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We have determined the DNA sequence and transcription
patterns in a 3-kb segment (between 15 and 18 kb on the stan-
dard phage T4 map) spanning an origin of DNA replication.
A new gene, 69, spans this origin. Gene 69 codes for two
overlapping proteins that share a common C-terminal seg-
ment. Defective DNA replication in an appropriate amber
mutant shows that at least the larger of the two proteins is re-
quired for efficient T4 DNA replication. The two proteins
coded by gene 69 are expressed from different transcripts that
are under different regulation. The smaller protein, gp69*,
can be expressed immediately from an Escherichia coli-like
promoter, whereas expression of the larger protein, gp69,
must be delayed since its middle promoter requires T4 coded
proteins, most likely gp mot, for activation. We discuss the
possible significance of two overlapping proteins in the
assembly of replisomes. Gene 69 is bracketed by the non-
essential early gene dam (DNA adenine methylase) and the
late gene soc (small outer capsid protein). Transcripts through
this region are interdigitated in a complex pattern, which
reveals all elements that are thought to be important in regu-
lation of pre-replicative and post-replicative T4 genes.
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Introduction

Bacteriophage T4 DNA replication can be initiated at several
different origins (for reviews, see Kozinski, 1983; Mosig,
1983a). One of these, oriA, in the region between 15 and
18 kb on the T4 map has been characterized in considerable
detail (Mosig et al., 1981; Macdonald er al., 1983; Mosig,
1983a; Macdonald and Mosig, in preparation). Here we pre-
sent the DNA sequence as well as the transcription pattern of
a 3-kb segment of the T4 chromosome that contains this
origin. We found a new DNA replication gene, 69, spanning
this origin. This gene codes for two overlapping proteins that
share a common C-terminal segment.

Gene 69 is bracketed by the non-essential early gene dam
(DNA adenine methylase) and the late gene soc (small outer
capsid protein). The sequence presented here also contains the
promoter distal part of the early gene 58-6/ (DNA priming
protein) upstream from dam, and an early promoter for an
unidentified gene, ORF1, downstream from soc. Although
the coding regions of these genes are clearly separated, the
transcripts are interdigitated in a complex pattern.

This complex transcription pattern reveals all elements
which are thought to be important in regulation of pre-
replicative T4 genes (Pulitzer ef al., 1979; Linder and Skold,
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1980; Brody et al., 1983). According to current models,
immediate early (1E) genes are transcribed by Escherichia coli
RNA polymerase without requiring prior expression of other
T4 genes. They map proximal to early promoters, which
resemble E. coli promoters. Delayed early (DE) genes can be
transcribed in either or both of two ways. (i) They can be
transcribed from early promoters that map distal to potential
transcription termination sites. In that case, their expression
requires prior expression of T4 coded anti-termination func-
tion(s). (ii) They can be transcribed from middle promoters
which depend on prior expression of the T4 mot gene (Matt-
son, 1974). These middle promoters have good homology to
the ¢ — 10’ region, but no homology to the < — 35’ region of E.
coli promoters. Instead, they share a consensus sequence, a
‘mot box’ which is thought to bind the positive activator gp
mot (Uzan et al., 1983).

Our results suggest that the two proteins coded by gene 69
are expressed from different transcripts that are under differ-
ent regulation. The small 69* protein can be expressed im-
mediately (IE) whereas the large 69 protein is DE and requires
gp mot for efficient expression.

Results

DNA sequence

A replication origin is located within the EcoRI fragment
spanning the Xbal site at 15.8 kb on the T4 physical map
(Mosig et al., 1981; Macdonald et al., 1983). This EcoRI frag-
ment is cloned in pMACI12 (Figure 1), and neighboring T4
restriction fragments covering most of the DNA segment
between positions 8 and 18 kb have also been cloned (Mac-
donald and Mosig, 1984). To obtain the origin DNA sequence
and to ensure that nearby genes, promoters and terminators
potentially involved in initiation could be accurately mapped,
we sequenced the T4 DNA segment from 15.0 to 18.1 kb
using DNA from the cloned restriction fragments shown in
Figure 1.
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Fig. 1. Map of T4 DNA segment including oriA and the gene 69. Map
co-ordinates represent the distance in kb clockwise from the rlIA/rlIB
junction on the standard T4 map (Kutter and Riiger, 1983). Cloned T4
DNA segments (open boxes) are shown above the map. The striated box
indicates one end of the deletion del(39—56)12 (Homyk and Weil, 1974).
Evidence leading to the gene assignments shown below the map is
presented in the text. Probe A was used in the Northern blot analysis of
RNA synthesized in vivo (Figure 5).
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GTT AAT GAT_ATG ATT
Val Asn Asp Met Tle

AA GCT TAY CCT GAG OCA ACA AAA ATC TAT GOA GTC GAA CGA OTT AAA GAT OOT GAT GTA TAT OTT CTA GAA GGA CCT ATA GAT TCA CTT TTT
Ala Tyr Pro Glu Ala Thr Lys Ile Tyr Gly Val Glu Arg Val Lys Asp Gly Asp Val Tyr Val Leu Olu Gly Pro Ile Asp Ser Leu Phe
.100 . . . . . . . .
ATT GAA AAT OGT ATA OGCT ATT ACG 0OC OGT CAA TTA GAC CTA GAA GTT OTT CCA TTT AAA GAT AGA COT GTG TGO OTC TTA GAT AAT GAA CCT
Ile Glu Asn Gly Ile Ala Ile Thr Gly Gly Gin Leu Asp Leu Glu Val Val Pro Phe Lys Asp Arg Arg Val Trp Val Leu Asp Asa Glu Pro
. .200 . . - . . . -3 .
C&‘I’CACCCTGACACI‘lﬂlllcﬂlANACIAMHAOHGATGCJWMMMI'NMMMTmmm%mmﬂf
Arg His Pro Asp Thr Ile Lys Arg Met Thr Lys Leu Val Asp Ala Gly Glu Arg Val Met Phe Trp Asp Lys Ser Pro Trp Ser Lys Asp
+300 . . . . . .
lGAMGGAAmMAMxCCTOMCMAHANOMTH‘INMAMTM‘I‘IHMCMMH‘ TG OCT AAA ATO
Arg Lys Glu Gly Ala Thr Pro Glu Gln Ile Met Glu Tyr Met Lys Asn Asn Ile Ala Gla Gly Leu Met Ala Lys Met
. 800 . . . . . . . .
GCT AAG ATT TAA ATTAACCCA 'TGCTA CTOGAATAT 'TOTGCAAT

CGG CTA TCT AAA TAT
Arg Leu Ser Lys Tyr

Ala Lys Ile

. .500 . . . . . . . . . -600
GATAARATAAAGTTCCAGAGTAAAATTCCTACCATAGTAGAAATAGTAAAAGCTATACGTTTCTTATTACCTTTTATOGCATTAACAAGTOCCATTAATTTTTOTACCATATATATCCTCCTT
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TAAATTAATATTTATCGCARAACGTGTTA

TAT ACA GGT AAT AAA
Tvr Thr Gly Asn Lys

GTG TCT ITG _‘AT GIT
Val Ser Teu Asn Val

GAC GTT TTA AAA GTA
Asp Val Leu Lvs Val

COT OTT TTA CTT TAT
Pro Leu Leu Leu Tyr

.1100 .
ACT ATA AAC AAA AAT
Thr Tle Asn Lys Asn

.1200
ATT TTA GAC GGC GAT
Tle Leu Asp Gly Asp

CTT TTA AAT CTT TTA
Leu Leu Asn Leu Leu

AAA GAA TGG TCT AAA
Lys Glu Trp Ser Lys

GTA TAT ATT TTT AAT
Val Tyr Ile Phe Asn

TTG ATC GAA GGT GTT
Leu Tle Glu Gly Val

TTT TTA CAG ATT CGT
Phe Leu Gln Ile Arg

CAA AAA GAC TGT ATT
Gln Lys Asp Cys Ile

AAA TGG AAA GCA COT
Lys Trp Lys Ala Arg

ATA ﬂ'l‘ $ e Gﬂ
Ile Phe His Phe Val

. . 68¢
AAC OTC AAG ATA
Asn Val Lys Ile

CAT GAA TCA TTT ATT
fis Glu Ser Phe Ile

AMA ATA COA TOG TCA
Lys Ile Arg Trp Ser

CAC GAG TTA T0G GTT
His Glu Leu Trp Val

.2700
AAT TTA ATT TAC TTA
Asn Leu Ile Tyr Leu

.2800
Ml ACA TTT GAG CAG
Lys Thr Phe Glu Gln

1CT 00C GCT CAT TAC
Ser Gly Ala His Tyr

GAA GAT TTG TOG ASA
Glu Asp Leu Trp Lys

Ile Lys Gln Tyr Lys

GTT CTT CAT TTT CAC
Val Leu His Phe His

AGT GAA AAA CAA TAT
Ser Glu Lys Gln Tyr

TTT GTA TAT GTA GAT
Phe Val Tyr Val Asp

.1300 .
GAT TCT TTA AAT GAT
Asp Ser Leu Asn Asp

«1400
AAA TAT AAT GTA AAC
Lys Tyr Asn Val Lys

rot M1853,

mot
TAA__TTGCTT ﬂﬂCTTACATACl'CAAATGAT

. .1600
GAT AAA GCT CAA AAT
Asp Lys Als Gln Asn

TTG GCT AAT GTC COC
Leu Ala Asn Vel Arg

GAT GAT GAA TTC CGC
Asp Asp Glu Phe Arg

TAT ATT GAA OCG CAA
Tyr Ile Glu Ala Gln

™ TIT OTT
La!l-ﬁ_ﬁﬁmhl
CAA

AT ATT AMA

t Asp Ile Lys Gln Lys

ﬂi AAT CCA TAT ilf
Yal Asn Pro Tyr Asn

AAA TOC CAT 0OT TCT
Lys Cys Nis Gly Ser

CT GOT GOT CAG
ro Gly Gly Gln

TG AAG AAT TCA
Arg Met Lys Asn Ser

AAT AAA AAG ATT TCA
Asn Lys Lys Ile Ser

TTT TTA OGC AAA CCA
Phe Leu Gly Lys Pro

TTC AGA AAA GAA GIT
Phe Arg Lys Glu Asp

AAA TTA GAT OGA AAT
Lys Leu Asp Gly Asn

-2900 .
CAG ACA TTC CCT TCA
Gln Thr Phe Pro Ser

. .3000
GTA ACT OGT TAA fncrcuamcrmwy
—c e £

Yal Thr Gly

740
-10 . . . . . .700 . .
ATCAAATACATATGATGAAGAATTGTATAATTCATTTTTOCTOCAATAAATGAGAGAATATA ATG CTA QGA OCT ATC GCG
5 Fet Leu Gly Ala Ile Ala
. . . . . .800 (D). _(regh)
CAA TCA TTA TTA CCT GAA CTC AAA TCT CAC TTT CCA AAA TAT AAC AGA TTC GTG GAT TT. mmg_pﬂnm
Gln Ser Leu Leu Pro Glu Leu Lys Ser His Phe Pro Lys Tyr Asn Arg Phe Val Asp Leu Phe Cys Gly Gly Leu Ser
. t17,19 . .
AAT GGC CET GTA TTG.GCC_AAT GAT ATT CAA GAA CCA ATT ATT GAA ATG TAT AAG COT CTT ATT AAT GTA TCA T0G GAT
Asn Gly Pro Val Leu Afa Asn Asp Te Gln Glu Pro Ile Ile Glu Met Tyr Lys Arg Leu Ile Asn Val Ser Trp Asp
. . . . . . . 1000
ATA AAG CAA TAC AAA CTA TCA AAA ACA TCA AAA GAA GAG TTT TTG AAA TTA CGT GAA GAT TAT AAT AAA ACT AGA GAT

Leu Ser Lys Thr Ser Lys Glu Glu Phe Leu Lys Leu Arg Glu Asp Tyr Asn Lys Thr Arg Asp

GGA TTT AGT AAT ATG ATT CGT ATA AAC GAT AAA GGA
Gly Phe Ser Asn Met Ile Arg Ile Asn Asp Lys Gly

. . -35.
AAT CAC TTT AAA CAA AAT TGT GAT AAA ATA ATC TTT
Asn His Phe Lys Gln Asn Cys Asp Lys Ile Ile Phe

-10. 'E"‘.'z

CCT CCG TAT CTC ATA ACA GTT GCT GAT TAT AAT AAA

AAT TTT ACT
Asn Phe Thr

CCG TTT OGA AAA AGA
Pro Phe Gly Lys Arg

AGT TCA TTG CAT TTT AAA GAT OTT AAA
Ser Ser Leu His Phe Lys Asp Val Lys

TTT T0G TCA

GAA G nnuuuﬂuc

Pro Pro Tyr Leu Ile Thr Val Ala Asp 7yr Asn Lys Phe Trp Ser Glu Asp Glu Glu Lys Asp

AGA GGA ATA AAA TTT GGG CAG TCG AAT GTT TTA GAA

CAC CAC OGA AAG

GAA AAC ACT CTT CTT

Arg Gly Ile Lys Phe Gly Gln Ser Asn Val Leu Glu His His Gly Lys Glu Asn Thr Leu Leu

CAT CTT AAT AAA AAR TAC 6TC TTT AAC ATA TAT CAT TCC AAA GAA AAG AAT GGA A
Ser Lys Glu Lys Asn Gly

His Leu Asn Lys Lys Tyr Val Phe Asn Ile Tyr His

.-10

ATTTAACTTATTAATGAATTGAAAGGAAAACTA
S

GAA TAC TGG GAT ATT E.TC GGT GAT GAA AAA GAT QOQ
Glu Tyr Trp Asp Ile Leu Gly Asp Glu Lys Asp Pro

.1700 . . .
GAA TAC TGC TAT CAT CCA GAT AAA TTA GAA ACT GCC
Glu Tyr Cys Tyr His Pro Asp Lys Leu Glu Thr Ala

.1800 . .
GAA CTT CTG ACT TCT CTT GGT GAA ATG TCA CGT OGT
Glu Leu Leu Thr Ser Leu Gly Glu Met Ser Arg Gly

. .1900 .
GAA AAA COC ATT GAT GAA ATG TCC CCC GAA GAC CAG
Glu Lys Arg Ile Asp Glu Met Ser Pro Glu Asp Gln

. . »2000 .
00C CTT OGA ATG AAT OCG GAA GAA ATC TTT AAA CTT
Gly Leu Gly Met Asn Ala Glu Glu Ile Phe Lys Leu

. 1594 . .2100
TTT TAT AGA ACA TAT ATA OTA AAA OTT AGG ACG CCG
Phe Tyr Arg Thr Tyr Ile Yal Lys Yal Arg Thr Pro

GAT AAA TAT CCG OGT TCA OGT AAA ATA CTA TGG AAC
Asp Lys Tyr Pro Gly Ser Gly Lys Ile Leu Trp Asn

mmmmntwmmmmccnﬁn
Arg Glu Lys Ser Tyr Glu Val Glu Arg Glu Leu Ile

0GT 0GA GAA GGA AGA AAA TOG ACT GAG CAA CAA CGA
Gly Gly Glu Gly Arg Lys Trp Thr Glu Gln Gln Arg

CAA COT ATA GCC CAA AAT AGG GCA GAA AGA AAA GCT
Gln Arg Ile Als Gln Asn Arg Ale Glu Arg Lys Als

GAA GGA ACT TCA AGG OCG CAA AGA AAA GCA CCG CAT
Glu Gly Thr Ser Arg Ala Gln Arg Lys Ala Pro His

OCA ACA OGC CCG GTT GTA AAG GCG CTT AAA GGA AAA
Ala Thr Gly Pro Val Val Lys Als Leu Lys Gly Lys

P 1832, {regh)_.
GTA TAA Arurumnmmrmtwrnc X
Val

Eld

¥

t

MGmlﬂGAiNAMGGM;ﬂTﬂGTAG&TTTC
Lys Lys Ile Glu Gly Lys Glu Ile Ser V. la Phe

GAA AAA GCA GCA TAT TCT ACA GTA TAT GAA GAA AAT
Glu Lys Ala Ala Tyr Ser Thr Val Tyr Glu Glu Asn

GAT GAA
Asp Glu

?n

INOCICACTTTMTWMOC'I‘CAT
Mot Ala His Phe Asn Glu Cys Ala His

o "0.30

CTT GA
-L:u-(ﬂn 1 54 tt I.'fhp m.'arn Ar‘

oafcnfmmfcrmnwmw
Gly Asp Val Val Ser Trp Met Arg Glu

GAA AAA GAA GCT
Glu Lys Glu Ala Ser

TCT GCT GTA TOG AAA
Ala Yal Trp Lys

.~35

c‘rcauAﬂmrrrmmmm
Leu Glu Ile Lys Phe Glu Leu Val Asp

TAT TAT CTG AAG
Tyr Tyr Leu Lys

AAA OGC GTC TTT
Lys Gly Val Phe

.2200
ATA TAT COT MG
Ile Tyr Arg Lys

.2300
TCT GCA TTA AAA
Ser Ala Leu Lys

TTA GAA CAT AAA
Leu Glu His Lys

COG CAA TCT GAA
Arg Gln Ser Glu

TGG CAT GAA CCA
Trp His Glu Pro

TAT GAT GTA ACA
Tyr Asp Val Thr

GCT AGT ACT CGC
Ala Ser Thr Arg

CCT CTT TAT TCT
Pro Leu Tyr Ser

CAA CGT ACT GAA
Gln Arg Thr Glu

Pe1408

AAC AAA CAT ATT TTG
Asn Lys His Ile Leu

TOG TAC GCT GGG AAA
Trp Tyr Ala Gly Lys

TAT GGA TTT AA'I‘ TAT
Tyr Gly Phe Asn Tyr

CGT AAA CAC CCA GAT
Arg Lys His Pro Asp

. 2400 .
CTT AGA TTA AAC AAT
Leu Arg Leu Asn Asn

.2500
G‘I‘A ATG AAA AAG TTT
Val Met Lys Lys Phe

CTT AAA AGC GAA ATA
Leu Lys Ser Glu lle

AGT TCG GCT CTT AAG
Ser Ser Ala Leu Lys

GGT TAT GTT AAT ATC
Gly Tyr Val Asn lle

GAC GTT CAC AAA ATT
Asp Val His Lys Ile

TGG ATT GCT GCA AAT
Trp Ile Ala Ala Asn
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Fig. 2. (a) DNA sequence of a 3.1-kb T4 segment which contains genes dam, 69 and soc. The sequence is presented 5’ to 3', beginning at the Hindlll site at
map co-ordinate 18.1 (see Figure 1). Below the DNA sequence are the predicted amino acid sequences of the genes specifically identified in Figure 1. Where
appropriate, initiation codons and Shine-Dalgarno sequences are underlined, the latter indicated by SD. Potential RegA protein target sequences (Wiberg and
Karam, 1983) at the 5’ end of soc and the second possible dam ribosome binding site are overlined and indicated by (regA). Gene locations are: 58-61
(identified by B.Alberts and M.Nakanishi, personal communication) from upstream of the sequenced region to nucleotide 395; dam, from 708 or 819 to 1484;
69, from 1548 to 2723; 69*, from 2052 to 2723; soc, from 2759 to 2998. Probable — 10 and — 35 regions for promoters mapped as described in the text are
underlined and identified as such. Terminators (t) are also marked. Large palindromes that may be involved in termination of transcription are underlined
(dashed). In addition, the ‘mot box’ consensus sequence of Py;16.53 is underlined and identified. (b) Sequence strategy. End-labeled restriction fragments
sequenced by the Maxam-Gilbert technique are shown with vertical bars at the site of end labeling. Fragments that were labeled at the 5’ end are shown
above the restriction map. 3’ end-labeled fragments are shown below the map. Segments sequenced by the dideoxy technique are shown above or below the

map in accordance with the orientation of the sequence.

The 1.8-kb Hindlll T4 DNA insert from pMACI9 was
sequenced by the chain termination method. The other seg-
ment of the sequence was determined by the partial chemical
degradation method, using restriction fragments from the
cloned segments shown in Figure 1. The individual DNA
segments, whose sequences were determined, are shown in
Figure 2B. The total DNA sequence is presented in Figure
2A, together with important transcription and translation
signals, which are discussed below. Note that this sequence is
presented in the direction of transcription of early genes, i.e.,
from co-ordinate 18.1 towards 15.0 (Figure 1) on the T4 map
(Kutter and Riiger, 1983; Gram et al., 1984).

Genes

Inspection of the DNA sequence, gene fusion experiments,
and subsequent in vivo tests (see below) identified several
significant open reading frames (ORFs) and genes which are
summarized in Figure 1. The predicted amino acid sequences
of the gene products are shown in Figure 2.

We focus first on the ORF that spans the replication origin
(which maps in the EcoRI fragment cloned in pMACI2).
From marker rescue experiments (one set of data is summar-
ized in Table I) and the position of the cloned segments
shown in Figure 1, we conclude that amHL627-2 is a mu-
tation in a new gene 69. HL627-2 has a more severe DNA-
delay phenotype than the gene 58-61 mutant E219-10 (Figure
3). The first ATG codon (at position 1548) in gene 69 is
preceded by a Shine-Dalgarno sequence at an appropriate
distance. The DNA sequence predicts that gp69, initiated at
position 1548, is a basic protein with a mol. wt. of 46 kd.

There is a second functional initiation site in gene 69 at
position 2052 (see below). The putative protein initiated at
this site, gp69*, is read in the same frame as gene 69, but has a
predicted size of only 224 amino acid residues. In contrast to
gp69 which is mainly expressed from a middle promoter,
gp69* is potentially expressed as an early protein, since its
ribosome binding site maps directly downstream from an
early promoter, Pg16.08 that exists within the complete gene
69 (see below).

The functioning of an internal translation initiation site
within gene 69, to produce gp69*, was shown in the following
manner. We inserted the internal EcoRI fragment from gene

69 into M13mp?7 (to construct M13rl and M13r21) (Figure 4).
This T4 EcoRI fragment contains the promoter Pgl6.08
within gene 69, and ~470 bp of downstream sequence, but
lacks the 5’ end of gene 69. In the desired orientation (M13rl)
this construct creates an in-phase fusion between the gene 69*
reading frame (which is also the gene 69 reading frame) and
the lacZ’ reading frame at the lac promoter-distal EcoRI site
of M13mp7. MI13rl forms blue plaques when plated on
JMI103 in the presence of IPTG and XGal, indicating that
translation is initiated from a ribosome binding site within the
inserted DNA and that the resulting fusion protein has lacZ’
activity. To define further the location of the translation
initiation site, two derivatives of M13r]1 were constructed.
M13r1X° has 4 bp inserted at the single Xbal site of M13rl,
and M13r1H® has 4 bp inserted at the single HindllI site of
M13rl (arrowheads in Figure 4). Both create + 1 frameshift
mutations and should eliminate 3-galactosidase expression if
translation responsible for the blue plaque phenotype is
initiated upstream from the two different 4 bp insertion sites.
M13r1H® retains 3-galactosidase activity, whereas M13r1X°
does not. Therefore, the translation initiation site must be
located between the Xbal and Hindlll sites. Of five potential
initiator codons in that segment (four ATG and one GTG),
the ATG starting at nucleotide 2050 is defined by the com-
puter program of Stormo ef al. (1982) to be the most likely
candidate.

Gene 69 is flanked by two non-essential genes, dam and
soc. The dam gene, upstream from gene 69, codes for a DNA
adenine methylase. Schlagman and Hattman (1983) have
reported the presence of dam in the 1.8-kb Hindlll fragment.
They also demonstrated that the gene is inactivated by cleav-
age at the single Ball site in this restriction fragment. Thus,
this Ball site at position 847 identifies the overlapping ORF as
the dam gene. Two potential translation initiation sites at
positions 708 and 819 would yield proteins of 30 or 26 kd,
respectively. A protein in this size range has been detected by
maxicell experiments using a plasmid containing the 1.8-kb
Hindlll fragment (Hattman et al., personal communication).
Wiberg and Karam (1983) have stated that gp dam of T4 is-
under control of the T4 regA protein, a translational re-
pressor. A regA consensus binding sequence (Karam et al.,
1982) at position 813 —821 overlaps the second, downstream
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Table 1. Proportions of wild-type particles among the progeny of the second-cycle marker-rescue experiments described in Materials and methods

T4 Host: UT481 MHI
Gene Mutant Plasmid: None pMAC21 pMACI2 pMACI9 None PMACT2
ORF1 E219-12 3x 1078 3.2x107! 3.1x107¢ 2x10°5 9.3x1074 25x1074
69 HL627-2 3.2x10°5 1.5x10°2 2.5x10°5 29x10°! 6.3x 1074 3.2x10°2
58-61 E219-10 1.6 x 1075 6.8x10°4 1.3x10™4 26x107! 4.8x10°3 1.5x107¢
56 ES6 0 0 5x1071 0 6x10°!
17 NSs6 N.T.2 5.7x107¢4 29x10°5 6.9x10°3 N.T. N.T.
3N.T. = not tested.
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Fig. 3. Net T4 DNA synthesis, measured by continuous [*H}thymidine
incorporation in E. coli B at 25°C. The T4 strains used were: wt (ll),
E219-10, gene 58-61 (®), HL627-2, gene 69 (O). b
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white —» 2z —————XZZ M13r1X® Fig. 5. Northern blot analysis of gene 69 transcripts. (a) Autoradiograms in
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Fig. 4. Constructions that demonstrate an internal, in-phase initiation
codon within gene 69. Key restriction sites in gene 69 are marked in the
upper line. M13r1 was constructed by inserting the internal gene 69 EcoRI
fragment into the large EcoRI fragment of M13mp?7, creating an in-frame
fusion between the gene 69 and lacZ (striated) coding sequences at the 3’
proximal end of the gene 69 segment. The other fusion site is not in frame.
Paired vertical lines indicate the sites of 4-bp insertions, which create + 1
frameshift mutations, in M13r1H® and M13r1X°.

putative initiation site.

The structure and regulation of soc (small outer capsid pro-
tein) have been described (Macdonald et al., 1984). A regA
binding sequence also overlaps the ribosome binding site of
this late gene, although regA protein is thought to regulate
expression of pre-replicative early genes.
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lanes 1 and 2 are from Northern blots of two different preparations of T4
RNA isolated 8 min after infection at 30°C. In each case the probe was
32p.labeled EcoRI-Xbal restriction fragment shown in Figure 1 as probe A.
Transcript lengths were estimated by comparison with single-stranded DNA
fragments of known sizes that were electrophoresed in adjacent lanes of the
same gels. (b) The deduced transcriptional map. In addition to the three
transcripts marked, A, B and C, several minor RNA species can be seen in
(a). These are probably initiated at early promoters further upstream (see
Figure 6) and terminated at either t15.94 or t15.0.

Transcription through gene 69

We have mapped the transcripts that traverse gene 69 and
their promoters and terminators by (i) Northern blot analysis
of in vivo RNA and (ii) in vitro run-off transcription from
purified templates. Here we emphasize transcripts that are
important for expression of gene 69. Origin promoters which
are thought to be involved in initiating DNA replication at



oriA will be discussed in a subsequent paper.

In vivo, three predominant gene 69 transcripts, marked as
A, B and C in Figure 5 (detected by probe A, see Figure 1),
are initiated from two distinct promoters, Py16.53 and
PE16.08. All three transcripts are oriented in the ‘early’ direc-
tion, since a probe labeled only in the anti-‘early’ strand, but
otherwise identical to the probe A (Figure 1) used in Figure 5,
gave an identical pattern after hybridization (Macdonald,
1983). Both the 1050 and 1550 nucleotide transcripts (A and
B) end at a previously identified terminator, t15.0, down-
stream from soc; probes upstream from the terminator detect
both transcripts (Macdonald et al., 1984) while probes down-
stream from the terminator do not (Macdonald, 1983; and
data not shown). Therefore the terminator-proximal (early)
promoter, (Pg16.08) at position 1939 —1970, maps at co-
ordinate 16.08 within gene 69 but upstream from the gene 69*
initiation site (at position 2042), while the terminator-distal
middle promoter, P)16.53, with a ‘mot box’ (Brody et al.,
1983) at position 1487 — 1493, maps at co-ordinate 16.53 just
upstream from gene 69. The short 600 nucleotide transcript is
most likely initiated at P);16.53 and terminated 600 bp down-
stream exactly within an in vitro termination site, t15.94
(Macdonald, 1983). In contrast to the longer transcripts, the
600 nucleotide transcript does not hybridize to any probe
from the region downstream from probe A. Therefore its
promoter must be located at least 600 bp upstream from the
Xbal site of probe A and no more than 600 bp upstream
from the EcoRI site of probe A. Only the promoter respon-
sible for synthesis of the 1550 nucleotide transcript, Py16.53,
is found within this segment in vitro (see below).

In vitro ‘run off” transcripts (Figure 6) were used to map
more precisely the promoters deduced from analysis of in
vivo RNAs, including those that are probably responsible for
the longer minor transcripts seen in Figure 5. Since the in
vitro transcription reaction mixture did not include T4 Mot
protein (Uzan et al., 1983), or other potential T4 coded regu-
lator proteins (Rabussay, 1983), early promoters should be
active but transcription from T4 middle promoters must be
greatly reduced, and potential termination-anti-termination
must be different from that in vivo (Brody et al., 1983).

Five master templates, derived from the 1.8-kb Hindlll
fragment of pMACI19, were transcribed directly or after
digestion with additional restriction enzymes (Figure 6a). The
promoters identified by the individual ‘run-off’ transcripts
are also shown in Figure 6a. Nucleotide positions used in
describing templates, promoters and transcripts are the same
as in Figure 2, the numbers following the promoters refer to
the co-ordinates on the T4 map. To map precisely Pg16.08,
additional templates were derived from pMACI2 or from
Bal31-derived deletion mutants of pMACI2.

Pgl6.08

Mapping of the 1050 nulceotide transcript shown in Figure 5
indicated that it was initiated at or near position 1980 in the
nucleotide sequence, i.e., near map co-ordinate 16.08. In
vitro transcription products from templates A (~ 142 nucleo-
tides, Figure 6B, lane 2), B (~ 232 nucleotides, lane 3), and C
(~220 nucleotides, lane 1) confirm the map location. The
high level of in vitro transcription from this promoter iden-
tifies it as an early promoter (Pg16.08).

Ppi6.53

Close examination of lanes 4 —6 in Figure 6B reveals minor
transcripts of 320, 260 and 213 nucleotides (marked with
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arrowheads) from templates D (850 — 1834) (lane 4), E (850 —
1782) (lane 5) and Hpall cleaved D (lane 6), respectively.
These transcripts must initiate at or near position 1520, the
estimated location of Pp16.53. Even though transcripts
initiated from Py416.53 were the predominant gene 69 tran-
scripts in vivo (Figure 5), P\p16.53 appeared extremely weak
in vitro, as expected, because gp mot was not present in the
transcription reaction mixture. The consensus ‘mot box’
sequence, ATTGCTT (Brody et al., 1983), is present near the
— 35 position (which does not resemble an E. coli —35 con-
sensus sequence) of P)(16.53. As in several other putative T4
middle promoters (Brody ef al., 1983), the —10 region
perfectly matches the E. coli consensus sequence. These
results, taken together, identify Py416.53 as a middle pro-
moter.

Pgl7.75

Transcription from templates G and H (Figure 6A) yields,
among others, identical transcripts of ~3535 nucleotides
(Figure 6B, lanes 9,10). These results imply initiation from
Pg17.75 at about position 300 and elongation to the common
end of the templates at position 839. Cleavage of template G
with Ddel or Hinfl should alter the transcript length to ~90
or ~485 nucleotides, respectively. Both of the predicted
transcripts are found (Figure 6B, lane 16 and data not
shown). The length of the transcript from Ddel cleaved tem-
plate G (1 —839), ~91 nucleotides, more accurately maps the
initiation site to position ~ 297, i.e., co-ordinate 17.75 on the
T4 map. This assignment of Pgl17.75 is confirmed by the
lengths of transcripts from template F (34—1335), with
(Figure 6B, lane 8) or without (Figure 6B, lane 7) prior
Haelll cleavage (at positions 839 and 850), respectively. A
long (~ 1000 nucleotides) transcript from the intact template
F is not present among the transcription products of Haelll-
digested template F, as expected.

Pgl7.40

Transcription from templates G (1 —839) and H (65 —839)
yield an additional transcript of ~ 189 nucleotides (Figure 6B,
lanes 9,10,14,15). This transcript is also made from template
F (34—-1335) cut with Haelll (at positions 839 and 850)
(Figure 6B, lanes 8,13), but not the uncleaved template (Fig-
ure 6B, lanes 7,12), and must therefore be initiated ~ 189
nucleotides upstream from the Heelll site (position 839) at
about position 651, i.e., upstream from dam. The predicted
transcript ( ~ 700 nucleotides, seen in Figure 6B, lane 7) from
this promoter on the intact template F (34 —1335) is elimin--
ated by prior Haelll cleavage of template F (Figure 6B, lane
8). As expected, cleavage of template G (1 —839) with Ddel

prior to transcription has no effect on the 189 nucleotide
transcript (Figure 6B, lanes 11,16) while HinfI digestion of
this template shortens the transcript to ~ 136 nucleotides
(data not shown).

Pgl6.88

Transcription products from template F (34 — 1335), with or
without prior Haelll cleavage (at positions 839 and 850),
include a 160 nucleotide transcript (Figure 6B, lanes 7,8,12,
13). Transcripts of ~660 and 610 nucleotides from templates
D (850—1834) and E (850—1782), respectively (Figure 6B,
lanes 4,5) demonstrated that the corresponding promoter is
positioned near the left end of template F, near position 1176,
i.e., within dam. On template D (850 —1834) cleaved with
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Hpall, transcripts from this promoter are shortened to 560
nucleotides, as expected (Figure 6B, lane 6).

Pgl4.98

One other strong in vitro promoter was mapped downstream
from soc, within the EcoRI fragment cloned in pMAC21.
Transcripts from this promoter are initiated at or near pos-
ition 3075 (Pgl4.98). They are probably responsible for ex-
pression of ORF1, downstream from soc (data not shown).

Four additional weak promoters are located within gene
69, downstream from the weak terminator t15.95 mentioned
above. They appear to function in the initiation of DNA
replication and will be discussed in that context (Macdonald
and Mosig, in preparation). A late promoter, P 15.03, which
initiates transcription at or near position 2722, responsible for
expression of soc (Macdonald et al., 1984), was not detected
in vitro since late promoters require modification of RNA
polymerase by T4 gp55 for proper functioning (Kassavetis et
al., 1983; Elliott and Geiduschek, 1984).

Pgl6.82

In addition to the transcripts in the ‘early’ direction, a strong
early promoter was detected in vitro that initiated transcrip-
tion in the opposite direction. Templates D (850 — 1834), E
(850—1782) and Hpall digested template D all direct syn-
thesis of a ~388 nucleotide transcript (Figure 6B, lanes
4 —6). Their identical size suggests that the transcripts are all
initiated at Pg16.82 (position 1238) and extend to the com-
mon end of all three templates at position 850. This assign-
ment of Pgl16.82 is confirmed by comparison of transcripts
from template F without (Figure 6B, lane 7) or with (lane 8)
Haelll digestion, respectively. A long transcript from
template F (better resolved in a shorter exposure of the gel
shown in Figure 6B, lane 7) is shortened to a ~ 388 nucleotide
transcript when the template has been cut with Haelll (lane
8). Additional confirmation of the promoter assignment and
the direction of transcription is provided by the appearance of
a predicted 186 nucleotide transcript from Hinfl digested
template D (850 — 1834) (data not shown).

Discussion

We have determined the DNA sequence (Figure 2) and tran-
scription pattern (Figures 5,6,7) of a segment of the T4
chromosome containing a new gene, 69, which overlaps a
replication origin, oriA. Upstream from gene 69 we find an
open reading frame that codes for the dam methylase
(Schlagman and Hattman, 1983). Overlapping one of the two
potential start codons of dam is a sequence similar to the pro-
posed consensus sequence for action of gp regA, a T4 regu-
latory protein that has been reported to control translation of
many early genes, including dam (Wiberg and Karam, 1983).

A regA consensus sequence (Karam ef al., 1982) is also
found at the ribosome binding site of the late gene soc, which
maps downstream from gene 69. The significance of this site
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in soc is not understood, since gp regA is thought to repress
early genes at late times after infection, but the regA binding
site is present in the two early transcripts, as well as in the late
transcript traversing soc (Macdonald ef al., 1984). The late
transcript and only this transcript is translated into Soc pro-
tein, probably because the ribosome binding site for gp soc in
the long early transcripts originating from Pgl16.08 and from
Pp16.53 is sequestered in a hairpin (Macdonald ef al., 1984).

The genes identified in the DNA sequence would saturate
the simple coding capacity for the region between 15 and
18 kb. Gene 56 (dCTPase), which apparently maps in this
region (for review, see Mosig, 1983b), has, however, not yet
been precisely located. The marker rescue data of the gene-56
am mutation ES6 (Table I) suggest that at least part of this
gene is located in the sequenced region. Although we found
no OREF corresponding to the published size and amino acid
composition of T4 dCTPase (Price and Warner, 1969; Snu-
stad et al., 1983), it is possible that this gene is split, like the
gene for T4 thymidilate synthetase (Chu et al., 1984). It is also
possible that the am mutation that we re-isolated from E56
was a secondary mutation in the original gene 56 mutant (see
Materials and methods). We are testing this possibility.

Gene 69 transcripts are primarily initiated at three different
promoters Pgl16.88, Pp16.53 and Pgl6.08 (Figure 7).
Transcripts initiated at Pg16.08 are peculiar in that they can
code for gp69* but not the entire gp69. Pg16.88 and Py416.53
both lie upstream from the start of gene 69 and are respon-
sible for delayed early expression of the complete gene 69.
Pg16.88, together with a putative factor-dependent termi-
nation site (t16.39, see Figure 2), and Pp16.53 constitute
some of the typical transcriptional control elements of T4
delayed early genes (Brody ef al., 1983). Immediate early
transcription from Pg16.88 is probably terminated at t16.39
during the early phase of transcription but is allowed to con-
tinue at later times, when T4 directed anti-termination occurs
(Pulitzer et al., 1979; Stitt et al., 1980). Relatively few gene 69
transcripts are initiated from this promoter (Figure 5). After
T4 gp mot has been synthesized, the gene 69 middle promoter
(Pm16.53) is activated. As seen in Figure 5, the majority of
gene 69 transcripts are initiated at this promoter. Few, if any,
of the in vivo gene 69 transcripts appear to be initiated from
the strong in vitro promoters at map co-ordinates 19.7, 20.2
and 26.4 described by Gram et al. (1984).

Gene 69 protein synthesis can be initiated at two widely
separated positions in the same reading frame. Normark et al.
(1983) have summarized the known genes coding for two
overlapping proteins which are translated in the same reading
frame. Some examples come from origin specific proteins,
e.g., gpA of phages $X174 and G4, and gpll of phages f1
and M13 (for review, see Kornberg, 1980, 1982). Other ex-
amples are morphogenetic genes of several viruses, e.g., gpC
and gpNu3 of phage lambda. Shaw and Murialdo (1980) have
suggested that such overlaps could be a general strategy in

Fig. 6. Mapping promoters by in vitro run-off transcription. (a) A schematic representation of the results shown in (b). Above the restriction map (numbered
as in Figure 2) are shown the locations of all promoters mapped here, with one exception (Pg14.98). Each purified template is shown as a straight line,
labeled alphabetically. Transcripts [as seen in (b)] are shown as wavy lines. Some of these templates were digeted with additional restriction enzymes
immediately prior to transcription. Transcripts from such templates are marked at the side to indicate which secondary restriction enzyme was used. The
templates A through H extend through the following nucleotide positions (numbered as in Figure 2): A, 1782—2121; B, 1834-2211; C, 1834—2198; D,
850—1834; E, 850—1782; F, 34—1335; G, 1—-839; H, 65—839. (b) Panels I and Il are autoradiographs of transcription products separated on 8%
acrylamide urea gels, while a 4% acrylamide-urea gel was used for panel II. Templates used were: A, lane 2; B, lane 3; C, lane 1; D, lane 4; D cut with
Hpall, lane 6; E, lane 5; F, lanes 7 and 12; F cut with Haelll, lanes 8 and 13; G, lanes 9 and 14; G cut with Ddel, lanes 11 and 16; H, lanes 10 and 15;
Transcription reactions were performed as described in Materials and methods. Identical results were obtained for all transcripts when the reactions included
KCl at 200 mM instead of 100 mM. Size markers were 3P end-labeled single-stranded DNA fragments, produced by Hinfl and EcoRI digestion of pBR322
(M1) or Hpall digestion of pBR322 (M2). The transcription products mentioned in the text are marked with arrowheads.
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Fig. 7. Summary of transcription and translation through gene 69,
described in the text. The mutation HL627-2 does not eliminate gp69*.
Thus, it is not known whether this protein is essential for T4 growth.

virus assembly to generate a pair of proteins with regions of
structural homology which may result in interaction through
the shared structural domains, while regions of non-hom-
ology would allow separate specific interactions. Smith and
Parkinson (1980), using similar arguments, suggested that the
two overlapping proteins from the cheA locus may promote
proper assembly of a protein complex involved in chemo-
taxis. Since origins of DNA replication contain not only start-
ing points of DNA chains, but also assembly sites of repli-
somes, it is plausible to extend this argument and to suggest
that the two proteins from T4 gene 69 may play a similar role
in assembly of the T4 replication machine (Alberts, 1984). An
additional feature of the two proteins from T4 gene 69 not
found in the overlapping proteins compiled by Normark et al.
(1983) is that the two ribosome binding sites can be found on
transcripts originating from different promoters under differ-
ent control. As mentioned above, the smaller gp69* can
potentially be expressed early from a transcript initiated at
Pg16.08. The larger gp69 must be predominantly a delayed
early protein.

Initiation of DNA synthesis at many other replication
origins requires the protein product of a gene located either
adjacent to, or overlapping the origin (for reviews, see Korn-
berg, 1980, 1982; Sternberg and Hoess, 1983; Scott, 1984).
Replicons with more than one replication origin appear to
code for separate proteins involved in initiation at any one of
the distinct origins, e.g., the E gene of the E. coli F plasmid
codes for a protein involved in initiation at the adjacent oriS,
but not at oriV (Komai ef al., 1982). Gene 69 is defined by a
conditional lethal mutation, amHL627-2, that results in a
deficiency in DNA replication (Figure 3). Like the gene for
the origin-binding O-protein of phage lambda, gene 69 spans
a replication origin. Furthermore, the lambda O-protein
interacts with the host primosome. Genetic evidence suggests
that gp69 also interacts with DNA priming proteins: the gene
69 mutation amHL627-2 was present as an apparent second
site mutation in a T4 priming protein mutant. In support of
this interaction, DNA synthesis in the double mutant was less
reduced than in the single gene 69 mutant (data not shown).
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It is tempting to speculate that the controlled synthesis of
two different proteins from gene 69 plays a role in regulating
T4 DNA replication at oriA, which is located downstream
from the ribosome binding site for gp69* (Macdonald and
Mosig, in preparation). Experiments to test this idea are in
progress.

Materials and methods

Bacteria and bacteriophage

E. coli B, S/6 (Su*) and CR63 (Sul) were from our collection. UT481 (Sul),
an rK~ host for M13mp9 (Messing and Vieira, 1982), was from C.Lark and
MHI (Sut), am™r~ host was from B.Alberts. T4 mutants amE219 (gene 58-
61), amHL627 (gene 58-61), amNS56 (gene 17), amE56 (gene 56), amN134
(gene 33) and amHL292 (gene 55) were originally obtained from R.S.Edgar,
backcrossed to wild-type and maintained in this laboratory. Double mutants
were isolated from the progeny of appropriate crosses. The original amE219
and amHL627 strains contained multiple mutations. We isolated strains with
single am mutations which could rescue their wild-type allele from single
clones (see Table I). We call these amHL627-2 (gene 69) and amE219-10 (gene
58-61), respectively. Yegian et al. (1971) demonstrated that two mutations,
isolated from amHL627 and amE219, do not complement one another and,
thus, are in a single gene, 58-6/. Gp 58-61, which together with gp41 consti-
tutes the T4 priming protein (Nossal and Alberts, 1983), is encoded by the
gene immediately upstream from the dam sequence. The sequence from pos-
itions 1 to 399 in Figure 2 determined by us constitutes the 3’ end of gene 58-
61 (B.Alberts and M.Nakanishi, personal communication). amE219-12 maps
most likely in ORF1 downstream from soc. del(39-56)12 (Homyk and Weil,
1974) was from J.Weil.

Marker rescue

E. coli (with or without plasmid-bearing T4 inserts) were grown to a titer of
1—3 x 10%/ml, infected with a multiplicity of 3 —9 T4 particles per bacterium
and incubated for 15 min at 30°C. Infected bacteria (10 ul) were spotted onto
plates seeded with E. coli S/6. After overnight incubation aliquots from the
spots were picked with capillary tubes, lysed with chloroform and assayed for
total progeny on E. coli CR63 and for am* progeny on E. coli S/6. Results
are expressed as proportions of am* progeny. This procedure avoids compli-
cations due to leakiness of certain T4 mutants and amplifies the marker rescue
by selection for wild-type recombinants and by permitting potential non-
viable progency particles that are formed in the infected clones (Mattson et
al., 1983), to contribute their rescued alleles. Typical differences between
positive results (underlined in Table I) and negative results obtained with the
same bacterial culture are between one and two orders of magnitude,
although results obtained with different bacterial cultures showed consider-
able background variation.

[3H)Thymidine incorporation

This was done as described by Mosig and Bock (1976). E. coli B were grown
at 25°C in M9 medium to a titer of 1 x 108/ml, concentrated by centrifu-
gation to 1 x 10%/ml, infected at time 0 with an average of five particles per
bacterium, and incubated for different times at 25°C. [methyl-3H]Thymidine
ICN, 73.5 Ci/mM was added 3 min after infection to a final concentration of
10 uCi/ml. (Note that both host and phage thymidilate synthetases are func-
tional, thus the intracellular thymidine concentration is unknown.)

Plasmids, DNA preparation and manipulations

Purification of plasmid and M13 RF DNAs, gel electrophoresis, restriction
enzyme digestions and other recombinant DNA techniques were done as
described in Maniatis et a/. (1982). pMACI12, with a 653 bp T4 EcoRI frag-
ment, and pMACI19, with a 1834 bp T4 Hindlll fragment (see Figure 1), were
constructed by ligating the T4 DNA inserts of M13r1 and M13h1 (Macdonald
and Mosig, (1984), respectively, into pUC8 (Messing, 1983). pMAC21 and
M13h37 have been described (Macdonald and Mosig, 1984). pMAC72 was
constructed in the following manner. A Scal-Hindlll fragment from M13h37
and a Haelll-HindlIl fragment from pMACI19 were isolated and ligated to
one another in the presence of BamHI linkers. After BamHI digestion the
DNA was ligated to BamHI-digested pUC12 (Messing, 1983). M13r1X° and
MI13r1H° were constructed by digesting M13r1 RF DNA with Xbal or
Hindlll, respectively, filling the overhanging 5’ ends with E. coli polymerase I
large fragment, and re-ligating the ends.

DNA sequencing

The 1.8-kb Hindlll T4 insert of pMACI19 was self-ligated, randomly frag-
mented by sonication and the fragments were subcloned (Deininger, 1983)
into the Smal site of M13mp9. These clones were sequenced by the dideoxy
method (Sanger ef al., 1977) using AMV reverse transcriptase (Smith, 1980).



All other DNA sequencing was done by the partial chemical cleavage method
(Maxam and Gilbert, 1980). DNA sequences were compiled and analyzed
using the computer programs of Isono (1982).

Northern blot analysis

RNA preparation, gel electrophoresis, transfer to nitrocellulose, DNA probe
labeling and hybridization have been described (Macdonald er al., 1984).
RNA shown in Figure 5 was isolated 8 min after infection of E. coli B at 30°C
with the T4 double mutant, amN134-amHL292 (genes 33-55), which prevents
late T4 transcription in this host.

In vitro transcription

Template DNAs were purified from agarose gels by binding to DEAE mem-
brane (Schleicher and Schuell). DNA was eluted from the membrane using the
protocols provided by the manufacturer. Transcription reactions were done in
20 pl containing 40 mM Tris-Cl (pH 8.0), 100 mM KCl, 10 mM MgCl,,
10 mM B-mercaptoethanol, 250 uM each of ATP, CTP and GTP, 10 xCi [a-
32PJUTP (10 Ci/mmol; ICN), 10 nM template DNA and 0.4 units E. coli
RNA polymerase. The mixture was incubated at 37°C in the absence of
nucleotides for 10 min. Then the nucleotides were added along with heparin
(final concentration 25 ug/ml) and incubation at 37°C was continued for an
additional 15 min. The reaction was terminated by adding 30 ul of 15 mM
EDTA. After extraction with an equal volume of phenol:chloroform (1:1),
3 ug of tRNA were added and the nucleic acids were ethanol precipitated.
Lyophilized pellets were re-suspended in loading buffer [90% formamide,
100 mM Tris-borate (pH 8.3), 2.5 mM EDTA, 0.25% bromophenol blue and
0.25% xylene cyanol] and electrophoresed in 4% or 8% urea-acrylamide se-
quencing gels (Maniatis et al., 1982). Results identical to those shown in
Figure 6 were obtained when 200 mM KCI was used in the transcription
reactions.

Enzymes

Restriction enzymes were purchased from New England Biolabs, Bethesda
Research Laboratories or Boehringer Mannheim. T4 DNA ligase and DNA
polymerase were purified by Lee Rowen in this laboratory and T4 polynucleo-
tide kinase was provided by Barbara Walker. Bacterial alkaline phosphatase,
E. coli RNA polymerase, and AMV reverse transcriptase were purchased
from Bethesda Research Laboratories, New England Biolabs and Life
Sciences, respectively.
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Note added in proof

A protein of the predicted gp69 size is synthesized during the first 11 min after
infection of E. coli B with wild-type T4, but not after infection with the gene
69 am mutant HL627-2.
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