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ABSTRACT  The bacteriorhodopsin gene has been identified
in a 5.3-kilobase restriction endonuclease fragment isolated from
Halobacterium halobium DNA, using a cloned cDNA fragment as
the probe. Of the 1229 nucleotides whose sequence was deter-
mined in the genomic fragment, 786 correspond to the structural
gene of bacteriorhodopsin, 360 are upstream from the initiator
methionine codon, and 83 are downstream from the COOH ter-
minus. The bacteriorhodopsin gene codes for a precursor se-
quence of 13 amino acids at the NH; terminus, 248 amino acids
that are present in the mature protein, and an additional aspartic
acid at the COOH terminus. This determination of the DNA se-
quence for an archaebacterial gene reveals that the standard ge-
netic code is used; however, there is a marked preference for
either G or C in the third codon position. The gene does not contain
any intervening sequences and no prokaryotic promoter can be
identified in the region immediately upstream from the structural
gene. The bacteriorhodopsin mRNA contains at the 5' terminus
only three nucleotides beyond the initiating AUG codon and this
terminus can form a hairpin structure. Inmediately downstream
from this structure there is a sequence complementary to the 3’
terminus of H. halobium 16S rRNA.

Bacteriorhodopsin, the only protein in the purple membrane
of Halobacterium halobium, catalyzes the light-dependent
translocation of protons and thus generates a transmembrane
electrochemical gradient (1). The protein consists of a single
polypeptide chain of 248 amino acids (2) and contains one mol-
ecule of retinaldehyde per protein linked as a Schiff’s base to
the e-amino group of a lysine residue (1, 3). The amino acid
sequence of the protein is known (2, 4), and a three dimensional
model has been developed (5) that is compatible with this se-
quence and the diffraction data (6, 7). According to this model
the polypeptide chain traverses the membrane seven times in
the form of a-helical rods.

In view of these and other studies (1), bacteriorhodopsin is
the most attractive energy-transducing system for mechanistic
investigation. One versatile approach to such studies involves
alterations of amino acids at predetermined sites in the mole-
cule. Such an approach is now feasible by the application of
general techniques of site-directed mutagenesis to the bacte-
riorhodopsin gene. The first requirement in developing this
approach is the isolation and characterization of the gene from
H. halobium DNA. Towards this goal, we have recently pre-
pared and characterized a cDNA fragment, 74 nucleotides long,
that corresponds to the 5’-proximal end of bacteriorhodopsin
mRNA (8). This cDNA fragment has now been cloned and used
as a probe for the bacteriorhodopsin gene. The latter has been
identified in a 5.3-kilobase (kb) Pst I fragment of H. halobium
DNA. Within this fragment the sequences of the structural
gene, of 360 nucleotides upstream from the initiator codon, and
of 83 nucleotides downstream from the COOH terminus have
been determined. The amino acid sequence of the protein as
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deduced from the DNA sequence is in complete agreement
with the sequence previously obtained by protein sequencing
methods (2). In addition, the DNA sequence shows that the
precursor to bacteriorhodopsin contains an extra 13 amino acids
at its NH, terminus and a single extra amino acid residue at the
COOH terminus. Further, some structural features of the 5'-
terminal region of the bacteriorhodopsin mRNA are discussed.

MATERIALS AND METHODS

Materials. Deoxynucleoside triphosphates were from Sigma
and P-L Biochemicals, a-32P-labeled deoxynucleoside triphos-
phates were from Amersham. Carrier-free [ y->*P]ATP was syn-
thesized as described (9, 10). Restriction endonucleases were
from Bethesda Research Laboratories (Rockville, MD), Boeh-
ringer Mannheim, and New England BioLabs. Phage T4 DNA
polymerase, DNA polymerase I (large fragment), and S1 nu-
clease were from Bethesda Research Laboratories. DNA poly-
merase [ was from Boehringer Mannheim. Dideoxynucleoside
triphosphates were from P-L Biochemicals and Bethesda Re-
search Laboratories. The 26-nucleotide-long primer specific for
DNA sequences in M13mp7 was from Bethesda Research Lab-
oratories. Synthetic BamHI linkers were obtained from Collab-
orative Research. Reverse transcriptase (RNA-dependent DNA
polymerase) from avian myeloblastosis virus was provided by
J. W. Beard (Life Sciences, St. Petersburg, FL). Polynucleotide
kinase was purified from phage T4-infected Escherichia coli
cells as described (11). H. halobium strain S9 was obtained from
W. Stoeckenius.

Synthesis and Cloning of the Double-Stranded ¢cDNA (ds-
cDNA) Fragment. (i) Synthesis. The single-stranded ¢cDNA
fragment (Fig. 1) was synthesized in a reverse transcriptase-cat-
alyzed reaction by using the synthetic dodecanucleotide d(C-C-
A-G-A-T-C-C-A-C-T-C) as the primer and partially purified
bacteriorhodopsin mRNA as the template (8). The product was
purified by electrophoresis on an 8% polyacrylamide gel in the
presence of 8 M urea. After treatment with 0.3 M NaOH to
remove residual RNA (25°C, 12 hr) the cDNA fragment (68
fmol) was dissolved in 30 ul of 50 mM Tris"HCI (pH 8.2)/70 mM
KCl/10 mM MgCl,/0.1 mM EDTA/1 mM dNTPs containing
[@-**P]GTP (5000 dpm/pmol). This reaction mixture was
heated to 70°C for 3 min and chilled on ice, and to it were added
dithiothreitol (10 mM) and 30 units of reverse transcriptase.
After incubation at 42°C for 60 min, the reaction mixture was
made 15 mM in EDTA and was heated to 90°C for 2 min to-
gether with 2 ug of carrier tRNA. Reaction products were chro-
matographed on a Sephadex G-100 column (1.0-ml plastic pi-
pette) in 50 mM Tris*HCI (pH 8.0)/0.5 M NaCl/1 mM EDTA.
The excluded radioactivity was precipitated with 3 vol of
ethanol. The yield of ds-cDNA was estimated to be 15 fmol
(22%).

Abbreviations: kb, kilobase(s); bp, base pair(s); ds-cDNA, double-

stranded ¢cDNA.

* Permanent address: Dept. of Biochemistry, Louisiana State Univer-
sity, Baton Rouge, LA 70803.
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Primer

T GGTTGTCGTCACCTCCCCCATAGCGTCCGGGTCTAGTGGCCTGCAGGCCTCACCTAGACC -5'
ApC 20 30 « 50 (%) L

A

ACT T {

I\
A CCAACAGCAGTGGAGGGGGTATCGCAGGCCCAGATCACCGGACGTCCGGAGTGGATCTGG - 3'
T GGTTGTCGTCACCTCCCCCATAGCGTCCGGGTCTAGTGGCCTGCAGGCCTCACCTAGACC - 5'
A

REVERSE TRANSCRIPTASE

1) SI NUCLEASE
2) DNA POLYMERASE
3) BAM HI LINKERS + T4 DNA LIGASE

s

Fic. 1. Synthesis and cloning
of double-stranded cDNA corre-
sponding to the 5’ terminus of the
bacteriorhodopsin gene. Single-
stranded ¢cDNA was synthesized
from partially purified mRNA as
described (8). The second strand
was synthesized by using avian
myeloblastosis virus reverse tran-
scriptase and the product was

4) BAMMHI treated with S1 nuclease and DNA

Linker T Linker polymerase I before the addition of

5'- GATCCG ACTCCAACAGCAGTGGAGGGGGTATCGCAGGCCCAGATCACCGGACGTCCGGAGTGGATCTgiCG -3 BamHI linkers and ligation into
3'- GCC|TGAGGTTGTCGTCACCTCCCCCATAGCGTCCGGGTCTAGTGGCCTGCAGGCCTCACCTAG CCTAG -5' the BamHI site of pBR322.

(ii) SI nuclease treatment. The ds-cDNA was incubated
(25°C, 30 min) with S1 nuclease (0.75 unit) in 30 mM NaOAc
(pH 4.5)/0.3 M NaCl/3 mM ZnOAc in a volume of 40 ul. After
incubation, 10 mM EDTA and carrier tRNA (1 ug) were added
and the mixture was extracted with phenol. Chromatography
on Sephadex G-100 as described above yielded S1 nuclease-re-
sistant ds-cDNA (10 fmol).

(iii) Attachment of synthetic linkers. The ds-cDNA was
treated with DNA polymerase I and the flush-ended products
were allowed to react with 4 pmol of phosphorylated d(C-C-G-
G-A-T-C-C-G-G) and T4 DNA ligase essentially as published
(12). The resulting mixture was treated with endonuclease
BamHI (1 unit) at 37°C for 1 hr before chromatography on a Bio-
Gel A-1.5m column (1.0-ml pipette) in the Sephadex G-100
column buffer. The excluded material was precipitated with
ethanol in the presence of 0.6 ug of plasmid pBR322 DNA that
had previously been digested with BamHI and treated with calf
intestinal alkaline phosphatase (12).

(iv) Cloning of the ds-cDNA fragment. The ds-cDNA/
pBR322 DNA mixture, containing 4 fmol of ds-cDNA, was dis-
solved in 20 ul of 50 mM Tris'HCI (pH 7.5)/10 mM MgCl,/
10 mM dithiothreitol/300 uM ATP. DNA ligase (0.5 unit) was
added and the mixture was incubated at 14°C for 4 hr. The prod-
ucts were precipitated with ethanol and then incubated with
calcium-shocked E. coli SF-8 (C600 rK™ mK~ recBC~ lop-11
lig*) under transformation conditions (13). Recombinant colo-
nies were selected for ampicillin (25 ug/ml) resistance and tet-
racycline (20 ug/ml) sensitivity. The ds-cDNA insert was in-
serted into the BamHI site of M13mp7 and recloned (14).
Digestion of the replicative form DNA from this phage with
BamHI, end-labeling of the resulting fragments with 32P, and
purification of the ds-cDNA insert [74 base pairs (bp)] on an 8%
polyacrylamide gel yielded the probe for the colony hybridization.

Isolation of Bacteriorhodopsin Gene. H. halobium DNA (4
ug) was digested with Pst I and, separately, pBR322 DNA (1
ug) was also digested with Pst I and treated with calf intestinal
alkaline phosphatase (12). Digests were mixed in 400 ul of 20
mM Tris'HCI (pH 7.6)/10 mM MgCl,/10 mM dithiothreitol/
0.25 mM ATP. T4 DNA ligase (1 unit) was added and the mix-
ture was incubated at 4°C for various times. Portions (40 ul)
were used to transform E. coli KH802 (SU," gal~ rK~ mK*).
Tetracycline-resistant colonies were screened by colony filter
hybridization (15) with the 32P-labeled ds-cDNA fragment de-
scribed above.

DNA Sequence Analysis. DNA sequences were determined
by the dideoxynucleotide chain termination procedures of San-
ger and coworkers (16) on DNA cloned in phage M13mp7 (14).
Additional sequences were determined by the chemical deg-

radation methods of Maxam and Gilbert (17).

Bacteriorhodopsin mRNA Protection of 5’-32P-Labeled
DNA from S1 Nuclease Digestion. The 193-bp Sau 96 frag-
ment, residues —148 to +45, was labeled with [y->2P]ATP and
polynucleotide kinase and the strands were separated by dena-
turation in 30% (vol/vol) dimethyl sulfoxide followed by gel
electrophoresis (17). The procedures used for DNA‘RNA hy-
bridization in the absence of formamide and subsequent S1
nuclease digestion were provided by U. Hansen and P. Sharp
(personal communication). These are modifications of the pro-
cedures of Berk and Sharp (18). Single-stranded Sau 96 frag-
ment (15 ng) and sucrose gradient-purified (8) bacteriorhodop-
sin mRNA (5 ug) were heated together at 70°C for 10 min in
25 ul of 50 mM Hepes (pH 7.4)/0.7 M NaCl/1 mM EDTA in
the presence of 25 ug of yeast tRNA. The solution was then in-
cubated at 52°C for 1 hr before dilution into 10 vol of ice-cold
30 mM NaOAc (pH 4.5)/0.3 M NaCl/3 mM ZnOAc. S1 nu-
clease (1000 units) was added and the reaction mixture was in-
cubated at 37°C for 30 min. The products were precipitated with
ethanol in the presence of 10 ug of carrier tRNA, extracted with
phenol and reprecipitated with ethanol prior to analysis on a
denaturing 8% polyacrylamide gel. In control experiments the
mRNA was absent.

RESULTS

Cloning and Characterization of the Bacteriorhodopsin
cDNA Fragment. ds-cDNA corresponding to the 5’ end of bac-
teriorhodopsin mRNA was synthesized from single-stranded
cDNA as described above. A 9-base imperfect inverted repeat
at the 3’ terminus of the single-stranded cDNA formed a hairpin
loop that enabled the synthesis of the second strand as shown
in Fig. 1. After addition of BamHI linkers the ds-cDNA was
inserted into the BamHI site of pBR322. The sequence of the
cDNA insert isolated from one such recombinant is shown in
Fig. 1. The analysis showed the presence of two species of
cDNA that differed only in the presence or absence of one ad-
ditional A-T base pair at position 22. This is explained by the
replication of both strands of the cDNA insert, one of which
contained a mismatched T residue (Fig. 1).

Cloning and Characterization of the Pst I Fragment Con-
taining the Bacteriorhodopsin Gene. The cDNA insert, labeled
with 3P, was used as the probe in colony filter hybridizations
to cloned fragments of H. halobium DNA. A 5.3-kb Pst I DNA
fragment was isolated that contained the bacteriorhodopsin
gene. Digestion of this fragment with BamHI and BstEII
yielded a 1.6-kb fragment that retained the entire gene. This
was used for sequence determination. Some restriction sites
found on this fragment, and the strategy for DNA sequence
analysis is shown in Fig. 2. The DNA nucleotide sequence de-
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Fic. 2. Strategy for DNA sequence determination. The arrows indicate the direction and extent of DNA sequence determined by the dideoxy-
nucleotide chain termination procedure (I) and the chemical degradation procedure (II). Restriction sites: 0, Sau 3A; w, Sau 96; 0, Taq I; @, Kpn

LA, Xmal

termined by a combination of the dideoxynucleotide chain ter-
mination procedure (16) and the chemical degradation proce-
dure (17) is given in Fig. 3. The sequence includes the total
structural gene, 360 nucleotides in the region upstream from
the initiating AUG codon, and 80 nucleotides downstream from
the termination codon.

S1 Nuclease Mapping of the mRNA 5’ Terminus. Previous
work on the synthesis and characterization of the cDNA frag-
ment corresponding to the 5’ terminus of bacteriorhodopsin
mRNA indicated that the mRNA may extend only a few nu-
cleotides beyond the AUG codon that initiates the synthesis of
bacteriorhodopsin precursor (8). In order to determine more
precisely the 5' terminus of the mRNA, nuclease S1 protection
experiments were performed. The separated strands of the Sau
96 fragment (193 bp, nucleotides —148 to +45) present at the
5'- terminal region of the bacteriorhodopsin gene were hybrid-
ized to bacteriorhodopsin mRNA and treated with nuclease S1.
The results, which are described in Fig. 4, show strong pro-
tection up to the A residue corresponding to the U residue in
the mRNA three nucleotides upstream from the initiator AUG.
The protected fragment runs slower than the corresponding A

band in the sequencing gel. This is because the S1 cleavage
yields a 3'-hydroxyl group on the protected terminal A residue,
whereas the chemical degradation in the sequencing reaction
destroys this A residue and leaves a terminal 3'-phosphate
group.

DISCUSSION

Structural Gene Sequence. We have reported on the cloning
and sequence analysis of a H. halobium DNA fragment that in-
cludes the structural gene for bacteriorhodopsin and sequences
flanking the NH, and COOH termini. The sequence of 248
amino acids for the mature protein derived from the DNA se-
quence (Fig. 3) is in complete agreement with the sequence that
we obtained previously by using protein sequencing methods
(2). It is recalled that there were differences in the assignments
of six amino acids between our results and those of Ovchinnikov
and coworkers (4). Three of the six differences could be due to
strain-specific variations and can be accounted for by single
nucleotide changes in the gene, but the other three require (i)
the deletion of the three nucleotides corresponding to the Trp
codon at amino acid position 138 and (i) at least two nucleotide

gtgGTGCAACCGTGAAGTCCGCCACGACCGCGTCACGACAGGAGC CGACCAGCGACACCCAGAAGGTGCGAACGGT TGAGTGCCGCAAC _G!A’ \

TCACGAGTTTTTCGTOCGCTTCGAGTGGTAACACGCGTGCACGCATCGACTTCACCGCGGRTGTT TCG&C@CCAGCOGGCCG’TTGMCCA

-ero

GCAGGCAGCGGGCATTTACAGCOGCTGT GGCCCAMTBGTGGGGTGCGCTATTTTGGTATGGTTTGGMTCCGCGTGTCGGCTCCGTGTC

_;I;GACGGTTCATCGGTTCTMATTCCGTCACGAGOGTACCATACTGATTGGGTCGTAGAGT TACACACATATCCTCGTT. AGGTACTGTTG_(I:

Met LouGlu Leu Leu Pro Thr Ala Val Glu Gly Val Sor‘Gln Ala Gin lle Thr Gly Arg Pro Giu Trp lle Trp LeuAla Leu Gly Thr
fTGTTGGAGTTATTGCCAAcAGCAGTGGAGGGGGTATCGCAGGCCCAGATCACCGGACGTCCGGAGTGGATCTGGCTAGCGC‘TCOGTAC&

Ala Leu Met Gly Leu Gly Thr Leu Tyr Phe Leu Val Lys Gly Met Gly Val Ser Asp Pro Asp Ala Lys Lys Phe Tyr Ala lle Thr Thr
3CGCT AATGGGACTCGGGACGCTCTATTTCCTCGTGAAAGGGATGGGCGT! (21’CGGACC(:AGATGCAAAGAAATTC‘I’A(JG(:CAT(:A(:GAC&°

Leu Val Pro Ala lle Ala Phe Thr Met Tyr Leu Ser-Met. Leu Leu Gly Tyr Gly Leu Thr Met Val Pro Phe Gly Gly Glu Gin Asn Pro
Sl' CGBTCCCAGCCATCGCGTTCACGATGTACCTCTCGATGCTGCTGGGGTATGGCCTCACAATGGTACCGTTCGGT! GGGGAGCAGMOOC&

lle Tyr Trp-Ala Arg Tyr Ala Asp Trp Leu Phe Thr Thr Pro Leu Leu Leu Leu Asp Leu Ala Leu Leu Val Asp Ala Asp Gin Gly Thr
gﬁl‘cTACTGGGOGCGGTACGCTGACTGGCTGTTCACCACGCCGCTGTTGTTGTTAGACCTCGCGTTGCTCGTTGACGCGGATC&GGGAAC‘G”

le Leu Alo Leu Val Gly Ala Asp Gly ‘lle Met lile Gly Thr Gly Leu Val Gly Ala Leu Thr Lys Val Tyr Ser Tyr Arg Phe Val Trp
sA:.TCC’T TGCGCTCGTCGGTGCCGACGGCATCATGATCGGGACCGGCCTGGTC GGCGCACTGACGAAGGTCTACTOGTACCGCTTCG‘TGTG.G”

Trp Ala lle Ser Thr Ala Ala Met Leu Tyr lle Leu Tyr Val Leu Phe Phe Gly Phe Thr Ser Lys Ala Glu Ser Met Arg Pro Glu Val
‘LGGGOG ATCAGCACCGCAGCGATGCTGTACATCCTGTACGTGCTGTTCTTCGGGTTC ACCTCGAAGGCCGAAAGCATGOGCCCCGAGGT&

Alc Ser Thr Phe Lys Val Leu Arg Asn Val Thr Val Val Leu Trp Ser Ala Tyr Pro Val Val Trp Leu lle Gly Ser Glu Gly Ala Gly
stif:l1’(:0ACGTTCAl\AG'I’A(:TGCGTAACG‘I’T ACCGTTGTGTTGTGGTCCGCGTATCCCGTCGTG TGGCTGATCGGCAGCGAAGGT GCGGG.Qo

lle Val Pro Leu Asn lle Giu Thr Leu Leu Phe Met Val LeuAsp Val Ser Ala Lys Val Gly PheGly Leu lle Leu Leu Arg' Ser Arg
ATCGTBCOGCTGAACATCGAGAOGCT GCTGTTCATGGTGCTTGACGTGAGCGCGAAGGT CGGCTTCGGGCTCATCCTCCTGCGCAGTCG;I’»

Ala lle Phe Gly Glu Ala Glu Ala Pro Glu Pro Ser Ala Gly Asp Gly Ala Ala Ala Thr S«‘Axp
GCG ATCTTCGGCGAAGCCGAAGCGCCGGAGCCGTCCGCCGGCGACGGCGCGGCCGCGACC AGCGACTGATCGCACACGCAGGACAGCOCC

ACAACCGGCGCGGCTGTGTTCAACGACACACGATGAGTCCCCCACTCGGTCTTGTACTC
8N 869

Fic. 3. DNA sequence of the bac-
teriorhodopsin gene and adjacent re-
gions. The amino acid sequence of the
bacteriorhodopsin precursor is given;
the NH,-terminal methionine codon is
at nucleotide residue 1. The arrows in-
dicate the NH, and COOH termini of
the mature protein.
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changes in each of the codons corresponding to amino acids 146
and 206 in bacteriorhodopsin.

The gene sequence (Fig. 3) encodes 13 extra amino acids at
the NH, terminus that are not present in mature bacteriorho-
dopsin. This result confirms our previous conclusion, which was
derived from the sequence of a cDNA fragment prepared in
vitro from bacteriorhodopsin mRNA (8). The 13 amino acids
must compose the total precursor, because there is no other
ATG codon upstream from the NH;-terminal methionine codon
(nucleotides 1-3, Fig. 3) before an in-phase TAG termination
codon (nucleotides —34 to —36).

The gene sequence also encodes an additional amine acid,
asparticacid, at the COOH terminus of the precursor. This find-
ing has precedents in that a-tubulin has been reported to con-
tain an extra tyrosine residue (19, 20) and the heavy chains of
immunoglobulins can contain an extra lysine at their COOH
termini (21).

The nucleotide sequence (64-75) within the gene explains
our previous observation- that, of the two dodecanucleotides
tested as primers for cDNA synthesis, d(C-C-A-G-A-T-C-C-A-
C-T-C) was efficient and specific, whereas d(C-C-A-G-A-T-C-
C-A-T-T-C) was less efficient and gave multiple nonspecific
elongation products (8). It is clear from the gene sequence that
the first primer can form a perfect 12-bp match with bacterio-
rhodopsin mRNA, whereas the second primer has a G-T mis-
match close to its 3’ end.

A comparison between the structural gene sequence and the
amino acid sequence shows that the normal genetic code is used
in Halobacteria. However, the present work provides no evi-
dence for the assignments for His, Cys, and the AGA and AGG
codons for arginine (Fig. 5). This finding, in agreement with
previous studies (22), is of interest in that Halobacteria belong
to a class of organisms that have been termed “archaebacteria”
by Woese and coworkers (23) and that are proposed to constitute
a third major line of descent besides eubacteria (previously pro-
karyotes) and. urkaryotes (previously eukaryotes). There is a
strong preference (about 82%) in the bacteriorhodopsin gene
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for the use of codons ending in G or C (Fig. 5). However, despite
this bias, the overall G +C composition of the bacteriorhodopsin
coding sequence (61.5%) is still lower than the G+C content
(24) of H. halobium DNA (67%). Thus, the preferential use of
codons ending in G or C could be more a result of the high G+C
content of the DNA of the organism rather than a reflection of
selective codon usage for optimizing translation of bacteriorho-
dopsin mRNA.

Bacteriorhodopsin mRNA. Bacteriorhodopsin mRNA con-
tains only a few nucleotides at the 5’ terminus preceding the
initiation codon. This was shown earlier by the sequence of the
cDNA fragment (8) and has now been confirmed by the nuclease
S1 mapping data shown in Fig. 4. Similarly, short 5’ termini
have been found in human mitochondrial mRNAs (25).

Bacteriorhodopsin mRNA is significantly different from the
prokaryotic mRNAs, which usually contain 5' leader sequences
of 26 or more nucleotides (26). An important feature of these
5' leader sequences in prokaryotic mRNAs is a purine-rich re-
gion approximately 6-12 nucleotides upstream from the AUG
codon that is presumed to interact with a complementary py-
rimidine-rich sequence at the 3’ end of prokaryotic 16S rRNA
during initiation of protein synthesis (27). Although the 3’ ter-
minus of halobacterial 16S rRNA has a pyrimidine-rich se-
quence almost identical to that of E. coli (28), the type of in-
teraction postulated to occur between leader sequences of
prokaryotic mRNAs and 16S rRNA may not occur during bac-
teriorhodopsin synthesis. It is worth noting, however, that bac-
teriorhodopsin mRNA does contain the purine-rich sequences
G-G-A-G (nucleotides 6-9) and G-G-A-G-G (nucleotides 27-31)
which are complementary to the C-C-U-C-C sequence near the
3’ end of halobacterial 16S rRNA. However, these sequences
are downstream from the initiating AUG codon (Fig. 6A).

Another interesting feature in the sequence at the 5’ end of
bacteriorhodopsin mRNA is an interrupted inverted repeat se-
quence 9 bp in length, which could fold to form a stable hairpin
loop structure (Fig. 6B). Such a structure has been found in
several other mRNAs, including the nifH mRNA of Klebsiella
pneumoniae (29), ovalbumin mRNA (30), and satellite tobacco
necrosis virus RNA (31). Whether this feature plays a role in the
functioning or stabilization of the mRNAs is not known.

Transcription Signals? No information is available regarding
the promoters or other signals necessary for the specific initi-
ation of transcription in Halobacteria. Consequently we cannot
at present identify the bacteriorhodopsin promoter. There is no
DNA sequence in the region proximal to the 5' end of the

uuu o | ucu o | vau 3 | usu o
Phe Tyr Cys
uuc 13 | uec (3 | uac 8 | usc o
UUA 2 | uca o | vaa o | uca Ter |
Leu Ter
uuG 6 | uce 5 | uae o | ues Tp 8
cuu 2 | ccu o |cau o | cou 3
cuc 12 |ccc 3 | caC * o | cec e 3
cua® 2 [ cca ™ 3 | caa o © | CoA Y9
cus 15 | cce 6 | cac a | ceo !
A o | acu o | Aau, . 0| AGU ¢ 1
auc 15 | acc 7 | AAC 3 | acc 5
AUA o | Aca 2 | AAA 3| AGA, O
AUG Met 10 | Ac6 10 | aaG " 4 | ace “Y o
6w 3 | 6cu 1| eau, 2 | ceu a
6uC 8 | ecc e | 6ac”™ 8 | Gec . 10
Val Ala Gly
GuA 3 | sca 5 |caa 4 | coea a
6UG 9 | ece 16 | 6AG 7 | ee6 8

F1G. 5. Frequency of codon usage in the bacteriorhodopsin gene.
Ter, termination.
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FiG. 6. Sequence of DNA corresponding to the 5’-terminal region of bacteriorhodopsin mRNA. The initiating AUG codon is underlined in the
mRNA. Two horizontal arrows show the inverted repeat structure. The vertical arrow indicates the A residue protected from S1 nuclease by mnRNA
(Fig. 4). The boxed region is an 11-bp sequence of alternating purine-pyrimidine residues. (B) The hairpin structure at the 5’ terminus of bacte-

-riorhodopsin mRNA.

mRNA that is reminiscent of a prokaryotic promoter sequence.
However, if the 5' terminus of the mRNA as isolated is pro-
duced by processing of a longer transcript the promoter would
be expected to be further upstream.

As discussed above, the DNA corresponding to the 5’ ter-
minus of the bacteriorhodopsin mRNA contains an inverted re-
peat sequence. Such a structure is also present in the E. coli
lactose operon, in which the lac operator DNA has been shown
to contain an inverted repeat sequence at the mRNA start site
(32, 33). Two other examples of such structures are the A phage
operators O and Oy (34). In view of these homologies, one
possible function of this sequence in the bacteriorhodopsin gene
could be to serve as the binding site for a regulatory protein.

Other features of the DNA sequence may play a significant
role in transcription or other processes. There is a 10-nucleo-
tide-long sequence of alternating pyrimidines and purines cen-
tered 20 nucleotides upstream from the 5’ end of the mRNA
(Fig. 6A). In addition, there are two other regions (—225 to
—240 and +791 to +800) outside the coding sequences (Fig.
3) that contain similar alternating sequences. It is interesting
to note that the salt concentration within H. halobium is very
high (4 M KCl) and that under such ionic conditions DNA se-
quences that contain alternating purines and pyrimidines may
adopt a Z-DNA structure (35, 36).
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