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Plasmids which contained the translational fusion of Escherichia coli lacZ to Rhodobacter capsu&tus ferredoxin genes, fdxN and filxA, were 
constructed. Effects of growth conditions on the expression of each ferredoxin were analyzed by measuring the fl-galactosidase activity in R. 
c~tpsulatus which harbored a corresponding plasmid. Transcription offdxN::lacZ, the ferredoxin I fusion gene, was regulated at least 100-fold by 
either NH,* or O, but not by illumination, confirming thatfdxN belongs to the mf-gene family. Transcription offdxA::lacZ, the ferredoxin I1 fusion 

gene, however, was constant under all the conditions surveyed, suggesting that the protein has some constitutive function(s). 
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I. INTRODUCTION 

Bacterial ferredoxins are classified into several sub- 
groups, according to the number and properties of  their 
iron-sulfur clusters, which are supposed to reflect the 
evolutional process of  the ferredoxin molecule [1,2]. 
Rhodobacte~" capsulatus is known to possess multiple 
ferredoxins of distinct subgroups: R. capsttlattts ferredo- 
xin I is a 214Fe-4S] type and has an amino acid sequence 
similar to those of  other photosynthetic bacterial ferre- 
doxins and nlfgene-related putative ferredoxins, where- 
as its ferredoxin II is a [4Fe-4S][3Fe-4S] type and has 
properties very similar to Azotobacter vinelandii ferre- 
doxin I [3-6]. Furthermore, two other ferredoxins have 
been identified, by genetic studies, in this organism [7,8]. 
Differences of physiological functions among these fer- 
redoxins are of interest, because each structurally diffe- 
rentiated ferredoxins may possess discrete enzymic spe- 
cificity. Recently, we cloned and sequenced the genes, 
fdxN and fdxA, for these two ferredoxins, I and II [9]. 
In this paper, we report the construction of ferredoxin- 
fl-galactosidase fusion plasmids and the effect of growth 
conditions on the transcriptional expression of  the fu- 
sion genes. 

2. MATERIALS A N D  METHODS 

Escherfchia coil strains used were described previously [9] and were 
grown in either LB or LC [11]. R. capsulatus SB1003 was used as a 
host for the fusion plasmids. R. capstdatus cells were grown at 30°C 
in either RCV minimal medium [12], RCV medium depleted of 
(N H4)~,SO4 (RCV-NF medium, RCV medium in which (NH4)~SO~ was 
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substituted by 10 mM glutamate (RCV-E medium) or RCV medium 
which was supplemented with 50 mM glucose and 40 mM dimethylsul- 
foxide (DMSO) (RCV-GD medium). The cells were cultured as 16-ml 
batches in a 16-ml screw-capped test tube for anaerobic growth, in a 
2 1 Sakaguchi flask shaken at 110 strokes per minute for aerobic 
growth, and in a 50 ml test tube with 16 ml RCV-NF medium placed 
in a GasPak anaerobic jar (BBL Microbiology System) for nitrogen- 
fixing growth. Light was supplied at 3000 lux by tungsten lamps and 
darkness was achieved by wrapping the culture vessels with alumlnium 
foil. The concentrations of antibiotics added to the culture were the 
same as those reported previously [9]. 5-Bromo-4-chloro-3-indolyl-,6'- 
D-galactoside (X-gal) was added with final concentration of 40/.tg/ml. 

Recombinant DNA techniques were carried out according to estab- 
lished procedures [13], and conjugation of E. coil and R. capsulatus 
was performed as described by Young et al. [14]. Plasmids which 
possessed the R. capsulatus and E. coli lacZ fusion gene were con- 
structed as described below. 

The 2.0 kbpHindlll fragment from pHP45.Osp [15], which con- 
tained a spectinomycin resistant (Spc r) gene flanked by transcription 
terminators, was cloned in the Xbal site of pUC118 by the half-filling 
method [13]. The resultant plasmid was digested with BamHi and 
ligated with the 3.1 kbp BamHl fragment which contianed lacZ from 
pMC1871 [16], to produce plasmid pULl2, which is a pUC! 18 deriv- 
ative with a lacZ-Spc r cassette at its multi-cloning site. Plasmid pUL 12 
was digested by Sail, blunted with a Klenow fragment and ligated to 
produce plasmid pULl3. 

A 4.1 kbp BamHI-HindllI fragment which containedfdxN and its 
upstream, was purified from a cosmid A75 [9] and subcloned into 
pBR322. The resultant plasmid was digested with Bell, blunted with 
a Klenow fragment, and digested further with Hindlll followed by 
ligation with the Smal-Hhtdlll fragment which contained the above 
mentioned lacZ-Spc ~ cassette from pULl3, to produce plasmid 
pFALII ,  which possessed a fdxN::lacZ gene. The 5.6 kbp Sall.Pstl 
fragment, containing fdxN::lacZ-Spc ~, was purified from pFALI I, 
subcloned into pBR322, and digested with Sail and Pstl to construct 
plasmid pFALI2. 

A 1.8 kbp Hh~dlll-Sall fragment which contained fd.vA and its 
upstream, was purified from a cosmid A416 [9] and ligated into 
pBR322. The resultant plasmid was digested with Bell, blunted with 
a Klenow fragment, digested further with Sail, and ligated with the 
Sinai-Sail fragment which contained the above lacZ-Spc ~ cassette 

Puhh~hed I~y Elsevier Science Publishers B. It. 13 



Volume 292, number 1,2 FEBS November 1991 

from pULl2, to produce plasmid pFBL21, which possessed a 
fdxA::lacZ gene. A 3. I kbp Sail fragment, which containedfdxA and 
its upstream region, was subcloned from the cosmid A416 into 
pUC118. The resultant plasmid was digested with Sail, blunted with 
a Klenow fragment and digested further with Nsil to produce a 1.9 
kbp fragment with part offitxA and its upstream region. This fragment 
was ligated with pFBL21 and digested with Seal and Nsil to yield 
pFBL20. A Hindlll site was created 28 bp upstream of the fdxA 
initiation codon by site-directed mutagenesis, according to Kunkel's 
method [17]. with an oligonucleotide, pGCTAGGACATAAGCTT- 
CATGACCTGCGCCAAAGATTG, using the above 1.8 kbp 
Hindlll-SalI fragment subcloned in pUC118. The sequence of the 
product was confirmed by the Sanger dideoxy method [18]. A 145 bp 
Hindlil-Nsil fiagment was purified from the engineered plasmid, 
ligated with pFBL21 and digested with Hindlll and Nsil to construct 
pFBL22. 

R. copstdatus cells were grown to their middle logarithmic phase, 
chilled on ice, and harvested by centrifugation. The ]~-galactosi- 
dase activity of these cells were measured as described by Biel and 
Marts [19] and the amount of protein was determined by the Biuret 
reaction. 
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3. RESULTS 

Translation fusions of  thefi/xN andfdxA gene to the 
lacZ gene were constructed to produce hybrid proteins, 
which contained the first 33 amino acids of ferredoxin 
I and the first 79 amino acids of ferredoxin II connected 
to each other at the 6th position from the amino-termi- 
nus of  the,8-galactosidase. Two plasmids, pFALI 1 and 
pFALI2,  in which the length of the fdxN upstream 
regions differed, were prepared with thisfitxN::lacZ fu- 
sion gene (Fig. 1). Both plasmids contained a n/f-pro- 
moter consensus sequence, CTGG-Ns-GTGCT, 
positioned 129 bp upstream ofthefdxN initiation codon 
[20]. For the f'dxA::lacZ fusion, three plasmids. 
pFBL20, pFBL21 and pFBL22, each with different 
length offdxA upstream regions, were constructed (Fig. 
I); pFBL20 and pFBL21, but not pFBL22, possessed 
an E. coli type promoter sequence. TTGATT-N~6- 
CTAGGAC, which is located 32 bp upstream of the 
fdxA initiation codon, and two strong palindromic se- 
quences farther upstream [9]. The nearest upstream 
open reading frame" ended at more than 300 bp 
upstream of  the promoter sequence [9]. All the plasmids 
constructed were introduced into R. capsulatus SB 1003. 
in order to investigate the expression of the ferredoxin 
genes under various growth conditions by measuring 
the fl-galactosidase activity (Table I). 

Extracts of R. capsulatus cells, which harbored the 
phtsmid pFALI 1 and had been grown anaerobically in 
NH4÷-free media (RCN-NF). showed significant ,8-ga- 
htctosidase activity, and these cells, under such growth 
conditions, developed a blue color on X-gal-containing 
solid media. The extent offdxN::lacZ expression was 
virtually unaffected by the presence or absence of illumi- 
nation, however, the presence of NH4 + reduced the fl- 
galactosidase activity of  this strain dramatically. Fur- 
thermore, the fl-galactosidase activity of tiffs strain was 
reduced to approximately 30% when the cells were 
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Fig. I. Restriction maps of R. capsulatus genomic DNA around the 
fcrredoxin and translational fusion genes used in this study. These 
fragments were subcloned in pBP,322 derivatives and then introduced 
into R. capstdatus SBI003. (A) Fusions of/?/xN, the ferredoxin I gene, 
and LL coil lacZ. The plasmids pFALI 1 and pFALI2 carry 3.2 kbp 
and 0.5 kbp of R. capsuh;tus genomic DNA sequences upstream from 
filxN respectively: fil.xC shows the chloroplast-type ferredoxin gene 
[7]. (B) Fusions offd.vA, the ferredoxin II gene, and E. coli lacZ. The 
plasmids pFAL20, pFAL21, and pFAL 22 contain sequences which 
are 3.2 kbp. 1.6 kbp and 32 bp. respectively upstream from fdxA; 
pFAL20 and pFAL21 but not pFAL22, possess an E. coli.type pro- 
motet sequence upstream from fdxA. The solid arrows indicate the 
regions which originated from E. coli htcZ. The restriction enzymes 
used were: B. BamHl; Be. Be/l: E. EcoRl: H, HOtdlll; Ns, Nsil; P, 

Pstl; and S. Sa/1. 

grown with glutamate as a nitrogen source (RCV-E 
medium). It has been reported that mfgenes in R. cap- 
sulatus cells grown on glutamate as a sole nitrogen 
source are derepressed as much as in the cells grown on 
molecular nitrogen [21]. In such conditions, the ratio of  
glutamate to ~z-ketoglutarate becomes greater to switch 
on the global transcriptional activators for n~" genes 
[22]. These indicate that expression of the fusion gene 
is regulated more than 100-fold by the presence of NH4 + 
or 02 in the medium. The R. capsulatus cells, which 
harbored pFAL12, exhibited no significant fl-galactosi- 
dase activity under the conditions surveyed, which indi- 
cates that a NifA-binding site and/or ,~;promoter for 
fdxN transcription is located in the upstream region 
possessed by pFAL11 but not by pFALI2. 

Extracts of  R capsttlalt4s cells, which harbored either 
pFBL20 or pFBL21, exhibited considerable fl-galacto- 
sidase activity (Table I), and these cells displayed a 
faint, but definite, blue color on the solid media contain- 
ing X-gal. Although the values fluctuated by up to 
about 2-fold, the .ldxA::lacZ. gene expression was 
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Table I 
Activities of E. coli fl-galactosidase fusion to R. caps,datus ferredoxins 

November 1991 

Specificity Activity for •-Galactosidase (ng o-nitrophenol produced / m g  protein) 

Plasmid 

-O,'Light +O,'Dark -O,'Dark (+DMSO) 

N-source 
NH4* Glutamate N., NH~* NH4' Glutamate 

pFALI I 120 (I) 14,000 (117) 46,800 (390) 150 (1.3) 62 (0,5) 12,800 (107) 
pFALI2 1,000 (I) 1.300 (I.3) 1,000 (l.O) n.d. n.d. n.d. 
pFBL20 3,300 (I) 3,500 (I .1) 2,000 (0.6) 3,700 (1.1 ) 1,600 (0.5) 1,800 (0.5) 
pFB21 1,800 (I) 2,000 (1.1) 2,100 (1.2) 2,500 (1.3) 2,600 (I .3) 1.700 (0.9) 
pFBL22 120 (I) n.d. n.d. 200 ( 1.7) n.d. n.d. 

Values were averaged of at least four independent experiments, n.d., not determined. Values in parentheses are relative values against the activity 
for tile cells grown in RCV medium under illuminated anaerobic conditions. 

regarded as remaining constant under all the growth 
conditions studied. No great increase offl-galactosidase 
activity in the absence of O,. and NH4 + was observed, 
unlike the situation with the fdxN::lacZ gene. The R. 
capsulatus cells, which contianed pFBL22, showed very 
low p- galactosidase activity, indicating that the pro- 
moter for thefdxA gene is located in the region included 
in pFBL21. 

4. DISCUSSION 

We have demonstrated, by lacZ fusion, that expres- 
sion of R. capsulatus ferredoxin I is regulated by either 
02 or NH4 ÷, but not by light, and that ferredoxin II 
expression is constant under all the growth conditions 
investigated. 

The ferredoxin I gene is located in the vicinity of one 
of the major n/f-gene clusters in R. capsulatus [20], and 
derepression of its expression under illuminated anaero- 
bic conditions in NH4÷-depleted media has been demon- 
strated by both Northern [20] and Western [23] analysis. 
Moreover, we found recently that R. capsulatus strains 
disrupted offdxN by interposon mutagenesis can hardly 
grow by nitrogen fixation and that fdxN is required to 
complement such mutants [9]. Not only have the results 
of this study reconfirmed that ferredoxin I is a member 
of the mf-family proteins, but they have provided evi- 
dence that the gene was expressed under dark anaerobic 
conditions in an NH4*-depleted medium, which was 
supplemented with glucose and DMSO. Our results also 
have revealed that the n/f-promoter consensus sequence, 
situated 129 bp upstream of the fdxN initiation codon 
[20], alone did not induce the functional expression of 
fdxN and that at least a cis-acting element, a NifA- 
binding site, must be located in a region farther up- 
stream. This is consistent with our observation on mu- 
tants disrupted of fdxN [9]. 

The results which showed thatfdxA gene expression 
remained constant under the various conditions sur- 

veyed suggest that ferredoxin II has some constitutive 
function in R. capsulattts. This may be in accordance 
with the fact that we have been unable to disrupt this 
gone [9]. 

In contrast to our results, Yakunin and Gogotov re- 
ported that R. capsulatus ceils grown under dark anae- 
robic conditions in the glucose and DMSO-supplemen- 
ted medium contained high amount of  ferredoxin II but 
not ferredoxin I [5]. In order to reconcile our results and 
theirs, two sets of assumptions about protein turnover 
and gene regulation under these conditions must be 
made. The first assumption is that degradation of ferre- 
doxin I becomes very fast or formation of holo-ferre- 
doxin I needs some unknown component(s), the expres- 
sion of which does not occur under these conditions. 
The second is that degradation of ferredoxin I! becomes 
slower to accumulate the protein or an unknown cis- 
acting activator exists at an upstream region, which was 
not included in our plasmids. At present, we do not 
think that ferredoxin degradation in a bacterium is so 
specific or concerted, nor do we think holoferredoxin I 
formation needs unknown factorfs), because Grabau et 
al. reported recently that the synthesis of holo-ferredox- 
in I even occurs in E. coli which contains no 214Fe-4S] 
ferredoxin of its own [24]. The existence of  an unknown 
cis-acting element in the region farther upstream from 
SalI site cannot be excluded, however, and the reason 
why ferredoxin I was absent despite the strong tran- 
scriptional expression of fdxN must be established. 
Further genetic and biochemical studies are needed to 
elucidate the specific reactions in which each ferredoxin 
is involved. 
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