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ABSTRACT

The nucleotide sequence of the O gene in bacteriophage
lambda DNA is presented. According to two possible initiator
codons, the primary structure of the O protein deduced from
the DNA sequence consists of 278 or 299 amino acid residues.
Structure and function of the O protein - one of the two phage
initiator proteins for lambda DNA replication - are discussed
in the light of a secondary structure model for the O protein.

The central part of the O gene contains a cluster of sym-
metrical sequences extending over 160 base pairs. The point
mutation of the cis-dominant replication mutant til12 is located
in this region. -

INTRODUCTION

on infection of an E.coli host cell, the DNA molecule of

bacteriophage lambda (1), which is linear inside the phage head,
becomes circularized and is replicated in two stages : an early,bi-
directional circle replication is later followed by an unidi-
directional rolling circle mode of replication!. In contrast
to the late phasel, initiation of the circle replication is con-

fined to a unique region on the ) genome, termed ori (origin of
replication). Electron microscopy of replicating ADNA molecules?
and analysis of deletion prophages incapable of autonomous repli-
cation even in the presence of all diffusible elements3 have
located the ori region near 80% on the X physical map. A set of
cis-dominant replication mutants has been isolated, all of which
map in this area~7. Recently cloning experiments have shown
that an EcoRI fragment of ADNA extending from the immunity region
to an ECORI site at 81.0% of the A map (fig.ta) contains a func-
tional A origin®,
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In addition to an intact ori region, initiation of X circle
replication is absolutely dependent on two phage coded func-
tions, the products of genes O and 34. Therefore, the A genome
contains the two basic regulatory elements of a replicon?: spe-
cific initiation factors (the initiator proteins O and P), and
a replicator site on the DNA with which the initiators interact
(the ori region). Besides the phage proteins O and P, a number
of host gene products is essential for ADNA replication (see
ref. 1 for review). Finally, local rightward transcription in
the ori region seems to be directly required for initiation of
circle replication®,10,

A basic step towards an understanding of the initiation of
ADNA replication (in the following, A(DNA) replication always
refers to the early circle replication) in molecular terms is
the determination of the primary structure of the regulatory
elements involved, i.e. of the initiators (the products of genes
O and P) and the replicator (ori). While part of the O genel!
and part of the ori sequencel? have already been published,
here the entire nucleotide sequence of the O gene and the ori
region in phage ADNA is presented. Sequence analysis of a mu-
tant defective in the origin of replication confirms earlier
reports® that the replicator lies inside the O initiator gene.

MATERIALS

E.coli K12 strains 490A (Advh93) and 1100 mec (Advh93) were
provided by G. Hobom. Advh93 DNA was isolated as described in
ref.13. DNA of phage Atil12 (ANam7cI857til12Sam7) was isolated by
heat induction of the lysogen C600 (ANam7cI857til12Sam7)/x, a
gift of M. Furth. DNA of phages Xc26 and iimm21 were kindly pro-
vided by G. Hobom.

Restriction enzymes Hind II, Hinf I, Hpa II and Mbo II were
prepared by a modification of the procedure of Smith and Wilcox!*;
Hha I and Bgl II, prepared similarly, were gifts of E. Schwarz
and R. Grosschedl, respectively. Taq I was isolated according to
Bickle et al.l5. Some BglII and Tag I enzyme was initially pro-
vided by V. Pirrotta. EcoRI was obtained from Boehringer.
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Alkaline phosphatase from calf intestine (grade I) and T4
polynucleotide kinase were purchased from Boehringer and Bio-
genics Research Corporation, respectively. DNA polymerase I
from E.coli was a gift of L. Loeb.

[-32p] aTP at a specific activity of 1000-1500 Ci/mmole
was prepared by the procedure given in ref.16, using HCl-free,
carrier-free 32Pi from New England Nuclear. [§—32é] dATP (250Ci/
mmole) was from Amersham. Agfa Gevaert Osray T4 films were used
for autoradiography.

METHODS

EcoRI* cleavage. To obtain complete cleavage at EcoRI*
sites, up to 400 units of EcoRI/ug DNA were used under the buf-
fer conditions given in ref.18.

Isolation of restriction fragments. The fragment mixtures
obtained after restriction enzyme cleavage of Advh93 DNA were
separated on 7.5% or 10% polyacrylamide slab gels (20x30x0.4cm)
and the desired fragments were extracted as describedl!?. For
sequence analysis of A phage DNA, the DNA was cut with Bgl II
and EcoRI enzyme, and the fragments Bgl II-E!7 (nucleotide po-
sitions 82-732), Bgl II-G (733-792) and a 354 base pair long
Bgl II+EcoRI fragment (793-1146) were isolated from a 7.5% po-
lyacrylamide slab gel.

Terminal labelling. Restriction fragments were labelled
at their 5' ends by using polynucleotide kinase and [;-32P] ATPL6,
3'terminal labelling of Hinf I-, EcoRI- and Bgl II-fragments
was achieved by use of DNA polymerase I and |}—32P] dATP as
describedll. The labelling efficiency in the polymerase reac-

tion was always much better than in the kinase reaction.
DNA sequencing. To separate the labelled ends, the frag-

ments were either cut with an appropriate restriction enzyme,
followed by gel electrophoretic separation of the products, or
subjected to strand separation as describedl®. The isolated
subfragments/single strands were sequenced using the G-, strong
A/weak C (A > C) , C-and C+T-cleavages described by Maxam and
Gilbertl®, The cleavage products were processed on 40x20x0.2cm
polyacrylamide/7 M urea slab gels, using gel concentrations of
20% or 12% for reading up to 80 or up to 120 nucleotides from
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the labelled end, respectively. Before use, gels were aged for
one day and pre-electrophoresed at 600 V for at least 6 hours;

after loading, the voltage was immediately adjusted to 1000 V.

RESULTS AND DISCUSSION

Sequence determination

As in previous work!!,19, DNA of the A-derived plasmid
Advh9313 (fig.la) was used as a source for restriction fragments.
After construction of cleavage maps (G. Scherer and E. Schwarz,
unpublished, and ref.13), selected DNA fragments were labelled
with 32P at their 5' or 3' ends (fig.1b) and sequenced according
to the method of Maxam and Gilbert!®. Examples of sequence auto-
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Fig.la. Physical and genetic map of the immunity and replication
region of phage A. The position of the A-derived plasmid Advh93
and of its single EcoRI site at 81.0%33 is indicated. Transcripts
started at promoters Py, Pr and Pgp are symbolized by. horizontal
arrows. b. Restriction fragments used for sequence analysis of
the O gene. Clevage sites are indicated by vertical arrows. Hori-
zontal arrows represent terminally labelled single strands poin-
ting from 5' to 3'. Circles and squares symbolize labelled 5'

and 3' ends, respectively. After labelling, the fragments were
either strand separated (not indicated) or cut by a second res-
triction enzyme at the points marked //. The solid part of each
arrow indicates the unambiguously sequenced part of a fragment.
The numbers identify nucleotide positions relative to the PR
mRNA startpointll.
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radiograms are shown in fig.2, and the final sequence is compiled
in fig.3.

As is evident from fig.1b, overlapping fragments were used
to get a continuaus nucleotide sequence. With the exception of
positions 870-877 and 1430-1435, every region was sequenced at
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Fig.2. Sequence autoradiograms from the replication region of
ADNA. a and b: Patterns obtained from 3' terminally labelled
fragment EcoRI* 938-1146 (l-strand positions) derived from Advh93
DNA. c: sequence patterns from subfragment Hinf I/EcoRI 878-1146
of the 3' terminally labelled fragment Bgl II+EcoRI 793-1146, iso-
lated from Ati12 DNA. The til12 transversion (c) and the correspon-

ding wild type position (b) is marked by an arrow. Gels used con-
tained 12% polyacrylamide/7M urea.
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least twice, and about 60% of the sequence was determined from
both strands. In addition, various parts of the sequence have
also been analysed using bacteriophage DNAs. No sequence diffe-
rences between phage and plasmid DNA have been observed. The on-
ly part of the sequence shown in fig.3, which was not derived
from Advh93 DNA, is the region 733-792.

HAUUUUUUGCGEGCCBCCEUUBGCUCGCAAGACUUGUUUAGGUCUACCUCAAGACUCCAGUAAUGACCUAGAUAGUUGPPP 5°  0op-RNA

Hpa |1 600 SaudA ggg  Hinf |
I-strand 5'-AATAAAAAACGCCDSECGBCAACCGAGCGTTCTGARCANATCCAGATGRAGTTCTEAGETCAT TAC TAGATCTATCAACAGE m A
r-strand 3'-TTATTTTTT6C6660C6CCETTGECTCGCANGACTTGTTTAGETCTACCTCAAGACTCCAGTAATGACC TAGATAGTTGTCCTCAGTAATACTGT-
cll : AsnLyllysArgProAlaAlaThrGluArgSerGluGlnileG1nMetGluPheTER 0 : FNetThr-
Sau3A
700 Hpa I Bgl H Taq | 750

5" AATACAGCAAAAATC TCAAGT TCBBCAGAGGTANCTTTGEDGGACAGGARC G TAATRIGECAGATC TLGATGATGGTTACGCCAGACTATCARATATGC TBCTT-
3'TTATBTCGTTTTTATGAGT TGAAGCCATCTCCATTGAAACGGOC TGACCTCGCATTACACCGTCTAGHGOTACTACCAATGCGGTCTGATAGT TTATACGACGAA-

-AsnThrAlalys| leLeuAsnPheGlyArgGlyAsnPheAlaGlyGlnGluArgAsnValAlaAspLeuAspAspGly TyrAlaArgLeuSerAsnMe tLeuLeu-
(10) (20) (30)

Sau3A
Hha | Bgl Ham 850 Hinf | Hinf |

6 _GABGCTTATICBECHAGATCTGACCAGCGACAE T TTAAGTGETGCTTGLCATTCTGCGTANMACCTATGB TEGANTARACE M TBGACAGRATCACCET-
3'-CTCCGAATAAGCCOBCGTCTAGKCTGGTTCGCTGTCAAAT TTCACGACGAACGGTAAGACGCATT TTGGATACCCACCTTATTTGGTTACCTGTCTTAGTGGCTA

-GluAlaTyrSerGlyAlaAspLeuThrLysArgGlnPheLysValleuLeuAlal leLeuArgLysThrTyrGlyTrpAsnLysProMe tAspArgl leThrAsp-
(40) (50) (60) (70)

-
900 EcoRl g50

5 -TCTCAACTTAGCGAGATTACARAGTTACCTETCAAACGGTECAATGAAGCC AAGTTAGAAC TCRTCAGAATGAAT ATTATCAAGCAGCANGGCGRCATETT TRA-
3 AGAGTTGAATCGCTCTAATGTTTCAATGGACAGTTTBCCACGTTACT TCBGTTCAATCTTGAGCAGTCTTACTTATAATAGTTCATCETTCCOCCETACARACC T

-SerGlnLeuSerGlulleThrLysLeuProVallysArgCysAsnGluAlaLysLeuGluteuValArgMetAsni le] 1eLysGinG1nGlyG1 yMe tPheGly-
(80) (90) (100)

1000 1050
5'-CCARATAAAAACATC TCAGAATGRTECATCCCTCARAACGAGGGAAAATCCCCTAAAACGAGGGATAAAACA TCCE TCAAATTGGEGGATTGCTATCOCTCAAAA-
3'-GBTTTATTTTTGTAGAGTCTTACCACGTAGGGAGTTTTGCTCCCTTTTAGGGGATTTTGCTCCCTATTTTGTAGGGAGTTTAACCCCCTAACGATAGGGAGTTTT-

-ProAsnLysAsn | leSer61uTrpCys|1eProGlnAsnGluGlyLysSerProLysThrArgAspLysThrSerLeul ysLeuGl yAspCysTyrProSerLys-
(110) (120) (130) (140)

3"-GTCCCCCTRTRTTTTCTGTGATAATGTTTTCTTTTTTCTTTTCTAATAAGCAGTCTCTTA TTABGAGACTGGTCEGTCTTTTGCTEEAAAGACACCAC-

—GlnGlyAsprirLysAspThrl leThrLysGluLysArgLysAspTyrSerSerGluAsnSerGlyGluSerSerAsp6lnProGluAsnAsplLeuSerValVal-
(150) (160) (170)

A .
tiw EcoR|
1 tsp  Minf |
5'-EAsGsssAuﬁuAAsf.cAciAnAcAAAAémmsAAAAsAnmcércmtigﬁcrsec ATECTCTGACCABCCABMMCEACCTTTCT6 TG6TE-

Lys ti12

3146



Nucleic Acids Research

The recognition sites for the EcoRII restriction enzyme are
subject to modification by the C-specific mect (dcm+)methy1ase
of E.coli K1220, asg 5-methylcytosine leads to a gap in the C-

Hpa 11

Mbo_ i1 7] Mbo 11

1200 . . . 1250 . L, s
5’ -AAAQCGGATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAAGACC TGACCGLCGCAGAGTGEATGTTTGACATGGTGAAGACTATCGCACCATCAGCC -
3'-TTTGGGC TACGACGTTAAGTCTCGCCGTCGTTCACCCCCTGTCGTCTTCTGGACTGREGGCGTC TCACC TACARACTGTACCACTTCTGATAGCRTGGTAGTCG6-

-LysProAspAlaAlal leG1nSerGlySerLysTrpGlyThrAlaGluAspLeuThrAlaAlaGluTrpMe tPheAspMetVallysThr | leAlaProSerAla-
(180) (190) (200) (210)

. EcoRl|
130 EcoRl 1350 1

5" -AGARAACCGAATTTTGCTGGETGG6C TAACGATATCCECC TGATGCGTBARCGTGACGGACETAACCACCACGACATGTGT B TECTGTTCEGCTORRCATRECAG-
3'-TCTTTTGECTTAAAACGACCCACCCGATTGE TATAGGCGGACTACGCAC TTGCAC TBCCTGCATTGGTGECECTGTACACACACBACAAGGCBACCCETACGRTC:

-ArgLysProAsnPheAlaGlyTrpAlaAsnAsp| leArgLeuMe tArgGluArgAspGlyArgAsnHisArgAspMe tCysValLeuPheArgTrpAlaCysGln-
* o (220) (230) (240)

Hpa 11 Hpa || Hae 11 1450 Taq | 1500

5 -GACAACTTCTGGTCC86TAACGTGC T6ABCOCGRLCAAAC TCCRCRAT AAGTGEACCCAAC TCBARATCAACCGT AACAAGCANCABBCAGGCSTRACAGCCAGE -
3'CIGTTGAAGACCAGGOCATTGCACGAC TCGGGOLEGTTTGAGGCGC TATTCACC TRGETTGAGCT TTAGTTGRCATTETTCGTTGTCCGTCCACACTRTCRATCE-

-AspAsnPheTrpSerGlyAsnValleuSerProAlalysLeuArgAspLysTrpThrGlnLeuGlul leAsnArgAsnLysG1nG1nAlaGlyVal ThrAlaSer-
(250) (260) (270) (280)

Hpa |
Taq | 1550 Sau3A Hind 11 1600 Sau3A

5"~ AAACCAAAAC TCGACCTGACAAACACAGAC TGBATTTACKGG6 TGBATCTATGAMAACATCCCBCACAEATEGTTAAC T TTGACCGTGAGCAGATGCE ToRA-
3'-TTTGGTTTTGAGETGGACTGTTTGTGTCTGACCTAAATECCCCACC TAGKTACT TTTTGTAGDBGCGTGTCTACCART TGAAACTBRCACTCGTCTACECAGCCT

-LysProLysLeuAspLeuThrAsnThrAspTrpl1eTyrGlyVal AspLeuTERLys ThrSerProHi sArgTrpLeuThrLeuThrValSerArgCysValGly-
(290) (299)

Hpa 11 1650 1668

5" -TCBCCAACAACATGOEGGAACAGTACGACGAARAGCCGCAGE TACAGCAGGTAG- 3' 1-Strand
3" “AGLGGTTGTTGTACGECLTTGTCATGCTGCTTTTCGECGTCCATGTCATCCATC- 5 r-Strand

-SerProThrThrCysArgAsnSerThrThrLysSerArgArgThrSerArg TER
(320) (330)

Fig.3. Nucleotide sequence of gene Q. The sequence to the left of
position 961 has already been published!!. The C-terminal end of
the ¢II protein sequence and the oop RNA sequence are included!l;
recognition and binding sequences of the oop RNA (pgy) promoter!?
are shown in boxes. Potential initiator codons for gene O and
their corresponding ribosomal binding sequences are underlined in
the messenger-like l-strand sequence. The amino acid sequence of
the O protein and of the read through O'protein is giveg below
the DNA sequence. The transversion of the ori~ mutant til12 at po-
sition 1100 (fig.2) and the exact positions of the restrictlgn
sites (fig.1b) are indicated. Nucleotides are numbered relative
to the PR mRNA startpoint (fig.1).
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and C+T-lanes of the sequence autoradiograms?! - which could be
overlooked -, the sequence CCTGG at position 1405-1401 (r-strand)
in fig.3 was confirmed by sequencing fragment Hpa II 1199-1418
from unmodified Advh93 DNA, grown in a mec (dcm ) derivative of
K1220, This is one of three ECoRII sensitive sites in unmodified
Advh93 DNA, the other two lying outside the region sequenced
here (G. Hobom, personal communication).

As the enzymes available were not sufficient for complete
sequence determination of fragments Hinf I 878-1156 and Hpa II
1199-1418, the isolated fragments were incubated with EcoRI
enzyme under conditions of reduced sequence specificity (the
EcoRI* activity of Polisky et al.l8). Of the three sites cleaved
(data not shown), only two had a central AATT-sequence : at po-
sition 1146 (classical EcoRI site GAATTC) and 1308 (GAATTT).

The third EcorI* cleavage occured at the sequence GAACTC at po-
sition 937 (fig.3). Therefore, the target for EcoRI* activity
is not simply an AATT-sequencel!®, and the loss of specificity
under EcoRI® conditions seems not to be confined solely to the

outside positions of the EcoRI hexanucleotide sequence.

O gene and O protein

The molecular weight of the O protein as determined by SDS
gel electrophoresis is given as 34,50022 or 37,00023, respecti-
vely, corresponding to about 310-340 amino acid residues. Fur-
thermore, the EcoRI site at 81.0% of the A physical map (fig.1a)
lies inside gene 98. Thus the O gene should comprise about 900-
1000 nucleotides extending to both sides of the EcoRI site.

By screening the nucleotide sequence shown in fig.3 for
termination codons to the left and to the right of the EcoRI
site, two potential reading frames for the O protein can be
excluded, while the remaining frame is defined by the two in
phase nonsense codons at position 607 and 1561. The nonsense
codon at position 1561 is an UGA codon, which has been identi-
fied as the terminator codon for the O gene?2?. As previously
argued!!, there are two possible initiator codons for the O
protein: the AUG at position 664 and the GUG at position 727,
as both are preceded by sequences complementary to the 3'termi-
nus of ribosomal 16S RNA2%s25 (underlined in fig.3).
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The amino acid sequence of the O protein as derived from
the nucleotide sequence is included in fig.3. Starting at the
AUG codon at position 664, the O protein is predicted to con-
sist of 299 amino acid residues, giving a molecular weight of
33,830 (including the N-terminal methionine), which is in good
agreement with the SDS gel estimates of 34,50022 and 37,00023.

If translation starts at the GUG codon at position 727, the num-
ber of amino acid residues is reduced to 278 and the molecular
weight to 31,505.

In an in vitro protein synthesizing system using ADNA as
template, read through of the UGA terminator codon of the QO gene
mRNA occurs, producing a protein (termed 0') slightly larger
than the O brotein itself, with a SDS gel estimate of 36,500
(as compared to 34,500 for the O protein)22. As can be seen in
fig.3, the next in phase terminator codon following the UGA co-
don at position 1561 is an UAG aﬁber codon at position 1666. This
would give a protein 35 amino acid residues or 4,000 daltons lar-
ger than the O protein. It is not known whether this read through
occurs in vivo?2,

29% of the 299 amino acid residues of the Q protein are
charged residues: 47 residues (19 Arg, 28 Lys) bear a positive
and 40 residues (25 Asp, 15 Glu) a negative charge; hence it is
a slightly basic protein. In order to get some secondary struc-

ture information, the rules of Chou and Fasman26,27 haye been

applied to the amino acid sequence. This analysis28 led to the
secondary structure model of the O protein shown in fig.4.

There are 34% helical, 17% B-sheet and 41% coil residues
in this predicted conformation with 41% of the residues parti-
cipating in B-turns. A striking aspect of the structure is the
clustering of helical and B-sheet regions in the N- and C-termi-
nal part of the protein, separated by a central region (resi-
dues 107-170) consisting almost exclusively of coil and 8-turn
residues. (As B-turns occur mostly at the borders of o- and

B-regions stabilizing neighbouring structural regions26,27, it
is doubtful whether all of the 17 B-turns predicted for the

region 107-170 - which has only three short B-sheets (fig.4) -
will form out).Possibly, the O protein is subdivided into two
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structural domains, as is often found in globular proteins: a
"N-domain" from residues 1-106 and a "C-domain" from residues
171-299. The secondary structure content in these regions amounts
to 49% a-helix and 13% B-sheet for the N-domain, and 40% a-helix
and 19% B8-sheet for the C-domain.

As discussed in ref.12, the O protein appears to be bifunc-
tional, with the N-terminal portion of the protein determining
type specificity and presumably recognizing the DNA of the ori-
gin region, while the C-terminal part seems to interact with
the replication apparatus of the cell, in conjunction with the
AP protein. It is tempting to correlate these functions with the
N- and C-domains of the O protein predicted here. Accordingly,
the "coil"-region 107-170 would simply connect these functional
domains, without being of any greater structural significance.

Fig.4. Schematic diagram of predicted secondary structure for
the 0 protein. %, /A and ~— represent one a-helix, B—sheet‘
and coil residue, respectively. B-bend tetrapeptides are indi-
cated by chain reversals. Charged residues are indic§ted by +
and -, cystein residues by S. N- and C- terminal Fe31dues of
structural regions are numbered. The first 21 residues are en-
closed in brackets, as the exact initiator codon for the O gene
is not known (£fig.3).
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Tests for the functional stability of O and P functions in-
dicate that O is much less stable than P2%. In the light of the
secondary structure model of the O protein, this instability
could be explained by an enhanced susceptibility of the protein
to protease attack due to the extensive central coil region.

Origin of replication

A straightforward way to identify the A replicator at the
nucleotide level is the sequence analysis of mutants defective
in the ori site (ori mutants). The ori mutant Atil12 forms tiny
plaques and displays a 5- to 10-fold defect in autonomous DNA
replication®. As documented by the autoradiogram shown in fig.2c,
Ati12 is a point mutant: the C at position 1100 of the wild type
sequence (l-strand) is changed to A. The corresponding G to T
transversion in the r-strand sequence was also verified (not
shown) .

As is evident from fig.3, the ti12 mutation lies in the
middle of gene O, producing a Thr (ACA-codon) to Lys(AAA-codon)
exchange in position 146 of the O protein. This amino acid
substitution seems, however, not to impair O function, as Atii12
prophages complement superinfecting Ag- phages well®,

In fig.5 the nucleotide sequence of the replicator in
phage A, as defined by the 951- mutants, is shown in detail. The
positions of the til12 transversion (this work) and of the ori
deletions r93, r96 and r99 (from ref.12) are indicated. The ti12
mutation lies inside the r99 deletion, in agreement with gene-
tic data showing recombination between ti12 and r93 as well as
r96, but not between til12 and r998. As with ti12 all three ori
deletions, which remove multiples of 3 base pairs, show an g+
phenotype?,12,

That part of the ori sequence determined independently by
Denniston-Thompson et al.l? is indicated in fig.5. Their sequence
deviates from the one presented here at several points (l-strand
positions):

- the sequence GA at position 1048 and 1049 is missing;

- they indicate 4 instead of 3 A residues following the C at
position 1062;
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- in place of the A residues at position 1073 and 1079 they
have T and G,respectively;

- between position 1138(T) and 1139(C) there is an additional
G in their sequence.

Furthermore, they assign the ti12 transversion (which they
have sequenced independently) erroneously to position 1098 (po-
sition 1451 in their nomenclature).

Nucleotide sequences between position 1069-1146 have been
determined not only from Advh93 DNA but also from‘xphage DNA
(A£i12, Ac26)and from both the complementary strands (see also
figs.1b and 2). All sequences obtained were in complete agree-
ment. It therefore seems highly unlikely that the deviations
between the sequence presented here and in ref.12 are due to.
strain differences.

The sequences around the ggi_ mutations are highly struc-
tured covering about 160 base pairs of DNA (fig.5). The left
half of this region is characterized by an 18 base pair block
containing a hyphenated inverted repeat. This block is repeated

| 0] . 1] v @ ti 12
1001 L — B e T s R T e ¢ > e ¢ e —Deeeeeet S
15 -cAwrssrecmmmsemnccccrAAAAcsasssnmucm:unsssssnrsm@lﬂkmuessssmc-
r 3'-6TCTTACCACGTAGGGAGTTTTGETCCCTTTTAGGGGATTTTGCTCCCTATTTTGTAGGGAGTTTAACCCCCTAACGATAGEGAGTTTTGTCCCCCTGTG-

r93 - —_

o ¢ D e G + e @
10 = —» ——— ————b P — ———b 1200
5'-MMG&CACTATTACMMGMMMGAMAGATTATTCGTCAGA TTCTGGCGAATCCTCTGACCAGCCAGAAAACGACCTTTCTGTGBTGMACCG-3'
3'-TTTTCTGTGATAATGTTTTCTTTTTTCTTTTCTAATAAGCAGTCTCTTA CC6CTTAGGAGACTGGTCGGTCTTTTGCTGEAAAGACACCACTTTGEC-5' r

-r99 —¢ e 1 96 — Eco RI
D
Fig.5. Nucleotide sequence of the region in phage ADNA.

The position of the ti12 transversion (fig.3) and of the ori
deletions r93, r99, r9% (from ref.12) are indicated. The direct
repeats I-IV are symbolized by +=—— ; the common TCCCTC sequen-
ce is boxed. Inverted repeats are symbolized by arrows pointing
against each other, true palindromes by arrows pointing away
from the axis of symmetry. At non-symmetrical positions, the
arrows are interrupted by a dot. The reading frame of the O

gene is given below the r-strand. D: region sequenced by Dennis-
ton-Thompson et al.!Z2.
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four times almost identically (the repeats I-IV, the last two
of which were already recognized by Denniston-Thompson et al.l2).
The region following repeat IV (position 1098-1138) has an A/T
content of 80% and contains two hyphenated true palindromes
(1098-1109 and 1111-1136) located over a 6 nucleotides and 18
nucleotides long pyrimidine tract, respectively. Finally, there
are two more, overlapping inverted repeats (a and b) extending
over the EcoRI site.

As has been pointed outl!2, the A/T rich region mentioned
above may contain very important components of the ori region
as the strong ggif mutants r99 and r96 lie in this region (fig.
5). The much weaker ori  mutant til12 sequenced here lies in the
same area, producing a C/G to A/T transversion. This base change
indicates that the specific sequence and not only the high A/T
content has functional importance in this region.

Cloning experiments have shown that an EcoRI fragment of
ADNA containing only sequences to the left of the EcoRI site
at position 1146 contains a functional ) origin®. However, as
the replicational activity of cloned Adv fragments containing
sequences to both sides of this EcoRI site is 30 times higher
as compared to fragments containing sequences only to the left
of position 114630, and as extensive sequence homology is found
around the corresponding EcoRI site in the ori region of the
lambdoid phage @80 (R. Grosschedl, G. Scherer, G. Hobom, manus-
cript in preparation), the inverted repeat b - which extends to
both sides of the EcoRI site (fig.5) - may be included as a func-
tional element of the A origin. a

The most striking aspect of the ) origin are the inverted
repeats I-IV. This structure is reminiscent of the A operators
Og
sequence is repeated three times3!. In both the operators and

and OL’ where a more or less symmetrical repressor binding

the ori region, one half of the symmetrical sequence is strong-
ly conserved in the repeats: the half sequence a in the repres-
sor binding sequences3!, the sequence TCCCTC in the repeats I-IV
of the ori region (boxed in fig.5). These parallels could point
to a multiple binding of a protein factor to this part of the
origin, analogous to the multiple binding of repressor molecu-
les to the operators. Not suprisingly, then, the removal of one

3153



Nucleic Acids Research

of the four repeats in the deletion mutant r93 results only in a
partial defect, since this mutant makes minute plaques under
favourable conditions’, as pointed out by Denniston-Thompson et
al.l2,

It remains to be seen which role the different parts of
the ori region discussed above may play in the initiation of
ADNA replication. There is already some evidence that the A/T
rich region to the left of the EcoRI site represents a dnaG
protein binding site, as this region shows sequence similarity
to the origin of complementary strand synthesis in phage G432.
Both the A! and the G432 initiation of DNA replication is dnaG
dependent.

Finally, it should be pointed out that the ori region co-
vers that part of gene O coding for the predicted coil region
107-170 of the O protein (cf. figs. 3,4 and 5). This correlation,
together with the fact that in all four ori mutants sequenced
the O function is still intact despite considerable changes in

the primary structure of the O protein’s12, could indicate that
the DNA region covered by the O gene originally may have contai-
ned two separate genes, one to the left and one to the right of
the ori region. In this arrangement, the two functions of the
later O protein - interaction with the ori DNA through the N-
domain, interaction with the P protein through the C-domain -
and the nucleotide sequences of the ori region could have evol-
ved separately. Later the two segments of the O gene were com-
bined under inclusion of the ori region, whose DNA sequence had
evolved to an optimal recognition site for replication initia-
tion and therefore does not code for any "meaningful" protein

function.
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