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Bacterial cytochromes ¢ biogenesis

Diana L. Beckman, David R. Trawick,! and Robert G. Kranz?

Department of Biology, Washington University, St. Louis, Missouri 63130 USA

We report the primary sequence analyses of two loci, hel and ccl, whose gene products are required
specifically for the biogenesis of c-type cytochromes in the Gram-negative photosynthetic bacterium
Rhodobacter capsulatus. Genetic and molecular analyses show that the hel locus contains at least four genes,
helA, helB, helC, and orf52, and the ccl locus contains two genes, ccll and ccl2, that are essential for
cytochromes c biogenesis. HelA is homologous to a class of proteins called ABC transporters and helA, helB,
and helC are proposed to encode an export complex. Cytochrome c,—alkaline phosphatase gene fusions were
used to show that apocytochrome ¢, synthesis and secretion are not affected by the hel and ccl defects. Ccll
and Ccl2 possess typical signal sequences to direct them to the periplasm. The periplasmic orientation of Ccll
was confirmed using a Ccll-alkaline phosphatase gene fusion. The Ccll-alkaline phosphatase gene fusion
analysis also demonstrated that Ccll does not require hel genes for its synthesis and secretion. Ccll is
homologous to proteins encoded by chloroplast and mitochondrial genes, suggesting analogous functions in
these organelles. Taken together, these results support the hypothesis that the hel-encoded proteins are
required for the export of heme to the periplasm where it is subsequently ligated to the c-type

apocytochromes.
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All eukaryotes and many prokaryotes have c-type cy-
tochromes. These cytochromes function as electron
transfer proteins and differ from other cytochromes in
that their heme is attached covalently (Pettigrew and
Moore 1987). Eukaryotes have a soluble cytochrome ¢
and a membrane-bound cytochrome ¢, positioned in the
mitochondrial intermembrane space, whereas bacterial
c-type cytochromes are topologically oriented outside
the cytoplasmic membrane in the periplasmic space
(Pettigrew and Moore 1987; Page and Ferguson 1989).
These biosynthetic distinctions of c-type cytochromes
raise a number of important questions in biology. What
enzymes are required for the heme ligation process?
Where do the ligation and assembly processes take
place? How are components necessary for biogenesis
transported to the assembly sites? To begin to answer
these questions we have characterized bacterial genes
involved specifically in cytochromes ¢ biogenesis and
studied the targeting of components of this process.
Most studies on the process of cytochromes ¢ biogen-
esis in eukaryotes have been carried out with Saccharo-
myces cerevisiae or Neurospora crassa. In these organ-
isms, both apocytochromes c and c, are transported from
the cytosol to the mitochondrial intermembrane space.
Apocytochrome ¢, transport takes place by two sequen-
tial translocations (Nicholson et al. 1989). Initially,
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preapocytochrome ¢, is translocated through contact
sites between the mitochondrial outer and inner mem-
branes to the matrix. Here, the first part of the bipartite
signal sequence is removed. The preapocytochrome c, is
then translocated to the outer surface of the inner mem-
brane with subsequent ligation of heme and removal of
the entire signal sequence. Final assembly of functional
cytochromes ¢ and ¢, requires the ligation of heme to the
apoproteins in the intermembrane space. This ligation
occurs at two distinct cysteine residues (CXYCH) within
the apocytochromes ¢ and ¢, to two vinyl moieties in the
heme (Taniuchi et al. 1983). Two separate cytochrome ¢
heme lyases, one for cytochrome c (called CCHL) and
one for cytochrome ¢, (called CC,HL), appear to be re-
quired. S. cerevisiae mutants deficient in CC,HL have
been reported (Tzagoloff and Dieckmann 1990}, but their
characterization and the genes that correct the defects
have not been published. A N. crassa mutant, cyt-2-1
(Nargang et al. 1988), and a S. cerevisiae mutant, cyc3
(Matner and Sherman 1982), are unable to ligate heme to
apocytochrome c in vivo and in vitro. The cyc3 gene has
been cloned, sequenced, and characterized, and its gene
product is predicted to function as a CCHL within the
intermembrane space (Dumont et al. 1987). Moreover,
the cyt-2-1 gene (Nargang et al. 1988} and the cyc3 gene
(Dumont et al. 1988) are essential for the transport of
nuclear encoded apocytochrome c¢ through the mito-
chondrial outer membrane into the intermembrane
space. The assembly of a c-type cytochrome in a mito-
chondrion, therefore, requires at least three compo-
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nents—heme, a lyase, and the apocytochrome c—to be
targeted to the intermembrane space. For eukaryotes,
major questions remain concerning the nature of CC,HL
and the transport of heme and individual lyases. It is also
unknown whether other components are required for the
in vivo assembly process. This report suggests that other
components may be involved.

Little is known about cytochrome c¢ biogenesis in
prokaryotes. Many bacteria, including Escherichia coli
and related species, do not require c-type cytochromes
for aerobic or anaerobic growth. These organisms use
cytochromes in which heme is bound noncovalently
{e.g., b-type cytochromes) for electron transport systems
(Lin and Kuritzbes 1987; Poole and Ingledew 1987). Nev-
ertheless, cytochromes c are present in a wide variety of
prokaryotes. Biochemical analyses of cytochromes c
from both Gram-positive (e.g., Von Wachenfeldt and He-
derstedt 1990) and Gram-negative bacteria have demon-
strated the presence of covalently bound heme at CX-
YCH by thioether linkages (Pettigrew and Moore 1987).
A recent report suggests that the heme ligation process
occurs in the periplasm in Paracoccus denitrificans
(Page and Ferguson 1990). Along with P. denitrificans,
photosynthetic bacteria such as Rhodobacter capsulatus
and symbiotic bacteria such as Bradyrhizobium japoni-
cum are prokaryotic paradigms for studies on mitochon-
drial-like electron transport systems (e.g., cytochromes ¢
and cytochrome bc,). These Gram-negative eubacteria
are considered to be phylogenetically related to the an-
cestral mitochondrial endosymbiont (Woese 1987). We
have undertaken investigations into the process of cy-
tochromes ¢ biogenesis in R. capsulatus and have previ-
ously isolated mutants and genes called helA, helB, and
helC that are involved in this process (Kranz 1989). Very
recently, three hel-like genes in B. japonicum were rc-
ported to be involved in cytochromes c¢ biosynthesis
(Ramseier et al. 1991). In this report, we describe genetic
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and molecular analyses of the hel locus from R. capsu-
latus, and we show that four genes, helA, helB, helC, and
orf52, are required for cytochromes ¢ biogenesis. In ad-
dition, we characterize a second locus from R. capsula-
tus that encodes two additional genes, ccll and ccl2, that
are also essential for cytochromes ¢ biogenesis. Alkaline
phosphatase gene {phoA) fusions to the cytochrome c,
gene (cytA) and to ccll are used to investigate targeting
processes. Sequence analyses of the hel and ccl loci and
the cytA-phoA and ccll-phoA analyses of hel and ccl
mutants provide evidence for the hypothesis that hel
genes encode a heme transporter and that apocy-
tochromes ¢, Ccll, and Ccl2 are targeted to the bacterial
periplasm by a general secretory mechanism.

Results
Sequence analysis of the hel locus

We reported previously that three linked genes called
helA, helB, and helC are required for the specific biogen-
esis of c-type cytochromes in R. capsulatus {for detailed
map, see Fig. 1; Kranz 1989) . These genes were defined
genetically and physically by mini-Mu and Tn5 transpo-
son mutagenesis and by DNA restriction fragment com-
plementation analyses of spontaneous hel mutants
(Kranz 1989). The DNA sequence of the 3200 nucle-
otides encompassing helA, helB, and helC indicates that
five complete open reading frames (ORFs) are present
within this region {Fig. 2}. All five ORFs have typical
codon usage for R. capsulatus genes (not shown). Puta-
tive ribosome-binding sites are located in front of the
deduced translational start codons of helB, helC, and
orf52. A consensus ribosome-binding site is not observed
5-10 nucleotides proximal to the putative helA start
codon, but this observation has been noted for other R.
capsulatus genes (e.g., Masepohl et al. 1988). The genetic

Figure 1. Restriction map of the hel locus and
DNA complementation studies. The 3.1-kbp Pvull-
Rsrll fragment is shown with the locations of orf

KRs.4 124, helA, helB, helC, and orf52. Plasmids contain-
ing the indicated DNA fragments were conjugated

+ into the mini-Mu insertion mutant strains KR7.8,
. KR5.7, and KR5.4 and into the Tn insertion mutant

strain KR319. Complementation was defined as the
- ability to oxidize the cytochrome c-specific electron
donor tetramethylphenylenediamine.
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Pvull
CAGCTGAAGTTCGATCTGACCACGGTGGCGGCGCTGTTGACGATCACCGGCTATTCGATCAACGACACCGTCGTCGTCTTTGACCGGC TGCGCGAAAACCTGATCAAATACAAGACGATG

CCGCTGCGCGACGTGATGAACCTGTCGGTCAACGAAACGCTTTCGCGCACGGTGATGACCGGCATGACGACGCTTCTGGCGCTGG TGCCGATGC TGATCTGGGGCGGCGACGTGATCCGL

GGCTTCGTCTTCGCCATGGTC TGGGGGGTGTTCACCGGCACCTATTCCTCGGTCTATGTGGCGAAGAACATCGTGCTGTTCATCGGTC TTGACCGCAACAAGGAGAAGAAGGACCCCTCG
orfl24 —»

M AP REZPGF FA AGALU®PTIDSGYSGUPGT FT FIRTIA AGA AVHT RSGEG

GACAAGTTCTTCTCGAACGGGGCGCAAGATGGCGCCCCGTGAGCCGGGCTTCGCAGGCGCGCTGCCGATCGACGGCTACGGACCCGGCTTTTTCCGCATTGC CGGGGCCGTGCATCGCGG
Mu7.8

v

G L L I HAUEWAAMUPWTSGT FDODILAALUIRALAGOQUVDIU LI LTULTCGMGADTIA

CGGGCTTTTGATCCACGCCGAGGCGGCGATGCCCTGGACCGGC TTCGACGATC TTGCGGCGCTGCGCGCGCTGGCCGGGCAGGTGGATCTGC TGCTGTGCGGGATGGGCGCGGATATCGC

H L P K G L QV ELEALGVMAEUPMSTASAARUMHYNVILLSEGRRVG
CCATCTTCCCAAGGGCTTGCAGGTGGAAC TTGAAGCGCTTGGGGTGATGGCGGAGCCGATGTCCACCGCCTCTGCCGCGCGTCATTACAATGTGCTTC TGTCCGAGGGCCGCCGCGTCGG
helA ——»
M TLL AVDOQLTVSRGGILAVILESGV S F s L A
A AL L P MZPGAV P TA *
CGCCGCCCTTTTGCCGATGCCGGGCGCGGTGCCGACGGCATGACGCTGC TGGCCGTCGATCAGCTCACGGTCAGCCGGGGCGGTCTTGCCGTGC TGGAGGGGGTGAGC TTCTCGCTTGCC

A G H ALV LRG?PNGIGIEKTTTLULRTTILAGILUGQZ®P®PILAGIU RV S MZPUZPEGI
GCGGGCCATGCGCTGGTGCTGCGCGGCCCGAACGGGATCGGCAAGACGACGCTTTTGCGCACGCTGGCGGGGC TGCAGCCGCCGCTGGCCGGGCGGGTGTCCATGCCGCCCGAGGGGATC

A Y AAHADGTU LI KA ATIUL SV RENILOQTFWAAMATIUHRKATUDTVE T ATILA AIRMNL
GCCTATGCCGCCCATGCCGACGGGCTGAAGGCCACGC TTTCCGTGCGCGAAAACC TGCAGTTC TGGGCGGCGATCCATGCGACGGACACGGTCGAGACGGCGCTTGCACGGATGAACCTG

N AL EHRAAASILSAGQ KR RLGILARILILVTG G RUZPVWVLDEFPTV S
AACGCGCTGGAACACCGCGCCGCCGCAAGCCTTTCGGCGGGGCAAAAGCGTCGGC TTGGCC TTGCGCGGCTTCTGGTCACCGGGCGTCCGGTCTGGGTGC TGGACGAGCCGACGGTCTCG

L DA A SV AL F AEAVIRAUHILAAGGAATLMATHTIODUL G L S E ARV L D
CTCGACGCCGCCTCGGTGGCACT TTTTGCCGAGGCCGTGCGGGCGCATC TGGCGGCGGGTGGGGCGGCGCTGATGGCGACCCATATCGATCTGGGCCTGTCCGAGGCGAGGGTTCTGGAC
Mu7.3
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CTTGCCCCGTTCAAGGCGCGTCCGCCCGAGGCGGGCGGCCATCGCGGCGCCTTCGATCACGGC TTTGACGGAGCC TTCC TG TGAACCGCGGCCCCCGAGTCC TGCCGCAAAAGGGCGTAG 1440

helB —&
RBS M R A L L S R D L R L A I

TTGTGCCAAGAAGAAACCGCATGGCCTTTTCCTGGTCCAAATACGC TCTTGCCGACATCGGC TG TGGGCGGAGGATTT TG TCATGAGGGCGCTTTTG TCGCGGGATCTGCGGCTGGCGAT 1560

R A GG G F GL GL A F F L I VVTLVZPYF GVGPQGE I L ARTIASG 1 L W

CCGGGCCGGGGGCGGCTTCGGGCTCGGGC TTGCATTTTTTC TGATCGTGGTGACGCTGCTGCCCTTTGGCGTCGGCCCGCAGGGCGAGATCC TGGCCCGGATCGCCAGCGGCATCCTGTG 1680

L GA L LATCTILILSULDA RTIVFALDTFEDSGSULDU LLATA®PTIPMEAVV T

GCTGGGCGCCTTGCTCGCCTGTC TTCTGTCGCTCGACCGGATTTT TGCGCTCGATTTCGAGGATGGC TCGCTTGATC TI'CTGGCCACCGCGCCGATCCCGATGGAGGCGGTGGTGACGAT 1800

K AL AHW I TTS GULUP LV L AAPLF AV L L HLPAUPA AYLWIULUEUV S L L L
CAAGGCGCTGGCGCATTGGATCACCACCGGGTTGCCGCTGG TTCTGGCGGCGCCGCTATTCGCCGTGCTGC TGCATTTGCCCGCGCCCGCCTATCTCTGGCTCGAGGTCTCGCTGCTTCT 1920
G T P AL SV L GTF GAATILTV G L KRGG UL L L s L L VL P L Y V P T L I F
GGGCACGCCGGCGCTGTCGCTGCTGGGCACCTTTGGC GCGGCGCTGACGGTGGGGCTGARGCGGGGGGGCTTGCTGTTGTCGCTCCTGGTGC TGCCGCTTTATGTGCCGACGCTGATCTT 2040
Mu6.8 Mu6._4
v v

G A E L VRRGAEGIL A1l EV PLAMILAGTITAATV ALV P F A S A AATI

TGGCGCCGAACTGGTGCGGCGCGGCGCCGAGGGCCTGGCGATCGAAGTGCCGCTGGCGATGCTGGCGGGGATCACCGCGGCCACGGTGGC TTTGGTCCCCTTTGCTTCGGCGGCGGCGAT 2160

helC ——&
R V N L R * RBS M S 1 W E Y

CCGGGTCAATTTGCGGTGAAAC TTATTCCAGATTGATGCGAGTCAATCCGGGCCGTGGCAAAGCATGACATGTCCGACGGGACGCGAGAGGCAGGAGAGCCGATGTCGATCTGGGAATAT 2280

AN P V K FMQT S GRILL P WV VAATVLTILILZPSGILVWCGCEFE F F TP V A A

GCGAACCCGGTCAAGTTCATGCAGACTTCGGGCCGGCTTTTGCCCTGGGTCGTGGCGGCGACGGTTCTGACGCTGCTGCCCGGGCTCGTCTGGGGCTTTTTCTTCACCCCGGTCGCGGCC 2400

E F GA TV KV I Y V HV PAATILATINIMWVMMILUVASILTIMWIL I R RHHV

GAATTCGGCGCGACGGTCAAGGTGATC TATGTCCACGTTCCGGCGGCGACGCTGGCGATCAACATCTGGGTGATGATGCTGGTCGCCTCGCTGATC TGGCTGATCCGGCGTCATCACGTC 2520

S AL AAKAAAPI GMVMTL I ALTITOG ATFWGCQP MW G T WWE WD P R

TCGGCGCTGGCEGCGAAGGCGGCGGCGCCGATCGGCATGGTGATGACGC TGATCGCGCTGATCACCGGGGCGTTC TGGGGGCAGCCGATG TGGGGAACCTGGTGGGAATGGGATCCGCGG 2640

Mu5.7

v

L TS F L I L F L FY L GYMATLWEA ATIENWPDTAADILTTGUVLCL VG sV

TTGACCTCGTTCCTGATCCTGTTCCTGTTCTATCTGGGC TACATGGCGC TGTGGGAAGCGATCGAGAACCCCGATACCGCCGCCGATC TGACCGGGGTTCTGTGTCTTGTGGGCTCGGTC 2760

F AV L S R Y AAI1I F WNQGULUHQG S T L S L D KZEEUHTIADVY WOQ P L VL

TTTGCGGTGCTGTCGCGCTATGCGGCGATCTTC TGGAACCAGGGCCTGCATCAGGGCTCGACGCTCAGCCTCGACAAGGAAGAGCATATTGCGGATGTTTATTGGCAGCCCCTGGTGCTC 2880

MuS. 4
orf52 ——&
RBsS M P E F
s I AGF GMULVF V ALILULILWRTIRTETIIRA ARIR RILIKATLEIGQIRERMA "

TCGATCGCGGGCTTCGGGATGCTCTTCCTGGCTCTGTTGC TGTTGCGTACCCGCACCGAGATCCGCGCCCGTCGTC TGAAGGCACTGGAACAMAGGGAGCGCATGGCATGATGCCGGAGT

G K Y AV TIU L ASWSGATULUVLULAGILTIMA AATTILTIWIRGA AI QV KU RAILIKAAOQE
TCGGAAAATACGCCGTCACGATCCTTGCGTCCTGGGGGGCGACGC TTGTGC TGCTGGCGGGGCTGATCGCGGCCACGCTGATCCGCGGCGCGCAGGTGAAACGGGCGTTGAAAGCCCAGS

E R M K N D G *
AAGAACGGATGAAGAACGATGGCTAAGCCCTTGATGTTTCTTCCGCTGCTGGTGATGGCGGGC TTTGTTGGCGCGGGCTATTTCGCGATGCAGC AAAATGACCCGAATGCCATGCCGACC
RsrII
GCGCTTGCCGGCAAGGAGGCGCCCGCGGTCCG 3272

3000

3120
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Figure 2. The DNA sequence (noncoding strand) of the hel locus. The predicted amino acid sequences of HelA, HelB, HelC, ORF124,
and ORF52 are shown above the nucleotide sequence. Putative ribosome-binding sites (RBS) are underlined. The positions of mini-Mu
insertions that define the hel genes are also indicated.

270

GENES & DEVELOPMENT


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

analysis (see below} and the typical R. capsulatus codon
usage indicates position 761 as a likely methionine start
codon for HelA.

Genetic analysis of the hel locus: helA, helB, helC,
and orf52 but not orfl24 are required
for cytochromes c biogenesis

Because five potential ORFs were present at the hel lo-
cus, we needed to determine which ORFs are required for
cytochromes ¢ biogenesis. To determine whether orf124
and orf52 are required and to further define helA, helB,
and helC, the position of each mini-Mu insertion was
identified by DNA sequence analysis (Fig. 2). When re-
combined into the chromosome, each of the mini-Mu
insertions and a Tn5 insertion (shown in Fig. 1) yielded a
strain with a Hel ~ phenotype (Kranz 1989). Our previous
genetic studies (Kranz 1989) indicated that at least two
genes required for cytochromes c biogenesis were located
between the Pvull and EcoRI sites (Fig. 1). One of these
genes, helB, was clearly defined by those studies, and its
designation is confirmed here by the mini-Mu sequenc-
ing. In addition, the Hel ™ strain KR319 {319 in Fig. 1},
containing the Tn5 insertion in helA, confirmed that
helA is required. To determine whether ORF124 is re-
quired for cytochromes ¢ biogenesis, complementation
studies were carried out with the Hel = strain KR7.8 con-
taining the mini-Mu 7.8 insertion in orf124. This strain
was complemented to a Hel * phenotype by a plasmid
containing only helAB (plasmid pEcoRV; Fig. 1). Because
this complementation occurred only when helAB on the
EcoRV—EcoRI insert was in the direction of the lac pro-
moter of the vector, we conclude that the mini-Mu 7.8
insertion shows polarity on helA and that orf124 is not
required for cytochrome c biogenesis.

Although our previous genetic studies defined helC as
containing mini-Mu 5.7 and 5.4 (Kranz 1989}, the se-
quence analysis indicated that mini-Mu 5.4 is located in
orf52 and mini-Mu 5.7 is in helC (Fig. 2). Therefore,
strain KR5.4 may be Hel ~ owing either to the destabili-
zation of the helC transcript or to the requirement of
orf52, whereas strain KR5.7 may be Hel ~ owing either to
polarity on orf52 or to inactivation of helC. To deter-
mine which possibility was the correct one for each mu-
tant strain, complementation studies were done (Fig. 1).
Strain KR5.4 was complemented to Hel* only by plas-
mids containing the complete ORF52 gene, indicating
that orf52 is required. Thus, p52 complements KR5.4
and supplies only a functional orf52 gene. These studies
also show that the mini-Mu 5.7 insertion is not polar on
orf52 but, rather, inactivates helC; this is shown by the
complementation of KR5.7 by p2-9 but not by p52. More-
over, mini-Mu 5.7 cannot be affecting the upstream helB
as KR5.7 is not complemented by the plasmid p2-7.

HelA, HelB, and HelC comparisons to sequence data
bases and hydrophilicity analyses

Using TFASTA and FASTA programs, respectively, Gen-
Bank and NBRF data bases were searched for ORF124-,

Bacterial cytochromes ¢ biogenesis

ORF52-, HelA-, HelB-, and HelC-related proteins. Signif-
icant homologies to HelB, ORF124, and ORF52 were not
obtained. HelC showed significant homology to a chlo-
roplast-encoded ORF and to a Paramecium aurelia mi-
tochondrial-encoded ORF. These homologies and their
homology to the Ccll protein are discussed below.

HelA showed significant homology to a superfamily of
transport proteins, recently called ABC transporters (Fig.
3; Hyde et al. 1990). HelA, like ABC transporters, has an
adenylate kinase-like ATP-binding cassette (hence ABC)
in addition to more extensive regions of homology
(termed loops 2, 3, and 4 in Fig. 3) in the carboxy-termi-
nal region of the protein. ABC transporters that have
these regions of homology include the cystic fibrosis pro-
tein {Riordan et al. 1989), the hisP component of the
histidine importer in E. coli (Kraft and Leinwand 1987,
and the hlyB gene product involved in the secretion of
hemolysin out of E. coli {Felmlee et al. 1985). Pairwise
comparisons of HelA to the individual ABC component
of these transporters show ~40% similarity. This value
is comparable to the degree of similarity observed be-
tween any two ABC components of family members. A
hydrophilicity analysis demonstrates that most of the
HelA protein is hydrophilic (Fig. 4), much like HisP and
other similarly sized ABC components of the bacterial
transporters. HelB and HelC show highly periodic hydro-
phobic profiles, typical of integral membrane proteins
with transmembrane helices (Fig. 4).

Analysis of the transport defect in hel mutants:
cytA-phoA gene fusion analyses

The significant homology observed between HelA and
the ABC transporters strongly implicated the hel muta-
tions to be transport defects associated specifically with
cytochromes ¢ biogenesis. Moreover, all of the bacterial

aa#
HelA 1 MTLLAVDQLTVSRGGLAVLEGVSFSLAAGHALVLHGPNGIGKTTLLRTLAGLQPPLAGRVSMPPEG-
CFP 425 DDSLFFSNFSLL--GTPVLKDINFKIERGQLLAVAGSTGAGKTSLLMMIMGELEPSEGKIKHSGR-—
BisP 3 ENKLNVIDLHKRYGEHEVLKGVSLQANAGDVISIJGSSGSGKSTFLRCINFLEKPSEGSIVVNGQTT
HlyB 467 DITFRNIRFRYKPDSPVILDNINLSIKQGEVIGIMGRSGSGKSTLTKLIQREFYIPENGQVLIDGHDL

LOOP 2

Helhd 67 mmmememm—— oo t IAYAAHADGLKATLSVRENLQFWARTHATDTVETALARMNLNA
CFpP 4B e ——— ISFCSQFSWIMP~GTIKENIIFGVEYDEYRYRSVIKACQLEED
HisP 70 NLVRDKDGQLKVADKNQLRLLRTRLTMVFQHFNLWSHMTVLENVMEAPH QVLGLSKQEARERAVKYL
HlyB 534 ALADPNWLRRQ-----------—1 [VGVVLQDNVLLV~RSTIDNI SLANPGMSVEKVI YAAKLAGAHD
LOOP 3 100P 4
Relh 110 LEHRARAS--------=~- LSAGQKRRLGLARLL \ TRPVWVLDEPTVSLORMASVALFAEAVRAHLA
CFP 530 ISKFAEKDNIVLGEGGIT{LSGGQRARISLARAVYKIADLYLLDSPFGYLDYLTEKEIFESCVCKLM
HisP 137 AKVGIDERAQGKYPVH--1LSGGQQQRVSIARALAMHPEVLLFDEPTSALDPELVGELLRIMOQLAE
HlyB 587 FISELREGYNTIVGEQGAGLSGGQRQRIAIARALYNNPKILIFDEATSALDYESEHVIMRNMHKICK
HelA 166 AGGAALMATHIDLGLSEARVLDLAPFKARPPEAGGHRGAFDHGFDGAFL* 214
CFP 596 ANKTRILVTSKMEHLKKADKILILNEGSSYFYGTFSELQNLQPDFSSKLMGCD 648
HisP 201 EGKTMVVVTHEMGFARHVSTHVIFPPSGENEEEGAPEQLFGNPQSPRLQRFLKGSLK* 257
HlyB 654 GRTVIIIABRLSTVKNADRIIVMEKGKIVEQGKHKELLSEPESLYSYLYQLQSD 707

Figure 3. Amino acid homology between HelA and ABC trans-
porters. Amino acid sequence homologies of HelA to the cystic
fibrosis protein (CFP) and to the hisP and hlyB gene products of
E. coli were determined by TFASTA analysis. The predicted
nucleotide-binding site (NBS) of HelA contains the necessary
G-G-GK sequence and is boxed. The conserved structural mo-
tifs, loops 2, 3, and 4, are also boxed (Hyde et al. 1990). The HisP
sequence is from Kraft and Leinwand (1987}; HlyB is from Felm-
lee et al. (1985); and CFP is from Riordan et al. (1989]. For
homology significance scores, see Materials and methods.
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Figure 4. Hydrophilicity analyses of HelA, HelB, and HelC.
Hydrophilicity analyses were performed using a window length
of 19 residues (Kyte and Doolittle 1982) with programs from
Wisconsin GCG. Regions above zero are hydrophilic; regions
below zero are hydrophobic with regions less than — 1.6 being
predicted transmembrane regions (Kyte and Doolittle 1982).

ABC transporters have adjacent genes that encode hydro-
phobic proteins required for the transport process {(for
review, see Ames 1986; Hyde et al. 1990). Accordingly,
the hydrophobic proteins HelB and HelC are likely mem-
brane components for the hel transport system.

To test the possibility of a cytochrome c-specific trans-
port defect in hel mutants, we constructed cytochrome
c,—alkaline phosphatase gene fusions. Because alkaline
phosphatase is only active if it is secreted into the bac-
terial periplasm, alkaline phosphatase gene (phoA) fu-
sions are useful in secretion studies in bacteria (e.g., Ho-
ffman and Wright 1985; Manoil and Beckwith 1985). The
phoA-coding region, minus its own signal sequence, is
engineered distal to a potential signal sequence such that
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the coding frame is retained. The fusion protein pro-
duced from this construct exhibits alkaline phosphatase
activity only if it is secreted to the periplasm. Using an
Rhodobacter sphaeroides cytochrome c, gene as a probe,
we cloned the R. capsulatus cytochrome c, gene (cytA).
A cytA-phoA gene fusion was constructed with 88 of
116 amino acid residues of the apocytochrome ¢, protein
retained, including the CXYCH region near the amino
terminus of cytochrome c,. This gene fusion was cloned
behind the E. coli lacZ promoter such that when
pC42pho is present in E. coli, alkaline phosphatase ac-
tivity is inducible by IPTG (not shown). The cytA—phoA
gene was cloned into a plasmid that replicates in R. cap-
sulatus, and this plasmid was conjugated into various R.
capsulatus and E. coli strains. Wild-type R. capsulatus
and E. coli were able to synthesize and secrete the fusion
protein (Fig. 5; Table 1). We confirmed that alkaline
phosphatase is a secretion reporter in R. capsulatus by
isolating periplasmic fractions and then assaying for the
cytochrome c,-alkaline phosphatase fusion protein. In
these experiments, the periplasmic fraction was en-
riched for alkaline phosphatase activity (Table 1). Simi-
lar levels of activity and periplasmic enrichment results
have been reported previously with R. sphaeroides cytA—
phoA fusions (Varga and Kaplan 1989). These and subse-
quent studies {Moore and Kaplan 1989; Yun et al. 1991)
have confirmed the use of phoA fusions as periplasmic
reporters in photosynthetic bacteria such as Rhodobac-
ter.

Hel™ and Ccl™ R. capsulatus strains containing the
cytA-phoA plasmid synthesized and secreted levels of
alkaline phophatase fusion protein similar to that se-
creted by the wild-type strain (Fig. 5; Table 1). Moreover,
both helAB and ccl12 deletion strains secreted the fusion
protein {not shown). These results prove that the pheno-
types of the Hel ™ and Ccl ™ strains are not the result of
a defect in the transcription, translation, or secretion of
the apocytochrome c,. Other possible hel transport de-
fects that would result in specific deficiencies of c-type
cytochromes but not b-type cytochromes are discussed
below.

Sequence analysis of the ccl locus

The results with apocytochrome c,—alkaline phos-
phatase gene fusions demonstrated that the transport de-
fect in Hel = strains and the defect in the Ccl™ strains
were not the result of an apocytochrome c, transport
defect; both the Hel = and Ccl ~ strains could secrete the
apocytochrome ¢, even though heme was not ligated to
the apoprotein. These results, along with those reported
for P. denitrificans (Page and Ferguson 1990}, support the
hypothesis that heme ligation occurs independently of
apocytochromes ¢ secretion. If heme ligation occurs sub-
sequent to apocytochromes c secretion, then heme must
be transported to the periplasm for the ligation reaction.
In addition, the lyase and any other components neces-
sary for this ligation must be transported to the
periplasm. Identifying periplasmic components required
for cytochromes c biogenesis would support further the
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Table 1. Alkaline phosphatase activities of bacteria with cytA:phoA gene fusions

Alkaline phosphatase activities®

Strain description periplasmic
Strain (reference) sonicates fraction
E. coli TBI Baldwin (1984) 200 20
E. coli TBI (pCyt:pho9) Baldwin (1984) 170 2200
R. capsulatus SB1003 wild type (Yen and Marrs 1976) 70¢ 70
R. capsulatus SB1003 (pCytpho9) wild type (Yen and Marrs 1976) 640 1900
R. capsulatus SB1003 (pCytphol2) wild type (Yen and Marrs 1976) 840 3100
R. capsulatus KR7.8 HelA ™ (Kranz 1989) 80 ND¢
R. capsulatus KR7.8 (pCytpho9) HelA ™~ (Kranz 1989) 1500 ND
R. capsulatus KR7.8 (pCytphol2) HelA ™~ (Kranz 1989) 1100 ND
R. capsulatus AJB530 Ccll ™ (Biel and Biel 1990) 10 ND
R. capsulatus AJB530 {pCytpho9) Ccll~ (Biel and Biel 1990} 750 ND

aActivities are measured in OD units/min per milligram of protein. OD units are defined as OD,,, X 1000 after incubation at 25°C
with ¢ nitrophenyl phosphate. Either sonicated whole cells or a periplasmic fraction were assayed. Except for AJB530 constructs,
fractionations and assays were performed a minimum of three times with each showing similar results (averages are shown). The assay
results with AJB530 were confirmed by plate assays using the indicator XP (not shown). Cells were grown in LB broth |(for E. coli) or
R. capsulatus RCV basal media with incubation at 34°C for R. capsulatus and 37°C for E. coli. Aerobic growth conditions were used,
and antibiotics were added to the media with strains containing plasmids.

bE. coli TB1 was used. This strain is PhoA*, and 20 units represents the background activity in this media.

°R. capsulatus backgrounds differ, depending on amount of photopigments (which vary with strains).

4ND) Not determined.

need for a heme transporter. We therefore decided to an-
alyze candidate lyase gencs (called ccl genes).

Two other mutants that are pleiotrophically missing
c-type cytochromes in R. capsulatus have been reported:
MT113 (Davidson et al. 1987} and AJB530 {Biel and Biel
1990). Biel and Bicl {1990) have shown recently that the
defect in MT113 is probably in the same gene that the
Tn5 transposon is inserted in AJB530, and this gene is
not in the hel locus. We cloned the DNA region from R.
capsulatus AJB530 that contains the Tn5 and the same
region from the wild-type R. capsulatus strain SB1003
(Fig. 6). This DNA was then sequenced to determine the
primary structure of potential lyase genes. The Tn5 is
present within the 0.9-kbp Pstl-BamHI fragment (Biel
and Biel 1990} that is internal to ccll. The initial se-
quence analysis indicated that the gene required to com-
plement AJB530 is not present to the right of the PstI site
as was originally reported (Biel and Biel 1990). The
amino terminus of Ccll is encoded by DNA to the left of
the Pstl site (Fig. 6). Genetic complementation analyses
have shown that only ccl! is required to correct the
AJB530 defect, and complementation analyses of a ccl12
deletion mutant have proved that both ccl1 and ccl2 are
required for cytochromes ¢ biogenesis (D.L. Beckman
and R.G. Kranz, in prep.).

The sequence analysis of the ccl locus (Fig. 6} is shown
in Figure 7. Ccll and Ccl2 comprise 653 amino acid res-
idues and 149 amino acid residues, respectively. Both
genes have putative ribosome-binding sites upstream of
their predicted start codons. In addition, both Ccll and
Ccl2 have amino-terminal consensus signal sequences
(e.g., von Heijne 1986). These putative signal sequences
contain a charged amino acid residue followed by a

stretch of hydrophobic amino acids, a turn {e.g., Proline),
and VXA (Fig. 7). Ccll shows extensive regions of hydro-
phobicity with a number of predicted transmembrane
helices, whereas Ccl2 is a predominantly hydrophilic
protein (Fig. 8).

Ccll and Ccl2 comparisons to sequence data bases
and hydrophilicity analyses

A Ccl2 comparison to proteins in the GenBank and
NBRF data bases gave no significant homologies. Ccll
showed significant homology to four ORFs (Fig. 9). Three
of these ORFs are from chloroplast genomes (Shinozaki
et al. 1986; Ohyama et al. 1988; Hiratsuka et al. 1989)
and are similar in size, but their function is unknown.
The fourth match is to an undesignated ORF from the P.
aurelia mitochondrial genome (Pritchard et al. 1990). Of
the 111 amino acid residues shown in Figure 9, Ccll is
~52% similar and 28% identical to the organelle ORFs.
Interestingly, these same four ORFs (and Ccl1) show lim-
ited but significant homology to HelC (Fig. 9). The pos-
sible importance of this homology is discussed below.

ccll-phoA gene fusions

To test whether Ccll is a periplasmic protein and to
determine whether it is the substrate recognized by the
Hel transporter, we constructed ccl1-phoA gene fusions.
Both E. coli and R. capsulatus strains containing the
ccll-phoA gene fusions showed high levels of alkaline
phosphatase activity, as determined by plate assays us-
ing the alkaline phosphatase indicator XP (not shown).
Colonies of strains containing ccll-phoA gene fusion
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R.capsulatus R.capsulatus
wild-type

Figure 5. Cytochrome c,—alkaline phos-
phatase analysis. Detection of secretion of
cytochrome c,—alkaline phosphatase in
colonies of different bacterial strains (as
indicated). The blue color is the result of
cleavage of the alkaline phosphatase indi-
cator XP. All colonies were grown aerobi-
cally on the same culture plate (with 0.3%
peptone, 0.3% vyeast extract, and 1.2%

HelA-

agar) at 28°C. The R. capsulatus wild-type R.capsulatus R.capsulatus E.coli
strain is SB1003, and the HelA strain is . o
KR7.8. E. coli TBI is shown with and wild-type HelA- + peytipho
without pCyt-pho. pCyt-pho9 was used + _cyt:pho +_cyt:pho

in these experiments. P P

plasmids looked similar to the same strains containing
cytA-phoA genc fusion plasmids (see Fig. 5). When a
ccll-phoA gene fusion expressed from the E. coli lacZ
promoter is present in E. coli CC118, high levels of al-
kaline phosphatase activity are observed (Table 2). This
activity is not observed when cells are grown under con-
ditions of lacZ repression, that is, the lac inducer IPTG
is omitted and when the cells are grown in 0.2% glucose.

R. capsulatus wild type and a HelA ~ strain, KR7.8, are
able to express and secrete the ccl1-phoA fusion protein.
High alkaline phosphatase activities are observed when
the ccll—-phoA fusion plasmid pl1-6-1 are present in ei-
ther strain {Table 2).

Discussion

Genes at two loci are required for cytochromes ¢
biogenesis

It is possible to isolate mutants specific to a cytochromes
¢ biogenesis pathway due to the various electron trans-
port pathways and, hence, different growth modes
present in R. capsulatus. Previous studies have shown
that aerobic growth can occur in R. capsulatus mutants
lacking the cytochrome ¢ oxidase electron transfer
branch due to the presence of an alternative ubiquinol
oxidase electron transfer branch that only contains
b-type heme (La Monica and Marrs 1976; Hiidig and
Drews 1982). The c-type cytochromes are required for
photosynthetic growth in R. capsulatus (Daldal et al.
1987}, and a c-type cytochrome is required for dark,
anaerobic growth. The latter conclusion is based on the
phenotype of the hel mutants {Kranz 1989) and the ob-
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servation that a specific c-type cytochrome is induced
under dark anaerobic growth conditions (Zsebo and
Hearst 1984; Kranz 1989). Accordingly, hel and ccl mu-
tants cannot grow in an anaerobic light or dark environ-
ment. This is in contrast to mutants in photosynthetic
genes, such as reaction center polypeptide genes (e.g.,
Zsebo and Hearst 1984), or in cytochrome bc, genes
(Daldal et al. 1987), which can grow under dark anaero-
bic conditions.

The Hel™ and Ccl~ strains are specifically missing
c-type but not b-type cytochromes (Kranz 1989; Biel and
Biel 1990). We analyzed these mutants and the genes
that correct the defects to better understand bacterial
cytochromes ¢ biogenesis. Our analyses indicate that
there are a minimum of six genes at two loci required for
cytochromes c¢ biogenesis in R. capsulatus. Recently, us-
ing pulsed field-gel and cosmid mapping strategies, it has
been shown that the ccl locus is at least 300 kbp distant
from the hel locus (M. Fonstein and R. Haselkorn, pers.
comm.). We discuss the possible functions of hel- and
ccl-encoded proteins separately.

Functions of genes at the hel locus

What is the defect ini the Hel ™ strains? Hel ~ strains are
specifically missing all c-type cytochromes including the
cytochrome bc, complex. Yet, except for cytochrome b
of the bc, complex, Hel ™ strains synthesize normal
amounts of b-type cytochromes (Kranz 1989). The
amounts of b-type cytochromes produced by a helAB
deletion strain are equivalent to the amounts produced
by a ccl12 deletion strain (D.L. Beckman and R.G. Kranz,
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E g 8 % g 2 Eg2 g g e ga Figure 6. Restriction map of the ccl locus
a n < o0 O od® 0 VunHa and DNA sequencing strategy. The 3.1-kbp
|| \[ l \l [ | \\l BamHI-Bg/lI restriction map is shown with
V00000 A the locations of ccll and ccl2 (hatched boxes).
argD Proximal to ccll is a putative ORF showing
<+ celt cclz > significant homology to argD of E. coli (Heim-
_— berg et al. 1990). argD encodes an acetylorni-
— , > thine aminotransferase. The small arrows
:: above and below the restriction map indicate
—_— > the sequencing strategy. Arrows with a solid
_’._> circle represent areas sequenced using syn-
__" thetic oligonucleotide primers. Arrows with-
—®  out the circle represent areas sequenced using
ordered deletions as described in the Materials

= 200 bp and methods.

in prep.); therefore, the ability to synthesize heme and
produce b-type cytochromes is not impaired in Hel~
strains. Analysis of the hel defects must take these spe-
cific deficiencies into account.

During the preparation of this paper, hel-like genes
were shown to be present in B. japonicum (Ramseier et
al. 1991). HelA-, HelB-, and HelC-like gene products in
that organism, called CycV, CycW, and ORF263, respec-
tively, show ~65% similarity to the R. capsulatus coun-
terparts described here. Ramseier et al. (1991) demon-
strated that a small ORF called cycX, equivalent to R.
capsulatus orf52, is required for cytochromes ¢ biogene-
sis. They also suggest that the B. japonicum helC-like
gene orf263 is not required since a Tn5 insertion that
mapped in orf263 gave a wild-type phenotype. In con-
trast to that study, we have shown that a mini-Mu in-
sertion (Mu 5.7 in Figs. 1 and 2) within R. capsulatus
helC vyields a strain with a Hel ™ phenotype. Genetic
complementation analyses confirm that helA, helB,
helC, and orf52 are required for cytochromes ¢ biogene-
sis in R. capsulatus (Fig. 1; Kranz 1989). Although an
explanation for the different results with helC requires
further experimentation, the results in R. capsulatus and
B. japonicum do indicate that hel genes are specifically
involved in cytochromes ¢ biogenesis in both photosyn-
thetic and nonphotosynthetic Gram-negative bacteria.

HelA is homologous to a superfamily of proteins called
ABC transporters. These transporters have been shown
(Bishop et al. 1989; Mimmack et al. 1989) or predicted to
use ATP as an energy source for transporting specific
molecules. Of the bacterial ABC transporters, the im-
porters comprise approximately four gene products (e.g.,

histidine or maltose importers). One of these gene prod-
ucts is a periplasmic-binding protein that has a typical
signal sequence to direct it to the periplasm (for review,
sce Ames 1986). The other components include the con-
served HelA-like ATP-binding subunit and usually two
predicted hydrophobic polypeptides, analogous to the to-
pological profiles of HelB and HelC. In contrast, bacterial
exporters do not appear to require periplasmic proteins
(for review, see Blight and Holland 1990). For example,
hemolysin export out of E. coli requires HlyB, which
contains the nucleotide-binding domain, and HlyD.
Some ABC exporters are predicted to transport small
molecules; these include a g-1,2 glucan transporter in
Rhizobium meliloti (called ndv) (Stanfield et al. 1988)
and in Agrobacterium tumefaciens (called chv) (Can-
gelosi et al. 1989). The small ORF52 has no counterpart
in bacterial ABC transporters; thus, its role in the trans-
location process and in cytochromes ¢ biogenesis awaits
further experimentation.

Although we cannot eliminate completely hel in-
volvement in iron import, this role seems unlikely for
several reasons. In the closely related species R.
sphaeroides, it has been shown that a comparable de-
crease in ¢- and b-type cytochromes is observed when
the cells are limited for iron (Moody and Dailey 1985). In
addition, the R. capsulatus hel mutants are as sensitive
as wild type to the iron chelator dipyridyl, and multiple
sources of iron do not correct the hel defect (R. Kranz,
unpubl.). Finally, iron importers analyzed in E. coli (e.g.,
Zimmermann et al. 1984; Burkhardt and Braun 1987)
and Serratia marsescens (Angerer et al. 1990 and refer-
ences therein) are composed of ABC-type transporters
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BamHI
I R YL NSV HWULIKGAMQETTLTA AV ULDUZPA AAaUHSGTLA ANVATIGA ASGIULTDIL
GGATCCGGTAAAGGTTCGAGACATGCCAGAGCTTGCCCGCCTGTTCGGTCAGCGTCGCCACAAGGTCGGGCGCGGCATGGCCCAGCGCATTGACCGCGATCCCGGCGCCCAGATCCAGAT

——argD
Y RS 6GDATMWIL®WSGEGRV VT FA ALZPARTYT®PLV SATIHM RBS
ATCGGCTGCCATCCGCGGTCCAAAGCCAGGAGCCCTCGCCGCGCACGAAGGCGAGGGGGGCACGGGTGTAGGTCGGCAGCACGGAAGCGATCATTTGCGGLTCCTGAAAAAGGAAGGCCA

terminator
AGGCGTGCAACAGGCGCAGGGCGGCTGTCARCGGTCCGGGACCTTCGGGEGCGGTT TTGTGGAAAGGGTGTGGCGAGAAGCCACGGCAGATCAGGCGTCAGGCGCAGGTGCGGCGACGTC

GGGGACGGGCARGAGGGGCGGTCCGGGTGATCATTTCCCCCGC TTAGCCGCCGCCTGACGCAAAG TCARAGGAAATGACCGTT TCACGCTTTTGCGAAAGATGC GCGGCAGATGCGCATC
ccll ——o

RBS M I v B T G H F A LI L ALCYVYATLVYVOA

TGCCTTGGCCCCGGGGGGCTCCGTCTCTATGATGCACGCGAC TTGAGGAGGACCCCGCATGATCGTCGAGACCGGCCAT TTCGCCCTGATCCTGGCCCTGTGCGTGGCGC TGGTGCAGGC

v I P L YV G A Q K G W S G WMAVATUPAALAQTFSGILTIATIA AFAATLTYATF
GGTCATTCCCCTGGTGGGCGCGCARAAGGGL TGGTCGGGCTGGATGGCCGTTGCCACCCCCGCGGCGCTGGCGCAGTTCGGGC TGATCGCCATCGCCTTTGCCGCGCTGACCTATGCCTT

VT S$DVF S L KLV YENSUHTUDI KU?PMILYEKUVTGVWOGNU HETGSMIULTIULWUVL
TGTGACGTCTGACTTTTCGCTGAAGCTCGTCTACGAAAACTCGCATACCGACAAGCCGATGCTCTACAAGGTCACCGGGGTCTGGGGCAACCATGAGGGC TCGATGCTGCTTTGGGTGCT

I L AMVPFGA AAAAAFGGALU®PEU RILIRARVILAVQGTTI GV ATFULUVYF VL
GATCCTCGCCATGTTCGGCGCGGCGGCCGCGGCCTTTGGCGGTGCCTTGCCGGAGCGGCTGCGGGCGCGGGTGCTGGCGGTGCAGGGCACCATCGGGGTCGCGTTTCTGGTCTTTGTGCT

F T S NP F L RULEEA APV FNGRIDMNPILIULIOQDU®PGULATFH®PUPUFILYULGYV
TTTCACCTCGAACCCGTTCCTGCGGCTGGAAGAAGCGCCGTTCAACGGCCGCGACATGAACCCGC TGCTGCAGGACCCGGG TCTCGCCTTCCATCCGCCGTTCCTGTACCTTGGCTATGT

G L $s M A F S F AV AALIEGRVDAAMWAIRMWYVIRPMWTILAAWTILIFIULTTIG
CGGGCTTTCGATGGCCTTCAGCTTCGCCGTCGCCGCGCTGATCGAGGGGCGGGTCGATGCCGCCTGGGCGCGC TGGGTCCGGCCCTGGACCTTGGCCGCCTGGATC TTCCTGACCATCGG

I AL G S WWAY Y ELGWG GG F WP FWDU®PVENA ASTLMZPMWILILAARAATLTLUH S
CATCGCGCTGGGATCGTGGTGGGCCTATTACGAGC TCGGCTGGGGCGGCTTCTGG TTCTGGGACCCGGTGGAAAACGCCTCGC TGATGCCCTGGCTGC TGGCGGCGGCGCTGTTGCATTC

Al VVE KR REALIKSWTTI1TLLATIMAFSGT ¥ SsSLIGTT FILVR S G VI S sV
CGCCATCGTCGTCGAAAAGCGCGAGGC GC TGAAAAGC TGGACGATCCTGCTCGCCATCATGGCCTTCGGCTTTTCGC TGATCGGCACGTTCC TGGTGCGGTCCGGGGTGATTTCCTCGGT

#H S F ANDPEIRGVVF I L FIULATFTVFTS GG GATLTULYA AARASEMZOQATEKSGIL
GCACAGTTTCGCCAATGACCCCGAGCGCGGGGTGTTCATCCTGTTCATCCTTGCCTTCTTCACCGGCGGGGCGCTGACGCTTTATGCCGCGCGGGCCTCGGAGATGCAGGCGAAGGGGCT

F §$ M VS RESALVMNNVILILAYVAALUVVYVFTG GTUVMWZPILTIAETLTFWIDR
GTTTTCCATGGTCAGCCGCGAATCGGCGC TGGTGATGAACAACGTGC TTTTGGCGGTGGCGGCGCTGGTGG TG TTCACCGGCACGGTC TGGCCGCTGATCGCGGAGCTGTTC TGGGACCG

K L $ VG A P F F E KAVFT®PVF MV GGLALULILZ®PILSGSMMZ®PMWIE KU RASTLGIKL
CAAGCTCTCGGTGGGGGCGCCGTTC TTCGAAAAGGCC TTTACCCCCTTCATGGTCGGGC TGGCGC TGCTGTTGCCGCTGGGATCGATGATGCCGTGGAAACGCGCGAGCC TCGGCAAGCT

VR P L L P ALV L TVLAVLALUVWUVMATT G RU®PMILALGA AASGTLGAWTIL
GGTGCGGCCGCTGTTGCCCGCGCTTGTGC TGACGCTGGCGGTGCTGGCGCTGGTC TGGGE TGATGGCGACGGGGCGGCCGATGC TGGCGCTTGGCGCGGCGGGGC TGGGCGCCTGGATCCT

F G AL A EI WQRAGRTU®PGI RTIULIRILUPRADWMWGI KA ATFAUHGG GTLTGTIVTF A
TTTTGGCGCCCTGGCCGAGATCTGGCAACGCGCCGGGCGGACGCCGGGACGCATCCTGCGGCTGCCGCGGGCGGATTGGGGCAAGGCCTTCGCGCATGGCGGGCTGGGCATCGTCTTTGC

GV ¢GLLMAGSOQVETDTIIRVAIKAGSDS SV FEVAGY TTITULV S VEUDWVZPGP
GGGCGTCGGCCTCTTGATGGCCGGGCAGG TCGAGGATATCCGCGTGGCCAAGGCGGGCGACAGTTTCGAGG TGGCAGGTTACACGATCACGC TGGTGTCGGTCGAGGATG TGCCGGGGCC

N F TAIKTATMEVRQGG KLV ATTULUHZPEI K RTIYZPVQAMZ®PTTEATDI1
GAACTTCACCGCCAAGACCGCGACGATGGAGGTGCGGCAGGGCGGCAAGCTGGTGGCGACCCTGCATCCCGAAAAGCGCATCTATCCGGTGCAGGCGATGCCGACGACCGAGGCCGATAT

D NG F WRDWV Y LVIOGDUPOQEGS GG GCWMWAVRTYV K®PFANWMWTIWATGTCTILL
CGACAACGGCTTCTGGCGCGATG TCTATC TGGTGATCGGCGACCCGCAGGAGGGCGGCGGC TGGGCGGTGCGGACCTATGTCAAGCCTTTCGCGAACTGGATCTGGGCGGGC TGTCTGCT
RBS ocl2 ——»
M A F GG G L S L TD®R®RY RS AAGARU RATVYVADAVAATE * M L K R L L
GATGGCCTTTGGCGGCGGGC TGAGCC TGACCGACCGGCGTTATCGCAGCGCCGCCGGGGCGCGGCGGGCGACGGTGGCCGATGC TG TTGCGGCOGAGTGAGCGATGCTGAAACGACTTCT

L L L VvV L A T Pp Vv H AV QPD EVL S$DUPGLEARARZGQGQTISOQVLRZCUPVCDQ
GCTTTTGCTGGTGCTGGCCACGCCCGTTCATGCGGTGCAGCCCGACGAGGTTC TG TCCGATCCGGGGCTTGAAGCCCGGGCGCGGCAGAT TTCGCAGGTGCTGCGC TGCCCGGTCTGTCA

G E NI DE SNAGV S RDUL RILAVIRERILVAGDSDAQUV I DY I KDRF
GGGCGAGAATATCGACGAATCGAATGCCGGGGTGTCGCGCGATCTGCGGCTTGCGGTGCGCGAGCGGCTGG TGGCGGGCGACAGCGACGCGCAGGTGATCGACTATATCAAGGACCGTTT

G E Y V L F E P ERRGANTULTIILYWTIG®PAV LVV ALGGTIVFULWULRG R R
CGGGGAATATGTGCTGTTCGAGCCCGAGCGGCGCGGGGCGAACCTGATCCTGTACTGGATCGGGCCTGCGGTGCTGGTGGTGGCCCTGGGCGGCATCTTCCTGTGGCTGCGCGGGCGGLG

R E E E P VPV L S AEZEEA AIRTULIEKTDTLTL KD *
GCGCGAGGAAGAGCCGGTGCCGGTGCTCTCGGCCGAGGAAGAGGC GCGGCTGAAAGACC TGCTGAAGGACTAGGGATTTCGCCCGGGGCTTGCGCCCCGGGCGACCCGCGGGCGGCTCCG
terminator
CCCCCCGCACCCCCCOGGCETATTTTGCCAAGGARAAGCGGGGGTCTGGTCGGTGCACCGTTTGGCTTTCGCTTTCGCTTTCGCGGCCCGCGCGGCCCAAGC TGGGGCAAAGAGGAGGCA
Bgl II
GGCCATGAGCTATCACACGATCCGCTACGAGATCT 3155
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Figure 7. The DNA sequence of the ccl locus. The noncoding strand (with respect to ccl1 and ccl2 genes) is shown. The predicted
amino acid sequences of Ccll and Ccl2 are listed above the nucleotide sequence with the consensus signal sequence of each under-
lined. Predicted transcriptional terminators flanking ccll and ccl2 are underlined and labeled. Putative ribosome-binding sites (RBS)
are underlined. Proximal to ccll is an ORF showing significant homology to argD of E. coli (Heimberg et al. 1990). argD encodes an
acetylornithine aminotransferase.

that include a periplasmic-binding protein. In all cases
studied, the periplasmic-binding protein is a hydrophilic
protein that has a typical signal sequence. None of the
hel genes (or adjacent ORFs) have consensus signal se-
quences.
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Therefore, similar to the rationale of Ramseier et al.
(1991), we suggest that the R. capsulatus hel genes en-
code an ABC transporter specific to cytochromes ¢ bio-
genesis. Because c-type cytochromes are periplasmically
located and heme is covalently linked to the apoprotein,
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Figure 8. Hydrophilicity analyses of Ccll and Ccl2. Hydro-
philicity analyses were performed using a window length of 19
residues (Kyte and Doolittle 1982) with Wisconsin GCG pro-
grams. Regions >0 are hydrophilic; regions <0 are hydrophobic,
with regions less than — 1.6 being predicted as transmembrane
regions (Kyte and Doolittle 1982).

four substrates are envisioned as candidate molecules
recognized by the Hel transporter: If heme is ligated to
the apoprotein in the cytoplasm, then (1} holocy-
tochrome ¢ must be secreted to the periplasm; if heme
ligation occurs in the periplasm, then (2) apocy-
tochromes c, {3} other ligation components (e.g., lyase),
and (4) heme must be transported to the periplasm.

Of these four possibilities, the first one seems un-
likely. If heme ligation occurs in the cytoplasm before
transport, then transport-specific mutants should still
have heme ligated to their apocytochromes. Holocy-
tochromes ¢ were not detected in the R. capsulatus hel
mutants (Kranz 1989) or in the B. japonicum mutants
{Ramseier et al. 1991). Moreover, a previous study with

Ccll 206 WVRPWTLAAWIFLTIGIALGSWWAYYELGWGGFWFWDPVENASLMPWLLAAALLHS
Paramecium ORF238 127 WRLDIYKKFFLWTGGSIVLGAVWAQHELNWGGFWSWDQVEIISLFYFAVALFLLHF
Liverwort ORF320 224 WSYRVISLGFPLLTIGILSGAVWA--NEAWGSYWNWDPKETWALITWLIFAIYLH-

Bacterial cytochromes ¢ biogenesis

P. denitrificans demonstrated that apocytochrome c is
still transported to the periplasm in the absence of heme
ligation (Page and Ferguson 1990), suggesting that the
ligation process occurs in the periplasm. These results,
along with the cytochrome c,—alkaline phosphatase
transport studies presented here, indicate that holocy-
tochrome c is an unlikely substrate for the hel-encoded
transporter.

The second possibility, apocytochromes c export, can-
not be the defect in hel mutants. We demonstrated that
an apocytochrome c,—alkaline phosphatase fusion pro-
tein is secreted as efficiently in hel mutants as in the
wild-type R. capsulatus strain. These results also indi-
cate that apocytochrome c, export takes place in the
absence of heme ligation in R. capsulatus. We suggest
that apocytochromes c, and ¢, are transported to the
periplasm by a signal sequence-dependent mechanism,
since both cytochrome ¢, (Daldal et al. 1987) and cy-
tochrome c, (Daldal et al. 1986) possess consensus signal
sequences. This suggestion is supported by the fact that
E. coli, which does not require c-type cytochromes for
aerobic growth, is able to secrete the cytA—phoA fusion
protein (Fig. 5; Table 1).

In addition, we have shown that another component
required for cytochromes ¢ biogenesis, Ccll, does not
require hel genes for transport to the periplasm, as a
Ccll-PhoA fusion protein is transported to the
periplasm in the hel mutants (Table 2). These results
exclude Ccll as a substrate of the Hel transporter.

It should be noted that Ramseier et al. (1991) also fa-
vored the idea that the B. japonicum hel-like genes en-
code a transporter that exports (apo)cytochrome ¢ or
heme to the periplasm. We have eliminated apocy-
tochrome ¢ and two other possible substrates and are
thus left with the hypothesis that the Hel transporter is
necessary for the translocation of heme to the periplas-
mic space. It is tempting to speculate that the limited
but significant homology observed between HelC and
Ccll define heme-binding residues. Nevertheless, confir-
mation that the hel genes encode a specific heme trans-
porter awaits the development of in vitro heme translo-
cation assays to test R. capsulatus Hel* and Hel~
strains.

Figure 9. Ccll and HelC homology to other
proteins. Homology to an ORF from the mi-
tochondrial genome of P. qurelia is shown.

HelC 102 TLIALITGAFWGQ--PMWGTWWEWDPRLT-SFL~-ILFLFYL The start site of this ORF has not been de-
Identities W 1tigl 1G WA el WGGEW WDPVE SL wl aa 1LH fl.ned (Pritchard et al. 199Q), and the dcmgng-

tion as ORF238 is tentative. Also shown is
cell 262 ATVVEKREALKSWITLLAIMAFG-FSLIGTFLVRSGVISSvHSFANDPERGveILs, 1OMO010gY to ORE320 from the liverwort chlo-

Paramecium ORF238 183 KRPLFFFSAALAFSYFFFGLRENYFTSVHSFVSKRAAAQSLNFFFFGPWPWPWGPS* Toplast genome. Not shown are homologies to

Liverwort ORF320 277 TRMIKGWQGKKP-~AIIASLGF--FIVWICYLGVNLLGKGLHSYGWLI*

the tobacco chloroplast ORF313 and the rice

Identities ak a F F fl

s hsf p

chloroplast ORF321, that are nearly identical
to the liverwort ORF320 in this region. The

letters beneath the line summarize the identities between Ccll and the other proteins. An uppercase letter represents an identity
between Ccl and both the mitochondrial ORF and the chloroplast ORF; a lowercase letter represents an identity between Ccll and
either the mitochondrial ORF or the chloroplast ORF. The P. aurelia ORF sequence is from Pritchard et al. (1990). The liverwort
ORF320 is from Ohyama et al. {1988). For homology significance scores, see Materials and methods.
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Table 2. Alkaline phosphatase activities of bacteria with ccll:phoA gene fusions

Strain description Alkaline phosphatase

Strain (reference) Growth condition activity?®

E. coli CCl118 PhoA ~ (Manoil and Beckwith 1985) LB + 0.2% glucose <20
E. coli CC118 PhoA~ (Manoil and Beckwith 1985) LB + IPTGP <20
E. coli CC118 (pllccll:phoA) PhoA~ (Manoil and Beckwith 1985) LB + 0.2% glucose <20
E. coli CC118 {pllccll:phoA) PhoA ~ (Manoil and Beckwith 1985) LB + IPTG 340
R. capsulatus SB1003 wild type (Yen and Marrs 1976} RCV® <20
R. capsulatus SB1003 (p11-6-1) wild type (Yen and Marrs 1976) RCV® 430
R. capsulatus KR7.8 (pl1-6-1) HelA ™~ (Kranz 1989) RCv© 750

aActivities are measured in OD units/min per milligram of protein. OD units are defined as OD,,, X 1000 after incubation at 25°C
with ¢ nitrophenyl phosphate. Whole cells were used in the assays. Cells were induced and assayed a minimum of four times. Each
experiment showed the same pattern with at least 10-fold increase of activity over background. Cells were grown in LB broth (for E.
coli) or R. capsulatus RCV basal media, with incubation at 34°C for R. capsulatus and 37°C for E. coli. Aerobic growth conditions were
used, and antibiotics were added to the media with strains containing plasmids (see Kranz 1990).

YIPTG) Isopropyl-thiogalactoside was added 4 hr before cells were harvested.

¢(RCV) R. capsulatus basal media (Kranz 1989).

Ccll and Ccl2: periplasmic topology

If cytochrome ¢ heme ligation occurs in the periplasm,
the heme, the lyase, and any other assembly components
must also be present in the periplasm. Our reason for
analyzing other genes involved in cytochromes c biogen-
esis was to determine whether their gene products have
signal sequences to direct them to the periplasm and
whether homologs could be found in cukaryotes. We car-
ried out genetic and molecular analyses of the mutant
AJB530 (Bicl and Bicl 1990) that had been shown previ-
ously to have a similar phenotype to the hel mutants but
whose mutation mapped to a different locus. Sequence
analysis of this locus showed that two genes, ccll and
ccl2, were present in an operon. Deletion mutagenesis
has indicated that ccll and ccl2 are required for cy-
tochromes ¢ biogenesis {D.L. Beckman and R.G. Kranz,
in prep.). The ccl12 operon is followed by a predicted
Rho-independent transcription terminator (Fig. 6). Distal
to this terminator is a gene that encodes a protein ho-
mologous to peroxisomal (Osumi et al. 1985) and mito-
chondrial {Minami-Ishii et al. 1989) enoyl-CoA hy-
dratases (Beckman and Kranz 1991). Proximal to ccll,
but transcribed in the opposite direction, is a gene that
encodes a protein homologous to acetylornithine ami-
notransferase (Fig. 6). Thus, ccll and ccl2 appear to be
the only genes at this locus involved in cytochromes ¢
biogenesis.

Analysis of the primary sequence of Ccll and Ccl2
indicates that both possess amino-terminal consensus
signal sequences. We have confirmed the periplasmic
orientation of Ccll by ccl1-phoA fusion studies, at least
at the position of insertion of the phoA gene. Both E. coli
and R. capsulatus are able to transport Ccll to the
periplasm. On the basis of these data, we suggest that
transport of Ccll and possibly Ccl2 occurs by a signal
sequence-dependent general secretory mechanism.
Moreover, the periplasmic orientation of other compo-
nents necessary for cytochromes ¢ biogenesis supports
the hypothesis that heme is required in the periplasm.
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Ccl1 and Ccl2: roles in cytochromes ¢ biogenesis

A question of considerable importance concerns the
roles that Ccll and Ccl2 play in cytochromes ¢ biogen-
esis. Considering the probable periplasmic orientation of
Ccll and Ccl2 and the phenotype of the ccl mutants, a
number of possible roles are envisioned. These include
(1) enzymatic modifiers of heme and/or apocytochromes,
(2) a role in the ligation process (i.e., a general lyase), and
{3) periplasmic chaperone proteins that deliver heme
and/or apocytochromes c to the lyases. The following is
an analysis of each of these possibilities.

1. Early reports proposed that horse apocytochrome ¢
might be linked to protoporphyrinogen followed by
the insertion of reduced iron (Sano and Tanaka 1964).
Subsequently, using N. crassa extracts, it was deter-
mined that reduced heme is a direct substrate for the
CCHL- and CcHL- catalyzed ligation to apocy-
tochromes c (Schleyer and Neupert 1985; Nicholson
and Neupert 1989). It is possible that the Ccl proteins
are involved in the modification or reduction of pro-
topophyrin, heme, or the apocytochromes before or
after ligation.

2. Ccl mutants are deficient in all c-type cytochromes,
suggesting that if Ccll and/or Ccl2 are involved in
ligation, a single lyase may be responsible for ligation
of heme to all cytochromes c. With the existence of at
least five separate c-type cytochromes in R. capsula-
tus (e.g., Kranz 1989), it makes biological sense to
evolve or retain a single lyase system. Alternatively,
if individual lyases exist for each c-type cytochrome,
Ccl proteins may be required for each lyase. A yeast
nuclear gene called cyc3 has been shown to encode
the S. cerevisiae mitochondrial CCHL (Dumont et al.
1987). Mutants in cyc3 are missing both isoforms of
cytochrome ¢ (Matner and Sherman 1982), and an in
vitro assay for CCHL was used to show that Cyc3~
strains are deficient in CCHL activity (Dumont et al.
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1987). Neither Ccll nor Ccl2 show significant homol-
ogy to Cyc3 (see below). The gene for S. cerevisiae
CC,HL has been cloned and sequenced recently (A.
Haid, pers. comm.). The CC,HL gene product is ho-
mologous to Cyc3 (A. Haid, pers. comm.} but not to
Ccll, Ccl2, or the Ccll-related mitochondrial and
chloroplast ORFs.

3. The significant homologies that are observed between
Ccll and the chloroplast and mitochondrial ORFs
(Fig. 9) suggest potential functional analogies be-
tween these proteins and may offer the best clue as to
the possible functions of Ccll. Mitochondria and
chloroplasts have c-type cytochromes with thioether-
linked hemes. Chloroplasts require cytochrome f
(e.g., Willey et al. 1984), which is the structural and
functional equivalent to the mitochondrial cy-
tochrome c,;. Cytochrome f in chloroplasts is part of
the cytochrome bsf complex involved in photosyn-
thetic electron transport. If it is assumed that the mi-
tochondrial ORF238 and chloroplast ORF320 are not
CCHL or CC,HL, then these proteins may play novel
roles in eukaryotic cytochromes ¢ biogenesis. Perhaps
the Ccll class of proteins function as specific heme
chaperones that serve as in vivo-docking proteins for
CCHL, CC,HL, and/or the apocytochromes c. The
amino terminus of Ccl2 has the amino acid sequence
RCPVCQGEN. It is tempting to speculate that se-
creted Ccl2 may form disulfide bonds to CXYCH of
apocytochromes ¢, with subsequent docking onto the
membrane-bound Ccll and heme ligation. Alterna-
tively, RCPVCQGEN in Ccl2 may represent a heme-
binding domain; the HAP1 (heme-activating protein)
from S. cerevisiae has been shown recently to possess
the motif RCPVDH, possibly involved in heme bind-
ing {Creusot et al. 1988; Pfeifer et al. 1989). In addi-
tion, S. cerevisiae CCHL has an amino-terminal se-
quence CPVMQGDN {(Dumont et al. 1987). In either
of these hypotheses, heme ligation could be catalyzed
by individual lyases or Ccll/Ccl2.

These hypotheses, and the exact roles of Ccll and the
homologous mitochondrial and chloroplast ORFs, await
confirmation by biochemical analysis and reconstitution
of the assembly process. Considering the close phyloge-
netic relationship between photosynthetic bacteria and
the ancestral mitochondrial endosymbiont (Woese
1987), it would not be surprising that the hel and ccl!
components described here have functional equivalents
in eukaryotes. Continued studies on these bacterial sys-
tems will undoubtedly lead to a better understanding of
cytochromes ¢ biogenesis and heme transport in general.

Materials and methods
Strains and plasmids

R. capsulatus SB1003 (Yen and Marrs 1976), KR7.8 (HelA ™)
(Kranz 1989), and the plasmids containing hel genes {Kranz
1989) have been described previously. Plasmids pPvull, pHincll,
pEcoRV, and p52 contain the indicated DNA restriction frag-
ments (see Fig. 1) cloned into derivatives of the broad host range

Bacterial cytochromes c¢ biogenesis

vector pUCAG. Plasmids p2-9 and p2-7 contain the indicated
exonuclease III ordered deletion fragments (see Fig. 1) cloned
into a pUCAG6 derivative. The cosmid vector pUCA6 was con-
structed by Dr. William Buikema {University of Chicago, Chi-
cago, IL) and Dr. Jack Meeks (University of California, Davis,
CAJ. It is ~10 kbp in size and has kanamycin and tetracycline
resistance. It also has transfer functions and an origin of repli-
cation used by R. capsulatus. It is mobilized into R. capsulatus
using the helper plasmid pRK2013 by methods described previ-
ously (Kranz 1989). Cloning of cosmids and plasmids containing
ccll and ccl2 will be described elsewhere (D.L. Beckman and
R.G. Kranz, in prep.).

DNA sequencing

The Sanger dideoxy method was used to sequence the hel and
ccl loci. The 65% GC content of R. capsulatus DNA made it
necessary to use Taq polymerase (Promega, Madison, WI} in
most GC-rich regions; otherwise, Sequenase (U.S. Biochemical,
San Diego, CAJ was used. Single-stranded DNA templates were
used in this sequencing. The M13 K07 helper phage was in-
fected into JM101 [containing pUC118 and pUC119 derivatives
(Vieira and Messing 1987)]. The positions of the mini-Mu inser-
tions that defined the hel genes were determined by sequencing
the double-stranded, denatured mini-Mu plasmids (Kranz 1989)
using an oligonucleotide specific to the lacZ gene present in the
mini-Mu.

The sequencing strategy for the hel locus was to sequence
overlapping ordered deletions, using specific oligonucleotides
whenever necessary. The same strategy was used for the ccl
locus, and it is illustrated in Figure 6. Ordered deletions were
made by exonuclease III nuclease digestion or by methods de-
scribed previously (Kranz et al. 1990). The ccl (X63461) and hel
(X63462) DNA sequences presented in this paper can be ac-
cessed in the EMBL Data Library.

Data base searches, homology significance, and
hydrophilicity analyses

Searches for related proteins were made to GenBank and NBRF
using TFASTA and FASTA, respectively (Pearson and Lipman
1988). In these analyses, optimal alignment scores for HelA to
ABC transporters were >100 . Likewise, optimal alignment
scores for Ccll and HelC to P. qurelia ORF228 and to the chlo-
roplast ORFs were >100. To determine the significance of the
similarity between the sequences shown in Figure 3 (HelA) and
Figure 8 (Ccll and HelC), LFASTA and RDF2 programs were
used. In these analyses, for example, HelA gave a score of 14
when compared with HisP, and Ccll gave a score of 13 when
compared with the P. aurelia ORF228. A RDF2 analysis of the
comparison of HelC with the liverwort ORF320 (shown in Fig.
8) yielded a score of 8. RDF2 scores >10 are significant, >6 are
probably significant, and >3 are possibly significant (Pearson
and Lipman 1988).

Hydrophilicity analyses were carried out as described previ-
ously (Kyte and Doolittle 1982) using the recommended param-
eters (described in the legends to Figs. 4 and 9). The Wisconsin
GCG programs were used to implement these algorithms (De-
vereux et al. 1984).

Cytochrome c, gene cloning and construction
of a cytA—-phoA fusion

The R. capsulatus cytA gene was cloned from an R. capsulatus
genomic library, which has been described previously (Kranz
1989). A cosmid containing cytA was obtained by screening the
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library with an R. sphaeroides cytA gene probe. The R.
sphaeroides cytA gene (Donohue et al. 1986) was kindly pro-
vided by Dr. Tim Donohue (University of Wisconsin, Madison,
WI). Construction of the R. capsulatus cytA-phoA fusion plas-
mids was carried out as shown in Figure 10. The phoA fusion
vector pPHO7 (Gutierrez and Devedjian 1989) was kindly pro-
vided by Dr. Claude Gutierrez {Centre de Biochemie et de Ge-
netique Cellulaire du CWRS, Toulouse, France).

Construction of ccll-phoA fusions

The 2.2-kbp BamHI fragment that contains most of ccll and
upstream DNA (see Fig. 6) was ligated into pUC118 such that
ccll was in the direction of the lacZ promoter. This plasmid
was digested with Stul and Sall, and a 2-kbp Smal-Sall phoA
fragment from pPHO7 was inserted. From the ccll sequence
analysis, this Smal-Stul ligation was predicted to form an in-
frame ccll-phoA fusion. The products from this ligation were
transformed into E. coli CC118, and cells were plated on LB
ampicillin media containing XP and IPTG (see Table 2). Plas-
mids from blue colonies had a cclI-phoA fusion as determined

pC22

Figure 10. Construction of cytochrome c,—
alkaline phosphatase gene fusions. A cosmid
containing the cytochrome ¢, gene, cytA, was s
isolated from a R. capsulatus genomic library
as described in Materials and methods. A
2-kbp BamHI-Sall fragment that contains the
entire cytA gene (Daldal et al. 1986) was then

subcloned into pUCI118 to make pC22. Only /
the DNA insert in pC22 is shown. A BamHI Sall

restriction enzyme site was engineered into
cytA by using the two oligonucleotides
shown and amplifying the indicated fragment
with pC22 as template by the polymerase
chain reaction [PCR) technique (Saiki et al.
1985). The resulting 0.7-kbp was digested
with BamHI and Sall and cloned into pUC119
to yield pC42. Using the alkaline phosphatase
gene fusion vector pPHO7 (Gutierrez and
Devedjian 1989}, a 2-kbp phoA fragment was
excised with BamHI and ligated to BamHI-
linearized pC42. The BamHI oligonucleotide
used in the PCR step above was designed such
that it would ligate to BamHI-cut phoA frag-
ment and form a cytA-phoA in-frame fusion.
For mobilization and replication in R. capsu-
latus, the entire pC42 was linearized with
HindIll and ligated to Hindlll linearized
pUCAG. The resulting pCyt—pho was ob-
tained with the insert in both orientations

pC42pho

and is shown (pCyt:pho). pCyt—phol2 is the HB\fall

by restriction enzyme mapping. This plasmid is designated
pllccll-phoA.

To construct a ccll~phoA plasmid that was mobilizable and
replicates in R. capsulatus, a 4.2-kbp BamHI-HindIll fragment
from pllccll-phoA, containing the ccl1-phoA gene fusion, was
ligated into pUCAG, that was also digested with BamHI and
Hindlll. The resulting ccll-phoA fusion plasmid is designated
pl1-6-1.

Alkaline phosphatase assays and periplasmic fractionations

Alkaline phosphatase activity was detected in bacterial colonies
using the chromogenic indicator 5-bromo-4-chloro-3-indole
phosphate (XP, Sigma Chemical Co.), as described previously
{Manoil and Beckwith 1985). Bacterial cells were broken by son-
ication (Kranz and Haselkorn 1985} and assayed for alkaline
phosphatase activity as described previously (Brickman and
Beckwith 1975). Periplasmic fractions were isolated by a proce-
dure similar to one used by Tai and Kaplan (1985). Pelleted cells
were resuspended to one-third original culture volume in 0.1 M
Tris (pH 8.0), 20% sucrose (wt/wt). After 10 min incubation at

Blgm Blanl
CyA  Ttel .
TCTGAG crrccmr:x:mocrwmrcoc
all 3 ¥ §amHI s
PCR amplification -7
liamHI

k——— + 2Kb BamHI phoA fragment from pPHO7

BamHI B]anI
p 4

oA’ phoA

&,——-—— + pUCAG linearized with HindITI

BamHI

opposite orientation. pCyt—pho constructs are
kanamycin, ampicillin, and tetracycline resis-
tant. All others shown are ampicillin resis-
tant. The cytA-phoA gene fusion plasmids
contain 88 of 116 amino acids of the apocy-
tochrome ¢, protein.
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37°C, lysozyme was added to a final concentration of 100 pg/ml
while stirring. After incubation for 12 min at 37°C, the prepa-
ration was brought to a final concentration of 10 mm ethylene-
diaminetetraacetic acid {pH 8.0) using a 0.25 M stock solution.
After incubation for ~3 min, spheroplasts were pelleted by cen-
trifugation at 10,000g for 10 min. The supernatant, consisting of
outer membrane and periplasmic components, was centrifuged
at 150,000z for 2 hr to pellet outer membrane components. The
resulting supernatant is the periplasmic fraction.

Protein determinations were carried out using a modified
Lowry procedure {Markwell et al. 1978).
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