
Proc. Natl. Acad. Sci. USA
Vol. 90, pp. 2179-2183, March 1993
Genetics

Cytochromes c biogenesis in a photosynthetic bacterium requires a
periplasmic thioredoxin-like protein

(oxsdoreductase/heme/secretion/assembly)

DIANA L. BECKMAN AND ROBERT G. KRANZ*

Department of Biology, Washington University, St. Louis, MO 63130

Communicated by J. E. Varner, December 3, 1992

ABSTRACT Rhodobacter capsulatus is a Gram-negative
photosynthetic bacterium that requires c-type cytochromes for
photosynthetic electron transport. Our studies demonstrate that
the gene helX is required for the biogenesis ofc-type cytochromes
in R. capsulatus. A heLX chromosomal deletion mutant cannot
grow photosynthetically, due to a deficiency of all c-type cy-
tochromes. The predicted amino acid sequence of the helX gene
product (176 residues) is related to that ofthioredoxin and shares
active-site homology with protein disulfide isomerase. Cy-
tochrome cr-alkaline phosphatase gene fusions are used to show
that HeiX is not required for the transcription, translation, or
secretion of apocytochrome c2. HeIX-lkaline phosphatase and
HelX-f3galactosidase gene fusions are used to demonstrate that
HelX is a periplasmic protein, which is consistent with the
presence of a typical signal sequence in HelX. Based on these
results, we propose HelX functions as a periplasmic disulde
oxidoreductase that is essential for cytochromes c biogenesis.
This role is in accordance with the observation that both heme
and the cysteines of apocytochromes c (Cys-Xaa-Yaa-Cys-His)
must be in the reduced state for covalent linkage between the two
moieties to occur.

The c-type cytochromes are electron transfer proteins that are
essential to the mitochondrial electron transport system as
well as to some electron transport systems of prokaryotes.
These cytochromes are differentiated from other cytochromes
by their heme, which is covalently attached by thioether bonds
to the conserved cysteines (Cys-Xaa-Yaa-Cys-His) of the
apoproteins. In prokaryotes, c-type cytochromes are further
differentiated by their subcellular location: they are either
soluble in the periplasm (e.g., cytochrome c2) or oriented
toward the periplasm when inserted in the cytoplasmic mem-
brane (e.g., cytochrome c1 of the bc1 complex). The photo-
synthetic electron transport system in photosynthetic bacteria
such as Rhodobacter capsulatus requires c-type cytochromes
(e.g., cytochrome ci) (1). In this system, electrons are cycli-
cally transferred from the reaction-center complex via ubiqui-
none to cytochrome bc1, then back to the reaction-center
complex via cytochrome c2.

Studies in eukaryotes have shown that apocytochromes c
and c1 are targeted to the mitochondrial intermembrane space
(see ref. 2 for review) and that at least three components-
apocytochromes c, heme, and heme lyase-are required in
the intermembrane space for assembly to occur.
Some components required for cytochromes c biogenesis

in prokaryotes have only recently been described. We iden-
tified six genes at two loci that are required for this process
in R. capsulatus (3, 4). One of these loci contains four genes
called helA, helB, heMC, and or,52 (hereafter called helD),
which are proposed to encode an ABC-type heme transporter
specific to cytochromes c biogenesis (4). Hel-like gene prod-

ucts have also been identified in one other prokaryote, the
symbiotic Gram-negative bacterium Bradyrhizobium japoni-
cum (5). HelA-, HelB-, HeMC-, and HelD-like gene products
called CycV, CycW, 0rf263, and CycX, respectively, are
65% similar to their R. capsulatus counterparts. As is the
case with hel mutants, mutants in cycV, cycW, or cycX are
specifically missing c-type cytochromes (5). Analyses of the
second locus required for cytochromes c biogenesis in R.
capsulatus (4, 6) indicate that two genes, ccll and cc12, are
required for this process (4). ccli encodes a periplasmically
oriented protein that is homologous to several chloroplast
and mitochondrial open reading frames (ORFs) of unknown
function (4). Ccl2 is predicted to be a periplasmic protein
since it has a consensus signal sequence (4).
We report here that a hel-linked gene, helX, is essential for

cytochromes c biogenesis in R. capsulatus. A heLX chromo-
somal deletion mutant cannot grow photosynthetically, be-
cause it is specifically missing c-type cytochromes. We also
show that helX encodes a periplasmic protein that is not
required for the synthesis or secretion ofapocytochrome c2 to
the periplasm.t HeiX is significantly homologous to various
bacterial, algal, and plant thioredoxins and shares active-site
homology with protein disulfide isomerase, as well as Esch-
erichia coli DsbA (7, 8) and Vibrio cholerae TcpG (9). Both
DsbA andTcpG are members ofa class ofperiplasmic proteins
required for disulfide bond formation during the maturation of
some secreted and membrane proteins. Our results suggest
that HelX may function as a periplasmic protein disulfide
oxidoreductase that is specific to cytochromes c biogenesis.
Results with DsbA, TcpG, and HelX underscore the idea that
specific proteins outside of the bacterial cytoplasmic mem-
brane are required to mediate distinct oxidation or reduction
reactions.

MATERIALS AND METHODS
Strains and Plasmids. R. capsulatus SB1003 (10), E. coli

CC118 (11), and the cytochrome c2-alkaline phosphatase
fusion plasmids (4) have been described. Plasmids phelD and
phelDX contain the indicated DNA restriction fragments
(Fig. 1) cloned into pUC118 and into pUCA10, a derivative
of the broad-host-range vector pUCA6 (12). Plasmid
pA1Z118 is a 6.8-kb Xba I-Sal I subclone of pDFH100Bcl
(12) in pUC118 and contains a nifA-lacZ gene fusion.

Plasmid pAhelX contains the EcoRV-Stu I fragment of the
hel locus (Fig. 1) cloned into pUCA10. This construct con-
tains the Sma I-excised kanamycin-resistance cassette from
pUC4 (Pharmacia) in the blunted Rsr II sites of the R.
capsulatus DNA. To construct R. capsulatus AhelX, a chro-
mosomal deletion mutant of heiX, pAhelX was conjugated

Abbreviations: IPTG, isopropyl B-D-thiogalactopyranoside; ORF,
open reading frame; TMPD, tetramethylphenylenediamine.
*To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M96013).
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FIG. 1. Restriction map of the helX locus, including upstream and downstream regions, and the DNA complementation analysis of R.

capsulatus AheiX. The helX chromosomal deletion strain AhelX contains a kanamycin-resistance cassette between the Rsr II sites of helX and
hpt. Plasmids containing the indicated DNA restriction fragments were conjugated into the AhelX strain. Complementation was defined as the
ability to oxidize the cytochromes c-specific electron donor tetramethylphenylenediamine (TMPD) and to grow photosynthetically.

into SB1003 and tetracycline-resistant colonies were se-

lected. The incompatible plasmid pPHlJl (13) was then
conjugated into SB1003(pAhelX). Kanamycin- and gentami-
cin-resistant colonies that were tetracycline-sensitive were

selected and they exhibited a Helh phenotype (i.e., could not
oxidize TMPD and could not grow photosynthetically).
DNA Sequencing and Sequence Analyses. The Sanger dide-

oxy method was used to sequence helX. Both strands were

sequenced according to methods previously described (4).
Searches for related proteins were made in GenBank and
EMBL databases by using TFASTA (14). In these analyses,
optimal alignment scores > 100 were obtained for compari-
sons of HeIX to various thioredoxins and to B. japonicum
0RF132. LFASTA and RDF2 analyses (14) were used to
determine the significance of each of the homologies. In all
cases, scores > 10 were obtained, with RDF2 scores > 10
being significant (14).

Difference Spectroscopy. The R. capsulatus strains were
grown in 500 ml ofRCV medium (12) at 32°C for =40 hr. The
strains were grown aerobically in 2-liter flasks, shaking at 300
rpm. The cells were harvested and suspended in 40 ml of 0.01
M Tris (pH 7.5). This suspension was sonicated for 15 min at
40% power (Branson sonifier 250). Unbroken cells were
removed by centrifugation at 10,000 x g for 10 min. The
supernatant was ultracentrifuged for 1 hr at 200,000 x g. The
supemnatant ofthis centrifugation is called the soluble fraction
and the resulting membrane pellet was resuspended in 2 ml of
0.1 M Tris (pH 7.5). Membrane proteins were solubilized by
addition of 2 ml of 2% (vol/vol) Triton X-100 and incubation

on ice for 30 min, followed by centrifugation at 12,000 x g for
5 min. Reduced (sodium hydrosulfite) minus oxidized (po-
tassium ferricyanide) spectra were obtained on a Beckman
model DU50 spectrophotometer.

Construction ofhelX-phoA and helX-lacZ Fusions. Plasmids
phelX-pho and phelX-lacZ were constructed according to the
strategy used to create the cytA-phoA gene fusions (4); an
oligonucleotide was used to engineer a Sal I site into HelX
(Fig. 2). A phoA gene and lacZ gene were cloned in-frame
into this Sal I site. The phoA fusion vector pPH07 (15) was
kindly provided by Claude Gutierrez (Centre de Biochemie et
de Genetique Cellulaire). The lacZ fusion vector pLKC480
(16) was kindly provided by John Smith (Seattle Biomedical
Research Institute). The junctions of the resulting fusion
plasmids were confirmed by restriction digests and by se-
quence analysis.
Other Methods. Alkaline phosphatase activity was de-

tected in bacterial colonies by the chromogenic indicator
5-bromo4-chloro-3-indolyl phosphate (Sigma) (11). Bacterial
cells were assayed for alkaline phosphatase (17) and (-ga-
lactosidase (18) activity as described. Protein was determined
by a modified Lowry procedure (19).
To isolate periplasmic and cytoplasmic fractions, cells

were grown at 37°C in 500 ml of LB medium (and antibiotic
when necessary) to an OD550 of 0.6. At this point, 2 ml of 0.1
M isopropyl l3-D-thiogalactopyranoside (IPTG) was added
and the cells were cultured to an OD550 of 1.2-2. Cells were
harvested and fractionated as described (20, 21).
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FIG. 2. DNA sequence (noncoding strand) of heiX. The predicted amino acid sequence of HelX is shown above the nucleotide sequence.
Putative ribosome binding sites are underlined and labeled RBS. The maximum putative 37-aa signal sequence is underlined, with potential
cleavage sites indicated by arrows (see text). The sequence of oligonucleotide 26601, which was used to engineer a Sal I site into helX, is shown.
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RESULTS
Sequence Analysis of helX. We previously reported (3, 4)

that four linked genes called helA, helB, helC, and helD are
specifically required for cytochromes c biogenesis in R.
capsulatus and demonstrated that orfJ24, the gene upstream
of helA, is not required for this process (see Fig. 1 for detailed
map). Our continued sequence analysis of the DNA flanking
this locus indicates that four additional ORFs with codon
usage typical of R. capsulatus genes (data not shown) are
present (Fig. 1). The predicted gene products of three of these
ORFs exhibit significant homology to known proteins and
were thus named accordingly. One of these ORFs, hpt, is
transcribed opposite to the hel genes; its predicted gene
product is homologous to various hypoxanthine (guanine)
phosphoribosyltransferases (22). We designated the two
ORFs upstream of orfJ724 as secD and secF because their
predicted gene products are homologous to E. coli SecD and
SecF (ref. 23 and unpublished work). E. coli SecD and SecF
are reported to be cytoplasmic membrane proteins that
contain a large periplasmic domain and are essential for
protein export (23). Chromosomal inserts in the R. capsula-
tus secDF locus could not be constructed (3). This inability
suggests that, like secDF of E. coli, these are essential genes
in R. capsulatus.
Overlapping the translational stop of helD is an ORF we

designated heiX. HelX comprises 176 aa (Fig. 2). Five of the
first 32 aa of this predicted gene product are methionines.
However, since only the methionine codon at nt 213 is
preceded by a putative ribosome binding site and since this
region contains good codon usage for R. capsulatus, this
methionine codon is presented as the translational start
codon of HeiX. A typical bacterial signal sequence is present
at the amino terminus of this ORF. Bacterial signal sequences
are typically 15-30 aa long and contain a net positively
charged region 5-8 aa in length, followed by an 8- to 12-aa
central hydrophobic core, a predicted "turn," and a polar
region of 5-7 aa that terminates with a site for signal cleavage
(24). According to the "-3, -1 rule" (25), only residues that
have small neutral side chains (e.g., Ala, Gly, Ser, and Thr)
can occupy positions -3 and -1 preceding the cleavage site
(26). While prokaryotic signal sequences often contain a Pro
or turn-promoting residue at the junction between the hy-
drophobic core and cleavage regions (26), this residue has
been shown not to be essential for transport (27). According
to these criteria, four potential cleavage sites are present
within the first 37 aa residues of HelX, with the minimal
predicted signal sequence comprising the first 14 aa, and the
maximum 37 aa (Fig. 2).

Inactivation of heLY. To determine whether helXis required
for cytochromes c biogenesis, a helX chromosomal deletion
mutant (AhelX) was constructed as described in Materials
and Methods. Southern blots of AhelX genomic DNA con-
firmed that helX was replaced with the kanamycin-resistance
cassette (data not shown). The R. capsulatus AhelX strain
was unable to grow photosynthetically but grew under aer-
obic conditions. Additionally, theAhelX strain was unable to
oxidize the cytochrome c-specific electron donor TMPD. The
AhelX strain was complemented to a wild-type phenotype by
a plasmid containing helX and helD (plasmid phelDX), but
not by a plasmid containing only helD (phelD, Fig. 1). As
expected, these complementation results also indicate that
hpt is not involved in the mutant phenotype.

Hydrophilicity Analysis and Homology Comparisons. HelX
is a predominantly hydrophilic protein with the only hydro-
phobic region contained within the first 20 residues of the
predicted signal sequence (Fig. 3).
The TFASTA (14) program was used to search the GenBank

(Version 73) and EMBL (October 1992) databases for HelX-
related proteins. HelX showed significant homology to bac-
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FIG. 3. Hydrophilicity analysis of HelX. The analysis was per-
formed using a window length of 19 residues (28) with programs from
the Wisconsin Genetics Computer Group (29). Regions with values
of >0 are hydrophilic; regions of <0 are hydrophobic, with regions
below -1.6 being predicted transmembrane regions (28).

terial, algal, and plant thioredoxins (see refs. 30 and 31 for
reviews on thioredoxin). Of the first nine significant matches,
eight were to thioredoxins, with the ninth match being to B.
japonicum Orf132 (see below). Interestingly, although pro-
karyotic thioredoxins are -509o identical to each other (31),
HelX is only 25% identical and 53% similar to the thioredoxin
of the closely related Rhodobacter sphaeroides and only 23%
identical and 49% similar to the thioredoxin of E. coli (Fig. 4
A and B). The greatest degree ofhomology (39% identical, 63%
similar; data not shown) was obtained with the thioredoxin-
like orfl32-encoded protein of B. japonicum (5). Although
orJ732 is adjacent to hel-like genes in B. japonicum, a kan-
amycin-resistance cassette could not be inserted into the
chromosomal orfJ32 (5). Thus, a specific role in cytochromes
c biogenesis could not be confirmed and further analogies to
the B.japonicum system are not possible. HelX does not have
significant overall homology to either E. coli DsbA or V.
cholerae TcpG (see Introduction), but it does have the pur-
ported consensus active site of DsbA (ref. 7; Fig. 4 B and C).

Spectral Analysis of AhelX. We used difference spectros-
copy to show that R. capsulatus AhelX was specifically
missing all c-type cytochromes. Reduced-minus-oxidized
spectra of cytochromes extracted from the AhelX strain show
that this mutant is lacking soluble and membrane-bound
c-type cytochromes (-552 nm) but has b-type cytochromes
(560 nm) (Fig. 5). Similar results were obtained for AhelAB
and Acc1l2 mutant strains (unpublished work). SDS/PAGE
was used to separate proteins from wild-type and AhelX cells;
heme-stained proteins of membrane and crude sonicated
extracts confirmed that all c-type cytochromes are absent in
AhelX (data not shown). These results are identical to those
previously reported for hel mutants (3).
Apocytochrome Secretion Is Independent of HeIX Function.

To determine whether the mutant phenotype of AhelX was
due to a defect in the transcription, translation, or secretion
of apocytochrome c2 to the periplasm, we assayed the
alkaline phosphatase activity of the AhelX strain containing
a cytochrome c2-alkaline phosphatase gene fusion plasmid.
Alkaline phosphatase gene (phoA) fusions are useful in
secretion studies because alkaline phosphatase is active only
if it is secreted into the periplasm (see ref. 35 for review). R.
capsulatus AhelX synthesized and secreted the cytochrome
c2-alkaline phosphatase fusion protein at a level similar to
that produced by the wild-type strain (Table 1). These results
prove that HelX is not required for the transcription, trans-
lation, or secretion of apocytochrome c2.
HelX Is a Periplasmic Protein. We constructed helX-phoA

and helX-lacZ gene fusions to confirm the use of the con-
sensus signal sequence of HelX. Although R. capsulatus
strains containing the helX-phoA fusion showed alkaline
phosphatase activity (data not shown), the levels of activity

Genetics: Beckman and Kranz
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FIG. 4. (A) Pairwise alignment of
HeIX and R. sphaeroides thioredoxin
(32) with E. coli thioredoxin (33). The
program BESTFIT (29) was used to create
this alignment. (B) Degree of homology
between HeiX and E. coli thioredoxin
(33), R. sphaeroides thioredoxin (32), rat
hepatic protein disulfide isomerase (PDI)
(34), V. cholerae TcpG (9), and E. coli
DsbA (7). Percent similarities are shown,
with percent identity in the parentheses;
nonsignificant homologies are indicated
(N.S.). These values were obtained from
the program BESTFIT (29). (C) Homology
at the active site. HelX residues 62-84
are aligned with the region surrounding
the catalytic site of R. sphaeroides thio-
redoxin (Trx) (32), E. coli thioredoxin
(33), rat hepatic PDI (34), V. cholerae
TcpG (9), and E. coil DsbA (7). Arrow-
heads mark residues conserved between
the thioredoxins and HeIX that are not
conserved in TcpG or DsbA.

were much higher when expressed from the lacZ promoter in
E. coli. Periplasmic and cytoplasmic fractions of E. coli cells
containing the HelX-PhoA or the NifA-LacZ fusion protein
were assayed, respectively, for alkaline phosphatase or (-ga-

lactosidase activity (Table 2). The NifA-LacZ fusion protein
(12) was used as a cytoplasmic reporter. This fusion con-
struct, which is also directed from the lacZ promoter, con-
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WAVELENGTH (nm)

FIG. 5. Reduced-minus-oxidized spectra of Triton X-100-
solubilized membranes (Lower) and soluble cytochromes (Upper)
from AhelX ( ) and the wild-type strain SB1003 (-). The c-type
cytochromes show peaks at 552 nm and the b-type cytochromes at
560 nm. The extracts in each spectra are at equal protein concen-
trations.

tains the amino terminus of NifA, a DNA-binding regulatory
protein. Periplasmic fractions of E. coli cells containing the
helX-phoA gene fusion were 50-fold enriched for alkaline
phosphatase activity when compared with the 3-galacto-
sidase activity of the cytoplasmic fractions (Table 2).
When the helX-lacZ fusion was expressed from the lacZ

promoter in E. coli, IPTG-induced lethality occurred (data
not shown). This lethality is consistent with the concept of
hybridjamming, which occurs when the /3-galactosidase part
of the fusion protein interferes with the export machinery,
resulting in the jamming of the export process (36, 37). This
IPTG-induced lethality suggests that HeIX is secreted into
the periplasm via a general secretory route.

DISCUSSION
We report here a gene, heLX, whose product is specifically
required for the biogenesis of c-type cytochromes in the

Table 1. Alkaline phosphatase activities of bacteria with
cytA-phoA gene fusions

Alkaline phosphatase
Strain activity

SB1003 140*
SB1003(pCytphoA) 12,000
AhelX 200*
AhelX(pCytphoA) 13,100

Activities with whole cells are measured in OD units/min per mg
of protein. See Table 2 for assay conditions. Averages of three
experiments are shown. The variability between AhelX(pCytphoA)
and SB1003(pCytphoA) was always less than the variability between
SB1003(pCytphoA) experimental values. Results were confirmed by
plate assays using the indicator 5-bromo-4-chloro-3-indolyl phos-
phate (data not shown). Cells were grown in RCV basal medium with
incubation at 34°C. Aerobic growth conditions were used and anti-
biotics were added to the medium with strains containing plasmids.
*R. capsulatus backgrounds differ, depending on amounts of pho-
topigments (which vary with strains).

B
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Table 2. Specific activities of fusion proteins in fractions

HelX-PhoA NifA-LacZ
Fraction activity activity

Whole cells 3,500 10,700
Periplasmic fraction 26,200 4,300
Cytoplasmic fraction 2,100 18,000

Values are averages oftwo separate trials with five assays per trial.
Fractionations were performed as described in Materials and Meth-
ods. Activities are measured in OD units/min per mg of protein.
Alkaline phosphatase (PhoA) OD units are defined as OD420 x 1000
after incubation in 2.2-ml assay volume at 37°C with o-nitrophenyl
phosphate. 13-Galactosidase (LacZ) OD units are defined as (OD420/
0.0045) x volume in 3.4 ml after incubation at 37°C with o-nitrophe-
nyl phosphate. Cells were grown in LB medium with incubation at
37°C. Aerobic growth conditions were used and antibiotics were
added to the medium with strains containing plasmids. All fractions
reported here were sonicated.

photosynthetic bacterium R. capsulatus. The chromosomal
deletion mutant AhelX is specifically missing c-type cy-
tochromes. Cytochromes c deficiencies were indicated by the
inability of AhelX to oxidize the cytochromes c-specific
electron donor TMPD, the inability to grow photosyntheti-
cally, and the absence of c-type cytochromes as detected
either spectrally or with denaturing protein gels stained for
heme. HeIX is homologous to various thioredoxins and is not
required for the transcription, translation, or transport of
apocytochrome C2 to the periplasm. We created and used
helX-phoA and helX-lacZ gene fusions to confirm that HelX
is a periplasmic protein as suggested by its signal sequence.
These results indicate that a periplasmic thioredoxin-like

protein is required specifically for cytochromes c biogenesis.
Recently, an E. coli periplasmic disulfide oxidoreductase has
been identified that is essential for the in vivo formation of
disulfide bonds of some secreted and membrane proteins (7,
8). This protein, DsbA, appears to represent a novel class of
periplasmic disulfide oxidoreductases (7). Another member of
this class has been reported: TcpG is a V. cholerae periplasmic
protein that is 40% identical to DsbA and has been shown to
have disulfide oxidoreductase activity (9). Neither DsbA nor
TcpG has overall significant homology to bacterial thioredox-
ins, although their putative active sites have a Cys-Pro-His-
Cys domain (vs. Cys-Xaa-Pro-Cys for thioredoxin and Cys-
Gly-His-Cys for protein disulfide isomerase). In contrast,
HeIX has significant overall homology to bacterial thioredox-
ins, albeit at a lower level than that observed when individual
bacterial thioredoxins are compared with each other. HelX
also has a cysteine domain, Cys-Ala-Pro-Cys, which is more
like that of thioredoxin (see Fig. 4C). Based on these obser-
vations, we propose that HelX represents a different class of
periplasmic disulfide oxidoreductase.

It is clear that the function of HelX is not the same as that
of DsbA. Alkaline phosphatase itself requires disulfide bonds
(in E. coli via oxidation by DsbA), presumably for proper
folding, yet high levels of alkaline phosphatase activity were
observed in both the R. capsulatus wild-type and AhelX
strains containing the cytochrome c2-alkaline phosphatase
gene fusion.
The simplest function envisioned for HelX is to retain

cysteine residues of apocytochromes c (Cys-Xaa-Yaa-Cys-
His) in a reduced state prior to heme ligation. In vitro studies
suggest that these cysteine residues must be reduced for this
reaction to occur (38). Another possible function of HelX
would be to keep heme or some other biosynthetic compo-
nent reduced. In vitro experiments using intact mitochondria
have demonstrated that heme must be in a reduced state to
be ligated to apocytochromes c (39) or cl (40). In these
experiments, heme reduction was achieved by addition of
NADH and a flavin nucleotide. It remains to be determined

whether specific thioredoxin-like components are required in
mitochondria (or chloroplasts) for cytochromes c biogenesis.
We have already noted that Ccl- and Hel-like components are
encoded by chloroplast genomes (4) and, very recently, we
have discovered liverwort mitochondrial (41) homologs to R.
capsulatus Ccll, HelB, and HelC (unpublished work).
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