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ABSTRACT

The sequence of the rightmost 4,626 bp of the Bacillus phage
929 genome is presented and analyzed. Nine large open reading frames
(ORF's) have been found. Three of these ORF's are correlated with the
late genes 14, 15 and 16. The remaining six ORF's are in the right
early region. One of these early ORF's has been identified as gene 17
(g17), the only early gene have been genetically mapped in this re-
gion. The remaining ORF's (16.5, 16.6, 16.7, 16.8 and 16.9) were
previously unknown. The biological efficacies of some of these puta-
tive early ORF's were demonstrated using an in vitro E. coli tran-
scription-translation system. The primary amino acid sequences, mole-
cular weights, translational initiation sequences and genetic organ-
ization of these nine genes are presented and discussed. Gene product
15 (gp15) was found to have a strong homology with Salmonella phage
P22 gp19, a lysozyme. gpi15 also has a lesser but possibly significant
homology with T4 gene product e (gpe), also a lysozyme. Using a clone
containing ¢29 g15 it was shown that gp15 can complement T4 gene e (ge)
mutant infections, leading to the conclusion that $29 g15 encodes a
lysozyme. Three transciptional initiation sites (PE3, P(EC)3 and B2)
were previously mapped in this region. The sequences of the putative
P(EC)3 and B2 promoter sites are presented and shown to have homology
with the Bacillus ¢°° concensus sequence. Sequences having homology
to a minor Bacillus sigma factor recognition site, (132, are also
presented and discussed. The region between the last late gene (g16)

ix



and the last early gene (ORF-16.5) consists of only 30 bp. Analysis
of potential secondary structures of transcripts across this region
suggests that the same sequences may be involved in the termination of

both late and early transcription.



CHAPTER 1

INTRODUCTION

Overview

Bacillus phage ©29 has played an increasingly useful and
important role in the elucidation of molecular processes in Baecillus
(Geiduschek and Ito, 1982). The genome (18 kb) is one of the smallest
of all the Bacillus phages and is genetically and transcriptionally
well characterized (Mellado et al., 1976). The relative genetic and
transcriptional simplicity of $29 has been exploited by a number of
researchers to examine transcriptional and translational requirements
in Bacillus (Sogo et al., 1979a; Davison, Murray, and Rabinowitz,
1980; Hwang and Doi, 1980; Murray and Rabinowitz, 1982; McLaughlin,
Murray, and Rabinowitz, 1981; Hager and Rabinowitz, 1985). The #29
virion is composed of only seven proteins, yet is morphologically
complex (Anderson, Hickman, and Reilly, 1966; Anderson and Reilly,
1976; Mendez et al., 1971; Reilly and Spizizen, 1965). This has made
$29 an attractive model for phage morphogenesis; the study of which,
has resulted in the development of a well defined, highly efficient in
vitro packaging system (Bjornsti, Reilly, and Anderson, 1981; Guo,
Grimes and Anderson, 1986). Finally, ¢29 DNA replication occurs in a
novel manner; de novo DNA synthesis initiates via a protein priming
mechanism (for a review see Salas, 1983).

1



Genome

The genome of ¢29 is an 18 kb linear double-stranded DNA mole-
cule, the 5'-termini of which are covalently bound to the terminal
protein, which initiates replication (Watabe, Shih, and Ito, 1983).
Eighteen genes have been mapped as diagrammed in Fig. 1 (Mellado et
al., 1976; Reilly, Nelson, and Anderson, 1977). The late genes (7~16)
are clustered in the center of the genome, flanked by early genes (1-6
and 17) at either end of the genome. The early genes, therefore, are
divided into two distinet transcriptional units. Approximately twen-
ty-five phagé specfic proteins have been identified in infected cells
and protein products have been assigned to all the genes except genes
13 and 14. However, there are several phage specific proteins that
have not been given gene assignments (Hawley et al., 1973; Hagen et
al., 1976; Anderson and Reilly, 1976).

The functions of most known $29 genes have been established as
outlined in Table 1. The late genes are involved in morphogenesis (as
structural or morphogenic proteins) or in cell lysis. The early genes
are particularly interesting since all but one (gi) has been impli-

cated in the replication process (Carrascosa et al., 1976).

£29 Development
There are several features of $29 development that warrant a

review. The phage exhibits a rather limited host range infecting only

selected strains of B. subtilus, B. licheniformis, B. pumilus and
B. amyloligquifaciens (Reilly, 1976). This may be due, in part, to the

inability of the phage to be adsorbed on the cells, a reaction shown



Fig. 1. Genetic and Transcription Maps.

A: The genetic map was adapted from those of Mellado et
al. (1976), Reilly et al. (1977) Garvey K.J., Yoshikawa, H.
and Ito J. (1985,). Genes 1-6 and 16.5-17 are early genes
and 7-16 are late genes. The arrows represent the direction
and extent of the early and late transcripts.

B: Early transcription map based on the results of Davison
et al. (1980).

C: A schematic diagram of the transcriptional signals. The
letters A,B,C,D and E refer to the products of an EcoRI
digest of the @29 genone.

D: Transcription map based on the results of Sogo et al.

(1979a). The vertical bars represent the in vitro mapped

B. subtilis RNA polymerase binding sites. The arrows de-

signate the direction and extent transcription, determined
in vivo.
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Table 1. $29 Genes, Proteins and Functions

Gene ) Time of expression Protein or phenotype

1 Early DNA synthesis®

2 Early DNA polymerase

3 Early Terminal protein

4 Early Control of late transcription
5 Early DNA synthesis

6 Early DNA binding protein

7 Late Scaffolding protein

8 Late Major head protein

8.5 Late Head fiber protein

Late | Tail protein

10 Late Upper collar protein

11 Late Lower collar protein

12 Late Neck appendage protein precursor
13 Late Morphogenesis

14 Late Lysis

15 ‘ Late Lysis (morphogenesis)

16 Late Encapsidation protein

17 Early DNA synthesis®

2 Some sus mutants in genes 1 and 17 synthesize $29 DNA,
and others do not (Hagen et al., 1976; Harding and Ito, 1976).



to require glucosylated teichoiec acid (Young, 1967). This is sup-
ported by the obserwation that competent cells of strains unable to
adsorb #29 DNA, can be transfected with $29 DNA (Reilly and Spizizen,
1965). 29 can also transfect B. subtilis protoplasts (Stahly and
Ito, 1981).

Subsequent to ¢29 adsorption, the genome is injected into the
cell with the right end apparently entering the cell first (Bjornsti,
Reilly, and Anderson, 1983; Krawiec et al., 1981). Early protein syn-
thesis begins almost immediately, but not all early proteins appear or
disappear at the same times (Hawley et al., 1973). DNA synthesis be-
gins at about 10 minutes after infection and continues until lysis.
The late proteins appear about this time with one exception; the major
head protein is synthesized early in infection (4-6 minutes). Synthe-
sis of many early proteins continues until very late in infection.
Lysis occurs 55-60 minutes after infection at 37 C and burst size is
significantly affected by growth conditions (Kawamura and Ito, 1975).

Host cell functions are not greatly affected by ¢29 infection;
DNA, RNA, and protein synthetic processes appear to function normally
until very late in infection (Schachtele et al., 1972). When ¢29
infects sporulating cells phage DNA synthesis is inhibited and 429 DNA
is incorporated into the spores in a heat stable form (Kawamura and
Ito, 1974, Kawamura and Ito, 1975). This occurs at about the same
point at which host DNA synthesis is also terminated (Ito, J. unpubli-

shed data). The incorporated phage genome is expressed only after



6
germination and spore outgrowth., Suggesting that ¢29 may serve as a

probe for investigating host sporulation and germination processes,

ransc n

Transcription maps of the ¢29 genome have been published by
several laboratories (Fig. 1). Early mRNA's are transcribed from
right to left on from the L-strand of ¢29 DNA and are synthesized
throughout infection (Loskutoff, Pene, and Andrews, 1973; Schachtele,
DeSain, and Anderson, 1973). Early mRNA's are transcribed from two
regions, the right early region at the right terminus and the left
early region at the left terminus (Kawamura and Ito, 1977). Synthesis
of late mRNA is correlated with, but not dependent upon, initiation of
$29 DNA synthesis and is transcribed left to right from the H-strand
(Loskutoff et al., 1973; Schachtele et al., 1973). Gene 4 product is
required for late mRNA synthesis (Anderson and Reilly, 1974; Sogo et
al., 1979a) and is thought to function as a sigma type factor (Salas
et al., 1984).

Transcription of both late and early regions appears to be
quite complex. Loskutoff et al. (1973) and Loskutoff and Pene (1973)
demonstrated that late mRNA consisted of at least three species (MW,
1.75x10%, 0.93x108, and 0.07x108), and early mRNA was comprised of at
least six species (MW, 0.04 to 0:75x106). Subsequent investigations
by Kawamura and Ito (1977) found at least 13 early transcripts (MW,
0.09 to 1.0x106). It was proposed, based on transcript size and

coding capacity, that some of the mRNA's were redundant. This could
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be due to RNA processing, degradation or regulation of initiation and
termination sites.

Davison et al. (1980) have mapped a number of in vitro early
transcripts synthesized using E. coli and B. subtilis RNA polymerases
(Fig. 1B). These results indicate that the early regions contain at
least four B. subtilis and six E. coli polymerase promoter sites and
three termination sites. These results suggest that some of the
transcripts are redundant as proposed by Kawamura and Ito (1977).

Sogo et al. (1979a) also examined ¢29 transcription and the
results are diagrammed in Fig. 1D. The authors visualized B. subtilis
RNA polymerase binding to ¢29 DNA using electron microscopy and deter-
mined the positions of the binding sites. The extent of transcription
was determined by DNA:RNA hybridization. Comparisons of E. coli and
B. subtilis polymerase binding sites indicated that the E. coli enzyme
bound to the same sites as the B. subtilis enzyme, as well as two
additional sites. These results are consistent with those of Davison
et al. (1980) with two important exceptions. Sogo et al. (1979a)
observed that the H (late) strand was transcribed in vitro, initiated
at A3, but to a lesser extent than the jin vivo results. Also it was
observed that anti-late mRNA synthesis occurred in the EcoRI-B region
both in vivo and in vitro. This region contains two B. subtilis RNA
polymerase binding sites. The nature of this symmetriec transcription
remains unknown.

The entire left and right early regions have been sequenced

and the transcription signals identified (Yoshikawa and Ito, 1981;



Garvey, Yoshikawa, and Ito, 1985,; Dobinson and Spiegalman, 1985).

The sequences of the promoter regions are compiled in Fig. 9 and they
all show good homology with the concensus sequence. These must be
considered putative, however, except P(EC)3 which was identified by S1
mapping (Dobinson and Spiegalman, 1985). The RNA polymerase binding
sites are known to a high degree of precision (+ 54 to 216 bp),
increasing the probability that the sites selected are correct. Puta-
tive terminators have also been identified. The TE2 and Tg3 regions
have sequences capable of forming stable hairpin structures (Yoshikawa
and Ito, 1981; Garvey, Yoshikawa, and Ito, 1985b) similar to factor
independent terminator sequences in E. coli (Platt and Bear, 1983;
Holmes, Platt, and Rosenberg, 1983). No such sequences were found in
the TE1 region which may be similar to the rho factor dependent term-
inators of E. coli. Consistent with this proposal, it has been obser-
ved that in vitro transcription of $29 DNA was affected by purified

B. subtilis rho factor (Hwang and Doi, 1980). Unfortunately, the

specific sites affected were not determined.,

£29 Morphogenesis
The $29 virion is a morphologically intricate construct des-

pite the small genome size. The virion, as diagrammed in Fig. 2, fea-
tures an anisometric head, a collar region and a short non-con-
tractile tail (Anderson et al., 1966). Attached to the head are num-
erous fibers (gp8.5) (Tosi and Anderson, 1973; Reilly, et al., 1977).
The neck is composed of a upper and lower collar. The upper collar is

attached to the phage head. The lower collar is the attachment point
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Figure 2. Schematic Diagram of #29.
Distances are marked in angstrom units.



10
for the twelve appendage proteins, which are thought to be involved in
the adsorption process (Tosi and Anderson, 1973). The tail is at-
tached to the neck region and is larger at the bottom than the top
(Anderson et al., 1966).

Morphogenesis of the $29 virion occurs via a single pathway,
for which a number of provisional pathways have been proposed (Nelson
Reilly, and Anderson, 1976; Jimenez et al., 1977; Murialdo and Becker,
1978; Carrascosa et al., 1981). In brief, proheads, composed of the
major head protein (gp8), the head fiber protein (gp8.5), the neck
collar protein (gp10) and the scaffolding protein (gpT7), are filled
with 629 DNA-gp3 complex in the presence of the encapsidation protein
(gp16). None of the structural proteins, except gp12', appear to be
products of proteolytic cleavage (Tosi, Reilly, and Anderson, 1975).
The products of g9 and g10 may, in addition to their structural fun-
ctions, play roles in morphogenesis (i.e. DNA packaging) (Nelson et
al., 1976).

An in yitro packaging system has recently been developed that
has confirmed the provisional assembly pathway and, because of its
high efficiency, has facilitated analysis of the $29 DNA-gp3 packaging
mechanism (Bjornsti et al., 1981). The reaction has an absolute re-
quirement for functional ¢29 DNA-gp3 complex. Deproteinized DNA is
not packaged (Bjornsti, -Reilly, and Anderson, 1982). Bjornsti,
Reilly, and Anderson (1985) have also demonstrated that gp2 and other
undetermined early proteins may be involved in, but not required for,

morphogenesis. Another essential morphogenic gene product is gp16,



1
which catalyzes the encapsidation reaction. This gene has recently
been cloned and gp16 purified (Guo et al, 1986). It is the only pro-
tein required for the in vitro prohead-g29 DNA-gp3 encapsidation
reaction (Bjornsti, Reilly, and Anderson, 1984).

This is the only in vitro packaging system avaliable in Bacil-
lus and is about 20x more efficient than the lambda system (Bjornsti
et al., 1984). This system has recently been used to package restric-
tion digested Bacillus DNA ligated to similarly digested ¢29 DNA
terminal fragments (Ganesan and Hoch, 1984). Transduction of auxo-
trophs to prototrophy was demonstrated, indicating that ¢29 has po-

tential as a cloning vector.

£$29 DNA Replication

The fact that no known DNA polymerase can initiate de novo DNA
synthesis places certain constraints on the replication of linear
genomes such as 929, If initiation were to occur by an RNA priming
mechanism, subsequent removal of the primer would result in a single-
stranded 3'-0H tail (Fig.3). A number of models have been proposed to
circumvent this problem; requiring the existence of terminal struc-
tures such as cohesive ends (Wu and Taylor, 1982), terminal redun-
dancies (Watson, 1972), palindromic termini (Cavalier-Smith, 1974),
and crosslinked ends (Estaban, Flores, and Holowezak, 1977). Sequence
analysis has shown that $29 termini have only a six basepair inverted
repeat at each end (Yoshikawa, Friedman, and Ito, 1981). No other

structures suitable for the models described above were found.
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Figure 3. 5' Gap Created after RNA Priming of DNA Synthesis of a
Linear Molecule.
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Adenoviridae are eukaryotic transforming viruses that have
proteins linked to the 5' ends of their duplex linear DNA genome
(Rekosh et él., 1977). As with 429, the protein is bound to the 5°'
nucleotide (dCMP) via an 0-5'-(nucleotydyl)-L-serine bond (Desiderio
and Kelly, 1981). Rekosh et al., (1977) proposed that the pre-termi-
nal protein (pTP), which is later proeéssed to yield the terminal
protein found in the virion, serves as a primer for adenovirus repli-
cation (Fig. 3). This hypothesis has since been extended to 29 DNA
replication (Harding and Ito, 1980; Mellado et al., 1980). According
to this model (Fig. 4), newly-synthesized gp3 reacts with the appro-
priate deoxyribonucleotide triphosphate, forming a gp3-dNMP complex,
and thereby providing the 3'-0H necessary for elongation by DNA poly-
merase. Replication would occur via strand displacement, and as a
consequence would not require lagging strand synthesis,

An in yitro DNA replication system has been developed for @29
(Watabe, Shih, and Ito, 1982; Penalva and Salas, 1982). Synthesis is
dependent upon exogenous @g29 DNA-gp3 complex and does not occur if
deproteinized ¢29 DNA is used as a template. Elongation occurred via
asymmetric strand displacement. This system also catalyzes the reac-
tion of gp3 with a-32p~.dATP to form a gp3-dAMP complex (Shih, Watabe,
and Ito, 1982). This system has since been further refined and DNA
synthesis was shown to require only two phage encoded activities; DNA
polymerase (gp2) and terminal protein (gp3) (Watabe, Leusch, and Ito,
1984; Blanco and Salas, 1985). In this defined system gp3-dAMP com-

plex is formed which subsequently serves as a primer for chain
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elongation as in the crude system. Preliminary evidence suggests that
initiation reaction was stimulated by host cell extracts, indicating
that host proteins may be involved. In any case, elongation was
inefficient, suggesting that additional host or viral encoded proteins
are required.

The functions of the remaining early gene thought to be invol-
ved in 629 replication are still unknown. Recently, g6 has been
cloned and the product purified. The purified protein may stimulate
the in vitro replication system (Pastrana et al., 1985), but other
results are contradictory (Hodges, 1986). No specific activity, such
as topoisomerase activity (although the protein did associate with
E. coli topoisomerase I), helicase or exonuclease activities (Hodges,
1986). The protein did bind to double and single stranded DNA, albeit
weakly (Hodges, 1986).

Carrascosa et al. (1976) have reported that conditionally let-
hal mutants of genes 1, 2, 3, 5, 6 and 17 were unable to synthesize
DNA under non-permissive conditions. Hagen et al. (1976) also assayed
for DNA synthesis using conditional lethal mutants and confirmed that
DNA synthesis did not take place in mutants of genes 2, 3 and 5. How-
ever, mutants of genes 1 and 6 supported limited DNA synthesis, and a
gene 17 mutant exhibited wild type incorporation levels. The mutants
used (in genes 1, 6 and 17) were the same as those used by Carrascosa
et al. (1976). Another gene 17 mutant examined by Hagen et al. (1976)
could support only limited DNA synthesis. These discrepancies may be

due to the different host strains used.
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Mellado et al. (1980) performed shift up experiments using temp-
erature sensitiQe (ts) mutants of genes 2, 3, 5 and 6. It was
determined that ts mutants of genes 2 and 3 formed full-length DNA
after the temperature shift, indicating that genes 2 and 3 are invol-
ved in initiation. Mutants of genes 5 and 6 produced no full-length
DNA or production was delayed after shift up. It was proposed that

these genes are, therefore, involved in the maturation process or in

elongation. These results were supported by in vitro experiments
reported by Blanco et al. (1983). The researchers assayed gp3-dAMP
complex formation using extracts from su~ cells infected with 629
suppressor sensitive mutants in genes 2, 3, 5, 6 and 17. Extracts
from sus?2 and sus3 infected cells could not catalyze this reaction.
Extracts from sus5, sus6 and susi7 infected cells could catalyze this
reaction. It appears, then, that genes 2 and 3 are involved in ini-
tiation, and genes 5, 6, and 17 are involved in the elongation or

maturation process.

Project
DNA sequence analysis has greatly aided the study of phages

such as T7 and A by providing a concise map of their genetic organiza-
tions and a description of the overall patterns of gene expression
during infection at the nucleotide level. With benefits in mind, an
effort to completely sequence the genome of Bacillus phage $29 has
been under taken (Yoshikawa and Ito, 1981; Garvey et al., 1985a;
Garvey et al., 1985b). Presented here is the sequence of 4,626 bp of

the right end of the genome. The primary amino acid sequences of both
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late and early proteins encoded in this region are provided and exa-
mined. A total of nine genes, of which only four were previously
known, were found. One late gene, function previously unknown, is

" shown to be structurally and functionally similar to other phage lyso-
zymes. This analysis also discusses the structural significance of

the transcriptional and translational control regions.
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CHAPTER 2
MATERIALS AND METHODS

Bacterial Strains, Plasmids and Culture Conditions

Bacteriophage $29 was grown using Bacillus amyloliquefaciens H
strain as the host. ¢29 strains susi14(1241)sus16(300) and sus8(22)-
Sus10(302)sus1l(1241) were grow using Bacillus subtilis M0-101-P SpoA~
{met™}* thr~ su™* as the host (Bjornsti et al., 1981). The phage
were purified as described previously (Kawamura and Ito, 1977).
Escherichia cold strain SCR 1271, C600 rk™ mk™ recBC™ containing the
$29 Hind III-C fragment cloned into pBR313 (Ito and Roberts, 1980) was
grown as described (Marko, Chipperfield, and Birnboim, 1982).

Bacteriophage T4 was obtained from John Obringer. The T4 gene
e mutants, eG79 (a gene e deletion mutant), am882 and amH26x5 were ob-
tained from Pat Tedesco (University of Colorado). E. coli strains S/6
and CR63 ( S, supD60, lamB63), also obtained from John Obringer, were
used as hosts for the wildtype and amber T4 strains.

E. coli strain K12 (sm”, lacZam, bio-uvrB, trpEA2 (Nams53,
¢I857, H1)), designated ER69, was the host for plasmids pMS2, pMS6
and pPLc245. The parent strain and the plasmid containing derivatives

were obtained from Mohammad Saedi.

18
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Enzymes and Chemicals
Restriction endonucleases were purchased form Bethesda Re~
search Laboratories or New England Biolabs, Calf intestinal alkaline
phosphatase was obtained from Boehringer Mannheim. Polynucleotide
kinase was purchased from P-L Biochemicals, [7-—32P]ATP (>7000
Ci/mmol) was purchased from ICN. N,N'-methylenebisacrylamide, acryl-

amide and urea were obtained from Bio Rad Laboratories.

DNA Preparation
Phage #29 DNA was prepared as described previously (Ito,

1978). Plasmid DNA was isolated as described by Marko et al., (1982).

DNA Sequence Determination

The DNA was digested with an appropriate restriction enzyme;
the digestion products were treated with calf intestinal alkaline
phosphatase (Boehringer Mannheim) and labeled with [7 -32p] ATP (>
7000 Ci/mmol; ICN) using Tl4-polynucleotide kinase (P-L Biochemicals).
The DNA was sequenced by the method of Maxam and Gilbert (1980), as
modified by Smith and Calvo (1980). The chemical cleavage reactions
used were the G, A+G, C+T and C specific reactions. Cleavage products
were separated on 6%, and 20% polyacrylamide gels according to the
method of Sanger and Coulson (1978). The gels were usually dried and
autoradiographed at -70° with or without intensifying screens (Kodak).

DNA Sequence Analysis
Determination of open reading frames, translation product se-~

quences and restriction sites were analyzed using the microcomputer



20
programs of Mount and Conrad (1984). The National Biomedical Research
Foundation (NBRF) protein library was searched on an IBM-PC using the
programs of Lipman and Pearson (1985). The library and programs were

generously provided by David Mount,

In Yitro Protein Synthesis

The in vitro transcription-translation kit was purchased from
Worthington and used accordingly to the protocol provided by the manu-
facturer. The kit consisted of an S-30 extract of E. coli (recB™
recC™) (Nirenberg and Matthau, 1961; Chen and Zubay, 1983) and the
components necessary for RNA and protein synthesis. This system will
transecribe and translate exogenous linear or supercoiled DNA if suit-
able signals are present on the template. The newly synthesized
proteins were labeled by adding [35S] methionine (>1000 Ci/mmol, New
England Nuclear) to the reaction. The reaction products were sepa-
rated using SDS-polyacrylamide gel electrophoresis (Laemmli, 1970).
The gels were dried and exposed to film (Kodak XRP-6), without chemi-

cal enhancers, for 1-8 days.

Complementation of Lysis Defective T4 Phage
E. coli strain K12 H1 trp bearing the plasmids to be tested
was grown to 2x108 cells/ml and plated in Hersheys soft agar
(Steinberg and Edgar, 1962) on LB plates (Lennox, 1955) containing 100
ug/ml ampicillin when appropriate. Dilutions of the T4 gene e mutants

to be tested were spotted and plaque formation was noted.
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CHAPTER 3
RESULTS

DNA Sequence

The sequence of the ¢29 rightmost region (4,626 bp) is presen-
ted in Figs. 6 and 7. The rightmost 274 bp (Fig. 6) of sequence was
published previously (Yoshikawa et al., 1981) and is included here for
continuity. The DNA sequencing strategy is diagrammed in Fig. 5 along
with a detailed restriction map and genetic map. The DNA sequence was
determined from both strands for approximately 90% of the DNA. Se-
quencing was done across all sequencing start sites to prevent errors
due to closely spaced restriction sites.

The sequence is relatively A-T rich, having a G-C content of
only 38%. This is identical to the value obtained from the sequence
of the left early region of $29 (Yoshikawa and Ito, 1981). It is also
consistent with the estimate derived from chemical hydrolysis data
(Rubio et al., 1974). The G-C content of this sequence was examined
using a 50 bp window (data not shown). The G-C¥ ranged from 28% to
56% with a relatively A-T rich region occurring between 50-400bp
(average G-C% = 32%). This agrees with previous partial denaturation
results, which suggested that the right terminus of ¢29 is A-T rich

(Sogo et al, 1979b).
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Figure 5. Sequencing Strategy and Genetic Organization,

(1) A detailed restriction map. Key: AccIzA, EcoRI=E,
HpalIIl=H, HindIII=Hd, HinfI=Hf, HinPI=Hn, HpaI=Hp, MboI=N,
NecoI=N, TaqI=T.

(ii) Sequencing strategy. The arrows represent the direc-
tion and extent of sequence readings for each of the
labeled sites.

(1ii) The arrows represent the direction and extent of the
putatative ORF's in this region. PE3 and P EC)3 de-
signates the early promoters; TE3 the early terminator.
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Figure 6.

The Nucleotide Sequence of the Right Early Region.

The inferred amino acid sequences of the putative open

reading frames are also shown. The ¥ indicates a stop

codon. The presumptive " -35" and "-10" regions of the
EC)3 and £E3 are as indicated. The putative termination

site TE3 is as indicated.
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100
AAAGTAGGGTACAGCGACAACATACACCATTTCCCCATTGACCGACTATCTTCGACAAGAATCTAACAACTAAATCACGACIATATACCTATACTATTTA
-35 . =10 . 200
TTATCATCAATTTGICGAAAAGGGIAGASAAACTATccTETAACATGIIAIAQIATAATAGAAGTAAGGTAATAAGACAACCAATCATAGGAGGAATTAC
GENE=-17 . 300
AcATGAATAACTATCAATTAACTATCAATGAGGTAATCGACATCATCAAcAcAAACACAGAGATCAATAAGCTTGTAGCCAAGAAAGAAAATCTATTTCC
MetAsnAsnTyrGluLeuThrIleAsnGluValIleAspIleIleAsnThrAsnThrGlulleAsnLysLeuvalAlalysLysGluAsnLeuPhePro
. 500
TACAGACTTATACGACTTAGACAAACAAGAACTTLTCGCTATCATCCTTAACAGTGACTTTBCACTATCTAGCATTAAAAGAGIGCTACTAGAAGTAACT
ThrAsnLeuTyrAsplLeuAsplLysGlnGluLeulleAlallelleLeuAanSerAspPheAlaleuSerSerIleLysArgvalleuleuGluvalThr
. 500
GTTGAAGAGTTAGGCACACAAGACAACGACGAAGATBATGAGTTAGAAGATTTAGACGGTGAAATAGATAGAGTTGACTATATTGATAAAGACGGTATCA
ValGluGluLeuGlyThrGlnAspAsnAspGluAspAspGluLeuGluAspLeuAspGlyGlulleAspArgValAspTyrIleAspLysAspGlyIleArg
. 600
GATTTGATGTTCCACGTUAAACATCACCACACGTAGATAAGTCAATCGTTACATTCAATGATGAGCTTCTTGATGAAGCGAATAAGATCGCCAAGTCAAT
PheAspValProArgGluThrSerProiisValAspLysSerIleVal ThrPheAsnAspGluLeul.euAspGluAlaAsnlysIleAlalysSerlle
. 700
ACAAGAACATGACTTTAATGACAAAGCTATAGAAGAAGCAGAACTTAAAATATTCAAGAACCACTTACcATCTATCTACAGCATGAAGAAGGAGAACAAG
GlnGluHisAspPheAsnAspLysAlalleGluGluAlaGluLeuLysIlePhelysAsnHisLeuProSerIleTyrSerMetLysLysGluAsnLys
- ORF-16.9 . Hin PI . . 800
TAAcATGAGCGTACAACTTAATGCATTCACTTTCATCTTAGAG;QQCGAGGTTGGCGAATGGTATGCTACGAACAACTAACAACAAATGGCACACGCATC
& MetServValGlnLeuAspAlaPheThrPhelleLeuGluArgArgGly TrpArgMetValCysTyrGluGlnGluThrThraspGlyThrirglle
. 900
TTACATTTCTATCTCAAGGACAACCCAACGTTCTTTGCTACATACTCATCGCAATTCTTATCTGATACTAAAATGATAAGACGCTTTGCATCATGGAGCG
LeuHisPheTyrLeuLysAspAsnProThrPhePheAlaThrlyrSerSerGlnPheGluSerAspThrlysMetIleArgArgPheAlaSerTrpSerGly
. 1000
GTCAGTTACTAGAAGGCTCAAACTCTGTGTTTTGGACAAACATCACACCATTTGAAcCAATTGATGAGGAAACAGCAGAAGACATCAAGAATCTTGATAA
GlnLeuLeuGlngLySerAsnServValPheTrpThrAsnIleThrProPheGluProlleAspGluGluThrAlaGluAspIlelysAsnLeuAspLys
. ORF-16.8 . . 1100
AGTCGTTGAGGGGATGAATTTCACATTAIGATAGACATCATTGTAAAAGAGGACAAGCGGCTAATCACTGTTCAAACACCAGAGGGAGACGAAGTATTTT
ValValGluGlyMetAanPheThrLeu $IleAspIllelleVallysGluAspLysArglLeulleThrValGlnThrProGluGlyAspGluValPheTyr
. Mat . 1200
ACACTTTGTCTTTCTCAGACGGTCACAAGATACTGAAACGTTCAAGTGCACGACTAAGAAACAACATTTATGCAATTUGTGTGGCTAACATCAGATGGAT
ThrLeuSerPheSeriAspGlyHisLysllelLeulysArgSerSerAlaArgleuArgAsnAanlleTyrAlalleGlyvalAlaAsnlleArgTrpMet
. 1300
GCTAGTAGACATGGATAACATGATACTTAGTGAGTACATACATCATGTGGATATTTTAAAAGACATCGACCGTAAAATGAGGGAAATGGGTTATATAGTT
LeuValAspMetAspAsnMetIleLeuSerLeuTyrIleHisHisvValAsplleLeuLysAsplleAapArglysMetargGluMetGlyTyrIleval
. ORF=16.7 . . 1400
ATTTCAGAATGGCAACACGCCAATAAAAAGGGGACAAGGAGATAACAJGOAAGCTATTTTAATGATCGGTGTACTTGCATTGTGCGTTATATTCCTTCTA
IleSerGluTrpGluHisAlaAsnlysLysGlyThrArgArg ® MetGluAlalleLeuMetlleGlyValleuAlaleuCysValIlePheLeuleu
1500
TcAGGAccAAACAACAAAAAGAAACAGGAAGCAAGGGAGCTAGAAGATTATCTTGAAGACCTCAACAAACGAGTTGTTCAACGAACACAAATACTCAGCG
SerGlyArgAsnAsnLyslyslysGlnGluAlaArgGluLeuGluAspTyrLeuGluAspleuAsnLysArgValValGlnArgThrGlnIleLeuSerGlu
1600
AGCTTAACGAAGTTATCTCAAACAGAAGCAITGACAAAACAGTCAACCTGTCAGCTTBTBAAGTCGCCGTGCTTGATCTGTATGAGCAGTCAAATATCCn
LeuAanGluValIleSerAsnArgSer:laAspLysThrValAanLeuScrAlaCyaGlanlAlaValLeuAspLeuTyrGluGlnSerAsnIleArg

=35 3 . =10 . 1700
CATTCCTAGTGACATCATCGAAGATTTOGTTAATCAACGIIIAQAAAGTGAXE%&GAAGTGTIAAAQIATATAGAGACACAGCGGACATACTGGAAATTG
IleProSorAsleeIloGluAspLeuValAanGlnArgLeuGlnScrcluGlnGluValLeuAanTyrII%GluThrGlnArgThrTerrpLyaLou
. ORF=16.6 . . 1800
GAGAATCAGAAAAAACTATATCOGGGGTCATTGALATBAAGTTUCTTACACACGTTTGTCACTACTGTAGCTTC!cﬁTTCTTCACTCGAAAGTTTGATGT
GluAsnGlnLysLyaLeuTyrArgLysSerLeulys 'LyaLeuLouThrHiaanCyaHisTerysSerPheSorPhePhoThrArgLysPhcAspVal
. Met . ORF-
GTTTGGTGCAATAACCAAGAAAGATACTCCTGTTGTCTTCTGTCCBACCTGTBGAAATCAATCTCTTTCAGTATCAcATATCGAGGAGGAAATCAGAIGA
PheGlyAlaIlerhrLyaLysAspThrProVuanlPheCyaProThrCyaGlyAanclnSQrLeuserValSQrHiaIlecluGInclulleArg fAsn
16.5 . Met
ATCAGAAAGAATTCCAAGCCGTTTTAGACTGGATGCTGTCACCCACTATTATACAATTCCATGAATACAACTATATGCTACAAAAGAGCCTACCGTTCCT
GlnLysGluPheGlnAlaValleuAspTrpMetLeuSerProThrIleIleGlnPheHisGluTyrAsnTyrMetLeuGluLysSerLeuProPheleu
Te3 . . . . . . . . . 2100
CAGECGATAGGCTTTTCTTTTGATTGTTCCACGTGAAACATTACTGTArACGCATCTTACGAAACAACTCATATGCGATATTTCTGATAACCTGATTGTC
Argirg ¢

2200

AAACCTCAGATAACCATTCATGAACGCACTAGCTAACTTACGTAAATGATAATTATTCTTATAGTTGGTTATCAACATCATETTTTCATTAAGATCATCT
. 2216
GTTGTCAATGTGTATA

Figure 6. The Nucleotide Sequence of the Right Early Region.



Figure 7. The Nucleotide Sequence of the Late Region.

The inferred amino acid sequences of the putative open
reading frames are also shown. The ¥* indicates a stop
codon. The susi#(1241) and sus16(300) mutations (C to T
transitions) are at 425 and 1798 bp respectively. The
location of the putative B2 promoter =35 and -10 regions

are as indicated.
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(ORF-13) . 160

CGCTATATTACATGGGTAAACGTTCATGAAAGTCCTTTGCCCTTTGATGTTGGTAAGAAGCTCAAAAAAGGCGATCTGATGGGACACACAGGTATCGGA

ArgTyrIleThrTrpValnanalHisGluSerProLeuProPheAspvalGlyLysbysLeuLysbysclyAspLeuMBTGlyHLaThrGlyxlecly
28

GGAAACGTAACAGGCGACCATTGGCACTTCAATGTTATTGACGGTAAGGAGTALCAAGGATGGACAAACAAACCTGATTCGTGTTTAGCAGGGACAGAGT
GlyAsnValThrGlyAspHisTrpHisPheAsnvVallleAspGlyLysGluTyrGlnGlyTrpThrLysLysProAspSerCysLeuAlaGlyThrGluLeu
. . . . . . . . . 3ee
TACACATATATGATGTTTTCGCTGTCAACAACGTGGAGATAATCAACGGAAACGGCTACGACTGGAAAACTAGTGATTGGCAAGACGGAGACGGTGGAGA
H\slleTyrAspValPheAlaValAsnAanalGluIlelleAsnGlyAsnGlyTyrAapTrpLysThrSerAspTrpclnAapclyAspclyGlyAsp
g9
TGGLGACGACGACAACGATAACAATAAAACAAAAGATTTAATAGCLCTTTrACTATCTGACGCCCTCCATGGTTGGAAAGCATAGAAAAGGAGAATGGGA
GlyAspAspAspAsnAspAsnAsnLysThrLysAspLeulleAlaleuLeuLeuSerAspAlaLleulisGlyTrpLysAla *
Gene-14 T 500
GATATGAAAATGATAGCGTGGATGCAACACTTTTTAGAGACAGACGAAACAAAGCTTATTTACTGGTTAACATTCCTTATGGTTTGTATGGTTGTTGATA
METLYSHMETIleAlaTrpMETGlnHisPheLeuGluThrAspGluThriysLeulleTyrTrpLeuThr PheLeuMETValCysMETValValAspThr
. 600
CAGTTTTAGGGGTGTTATTTGCAAAGCTTAACCCAAACATTAAATTTTCATCATTTAAAATCAAAACAGGGGTGTTGATTAAAGTCAGTGAAATGATTCT

ValLeuGlyValLeuPheAlaLysLeuAsnProAsn]leLysPheSerSerPheLyslleLysThrGlyvalLeulleLysValSerGluMETIleLeu
760

AGCGTTATTGGCTArLLLllALuLAuAALLlllLLLluLuuull|ACCCCPATTATACACGGTTTATACGGCTTTGTGTGTATCGGAAATATATTCTATT
AlaLeuLeuAlalleProPheAlavalProPheProAlaGlyLeuProLeuLeuTyrThrvalTyrThrAlaLeuCysValSerGlulleTyrSerlle
-.. 809
TTCGGACATCTGAGATTAGTAGATGATAAAAGTGATTTTCTTGAAATACTTGAAAACTTCTTTAAGCGCACATCCGGTAAAAATAAGGAGGAAAAATAAC
PheGlyHisLeuArglLeuvalAspAspLysSerAspPheteuGlulleLeuGluAsnPhePheLysArgThrSerGlyLysasnLysGluGluLys *
Gene-15 . 900
ATGCAAATTTCACAAGCGGGTATCAACTTAATTAAGAGCTTTGAGGGTTrACAACTGAAAGCATATAAAGCrGTTCCGACTGAGAAGCATTACACCATTG
METGlnlleSerGlnAlaGlylleAsnLeulleLysSerpPheGluGlyLeuGlnlLeulysAlaTyrLysAlavalProThrGluLysHisaTyrThrileGly
. 1000
GTTACGGTCATTACGGTTCCGATGTTTCACCTAGGCAGGTTATCACTGCTAAACAGGLTGAAGACATGTrGCGTGATGATGTGCAGGCTTTTGTGGATGG
TyrGlyHisTyrGlySerAspValSerProArgGlnvallleThrAlaLysGlnAlaGluAspMETLeuArghAspAspvalGlnAlaPhevalAspGly
-1 -35

« TAATTT . B2 TTAGTT 1168
TGTAAATAAAGCATTAAAAGTATCTGTCACCCAAAATCAATTTGATGCACTTGTCTCATrLGCTTACAACGTTGGGTTAGGGGCTTTCAGGTCTTCTTCT
ValAsnLysAlaLeulysValServalThrGlnAsnGlnPheAspAlaLeuvalSerPheAlaTyrAsnvValGlyLeuGlyAlaPheArgSerSerSer
1200
CTACTGGAATACTTGAATGAAGGAAGAACAGCTCTAGCGGCGGCTGAATTCCLTAAATGGAATAAGTCAGGLGGrAAAGTTTATCAAGGGTTGATTAACC
LeuLeuGluTyrLeuAsnGluGlyArgThrAlaLeuAlaAlaAlaGluPheProLysTrpAsnLysSerGlyGlyLysvalTyrGlnGlyLeulleAsnArg
1308
GTAGAGCACAGGAGCAAGCCTTGTTTAATAGTGGAACACCTAAAAATGTTTCACGTGGAACATCGTCTACTAAAACGRCACCTAAGTATAAGGTGAAGAG

ArgAlaGlnGluGlnAlaLeuPheAsnSerGlyThrProLysAsnva1SerArgGlyThrSerSerThrLysThrThrProLysTerysValLysSer
1400

TGGTGACAACCTTACTAAAATCGCTAAAAAGCATAATACAACGGTTGCTACTTTGrTGAAGTTGAATCCGAGTATCAAAGACCCGAACATGATTAGAGTT
GlyAspAsnLeuThrlysIleAlaLysLysHisAsnThrThrvalAlaThrLeuLeulysLeuAsnProSerlleLysAspProAsnMETIleArgval
1580
GGACAAACAATAAATGTTACAGGTAGCGGCGGCAAAACACATAAGGTGAAAAGrGGTGACALALTLAGTAAAATTGCLGTTGATAACAAAACGACTGTGA
GlyGlnThrIleAsnValThrGlySerGlyGlyLysThrHisLysvValLysSerGlyAspThrLeuSerLyslleAlavalAspAsnLysThrThrvalSer
Gene-16 1680
GTAGATTGATGAGTCTAAACCCTGAAATTACGAATCCAAATCATATAAAAGTAGGTCAAACAATTAGATTAAGTTGAGGTGTAAATCATGGACAAGAGTT
ArgLeuMETSerLeuAsnProGlulleThrAanProAanislleLysValGlyGlnThrlleArgLeuSer o METAspLysSerlLeu
. 170¢
TATTTTATAATCCACAGAAAATGTPATCATACGATCGCATACTGAACTTTGTTATCGGTGCTCGTGGTATCGGTAAATCATATGCAATGAAGGTGTACCC
PheTyrAsnProGlnLysMETLeuSerTyrAspArglleLeuAsnPheValxleclyAlaArgGIyIleGlyLysSerTyrAlaHETLysVulTyrPro

TATTAATCGCTTTATTAAGTACGGAGAACAATTCATATATGTTCGACGATACAAACCGGAGCTTGCGAAGGTCTCCAACTATTTTAATGATGTAGCTCAA
IlehsnhrgPhelleLysTyrGlyGIuclnPheIleTeralArgArgTerysProGluLeuAlaLysValserhsnTerheAsnhspVa1AlaGln
. 1906
GAATTCCCTGACCATGAGTTGGTTGTGAAGGGTAGAAGGTFCTACATTGATGGTAAGCTTGLAGGGTGGGCTATTCCTCTGAGTGTGTGGCAGAGTGAAA
GluPheProAspHiBGluLeuVa1ValLysGlyArgArgPheTyr1lequGlyLysLeuAlaGlyTrpAlalleProLeuSerValTrpGInSerGIubys

AATCTAATGCATATCCTAACGTAAGCACAATAGTATTTGATGAGTTTATCAGG&ACAAAGACAATAGCAACTATATTCCTAATGAGGTTTCAGCTTTACT
SerAsnAlaTyrProAanalSerThrIleValPheAspGluPheIleArgGluLysAspAanSerAsnTyrlleProAsnGluValSerAlaLeuLeu

. 2}00

AAACCTTATGGACACCGTATTTCGTAACCGTGAGCGTGTCAGATGCATTTGTTTAAGTAATGCTGPATCCGTTGTTAACCCTTATTTTCTGTTCTTCAAC

AsnbeuHETAspThrValPheArgAsnArgGluArgValArgCysIlecysLeuSerAsnAlaValSerValValAsnProTyrPheLeuPhePheAsn

. 2200

CTTGTCCCTGATGTCAACAAACGCTTCAATGTATATGACGATGCTTrAATTGAAATACCTGATAGTCTTGALllLALATCTGAAAbbLuIAAAACAAGGT
LeuvValProAspValAsnLysArgPheAsnValTyrAspAspAlaLeulleGlulleProaspSerLeuAspPheSerSerGluArgArgLysThrArgPhe

2300

TGGGCGGCTAATTGATGGAACCGAGTACGGTGAGATGAGTTTAGATAACCAGTTTATCGGAGATAGTCAGGTGTTTATAGAAAAGCGCAGTAAGGATAG

GlyArgLeulleAspGlyThrGluTyrGlyGluMETSerLeuAspAsnGlnPhelleGlyAspSerGlnvalPhelleGluLysArgSerLysAspSer

. 2400

TAAGTTTGTATTCTCCATCGTCTATAATGGATTCACTCTTGGTGTGTGGGrTGAFGTTAATCAAGGTCTTArGTACATTGATACAGCACATGACCCGTCA

ysPheValPheSerlleValTyrAsnGlyPheThrLeuGlqulTrPValAaPVAlAsnslnGlyLeuHETTyrIlehspThrAlaHisAapProSer

. 2508

ACTAAGAATGTATACACATTGACAACAGATGATCTTAATGAAAACATGATGTTGATAACCAACTATAAGAATAATTATCATTTACGTAAGTTAGCTAGTG

ThrLysAsnValTyrThrLeuThr ThrAspAspLeuAsnGluAsSnMETMETLeulleThrasnTyrLysAsnAsnTyrHisLeuArgLysLeuAlaSerAla
2586
CGTTCATGAATGGTTATCTGAGGTTTGALAATCAGGTTATCAGAAATATCbLATATGAGTTGTTTCGTAAGArGCGTATACAGTAA
PheMETASnGlyTyrLeuArgPheAspAsnGlnvallleArgAsnlleAlaTyrGluLeuPheArgLysMETArglleGln *

Figure 7. The Nucleotide Sequence of the Late Region.
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Loding Capacity

In Figs. 6 and 7 ten open reading frames that may code for
viral gene products have been designated. These conclusions are based
on the following criteria:

1) the presence of an ORF beginning with a GTG, TIG or ATG codon.

2) the presence of a Shine-Dalgarno sequence appropriately spaced
upstream from the start codon.

3) previous biochemical and genetic data relating to genes 14,15, 16
and 17. (Mellado et al., 1976; Murray and Rabinowitz, 1982;
Yoshikawa et al., 1981.)

4) identification of ORF's by sequencing ¢29 sus mutants.

'5) the results of an E. coli in vitro transcription-translation
study presented here.

The ORF's were initially chosen based upon the first three
criteria and are designated as gene-17 (g17), ORF-16.9, ORF-16.8, ORF=-
16.7, ORF-16.6, ORF-16.5, g16, g15, and g14. Genes 14, 15, and 16 are
late genes and the remaining genes (ORF's) are early genes. The right-
most early translational initation site has been previously identified
as g17 (Yoshikawa and Ito, 1981; Murray and Rabinowitz, 1982) which is
thg only early gene to be genetically mapped in this region (Mellado
et'al., 1976). The ORF's designated gili and g16 were identified by
sequencing ¢29 susi4(1241) and sus16(300) mutants (the sus16(300)
mutation was sequenced by M. Saedi). The mutant sequences were dis-

tinguished by a C to T transition in a CAA codon, resulting in the
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creation of ochre mutations (TAA). The positions of these transitions
are indicated in Figs. 6 and 7.

The six putative early OKF's are organized in tandom, with at
most a single nucleotide between the stop codon of one ORF and the
start codon of the next (Fig. 6; Table 2). In fact at three junc-
tions, the ORF-16.9:16.8, the ORF=16.7:16.6 and the 16.6:16.5 junc-
tions, the termination codon of the preceding ORF overlaps with the
start codon of the succeding ORF (Table 2). 1In all three cases the
structure is the same, ATIGA. The late genes are also organized in
tandom (Fig. 7), genes 14 and 15 are separated by a single nucleotide
but genes 15 and 16 are separated by 10 nucleotides and ORF-13 and g1l

are separated by 18 nucleotides.

Iranslation Injtiation Regions

In Table 2, the translation initiation regions of the genes in
this region are compared. The results of previously sequenced g29
genes are also included for comparison (Yoshikawa and Ito, 1981;
Escaramis & Salas, 1982; Murray & Rabinowitz, 1982). All of the
previously sequenced $29 genes (3, 4, 6 and 17) have low free energies
of mRNA-rRNA interaction in the Shine-Dalgarno region (Shine and
Dalgarno, 1974), as do the putative ORF's presented here. ORF-16.7
presents a slight problem because there are two regions of Shine-
Dalgarno complementarity. The first, AAAGGGG, has a AG of interaction
of -16.6 kcal, but the spacing (13 b) is larger than those found
previously for either Gram-positive or E. coli translation initiation

regions (McLaughlin et al., 1981; Moran et al., 1982; Gold et al.,
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Table 2. ¢29 Translation Initiation Sites
Gene 16S rRNA? agP Spacer
(ORF) UCUUUCCUCCACUAG (keal/mol)  (bp)
+1

Gene-3 UGGUUGAAGGAGAUAACGCAACAUGGCGA -16.2 10
Gene-14 AUAAACAGGAGGUAAAAUAUAGAUGCCUA -18.8 9
Gene-6 AAAUAGAAAGUGGGACGAAGAAAUGGCAA -18.0 8
Gene-1T7 CCAAUCAUAGGAGGAAUUACACAUGAAUA -16.6 8
ORF-16.9  CUGAAGAAGGAGAACAAGUAACAUGAGCG -14.2 10
ORF-16.8  UUGAGGGGAUGAAUUUCACAUUAUGAUAG -17.8 10
ORF-16.Ta  UAAAAGGGGACAAGGAGAUAACAUGGAAG -13.2 5
ORF-16.7b  UAAAAGGGGACAAGGAGAUAACAUGGAAG -16.6 13
ORF-16.6  AACUAUAUCGGGGGUCAUUGAAAUGAAGU -16.2 7
ORF-16.5  CACAUAUCGAGGAGGAAAUCAGAUGAAUC -16.6 6
Gene-16 AGAUUAAGUUGAGGUGUAAAUCAUGGACA -18.2 6
Gene-15 AAAAAUAAGGAGGAAAAAUAACAUGCAAA -16.6 9
Gene-14a  AUAGAAAAGGAGAAUGGGAGAUAUGAAAA <15.4 10
Gene-14b  AAGGAGAAUGGGAGAUAUGAAAAUGAUAG -13.0 8

-

The sequences are aligned according their respective start codons;
the first nucleotide of which is designated by a +1.
of complementarity to 16s rRNA are underlined as are the start

codons,

a.

b.

C. Woese, cited in McLaughlin et al.,(1981).

Calculated by the rules of Tinoco et al. (1973).

The regions

The stop codons of the preceding genes are overlined.
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1981). The other site, GACAAGGAG, has a slightly higher G of inter-
action (-13.2 kecal) but the spacing (5 b) is within previously deter-
mined values. Therefore, the latter would be the more likely ribosome
binding site. Gene 14 has three ATG start codons and two potential
Shine-Dalgarno sequences in the putative initiation region. The one
designated Gene-1la in Table 2 was chosen as the most likely start
region since the free energy value was lower than the alternative.
However, either one or both may be able to serve as a translational
start site. The results from the other putative ORF's are within
previously determined free energy values (-11.6 to =21.0 kecal) and
spacings (4-10 bp) found for Gram-positive Shine-Dalgarno regions
(McLaughlin et al., 1981; Moran et al., 1982; see Stephens et al.,
1984 for a correction of the translational start site of the 0.3 kb
gene in Moran et al., 1982). Therefore, the putative ORF's in this
region appear to satisfy the minimum, but not neccessarily sufficient,

structural requirements of a protein coding region.

In ¥Yitro Protein Synthesis

In order to examine whether or not these ORF's specify pro-
teins, in vitro transcription-translation was carried out using an
E. coli system and ¢#29 EcoRI-C fragment DNA as the template. The
EcoRI-C fragment contains all the right early genes except ORF-16.5.
Carrascosa et al. (1975) previously demonstrated that $29 DNA could be
transcribed and translated by an E. coli in vitro system. The results
of SDS-polyacrylamide electrophoresis of the in vitro synthesized

products are shown in Fig. 8. In lane ¢, three major protein bands
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whose synthesis was directed by $29 EcoRI-C fragment DNA are seen:
corresponding bands were found when whole ¢29 DNA was used as a tem-
plate (lane d). The estimated molecular weights of 21, 14 and 13
kilodaltons correlate well with the predicted molecular weights of
19.1, 15.2 and 12.6 (or 12.4) kilodaltons (Table 3). If it is assumed
that the predicted 12.6 kd and 12.4 kd proteins would probably not be
resolved by this gel system then possibly four of the five predicted
proteins are synthesized jin vitro. The only other putative protein
missing is the 6.2 kd band. However, the marker proteins with mole-
cular weights of 6.2 kd and 3 kd are also not seen; indicating that
the gel system was unable to resolve very low molecular weight pro-
teins. Alternative protein gel methods have been examined in order to
resolve such small proteins but without success.

Murray and Rabinowitz (1982) used a B. subtilis derived in
vitro transcription-translation system to study #29 gene expression.
In contrast to our results, the authors concluded that only one major
protein was synthesized when #29 EcoRI-C fragment was used to direct
the reaction. This may be due to the differences of the respective
systems used. The estimated molecular weight of the protein was 22.4
kd and was shown to be g17. Furthermore, Murray and Rabinowitz (1982)
showed that this protein was encoded at the right end of the EcoRI-C
fragment by demonstrating that, when EcoRI-C fragment was pre~digested
with HaelII, which cuts just past the first ORF (Fig. 6), the 22.4 kd
protein was still synthesized in yjitro. This experiment was repeated

using HinPI, which also cuts the Haell site, and the E. coll in vitro



30

Table 3. Physicochemical Properties of the Putative Gene Products of
the $29 Right Early Reglon and Late Genes 14, 15 and 16.

total "Mp % acidic % basic % hydrophobic
residues (kd) residues residues residues?®
Gene~-17 166 19,231 24 .1 13.2 33.6
ORF-16.9 108 12,634 11.1 10.2 37.9
ORF-16.8 106 12,389 14.1 19.8 39.6
ORF-16.7 130 15,168 15.4 13.8 37.7
ORF-16.6 54 6,192 9.3 16.7 35.2
ORF-16.5 37 4,612 8.1 13.5 45.9
Gene-16 331 38,920 11.2 12.9 40.6
Gene-15 258 28,022 7.0 16.0 29.0
Gene-14 131 15,014 9.9 12.2 38.9

a. Includes tyrosine, valine, leucine, isoleucine,-phenylalanine,
tryptopha ne and methionine.



Figure 8. Autoradiographs of L-[39S]Methionine-Labeled Proteins
Synthesized in the E. coli Coupled Transcription-Translation System.

Conditions were as described in Materials and Methods.

Lane a. Protein standards (BRL, low Mr standards: insulin,
3 kd; bovine trysin inhibitor, 6.2 kd; cytochrome C, 12.3
kd; lysozyme, 14.3 kd; lactoglobin, 18.4 kd; chymotrypsino-
gen, 25.7 kd; ovalalbumin, 43.0 kd).

Lane b. ¢29 EcoRI-C fragment digested with HinPI (0.5
ug/reaction). Lane ¢, 929 EcoRI-C fragment (0.5 ug/reac-
tion).

Lane d. ©29 DNA (1 ug/reaction).

Lane e. Control (without DNA template).
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Figure 8. Autoradiographs of L-[35S]Methionine-Labeled Proteins Syn
thesized in the E. coli Coupled Transcription-Translation System.
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protein synthesis system. 1In lane b, it can be seen that only one
major band is present, at 21 kd, confirming the results of Murray and
Rabinowitz (1982) and indicating that the other proteins are located
further downstream from gene 17, as the sequence results predict.

There are faint bands at the 14 kd and 13 kd positions
(lane b). Such residual bands were found in all the gels and could be
due to undigested EcoRI-C fragment, although all the restriction di-
gests were checked by agarose gel electrophoresis. Another pos-
8ibility could be terminal transcription initiation which can occur
during transciption of linear DNA molecules in vitro (Chen and Zubay,
1983). It is also noted that a faint band appears at 26 kd in all the
lanes. The origin of this is not clear, but upon over exposure of the
gel a similar band appears in the control lane lacking DNA and there-

fore could be due to an endogenous factor.

Iranscription Signals
In the right early region (Fig.1), two B. subtjlis RNA poly-

merase binding sites have been identified (Sogo et al., 1979, Sogo,
Lozano, and Salas, 1984). Their location was estimated to be at 91.3
(+ 0.6) (C1) and 99.3 (+0.4) (C2) map units (designated here as P(EC)3
and PE3 respectively); expressed as the percentage of the distance
from the left end of the genome.

The P(EC)3 promoter has been tenatively identified between 1640
bp and 1668 bp (Fig. 6). The putative ~35 and -10 regions show homo-

logy with the E. coli and Bacillus consensus sequence (Fig. 9). The
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Left Early Promoters

PEl ATTAATGTTTGACAACTATTACAGAGTATGCTATAATGGTAGTAT
PEZ GAAAAGTGTTGAAAATTGTCGAACAGGGTGATATAATAAAAGAGT
P(EC)l AACTATATTTGACATCTGATAAGGAGGGTTATATCATGAAGCGTG
P(EC)Z GGTTTTAATGGCATATGTTTCACCTCTTTCTATAATCTATTAGTA
Right Early Promoters

PE3 GAAAAGGGTAGACAAACTATCGTTTAACATGTTATACTATAATAG
P(EC)3 AATCAACGTTTACAAAGTGAACAGGAAGTGTTAAACTATATAGAG
B2 GCATCAAATTGATTTTGGGTGACAGATACTTTTAATGCTTTATTT
Concensus? TTGACA TATAAT

-35 -10

Putative Early Sporulation Promoters

PR TAACAACTAAATCACGACTATATACCTATACTATTTATTATCATC
PL CTTTTATTAAAACCTTCTAAAACTTTGTCGAACTTTTTATAGAAA
ConcensusP AAATC TANTGNTTNTA

~-35 ~-10

Figure 9. Early Promoters of ¢29.

3 Moran et al. (1982). P Johnson et al. (1983). Pp and Py
refer to sequences at the right and left early regions
respectively.
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(16-18 bp) for E. coli and Bacillus promoters (Rosenberg and Court,
1979; Hawley and McClure, 1983; Murray and Rabinowitz, 1982; Moran et
al., 1982). A search was made for further potential RNA polymerase
binding sites but this was the only region that exhibited good -35 and
=10 homology with the proper spacing.

Gene regulation in Bacillus is modulated by proteins that
modify the promoter specificity of RNA polymerase (Losick and Pero,
1981). The right early region sequence was searched for homologies to
such promoter concensus sequences., A region homologous to the Bacil-
lus 032 concensus sequence (Johnson, Moran, and Losick, 1983) was
found just upstream from the PE3 promoter. A search of the regions
upstream from the Pp1 and Pp2 revealed a similar sequence upstream
from the PE2 promoter sequence. The results aré compiled in Fig. 9.

In addition to the transcription of the g29 early coding re-
gions, Sogo et al. (19793) reported symmetrical transcription over
most of the EcoRI-B fragment. The in vitro B. subtilis RNA polymerase
binding sites were mapped, as were the in vivo transcripts. Both
methods agree that the start site is at approximately 79 map units.
This would be at about 900 bp in Fig. 7. A search of this region
(+200 bp) revealed a sequence at 1013-1040 bp with a putative =35 and
-10 regions that conform to the Bacillus 055 consensus sequence
(Fig. 9). A search was made for coding sequences both up and down-
stream from this putative promoter site. Two large ORF's were found

upstream which could encode proteins >10 kd, but no ribosome
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binding sites were found in either case. No large ORF's were found
downstream.

Previous evidence suggests that both the right early tran-
scripts and the late transcript(s) terminate in the EcoRI-D fragment
(Sogo et al., 1979,; Davison et al., 1980; Sogo et al., 1984). In Fig.
10 the region between gene 16 and ORF-16.5, which appears to be the
last right early region gene, has been diagrammed. These genes are
separated by a 30 bp region containing two relatively large dyad sym-
metries., The one designated as TE3 conforms to the consensus struc-
ture for an E. coli factor independent terminator (Holmes et al.,
1983; Platt and Bear, 1983): that is, a potential hairpin loop fol=-
lowed by a poly-U sequence,

The potential secondary structures of both the early and late
transcripts across this region are shown in Fig. 10. The primary dif-
ferences between the structures are the increased stability of the
late transcript secondary structure and the more extensive poly-U
sequence of the early transcript. For either transcript the extent of
the poly-U region can be increased but at the expense of hairpin
stability. The late and early transcripts also differ in the position
of the second dyad symmetry, shown in Fig. 10. This region would
probably not form a stable hairpin structure but its position relative

to TE3 may affect termination.,

Computer Analysis

A search was made of the latest version of the NBRF protein

sequence library using the FASTP program of Lipman and Pearson (1985).



Figure 10.

Features of the ¢29 Early/Late Terminator Region.

A. The arrows designate the regions of dyad symmetry.
Tg3 is the putative early terminator. Gene 16 and the
last ORF of the right early region, ORF-16.5 are as
designated.

B. Putative secondary structure of the early and late
transcripts across the terminator region. The G's of
interaction were calculated according to the rules of
Tinoco et al. (1973). These structures do not neces-
sarily represent those with the minimum free energy
values.
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. T3

5'=CGTAAGATGCGTATACAGTAATGTTITCACGTGGAACAATCAAAAGAAAAGCCTATCGTCTGAGGAACGGTAGGCTCTTTTGTAG
GCATTCTACGCATATGTCATTACAAAGTGCACCTTGTTAGTTTTCTTTTCGGATAGCAGACTCCTTGCCATCCGAGAAAACATC=5"
ArgLysMetArgIleGln # - # ArgArgleuPheProLeuSerLysGluLeu
(Gene-16) (ORF-16.5)

G A
Uu G
C-G
Late Transcript U-AA
G-C
C-G
AG = -16.4 kcal/mol U:c
A-U
U-A
C-G
c-G
G-C
A-U
A-Uc
P A-U
5'-CGUAAGAUGCGUAUACAGUAAUGUUUCACGUGGAACAAUCAAAAGA-UUGUAG=~3!

Q
(=
[¢]

23

Early Transcript

(=]
[+ N ~Ne]
[

>OOOIQ>OQ
cCccOoor>»ar>»o0>»Q

AG = ~14.4 kecal/mol

Q
o=
1

A=-U —t
5'-CUACAA-UCUUUUGAUUGUUCCACGUGAAACAUUACUGUAUACGCAUCUUAGC-3'

Figure 10. Features of the ¢29 Early/Late Terminator Region.
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This algorithm rapidly searches the data base for amino acid homology
to an input sequence. The output provides a histogram of the align-
ment scores, the mean of these scores and the alignments if desired.
Such a search can provide valuable information as to the function of
new protein sequences, if homologies can be demonstrated. Unfortu-
nately no such homologies could be found for any of the sequences
presented here, Searches were done for Ktup 1 and 2.
A subsequent search of the literature revealed that a number
of prokaryotic sequences were not contained in the NBRF library.
These sequences were organized into a library. A search of this
library revealed an extensive homology between 629 gp15 and Salmonella
phage P22 gp19, a lysozyme. The RDF program of Lipman and Pearson
(1985) was used to evaluate the significance of this homology using a
Monty Carlo analysis. The output displays a histogram of the shuffled
scores, the initial and optimized scores and the z-value statistics
where z=(similarity score - mean of random score)/(standard deviation
of random scores). In other words, it calculates the number of stan-
dard deviations the score is from the randomized mean alignment
scores, The guidelines for the significance of the z values are as
follows:
z >3 possibly significant
z 2 6 probably significant
z 2 10 significant
The results of this analysis showed a very significant degree of

homology between these two proteins. The optimized score was 218,
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which was 28.21 standard deviations above the mean for the shuffled
comparisons. Rennell and Poteete (1985) demonstrated that P22 lyso-
zyme (gp19) exhibits a significant but limited homology with E. coli
phage T4 lysozyme (gene product e; gpe). This analysis concurs with
the above; the aligned score was 76 with a z-value of 6.64. A similar
analysis of 929 gp15 and T4 gpe suggests little homology between
these proteins since the aligned score was 59 and the z-value was
3.72.

The FASTP program was used to determine amino acid alignments
between these three proteins. ¢29 gp15 and P22 gp19 share a 37.5%
identity in a 144 residue overlap (Fig. 11). If conserved amino acid
substitutions are considered, then the degree of homology very ex-
tensive. T4 gpe and P22 gp19 show a less extensive homology having
only 18.29 identity in a 137 residue overlap (Fig. 12). 29 gp15 and
T4 gpe show the least homology; 26.8% identity in an 82 residue over-
lap (Fig. 13).

$29 gp15 (28.0 kd) is considerably larger than either T4 gpe
(18.7 kd) or P22 gp19 (16.1 kd) (Owen et al., 1983; Rennell and
Poteete, 1985) and in the alignments only the amino end of gp15 is
homologous; the carboxy end is not. A dot matrix analysis for direct
repeats was done on the gp15 sequence. The results suggested the
presence of direct repeats in the carboxy end of the molecule. In
order to analyze the significance of this, the carboxy end was divided
in two, and the sequences subjected to RDF analysis; FASTP was used to

align the sequences. The FASTP alignment confirms that an extensive



37.5% identity in 144 aa overlap

gpl5
gpl9

gpl5

gpl9

gpl5
gpl9

gpl5

gpl5

19 20 30 40 50
MQISQAGINLIKSFEGLQLKAYKAVPTEKHYTIGY-GHY—GSDVSPRQVITAKQAEDMLR

MQISSNGITRLKREEGERLKAYSDSRGIPTIGVGHTGKVDGNSVASGMTITAEKSSELLK
19 20 30 40 50 60

60 79 80 90 100 110
DDVQAFVDGVNKALKVSVTQNQFDALVSFAYNVGLGAFRSSSLLEYLNEGRTALAAAEFP

EDLQWVEDAISSLVRVPLNQNQYDALCSLIFNIGKSAFAGSTVLRQLNLKNYQAAADAFT,
70 80 99 100 110 120

120 130 140 150 160 170
KWNKSGGKVYQGLINRRAQEQALFNSGTPKNVSRGTSSTKTTPKYKVKSGDNLTKIAKKH

LWKK-AGKDPDILLPRRRRERALFLS

130 140
180 190 200 210 220 230
NTTVATLLKLNPSIKDPNMIRVGQTINVTGSGGKTHKVKSGDTLSKIAVDNKTTVSRLMS
240 250
LNPEITNPNHIKVGQTIRLS

Figure 11. Fastp Alignments of ¢29 gp15 and P22 gp19.
The ™" and "." indicatte identical matches and conserved

substitutions respectively (Lipman and Pearson, 1985).
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26.8% identity in 82 aa overlap

gpls
gpe

gpl5

gpe

gpl5
gpe

gpl5

gpl>

10 20 30 40 50
MQISQAGINLIKSFEGLQLKAYRAVPTEKHYTIGYGHYGSDVSPRQVITA

MNIFEMLRIDEGLRLKIYKDTEGYYTIGIGHLLTKSPSLNAAKSELDKAIGRNCNGVITK
19 20 30 40 50 60

60 70 80 90 160
KQAEDMLRDDVQAFVDGVNKALKV SVTONQEFD——---ALVSFAYNVGLGAFRS-SSLLEY

DEAEKLFNQDVDAAVRGILRNAKLKPVYDSLDAVRRCALINMVFOMGETGVAGETNSLRM
70 80 90 100 110 120

110 120 130 140 15¢ 160
LNEGRTALAAAEF PK——WNKSGGKVYQGLINRRAQEQALFNSGTPKNVSRGTSSTKTTPK

. o - . .
L W . o es 000 e .

LQQKRWDEAAVNLAKSRWYNQTPNRAKRVITTFRTGTWDAYKNL
130 140 150 160

179 1809 190 200 210 220
YKVKSGDNLTKIAKKHNTTVATLLKLNPSIKDPNMIRVGQTINVTGSGGKTHKVKSGDTL

230 240 250
SKIAVDNKTTVSRIMSLNPEITNPNHIKVGQTIRLS

Figure 12. Fastp Alignments of ¢29 gp15 and T4 gpe.

The ":" and "" indicate ldentical matches and conserved
substitutions respectively (Lipman and Pearson, 1985).
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P22 gpl9 vs T4 gpe

18.2% identity in 137 aa overlap

19 20 30 40 50
gpl9 MQISSNGITRLKREEGERLKAYSDSRGIPTIGVGH~—--TGKVDGNSVASGMTITAEKSS
gpe MNIFEMLRIDEGLRLKIYKDTEGYYTIGIGHLLTKSPSLNAAKSELDKAIGRNCNG
10 20 30 40 50
60 70 80 90 100 110

gpl9 ELLKEDLQWV-EDAISSLVRVPLNONQYDALCSLIFNIGKSAFAGSTVLRQLNLKNYQAA

gpe VITKDEAEKLENQDVDAAVRGILRNAKLKPVYDSLDAVRRCAL-- INMVFOMGETGVAGF

69 70 80 99 100 110
129 130 140
gpl9 ADAF-LLWKKAGKDPDILLPRRRRERALFLS
gpe TNSLRMLOQKRWDEAAVNLAKSRWYNQTPNRAKRVITTFRTGTWDAYKNL
120 130 140 150 160

Figure 13. Fastp Alignments of P22 gp19 and T4 gpe.
The ":" and "." indicate identical matches and conserved
substitutions respectively(Lipman and Pearson, 1985).



60.5% identity in 43 aa overlap

* * * * *
156-STKTTPKYKVKSGDNLTKIAKKHNTTVATLLKLNPSIKDPNMIRVGQTINV-206

207-TGSGGKTHKVKSGDTLSKIAVDNKTTVSRLMSLNPEITNPNHIKVGQTIRLS-258
* * * * *

Figure 14. Comparison of $29 gp15 Carboxy Terminal Duplications.
The ™" and "." indicate identical matches and conserved
substitutions respectively (Lipman and Pearson, 1985).
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direct repeat does exist (Fig. 14) and the RDF analysis (z=16.1)
suggests that the alignment is probably significant. The RDF value
must be taken with caution since to examine just segments that have

homology may bias the results,

Complementation of Lysis Defective TU Phages

Rennell and Poteete (1985) demonstrated that cloned T4 gene e
could complement P22 am19 mutant infections. This experiment was
repeated here using $29 g15 cloned into the P, promoter plasmid pPLclb
(Fig. 15). Plasmid pMS2 contained the gene cloned in the proper
orientation for expression by the PL promoter. Plasmid pMS6 contained
the same DNA fragment but cloned in the opposite direction. pMS2 when
induced overproduces a protein with an approximate molecular weight of
26,000 which is the approximate predicted size of gene 15 (Table 3);
pMS6 does not (M. Saedi, unpublished results).

Complementation was determined using spot tests of the defec-
tive T4 phage. In Table 4 it can be seen that the T4 amber and
deletion mutants of gene e were complemented by clones pMS2 and pMS6
but not by the parent plasmid pPLcl5. These studies were conducted at
30 C because pMS2 did not grow well at 42 C. Since both clones
complemented the T4 infections and complementation occurred under non-
inducing conditions, it appears that transcription of g15 occurs
independent of the P promoter. This initiation of transcription is
probably not plasmid mediated since complementation occurs in both
orientations therefore the promoter is probably on the cloned

fragment. However, an analysis of the sequence upstream of gi15 did
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not reveal any obvious candidates for a promoter site. The plasmids
themselves have not been sequenced to detect promoter sequences

arising from sequence changes.



Figure 15.

pPLc245

pMS2

Construction of pMS2 (M. Saedi, unpublished results).
Plasmid pMS6 has the insert in the opposite direction
pPLe245 was constructed by Remaut, Stanssens and Fiers
(1983).
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Table 4. Complementation of T4 Mutant Infection®

Phage
Strain (Plasmid) am882 amH26x5 eG79 WT
ER69 (none) - - - +
ER69 (pPLcll'S) - - - +
ER69 (pMS2) * + + +
ER69 (pMS6) + + + +

a., Plasmid containing strains were spotted with the <indi-
cated phage and lysis was noted. Plating efficiencies were
determined and in all cases were approximately 1.0 relative to
CR63 (supD60) host cells. .
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CHAPTER 4
DISCUSSION

Qverview

The sequence of the rightmost 4,626 bp of the £29 genome has
been presented. The identities of three of the late genes and evi-
dence for an additional upstream ORF (ORF~13) has been established.
The right early region appears to composed of two overlapping tran-
scriptional units composed of 6 and 2 ORF's each. However, only one
of these ORF's (g17) has been identified as authentic. The transcrip-
tional and translational signals present in this sequence are consis-
tent with established signal sequences from E. coli and Bacillus
(Rosenberg and Court, 1979; Hawley and McClure, 1983; Murray and
Rabinowitz, 1982; Moran et al., 1982). Finally, data have been pre-
sented that strongly suggest gp15 functions as a lysozyme and can

complement a lysozyme defective T4 phage infection.

Genetic QOrganization

The ten genes (ORF's) presented here are separated into two
temporal classes, late and early. As predicted from earlier studies
these genes are transcribed from opposite DNA strands and are oriented
such that the transcripts converge (Loskutoff et al., 1973; Schachtele
et al., 1973; Kawamura and Ito, 1977; Sogo et al.,19793). The two
gene classes do not overlap and are separated by a 30 bp
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intercistronic region (Fig. 10). The reading frames are compactly
organized in tandom. In most cases, the stop codon of the preceding
ORF overlaps the start codon of the succeeding ORF or at most a single
codon separates the start and stop codons (Table 2). This economic
mode of genetic organization has been observed previously in phages A,
T7, GU and #X174 (Sanger et al., 1982; Dunn and Studier, 1983; Godson
et al., 1978; Sanger et al., 1978). The reasons for the evolution of
such a concise genetic organization may be many fold; including con-
straints placed on the size of the genome by the size of the virion;
it may serve to maximize information capacity while enhancing replic-~
ation; or finally, as has been demonstrated so clearly in the E. coli
trp operon, it may serve to translationally couple the termination of
synthesis of one protein with the initiation of another (Oppenheim and
Yanofski, 1980). Translational coupling has also been observed in
Bacillus using artificial constructs (Sprengel, Reiss, and Schaller,
1985). In fact, the ribosome binding site, thought to be essential in
Bacillus (Band and Henner, 1984; Mclaughlin et al. 1981), of the

downstream gene could be completely eliminated.

Translation Initiation Sites
Translation initiation sites, in general, feature a region
of complementary to 16S rRNA (the Shine-Dalgarno sequence) spaced 4-10
bp upstream from the start codon (for reviews see Gold et al. 1981 and
Kozak, 1983). This applies to initiation regions from Gram-positive
organisms as well as E. ¢oli (Mclaughlin et al., 1981; Moran et al.,

1982). There is however accumulating evidence that efficient
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translation by Gram-positive organisms requires a more extensive
Shine-Dalgarno complementarity (Band and Henner, 1984; McLaughlin et
al.,, 1981; Moran et al., 1982). Table 2 clearly demonstrates that the
sequences of g29 translational initiation regions are consistent with
this hypothesis.

The requirement by Bacillus for a strong Shine~Dalgarno region
has been proposed to be one of the barriers to efficient translation
of E. coli sequences in Bacillus., However, recent results indicate
that this requirement is necessary but not sufficient for efficient
translation of T7 mRNA, as compared to ¢29 mRNA (Hager and Rabinowitz,
1985). Therefore, additional sequences are required for efficient
translation in Baejllus and the translational barrier to heterologous
gene expression in Bacillus is more complex than originally proposed.
In more practical terms, this would limit the utility of Bacjillus as a
general cloning vector. Perhaps continued examination of #29 transla-

tional initiation sites will provide additional insights.

Iranscription Signals

In the right early region, Davison et al. (1980) found that
the PE3 promoter (G2 transcript, 2000 b; the G represents the initia-
ting nucleotide) was used efficiently by B, subtilis RNA polymerase in
yitro but the P(EC)3 promoter (G5 transcript; 330 b) was only used at
high RNA polymerase/DNA ratios. However, the P(EC)3 promoter was used
efficiently by E. ¢oli RNA polymerase resulting in the synthesis of
one large transcript (G2), initiated at Pp3, and two small tran-

seripts, G5, (200 b) and G5, (180 b) initiated at P(EC)3' when ¢29
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EcoRI-C fragment was used as a template. By contrast, Sogo et al.
(1984) observed that the P(EC)3 promoter is efficiently utilized by B,

subtilis RNA polymerase in vitro; and in fact, concluded that it was a

stronger promoter than the PE3 promoter.

Previously sequenced ¢29 early promoter regions have exhibited
strong homologies with the E. coli consensus sequence (Yoshikawa and
Ito, 1981; Yoshikawa et al., 1981; Murray and Rabinowitz, 1982). Thus
suggesting that, @29 early transcription is initiated by the B.
subtilis ¢°2-RNA polymerase complex (Moran et al., 1982). The Pg3
promoter region has been published previously, (Yoshikawa and Ito,
1981) but the sequence of the P(EC)3 promoter region was unknown until
now. If the P(EC)3 transcript were initiated at the first G residue
after the designated -10 region, then the run-off RNA from a ¢29
EcoRI-C fragment template would be 240 bp long. Which is reasonably
close to the estimated 200 (180) b transcript observed by Davison et
al. (1980). The lack of further potential RNA polymerase binding
sites supports the contention of Davison et al. (1980) that the size
difference of the G5a and G5b transcripts was due to nonspecific bin-
ding of the RNA polymerase to the DNA terminus, causing premature
termination of transcription. The importance of this promoter in vive
is unknown, but if utilized, it would allow transcription of ORF-16.6
and ORF-16.5 (Fig. 6). Subsequent to completion of this sequence,
Dobinson and Spiegelman (1985) confirmed the position of P(EC)3 by S1

mapping and provided evidence that it 1s used in vivo.
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The results presented here suggest that ¢29 transcription may
be regulated by ¢132 as well as by the 055 RNA polymerase complexes.
The o 32 factor is found in late log to stationary phase vegetative
cells and regulates expression of two sporulation genes of unknown
function (Johnson et al., 1983). There is evidence that $#29 tran-
scription is turned off in sporulating cells (Kawamura and Ito, 1975)
but, to my knowledge, no studies have been done to investigate #29
transcription in early stationary to stationary vegetatively growing
cells. Therefore, the possibility of regulation of ¢29 gene expres-
sion by (732 is very tenative but certainly worthy of further investi-
gation.

The genetic map of $29 clearly defines the early and late
coding regions (Fig. 1), however Sogo et al. (1979a) observed that

early transcripts from the late region were found in vivo. Two Bacil-

lus promoter sites (B1 and B2; Fig 1) were mapped in this region and
were active in yitro (Sogo et al., 1979,; Sogo et al., 1984). The
putative sequence of the B2 site is provided here and is consistent
with previously sequenced 629 promoter regions (Fig. 9). Early tran-
sceripts from this region do not appear to be synthesized late in
infection, unlike other early transeripts (Sogo et al., 1979a). The
existence of the two Bacillus promoters suggests that anti-late RNA
synthesis is not due to initiation errors or to read-through from the
right early region (Sogo et al., 1979,).

The biological significance of symmetric transcription in 429

is not clear, particularly since no known early genes map in this
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region and none were found by sequence analysis. However, anti-sense
RNA has been shown to serve a regulatory role in ColE1 plasmid repli-
cation (Tomizawa, 1984) and in regulating translation of ompF mRNA in
E. coli (Coleman, Green, and Inouye, 1984) and Tn10 transposase mRNA
(Simons and Kleckner, 1983). Perhaps ¢29 anti-sense RNA serves a
similar role since the late proteins are differentially expressed and
at least one, gpB, is expressed early (4 min.) in infection (Hawley et
al. 1973).

Previous evidence suggests that both the right early tran-
script and the late transcript terminate in the EcoRI-D fragment (Sogo
et al., 1979,; Davison et al., 1980; and Sogo et al., 1984). The
early terminator (TE3) appears to be relatively inefficient, both in

vivo and in vitro (Sogo et al., 1979,; Davison et al., 1980). The

late terminator appears to be very efficient since no late mRNA hybri-
dizes with the downstream EcoRI-C fragment (Kawamura and Ito, 1977).
Based upon the sequence and potential secondary structure of
transcipts from the gene-16:0RF16.5 intercistronic region it is possi-
ble that the same sequences may act to terminate both the late and
early trancripts (Fig. 10). This is not unprecedented, bidirectional
terminators have been found in E. coli (tonB-p1l4 junction) (Postle and
Good, 1985) and the E. ¢oli transposon, Tn10, (tetA-orfL junction)
(Schollmeir, Gartner, and Hillen, 1985). In both cases the genes are
separated by a short intercistronic region, exhibiting potential se~
condary structures. An alternative hypothesis is that either one or

both of these transcripts may terminate via a factor dependent
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mechanism. The observatlion that termination of $29 transcripts in

vitro is affected by a purified Bacillus "rho" factor supports this

proposal (Hwang and Doi, 1980). However, either of these proposals
are based upon sequence analysis and therefore are predictive only and
require biological verification.

The above analysis is limited by the lack of knowledge of
Bacillus terminators. Several reseachers have identified putative
Bacillus terminators (based oh correlations with E. ¢oli) but few have
been identified as such, but, to my knowledge, not a single terminator
has been studied in molecular detail. It is within this context that
929 assumes its importance; particularly since the transcription and

genetic maps have been so well established.

Early Gene Functions

‘The right early region appears to be organized into two tran-
scriptional units (Sogo et al., 1979a; Davison et al., 1980; Dobinson
and Speigelman, 1985; Garvey, et al. 1985,) (Fig. 1). The largest
encompasses gene 17 through ORF 16.5; the smallest would transcribe
only ORF 16.6 and ORF 16.5. The ORF encoding g17 has been identified
Mclaughlin et al., 1981; Yoshikawa and Ito, 1981; Garvey et al.,
1985b) but the other ORF's are putative. The biological efficacy of
at least two of these ORF's was supported by in vitro protein synthe-
sis experiments (Fig. 8). Hagen et al. (1976) and Anderson and Reilly
(1976) discovered at least 4 early phage proteins, LM4 (15.2 kd), LM5

(14.7 kd), LM6 (13.0 kd) and LM6B (8.5-13 kd) and one small protein
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LM10 (<4.5 kd) that have not been given genetic assignments. Therefore
some of these proteins could be encoded by the right early region.

The functions of the early genes (ORF's) are unknown but gi7
is of particular interest, since it has been implicated in the DNA
replication process, although the results are not unéquivocal (Harding
and Ito, 1976; Carrascosa et al., 1976; Hagen et al., 1976; Jimenez et
al.,, 1977). Hawley et al. (1973) have reported the loss of two pro-
teins, A1 (22.4 kd) and A2 (21.8 kd) from sus17 infected cells. Re-
vertants regained expression of both proteins, suggesting that the
observed electrophoretic differences were due to post-translational
modification. This is supported by the existence of only one ORF in
this region encoding a protein greater than 19 kd (Table 2). The
proteins are produced in large amounts early during infection (2 min.)
and in reduced quantities after the onset of DNA replication (Hawley
et al., 1973; Hagen et al., 1976; Jimenez et al., 1977).

If gpl17 is involved in DNA replication, it could have any
number of functions. 29 DNA replication in vitro requires only
terminal protein (gp3), DNA polymerase (gp2) and $29 DNA-gp3 complex
(Watabe, et al., 1983; Watabe, et al., 1984; Prieto, et al., 1984;
Blanco and Salas, 1984; Blanco and Salas, 1985)., This system has
proved inefficient and probably requires additional enzymes or acces-
sory proteins. Two possible activities are suggested by the Adeno-
virus in vitro DNA synthesis system which requires a single-strand DNA
binding protein and topoisomerase (Kaplan et al., 1979; Stillman,

White, and Grodzicker, 1984; Nagata, Guggenheimer, and Hurwitz, 1983).
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Several other possibilities are: helicase, double stranded DNA binding
protein, exonuclease activity, an accessory role in replication or a
variety of other functions that may regulate expression of genes
required for replication.

Mutants in the remaining right early ORF's have never been
genetically mapped (Mellado et al., 1976; Reilly et al., 1977) but the
existence of PE3 and P(EC)3 and the size of right early transcripts
(Sogo et al., 1979,; Sogo et al., 1984; Davison et al., 1980; Kawamura
and Ito, 1977; Dobinson and Speigelman, 1985) suggest that they are
expressed. Perhaps these genes are non-essential under the conditions
used for mutant isolation: supported by the observation that, mutants
unable to synthesize certain 29 encoded low molecular weight pro-
teins, can exhibit plaque formation (Anderson and Reilly, 1976). As
to the function of these proteins, several lines of evidence are
suggestive. Involvement in the replication, as discussed above, is
one possibility. Another, may be involvement in RNA processing.
Kawamura and Ito (1977) found at least 13 major early transcripts
(three in the right early region) and observed that small transecripts
were more stable than larger ones. They proposed that this may be due
to processing of the RNA. Anti-late mRNA synthesis also appears to be
regulated, since its transcription is different from the other early
mRNA's (Sogo et al., 19793). Finally, there is evidence that genes 3
17 and 12 are post-translationally modified and that other early
proteins are differentially expressed during infection; although early

mRNA synthesis continues through-out infection (Hawley et al., 1973;
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Hagen et al., 1976; Anderson and Reilly, 1976). Roles in protein
processing and regulation of translation are also to be considered.

Several predictions can be made based on the amino acid content
(Table 3) concerning the properties of these early proteins. The most
notable feature of gp17 (19,231 d) is the high acidic residue content
(244 of the total residues) as opposed to the number of basic residues
(13.2%9). Most of these acidic residues are found in the central
portion of the molecule. Within this region, from residue 64 to
residue 99, 14 of the 25 residues are glutamate or aspartate, no basic
residues are found in this sequence. Therefore gpi17 is probably a
very acidic protein, lacking cysteine and tryptophane.

Although gp16.9 and gp16.8 (12,634 and 12,389 d respectively)
are very similar in size they can be differentiated by the lack of
cysteine in gp16.8 and the high phenylalanine content of gp16.9
(9.3%9). In addition, gp16.8 may be a basic protein (20.6% basic vs
14.7% acidic residues) whereas, gp16.9 has approximately equal numbers
of basic and acid amino acids. A comparison of the amino acid seque-
nces of these two proteins found no extensive homologies.

gp16.7 (15,168 d) contains a relatively large number of hydro-
phobic residues (37.6%) and approximately equal numbers of acid and
basic residues. The amino terminus of this protein is very hydro-
phobic, as are the amino termini of gp16.9 and gp16.6; reminiscent of
signal peptides (Michaelis and Beckwith, 1982).

gp16.6 (6,192 d) should be a basic polypeptide lacking trypto-

phane, but having a large number of phenylalanine residues (11%).
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Most of these phenylalanine residues are found betwen residues 12 and
24; 5 of the 11 amino acids are phenylalanine, the significance of
this is not known,

gp16.5 (4,612 d) is expected to be the smallest of all these .
proteins, It will be lacking in glycine but having a relatively large
proportion of methionine residues. This protein may also be the most
hydrophobic of these proteins since 45.99 of it's amino acids have
hydrophobic side groups.

These predictions must, of course, be considered tentative,
particularly the predictions concerning the basic natures of gp 16.7
and gp16.6 since the tertiary structure of the protein determines
which amino acids are exposed to the medium. These predictions may
however be useful for further identification and characterization of

these proteins.

Late Gene Functions

929 g16 encodes a late non-structural protein (36 kd) shown to
catalyze the genome encapsidation reaction (Bjornsti et al., 1984).
The gene has been recently cloned (Bjornsti et al., 1984; Guo et al.,
1986) and localized to the EcoRI-D and -E fragments and is presumably
the last gene in the late region (Carrascosa et al., 1976). The
results provided here are consistent with all these data (Fig. T;
Table 3). The encapsidation reaction in vitro is highly efficient and
requires only proheads, DNA-gp3 and gp16 (Bjornsti et al., 1984; Guo
et al., 1986). Functional DNA-gp3 is required and packaging of the

DNA-gp3 occurs on discrete lengths, with the left end of genome
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entering the prohead first (Bjornsti et al., 1982; Bjornsti et al.,
198&). In conjunction with the head filling process, the scaffolding
protein (gp7) exits the prohead and a conversion of the rounded pro--
head to the angular morphology of the mature phage occurs (Bjornsti et
al., 1983). This entire cascade of events, resulting in the conden-
sation of the DNA into the phage head is catalyzed by just one pro-
tein, gp16 (Bjornsti et al., 1984). Now that this gene has been
cloned and purified (Guo et al., 1986) and sequenced (Garvey et al.,
1985a), its functions may be studied in greater detail.

Gene 15 encodes a late non-structural protein with an esti-
mated molecular weight of about 26 kd and is synthesized in large
amounts (Carrascosa et al., 1976; Hawley et al., 1973; Hagen et al.,
1976; Jimenez et al., 1977). The gene product is not present in
mature phage but has been associated, in small amounts, with DNA free
proheads from cells infected with mutants in genes 9, 11, 12, and 13
(Hagen et al., 1976; Jimenez et al., 1977). The phenotype of susi5 or
Susilisus15 double mutants is that of delayed lysis. Mature and pro-
heads are produced as in a susi14 infection, indicating that morpho~
genesis is complete. It has also been observed that the necessity of
gp15 may depend on the growth conditions (Jimenez et al., 1977).

Based on these data it was concluded that gp15 plays a role in morpho-
genesis,

The results presented here (Fig. 7; Table 3) are consistent
with these data in relation to the size (28 kd) and location of gi5

and with the delayed lysis phenotype, but are not consistent with the
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morphogenic factor hypothesis. 29 gp15 exhibits a highly significant
homology with the lambdoid Salmonella phage protein, P22 gp19 (Fig.
11) and considerably less homology with E. coli phage protein T4 gpe
(Fig. 12). These two proteins, T4 gpe and P22 gp19, encode lysozymes
and, as confirmed here, share significant homologies themselves (Owen
et al., 1983; Weaver et al., 1984; Rennell and Poteete, 1985) (Fig.
13). ©£29 g15 has been cloned into an expression vector and cell
lysing activity was found under inducing conditions (M. Saedi, unpub-
lished results). This clone (Fig. 15) was used here (Table 4) to
demonstrate that it could complement T4 infections mutant in gene e,
again consistent with the predicted lysozyme function of ¢29 gpi15.
These results do not, however eliminate the possibility of a dual
function for gpi5.

This is the first lysozyme from a Gram-positive system to be
sequenced. Only two other phage lysozymes, T4 ge and P22 g19, have
been sequenced (Owen et al., 1983; Rennell and Poteete, 1985), ig-
noring T2 lysozyme which differs from T4 ge by 3 residues (Tsugita,
1971). 029 gp15 is by far the largest of the three lysozymes and the
entire extent of its homology with the other two proteins is within
the amino portion of gp15. The non-homologous carboxy terminus is
composed of two direct repeats (Fig. 14). Structural comparisons of
T4 lysozyme with hen egg white lysozyme indicated that, despite a lack
of sequence homology, the two proteins share a significant structural
homology and probably diverged from a common precursor (Mathews et

al.,, 1981). Similar analysis may provide insights as to structural
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relatedness of #29 gp15, P22 gp19 and T4 gene e product, particularly
since they share limited homology but ¢29 gpi15 is so much larger than
T4 gene e at the carboxy terminus.

The three phage lysozymes genes are obviously interrelated but
how this arose, considering they infect different bacterial genera, is
another matter. This can considered in the context of viral origins
in general. Viruses can be viewed as arising from degenerate cellular
parasites or as having evolved from genetic components of the host
(Luria et al.,, 1978). The latter hypothesis is preferred to explained
the origins of lambdoid phages (Campbell and Botstein, 1983). Accor-
ding to this hypothesis, various functions such as replication, recom-
bination, assembly, and lysis were derived, in chimeric fashion, from
analogous cellular components. Therefore, the genomes of $29, T4 and
P22 would be composed of evolutionarily and functionally distinct
modules. Accordingly, these phage could have independently acquired
the "lysozyme gene" from their respective hosts (genes from Bacillus
and E. ggl; have demonstrated considerable homology). Therefore, the
relatedness of the genes may reflect the evolutionary interrelation-
ships of the hosts and not necessarily those of the phages.

The ‘phages T4 (t,e), A (S,R-RZ) and P22 (13,19) all have at
least two lysis functions. The first (t,S,13) are thought to disrupt
the inner membrane (Reader and Siminovitch 1971; Josslin, 1970;
Rennell and Poteete, 1985) allowing access of a second protein (e,R-
RZ,19) to the cell wall which is degraded (Tsugita et al., 1968; Rao

and Burma, 1971; Bienkowska-Szewczyk and Taylor, 1980). €29 also
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encodes at least two lysis functions, gi4 and gi5. Gene 15 has been
demonstrated to be a probable lysozyme and, by analogy, g14 would
encode a protein that disrupts the cell membrane., However, no homo-
logy could be found between ¢29 gpill and P22 gpi13 or gpS. There may
also be a third function involved in ¢29 lysis since susilisusi5 mu-
tants do exhibit lysis (Jimenez et al., 1977) and a spontaneous dele-
tion mutant of $29, shown to be deleted in g14 and g15, forms small
plaques (M. Saedi, unpublished results). This proposed third function

may be either phage or host encoded and requires further elucidation.

Co usions

The sequence analysis presented in this paper provides a firm
structural bases for further analysis of the £29 right early region
genes and three late genes, their organization and their transecrip-
tional and translational regulatory sequences. More specifically,
this analysis reveals the primary sequences for gpi17, a protein that
may be required for $29 DNA replication, and for five previously unde-
tected genes in the early region. In addition, the primary sequences
of gp16, which catalzes the genomes encapsidation reaction, gp1i, a
lysis gene, and gp15, which 1s a lysozyme, are presented. Although
the transcriptional and translational regulatory sequences must be
considered putative at this point, the data are consistent with pre-
vious analyses of Bacillus sequences and facilitate a more complete

examination of these regions,
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