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ABSTRACT Oxygenic photosynthesis of chloroplasts and
cyanobacteria involves two photosystems, which originate from
different prokaryotic ancestors. The reaction center of photo-
system 2 (PS2) is related to the well-characterized reaction
center of purple bacteria, while the reaction center of photo-
system 1 (PS1) is related to the green sulfur bacteria, as is
convincingly documented here. An operon encoding the P840
reaction center of Chlorobium limicola f.sp. thiosulfatophilum
has been cloned and sequenced. It contains two structural
genes, coding for proteins of 730 and 232 amino acids. The first
protein resembles the large subunits of the PS1 reaction center.
Putative binding elements for the primary donor, P840 in
Chlorobium and P700 in PS1, and for the acceptors A., Al, and
FeS center X are conserved. The second protein is related to the
PS1 subunit carrying the FeS centers A and B. An adjacent
third gene, not belonging to the reaction center, encodes a
protein related to dolichyl-phosphate-D-maunose synthase
from yeast. The different origins ofPS1 and PS2 are discussed.

Conversion of light into chemical free energy is fundamental
for life, and photosynthetic reaction centers play a major role
in this process. These are special protein-chlorophyll com-
plexes in the core of light-harvesting photosystems, which
use excitation energy to drive charge separation across the
photosynthetic membranes. Two prototypes of photosyn-
thetic reaction centers are known. One functions in the
oxygen-evolving photosystem 2 (PS2) of chloroplasts and
cyanobacteria, as well as in the nonoxygenic photosystem of
purple bacteria. The other functions in ferredoxin reduction
by photosystem 1 (PS1) of chloroplasts and cyanobacteria. A
current view of the structure, common to both types, is a
transmembrane heterodimeric arrangement of two proteins
that hold the primary electron donor and the early electron
acceptors. Two major differences between PS1-type and
PS2-type reaction centers are that the former involves
strongly reductive FeS centers as electron acceptors and
contains many more chlorophyll molecules.
Research on PS2 was highly stimulated by the identities

discovered in the genes for its heterodimer subunits, D1 and
D2, and for the subunits L and M of a corresponding
heterodimer in purple bacteria (1-4). Detailed modeling of
the PS2 reaction center was possible because the reaction
center of purple bacteria had been crystallized and its three-
dimensional structure had been resolved by x-ray crystallog-
raphy (4-6). Our picture of the reaction center of PS1 is
lagging behind. Its structure has not been resolved yet,
although crystallization has been achieved (7, 8). Interest-
ingly, however, a similarity to the reaction center of green
sulfur bacteria has been recognized (9-15). All the redox

components known for PS1 (7, 8), the "special pair" of
chlorophylls as electron donor, A. and A1 as early electron
acceptors, and the subsequent FeS centers X, A, and B, have
also been detected in the green sulfur bacterium Chlorobium
limicola (11, 13), and they seem to exist as well in the
distantly related Heliobacteria (14, 16). Moreover, the iso-
lated reaction center from Chlorobium contains large sub-
units (10), very similar to PS1 preparations (17). The primary
donor and the acceptors AO, A1, and X are thought to be
located on these large subunits of PS1, while the two 4Fe4S
centers A and B are contained in an extra subunit (7, 8).
Numerous genes from chloroplasts and cyanobacteria for

the two large subunits, called psaA and psaB (8, 18), and for
the polypeptide carrying the FeS centers A and B, called
psaC (8, 19), have been sequenced. Here we report on the
genes from the green sulfur bacterium Chlorobium limicola
corresponding to psaA/B and psaC.t

METHODS
Chlorobium limicola f.sp. thiosulfatophilum (Deutsche
Sammlung von Mikroorganismen, Gottingen, F.R.G.) was
grown, and its reaction center with the primary electron
donor P840 was prepared as described (10), with minor
modifications (11). From the major polypeptide at 65 kDa
(see Fig. 1) proteolytic fragments were obtained either by
soaking lyophilized gel pieces with staphylococcal protease
V8 overnight, electroeluting the digest from the gel pieces on
a second SDS gel according to Schagger and von Jagow (20),
and electroblotting on Immobilon (Millipore) or by electro-
blotting first, digesting the 65-kDa band cut from the Immo-
bilon filter with trypsin, and fractionating the digest by HPLC
on a Serva RP8 column with a gradient from 0 to 100%
acetonitrile in 0.1% trifluoroacetic acid. The peptides cut
from the blot or in the HPLC fractions were sequenced in a
gas-phase sequenator (Applied Biosystems). Four peptide
sequences were obtained (see Fig. 3), and corresponding
oligonucleotides were prepared to screen a gene bank of
Chlorobium DNA, which we got by partial digestion with
Sau3Al, isolation of 1- to 5-kilobase (kb) fragments, ligation
into pBluescript SK (Stratagene), and transformation of
Escherichia coli DH5a cells. Positive clones yielded over-
lapping sequences of 1629 base pairs (bp) (position 190-1819
in Fig. 3) and included the sequence coding for FPCLG-
PVYGGTC (position 1570-1618 in Fig. 3). This dodecapep-
tide is related to the conserved peptides in PS1 that bind the

Abbreviations: PS1 and PS2, photosystem 1 and 2; P700 and P840,
primary electron donors of the reaction centers in PS1 and ChMoro-
bium; A., A1, and X, electron acceptors in the reaction center ofPS1;
L and M and D1 and D2, subunits of the reaction center of purple
bacteria and of PS2, respectively.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M94675).

8135

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



8136 Biochemistry: Buttner et al.

FeS center X, suggesting that we had found the desired gene.
The sequenced region also contained a HindIII site (position
424 in Fig. 3). Digestion of Chlorobium DNA with Eag I
yielded a fragment of about 5 kb in Southern blots that
hybridized with the oligonucleotides above. To obtain the
complete sequence ofthe region shown in Fig. 2, Chlorobium
DNA was digested with Eag I and HindIII, and the two
fragments (about 1 and 4 kb) reacting in the Southern blot
with the 0.7-kb insert of a positive clone from the Sau3AI
library were ligated into pBluescript SK and cloned in E. coli
DH5a. DNA sequencing with oligonucleotide primers and
dideoxynucleotides was carried out by the exonuclease III
deletion technique (21). The complementary nature of the
two Eag I-HindIII clones was proven by the sequences of
several overlapping Sau3AI clones. All molecular biology
procedures used can be found in Sambrook et al. (22).

RESULTS AND DISCUSSION
Cloning and Sequencing the Operon Encoding Chlorobium

Reaction Center Proteins. The reaction center from the green
sulfur bacterium Chlorobium limicola f.sp. thiosulfatophilum
was purified some years ago (10, 11), and more recently it was
also purified from Heliobacteria (12, 23). Fig. 1 shows the
polypeptide pattern of the P840 reaction center from Chlo-
robium. Most prominent is a diffuse band of about 65 kDa,
from which four partial peptide sequences were obtained. It
corresponds to a similar band seen in PS1 preparations (17),
which represents the two large reaction center subunits of
PS1 ofabout 83 and 82 kDa (7, 8, 18). Fig. 2 shows the general
arrangement of the DNA fragment containing the reaction
center genes. It is 4.8 kb long and reveals three open reading
frames (GenBank, accession no. M94675, gene description
CHLORC). All four peptide sequences of the 65-kDa band
(Fig. 1) are found in the first reading frame (see italic letters
in Fig. 3), which encodes a protein of 730 amino acids, with
a calculated mass of 82.24 kDa, very close to the mass of the
heterodimer proteins of PS1. The second open reading frame
codes for a protein of 23.87 kDa with 232 amino acids which
is related to the subunit of PS1 holding the two 4Fe-4S
centers A and B (see below). The third open reading frame
codes for a protein of 185 amino acids, which probably does
not belong to the reaction center. It is partially identical to
dolichyl-phosphate-D-mannose synthase from yeast (24), but
the C-terminal hydrophobic sequence is missing. Stem-loop
elements are found at nucleotide positions 3659-3711 and
4392-4230, after the second and the third structural gene.
Stem-loops function as transcriptional terminators in cyano-
bacteria (25) and may have a similar function in green
bacteria. They suggest that the first two genes are transcribed
as bicistronic mRNA and the third is transcribed separately.
A ribosome binding site, AAGGAG, is found at position -9
from the initiator methionine. This Shine-Dalgarno sequence
is very similar to the sequences in E. coli and cyanobacteria
(25, 26). A potential Pribnow box (27) consisting of the
sequence TATCAT, 309 nucleotides upstream from the ini-
tiator methionine, and a second one with a sequence of
TTGATA, 17 nucleotides further on, were identified. These

Eag I Kpn I Hind III
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32 -

24- -

-68 FIG. 1. Polypeptides of the reaction
center preparation from Chlorobium.

-45 Lane 1, P840 reaction center. The top
band is an incompletely unfolded, still

-30 green form of the 65-kDa band, as is
observed also in preparations of the PS1

,
reaction center. Lane 2, protein stan-

!dard. Numbers indicate molecular mass
- 4 values in kDa. The reaction center was

prepared, electrophoresed on SDS/15%
polyacrylamide gels, and stained with
Coomassie blue as described (10, 11).

sequences may constitute part ofthe promoter system for the
operon.
Comparison ofthe P840 Protein with Other Reaction Center

Proteins. From the hydropathy plot of the P840 protein up to
11 hydrophobic segments with a potential for forming trans-
membrane helices can be identified. Fig. 3 shows a fit of the
P840 sequence into a consensus alignment for the two large
PS1 subunits (8, 18). Of the 11 putative transmembrane
segments, I-III and VI-XI of the P840 protein fit the corre-
sponding segments in the PS1 subunits, but the region of the
putative transmembrane helix V in psaA and -B products
carries one negative and two positive charges in the P840
protein. On the other hand, shifting the transmembrane spans
in this part of the P840 protein toward the N terminus would
make the corresponding regions IV in the P840 protein and in
thepsaA and -B products run in opposite directions. Possibly
segments IV and V are not embedded in the membrane.
However, the distribution ofcharges in the interhelical loops,
which follows the "positive inside rule" (28) when the N
terminus faces the cytoplasm, favors a model with 11 trans-
membrane spans, with a net positive charge of 14 on the
cytoplasmic surface and a net negative charge of 7 on the
outer surface of the membrane. Such a folding is in accor-
dance with the favored model for the PS1 reaction center (29).
The overall identity of amino acid residues is 15% for

P840/psaA and 14% for P840/psaB (Fig. 4). It is especially
pronounced in the stretch comprising helices VIII and IX,
where P840, A1, and the FeS centerX may be bound. For the
psaA and psaB proteins the overall identity is 45% (8).
The P840 protein contains only 20 histidines, compared to

42 and 37 in the psaA and -B products, respectively. Ofthese
20 histidines only 7 are found at identical positions in psaA
and -B. The one in the putative helix VIII might bind P840,
presumably a "special pair" of bacteriochlorophylls a, like
the chlorophylls a for P700 (see ref. 8). Of the two histidines
conserved in transmembrane span VI the one closer to the
cytoplasmic surface may hold the primary acceptor Ao,
which in PS1 is probably a chlorophyll a molecule (8), in place
of the pheophytin in the reaction centers of PS2 and purple
bacteria (3, 4). No histidines are conserved in the cytoplasmic
halves ofhelices VIII and IX, which would resemble the ones
in the fourth and fifth helix in the reaction center polypeptides
of purple bacteria and PS2 and which ligate an Fe2+ ion (6).
Such an iron can therefore be excluded for PS1-type reaction

KpnI KpnI
I I I

pnI EagI
I

Reaction center Fe - S ORF

1 kb

FIG. 2. Arrangement of the 4.8-kb DNA fragment. The scheme shows the two complementary clones from the Eag I-HindIH library with
the three open reading frames and useful Kpn I sites. Reaction center, gene ofthe large reaction center subunit; Fe-S, gene ofthe subunit carrying
FeS centers A and B; and ORF, open reading frame.
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11 ~~~~~~~~~~~~~II
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IF1llj~,&~~ psaAMz: KGVLFARSSRLIPO---KANLGFRFPCDGPGRCGTCQVSAWDHVFSL6F597
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RCP840: WGLVM I LGFAPIPDFQTINSETFMSFYFAVIFFA--L6IYWNNPP H ND KA 277
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psaBMz: IRWRDKPV-ALSVVQARjLV6LAHVI6XYLIFMLjIASTSGKFG 742

RCP840: MLAQLVDTLWKMIA 730

FIG. 3. Alignment of the amino acid sequence for the P840 protein with the large PS1 subunits from maize. RCP840, psaAMz, and psaBMz
stand for P840 reaction center protein and the gene products ofpsaA andpsaB from maize (18). Amino acid residues are shown in the single-letter
code. The peptides obtained from the 65-kDa band in Fig. 1 are shown in italic letters. Identical residues are indicated by vertical bars. The
11 putative transmembrane spans of the psaA and -B products are marked by roman numbers. The 10 of them also found in RCP840 are double
underlined, and the one not falling into place is single underlined. Conserved charges (+ and -) and aromatic residues (*) are indicated on top,
and possible binding of the "special pair" P840 or P700 and of the electron acceptors A. and A1 and the FeS center X are indicated below the
alignment. The P840-sequence was fit into an alignment of psaA and B (8, 18) by eye, with the attempt to conserve a maximum of identical
residues and putative transmembrane helices.

centers, as is already suggested by the absence of any
magnetic interaction of the spin-polarized EPR signal of Aj
(32).
Most striking is the conservation of 9 out of 12 residues of

psaA and -B, in the loop between the spans VIII and IX. This
dodecapeptide contains two cysteines and presumably holds
the 4Fe-4S center X. The Chlorobium peptide lacks the
aspartates next to the cysteines. The homologous dodecapep-
tide from Heliobacillus mobilis also lacks these charged
residues (33). As expected, the favored folding with 11

Tb: ------------------------------------------------------------

Chl o: MAEPVENKNQAPAPGAKAAPKGAPAAPKAGAPAAPKGAASPKAGGQLQKQAPAAKQSGKP 60

Tb: ------------------------------------------------------------

Chlo: RLASLNVILGRSGVRQESALPYVKPKAAPPPKPAPAAKSAPAAKGAPVAKAAPAAKAAPG 120

Tb: - M---------SHSVKIYDTCIGCTQCVRACPTDVLEMIPWDGCKAKQIASAPRTED--C 48
11I 11

Chl o: APVAKMPRAKKHYF I IENLCVGCGLCLDKCPPKVNAIGYKFYGDVQEGGFRCYIDQVAC 180
II I II III1 1I

ChloFd: ----------- ALY-- ITEECTVCGACEPECP--VTAI --------SAGOOIYVIDANTC 37

Tb: VGCKR-----CESA--CPTDFLSVRVYLWHETTRSMGLAY---------------- 81
II II1

Chl o: ISCSA----- CFSGDECPSGALIEVLPD6DVLDFSYTPPERLDFDLRFLHRFHREVR 232

ChloFd: NECAGLDEQALVAV--CPAECIVQG-------------------------------- 60

FIG. 4. Alignment of the amino acid sequences for the proteins
carrying FeS centers A and B. Identical residues are indicated by
vertical bars, and the eight conserved cysteines are additionally
marked by dots. The Chlorobium sequence (Chlo) is compared to the
product of psaC from tobacco (Tb; ref. 19). For comparison the
sequence of Chlorobium ferredoxin (ChloFd) is included (30, 31).

transmembrane spans places the peptide with the FeS center
X on the cytoplasmic surface.

Several tryptophans and other aromatic residues are con-
served, especially in helix IX. These might facilitate charge
transfer across the membrane. Furthermore, the first residue
of the dodecapeptide binding the FeS center X is a phenyl-
alanine. This could mediate transfer of electrons to center X
from the acceptor A1, which is thought to be a phylloquinone
in PS1 (8, 34-36) and may be menaquinone in the P840
reaction center (37). In the L subunit of purple bacteria and
in the D1 subunit of PS2 a phenylalanine is found in the loop
between the fourth and fifth transmembrane helix (2, 4). The
M and the D2 subunits contain a tryptophan in this position
(2, 4). This, however, facilitates electron transfer to, not
from, the quinone. An overall structural similarity of the
reaction center subunits L and M in purple bacteria, and D1
and D2 in PS2 on one hand, with the C-terminal part of the
large subunits in PS1 on the other, has been considered
recently (refs. 15, 30, and 38; see below).
The Protein Containing FeS Centers A and B. The second

gene of the transcription unit may be related to the psaC gene
for the FeS protein in PS1 carrying the two 4Fe-4S centers
A and B. The 24-kDa band in Fig. 1 could represent this
protein, but this remains to be established. Fig. 4 shows its
derived amino acid sequence aligned to the product of
tobacco psaC (19). For comparison we included the 60 amino
acids of Chlorobium ferredoxin 1, which also carries two
4Fe-4S centers (31, 39). The 13 psaC genes sequenced so far,

Biochemistry: Bfittner et al.



8138 Biochemistry: Buttner et al.

from cyanobacteria to higher plants, all correspond to small
proteins of 81 amino acids and 8.8 kDa (8). However, the
Chlorobium protein has a large N-terminal extension and a
smaller C-terminal extension. These do not show any signif-
icant relation to the sequences of other subunits of PS1 (8) or
any other protein in the data banks. The N-terminal extension
is highly positive, containing repetitions of tetrapeptides with
two alanines flanked by proline or lysine. A similar positive
N-terminal stretch is found between amino acid positions 11
and 45 of the P840 gene (Fig. 3), which can be aligned with
amino acid positions 84-118 of Fig. 4 with over 50%o identity.
These positively charged peptides on the cytoplasmic surface
could function in docking the highly negative ferredoxin of
Chlorobium, with 11 negative charges and not a single
positive one (Fig. 4). It is not clear yet, however, that this
ferredoxin is the redox partner of the psaC-related protein in
Chlorobium. Of the 81 amino acids in the psaC products only
16 (20%) are conserved in Chlorobium, most prominently two
clusters of four cysteines, probably binding the two 4Fe-4S
centers A and B. In addition, prolines following the fourth
cysteine of both clusters are conserved. A glycine is found
before the second cysteines of both clusters in the psaC
products, but only of the first cluster in Chlorobium. The
prolines are also found in ferredoxins from Chlorobium and
other bacteria, but not the glycines (39). While the cysteines
in the first cluster are spaced twice by two and once by three
amino acids in all cases, this spacing is kept in the second
cluster only for the psaC products (Fig. 3) and some of the
bacterial ferredoxins (39). In the Chlorobium subunit the last
two cysteines of the second cluster are spaced by five amino
acids instead. Since the two 4Fe-4S centers are bound by the
first three cysteines of one cluster and by the fourth of the
other (39), this insertion need not cause a large effect. More
importantly, another observation allows the assignment of
the two cysteine clusters to FeS centers A and B. Two
positive charges between the second and the third cysteines
of the second cluster, which could stabilize the reduced form
of an FeS center, are conserved in all psaC proteins but are
missing in Chlorobium. The redox potentials of centers A and
B are turned around in Chlorobium in comparison to PS1,
center A being more negative than center B (13). Center A
thus is probably bound to the first three cysteines of the
second cluster and to the fourth cysteine of the first cluster
(39).
Homo- or Heterodimer? The reaction center operon con-

tains only one gene for a large subunit in the P840 reaction
center (Fig. 2). For all PS1 reaction centers two genes are
known, called psaA and psaB, usually organized in one
transcription unit (8). In Chlorobium, however, we found no
signs for a second related gene in Southern blots, even under
very low stringency. An example is shown in Fig. 5. Also,
blots of digests with 11 other restriction enzymes revealed
only one reactive fragment each (not shown). Cross-
hybridization occurs between psaA and -B of PS1 and there-
fore is also expected for the two Chlorobium genes that would
encode a heterodimer of the reaction center. Does Chloro-
bium live with a homodimeric reaction center? This would
explain why all four peptides obtained from the 65-kDa
subunit (Fig. 1) are found in the one gene presented here (Fig.
3). The probability for this is only 1 in 16 for two proteins
equally accessible to proteases.

Purple bacteria, PS2 (3, 6), and probably also PS1 (7, 8)
contain heterodimeric reaction centers of pseudo-C2 sym-
metry. The redox centers for charge separation are organized
in two branches across the membrane, one of them being
favored by symmetry-breaking elements. The advantage of
such an arrangement is a matter of intense discussion. At low
light intensity the quantum yield may be increased in an
asymmetric system, which allows the two quinone acceptors
to act in series, the one in the preferred branch being reduced
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FIG. 5. Southern blot of a
piece in the 4.8-kb Eag I fragment
with Chlorobium DNA cut by sev-
eral restriction enzymes. The
DNA piece used was 750 bp long,
downstream from the HinduH site
marked in Fig. 2, and corresponds
to 250 amino acids from the P840
protein. The DNA was cut with
Eag I (lane 1), Eag I + HindUl
(lane 2), Hindll (lane 3), Kpn I
(lane 4), or HindJIl + Kpn I (lane
5). The blot was washed with 0.15
M NaCl/0.015M sodium citrate at
3rC.

first and staying permanently bound (6). At high light inten-
sity photodamage may be avoided, because a permanently
bound quinone in the preferred branch can accept two
electrons, before triplet states are built by back-reactions,
causing the formation of singlet oxygen. Perhaps triplet states
were less damaging for a strictly anaerobic ancestor to
Chlorobium, and it could live with parallel branches of
electron transfer to mobile quinones, and this might have
been kept after an FeS center X had been acquired. Actually,
it is not known whether the quinone in Chlorobium reflecting
Al is tightly bound as in PS1 (35, 36) and whether its only
function is to reduce FeS center X.

In the context of a homo- versus a heterodimeric structure,
the cluster of the charged residues REXEXXXK/R at the C
terminus of transmembrane helix B of the L subunits in the
reaction center of purple bacteria and of helix II in the D1
subunit of PS2, close to the pheophytin of the preferred
branch (38), is worth mentioning. In the psaA subunit of PS1
a similar charge cluster reading RDXDXXXR is found after
putative helix VI, but the P840 protein lacks it. Only the first
positive charge is conserved, as in the M and D2 subunits, the
positions reading KIXLXXXY. Finally, also in accordance
with a homodimeric structure, the leucine zipper motif in
front of the FeS X binding peptide, which has been implicated
for heterodimer formation in PS1 (40), is not found in the P840
protein.

Evolutionary Implications. The conservation of significant
amino acid residues, as well as the placement of hydrophobic
spans in the large subunit, confirms the conclusion that
Chlorobium has a PS1-like reaction center. Moreover, the
following from putative transmembrane helix VI to IX of the
large PS1-type subunits is similar to the folding from the
second to the fifth helix of the smaller reaction center
subunits in purple bacteria and PS2 (15, 29, 38), as indicated
by the shaded regions in Fig. 6. The N-terminal part of the
large PS1 subunits probably function as chlorophyll anten-
nae. What might the ancestral gene for all types of reaction
centers have looked like? The question of a small or large
ancestor cannot be answered, but it is reasonable to assume
that the heterodimers in PS1 and PS2 evolved by duplication
of a gene for a homodimer (Fig. 6). This might have happened
twice. Even three duplications could have occurred, because
the PS2 subunits D1 and D2 are more closely related than
subunits L and M from purple bacteria (1, 6, 41). However,
mutation rates need not have been the same. They could have
been slower in PS1 and PS2 reaction centers, which have
many more interacting subunits. Higher stringency of muta-
bility in plants and cyanobacteria is obvious from the high
conservation of the psaA and -B products, which are over
80%o identical (8). Between the two purple bacteria Rhodo-
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FIG. 6. Evolutionary concept of the reaction center heterodimers
in oxygenic photosynthesis. L and M and D1 and D2 stand for the
subunits constituting the heterodimer of the reaction center in purple
bacteria and PS2, respectively, and psaA and psaB are the denota-
tions ofthe genes coding for the two large subunits ofPS1 (8). Shaded
parts of the bars indicate related regions in all reaction centers.

pseudomonas viridis and Rhodobacter capsulatus only 50-
60% of the residues in subunits L and M are conserved (1, 6).
The identity between PS2-type reaction centers of oxy-

genic photosynthesis in cyanobacteria and of nonoxygenic
photosynthesis in purple bacteria is remarkably small. In
spite of their relationship only 10% of the residues in the M
subunit of purple bacteria and the D2 subunit of PS2 are
identical, and only 13% in L and D1 (1, 6). Likewise, the
identity of PSi-type reaction centers in cyanobacteria and
Chlorobium is small as well. The P840 protein is only 15% and
14% identical to the products of psaA and -B, respectively
(Fig. 3). In the FeS A and B proteins of Chlorobium and PS1
again only about 20o of the corresponding 81 amino acids are
identical (Fig. 4), while within PS1 from cyanobacteria to
higher plants more than 90%o are conserved (8). The high
percentage of mutational replacements pinpoints the func-
tionally required amino acids in both prototypes of reaction
centers, and thus provides valuable suggestions for directed
replacements.
Although the N-terminal parts in the large subunits of PS1

and Chlorobium might serve as core antennas (29, 38), the
proposed chlorophyll binding elements are largely not found
in the P840 protein. From the hexapeptide DPTTRR at
position 15 of the psaB protein, which is also found in an

antenna protein of PS2 (29), PTT has been lost in the P840
protein (Fig. 3). Also, other DP dipeptides and histidines are
found less frequently, likely reflecting the difference between
chlorophyll and bacteriochlorophyll binding.

In conclusion, as suggested in Fig. 6, the reaction centers
of PS1 and PS2 may have joined during the evolution of
cyanobacteria by horizontal recombination from two differ-
ent roots, one being also ancestral to the green sulfur bacteria
and the other to the purple photosynthetic bacteria. Other
membrane protein complexes in cyanobacteria, such as cy-
tochrome oxidase (42), may have been acquired by similar
events. Indeed, the mosaic structure of bacterial genomes,
and even of individual genes, is increasingly appreciated (43).

The preparation of the reaction center by Mrs. E. Herold and the
peptide sequencing by Dr. R. Deutzmann are gratefully acknowl-
edged. G.H. is grateful for intensive discussions with W. Nitschke.
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