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ABSTRACT The reaction center is an integral membrane
protein that, together with several cofactors, mediates the pri-
mary photochemical events in bacterial photosynthesis. The
amino4erminal sequences of the three subunits, L, M, and H,
of the reaction center protein and the sequence of the structur-
al gene encoding the M subunit have been reported previously.
In the present study, we found that the 3' end of the structural
gene encoding the L subunit overlaps by eight bases the 5' end
of the gene encoding the M subunit. The primary structure of
the L subunit has been determined from the nucleotide se-
quence of the gene and from analyses of the amino and carbox-
yl termini of the protein. The sequences of a number of tryptic
and chymotryptic peptides were used to corroborate the nucle-
otide sequence. The L subunit was found to be composed of
281 amino acids (Mr 31,319) and to contain five hydrophobic
segments. It is homologous to the M subunit and to a plant
thylakoid protein referred to as the QB or Mr 32,000 protein.

The primary energy conversion step of photosynthesis oc-
curs in the reaction center (RC). The RC of the purple non-
sulfur bacterium Rhodopseudomonas sphaeroides consists
of three polypeptide chains, four bacteriochlorophylls, two
bacteriopheophytins, two ubiquinones, and one iron atom,
and has a molecular weight of -100,000 (reviewed in ref. 1).
The subunits of the RC, designated L, M, and H, are hydro-
phobic and are found in the cytoplasmic membrane in a 1:1:1
stoichiometry (2).
The knowledge of amino acid sequences of the RC sub-

units is required for the determination of the three-dimen-
sional structure by x-ray diffraction and for experiments de-
signed to probe structure-function relationships. The com-
plete amino acid sequences are being determined from the
nucleotide sequences of the structural genes, together with
amino- and carbQxyl-terminal sequences of the polypep-
tides. The amino acid composition and sequences of a num-
ber of peptides were used to corroborate the nucleotide se-
quence. The genes encoding the L and M subunits were iso-
lated with oligonucleotide probes corresponding to the
amino-terminal sequences of the subunits (3). The determi-
nation of the sequence of the M subunit has been reported
previously (4). The sequence of the L subunit has been de-
termined by a similar method and is presented here.

EXPERIMENTAL PROCEDURES
Materials. Sources for restriction endonucleases, DNA-

modifying enzymes, deoxynucleotides, and dideoxynucleo-
tides have been described (4), The restriction enzyme Pvu II
was from Boehringer Mannheim. M13 mplO, mphl, mpl8,
and mpl9 replicative form DNA were from P-L Biochemi-
cals. Sources for trypsin and chymotrypsin have been de-

scribed (5). Carboxypeptidase A (treated with diisopropyl
fluorophosphate) was from Sigma. Plasmid DNA used for
cloning was prepared by an alkaline-NaDodSO4 procedure
(6). The DNA used to isolate the L and M subunit genes
came from R. sphaeroides 2.4.1 (7). The protein used for
peptide analysis came from R. sphaeroides R-26 (8).

Isolation of Genes. A -13-kilobase (kb) BamHI restriction
fragment of genomic DNA containing the L and M subunit
genes was identified by hybridization with mixed-sequence
oligonucleotide probes (4). The sequences of the probes
were based on the amino-terminal sequences of the polypep-
tides (3).

Cloning. The general strategy for cloning was similar to
that described (4). Subclones of the BamHI fragment were
obtained either from isolated fragments or from mixtures of
fragments. Clones containing portions of the L subunit gene
were identified either by restriction-site mapping or by hy-
bridization with previously identified clones. The recombi-
nant phage were constructed as follows: a 1.2-kb Pst I-Pvu
II fragment was cloned into the Pst I and Sma I sites of M13
mplO; a 485-base-pair Pvu II-Sal I fragment was cloned into
the Sma I and Sal I sites of M13 mplO and M13 mphl; Sau3A
fragments were cloned into the BamHI site of M13 mp7; Hpa
II and Taq I fragments were cloned into the Acc I site of M13
mp7; Sau3A-Kpn I fragments were cloned into the BamHI
and Kpn I sites of M13 mpl8 and M13 mpl9; and Taq I-Kpn
I fragments were cloned into the Acc I and Kpn I sites of
M13 mpl8 and M13 mpl9.
DNA Sequence Analysis. Sequence data were obtained

from the recombinant M13 phage by the dideoxy method and
were analyzed as described (4).

Preparation and Sequence Analysis of Peptides. The L sub-
unit was isolated as described (3). For digestion with trypsin,
a total of 0.1 mg of enzyme was added in three aliquots to 1.2
mg of protein in 0.8 ml of 0.1 M NH4HCO3 over 46 hr at
370C; the peptides that were soluble in 0.1% trifluoroacetic
acid (pot% of the total material) were fractionated by re-
versed-phase high-pressure liquid chromatography as de-
scribed (4). For digestion with chymotrypsin, a total of 0.06
mg of enzyme was added in two aliquots to 0.8 mg of protein
in 0.5 ml of 0.05 M NH4HCO3 over 24 hr at 370C; the pep-
tides that were soluble in 0.2 ml of 0.1% trifluoroacetic acid
(-45% of the total material) were fractionated by reversed-
phase high-pressure liquid chromatography (4). Selected
fractions were subjected to amino acid analysis and se-
quence analysis by the manual dansyl Edman procedure or
by automated Edman degradation [with 6 mg of Polybrene
(9) added to the cup], as described (4). In the dansyl Edman
procedure, glutamic acid and aspartic acid are not distin-
guished from the amides.
For carboxyl-terminal analysis of isolated peptides, -1

nmol of peptide in 30 Al of 0.1 M NH4HCO3 was treated with

Abbreviations: RC, reaction center; kb, kilobase(s).
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FIG. 1. Partial map of the '13-kb BamHI fragment and fragments that were sequenced. The boxes indicate the positions of the genes
encoding the L and M subunits of the RC and the a subunit of the B870 light-harvesting complex. The genes of the L and M subunits overlap by
8 bases (see vertical arow). The horizontal arrows indicate the extent and direction of sequence analysis of subcloned fragments.

5 ug of carboxypeptidase A for 10-60 min at room tempera- mg, was incubated with 5 ,ug of enzyme for 6 hr, lyophilized,
ture; after lyophilization, the digests were applied directly to and extracted with 10% trichloroacetic acid; after centrifuga-
the amino acid analyzer. tion, the supernatant was lyophilized, hydrolyzed for 24 hr in

Digestion of L Subunit with Carboxypeptidase A. Two sam- constant-boiling HCl and applied to the amino acid analyzer.
ples of L (0.15 mg each) in 0.11 ml of 0.1 M NH4HCO3 were
treated with 5 ,ug of carboxypeptidase A for 30 min or 6 hr at RESULTS
room temperature; after lyophilization, they were applied di- Nucleotide Sequences. The nucleotide sequence of the gene
rectly to the amino acid analyzer. A third sample, also 0.15 encoding the L subunit was determined from 17 recombinant

AGCGGAGAGGGAAGC ATG GCA CTG CTC AGC TTC GAG CGA AAA TAT CGC GTG CCG GGG GGC ACG CTG GTC GGC GGA MC
L subunit (Met)A.a Leu Leu Ser Phe GZu Arg Lys Tyr Arg Val Pro Gly Gly Thr Leu Val Gly Gly AsnI>>>>*- 20

CTG TTC GAC TTC TGG GTC GGC CCT TTC TAT GTC GGC TTC TTC GGG GTT GCG ACG TTT TTC TTC GCG GCC CTG GGT ATC ATT CTG ATT GCC
Leu Phe Asp Phe Trp Val Gly Pro Phe Tyr Val Gly Phe Phe Gly Val Ala Thr Phe Phe Phe Ala Ala Leu Gly Ile Ile Leu Ile Ala

30 40 50

TGG AGT GCC GTA CTC CAG GGT ACC TGG MC CCC CM CTC ATC TCT GTC TAC CCG CCG GCC CTT GAA TAT GGC CTG GGA GGT GCA CCC CTC
Trp Ser Ala Val Leu Gln Gly Thr Trp Asn Pro Gln Leu Ile Ser Val Tyr Pro Pro Ala Leu Glu Tyr Gly Leu Gly Gly Ala Pro Leu

70

GCA AM GGC GGG CTG TGG CAG ATC ATC ACG ATC TGC GCC ACT GGT GCC TTC GTC AGC TGG GCG CTG CGC GM GTC GM ATC TGC CGT MG
Ala Lys Gly Gly Leu Trp Gin Ile Ile Thr Ile Cys Ala Thr Gly Ala Phe Val Ser Trp Ala Leu Arg Glu Val Glu Ile Cys Arg Lys
--- I 90 100 110

CTG GGC ATC GGG TAC CAC ATC CCG TTC GCC TTC GCG TTC GCC ATC CTG GCC TAC CTG ACG CTG GTG CTG TTC CGC CCG GTG ATG ATG GGC
Leu Gly Ile Gly Tyr His Ile Pro Phe Ala Phe Ala Phe Ala Ile Leu Ala Tyr Leu Thr Leu Val Leu Phe Arg Pro Val Met Met Gly

120 130 140

GCC TGG GGC TAT GCC TTC CCC TAC GGG ATC TGG ACG CAC CTC GAC TGG GTG TCG MC ACG GGC TAC ACC TAC GGC AAC TTC CAC TAC MC
Ala Trp Gly Tyr Ala Phe Pro Tyr Gly Ile Trp Thr His Leu Asp Trp Val Ser Asn Thr Gly Tyr Thr Tyr Gly Asn Phe His Tyr Asn

150 160 1+ >+t 170

CCT GCC CAC ATG ATC GCC ATC TCG TTC TTC TTC ACG MC GCG CTG GCT CTG GCG CTG CAC GGC GCC CTT GTG CTC TCC GCG GCC MC CCC
Pro Ala His Met Ile Ala Ile Ser Phe Phe Phe Thr Asn Ala Leu Ala Leu Ala Leu His Gly Ala Leu Val Leu Ser Ala Ala Asn Pro

180 190 1 -> -'P
GAG MG GGC MG GM ATG CGG ACG CCG GAT CAC GAG GAT ACG TTC TTC CGC GAT CTG GTC GGC TAC TCG ATC GGG ACG CTC GGC ATC CAC
Glu Lys Gly Lys Glu Met Arg Thr Pro Asp His Glu Asp Thr Phe Phe Arg Asp Leu Val Gly Tyr Ser Ile Gly Thr Leu Gly Ile His

+-ffi->>~~~~--- 1qF>- 2 > > > > >- > >-II> > 28
N

>-i-e 230

CGC CTC GGC CTG CTG CTC TCG CTG AGC GCC GTC TTC TTC AGC GCC CTC TGC ATG ATC ATT ACC GGC ACC ATC TGG TTC GAT CAG TGG GTC
Arg Leu Gly Leu Leu Leu Ser Leu Ser Ala Val Phe Phe Ser Ala Leu Cys Met Ile Ile Thr Gly Thr Ile Trp Phe Asp Gln Trp Val

240 250 260

GAC TGG TGG CAA TGG TGG GTG AAG CTG CCG TGG TGG GCG MC ATC CCG GGA GGC ATC MT GGC TGA
Asp Trp Trp Gln Trp Trp Val Lys Leu Pro Trp Trp Ala Asn le Pro Gly Gly le Asn Gly(Stop)

2f 1+->'s+_ +_>

ATG GCT GAG TAT CAG AAC ATC TTC TCC CAG
M subunit (Met)Ala Glu Tyr Gln Asn Ile Phe Ser Gin ...

FIG. 2. Nucleotide sequence of the L subunit gene. The noncoding strand of the L subunit gene and the 5' portion of the M subunit gene are
shown. The numbers refer to residue positions of the derived amino acid sequence. Residues that confirm the previously determined amino-
terminal sequence of the L subunit (3) are in italics. We had previously made a tentative assignment of histidine at position 25, but it was found
in low yield (3); the nucleotide sequence indicates a tryptophan at this position. (|-I), Positions of isolated tryptic peptides; (I---1), positions
of chymotryptic peptides; -., residues identified by Edman degradation; I-, residues identified by digestion.
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phage (Fig. 1). These recombinant phage encompassed the
entire gene on both the coding and noncoding strands. Two
regions of the sequence (corresponding to residues 101-103
and 145-147) showed band compression on sequencing gels,
and sequence data in these regions were obtained on only
one strand. Amino acid sequence and composition data ob-
tained from the protein and isolated peptides confirmed 32%
of the sequence. The complete nucleotide and derived amino
acid sequences are shown in Fig. 2. A nucleotide sequence
of 84 bases corresponding to the carboxyl-terminal portion
of the a subunit of the B870 light-harvesting complex (10)
was identified beginning 204 bases upstream of the start of
the gene encoding the L subunit (Fig. 1).

Isolation and Sequence Analysis of Tryptic and Chymotryp-
tic Peptides. After digestion of the L subunit with trypsin,
eight peptides, varying in length from 2 to 13 residues, were
isolated in 5-60o yield; their sequences were determined
completely or in part by automated Edman degradation or
the manual dansyl Edman procedure. The results are sum-
marized in Fig. 2. Two of the peptides contained neither ly-
sine nor arginine; one of these peptides was in the carboxyl-
terminal position and the other, obtained in 13% yield and
corresponding to positions 218 to 222, was presumably the
result of chymotrypsin-like cleavage. After digestion with
chymotrypsin, 11 peptides, varying in length from 2 to 11
residues, were isolated in 15-45% yield; their sequences
were determined completely or in part by automated Edman
degradation or by the manual dansyl Edman procedure. The
carboxyl-terminal residue(s) in some of the peptides was
identified by digestion with carboxypeptidase A. The re-
sults, except for two dipeptides, Gly-Tyr and Thr-Tyr, are
indicated in Fig. 2.
Carboxyl-Terminal Analysis of L Subunit. Amino acid

analysis of carboxypeptidase A digests of the L subunit
showed elution peaks in the position of serine, glycine, and
isoleucine. However, the ratio of absorbance of the ninhy-
drin derivatives at 590 and 440 nm indicated that the material
eluted in the position of serine was probably asparagine (see
ref. 4). This identification was confirmed by showing that
aspartic acid and not serine was found after hydrolysis of the
released amino acids. The rates of release of asparagine and
glycine were sismilar, but isoleucine was released more slow-
ly. Thus, the carboxyl-terminal sequence of the L subunit is
Ile-(Asn,Gly)-COOH. That asparagine precedes glycine was
shown by sequence analysis of isolated tryptic and chymo-
tryptic peptides (see Fig. 2).

DISCUSSION
The structural gene encoding the L subunit of the RC from
R. sphaeroides has been shown previously, by hybridization

with an oligonucleotide probe, to be on the BamHI restric-
tion fragment that contained the gene encoding the M sub-
unit. The nucleotide sequence of this gene has now been de-
termined, and its identity was confirmed by comparison of
the derived amino acid sequence with sequences obtained by
Edman degradation of the amino terminus of the L subunit
and of selected peptides. The data show that the L subunit is
composed of 281 amino acid residues corresponding to a Mr
of 31,319. This value is considerably higher than that ob-
tained by NaDodSO4/polyacrylamide gel electrophoresis
(Mr 21,000) (2). Anomalous behavior in NaDodSO4/poly-
acrylamide gel electrophoresis was observed also with the M
subunit [Mr 34,265 determined from the derived amino acid
sequence (4) and Mr 24,000 determined by NaDodSO4/poly-
acrylamide gel electrophoresis (2)] and other membrane pro-
teins (11). The amino- and carboxyl-terminal ends of the
polypeptide correspond to the residues immediately after a
start codon and before a stop codon in the gene, indicating
that there is no post-translational cleavage of the polypeptide
other than the presumptive removal of a formyl-methionine
residue. The codon usage for the L subunit gene shows a
large preference for codons ending in G and C (85% of the
codons) as was also observed in the M subunit gene (4).
The gene encoding the L subunit is located upstream of

the gene encoding the M subunit. A similar arrangement of
the genes for the L and M subunits of the RC was found in a
closely related bacterium, Rhodopseudomonas capsulata,
for which it was postulated that the two genes are tran-
scribed as part of the same operon that also includes the
genes for the B870 light-harvesting polypeptides (12). Our
preliminary sequence data of the gene for the a subunit of
the B870 protein indicate the same arrangement in R.
sphaeroides (Fig. 1). The overlap of eight bases between the
3' end of the L subunit gene and the 5' start of the M subunit
gene may have a role in assuring the 1:1 stoichiometry of the
L and M subunits. For the trpD and trpE genes in the trp
operon of Escherichia coli, a translational coupling was ob-
served in which efficient translation of the second gene was
shown to be dependent on the efficient translation of the
first gene (13). An overlap of a single base in the stop and
start codons of these two genes is potentially involved in this
coupling.
The RC is an integral membrane protein that has been

shown to span the cytoplasmic membrane (ref. 14; ref. 15
and references therein). Analysis by the method of Kyte and
Doolittle (16) showed that the M subunit contains five seg-
ments that are rich in hydrophobic amino acids (4). A similar
analysis indicates that the L subunit also contains five hy-
drophobic domains (Fig. 3). These segments may be mem-
brane-spanning helices. This is consistent with data obtained

...II

100 150 200

>-RESIDUE NUMBER OF L SUBUNIT

FIG. 3. Hydropathy profiles of the L and the M subunits. The average hydropathy value (16) of a moving window of 19 amino acids is
plotted at the midpoint of the window. -, Profile of L subunit; ---, profile ofM subunit, * and o, positions of basic (Lys, Arg) and acidic (Glu.
Asp) residues in the L subunit, respectively; *, positions of peptides isolated from the L subunit.
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FIG. 4. Comparison of sequences of L and M subunits from R. sphaeroides and R. capsulata (21) and spinach (Spinacia oleracea) QB
protein (22). Gaps were introduced into sequences to improve the homology. Boxed residues are identical in all four RC subunit sequences or in
the R. sphaeroides L subunit and the spinach QB protein. Numbers at the end of the lines refer to positions of the residues in the L subunit.

by circular dichroism and polarized infrared spectroscopy,
indicating that the RC contains a large amount of a-helical
structure that is approximately perpendicular to the plane of
the membrane (17). As expected, most of the charged resi-
dues occur in the more hydrophilic segments, and the solu-
ble tryptic and chymotryptic peptides were also derived
from these segments.

Proteolysis experiments with chromatophores from anoth-
er photosynthetic bacterium, Rhodospirillum rubrum, show
that the amino terminus of the L subunit is on the cytoplas-
mic side of the membrane (18). This leads to the prediction
that two of the hydrophilic segments (between peaks II and

III and peaks IV and V) are on the cytoplasmic side of the
membrane and that the other two hydrophilic segments and
the carboxyl terminus are on the periplasmic side. The com-
ponents of the electron transfer process are arranged asym-
metrically across the membrane, from cytochrome c on the
periplasmic side (19) to the quinones on the cytoplasmic side
(20). Thus, knowing the orientation of the protein in the
membrane facilitates the localization of the cofactors by nar-
rowing down the possible portions of the protein involved.
The L and M subunits show considerable homology in

their amino acid sequences (Fig. 4). The introduction of
three gaps in the sequence of the L subunit and two gaps in

Table 1. Homologies among L and M subunits and QB protein

% identical residues*

R. sphaeroides R. capsulata R. sphaeroides R. capsulata Spinach
Polypeptide compared L subunit L subunit M subunit M subunit QB protein

R. sphaeroides L subunitt 100 78 33 32 23
R. capsulata L subunitt 78 100 29 32 25
R. sphaeroides M subunit§ 33 29 100 77 24
R. capsulata M subunitt 32 32 77 100 22
Spinach QB protein¶ 23 25 24 22 100

*The number of identical residues in the aligned sequences (of two respective polypeptides) divided by
the number of residues in the shorter sequence.

tThis work.
*Ref. 21.
§Ref. 4.
$Ref. 22.
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the sequence of the M subunit produces an alignment in
which 33% of the amino acid residues are identical. In addi-
tion, the general shape of the hydropathy profiles is very
similar (Fig. 3). Inspection of the most highly conserved re-
gions of the sequences reveals that these regions contain a
high proportion of glycine, proline, and histidine residues.
These residues may have important structural roles in the
RC. For example, the conserved proline residues are in hy-
drophilic regions or at the edges of hydrophobic regions and
may be involved in the formation of turns outside the mem-
brane. The conserved structural features may include bind-
ing sites for cofactors to the RC. The binding sites for the
bacteriochlorophylls and bacteriopheophytins have not been
determined, although they must be on the L or M subunits,
since the H subunit can be removed without the loss of pho-
tochemical activity (23). Histidine residues have been shown
to form ligands to bacteriochlorophyll in a water-soluble bac-
teriochlorophyll a-containing protein (24) and have been im-
plicated in this role in membrane-bound light-harvesting pro-
teins (25, 26). Histidine residues also have been suggested as
ligands to the iron and the quinones in RCs (27, 28). The
conservation of amino acid residues and the similarity be-
tween the hydropathy profiles suggest that the L and M sub-
units have a similar tertiary structure.
The homology between the L and M subunits that has

been found in R. capsulata (21), as well as in R. sphaeroides
(Fig. 4), suggests that the genes for these subunits have aris-
en by the duplication of an ancestral gene. There is a weaker
but significant homology of the L and M sequences with a
thylakoid protein referred to as the Mr 32,000 or QB protein
(Fig. 4). The sequence of the gene encoding the thylakoid
protein has been determined in several plant species (22, 29-
31) and in a green alga (32). The QB protein binds triazine
herbicides, which block electron transfer from the primary
to the secondary electron acceptors in both plant chloro-
plasts and in bacterial RCs; it is thought to be involved in
binding plastoquinone, which functions as the secondary
electron acceptor of photosystem 11 (33). The hypothesis
that two conserved regions containing histidine residues
comprise the quinone binding site is discussed by Hearst and
Sauer (34). Table 1 summarizes the relationships among the
L subunit, the M subunit, and the QB protein in terms of the
percentage of identical residues when optimally aligned.
Identity of 20% or greater provides strong evidence for com-
mon ancestry (35). If one assumes that there has been a con-
stant rate of change in the amino acid sequences, then the
data show that the species divergence between R. sphaer-
oides and R. capsulata occurred after the gene duplication
leading to the L and M subunits. That the L and M subunits
differ by the same amounts in both species of bacteria sup-
ports the assumption of a constant rate of change. The data
also indicate that the divergence of the ancestor of the chlo-
roplast and the ancestor of R. sphaeroides and R. capsulata
occurred before the gene duplication giving rise to the L and
M subunits.
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