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CHAPTER I 

CHARACTERIZATION OF A FERREDOXINrNADP"*-

OXIDOREDUCTASE FROM AN ETIOLATED PLANT 

TISSUE 

1.1. Introduction 

Ferredoxin:NADP+ oxidoreductase (EC 1.18.1.2, hereafter referred to as NADP+ 

reductase) was first purified and demonstrated to be a component involved in NADP"*" 

photoreduction during noncyclic oxygenic photosynthesis in 1963 [Shin gj al-l- This FAD-

containing protein has subsequendy been isolated and purified from a number of higher 

plants, algae, and cyanobacteria and extensively characterized [Forti, 1977]. 

NADP"*" reductase is encoded by a nuclear gene [Grossman £t al., 1982]. A high 

molecular weight precursor containing an N-terminal leader sequence is synthesized in the 

cytosol. The leader sequence, which targets the precursor for passing through the double 

membrane of the chloroplast envelope, is cleaved by a specific protease [Smeekens £t ^. , 

1990]. During maturation, the shortened precursor is posttranslationally modified and 

associated witii a flavin molecule. Although it has been reported that a prosthetic group-

heme required for the biosynthesis of chloroplast cytochrome is synthesized inside the 

organelle [Castelfranco and Jones, 1975], neither flavin synthesis within the chloroplast 

nor the mechanism by which the flavin associates with the apoprotein of NADP"'" reductase 

has been examined. The mature form of NADP+ reductase has a molecular mass of 35 

kDa (from spinach leaf) [Karplus et ai-, 1984] and is associated with the intergrana regions 

of the thylakoid membrane as an extrinsic membrane protein [Berzbom, 1969; Bohme, 

1978]. It catalyzes the final step in the chain of reactions involved in the photosynthetic 
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pathway in the stroma of chloroplasts. This enzyme catalyzes an electron transfer from 

reduced ferredoxin to the two-electron acceptor, NADP+. The reduced form of NADP"*", 

NADPH, is one of the essential compounds used as a reductant in biosynthesis. Although 

the role of NADP"*" reductase in photosynthetic tissues has been extensively documented 

[Forti, 1977], much less is known about the presence of analogous enzymes in 

nonphotosynthetic tissues of plants [Hirasawa et al., 1990]. 

Besides NADP"^, the other substrate of NADP"*" reductase is ferredoxin, an iron-sulfur 

protein, located in the soluble fraction of the chloroplast. It can be reduced by accepting an 

electron from photosystem I, in a light-dependent reaction. Ferredoxin is involved as an 

electron carrier 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; Krueger and Siegel, 1982], thioredoxin and regulatory enzymes of the 

Calvin-Benson cycle [Wolosuik and Buchanan, 1977] as well as the reductive conversion 

of 2-oxoglutarate plus glutamate to glutamine [Lea and Miflin, 1974; Hirasawa and 

Tamura, 1984]. There have been a few reports of ferredoxin-like proteins existing in 

nonphotosynthetic plant tissues [Ninomiya and Sato, 1984; Suzuki £t al-, 1985; Wada £l 

M-, 1986]. In 1964, Sanderson and Cocking first found nitrite reductase (EC 1.7.7.1) in 

tomato roots. More recentiy, nitrite reductase and glutamate synthase (EC 1.4.7.1) have 

also been found in rice and maize roots [Suzuki et al., 1982; Suzuki et al-, 1983]. The 

ferredoxins prepared from either maize roots or spinach leaves can serve as an electron 

carrier for both maize ferredoxin-dependent enzymes in the cytochrome c reduction assay 

[Suzuki £1 al., 1985]. The pyridine nucleotide reductase from maize roots showed an 

antigenic similarity to spinach leaf NADP"*" reductase [Suzuki £l al., 1985]. Recent work 

in our laboratory has demonstrated the presence of a [2Fe-2S]-containing ferredoxin, with 

properties similar to those of spinach leaf ferredoxin, in bean sprouts, an etiolated plant 



tissue [Hirasawa £t M-, 1988b]. Those observations raised the possibility that tiie NADP"*" 

reductase, a ferredoxin-dependent enzyme, might also exist in bean sprouts. As predicted, 

a NADP+ reductase from bean sprouts was purified successfully and its spectroscopic, 

immunological, and catalytic characterizations are presented below. 

1.2. Materials and Methods 

1.2.1. Materials 

Bean sprouts and spinach leaves were purchased from local markets during the 1988 

growing season. Blue Sepharose 4B were obtained from Pharmacia LKB; DE-52 DEAE-

cellulose from Whatman; molecular weight standards for polyacrylamide gel 

electrophoresis, equine cytochrome c (Type VI), phenylmethylsulfonyl fluoride (PMSF) 

and polyvinylpolypyrrolidone from Sigma Chemical Co.; Ultrogel Ac A 44 from I. B. F. 

Biotechics, isoelectric focusing standards from BioRad and thin-layer chromatography 

plates (silica gel 60) firom Merck. Other chemicals used were of the highest grade purity 

available. 

1.2.2. Methods 

Bean sprout ferredoxin (A 42lnm / A 277nm = 0.50) and spinach ferredoxin 

(A 422nm / ^ 277nm = 0.50) were prepared as described previously [Hirasawa and Knaff, 

1985; Hirasawa et ai-, 1988a] and stored in 30 mM Tris-HCl buffer (pH 8.0) at liquid 

nitrogen temperature until used. The ferredoxin-Sepharose 4B affinity resin was prepared 

according to the method of Shin and Oshino [1978]. Spinach leaf NADP"*" reductase was 

prepared as described by Shin and Oshino [1978] except that 1 mM PMSF was added to 

the initial homogenization buffer. 



1.2.2.1. Purification of the Bean Sprout Enzvme 

All steps in die purification of the bean sprout enzyme were carried out at 5 ^C. Two-

kilogram portions of bean sprouts were homogenized for 1 minute in a Waring blender in 2 

liters of 50 mM Tris-ascorbate buffer (pH 7.5) containing 800 mM NaCl, 5% (w/v) 

polyvinylpolypyrrolidone, ImM EDTA, 1 mM PMSF, and 100 jiM benzyl 

isothiocyanate. The homogenate was filtered through cheesecloth and, after filtered 

homogenates from 25 kg of bean sprouts were collected, and chilled acetone (-15 ^C) was 

added to a final concentration of 35% (v/v). The resulting precipitate was removed by 

centrifugation for 10 minutes at 10,000 x g and additional chilled acetone added to the 

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

centrifugation for 5 minutes at 10,0(X) x g, suspended in a minimum volume of 

homogenizing buffer and dialyzed against 20 liters of the same buffer. After additional 

dialysis with three 20 liter changes of buffer, insoluble material was removed by 

centrifugation and the soluble material was redialyzed against 10 mM Tris-HCl buffer (pH 

7.5) containing 200 mM NaCl, 20 mM sodium pyrophosphate, and 50 \xM benzyl 

isothiocyanate. The dialysate was then applied to a DEAE-cellulose column (4 x 70 cm) 

previously equilibrated with the same buffer. After elution with the same buffer, fractions 

with the highest NADPH to cytochrome c activity were pooled, concentrated by 

precipitation with ammonium sulfate (90% saturation), redissolved, and dialyzed against 

the same buffer. After centrifugation to remove a small amount of insoluble material, the 

dialysate was chromatographed on an Ultrogel Ac A 44 column (4 x 100 cm) equilibrated 

with the same buffer. Fractions with the highest activity were pooled, concentrated by 

ammonium sulfate precipitation as described above, dialyzed against 50 mM Tris-HCl 

buffer (pH 7.5) containing 20 mM sodium pyrophosphate, and applied to a DEAE-

cellulose column (1 X 25 cm) equilibrated with the same buffer. The bean sprout NADP"*" 



reductase was slowly eluted with the same buffer as a single sharp band. Active fi-actions 

were concentrated using an Amicon PM-10 ultrafiltration membrane (molecular weight 

cutoff of 10 kDa) and loaded onto a ferredoxin-Sepharose 4B affinity column (2.5 x 10 

cm) equilibrated with the same buffer. After washing with the same buffer, the bean sprout 

enzyme was eluted with 200 mM potassium phosphate buffer (pH 7.7) and concentrated 

using an Amicon Centricon-30 microconcentrator (molecular weight cutoff of 30 kDa). 

1.2.2.2. Assav for Enzyme Activity 

Absorbance measurements for enzyme assays were made using a Perkin-Elmer 

Lambda 3 spectrophotometer. Assays were performed using a modification of the method 

of Masaki ej al. [1979]. NADPH to cytochrome c electron transfer was monitored by 

following absorbance increases at 550 nm, using a reduced minus oxidized extinction 

coefficient for cytochrome c of 19.1 mM'^cm'^ [Nakamura and Kimura, 1971]. The 

reaction mixture contained 40 nmol of ferricytochrome c, 5 nmol of spinach leaf 

ferredoxin, 100 nmol of NADPH, the bean sprout enzyme, and 14.5 iimol of Tris-HCl 

buffer (pH 7.5) in a final volume of 1.0 ml. 2,6-Dichlorophenol indophenol (DCPIP) 

reduction was monitored by following absorbance decreases at 6(X) nm, using an extinction 

coefficient of 22 mM"^cm"^ [Masaki si al-, 1979]. The 2.0 ml reaction mixture contained 

100 nmol of DCPIP, 40 nmol of NADPH, the bean sprout enzyme, and 100 l̂mol of Tris-

HCl buffer (pH 7.5). One unit of activity is defined as the amount of enzyme that catalyzes 

the reduction of 1 îmol of either cytochrome c or DCPIP per minute at 25 ̂ C, 

1.2.2.3. Protein Concentration Determination 

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

using bovine serum albumin as a standard. 



1.2.2.4. Absorbance and Circular Dichroism Spectra 

Absorbance and circular dichroism (CD) spectra were obtained using Shimadzu Model 

UV-265 or UV-2100 spectrophotometers and a J AS CO Model J-20 spectropolarimeter, 

respectively. 

1.2.2.5. Prosthetic Group Analysis 

Fluorescence emission was measured using a Perkin-Elmer Model MPF-3 

fluorescence spectrometer. Flavin analysis was performed as described previously 

[Hirasawa and Tamura, 1984]. Flavins were visualized by fluorescence using a UVL-21 

BLAK-RAY lamp for excitation. Protoheme was determined according to the method of 

Takahashi and Morita [1981]. 

1.2.2.6. Immuno-double Diffusion Assay 

Immuno-double diffusion analysis was performed according to a modification of the 

method of Ouchterlony [1962], using an antibody raised in rabbits against spinach leaf 

NADP+ reductase. The antibody was a generous gift from Dr. Richard Malkin. 

1.2.2.7. Molecular Weight Determination 

Molecular weights were determined under nondenaturing conditions by gel filtration 

on an Ultrogel AcA column (1.5 x 75 cm) in 200 mM potassium phosphate buffer (pH 7.7) 

according to the method of Andrews [1965]. Hexokinase, bovine serum albumin, hen egg 

albumin, and p-lactoglobin were used as molecular weight standards. 



1.2.2.8. Electrophoresis 

Gel electrophoresis in the absence or presence of SDS was performed according to the 

methods of Davis [1964] or Laemmli [1970], respectively. Isoelectric focusing was 

performed using the method of Righetti and Drysdale [1974]. 

1.2.2.9. Ultrafiltration Binding Assays 

Ultrafiltration binding assays were performed using Amicon Centricon concentrators 

(molecular weight cutoff of 30 kDa) as described previously [Hirasawa £t al-, 1989a]. The 

optical difference spectrum of the NADP"*" reductase-ferredoxin complex was determined 

using split cells as described previously [Hirasawa et^l-, 1988a]. 

1.3. Results 

Table 1.1 summarizes the results of a typical purification of bean sprout NADP"*" 

reductase. It should be pointed out that it was essential to perform the initial 

homogenization of the bean sprouts in very high ionic strength buffer containing both 

polyvinylpolypyrrolidone, an absorbent of polyphenol, and benzyl isothiocyanate, an 

inhibitor of polyphenol oxidase [Patil and Tang, 1974], in order to obtain reasonable yields 

of purified enzyme. The enzyme showed a single Coomassie brilliant blue-staining band 

after gel electrophoresis on 12.5% cross-linked polyacrylamide in the absence of SDS. 

Isoelectric focusing showed a single component with pi 6.2. However, gel electrophoresis 

on 12.5% crosslinked polyacrylamide in the presence of SDS and p-mercaptoethanol 

resulted in two Coomassie blue-staining bands (Mr = 38 and 72 kDa) of approximately 

equal intensity. It is not yet clear whether the higher molocular weight band observed 

under denaturing conditions is an artifact resulting from aggregation. Gel filtration of the 



8 

purified enzyme under nondenaturing conditions on a caUbrated Ultrogel AcA 44 column 

yielded a molecular mass of 35 kDa for the purified bean sprout protein. 

Table 1.2 summarizes the catalytic parameters observed for the bean sprout enzyme in 

catalyzing ferredoxin-dependent electron transfer from NADPH to cytochrome c. Plots of 

activity versus concentration of NADPH, ferredoxin, or cytochrome c all showed 

Michaelis-Menten behavior. It should be pointed out that reductase actually catalyzes 

electron transfer from NADPH to ferredoxin [Forti, 1977] and that the subsequent 

reduction of cytochrome c by reduced ferredoxin, while of no physiological significance, 

allows for increased assaying convenience since the reaction can be carried out aerobically. 

While some differences were observed in Km and Vmax parameters depending on whether 

bean sprout or spinach leaf ferredoxin was used to accept electrons from NADP"*" 

reductase , it is clear that the bean sprout reductase can effectively utilize either ferredoxin 

as an electron-accepting substrate. Since higher plant, cyanobacterial, and algal NADP"*" 

reductases catalyze electron transfer from NADPH to DCPIP in addition to electron transfer 

from NADPH to ferredoxin [Shin, 1976], it was surprising that our purified bean sprout 

enzyme preparations exhibited almost no such diaphorase activity. In control experiments, 

diaphorase activity could readily be demonstrated with spinach leaf NADP"*" reductase (see 

below). 

Figure 1.1 shows a typical elution pattern obtained during purification of the bean 

sprout enzyme by gel filtration on Ultrogel AcA. It is clear that NADPH to cytochrome c 

and NADPH to DCPIP activities are located in different protein fi-actions that can be readily 

separated. Typical ratios of turnover numbers for the cytochrome c reduction versus the 

DCPIP reduction reactions of our purified bean sprout enzyme were near 175, while equal 

tumover numbers for the two activities with the spinach leaf enzyme were observed in our 

laboratory under identical conditions and were similar to that reported previously [Avron 



and Jagendorf, 1962; Forti gi ai-, 1983; Gozzer ^ al-, 1977; Lazzarini and San Pietro, 

1962; Masaki et al-, 1979]. As shown in Figure 1.2, while the fraction obtained by gel 

filtration chromatography that displayed NADPH to cytochrome c activity could bind to a 

ferredoxin-Sepharose 4B affinity column, the fraction that exhibited high diaphorase 

activity did not bind. The affinity chromatography results and the activity data suggest that 

the fraction with high diaphorase activity does not contain a high affinity binding site for 

ferredoxin. 

Figure 1.3 shows the absorbance spectrum of the purified bean sprout NADP"*" 

reductase. Absorbance maxima at 277, 385, and 457 nm with a shoulder at 490 nm are 

consistent with the enzyme containing FAD as a prosthetic group, which is true of all 

previously characterized plant, algal, and cyanobacterial NADP"*" reductases. The A457nm/ 

A277nm ratio of 0.11 obtained for the purified bean sprout enzyme is similar to that 

reported previously for NADP"*" reductases isolated from photosynthetic tissues [Forti, 

1977; Shin, 1976; Shin £t al., 1963]. A typical NADP"*" reductase ft-om spinach leaf has a 

molecular weight of 35 kDa [Karplus £l al-, 1984]. Assuming a molecular mass for this 

protein of 35 kDa, an extinction coefficient of 10.8 mM'^cm'^ at 457 nm was calculated 

for the bean sprout enzyme. No flavin fluorescence could be observed, indicating the 

enzyme preparation was free of contaminating free flavin. Thin-layer chromatography in a 

solvent system composed of n-butanol:acetic acid:water (4:1:5) of the prosthetic group 

released from the enzyme by treatment with 2.5% trichoroacetic acid gave a single yellow, 

fluorescent spot with a Rf value of 0.07. Authentic FAD and a trichloroacetic acid extract 

of spinach leaf NADP"*" reductase chromatographed with identical Rf values of 0.07, 

indicating that the bean sprout enzyme contains FAD. Some preparations of the bean 

sprout enzyme contained small contaminating amounts of protoheme (<0.1 mol of 

protoheme/mol of enzyme) that could not be removed completely. No difference was 
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observed in the kinetic properties between preparations that were free of protoheme and 

those containing this contaminant. Chromatography on Blue Sepharose CL-6B, a step 

often used in purifying flavin-containing enzymes [Wada et al-, 1983], removed a portion 

of the protoheme but resulted in a considerable loss of enzymatic activity. 

The CD spectrum of bean sprout NADP"*" reductase (Figure 1.4) contains a broad 

positive peak centered near 375 nm and a broad negative trough centered near 465 nm, 

attributable to the FAD prosthetic group [Cammack el al., 1971; Hasumietai., 1982; 

Shin, 1973; Yamaji and Yamano, 1968]. The CD spectrum in the 200-250 nm region, also 

shown in Figure 1.4, suggests a considerable a-helical content for the bean sprout protein 

[Greenfield and Fasman, 1969]. The fact that the optical and CD spectra of bean sprout 

and spinach leaf NADP"*" reductase are so similar suggested that the two proteins might be 

structurally similar enough for an antibody raised against one of the proteins to recognize 

the other. Figure 1.5 shows that an antibody raised in rabbits against spinach leaf NADP"*" 

reductase recognized the bean sprout enzyme. The sharp precipitin line with spurs 

suggests that a partial antigenic identity exists between the two NADP"*" reductases. The 

rabbit antiserum against spinach leaf NADP"*" reductase also inhibited ferredoxin-

dependent electron transfer from NADPH to cytochrome c catalyzed by the bean sprout 

enzyme (Figure 1.6). No inhibition was observed in a control experiment using 

preimmune serum (Figure 1.6). 

It is known that spinach leaf NADP"^ reductase forms a 1:1, electrostatically stabilized 

complex with spinach leaf ferredoxin [Batie and Kamin, 1981; Faust £ial., 1969; Hasumi 

£tal., 1982; Nelson and Neumann, 1969; Shin, 1973; Zanetti and Curti, 1981]. The 

observation that bean sprout NADP"^ reductase binds to a spinach ferredoxin-Sepharose 4B 

affinity column (see above) suggested that the bean sprout enzyme also forms a high 

affinity complex with ferredoxin. Figure 1.7 shows that both bean sprout and spinach leaf 
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ferredoxins co-migrate with bean sprout NADP"̂ ' reductase during gel filtration 

chromatography at low ionic strength, as would be expected if the reductase and ferredoxin 

formed a tight complex [Hirasawa et al-, 1986; Shin, 1973]. The apparent molecular mass 

of the complex, estimated by chromatography on a calibrated Ultrogel AcA 44 column, was 

42 kDa. Since the molecular masses of spinach ferredoxin [Matsubara £t al-, 1980] and 

bean sprout ferredoxin [Hirasawa et al., 1988b] are 11 and 12.5 kDa, respectively, the 

likely ferredoxin: bean sprout NADP"*" reductase stoichiometry in the complex is 1:1. No 

co-migration of the bean sprout NADP"*" reductase and either bean sprout or spinach 

ferredoxin occurred during chromatography at high ionic strength (i.e., in 200 mM 

potassium phosphate buffer). Under these conditions, where electrostatically stabilized 

complexes would be expected to dissociate, the reductase and ferredoxins eluted as 

separate components with apparent molecular masses of 35 kDa for the reductase and either 

11 kDa (spinach) or 12.5 kDa (bean sprout) for the ferredoxins. 

Further evidence for electrostatically stabilized complex formation was obtained from 

ultrafiltration binding assays (Table 1.3). As expected, in the absence of NADP"*" 

reductase, spinach ferredoxin passed through the Mr = 30 kDa cutoff membrane of an 

Amicon Centricon concentrator at either high or low ionic strength. In the presence of 

equimolar NADP*^ reductase, little ferredoxin passed through the membrane at low ionic 

strength, suggesting tiiat the ferredoxin was completely complexed to tiie enzyme. In 

contrast, at high ionic strength no ferredoxin was bound to the enzyme and it passed 

through the membrane. When the experiment was repeated at low ionic strengtii but with a 

ferredoxin:enzyme ratio of 2:1, half of the ferredoxin passed through the ultrafiltration 

membrane. The observation that bean sprout NADP"*" reductase can bind one, but not 

two, equivalents of ferredoxin suppons a stoichiometry of 1:1 for the electrostatically 

stabilized complex between the two proteins. Figure 1.8 shows the difference spectrum 
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obtained when equimolar amounts of spinach ferredoxin and the bean sprout enzyme were 

mixed at low ionic strength. This difference spectrum [complex minus (enzyme plus 

ferredoxin)], is quite similar to that reported for the complex between ferredoxin and the 

spinach enzyme [Batie and Kamin, 1981; Faust et al., 1969; Nelson and Neumann, 1969; 

Zanetti and Curti, 1981]. No absorbance changes were observed when the proteins were 

mixed at high ionic strength. 

1.4. Discussion 

A ferredoxin:NADP"*" oxidoreductase from bean sprouts, an etiolated plant tissue, has 

been successfully purified to apparent homogeneity . The bean sprout enzyme resembles 

NADP"*" reductases from photosynthetic tissue with respect to optical and CD spectra, 

molecular weight, and prosthetic group content. Although the bean sprout enzyme is 

somewhat less acidic (pi 6.2) than the spinach leaf enzyme (pi 5.3) [Matsubara et al.. 

1980], the immunological data presented above suggest that considerable structural 

similarities exist between the two NADP+ reductases. Furthermore, the observations that 

bean sprout NADP"^ reductase can bind to and reduce either bean sprout or spinach leaf 

ferredoxin provide additional evidence for the similarity of the two enzymes. The only 

striking difference we have observed between bean sprout and spinach leaf NADP"*" 

reductases was the great difference in their diaphorase activities. In my hands the ratio of 

NADPH:cytochrome c reductase activity to diaphorase activity of the bean sprout enzyme 

was typically 175 (see Table 1.1), while the ratio observed in our laboratory for the spinach 

leaf enzyme under identical conditions was 1.0, a value similar to that reported previously 

[Avron and Jagendorf, 1962; Forti et al., 1983; Gozzer £t al-, 1977; Lazzarini and San 

Pietro, 1962; Masaki £t al., 1979]. This represents the first report of a plant NADP"*" 
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reductase with minimal diaphorase activity. It should be mentioned that prolonged storage 

of the unfrozen bean sprout enzyme (i.e., 2 weeks at 5 ̂ C) resulted in loss of 

approximately 50% of the NADPH to cytochrome c activity accompanied by a 50% 

increase in the diaphorase activity. 

Despite the unexpectedly low diaphorase activity of the bean sprout NADP"^ reductase, 

the antigenic similarities of the bean sprout and spinach leaf enzymes and the observation 

that the bean sprout enzyme, like the spinach enzyme, forms a 1:1 electrostatically 

stabilized complex with ferredoxin suggest that the electron transfer mechanisms of the two 

enzymes may be similar. In photosynthetic tissues, fen-edoxin is reduced in the light by 

Photosystem I [Knaff, 1988] and reduced ferredoxin in turn reduces the FAD group of 

NADP+ reductase, which ultimately reduces NADP"*" [Shin and Amon, 1965]. In etiolated 

plant tissues such as bean sprouts, which contain no chlorophyll [Hirasawa £ial., 1988b], 

such a sequence of events is not possible, raising questions about the function of NADP"*" 

reductase in nonphotosynthetic tissues. It is possible that the role of NADP"*" reductase in 

bean sprouts is to catalyze the formation of reduced ferredoxin, using NADPH generated 

by the glucose-6-phosphate dehydrogenase-catalyzed oxidation of glucose-6-phosphate as 

the electron donor. Reduced ferredoxin could in turn sei*ve as an electron donor for 

reactions such as the reduction of nitrite to ammonia [Hirasawa and Knaff, 1985; Hirasawa 

£tal., 1984]. 
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Table 1.1. 

Purification of bean sprout NADP"̂ - reductase 

Protein 
Purification step (mg) 

35%-75% Acetone precipitate 8,810 

First DEAE-cellulose 
chromatography 3,860 

NADPH to Cvt. c 

Total Specific 
activity activity 

1,340 0.15 

1,327 0.34 

NADPH to DCPIP 

Total 
activity 

4,025 

10,276 

Specific 
activity 

0.46 

2.66 

Yield 
(%) 

100 

99 

Ultrogel AcA chromatography 224 603 2.69 20 0.09 45 

Second DEAE-cellulose 
chromatography 60.5 

Ferredoxin-Sepharose 4B 
affinity chromatography 11 

429 7.09 

335 30.50 
1,407* 128* 

10 0.17 32 

8 0.73 25 

Note. NADPH to cytochrome c (Cyt. c) electron transfer activity was measured with 
spinach leaf ferredoxin as described under Material and Methods, except for the entries 
indicated by the *, where 20 |iM bean sprout ferredoxin replaced spinach leaf ferredoxin. 
Activities are given in units and specific activities in units/mg protein. The yields were 
calculated on die basis of NADPH to cytochrome c activity using spinach leaf ferredoxin 
as the electron donor. 
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Table 1.2. 

Effect of ferredoxin source on kinetic parameters of bean sprout NADP"*" reductase 

Kinetic parameters 

Ferredoxin 

source 

NADPH Cytochrome c Ferredoxin 

Km(|iM) Vmax(%) Km (|iM) Vmax (%) Km(^iM) Vmax (%) 

Spinach leaves 

Bean sprouts 

15 

54 

100 

100 

30 50 

100 

20 50 

100 

Note. Enzyme assays were performed as described under Material and Methods. Vmax 
(100%) corresponds to 8.8 units for the experiments in which the kinetic parameters for 
NADPH and cytochrome c were measured and 2.6 units for the experiment in which the 
parameters for ferredoxin were measured. 
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Table 1.3. 

Membrane ultrafiltration of the ferredoxin:NADP"*" reductase complex 

Components [NaCl] (mM) Ferredoxin in filtrate (%) 

(1) Ferredoxin 0 90 

800 92 

(2) Ferredoxin + NADP"*" reductase (1:1) 0 10 

800 92 

(3) Ferredoxin + NADP"*" reductase (2:1) 0 52 

Note. All experiments were carried out in 30 mM Tris-HCl buffer (pH 8.0). Ferredoxin 
was present at a concentration of 52 |iM [(1) and (2)] or 104 nM (3). The initial sample 
volume was 1.0 ml. The filtrates from three successive centrifugations of each sample were 
pooled and, after concentration of the sample, ferredoxin content was determined by 
measuring the protein concentration. The percentages are calculated taking the total 
ferredoxin originally present to be 100%. 
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Fie 1 1 Separation of NADPH to cytochrome c and diaphorase activities of bean sprout 
exd^acts'by gel filtration. Gel filtration chromatography on Ultrogel AcA was perfoirned as 
described under Material and Methods. D, NADPH to cytochrome c acuvity; • , NADPH 
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Fia 1 7 Affinitv chromatography of bean sprout NADP+reductase and diaphorase on 
Fig. 1.2. Anility '̂ "̂ n̂ A ffinitv chromatography was performed as described under ferredoxin-Sepharose 4RAffinUy«ato^^^^^^^^^ P ^̂ .̂ . _̂ ^̂ ^ ̂ ^ 

NAOra f D O T p t d i S •'p^oteln.Trrols indicate the addition of 200 mM pomssium 
phosphate buffer (pH 7.7) (KP-200). 
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Fig. 1.3. Absorbance spectrum of bean sprout NADP+ reductase. The sample contained 
26 ̂ iM enzyme in 2(X) mM potassium phosphate buffer (pH 7.7). Optical pathlength, 1 cm; 
temperature, 20 ̂ C. 
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Fic 1 4 CD spectra of bean sprout NADP+ reductase. (A) Visible region; experimental 
__„'J:.*: J ;!, i7:„...» 17 mM Titrnvinlp.t region, the orotcin concentration was 0.66 uP conditions as in Figure 1.3. (B) Ultraviolet region, the protei fiM. 
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1 

Fig. 1.5. Immunodiffusion of bean sprout NADP"*" reductase and an antibody raised 
against spinach leaf NADP"*" reductase. The center well contained the rabbit antiserum and 
the outer wells contained the following: Well 1, spinach leaf NADP+ reductase (0.40 îg 
protein); wells 2 and 3, bean sprout diaphorase fraction (1.0 îg protein); wells 4 and 5, 
bean sprout NADP"*" reductase (0.45 îg protein). 
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Fig. 1.6. Immunotitration of bean sprout NADP"*" reductase. Electron transfer from 
NADPH to cytochrome c was assayed as described under Material and Methods. A fixed 
amount of enzyme (100% activity = 8.16 units) was incubated with varying amounts of 
rabbit antiserum. The control experiment was performed with preimmune serum. 
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Fig. 1.7. Demonstration of complex formation between bean sprout NADP"*" reductase and 
ferredoxin. Gel filtration chromatography was performed on a calibrated Ultrogel AcA 
column (1.5 x 75 cm) equilibrated with either 10 mM potassium phosphate buffer (pH 7.7) 
or 200 mM potassium phosphate buffer (pH 7.7). Approximately 100 nmol of bean sprout 
NADP"*" reductase and 100 nmol of either bean sprout or spinach leaf ferredoxin was used 
in the complex formation experiments, which were conducted in 10 mM potassium 
phosphate buffer. Chromatography in 200 mM potassium phosphate buffer, where 
complex formation does not occur, was conducted as a control using identical amounts of 
protein and flow rates. 
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Fig 1 8 Difference spectrum of the ferredoxin:NADP+ reductase complex. The sample 
cuvette contained 26 îM enzyme and 26 pM spinach ferredoxin in 30 mM Tris-HCl buffer 
(pH 8 0) in 1.0 ml total volume in the same compartment. The reference cuvette contained 
the same concentrations of the two proteins in the same, but the two proteins were in 
separate compartments. 



CHAPTER II 

THE INTERACTION OF FERREDOXIN AND 

GLUTAMATE SYNTHASE: BINDING, CIRCULAR 

DICHROISM, CROSS-LINKING AND 

IMMUNOLOGICAL STUDIES 

2.1. Introduction 

Spinach glutamate synthase (EC 1.4.7.1), a ferredoxin-dependent enzyme that 

catalyzes the reductive conversion of glutamine plus 2-oxoglutarate to two glutamate with 

reduced ferredoxin serving as the electron donor, plays a key role in ammonia assimilation 

by plants and algae [Lea and Miflin, 1974; Stewart £l ai.» 19801. This monomeric enzyme 

(Mr = 170 kDa) contains a single polypeptide with FMN, FAD and at least one iron-sulfur 

center as prosthetic groups [Hirasawa and Tamura, 1984]. It has been shown to form an 

electrostatically stabilized complex with spinach ferredoxin, with a ferredoxin:enzyme 

stoichiometry of 2:1, that appears to involve negatively charged groups on ferredoxin 

[Hirasawa £t ^. , 1986]. These acidic amino acids on ferredoxin appear to define a 

common binding domain for at least two other spinach chloroplast, ferredoxin-dependent 

enzymes, NADP"*" reductase and nitrite reductase, in addition to glutamate synthase 

[Hirasawa £iM., 1986]. 

Recentiy, a ferredoxin-dependent glutamate synthase has also been purified to 

homogeneity from the green alga Chlamvdomonas reinhardtii and shown to have prosthetic 

group content and catalytic properties similar to those of the spinach enzyme [Galvan £i al-, 

1984; Menacho £t al-, 1986]. Immunological studies have demonstrated that two 

ferredoxin-dependent Q. reinhardtii enzymes, glutamate synthase and nitrite reductase, 

25 
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share at least one common antigenic determinant, probably located at the ferredoxin-binding 

domain of the enzymes [Gotor si al., 1990; Romero £i al-, 1988]. 

It is suggested that in both higher plant and algal chloroplasts, the ferredoxin-binding 

sites of several ferredoxin-dependent enzymes may be so similar that an antibody raised 

against one ferredoxin-dependent enzyme recognizes one or more different ferredoxin-

dependent enzymes. Additional evidence supporting this suggestion, obtained from 

spectroscopic, ultrafiltration, cross-linking and immunological studies, will be presented 

below. 

2.2. Materials and Methods 

2.2.1. Materials 

Spinach leaves, field grown during the 1987 and 1989 growing season, were used as 

the starting material for the preparation of all proteins used in this study. N-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) was purchased from Sigma Chemical 

Company. Isoelectric focusing standards and protein molecular weight standards were 

purchased ft"om BioRad. Ouchterlony immuno-double diffusion plates were purchased 

from Cooper Biomedical. Isoelectric focusing gels (pi 3.0 to 9.0) were purchased from 

Pharmacia. All other reagents used were of highest purity commercially available as 

described above. 

2.2.2. Methods 

Spinach ferredoxin (A422 nm / A227 nm = 0.50) was prepared [Hirasawa et al., 

1986; Hirasawa siai-, 1989b] and stored in 30 mM Tris-HCl buffer (pH 8.0) at liquid 

nitrogen temperature until used. Ferredoxin concentrations were estimated from the 

absorbance at 422 nm, using an extinction coefficient of 9.7 mM-^cm"! [Tagawa and 
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Amon, 1968]. Nitrite reductase was prepared and stored as described previously 

[Hirasawa gt al-, 1989b]. The concentration was also determined as described previously 

[Hirasawa filal., 1989b]. 

2.2.2.1. Purification of Enzvmes 

Glutamate synthase was prepared as described previously [Hirasawa and Tamura, 

1984] except that 10 mM Tricine buffer (pH 7.7) containing 200 mM NaCl, 12.5 mM p-

mercaptoethanol and 1 mM 2-oxoglutarate was used during elution from the ferredoxin-

Sepharose 4B affinity column. The specific activity of the purified enzyme was 100 units / 

mg protein. NADP"*" reductase was prepared as described previously [Hirasawa £t al-» 

1986] and its concentration estimated as described by Shin and Oshino [1978]. 

2.2.2.2. Assay for Enzyme Activity 

NADP"*" reductase [Shin et al-, 1963J, nitrite reductase [Hirasawa and Tamura, 1981] 

and glutamate synthase [Hirasawa and Tamura, 1984] were assayed as described 

previously (also see Chapter I for detail). One unit of activity for glutamate synthase is 

defined as 1 ^miol of reduced methyl viologen oxidized per minute and one unit of activity 

for nitrite reductase is defined as 1 iimol of nitrite reduced per minute. NADP"*" reductase 

activity was assayed either by monitoring the ferredoxin-dependent, NADPH: cytochrome 

c oxidoreductase activity of the enzyme [Gozzer et al-, 1977] or electron transfer from 

NADPH to dichlorophenol indophenol (DCPIP) [Masaki si al., 1979]. 

Immunotitration experiments to monitor antiserum inhibition of enzyme activity were 

carried out by incubating die enzyme with varying amounts of antibody for 5 minutes at 

ambient temperature prior to assaying (Hirasawa si al., 1984]. 
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2.2.2.3. Protein Concentration Determination 

Protein concentration was measured according to the procedures of Bradford [1976] 

and Lowry et al. [1951] using bovine serum albumin as a standard. 

2.2.2.4. Absorbance and Circular Dichroism Spectra 

Absorbance spectra and CD sectra were measured at ambient temperature using a 

Shimadzu UV-2100 spectrophotometer and a JASCO Model J-20 spectropolarimeter, 

respectively. 

2.2.2.5. Electrophoresis and Immunoblotting 

Gel electrophoresis in the absence [Davis, 1964] or presence [Laemmli, 1970] of 

sodium dodecyl sulfate (SDS) was carried out according to the procedures of Davis or 

Laemmli, respectively. Cross-linking of ferredoxin and glutamate synthase was carried out 

essentially as described for ferredoxin and nitrite reductase by Privalle si 21- [1985], except 

that the incubation was done at 4 ^C in 10 mM potassium phosphate buffer (pH 7.0). 

Aliquots (40 d̂) were removed after various incubation times and diluted rapidly into an 

equal volume of 400 mM sodium phosphate buffer containing 1 % SDS and 1 % p-

mercaptoethanol. The samples were heated for 2 minutes at 100 ̂ C and subjected to 

electrophoresis through 7.5% cross-linked polyacrylamide in the presence of SDS. 

Isoelectric focusing was performed by a modification of the procedure of Righetti and 

Drysdale [1974], according to the directions for the Pharmacia Phast system. Immunoblots 

were performed according to Chaffin et al-11987]. 
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2.2.2.6. Ultrafiltration Binding Aŝ ^y*; 

Ultrafiltration binding assays were conducted using Amicon Centricon-30 

microconcentrators (Amicon Corp, 30 kDa cutoff) which were centrifuged at 4 ^C for 1 

hour at 4000 x g as described previously [Hirasawa et al., 1989a]. 

2.2.2.7. Immuno-double Diffusion Assavs 

Immuno-double diffusion analysis was performed according to a modification of the 

method of Ouchterlony [1962]. Antibodies raised against spinach NADP"*" reductase were 

a generous gift from Prof. R. Malkin (University of California, Berkeley). Antibodies 

were raised, in a rabbit, against the spinach glutamate synthase used in this study and 

immunoglobulin G (IgG) partially purified from antibody-containing rabbit serum in the 

laboratory of Prof. G. Schmidt (University of Georgia) according to the procedure of 

Plumley and Schmidt [1983]. 

2.3. Results 

Previous ferredoxin / glutamate synthase binding studies using gel filtration 

chromatography suggested a ferredoxin:glutamate synthase stoichiometry of 2:1 in the 

complex formed between the two proteins | Hirasawa si al., 1986], a value consistent witii 

the Hill coefficient of 1.8 observed when enzymatic activity was analyzed as a function of 

ferredoxin concentration [Hirasawa and Tamura, 1984]. In a further attempt to determine 

the ferredoxin:glutamate synthase stoichiometry of the complex, membrane ultrafiltration 

experiments were carried out. Table 2.1 shows that, as expected for an 11 kDa protein 

[Matsubara £lal., 1980], ferredoxin alone passed through the 30 kDa cutoff filter readily at 

either low or high ionic strength. At low ionic strength (10 mM potassium phosphate 

buffer) and in the presence of glutamate synthase (ferredoxin:enzyme = 2:1), no ferredoxin 
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could be detected in the filtrate. When the ferredoxin concentration, in 10 mM potassium 

phosphate buffer, was increased (ferredoxin:glutamate synthase = 3:1), an amount of 

ferredoxin equal to the amount of glutamate synthase originally present was detected in the 

filtrate (Table 2.1). Thus glutamate synthase can bind 2, but not 3, equivalents of 

ferredoxin. At high ionic strength (200 mM potassium phosphate buffer), where an 

electrostatically stabilized complex would be expected to dissociate, no binding of 

ferredoxin to glutamate synthase was observed (Table 2.1). In control experiments it was 

shown that no glutamate synthase passed through the ultrafiltration membrane at either low 

or high ionic strength. 

Besides co-migration during gel filtration chromatography and perturbations of visible 

absorbance spectra, another spectroscopic technique that has been used to provide evidence 

for protein-protein interactions between ferredoxin and other ferredoxin-dependent 

chloroplast enzymes involves perturbations of CD spectra resulting from the mixing of two 

proteins [Cammackfital-, 1971; Hirasawa gial-, 1988a; Knaff stal., 1980; Shin, 1973]. 

Before looking for changes in CD spectra arising from complex formation, first, the CD 

spectrum of glutamate synthase itself was measured. Figure 2.1 shows both the CD 

spectra of glutamate synthase as isolated and of the dithionite-reduced enzyme. The CD 

spectrum of the oxidized enzyme contains positive features at 309, 339, 388 and 435 nm 

and negative features at 485 and 555 nm. The positive features at 388 and 435 nm are 

characteristic of flavin-containing enzymes [Bothe £t al., 1971; Hiwatashi and Ichikawa, 

1978; Shin, 1973; Veegeret al., 1971 J, consistent with earlier analytical data showing that 

the enzyme contains one FMN and one FAD [Hirasawa and Tamura, 1984]. Mixing a 

saturating amount of ferredoxin with glutamate synthase at low ionic strength produces 

changes in the CD specn'um (Figure 2.2). A broad positive feature between 420 and 480 

nm and broad negative features between 330 and 4(X) nm and between 490 and 580 nm are 
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seen in the CD difference spectrum ([glutamate synthase: ferredoxin] minus [(glutamate 

synthase) plus (ferredoxin)]). No changes in CD spectrum were observed when the 

proteins were examined at high ionic strength (Figure 2.2), consistent with die earlier 

conclusion that die complex was held together predominantiy by electrostatic forces 

[Hirasawa £i al-, 1986]. Plots of the reciprocals of the CD changes obtained at different 

ferredoxin concentrations versus [ferredoxin]" ̂  yielded a straight line consistent with die 

presence of a single type of ferredoxin binding site on glutamate synthase with a Kd = 9 ± 

5 |iM (see Figure 2.2, inset). 

The CD spectra of glutamate synthase, ferredoxin and their complex in the region from 

200 to 250 nm are shown in Figure 2.3. The CD spectrum of glutamate synthase contains 

negative features centered at 206 and 216 nm, and a negative shoulder near 215 nm. The 

ultraviolet CD spectrum of glutamate synthase suggests that the enzyme has an a-helix 

content of appoximately 60% and p-sheet content of approximately 20% [Hasumi et al., 

1982]. The difference spectrum (which is presented as the sum of the two individual CD 

spectra minus that of die complex instead of the difference between the spectrum of die 

complex and the individual components) is consistent with a small decrease in the a-helix 

content of at least one of the proteins in the complex (Figure 2.3). No changes in the 200-

250 nm CD spectrum were observed when the two proteins were mixed at high ionic 

strength (i.e., 200 mM potassium phosphate buffer (pH 7.7)). 

Besides the electrostatically stabilized complex of ferredoxin and glutamate synthase 

investigated above, a cross-linking complex was also prepared in order to observe the 

interaction between ferredoxin and glutamate synthase. Incubation of glutamate synthase 

and ferredoxin, at low ionic strength and in the presence of EDC, results in the appearance 

of a cross-hnked product (Figure 2.4) with an apparent molecular mass of 190 kDa, as 

estimated by polyacrylamide gel electrophoresis in the presence of SDS. No Mf = 190 kDa 
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band was observed if glutamate synthase was incubated in the presence of ferredoxin but in 

the absence of EDC or in the presence of EDC but in the absence of feiredoxin. 

Furthermore, cross-linking was not observed if the two proteins were incubated in the 

presence of EDC but at high ionic strength conditions (data not shown), known to favor the 

dissociation of the electrostatically stabilized complex between glutamate synthase and 

ferredoxin [Hirasawa si al., 1986; Hirasawa £Ul., 1989a]. No protein-staining bands at 

Mr>150 kDa were observed when glutamate synthase was nuxed with EDC, even for 

prolonged incubation times, in the absence of ferredoxin. Isoelectric focusing indicated 

that the Mr = 190 kDa, cross-linked product had a pi = 4.1, a value intermediate between 

those observed for glutamate synthase (5.2) and ferredoxin (<3.5). It is difficult to reliably 

estimate the ferredoxin:enzyme stoichiometry in die cross-linked adduct fix>m its apparent 

molecular mass determined from gel electrophoresis in the presence of SDS, as ferredoxin 

(Mr =11 kDa) is known to migrate at an anomalously high molecular weight during gel 

electrophoreses [Hirasawa si al.» 1988a; Zanetti £t al-, 1984]. There is also some 

uncertainty in the molecular weight estimated for spinach glutamate synthase [Hirasawa and 

Tamura, 1984]. However, given that glutamate synthase alone has an apparent molecular 

mass of 150 kDa and ferredoxin an apparent molecular mass of 22 kDa [Hirasawa SH M-, 

1988a; Zanetti si al-, 1984], die apparent molecular mass of 190 kDa for die cross-linked 

complex is consistent widi other data from spectral perturbation and ultrafiltration studies 

suggesting that the ferredoxin:enzyme stoichiometry in die complex is 2:1. 

The spectrum of the cross-linked adduct (Figure 2.5A) exhibits absorbance maxima at 

280,331 and 431nm and shoulders at 380 and 465nm. The spectrum of the cross-linked 

complex is very similar to diat of the 2:1, electrostatically stabilized non-covalent complex 

of ferredoxin with glutamate synthase (Figure 2.5B) diat is formed at low ionic strength 

[Hirasawa si al-, 1986; Hirasawa fit al-, 1989a]. All the absorbance features seen in the 
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spectrum of the cross-linked complex are also present in the spectrum of die non-covalent 

complex. As it is difficult to quantitate exactly the concentration of cross-linked adduct, it 

was not possible to estimate extinction coefficients with accuracy better dian ± 15%. 

However, widiin these limits the extinction coefficients of all diese features are essentially 

identical in both complexes. The absorbance spectrum of a 1:1 mixture of ferredoxin and 

glutamate synthase at low ionic strength (data not shown) gives much poorer agreement 

with that of the cross-hnked complex than does that of the 2:1 mixture, suggesting that die 

ferredoxin:enzyme stoichiometry of the cross-linked adduct is 2:1. Reduction of either 

complex with sodium dithionite (Figure 2.5) results in a loss of essentially all absorbance 

features in the visible region, as would be expected for reduction of the flavin and iron-

sulfur cluster chromophores. 

The CD spectrum of the ferredoxin :glutamate synthase cross-linked complex in the 

visible region (Figure 2.6A) contains positive features at 350 and 420 nm and negative 

features at 370,490 and 545 nm. These features resemble those of spinach ferredoxin 

[Garbettsiai-, 1967; Hasumi gtai., 1982; Shin, 1973], although some contribution from 

the iron-sulfur cluster(s) of glutamate synthase may be present. The CD spectrum of die 

electrostatically stabilized complex (Figure 2.6B) is similar, but not identical to that of die 

cross-linked complex with positive features at 348 and 430 nm and negative features at 

375, 495 and 554 nm. The CD spectrum of the two reduced complexes (Figure 2.6A and 

2.6B) differ significandy, indicating that there are some differences in the conformation 

and/or environment of the iron-sulfur chromophores in the two complexes. The CD 

spectmm of the oxidized, cross-linked complex in the region from 200 to 250 nm (Figure 

2.6C) contains a negative feature at 206 nm with a shoulder at 216 nm, and is similar to 

diat previously measured for the elecu ostatically stabilized complex [Hirasawa si al-. 

1986]. Neither the CD nor absorbance spectrum of the cross-linked complex was 
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appreciably affected by raising the ionic strengdi (data not shown). It is dius Hkely diat die 

absorbance and CD spectra of the two proteins and of the complex are not intrinsically 

affected by changes in ionic strength and that all spectral changes observed widi die 

electrostatically stabilized complexes result from dissociation of die complex when die ionic 

strength is raised. 

It was of interest to measure die enzymatic activity of die cross-linked complex. This 

proved to be difficult because the requirement that the cross-linking had to be conducted at 

low ionic strength, where electrostatic complex formation is favored (see above), conflicted 

with the stability requirements of the enzyme, which is unstable at low ionic strength 

[Hirasawa and Tamura, 1984]. Furthermore, p-mercaptoethanol and 2-oxoglutarate, which 

function to further protect the enzyme against inactivation [Hirasawa and Tamura, 1984], 

interfered with the cross-linking reaction and thus had to be removed before the addition of 

EDC. Thus the enzyme suffered considerable loss of activity during transfer from die 

storage buffer in which it is most stable (100 mM Tricine-KOH, pH 7.5 containing 200 

mM NaCl, 1 mM 2-oxoglutarate and 0.1% p-mercaptoedianol) to die 10 mM potassium 

phosphate buffer (pH 7.0) used for the cross-linking. Figure 2.7 shows that die enzyme 

does in fact lose all of its activity after 5 hours at 4 ^C in 10 mM potassium phosphate 

buffer. This loss of activity could not be reversed, even partially, by transferring the 

enzyme back to the storage buffer. Treatment of the enzyme with EDC protected die 

enzyme against loss of activity and cross-linking to ferredoxin provided even greater 

protection. The protection provided by EDC alone cannot result from the formation of 

cross-linked glutamate synthase oligomers, as this process does not occur (see above) and 

so must arise from chemical modification of one or more glutamate synthase amino acids. 

The additional protection provided by ferredoxin was most noticeable at exposure times to 

low ionic strength shorter than 12 hours (Figure 2.7). 
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Of greatest interest was the observation that the cross-Unked complex itself was 

capable of catalysis, monitored by the oxidation of reduced methyl viologen, at a rate equal 

to 38% of that observed with the native enzyme, without die addition of any free ferredoxin 

to the assay mixture. No activity was observed if either glutamine or 2-oxoglutarate were 

omitted from the assay mixture, as would be expected if the normal physiological reaction 

catalyzed by die native enzyme is occurring. This 38% value, which does not involve any 

correction for the time-dependent loss of enzyme activity during exposure to a low ionic 

strength medium, suggests that a significant portion of the ferredoxin in the adduct is cross-

hnked to glutamate synthase at its normal, physiological binding site(s). Adding additional 

soluble ferredoxin to the assay mixture produced only a 30% increase in the rate of the 

reaction catalyzed by the cross-linked complex. In contrast, a 70-fold increase in the rate of 

the reaction was observed with the native enzyme when ferredoxin was added to the assay 

mixture containing reduced methyl viologen. These observations suggest that the activity 

observed with the cross-linked adduct results from a process in which reduced methyl 

viologen reduces the cross-linked ferredoxin, which subsequendy reduces the enzyme. 

Further support for the hypothesis that reduced methyl viologen does not reduce glutamate 

synthase direcdy in the cross-linked complex comes from die different dependence of the 

rates of enzyme activity on the concentration of reduced methyl viologen observed for die 

native and ferredoxin cross-linked enzymes, respectively. The low rate of activity 

observed with the native enzyme in the absence of ferredoxin obeyed Michaelis-Menten 

kinetics with respect to die concentration of reduced methyl viologen, while die rate of die 

reaction catalyzed by the cross-linked complex was essentially independent of methyl 

viologen concentration (Figure 2.8). 

Chemical modification studies have suggested that a common binding site for 

glutamate syndiase, nitrite reductase and NADP"̂  reductase is present on spinach 
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ferredoxin [Hirasawa el al-, 1986]. Although earlier work in our laboratory showed no 

effect of an antibody raised in rabbits against spinach nitrite reductase on reactions 

catalyzed by spinach NADP"^ reductase [Hirasawa et al., 1984], the results reported for £. 

reinhardtii nitrite reductase and glutamate synthase suggested that a reinvestigation of 

possible antigenic similarities between spinach ferredoxin-dependent chloroplast enzymes 

could be of interest. Ouchteriony immuno-double diffusion analysis showed rabbit 

antiserum prepared against spinach NADP"̂  reductase (provided by Professor R. Malkin) 

recognized both spinach nitrite reductase and glutamate synthase, as indicated by the fully 

fused precipitin band (Figure 2.9), suggesting at least partial antigenic identity among the 

three enzymes. 

The spinach NADP"*" reductase sample used to prepare the rabbit antibody used for the 

experiment of Figure 2.9 appeared to be homogeneous and its purification involved gel 

filtration chromatography that should have completely separated NADP"*" reductase from 

any contaminating nitrite reductase or glutamate synthase because of the very different 

molecular weights of these three enzymes [Hirasawa £t al., 1986]. However, this sample 

of NADP"*" reductase was not specifically tested for nitrite reductase or glutamate synthase 

contaminants (Malkin, R., personal communication). To insure that the recognition of 

spinach glutamate syndiase and nitrite reductase by the rabbit antisemm raised against 

NADP"*" reductase described above did not arise from small amounts of contaminants in die 

NADP"*" reductase sample, 1 have raised antibodies against spinach NADP"*" reductase in 

mice using a sample of NADP"*" reductase purified in our laboratory that was homogeneous 

as judged by polyacrylamide gel electrophoresis in the presence of SDS and by isoelectric 

focusing and which showed no detectable activity when assayed for either glutamate 

synthase or nitrite reductase. The mouse NADP"*" reductase antisemm showed die same 
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ability to recognize nitrite reductase and glutamate syndiase as did the rabbit antiserum in 

Ouchterlony immuno-double diffusion analyses (data not shown). 

The rabbit antiserum raised against spinach NADP+ reductase was also used in 

inhibition studies to demonstrate antigenic similarities between diese diree chloroplast 

ferredoxin-dependent enzymes. In control experiments, the antiserum was shown to 

inhibit bodi electron transfer from NADPH to DCPIP and ferredoxin-dependent electron 

transfer from NADPH to cytochrome c catalyzed by NADP+ reductase (Figure 2. IDA). 

The rabbit antiserum also significandy inhibited the conversion of 2-oxoglutarate plus 

glutamine to glutamate catalyzed by glutamate synthase if reduced ferredoxin was used as 

the electron donor. Considerably less inhibition was observed with identical amounts of 

enzyme and antibody if the non-physiological donor, reduced methyl viologen, replaced 

ferredoxin (15% inhibition versus 60% inhibition. Figure 2.10B). A similar pattern was 

observed for the nitrite reductase-catalyzed conversion of nitrite to ammonia, with complete 

inhibition by the rabbit antiserum observed when reduced ferredoxin was used as the 

electron donor, but only 15% inhibition observed widi an identical antibody:enzyme ratio 

when ferredoxin was replaced by reduced mediyl viologen (Figure 2. IOC). Higher 

amounts of NADP"*" reductase antisemm were required to inhibit the ferredoxin-linked 

activity of either glutamate syndiase or of nitrite reductase dian of NADP+ reductase itself. 

For all three enzymes, control experiments widi pre-immune serum produced no inhibition 

of activity (Figure 2.10). Similar inhibitions of nitrite reductase and glutamate syndiase 

activities were observed with die mouse anti-NADP+ reductase antisemm (data not 

shown). 

Recentiy, evidence has been obtained that ferredoxin binds to a specific 20-22 kDa 

subunit of die Photosystem I reaction center [Zanetti and Merati, 1987; ZUber and Malkin, 

1988]. This protein, die product of tiie psaD gene, contains no electron-carrying prosthetic 
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groups but appears to function by positioning ferredoxin property for reduction by die low 

potential iron-sulfur clusters of the photosystem I reaction center [Knaff, 1988]. An 

antibody raised against the psaD gene product (provided by Drs. R. Malkin and R. M. 

Wynn) produced neither immunoprecipitation of NADP"̂  reductase, nitrite reductase or 

glutamate synthase nor inhibition of the reactions catalyzed by any of diese diree enzymes 

(data not shown). These results are consistent with the hypothesis diat the binding sites on 

ferredoxin for Photosystem I may be different than that for ferredoxin-dependent soluble 

chloroplast enzymes [Merati and Zanetti, 1987]. 

Partially purified immunoglobulin G from rabbit antiserum raised against spinach leaf 

glutamate synthase was also used to investigate possible antigenic similarities between 

ferredoxin-dependent enzymes. Figure 2.11A shows the results of Ouchterlony immuno-

double diffusion experiments which demonstrate that the antibody causes immuno

precipitation of both glutamate synthase and its cross-linked adduct with ferredoxin but that 

no precipitation occurs with either NADP"̂  reductase or nitrite reductase. Figure 2.1 IB 

shows, that as expected, the antibody inhibits the ferredoxin-dependent activity of 

glutamate syndiase but that, unHke the case for the £. reinhardtii enzymes [Gotor si al., 

1990; Romero £l al-, 1988], the antibody does not inhibit ferredoxin-dependent nitrite 

reductase activity. The antibody against glutamate synthase affected neither the ferredoxin-

dependent reduction of cytochrome c nor the NADPH:DCPIP oxidoreductase reactions 

catalyzed by NADP"!" reductase. Figure 2.12 shows that an antibody raised against spinach 

NADP"*" reductase recognizes glutamate synthase. However, this antibody does not 

recognize the cross-linked complex of ferredoxin and glutamate synthase (Figure 2.12). 

This result is consistent with the hypothesis (Hirasawa £ial., 1989a] diat it is the 

ferredoxin-binding site on glutamate synthase that is recognized by the anti-NADP"^ 
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reductase antibody and diat diis site is not accessible in die cross-linked complex, where it 

is occupied by ferredoxin. 

2.4. Disscus.sinn 

Glutamate synthase has been shown to contain 4 nK)l of non-heme iron and 4 mol of 

acid-labile sulfide [Hirasawa and Tamura, 1984]. However, die namre of die iron-sulfiir 

cluster(s) present in die enzyme has not yet been established. The CD spectra provide 

some evidence diat the enzyme may contain two [2Fe-2S] clusters. The positive feature at 

339 nm in the CD spectrum of the enzyme and its CD spectrum at wavelengths longer dian 

4(X) nm show some similarities to diose of die oxidized forms of the [2Fe-2S] center-

containing proteins ferredoxin [Garbett si al., 1967] and adrenodoxin [Hasumi si al-, 

1982]. Neither flavin-containing proteins [Bothe si al-, 1971; Hiwatashi and Ichikawa, 

1978; Shin, 1973; Veegeret al.. 1971], nor [4Fe-4S] cluster-containing proteins [Garbett 

£tM-, 1967; Przysiecki sifll., 1985], nor [3Fe-xS] cluster-containing proteins [Ohmori £t 

ai., 1987] exhibit positive CD features near 339 nm. The CD spectrum of die reduced 

enzyme exhibit littie resemblance to those of [4Fe-4S] or [3Fe-xS]-containing proteins, but 

does show some resemblance to those of [2Fe-2S]-containing proteins [Garbett si al.. 

1967]. The CD spectra of glutamate synthase presented above, combined widi the earlier 

analytical data [Hirasawa and Tamura, 1984], appear more consistent widi die hypodiesis 

that die enzyme contains two [2Fe-2S] clusters radier than a single [4Fe-4S] cluster. The 

CD spectra provide no evidence for die presence of a [3Fe-xS] cluster, aldiough iron 

content data reported for die Q. reinhardtii enzvme are consistent witii die possible presence 

of a [3Fc-xS] cluster [Menacho £l al-, 1986]. A definitive identification of die chemical 

nature of tiie iron-sulfur cluster(s) must await die results of detailed electron paramagnetic 

resonance studies. 



40 

Results obtained using CD difference spectra and membrane ultrafiltration binding 

assays support our earlier conclusion [Hirasawa st al., 1986] diat spinach glutamate 

syndiase fomas an electrostatically stabihzed complex widi its physiological electron donor, 

die iron-sulfur protein ferredoxin. The dissociation constant calculated for die complex 

from plots of changes in CD versus ferredoxin concentration, 9 jiM, is in reasonable 

agreement with the value of 14,5 îM calculated earher [Hirasawa si M-, 1986] from 

absorbance changes measured at die same ionic strengdi, considering that the small 

magnitude of the CD changes limited the accuracy of die measurement The results of these 

studies suggest that one or both of the proteins undergoes significant conformational 

changes during complex formation. The binding studies described above suggest that the 

most likely stoichiometry of ferredoxin:glutamate synthase in the complex is 2:1. A 

ferredoxiniglutamate synthase covalent adduct formed by treatment widi the cross-linking 

reagent, EDC, had an apparent molecular mass of about 190 kDa. The molecular weight of 

the cross-hnked complex was thus 40 kDa greater than that of glutamate synthase alone. 

Since ferredoxin migrates with an apparent molecular weight about 20 kDa on gel 

electrophoresis, the simplest explanation for die cross-linking data is that two ferredoxins 

are bound to each molecule of enzyme. 

The most striking result obtained in this study was that mouse and rabbit antisera 

raised against highly purified, apparendy homogeneous NADP+ reductase recognized 

nitrite reductase and glutamate syndiase, implying diat diese diree enzymes have at least one 

stmcturally similar region. The observation diat die antisera inhibit reactions widi all diese 

enzymes to a much greater extent when ferredoxin is used a substrate than when die non-

physiological reaction partner, methyl viologen, is supplied suggests diat die ferredoxin-

binding region of die tiirce enzymes may be the structurally similar domain. It was earUer 

proposed diat diese tiiree spinach enzymes have similar ferredoxin-binding sites based on 
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die effect of chemical modification of ferredoxin carboxyl groups on ferredoxin binding by 

die enzymes and on kinetic parameters for the enzymes [Hirasawa st al., 1986]. Gotor fit 

al. and Romero si al. have presented evidence for related ferredoxin-binding sites on die 

nitrite reductase and glutamate synthase isolated from £. reinhardtii [Gotor £i al., 1990; 

Romero fit al., 1988], suggesting that such structural relationships between different 

ferredoxin-dependent chloroplast enzymes may occur both in higher plants and green algae. 

Cross-linking between ferredoxin and ferredoxin-dependent enzymes, using EDC as 

the cross-linker, has been utilized in several studies of these enzymes [Colvert and Davis, 

1988; Privalle fit M., 1985; Vieira fit al., 1986; Zanetti fit al-, 1984; Zanetti fit al., 1988]. 

The results of such experiments must be interpreted with caution, particularly in the light of 

recent evidence indicating the possibility of multiple sites of attachment between EDC 

cross-linked proteins [Mauk and Mauk, 1989]. The cross-Unked adduct between 

ferredoxin and glutamate synthase prepared for this study appears to contain ferredoxin 

covalendy attached to its physiological binding site, based on the observation that the 

complex is catalytically active in die absence of additional free ferredoxin. Furthermore, 

die absorbance spectmm of die cross-linked complex is very similar to diat of die 

electrostatically stabilized, non-covalent complex. The observation diat cross-linking only 

occurs at low ionic strength provides additional support for the electrostatic nature of the 

complex between ferredoxin and glutamate synthase. The data obtained widi die cross-

Unked adduct are consistent with our previous determination, using an ultrafiltration 

binding assay, of a 2 ferredoxin : 1 glutamate syndiase stoichiometry in die non-covalent 

complex. The demonstration diat an antibody raised against spinach NADP+ reductase, 

which can recognize spinach glutamate syndiase, does not recognize die cross-lmked 

complex supports die idea diat the two ferredoxin-dependent enzymes have related 
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antigenic determinants at structurally similar ferredoxin-binding sites and that the cross-

hnked ferredoxin in the covalent complex blocks access of the antibody to diis site. 
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Table 2.1. 

Ultrafiltration binding assays of the ferredoxin:glutamate synthase complex 

B u ffer Ferredoxin 
Component concentration (mM) in filtrate (%) 

A Ferredoxin 10 94±5 

200 94±5 

B Ferredoxin plus 10 <5 
glutamate synthase 
(molar ratio, 2:1) 200 91±5 

C Ferredoxin plus 10 35±4 
glutamate synthase 
(molar ratio, 3:1) 

Note. All experiments were carried out in potassium phosphate buffer (pH 7.7) using 
Amicon Centricon concentrators as described in Materials and Methods. In A and B, 
ferredoxin (920 pM) and, where indicated, glutamate synthase (460 îM) were present in a 
final volume of 0.5 ml. In C, 460 ^M glutamate synthase and 1.38 mM ferredoxin were 
present in 0.5 ml. The ferredoxin content of the filtrate after three centrifugations was 
measured by monitoring the filtrate absorbance at both 420 nm and 280 nm and by protein 
determination using the method of Bradford [1976J. All three methods gave essentially 
identical values, which are reported as a percentage of the total ferredoxin onginally present 
in die top compkrtment of the microconcentrator. The results represent the average of two 
determinations, with the average deviation also indicated. 
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Fig. 2.1. CD spectra of glutamate syndiase. The reaction mixture contained 62.9 îM 
enzyme in 10 mM Tricine-KOH buffer (pH 7.7) containing 200 mM NaCl, 1 mM 2-
oxoglutarate and 0.1% (v/v) p-mercaptoethanol at ambient temperature in a 1 cm optical 
padilengdi cell ( ). The enzyme was reduced by adding a few crystals of solid sodium 
dithionite (- - -). Each spectmm represents die average of two runs. 
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Fig. 2.2. CD difference spectra of the ferredoxinrglutamate synthase complex. The 
difference spectrum was obtained by subtracting die sum of the individual CD spectra of 
the two separate proteins, measured separately and then summed, from the CD spectmm of 
the two proteins mixed together. The reaction mixtures contained 10 mM Tricine-KOH 
buffer (pH 7.7), 1 mM 2-oxoglutarate and 0.1% (v/v) p-mercaptoedianol and either 200 
mM NaCl ( — ) or no NaCl ( ). Glutamate synthase and ferredoxin concentrations 
were 6.5 and 28.5 pM, respectively. Other conditions were as in Figure 2.1. The inset 
shows the effect of [ferredoxin] on the magnitude of the CD changes, plotted using 
reciprocals, in an experiment done in the absence of NaCI with 28.5 nM enzyme. 
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Fig. 2.3. CD spectra of glutamate synthase, ferredoxin and their complex in the 200-250 
nm region. The difference spectrum was obtained by subtracting the CD spectrum of a 
glutamate synthase/ferredoxin mixture from the sum of the CD spectra of the separate 
proteins. Glutamate synthase (157 nM) and ferredoxin (341 nM) were dissolved in 10 mM 
potassium phosphate buffer (pH 7.7). Odier conditions as in Figure 2.1 except tfiat each 
spectrum represents the average of four runs. 
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Fig. 2.4. Cross-linking of glutamate synthase. (A) Gel electrophoretic detection of cross-
linked products. Cross-linking was carried out as described in Methods. The 200 ̂ 1 
reaction mixture contained 20 pM ferredoxin, 5 pM glutamate syiidiase and 5 mM EDC in 
10 mM potassium phosphate buffer (pH 7.0). Gel electrophoresis was carried out in the 
presence of SDS as described in Methods. Lane 1, Molecular weight standards (Myosin, 
Mr = 200,000; p-galactosidase, Mr = 116,250; phosphorylase B, Mr = 97,400); Lane 2, 
glutamate synthase; Lane 3, cross-linking mixture at zero time; Lane 4, cross-linking 
mixture after 20 minutes; Lane 5, cross-linking mixture after 60 minutes. (B) Molecular 
weight estimation of the cross-linked complex by gel electrophoresis in the presence of 
SDS. The sample was allowed to cross-link for 3 hours before electrophoresis. 
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Fig. 2.5. Absorbance spectrum of ferredoxiniglutamate synthase complexes. (A) Cross-
linked complex. The cross-linking reaction mixture contained 13 \JM glutamate synthase 
and 66 pM ferredoxin. After 18 hours at 4 ̂ C, the sample was diluted with 100 mM 
Tricine-KOH buffer (pH 7.5) containing 200 mM NaCl, 1 mM 2-oxoglutarate and 0.1% p-
mercaptoedianol and concentrated using an Amicon Cenuicon microconcentrator (molecular 
weight cutoff = 30kDa). The protein concentration, detemiined according to Bradfoid 
[1976], was 2.57 mg/ml. The complex was reduced by the addition of a few crystals of 
sodium dithionite. (B) Electrostatically stabilized complex. The reaction mixture contained 
4.5 pM glutamate syndiase and 9.0 pM ferredoxin in 10 mM Tricine-KOH buffer (pH 7.5) 
containing 10 mM NaCl, 1 mM 2-oxoglutarate and 0.1% p-mercaptoedianol. 



. < 49 

400 500 

Wavelenglh (nm) 

600 

Fig. 2.6. CD spectra of ferredoxiniglutamate syndiase complexes. (A) Cross-linked 
complex in the visible region. Conditions as in Figure 2.5A except that the protein 
concentration was 0.14 mg/ml. Each spectrum represents the average of two runs. (B) 
Electrostatically stabihzed complex. Reaction conditions as in Figure 2.5B except that 
ferredoxin was present at a concentration of 2.30 pM and glutamate synthase was present at 
a concentration of 1.15 pM. (C) Spectrum of die cross-linked complex in die ultraviolet 
region. Conditions as in A except that die sample was diluted 100-fold widi 10 mM 
potassium phosphate buffer and the spectrum represents an average of 5 mns. 
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Fig. 2.7. The effect of cross-linking on glutamate synthase activity. The glutamate 
synthase was transferred from the storage buffer (100 mM Tricine-KOH, pH 7.5, 
containing 200 mM NaCl, 1 mM 2-oxoglutarate and 0.1% p-mercaptoethenol) into 10 mM 
potassium phosphate buffer (pH 7.0) and concentrated in an Amicon Centricon 
microconcentrator. At the end of this ca. 3-hour process (t = 0), an aliquot of the enzyme 
was diluted with storage buffer and used as a control. To two other aliquots of the 
concentrated enzyme in 10 mM potassium phosphate buffer (pH 7.0) were added 5 mM 
EDC or EDC plus ferredoxin. A fourth aliquot was allowed to remain in 10 mM potassium 
phosphate buffer without any further additions. Samples were removed at the indicated 
times and assayed for activity. 
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Fig. 2.9. Ouchterlony immuno-double diffusion of ferredoxin-dcpendeiu enzymes widi 
NADP+ reductase antiserum. The center well contained 15 |il of rabbit antiserum and the 
outer wells with 15 pl of the following samples; well 1 and 2, nitrite reductase (3 uiuis); 
wells 3 and 4, glutamate synthase (16.5 units); well 5, NADP+ reductase (0.5 unit). 
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Fig. 2.10. Immunotitration of ferredoxin-dependent enzymes with NADP+ reductase 
antiserum. The rabbit antiserum against NADP"̂  reductase was incubated with constant 
amounts of enzymes for 2 minutes prior to assaying for activity as described in Materials 
and Methods. (A) NADP"*" reductase. 100% activity = 1.0 unit/ml for ferredoxin-
dependent cytochrome c reduction (A) and 4.0 unit/ml for DCPIP reduction (Q). (B) 
Glutamate synthase. 100% activity = 4.2 units/ml with reduced ferredoxin (A) and 0.06 
unit/ml with reduced methyl viologen (Q) as the electron donors. (C) Nitrite reductase. 
100% activity = 1.25 units/ml with reduced ferredoxin (A) and 0.42 unit/ml widi reduced 
mediylyiologen (a) as electron donors. For A, B and C, • represents titration widi pre
immune serum for both activities measured. The enzyme concentrations were 0.23 »iM 
(cytochrome c reduction) and 0.086 pM (DCPIP reduction) in (A). 0.29 pM (ferredoxin-
linked activity) and 0.33 \xM (methyl viologen-linked activity) in (B). and 0.045 pM in (C). 
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Fig. 2.11. Effects of an antibody against glutamate syndiase on spinach chloroplast, 
ferredoxin-dependent enzymes. (A) Ouchterlony immuno-double diffusion. The center 
well contained 50 pg of IgG raised against glutamate synthase. The surrounding wells 
contained: (1) 9.0 pg of the cross-hnked ferredoxin .glutamate synthase complex; (2) 11.5 
pg of glutamate synthase; (3) 75 pg of NADP+ reductase (4) 200 pg of nitrite reductase and 
(5) 150 pg of ferredoxin. (B) Immunotitration curves. The effect of the anti-gluiamate 
synthase IgG on the ferredoxin-dependent activity of glutamate synthase, nitrite reductase 
and NADP"*" reductase. For glutamate synthase 100% corresponds to 15.6 units; for 
NADP+ reductase 100% corresponds to 1.0 unit and for nitrite reductase 100% 
corresponds to 1.25 units. 
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Fig. 2.12. Ouchterlony iinmuno-double diffusion assay of a rabbit antibody against 
spinach NADP""" reductase with spinach glutamate synthase and the cross-linked 
ferredoxin .-glutamate synthase complex. The center well contained 50 pg of antisemm 
raised against NADP"*" reductase. The surrounding wells contained: (1) 150 pg of 
ferredoxin. (2) 75 pg of NADP"^ reductase; (3) and (5) 9 pg of the cross-linked complex; 
(4) 75 pg of glutamate synthase. 



CHAPTER m 

STUDIES ON MONOCLONAL ANTIBODIES TO 

FERREDOXIN:NADP+ OXIDOREDUCTASE 

3.1. Introduction 

NADP+ reductase (EC 1.18.1.2) has been isolated from a wide variety of plants, algae 

and cyanobacteria [Forti, 1977]. Since the work of Shin et al- [1963], it has been generally 

accepted diat the biologically relevant activity of NADP"̂  reductase is to catalyze the 

transfer of reducing equivalents from the one-electton donor, reduced ferredoxin, to die 

two-electron acceptor, NADP"!". This reaction is die last step in the noncyclic 

photosynthetic pathway. The reduced pyridine nucleotide (NADPH) serves, in turn, as a 

reductant for biosynthesis. 

Spinach NADP"*" reductase is a typically monomeric protein with molecular weight 

near 35 kDa [Karplus et al-, 1984]. Although the existence of several forms of the enzyme 

have been reported before [Gozzer £t Mi» 1977; Hasumi si al-, 1983], these forms may 

represent different oxidation states of the sulfur-containing amino acids [Ellefson and 

Krogmann, 1979] and/or arise from proteolysis during the isolation [Karplus si al-, 1984; 

Shin £t al., 1990; Yao gl al-, 1985]. Purified NADP+ reductase, like odier FAD-containing 

enzymes, can be characterized by its absorbance maxima at 277, 385 and 457 nm with a 

shoulder at 490 nm [Shin £t al., 1963] and by its broad circular dichroism peak centered 

near 375 nm and 465 nm [Cammack si al-, 1971; Hasumi slal., 1982; Shin, 1973; Yamaji 

and Yamano, 1968]. Keims and Wang [1972] have reported that die FAD/FADH2 couple 

in the NADP"*" reductase has a low redox potential, Em = -360 mV at pH 7.0 and Em = 

-380 mV at pH 8.0. Similar Em values have been obtained in other laboratories [Batie and 

56 
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Kamin, 1986; Smith et ai., 1981]. In contrast, there are uncertainties over die Em values 

for the two single electron couples involving the FAD semiquinone state [Keims and 

Wang, 1972; Batie and Kamin, 1986]. At low ionic strength, NADP+ reductase can form 

an electrostatically stabihzed complex with its substrates (NADP+ and ferredoxin) and die 

complex dissociates at high ionic strength [Carrillo and Vallejos, 1987]. The stability of 

the ferredoxin:NADP+ reductase complex is pH-dependent (between pH 6 and pH 8), widi 

the Kd increasing as the pH increases from 6 to 8. Above pH 9, Kd is pH-independent 

[Batie and Kamin, 1981]. The pH dependence of the ferredoxin: NADP+ reductase 

complex formation has been attributed to the uptake of a single proton on complex 

formation [Batie and Kamin, 1981]. 

The amino acid sequences of NADP"*" reductase from spinach [Karplus £l al«, 1984; 

Jansen si al-, 1988], pea [Newman and Gray, 1988], ice plant (Mesembryantheum 

crystallinum^ [Michalowski gi al-, 1989] and cyanobacteria (Spimlina sp.) [Yao £i ai-, 

1984] are available. In the case of the spinach enzyme, sequencing of the protein gave the 

same amino acid sequence as that deduced from the nucleotide sequence of the 

corresponding gene. Structural analysis of the protein sequence revealed that the molecule 

contains two different structural domains, one for binding each of its substrates. This 

suggestion is consistent with evidence obtained from spectral perturbations of temery 

complex formation between die enzyme and its substrates [Batie and Kamin, 1984; Ricard 

Si al., 1980; Zanetti et al., 1984]. A negative cooperativity between die two binding sites 

has been reported (i.e., NADP"*" binding causes a decrease in the binding affinity of 

oxidized ferredoxin, and vice versa) [Batie and Kamin, 1984]. Sheriff and Herriott [1981] 

have investigated die three-dimensional stmcture of NADP"** reductase by X-ray 

crystallography at 0.37 nm resolution. This study revealed that the enzyme is a kidney-

shaped protein of approximate dimension 3 x 5 x 5 nm. One of the two lobes of die 
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enzyme, located near the carboxy terminus, is involved in die binding of NADP**" as shown 

by diffusing NADPH into die crystal. This is an a/p stmcture which was often seen at die 

nucleotide-binding sites of dehydrogenases and kinases [Karplus si al-, 1984; Sheriff and 

Herriott, 1981; Wagner £iM., 1981]. 

The presence of a lysine (Lys 244) at die NADP"*--binding site has been estabUshed 

using affinity modification with periodate-oxidized NADP"*" [Chan si al-, 1985]. Two 

odier lysine residues modified by dansyl chloride [Cidaria £t al-, 1985; Zanetti, 1976] and 

eosin isothiocyanate [Apley and Wagner, 1988], respectively, have also been shown to be 

involved in the pyridine nucleotide-binding domain. The enzyme is protected against the 

inactivation effect of these modifying reagents by pyridine nucleotide. Reagents modifying 

other charged residues (arginine and histidine) [Carrillo and Vallejos, 1983; Zanetti si al-, 

1979] and carboxylate groups [Carrillo si ai., 1981; Levy and Betts, 1988] inactivated the 

enzyme and eliminated the ability of NADP"*" reductase to bind NADP"*". Thus the pyridine 

nucleotide-binding domain of the enzyme may also contain arginine, histidine and a 

carboxylate. A partially buried FAD was located at die other lobe by investigating enzymes 

reconstituted widi various FAD analogues [Zanetti si ai., 1983]. From chemical reactivity 

of various reconstituted enzymes, it is clear that die flavin 8-position is exposed to solvent 

and located at the electrostatic interaction area of ferredoxin and the enzyme. However, it is 

not clear whether non-physiological acceptors, such as DCPIP, bind at die same site as 

ferredoxin, a physiological electron carrier. 

Negatively charged groups of ferredoxin have been implicated in complex formation 

with the enzyme from NMR experiments [Chan £t al-, 1983], chemical modification studies 

[Vieira and Davis, 1986; Vieira et al., 1986] and cross-linking studies [Davis and Colvert, 

1988; Vieira £l al-, 1986; Zanetti £t al., 1988]. Analysis of die sites of cross-linking in the 

complex showed diat the specific lysine e-amino groups on the enzyme were cross-linked 
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with die specific carboxyl groups of glutamate and aspartate residues on ferredoxin. In 

addition to die presence of lysine residues at the ferredoxin-binding site, NMR experiments 

using the Cr(CN)63- anion as a probe has indicated that the anion-reacting positive patch 

which contains at least one arginine is also involved in electrostatic complex formation 

[Armstrong and Corbett, 1986]. These lysines and die arginine are highly conserved in all 

three known sequences for die NADP"*" reductase of higher plants [Jansen ei al., 1988; 

Karplus si al-, 1984; Michalowski si ai., 1989; Newman and Gray, 1988]. Evidence that 

odier highly conserved residues including tryptophan, tyrosine and cysteine may also play 

an essential role at the interaction interface of the complex was obtained by investigating 

tryptophan fluorescence quenching [Davis, 1990], solvent perturbation of tyrosine 

absorbance spectra [Hasumi and Nakamura, 1978] and the effect of reagents known to 

modify vicinal dithiols [Valle ei ai-, 1982]. It is interesting that the oxidation of two vicinal 

sulfhydryl group of the enzyme (containing three thiols and a disulfide bridge) by 

iodosobenzoate could cause the loss of activity in the ferredoxin-dependent electron flow 

but not in the ferredoxin-independent electron flow. This loss could be partially prevented 

by pre-addition of ferredoxin [Valle el ai-, 1982]. Although it has not yet been determined 

whether different cysteines are responsible for these phenomena (i.e., one of these 

cysteines is involved in the binding of the FAD prosthetic group [Davis and San Pietro, 

1977; Forti and Sturani, 1968] and the other in die deprotonation), apparently at least one 

cysteine is present at or near the ferredoxin-binding domain. 

There are several catalytic roles of NADP"*" reductase including the photoreduction of 

NADP"*" by ferredoxin [Shin el ai-, 1963] and the reduction of NAD+ by NADPH or its 

analogs [Keister £t al-, I960]. The reductase also catalyzes several nonphysiological 

reactions including the oxidation of NADPH by K3Fe(CN)6 or dichlorophenolindophenol 

(DCPIP) [Avron and Jagendorf, 1956] or 2-(p-iodophenyl)-3-nitrophenyl-5-
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phenyltetrazolium chloride (INT) [Fredricks and Gehl, 1976], and the reduction of 

cytochrome c or cytochrome f by NADPH [Forti and Suirani, 1968]. Unlike die DCPIP 

reduction (diaphorase) assay, die cytochrome c reduction assay is ferredoxin-dependent. 

The enzyme reduces ferredoxin which, in turn, reduces cytochrome c in a non-

physiological reaction, making die assay a good method for evaluating events at die 

ferredoxin-binding site. By comparing the effects of a molecule on die activities of these 

two activities, it may be feasible to investigate which binding domain of die enzyme is 

related to those effects. 

Monoclonal antibodies offer a useful approach for the deUneation of structure-function 

relationships [Wilson and Smith, 1985]. The relative spatial distribution of structural 

features (epitopes) recognized by monoclonal antibodies can frequently be ascertained by 

epitope mapping techniques. Comparison of this information widi the effects of antibody 

binding on the function of the enzyme can then suggest a relationship between specific 

stmctural features and function. For investigating the stmctural features between the 

substrate-binding domains, monoclonal antibodies against NADP"*" reductase were 

prepared and the effect of these antibodies on two enzymatic activities (NADPH to DCPIP 

and NADPH to cytochrome c) was examined. The relative distribution of die epitopes 

recognized by these antibodies on the surface of the native enzyme was suggested through 

die relative activity in either assay. The eventual comparison of die relative distribution of 

die epitopes will give important information concerning the stmctural features of the 

substrate-binding domains. Below is described the characterization of monoclonal 

antibodies and die effects of monoclonal antibodies on the enzyme activity and die 

electrostatic interaction between ferredoxin and NADP"*" reductase. 
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3.2. Materials and Methods 

3.2.1. Materials 

The isotyping kit was purchased from Boehringer Mannheim Biochemicals 

(Indianapolis, IN). Goat anti-mouse polyimmunoglobuhn and horseradish peroxidase 

conjugated goat anti-mouse polyimmunoglobuhn were purchased from E.Y. Labs, Inc. 

(San Mateo, CA) and Cappel, Organon Teknika Corp. (Westchester, PA), respectively. 

RPMI-1640 (Rosewell Park Memorial Institute) powdered medium for growing the 

hybridoma cell lines was purchased from Sigma (St. Louis, MO). Bovine serum was 

purchased from Hyclone (Logan, UT). The HAT (Hypoxanthine, Aminopterin, and 

Thymidine) powdered supplement (lOOx) was purchased from Gibco Lab. (Grand Island, 

NY). All other reagents used were of highest purity commercially available. 

3.2.2. Methods 

3.2.2.1. Preparation of the Hvbridoma 

B ALB/c mice of eidier sex (4-6 weeks old) were injected intraperitoneally widi 100 pg 

of NADP"*" reductase in 1 ml phosphate buffer saline (PBS, pH 7.2) and boosted twice at 5 

day intervals. About two weeks after the primary immunization, spleens were removed for 

use in the hybridization procedure 3 days after the second secondary immunization. 

Fusion of mouse splenic lymphocytes with mouse myeloma cells at a 1:4 ratio, using 

polyediylene glycol as the fusative agent, was carried out using a modification of die 

procedure of Galfrefital. [1977] and Chaffin £t ai. [1987]. Cells were cultured in 96-well 

plates at a density equivalent to 5 x 10^ cells/well and hybrids were selected by growing in 

RPMI-bovine serum (10%,v/v)-HAT medium (pH 7.2) containing 0.1 mM sodium 

hypoxanthine, 0.4 pM aminopterin and 16 pM thymidine. Hybrid cells producing 

antibodies to NADP"*" reductase were detected by using an enzyme-linked immunosorbent 
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assay (ELISA, also see below) [Van Weemen and Schuurs, 1971]. The hybrid cells in a 

well with a strong ELISA reaction were subcloned twice in 96-well plates widi a feeder 

layer of mouse intraperitoneal fluid. Positive clones from final subclone plates were 

propagated for both the production of antibodies and the storage under liquid nitrogen in 

RPMI-bovine semm (10%, v/v) medium with 5% (v/v) dimediyl sulfoxide (DMSO). 

3.2.2.2. Preparation of the Monoclonal Antibodies 

The cell culture medium from each positive clone was collected and centrifuged to spin 

down the cells which were subsequently used to prepare ascites (see below). The 

supernatant was concentrated to minimum volume using an Amicon 100 kDa cutoff 

membrane and stored frozen. The concentrated solution was then diluted with a 10-fold 

excess of phosphate buffer saline (PBS, pH 7.2) and concentrated to the minimium 

volume. This procedure was repeated several times until no absorbance at 280 nm was 

measured in filtrate . The concentration and pH of the final concentrated solution was 

adjusted to 60 mg/ml and 7.0, respectively, and diese adjusted solutions were stored at 

4 OC for further assays. 

3.2.2.3. Preparation of the Ascites 

Mice used for producing ascites were pre-injected intraperitoneally widi 0.5 ml 

pristane (2,6,10,14-tetramethylpentadecane) twice at weekly intervals to induce 

granulomatous tissue. The hybridoma pellet described above, containing 10^ cells, was 

suspended in 1 ml PBS (pH 7.2). The suspended cells were injected intraperitoneally into 

die mouse about a week after the last pristane injection. About 10 days after cell injection, 

the ascitic fluid was drawn out intraperitoneally [Coding, 1983] and stored at 4 oc for 

further assays. 



3.2.2.4. Enzvme-linked Immunosorbent k'^<^^y 

The enzyme-linked immunosorbent assay (ELISA) was performed according to the 

method of Van Weeman and Schuurs [1971] using pre-immunoserum and B-cell culture 

fluid as control. 

One pg of NADP+ reductase dissolved in a 150 pl aliquot of borate buffer, pH 8.2, 

was added to each well of Immulon 2 plates. The plates were incubated overnight at 4 OQ 

After a PBS (pH 7.4) washmg, a 200 pl blocking solution containing 1% bovine serum 

albumin (BSA) in PBS (pH 7.4) was added to each well to block all remaining sites 

available for protein binding and the plates were incubated at 4 oc for 45 minutes. The 

plates were treated with the test solution (die concentrated solution or the ascitic fluid widi 

the control semm and supernatant) and with the peroxidase conjugated goat anti-mouse 

antibody diluted in a 1,500-fold excess of PBS (pH7.4) containing 1% BSA and 0.1% 

Tween 20 (polyoxyethylene sorbitan monolaurate) overnight at 4 OQ. A complete washing 

with PBS (pH 7.4) containing 0.1% Tween 20 after each treatment was required for 

washing out all unbound primary or secondary antibodies. The presence of an antibody to 

the NADP"*" reductase in the test solution could be detected by adding the substrate solution 

containing o-phenylenediamine and H2O2 in ciu-ic acid buffer (pH 4.9). After a 10-minute 

incubation at room temperture in the dark, the reaction was stopped by adding 1 M sulfonic 

acid and after another 10-minute incubation at room temperture in the dark, die absorbance 

of each well was measured at 492 nm using die ELISA autoreader (Multiskan, Titertek 

310B3). 

The immunotitration assay was performed by die ELISA procedure. A dilution series 

(1:27, 1:81, 1:243, 1:729) instead of a fixed concentration of the test antibodies was 

applied to determine the saturation curve of the antigen. 
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3.2.2.5. Antibodv Typing 

The monoclonal antibody typing was performed according to the instructions provided 

by the manufacturer of the test kit except that the antigen and the test solution (die 

concentrated solution or the ascitic fluid accompanying die control serum and supernatant) 

of monoclonal anbodies were coated overnight at 4 oc. A 40-fold ddution of die 

concentrated solution or the ascitic fluid of monoclonal antibodies was used for typing. 

3.2.2.6. Protein Concentration Determination 

Protein concentt-ations were determined according to die mediod of Bradford [1976] 

using bovine serum albumin as a standard or calculated from the absorbance at 280 nm, 

assuming that only immunoglobulin G (IgG) was present. The molecular weight for IgG 

was assumed to be 160 kDa (ca. 1 pM = 0.159 mg/ml and 1 mg = 1.4 A28O nm) [Gorevic 

£tal., 1985]. 

3.2.2.7. Antibody Inhibition Assays 

Absorbance measurements for enzyme assays were made using a Shimadzu UV-2100 

spectrophotometer. Assays were perfomied using a modification of the method of Masaki 

Si al. [1979]. NADPH to cytochrome c electron transfer was monitored by following 

absorbance increases at 550 nm, using a reduced minus oxidized extinction coefficient for 

cytochrome c of 19.1 mM'lcm"^ [Nakamura and Kimura, 1971]. The reaction mixture 

contained 40 nmol of cytochrome c, 5 nmol of spinach leaf ferredoxin, 100 nmol of 

NADPH, 5 nmol of spinach NADP"*" reductase, and the monoclonal antibody in 50 mM 

Tris-HCl buffer (pH 7.5). The final volume was 1 ml. DCPIP reduction was monitored 

by following absorbance decreases at 600 nm, using an extinction coefficient of 22 mM"! 

cm-1 [Masaki si al., 1979]. The 2.04 ml reaction mixture contained 100 nmol of DCPIP, 
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40 nmol of NADPH, 2 nmol of spinach NADP"̂  reductase and die monoclonal antibody in 

50 mM Tris-HCl buffer (pH 7.5). The antibody was omitted from both control reaction 

mixtures which were taken as the 100% activity values. The enzyme was mcubated widi 

varying amounts of antibody for 2 minutes at 25 oc prior to initiating die reaction by 

adding NADPH. One unit of activity is the amount of enzyme that catalyzes the reduction 

of 1 pmol of either cytochrome c or DCPIP per minute at 25 oc. 

3.2.2.8. Ultrafiltration Binding Assavs 

Ultrafiltration binding assays were performed using Amicon Centricon concentrators 

(molecular weight cutoff of 30 kDa) as described previously [Hirasawa £i al., 1989a]. The 

original stock solution buffers of spinach ferredoxin, NADP"*" reductase and monoclonal 

antibodies were changed to 10 mM phosphate buffer (pH 7.0) by dialysis or ultrafiltration 

prior to assaying. The 1 ml starting mixtures in Centricon concentrators contained 40 nmol 

of each component. The absorbance of starting mixtures and filtrates at 280 nm was 

measured. 

3.3. Results 

BALB/c mice were used to obtain hybridomas producing antibodies against NADP"*" 

reductase. Eleven positive cloned lines were obtained from splenic fusions. Each cloned 

Hne was derived from individual cultures of the original fused cells and seven out of eleven 

cloned lines have proved to be stable to storage under liquid nitrogen for periods as long as 

one year. The saturating concentration of each of these monoclonal antibodies needed to 

react with a known amount of the antigen has been determined by immunotitration. Serial 

dilutions of each antibody was evaluated by ELISA with a fixed amount of antigen. Except 

for the concentration of antibody, all the conditions were identical. The titration curves of 
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die concentrated solutions of E4 and E8 were similar to that of C8. The titration curves of 

the concentrated solutions of A9, C4, G5, G7 and H8 were similar to that of H9. All die 

ascitic fluids (A9, E4, E8, E12, H8 and H9) showed the similar titration curves. Although 

the saturation curves differed somewhat for the different antibodies (Figure 3.1), the 

antigen was titrated completely by a 40-fold dilution of monoclonal antibodies in all die 

cases. 

The isotyping kit uses the same strategy as ELISA to determine the antibody type, but 

one step of the secondary antibody coating is replaced by a two step coating. Goat anti-

mouse antibodies against different mouse immunoglobuhns are applied first and the 

peroxidase-conjugated swine anti-goat antibody then is applied. Unfortunately the typing 

results showed poor reproducibility. However, a series of 10 isotyping experiments 

suggested the following most likely identifications: G7, H8 and H9 (IgGi); A9 (IgG2a); 

C8 and G5 (IgG2b); C4, E4 and E8 (IgG3); E12 and F4 (IgM). 

Table 3.1 summarizes the effects of different monoclonal antibodies on die NADPH to 

DCPIP diaphorase reaction catalyzed by NADP"*" reductase. Although the extent of 

inhibition varied, all the monoclonal antibodies showed significant inhibitory effects on the 

NADPH to DCPIP diaphorase activity. A reasonable correlation between the extent of 

inhibition and the amount of monoclonal antibodies added was obtained. Monoclonal 

antibodies E12 and F4 which were IgMs produced the greatest inhibition on the NADPH to 

DCPIP diaphorase activity compared with other monoclonal antibodies. 

The effects of die monoclonal antibodies on electron transfer from NADPH to 

cytochrome c catalyzed by NADP"*- reductase are summarized at Table 3.2. None of the 

monoclonal antibodies produced any significant inhibition of electron flow from NADPH 

to cytochrome c and surprisingly some (e.g., E4) produced significant stimulation in the 

rate of electron transfer. Although, as shown in Table 3.3, ascitic fluids did not produce 
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any stimulation of the NADPH:cytochrome c oxidoreductase activity of tiie enzyme, and 

little or no inhibition was observed. 

Table 3.4 showed the results of the ultrafiltration binding assay using a 30 kDa cutoff 

Centricon. The component (ferredoxin) with a molecular weight of 10.5 kDa [Hirasawa £l 

al., 1986] passed diough die ultrafiltration membrane eidier at low or high ionic strengdi. 

However, die components (NADP+ reductase and its monoclonal antibodies) widi a higher 

molecular weight were largely retained by the membrane at both low and high ionic 

strengdis. Because NADP"*" reductase has a molecular weight of 35 kDa [Karplus si al-, 

1984] close to the cutoff limit, the filtrates showed more absorbance than diat of its 

monoclonal antibodies. At low ionic strength, ferredoxin and NADP"*" reductase can 

associate to form a 1:1 electrostatically stabilized complex with a molecular mass of 46 kDa 

[Carrillo and Vallejos, 1987]. In agreement with earlier measurements in our laboratory 

[Hirasawa si al-, 1989a], addition of NADP"*" reductase in an amount equimolar to that of 

ferredoxin prevented passage of ferredoxin through the ultrafiltration membrane (Table 

3.4). In order to determine whether any of the monoclonal antibodies raised against 

NADP"*" reductase had any effect on the ability of the enzyme to bind ferredoxin, 

monoclonal antibodies, in amounts sufficient to completely titrate the NADP"*" reductase 

present, were added to 1:1 ferredoxin/NADP"*" reductase mixuires at low ionic strength. 

The fact that addition of monoclonal antibodies did not resuh in increased amounts of 

ferredoxin passing through die membrane indicates that diese antibodies did not interfere 

with ferredoxin:NADP"*" reductase complex formation. This result is consistent with the 

results obtained from the antibody inhibition assays described above. 
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3.4. Discussion 

An obvious advantage of monoclonal antibodies compared to polyclonal antibodies is 

die selectivity with which they interact with the antigen. A monoclonal antibody can be 

selected that recognizes a specific structural feature of the antigen (epitope) associated with 

function. Although the monoclonal antibodies do not permit specification of the stmctural 

detail of diese epitopes, it is appropriate to consider the possible su-uctural basis for die 

observed functional perturbations which result from binding of diese monoclonal 

antibodies [Finney £lal., 1984; Wilson and Smith, 1985]. 

Observations from X-ray crystallography [Sheriff and Herriott; 1981], amino acid 

sequence analysis [Karplus siai-, 1984] and spectral perturbations [Batie and Kamin, 

1984; Ricard si al., 1980; Zanetti ^ ai., 1984], indicated that the enzyme has two separate 

domains for each of two substrates: NADP"*" ( or NADPH) and ferredoxin. In principal, 

monoclonal antibodies against epitopes in these different domains might differentially 

inhibit different activities of the enzyme and prove useful for stmcture and function studies. 

Eleven monoclonal antibodies were prepared for investigating the relationships of separated 

domains and the enzyme activity. An investigation of die effect of the antibodies on the 

ability of die enzyme to catalyze electron transfer from NADPH to cytochrome c was 

chosen to study the effect of the antibodies on the feiTedoxin-binding domain of the 

enzyme. Earlier studies [Hirasawa and Knaff, 1985; Hirasawa si ai-, 1984; Nakamura and 

Kimura, 1971; Masaki si al., 1979] have shown that in this reaction, the enzyme actually 

reduces ferredoxin which, in turn, reduces cytochrome c. In die presence of monoclonal 

antibodies in the reaction mixture, if the monoclonal antibodies bind to the ferredoxin-

binding domain, one would expect an inhibition only on the NADPH to cytochrome c 

reduction. In contrast, if the monoclonal antibodies bind to the NADP"*"-binding domain, 

electron flow from NADPH to DCPIP and from NADPH to cytochrome c would be 
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expected to be inhibited. By comparing these inhibition effects, the epitopes could be 

easily located on either one of two domains. However, die results of bodi die antibody 

inhibition assays and the ultrafiltration binding assay showed that none of die monoclonal 

antibodies interfered with the electrostatic binding and the related cytochrome c reduction 

activities. These results indicated that all the monoclonal antibodies involved in the 

concentrated solutions and the ascitic fluids do not recognize the epitopes involved in the 

interaction area (docking site) of ferredoxin and NADP"*" reductase. Since all the 

monoclonal antibodies do inhibit the diaphorase activity, it is suggested that a separate 

domain on the enzyme for DCPIP binding may exist and all the epitopes recognized by the 

monoclonal antibodies may be located at or near this hypothetical third domain. 
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Table 3.1. 

Effects of monoclonal antibodies on the diaphorase activity 

Component 

Pre-immune serum 

B-cell culture supernatant 

A9 

C4 

C8 

E4 

E8 

E12 

F4 

G5 

G7 

H8 

H9 

Effect in % (NADPH to DCPIP^ 
10* 20* 40* 80* 

0-H5 

0+5 

0-̂ 5 

0-̂ 5 

0-H5 

0-̂ 5 

0+5 

0+5 

0±5 -14±8 -34±10 -60±10 

-29±10 -57±15 -67±15 -74±15 

0±5 -4+5 -29±12 -40±10 

-17±5 -25±8 -33±10 -42±10 

-38±8 -52+10 -62±13 -76±15 

-29±12 -45±10 -64±15 -83±18 

-48±10 -62±20 -64±15 -83±16 

-43±15 -62±16 -67±10 -71±15 

-24+10 -43+10 -52+7 -76+15 

+ 13+5 -29+8 -52+10 -73+10 

-24+5 -43+15 -62+10 -67+10 

Note. * pl of the concentrated solution is added in the reaction mixuire. The reaction 
mixture contains the same volume of PBS (pH 7.2) instead of that of the concentrated 
solution, pre-immune semm and B-cell culture supernatant as control. The results 
represent the % increase or decrease compared to controls (8 units of DCPIP reducted per 
minute). Each result represents the average of three assays with its standard deviation. 
The plus or minus sign represents an enhancement or inhibition effect respectively. In 10 
pl case, die final concentration of each antibody in the reaction mixture is 0.159 mg/ml, 
which is determined as described in Materials and Methods. 
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Table 3.2. 

Effects of monoclonal antibodies on the NADPH to cytochrome c activity 

Component 

Pre-immune serum 

B-cell culture supernatant 

A9 

C4 

08 

E4 

E8 

E12 

F4 

G5 

G7 

H8 

H9 

Effpct 
10* 

0±5 

0±5 

Q+5 

-4+10 

-3±10 

0+10 

+9+10 

+14+9 

+7+6 

+33±8 

+7±5 

+9±5 

+3±10 

in % rNADPH to cytochrome c) 
20* 40* 80* 

0±5 

()±5 

+5+5 

-4+15 

-7+15 

+25±10 

+9+13 

+14±10 

+14±8 

+3Q±10 

+7±7 

+9+16 

0+12 

Q±5 

0±5 

-5±10 

+13±15 

-7+12 

+33±10 

+9+11 

+14+13 

+4+12 

+3Q±5 

+4+13 

+6+18 

-6+13 

()±5 

Q±5 

-5±10 

+13+10 

-11+14 

+10Q±5 

Q±10 

+7+15 

+7±15 

+3Q+8 

-11±15 

+3±15 

-9±15 

Note. * pl of the concentrated solution is added in the reaction mixture. The reaction 
mixture contains the same volume PBS (pH 7.2) instead of diat of the concentrated 
solution, pre-immune serum and B-cell culture supernatant as control. The results 
represent the % increase or decrease compared to controls (8.16 units of cytochrome c 
reducted per minute). Each result represents the average of three assays with its standard 
deviation. The plus or minus sign represents an enhancement or inhibition effect 
respectively. In 10 pl case, the final concentration of the antibody in the reaction mixture is 
0.318 mg/ml, which is determined as described in Materials and Mediods. 
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Table 3.3. 

Effects of ascitic fluids on the NADPH to cytochrome c activity 

Effect in % (NADPH to cytochrome c) 
Ascites IQ* 20* 40* 80* 

A9 -11 + 10 -17+16 -6±10 -6±25 

E4 -6+18 -6±15 -6±20 -11±15 

E8 -6±10 0±15 0±10 -6±15 

E12 -6±12 -6±15 -11+15 -11±18 

H8 0±10 -6±20 -33±10 

H9 -6±10 -11+11 -6+30 -6±15 

Note. * p.1 of the ascitic fluid is added in the reaction mixture. The reaction mixture 
contains the same volume of PBS (pH 7.2) instead of that of the ascitic fluid as control. 
The results represent the % increase or decrease compared to controls (8.16 units of 
cytochrome c reduced per minute). Each result represents the average of two assays with 
its standard deviation. The plus or minus sign represents an enhancement or inhibition 
effect. In 10 pl case, the final concenu-ations of each ascitic fluid in the reaction mixture is 
0.1 mg/ml with +15% deviation, which is determined as described in Materials and 
Methods. The effect not determined was indicated by solid line. 
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Ultrafiltration landing assays of die monoclonal antibodies 
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^ Buffer 
Component concentration (mM) 

(1) Ferredoxin 

(2) NADP+ reductase 

(3) Ferredoxin + NADP"*- reductase 

(4) monoclonal antibody 
(A9, C8, E8, E12 and H8) 

(5) (3) + culture fluid supernatant 

(6) (3) + monoclonal antibody 
A9 

C8 

E8 

E12 

H8 

10 

200 

10 

200 

10 

200 

10 

200 

10 

10 

10 

10 

10 

10 

Absorbance (at 280 nm) 
in filtrate (%) 

73±5 

92±5 

13±5 

25±2 

19±5 

67±10 

<1 

<3 

12±5 

19±10 

13±10 

8±5 

7±5 

17±10 

Note. All experiments were carried out in potassium phosphate buffer (pH 7.0) using 
Amicon Centricon concentrators as described in Materials and Methods. A 40 nmol of each 
component where indicated were present in a final volume of 1ml. The results represent 
the average of two determinations with its standard deviation. In (5) and (6) case, the 
absorbance of the mixture containmg ferredoxin and NADP+ reductase is used as a control 
(100%). 
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Fig, 3.1. Immunotitration assay of monoclonal antibodies. Each well was coated with 1 
pg of NADP"*" reductase. The concentrated solutions and the ascitic fluids, all at an initial 
protein concentration of 60 mg/ml, were diluted by different factors (27, 81, 243, 729). 
Each result represents the average of 10 assays with +0.21 average absorbance deviation 
(+0.45 maximum standard deviation to +0.09 minimum standard deviation). 
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