
Biochimica et Biophysica Acta, 935 (1988) 1-8 1 
Elsevier 

BBA 42803 

Ferredox in - th ioredox in  reductase:  propert ies  of  its c o m p l e x  with ferredox in  * 

M a s a k a z u  H i r a s a w a  a, M i c h e l  D r o u x  b, K e v i n  A.  G r a y  a j .  M i l t o n  B o y e r  a, 
D a n  J. D a v i s  c, B o b  B. B u c h a n a n  b a n d  D a v i d  B. K n a f f  a 

a Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, TX, b Division of Molecular Plant Biology, 
University of California, Berkeley, CA and c Department of Chemistry and Biochemistry, University of Arkansas, 

Fayetteville, AR (U.S.A.) 

(Received 29 February 1988) 

Key words: Ferredoxin-thioredoxin reductase; Ferredoxin complex; (Chloroplast) 

Ferredoxin-thioredoxin reductase formed an electrostatically stabilized 1:1 complex with ferredoxin. 
Complex formation could be detected, following mixing of the two proteins, either by changes in optical 
absorbance and circular dichroism spectra or by co-chromatography during gel filtration. Chemical modifica- 
tion of three or four carboxyl groups on ferredoxin, which had previously been shown to inhibit the binding 
of ferredoxin to several ferredoxin-dependent chloroplast enzymes, had little effect on its interaction with 
ferredoxin-thioredoxin reductase. The results suggest that the ferredoxin domain that binds ferredoxin- 
thioredoxin reductase is not completely identical to that involved in binding other ferredoxin-dependent 
enzymes. 

Introduction 

The iron-sulfur protein ferredoxin acts as the 
first soluble electron acceptor for Photosystem I in 
oxygenic photosynthesis and, when reduced, serves 
as the electron donor for a variety of reductant-re- 
quiring reactions [1]. Four of these ferredoxin-de- 
pendent reductions have been demonstrated to 
involve electrostatically stabilized complexes be- 
tween ferredoxin and the chloroplast enzyme 
catalyzing the electron transfer reaction: (1) the 
reduction of NADP ÷ [2-5] catalyzed by ferredo- 
xin:NADP ÷ oxidoreductase (EC 1.18.1.2, hereafter 

* Third paper in a series. The first two papers are identified in 
Refs. 15 and 16. 

Abbreviation: CD, circular dichroism. 
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referred to as NADP + reductase); (2) the reduc- 
tion of nitrite to ammonia [6-8] catalyzed by 
ferredoxin:nitrite oxidoreductase (EC 1.7.7.1, 
hereafter referred to as nitrite reductase); (3) the 
reductive conversion of glutamine plus 2-oxo- 
glutarate to glutamate [8] catalyzed by glutamate 
synthase (EC 1.4.7.1) and (4) The reduction of 
sulfite to sulfide [9] catalyzed ferredoxin:sulfite 
oxidoreductase (EC 1.8.7.1, hereafter referred to 
as sulfite reductase). 13C-NMR measurements [10], 
cross-linking studies [11,12] and chemical modifi- 
cation investigations [8,12-14] have implicated 
carboxyl groups on ferredoxin as supplying the 
negative charges involves in complex formation 
with these enzymes. These investigations have also 
lead to the proposal [7,8] that negatively charged 
ferredoxin carboxylate groups constitute a com- 
mon binding domain for ferredoxin-dependent en- 
zymes. It thus appeared or interest to examine in 
detail the interaction of ferredoxin with the fer- 
redoxin-dependent enzyme, ferredoxin-thioredo- 

0005-2728/88/$03.50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division) 



xin reductase, a novel enzyme that contains both 
an iron-sulfur cluster and a catalytically active 
disulfide bridge [15-17], and which has recently 
been shown to form a noncovalent complex with 
ferredoxin [15]. Ferredoxin-thioredoxin reductase 
is of particular interest because, unlike previously 
studied ferredoxin-dependent enzymes, it func- 
tions in enzyme regulation [18]. 

Experimental procedures 

Materials. Spinach ferredoxin (A422n  m : A277n m 

= 0.43) was prepared according to the method of 
Tagawa and Arnon [19] and stored in 30 mM 
Tris-HC1 buffer (pH 8.0) at liquid N 2 temperature 
until used. Ferredoxin was modified by treatment 
with glycine ethyl ester in the presence of 1-ethyl- 
3-(3-dimethylaminopropyl)-carbodiimide accord- 
ing to the method of Vieira and Davis [13], and 
stored as described for the unmodified ferredoxin. 
The same batch of carboxyl-modified ferredoxin 
used in the experiments with ferredoxin-thioredo- 
xin reductase described below was assayed with 
NADP + and nitrite reductases, and showed the 
same diminished effectiveness in binding to these 
two chloroplast enzymes as that observed previ- 
ously [8]. Ferredoxin-thioredoxin reductase was 
purified to apparent homogeneity from spinach 
leaves as described previously [15]. 

Analytical methods. Absorbance spectra were 
measured at 4 ° C  using a Perkin-Elmer Lambda 5 
spectrophotometer with a noise level of less than 
2 . 1 0  - 4  A. Difference spectra resulting from com- 
plex formation were measured using 1 cm optical 
path length, split cells as described previously [20]. 
Circular dichroism (CD) spectra were obtained 
using a JASCO Model J-20 spectropolarimeter. 
Ferredoxin-thioredoxin reductase was assayed by 
measuring its capacity to promote the light-depen- 
dent activation of NADP÷-malate dehydrogenase 
(NADP+-MDH) in a reconstituted thylakoid sys- 
tem. The reconstituted system contained the fol- 
lowing (final volume 100 /~1): thylakoid mem- 
branes [15,16] equivalent to 23 ~g chlorophyll; 
Tris-HC1 buffer (pH 7.9), 100 mM; sodium 
ascorbate, 10 mM; 2,6-dichlorophenolindophenol, 
0.1 mM; catalase, 250 units; ferredoxin-thioredo- 
xin reductase, 2.6 /~M; spinach thioredoxin m 
[21], 10/~M; corn NADP÷-malate dehydrogenase 

[21], 1.8 /~M; and native or carboxyl-modified 
ferredoxin, as indicated. Assays were carried out 
under nitrogen in Eppendorf  tubes. Light activa- 
tion and assay of the NADP÷-malate dehydro- 
genase was carried out as described previously 
[15,16]. N A D P  + photoreduction was assayed using 
a reaction mixture that contained the same buffer, 
thylakoid membrane and electron donor con- 
centration as those present in the ferredoxin- 
thioredoxin reductase assay plus 4 mM NADP +. 
NADP ÷ reduction was determined by the increase 
in absorbance at 340 nm following dilution of the 
sample to 1 ml with 50 mM Tris-HC1 (pH 7.9), 
and centrifugation for 0.5 min at 13 000 x g. Pro- 
tein concentration was estimated by the method of 
Bradford [23] using bovine serum albumin as a 
standard. Gel filtration was carried out using a 
Sephadex G-75 column (1 x 30 cm) in 30 mM 
Tris-HC1 buffer (pH 8.0) at 4 ° C. Apparent molec- 
ular masses were determined by gel filtration on 
calibrated columns according to the method of 
Andrews [24]. 

Results 

Absorbance measurements 
The formation of complexes between ferredo- 

xin and each of several ferredoxin-dependent 
enzymes is known to produce significant alter- 
ations in the absorbance spectra of protein chro- 
mophore groups [2-6,8]. It therefore seemed likely 
that absorbance changes would also occur during 
complex formation between ferredoxin and fer- 
redoxin-thioredoxin reductase, an enzyme also 
possessing a chromophore [15]. Such absorbance 
changes were detected when oxidized ferredoxin 
was mixed with a sample of ferredoxin-thioredo- 
xin reductase at 15 mM ionic strength. Fig. 1 
shows the difference spectrum of the complex 
minus the sum of the spectra of the two separate 
proteins. If the proteins were mixed at high ionic 
strength (215 mM), no absorbance changes were 
detected, suggesting that, in agreement with previ- 
ous results [15], the interaction between the two 
proteins is electrostatic in nature. Fig. 1 shows 
that somewhat different absorbance changes were 
observed when native, unmodified ferredoxin was 
replaced by a ferredoxin containing three or four 
carboxyl groups that had been modified [13] by 
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Fig. 1. Difference spectra of the complex between ferredoxin-thioredoxin reductase and either native or carboxyl-modified ferredoxin. 
The sample cuvette contained ferredoxin-thioredoxin reductase at a concentration of either 7 2 / t M  ( ) or 36 # M  ( . . . . . .  ) and 
equimolar native ( ) or modified ( . . . . . .  ) ferredoxin in 30 m M  Tris-HCl buffer (pH 8.0) in the same compartment.  The 

reference cuvette contained the same components  but  with the ferredoxin and enzyme in separate compartments.  

treatment with glycine ethyl ester in the presence 
of 1-ethyl-3-(3-dimethylaminopropyl)carbodi- 
imide. The maxima in the two difference spectra 
are located at slightly different wavelengths and 
the negative feature present at 590 nm in the 
difference spectrum of the complex with native 
ferredoxin is not detectable in the complex with 
carboxyl-modified ferredoxin. 

Fig. 2 illustrates the dependence of the magni- 
tude of the absorbance changes at 440 minus 405 
nm, indicative of complex formation, on the con- 
centration of native or carboxyl-modified fer- 
redoxin for a fixed amount of ferredoxin- 
thioredoxin reductase. Similar concentration 
dependencies were observed with two different 
wavelength pairs (370 minus 400 nm and 460 
minus 405 nm). The data indicate that 
ferredoxin-thioredoxin reductase forms a high af- 
finity, 1:1 complex with both native and carbo- 
xyl-modified ferredoxin. In control experiments 
(not shown), this sample of carboxyl-modified fer- 
redoxin gave less than 15% of the complex-indicat- 
ing absorbance changes produced when unmod- 
ified ferredoxin was mixed with NADP ÷ re- 
ductase, in agreement with previous reports [13,14]. 

Gel-filtration chromatography experiments 
Additional evidence for complex formation be- 

tween ferredoxin and ferredoxin-thioredoxin re- 
ductase was obtained from gel-filtration chro- 
matography experiments, in which the two pro- 
teins comigrated with an apparent molecular mass 
equal to the sum of those of the two proteins. This 
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Fig. 2. Titration of ferredoxin-thioredoxin reductase with fer- 
redoxin. Reaction mixtures were as in Fig. 1 except that the 
ferredoxin concentrat ion was varied as indicated. FTR, fer- 

redoxin-thioredoxin reductase. 
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Fig. 3. Apparent molecular masses of ferredoxin-thioredoxin 
reductase complexes with native and carboxyl-modified fer- 
redoxin. Gel filtration chromatography of 1:1 mixtures of 
ferredoxin-thioredoxin reductase (FTR) with either native or 
carboxyl-modified ferredoxin (11) was performed in 30 mM 
Tris-HC1 buffer (pH 8.0) on a Sephadex G-75 column (1 × 30 
cm). Molecular mass standards (B): fl-lactoglobin; glyceralde- 
hyde-3-phosphate dehydrogenase; ovalbumin and bovine serum 
albumin with molecular mass of 18.4, 36, 45 and 66 kDa, 

respectively. 

technique has been used previously to demon-  
strate complex format ion between ferredoxin and 
other ferredoxin-dependent  chloroplast  enzymes 
[8,9,25]. Fig. 3 shows that at 15 m M  ionic strength, 
a 1 : 1 mixture of  unmodif ied ferredoxin and fer- 
redoxin-thioredoxin reductase eluted f rom a Sep- 
hadex G-75 gel filtration column as a single com- 
ponent  with an apparent  molecular mass of  48 + 3 
kDa. No  detectable protein eluted f rom the col- 
umn  in fractions corresponding to the molecular  
mass of either ferredoxin-thioredoxin reductase, 
30 kDa  [15], or ferredoxin, 11 k D a  [26], indicating 
that all of  the ferredoxin was complexed with the 
enzyme. When  a 2 : 1  mixture of  ferredoxin and 
ferredoxin-thioredoxin reductase was subjected to 
gel filtration, components  eluted f rom the column 
with apparent  molecular masses of  48 and 11 kDa,  
corresponding respectively to the 1 : 1 ferredoxin • 
ferredoxin-thioredoxin complex and the excess 
ferredoxin (data not  shown). Similar results were 
obtained when untreated ferredoxin was replaced 
by carboxyl-modified ferredoxin, except that  the 
apparent  molecular mass of  the complex was 53 ___ 
3 kDa  (Fig. 3). This same sample of  carboxyl- 

modif ied ferredoxin did not  comigrate with 
N A D P  + reductase during gel-filtration chro- 
ma tography  on Sephadex G-75, while native fer- 
redoxin did comigrate  with N A D P  ÷ reductase, in 
agreement  with previous results [8]. 

Evidence for the electrostatic nature of  the 
complex between bo th  native and carboxyl-mod-  
ified ferredoxins and ferredoxin-thioredoxin re- 
ductase was obta ined f rom gel filtration experi- 
ments  in which the ionic strength was increased 
f rom 15 to 215 mM.  Thus, while a 1 : 1 mixture of  
native ferredoxin and ferredoxin-thioredoxin re- 
ductase comigrated at 15 m M  ionic strength, com- 
igration was not  observed at 215 m M  ionic strength 
(Fig. 4). A similar complex between ferredoxin 
and ferredoxin-thioredoxin reductase, observed in 
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Fig. 4. Elution profile of ferredoxin-thioredoxin reductase. 
ferredoxin complexes. (A) Native ferredoxin. (B) Carboxyl- 
modified ferredoxin. Gel-filtration chromatography was car- 
fled out as in Fig. 3 (e) or in 30 mM Tris-HC1 buffer (pH 8.0) 

containing 200 mM NaC1 (©). 
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Fig. 5. Ferredoxin concentration dependence for the ferredo- 
xin-thioredoxin reductase mediated activation of NADP+-de  - 
pendent  malate dehydrogenase (MDH) in the presence of 
thioredoxin m. Activity was measured as described in Experi- 

mental  procedures. 

A ctivity determinations 
The observation that modification of three or 

four carboxyl groups on ferredoxin appeared to 
have very little effect on the affinity of ferredoxin 
binding for ferredoxin-thioredoxin reductase made 
it of interest to investigate the effect of carboxyl 
modification on the kinetic parameters of the re- 
action catalyzed by ferredoxin-thioredoxin re- 
ductase, i.e., the reduction of thioredoxin by re- 
duced ferredoxin. Fig. 5 shows that carboxyl mod- 
ification had virtually no effect on the K m of the 
enzyme for ferredoxin. Values of 1.7 #M and 1.8 
/~M were measured for native and carboxyl-mod- 
ified ferredoxin, respectively. However, carboxyl 
modification did result in a V,~x that was only 
67% of that observed with untreated ferredoxin 
(Fig. 5). 

gel filtration experiments in earlier studies, lead to 
the erroneous conclusion that the complex repre- 
sented a separate, ferredoxin-independent protein 
functional in enzyme regulation [27-29]. In the 
current studies, no component eluting with an 
apparent molecular mass of 48 kDa was detected 
at the higher ionic strength, but instead, two com- 
ponents eluted separately, with apparent molecu- 
lar masses of 30 kDa (ferredoxin-thioredoxin re- 
ductase) and 11 kDa (ferredoxin). Similar results 
were obtained in experiments in which carboxyl- 
modified ferredoxin replaced native ferredoxin 
(Fig. 4). 

Circular dichroism measurements 
Circular dichroism (CD) difference spectra have 

been used as an additional tool to study the 
interaction between ferredoxin and chloroplast en- 
zymes [25,30,31]. Before examining the interaction 
between ferredoxin and ferredoxin-thioredoxin re- 
ductase in this manner, it was of interest to mea- 
sure the CD spectrum of ferredoxin-thioredoxin 
reductase itself. The CD spectrum of ferredoxin- 
thioredoxin reductase had not yet been reported 
and could give information on this unique iron- 
sulfur protein. Fig. 6 shows the CD spectrum of 
ferredoxin-thioredoxin reductase in the region 
from 250 to 600 nm. The spectrum exhibits some 
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Fig. 6. Circular dichroism spectrum of ferredoxin-thioredoxin reductase. The reaction mixture contained 25/~M enzyme in 30 m M  

Tris-HC1 buffer (pH 8.0). Optical pathlength = 1 cm. 
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Fig. 7. Circular dichroism difference spectra resulting from complex formation between ferredoxin-thioredoxin reductase and 
ferredoxin. CD spectra of ferredoxin-thioredoxin reductase alone and ferredoxin alone were summed and subtracted from the CD 
spectrum of a solution containing both the enzyme and ferredoxin. The reaction mixture contained ferredoxin-thioredoxin reductase 
at a concentration of either 18 ( , )  or 25/tM (©) and either 18/~M native ferredoxin (e) or 25/tM carboxyl-modified ferredoxin (©) 

in 30 mM Tris-HC1 buffer (pH 8.0). Optical patblength = 1 cm. 

similarity to that of the reduced form of the 
[4Fe-4S] cluster-containing high potential iron- 
sulfur protein from the photosynthetic purple 
sulfur bacterium Thiocapsa pfennigii [32], but bears 
little resemblance to that of [2Fe-2S] cluster-con- 
taining proteins, such as spinach ferredoxin [33]. 
Coupled with earlier evidence from visible ab- 
sorbance spectra and chemical analyses [15,28,34], 
the CD spectrum is consistent with the hypothesis 
that ferredoxin-thioredoxin reductase contains a 
[4Fe-4S] cluster. Fig. 7 shows the CD difference 
spectra (enzyme-ferredoxin complex minus en- 
zyme plus ferredoxin) resulting from complex for- 
mation between ferredoxin-thioredoxin reductase 
and either native or carboxyl-modified ferredoxin. 
While there are some minor differences, the two 
CD difference spectra are generally quite similar. 
No changes in CD spectra occurred when the 
enzyme was mixed with either native or carboxyl- 
modified ferredoxin at 215 mM ionic strength, 
conditions unfavorable for complex formation. 

Discussion 

The data presented above provide new evidence 
that ferredoxin-thioredoxin reductase, like other 
ferredoxin-dependent enzymes (i.e., NADP ÷ re- 
ductase, sulfite reductase, nitrite reductase and 

glutamate synthase), forms a complex with fer- 
redoxin. Both the gel filtration comigration data 
and the titration of absorbance differences with 
ferredoxin suggest that the complex is one of high 
affinity and has a stoichiometry of I : 1. The shape 
of the titration curve of Fig. 2 suggests that the K d 
for the complex is less than 1 • 10 -7 M at 15 mM 
ionic strength, a value considerably lower than 
those measured under similar conditions for the 
complexes between ferredoxin and either nitrite 
reductase or glutamate synthase [6-8] and com- 
parable to that for the ferredoxin-NADP + re- 
ductase complex [3,35] (Table I). The electrostatic 
nature of the complex was confirmed by the find- 
ing that high ionic strength prevented complex 
formation, as assayed by both spectral and gel 
filtration measurements. 

Surprisingly, modification of three or four 
carboxyl groups on ferredoxin caused relatively 
little change in the properties of its complex with 
ferredoxin-thioredoxin reductase, based on either 
absorbance or CD difference spectra or on kinetic 
and binding parameters. However, the difference 
in gel-filtration migration patterns of the ferredo- 
xin-thioredoxin reductase complexes with native 
and with carboxyl-modified ferredoxin, i.e., the 
differences in apparent molecular weights of the 
complexes (cf. Fig. 3) and the differences in the 



TABLE I 

A COMPARISON OF FERREDOXIN-LINKED ENZYMES FROM CHLOROPLASTS 

n.d., not determined due to the absence of detectable spectral changes. All values in the upper two rows are from this study, except 
for K d for native ferredoxin for NADP ÷ reductase, which was from Ref. 35. All values in the lower two rows are from Ref. 8. 

Enzyme Prosthetic K d (M) Kam pp (#M) Ratio of Vrnax 

group native modified native modified modified: 
ferredoxin ferredoxin ferredoxin ferredoxin native 

ferredoxin 

Ferredoxin- 
thioredoxin 
reductase 
NADP + 
reductase 
Glutamate 
synthase 

Nitrite 
reductase 

Iron-sulfur 
cluster, 
disulfide 
FAD 

Iron-sulfur 
cluster, 
FAD, FMN 
Siroheme, 
iron-sulfur 
cluster 

<10 -7 <10 -7 1.7 1.8 0.7 

5.10 -8 n.d. 1.5 1.6 0.3 

1.45-10- 5 1.0-10- 4 2.0 84 0.2 

6.3-10 - 7 1.0.10 - 4 20 20 0.2 

optical and CD difference spectra of the two 
complexes (cf. Figs. 1) suggest that carboxyl group 
modification may have some effect on the interac- 
tion of ferredoxin with the enzyme. Such carboxyl 
modification had earlier been shown (Table I) to 
inhibit complex formation between ferredoxin and 
NADP ÷ reductase [8,13,14] and to decrease by 
7-fold and 160-fold the respective binding affini- 
ties of glutamate synthase and nitrite reductase for 
ferredoxin. The results of this study on 
ferredoxin-thioredoxin reductase and of recent 
studies on the ferredoxin-dependent sulfite re- 
ductase of spinach chloroplasts [9] raise the possi- 
bility that the binding domain on ferredoxin for 
these two enzymes may differ in part from that of 
other ferredoxin-dependent enzymes studied pre- 
viously (i.e., NADP ÷ reductase, nitrite reductase 
and glutamate synthase). Experiments to test this 
possibility are currently underway in our laborato- 
ries. 

Acknowledgements 

The authors would like to thank Ms. Nancy 
Crawford and Mr. Richard K. Chain for assis- 
tance in purifying the ferredoxin-thioredoxin re- 
ductase and Prof. Richard Malkin and Prof. 
Michael Cusanovich for helpful discussions. The 

research was supported by grants to D.B.K. from 
the U.S. Department of Agriculture (85-CRCR-1- 
1574 and 87-CRCR-1-2333) and the Robert A. 
Welch Foundation (D-710) and to B.B.B. from the 
National Science Foundation (DMB-83-14892). 

References 

1 Hoober, J.K. (1984) Chloroplasts, Plenum Press, New York. 
2 Shin, M. and San Pietro, A. (1968) Biochem. Biophys. Res. 

Commun. 33, 38-42. 
3 Foust, G.P., Mayhew, S.G. and Massey, V. (1969) J. Biol. 

Chem. 244, 964-970. 
4 Nelson, N. and Neumann, J. (1969) J. Biol. Chem. 244, 

1932-1936. 
5 Batie, C.J. and Kamin, H. (1981) J. Biol. Chem. 256, 

7756-7763. 
6 Hirasawa, M. and Knaff, D.B. (1985) Biochim. Biophys. 

Acta 830, 173-180. 
7 Privalle, L.S., Privalle, C.T., Leonardy, N.J. and Kamin, H. 

(1985) J. Biol. Chem. 260, 14344-14350. 
8 Hirasawa, M., Boyer, J.M., Gray, K.A., Davis, D.J. and 

Knaff, D.B. (1986) Biochim. Biophys. Acta 851, 23-28. 
9 Hirasawa, M., Boyer, J.M., Gray, K.A., Davis, D.J. and 

Knaff, D.B. (1987) FEBS Lett. 221, 343-348. 
10 Chan, T.-M., Ulrich, E.L. and Markley, J.L. (1983) Bio- 

chemistry 22, 6002-6007. 
11 Zanetti, G., Aliverti, A. and Curti, B. (1984) J. Biol. Chem. 

259, 6153-6157. 
12 Vieira, B.J., Colvert, K.K. and Davis, D.J. (1986) Biochim. 

Biophys. Acta 851, 109-122. 



13 Vieira, B.J. and Davis, D.J. (1985) Biochem. Biophys. Res. 
Commun. 129, 467-471. 

14 Vieira, B.J. and Davis, D.J. (1986) Arch. Biochem. Biophys. 
247, 140-146. 

15 Droux, M., Jacquot, J.-P., Miginiac-Maslow, M., Gadal, P., 
Huet, J.C., Crawford, N.A., Yee, B.C. and Buchanan, B.B. 
(1987) Arch. Biochem. Biophys. 252, 426-439. 

16 Droux, M., Miginiac-Maslow, M., Jacquot, J.-P., Gadal, P., 
Crawford, N.A., Kosower, N.S. and Buchanan, B.B. (1987) 
Arch. Biochem. Biophys. 256, 372-380. 

17 Droux, M., Crawford, N.A. and Buchanan, B.B. (1987) 
C.R. Acad. Sci. Paris 305, 335-341. 

18 Cs6ke, C. and Buchanan, B.B. (1986) Biochim. Biophys. 
Acta 853, 43-63. 

19 Tagawa, K. and Arnon, D.I. (1962) Nature 195, 537-543. 
20 Knaff, D.B., Smith, J.M. and Malkin, R. (1978) FEBS Lett. 

90, 195-197. 
21 Crawford, N.A., Yee, B.C., Hutcheson, S.W., Wolosiuk, 

R.A, and Buchanan, B.B. (1986) Arch. Biochem. Biophys. 
244, 1-7. 

22 Jacquot, J.-P., Gadal, P. Nishizawa, A.N., Yee, B.C., Craw- 
ford, N.A. and Buchanan, B.B. (1984) Arch. Biochem. 
Biophys. 228, 170-176. 

23 Bradford, M.M. (1976) Anal. Biochem. 72, 248-254. 
24 Andrews, P. (1965) Biochem. J. 96, 595-606. 

26 Matsubara, H., Hase, T., Wakabayashi, S. and Wada, K. 
(1980) in The Evolution of Protein Structure and Function 
(Sigman, D.S. and Brazier, M.A., eds.), pp. 245-266, 
Academic Press, New York. 

27 Lara, C., De La Torre, A. and Buchanan, B.B. (1980) 
Biochem. Biophys. Res. Commun. 93, 544-551. 

28 De La Torre, A., Lara, C., Yee, B.C., Malkin, R. and 
Buchanan, B.B. (1982) Arch. Biochem. Biophys. 213, 
545-550. 

29 Ford, D.M., Jablonski, P.P., Mohamed, A.H. and Ander- 
son, L.E. (1987) Plant Physiol. 83, 628-632. 

30 Cammack, R., Neumann, S., Nelson, N. and Hall, D.O. 
(1971) Biochem. Biophys. Res. Commun. 42, 292-297. 

31 Knaff, D.B., Smith, J.M. and Chain, R.K. (1980) Arch. 
Biochem. Biophys. 199, 117-122. 

32 Przysiecki, C.T., Meyer, T.E. and Cusanovich, M.A. (1985) 
Biochemistry 24, 2542-2549. 

33 Garbett, K., Gillard, R.D., Knowles, P.F. and Stangroom, 
J.E. (1967) Nature 215, 824-828. 

34 Schiirmann, P. (1981) in Proceedings of the 6th Interna- 
tional Photosynthesis Congress (Akoyunoglou, G., ed.), Vol. 
4, pp. 273-280, Balaban, Philadelphia. 

35 Batie, C.J. and Kamin, H. (1984) J. Biol. Chem. 259, 
8832-8839. 


