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Abstract. The promoter  of  the Rhodobacter capsulatus 
hemA gene, coding for the enzyme 6-aminolevulinic acid 
synthase (ALAS), was identified by trans-complementa- 
tion of  a f-aminolevulinic acid (ALA)-dependent  mutant  
and found to be located within a 170 bp region proximal 
to the hemA gene. The activity of  the hemA promoter  was 
demonstrated by lacZ fusion and in vitro transcription- 
translation. An open reading frame (ORFX) was found 
downstream of  hemA. The activity of  the hemA promoter,  
but not that of  the O R F X  promoter,  increased when 
oxygen tension was lowered in the culture. Deletions 
upstream of  the hemA promoter  region did not affect 
ALAS activity and format ion of  pigment-protein 
complexes in R. capsulatus. 
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The first compound in the tetrapyrrole biosynthesis path- 
way which leads to the format ion of  heroes, chlorophylls, 
corrins and bile pigments is 6-aminolevulinic acid (ALA) 
(Granick and Beale 1978). In Rhodobacter capsulatus the 
hemA gene, coding for 6-aminolevulinic acid synthase 
(ALAS; EC 2.3.1.37) which catalyzes the synthesis of  
ALA from succinyl-CoA and glycine (Avissar et al. 1989), 
has been cloned and sequenced (Hornberger  et al. 1990). 
Mutat ion of  the hemA gene of  R. capsulatus did not  only 
cause a requirement for A L A  in the mutant  but also 
severely impaired the inductive effect o f  oxygen depri- 
vation on the synthesis o f  the photosynthetic apparatus  
under semiaerobic growth conditions (Hornberger  et al. 
1990). 

The syntheses of  bacteriochlorophyll  (Bchl) and 
cytochromes in purple bacteria are controlled by oxygen 
tension in the medium (Drews 1988) and light intensity 
(Garcia et al. 1987). Both factors seem to affect the ac- 
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tivity and the synthesis of  ALAS as well (Lascelles 1978; 
Viale et al. 1987). Regulation of  ALAS activity by heine, 
protoporphyr in  IX, magnesium protoporphyr in  IX, 
trisulfides, ATP (Lascelles 1978) and thioredoxin 
(C16ment-M6tral 1986) has been reported. 

I t  was also speculated that the synthetic pathway to 
Bchl and cytochromes is regulated at the branchpoint  
after protoporphyr in  IX (Mg chelatase, methyl transfer- 
ase; Lascelles 1978; Yang and Bauer 1990). Several genes 
for Bchl biosynthesis seem to be regulated on the tran- 
scriptional level (Biel and Marrs 1983; Clark et al. 1984; 
Zhu and Hearst  1986; Young et al. 1989; Yang and Bauer 
1990). 

Since the format ion of  pigment-protein complexes of  
the photosynthetic apparatus  depends on a coordinated 
synthesis of  Bchl, carotenoids and pigment-binding pro- 
teins, we began to study the expression of the hemA 
gene in R. capsulatus. In this article we will describe the 
expression of  the hemA gene in a cell-free system, the 
presence of  two promoters  upst ream und downstream of  
the hemA gene, respectively, and measurement  of  pro- 
moter  activity by lacZ fusion. 

Experimental procedures 

Bacterial strains and culture conditions. Rhodobacter capsulatus 
SB1003 (wild-type strain; Marrs 1981) and the ALA-requiring mu- 
tant SB1003A- (Hornberger et al. 1990) were grown at 32°C in a 
malate salt medium (Drews 1983). The cells were cultivated 
aerobically in the dark on a rotary shaker up to an O.D. of maximum 
0.3 (660 nm, 1 cm) using a buffled Erlenmeyer flask filled to 15% 
of its total volume. For semiaerobic conditions the cells were culti- 
vated in an Erlenmeyer flask filled to 80% of its volume and were 
grown up to an O.D. of 0.9-1.0. Photosynthetic growth was done 
in screw-cap bottles filled up to the neck with the cell suspension, 
preincubated in the dark for 3 hours to consume the oxygen in 
the medium and then incubated in the light at 2.000 lux. Strain 
S B 1003A- was supplemented with 0.1 mM ALA for chemotrophic 
or with 1 mM ALA for photosynthetic growth, respectively. Induc- 
tion of the photosynthetic apparatus of R. capsulatus was achieved 
by shifting aerobically precultured cells (oxygen partial pressure 
> 6,665 Pa) to semiaerobic growth conditions with an oxygen ten- 
sion of about 200 Pa (Nieth and Drews 1975; Stiehle et al. 1990). 
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Fig. 1 a, b. Partial restriction map of the 2.5 kb HindIII-BgllI frag- 
ment containing the hemA gene of Rhodobacter capsulatus Restric- 
tion sites are HindlII (H), EcoRI (E), ApaI (A), SmaI (S) and BglII 
(B). The hemA gene is indicated by an open arrow. The hatched bar 
represents the 5'end of ORFX. DNA fragments cloned in pRK404 
and used in complementation tests of R. eapsulatus SB1003A- are 
shown (a). Bars in (b) denote DNA fragments which were cloned in 
the promoter probe vector pCB303b and analysed for promoter 
activity in wild-type SB1003. Designations of the respective plasmids 
are given 

Escherichia eoli strains JM109 (Promega) and S17-1 (Simon et al. 
1983) used for cloning were grown aerobically at 37 ° C in LB medium 
(Maniatis et al. 1982). Antibiotics were used at final concentrations 
as follows: 100 pg/ml ampicillin and 20 pg/ml tetracycline for 
E. eoli; I Ixg/ml tetracycline for R. capsulatus. 

Plasmid constructions.Various fragments of the pRKH3.9 insert 
DNA (Hornberger et al. 1990) differing in the upstream region of 
the R. eapsulatus hemA gene were cloned via pGEM-7Zf(+) or 
pGEM-11Zf(+) (Apr fl ori laeZ; Promega) in the broad host range 
vector pRK404 (Tc ~ laeZ; Ditta et al. 1985) and transferred into R. 
eapsulatus SB1003A- by conjugation as described (Kaufmann et al. 
1984): the 2.5 kb HindIII-BgllI fragment(pRKRL2.5), the 1.9 kb 
HindlII-Apa fragment I (pRK2.0), the 1.6 kb exonuclease III gener- 
ated deletion fragment (pRKExoRI), the 1.58 kb HindIII-SmaI 
fragment (pRKHS1.6) and the 1.3 kb exonuclease III generated 
deletion fragment (pRKExoR22) (Fig. 1 a). Fragments containing 
putative promoter regions were cloned 5' to the promoterless lacZ 
gene (transcriptional fusion) of the mobile promoter probe vector 
pCB303b (Schneider and Beck 1987) to analyse expression of the 
lacZ gene in R. capsulatus: the 1.58 kb HindIII-SmaI fragment 
(pCBHsl.6), the 1.3 kb exonuclease III generated deletion fragment 
(pCBExoR22), the 0.78 kb SmaI-EcoRI fragment (pCBSE0.78) 
and the 0.4kb exonuclease III generated deletion fragment 
(pCBExoR21) (Fig. 1 b). 

Enzyme assays. Determination of fi-galactosidase activity was done 
by the method of Miller (1972). ALAS activity was measured accord- 
ing to Burnham (1970), except that Kaliumhexacyanoferrat III was 
used for stabilizing ALAS activity (Warnick and Burnham 1971) 
and a 10 rain incubation time was used for the formation of ALA. 
Protein was determined by the Folin phenol method of Lowry et al. 
(1951). 

Analysis of membranes. Absorption spectra of crude membranes 
were recorded on a Kontron Uvikon Type 860 spectrophotometer. 
Total amount of bacteriochlorophyll was calculated from AvTo of 
methanol-acetone (v/v = 7: 2) extracts using a molar extinction coef- 
ficient of 76 mM-lcm-1 (Clayton 1966). Membrane proteins were 
separated on 12-17% SDS-polyacrylamide gels according to 
Laemmli (1970). 

In vitro transcription-translation system of R. eapsulatus. 1 txg of 
CsC1 purified plasmid DNA was incubated with 3 Ixl membrane- 
free S-135 of R. capsulatus (Troschel and Miiller 1990) in a 25 gl- 
reaction mix as previously described (Mfiller and Blobel 1984) except 

for the omission of NH4OAc and EDTA but with the addition of 
UTP and CTP to final concentrations of 0.5 mM each. The reaction 
was done at 32°C for 45 rain. Precipitation of cell-free synthesized 
proteins, separation on acrylamide gels and fluorography were car- 
ried out as described (Troschel and Miiller 1990). Prestained molec- 
ular weight marker proteins (Bethesda Research Laboratories, Inc., 
USA) were electrophoresed together with the synthesized proteins. 

Results 

Identification of  the hemA promoter region 

The ALA-requiring mutan t  strain SB1003A- of  Rhodo- 
bacter capsulatus showed ALA-independent  growth after 
conjungational transfer of  the plasmid pRKH3.9  which 
contains the hemA gene with upstream and downstream 
D N A  sequences (Hornberger  et al. 1990). The promoter  
region of  the hemA gene was identified by trans-comp- 
lementation of  SB1003A-.  D N A  fragments having pro- 
gressive upstream deletions up to ] 70 bp of  the proximal  
region of  the hemA gene (plasmids pRKRL 2 .5  to 
pRKHS1.6 ,  Fig. 1 a) restored ALA-independent  growth. 
Plasmid pRKExoR22 ,  however, missing the promoter  
region and the first 28 amino acids of  the ALAS did not 
relieve the requirement for A L A  in SB1003A- (Fig. 1 a). 

Demonstration of  promoter activity by lacZ fusion 

To confirm the identified p romoter  region of  the hemA 
gene, different lacZ fusions were constructed and tested 
for/%galactosidase activity in R. capsulatus. 

The 1.58 kb HindIII-SmaI fragment  f rom pRKHS1 .6  
(Fig. I a), fused to the lacZ gene of  the promoter  probe 
vector pCB303b (pCBHS1.6) (Fig. lb) ,  complemented 
the mutan t  SB1003A- and showed transcription of  the 
lacZ gene. The fragment  f rom p R K E x o R 2 2  cloned in the 
same test vector (pCBExoR22) did not restore ALA-  
independent growth in the mutant  SB1003A- but showed 
promoter  activity in wild-type SB1003 al though the up- 
stream region of  the hemA gene is not present on this 
f ragment  (Fig. 1 b). This result indicated that  a p romoter  
distinct f rom the hemA promoter  is located on the frag- 
ment, An O R F  of  unknown function was detected 
downstream of  hemA beginning at bp 2455 and extending 
to the end of  the cloned HindIII fragment  (Fig. 1) 
(Hornberger  et al. 1990, EMBL Data  Library X53309 
hemA gene). Fifteen bp upstream f rom the start  codon 
(ATG) a Shine-Dalgarno sequence, typical for R. 
capsulatus, was present. The two plasmids pCBSE0.78, 
containing the hemA promoter ,  and pCBExoR21 with 
the putative ORFXpromoter  were constructed for testing 
the promoters  independently (Fig. 1 b). Both pCB303b- 
derivatives showed transcription of  the lacZ gene in 
SB1003. However, SB1003 cells harbouring pCB303b did 
not reveal any promoter  activity. 

Demonstration o f  promoter activity 
by in vitro transcription-translation of  the hemA gene 

I f  170bp upstream of hemA were sufficient for transcrip- 
tion of  this gene, the 1.58 kb HindlII-SmaI fragment  



Fig. 2. Cell-free expression of the hemA gene from Rhodobacter 
capsulatus demonstrating a putative promoter region. [asS] methion- 
ine-labeled proteins were synthesized in a R. eapsulatus in vitro 
transcription-translation system using 1 I.tg CsC1 purified plasmid 
DNA, separated on a 15% acrylamide gel and visualized by 
fluorography. Incubation of the in vitro system without DNA (lane 
1), with pGEM-7Zf(+) (lane 2) and pExoR22 (lane 5) serves as 
controls. A protein product of approximately 44 kd derived from 
the plasmids pGRL2.5 (lane 3) and pGHS1.6 (lane 4) is shown. An 
additional unique protein of about 12 kd is expressed from the 
plasmid pGRL2.5 (lane 3). Marker proteins are: myosine (H chain) 
(195 kd), phosphorylase B (105 kd), bovine serum albumine (71 kd), 
ovalbumine (44.2kd), carbonic anhydrase (27.7kd), fl-lacto- 
globulin (18.3 kd) and lysozyme (15.3 kd) 

from pRKHS1.6 should allow the synthesis of the HemA 
protein in an in vitro transcription-translation system of  
R. capsulatus. 

Two polypeptides of  Mr 44,000 and 12,000 were 
obtained as major products when pGRL2.5,  containing 
the insert of pRKRL2.5  in pGEM-7Zf(+) ,  was used as 
template (Fig. 2 lane 3). The Mr of  the larger polypeptide 
corresponded to the molecular weight (43,600) of  ALAS 
as deduced from the DNA sequence (Hornberger et al. 
1990) of  the hemA gene. The Mr 12,000 product  seems to 
be a hybrid protein, composed of  26 amino acids encoded 
by O R F X  and additional 79 amino acids encoded by the 
vector pGEM-7Zf(+) .  Expression of  the plasmid 
pGHS1.6 (Insert of pRKHS1.6 cloned in pGEM-7Zf(+_)] 
in the transcription-translation system resulted in the Mr 
44,000 protein as the only product  (Fig. 2, lane 4). The 
Mr 12,000 protein is not derived from pGHS1.6 since 
the insert is cloned in opposite orientation compared to 
pGRL2.5 resulting in a low molecular weight protein 
(5,000) which is not visible on a 15% acrylamide gel. The 
expression of hemA from pGHS1.6 by in vitro transcrip- 
tion-translation provides further evidence for the fact that 
the promoter  is located in the 170 bp upstream region of  
the hemA gene. Transcription from the lacZ promoter  of  
the vector pGEM-7Zf(+)  is excluded because the hemA 
gene and the lacZ promoter  have opposite orientation. 
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Fig. 3. The hemA promoter  act iv i ty measured by the fl-galactosidase 
activity and formation of bacteriochlorophyll after induction of the 
photosynthetic apparatus of Rhodobacter capsulatus. Aerobically 
precultured cells (oxygen tension > 6,665 Pa) of wild-type SB1003 
harbouring the hemA specific promoter test plasmid pCBSE0.78 
were shifted to low oxygen tension (about 200 Pa) at time 0. The 
fl-galactosidase activity (A) after inducation is indicated in Miller 
Units. The bacteriochlorophyll content of the cells (• ) ,  determined 
in I~g Bchl/109 cells, shows the increase of bacteriochlorophyll syn- 
thesis after lowering oxygen tension. The standard variation of the 
bacteriochlorophyll values was less than 10% 

Controls are shown in Fig. 2: Proteins encoded by 
plasmid pGEM-7Zf(+)  were not obtained since R. 
capsulatus specific promoters are missing (lane 2). 
pExoR22, containing the insert of pRKExoR22 in 
pGEM-7Zf(+) ,  did not direct the synthesis of  the HemA 
protein since the cloned fragment lacks the promoter  
including a part  of the coding region of  hemA, and the 
Mr 12,000 protein is not synthesized as well for the same 
reasons as with pGHS1.6 (Fig. 2, lane 5). 

hemA promoter activity is sensitive to oxygen 

Reduction of  oxygen tension in the culture medium in- 
duces Bchl formation in R. capsulatus (Schumacher and 
Drews 1978). To investigate the influence of oxygen par- 
tial pressure on the expression of  the hemA gene, 
fl-galactosidase activity was measured in SB1003 
(pCBSE0.78) during a shift from high to low oxygen 
tension (Fig. 3). The hemA promoter  activity increased 
two- to threefold after reducing oxygen partial pressure. 
Reversely, exposure of  induced cells to high oxygen ten- 
sion resulted in reduction of  fl-galactosidase activity 
to values of  aerobically cultured cells of  SB1003 
(pCBSE0.78). The O R F X  promoter  (pCBExoR21) re- 
vealed a promoter  activity of  260 Miller Units, which was 
not, however, influenced by variation of  oxygen tension. 
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Table 1. 6-Aminolevulinic acid synthase activity in cells of wild- 
type and mutant strains of Rhodobaeter capsulatus under different 
growth conditions 

Strain DNA fragment a Specific enzymatic activities 
(in nmol ALA - h-1 . mg-1 
protein) 

aerobic semi-  photo- 
aerobic trophic 

SBI003 22 22 125 
SBI003A- (pRKH3.9) 37 23 47 
SB1003A- (pRKRL2.5) 37 22 44 
SB1003A- (pRKHS1.6) 39 25 43 
SB1003A -b <3 _<3 _<5 

a The DNA fragments expressed in trans in the ALAS-deficient 
strain, are shown in Fig. 1 
b Supplemented with ALA under all culture conditions 
The values represent the average of five independent measurements 
of ALAS activity in each strain under aerobic (oxygen saturated 
medium), semiaerobic (oxygen tension of about 200 Pa) nad 
photosynthetic (anaerobic growth in the light) culture conditions 

ALAS activity and formation of pigment-protein 
complexes 

To determine whether deletion of  DNA sequences located 
upstream of  the hemA promoter  had an influence on 
ALAS activity or on formation of  the photosynthetic 
apparatus, enzyme activity and formation of  pigment- 
protein complexes were investigated. 

The activity of  ALAS in crude extracts (Table 1) from 
cells grown semiaerobically in the dark was about  the 
same in wild-type and reconstituted mutant  cells, but 
revealed a twofold higher level in trans-complemented 
mutant  strains and a sixfold higher value in wild-type 
SB1003 cells cultured photosynthetically. Under  aerobic 
growth conditions, however, reconstituted mutant  strains 
had enzyme activities which lie between the values of  
semiaerobic and phototrophic cultures. In the mutant  
SB1003A-,  carrying a mutat ion in the hemA gene, ALAS 
activity was not detected. 

Membranes of  phototrophically grown SB1003A- 
cells complemented with pRKRL2.5  or pRKHS1.6 
showed about  the same absorption spectra and Bchl con- 
tent previously described for the wild-type and for 
SB1003A- harbouring plasmid pRKH3.9  (Hornberger 
et al. 1990). This result was also observed in membrane 
protein patterns which were identical irrespectively 
whether the membranes were isolated from wild-type or 
mutant  cells complemented with D N A  fragments 
containing the hemA gene with different upstream se- 
quences (Fig. 4). Under semiaerobic growth conditions 
SB1003A- cells, reconstituted with pRKRL2.5  or 
pRKHS1.6,  revealed Bchl values and absorption spectra 
which resembled that of  SB1003A- (pRKH3.9) 
(Hornberger et al. 1990) having lower amounts of  pig- 
ment-protein complexes compared with the wild-type 
(Fig. 4) after semiaerobic growth. 

Fig. 4. Polyacrylamide gel electrophoretic patterns of membrane 
proteins isolated from cells of Rhodobacter capsulatus grown 
semiaerobically in the dark (lanes 1-5) or anaerobically in the 
light (lanes 6-10). Lanes: wild-type SBI003, 1 + 6; SB1003A- 
supplemented with ALA, 5 + 10; SB1003A- (pRKH3.9) 2 + 7; 
SB1003A- (pRKRL2.5) 3 + 8; SB1003A- (pRHSI.6) 4 + 9. 
Marker proteins in lane 11. c~ and fl polypeptides of light-harvesting 
complexes LHI and LHII are indicated. Lack of e and fl polypep- 
tides of light-harvesting complexes LHI and LHII in the mutant 
strain SB1003A- under semiaerobic growth (lane 5) is due to the 
pleiotropic effect of the hemA mutation on the formation of the 
photosynthetic apparatus as described previously (Hornberger et al. 
1990) 

Discussion 

The hemA promoter  region was identified by trans-comp- 
lementation of  the ALA-requiring mutant  SB1003A- 
and promoter  activity was demonstrated by lacZ fusion 
and in vitro transcription-translation. This indicates that 
the hemA gene has its own promoter.  Lowering oxygen 
tension in the culture medium resulted in a two- to three- 
fold increase of  the hemA promoter  activity. This is about  
the same rate of  transcriptional activation as described 
for several genes encoding enzymes of  the Bchl biosyn- 
thesis pathway (Biel and Marrs 1983; Young et al. 1989; 
Yang and Bauer 1990). Promoter  activity was, however, 
less sensitive to oxygen tension than that ofthepufoperon 
(Narro et al. 1990; Young et al. 1989) coding for the 
structural proteins of  the reaction center and light-har- 
vesting complex I of the photosynthetic apparatus. This 
result was expected because ALA is also required for the 
synthesis of  iron porphyrins which are essential for all 
growth conditions. 

Analysis of  the hemA promoter  region did not reveal 
any regulatory elements proposed for the oxygen regu- 
lation of  the puf  and puhA operon (Bauer et al. 1988; 
Narro  et al. 1990) and of  the bchCA operon (Armstrong 
et al. 1989; Young et al. 1989). 

We have not  measured the response of  ALAS activity 
during the transient state of  adaptation as studied for the 
hemA promoter  (Fig. 3). The values for ALAS activity 
(Table 1) are steady state levels determined in cell-free 
extracts which need not correspond to the cellular in 
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vivo activi t ies which  are  supposed  to be under  f eedback  
con t ro l  o f  d i f ferent  end  p roduc t s  o f  the Mg-  and  Fe-  
p a t h w a y  o f  t e t r apy r ro l  synthesis  (Lascel les  1978). The  
ques t ion  whe the r  oxygen  tens ion  has  a d i rec t  inf luence 
on A L A S  act iv i ty  needs fur ther  inves t iga t ion  since higher  
level o f  enzyme ac t iv i ty  unde r  anae rob i c  g rowth  in the 
presence o f  l ight  cou ld  be the resul t  o f  t r ansc r ip t iona l  
ac t iva t ion  a n d / o r  s t imula t ion  o f  enzyme activi ty.  The  fact  
tha t  the c o m p l e m e n t e d  m u t a n t  s t ra ins  revealed  h igher  
enzyme activi t ies under  ae rob ic  g rowth  in c o m p a r i s o n  
wi th  semiaerob ic  g rowth  migh t  be due to the loca t ion  o f  
the hemA gene on  a p lasmid .  This  obse rva t ion  was also 
m a d e  wi th  a R. sphaeroides A L A - d e f i c i e n t  m u t a n t  s t ra in  
c o m p l e m e n t e d  wi th  A L A S  specific genes f rom R. 
sphaeroides (Tai et al. 1988). A t  the m o m e n t  there  is also 
no clear-cut  exp l ana t i on  ava i lab le  for  the p h e n o m e n o n  
tha t  under  p h o t o t r o p h i c  cul ture  cond i t ions  the comp-  
l emented  m u t a n t  s t ra ins  showed  only  a twofo ld  higher  
level o f  enzyme act iv i ty  in c o n t r a s t  to the wi ld - type  which  
r e s p o n d e d  with  a s ixfold increase  in enzyme activi ty.  

D N A  f ragments  which rel ieved the r equ i remen t  for  
A L A  in the m u t a n t  had  progress ive  u p s t r e a m  dele t ions  
up  to 170 bp  o f  the p r o x i m a l  region  o f  the hemA gene. 
These  nuc leo t ide  sequences d is ta l  to the hemA p r o m o t e r  
do  no t  a p p e a r  to be essential  for  the express ion  o f  hemA 
since A L A S  act ivi ty ,  Bchl con ten t  o f  the pho tosyn the t i c  
m e m b r a n e s  and  f o r m a t i o n  o f  the p igmen t -p ro t e in  
complexes  d id  no t  change  d r a m a t i c a l l y  when  S B 1 0 0 3 A -  
was c o m p l e m e n t e d  with  p R K H 3 . 9 ,  p R K R L 2 . 5  or  
p R K H S 1 . 6 ,  respect ively.  

The  func t ion  o f  the newly ident i f ied  O R F X  is un-  
known.  

Acknowledgements. The work was supported by Deutsche For- 
schungsgemeinschaft, grant Dr 29/31-6G and Fonds der Chemi- 
schen Industrie. 

References 

Armstrong GA, Alberti M, Leach F, Hearst JE (1989) Nucleotide 
sequence, organization, and nature of the protein products of 
the carotenoid biosynthesis gene cluster of Rhodobacter 
capsulatus. Mol Gen Genet 216: 254-  268 

Avissar Y J, Ormerod JG, Beale SI (1989) Distribution of 6-amino- 
levulinic acid biosynthetic pathways among phototrophic bac- 
terial groups. Arch Microbiol 151:513- 519 

Bauer CE, Young DA, Marrs BL (1988) Analysis of the Rhodobacter 
capsulatus puf operon. Location of the oxygen-regulated pro- 
moter region and the identification of an additionalpuf-encoded 
gene. J Biol Chem. 263:4820-4827 

Biel AJ, Marrs BL (1983) Transcriptional regulation of several genes 
for bacteriochlorophyll biosynthesis in Rhodopseudomonas 
capsulata in response to oxygen. J Bacteriol 156: 686-- 694 

Burnham BF (1970) &Aminolevulinic acid synthase. Methods 
Enzymol 17 : 195 - 204 

Clark WG, Davidson E, Marrs BL (1984) Variation of levels of 
mRNA coding for antenna and reaction center polypeptides in 
Rhodopseudomonas capsulata in response to changes in oxygen 
concentration. J Bacteriol 157 : 945 -- 948 

Clayton RK (1966) Spectroscopy of bacteriochlorophyll. Photo- 
chem Photobiol 5 : 807 - 821 

C16ment-M6tral JB (1986) Regulation of Ala-synthetase by O2 and 
thioredoxin system. In: Holmgren A, Br/ind6n C-I, J6rnvall 
H, Sj6berg B-M (eds) Thioredoxin and glutaredoxin systems, 
structure and function. Raven Press, New York, pp 275-  284 

Ditta G, Schmidhauser T, Yakobson E, Lu P, Liang X-W, Finlay 
DR, Guiney D, Helinski DR (1985) Plasmids related to the 
broad host range vector, pRK290, useful for gene cloning and 
for monitoring gene expression. Plasmid 13:149-153 

Drews G (1983) Mikrobiologisches Praktikum. Springer, Berlin Hei- 
delberg New York, p 62 

Drews G (1988) Effect of oxygen partial pressure on formation of the 
bacterial photosynthetic apparatus. In: Acker H (ed) Oxygen 
sensing in tissues. Springer, Berlin Heidelberg New York, 
pp 3--11 

Garcia AF, Venturoli G, Gad'on N, Fern/mdez-Vetasco JG, 
Melandri BA, Drews G (1987) The adaptation of the electron 
transfer chain of Rhodopseudomonas capsuIata to different light 
intensities. Biochim Biophys Acta 890:335-345 

Granick S, Beale SI (1978) Hemes, chlorophylls, and related com- 
pounds: biosynthesis and metabolic regulation. Adv Enzymol 
46 : 33 - 203 

Hornberger U, Liebetanz R, Tichy H-V, Drews G (1990) Cloning 
and sequencing of the hemA gene of Rhodobacter capsulatus and 
isolation of a 6-aminolevulinic acid-dependent mutant strain. 
Mol Gen Genet 221:371-378 

Kaufmann N, Hfidig H, Drews G (1984) Transposon Tn5 mu- 
tagenesis of genes for the photosynthetic apparatus in Rhodo- 
pseudomonas capsulata. Mol Gen Genet 198:153 - 158 

Laemmli UK (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature (London) 
227: 680-  685 

Lascelles J (1978) Regulation ofpyrrole synthesis. In: Clayton RK, 
Sistrom WR (eds) The Photosynthetic Bacteria. Plenum Press, 
New York, pp 795-808 

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein 
measurement with the Folin phenol reagent. J Biol Chem 
193 : 265-  275 

Maniatis T, Fritseh EF, Sambrook J (1982) Molecular cloning: a 
laboratory manual. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, NY 

Marrs BL (1981) Mobilization of the genes for photosynthesis from 
Rhodopseudomonas capsulata by a promiscuous plasmid. J 
Bacteriol 146:1003 -- 1012 

Miller JH (1972) Experiments in Molecular Genetics. Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor NY, pp 353-  
355 

Miiller M, Blobel G (1984) in vitro translocation of bacterial proteins 
across the plasma membrane of Escherichia coll. Proc Nat1 Acad 
Sci USA 81 : 7421 - 7425 

Narro ML, Adams CW, Cohen SN (1990) Isolation and charac- 
terization of Rhodobacter capsulatus mutants defective in oxy- 
gen regulation of the puf operon. J Bacteriol 172: 4549 - 4554 

Nieth K-F, Drews G (1975) Formation of reaction centers and light- 
harvesting bacteriochlorophyll-protein complexes in Rhodo- 
pseudomonas capsulata. Arch Microbiol 104:77 - 82 

Schneider K, Beck CF (1987) New expression vectors for identifying 
and testing signal structures for initiation and termination of 
transcription. Methods Enzymol 153:452- 461 

Schumacher A, Drews G (1978) The formation of bacteriochloro- 
phyll-protein complexes of the photosynthetic apparatus of 
Rhodopseudomonas capsulata during early stages of develop- 
ment. Biochim Biophys Acta 501 : 183 - 194 

Simon R, Priefer U, Pfihler A (1983) A broad host range mobiliza- 
tion system for in vivo genetic engineering: transposon mu- 
tagenesis in gram negative bacteria. Biotechnology 1 :37-45 

Stiehle H, Cortez N, Drews G (1990) A negatively charged N- 
terminus in the c~ polypeptide inhibited formation of the light- 
harvesting complex I in Rhodobacter capsulatus. J Bacteriol 
172:7131-7137 

Tai TN, Moore MD, Kaplan S (1988) Cloning and characterization 
of the 5-aminolevulinate synthase gene(s) from Rhodobacter 
sphaeroides. Gene 70:139 - 151 

Troschel D, Mfiller M (1990) Development of a cell-free system to 
study the membrane assembly of photosynthetic proteins of 
Rhodobacter capsulatus. J Cell Biol 111 : 87 -- 94 



134 

Viale AA, Wider EA, del C Battle AM (1987) Porphyrin biosynthesis 
in Rhodopseudomonas palustris-XII. 6-aminolevulinate synthe- 
tase switch-off/on regulation. Int J Biochem 19:379-383 

Warnick GR, Burnham BF (1971) Regulation of Porphyrin biosyn- 
thesis. J Biol Chem 246:6880-6885 

Yang Z, Bauer CE (1990) Rhodobaeter capsulatus genes involved in 
early steps of the bacteriochlorophyll biosynthetic pathway. J 
Bacteriol 172:5001 - 5010 

Young DA, Bauer CE, Williams JC, Marrs BL (1989) Genetic 
evidence for superoperonal organization of genes for photo- 

synthetic pigments and pigment-binding proteins in Rhodo- 
batter eapsulatus. Mol Gen Genet 218:1 - 12 

Zhu YS, Hearst JE (1986) Regulation of expression of genes for 
light-harvesting antenna proteins LH-I and LH-II; reaction 
center polypeptides RC-L, RC-M, and RC-H; and enzymes of 
bacteriochlorophyll and carotenoid biosynthesis in Rhodobacter 
capsulatus by light and oxygen. Proc Natl Acad Sci USA 
83:7613-7617 


