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ABSTRACT: The complete nucleotide sequence of the cytochrome c-554 gene from the green photosynthetic
bacterium Chloroflexus aurantiacus has been determined. The derived amino acid sequence showed that
the cytochrome precursor protein consists of 414 residues and contains 4 -Cys-X-X-Cys-His- heme binding
motifs. The only regions of the cytochrome ¢-554 sequence that were found to be significantly similar to
the sequences of cytochromes from other organisms were the heme binding sites. The highest similarity
was found with the heme binding segments in the four-heme reaction center cytochrome subunit from the
purple photosynthetic bacterium Rhodopseudomonas viridis. The importance of this similarity for the
evolutionary relationship between Chloroflexus and the purple bacteria is discussed.

Chloroflexus aurantiacus is a thermophilic green photo-
synthetic bacterium found in hot springs around the world
(Pierson & Castenholz, 1974; Ward et al., 1989). According
to a phylogenetic tree based on 16S rRNA sequence com-
parisons, it appears to have diverged from other photosynthetic
organisms at a very early point in time and thus has a unique
evolutionary history (Woese, 1987). However, a phylogenetic
tree based on sequences of pheophytin—quinone-type reaction
centers places C. aurantiacus much closer to the purple bac-
teria than is indicated by 16S rRNA analysis (Beanland, 1990;
Blankenship, 1992). The meaning of this discrepancy is un-
clear, but may indicate that lateral gene transfer of photo-
synthesis genes has taken place. A variety of spectroscopic
and kinetic data shows that C. aurantiacus contains a pe-
ripheral chlorosome antenna system similar to that of the green
sulfur bacteria, but a reaction center and an integral membrane
antenna complex similar to that of the purple photosynthetic
bacteria (Blankenship & Fuller, 1986; Zuber, 1987; Amesz,
1991).

The C. aurantiacus reaction center consists of two subunits,
L and M (Pierson et al., 1983; Shiozawa et al., 1987;
Blankenship et al., 1988). The complete DNA sequence of
the genes encoding these two proteins revealed considerable
homology to the purple bacterial reaction center L and M
subunits (Ovchinnikov et al., 1988a,b; Shiozawa et al., 1989).
No evidence exists for an H subunit in reaction centers from
C. aurantiacus (Pierson et al., 1983; Shiozawa et al., 1987;
Blankenship et al., 1988).

In purple bacteria, two different types of photosynthetic
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reaction center complexes are known. In one type, the reaction
center complexes have L, M, and H subunits. The L and M
subunits are integral membrane proteins and form the core
of the reaction center (Deisenhofer et al., 1985; Michel et al.,
1986; Allen et al., 1987). The H subunit is attached to the
cytoplasmic side of the reaction center and is not required for
the initial electron-transfer steps (Debus et al., 1985). In the
other type, the reaction center complexes possess a cytochrome
subunit with four ¢-type hemes in addition to the L, M, and
H subunits. The cytochrome is attached to the periplasmic
side of the reaction center and is either tightly bound to the
reaction center as in Rhodopseudomonas viridis (Deisenhofer
et al., 1985) or easily removed by detergent as in Rhodocyclus
gelatinosus (Fukushima et al., 1988). The tetraheme cyto-
chrome donates an electron to the bacteriochlorophyll dimer
(BChl,) that is oxidized in the first step of the light-induced
charge separation. Both types of reaction center are widely
distributed in the o« group of purple bacteria. The reaction
center—cytochrome complex is present in all photosynthetic
species belonging to the 8 group (e.g., Rhodocyclus gelati-
nosus) and the v group (e.g., Thiocapsa pfennigii, Chroma-
tium tepidum) of purple bacteria for which this determination
has been made (Fukushima et al., 1988; Seftor & Thornber,
1984; Nozawa et al., 1987). It has been suggested that the
ancestral purple bacterium had a reaction center with a
four-heme cytochrome subunit that has been lost in several
independent lines (Matsuura & Shimada, 1990).

Recently, tetraheme cytochromes were discovered in the
green sulfur photosynthetic bacterium Chlorobium limicola
and in the Gram-positive bacterium Heliobacterium chlorum
(Feiler et al., 1989; Nitschke et al., 1990). This result is
surprising, because these organisms have a very different type
of reaction center complex (Amesz, 1991). The ubiquitous
presence of the multiheme cytochrome in all the major groups
of anoxygenic photosynthetic prokaryotes indicates that it may
be a characteristic of the very earliest reaction centers.

C. aurantiacus also possesses a membrane-bound four-heme
cytochrome ¢ which does not copurify with the reaction centers
but serves as the immediate electron donor to the oxidized
BChl, in whole cells and membrane particles (Bruce et al.,
1982; Zannoni & Venturoli, 1988; Freeman & Blankenship,
1990). This cytochrome appears to be similar to the cyto-
chrome subunit of the reaction center from R. viridis, for
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which the primary and three-dimensional structure is known
and some thermodynamic and kinetic properties have been
investigated (Deisenhofer et al., 1985; Weyer et al.,, 1987a;
Shopes et al., 1987; Alegria & Dutton, 1987; Dracheva et al,,
1988; Nitschke & Rutherford, 1989; Knaff et al., 1991). All
four hemes of the tetraheme cytochrome from C. aurantiacus
can be distinguished by their midpoint redox potentials and
orientations with respect to the plane of the membrane, but
have the same a-band absorbance maximum at 554 nm.
(Freeman & Blankenship, 1990; Van Vliet et al., 1991).
Accordingly, this cytochrome has been designated cytochrome
¢-554. The existence of a cytochrome that is functionally
associated with the reaction center strengthens the similarity
of the C. aurantiacus reaction center to that of purple bacteria.
To yield some additional information on the similarities be-
tween the mechanisms of photosynthesis in purple bacteria and
C. aurantiacus, we have determined the primary structure of
cytochrome c¢-554.

MATERIALS AND METHODS

Enzymes, Chemicals, Cell Growth, and Protein Purification.
Restriction endonucleases and other enzymes used in molecular
cloning were obtained from Stratagene (La Jolla, CA), New
England Biolabs (Beverly, MA), or Boehringer Mannheim
(Indianapolis, IN).

[@-*?P}dATP and [**S]dATPaS were purchased from Du-
Pont~NEN Products (Boston, MA). All other chemicals were
reagent grade.

C. aurantiacus strain J10-f1 was grown under high-light
conditions in modified medium D (Pierson & Castenholz,
1974) at 55 °C. Escherichia coli strain DHS5« (Hanahan,
1983) was obtained from Gibco BRL.

Cytochrome ¢-544 from C. aurantiacus was isolated ac-
cording to Freeman and Blankenship (1590).

Isolation of Protein Fragments and Amino Acid Sequenc-
ing. The covalently bound hemes were removed from the
native protein according to the method of Ambler and Wynn
(1973) using mercury chloride in acidic urea. After separation
of the apoprotein from hemes and salts in 5% formic acid, an
aliquot of 40 nmol of apoprotein was dried and digested with
Staphylococcus aureus protease at pH 8.0 using an en-
zyme:substrate ratio of 1:40. A second aliquot of 3 nmol was
subjected to partial acid hydrolysis in 2% formic acid for 90
min at 107 °C.

The peptides were separated by reversed-phase HPLC on
a Vydac 214TP54 column using a gradient of 0.1% tri-
fluoroacetic acid in water (solvent A) and 0.1% trifluoroacetic
acid in acetonitrile (solvent B). Peptides were sequenced using
a 477A pulsed liquid sequenator with on-line detection of
phenylthiohydantoin (PTH) amino acids (Applied Biosystems).

Isolation of DNA. C. aurantiacus chromosomal DNA was
isolated using a modification of the method described by
Williams et al. (1983). After lysozyme and protease treatment,
the cell mass was extracted with phenol. The aqueous phase
was collected and extracted once with phenol/chloroform (1:1,
by volume) and once with chloroform. After 2 volumes of
ethanol were added, the DNA was spooled out, rinsed with
80% ethanol, dried, and resuspended in 10 mM Tris-HCl/1
mM EDTA, pH 8.0. The DNA was treated with RNase,
extracted once with phenol, once with phenol/chloroform, and
once with chloroform, and precipitated in ethanol.

Plasmids were prepared using the alkaline lysis method
(Sambrook et al., 1989).

Preparation of PCR Probe. The amino acid sequences of
several fragments of C. aurantiacus cytochrome c-554 have
been chemically determined (Freeman, 1989; Van Beeumen
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et al., unpublished results). To obtain a DNA probe which
could be used to identify the cytochrome ¢-554 gene, chro-
mosomal DNA encoding a cytochrome ¢-554 fragment of 90
amino acids was amplified by the polymerase chain reaction
(PCR) method. This fragment was obtained starting from
the amino acid sequences of 2 peptides which were located at
the N- and the C-terminal ends of the 90-residue fragment.
The peptides, called S42 and HS0, were obtained from
cleavage of the apoprotein with S. aureus protease and with
2% formic acid, respectively. Details of their purification will
be published elsewhere (Van Beeumen et al., unpublished
results). The amino acid sequence of peptide S42 was Leu-
Asn-Pro-Ala-Gly-Asp-Asn-Val-Leu-Asn-Pro-Leu-Tyr-Ala-
Tyr-Asn-Lys-Leu-Lys-Ala-Gln-Arg-Met-Leu. The sequence
of HS0 was Gly-Gln-lle-Tyr-Asn-Val-Pro-Gly-(?)-
Tyr-Thr-(?)-His-Gln-Gly-Asn-Asn-Ile-Pro-Leu-Ala-Ser-Ile-
Asn-Gln-Ala-Asn-Ile-Pro-Ser-Gly. Because of the presence
of His in HS0 and the absence of any PTH residue at the
previous Edman step and at the one four steps ahead of his-
tidine, it was assumed that these positions were taken by
cysteine, in accordance with the heme binding sequence
Cys-X-X-Cys-His of nearly all known cytochromes ¢ (Ambler,
1982). The underlined stretches of sequence were used to
design the PCR primers as they yielded the least degenerate
base sequence upon back-translation. To further reduce de-
generacy, the codon usages of the genes encoding the C. au-
rantiacus reaction center L and M subunits (Ovchinnikov et
al., 1988a,b; Shiozawa et al., 1989) and 5.7-kDa chlorosome
protein (Theroux et al., 1990) were taken under consideration.
The primers were synthesized as 2 mixtures, containing 64 and
16 species of oligonucleotides.

The PCR was performed in a reaction containing 0.4 ug of
chromosomal DNA in the presence of 100 pmol of each primer
and 200 uM dNTPs. Twenty-five cycles of denaturation at
94 °C for 1 min, primer annealing at 50 °C for 2 min, and
extension by Tag polymerase (Perkin-Elmer Cetus) at 72 °C
for 3 min were used. The DNA products from the PCR were
fractionated in a 3% NuSieve agarose gel. The appropriate
size DNA band (231 base pairs) was cut from the gel and used
as a probe for the cytochrome c-544 gene.

Labeling of the probe was performed using Klenow enzyme
and random oligonucleotide primers obtained in kit form from
Boehringer Mannheim. Testing for label incorporation on
Whatman DE-81 paper was done as described by Sambrook
et al. (1989).

Cloning of the Cytochrome c-544 Gene from Genomic DNA.
The location of the cytochrome ¢-544 gene in restriction en-
donuclease digested C. aurantiacus chromosomal DNA was
determined by Southern blotting. After agarose gel electro-
phoresis, the denatured DNA was transferred to Gene Screen
Plus (DuPont NEN Products) and hybridized according to
the manufacturer’s protocol. The DNA from the digest regions
which hybridized with the PCR probe was eluted from the
agarose gels, ligated into the polylinker region of the plasmid
pUC19, and transformed into £. coli DHS« cells to create a
clone library enriched for the target fragments. E. coli cells
were screened for ampicillin resistance and absence of §-ga-
lactosidase activity. Positive transformants were then further
screened by colony hybridization with the same PCR probe.

Restriction fragments of the cloned DNA that hybridized
with the probe were incorporated into the phage vectors M13
mpl8 and mp19 in order to provide templates for sequence
analysis.

DNA Sequence Analysis. Sequencing of single-stranded
DNA templates was performed by the dideoxy chain-termi-
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FIGURE 1: Southern blot of restriction enzyme digested C. aurantiacus
chromosomal DNA and isolated pCEN12 clone plasmid DNA. (A)
Ethidium bromide stained agarose gel; (B) autoradiograph of the
blotted DNA after hybridization with the PCR probe. Lane I, C.
aurantiacus DNA digested with Narl; lane 2, C. aurantiacus DNA
digested with EcoRI; lane 3, C. aurantiacus DNA digested with EcoRI
+ Narl; lane 4, A DNA digested with HindIl1I; lane 5, pCEN12
plasmid DNA digested with EcoR1 + Hindlll; lane 6, pCEN12
plasmid DNA digested with Nrul; lane 7, pCEN12 plasmid DNA
digested with Nrul + Hindlll; lane 8, pCEN12 plasmid DNA digested
with Sall + Hindl1l; lane 9, pCEN12 plasmid DNA digested with
EcoRIl + BamHI. The part of the blot containing digested chro-
mosomal DNA (lanes 1-3) was exposed longer than that containing
pCENI12 plasmid DNA (lanes 4-9).

L]

nation procedure of Sanger et al. (1977) using modified T7
polymerase (Sequenase). The manufacturer’s (USB) in-
structions were followed. Some regions were sequenced by
the use of synthetic oligonucleotide primers. To minimize
secondary structure in the sequencing products, gels containing
40% formamide as well as the substitution of a nucleotide
analogue for dGTP (dITP) were used.

Computer Analysis of Sequences. DNA and derived protein
sequence data were analyzed using the GCG sequence analysis
software package version 7.0 (Devereux et al., 1984) and the
GENEBEE package of computer programs (Brodsky et al.,
1991). The structural analysis of the reaction center cyto-
chrome subunit from R. viridis was done using file IPRC from
the Brookhaven databank and a Silicon Graphics Iris
workstation with the Quanta software package.

RESULTS

The C. aurantiacus chromosomal DNA was resistant to
digestion by restriction enzymes as has been previously re-
ported (Robinson et al., 1987; Shiozawa et al., 1989). Only
four enzymes, EcoR1, Kpnl, Clal, and Narl, digested the
DNA. The PCR probe (see Materials and Methods) hy-
bridized to different bands obtained by electrophoresis of C.
aurantiacus chromosomal DNA that had been digested with
these four enzymes. The DNA from the 9.0-kb EcoRI, 2.8-kb
Narl, and 2.4-kb EcoR1 + Narl digest regions that hybridized
with the probe (see Figure 1, lanes 1-3) was ligated into
pUCI19 which had been restricted with EcoRI, Accl, and
EcoRI + Accl, respectively, and then transformed into E. coli
cells to create enriched clone libraries. E. coli cells which were
not sensitive to ampicillin and had no §-galactosidase activity
were screened by colony hybridization with the same PCR
probe.

Several libraries (900 transformants total) from EcoRI and
Narl digests were examined, but no clones which hybridized
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FIGURE 2: Restriction map, open reading frames, and sequencing
strategy of the cloned Narl-EcoRI fragment, containing the cyto-
chrome ¢-554 gene. Boxed regions indicate the location of the cy-
tochrome c-554 gene and ORF2. Arrows show the parts of subclones
that were sequenced. The map is drawn so that the transcription of
the cytochrome ¢-554 gene and ORF2 would proceed from left to right.

with the probe were found. Only when analyzing the library
of C. aurantiacus DNA digested with EcoRI and Narl si-
multaneously was the positive clone found. The clone
(pCENI12) grew very slowly relative to cells transformed with
other plasmids. This indicates that the foreign fragment in
pCENI12 plasmid DNA might be expressed and the product
is probably toxic to E. celi cells.

Figure 1 shows a Southern blot of C. aurantiacus chro-
mosomal DNA digested with Narl, EcoRI, and EcoRI + Narl
(lanes 1-3) and plasmid DNA from pCEN12 digested with
several different restriction enzymes (lanes 5-9). The hy-
bridization pattern indicates that the EcoRI-Narl fragment
cloned in pCEN12 (lane 5) is the same size as the chromo-
somal EcoRI-Narl fragment that hybridizes with the PCR
probe (lane 3). Since the Narl site of the fragment was lost
after ligation with the Accl site of pUCI19, the adjacent
Hindlll site of the polylinker was used. Strong hybridization
of the pCENI12 plasmid DNA insert to the PCR probe implied
that the C. aurantiacus cytochrome ¢-554 gene (or part of that
gene) was situated inside the pCEN12 plasmid.

The restriction map of the pCEN12 plasmid DNA insert
and the sequencing strategy are shown in Figure 2. It was
found by Southern blotting of restricted plasmid DNA from
pCEN12 (see Figure 1, lanes 6-9) that the PCR probe hy-
bridized to the Sal/l-Nrul fragment of the insert. This frag-
ment and later the Hindl11-BamHI1 and BamHI-Nrul frag-
ments were subcloned into M13 mpl8 and M13 mp19 phage
vectors. The complete sequence of both strands of the Hin-
dI11-Sall fragment was obtained. The bulk of the sequencing
was performed with a universal M13 primer and the two
primers which had been used for preparation of the PCR probe
(see Materials and Methods). Two more sequencing primers
were synthesized on the basis of the newly obtained nucleotide
sequence. The nucleotide sequence of the 1.74-kb HindIII-
Sall fragment from the pCEN12 plasmid DNA insert and the
derived amino acid sequence are shown in Figure 3.

Using a codon frequency table produced by the three pub-
lished C. aurantiacus genes (Ovchinnikov et al., 1988a,b;
Shiozawa et al., 1989; Theroux et al., 1990), a codon pref-
erence plot was generated by a statistical program written by
Gribskov et al. (1984) for identification of potential genes.
Two open reading frames (ORFs) were discovered with codon
usages similar to that of these C. aurantiacus genes (Figure
4). The derived gene product of the ORF1 consisted of 414
amino acid residues and carried 4 heme ¢ binding motifs
(-Cys-X-X-Cys-His-), as well as the sequence of peptides S42
and H50 (see Materials and Methods). Therefore, the ORF1
encodes the cytochrome ¢-554. A stop codon for the ORF2
inside the Narl(Hindl11)-Sall fragment was not found, so this
putative ORF probably continues after the Sall site. A
computer search through the SwissProt (release 17) protein
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CGCCGATAA%ATCGGTTCG&CGATCTGGA&CAGGAGAGGCCCATGCAATCGTCACGACCAAGTGATCGGCAATTGGCGATCGTTGTTTCG
M Q s s R P S DR QL ATIV VS

GTGGCGGTGéGAATCGTTG&CGCGGTCATTACGACGGCCACCTTCTGGTGGGTATACGATTTGACGTTAGGCCGTGCGCAACGGGAGGCC
vV AV I VV AV I TTATT FWWUVYDULTULGURAIQREA

GCACAAACAéCCGGTGCACéCTGGAGTCCAAGTGACGGGATTAAAGTTA&CACCAGCTCACCTCCGGTCACTCCCACCGATGGCCGCCAG
A Q T A GAURWS P SDGTI KV IT s s 9P P VTZPTUDGRQ

AACTGGATGéGTACGCAGGéATGGAACGAAGGAGTACAG&CTGGTCAGG&CTGGATCCAACAGTATCCAAATACGGTAAATGTCCAGGTG
N W M G T Q A WNETGV QA GQAWIOQQYZPNTUVNVQV

CTGATTGGGATGAGTTCAGéCCAAATCTGéACGTACATGéAGCAGTATGTTTCGGGTGCCCTTGGCGTTGGTTGTCAATATTGTCACAAC
L I G M S S A QI W T Y MO®QQY VS GAULGV VG C QY CHN

ATCAACAACéTTGCCAGTGATGAATATCC&CAGAAGATTGCCGCCCGGAACATGTTGCGTCTGGTGCGTGACGTAAATGCAGAGTTCATT
I NN F A S DEY P Q K I AARNMILU ERILVIRDUVVNATZETFTI

GTCAACCTCéCCAACTGGCAGGGGAATTA%GTCCAGTGCGCAACCTGTCATAACAATGCACCTAATAATCTTGAGGGATTCGGTGCTCAA
VvV N L P N W Q G N YV QCATT CHNDNNATPNNUDNILEGT FGAQ

TTTATCAATiCGGTGCCAC&GATTAAGGTAACGGTTGATéCGCTCGATGCCAATGGAATGGCGATCCTTGACCCGGCGCAGAAGCCCGAA
F I N s v p P I KV TV DZPULDAUNGMATIULDZ PA AU QI KT?PE

GCGATTCGCéAGCCGGTGCiGCTCAAAGA%GCCATCCTCfTCTATATTTACAATTATCA&GTCTGGAAG&CATTCGATCéCAATGATCCC
AI R E P V L L K DA TIULF Y I Y NYQV W KUPTFUDU&PNTDFP

GAAAGTGGG&GTGGTTCAC%TGCCCTGAC&TATGATGGCéGTCGCACGCAGGATCAGGTéACCATTAACéAGAACGTGA&GAATTATCAA
E S GR G S L ALTYDGGU RTOQDOGQEVTTINA QNWVWVMNYDQ

GCCTGGTCG&TTGGGGTTG&CTGTACGTTéTGTCACAAC&CGCGTAACTiTGTGGCCTA%GAGCTGAATCCGGCTGGCGATAATGTCCTT
A W S5 L GV 66 ¢C T F CHNS RNV FV A Y E L NP A G D N V L

Peptide S42

AATCCGCTGTACGCCTACAATAAGTTGAAéGCACAACGTATGTTACTGCiGACAACCTGGCTGGCCGAGAACTGGCCGCGCTACGGCGCG
N P L Y A Y N K L K A Q R M L L L T T W UL A ENWP R Y G A

ATTGCTAAA&CGGAAATTC&TACCGGTAG&GGTGCAGCCAGCCGCTATTéGTACCAGCGiCTGGGTGATéGTCAGATTTACAATGTGCCC
I AX P E I P T G S G A A S R Y S Y QR L G D G @ I Y N V- P
Peptide H50

GGCTGTTACACCTGCCACCAGGGGAATAA&ATCCCACTGéCGTCAATCAATCAGGCCAA%ATTCCATCTéGTGATGCAGéGATTGTGGTC
6 ¢ Y T ¢C H Q G N N I P L A S I N Q A N T P S G D A G I V V

TTACCACCTCAAATTCGCGGACGGTARACGATCGTGTTGAAGGGGGCGTGAATGCGCCCCCGCGCCATCAATGCGCTAGAGAGCATTTCC
L PP QIR G R *

CATGAGCGACATGAGCGATCAAACCAGGC&ATCTTCTCCTCCGTCGCTACCCCTACACAAACAGCCCCAATCGCGCTATGCATGGTTGGT
M s DM s$sDQT RULS S PP S L P L HIKIGQPIQS R Y AWILV

GCGTTCAAT&CAGTTGATGAAACCGGTCA&CTGGTTCGCACCAACCTGGéCCTTTATGTéTGGCGCTATiGCCAGCGGTéCCCTGGGCTé
R 858 I ¢Q L M K P VT W F AUPTWATFMTCGATIA ASGAULGW

GAATGAGTCéATTGGCCGTéTGCTCCTTGéTATGTTTATéGCCGGTCCCATCCTGTGTGéCCTGTCACAAGTCGTCAACéATTACGCCGA
N E S I G R L L L GMVFMAG?PTIULCGIL S QV VNDYATD

CCGTGAAGTéGATGCTATCAATGAGCCGCATCGCCTCAT%CCTTCGGGGéAGGTCTCATiACGGCACGTéTATATTTTGACCGCTGTCC%
R EV D ATINEU®PHURULTIUZPS GQV S L RHV Y I L TAUVL

CACCTGGATCGGAGCGAGTATTGCCCTTTTCCTGG 1745
T W I G A S8 I AL F L

Dracheva et al.

90

180

360

450

540

630

990

1080

1170

1260

1350

1440

1530

1620

1710

FIGURE 3: Nucleotide sequence and derived amino acid sequence of the cloned Narl-Sall fragment, containing the cytochrome ¢-554 gene.
The underlined amino acid sequences (peptides S42 and H50) correspond to N- and C-terminal ends of the 90-residue fragment amplified
by the PCR method. The double-underlined stretches of S42 and H50 were used to design the PCR primers. Lines above the nucleotide sequence
indicate potential Shine-Dalgarno sites. The dashed underlined region contains an inverted repeat which could form a hairpin structure.

databank did not reveal any protein with significant sequence
similarities to the ORF2.

Comparison of the derived cytochrome ¢-554 gene product
and the chemically determined amino acid sequences of iso-
lated peptides obtained from purified cytochrome ¢-554 protein

(Freeman, 1989; Van Beeumen et al., unpublished results) blocked.

showed that approximately 70% of the amino acid sequence
had already been obtained by Edman degradation. The amino
acid sequence mostly coincided with the derived gene product,
with the exception of the putative N-terminal peptide which
was not found in the derived DNA sequence. However, the
presence upstream of a Shine~Dalgarno sequence and an in-
frame TAA stop codon provides evidence that the ATG start

codon at position +43 of the sequence is the beginning of the
cytochrome gene. It can be assumed that the preparations of
cytochrome c-554 protein which were used for chemical se-
quencing contained some impurities which had been analyzed.
The real N-terminal amino acid of the cytochrome must be

The molecular mass of the cytochrome ¢-554 gene product
calculated from the amino acid composition was 45593. If
the four heme groups are included, it is 48 307. Since the mass
of the cytochrome c¢-554 signal peptide is unknown, but is
probably about 2500 (see Discussion), this value is in rather
good agreement with the apparent molecular mass of 43 000
determined by SDS-PAGE (Freeman & Blankenship, 1990).
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FIGURE 4: Codon preference plots of three different reading frames of the cloned Narl-EcoRI fragment. The plots were generated using a
program written by Gribskov et al. (1984). The codon frequency table used to produce the plots was obtained from nucleotide sequences of
genes coding for reaction center L and M subunits and the 5.7-kDa chlorosome protein from C. aurantiacus (Ovchinnikov et al., 1988a,b;
Shiozawa et al., 1989; Theroux et al., 1990). The window size and rare codon threshold were set at 25 and 0.1, respectively. Open reading
frames (ORFs) are shown as open boxes and rare codons as vertical dashes below the ORFs. Efficiently translated genes appear as peaks
above ORFs which contain a small number of rare codons. ORF]1 is identified as the cytochrome c-554 gene, and ORF?2 is an unidentified
putative gene. The third reading frame, shown at the bottom of the figure is not predicted to contain any genes. The three reading frames
of the complementary strand generated plots similar to that shown in the bottom frame.

The heme iron of c-type cytochromes is coordinated by four
nitrogen atoms of the porphyrin in the heme plane; the fifth
out of plane ligand is a histidine. This histidine in one of the
two axial positions occurs in a constant structural motif (-
Cys-X-X-Cys-His-). The second axial ligand is almost always
histidine or methionine (Moore & Pettigrew, 1990). The
derived amino acid sequence of the cytochrome ¢-554 gene
contained eight methionine and four histidine residues. Since
all four histidines in the cytochrome ¢-554 were found in the
heme binding sites, the sixth iron ligands of all four hemes are
evidently methionines.

DISCUSSION

The open reading frame of the cytochrome ¢-554 gene was
preceded by the Shine-Dalgarno sequence GGAG (Shine &
Dalgarno, 1974). Examination of the DNA sequence down-
stream from the cytochrome ¢-554 gene stop codon showed
that it contains a palindromic region which could form a
hairpin structure (Figure 3). The cloned Narl-EcoRI frag-
ment started 42 bp upstream from the cytochrome ¢-554 gene
start codon; therefore, no information about the promoter
region could be obtained. Approximately 350 bp 3’ of the gene
encoding the M subunit of the C. aurantiacus reaction center
was sequenced, and four potential ORFs were found down-
stream of the M gene stop codon (Shiozawa et al., 1990).
None of these match the cytochrome ¢-554 gene. Therefore,
the cytochrome ¢-554 gene is not adjacent to the genes en-
coding the L and M subunits of the reaction center as it is in
R. viridis (Weyer et al., 1987a). Apparently, the cytochrome
and reaction center genes are situated in different transcrip-
tional units.

In view of the periplasmic location of cytochrome ¢-554 in
vivo, it is likely that this protein is synthesized as a precursor
with an amino-terminal signal sequence which is removed
during secretion. The length of Gram-negative bacterial signal
peptides usually varies between 20 and 30 residues (von Heijne

& Abrahmsen, 1989). Analysis of the first 35 amino acids
encoded by the cytochrome c-554 gene, using the method
described by von Heijne (1986), revealed several predicted
cleavage sites: after Ala-28, Phe-31, Ala-24, Ile-21, and
Gly-20 in order from highest to lowest score. Comparison of
the derived N-terminal amino acid sequence of cytochrome
¢-554 with the signal peptide sequence of the R. viridis reaction
center cytochrome (Figure 5) suggests that the most likely
cleavage site is situated after Ala-24. In this case, the signal
peptide of the cytochrome ¢-554 would have a “canonical”
signal structure with a positively charged amino-terminal re-
gion (n-region) followed by a central hydrophobic region (h-
region) and a more polar carboxy-terminal region that contains
the cleavage site (c-region) (von Heijne & Abrahmsen, 1989).
Also, a fairly well-conserved sequence, Val-X-Ala, would be
present in positions —3 and -1 of this predicted signal peptide
(Franzen et al.,, 1990). However, only the N-terminal sequence
of the mature cytochrome ¢-554 protein, which is not yet
available, can definitely establish the cleavage site.

In the R. viridis reaction center cytochrome c, the first
amino acid of the mature protein is cysteine. The cysteine is
covalently bound to fatty acids, indicating that the cytochrome
is a lipoprotein (Weyer et al., 1987b). The fatty acids seem
to anchor the cytochrome in the photosynthetic membrane.
The cytochrome amino acid sequence at positions +1 to -3
is known to be the recognition site for the signal peptidase II
(Inouye et al., 1983; Polit et al., 1986). This enzyme cleaves
the peptide bond of bacterial prolipoproteins between the
cysteine which is linked to the diglyceride and its preceding
amino acid which is usually glycine (Inouye et al., 1983). This
recognition site is clearly absent in the respective part of the
derived amino acid sequence of the C. aurantiacus cytochrome,
because the only cysteines that could be found in the sequence
are located in heme binding sites. These data suggest that
there is no fatty acid membrane anchor in the C. aurantiacus
cytochrome. This could at least partially explain why the
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FIGURE 5: Comparison of the primary structures of the precursors
of cytochrome ¢-554 from C. qurantiacus and the reaction center
cytochrome subunit from R. viridis (Weyer et al., 1987a). The
alignment was generated by the GAP/GCG program (Devereux et al.,
1984) with a gap penalty of 2, and slightly modified by hand to
maximize the number of invariant amino acid residues. Full vertical
lines indicate identical and dashed vertical lines indicate similar amino
acid residues. The end of the N-terminal signal peptide of the R.
viridis cytochrome is indicated by an arrow. The heme binding motifs
are boxed. The reported sixth axial ligands of the R. viridis cytochrome
hemes and predicted ones of the C. aurantiacus cytochrome c-554
are circled. The a-helical regions adjacent to the heme binding sites,
derived from X-ray structural analysis of R. viridis reaction center
crystals (Deisenhofer et al., 1985; Michel et al., 1986), are indicated
by solid lines. The a-helices in these regions that were predicted using
the program PROTEIN2/GENEBEE (Brodsky et al., 1991) based on the
Garnier method (Biou et al., 1988) for both cytochromes are indicated
by dashed lines. The parameters of the program which revealed the
best coincidence with the real secondary structure of the R. viridis
cytochrome were used for the cytochrome ¢-554 structure prediction.

~

tetraheme cytochrome is easily lost from the reaction center
in C. aurantiacus but not in R. viridis.

Upon comparison of the amino acid sequence of the C.
aurantiacus cytochrome ¢-554 with the database of all cyto-
chrome sequences, the heme binding sites containing the
consensus (-Cys-X-X-Cys-His-) were found as the only sig-
nificantly similar sequences in a number of cytochromes. Not
surprisingly, the highest similarity was revealed with the heme
binding segments of the four-heme reaction center cytochrome
of R. viridis. Alignment of the complete sequences of the two
four-heme cytochromes showed 30% identical amino acid
residues, and 50% identical plus similar residues. Greater
sequence similarity was observed in several segments of these
two proteins, including the four heme binding sites and the
region of the predicted signal peptide (Figure 5). Generation
of the alignment required a number of gaps to be introduced
due to the fact that the C. aurantiacus cytochrome is 58 amino
acid residues longer than the R. viridis one. No significant
similarity was revealed between the C. aurantiacus ¢-554 and
one-heme cytochromes, except for the heme binding consensus.

The presence of the four heme binding sites in the C. au-
rantiacus and R. viridis cytochromes suggests the possibility

Dracheva et al.

of duplications in the genes coding for these proteins, or in their
common ancestor. Self-comparison of each of these sequences,
using the program ALIGN2/GENBEE, did not reveal pronounced
internal periodicity. Specifically, much less similarity was
observed between “heme binding domains” (segments sur-
rounding different heme binding sites) in the C. aurantiacus
cytochrome ¢-554 than between the respective homologous
segments in the proteins of C. aurantiacus and R. viridis.
These observations are not in disagreement with the proposed
origin of the four-heme cytochromes by two consecutive du-
plications (Weyer et al., 1987a) but indicate that these du-
plications might have occurred in the remote past so that the
common ancestor of the C. aurantiacus and R. viridis cyto-
chromes would have already contained four heme binding sites.

The R. viridis cytochrome contains four structurally im-
portant « helices flanking each of the heme binding sites. Each
helix runs parallel to the ring plane of each heme group. The
first three of these helices (numbered according to their se-
quence position) include the Met axial ligands for the adjacent
hemes (Weyer et al., 1987a; Figure 5). Secondary structure
prediction using the Garnier method (Biou et al., 1988) showed
that similarly positioned « helices may exist in the C. au-
rantiacus cytochrome upstream of the last three heme binding
sites. Counterparts to the axial ligand Met residues could be
identified for the first three cytochrome ¢-554 hemes (Figure
5). The fourth, C-terminal helix, which exists in the R. viridis
cytochrome and was predicted in the C. aurantiacus cyto-
chrome, contains a conserved Met residue which is not an axial
ligand in R. viridis. Analysis of the R. viridis cytochrome
X-ray structure revealed that this Met-273 (numbered ac-
cording to the sequence position in the mature protein) is
situated in van der Waals contact with both heme 4 and the
actual axial ligand of this heme, His124. Therefore, if the
structure of the C. aurantiacus cytochrome ¢-554 is similar
to that of the R. viridis cytochrome, then the axial ligand for
heme 4 could be Met330 in the C. aurantiacus sequence, since
there is no His analogous to His124. The inferred positions
of the axial Met ligands for all four hemes in cytochrome ¢-554
are shown in Figure 5.

In general, heme groups possessing a methionine as the sixth
ligand tend to be high-potential, and hemes with a histidine
as a sixth ligand are low-potential (Moore & Pettigrew, 1990).
However, other environmental effects are important, so there
are exceptions to this rule. For example, in the R. viridis
reaction center cytochrome, histidine is found as the sixth
ligand only for heme 4 (E,, = +20 mV), whereas methionine
is the sixth ligand for hemes 1, 2, and 3, for which the cor-
responding midpoint redox potentials are —70, +320, and +380
mV (Weyer et al., 1987a; Dracheva et al., 1988). In C. au-
rantiacus, the midpoint potentials of the cytochrome c¢-554
hemes are 0, +120, +220, and +300 mV (Freeman &
Blankenship, 1990). In at least one of the hemes from both
cytochromes, other environmental influences must lower the
redox potential.

A central problem with all multiheme proteins is the iden-
tification of particular spectroscopic and redox properties with
specific hemes in the structure. All four hemes in cytochrome
¢-554 are distinguishable according to their redox potentials
and orientations with respect to the membrane plane, but the
hemes are not readily distinguished by the position of their
a-band absorbance maxima (Freeman & Blankenship, 1990;
Van Vliet et al,, 1991). The C. aurantiacus and R. viridis
cytochromes differ from each other in primary structure, size,
and spectral and redox properties of hemes and also by heme
orientations. Such differences do not allow an unambiguous
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assignment of the arrangement of hemes in cytochrome ¢-554
just by comparison with the R. viridis heme positions. A
crystal structure of cytochrome ¢-554 is necessary to determine
the details of the heme organization,

Alignment of the complete sequences from R. viridis and
C. aurantiacus showed 45% identical amino acid residues for
the L subunits of the reaction centers, 40% for the M subunits
(Michel et al., 1986; Shiozawa et al., 1989), and 30% for the
tetraheme cytochromes (Weyer et al., 1987a). This variability
in relatedness probably indicates that the tetraheme cyto-
chromes evolved faster than the reaction center proteins. This
difference might be explained by the fact that reaction centers
from all photosynthetic bacteria have only one strictly con-
served function—to produce a charge separation inside pho-
tosynthetic membranes—whereas the reaction center associ-
ated tetraheme cytochromes may have more than one role.
The presence of low-potential hemes implies that besides do-
nating an electron to the photooxidized special pair, tetraheme
cytochromes can also oxidize low-potential substrates. If
different organisms utilize different substrates, tetraheme
cytochromes may need to be more adaptable than reaction
centers.

Despite the functional similarities of the proteins, significant
differences in the gene organization of the integral membrane
antenna and reaction center complexes exist between C. au-
rantiacus and purple bacteria. In purple bacteria, the genes
coding for the a- and B-polypeptides of the B870 (or B1015)
antenna complex and the L and M subunits of the reaction
center are situated in one operon (Youvan et al., 1984; Wil-
liams et al., 1984; Kiley et al., 1987; Berard et al., 1986;
Wiessner et al., 1990; Liebetanz et al., 1991). In R. viridis,
the cytochrome gene is located downstream of the gene for
the M subunit (pufM). In another purple bacterium, Er-
ythrobacter sp. OSH114, which possesses a reaction center
tetraheme cytochrome (Matsuura & Shimada, 1990), an ORF
was discovered directly downstream of pufM (Liebetanz et
al., 1991). Partial sequence indicates that this ORF is highly
homologous to the cytochrome subunit from the R. viridis
reaction center. Although the gene organization is only known
for two cases, it is tempting to speculate that in those purple
bacteria that contain tetraheme cytochromes, the cytochrome
gene is adjacent to the genes encoding the antenna and reaction
center proteins. In contrast, in C. aurantiacus, the genes
coding for the reaction center L and M subunits are situated
in one operon, while the genes for the cytochrome ¢-554 and
B808-866 antenna proteins are apparently in two other
transcriptional units (Shiozawa et al., 1990).

According to 16S rRNA sequence analysis (Woese, 1987),
Chloroflexus diverged from the eubacteria before branching
of the purple bacteria from the cyanobacteria. However,
comparison of reaction center sequence data places it much
closer to the purple bacteria than to photosystem II (Beanland,
1990; Blankenship, 1992). In view of this, it might be assumed
that Chloroflexus received its photosynthetic apparatus from
purple bacteria by lateral gene transfer (or vice versa). The
close grouping of photosynthetic genes in purple bacteria in
comparison with the more dispersed organization in Chloro-
flexus suggests that the lateral gene transfer may have oc-
curred from purple bacteria to Chloroflexus rather than the
other way around, although more data are necessary to dis-
tinguish between possible evolutionary pathways.
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