assay of Glutamate Synthase 

Ferredoxin-linked glutamate synthase was measured 

spectrophotometrically, as previously described by 

Hirisawa e;t a^. , at room temperature under anaerobic 

conditions with a Thunberg-type cuvette (light path, 1 cm) 

[45]. The assay mixture contained 4 mM 2-oxoglutarate, 

6.4 mM L-glutamine, 0.2 mM zinc-reduced methyl viologen, 

0.3 ml of enzyme solution, 200 mM Tricine-KOH buffer (pH 

8.0), 3 mg of BSA (bovine serum albumin) and 20 yM of 

spinach ferredoxin in a total volume of 2.5 ml. 

The reaction was started by the addition of glutamine 

and the decrease in absorbance of reduced methyl viologen 

at 604 nm was measured. The activity was expressed as the 

initial reaction velocity which, in turn, was expressed as 

ymol of reduced methyl viologen oxidized per minute. A 

unit of activity corresponds to 1 ymol of reduced methyl 

viologen oxidized per minute [45]. 

Enzymatic Assay of Sulfite Reductase 

An improved assay for ferredoxin-linked sulfite 

reductase activity was developed which was patterned after 

the assay described by Aketegawa and Tamura [5]. The 

reaction mixture contained, in a total volume of 2.5 ml, 

40 nmol of ferredoxin, 5 ymol of sodium sulfite, 100 ymol 

of Tris-H SO^ buffer (pH 8.0), 3 mg of BSA, 5 ymol of 

zinc-reduced methyl viologen and appropriately diluted 

enzyme solution. 



21 

After removing oxygen from the mixture by alternating 

flushing with nitrogen and drawing a vacuum, the reaction 

was started by the addition of the enzyme solution and the 

decrease in absorbance of reduced methyl viologen at 604 

nm was measured. The activity was measured at room 

temperature with a Thunberg-type cuvette. The activity 

was expressed as the initial reaction velocity and a unit 

of activity was defined as the amount of enzyme catalyzing 

the oxidation of 1 ymol of reduced methyl viologen per 

minute. 

Purification of Ferredoxin-linked 
Proteins 

Preparation and Purification of 
Spinach Nitrite Reductase 

Spinach nitrite reductase was purified according to a 

modification of the method of Hirasawa and Tamura [4]. 

All isolation procedures were done at 4°C. Fresh spinach 

leaves were mixed with equal volumes of 10 mM Tris-HCl 

buffer (pH 7.7) containing 200 mM NaCl and 1 mM PMSF 

(phenylmethylsulfonyl fluoride) (dissolved in isopropanol) 

and the mixture homogenized in a large capacity Waring 

blender. The homogenate was then filtered through two 

layers of cheesecloth. To this crude extract chilled 

acetone (all references to chilled acetone will correspond 

to -15°) was added to 35% (v/v) and the resulting precipi

tate was removed by centrifugation at 7,000 x g for 10 

min. Chilled acetone was further added to the supernatant 
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to a final concentration of 75% (v/v). The resulting 

precipitate was collected by centrifugation at 7,000 x g 

for 5 min. and then dissolved in a minimum amount of the 

isolation buffer. The extract was then dialyzed for 36 

hours against the same buffer. After dialysis insoluble 

material was removed by centrifugation. 

The dialyzed solution was then applied to a Whatman 

DE-5 2 DEAE-cellulose column (8 x 90 cm), previously 

equilibrated with the same buffer. The enzyme was eluted 

with the same buffer and all fractions containing 

ferredoxin-linked nitrite reductase activity were col

lected and pooled. The enzyme solution was then concen

trated by precipitation with 70% saturated ammonium 

sulfate. The precipitate was collected by centrifugation 

at 8,000 X g for 20 min. and then dialyzed against 10 mM 

Tris-HCl buffer (pH 7.7) containing 200 mM NaCl for 24 

hours. The protein solution was then applied to a second 

DEAE-cellulose column (4 x 55 cm) in the same manner as 

for the first application on DEAE-cellulose. After all 

fractions exhibiting high specific activity were collected 

and pooled, the enzyme solution was reconcentrated by 

ammonium sulfate precipitation (70% saturation) and the 

resulting precipitate was collected by centrifugation and 

dialyzed against 50 mM Tris-HCl buffer (pH 7.7) containing 

200 mM NaCl for 24 hours. 
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The dialyzed solution was then applied to a Sephadex 

G-lOO column which had been previously equilibrated with 

the dialyzing buffer. Elution was performed with the same 

buffer and fractions containing high specific activity 

were pooled and reconcentrated by ammonium sulfate pre

cipitation and dialyzed as in the previous step. The 

enzyme solution was finally dialyzed against 50 mM 

potassium phosphate buffer (pH 7.7) for 6 hours. 

The enzyme extract was then applied to a Ferredoxin-

Sepharose 4B column (2 x 30 cm), previously equilibrated 

with 50 mM potassium phosphate buffer (pH 7.7). The 

column was then washed thoroughly with the equilibrating 

buffer and the protein was then eluted using 200 mM 

potassium phosphate buffer (pH 7.7). Samples were col

lected and those exhibiting high specific activity were 

pooled and concentrated by membrane filtration using an 

Amicon PM 10 membrane filter (molecular weight exclusion 

10,000). The protein used had a specific activity ot 310 

units/mg. 

Preparation and Purification of 
Spinach Glutamate Synthase 

The isolation and purification of spinach glutamate 

synthase was carried out according to the method of 

Hirasawa and Tamura [45], with some modification. All 

procedures were done at 4°C unless otherwise stated. To 

500g of spinich leaves, 475 ml of 50 mM potassium 
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phosphate buffer (pH 7.5) containing 25 mM 2-mercaptoe-

thanol, 1 mM EDTA, 2 mM 2-oxoglutarate, 200 mM NaCl and 1 

mM PMSF (dissolved in isopropanol) was added. After 

homogenizing the mixture in a large capacity Waring 

blender, the homogenate was filtered through four layers 

of cheesecloth. To the combined filtrate, chilled acetone 

was added to 35% (v/v) and the resulting precipitate was 

removed by centrifugation at 8,000 x g for 5 min. and 

suspended in a minimum amount of 50 mM potassium phosphate 

buffer (pH 7.5) containing 50 mM NaCl, 12.5 mM 2-mercap-

toethanol and 1 mM 2-oxoglutarate. The extract was then 

dialyzed against the same buffer for 48 hours. The 

protein extract was then applied to a Whatman DEAE-cellu

lose column (8 x 90 cm) equilibrated with the same buffer. 

After application, elution was performed with the same 

buffer. Fractions were collected and those exhibiting 

high specific activity were pooled and concentrated by 70% 

ammonium sulfate precipitation. The precipitate was 

collected by centrifugation and then dissolved in a 

minimum amount of 50 mM potassium phosphate buffer (pH 

7.5) containing 100 mM NaCl, 12.5 mM 2-mercaptoethanol and 

1 mM 2-oxoglutarate and then dialyzed against the same 

buffer for 24 hours. 

The dialyzed protein solution was divided into four 

equal parts and each separately applied to an Ultrogel AcA 

34 column previously equilibrated with the dialyzing 
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buffer. Elution was performed with the same buffer and 

all fractions exhibiting high specific activity were 

pooled and concentrated by ammonium sulfate precipitation 

as previously described and dialyzed against 50 mM potas

sium phosphate buffer (pH 7.5) containing 100 mM NaCl, 

12.5 mM 2-mercaptoethanol and 1 mM 2-oxoglutarate for 24 

hours. 

The dialyzed solution was then applied to a second 

DEAE-cellulose column previously equilibrated with the 

dialyzing buffer. The protein was eluted, pooled, and 

reconcentrated as with the first application on DEAE-

cellulose. After reconcentration with 70% ammonium 

sulfate, the precipitate was dissolved in a minimum amount 

of 50 mM potassium phosphate buffer (pH 7.5) containing 

100 mM NaCl, 12.5 2-mercaptoethanol, 1 mM 2-oxoglutarate 

and 20% (v/v) glycerol and dialyzed against the same 

buffer for 24 hours. 

After dialysis, the protein extract was applied to a 

second Ultrogel AcA 34 column previously equilibrated with 

the same buffer used for dialysis. Elution was performed 

with the same buffer and all fractions with high specific 

activity were collected and pooled. The pooled fractions 

were concentrated by membrane filtration with an Amicon 

PM-10 membrane filter (molecular weight exclusion 10,000). 

This concentrated protein extract was then applied to a 

ferredoxin-Sepharose 4B column previously equilibrated 
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with 20mM Tricine-KOH buffer (pH 7.5) containing 10 mM 

NaCl, 12.5 mM 2-mercaptoethanol, 1 mM 2-oxoglutarate and 

20% (v/v) glycerol. All fractions exhibiting a specific 

activity greater than 90 units/mg protein were pooled and 

concentrated by membrane filtration as described pre

viously. The purified enzyme used in experiments in this 

work had an A.^g/A^o^ of 0.2 and a specific activity of 99 

units/mg protein. 

Purification of Spinach Sulfite 
Reductase 

Spinach sulfite reductase was purified according to 

the method of Aketegawa and Tamura [5] with some modifica

tions. In the first step, 100 mM Tris-H2S0^ buffer (pH 

7.5) containing 200 mM NaCl, 2 mM Na2S02, 1 mM EDTA and 1 

mM PMSF (dissolved in isopropanol) was mixed with equal 

amounts of fresh spinach leaves. In total 25 kg of fresh 

spinach leaves and 25 1 of buffer were used. The mixture 

was then homogenized in a large capacity Waring blender. 

After forcing the homogenate through two layers of cheese

cloth, chilled acetone was added to the filtrate to a 

final concentration of 50% (v/v). The precipitate was 

removed by centrifugation at 8,000 x g for 10 min. 

Chilled acetone was then added to the supernatant to a 

final concentration of 75% (v/v) and the resulting precip

itate was collected by centrifugation at 8,000 x g for 5 

min. The precipitate was dissolved in a minimum amount of 
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the isolation buffer and dialyzed against the same buffer 

tor 48 hours. After dialysis, the crude extract was 

concentrated by precipitation with 70% ammonium sulfate 

and dialyzed against 50 mM Tris-H2S0- buffer (pH 7.5) 

containing 200 mM NaCl, 1 mM Na2S02, 0.5 mM EDTA and 20% 

glycerol for 24 hours and then dialyzed for 6 hours 

against the same buffer containing 50 mM NaCl. 

The dialyzed solution was applied to a DEAE-cellulose 

column previously equilibrated with the last dialyzing 

buffer. Elution was performed using the same buffer 

containing 200 mM NaCi and fractions exhibiting 

ferredoxin-linked sulfite reductase activity were col

lected, pooled, and reconcentrated by ammonium sulfate 

precipitation as above. The resulting precipitate was 

then dissolved in a minimum amount of 50 mM Tris-H2S0. 

buffer (pH 7.5) containing 200 mM NaCl, 0.b mM EDTA and 

20% (v/v) glycerol and dialyzed against the same butter 

for 24 hours. The dialyzed protein solution was then 

applied to an Ultrogel AcA 34 column equilibrated with the 

same buffer. Fractions with high specific activity were 

collected, pooled, and reconcentrated by ammonium sulfate 

precipitation as described above. 

After dialysis against 10 mM potassium phosphate 

buffer (pH 7.5) containing 140 g/1 of ammonium sulfate, 

the protein extract was applied to a phenyl-Sepharose CL 

4B column that had been previously equilibrated with the 
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same buffer as described by Kreuger and Siegal [6]. 

Elution was performed using a linear gradient composed of 

10 mM potassium phosphate buffer (pH 7.5) containing 

140 g/1 of ammonium sulfate and 10 mM potassium phosphate 

buffer (pH 7.7) containing 50% (v/v) ethylene glycol. 

Fractions exhibiting a specific activity greater than 2.0 

units/mg protein were pooled and concentrated by ammonium 

sulfate precipitation as in a previous step. The protein 

solution was then dialyzed against 10 mM potassium phos

phate buffer (pH 7.7) containing 10% (v/v) glycerol for 12 

hours. The protein solution was then applied directly to 

a ferredoxin-Sepharose 4B affinity column previously 

equilibrated with the same buffer. After sample absorp

tion, the column was washed thoroughly with the same 

buffer so as to remove unwanted proteins. The sulfite 

reductase was then eluted with 100 mM potassium phosphate 

buffer (pH 7.7). Fractions with high specific activity 

were concentrated by membrane filtration using an Amicon 

PM-10 membrane. The enzyme obtained had an ^335/^280 

ratio of 0.5 and a specific activity of 5.3 units/mg 

protein. 

Purification of Spinach Ferredoxin 

In the purification of the enzymes described here

within if the acetone fractionation was modified where the 

second addition of chilled acetone was omitted to give a 

final acetone concentration of 35% (v/v), many proteins 
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could be observed upon chromatography on DEAE-cellulose. 

Of these spinach ferredoxin appeared as a dark red-brown 

band that bound very tightly to the column. Due to its 

large net negative charge [1,57] ion exchange chroma

tography is a very effective tool for purifying 

ferredoxin. After washing the column to remove unwanted 

proteins with 30 mM Tris-HCl buffer (pH 7.5) containing 

200 mM NaCl, the ferredoxin was eluted with the 150 mM 

Tris-HCl buffer (pH 7.5) containing 800 mM NaCl. After 

concentration of the crude extract with 70% ammonium 

sulfate precipitation, the solution was dialyzed against 

30 mM Tris-HCl buffer (pH 7.5) for 24 hours. Further 

purification of the ferredoxin was done according to the 

method of Tagawa and Arnon [54]. The final product 

obtained had an ^^22^^280 ^^^^° ^^ 0.45. The pure 

ferredoxin was stored at liquid nitrogen temperatures 

until used. 



CHAPTER IV 

RESULTS 

As mentioned above, several methods exist to show the 

existence of complex formation in the interaction of 

ferredoxin with ferredoxin-linked proteins. Also, several 

ferredoxin-linked enzymes have been known to form a 

complex with ferredoxin as evidenced by their ability to 

bind to an affinity column in which ferredoxin is cova

lently attached to a Sepharose-4B matrix [5,8-14]. To 

determine if this interaction is possibly a phenomena of 

all ferredoxin-linked enzymes, it is of interest to 

investigate the enzymes presented with these various 

techniques. In addition, characterization of the complex 

itself will allow more specific conclusions to be drawn as 

to the nature of these interactions. 

Demonstration of Complex Formation by 
Co-migration During Gel Filtration 

Figure 1 shows that, as has been previously demon

strated [58], ferredoxin and NADP reductase co-migrate 

during gel filtration chromatography on Sephadex G-75 at 

low ionic strength. The apparent M of 4 8 kDa for the 

ferredoxin:NADP reductase complex is in agreement with 

that expected from the known 1:1 stoichiometry of the 

30 
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Figure 1. Gel filtration chromatography of 
enzyme:ferredoxin complexes. 
A. Glutamate synthase. Chromatography was performed on a 
Ultrogel AcA 34 column (1 x 30 cm) equilibrated with 10 mM 
potassium phosphate buffer (pH 7.5) containing 12.5 mM 
2-mercaptoehtanol and 2-oxoglutarate. Molecular weight 
standards (-o-) used: Hexokinase, 110 kDa; alcohol 
dehydrogenase, 150 kDa; 2-amylase, 200 kDa and catalase 
240 kDa. 
B. Nitrite reductase. Chromatography was performed on 
Ultrogel AcA 34 column (1 x 30 cm) equilibrated with 30 
Tris-HCl buffer (pH 8.0). Molecular weight standards 
(-0-) used: BSA, 68 kDa; hexokinase, 110 kDa; alcohol 
dehydrogenase, 150 kDa and 2-amylase, 200 kDa. 
C. NADP reductase. Chromatography was performed on a 
Sephadex G-7 5 column (1 x 25 cm) equilibrated with 30 mM 
Tris-HCl buffer (pH 8.0). Molecular weight standards 
(-0-) used: Equine cytochrome £, 12.4 kDa; trypsinogen, 
24 kDa; carbonic anhydrase, 29 kDa and ovalbumin, 4 5 
kDa. 

an 
mM 
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complex [16,58]. Under conditions of high ionic strength 

(200 mM NaCl added to the buffer), no co-migration was 

observed. Under these conditions the proteins elute as 

separate components corresponding to the known M values 

for ferredoxin and NADP reductase of 10.5 kDa and 36 kDa, 

respectively [57,59-61]. Figure 1 also shows that both 

nitrite reductase and glutamate synthase also co-migrate 

with ferredoxin at low ionic strength on Ultrogel AcA 34. 

The apparent M values of the nitrite reductase:ferredoxin 

complex and the glutamate synthase:ferredoxin complex were 

110 kDa and 200 kDa, respectively. Chromatography using 

the same buffer in the absence of ferredoxin gave apparent 

M values of 8 5 kDa for nitrite reductase and 180 kDa for 
r 

glutamate synthase (It has been shown that the apparent M 

of glutamate synthase, determined by gel filtration varies 

with ionic strength [9].) Since under non-denaturing 

conditions, the elution volume of a protein depends on 

shape as well as molecular weight, conclusions as to the 

stoichiometry of ferredoxin:protein cannot be reached. 

When the experiments were repeated under conditions 

where 200 mM NaCl was added to the elution buffers co-

migration of ferredoxin with both glutamate synthase and 

nitrite reductase was eliminated. Under these conditions, 

a mixture of glutamate synthase and ferredoxin eluted from 

Ultrogel AcA 34 as two separate components with M values 

of 85 and 11 kDa, respectively. (It should be noted that 
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the value obtained for ferredoxin itself is unreliable 

since its known molecular weight is outside the exclusion 

range for Ultrogel AcA 34.) These results offered further 

evidence for the involvement of an electrostatic complex 

in the interaction of ferredoxin with nitrite reductase 

and suggested that the glutamate synthase:ferredoxin 

complex is also stabilized by electrostatic forces. 

Co-migration using Ultrogel AcA 34 showed that 

sulfite reductase also co-migrates with ferredoxin at low 

ionic strength. Figure 2 shows that the apparent molecu

lar weight of the complex is 160 kDa when ferredoxin and 

sulfite reductase are added in 1:1 molar ratios. Further

more, Figure 3 shows that under these conditions no free 

ferredoxin was eluted from the column. When ferredoxin 

was added in excess, the M values for the complex did not 

change and two separate components were eluted from the 

column corresponding to apparent M values of 160 kDa and 

11 kDa (again the value for ferredoxin is out of the 

molecular weight range for Ultrogel AcA 34). Figure 3 

also shows that if the chromatography were repeated under 

conditions of high ionic strength no co-migration was 

observed and ferredoxin and sulfite reductase eluted as 

separate components. The apparent M^ value for sulfite 

reductase was 140 kDa and in agreement with previously 

reported values [5,37]. 
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Figure 2. Gel filtration chromatography of sulfite 
reductase:ferredoxin complexes. Chromatography was 
performed on an Ultrogel AcA 34 column (1 x 30 cm) equili
brated with 30 mM Tris-HCl buffer (pH 8.0). Molecular 
weight standards (-o-) used: BSA, 68 kDa; hexokinase, 110 
kDa, alcohol dehydrogenase, 150 kDa and catalase, 200 kDa. 
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Figure 3. Elution profile of sulfite reductase with 
ferredoxin. 

Elution was performed on the 
mM Tris-HCl buffer (pH 8.0) 
The same elution pattern was 
and modified ferredoxin. 
Chromatography was performed on 
(1 X 30 cm) equilibrated with 30 

mM Tris-HCl buffer (pH 8.0). The elution pattern for 
native ferredoxin:sulfite reductase ( ) was slightly 
different than that for modified ferredoxin ( ) . Free 
ferredoxin was not observed with either modified or native 
ferredoxin. 

A. High ionic strength, 
same column as A with 30 
containing 200 mM NaCl. 
observed for both native 
B. Low ionic strength, 
an Ultrogel AcA 34 column 
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Figure 4 shows that an additional ferredoxin-linked 

enzyme, thioredoxin reductase, also co-migrates with 

ferredoxin on a Sephadex G-75 column at low ionic 

strength. The complex eluted as a single peak with an 

apparent M value of 41 kDa consistent with a 

ferredoxin:enzyme ratio of 1:1. (As presented below, the 

very tight binding between thioredoxin reductase and 

ferredoxin suggests a 1:1 stoichiometry.) When the 

experiment was repeated under the same conditions but with 

200 mM NaCl to the elution buffer, ferredoxin, and thiore

doxin reductase eluted as two separate components (Figure 

5) with apparent M values of 11 and 30 kDa, respectively. 

These results provide additional evidence for the involve

ment of an electrostatic complex in the interaction of 

ferredoxin with sulfite reductase as well as thioredoxin 

reductase. The similar behavior in these systems suggests 

that the interaction of ferredoxin with all ferredoxin-

linked enzymes tested involves the formation of an elec

trostatically stabilized complex. 

Demonstration of Complex Formation by 
Spectral Perturbation Studies 

It has been shown that formation of the NADP 

reductase:ferredoxin and nitrite reductase:ferredoxin 

complexes produce significant changes in the absorbance 

spectra of the proteins' prosthetic groups [10,11,16, 

21 22]. It follows that to substantiate the existence 
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Figure 4. Gel filtration chromatography ot 
ferredoxin:thioredoxin reductase complexes. Chroma
tography was performed on a Sephadex G-75 column (1 x 30 
cm) equilibrated with 30 mM Tris-HCl buffer (pH 8.0). 
Molecular weight standards used: Lactoglobin, 36 kDa; 
glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; oval
bumin, 45 kDa and BSA, 68 kDa. 
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Figure 5. Elution profile of thioredoxin 
reductase:ferredoxin complexes. Chromatography was 
performed on a Sephadex G-75 column (1 x 30 cm). The low 
ionic strength buffer was 30 mM Tris-HCl (pH 8.0). The 
high ionic strength buffer used was 30 mM Tris-HCl (pH 
8.0) containing 200 mM NaCl. 
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of complex formation in the interaction of ferredoxin and 

other ferredoxin-linked enzymes presented in this study, 

spectral perturbations resulting upon mixing ferredoxin 

with the enzyme should also be investigated. 

Figure 6A shows that absorbance changes do in fact 

result from mixing ferredoxin and glutamate synthase at 

low ionic strength. The difference spectrum (spectrum of 

the complex minus the sum of the spectra of the two 

separate proteins) contains maxima at 422 and 470 nm. 

When the experiment was repeated using the same buffer to 

which 200 mM NaCl had been added, no detectable absorbance 

changes were observed. Figure 7 shows absorbance changes 

resulting from the mixing of thioredoxin reductase and 

ferredoxin. The difference spectra contain maxima at 465 

and 405 nm. As with glutamate synthase, when the experi

ment was repeated under conditions of high ionic strength, 

no detectable absorbance changes were observed. 

In the case of both enzymes, titrations of the AA 

produced by the addition of ferredoxin to the enzyme was 

performed. For glutamate synthase the obtained data fit a 

single hyperbolic binding isotherm with K^ = 14.5 yM for 

the complex. Figure 8 shows the data plotted in double 

reciprocal form. The data obtained when the titration was 

repeated with thioredoxin reductase did not fit a single 

hyperbolic binding isotherm but rather was almost linear 

when the ferredoxin/thioredoxin ratio was less than 1 and 
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Figure 6. The effect of glutamate synthase:ferredoxin 
interaction on the visible spectra of the proteins. 
A. Native ferredoxin. The sample cuvette contained, in a 
1.0 ml volume, 25 yM glutamate synthase in a 10 mM potas
sium phosphate buffer (pH 7.5), 12.5 mM 2-mercaptoethanol 
and 2 mM 2-oxoglutarate plus (in the same compartment) 50 
yM native ferredoxin. The reference cuvette contained the 
same components but had ferredoxin and glutamate synthase 
in separate compartments. 
B. Modified ferredoxin. As in 6A but native ferredoxin 
was replaced by GEE plus EDC-modified ferredoxin. 
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Figure 7. The effect of thioredoxin reductase:ferredoxin 
interaction on the visible spectra of the proteins. The 
sample cuvette contained in a 1.0 ml volume 72 yM thiore
doxin reductase in 30 mI4 Tris-HCl buffer (pH 8.0) plus 7 2 
yM native ferredoxin in the same compartment. The refer
ence cuvette contained the same components but had 
ferredoxin and thioredoxin reductase in separate compart
ments as well as at 1/2 concentrations (i.e., 36 yM). 
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Figure 8. Determination of K^ for the glutamate 
synthase:ferredoxin complexes. Conditions were as in 
Figure 6 except that the concentration of ferredoxin was 
varied as indicated. The data were plotted in double-
reciprocal form. 
A Native ferredoxin. AA was measured at 460-540 nm. 
B! Modified ferredoxin. AA was measured at 400-480 nm. 
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immediately saturated at ratios greater than 1 (Figure 9). 

While this data did not allow for the calculation of an 

accurate K, value, it is indicative of very tight binding 

as well as suggesting an enzyme:ferredoxin stoichiometry 

of 1. 

It has been previously demonstrated that the forma

tion of the nitrite reductase:ferredoxin complex results 

in significant changes in the proteins absorbance spectra. 

For comparison this experiment was repeated and the 

resulting difference spectrum shows absorbance maxima at 

575 and 695 nm (Figure 10). The results of a titration of 

the AA (57 5-605 nm) produced by the addition of ferredoxin 

to nitrite reductase, plotted in double reciprocal form, 

are shown in Figure 11 and the K, of 0.63 yM determined 

from the plot is identical to previously reported results 

[21]. It has not been possible to demonstrate spectral 

changes when ferredoxin and sulfite reductase were mixed 

probably due to the small amounts of pure sulfite reduct

ase available. 

The strongest evidence for these complexes being 

stabilized by electrostatic forces comes from the observa

tion that the resulting difference spectra disappear when 

high concentrations of NaCl are added to the sample 

cuvettes. Furthermore, the shape and location of the 

observed maxima in the difference spectra are not consis

tent with simple band shifts and therefore possible 
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Figure 9. Determination of K^ for the thioredoxin 
reductase:ferredoxin complexes. Conditions were as in 
Figure 7 except the ferredoxin concentration was varied as 
indicated. The data did not fit a single hyperbolic 
isotherm, therefore, precise calculation of K^ was diffi
cult. As can be seen, saturation occurs_at a stoichiome
try of 1:1 indicative of K^ values ^ iO" M. 
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Figure 10. The effect of nitrite reductase:ferredoxin 
interaction on the visible spectra of the proteins. 
A. Native ferredoxin. The sample cuvette contained in a 
I'o ml volume, 30 yM nitrite reductase in 10 mM potassium 
phosphate buffer (pH 7.7) plus 30 yM native ferredoxin in 
the same compartment. The reference cuvette contained the 
same components but had ferredoxin and nitrite reductase 
in separate compartments. 
B. Modified ferredoxin. As in lOA but native ferredoxin 
was replaced by GEE plus EDC modified ferredoxin. 
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Figure 11. Determination of K^ for nitrite 
reductase:ferredoxin complexes. Conditions were as in 
Figure 10 except that the ferredoxin concentration was 
varied as indicated. The data were plotted in double-
reciprocal form. 
A. Native ferredoxin. AA was measured at 575-605 nm. 
B! Modified ferredoxin. AA was measured at 400-420 nm, 
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represent new transitions. These observations strongly 

reinforce the suggestion that the interaction of 

ferredoxin with all ferredoxin-linked proteins involves 

the formation of a complex that is stabilized by electro

static forces. 

Role of Ferredoxin Carboxyl Groups 
in Complex Formation 

Viera and Davis have shown that using ferredoxin that 

had been reacted with glycine ethyl ester in the presence 

of EDC so as to modify 3-4 carboxyl side-chain residues 

virtually eliminated the ability of ferredoxin to produce 

complex indicating spectral perturbations upon mixing with 

NADP reductase. Furthermore, this modification inhibited 

NADP photoreduction by chloroplast membranes by 80% [25] . 

It has also been shown that in contrast to the pattern 

shown for native ferredoxin in Figure 1, that ferredoxin 

modified with GEE plus EDC does not co-migrate with NADP 

reductase during gel filtration chromatography (personal 

communication from K. A. Gray). It was a logical step to 

investigate the effects that this same modification of 

ferredoxin would have on the ability of ferredoxin to 

interact with the other ferredoxin-linked enzymes de

scribed in this study. As mentioned in the Materials and 

Methods section, the modification of native spinach 

ferredoxin was done in the lab of Professor D. J. Davis. 

Table 1 shows that the modification decreases the V to 
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Table 1. The Effect of Ferredoxin Modification on Kinetic 
and Binding Parameters for Nitrite Reductase and Glutamate 
Synthase 

Enzymes Electron Donor 

V max 
(%) 

K app m ^^ 
(yM) 

^d 
(yM) 

Glutamate 
Synthase 

Nitrite 
Reductase 

Sulfite 
Reductase 

Native Ferredoxin 
Modified Ferredoxin 

Native Ferredoxin 
Modified Ferredoxin 

Native Ferredoxin 
Modified Ferredoxin 

100 
20 

100 
20 

100 
100 

2. 
84 

20 
20 

25 
25 

0 14.5 
100 

0.63 
100 

100% V values were 308 (±10), 100 (±10) and 53 (±5) 
?ax or nitrite reductase, glutamate synthase and sulfite 

reductase, respectively. For all determinations of K and 
K^ the greatest error was ±0.5 yM. m 
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only 20% of that observed with native, unmodified ferre

doxin for both the nitrite reductase and glutamate 

synthase catalyzed reactions. Table 1 also shows that 

while the modification of ferredoxin did not affect the 

apparent K for ferredoxin in the nitrite reductase 

catalyzed reaction, it did affect the apparent K for 

ferredoxin in the glutamate synthase catalyzed reaction. 

The apparent K is increased significantly (in the gluta

mate synthase catalyzed reaction) for modified ferredoxin: 

84 yM compared to 2.0 yM for native ferredoxin. It should 

be noted that Lineweaver-Burke plots of 1/V vs. 

1/[ferredoxin] for the glutamate synthase catalyzed 

reaction deviated somewhat from linearity. Hill plots 

gave Hill coefficients of 1.8 and 1.3 for native and 

modified ferredoxin, respectively (personal communication 

from M. Hirasawa). Figure 12 shows the regions of ferre

doxin in which the modification takes place. 

Surprisingly and in contrast to NADP reductase, 

glutamate synthase and nitrite reductase, the modification 

of carboxyl side chain residues on ferredoxin did not 

affect the kinetic parameters of sulfite reductase. This 

experiment was repeated several times to reconfirm this 

observation. Experiments in which either the native and 

modified forms of ferredoxin were applied to a DEAE-

cellulose column equilibrated with 10 m>! Tris-HCl (pH 8.0) 

containing 100 mM NaCl showed that a single band 
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Figure 12. Location of possible sites of modified 
carboxyl groups on ferredoxin. Only the alpha carbons are 
shown. The carboxyl groups which are candidates for 
modification by GEE in the presence of EDC are shown in 
black. All other carboxyl groups are 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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corresponding to modified ferredoxin could be eluted with 

the same buffer containing 200 mM NaCl, while the native 

ferredoxin remained tightly bound and was eluted only at 

very high ionic strength (approaching 1 M NaCl). These 

results served as controls to ensure that the carboxyl 

group modification was stable and that the ferredoxin 

remained modified during prolonged storage. As an addi

tional control, aliquots from the same batch of modified 

ferredoxin used in these studies was tested in a chloro

plast NADP reductase assay and shown to give turnover 

numbers ^ 20% of that observed with native ferredoxin. 

This data indicates that even though in the case of 

nitrite reductase and glutamate synthase the modification 

of ferredoxin affects the ability of ferredoxin to func

tion as an electron donor is impaired, the modified 

protein can still interact with both enzymes. Further 

evidence for such an interaction comes from the observa

tion that the modified form of ferredoxin co-migrates with 

either enzyme, and also with sulfite reductase or thiore

doxin reductase during gel filtration chromatography at 

low ionic gel filtration chromatography at low ionic 

strength. The interaction of modified ferredoxin with 

nitrite reductase and glutamate synthase can also be 

detected through changes in the proteins visible 

absorbance spectra. Figure lOB shows the difference 

spectrum that arises from mixing nitrite reductase with 
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modified ferredoxin. A comparison of Figure lOA and B 

shows that the difference spectra obtained upon mixing 

nitrite reductase with native ferredoxin and with modified 

ferredoxin differ significantly. Titrating AA (400-420 

nm) vs the concentration of modified ferredoxin produced a 

curve that fits a single hyperbolic binding isotherm. 

Figure IIB shows double reciprocal plots of this data and 

indicates that this modification of ferredoxin decreases 

the affinity of nitrite reductase for ferredoxin approxi

mately 175-fold with K, increasing to 100 yM from the 0.63 

yM value observed for native ferredoxin [21]. 

Figure 6 shows the difference spectrum that results 

from mixing glutamate synthase with modified ferredoxin. 

As with nitrite reductase, the spectrum differs consid

erably from that observed for native ferredoxin indicating 

an altered protein:protein interaction. A titration of AA 

(400-480 nm) vs the concentration of modified ferredoxin 

yielded a single hyperbolic curve. Figure 8B shows a 

double reciprocal plot of this data gave a K^ of 100 yM, 

an increase of 7-fold over the value obtained with native 

ferredoxin. Thus, for both enzymes modification of 

ferredoxin carboxyl groups decreases the enzyme:ferredoxin 

affinity. 

In contrast, the difference spectrum arising from the 

mixing of modified ferredoxin and thioredoxin did not 

uffer appreciably from that of the complex between 
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thioredoxin reductase and native ferredoxin (Figure 7). 

Since any changes in ferredoxin:enzyme interactions that 

resulted from carboxyl group modification have been 

attributed solely to the elimination of negative charged 

groups on ferredoxin, it was important to demonstrate that 

carboxyl group modification did not significantly alter 

other properties of ferredoxin. It had already been 

demonstrated that carboxyl modification did not affect the 

visible spectrum of ferredoxin [25]. CD spectra of both 

native and modified ferredoxin were taken and redox 

titrations were performed to determine if the modification 

affected either the midpoint potential or CD spectrum of 

ferredoxin. Figure 13 shows that the CD spectrum in the 

visible region of modified ferredoxin exhibits maxima at 

353 and 422 nm. This is virtually identical to the 

spectrum reported for the native form of ferredoxin [58]. 

Figure 14 shows that electrochemical oxidation-reduction 

titrations gave similar results for both native and 

modified ferredoxin with E^ values of -423 and -444 mV, 

respectively. These observations suggest that the modi

fication of ferredoxin with GEE plus EDC does not alter 

the immediate environment of the prosthetic group. (CD 

spectra and redox titrations were performed by K. A. Gray 

and presented here by personal permission). 
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250 
Wavelcnglh (nm) 

Figure 13. CD spectra of GEE plus EDC modified ferre
doxin. Spectrum was taken at room temperature in 30 mM 
Tris-HCl (pH 8.0) with a ferredoxin concentration of 27 
yM. The cell path length was 1 cm. 
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Figure 14. Electrochemical redox titration of GEE plus 
EDC modified ferredoxin. Mediators used were 15 yM benzyl 
viologen and 30 yM methyl viologen in 30 mM Tris-HCl (pH 
8.0) under nitrogen at 5°C. Midpoint potential was 
determined as -4 44 ±5 mV with n = 1.02. 



CHAPTER V 

DISCUSSION 

It has been known for some time that several ferre

doxin-linked enzymes form noncovalent complexes with 

ferredoxin. This was first demonstrated for NADP"*" 

reductase by showing that when the ferredoxin and NADP"̂  

was mixed changes resulted in the CD spectra, visible 

spectra, fluorescence intensity as well as changes in the 

chromatographic behavior on Sephadex G-75 [58]. As 

mentioned earlier Shin and Oshino have suggested that this 

interaction increases the functional efficiency of these 

enzymes in vivo [10] . Formation of such complexes are 

known to exist in other systems outside the plant kingdom. 

Adrenodoxin, an Fe2S2 containing iron-sulfur protein 

similar to ferredoxin forms a complex with the flavopro

tein adrenodoxin reductase (found in the adrenal cortex) 

[62]. Several studies have shown that like the ferre

doxin-linked proteins and ferredoxin the adrenodoxin: 

adrenodoxin reductase complex is stabilized by electro

static forces [63-66,68]. This study further substan

tiated earlier data for electrostatic complex formation in 

the interaction of the 86 kDa form of nitrite reductase 

and ferredoxin [21] and also provided the first evidence 

56 
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for the formation of such a complex between ferredoxin and 

the enzymes sulfite reductase, glutamate synthase and 

thioredoxin reductase. These additions to the list of 

ferredoxin-linked enzymes that are known to form electro

static complexes with ferredoxin strongly suggests a 

possible generality of the involvement of such complexes 

in the interaction of ferredoxin with all ferredoxin-

linked enzymes. 

Previously, it had been proposed that carboxyl groups 

on both adrenodoxin [25] and ferredoxin [66] were respon

sible for supplying the negative charges involved in 

electrostatic interactions with the flavoproteins adreno

doxin reductase and NADP reductase, respectively. Since 

the same modification presented here affected the binding 

of ferredoxin to NADP reductase, nitrite reductase, and 

glutamate synthase, it was proposed that the same region 

of the ferredoxin molecule was involved in binding these 

enzymes [23]. The quantitative differences, however, on 

the effects of the kinetic parameters of the three enzymes 

suggested some differences in binding sites. Ferredoxin 

carboxyl modification appears to have the greatest effect 

on NADP reductase, since NADP reductase does not 

co-migrate with modified ferredoxin during gel filtration 

chromatography while nitrite reductase and glutamate 

synthase do. Preliminary peptide mapping experiments had 

suggested that the modifications were localized in the 
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regions shown in Figure 12, leading to the proposal that 

these regions of ferredoxin defined, in part, the binding 

site for all ferredoxin-linked enzymes [67]. 

When the effects of modification of the carboxyl 

side-chain residues on ferredoxin on sulfite reductase and 

thioredoxin reductase were studied, the results deviated 

from the pattern previously established by the other 

enzymes presented in this study. It was not totally 

surprising that thioredoxin reductase behaved differently 

in these experiments as it is a regulatory enzyme while 

the other systems investigated are all involved in assimi

latory processes as well as the fact that both substrates 

for thioredoxin reductase are proteins. However, it is 

very surprising that the kinetic parameters of sulfite 

reductase were unaffected by this modification given its 

strong similarities to nitrite reductase. As mentioned, 

attempts to perform optical titrations of the mixing of 

ferredoxin with sulfite reductase were unsuccessful due to 

the difficulties incurred in purifying significant amounts 

of sulfite reductase. It will be of interest to obtain 

this data to determine if this modification has any affect 

on the ability of ferredoxin to interact with sulfite 

reductase. 

These results further substantiate the involvement of 

electrostatic complexes in the interaction of ferredoxin 

with all ferredoxin-linked enzymes. It will be of great 
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interest to identify the specific ferredoxin carboxyl 

residues involved in the formation of the complexes 

investigated in this study as has been done for the 

adrenodoxin/adrenodoxin reductase complex [66]. This will 

allow specific conclusions to be drawn as to the gener

ality of the formation of these electrostatic complexes in 

the interaction of ferredoxin with all ferredoxin-linked 

enzymes. 
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