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CHAPTER I 

THE INTERACTION BETWEEN FERREDOXIN AND 

NITRATE REDUCTASE FROM THE 

CYANOBACTERIUM PLECTONEMA BORYANUM 

1.1. Introduction 

The geosphere and atmosphere upon which plants and autotrophic bacteria depend for 

growth and reproduction contain key elements-carbon, nitrogen and sulfiir-which are 

present in a relatively oxidized state. For incorporation into biological materials, they must 

become reduced [Whatley andLosada, 1964; Hill, 1965; Losada, 1976; Amon, 1977]. 

Nitrogen must be reduced from elemental dinitrogen or nitrate to ammonia for incorporation 

into amino acids, purines, and pyrimidines. The reduction of NO3" to NH4"'' is catalyzed 

by the enzymes nitrate reductase and nitrite reductase, which reduce N03' to NO2" and 

NO2" to NH4'*', respectively. By studying the operation of this nitrate-reducing system 

involving ferredoxin, nitrate reductase and nitrite reductase in different photosynthetic 

tissues one can further understand the characteristics of these enzymes and obtain 

information about inter-species differences in the pathway. 

The assimilation of CO2 in cyanobacteria takes place through the well-known 

reductive pentose phosphate cycle. Photosynthetic nitrate assimilation includes: (1) 

entrance of nitrate into the cell, apparentiy mediated by an active transport system; (2) the 

two-step reduction of nitrate to ammonia, catalyzed by ferredoxin-dependent nitrate and 

nitrite reductases; and (3) incorporation of ammonia into carbon skeletons via the ATP-

dependent glutamine synthetase (GS) and ferredoxin-dependent glutamate synthase 

(GOGAT) enzyme systems [Flores et al.. 1983; Guerrero and Lara, 1987]. 



Assimilatory nitrate reduction is widespread in both eukaryotic and prokaryotic 

photosynthetic organisms [Beevers and Hageman 1980]. The enzymes from eukaryotes 

are markedly similar. They contain flavin, a b-type cytochrome, and a molybdenum 

cofactor as prosthetic groups and are specific for NAD(P)H as the physiological electron 

donor. In contrast, ferredoxin-dependent nitrate reductases have been reported to be 

present in several prokaryotic organisms. The presence of a ferredoxin-linked enzyme has 

been demonstrated in a preparation from the cyanobacterium Anabaena cvlindrica [Hattori 

and Myers, 1967] and in other cyanobacteria [Manzano et al.. 1976; Ortega et al.. 1976; 

Ida and Mikami, 1983], in the photosynthetic bacterium Ectothiorhodospira shaposhnikovii 

[Malofeeva et al.. 1975] and in the nitrogen-fixing bacterium Azotobacter chroococcum 

fTortolero et al.. 1975]. 

Plectonema borvanum is one species of cyanobacteria. These oxygenic phototrophs 

constitute one of the largest subgroups of Gram-negative prokaryotes [Rippka et al.. 

1979]. This cyanobacterium was first found and named as P. borvanum in UTEX (Culture 

Collection of Algae at the University of Texas) (581) [Starr et al.. 1964] and (1542) [Starr 

et al.. 1966] and in CCAP (1463/1) [Culture Collection of Algae and Protozoa: List of 

Strains, 1971]. P. borvanum has a cylindrical cell shape, a width of approximately 2.0-2.5 

|im [Rippka et al. 1979] and no marked constrictions between adjacent cells. These 

filamentous, nonheterocystous cells were found to develop nitrogenase activity under 

microaerobic conditions after a period of N starvation [Stewart and Lex, 1970]. The 

organism is unable to perform anoxygenic photosynthesis with H2S as electron donor 

[Garlick et al.. 1977], but was found to grow exponentially with N2 as a nitrogen source 

under photoheterotrophic conditions with small amounts of H2S present in the medium 

[Rogerson, 1980]. Pearson and Howsley [1980] also reported con-commitant .N2-fixation 

and exponential, oxygenic growth in microaerobic continuous cultures. 



Recently, an assimilatory nitrate reductase from the cyanobacterium P. borvanum has 

been purified to homogeneity and some of its molecular and enzymatic properties 

charaaerized [Mikami and Ida, 1984]. This cyanobacterial nitrate reductase contains two 

[2Fe-2S] clusters and one atom of Mo as the prosthetic groups in a single polypeptide of 85 

kD molecular weight The physiological electron donor for the enzyme is reduced 

ferredoxin but the non-physiological donor reduced methyl viologen is also effective. 

Feiredoxin-linked activity was inactivated by the addition of dithionite to an aerobic 

solution of enzyme. Approximately 95% of the activity was lost In contrast, methyl 

viologen-dependent activity was unaffected by dithionite [Ida and Mikami, 1983]. The 

inactivated enzyme could be reactivated by the addition of either cyanate or azide under 

reducing conditions but the mechanism of this reversible inactivation is not known [Mikami 

and Ida, 1986]. 

P. borvanum was chosen as the starting material for purification of the nitrate 

reductase used in this study. This assimilatory ferredoxin-nitrate oxidoreductase has been 

purified to apparent homogeneity from P. borvanum using an affinity column in which a 

spinach ferredoxin is covalenUy attached to a Sepharose-4B matrix. The molecular weight 

and some kinetic parameters of the P. borvanum enzyme have been determined. 

Furthermore, since it has been known for some time that several ferredoxin-linked enzymes 

can form noncovalent, electrostatically stabilized complexes with ferredoxin [Shin and San 

Pietro, 1968; Foust et al.. 1969; Nelson and Neuman, 1969; Nakamura and Kimura, 1971: 

Richard et al.. 1980; Batie and Kamin, 1981; Hirasawa and Knaff, 1985, Pnvalle et al.. 

1985; Hirasawa et al.. 1986], an attempt to demonstrate complex fomiation between 

ferredoxin and P. borvanum nitrate reductase was made. A ferredoxin : nitrate reductase 

complex was demonsn^ted to exist by comigration of the two proteins during gel filtration 

chromotography at low ionic strength. The results of the spinach ferredoxin affinity 

column chromatography and the gel filtration co-migration experiments suggest that 



cynobacteria nitrate reductase can form an electrostatically stabilized complex with spinach 

ferredoxin. 

1.2. Materials and Methods 

1.2.1. Materials 

1.2.1.1. Growth of P. Borvanum 

P. borvanum was obtained from the American Type Culture Collection (#182(X)). The 

cyanobacterial generic assignment was based on the Pasteur Culture Collection [Rippka et 

aL, 1979]. The stock cultures were stored at 25 ^C since many cyanobacteria die rapidly 

when placed at 0° to 4 °C [Stanier et al.. 1971]. For batch experiments, P. borvanum was 

grown starting from 20 ml aliquots in a medium based on Medium C of Kratz and Myers 

[1955] (Table 1.1) in 50 ml Erlenmeyer flasks (OD 540=0.001). The KNO3 concentration 

was 2 g/1. All the necessary components were divided into four groups (Table 1.1), 

sterilized separately and added to the medium when the solutions were at room temperature. 

Cultures were grown under illumination from tungsten lamps (3.4 kW or 125 footcandles) 

with continuous bubbling of 0.5% C02-enriched air at 30 C and harvested after 10 days 

when the maximum growth had been reached. The system exhibited sufficient buffering 

capacity to maintain a stable pH during the growing period. Typically, the cells were 

harvested at a final OD540 of about 0.1, when growth changed from logarithmic to Unear 

[Van Liere and Walsby, 1982]. The purity and growth of P. borvanum were continuously 

monitored by microscopic examination during the growing period. The algal culture was 

harvested by centrifugation at 7,000 x g for 15 minutes. The cell pellets were stored at -20 

^C until used. 



1.2.1.2. Chemicals 

DE-52 DEAE-cellulose was obtained from Whatman, Inc. Utrogel AcA 44 was 

obtained from LKB. Bio-Gel Hydroxyapatite was obtained from Bio-Rad Laboratories. 

Cyanogen bromide-activated Sepharose 4B as well as Sephadex G-75 were obtained from 

Pharmacia. Ultra pure ammonium sulfate was obtained from Schwarz/Mann Biotech. The 

membrane filtration apparatus and membrane filters were obtained from Amicon. All 

dialysis was performed with Spectrapor 1 dialysis tubing (molecular weight cut off 6,000-

8,000). Protein molecular weight standards were obtained from Sigma Chemical Co.. All 

other chemicals used were of the highest purity grade commercially available. All solutions 

were prepared with doubly distilled water which was passed through three Sybron-

Bamstead combination demineralization/organic removal cartridges connected in series. 

1.2.2. Methods 

1.2.2.1. Protein Determination 

All protein concentration determinations were based on the dye-binding method of 

Bradford [1976] and carried out as described in the technical bulletin from the Bio-Rad 

protein assay kit obtained from Bio-Rad Laboratories. Bovine serum albumin was used as 

the standard. 

1.2.2.2. Co-migration and Molecular Weight 
Determination 

The ferredoxin-nitrate reductase complex comigration experiments and the 

determination of molecular weights for both the enzyme and the ferredoxin-enzyme 

complex were carried out on an Ultrogel AcA 44 gel filtration column (1.5 x 75 cm) 

equilibrated with buffer that was 10 mM in potassium phosphate and 0.1 mM in EDTA or 

250 mM in potassium phosphate and 1 mM EDTA (pH 7.5), according to the method ot 
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Andrews [1965]. Spinach leaf ferredoxin, P-lactoglobin, chicken egg albumin, bovine 

serum albumin and p-galactosidase were used as molecular weight standards. 

The molecular weight was also determined by gel electrophoresis according to the 

method of Laemmli [1970] using a Pharmacia Phastsystem and silver staining 

[Heukeshoven and Demick, 1985]. The molecular weight standards used were lysozyme, 

soybean trypsin inhibitor, carbonic anhydrase, ovalbumin and phosphorylase B. 

1.2.2.3. Enzvmatic Assay of Nitrate Reductase 

The assay for methyl viologen-linked nitrate reductase activity was based on that 

described by Ida and Mikami [1983]. The reaction mixture contained, in a total volume of 

2 ml, 200 îmol NaHCOa buffer (pH 10.5), 40 îmol KNO3, 20 ^miol methyl viologen 

and the enzyme preparation. The reaction was staned by adding 23 |imol of Na2S204 in 

0.2 ml of 0.2 M NaHC03. The mixture was incubated at 30 ̂ C for 3 minutes, and then 

the reaction was stopped by vigorous shaking utilizing a Vortex stirrer. One unit of nitrate 

reductase is the amount of enzyme that forms 1 |imol of nitrite per minute under the 

condition of assay. Nitrite formation was estimated using a diazo color reaction based on 

the method of SneU and Snell [1949]. 

1.2.2.4. UV-visible Spectroscopy 

All the spectrophotometric data were obtained using an Aminco DW-2a 

spectrophotometer at a spectral resolution of 1 nm. 

1.2.2.5. Preparation and Purification of Nitrate 
Reductase 

P. borvanum nitrate reductase was purified according to a modification o( the method 

of Mikami and Ida [1984]. Ten grams (wet weight) of frozen cells were thawed in 100 ml 



buffer that was 250 mM in potassium phosphate (pH 7.7), 1 mM in EDTA, 1 mM in 

phenylmethylsulfonyl fluoride (PMSF) and 20% in glycerol (vA )̂. The cell suspension 

was sonicated (Branson cell disruptor Model 200) at 17 kHz for 20 minutes in an ice baUi. 

The temperature was checked periodically to insure that it remained below 15 °C. The cell 

debris was pelleted by centrifugation at 7,0(X) x g for 30 minutes, resuspended in buffer 

and sonicated again in the same manner. The pooled blue-green supernatant derived from 

50 g cells was collected and chilled acetone (-15 °C) was added to 35% (v/v). The 

resulting precipitate was removed by centrifugation at 7,000 x g for 10 minutes. Chilled 

acetone was again added to the supernatant to a final concentration of 75% (v/v). The 

resulting precipitate was removed by centrifugation at 7,000 x g for 5 minutes and 

dissolved in a minimal amount of the isolation buffer. After dialysis against buffer that was 

250 mM in potassium phosphate (pH 7.5), 1 mM in EDTA and 1 mM in PMSF for 36 

hours, the buffer was changed to 250 mM in potassium phosphate (pH 7.5) and 1 mM in 

EDTA and the sample was dialyzed for another 8 hours. The insoluble material was 

removed by cennifugation. The crude extract was concentrated by membrane filtration 

using an Amicon PM 10 membrane filter (molecular weight exclusion 10,000) to 5 ml. 

The concentrated protein solution was then apphed to an Ultrogel AcA 44 column (4 x 100 

cm), previously equilibrated with buffer that was 250 mM in potassium phosphate (pH 

7.5) and 1 mM in EDTA . The enzyme was eluted with the same buffer and all fractions 

containing meUiyl viologen-linked nitrate reductase activity were collected and pooled. 

The enzyme solution was then concentrated and desalted using buffer that was 10 mM 

in potassium phosphate (pH 7.5) and 0.1 mM in EDTA and the same Amicon PM 10 

membrane filter. The desalted enzyme was applied to a Bio-Gel hydroxyapatite (HT) 

column (0.5 x 10 cm) previously equihbrated with the same low ionic strength buffer. The 

column was washed with the same buffer until there was no protein present in the eluted 

fractions. Then the enzyme fraction exhibiting methyl viologen-linked nitrate reductase 
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activity was eluted with buffer that was 250 mM in potassium phosphate (pH 7.5) and 1 

mM in EDTA. After reconcentration and desalting using an Amicon PM 10 membrane 

filter, the enzyme solution was then applied to a ferredoxin-Sepharose 4B column (1x15 

cm), previously equilibrated with the same low ionic strength buffer. The column was 

washed in the same manner as described above. The purified enzyme was finally eluted 

with high ionic strength buffer that was 250 mM in potassium phosphate (pH 7.5) and 1 

mM in EDTA. The protein used had a specific activity of 8.8 units/mg. 

1.2.2.6. Preparation and Purification of P. Borvanum 
Ferredoxin 

P. borvanum ferredoxin was co-purified with nitrate reductase through the first AcA 

44 column fractionation. The reddish-brown protein fractions were collected and 

concentrated using an Amicon PM 10 membrane filter, and appUed to a Bio-Gel HT 

column equlibrated with buffer that was 10 mM in potassium phosphate (pH 7.5) and 0.1 

mM in EDTA. The column was continuously washed with the same buffer until there was 

no protein in the effluent The partially purified ferredoxin was eluted with 250 mM 

potassium phosphate (pH 7.5) and ImM EDTA buffer and reconcentrated using an Amicon 

PM 10 membrane filter. Typical ferredoxins from cyanobacteria have A 422 nm/A 277 nm 

ratios near 0.52 fWada et al.. 1974]. The protein was stored in liquid nitrogen until used. 

1.2.2.7. Preparation and Purification of S. Platensis 
Ferredoxin 

Spirulina platensis ferredoxin was purified according to the method of Wada et al. 

[1974]. Approximately 50 g of frozen cells was kneaded with 100 g of NaCl and I g of 

Tris-(hydroxymethyl)-aminomethane-HCl (Tris-HCl) powder, and left overnight in a cold 

room (4 ^C). To the mixture was added 5 1 of doubly distilled water and the suspension 

was left to stand for 3 hours. The fluorescent, violet supernatant was centrifuged at 7.(XX) 



X g for 20 minutes. The algal debris was resuspended in 5 1 of doubly distilled water for 3 

hours and the centrifugation repeated. The combined filtrate was diluted to make the 

chloride ion concentration less than 0.1 M. The solution was applied to a DE-52 DEAE-

cellulose column (2.5 x 30 cm). The DEAE-cellulose column became violet due to the 

adsorption of phycobiliproteins together with ferredoxin (Wada etal. 1974). The 

fluorescent, violet solution containing proteins was eluted with 100 mM Tris-HCl buffer 

(pH 7.5) that was 700 mM in NaCl until the eluent color became fairly faint. 

The eluent was made 70% in ammonium sulfate. The brown supernatant was dialyzed 

against 10 mM Tris-HQ buffer (pH 7.5) tiiat was 200 mM in NaCl for 24 hours and tiien 

dialyzed against 100 mM Tris-HCl buffer (pH 7.5) for 5 hours. The dialysate was 

adsorbed onto a DE-52 DEAE-cellulose column (1x10 cm) equilibrated with 100 mM 

Tris-HCl buffer (pH 7.5). The colored DE-52 DEAE-cellulose was placed on the top of a 

fresh DE-52 DEAE-cellulose column (1 x 15 cm). Ferredoxin was eluted from the column 

in a linear salt gradient ranging from 100 mM Tris-HCl buffer (pH 7.5) to 100 mM Tris-

HCl buffer (pH 7.5) that was 500 mM in NaCl. The ferredoxin fraction (A 422 nm/A 277 

nm > 0.43) was applied to a Sephadex G-75 column equilibrated with 10 mM Tris-HCl 

buffer (pH 7.5) that was 70 mM in NaCl. The eluted ferredoxin fraction (A 422 nm/A 277 

nm=0-5) was concentrated by Amicon PM 10 membrane filter and stored in liquid nitrogen 

until used. 

1.3. Results 

Ferredoxin-linked nitrate reduction in cyanobacteria has been studied since 1967. 

However, until recentiy no assimilatory nitrate reductases from cyanobacteria had been 

characterized in detail. Recentiy, Ida and Mikami [1983; 1984; 1986] reported the 

successful purification to homogeneity of the nitrate reductase from P. hopvanum and 

characterized the enzyme with respect to molecular weight, ferredoxin and methyl viologen-
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dependent activities, circular dichroism spectrum, metal and sulfide content and amino-acid 

composition. 

A modified method for purification of P. borvanum nitrate reductase based on the 

procedure of Mikami and Ida [1984] has been developed as pan of the ongoing 

investigation of ferredoxin-dependent enzymes in our laboratory. Nitrate reductase was 

released from intact P. borvanum cells by sonication as was originally described for A, 

nidulans [Manzano et al.. 1976]. We found that pre-treatment of the cells with lysozyme 

before sonication did not increase the yields of enzyme. The enzyme extract was subjected 

to acetone precipitation (30%-80%) followed by dialysis against 250 mM potassium 

phosphate/1 mM EDTA buffer (pH 7.5) containing PMSF. The purification procotol is 

summarized in Table 1.2.. The use of ammonium sulfate was avoided during the 

purification because P̂  borvanum nitrate reductase gradually lost its activity in the presence 

of ammonium sulfate [Mikami and Ida, 1984]. 

After successive AcA 44 gel filtration, hydroxyapatite chromatography and ferredoxin 

affinity chromatography, a purified enzyme was obtained with a 188-fold increase in the 

specific activity and 9% yield (Table 1.2.). The purified enzyme was unstable when 

diluted in buffer solution with low ionic strength (10 mM potassium phosphate), consistent 

with the report by Mikami and Ida [1984]. Figure 1.1. shows a densitometer trace of a 

silver-stained sample of the enzyme after polyacrylamide gel electrophoresis in the presence 

of SDS. The single detectable band on the gel provided evidence for the purity of enzyme. 

A molecular weight of 38 kD for P. borvanum nitrate reductase was estimated by gel 

electrophoresis in the presence of SDS using a Phamacia Phast system and comparison of 

the enzyme's migration distance with that of molecular weight standards (Fig. 1.2.). This 

result differs substantially from the value of 85 kD reported by Mikami and Ida [ 19X4]. 

Reaction kinetics of methyl viologen-dependent nitrate reduction catalyzed by the 

enzyme obeyed the MichaeHs-Menien equation. The Km for reduced methyl viologen uas 
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determined to be 2.35 ± 0.01 mM (Fig. 1.3.). The Km for nitrate, with reduced metiiyl 

viologen as the electron donor, was determined to be 680 ± 11 |iM (Fig. 1.4.). These 

values for Km are very close to tiiose of 2.4 mM for metiiyl viologen and 700 p-M for 

nitrate reported by Ida and Mikami [1984]. 

The ability of ferredoxins extracted from different species to serve as electron donors 

for P. borvanum nitrate reductase is summarized in Table 1.3. in comparison to metiiyl 

viologen as donor. Activities were measured using methyl viologen, P. borvanum 

ferredoxin, S. platensis ferredoxin and spinach leaf fen-edoxin as electron donors but with 

different amounts of proteins (Table 1.3.). The values of Vmax could not be determined 

due to the limited amount of purified P. borvanum and S. plantensis ferredoxins available. 

However, tiie results showed that S. platensis and P. borvanum ferredoxins can serve as 

electron donors for nitrate reductase. On the other hand, no activity was observed even 

with a high concentration of spinach ferredoxin (30 mg/1 ml). 

It has been demonstrated that several ferredoxin-Hnked enzymes form electrostatically 

stabilized, noncovalent complexes with ferredoxin [Shin and San Pietro, 1968; Foust et al.. 

1969; Nelson and Neuman, 1969; Nakamura and Kimura, 1971; Richard et al.. 1980; 

Batie and Kamin, 1981; Hirasawa and Knaff, 1985; Privalle et al.. 1985; Hirasawa £i al, 

1986]. The binding of nitrate reductase to the spinach ferredoxin affinity column observed 

during the final step of our purification protocol (Fig. 1.5.), strongly suggested that P. 

borvanum nitrate reductase could also form a complex with ferredoxin. Therefore, an 

attempt was made to confirm complex formation by comigration during gel filtration. 

Figure 1.6. shows the elution profile of a mixture of nitrate reductase and spinach 

ferredoxin at high ionic strength during gel filtration on an AcA 44 column. No co-

migration of the proteins was observed. The proteins eluted as separate components and 

tiie fraction number of ferredoxin corresponded to the known molecular weight value for 

spinach ferredoxin, 11.5 kD [Matsubara and Sasaki, 1968]. The 38 kD molecular weight 
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for nitrate reductase determined by gel filtration was also consistent with tiie SDS 

electrophoresis data. Figure 1.7. shows that nitrate reductase alone elutes at tiie same 

position in low ionic strength buffer on the same gel filtration column. On tiie other hand, 

the two proteins co-migrated during gel filtration at low ionic strength when ferredoxin was 

added in excess (Fig. 1.8.), suggesting the formation of an enzyme : ferredoxin complex at 

low ionic strength. These results are consistent with the binding of nitrate reductase to tiie 

ferredoxin affinity column (Fig 1.5.). The gel filtration and ferredoxin-Sepharose affinity 

chromatography data and the effect of ionic strengtii strongly suggest that electrostatic 

binding occurs between spinach fen^oxin and nitrate reductase. The apparent molecular 

weights for nitrate reductase and the ferredoxin : nitrate reductase complex estimated by gel 

fitration were 38 kD and 100 kD, respectively (Fig. 1.9.). However, since the elution 

volumn of a protein depends on shape as well as molecular weight, a definite conclusion as 

to the stoichiometry of ferredoxin : protein cannot be reached at this moment 

1.4. Discussion 

Results of ferredoxin affinity column and gel filtration co-migration experiments 

strongly suggested the formation of a spinach ferredoxin : R borvanum nitrate reductase 

complex. The observation that complex fomiation between ferredoxin and nitrate reductase 

does not occur at high ionic strengtii suggested that tiie complex is primarily stabilized by 

electrostatic interaction between tiie proteins. Addition of excess ferredoxin to nitrate 

reductase (5 : 1 molar ratio of ferredoxin to nitrate reductase) during gel filtration at low 

ionic strength resulted in a much higher apparent molecular weight for the putative 

ferredoxin : nitrate reductase complex (Fig. 1.8.) compared to tiiat for eitiier nitrate 

reductase in tiie presence of ferredoxin at high ionic strength (Fig. 1.6.) or nitrate reductase 

alone at low ionic strengtii (Fig. 1.7.). A 2:2 complex of nitrate reductase and ferredoxin 

would explain the 100 kD molecular weight of tiie species observed dunng gel filtration at 
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low ionic strength. It is important, in ftiture work on this problem, that complex formation 

be demonstrated by an independent technique, such as spectral perturbation, which can 

provide information about the stoichiometry and binding affinity of the complex. 

Additional convincing evidence for complex formation could also come ftxjm ultrafiltration 

smdies: If the two proteins were mixed at low ionic strength and concentrated using an 

Amicon Centricon-30 miniconcentrator (molecular weight exclusion 30,000) and no 

ferredoxin were detected in the ftitrate, complex formation would be documented. 

The analytical data presented above indicate tiiat the molecular weight of P. borvanum 

nitrate reductase was 38 kD. The result is somewhat less than one half the 85 kD value 

reported by Mikami and Ida [1984]. Gel electrophoresis data (Fig 1.1.) confirmed tiie 

purity of the enzyme. Ida etal. [1984] reported tiiat the enzyme had a single polypeptide 

chain, thus it is unlikely that we have isolated only one subunit of the enzyme. Bagchi gi 

aL [1987] recentiy reported a Mo cofactor associated with Nostoc musconim nitrate 

reductase. Further characterization of our preparation for the presence of Mo is required to 

determine whether it is missing this co-factor. It is possible that the 38 kD form of tiie 

enzyme observed in our studies is a proteolytic degradation product of tiie native 85 kD 

nitrate reductase. However, we observed the same molecular weight value (38 kD) for P̂  

borvanum nitrate reductase prepared either in the presence of or in the absence of the 

protease inhibitor PMSF in tiie sonication buffer. It is, however, possible that R 

borvanum contains a PMSF-insensitive protease. 
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Table 1.1. 

The growth medium for P. borvanum 

Group Component g/1 

A K2HPO4 To 

B Na citrate • 2H2O 0.165 

Ca(N03)2 • 4H20 .025 

C KNO3 2.0 

FeQs .004 

MgS04 • 7H20 .25 

D A5 1 ml* 

* A5 includes: H3BO3 2.86, MnCl2 ' 4H20 1.81, ZnS04 * 7H20 .222, 
Na2Mo04 • 2H2O .019, CUSO4 • 5H20 .079 (g/1). 
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Table 1.2. 

Summary of purification of nitrate reductase ft"om P. borvanum 

Purification step Protein Activity^ Specific Yield Purification 
(mg) (units) activity (%) (-fold) 

(units/mg) 

Crude extract 

Acetone (30^80%) 

AcA 44 gel filtration 

Bio-Gel HT 

2478 

155.8 

26 

6.1 

116 

28.9 

20.4 

13.8 

.0468 

.185 

.785 

2.26 

100 

30 

17.6 

12 

1 

4 

16.8 

48.3 

Ferredoxin-Sepharose 1.2 10.7 8.8 9.2 188 

a Methyl viologen Assay. 
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Nitrate reduction catalyzed by 

Electron Donor 

Methyl viologen 

S. Platensis ferredoxin 

P. borvanum ferredoxin 

Spinach leaf ferredoxin 

Table 1.3. 

' P.borvanum nitrate reductase with different 
electron donors 

Amount Activity 
(mg) (units/min) 

5.14 .073 

0.2 .011 

0.1 .00533 

15 0 

percentage 
(%) 

100 

15 

7.3 

0 
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Fig. 1.1. Gel electrophoresis of nitrate reductase. Electrophoresis in the 
presence of SDS was performed as described in Methods. The gel was 
stained with silver and a densitometer trace recorded. Trace A, 10 ng of 
nitrate reductase. Trace B, molecular weight standards: lysozyme (Mr = 
14,400), soybean trypsin inhibitor (Mr = 21,500), carbonic anhydrase (Mr = 
31,000), Ovalbumin (Mr = 42,700), bovine serum albumin (Mr = 66,200) and 
phosphorylase b (Mr = 97,400) 
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Fig. 1.2. Polyacrylamide gel electrophoresis of nitrate reductase in the 
presence of SDS. The electrophoresis gel was performed on a PhastGel 
Gradient 10-15 gel (with a continous gradient from 10 to 15 % acrylamide). 
Molecular weight standards: lysozyme (Mr = 14,400), soybean 
trypsin inhibitor (Mr = 21,500), carbonic anhydrase (Mr = 31,000), Ovalbumin 
(Mr = 42,700), bovine serum albumin (Mr = 66,200) and phosphon/lase b 
(Mr = 97,400). 
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Km = 2380 îM 
1/[MV] (1/mM) 

Fig. 1.3. Determination of the Km of nitrate reductase for methyl viologen 
using the assay described in Methods. 



20 

•1.4 0.0 

\ 

0.5 1.0 

1/[N03*l(1/mM) 
1.5 

Km = 714^M 

Fig. 1.4. Determination of tiie Km of nitrate reductase for nitrate using die 
assay described in Methods. 
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Fig. 1.5. Elution profile of nitrate reductase from a spinach ferredoxin-
Sepharose 4B column. The column was (1x15 cm) and 1 ml fractions were 
collected. At arrow 1, tiie column was eluted with 10 mM potassium 
phosphate buffer (pH 7.5) and at arrow 2, it was eluted with 250 mM 
potassium phosphate buffer (pH 7.5). 6.1 mg of tiie partially purified nitrate 
reductase was applied to the column.n : protein concentration, •: methyl 
viologen-hnked activity. 
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Fig. 1.6. Gel filtration elution profile o f nitrate reductase in the presence 
o f ferredoxin at high ionic strength. Chromatography was performed on an 
Ultrogel A c A 4 4 gel filtration co lumn (1.5 x 7 5 c m ) and 2.5 ml fractions 
co l lected fraction. The high ionic strength buffer was 2 5 0 m M potassium 
phosphate (pH 7.5) including 1 m M E D T A . Fifty | ig o f nitrate reductase and an 
equimolar amount o f spinach ferredoxin were used.n : absorbance, •: 
methyl viologen-l inked activity. 
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Fig. 1.7. Gel filtration elution profile of nitrate reductase at low ionic 
strengtii. Chromatography was performed on the same AcA 44 column as in 
Fig. 1.6. and 2.5 ml fractions collected. Thirty |.ig of nitrate reductase was used 
and the low ionic strength buffer was 10 niM potassium phosphate (pH 7.5) 
including 0.1 mMEDTA.p: absorbance,*: methyl viologen-linked activity. 
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Fig. 1.8. Elution profile of nitrate reductaseiferredoxin complex. 
Chromatography was performed on the same AcA 44 column used in Fig. 1.6. 
and 2.5 ml fractions collected. Fifty |ig of nitrate reductase was used and 
tiie spinach ferredoxin was present in an amount five times tiiat of nitrate 
reductase. The low ionic strength buffer was 10 mM potassium phosphat (pH 
7.5) including 0.1 mM EDTA. a: absorbance, •: methyl viologen-linked 
activity. 
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Fig. 1.9. Gel filtration chromatography of the nitrate reductaseiferredoxin 
complex. Chromatography was performed on the Ultrogel AcA 44 gel filtra
tion column (1.5 X 70 cm) equilibrated with 10 mM potassium phosphate 
buffer (pH 7.5) including 0.1 mM EDTA. Molecular weight standards used: 
spinach ferredoxin (Mr = 11,500), P-lactoglobin (Mr = 18,400), chicken egg 
albumin (Mr = 45,000), bovine serum albumin (Mr = 66,200), P-galactosidase 
(Mr= 116,250). 



CHAPTER II 

SUBUNIT COMPOSITION OF NITRITE REDUCTASE 

FROM SPINACH 

2.1. Introduction 

Most nitrogen atoms which enter the metabolic pathways of plants or animals have 

arrived there via nitrite reductase. Nitrite reductase is one of a small group of oxidative 

enzymes which catalyze a multi-electron reduction. Although the physiological electron 

donor for plant lutrite reductase is reduced ferredoxin, reduced methyl viologen is often 

used as a convenient, nonphysiological, substitute for ferredoxin. Nitrite reductases that 

catalyze the 6-electron reduction of nitrite to ammonia have been purified to apparent 

homogeneity from plants, algae, and cyanobacteria and have been well characterized 

[Guerrero etal..19811. Although reduced methyl viologen is usually used as the electron 

donor for assaying the enzyme during purification, the physiological reaction is given by 

Eq. (2.1) : 

6Fd red + N02" + 7H+ -> 6Fd ox + NH3 + 2H2O . (2.1) 

Spinach nitrite reductase is a siroheme-containing enzyme [Murphy £t ^,1914] that 

also contains a tetranuclear iron-sulfur center [Vega and Kamin, 1977; Lancaster et al.. 

1979]. Nitrite reductases from other species also have been shown to contain siroheme 

[Zumft, 1972; Ho and Tamura, 1973]. Aparicio etal. [1975], using EPR spectroscopy, 

initially found evidence for tiie presence of tiie iron-sulfur center. Subsequentiy, this 

observation was confirmed in several laboratories [Lancaster gLaL 1979; Vega and Kamin, 

1977; Krueger and Siegel, 1982] and cluster extrusion techniques were used to 

demonstrate tiiat the center is likely a [4Fe-4S] cluster [Lancaster eiaL 19791. 

26 
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Presumably, nitrite reductase can receive electrons one at a time from reduced ferredoxin 

[Vega e u L 1980]. 

Altiiough tiiere is good agreement among different groups concerning tiie prostiietic 

group content of plant nitrite reductase, tiiere has been disagreement concerning tiie 

molecular weight and subunit composition of tiie enzyme. Hirasawa and Tamura [1980] 

reported tiiat spinach nitrite reductase has a molecular weight of 85 kD, and consists of 61 

kD and 24 kD subunits. This was in contrast to a number of reports tiiat plant nitrite 

reductases are monomeric proteins witii molecular weights between 60 kD and 65 kD 

[Paneque sLaL, 1964; Ramirez et al.. 1966; Ho and Tamura, 1973; Murphy et al.. 1974; 

Aparicio sua., 1975; Vega and Kamin, 1977; Ida, 1977; Stoller et al.. 1977; Lancaster et 

al. 1979; Knaff sLaL 1980; Krueger and Siegel, 1982; Wilkerson et al.. 1983]. 

Recentiy, Romero etal. [1987] reponed that tiie Chlamvdomonas reinharditii ferredoxin-

linked nitrite reductase had a molecular weight of 86 kD and was a heterodimer consisting 

of 63 kD and 25 kD subunits. The smaller subunit appeared to be required for optimal 

ferredoxin-dependent activity. These observations funher support the presence of a 85 kD 

form of nitrite reductase. 

The 85 kD fomi of spinach nitrite reductase accepts electrons more efficientiy from 

ferredoxin than from methyl viologen, and is separated into subunits (64 kD and 24 kD) by 

passage tiirough a DEAE-Sephadex A-50 column [Hirasawa and Tamura, 1980]. The 61 

kD fragment had lost a considerable amount of its ferredoxin-linked activity but retained 

high rates of methyl viologen-linked activity [Hirasawa and Tamura, 1981 ]. The 24 kD 

fragment had no enzymatic activity [Hirasawa et al.. 1982 ] but contained a relatively high 

affinity ferredoxin-binding site [Hirasawa and Knaff, 1985]. The 61 kD fomi of nitnte 

reductase exhibited different characteristics than the 85 kD fonn witii resf)ect to its siroheme 

content, ability to bind ferredoxin [Hirasawa and Knaff, 1985], kinetics and ligand binding 

[Hirasawa et al.. 1987]. 
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In an attempt to resolve tiie disagreement about tiie true molecular weight and subunit 

composition of plant nitrite reductase, a series of electtxjphoresis and gel fitration 

chromotography studies have been done to determine tiie possible factors which influence 

tiie molecular weight of nitrite reductase and to establish tiie relationship between tiie 61 kD 

and 85 kD forms of nitrite reductase. The results obtained suggest tiiat tiie presence of p-

mercaptoetiianol during tiie purification procedure may lead to loss of tiie 24 kD subunit. 

2.2. Materials and Methods 

2.2.1. Materials 

Spinach obtained from a local produce warehouse (field-grown during 1987 growing 

season) was used as the starting material for all protein preparations described. All otiier 

materials used are as described previously. All reagents used were of tiie highest purity 

grade commercially available. 

2.2.2. Methods 

2.2.2.1. Enzvmatic Assav of Nitrite Reductase 

The assays for ferredoxin-Unked and methyl viologen-hnked nitrite reductase activity 

were performed according to the method described by Hirasawa and Tamura [1980]. The 

reaction mixture contained, in a total volume of 1 ml, 50 |imol of potassium phosphate 

buffer (pH 7.7), 2 |imol of NaN02, 2 mg of ferredoxin and the enzyme preparation. The 

reaction was staned by adding 3.75 mg of sodium dithionite in 0.15 ml of 0.29 M 

NaHC03. T^c mixture was incubated at 30 C for 5 minutes, and the the reaction was 

stopped by vigorous shaking, utiUzing a Vortex stirrer. One unit of nitrite reductase is the 

amount of enzyme that reduces I |imol of nitrite per minute under the conditions of the 

assay. Nitrite was determined colorimetrically as described in section 1.2.2.3.. 
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2.2.2.2. Preparation and Purification of a Hî h 
Molecular Weight Form of Spinach Nirritt̂  
Reductase 

The 85 kD form of spinach nitrite redurtase was purified according to the metiiod of 

Hirasawa gt^l, [1987] witii slight modifications. All isolation procedures were done at 4 

C. Fresh spinach leaves were mixed witii equal volumes of 10 mM Tris-HCl buffer (pH 

7.7) tiiat was 200mM in NaCl and 1 mM in phenyhnetiiylsulfonyl fluoride (PMSF) 

dissolved in isopropanol and the mixture homogenized in a large capacity Waring blender. 

The homogenate was then filtered tiirough two layers of cheeseclotii. To tius crude extract, 

chilled acetone was added to 35% (v/v) and the resulting precipitate was removed by 

centrifugation at 7,000 x g for 10 minutes. Additional chilled acetone was added to the 

supernatant to a final concentration of 75% (v/v). The resulting precipitate was collected by 

centrifugation at 7,000 x g for 5 minutes and then dissolved in a minimal amount of the 

homogenizing buffer. The extract was tiien dialyzed for 36 hours against the 

homogenizing buffer. The dialyzed solution was reconcentrated by precipitation witii 90% 

saturated ammonium sulfate. The precipitated protein was again dialyzed against 10 mM 

Tris-HCl buffer (pH 8.0) tiiat was 200mM in NaCl but without ImM PMSF. After 

dialysis, insoluble material was removed by centrifugation at 7,000 x g for 5 minutes. 

The dialyzed solution was then applied to a Whatman DE-52 DEAE-cellulose column 

(8 X 90 cm), previously equilibrated with 10 mM Tris-HCl buffer (pH 8.0) that was 200 

mM in NaCl, and all fractions containing ferredoxin-linked nitrite reductase activity were 

collected and pooled. The enzyme solution was made 70% in ammonium sulfate. The 

precipitate was collected by centrifugation at 8,000 x g for 20 minutes and then dialyzed 

against 10 mM Tris-HCl buffer (pH 7.7) that was 200 mM in 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 tiie first application on DEAE-cellulose column. After all fractions 

exhibiting high specific activity were collected and pooled, the enzyme solution was made 
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70% in ammonium sulfate and the resulting precipitate was collected by centrifugation and 

tiien dialyzed against 50 mM Tris-HCl buffer (pH 7.7) tiiat was 200 mM in NaCl for 24 

hours. 

The dialyzed solution was tiien applied to a Sephadex G-lOO column which had been 

previously equilibrated witii tiie dialyzing buffer. Elution was performed witii 50 mM Tris-

HCl buffer (pH 7.7) that was 200mM in NaCl and fractions exhibiting high specific 

activity were pooled and collected. The enzyme solution was made 70% in ammonium 

sulfate, tiie precipitate was collected and dialyzed again against tiie 50 mM Tris-HCl buffer 

(pH 7.7) that was 200 mM in NaCl followed by dialysis against 50 mM potassium 

phosphate buffer (pH 7.7) for 8 hours. 

The protein was applied to a ferredoxin-Sepharose 4B column (2 x 30 cm), previously 

equilibrated with 50 mM potassium phosphate buffer (pH 7.7). Samples were collected 

and those exhibiting high specific activity were concentrated by membrane filtration using 

an Amicon PM 10 membrane filter (molecular weight exclusion 10,000). The enzyme 

used had an A 388 nm/A 278 nm ratio greater than 0.63 and a specific activity greater tiian 

320 units/mg protein (given as units of ferredoxin-linked activity). 

2.2.2.3. Preparation and Purification of a Low 
Molecular Weight Form of Spinach 
Nitrite Reductase 

A 63 kD form of spinach nitrite reductase was prepared by tiie metiiod of Ida and 

Mikami [1986] with some modifications. After fractionation with chilled acetone (35 ^ 

70%), as described above, tiie precipitate was collected by centrifugation at 7,000 x g for 

10 minutes. Dialysis of the enzyme solution against 10 mM Tris-HCl buffer (pH 8.0) that 

was 200 mM in NaCl was followed by chromatography on DE-52 DEAE cellulose. The 

enzyme was eluted with tiie same buffer and all fractions exhibiting high methyl violoizcn-

linked nitrite reductase activity were pooled, and tiien concentrated with a Amicon PM-IO 
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membrane filter (molecular weight exclusion 10,000). This early fraction was used in 

some cases for determination of the enzyme molecular weight Concentrated enzyme 

solution in 50 mM potassium phosphate buffer (pH 7.5) containing 0.1% P-

mercaptoethanol and 0.1 mM EDTA was further concentrated by precipitation with 30% 

saturated ammonium sulfate. 

The protein was then applied to a Blue-Sepharose column (4 x 37 cm) equilibrated 

with 30 mM Tris-HCl (pH 7.5) containing 0.1% p-mercaptoethanol. The column was 

washed witii 700 ml buffer that was 30 mM in Tris-HCl (pH 7.5) containing 0.1 % P-

mercaptoethanol and eluted with a linear concentration gradient from 0.05 to 0.15 M NaCl 

in the same buffer. The elution buffer was supplemented with 10% (v/v) glycerol. The 

partially purifed enzyme had a specific activity greater than 100 units/mg protein witii 

reduced methyl viologen as the electron donor. 

2.2.2.4. Preparation and Purification of Spinach 
Ferredoxin 

Spinach ferredoxin was co-purified with the 85 kD molecular weight nitrite reductase 

tiirough the first DEAE-cellulose fractionation. Absorbed ferredoxin was eluted with 30 

mM Tris-HCl buffer (pH 8.0) containing 800 mM NaCl and diluted with 4 aliquots of 30 

mM Tris-HCl buffer (pH 8.0) before application to tiie second DEAE-cellulose column. 

The column was washed with 30 mM Tris-HCl buffer (pH 8.0) and tiien eluted with a 

linear salt gradient from 200 to 400 mM NaCl in tiie same buffer. Fractions with A 422 

nm/ A 277 nm > O-'̂ O ^^re pooled and concentrated witii an Amicon YM-5 membrane filter 

(molecular weight exclusion = 5,000). The concentrated sample was finally applied to an 

Ultrogel AcA 44 column equilibrated with 50 mM Tris-HCl buffer (pH 8.0) containing 2(X) 

mM NaCl. Fractions witii A 422 nm/A 277 nm > 0.43 were pooled and concentrated with 
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an Amicon YM-5 membrane filter. The purified ferredoxin (A 422nm/A 277nm = 0.45) 

was stored in 30 mM Tris-HCl buffer (pH 8.0) in liquid nitrogen temperature. 

2.2.2.5. Ferredoxin Affinitv Column Preparation 

Ferredoxin, purified by the method described above, was used for the preparation of 

the affinity column matrix. Feiredoxin was coupled to the cyanogen bromide-activated 

Sepharose 4B as described by tiie technical bulletin from Pharmacia. 

2.3. Results 

There is a disagreement about the molecular weight and subunit composition of plant 

assimilatory nitrite reductase. Previous reports from two laboratories suggested that the 

enzyme is a 85 kD heterodimer. The putative subunits could be separated by 

chromatography of the enzyme on DEAE-Sephadex [Hirasawa and Tamura, 1980; 

Hirasawa and Tamura, 1981; Hirasawa et al.. 1982; Hirasawa et al.. 1984; Hirasawa and 

Knaff, 1985]. However, it appeared necessary to provide additional evidence from other 

techniques to confirm the enzyme subunit composition. In an attempt to clarify this point, 

the separation of the native enzyme into its subunits by gel electrophoresis in the presence ' 

of the detergent sodium dodecylsulfate (SDS) has been accomplished. Figure 2.1. shows 

the results of such an electrophoresis experiment after staining the gel for protein with 

Coomassie brilliant blue. Two bands can be seen in tiie gel corresponding to apparent 

molecular weights of 61 kD and 24 kD, respectively. The molecular weights of the native 

enzyme and of tiie two subunits indicate tiiat tiie native enzyme must contain the two 

subunits in a 1:1 ratio. The pattern of relative Coomassie Brilliant Blue-staining intensities 

shown in Fig. 2.1. indicates that the 24 kD subunit has considerably lower affinity for the 

dye than does the 61 kD subunit. Silver staining of the gel also revealed two protein bands 
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witii molecular weights of 61 and 24 kD, respectively. However, in this case the two 

bands were of approximately equal intensity (M. Hirasawa unpublished observations). 

The electrophoresis results reported above are almost identical to those obtained by 

Romero etal. for the C. reinhardrii enzyme [1987]. These results strongly support tiie 

hypothesis that spinach nitrite reductase is composed of both 61 kD and 24 kD subunits. 

Additional evidence comes from the results of gel filtration chromatography of the enzyme 

under denaturing conditions. The separation of the 61 kD and 24 kD subunits was 

accomplished on a Bio-Gel P-100 gel filtration column in the presence of 0.1% SDS plus 8 

M urea (Fig. 2.2.). In contrast, only a single protein-containing fraction with an apparent 

molecular weight of 85 kD was observed on the same column in the absence of denaturants 

(Fig. 2.3.). 

One question that arises immediately is why so many preparations of higher plant 

lutrite reductase appear to contain only a 61 kD subunit and lack the 24 kD subunit 

[Beevers and Hageman, 1980; Hewitt et al.. 1976; Guerrero et al.. 1981; Losada et al.. 

1981; Kamin and Privalle, 1987; Siegel et al.. 1987; Hucklesby, 1987; Cammack et al.. 

1987; Ida and Mikami, 1986]. According to the report of Romero et al.. the small subunit 

of the C. reinhardtii enzyme is unstable: Storage of tiie enzyme at 4 ̂ C resulted in a loss of 

tiie 25 kD subunit witii a concomitant loss of activity witii reduced ferredoxin as tiie 

electron donor relative to activity witii reduced metiiyl viologen as tiie electron donor. 

Therefore, the effect of storage on tiie native 85 kD form of spinach ninite reductase witii 

or without p-mercaptoetiianol, a reagent widely used in purifying tiie enzyme [Shmiizu and 

Tamura, 1974; IdaeiaL, 1974; Ida, 1977; NagaokaeuL, 1984], was examined. After 

storage of tiie enzyme at 4 °C for one week, an enzyme sample without p-mercaptoetiianol 

exhibited a decrease in tiie ratio of ferredoxin-Unked activity to metiiyl viologen-linked 

activity from 2.7 to 1.1. On the otiier hand, an enzyme sample to which 0.1% p-

mercaptoethanol was added exhibited an immediate decrease in this ratio to 1.3. The loss 
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of ferredoxin-linked activity on storage was slightiy accelerated by tiie presence of P-

mercaptoetiianol, witii tiie ratio of ferredoxin-linked activity to metiiyl viologen-linked 

activity decreasing to 0.5 after one week storage. 

Storage of tiie native enzyme in tiie presence of 0.1 % P-mercaptoetiianol for one week 

at 4 C had a dramatic effect on tiie molecular weight of tiie protein as monitored by gel 

filtration chromatography. Two protein-containing fractions witii molecular weights 

corresponding to 61 kD and 24 kD, were detected when tiie p-mercaptoetiianol treated 

enzyme was passed tiirough an Ultrogel AcA 44 column (Fig. 2.4.). However, only one 

protein-containing fraction, witii an apparent molecular weight of 85 kD (Fig. 2.4.), was 

found when the enzyme, stored in tiie absence of P-mercaptoetiianol, was eluted from the 

same Ultrogel AcA 44 column. The small amount of remaining 24 kD subunit and tiie 

absence of any detectable 85 kD enzyme after storage in tiie presence of p-mercaptoetiianol 

suggest that most of tiie 24 kD subunit is degraded into fragments too small to be detected 

by the gel filtration chromatography procedure. The mechanism by which p-

mercaptoethanol causes separation and degradation of the 24 kD subunit is not known. 

The presence of tiie protease inhibitor phenylmethylsulfonyl fluoride (PMSF) during 

the extraction of nitrite reductase from spinach leaves and during tiie initial stages of 

enzyme purification increased the yield of nitrite reductase with a high ratio of ferredoxin-

Unked to methyl viologen-Unked activity. The omission of PMSF during enzyme 

extraction also altered the enzyme kinetic parameters [Hirasawa et al..19871. On tiie other 

hand, the omission of PMSF during extraction somewhat surprisingly had no detectable 

effect on the apparent molecular weight of tiie native enzyme, determined by eitiier gel 

filtration or by gel electrophoresis in the presence of SDS. This suggests that any the 

fragments removed by protease(s) in the absense of PMSF is quite small (< 2,000 daltons, 

the uncertainty Umit of our molecular weight determination). The effects of P-

mercaptoethanol on ferredoxin-linked activity and loss of the 24 kD subunit were 
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somewhat accelerated when tiie enzyme was prepared in tiie absence of PMSF. Anotiier 

observation worth mentioning is tiiat prolonged storage of tiie enzyme in buffers with ionic 

strengtii less tiian 100 mM resulted in a considerable loss of ferredoxin-Unked activity witii 

relatively Uttie loss of metiiyl viologen-linked activity. A loss of activity at low ionic 

strength had previously been reported by Ida and Mikami [1986]. The effects of p-

mercaptoethanol on enzyme activity and on molecular weight described above always 

occurred at a considerably faster rate in low ionic strength medium than high ionic strength 

medium. 

There have been several reports of monomeric spinach nitrite reductase preparations 

witii molecular weight from 60 kD to 65 kD tiiat can bind ferredoxin [Ida and Mikami, 

1986; Ida, 1977; Ida etal . 1976: Gupta and Beevers, 1985a; Privalle et al.. 1985; Small 

and Gray 1984] and exhibit substantial rates of nitrite reduction with the reduced ferredoxin 

as the electron donor [Ida and Mikami, 1986; Privalle, et al.. 1985; Krueger and Siegel, 

1982]. One of the best characterized of these monomeric spinach nitrite reductase 

preparations is that recentiy described by Ida and Mikami [1986]. The purification protocol 

of these authors includes the presence of p-mercaptoethanol in aU buffers used after the 

initial extraction step. Therefore, in order to further document our findings on the effect of 

p-mercaptoethanol on the enzyme, we have investigated the molecular weight of nitrite 

reductase at two stages during the purification of the enzyme prepared using a modification 

of the procedure of Ida and Mikami. 

If p-mercaptoethanol were not present during enzyme extraction and purification, tiie 

molecular weight of the enzyme at an early stage of purification was 85 kD; essentially 

identical to that of the native enzyme purified according to tiie procedure developed in our 

laboratory (Fig. 2.5.). If 0.1% p-mercaptoetiianol were added to the nitrite reductase 

purified through the first DEAE-cellulose chromatography step of the modified Ida and 

Mikami procedure and tiie enzyme was aUowed to stand overnight, gel filtration revealed 
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two peaks of metiiyl viologen-linked activity conesponding to molecular weight of 

approximately 80 kD and 68 kD, respectively (Fig. 2.6.). These results indicate tiiat even a 

limited exposure to p-mercaptoetiianol can cause loss of tiie small subunit. Furthermore, 

if tiie entire modified Ida and Mikami purification protocol were carried out in tiie presence 

of 0.1% p-mercaptoetiianol, tiien only a single component witii molecular weight of 63 kD 

was detected during gel filtration, exactiy as described by tiiese autiiors [Ida and Mikami 

1986]. 

2.4. Discussion 

Under denaturing conditions, gel filtration (Fig. 2.2. and Fig. 2.3.) and gel 

electrophoresis (Fig. 2.1.) experiments give additional evidence to support the conclusion 

that spinach leaf nitrite reductase is a protein of molecular weight 85 kD, comprised of 61 

kD and 24 kd subunits [Hirasawa et al.. 19871. The separation of tiiese two subunits can 

be accomplished by three different techniques. 

(1) Treatment with DEAE-Sephadex [Hirasawa and Tamura, 1980; Hirasawa and 

Tamura, 1981; Hirasawa et al.. 1982; Hirasawa et al..l984: Hirasawa and Knaff, 1985]. 

(2) Gel filtration in the presence of urea plus SDS. 

(3) Polyacrylamide gel electrophoresis in the presence of SDS. 

A similar subunit composition has recentiy been reported for the assimilatory nitrite 

reductase of another oxygenic photosynthetic organism, the green alga Chlamvdomonas 

reinhardrii [Romero et al.. 1987]. There is another report of 100 kD nitrite reductase, 

comprised of 64 kD and 35 kD subunits, isolated from the etiolated bean shoots, but this 

enzyme has not yet been shown to contain siroheme [Ishiyama and Tumura, 1985]. The 

results reported from our laboratory and tiiose from the laboratory of Tamura are the only 

reports to date of a dimeric, 85 kD form of nitrite reductase isolated from a higher plant, 

and conflict with reports that higher plant nitrite reductases are approximately 63 kD, 



37 

monomeric proteins. The data provided above suggest tiiat treatment of tiie spinach nitrite 

reductase witii p-mercaptoetiianol, particularly when exposure is at low ionic strengh or in 

the absence of a protease inhibitor (PMSF), can easily cause degradation and/or loss of tiie 

24 kD subunit from tiie enzyme. These conditions, as weU as chromatography on DEAE-

Sephadex, a treatment known to remove tiie small subunit [Hirasawa and Tamura, 1980; 

Hirasawa and Tamura, 1981], are feanires of many of tiie protocols used to purify plant 

and algal nitrite reductases [Beevers and Hageman, 1980; Hewitt et al.. 1976; Guerrero £t 

aL 1981; Losada SL2L 1981; Kamin and Privalle, 1987; Siegel et al.. 1987; Hucklesby, 

1987; Cammack et al.. 1987; Ida and Mikami, 1986; Shimizu and Tamura, 1974; Ida et al.. 

1974; Ida, 1977; NagaokagiaL, 1984, IdasiaL 1976, Vega and Kamin 1977]. Thus, 

many higher plant nitrite reductase may, in fact, have subunit compositions similar to those 

of the spinach and C. reinhardrii enzymes but lose tiie small subunit during purification. 

Recentiy, there have been two reports on ceU free translation of cytoplasmic nitrite 

reductase mRNA from wheat [SmaU and Gray, 1984] or pea [Gupta and Beevers, 1985b]. 

In the case of wheat, a 64 kD precursor was translated from mRNA and subsequently 

cleaved to the 60.5 kD mature form of nitrite reductase after transfer across the chloroplast 

membrane. No evidence for a 24 kD subunit, cross-reacting with antibodies raised against 

nitrite reductase, was found in this study. However, the antibody used by Small and Gray 

in the studies on the wheat enzyme was raised against the 60.5 kD form of enzyme and 

thus Western blots or immunoprecipitarion using the antibody would not have been 

expected to recognize the small subunit. Similar consideration can also apply to the 

antibody against the pea enzyme used by Gupta and Beevers. In fact, previous work in our 

laboratory has shown this to be the case for the spinach enzyme. Polyclonal antibodies 

raised against the 85 kD native enzyme cross-reacted with both the 61 kD and 24 kD 

subunits, whereas polyclonal antibodies raised against the 61 kD, modified enzyme did not 

cross-react witii the smaU 24 kD subunit [Hirasawa et al.. 1984). 
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The data presented here estabUsh a clear conelation between tiie presence of tiie 24 kD 

subunit and a high ratio (2.5 to 3.1) of ferredoxin-Unked : metiiyl viologen-linked enzyme 

activity. These results suggest tiiat tiie smaU subunit is important for ferredoxin interaction 

with the enzyme. This conclusion is supported by tiie faa tiiat, in our hands, only enzyme 

preparations containing tiie smaU subunit could bind to a ferredoxin-Sepharose affinity 

column [Hirasawa and Knaff, 1985; Ida et al.. 1976; Lancaster et al.. 1982]. Furtiiermore, 

direct binding experiments showed tiiat tiie small subunit exhibits relatively high affinity 

binding of ferredoxin (K(i= 4.4 |iM), providing additional evidence for the hypothesis that 

the 24 kD subunit contained the ferredoxin binding site [Hirasawa and Knaff, 1985]. 

However, several groups have reported tiiat 60 kD to 65 kD, monomeric forms of the 

enzyme can also bind to a ferredoxin affinity column [Ida and Mikami, 1986; Ida etal.. 

1976; Gupta and Beevers, 1985a; Small and Gray, 1984] or interact with ferredoxin in 

solution [Privalle et al.. 1985]. These observations suggest tiiese monomeric nitrite 

reductase preparations may stiiU retain substantial ferredoxin-Unked activity. Hirasawa and 

Knaff [1985] reported that while removal of tiie 24 kD subunit decreases tiie affinity of the 

enzyme for ferredoxin binding substantially (Kd increased from 0.63 |iM to 11 }iM), the 

61 kD subunit can still bind feiredoxin. It would thus appear more accurate to conclude 

that while optimum ferredoxin binding requires the 24 kD subunit, a portion of tiie 

ferredoxin binding site is located on tiie 61 kD large subunit 
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61 KDa 

24 KDa 

Fig. 2.1. Polyacrylamide gel electrophoresis of nitrite reductase in the 
presence of SDS. Electrophoresis was performed on a 12-20% gradient gel, 
which was tiien stained with Coomassie blue. Lane a, 40 p.g of native 
nitrite reductase. Lane b, molecular weight standards: Phosphorylase b 
(Mr = 97,400), bovine semm albumin (Mr = 66,200), ovalbumin (Mr = 42,700), 
carbonic anhydrase (Mr = 31,000), trypsin inhibitor (Mr = 21,500) and 
lysozyme (Mr = 14,400). The enzyme was allowed to stand for 12 hours in 
tiie presence of 2% SDS and 5% p-mercaptoethanol at room temperature 
prior to electrophoresis. 
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Fig. 2.2. Gel filtration of nitrite reductase. Chromatography was 
performed on a BioGel p-100 column (1.5 x 50 cm) equtiibrated witii 200 mM 
potassium phosphate buffer (pH 7.7) with 0.1% SDS plus 8 M urea. Thirty |ig of 
nitrite reductase was applied to tiie column and 1.25 ml fractions collected. 
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Fig. 2.3. Gel filtration of nitrite reductase. Chromatography was 
performed on a BioGel p-100 column (1.5 x 50 cm) equilibrated witii 200 mM 
potassium phosphate buffer (pH 7.7). Thiny }ig of nitrate reductase was applied 
to the column and 1.25 ml fractions collected. 
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Fig. 2.4. The effect of p-mercaptoethanol on tiie molecular weight of nitrite 
reductase. Gel filtration was performed on an Ultrogel AcA 44 column 
(1.5 X 75 cm) equilibrated witii 10 mM Tris-HCl buffer (pH 8.0) containing 
200 mM NaCl. 1.25 ml fractions were collected. Molecular weights were 
calculated as in [Davis, 1964] after calibration of tiie column with 
molecular weight standards. (•) Native nitrite reductase purified as in 

[Hirasawa et al.. 1987] and stored for one week at 4 C in the abence of (3-
mercaptocthanol. (a) Native nitrite reductase purified as in [Hirasawa et 
aL, 1987] and stored for one week at 4 °C in tiie presence of 0.1 % 
p-mercapioethanol. One hundred |ig of enzyme were applied to the column in b(nh 
cases. 
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Fig 2 5 Molecular weights of nitrite reductase prepared by different 
methods Gel filtration and molecular weight calculations were performed 
as in Fig 2 3 The 1.25 ml fractions were assayed for activity using 
reduced methyl viologen as tiie electron donor. (•) Native niffite 
reductase prepared according to [Hirasawa £LaL, 1987]. (o) Nitnte 
reductase purified tiirough tiie DEAE-cellulose chromatography step of tiie 
modified prodedure of Ida and Mikami described in Metiiods but in tiie 
absence of [3-mercaptoetiianol. Thirty |ig of native and modified nitrite 
reductase were applied to the column. 
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Fig. 2.6. All of the conditions were the same as in Fig. 2.5., except nitrite 
reductase purified through tiie DEAE cellulose chromatography step of the 
modified Ida and Mikami procedure was stored overnight in buffer containing 
0.1% p-mercaptoetiianol prior to gel filtration chromatography. 



CHAPTER m 

EVIDENCE FOR THE PRESENCE OF A [2FE-2S] 

FERREDOXIN IN BEAN SPROUTS 

3.1. Introduction 

Ferredoxin, photoreduced by photosystem I, functions as an electron donor in all 

species of higher plants and algae that carry out oxygenic photosynthesis [Buchanan and 

Amon, 1979]. Ferredoxin is involved in a variety of processes including the reduction of 

NADP+ [Shin and Amon, 1965], nitrite [Hewitt, 1975; Hirasawa and Tamura, 1980], 

sulfite [Aketagawa and Tamura, 1980; Kruegar and Siegel, 1982], thioredoxin and 

regulatory enzymes of the Calvin-Benson cycle [Wolosuik and Buchanan, 1977] as well as 

tiie reductive conversion of 2-oxoglutarate plus glutamine to glutamate [Lea and Miflin, 

1974; Hirasawa and Tamura, 1984]. Ferredoxin-dependent enzymes such as 

ferredoxin:NADP+ oxidoreductase (NADP+ reductase) [Suzuki et_al., 1985a], 

ferredoxinrnitrite oxidoreductase (nitrite reductase) [Suzuki et al.. 1985b; Oji et al.. 1985: 

Joy and Hageman, 1966; Hirasawa et al.. 1984], ferredoxin:sulfite oxidoreductase (sulfite 

reductase) [Tamura and Hosoi, 1979], and glutamate synthase [Suzuki et al.. 1985b; 

Matoh and Takahashi, 1982; Miflin and Lea, 1977] have been shown to be present in non-

green tissues of some plants, as well as leaves, suggesting that non-green tissues also 

might contain ferredoxin or a ferredoxin-like protein. 

There have been several reports indicating the presence of putative ferredoxins in non-

photosytiietic plant tissue. Suzuki etal. [1985b] have identified a protein in com roots that 

can serve as an elecffon donor for both nitrite reductase and glutamate synthase from maize 

roots or leaves. Ninomiya and Sato [1984] have also found a ferredoxin-like protein in 

non-green, cultured tobacco callus which can serve as an electron donor to a nitrite 

45 
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reductase prepared from the same organism. However, few properties of tiie protein were 

reported in eitiier case. Recentiy, Wada etal. [1986] have reported tiiat a ferredoxin-like 

protein which is able to serve as an electron donor for botii NADP+ and nitrite reduction is 

present in tiie white storage root of Japanese radish. The radish pTC>tein was more 

extensively characterized tiian was tiie case for tiie com root or tobacco callus proteins, but 

the reported yields of tiie protein were quite low compared to tiie yields obtained from the 

leaves of many higher plants. Below is described the isolation of a ferredoxin-Uke protein 

from bean sprouts that has been successfully purified witii reasonable yield and extensively 

characterized. 

3.2. Materials and Methods 

3.2.1. Materials 

Bean sprouts and spinach leaves were purchased from a local market during the 1987 

growing season. The bean sprouts contained no detectable chlorphyll. 

Phenyhnethylsulfonyl fluoride (PMSF) and AT polyvinyl-polypyrrolidone were 

obtained frx)m Sigma Chemical Co.. All other materials, chemicals and reagents used were 

as described above. 

3.2.2. Methods 

Spinach ferredoxin and spinach nitrite reductase were purified as described in Chapter 

I. Nitrite reductase activity was assayed essentially as described in Chapter 1, except tiiat 

75 mM Tris buffer (pH 8.0) replaced 50 mM potassium phosphate buffer (pH 7.7) in the 

assay reaction mixture. Nitrite concentrations were determined colorimetrically [Snell and 

Snell, 1949]. One unit of activity corresponds to 1 }imole of nitrite reduced per minute. 
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3.2.2.1. Absorbance and Circular Dichroism Spectra 

Absorbance and CD spectra were measured using an Aminco DW-2a 

spectrophotometer and a JASCO Model J-20 spectropolarimeter, respectively. 

3.2.2.2. Protein Determination 

Protein concentrations were determined according to the method of Bradford [1976] 

using bovine serum albumin as a standard. 

3.2.2.3. Sulfide and Iron Content Determination 

Analysis of the bean sprout protein for acid-labile sulfide was performed according to 

the method of Siegel et al. [1973], using spinach ferredoxin as a standard. The total iron 

content of the protein was determined according to Massey etal. [1957], using ferric 

ammonium sulfate and spinach ferredoxin as standards. 

3.2.2.4. Molecular Weight Determination bv Gel 
Filtration Chromatoeraphv 

Molecular weights under non-denaturing conditions were determined by gel filtration 

on an Ultrogel AcA 44 column (1.5 x75 cm) in 50 mM Tris-HCl buffer (pH 8.0) that was 

200 mM in NaCl and on a Sephadex G-50 column (1.5 x 75 cm) in 200 mM potassium 

phosphate buffer (pH 7.7), according to tiie method of Andrews [1965]. Hexokinase, 

bovine serum albumin, pepsin, soybean trypsin inhibitor, cytochrome c, bovine lung 

aprotinin, bovin insulin chain A and vitamin B12 were used as molecular weight standards. 

3.2.2.5. Molecular Weight Determination bv Gel 
Flecrrophoresis 

Gel electrophoresis in the absence or presence of sodium dodecyl sulfate (SDS) was 

performed according to the methods of Davis [1964] and of Laemmli [ 1970|, respectively. 
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Molecular weight standards used were phosphorylase I2, bovine serum albumin, 

ovalbumin, carbonic anhydrase, soybean trypsin inhibitor, lysozyme and bovine lung 

aprotinin. 

3.2.2.6. Purification of Bean Sprout Ferredoxin 

All steps of the purification of the bean sprout protein were carried out in a cold room 

at 4 C. About 2 kg of bean sprouts were homogenized for one minute in a Waring-type 

blender in 21 of 50 mM Tris-ascorbate buffer (pH 7.5) tiiat was 200 mM in NaCl, 5% 

(wÂ ) in polyclar AT, 1 mM in EDTA and 1 mM in PMSF. The homogenate was filtered 

through two layers of cheesecloth. The filtrates frx)m 20 kg of bean sprouts were combined 

and chilled acetone (-15 ^C) was added to a final concentration of 35% (v/v). The resulting 

precipitate was removed by centrifugation at 10,000 x g for 10 minutes. Additional chilled 

acetone was then added to the 35% acetone supernatant to give a final acetone concentration 

of 75% (v/v). The resulting precipitate was collected by centrifugation at 10,000 x g for 5 

minutes, suspended in a minimum amount of the homogenizing buffer and initially dialyzed 

against 201 of the homogenization buffer followed by dialysis with three 20 1 changes of 

buffer. Insoluble material was removed by centrifugation and tiie supernatant was tiien 

dialyzed against 50 mM Tris-HCl buffer (pH 7.5) tiiat was 200 mM in NaCl and 20% in 

glycerol (v/v). 

The reddish-brown dialysate was applied to a DE-52 DEAE-cellulose column (2.5 \ 

20 cm) equihbrated with tiie same buffer and tiie colored material eluted witii 50 mM Tris-

HCl buffer (pH 8.0) that was 400 mM in NaCl. The colored fractions were pooled and 

collected, concentrated using an Amicon YM-5 ultrafiltration membrane and loaded onto an 

Ultrogel AcA 44 column (4 x 100 cm) equilibrated with 50 mM Tris-HCl buffer (pH 8.0) 

that was 200 mM in NaCl. Fractions with A 421 nm/A 277 nm > 0.35 were pooled, 

concentrated as described before and applied to a DEAE-cellulose column (0.5 \ 75 cm) 
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equilibrated witii 50 mM Tris-HCl buffer (pH 8.0) tiiat was 200mM in NaCl. The bean 

sprout ferredoxin was slowly eluted as a broad band by 50 mM Tris-HCl buffer (pH 8.0) 

tiiat was 200 mM in NaQ. Fractions witii A 421 nm/A 277nm > 0.45 were pooled, 

concentrated and chromatographed on a Sephadex G-50 column (1.5 x 75 cm) equlibrated 

witii tiie same buffer. Ferredoxin was eluted as a single peak (A 421 nm/A 277 nm = 0.50) 

and concentrated on an Amicon Centricon-10 microconceno^tor. 

3.3 Results 

Following the purification protocol described in tiie Metiiods section, the bean sprout 

protein appeared pure based on the criterion of constant A421 nm- A277 nm=0.5 in all 

ferredoxin-containing Sections detected during Sephadex G-50 gel filtration 

chromotography. The final yield was 10 mg of protein per 20 g of starting material. Gel 

electrophoresis in the absence of SDS, performed according to tiie method of Davis [1964], 

on either 7% cross-linked polyacrylamide or in the presence of SDS on 13% cross-linked 

polyacrylamide gel performed according to tiie method of Laemmli [1970], revealed a 

single Coomassie brilliant blue-staining band (data not shown), also suggesting tiiat tiie 

protein was homogeneous. Gel filtration under non-denaturing conditions, using eitiier 

calibrated Ultrogel AcA 44 or Sephadex G-50 columns, indicated a molecular weight of 

12.5 kD for the bean sprout protein. This value is slightiy higher than tiie 11 kD reported 

for spinach leaf ferredoxin [Matsubara etal..19681. is similar to the value estimated from 

the data of Wada etal. [1986] for the radish root ferredoxin but is substantially lower than 

the 19.5 kD value reported for tiie tobacco callus fen-edoxin-like protein [Ninomiya and 

Sato, 1984]. 

Molecular weight estimations based on the results of electrophoresis in the presence of 

SDS on 13% cross-hnked polyacrylamide gel yielded a value of 15.5 kD for the bean 

sprout protein. However, electrophoresis in the presence of SDS on a 12-20*̂ r cross-
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hnked polyacrylamide gradient gel revealed two major bands of molecular weight 17.6 and 

15.7 kD, respectively, tiiat stained witii approximately equal intensity witii Coomassie Blue 

(Fig. 3.1.) [Hirasawa sLaL, 1988b] (Results obtained in tiie laboratory of Prof. R. Malkin 

at tiie University of Califomia, Berkeley.) Three faint Coomassie blue-staining bands of 

molecular weights 12.5, 6.3 and 3.7 kD were also visible on tiie 12-20% gradient gel. In 

Western blots, using an antibody against spinach ferredoxin (a generous gift of Prof. Nam-

Hai Chua), only the 15.7 kD band in tiie bean sprout protein preparation cross-reacted with 

the spinach ferredoxin antibody. These results indicated tiiat the bean sprout and spinach 

ferredoxins are related. The weak cross-reaction also suggested that there are some 

substantial differences in stmcture between the bean sprout and spinach leaf ferredoxin. 

One such difference, in addition to the small difference in molecular weight, is tiie different 

behavior of the two proteins during DEAE cellulose anion-exchange chromatography. 

While the bean sprout protein can be eluted from a DEAE-cellulose column by 50 mM Tris 

buffer that is 200 mM in NaCl, buffer tiiat is 350 mM in NaCl was required to eluie 

spinach leaf ferredoxin under same condition. 

Figure 3.2. shows the absorbance spectra of the oxidized and reduced bean sprout 

protein. The spectrum of oxidized protein has absorbance maxima at 277, 328, 421 and 

466 nm and absorbance shoulders at 285 and 530 nm. This spectmm is very similar to that 

of the [2Fe-2S]-containing ferredoxins of otiier higher plants, such as tiiat isolated from 

spinach leaves [Tagawa and Amon, 1962] and from radish root [Wada et al.. 1986]. 

Reduction of the bean sprout ferredoxin caused a marked decrease in absorbance in the 

visible region (Fig. 3.2.), as expected for [2Fe-2S]-containing ferredoxins. Funhermore, 

the original spectrum was restored by vigorous shaking in air of the dithionite-reduced 

protein, indicating that the protein (like other ferredoxin) was rapidly oxidized by 02-

Figure 3.3. shows tiie CD spectra for tiie oxidized and reduced bean sprout ferredoxin 

in the visible and near ultraviolet regions. The spectrum of oxidized bean sprout ferredoxin 
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showed positive CD features at 357 and 428 and negative features at 235,288, 379 and 

555 nm, while the spectrum of the reduced bean sprout protein showed a positive feature at 

405 nm and a broad negative feature at 470 nm. These spectra are very similar to those 

observed for spinach ferredoxin [Garbett et al.. 1967]. Botii tiie absorbance and CD 

spectra suggested that the bean sprout protein contains a binuclear [2Fe-2S] cluster ratiier 

tiian a [4Fe-4S] cluster [Garbett et al.. 1967]. Iron and acid-labile sulfide analyses gave 

values (assuming a molecular weight for tiie protein of 12.5 kD) of 2.08 ± 0.04 moi 

Fe/mol protein and 1.88 ± 0.04 moi S/mol protein, respectively, indicating the presence of 

a single [2Fe-2S] cluster in bean sprout ferredoxin. Since proteins often are isolated 

containing significant amounts of non-specifically bound iron, the acid-labile sulfide 

content is perhaps a better indicator of the purity of the bean sprout ferredoxin preparation. 

The acid-labile sulfide content of the protein suggests that, if the method of Bradford 

[1976] gives an accurate value for the bean sprout protein concentration, the preparation 

cannot be contaminated by more than 6% with any protein tiiat does not contain acid-labile 

sulfide. 

An Em value of -440 mV (n=0.97) was measured in a series of oxidation-reduction 

titrations which were done by Dr. Kevin Gray in our laboratory [Hirasawa et al.. 1988b]. 

In tiiese experiments, spinach ferredoxin titration obtained an Em value of -423 mV, in 

good agreement with literature values [Smith et al.. 1981; Hawkridge et al.. 1976; Tagawa 

and Amon, 1962]. This result indicated tiiat tiie bean sprout protein is a low potential, one-

electron carrier, as expected for ferredoxin. 

Finally, the bean sprout protein was tested as a possible elecu-on donor to several 

ferredoxin-dependent plant enzymes. Table 3.1. indicates tiiat the bean sprout protein was 

able to replace spinach ferredoxin as an electron donor for niuite reduction catalyzed by 

spinach nitrite reductase, for com tiiioredoxin m reduction by spinach ferredoxin-

thioredoxin reductase and for NADP"*" photoreduction catalyzed by the endogenous 
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NADP+ reductase of washed spinach thylakoid membranes witii somewhat lower nimover 

numbers but witii Km values very similar to tiiose for spinach ferredoxin. (The nitrite 

reductase assays were conducted at Texas Tech. The NADP+ and tiiioredoxin reductase 

assays were carried out witii tiie assistance of Ms. April Zilber, Dr. Michel Droux and 

Prof. Richard Malkin, Div. of Molecular Plant Biology, University of Califomia, 

Berkeley.) 

3.4. Discussion 

There have been a few reports of ferredoxin-like proteins existing in non-

photosynthetic plant tissues [Suzuki et al.. 1985b; Ninomiya and Sato, 1984; Wada et al.. 

1986; Ishiyama et al.. 1985] but these proteins were not characterized in detail. In the case 

of the best characterized of these proteins, that from radish root [Wada et al.. 1986], only 

the optical absorbance spectra and the electron donating capacity to ferredoxin-dependent 

enzyme were reported. Neither CD spectra, Em value, nor iron and sulfide content were 

reported. The data described above provide the first CD spectra and Em value for such a 

protein and represent the first example of such a protein that is able to serve as an electron 

donor for the reduction of nitrite, NADP"̂  and thioredoxin catalyzed by chloroplast 

enzymes. 

Essential features of the purification procedure were to minimize protease-catalyzed 

degradations and polyphenol oxidase activity. Therefore EDTA as a metal-dependent 

protease inhibitor, PMSF as a serine protease inhibitor and polyclar AT as a polyphenol 

oxidase inhibitor were included in the homogenization buffer. In tiie case of tiie last two 

inhibitors, it was necessary to dialyze against buffer including PMSF and polyclar AT for 

at least 24 hours in order to let tiiese slow-acting inhibitors react completely. Using this 

protocol, the yield of bean sprout protein was approximately 10-fold higher than that 

reported for radish root ferredoxin [Wada et al..l986]. 
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The molecular weight and Em values of bean sprout ferredoxin are quite similar to 

those of spinach leaf ferredoxin. However, bean sprout ferredoxin seems to be 

significantiy less acidic than spinach leaf ferredoxin based on its behavior during DEAE 

cellulose anion-exchange chromatography (see above). This observation suggests that 

spinach leaf ferredoxin has a greater net negative charge than does bean sprout ferredoxin. 

The bean sprout protein also appears to be less acidic than radish root ferredoxin since tiie 

latter required the addition of 570 mM NaCl to the eluting buffer to remove it from a 

DEAE-cellulose column fWada et al.. 1986]. 

Despite the apparent difference in charge between the two ferredoxins, the fact that 

bean sprout ferredoxin can replace spinach leaf ferredoxin as an electron donor with 

comparable Km values for three spinach fen^doxin-dependent enzyme systems suggests 

that the two proteins may be quite similar. Additional evidence supporting this conclusion 

comes from immunological data (Hirasawa et al.. 1988b). The cross-reactivity of the 

spinach ferredoxin antibody with the bean sprout protein estabUshed a relationship between 

tiie two proteins. The rather weak cross reactivity may reflect the phylogenetic difference 

between bean (order Rosales) and spinach (order Centrospermasel 

The purity of isolated bean sprout ferredoxin was estimated to be over 90% by gel 

filtration data and iron and acid-labile sulfide analysis as described above [Hirasawa et al.. 

1988b]. This result was confirmed by the e42l value of 8.9 mM"! cm-1 calculated for tiie 

oxidized bean sprout protein which was 92% of tiie 9.7 niM"! cm"̂  value reported for 

spinach leaf ferredoxin. The validity of tiiese arguments rest on the accuracy of tiie protein 

concentration determined by the method of Bradford [1976] using bovine serum albumin as 

a standard. One argument tiiat supports tiie accuracy of tiie protein concentration values is 

tiie observation tiiat determination of tiie concentration of tiie related spinach leaf ferredoxin 

by tiie method of Bradford, using bovine serum albumin as a standard, gave values w ithin 

2% of tiiose determined from tiie absorbance of the native protein at 420 nm. Additional 
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evidence for tiie purity of tiie bean sprout fen-edoxin comes from tiie A421 :A277 ratio of 

0.50 determined for the bean sprout protein, compared witii tiie value of 0.49 for spinach 

leaf ferredoxin [Schurmann et al.. 1970]. This result also suggests tiie protein is pure. 

However, this data cannot provide conclusive evidence for purity in the absence of further 

information^ on the amino acid composition of bean sprout ferredoxin, since the aromatic 

amino acid content of ferredoxins is variable [Schurmann et al.. 1970]. 

If the bean sprout protein is in faa pure, it is necessary to explain the appearance of 

two bands of approximately equal Coomassie blue-staining intensity on tiie polyacrylamide 

12-20% cross-linked gradient electrophoresis gel in the presence of SDS. The possibility 

that the 15.7 kD protein is a proteolytic degradation product of tiie 17.6 kD protein seems 

unlikely because of the immunological data showing that the 15.7 kD protein rather than the 

17.6 kD protein cross-reacts with an antibody raised against spinach ferredoxin. 

Proteolytic degradation would not be expected to make antigenicity against tiie spinach 

ferredoxin appear. Therefore, the most likely explanation consistent with all of the data is 

that bean sprouts, like radish root [Wada et al..19861 and spinach leaves [Takahashi et al.. 

1981; Takahashi et al.. 1983; Shin and Sakihama, 1987], contain two forms or isozymes 

of ferredoxin. In the case of bean sprouts it would appear tiiat tiiese isozymes can be 

separated by SDS-PAGE but not by gel filtration. However, the observation that only one 

of tiiese protein bands could cross react with tiie antibody raised against spinach 

ferredoxin, suggests another possible explanation,i.e., tiiat tiie two bands seen on the 12-

20% cross-linked gradient gel in tiie presence of SDS in fact represent leaf and non-

photosynthetic tissue forms of bean ferredoxin. Further experiments designed to resolve 

these problems is a major objective of planned future work. 
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Table 3.1 

Effect of ferredoxin source on tiie kinetic parameters for nitrite, NADP+ and 
thioredoxin m reduction^ 

Ferredoxin Nitrite Reduction NADP+Reduction Thioredoxin m Reduction 
Source Km(^M) Vmax Km(HM) Vmax Km(^M) Vmax 

Spinach Uaf 20 320(100%) 0.40 170(100%) 0.20 1.54(100%) 

Bean Sprout 22 160(50%) 0.23 70(40%) 0.17 1.33(86%) 

a [Hirasawaetal. 1988b]. 
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Fig. 3.1. SDS-polyacrylamide gel electrophoresis and immunoblotting of 
bean sprout and spinach leaf ferredoxins. Electrophoresis was performed on 
a 12-20% gradient gel using 10 |J.g of each ferredoxin. Left-hand panel: 
Lane a. Spinach leaf ferredoxin; Lane b. Bean sprout ferredoxin; Lane c. 
Molecular weight standards. The gel was stained for protein with 
Coomassie brilUant blue. Right-hand panel: Lane d. Spinach leaf ferredoxin; 
Lane e. Bean sprout ferredoxin. After electrophoresis, the proteins were 
transferred to nitrocellulose paper, treated witii antibody against spinach 
ferredoxin and developed with peroxidase coupled to goat anti-rabbit IgG. 
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Fig. 3.2. Absorbance spectra of bean sprout ferredoxin. Spectra of 27 |iM 
ferredoxin in 30 mM Tris-HCl buffer (pH 8.0) were measured in a 1 cm 
pathlength cell vŝ  a buffer blank. Oxidized ferredoxin ( ), ferredoxin 
reduced witii solid sodium dithionite (—). 
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Fig. 3.3. CD spectra of bean sprout ferredoxin. Experimental conditions as 
in Fig. 3.2. except that the protein concentration was 10 |iM. 
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