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As has previously been demonstrated for ferredoxin/NADP + oxidoreductase (NADP + reductase) and 
ferredoxin/nitrite oxidoreductase (nitrite reductase), ferrodoxin-dependent glutamate synthase has been 
shown to form a complex with ferredoxin. The complex (K d = 14.5 pM) is stabilized by electrostatic forces 
and produces changes in the chromophore(s) of at least one of the proteins. Chemical modification of 
carboxyl groups on ferredoxin with glycine ethyl ester in the presence of a water-soluble carbodiimide 
affected the binding of ferredoxin to both glutamate synthase and nitrite reductase and also inhibited the 
ability of reduced ferredoxin to serve as an electron donor to both enzymes. 

Introduction 

Ferredoxin functions as the acceptor of elec- 
trons from Photosystem I in all organisms that 
carry out oxygenic photosynthesis [1]. Reduced 
ferredoxin serves, in turn, as an electron donor for 
a variety of processes, including the reduction of 
NADP ÷ [2], nitrite [3,4], sulfite [5,6], thioredoxin 
and regulatory enzymes of the Calvin-Benson 
cyclic [7] and for the reductive conversion of 2- 
oxoglutarate plus glutamine to glutamate [8,9]. 
Evidence exists that two of these ferredoxin-de- 
pendent reductions, the reduction of NADP ÷ 
catalyzed by ferredoxin/NADP + oxidoreductase 
(EC 1.18.1.2, hereafter referred to as NADP ÷ re- 
ductase) and the reduction of nitrite to ammonia 
catalyzed by ferredoxin/nitrite oxidoreductase 
(EC 1.7.7.1, hereafter referred to as nitrite re- 
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Abbreviations: EDC, 1-methyl-3-(3-dimethylaminopropyl)car- 
bodiimide; PMSF, phenylmethylsulfonylfluoride; Tris, 2- 
amino-2-hydroxymethylpropane-l,3-diol. 

ductase), involve complexes between ferredoxin 
and the enzyme [10-16]. Glutamate synthase (EC 
1.4.7.1, the enzyme responsible for the ferredoxin- 
dependent conversion of glutamine plus 2-oxo- 
glutarate to glutamate in chloroplasts [8,9]), like 
NADP ÷ [14,17] and nitrite reductases [4,18], can 
be purified using an affinity column in which 
ferredoxin is covalently attached to a Sepharose-4B 
matrix [9]. This suggested that glutamate synthase, 
like the other two chloroplast enzymes, can form a 
complex with ferredoxin. Evidence for such a 
complex is presented below. 

Evidence from a number of laboratories in- 
dicated that electrostatic forces hold the com- 
plexes between ferredoxin and both NADP + re- 
ductase [10-12,19-21] and nitrite reductase [15,16] 
together. Recent t3C-NMR investigations have 
implicated carboxyl side chains from three 
glutamate residues on Anabaena variabilis fer- 
redoxin in complex formation with NADP + re- 
ductase [22]. Cross-linking studies between 
NADP + reductase and spinach ferredoxin have 
also implicated ferredoxin carboxyl groups in the 
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interaction with NADP + reductase [23]. Chemical 
modification of 3-4  carboxyl groups on ferredo- 
xin by treatment with glycine ethyl ester in the 
presence of the water-soluble carbodiimide, 1- 
ethyl-3-(3-dimethylaminopropyl)  carbodiimide 
(EDC), greatly inhibited the ability of ferredoxin 
to form a complex with NADP ÷ reductase without 
affecting the protein's Fe2S 2 center or its ability to 
be photoreduced by Photosystem I [24]. Chemical 
modification, presumably involving carboxyl 
groups, of ferredoxin by EDC [16] was also shown 
to affect the interaction of ferredoxin with NADP ÷ 
reductase and with a modified form [15,25,26] of 
nitrite reductase. It thus was of interest to in- 
vestigate the effects of carboxyl group modifica- 
tion on ferredoxin's ability to interact with the 
native form [4,15,25,26] of nitrite reductase and 
with glutamate synthase. 

Experimental procedures 

Materials 
Spinach (field-grown during 1985 growing sea- 

son) was used as the starting material for prepara- 
tion of all proteins used in this study. Spinach 
ferredoxin ( A 4 2 2 n m :  A277n m = 0 . 4 5 )  w a s  prepared 
according to the method of Tagawa and Arnon 
[27] and stored in 30 mM Tris-HCl buffer (pH 
8.0) at liquid N 2 temperature until used. Spinach 
ferredoxin was modified by treatment with glycine 
ethyl ester in the presence of EDC according to 
the method of Vieira and Davis [24] and stored as 
described for native ferredoxin. The procedure 
used for the preparation of ferredoxin-linked 
glutamate synthase was essentially the same as 
described previously [9] except that 100 mM 
potassium phosphate buffer (pH 7.5) containing 
200 mM NaC1, 25 mM 2-mercaptoethanol, 2 mM 
2-oxoglutarate and 1 mM phenylmethylsulfonyl 
fluoride (PMSF), dissolved in isopropanol, re- 
placed the isolation buffer used previously. After 
the acetone fractionation, dialysis was performed 
for 48 h using Spectrapor M r = 6000-8000 cut-off 
dialysis tubing. The enzyme used in these experi- 
ments has a n  Aa38nm/A279n m ratio of 0.20 and a 
specific activity 99 un i t s /mg protein. Ferredoxin- 
linked (native) nitrite reductase [15] and NADP ÷ 
reductase [17] were prepared as described previ- 
ously. 

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 were obtained using 1-cm optical path- 
length split cell as described previously [28]. 
Glutamate synthase [9], ferredoxin-dependent 
nitrite reductase [25] and NADP ÷ reductase [29,30] 
were assayed as described previously. Protein con- 
centration was estimated by the method of Brad- 
ford [21] using bovine serum albumin as a stan- 
dard. Dissociation constants (Kd) and apparent 
Michaelis constants (K~m pp) were calculated from 
plots of AA or V vs. [ferredoxin] using a non-lin- 
ear least-squares program [32] run on an N.E.C. 
PC-8801 computer. 

Results 

Spinach ferredoxin, because of its large net 
negative charge [1,33] binds tightly to anion ex- 
change resins such as DEAE-cellulose [27]. For 
example spinach ferredoxin cannot be eluted from 
a Whatman DE-52 DEAE-cellulose column by 10 
mM Tris-HC1 buffer (pH 8.0) containing 200 mM 
NaC1. However, we have found that addition of 
either NADP ÷ reductase, nitrite reductase or 
glutamate synthase to a ferredoxin-saturated DE- 
52 column caused ferredoxin to be co-eluted with 
the enzymes when 10 mM Tris-HC1 buffer (pH 
8.0) containing 80 mM NaC1 was applied to the 
column. This observation, along with the earlier 
demonstration that all three enzymes bind to a 
ferredoxin-Sepharose 4B affinity column at low 
ionic strength and elute from the affinity column 
as the ionic strength is raised [4,9,17,18], suggest 
that glutamate synthase resembles nitrite and 
NADP + reductases in forming an electrostatic 
complex with ferredoxin. 

Additional evidence for complex formation be- 
tween ferredoxin and the three chloroplast fer- 
redoxin-dependent enzymes comes from the ob- 
servation that ferredoxin co-migrates with each of 
the enzymes during gel filtration chromatography. 
Fig. 1 shows that, as has been previously demon- 
strated [34], ferredoxin and NADP ÷ reductase co- 
migrate during chromatography on Sephadex G-75 
at low ionic strength with an apparent M r for the 
complex of 48 kDa (determined according to 
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Fig. 1. Gel filtration chromatography of enzyme, ferredoxin 
complexes. (A) Glutamate synthase. Chromatography was per- 
formed on an Ultrogel AcA 34 column (1 x 30 cm) equilibrated 
with 10 mM potassium phosphate buffer (pH 7.5) containing 
12.5 mM 2-mercaptoethanol and 2 mM 2-oxoglutarate. Molec- 
ular weight standards (O) used: hexokinase, 110 kDa; alcohol 
dehydrogenase, 150 kDa; fl-amylase, 200 kDa and catalase, 
240 kDa. (B) Nitrite reductase. Chromatography was per- 
formed on an Ultrogel AcA 34 column (1 x 30 cm) equilibrated 
with 30 mM Tris-HCl buffer (pH 8.0). Molecular weight 
standards (O) used: bovine serum albumin, 68 kDa; 
hexokinase, 110 kDa; alcohol dehydrogenase, 150 kDa and 
fl-amylase, 200 kDa. (C) NADP ÷ reductase. Chromatography 
was performed on a Sephadex G-75 column (1 x 25 cm) equi- 
librated with 30 mM Tris-HCl Buffer (pH 8.0). Molecular 
weight standards (O) used: equine cytochrome ¢, 12.4 kDa; 
trypsinogen, 24 kDa; carbonic anhydrase, 29 kDa and 
ovalbumin, 45 kDa. 

Andrews [35]). If the chromatography on G-75 
were repeated under conditions where the electro- 
static complex would be expected to dissociate (in 
buffer supplemented with 200 mM NaCI to raise 
the ionic strength), no co-migration was observed 
and the ferredoxin and NADP ÷ reductase eluted 
as separate components with elution volumes ex- 
pected from their respective molecular weights of 
10500 [33] and 36000 [36-39] (data not shown). 
Fig. 1 also shows that both nitrite reductase and 
glutamate synthase co-migrate with ferredoxin 
during gel filtration chromatography on LKB 
Ultrogel AcA34 in low ionic strength buffers. The 
apparent M r values of the nitrite reductase and 
glutamate synthase complexes with ferredoxin 
were 110 kDa and 200 kDa, respectively. Chro- 
matography of the enzymes under identical condi- 
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tions as in Fig. 1, but in the absence of ferredoxin 
gave apparent molecular weights of 85 kDa and 
180 kDa for nitrite reductase and glutamate syn- 
thase respectively. Addition of 200 mM NaC1 to 
the elution buffers to raise the ionic strength 
eliminated the co-migration of ferredoxin with 
both nitrite reductase and glutamate synthase dur- 
ing gel filtration chromatography (data not shown). 
At high ionic strength a mixture of glutamate 
synthase and ferredoxin eluted from Ultrogel 
AcA34 as two separate components with M r val- 
ues of 140000 (the apparent M r of glutamate 
synthase, as determined by gel filtration chro- 
matography, had previously been shown to vary 
with ionic strength [9]) and 11000, respectively. At 
high ionic strength, a mixture of nitrite reductase 
and ferredoxin eluted as two separate components 
with M r values of 85 000 and 11000, respectively. 
These observations provide additional evidence 
for the importance of electrostatic forces in stabi- 
lizing the complex between ferredoxin and nitrite 
reductase [15,16] and suggest that the glutamate 
synthase-ferredoxin complex is also stabilized by 
electrostatic forces. 

As formation of both the NADP ÷ reductase. 
ferredoxin [10-14] and nitrite reductase • ferredox- 
in [15] complexes result in significant changes in 
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Fig. 2. The effect of glutamate synthase-ferredoxin interaction 
on the visible spectra of the proteins. (A) Native Ferredoxin. 
The sample cuvette contained in a 1.0 ml volume 25 ffM 
glutamate synthase in 10 mM potassium phosphate buffer (pH 
7.5), 12.5 mM 2-mercaptoethanol and 2 mM 2-oxoglutarate 
plus (in the same compartment) 50 #M native ferredoxin. The 
reference cuvette contained the same components but had 
ferredoxin and glutamate synthase in separate compartments. 
(B) Modified Ferredoxin. As in (A), but native ferredoxin was 
replaced by glycine ethyl ester plus EDC-modified ferredoxin. 
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the absorbance spectra of the proteins' prosthetic 
groups, it was of interest to determine whether 
complex formation between ferredoxin and 
glutamate synthase also produced spectral per- 
turbations. Fig. 2A shows that absorbance changes 
do result from mixing ferredoxin and glutamate 
synthase in low-ionic strength buffer. The dif- 
ference spectrum (spectrum of the complex minus 
the sum of the spectra of the two separate pro- 
teins) contains maxima at 422 and 470 nm. Mix- 
ing ferredoxin and glutamate synthase in the same 
buffer to which 200 mM NaCI had been added to 
raise the ionic strength produced no detectable 
absorbance changes (data not shown), an observa- 
tion that provides additional evidence for the elec- 
trostatic nature of the glutamate synthase.  
ferredoxin complex. Data from titrations of the 
AA (460-540 nm) produced by the addition of 
increasing amounts of ferredoxin to a fixed amount 
of glutamate synthase fit a single hyperbolic bind- 
ing isotherm with K d = 14.5 #M or the glutamate 
synthase • ferredoxin complex (see Table I). 

The role of ferredoxin carboxyl groups in com- 
plex formation with glutamate synthase and nitrite 
reductase was investigated using ferredoxin that 
had been reacted with glycine ethyl ester in the 
presence of EDC so as to modify 3 -4  carboxyl 
side-chain groups [24]. In control experiments, as 
reported previously [24], this modification largely 
eliminated the ability of ferredoxin to produce 

TABLE 1 

THE EFFECT OF FERREDOXIN MODIFICATION ON 
KINETIC AND BINDING PARAMETERS FOR NITRITE 
REDUCTASE AND GLUTAMATE SYNTHASE 

Vma x and K,~ pp values were determined from enzyme assays as 
described in Experimental Procedures. 100% Vma x values were 
308 and 100 units for nitrite reductase and glutamate synthase, 
respectively. K a values for glutamate synthase and nitrite 
reductase were determined in 10 mM potassium phosphate 
buffers at pH 7.5 and 7.7, respectively. 

Enzymes Electron donor Relative K app K d 

Vma x (p~M) (,aM) 
(%) 

Glutamate native ferredoxin 100 2.0 14.5 
synthase modified ferredoxin 20 84 100 

Nitrite native ferredoxin 100 20 0.63 
reductase modified ferredoxin 20 20 100 

complex-indicating spectral perturbations on mix- 
ing with N A D P  ÷ reductase and also inhibited 
N A D P  ÷ photoreduction by chloroplast mem- 
branes by approx. 80%. We have also demon- 
strated, in contrast to the pattern shown for native 
ferredoxin in Fig. 1, that ferredoxin modified with 
glycine ethyl ester plus EDC does not co-migrate 
with N A D P  + reductase during gel filtration chro- 
matography on Sephadex G-75 (data not shown). 
Table I shows that this modification of ferredoxin 
carboxyl groups decreases the Vma x to only 20% of 
that observed with native, unmodified ferredoxin 
for both the nitrite reductase and glutamate syn- 
thase catalyzed reactions. Table I also shows that 
while modification of ferredoxin did not affect the 
g m for ferredoxin in the nitrite reductase cata- 
lyzed reaction, it did affect the apparent K m for 
ferredoxin in the glutamate synthase catalyzed 
reaction. The apparent K m is considerably less 
favorable in the case of modified ferredoxin: 84 
ttM compared to 2.0 /~M for native ferredoxin. 
(Lineweaver-Burk plots of 1 / V  vs. 1/[ferredoxin] 
for the glutamate synthase-catalyzed reaction de- 
viated somewhat from linearity. Hill plots [40] 
gave Hill coefficients of 1.8 and 1.3 for native and 
modified ferredoxins, respectively.) 

The kinetic data of Table I indicate that mod- 
ified ferredoxin, while impaired in its ability to 
function as an electron donor to nitrite reductase 
and glutamate synthase, can still interact with 
both enzymes. Further evidence for such interac- 
tion comes from the observation that the modified 
ferredoxin still can co-migrate with either enzyme 
during gel filtration chromatography (data not 
shown). This interaction can also be detected 
through changes in the proteins' visible ab- 
sorbance spectra. Fig. 2B shows the difference 
spectrum that arises from mixing glutamate syn- 
thase with modified ferredoxin. The difference 
spectrum, which contains no distinct peaks, differs 
considerably from that observed for native fer- 
redoxin (Fig. 2A), indicating an altered protein: 
protein interaction. A plo't of AA (400-480 rim) 
vs. the concentration of modified ferredoxin does 
fit a single hyperbolic binding isotherm, allowing 
a calculation of K d for this complex. Table I 
shows that carboxyl modification of ferredoxin 
decreases its affinity for glutamate synthase al- 
most 7-fold, with K d increasing from 14.5/~M for 
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Fig. 3. The effect of nitrite reductase-ferredoxin interaction on 
the visible spectra of the proteins. (A) Native Ferrexloxin. The 
sample cuvette contained in a 1.0 ml volume, 30 vM nitrite 
reductase in 10 mM phosphate buffer (pH 7.7) plus 30 #M 
native ferredoxin in the same compartment. The reference 
cuvette contained the same components but had ferredoxin 
and nitrite reductase in separate compartments. (B) Modified 
Ferredoxin. As in (A), but native ferredoxin was replaced by 
glycine ethyl ester plus EDC modified ferredoxin. 

native ferredoxin to 100 /~M for modified fer- 
redoxin. Similar values for K d were obtained using 
AA values from other wavelength pairs. 

Despite the absence of any effect of ferredoxin 
modification on its K m in the nitrite reductase 
catalyzed reduction of nitrite to ammonia, carbo- 
xyl modification appears to affect the binding of 
ferredoxin to nitrite reductase to an even greater 
extent than to glutamate synthase. Fig. 3B shows 
the difference spectrum resulting from the interac- 
tion between nitrite reductase and modified fer- 
redoxin. For comparison, Fig. 3A shows the dif- 
ference spectrum arising from the interaction of 
nitrite reductase with native ferredoxin. (The dif- 
ference spectrum of Fig. 3A is essentially identical 
to that observed in an earlier study from our 
laboratory [15].) The difference spectra of Fig. 3A 
and B differ considerably, testifying to the altered 
interaction between the proteins that accompanies 
modification of the ferredoxin carboxyl groups. 
Titrating AA (575-605 nm) or AA (400-420) vs 
[ferredoxin] for the native and modified ferredo- 
xins, respectively, produces two curves that both 
fit single hyperbolic binding curves. This data, 
summarized in Table I, shows that carboxyl group 
modification of ferredoxin increases the K d for 
binding to nitrite reductase by a factor of approx. 
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160: from 0.63/~M for native ferredoxin (a value 
identical to that obtained in a previous study in 
our laboratory [14]) to 100 #M for the modified 
ferredoxin. 

Discussion 

The above results confirm our earlier data [15] 
for electrostatic complex formation between the 
native (M~=85000), ferredoxin-linked form of 
nitrite reductase and ferredoxin. This study also 
provides the first evidence for the formation of 
such a complex between ferredoxin and glutamate 
synthase. The addition of this third ferredoxin-de- 
pendent enzyme to the list of ferredoxin-linked 
enzymes known to form such complexes with fer- 
redoxin (complexes for NADP ÷ reductase and 
nitrite reductase having been documented earlier 
[10-16]) suggests the possible generality of the 
involvement of such complexes in the reactions of 
all ferredoxin-linked enzymes. It might be pointed 
out that such complexes may extend beyond the 
plant kingdom, as adrenodoxin, a Fe2S2-contain- 
ing iron-sulfur protein similar in some ways to 
ferredoxin [41], forms an electrostatic complex 
with the flavoprotein adrenodoxin reductase 
[42-45] in the mammalian adrenal cortex. 

Previous experiments had implicated carboxyl 
groups on both ferredoxin [22-24] and adren- 
odoxin [45] in supplying negative charges involved 
in electrostatic interactions with the flavoproteins 
NADP ÷ reductase and adrenodoxin reductase, re- 
spectively. The data presented above suggest the 
possible generality of this phenomenon, in that 
carboxyl groups on ferredoxin also appear to be 
required for tight binding to two other chloro- 
plast, ferredoxin-linked enzymes, nitrite reductase 
and glutamate synthase. The fact that modifica- 
tion of the same ferredoxin carboxyl groups in- 
hibits binding to all three chloroplast enzymes 
raises the possibility that essentially the same por- 
tion of the ferredoxin molecule may be involved in 
binding NADP ÷ reductase, nitrite reductase and 
glutamate synthase. (It had previously been pro- 
posed that ferredoxin might contain a common 
binding site for NADP + reductase and nitrite 
reductase [16].) However, quantitative differences 
between the effcts of modifying the 3-4 carboxyl 
residues on ferredoxin on binding the three en- 
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zymes (binding to NADP- reductase is virtually 
eliminated, while binding affinities to nitrite re- 
ductase and glutamate synthase are decreased by 
160- and 7-fold, respectively) suggests some dif- 
ferences in binding sites. Ultimately it will be of 
greatest interest to identify the specific ferredoxin 
carboxyl residues involved in electrostatic com- 
plex formation with these three chloroplast en- 
zymes. Preliminary peptide mapping experiments 
[46] suggest that the chemical modifications in 
ferredoxin that affect binding are localized in the 
regions of amino acid residues 26-30, 65-70 and 
92-94. It may be that one or more of these regions 
of ferredoxin define, at least in part, the binding 
site for ferredoxin-linked enzymes. 
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