The
Bacteriophages
Volume 1



THE VIRUSES

Series Editors
HEINZ FRAENKEL-CONRAT, University of California
Berkeley, California

ROBERT R. WAGNER, University of Virginia School of Medicine
Charlottesville, Virginia

THE VIRUSES: Catalogue, Characterization, and Classification
Heinz Fraenkel-Conrat

THE ADENOVIRUSES
Edited by Harold S. Ginsberg

THE BACTERIOPHAGES
Volumes 1 and 2 e Edited by Richard Calendar

THE HERPESVIRUSES
Volumes 1-3 e Edited by Bernard Roizman
Volume 4 ¢ Edited by Bernard Roizman and Carlos Lopez

THE PAPOVAVIRIDAE
Volume 1 ¢ Edited by Norman P. Salzman
Volume 2 ® Edited by Norman P. Salzman and Peter M. Howley

THE PARVOVIRUSES
Edited by Kenneth I. Berns

THE PLANT VIRUSES
Volume 1 e Edited by R. I. B. Francki

Volume 2 ¢ Edited by M. H. V. Van Regenmortel and Heinz Fraenkel-Conrat

Volume 3 ¢ Edited by Renate Koenig
Volume 4 ¢ Edited by R. G. Milne

THE REOVIRIDAE
Edited by Wolfgang K. Joklik

THE RHABDOVIRUSES
Edited by Robert R. Wagner

THE TOGAVIRIDAE AND FLAVIVIRIDAE
Edited by Sondra Schlesinger and Milton J. Schlesinger

THE VIROIDS
Edited by T. O. Diener



The
Bacteriophages
Volume 1

Edited by
RICHARD CALENDAR

University of California, Berkeley
Berkeley, California

PLENUM PRESS ¢ NEW YORK AND LONDON



Library of Congress Cataloging in Publication Data

The Bacteriophages / edited by Richard Calendar.

P cm. — (The Viruses)
Includes bibliographies and index.
ISBN-13: 978-1-4684-5426-0 e-ISBN-13: 978-1-4684-5424-6

DOT: 10.1007/978-1-4684-5424-6
1. Bacteriophage. I. Calendar, Richard. II. Series

QR342.C35 1988

576'.6482—dcl19 88-9770
CIP

© 1988 Plenum Press, New York
Softcover reprint of the hardcover 1st edition 1988

A Division of Plenum Publishing Corporation
233 Spring Street, New York, N.Y. 10013
All rights reserved

No part of this book may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording, or otherwise, without written permission from the Publisher



Contributors

Allan Campbell, Department of Biological Sciences, Stanford University,
Stanford, California 94305

Sherwood Casjens, Department of Cellular, Viral, and Molecular Biology,
University of Utah Medical Center, Salt Lake City, Utah 84132

Henry Drexler, Department of Microbiology and Immunology, Wake For-
est University Medical Center, Winston-Salem, North Carolina
27103

E. Peter Geiduschek, Department of Biology and Center for Molecular
Genetics, University of California at San Diego, La Jolla, California
92093

Felix Gropp, Max-Planck-Institut fur Biochemie, 8033 Martinsried,
Federal Republic of Germany

Rasika M. Harshey, Department of Molecular Biology, Research Institute
of Scripps Clinic, La Jolla, California 92037

Rudolf Hausmann, Institut fiir Biologie II der Universitat, 78 Freiburg,
Federal Republic of Germany

Roger Hendrix, Department of Biological Sciences, University of Pitts-
burgh, Pittsburgh, Pennsylvania 15260

George A. Kassavetis, Department of Biology and Center for Molecular
Genetics, University of California at San Diego, La Jolla, California
92093

D. James McCorquodale, Department of Biochemistry, Medical College
of Ohio, Toledo, Ohio 43699

Horst Neumann, Max-Planck-Institut fiir Biochemie, 8033 Martinsried,
Federal Republic of Germany

Peter Palm, Max-Planck-Institut fir Biochemie, 8033 Martinsried,
Federal Republic of Germany



vi CONTRIBUTORS

Wolf-Dieter Reiter, Max-Planck-Institut fiir Biochemie, 8033 Mar-
tinsried, Federal Republic of Germany

Michael Rettenberger, Max-Planck-Institut fiir Biochemie, 8033 Mar-
tinsried, Federal Republic of Germany

Margarita Salas, Centro de Biologia Molecular (CSIC-UAM), Universidad
Auténoma, Canto Blanco, 28049 Madrid, Spain

Nat Sternberg, E. I. DuPont de Nemours & Co., Central Research and
Development Department, Experimental Station, Wilmington, Dela-
ware 19898

Charles Stewart, Department of Biology, Rice University, Houston,
Texas 77251

Jan van Duin, Department of Biochemistry, University of Leiden, Leiden,
The Netherlands

Huber R. Warner, National Institute on Aging, National Institutes of
Health, Bethesda, Maryland 20892

Michael B. Yarmolinsky, Laboratory of Biochemistry, National Cancer
Institute, National Institutes of Health, Bethesda, Maryland 20892

Stanley A. Zahler, Section of Genetics and Development, Division of
Biological Sciences, Cornell University, Ithaca, New York 14853

Wolfram Zillig, Max-Planck-Institut fiir Biochemie, 8033 Martinsried,
Federal Republic of Germany



Preface

It has been 10 years since Plenum included a series of reviews on bacte-
riophages, in Comprehensive Virology. Chapters in that series contained
physical-genetic maps but very little DNA sequence information. Now
the complete DNA sequence is known for some phages, and the se-
quences for others will soon follow. During the past 10 years two phages
have come into common use as reagents: A phage for cloning single copies
of genes, and M13 for cloning and DNA sequencing by the dideoxy termi-
nation method. Also during that period the use of alternative sigma fac-
tors by RNA polymerase has become established for SPO1 and T4. This
seems to be a widely used mechanism in bacteria, since it has been
implicated in sporulation, heat shock response, and regulation of nitro-
gen metabolism. The control of transcription by the binding of A phage
CII protein to the —35 region of the promoter is a recent finding, and it is
not known how widespread this mechanism may be.

This rapid progress made me eager to solicit a new series of reviews.
These contributions are of two types. Each of the first type deals with an
issue that is exemplified by many kinds of phages; chapters of this type
should be useful in teaching advanced courses. Chapters of the second
type provide comprehensive pictures of individual phage families and
should provide valuable information for use in planning experiments.
During the next 10 years, at least, phages will still be attractive model
systems for studies of the interactions among DNA, RNA, and proteins,
since they are so easy to handle and since so much is already known

about them.
These volumes are dedicated to Arthur Kornberg on the occasion of

his 70th birthday. When I was a graduate student in his department,
Arthur was always available, and his advice had enormous value. Re-
cently, the success of my research on P4 phage DNA replication has
depended upon generous gifts of purified proteins from Arthur’s laborato-
ry. In facing life’s predictable crises, I invariably find the path to humility
by asking myself “how did Arthur handle this?”

Richard Calendar
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CHAPTER 1

Phage Evolution and
Speciation

ALLAN CAMPBELL

I. THE SPECIES CONCEPT AND ITS APPLICATION TO
PHAGES

One of the most important conceptual advances in evolutionary science
during this century was the populational definition of the biological
species (Mayr, 1969.) A species is defined not by the resemblance of
individuals to some type specimen but rather by the cause of that re-
semblance—their genetic relatedness as members of a closed interbreed-
ing population whose genes can be considered a common pool. Even
among sexually reproducing higher eukaryotes, the species thus con-
ceived is an ideal seldom fully realized. Attempts to apply the concept too
literally have been justly criticized (Ehrlich and Raven, 1969). Nev-
ertheless, the realization that the essence of speciation lies in reproduc-
tive isolation must qualify as one of the major insights in all of biology.

It is far from obvious that the species concept thus defined should
apply either to prokaryotes or to viruses. The notion of a gene pool makes
sense only if the members of that pool recombine at a significant rate
under natural conditions. For the gene pool to be closed, gene flow be-
tween members of the species and other sources should ideally be zero,
but should at least be small compared to intraspecific recombination. In
the case of phages, the potential sources are not only other phages but
also the entire panoply of DNA elements with which phages come into
contact, including host chromosomes, plasmids, and transposons. Thus

ALLAN CAMPBELL < Department of Biological Sciences, Stanford University, Stanford,
California 94305.



2 ALLAN CAMPBELL

we may ask not only whether A and P2 are distinct phage species, gene
flow between which is limited at most, but also whether the rate of
exchange of DNA segments between A and the E. coli chromosome is
significant compared to recombination between different varieties of \.

Are the concepts of speciation and reproductive isolation at all help-
ful in understanding phage biology and evolution? Or do they hinder
interpretation by introducing a screen of linguistic confusion along the
path between observable facts and their direct interpretation? Some viro-
logists see the populational definition of a species as clearly inapplicable
to the material they study (Matthews, 1985). In the United States, this
viewpoint has achieved legal status; the Environmental Protection Agen-
cy rules that ““the species concept does not generally apply in virus tax-
onomy’’ (Federal Register, 1986). Other virologists imagine that homolo-
gous recombination within a viral population is so frequent that the basic
units of selection are not the individual particles or clones of virus but
rather the segments of their genomes that are interchangeable by recom-
bination (Susskind and Botstein, 1978) or that the disruptive effects of
phage recombination might be a significant factor in maintaining the
clustering of genes whose products interact with one another or with
linked DNA target sites (Dove, 1971). Still others see illegitimate recom-
bination as such a dominant force that phage genomes can best be re-
garded as mosaics of genes from various nonphage sources (Hunkapiller
et al., 1982). Not all these viewpoints can be correct, although each may
have an element of truth. The main purpose of this chapter is to make the
issues explicit, not to arrive at final answers.

Application of the species concept to bacteriophages is best appreci-
ated in the context of the applicability of the same concept to prokaryotes
in general. Disparate views have been expressed on the subject, but the
differences seem to be more semantic than substantive. Thus, Sonea and
Panisset (1983} deny that the classification of bacteria into distinct spe-
cies has the same significance as it does in eukaryotes, because bacteria
exchange plasmids and phages and are therefore in genetic communica-
tion with one another, sharing a universal prokaryotic gene pool. To
them, this implies that there are no distinct species and therefore that
extinction of individual species, while common in eukaryotes whose
gene pools are held together by sexual reproduction, is impossible in
prokaryotes. At an apparently opposite extreme, Selander and Levin
(1980) suggest that natural populations of E. coli in particular are essen-
tially clonal, genetic exchange among them being so rare as to be inconse-
quential. Thus the species concept can be rejected on the one hand be-
cause genetic exchange is ubiquitous and, on the other, because it hardly
occurs at all!

However, most authors, (Sonea and Panisset, 1983; Ochman and
Wilson, 1986; Campbell, 1981) seem to agree on the basic facts: accessory
DNA elements (plasmids, transposons, phages} do indeed get dissemi-
nated among bacteria that are very distantly related taxonomically; how-
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ever, although these elements could serve as vehicles for widespread
dispersal of chromosomal DNA, lateral transfer of chromosomal genes is
inconsequential. Whether recombination of chromosomal DNA among
closely related strains is likewise inconsequential has not yet been ade-
quately tested; the chromosomal DNA of E. coli may or may not be
reasonably considered as a single gene pool held together by recombina-
tion. What is clear is that Escherichia DNA and Pseudomonas DNA do
not belong to the same pool; plasmids may flow between them, but
extinction of one and survival of the other is plausible, because their
chromosomal DNAs have each evolved far enough in their own direc-
tions that selectively advantageous recombinants are unlikely to arise
between them.

If the chromosomes of E. coli and P. aeruginosa each constitute
coadapted complexes that evolve separately despite the existence of path-
ways for gene transfer between them, so also, we might argue, do the
chromosomes of E. coli and bacteriophage \. At least, that is a possibility
we might like to pursue.

A comprehensive evaluation of the relevant facts would include dis-
cussion of all the phages treated in other chapters of this volume. Howev-
er, because my purpose here is to illustrate questions rather than to
provide answers, I will confine most of my attention to the phages I know
best, bacteriophage \ and its relatives; and even there I will not attempt
complete coverage, only the discussion of a few examples.

II. MOLECULAR BIOLOGY AND THE ORIGINS OF PHAGE

Any discussion of viral evolution must address the origin of viruses.
There are several traditional hypotheses for viral origins, including the
possibility that viruses are regressed forms of cellular parasites. While
such notions may still have their adherents, a rather general consensus
has developed among molecular virologists during the past decade on the
origin of at least the larger DNA viruses. This consensus is that a viral
genome such as \’s is chimeric in origin—that the various segments of
N's genome were derived from separate source, such as disjointed chro-
mosomal segments of one or more host strains and perhaps of plasmids or
transposons that inhabit them. Thus, the replication origin might have
arisen from one source (such as the bacterial replication origin), the inte-
gration genes from some transposon, the lysis genes from host genes
whose products direct the turnover of cell envelope components, etc.

The general acceptance of this view of viral evolution is based on an
increased appreciation of the potentialities of illegitimate recombination
mechanisms (especially those effected by transposons) for creating DNA
fusions. Although the existence of plausible mechanisms does not of
itself demonstrate an evolutionary pathway, the origin of large DNA
viruses is not really a live issue at this time.
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The question that is very much alive is whether the recruitment of
nonviral genes to generate new viruses is a frequent ongoing process. One
extreme possibility is that the primary fusion events that contribute sig-
nificantly to natural evolution are extremely rare. Bacteriophage A oc-
curred once, a long time ago, and all A-related phages are derived by direct
descent from the primordial A phage. At the other extreme, new \-like
phages might be continually getting slapped together from extraneous
components. Doubtless the truth lies somewhere between these two ex-
tremes. My tentative interpretation of existing evidence is much closer to
the first view than to the second.

The issue, of course, is not whether phages can incorporate bacterial
genes into their own genomes. The genesis of Agal phages (Morse et al.,
1956) demonstrated that much. We must presume that such aberrations
occur in nature as they do in the laboratory. The question is whether they
go anywhere evolutionarily. If the incorporated genes are ever modified to
serve viral rather than host functions, we would like to know how often
that happens and how much it contributes to the genome organization of
natural viruses.

III. THE GENE POOL

The most obvious components of the phage gene pool are the natural
varieties, or races, of a given phage. There are, for example, numerous
phages related to \, according to the criteria of DNA homology or ability
to generate viable recombinants. The genetic maps of all these phages are
very similar, with analogous genes in similar positions. Heteroduplex
studies indicated that any two A-related phages generally match each
other closely in some segments of their genomes and diverge completely
in others (Simon et al., 1971; Fiandt et al., 1971). DNA sequencing shows
that transitions from good homology to nonhomology can be as sharp as
the heteroduplex results suggested (Grosschedl and Schwarz, 1979; Bene-
dik et al., 1983; Backhaus and Petri, 1984; Franklin, 1985). Particular
segmental homologies are not common to all A-related phages but specif-
ic to each phage pair. Thus the immunity regions of phages 21 and P22 are
very similar, whereas that of \ is completely different; but the tail genes
of A and 21 are homologous to one another and different from those of
P22. Relations of this sort convinced Hershey (1971) that the different \-
related phages originated by recombination among yet other phage races.

Probably equally important as components of the A gene pool are the
defective remnants of A-related phages that clutter the chromosome of
the typical enterobacterial cell. The chromosome of E. coli K-12 has at
least three such elements (Fig. 1). The Rac prophage (Kaiser and Murray,
1979} is bounded by functional attachment sites and contains an inte-
grase gene, a replication origin, recombination genes, and a repressor gene
that controls them. The gsr’ prophage (Highton et al., 1985) includes
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FIGURE 1. \-related sequences in E. coli K-12. The defective gsr’ prophage is at 12 min;
N prophage is at 17 min; the defective Rac prophage is at 29 min; and the defective gin
prophage is at 34 min. “gsr’”’ and “qin” denote gene blocks analogous to A QSR. From
Redfield (1986).

genes analogous to the \ late gene regulator Q, the lysis genes S and R,
and a cos site. In the DNA flanking these demonstrably functional ele-
ments are a segment homologous to part of the A redX gene (Redfield,
1986) and at least part of the A Nul gene. The ginl11 prophage (Espion et
al., 1983) extends over about the same portion of a A-related genome as
does the gsr' prophage. Like the races of \-related phages, each of these
defective phages consists of some segments homologous to the corre-
sponding segment of the A\ genome interspersed with segments that are
heterologous but functionally equivalent. Hybridizations with N probes
suggest that the chromosomes of many natural strains of E. coli and
related bacteria likewise include A-related segments (Anilionis and Riley,
1980; Riley and Anilionis, 1980). Such vestigial, inactive segments appear
to represent steps in the total loss of prophage from the bacterium—
““genetic debris,”’ in the term of Strathern and Herskowitz (1975). Howev-
er, if it is true that recombination plays an important role in the genera-
tion of new natural varieties of N\ phage, the contribution of this vast
reservoir of phage-derived sequences should not be ignored. Natural re-
combinants can arise under two circumstances: mixed infection of a
single cell by phages of two types, or superinfection by one phage of cells
harboring a prophage or a defective prophage. In nature, the former type of
encounter may be much rarer than the latter.
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IV. PHAGE GENES RELATED TO HOST GENES

In two cases, genes of \ or its relatives sufficiently resemble host
genes to bespeak a common ancestry: (1) The repressor and cro genes are
related to the lexA gene of E. coli, a member of a family of SOS proteins
(Sauer et al., 1982; Walker, 1984). {2) Gene 18 of P22 is related to the dnaB
gene of E. coli. The analogous gene (P) of \ is not detectably related either
to gene 18 or to dnaB; in fact, A replication (unlike that of P22) depends
on host dnaB function, and \ gpP physically interacts with host DnaB
protein.

In neither case is the relationship close. In the most similar segments
of gene 18 and dnaB, for example, there is about 50% base identity.
However, this is the dnaB gene of E. coli rather than S. typhimurium
(P22’s natural host). Integration of dnaB-related sequences into a rather
recent ancestor of P22 is thus entirely possible. Replacement of phage
replication genes by host counterparts may have occurred in other phage
families as well. For example, replication of phage 186 (but not of its close
relative P2) is prevented by ts mutations in the host initiation genes
dnaA and dnaC (Hooper and Egan, 1981); however, ts mutations of dnaA
can give different results from null mutations (Hansen and Yarmolinsky,
1986), so the interpretation of this result is uncertain.

V. HOST FUNCTIONS REPLACEABLE BY PHAGE-DERIVED
GENES

Relatedness between host and phage genes might mean that the host
genes are descended from phage genes rather than the reverse. In at least
two cases, laboratory models show how genes from defective prophages
can assume functions of selective value to the host: (1) In recBC mutants
of E. coli, selection for resistance to radiomimetic agents such as mito-
mycin C yields strains in which the recombination functions of the \-
related Rac prophage are derepressed (Kaiser and Murray, 1980). (2) E. coli
mutants lacking the porin protein ompC grow poorly and accumulate
spontaneous mutations that express a normally quiescent gene nmpc
within the gsr’ prophage {Highton et al., 1985). This gene, whatever its
ultimate origin, is present in several A-related phages and may therefore
be considered phage-derived. Its function in phage biology might be to
alter the surfaces of infected or lysogenic cells, making them unable to
adsorb phages of the same type. This might be advantageous either in
competition with other phages of the same adsorption specificity or in
the prevention of useless sequestration of liberated phages adsorbing to
cell debris or to already infected cells.

It seems certain that the selective conditions imposed in these labo-
ratory models must have their counterparts in nature. What is less clear
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is whether changes of this sort have had any major impact other than
providing a short-term selective advantage leading to an evolutionary

dead end.

VI. RECOMBINATION IN NATURAL POPULATIONS

In a purely asexual population, each local clone is reproductively
isolated from its neighbors. Whatever utility the term ‘’species” may
have in the classification of such organisms, Mayr’s species concept cited
earlier in the chapter is clearly inapplicable. From the results of hetero-
duplex analysis, Hershey (1971) reasonably inferred that the various races
of \ are related by recombinational events, but that fact alone does not
tell us whether recombination is a frequent, significant process in the
population biology of the virus (as implied by the notion of a gene pool) or
recombinations between different A races should be regarded as rare, per-
haps unique, historical events.

In some cases, the DNA sequences clearly indicate that, where ho-
mologous and heterologous segments are interspersed, the homologous
segments can be of quite recent common origin. These include the inte-
grase operons of phages A and 434 (Benedik et al., 1983), the ral genes of A
and 21 (Franklin, 1985), and the ninR genes of A and P22 (Backhaus and
Petri, 1984). The xis genes of A and 434, for example, show about 3%
DNA sequence divergence (mostly silent codon changes; Campbell et al.,
1986), whereas the ral genes of A and 21 and the 3’ termini of the int genes
of \ and 434 remarkably show no changes at all. Therefore, if these phage
pairs arose by recombination among other \ races, at least one recom-
binational event must have been relatively recent. Each of these pairs
also contains genes (such as the structural genes for repressor and cro)
that have diverged extensively and genes such as N that are presumed to
have a common ancestry, although in some cases no detectable sequence
similarity remains.

One explanation for the fact that A and 434 are so similar in their
integrase operons and so different in their repressor genes would be that a
recombination between int and cI occurred in the ancestry of one phage
or the other, so that the left end of a recent common ancestor is jux-
taposed to the right end of some other \-related phage. Alternatively,
natural selection might have favored unequal rates of evolution in differ-
ent genome segments, obviating the need to invoke recombination as an
explanation. None of the examples of sequence similarity cited above are
likely to reflect strong selection for sequence conservation; however,
intense selection for divergence in segments such as ¢l is plausible on the
reasonable assumptions that rare immunity types have a selective advan-
tage over common ones and that newly arisen immunity types will gener-
ally be suboptimal and capable of improvement (Campbell and Botstein,
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1983). The attractiveness of that hypothesis is tempered by the fact that
the minimal number of base changes required to generate a workable new
repressor-operator combination is not very large (Wharton and Ptashne,
1985). Another mode of selection for divergence in N that has been sug-
gested in the past is selection against the ability to generate ill-adapted
recombinants through recombination within heterologous functional
units. However, that explanation seems extremely unlikely for a species
such as A\, where encounters between heterologous types should be rare;
generation of lethal or poorly adapted recombinants generates a signifi-
cant selective disadvantage only in sexual species where recombination
and reproduction are directly linked. At any rate, the extent of divergence
between the immunity segments of the various A-related phages far ex-
ceeds the amount required to reduce recombination drastically (Shen and
Huang, 1986).

As mentioned earlier, phage 21 is very similar to P22 (and dissimilar
to A} in its repressor and cro genes and very similar to A (and dissimilar to
P22) in its tail genes. Such a relationship strongly indicates a recombina-
tional origin.

The simplest explanation for all these facts collectively is that many
of the \-like phages that have been studied are related by recombinational
events. Because some phages are very similar or identical in some ge-
nome segments, such recombination must sometimes have been very
recent. Because there are multiple examples where such recent recom-
bination is indicated, natural recombination among these phages must
take place rather frequently.

VII. SOURCE AND DISTRIBUTION WITHIN THE GENOME
OF RECOMBINABLE VARIATION

The interspersion of homologous and heterologous segments ob-
served in pairwise comparisons of A phages underlies the inference that
natural recombination has been frequent. The heterologies serve as ge-
netic markers subject to reassortment by recombination within the ho-
mologous segments. The conservation of overall gene order among the
various phages is compatible with the notion that homologous recom-
bination is the overriding mechanism that generates new gene combina-
tions. However, nothing that has been said up to this point addresses the
question of how the interspersion arises in the first place.

The sharp transitions between homology and heterology, inferred
from heteroduplex studies and now documented by DNA sequencing, are
not themselves explicable by homologous recombination. In principle,
they might arise either from enormous differences in divergence rates of
adjacent segments or by illegitimate recombination. If illegitimate re-
combination is the answer, then the possibility of heterologous replace-
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ment of segments of the A genome from sources outside the phage gene
pool cannot be discounted.

Where sequence data locate the transitions between homology and
heterology on the genetic map, two features emerge. First, the transition
points frequently lie strikingly close to the boundaries of functional seg-
ments of the genome; e.g., the DNAs of phages A and 434, homologous
throughout *he integrase operon, diverge sharply two bases downstream
of the sib site (the terminus of the integrase operon). At the other end of
the integrase operon, four bases upstream of the pl promoter, the two
phages differ by a 440-base insertion in 434 or deletion in A\ (clearly an
instance of illegitimate recombination). Likewise, the boundary between
the cro gene and the nutR site is a transition point for several phage pairs,
though in this case the transitions are not quite so sharp as those for the
int operon (Campbell et al., 1986).

Second, some of the best homologies lie in accessory genes (genes
needed neither for lysis nor for lysogeny) such as ral and ninR. These
genes present a paradox. On the one hand, they appear to be relatively
unimportant; their functions, where known, are dispensable, and they are
not even present in all natural A-related phages. On the other hand, where
they are present, they are highly conserved from one phage to the next.

As in the case of the int operon and its flanking segments in A and
434, the transitions between the good homology observed in ral or ninR
and the adjacent heterology are abrupt and best explained by illegitimate
recombination events. In some ways, the situation of A\ accessory genes
resembles the location of accessory bacterial genes in related enterobac-
terial species such as E. coli and S. typhimurium. In these bacteria also,
overall gene order has been generally conserved over a time span that
allowed substantial sequence divergence of individual genes. Where spe-
cific DNA segments extending over several genes have been compared,
the two also may differ by the presence in each of some additional genes
that are absent or elsewhere in the other. These additional genes encode
functions that are dispensable under optimal growth conditions. Riley
(1984) reasonably interpreted this arrangement as the result of insertion
of some genes brought into each species, perhaps as plasmid-borne trans-
posons. The emergent picture of the bacterial genome (and perhaps of the
A genome as well) is one in which a conserved set of essential genes form
a fixed matrix that allows intercalation of other genes serving accessory
functions.

The relationship between A and 434 differs from that between E. coli
and S. typhimurium in that N and 434 share some segments of very
similar or identical sequence, whereas the genomes of E. coli and S.
typhimurium seem to be divergent throughout. It is for this reason that
we postulate frequent natural recombination among \ and its relatives,
whereas homologous recombination between E. coli and S. typhimurium,
though possible, may be inconsequential in nature. The pattern of se-
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quence divergence of A and its relatives occurs in some other phage fami-
lies, but not in all. For example, heteroduplex studies between T3 and T7
indicate a fairly uniform rate of divergence throughout much of the ge-
nome, indicating that recombination has not been such an important
factor in their pedigrees (Davis and Hyman, 1971; Hausmann, this
volume).

It is entirely possible that the ral gene, for example, entered the
genome by an illegitimate insertion subsequent to the divergence of A
from related phages such as 82 which have no homology to A in the ral
region (Simon et al., 1971). It has in fact been suggested that the sequence
identity of ral in different phages might imply that it is a rather recent
addition; however, unless it added to more than one phage of the A family
in the same position on the genome, its presence in several phages re-
quires recombination subsequent to its addition, and regardless of when
addition took place, such recent recombination can by itself explain the
apparent sequence conservation. The recent addition of ral by homolo-
gous recombination into phages that lacked it completely is further com-
plicated by the fact that the only homology available for such a recom-
bination lies within or very close to ral, the sequence whose identity in A
and other phages requires explanation. If intervening homology existed at
one time, subsequent illegitimate events (such as deletions) must have
eliminated it; if illegitimate events must be postulated anyway, the ex-
planatory value of homologous recombination decreases.

Susskind and Botstein {1978) pictured the A genome as a set of func-
tional modules connected by linker segments, such modules having a
number of allelic alternatives that differ among the various phages, the
linkers remaining homologous in different phages and occupying fixed
locations in the genome. The selective force maintaining the linker ho-
mology was postulated to be the potential for generating new combina-
tions of modules through recombinational reassortment. The excellent
homology observed in some accessory genes might fit this suggestion.
The linker hypothesis provides no automatic explanation for the sudden
transitions between good homology and nonhomology; as with other
hypotheses, special explanations are required for their occurrence and/or
maintenance. In general, no linker segments are ubiquitous among all \-
related phages, nor are good homologies conspicuous at frequent transi-
tion points such as the Cro-nutR junction; homologous modules (such as
the integrase operons of A and 434) can function as recombinational link-
ers in the generation of new combinations of flanking genes (with no
indication of generally conserved homologies at the termini of the oper-
on), even though in other phage pairs, such as A and 21, the integrase
operon appears as a module whose heterologous alternatives can be re-
distributed by recombination in segments that are homologous between
these two phages. The linker hypothesis thus has its limitations, but the
absence of a simple alternative explanation for all the facts prevents us
from dismissing it completely. At any rate, if the linker hypothesis is
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even partially correct, natural recombination among \-related phages
must be both of frequent occurrence and of major importance in generat-
ing selectively advantageous gene combinations.

VIII. REPRODUCTIVE ISOLATION IN NATURE

Granting the impossibility of certain knowledge about historical
events that were not directly observed, the case that recombination has
played a significant role in the genesis of A-related phages seems reasona-
bly strong. If recombination is frequent and important, the various phages
of the A family are tied together in a manner similar to the members of a
classical sexually reproducing species, drawing on a common gene pool.
However, the analogy is apt only if the common pool is reproductively
isolated, so that it is not shared by all phages or by all prokaryotes. The
direct evidence on reproductive isolation is minimal, and investigators
differ in their evaluation of the available facts.

Logically, it is clear that the A-related phages cannot have a gene pool
totally isolated from that of their hosts, the enteric bacteria. Ultimately,
the phage genomes probably came from the host gene pool, and known
mechanisms of gene rearrangement are adequate to ensure that phage
genomes can acquire new genes from that pool as the occasion demands.
The questions that can be asked are quantitative ones: How often does
the occasion demand? Does the recombinational reshuffling of genes
within the phage pool take place at a much higher rate than fresh acquisi-
tion of host genes? Given the fixed nature of the A genetic map, did the
heterologous alternatives at specific loci such as N, cI, or int and their
cognate recognition sites arise by the accumulation of mutations in genes
derived from a common ancestral phage rather than being acquired from
separate sources? Have A genes by this time achieved such a high level of
specialization that almost the only new variants that are competitive in
nature are those that arise by reassortment of preexisting A genes?

My present inclination is to answer all these questions in the affir-
mative. The constancy of genome form among the various \ races is most
simply explained on the basis of common ancestry, in which case the
sequence divergence in some segments implies that the complex has
existed for a long time. This is consistent with a high degree of bio-
chemical and regulatory sophistication that suggests a long evolutionary
history.

The notion that any phage species has an isolated gene pool makes
sense only if such a long evolutionary history is postulated. If all the
phages, prophages, and defective phages now in existence were suddenly
to disappear from the face of the earth, we might expect that new phages
would eventually evolve from fresh associations of host-derived genes.
Recombinational isolation of the phage genes from their host compo-
nents of origin could not take place instantaneously; so for perhaps a long
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period of time, until the phage genes had evolved under selection for their
new mode of existence, considerable recombinational exchange would be
expected between the phage and its cellular precursors. We must presume
that such a period existed at some time for the phages we know now.
Perhaps some recently evolved phages are currently at that stage. In the
particular case of A, that stage may be far in the past. However, even if
that is the case, some of the genetic polymorphisms observed among the
members of the A\ family may have entered the species by recombination
with a precursor pool early on, before the present state of reproductive
isolation was reached.

In any case, I expect that the general overview of genetic exchange
among prokaryotes indicated here will prove valid: the potential for unre-
stricted gene flow is present, but selective constraints limit its effective-
ness and generate a collection of gene pools that are to some extent
separate from one another. These may include the chromosomes of indi-
vidual bacterial species on the one hand (although, even within a species,
the extent of natural recombination among chromosomes is currently
unsettled), but extrachromosomal elements such as phages or plasmids
may also be regarded as having gene pools separate from those of their
hosts, as well as from other phages and plasmids. The several major
groups of large, double-stranded DNA coliphages (including A\, P2, Mu-1,
P1, T2, T5, T7, and their respective relatives) all show considerable se-
quence divergence in individual genes among their members, generally
with conservation of overall gene order. This suggests that all these
groups represent evolutionarily successful gene complexes of relatively
long duration, so it is at least plausible to imagine that each comprises a
gene pool largely isolated from the others.
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CHAPTER 2

Control Mechanisms in
dsDNA Bacteriophage
Assembly

SHERWOOD CASJENS AND ROGER HENDRIX

[. INTRODUCTION

The introduction of the use of T-even bacteriophages as genetic and bio-
chemical experimental systems by Max Delbriick in the late 1930s has
led to the intense study of many aspects of bacteriophage biology. Of
these, two related endeavors, the study of the structure and the assembly
of the virions, have been very important models in the development of
our current understanding of macromolecular assembly processes. Twen-
ty years ago, Edgar, Kellenberger, Epstein, and collaborators nucleated
these studies by showing that phage assembly follows defined pathways
that can accumulate assembly intermediates when blocked and that the
assembly-naive components of phage T4 thus accumulated could join
properly in vitro (Epstein et al., 1963; Edgar and Wood, 1966; Wood et al.,
1968). Since that time, the structure and assembly of many bacterio-
phages and other viruses have been studied. The possibility of completely
defining the genetic systems, and therefore the proteins involved, has
made phage assembly a particularly popular and tractable area in which
to study macromolecular assembly. We will not consider it the mission
of this chapter to collect the details of this myriad of studies. The reader
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sity of Utah Medical Center, Salt Lake City, Utah 84132. ROGER HENDRIX =«
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should consult other chapters in this volume or other reviews for such
details (e.g., Casjens and King, 1975; Murialdo and Becker, 1978a; Eiser-
ling, 1979; Wood and King, 1979; King, 1980; DuBow, 1981; Mathews et
al., 1983; Hendrix et al., 1983; Casjens, 1985c; Carrascosa, 1986). Instead
we will focus on general questions currently under study and attempts to
answer them in the various dsDNA phage systems. We will not discuss
the problem of DNA packaging in detail and will not cover the lipid-
containing dsDNA phages.

FIGURE 1. Electron micrographs of some commonly studied bacteriophages, negatively
stained. Top row, left: T4; center: T5; right: T7; second row, left: P2 (large heads) and P4
(small heads); center: lambda; right: P22; bottom: ¢$29. Micrographs were kindly provided
by Robley Williams (T4, T5, T7, P2/P4) and Dwight Anderson ($29). Magnification is
~155,000x for all but $29, which is ~310,000x.



psDNA PHAGE ASSEMBLY 17

Although a large number of tailed, dSDNA phages have been isolated
from nature and observed in the electron microscope, most of the discus-
sion in this chapter will center on the relatively few phage systems that
have been studied in detail physically, genetically, and biochemically.
These phages, T4, \, P22, T7, T3, Mu, P2, P4, and $29, include examples
of each of the three major structural types observed to date (short tails—
podoviridae; long contractile tails—myoviridae; and long, noncontractile
tails—styloviridae; Bradley, 1967; Matthews, 1987). Figure 1 shows elec-
tron micrographs of several of these phages. Although they vary consider-
ably in life-style and genome size (from T4’s166 kbp to $29’s19 kbp), they
are all built with similar overall design features. All have single, linear
dsDNA chromosomes contained within a shell called a capsid, or head,
which is built with coat protein molecules positioned in icosahedrally
symmetric arrays. In addition, all have a single host cell adsorption appa-
ratus called a tail attached to one corner of the coat protein shell. The
tails vary considerably in form, from long and contractile (T4, P2, P4, Mu,
SPO1) to long and noncontractile (A, $CbK, T5) to very short (P22, T7, T3,
$29), but all tails are thought to contain a three- or sixfold rotational
symmetry axis which projects through the center of the head shell in the
virion. During the initial stages of the infection process, the distal end of
the tail adsorbs to the exterior of the host cell, and the phage DNA travels
through the tail into the target cell. In the study of the assembly of these
structures it is important to remember that these virions are not simply
DNA containers but are designed to perform the act of ejection* which in
most if not all cases involves movement of proteins in the structure. This
requirement may account for some of the surprising complexity that is
found in the structure and assembly of these particles.

II. THE STRUCTURE OF dsDNA PHAGE VIRIONS

Detailed understanding of assembly reactions necessarily requires a
similar level of structural knowledge concerning the end product of the
reactions, and, given their level of complexity, the dSDNA phage virions
are probably the best understood biological macromolecular superstruc-
tures. Only the structures of much simpler viruses that have been studied
by X-ray diffraction methods are known in greater detail. The dsDNA
virions contain hundreds of molecules of a few tens of structural protein
types (ranging from 6 virion protein species for $29 to over 40 for T4).
These proteins are thought to be precisely arranged in all cases. That is,
the protein arrangement is thought to be identical in every virion of a
particular species of phage {for minor exceptions to this rule see section
IV.C below and Lepault and Leonard, 1985). This, along with the avail-

*Ejection’’ is used throughout to describe the exit of the DNA from the phage particle,
rather than the historically used “injection,” to avoid the analogy with a syringe (after
Goldberg, 1983).
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ability of mutants that accumulate assembly intermediates or aberrant
but related particles, has allowed many sophisticated structural analyses
of these phage particles.

Negative staining electron microscopy of virions, virion parts, and
assembly intermediates, occasionally in complex with specific anti-
bodies, has elucidated many structural details of these phages and pro-
vided general locations for most proteins in the virions. Although host-
encoded proteins may be involved in the assembly of virions, there is no
evidence for any such protein being a structural component of the com-
pleted particle. Figure 2 shows schematic structures of the five tailed
phages whose assembly has been studied in the greatest detail. Crick and

Head Shell

Core

Pontal
Tail Fiber

Head Fibers W i
Head Shell $29 Head Shell 5
rs— g (432
Tail Spike 9

Appendages
Tail

FIGURE 2. Locations of structural proteins in five bacteriophage virions. The various phage
parts are indicated on the left of each schematic phage particle, and the proteins are indi-
cated by the genes encoding them on the right. An asterisk means the protein is present as a
proteolytic fragment of the primary translation product, and parentheses indicate the exact
location of the enclosed protein(s) is uncertain. References for these locations are too nu-
merous to list here; consult the text and other, more specialized reviews.
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Watson (1956) recognized very early in the study of virus structure that it
was impossible for a virus to encode a sufficient mass of protein to assem-
ble a virion without using multiple copies of proteins in the virion, and
they predicted that helical and cubic symmetry would be used to create
repeating arrays of virion proteins. This prediction has been borne out in
general, and in this type of phage we see icosahedral head shells and
helical tails, both of which can contain hundreds of identical protein
molecules.

In addition to the head shell building block, the ‘“‘coat’” protein,
phage heads contain a number of proteins whose functions are known.
The “portal” protein is present at a single, unique vertex (called the tail-
proximal or portal vertex) and is thought to be the point of DNA entry
during packaging and exit during ejection. This protein is part of a larger
structure at the portal vertex structure sometimes called the ‘“connector”
or “‘neck”. In all cases, the capsid shell is assembled from a single type of
structural building block called the ‘“coat’” protein, but it may also con-
tain a special protein at the vertices (T4) and/or “decoration” proteins on
the outside of the capsid shell (A, T4, $29). Other non-coat-head proteins
are “internal”’ proteins, ‘‘ejection’ proteins, and ““head completion’ pro-
teins. The tails all have a “baseplate’” or ‘“tip” structure and distal
“fibers,” the organelles that make initial contact with the host during
adsorption. Among the phages that have long tails, those with non-
contractile tails such as A have a single protein building block for the
““shaft” of the tail, whereas those with contractile tails have two—one for
the inner tail “‘tube’” and one for the outer contractile “sheath.” In addi-
tion to these structural components, two types of proteins are required
for the correct assembly of all dsDNA virions but are not found in the
virion; these are the “‘scaffolding’’ proteins, which are internal capsid
components but are removed during assembly, and the “DNA packag-
ing’’ proteins, which help in the DNA packaging process.

We think of these different types of structural units as evolutionary
structure modules which may have been evolutionarily mixed and
matched in the different phages. Such structure modules would of course
be the consequence of divergence (or convergence?) of the evolutionary
gene modules proposed by Echols and Murialdo (1978) and Campbell and
Botstein (1983). Evidence for such “mixing’’ can be seen in many in-
stances—for example, closely related phages with and without decora-
tion proteins (T4/T2—Ishii and Yanagida, 1975; Yanagida, 1977)—and
thick fibers or spikes with polysaccharide cleavage activity can be found
on the tips of all three major tail types (Bessler et al., 1973; Reiger et al.,
1976; Reiger-Hug and Stirm, 1981; Wollin et al., 1981).

In the different phage types, the proteins that have analogous (sim-
ilar functional) roles during virion assembly or in virion function have
not been found to have strong amino acid sequence homology except
between very close relatives (Simon et al., 1971; Fiandt et al., 1971; Kim
and Davidson, 1974, Studier, 1979; Hayden et al., 1985; Miller and Fiess,
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1985; Reide et al., 1985b, 1986). For example, we have compared the coat
proteins of lambda, T7, T4 and P22, as well as the portal proteins of
lambda and T7, and found no strong evidence for sequence homology (our
unpublished observations). Although comparison of the amino acid se-
quence of dsDNA phage morphogenetic proteins with protein sequence
data banks has turned up a few potentially interesting amino acid se-
quence homologies, these have not yet been shown to be biochemically
meaningful (Witkiewicz and Schweiger, 1982; Reide et al., 1985c; Feiss,
1986; Kypr and Mrazek, 1986; Reide, 1986). One particularly interesting
and unique case is the strong homology between a T4 tail fiber gene and a
dispensible open reading frame of unknown function in the lambda late
operon (Michel et al., 1986). The possibility of three-dimensional struc-
tural similarity between the analogous but not obviously homologous (in
amino acid sequence) phage structural proteins has not yet been fully
explored. However, this remains a distinct possibility, since in several
plant and animal viruses previously thought to be unrelated, there are
startlingly conserved B-barrel tertiary structure homologies between coat
proteins which were not apparent from the amino acid sequences (Har-
rison, 1983a; Rossmann and Erickson, 1985; Rossmann et al., 1985;
Hogle et al., 1985; Roberts et al., 1986; Fuller and Argos, 1987).

The following facts may indicate that such three-dimensional struc-
tural homologies occur between analogous phage structural proteins. (1)
Scaffolding proteins from T4, T7, P22, and \ are all predicted from their
amino acid sequence to have extremely high a-helix contents (our un-
published observations), and the P22 scaffolding protein has been shown
to be highly a-helical by spectral measurements (Fish et al., 1980; Thom-
as et al., 1982). (2) Tail fiber or spike proteins from T4, T7, P22, and \ are
predicted to have very high B structure (Earnshaw et al., 1979; P. Arscott,
personal communication; our unpublished observations). That of P22 has
been shown to contain substantial B structure by spectral measurements
(Thomas et al., 1982; Prescott et al., 1986), and in each studied case the
N-terminal portion of the fiber protein is bound to the body of the virion.
In the following discussion of phage structure we will emphasize the
apparently conserved protein functions rather than the detailed proper-
ties of the individual proteins.

A. Head Structure

1. Head Shell Structure
a. Coat Protein

Figure 1 shows that the heads of these phages are generally hexagonal
(sometimes elongated) in outline as is expected of an icosahedron, but
proof of icosahedral symmetry in the arrangement of subunits depends on
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the identification of two-, three-, and fivefold rotational symmetry axes
or their consequences in the array of coat protein subunits. This has been
done for T2, T4, \, P22, T7, CbK, P2, and P4 by observing virions or
related structures in the electron microscope. It is only possible to place
60 coat subunits on the surface of an icosahedron if each one is bonded to
its neighboring coat subunits identically. Caspar and Klug (1962) sug-
gested that by allowing small deformations, which they called quasi-
equivalences, in the coat subunits, it would be possible to build larger
structures and showed mathematically that this could only be accom-
plished with certain multiples of 60 subunits. For geometric reasons, they
called the allowed multipliers triangulation (T) numbers (T = 1, 3,4, 7, 9,
12, 13, 16, .. .). The allowed number of coat protein subunits per iso-
metric virion were thus predicted to be 60, 180, 240, 420, 540 . . ., re-
spectively. In these predicted arrangements, coat protein molecules can
be viewed as forming pentamers around each icosahedral vertex and hex-
amers elsewhere on the surface (see Caspar, 1965, and Casjens, 19854, for
more detailed discussions of this theory). Although this theory has had
rather spectacular success in predicting the overall arrangement of coat
protein subunits on the surface of icosahedral virions, recent high-resolu-
tion X-ray diffraction analysis of several plant and animal viruses has
shown that in fact the predicted deformations of the coat protein sub-
units do not seem to occur. Instead, the subunits appear very rigid, and
bonding changes or nonequivalent interactions between coat proteins
occur at various positions in the capsid (see Section IV.C). This has
caused a renewed discussion of the meaning of the triangulation number
and the validity of the Caspar and Klug theory (Rayment, 1984; Harrison,
1983a; Casjens, 1985a; Rossmann and Erickson, 1985; Burnett, 1985).
However, in lieu of an alternate framework for discussion, we will dis-
cuss phage capsids in terms of their T number. The T numbers that have
been unambiguously determined for tailed phages are given below. The T
number of the elongated T4 and $CbK heads refers to the icosahedral
/Icap'//

A 7 laevo Williams and Richards, 1974

P22 7 laevo Casjens, 1979; Earnshaw, 1979

T7 7 laevo Steven et al., 1983

T4, T2 13 laevo Branton and Klug, 1975; Aebi et al., 1974
¢ CbK 7 laevo Lake and Leonard, 1974

P4 4 Geisselsoder et al., 1982

P2 9 Geisselsoder et al., 1982

Possible capsomer arrangements for several of these phages are shown in
Fig. 3. Although A, P22, and T7 heads have very similar diameters and are
built from identical numbers of subunits of similar size, no convincing
amino acid sequence homology has been found between their coat pro-
teins (our unpublished observations).
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FIGURE 3. Schematic representations of capsomere structures of four bacteriophages. Six
““facets” of each head shell lattice are shown (Caspar and Klug, 1962; Casjens, 1985a), and
the outward protruding portions (capsomeres, clusters or mophological units) of the various
capsid proteins are indicated: \, trimer clustered decoration protein gpD and hexamer clus-
tered coat protein gpE capsomeres are indicated (Williams and Richards, 1974; Imber et al.,
1980); P22, one capsid protein, gp5, forms trimer and hexamer clustered capsomeres; the
connection between these two domains has not been visualized but is shown here to
emphasize the fact that there is only one polypeptide present (Casjens, 1979); T4, each
individual gp23 coat protein subunit is apparently seen in electron micrographs (Steven et
al., 1976; Yanagida, 1977); T7, although distinct surface structure is seen, visualization of
T7 capsides and related structures has not shown obviously separated gp10 coat protein
capsomeres. The subunit arrangement shown here is one of a number of possible arrange-
ments (Steven et al., 1983; Steven and Truss, 1986).

b. Vertex Proteins

Among the phages studied, only T4 is thought to have a unique
polypeptide, a cleaved form of the gene 24 protein, at its non-tail-prox-
imal vertices (Muller-Salamin et al., 1977). The presence of such proteins
eliminates the need for the coat protein to be able to form rings of either
five or six members. Thus the T4 major coat protein need only form rings
of six. It is interesting to note that mutations exist that bypass the need
for the gene 24 protein. These alter the coat protein and apparently allow
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it to form pentamers at the vertices as well as hexamers elsewhere in the
structure (McNicol et al., 1977). The nucleotide sequences of genes 23
and 24 indicate that the two proteins do in fact have some regions of
amino acid sequence homology (G. Yasuda, M. Parker, and D. Mooney,
personal communication). This homology seems insufficient to confi-
dently conclude that gene 24 arose from a duplication of gene 23, al-
though this scenario is quite possible.

¢. Decoration Proteins

A second class of accessory capsid shell proteins sometimes found in
head shells consists of the decoration proteins. These proteins bind to {or
decorate) the outside of the coat protein shell after it is assembled. They
are thought to impart greater stability or strength to the shell, but are at
least under some conditions dispensable for phage growth. Phage T4 has
two accessory proteins, the soc and hoc gene products, which bind to the
coat protein near the local three- and sixfold axes, respectively (Ishii and
Yanagida, 1977; Aebi et al., 1977). These give the phage added resistance
to physical and chemical insult (Steven et al., 1976; Ishii et al., 1978), and
gene hoc protein addition causes a substantial increase in the overall
negative charge of the capsid surface (Yamaguchi and Yanagida, 1980).
Phage T4'’s very close relative, T2, has no decoration proteins (Ishii and
Yanagida, 1975). Phage A has a single decoration protein, gpDt, which
occupies the local threefold axes (Howatson and Kemp, 1975; Imber et
al., 1980). It is apparently required to give the capsid sufficient strength to
be able to withstand the “‘internal pressure’”’ only when a full-length
chromosome is packaged inside the capsid (Sternberg and Weisberg,
1977). The function and precise positioning of the head fibers of $29 are
not known, but they are dispensable to the phage under laboratory condi-
tions and so fit the definition of a decoration protein (Reilly et al., 1977),
and T5 may have a decoration protein (Saigo, 1978). P22, T3, and T7
appear not to have decoration proteins, but a very close relative of P22,
phage L, may contain one (Hayden et al., 1985). Since close relatives such
as T2/T4 differ in whether or not they have decoration proteins, these
proteins may be evolutionary latecomers which may or may not be ad-
vantageous, depending on the exact niche the phage occupies.

2. Internal Proteins

The heads of phages T4, T2, and probably SPO1 contain proteins that
are thought to be inside the head shell and perhaps bound to the DNA in

tgpX represents the primary translation product of gene X, and an asterisk, gpX*, indicates a
proteolytic cleavage product of that polypeptide.
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the capsid, since they are released with the DNA upon various mildly
disruptive treatments of virions (Black and Ahmed-Zadeh, 1971; Eiserling,
1979). Only the internal proteins of T4 have been further studied, where
there are several fairly abundant (100—400 molecules per virion) proteins
that are thought to be located inside the head shell. Three of these, called
gpIpI*, gpIpIl*, and gpIplIIl*, all cleavage products of primary translation
products, are nonessential, and gp68is only partially required (Black, 1974,
Black and Showe, 1983; Isobe et al., 1976a,b; Keller et al., 1984). Although
these proteins are not essential in normal laboratory host strains, it is
interesting to note that the gplp proteins have DNA-binding activity
(Black and Ahmed-Zadeh, 1971; Bachrach and Benchetrit, 1974), and
gpIpI* appears to be ejected with the DNA during the initial stages of
infection and is required in some host strains (Abremski and Black, 1979).
Genes 22 and 67 encode proteins that are essential in forming the core of
phage precursor particles (see Section IV.B.2). Both suffer multiple cleav-
ages during assembly, and some of the products of these cleavages are
released from the head (Kurtz and Champe, 1977; Showe, 1979; Volker et
al., 1982). The precise location of the internal proteins within the head is
unknown; however, the uncleaved forms of each are present in the cores of
phage precursor particles that contain no DNA, indicating that at the time
of assembly they are bound to other proteins of the capsid and not DNA. X-
ray diffraction analysis of T4 virions suggests that the bulk of the DNA is
very tightly packed, such that it would be difficult for proteins to be packed
between the DNA double helices (see Section II.A.4). This may indicate
that the internal proteins are located between the DNA core and the coat
protein shell or possibly at the center of the DNA structure. The fact that
many phages, such as A\, $29, and P22, do not have such internal proteins
implies that, although they may aid the larger phages in some as yet poorly
understood way, evolution has not found them to be an absolute require-
ment for dSSDNA phage assembly, DNA packaging or ejection.

3. The Portal Vertex
a. Portal Protein

In all tailed phages a single vertex of the icosahedral head is modified
by the presence of additional proteins. These proteins form the site to
which tails will bind and the “portal” through which DNA passes during
packaging and ejection (Bazinet and King, 1985). The portal protein struc-
tures from phages T4, A, $29, T3, and P22 have been purified and ana-
lyzed by electron micrographic image enhancement techniques (Drie-
donks et al., 1981; Kochan et al., 1984; Carazo et al., 1985, 1986; Jimenez
et al., 1986; Nakasu et al., 1985; Bazinet et. al., 1988). In all cases, they
have been found to be composed of a dodecamer of a single polypeptide
(mol. wt. 40—90 kD in the various phages) arranged in a ring of 12 sub-
units with a 3- to 4-nm hole through the center. In the virion this hole is
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FIGURE 4. Portal protein structures. Panels A and B show a rotationally filtered electron
microscopic image and a three-dimensional reconstruction {resolution 2.2 nm), respec-
tively, of the $29 portal protein structure. It contains 12 molecules of gp12 at the wide end
and six molecules of gp11 at the narrow end; the narrow end protrudes out of the head into
the tail (Carrascosa et al., 1982; Carazo et al., 1985; Jimenez et al., 1986). Panels C and D
show rotationally filtered images of the portal structures of phages P22 and T3, made up of
12 molecules of gpl and gp8, respectively (Carazo et al., 1986; Bazinet et al., 1988). The
magnification is similar in all panels, and the white bar in panel D is approximately 5 nm.
The figure panels were kindly provided by José Carrascosa (A, B, and D) and Jonathan King

(C).

aligned with the long axis of the tails so that it should form a pore in the
head shell. Figure 4 shows several of these structures; it is not yet known
if the true symmetry of these structures is six- or 12-fold (J. Carrascosa,
personal communication). The fact that these multimers are so strikingly
conserved in overall shape suggests that they play an important role in
the virion. It is likely that this role includes both DNA packaging and
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initiation of capsid shell assembly (Murialdo and Becker, 1978; Earnshaw
and Casjens, 1980; Bazinet and King, 1985; Herranz et al., 1986).

b. Head Completion Proteins

Phage heads are usually quite unstable immediately after DNA is
packaged, until the “head completion’” proteins are added to the portal
vertex. In general, these steps have not been studied in detail. In A, it is
clear that the last protein to add to the head, the gene Fj; protein, sta-
bilizes the head and forms at least a portion of the site to which tails will
bind (Casjens et al., 1972; Casjens, 1974; Tsui and Hendrix, 1980). In T4,
the head completion proteins, gp13 and gp14, have also been located in
the portal vertex (Coombs and Eiserling, 1977). It seems reasonable to
expect that many if not all head completion proteins will be located at
the portal vertex. The mechanism by which they stabilize the head is
unclear, but they may prevent DNA from coming out of the portal
through which it entered the head.

c. Ejection Proteins

These proteins are usually not required for (apparently) correct as-
sembly of virions and are thought somehow to aid in the process of DNA
ejection and possibly other aspects of the ““establishment of infection.” In
general, the location of these proteins in the virion is not known directly,
but since they are present in a fairly low number of molecules per virion
(<50), it seems possible that they are located at the portal vertex.

The phage T4 gene 2 protein protects newly ejected DNA from the
host RecBC nuclease (exonuclease V), and so it has been suggested that it
is ejected with the DNA and binds the ends of the molecule in the host
cell (Silverstein and Goldberg, 1976; Oliver and Goldberg, 1977; Gold-
berg, 1983). The location of gp2 in T4 virions is not known. In addition
about 40 molecules of gpAlt*, which ADP-ribosylates the host RNA
polymerase a subunit, are also ejected by T4 and may reside at the portal
vertex in the virion (Black and Showe, 1983). Three P22 proteins, the
products of gene 7, 16, and 20, are classified as injection proteins, since
when they are defective initiation of infection fails (Botstein et al., 1973;
Hoffman and Levine, 1975; Bryant and King, 1985) and in that they may
be ejected with the DNA (Israel, 1977; Crowelesmith et al., 1978). The
location of these three P22 proteins in the virion is unknown (Hartwieg et
al., 1986). How ejection proteins are able to traverse the tail structure is
unknown.

The observations that the T4 internal protein, gpIpl*, is apparently
ejected (Abremski and Black, 1979) and that a P22 head completion pro-
tein, gp26, may be ejected (Israel, 1977) suggest, not surprisingly, that
there is overlap between the artificial categories of head protein functions
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we have used here for convenience of discussion. Other phages such as A
seem not to have ejection proteins that are built into the head but may
have proteins with similar functions in the tail (see Sections II1.B.2 and
IV.B.1).

4. DNA Structure

X-ray scattering of unoriented phage particles has shown that the
bulk of the DNA in phage particles is in the B form, and that DNA double
helices are lying parallel and very close together with about 1.5 g water
per gram of DNA in the capsid (reviewed by Earnshaw and Casjens, 1980).
At this density it is difficult to imagine proteins between the DNA dou-
ble helices. In addition, some phages such as P22 and A\ contain no pro-
teins that are not bound to the capsid. Therefore, current models for
intraphage DNA structure assume the DNA is paracrystalline. Electron
microscopy of DNA partially released from capsids has generally sup-
ported a model in which the DNA is wound as a solenoid (Tikhonenko,
1970; Richards et al., 1979; Earnshaw et al., 1978). Electron microscopy
of DNA within phage heads also seems to support this model (Adrian et
al., 1984). Other recent experiments are difficult to reconcile with a sole-
noid of DNA (Widom and Baldwin, 1983; Haas et al., 1982; Black et al.,
1985; Serwer, 1986; Lepault et al., 1987). These data suggest that the
solenoid model is incorrect or that a given DNA sequence is located in
different places in the solenoid in different individual virions (Harrison,
1983b). The ends of the DNA molecule may occupy special positions in
the capsid. In those cases where it is known, the end that is packaged last
is located near or protruding through the proximal vertex into the tail
(reviewed by Earnshaw and Casjens, 1980).

B. Tail Structure

Tail structure appears to be more variable than the head structure,
but there are common themes. Presumably the variations reflect different
strategies of DNA delivery, although adsorption and ejection are at pre-
sent two of the most poorly understood aspects of the phage life cycle. In
the following discussion we will emphasize the themes we currently see
as common.

1. Tail Fibers

The fibers at the distal ends of the tails of most phages studied are the
most important virion substructure in the process of attachment of vir-
ions to susceptible cells. In each case they are the primary site of binding
of neutralizing antibodies, and they bind to specific receptors on the
exterior of such cells. Fibers appear to be particularly variable structures,
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as is reflected in their shape, which ranges from the long (160 nm—Ward
et al., 1970) tail fibers of phages like T4 to the much shorter (25 nm—
Berget and Poteete, 1980) tail fibers of the short-tailed phages like P22
(called “spikes,”” “thick fibers,” “appendages,” or simply “‘tail proteins”’
in the various systems). T4 virions have six tail fibers, where each fiber
contains 1 to 2 molecules of four different polypeptides. Other phages
appear to have three (PBSI—Eiserling, 1967) or 12 tail fibers ($29— Ander-
son et al., 1966). The lambdoid phages have a single tail fiber protruding
““down” from the distal end of the tail, and short, very thin fibers are
occasionally seen extending radially. Although all of the well-studied
phages have elongated proteins that perform the initial adsorption step
(Figs. 1, 2), in some phages no tail fibers have been seen in the electron
microscope (e.g., SPO1; see Eiserling, 1979}, and the long, L-shaped fibers
of T5 are dispensable in the laboratory (Saigo, 1978). It remains to be
determined whether these phages have devised an alternate initial ad-
sorption mechanism.

a. Thick Fibers or Spikes

Phage P22’s six thick fibers, each a trimer of the gene 9 protein
(Goldenberg and King, 1982), have an endorhamnosidase enzymic ac-
tivity that cleaves the Salmonella typhimurium cell surface polysaccha-
ride called O antigen (Iwashita and Kanegasaki, 1976a; Ericksson et al.,
1979). The O antigen is the receptor for P22, and it has been suggested
that P22 virions first recognize their host by binding O antigen but then
must cleave their way down through the O antigen to reach the outer
membrane of the cell (Israel, 1978; Bayer et al., 1979). Many phage virions
whose receptors are polysaccharides on the exterior of bacteria have sim-
ilar activities that cleave many different sugar-sugar bonds in the various
surface polysaccharides, and some have an activity that cleaves acetyl
groups from such polymers (Kwiatowski et al., 1975; Iwashita and Kan-
egasaki, 1976b). In all cases where this has been studied, the enzymic
activity is associated with the tail fiber or spike protein (reviewed by
Reiger-Hug and Strim, 1981; Wollin et al., 1981; Svenson et al., 1977,
Kanegasaki and Wright, 1973).

It has not been found, however, that all thick fibers have such ac-
tivities; $29, for example, has fibers which have not been shown to have
any enzymic activity, and it is unique among the phage observed to date
in that it has 12 thick fibers (in this case often called appendages). Each
fiber is probably a dimer of the cleaved gene 12 protein, and these fibers
are responsible for attachment to cells (Tosi and Anderson, 1973; Car-
rascosa et al., 1981).

b. Thin Fibers

A long, bent tail fiber extends from each hexagonal vertex of the
phage T4 baseplate. Its structure is fairly complex compared to others
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under study, in that it contains four different polypeptides (Fig. 2). The
tips of the fibers are of primary importance in selection of the phage’s
lipopolysaccharide receptor (Beckendorf, 1973; reviewed by Wood and
Crowther, 1983; see however, Granboulan, 1983). The distal half of the
fiber is composed of a dimer of gene 37 protein. Its structure has been
studied in some detail, and the gp37 is in an extended conformation with
its C terminus distal to the baseplate (Beckendorf, 1973). A unique
““cross-B’’ peptide backbone folding has been proposed to account for its
observed structure in the electron microscope (Earnshaw et al., 1979).
Secondary structure predictions of gp37 show a high degree of 8 structure
(Oliver and Crowther, 1981; P. Arscott, personal communication). Per-
haps surprisingly, the amino acid sequence of gp37 does not show any
very regular repeating pattern, but it does contain six Gly-X-His-Y-His
motifs, and Michel et al. (1986) have suggested these may be divalent
metal binding sites.

The structure and function of the single, 23-nm-long, thin fiber on
the tip of the A tail are not well understood. Two or three molecules of the
phage J gene product form the adsorption fiber (Murialdo and Sim-
inovitch, 1972; Buchwald and Siminovitch, 1969). The C-terminal end of
the protein appears to bind to a component of the host outer membrane,
the lamB protein (Simon et al., 1971; Fuerst and Bingham, 1978; Thirion
and Hofnung, 1971; Randall-Hazelbauer and Schwartz, 1973). One imag-
ines it must move to allow the DNA out of the virion, but little is known
about the details of ejection (Roessner and Thler, 1984). The small lateral
fibers at the base of the shaft have no known function.

Phage T3 (and probably T7) have six thin, bent, 36-nm fibers that are
homotrimers of the gene 17 protein (Kato et al., 1985a,b; Serwer, 1976),
and the N-terminal portion of the protein binds to the baseplate (Kato et
al., 1986). Other phages with long, noncontractile (xy—Shade et al., 1967,
PBP1—Lovett, 1972) and contractile tails (PBS1—Eiserling, 1967; AR9—
Tikhonenko, 1970) have one, three, or more marvelous, long, curly tail
fibers (see, for example, Fig. 5). At least in the case of PBP1 and ¥, these
are involved in adsorption to flagella. In addition, a number of phages
(e.g., AR9 and PBS1) have numerous fibers of unknown function extend-
ing out from the sheath which are not present on any of the phages
currently under intense study (see Fig. 5). These structures are not under-
stood in great detail, but they do point out that not all types of structural
modules have been studied or perhaps even observed.

2. Baseplates

All phages have distinct structures at the end of the tail to which the
fibers are bound. These vary greatly in shape and complexity. Those
whose structure is known have apparent sixfold symmetry, although pha-
ges with one, three, and 12 fibers suggest that this may not always be the
case.

The T4 baseplate is a very complex structure that contains three to
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FIGURE 5. Electron micrograph of negatively stained bacteriophage PBS1. Virions of
this phage have three curly tail fibers and fibers extending out from the tail sheath
{especially visible in contracted tails), structural motifs not found in the phages
currently under study. The micrograph was kindly provided by Fred Eiserling. The
white bar represents 100 nm.

24 molecules each of 18 different proteins (King and Mykolajewycz, 1973;
reviewed by Berget and King, 1983). Its structure has been analyzed by
image enhancement of electron micrographs (Crowther et al., 1977}, and
each of the proteins has been localized to the central “plug” or outer
““wedge’’ portion of the structure. Figure 12 indicates that baseplates have
an overall sixfold rotational symmetry. The detailed structural roles of
most of the baseplate proteins are unknown, but the gene 12 protein is
known to unfurl to form the “short tail fibers’” during adsorption (Kells
and Hazelkorn, 1974; Crowther, 1980), and gene 48 and/or 29 proteins
may be involved in tail length determination (Section IV.B.1). It is in-
teresting to note that several of the baseplate proteins have enzymatic
activities as follows:

Gene 5 protein  Lysozyme Kao and McClain, 1980

Gene 25 protein Lysozyme Szewczyk et al., 1986

Gene 29 protein  Folyl hexaglutamate Kozloff, 1983
synthetase

Gene 28 protein  y-Glutamyl Kozloff and Zorzopulos,

carboxypeptidase 1981



psDNA PHAGE ASSEMBLY 31

Gene frd protein Dihydrofolate reductase Mosher and Mathews,
1979
Gene td protein Thymidylate synthase = Capco and Mathews, 1973

The frd and td proteins are not required for correct assembly or virion
function. The lyzozyme is thought to aid DNA entry into the cell some
fashion (Nakagawa et al., 1985), and the gene 28 and 29 proteins, in
addition to being required structural parts of the baseplate, catalyze the
metabolism of the dihydropteroyl polyglutamate found in baseplates (see
Section II.C). The great complexity in the baseplate structure may well be
a consequence of the fact that it undergoes a very large conformational
change/rearrangement during adsorption (see Section IV.D.2).

In A, the tail “tip” contains at least six different polypeptides present
in a small number of copies each, including the gene J protein tail fiber
(reviewed by Katsura, 1983b). This structure has not been analyzed in
detail because of its small size, and its symmetry remains unknown, but
the gene ] protein is likely to move during adsorption (Roessner and Ihler,
1984). This structure also contains a protein, gpH*, which may enter the
infected cell with the DNA (Roa, 1981) and which is involved in tail
length determination (Katsura and Hendrix, 1984).

Phages P22, $29, T7, and T3 have very short tails. Those of P22, T7,
and T3 have a sixfold rotational symmetry axis perpendicular to the head
shell (Yamamoto and Anderson, 1961; Serwer, 1976; Matsuo-Kato et al.,
1981), whereas that of $29 may be at least partly 12-fold (Anderson et al.,
1966; Carazo et al., 1985). These have a single, central structure sur-
rounded by a “baseplate’” or ““collar.” The shape of this structure, although
in general not well studied, seems quite variable among the short-tailed
phages and is composed of several proteins (Serwer, 1976; Matsuo-Kato et
al., 1981; Hartwieg et al., 1986). Presumably these proteins perform the
combined functions of “‘head and tail completion” proteins (see Fig. 7) and
baseplate proteins when such functions are required. This central struc-
ture is surrounded by six or 12 tail fibers or spikes. The mechanism of
ejection by these phages is unclear; however, it seems probable that some
protein movements must accompany adsorption and ejection.

3. The Tail Shaft

Long tails are long by virtue of their “shaft.” These are found in two
general types: flexible, noncontractile ones such as are present in A and
T5 (usually 100-300 nm long), and rigid, contractile ones of T4, P2, SPO1,
Mu, and P1 (usually 100—450 nm long). Each of these types has been seen
in phages with a variety of baseplate and tail fiber structure types.

The structures of two flexible shafts have been studied. The A tail
shaft contains about 32 rings of six gene V protein subunits (Buchwald et
al., 1970; Casjens and Hendrix, 1974a; Katsura, 1983), and that of $CbK
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contains about 78 rings of three subunits (Leonard et al., 1973; Pa-
padopoulos and Smith, 1982). The $CbK tail shaft is the only phage tail
structure clearly shown to have threefold symmetry. In at least ¢CbK,
these ““annuli” are arranged with helical symmetry in the tail shaft. The A
and ¢CbK shafts have 3- to 4.5-nm holes down the center through which
DNA must pass during ejection, and in the virion DNA is thought to
protrude into this passage at least part way down the tail (Thomas, 1974).
It is likely that the tail shaft is a passive conduit for the DNA in that
there is no evidence that it actively participates in propelling the DNA
from the head to the cell during ejection. Before ejection, other proteins
may at least partially fill the central hole (see section IV.B.1). It is not
known if there are strong selections for given tail lengths in any phages,
but it is interesting to note that very close relatives can be virtually
identical in appearance except for differing tail lengths (Katsura and
Hendrix, 1984; Youderian, 1978; King, 1980; R. Hendrix and M. Popa,
unpublished results). Schwartz (1976) has speculated that long tails allow
a more rapid searching of the environment surrounding a phage for suit-
able receptors and thus might allow adsorption to bacteria with sparsely
positioned receptors on their exterior.

The T4 tail shaft contains an internal cylinder called the tail ““tube,”
which is composed of 144 molecules of gene 19 protein, arranged in an
annular structure with most likely 24 rings of six subunits (Moody, 1971;
Moody and Makowski, 1981). The central hole appears to be partially
filled with another protein, possibly gene 29 and/or gene 48 proteins
(Duda et al., 1986). The tube is enclosed within a cylindrical ‘‘sheath,”
which is also composed of 144 molecules of gene 18 protein as 24 heli-
cally arranged rings of six subunits. The sheath has been the subject of a
number of image enhancement studies with a resolution of about 3 nm
(Fig. 6) (DeRosier and Klug, 1968; Amos and Klug, 1975; Smith et al.,
1976; Lepault and Leonard, 1985). It is the gene 18 protein molecules that
rearrange so dramatically during contraction of the tail during ejection
(see section IV.D.2 below). The structure of the sheath of one other phage
with a contractile tail, Bacillus megatherium phage G, has been studied.
It contains about 120 helically arranged rings of six subunits (Donelli et
al., 1972).

4. The Tail Completion Proteins

Very little is known about the head-proximal end of long tails. Pro-
teins located here may be required to stop the growth of the shaft during
assembly (in A see Section IV.B.1) and create the site to which the head
will join. In A the gene U and possibly Z proteins are thought to be
present at this end of the tail in a small number of copies, but no further
details are known (Casjens and Hendrix, 1974b; Thomas et al., 1978;
Katsura, 1976). In T4, there are several proteins that occupy the head-
proximal end of the tail and which are required for binding of the tail to
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FIGURE 6. Three-dimensional reconstruction of bacteriophage T4 tails embedded in
vitreous ice. Panels a through e are sections through one disk, 0.82 nm apart, pro-
gressing from the baseplate in the direction of the head. Protein is dark. Panel f shows
arepresentation of seven gp18 sheath disks, where protein is white. The bar in panel a
represents 10 nm. The figure, from Lepault and Leonard (1985), was kindly provided
by Kevin Leonard and is reproduced with the permission of Academic Press.
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heads (Coombs and Eiserling, 1977; King, 1968). In phages with short tails
it is not useful to attempt to distinguish the head completion and tail
completion proteins (see Fig. 7).

C. Small Molecules in Phage

The importance of small molecules and ions in phage virions is not
well understood. One important function of these is presumed to be
neutralization of the negative charge of the DNA in the head. Polyamines
have been found in T4 and T5 but in insufficient amounts to neutralize
even a large fraction the DNA’s negative charge (Ames and Dubin, 1960;
Bachrach et al., 1975), and dsDNA phages grow on host strains unable to
make several polyamines (Hafner et al, 1979). The fact that divalent
metal ion chelating agents cause DNA release from many phages sug-
gests that ions such as Mg2+ are responsible for this neutralization, al-
though since these heads are all at least slowly permeable to small mole-
cules, it is difficult to determine the in vivo situation at the time of
assembly (reviewed in Earnshaw and Casjens, 1980).

Even less is known about other small molecules in phage. Although a
number of plant virus capsid proteins contain bound Ca2+*, only one
phage structural metalloprotein is known. The T4 gene 12 baseplate pro-
tein contains Zn%* (Kozloff and Lute, 1977; Zorzopulos and Kozloff,
1978). It has also been found that T4 baseplates contain about six mole-
cules of dihydropteroyl polyglutamate, and it is interesting that enzymes
involved in its metabolism are structural components of the baseplate
(Nakamura and Kozloff, 1978; Kozloff and Lute, 1981; reviewed by
Kozloff, 1983). The role of this folate compound is not known, but there
are indications that (1) it is essential for baseplate function, (2) it may lie
near the point of long tail fiber attachment, and (3) it may be required
during the adsorption/ejection process (Dawes and Goldberg, 1973; Male
and Kozloff, 1973; Kozloff et al., 1979; Kozloff, 1983). If this is true, the
folate is not likely to be bound to one of the active sites of the baseplate
enzymes that would be expected to bind it (gene 28 and 29 proteins), since
they are components of the central hub of the baseplate (Kikuchi and
King, 1975c¢; Kozloff and Zorzopulos, 1981). There have been reports of
other virion bound ions and nucleotides, such as a GTP and Ca2+ bound
to each tail sheath subunit of T4, but their functional importance re-
mains obscure {Kozloff and Lute, 1960; Serysheva et al., 1984).

III. THE NATURE OF PHAGE ASSEMBLY PATHWAYS

One of the earliest lessons concerning macromolecular assembly
learned from the study of phage is that such processes almost invariably
follow well-defined pathways. For example, if components A, B, and C
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must join to form ABC, they have (ignoring 3 body collisions) three
choices or “pathways” by which the heterotrimer ABC can be built:

A+ B— AB + C— ABC
A+ C— AC+ B— ABC
B+ C— BC + A— ABC

Usually, only one of these pathways would be chosen by the three com-
ponents if this were a real assembly reaction. This strategy has obvious
advantages. First, it allows control over each step in that the process does
not continue unless the previous step is complete. In such a situation a
dead-end structure cannot be assembled in which the addition of one of
the components is sterically excluded from the structure (for instance,
assembly of the closed head shell before the internal proteins are as-
sembled). Edgar, Wood, and colleagues first showed clearly that phages (in
their case T4) are in fact assembled by means of such pathways (Wood et
al., 1968). Given the structural complexity of these phages, it now seems
impossible that they could be built in any other manner.

Wood et al. (1968) also noted that the T4 assembly pathway is
branched, with ‘““subassemblies” being built first and these structures
subsequently combining to make the final virion. The ‘’subassembly
strategy’’ has certain advantages in increasing the accuracy and efficiency
of the assembly process. This aspect of assembly has recently been dis-
cussed in detail by Berget (1985). Although T4 clearly utilizes such a
strategy, it does not seem to be required to build phages, since T3, T7, and
P22 do not use it nearly so extensively. Their assembly pathways are
nearly linear (Studier, 1972; Roeder and Sadowski, 1977; King et al.,
1973).

Although there is considerable variation in the details of the assem-
bly pathways of the various dsDNA phages, there are also remarkable
overall similarities (for reviews of these pathways see Casjens and King,
1975; Murialdo and Becker, 1978; Wood and King, 1979). Figure 7 shows a
“generic’’ pathway for these assembly processes. All dsSDNA phages build
the head from a precursor particle called a prohead, which contains a coat
protein shell, a portal protein, and an internal scaffolding protein. About
the time of DNA packaging, the scaffold is removed by either proteolysis
or exit of the intact protein. DNA is then thought to enter through the
portal structure, and the head is completed by the addition of several
proteins. In the short-tailed phages, the tail is then built in place on the
head by sequential binding of additional proteins. In the long-tailed pha-
ges, the tails are built from the distal end toward the head-proximal end,
and when finished, they spontaneously join to a finished head.
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IV. CURRENT PROBLEMS IN PHAGE ASSEMBLY AND
STRUCTURE

A. Assembly Pathways

1. Obligate, Sequential Assembly Steps
a. Protein-Protein Interactions

The control of phage assembly pathways lies in the proteins them-
selves, in that the purified proteins will only assemble in a predetermined
order. This has been most elegantly studied by King, Berget, and their co-
workers using the phage T4 baseplate as a model (Kikuchi and King,
1975a~c; Berget and King, 1983; Plishker and Berget, 1984). They have
clearly shown that nearly all of the >20 steps in the branched-tail assem-
bly pathway occur in an obligate order {Fig. 8). Assembly of the ““wedge”’
portion of the baseplate is a particularly clear example of a linear, ordered
pathway 1n which all of the steps occur with reasonable efficiency in
vitro. But what are the details of the mechanism by which this control is
exerted? Utilizing mutants in the various baseplate genes, Kikuchi and
King (1975a—c) analyzed the intermediate assemblies accumulated in
each mutant to define the pathway shown in Fig. 8. They also showed
that if any step is blocked by a null mutation inactivating a particular
protein, all the proteins that would have added later in the pathway
remain unassembled. That is, the baseplate proteins are in general syn-
thesized in a state in which they are unreactive toward one another.
Reactive assembly sites to which they bind are restricted to the growing
baseplate structure, so if the assembly process cannot initiate, none of the
components can assemble.

An exception to this rule is the affinity of gp7 and gp10 for each
other; gp7 and gp10 spontaneously join to form a complex when both are
present. gp8, although it has no strong affinity for gp7 and gp10 by them-
selves, spontaneously binds the gp7—gp10 complex. The resulting com-
plex is then the only substrate for gp6 addition, etc. This constitutes the
wedge assembly pathway, with the gp7—gp10 joining reaction being the
nucleating event.* Since it can be carried out with purified proteins, it is
controlled by the proteins themselves. Caspar (1980}, Wood (1980), King
(1980), and Berget (1985) have discussed this type of control, and although
the molecular details are not fully understood, it is clear that subunits
already assembled somehow cooperate to form the binding site for the
next protein in the pathway.

In some cases, especially for those proteins that form large repeating
arrays in the virion, this type of control is not absolute. If the proper
substrate for assembly is not present, aberrant assembly will eventually

*Note that gp11 can bind to a gp10 dimer, but since it can also add at any later stage of
assembly (see below), it is not the “nucleating’’ event for baseplate assembly.
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occur. For example, the T4 tail sheath protein gp18, at late times after an
infection which lacks baseplates and/or tubes, will polymerize into a free
“‘polysheath’’ (King, 1980). Incorrect assembly of phage coat proteins also
often occurs if other head proteins are missing (see, e.g., Laemmli et al,,
1970). Similarly, the T4 baseplate wedges will eventually assemble into
aberrant hexagonal structures without the central plug (Kikuchi and
King, 1975b), and T4 proximal vertex head proteins will eventually add to
tails (Coombs and Eiserling, 1977). It seems reasonable to conclude (1)
that when an assembly step goes awry which blocks the normal assembly
of these components, their concentrations build up to some critical level
and spontaneous, aberrant association occurs, and (2) that this aberrant
assembly shares features with normal assembly.

The baseplate pathway also demonstrates several assemblies that are
not obligately ordered. These are the addition of gp11 and gp12. Both
proteins can be added to the finished baseplate structure at any stage,
even after the tail is completely assembled and joined to a head. gp11
demonstrates strong affinity for gp10 in the absence of further baseplate
assembly (Berget and King, 1978}, and it is required for gp12 addition later
in the pathway (Fig. 8). Thus, there must be a gp11 binding site on gp10
that is exposed and does not change throughout the tail assembly process,
and similarly a gp12 binding site on gp11 that is exposed only by wedge-
plug association. It is not clear why the phage has not ensured gp11 and
gp12 addition by the control mechanism discussed above. Perhaps T4 has
added these proteins late in its evolution and has not had time to build in
such a mechanism, or perhaps it is advantageous not to build in an order-
ing mechanism if it is not required (gpI12 functions in adsorption—Kells
and Hazelkorn, 1974; Crowther, 1980).

The sort of cooperative control of assembly discussed above does not
require multiple subunit types. This is demonstrated very well by the
assembly of the T4 tail tube on the completed baseplate. Here, when the
gp19 assembly site is created on the finished baseplate, 144 gp19 subunits
add sequentially to build the tube from the baseplate outward. Again,
gp19 shows no affinity for itself in the absence of a nucleating site for
assembly (Meezan and Wood, 1971; King, 1971).

Since the T4 tail proteins undergo no covalent changes, it seems that
this hetero- or homocooperation must occur by the following two non-
mutually exclusive mechanisms: (1) simple assembly-dependent jux-
taposition of multiple partial sites on the individual assembled proteins
to create a binding site, and (2) conformational switching induced by
assembly in the proteins of the growing structure which creates a new
binding site. No direct evidence exists to prove either hypothesis; howev-
er, purified gpl9 and gpl8 dissociated from purified tails can spon-
taneously polymerize into “polytubes’” and ‘‘polysheaths,”” respectively
(Poglazov and Nicolskaya, 1969; To et al, 1969; Wagenknecht and
Bloomfield, 1977; Tschopp et al., 1979; Arisaka et al., 1979), and King
(1980) has argued that upon dissociation they may remain in their
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putative, assembly-proficient conformational state. We currently know
very little about the distances over which these protein-determined coop-
erative effects can act, since our knowledge of the detailed arrangement
of proteins in the various growing structures is quite limited. If hypoth-
esis 1 is true, the most recently added protein must contact the subunit
added in the preceding step, whereas conformational switching could (but
need not) be imagined to propagate in such a way that this would not
necessarily be true. There is a clear propagation of a structural change
through the T4 phage head shell during expansion (see Section IV.D.3;
reviewed by Black and Showe, 1983), and this conformational change
does create the sites for binding of the decoration proteins gpsoc and
gphoc (Steven et al., 1976; Aebi et al., 1977; Ishii and Yanagida, 1975,
1977). In T4 baseplate assembly, current structural knowledge is con-
sistent with a model in which the wedge is built from the outside toward
the center with each protein binding to the one added in the immediately
preceding step (Crowther et al., 1977). One apparent exception to this is
the addition of gp9 to the baseplate, since it is located near the outside of
the hexagon but adds late in the pathway immediately after plug addi-
tion. The addition of gp9 is not strictly ordered, although it must add after
the plug and six wedges form a hexagonal structure (Fig. 8) (Edgar and
Lielausis, 1968; Berget and King, 1983). Unfortunately, there is insuffi-
cient knowledge of the baseplate structure to determine if gp9 is binding
to a site at the junction of two adjacent wedges, so we cannot tell if a new
gp? binding site is created by propagation of conformational change from
the inside to the outside of the wedge.

There are a few cases of phage assembly steps that appear not to be
controlled by this type of protein-determined cooperative assembly
mechanism but that still must occur at a particular stage of assembly.
The best studied is in the assembly of the P22 prohead; if any one of the
ejection proteins (gp7, gpl6, or gp20) is missing, in vivo assembly pro-
ceeds, and dead-end, phagelike particles are made that are unable to eject
their DNA properly (Botstein et al., 1973; Poteete et al., 1979). Unlike the
T4 particles lacking gp11 and gpl2, mentioned above, these particles
cannot be rescued by supplying the ejection proteins, and there appears to
be no protein-determined mechanism for ensuring the incorporation of
these proteins into the prohead at the proper time of assembly. We do not
understand how all P22 particles receive a necessary complement of ejec-
tion proteins, but differential regulation of structural gene expression
might help create an excess of the ejection proteins (Casjens and Adams,
1985; see Section V.B.2).

b. Protein-Nucleic Acid Interactions

Of course, similar cooperative action could occur between nucleic
acid and protein molecules to create assembly reactive sites. This has
been documented for several simple ssRNA plant viruses—for example,
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in tobacco mosaic and southern bean mosaic virus assembly (Butler and
Klug, 1971; Schuster et al., 1980; Savarthi and Erickson, 1983; Driedonks
et al., 1976). Since DNA is packaged in an orderly manner by these
phages, it is certainly not surprising that similar controls are being found
to be built into the DNA recognition proteins (Feiss and Becker, 1983;
Casjens, 1985b).

2. Assembly-Promoting Proteins
a. “Classical” Enzymes

There are several examples of covalent bond changes during phage
assembly that are caused by what we normally consider enzymic reac-
tions. These are hydrolytic cleavages of DNA and proteins. During as-
sembly all of the tailed phages, except $29 and its relatives, cleave a
linear DNA chromosome from concatemeric or circular replicating
DNA. The reactions by which this cleavage occurs are complex and not
yet fully understood. Although the proteins that perform the cleavages
are known in some cases (Wang and Kaiser, 1973; Becker and Gold, 1978;
Bowden and Calendar, 1979), nothing is known concerning the details of
the control of these enzymes beyond the observation that they are in fact
controlled; for example, in phage where DNA is packaged from a con-
catemer, a second ‘‘headful” cleavage occurs only when the head shell is
sufficiently full of DNA (reviewed by Feiss and Becker, 1983; Casjens,
1985b).

Proteolytic cleavage of structural proteins is also not uncommon in
phage head and tail assembly (T4 head—reviewed by Black and Showe,
1983; P2 head—Lengyel et al., 1973; X head and tail—Hendrix and Cas-
jens, 1974a,b, 1975; T5 tail—Zweig and Cummings, 1973; 29 tail—
Ramirez et al., 1972; Tosi et al., 1975; T2 tail fibers—Drexler et al.,
1986). The cleavages that are best studied are those that occur in the T4
head. In this case a specific protease zymogen, gp21, is assembled into the
prohead, and later, some as yet unknown signal causes it to cleave and
thereby activate itself. The activated gp21* protease cleaves at least 10 of
the structural protein components of the prohead (see Fig. 2), including
the removal of 65 amino acids from the N-terminal end of the coat pro-
tein, gp23 (Parker et al., 1984) and the cleavage of the major scaffolding
protein, gp22, into small fragments (Kurtz and Champe, 1977). Finally,
gp21* destroys itself (Showe et al., 1976a,b). The gp21* proteinase has
specificity for the sequence

N-terminal- - - Pho-Pho-Glu | - - - C-terminal

(where Pho indicates a hydrophobic amino acid) derived from a consensus
of nine known cleavage sites (reviewed by Black and Showe, 1983; Keller
et al., 1984). The cleavages also appear to require some aspect of the
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native conformation in the substrate proteins (Showe et al., 1976a).

Other covalent changes in proteins may also occur during phage
assembly, but in no case is the mechanism understood. In lambda, each
gpC is thought to be both cleaved and fused to a gpE cleavage product
(Hendrix and Casjens, 1974b; 1975), the major coat proteins of the
lambdoid phage HK97 are cross-linked (R. Hendrix, unpublished observa-
tion), and a major phage P1 structural protein may have a covalent adduct
(Walker and Walker, 1981).

The function of these covalent modifications of structural proteins is
not known. Several possible nonmutually exclusive roles are {1) to make
assembly irreversible, (2) to cause conformational changes required for
further assembly, and (3) to simply remove the cleaved protein or a por-
tion of it. It is difficult to assess the importance of possibility (1) at
present, since many noncovalent assembly steps appear to be essentially
irreversible under physiological conditions and since some phages have
no proteolysis in their assembly pathways (e.g., P22 and T7—Botstein et
al., 1973; Casjens and King, 1974; Studier, 1972). The T4 coat protein also
undergoes a major structural rearrangement during assembly (see Section
IV.D.3), but although it may require coat protein cleavage, cleavage is not
sufficient to cause the conformational change (Kistler et al., 1978; Ross et
al., 1985). It has been suggested that possibility (3) could be important in
removing several of the major scaffolding proteins of T4 and \ to create
enough space inside the head shell to accommodate the DNA chromo-
some (Earnshaw and Casjens, 1980).

b. Assembly Templates and Jigs

The addition of tail fibers to phage T4 is the final step in virion
assembly. This step requires two apparently distinct forms of catalysis.
Fibers do not join with isolated tails, only with tails joined to heads. This
results from the requirement for the presence of the whiskers (a neck
component) for addition (Coombs and Eiserling, 1977). It is thought that
the distal tips of the whiskers act as assembly jigs which bind the
““elbow’’ of the fiber, thereby holding it in place or restricting its motion
for joining to the baseplate (Fig. 9) (Terzaghi, 1971; Terzaghi et al., 1979;

| U
( J

Slow

FIGURE 9. Tail fiber addition in bacteriophage T4 assembly. Whiskers cause more rapid
tail fiber addition by acting as an assembly “jig”’ or “template.” Adapted from Wood (1979).
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Wood and Conley, 1979; Bloomfield, 1983). This bond must not be very
strong after fiber addition is complete, however, since fibers are rarely
attached to whiskers in electron micrographs of virions. Even with whis-
kers present, however, joining is quite slow and is accelerated at least
fivefold by the presence of the gene 63 protein (Wood and Henninger,
1969; Wood et al., 1978). It has been suggested that gp63 may transiently
hold one of the assembly sites in a reactive conformation or “‘activated”’
state, or it could form a template that binds the two components in
proper juxtaposition with respect to each other (Wood, 1979; Berget,
1985). It is not at all clear why this assembly step should require so much
help, since the joining of the two fiber halves, which one might have a
priori imagined to have similar steric features, proceeds spontaneously
and rapidly. One naive possibility (of many no doubt) is suggested by the
fact that the tail fibers appear to swivel freely about the baseplate vertex
to which they are bound (Fig. 1). Perhaps they are attached by a ball-and-
socket-type joint which is held open for fiber insertion by gp63 (see Wood,
1979). It remains a biological curiosity that the gp63 protein also has
RNA ligase activity (Snopek et al., 1977). No matter what the details of
the reaction are, gp63 is an excellent candidate for an assembly enzyme
which catalyzes a single noncovalent macromolecular assembly reaction.

c. Catalysis of Protein Folding!?

Several of the fibrous protein components of the T4 virion also re-
quire catalysis for proper assembly. These are the two halves of the tail
fibers and the tail spikes, built from gp34, gp37, and gp12, respectively.
The assembly of the distal half-fiber from two molecules of gp37 has been
most well studied. Two other T4 gene products, gp38 and gp57, are
needed for the physical appearance of fibers with mature antigenic prop-
erties (Ward and Dickson, 1971; Kells and Hazelkorn, 1974; King and
Laemmli, 1971). These proteins are not incorporated into the fiber and
appear to be required for the parallel dimerization of the gp37 polypep-
tide. Since this type of dimerization necessarily results in stiff rod forma-
tion (see Section IV.C) and no thin rods are seen in the absence of di-
merization, Wood (1979) has suggested that folding of the gp37 polypep-
tide may accompany dimerization. Thus, one could consider gp57 and
gp38 to promote the concomitant folding and dimerization of gp37, but
covalent modification of gp37 by gp38 remains possible (Reide et al.,
1985b).

The mechanism by which this is accomplished is obscure, although
Wood (1979) has speculated that they could function to transiently align
critical regions of two gp37 molecules. gp57 function is particularly ob-
scure since it is required for assembly of proximal half-fibers and spikes
as well as distal half-fibers, and a host mutant has been isolated that
obviates the need for gp57 (Revel et al., 1976). gp38, on the other hand, is
required for assembly of only the distal half-fibers and a phage mutant
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that bypasses the need for gp38 maps in the C-terminal end of gp37
(Bishop and Wood, 1976). This lends tentative support to models in which
there is direct contact between gp38 and a distinct portion of the gp37
polypeptide. It is not clear why assembly of these fibers requires this type
of catalysis. There is no evidence for catalysis of the multimerization of
the fibers or spikes in phages P22, X, and $29 or for the longer fibers of T7
and T3.

d. Scaffolding Proteins

Scaffolding protein is a major internal component of the P22 prohead
(Earnshaw et al., 1976). It has been shown to participate in an average of
six rounds of phage assembly and so clearly performs a catalytic function
(King and Casjens, 1974). This catalysis is different from that performed
by T4 gp38 or gpé3, because it does not affect a single assembly step.
Instead, the scaffolding protein adds to the growing prohead structure at
an early stage, remains bound to the stable assembly intermediate (pro-
heads), and is released at a later assembly step. This catalysis is complex
with a large number of scaffolding protein molecules (200-250 in P22)
participating in each event; they apparently do not form a prohead core
structure in the absence of coat protein (Casjens and King, 1974; Fuller
and King, 1980, 1982). If scaffolding protein is defective, head shell as-
sembly is aberrant, and shells with incorrect curvature accumulate. A
few coat protein head shells of apparently proper dimensions are made in
the absence of scaffolding proteins, but they contain no proximal vertex
proteins (Earnshaw and King, 1978). Thus, the scaffolding protein appears
to function both in the initiation and growth of the prohead structure,
perhaps as a transiently stable, coordinately assembled template (see Sec-
tion IV.B.2 for a more detailed discussion of these steps). Although the
scaffolding function is catalytic in the case of P22 (and probably $29—
Nelson et al., 1976), it apparently need not be. In X and T4, the assembled
scaffolding proteins are proteolytically degraded instead of being released
intact.

3. Physical Chemistry of Phage Assembly and Atomic Resolution
Structure

Although one of the ultimate goals of the study of phage assembly is
to understand the physical principles that govern the individual reac-
tions, only a few assembly steps have been studied with regard to their
kinetics or thermodynamics, and no atomic resolution structures of
dsDNA phage assembly components have been determined by X-ray
crystallography. These sorts of studies have usually been severely limited
by the amount of material available, but this situation is rapidly being
rectified by molecular cloning techniques, and we expect progress in
these areas in the near future.
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a. Kinetics of Assembly

Bloomfield and co-workers have studied the detailed kinetics of
head-tail joining and tail fiber attachment in T4 (reviewed by Bloomfield,
1983). Careful measurements of the rates of joining have shown that the
reaction has an activation energy (AE¥ = 4.1 kcal/mol) and activation
entropy (AS* = —12.6 cal/mol-degree) expected of a diffusion-controlled
reaction where the activated complex is quite spatially restricted relative
to the reactants. This is expected, since the T4 head-tail joining reaction
occurs spontaneously, and strong restraints are expected in the relative
orientation of the heads and tails. Salt and pH dependence studies indi-
cate that even though heads and tails both have an overall negative
charge, the reactive sites do not have similar charges, and a group that
titrates at pH 6.8 (such as histidine) participates in the joining reaction.
Also as expected, the rate of successful joining events compared to the
expected rate of physical encounters is far less than 1, about 1 in 600
(Aksiyote-Benbasat and Bloomfield, 1975, 1981, 1982; Bloomfield, 1983).

Bloomfield and colleagues have also found that T4 fiber addition is
noncooperative (addition of one fiber does not affect the rate of addition
of the next one) and that the presence of whiskers (gpwac) most likely
accelerates the initial phage particle-fiber binding and then allows the
fiber tip to contact the baseplate by rapid rotational diffusion (Bloomfield
and Prager, 1979; Bloomfield, 1983). The kinetics of the addition of T4
decoration proteins have also been studied. Bindings of gpsoc and gphoc
are independent of one another; gphoc binding is noncooperative, and
gpsoc binding kinetics are complex, possibly indicating negative cooper-
ativity (Ishii et al., 1978).

b. Thermodynamics of Assembly

The study of the energetics of assembly of small viruses such as
tobacco mosaic virus was instrumental in the discovery that solvent-
ordering effects could be important in assembly reactions (i.e., loss of
entropy due to release of bound water is a major energetic contribution to
the reaction) (Lauffer and Stevens, 1968). Nonetheless, we have little
knowledge concerning the thermodynamics of phage assembly steps.
Studies that have been done in this area have concerned the T4 capsid.
Studies with the uncleaved coat protein, gp23, in polyheads have sug-
gested that, like tobacco mosaic virus, its assembly is ““entropically driv-
en’’ (Van Driel, 1977; Caldentey and Kellenberger, 1986). Ross et al.
(1985) have studied the structural change (lattice transition) resulting in
expansion of the T4 polyhead by comparing unexpanded gp23 and ex-
panded gp23* structures. The cleavage/expansion reaction stabilized the
structure considerably to thermal denaturation, owing to a substantial
negative enthalpy (AH) change. Since the entropy change upon cleav-
age/expansion is negative, this expansion is enthalpically driven. This
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was interpreted to mean increased Van der Waals and hydrogen bonding
with accompanying increases in solvent ordering due to increased surface
area (see Ross and Subramanian, 1981). Binding of gpsoc caused an addi-
tional stabilization of the gp23* structure, but gphoc binding had little
effect. Calorimetric measurements by Arisaka et al. (1981) have also
shown that the T4 tail contraction is a strongly exothermic process (AH
=~ —25 kcal/mol gp18). These studies remind us that both head shells and
contractile tails are clearly built as metastable structures, which then
rearrange to more stable structures upon receiving the proper stimulus
(see Section IV.D.3). Many more such thermodynamic and kinetic studies
are necessary to determine the detailed mechanisms by which various
macromolecular assembly and movement steps occur.

B. Size Determination

The problem of size determination in phage assembly can be consid-
ered for two different categories of structures. The first includes assem-
blies with subunits whose structure contains all the information needed
for their correct assembly. A good example of this is the T4 tail baseplate
where, at least in principle, the set of specific bonding interactions among
the ~150 polypeptides that make up the baseplate are sufficient to com-
pletely specify the form (and therefore the size) of the structure. This
structure is closed in the sense that all of the mutual bonding ““appetites”’
of the subunits are satisfied by the bonds that are formed. In cases such as
this, where specific protein-protein interactions among the components
of a structure unambiguously determine the number of subunits and
their arrangement in the structure, the problem of size determination is
solved simply as a by-product of satisfying all the components’ bonding
appetites.

More complex cases of size determination are those in which the
subunits that make up a structure are not intrinsically limited to assem-
bling into that particular structure but are capable of making a variety of
sizes and/or shapes of structures. A clear example of this is given by the
helical tubes of the tails of phages such as A or T4. Here, it seems likely
that subunits capable of polymerizing into a helical tube would not in-
trinsically “know”” when to stop polymerizing, since each new subunit
adding to the end of the helical tube would present the same face for
further polymerization as did its predecessor. This supposition is borne
out by the observation that under some conditions of in vitro assembly,
or in certain mutant infections, the tail tube subunits are able to poly-
merize to as much as 100 times the length of a normal tail (Easterbrook
and Bleviss, 1969; Katsura, 1976; Tschopp and Smith, 1978).

The subunits of the phage head are also capable of incorrect assem-
bly, as shown by the wide assortment of tubular structures and irregular
““monster’’ forms that result from phage infections in which certain genes



psDNA PHAGE ASSEMBLY 47

carry mutations. In these cases, the basic structure of the protein lattice
that makes up the head is (apparently) normal; the defect lies in the
absence or incorrect placement of the fivefold corners within the sixfold
protein lattice, or in incorrect cylindrical folding of the lattice.

For both the head lattice and the tail tube cases, the polymerizing
subunits do not contain all the information required for correct assembly,
so the fact that they normally assemble only into the correct structures
implies that something external to the subunits must be directing their
assembly. In the cases where it has been identified, this external agent is
another protein or set of proteins.

1. Tail Length Determination

For the dsDNA phages with long tails, tail length is determined
sufficiently precisely that for most phages no variation in tail length can
be measured in the population. Several different models have been pro-
posed over the years to explain how this is accomplished. It is now likely
that for all of these phages, the length of the tail shaft is determined by a
length-measuring template protein, or ‘“‘tape measure” protein. This
mode of length determination, first suggested for T4 by King (1971), was
established for A in experiments showing that two internal in-frame dele-
tion mutants of gene H (the gene that encodes the tape measure protein)
produce phages with shorter tails than wild-type (Katsura and Hendrix,
1984). A comparison of several other phages of the same morphological
type as \ suggests that they also have tape measure proteins homologous
to N’s and that the lengths of their tails are proportional to the sizes of
their tape measure proteins (Youderian, 1978; P. Youderian and J. King,
personal communication; M. Popa and R. Hendrix, unpublished). Re-
cently Katsura (1987) isolated an additional 12 in-frame deletions in \’s
gene H which remove up to 60% of the protein sequence. These phages
have tails that, though they are defective in DNA ejection, assemble
normally and have lengths proportional to the sizes of their deleted gene
H proteins. The proportionality constant relating the molecular weights
of the tape measure proteins to the lengths of the tails in the series of
studies just cited suggests that the tape measure protein is predominantly
a-helical, and this is supported by the largely a-helical secondary struc-
ture prediction obtained from the sequence of the \ protein. The details of
the A sequence have been used to argue that the six copies of gpH found in
each tail are wound around each other in a six-stranded coil of « helices
that runs through the center of the tail tube (Katsura and Hendrix, 1984).

For phage T4 it has not yet been possible to obtain direct evidence for
a protein with a tape measure function, but Duda and Eiserling (1982) and
Duda et al. (1985) have detected material in the tail tubes that is removed
by guanidine treatment, which could be a tape measure protein. Two
proteins, gp48 and gp29, are possible candidates for this tape measure
protein. Of these, gp29 is big enough to span the length of the tail as a
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largely a-helical molecule, but gp48 would need to be considerably more
extended.

Although the importance of a tape measure protein in tail length
determination seems clear, the mechanism by which it limits poly-
merization of the tube subunit is still obscure. Once the tail shaft has
polymerized to the correct length, other minor “tail completion” pro-
teins add to the end and stabilize it. In A, one of these is gpU; in the
absence of gpU, tails grow to the correct length and pause but can
eventually lose the tape measure protein and continue polymerization to
yield arbitrarily long tails {Katsura, 1976). For both the A and T4 cases, the
proteins implicated as tape measure proteins are assembled as part of the
basal structure (baseplate) prior to tail tube polymerization (Kikuchi and
King, 1975¢; Katsura and Kiihl, 1975). However, the hydrodynamic prop-
erties of these structures—and in the case of T4, direct electron micro-
scopic examination as well—argue against the tape measures’ being in an
extended form prior to tube assembly. Thus it seems likely that the tape
measure proteins are synthesized and assembled into the tail tip as pre-
dominantly globular molecules that unfold into their extended, tape-
measuring conformation during the process of tube polymerization. In
the case of the \ tape measure protein, there is evidence that it has an
important role in ejection of the DNA and may in fact pass into the cell
along with the DNA (Scandella and Arber, 1976; Elliot and Arber, 1978;
Roa, 1981; Roessner and Ihler, 1984).

2. Head Size Determination

The problem of head size determination is the assembly of the major
capsid protein into an icosahedral shell of the correct diameter (i.e., of the
correct triangulation number) and, for phages with prolate heads, to de-
termine the correct length of the head as well. There appear to be three
main contributors to the process of size determination—the major capsid
protein itself, the protein scaffold around which the capsid assembles,
and the initiation process by which correct assembly begins.

a. Capsid and Scaffolding Proteins

The capsid protein carries in its own structure much but not all of
the information needed for its correct assembly. In infections by A or P22
in which the scaffolding protein has been removed by mutation, some
prohead-size shells assemble (Ray and Murialdo, 1975; Earnshaw and
King, 1978), arguing that the scaffold is not absolutely required for mak-
ing a shell of the right dimensions. However, some of the capsid protein
in these infections fails to assemble, and some of it assembles into aber-
rant structures. These include small-diameter, apparently closed shells
(probably T=4 rather than the normal T=7) and “monster” and “‘poly-
head” forms in which the fivefold centers in the protein lattice that make
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the corners of a normal icosahedral capsid are irregularly spaced or miss-
ing. These results suggest that the scaffold for these phages acts to im-
prove the efficiency and accuracy of capsid assembly.

In all the assembled forms of capsid protein that have been ob-
served—both normal and abnormal—the structures that are made have
curved surfaces. This is taken to mean that the capsid protein has an
intrinsic propensity to assemble into such curved surfaces. We think of
this “intrinsic curvature”’ as being the primary determinant of capsid
size; the other participants (scaffolding proteins and initiation proteins)
appear to modify or refine the expression of this curvature in order to
allow efficient and accurate assembly of the correct structure. Experi-
ments with A\ by Katsura (1983a) support this view: he isolated mutants
in the major capsid protein gene, E, which cause efficient assembly of
small (T=4) heads (Fig. 10). Like wild type, the proheads made by these
mutants initially contain scaffolds, and these are smaller than the scaf-

FIGURE 10. Electron micrograph of head-related structures made by a small head mutant
in the \ E gene, taken from Katsura (1983a). Arrows indicate normal (n) and small (s) shells.
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folds found in wild-type proheads, despite the fact that the scaffolding
protein is itself wild-type. We can understand these results by assuming
that the mutant capsid protein has a greater intrinsic curvature than the
wild-type protein, and that this greater curvature imposes a smaller size
on the scaffold. These experiments argue against a model of capsid assem-
bly in which the scaffold assembles first and the capsid protein assembles
around it to a size determined by the size of the scaffold.

In the phages with prolate heads, the average local curvature of the
capsids varies from one part of the shell to another. As a result, we might
expect the roles of the scaffolding and initiation proteins in modulating
capsid curvature to be relatively more important for these phages, and
available data do seem consistent with this expectation. In $29, if the
portal protein, gp10 (one of the initiation proteins), is missing, the capsid
that assembles is isometric rather than prolate (Hagen et al., 1976). One
way to understand this is to imagine that the portal structure holds the
initial capsid subunits that polymerize around it in a less curved configu-
ration than they would take by themselves. More capsid proteins are then
required (assembling with the preferred curvature) than would be re-
quired in the absence of gp10 before the shell can close on itself. In a T4
infection with a scaffolding protein (gp22 or gp67) removed by mutation,
open-ended polyheads (tubes) are assembled (Yanagida et al., 1970; Vol-
ker et al., 1982). These structures have diameters that are different from
those of the normal prohead, arguing that in this case the scaffold has an
important role in specifying the correct capsid diameter.

Another example showing that the size of the capsid is not deter-
mined solely by the capsid protein itself is provided by bacteriophage P2

-and its satellite P4. In a P2 infection, heads of triangulation number 9 are
assembled. P4 has no capsid protein gene of its own, and in cells contain-
ing P2 and P4, P4 causes the P2 capsid proteins to assemble into smaller
T=4 heads (Giesselsoder et al., 1982). P4 mutations have been isolated
that alter its ability to direct the assembly of the P2 capsid protein, but
the mechanisms involved are unclear (Shore et al., 1978; Sauer et al,
1981).

In T4, it has been shown both in vitro and in vivo that the scaffold is
capable of assembling to the correct prolate dimensions in the absence of
the major capsid protein, gp23 (Van Driel and Couture, 1978; Traub and
Maeder, 1984, and in fact these naked scaffolds can apparently be chased
into infectious phage if gp23 is provided after they are assembled (Kuhn et
al., 1987). This suggests that the scaffold must have an important role in
determining head length. It could even be imagined on the basis of these
results that for T4 the scaffold is the sole determinant of head length, but
other experiments argue that the situation is more complex. Heads of the
incorrect length (“petits’” or ‘‘giants’’) can be caused by missense muta-
tions in any of three genes—22 (major scaffolding protein), 23 (major
capsid protein), or 24 (a capsid protein that occupies the icosahedral cor-
ners) (Black and Showe, 1983). The scaffolds within the long and short
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proheads are correspondingly long or short, which means that mutations
in either the scaffolding protein or in the capsid proteins can alter the
length of both the capsid and the scaffold. These results seem more con-
sistent with the view that neither the capsid nor the scaffold is dominant
in determining length but that they collaborate to do so. Other genetic
studies reinforce this view. Showe and Onorato (1978) altered the ratios
of gp22 to gp23 in infected cells and found that petit heads or giant heads
formed. Doherty (1982) showed that mutations in gene 23 that cause
assembly of giant heads could be reverted by second-site mutations in
gene 22 and gene 24. These mutations were allele-specific, arguing that
these capsid and scaffolding proteins interact directly with each other
(presumably as components of the assembling prohead) to cooperatively
determine head length.

The picture that emerges from these various studies with both iso-
metric and prolate heads is that the scaffold and capsid coassemble, that
both contain information about the size and shape of the final structure,
and that each influences the other to assemble into the correct structure
(or, in the case of mutants, the incorrect structure). The detailed natures
of the physical and chemical interactions among capsid and scaffolding
proteins through which this assembly takes place are almost completely
unknown (see Section IV.C).

b. Initiation

Another important contributor to correct head assembly is the initia-
tion process. Initiation of head assembly occurs at the proximal vertex of
the shell. This conclusion is based largely on results of in vitro comple-
mentation studies, which place the proteins involved with the proximal
vertex at the early part of the assembly pathway, on the phenotypes of
infections in which those proteins are absent, and on demonstrated com-
plexes between certain proteins. Phage proteins implicated in initiation
by these sorts of criteria include the portal proteins, the scaffolding pro-
teins, and various minor proteins thought to be associated with the portal
vertex. Among these latter proteins are \’s gpC, which may be located in
a ring around the portal structure (Murialdo and Ray, 1975); T4’s gp40, a
membrane protein thought to have a role in anchoring the portal protein
to the membrane during the initial stages of shell assembly (Hsiao and
Black, 1978); and T4's gp31, a protein required for solubilizing the major
shell protein, gp23 (Laemmli et al., 1969).

In addition to the phage proteins involved in initiation, two host-
encoded proteins have been implicated in the process. These are the
products of the E. coli genes groEL and groES. The GroEL and GroES
proteins are abundant proteins of E. coli; they are among the E. coli heat
shock class of proteins (Lemaux et al., 1978; Neidhardt et al, 1981;
Drahos and Hendrix, 1982; Tilly et al., 1983), and their synthesis is also
stimulated moderately by A\ infection (Kochan and Murialdo, 1982;
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Drahos and Hendrix, 1982). Both proteins are found as ringlike homo-
oligomers—GroEL as a 14-subunit double-ring structure with sevenfold
rotational symmetry (Hohn et al., 1979; Hendrix, 1979), and GroES as a
ring with approximately 6—8 subunits (Chandrasekhar et al., 1986). The
two proteins form an ATP-dependent complex in vitro (Chandrasekhar et
al., 1986), and genetic evidence argues that they interact in vivo as well
(Tilly and Georgopoulos, 1982). A requirement for groE function in head
assembly has been demonstrated explicitly only for certain phages of E.
coli (\, T4, and a few M\ relatives), but the GroEL protein is found to be
very highly conserved among a wide variety of eubacterial species, in-
cluding the hosts for phages $29 (Carrascosa et al., 1982) and P22 (R.
Hendrix and S. Casjens, unpublished), so the GroE proteins’ participation
in phage assembly could be general. [Interestingly, groE function is also
required for phage T5 assembly, but for tail rather than head assembly
(Zweig and Cummings, 1973).]

The evidence that the GroE proteins have a role in initiation of head
assembly is strongest for \. Infection by \ of a cell carrying a missense
mutation in one of the groE genes results in the production of normal
tails, but the head protein is assembled into head-related monsters and
proheadlike structures that cannot be matured to functional heads (Geor-
gopoulos et al., 1973). The A portal protein, gpB, interacts directly with at
least the GroEL protein, as shown by both genetic (Georgopoulos et al,,
1973) and biochemical (Murialdo, 1979) criteria, and there is evidence
that assembly of gpB into the 12-subunit portal structure requires groE
function (Tsui and Hendrix, 1980; Kochan and Murialdo, 1983). Of the
steps in A head assembly that are known, the interaction of gpB with the
GroE proteins is the earliest (Murialdo and Becker, 1978b).

In a T4 infection of a groE— cell, the major head protein, gp23, does
not assemble into recognizable head-related structures as with A, but
instead accumulates in amorphous, insoluble “lumps’’ associated with
the cell membrane (Laemmli et al,, 1969; Georgopoulos et al., 1972).
Simon (1972) observed similar lumps in a T4 infection of wild-type cells
and argued on the basis of the kinetics with which they appeared that
they may be a normal intermediate in T4 head assembly. This leads to
the interesting suggestion that one role of the GroE proteins could be to
solubilize or refold the proteins that are participating in assembly, a func-
tion similar to one proposed recently for some of the eukaryotic heat
shock proteins {Pelham, 1986). At least one other phage, the lambdoid
phage HK97, appears to form insoluble aggregates of the major head pro-
tein in the absence of a wild-type groE function (M. Popa and R. Hendrix,
unpublished).

No head assembly initiation complex has been observed directly, and
our ideas about what such a complex might look like are still rather
vague. We imagine that it must include the portal protein, probably in
some cases additional minor proteins associated with the proximal ver-
tex, and the initial copies of the scaffolding protein(s) and major shell
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protein. The GroE proteins may also be present. As an already assembled
complex, these proteins provide an attractive candidate for the site of
nucleation of coat protein assembly, and this hypothesis receives indirect
support from the observation that GroEL protein is sometimes found
associated with immature N\ proheads (Hohn et al., 1979; Kar, 1983).

Two possibilities have been discussed to rationalize why it may be
advantageous to initiate head assembly from a specific point in the struc-
ture. First, it is proposed that the assembling proteins—particularly the
major shell protein—are able to add to an initiation complex at a lower
concentration than is needed for them to coassemble spontaneously.
Thus, the initiation complex would provide a kinetically favored path-
way for assembling the proteins into the correct structure, at the expense
of aberrant structures that assemble without an initiation complex (and
therefore require a higher subunit concentration) (Murialdo and Becker,
1978a; Black and Showe, 1983). Support for this view comes from obser-
vations of the kinetics of appearance of polyheads made in T4 mutant
infections {Laemmli and Eiserling, 1968; Laemmli et al., 1970); in cases
where the mutation is thought to affect initiation, the polyheads appear
late, but formation of polyheads in which the initiation apparatus is
intact takes place with the same kinetics as head formation in a wild-type
infection. Second, if shell assembly occurs only by initiation upon a com-
plex that will become the proximal vertex, then the “problem’” of how to
assure that each head has one and only one proximal vertex is solved as a
direct result of the assembly scheme.

C. Nonequivalent Protein-Protein Interactions

One of the most celebrated properties of proteins is the specificity of
their interactions with other molecules. For enzymes, this specificity is
usually expressed in terms of the selectivity of the enzyme for a particu-
lar substrate molecule; for structural proteins, it is expressed in terms of
the specificity of the bonding contacts they make with their neighbors in
the structure. Phage structural proteins provide many examples of highly
specific binding; however, in this section we will consider proteins that
exhibit less stringent—or perhaps more accurately, expanded—specifi-
city.

Two identical protein subunits that make identical bonding contacts
with their neighbors are said to be ‘“equivalent.” Two equivalent sub-
units (along with their bonding contacts) are exactly superimposable on
each other, and, if they are part of the same structure (a phage head or tail,
for example), they are related by some symmetry operation (a rotation
axis or a screw axis). A clear example of equivalent subunits is seen in the
phage T4 tail sheath. Here all the individual subunits are related by a
screw axis and could therefore, by translation along and rotation around
the screw axis, be precisely superimposed on each other, with all their
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intersubunit bonds matching. On the other hand, chemically identical
subunits that make different bonds to their neighbors (and which are
consequently not related by a symmetry operation) are said to be “non-
equivalent.”

As mentioned above, Caspar and Klug (1962) introduced the term
‘““quasiequivalent” to describe slight deviations from strict equivalence.
They predicted that such quasiequivalence should be found in ico-
sahedral virus capsids, where there is a mathematically imposed upper
limit of 60 on the number of strictly equivalent (symmetry-related) sub-
units that can be arranged in a shell. Quasiequivalence is usually taken to
mean that the subunits in question make the same or very similar bonds
to their neighbors but are conformationally slightly different from each
other. An easily visualized example of what is meant by quasiequivalence
is seen in the long, flexible tails of phages such as \. Here all of the
subunits are strictly equivalent (symmetry-related) as long as the tail is
straight. However, if the tail is allowed to bend into an arc, the perfect
symmetry axis is destroyed, and the subunits can no longer all be strictly
equivalent. We presume that the individual subunits accommodate the
slight distortions that the bending imposes by flexing and/or by slightly
distorting the intersubunit bonds but not by breaking the intersubunit
bonds and forming different ones. Thus, these subunits are not equivalent
but quasiequivalent while the tail remains bent. These various rela-
tionships among subunits are illustrated in Fig. 11.

1. Coat Proteins in the Head Shell

For phages with more than 60 head shell subunits per virion, it is not
clear whether these subunits occupy quasiequivalent or nonequivalent
positions in the capsid, and this is unlikely to be settled until high-
resolution structures of these capsids are determined. Among viruses
with this level of capsid complexity, only the structures of polyomavirus
and adenovirus have been studied to a sufficiently high resolution by X-
ray diffraction to be able to determine details of the coat protein arrange-
ment. Both of these have the surprising property of not having hexamers
in the positions that Caspar and Klug’s (1962} theory predicts they
should. Polyomavirus, T=7 dextro, has pentamers, whereas adenovirus
and probably frog virus 3, T=25, and about 147, respectively, have tri-
mers at the positions surrounded by six bonding partners (Rayment et al.,
1982; Burnett et al., 1985; Darcy-Tripier et al., 1986). Rayment (1984) and
Burnett {1985) have suggested that these nonequivalent arrangements
could be used in the assembly process to help dictate the structure of the
larger capsids. These findings lead us to the question, is it ever possible to
assemble a T=7 virus with physical hexamers at these positions? Elec-
tron micrographic analyses of phages A, P22, T7, and extralong T4 virions
and calculations from the masses of the coat proteins and capsids clearly
show that trimers or pentamers are not present at the hexamer positions
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FIGURE 11. Equivalence, quasiequivalence and nonequivalence in protein superstructures.
(A) Four asymmetric proteins bonded head to tail in an identical fashion. The intersubunit
bonds are all identical or “equivalent.” (B) Subunit 2 in the array from (A) above is deformed
slightly to allow a bend in the array. Since bonding surfaces used by the proteins are still all
the same, but the proteins are not in identical conformations, the proteins are said to be
“‘quasiequivalent.” (C) New bonding surfaces on subunits 2 and 3 are used to allow a bend in
the array. Since the surfaces participating in the 1-2 bond and the 2—3 bond are different,
these bonds are ‘‘nonequivalent.” (D) When two multimeric protein surfaces interact, if the
two different individual subunit’s interacting surfaces are different sizes or the two
oligomers have different symmetry, the bonds between the two oligomers (in this case 2
rings of 10 and 12 subunits, as might occur between the portal protein oligomer and the rest
of the head) are necessarily of several nonequivalent types, since the subunits cannot stay in
register. (E] Two elongated protein subunits equivalently bonded as might occur in T4 tail
fiber subunits. The twofold rotational axis is indicated; notice that if the polypeptide has its
N terminus at one end and its C terminus at the other, any portion of one polypeptide
interacts with the identical region on the other. (F) The subunits in (E) bent slightly. The
strict twofold symmetry of the dimer is destroyed (although 2 Jocal symmetry axes remain),
and one subunit must be stretched (indicated in black) to accommodate the bend. These two
subunits can be said to be quasiequivalently bonded, since the actual contacts are nearly
the same as in (E). (G) The same two proteins nonequivalently bonded; in this case one has
been moved relative to the other so that identical regions on the two proteins do not interact
with one another, and bends occur in different locations in the two subunits.
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in these virions. In fact, these analyses suggest that it is very likely that
hexamers are indeed present (Williams and Richards, 1974; Casjens and
Hendrix, 1974a; Casjens, 1979; Steven et al., 1983; Ishii and Yanagida,
1975; Aebi et al., 1977).

Thus, these viruses remain candidates for having capsids containing
the quasiequivalent coat proteins predicted by Caspar and Klug (1962).
On the other hand, Burnett (1985) has pointed out that it seems easier to
explain their definite icosahedral shape by postulating equivalent in-
teractions within each face and different or nonequivalent interactions
across the edges between subunits on different faces. It remains possible
that preparing specimens for electron microscopy artifactually enhances
the icosahedral appearance, but new methods of sample preparation have
made this unlikely (Adrian et al., 1984). An extension of Burnett’s reason-
ing might suggest that the unexpanded proheads of these phages, which
appear to have a nearly spherical shape, may be quasiequivalently bond-
ed, even if the mature forms are not.

2. Symmetry Mismatches

Whereas answers to these questions for head shells must await high-
resolution structural information, for various other features of phage and
phage precursor structures the symmetries and shapes that can be ob-
served at the resolution of the electron microscope allow us to infer
strongly that chemically identical subunits make nonequivalent interac-
tions—that is, that two or more chemically identical subunits in a struc-
ture interact in distinctly different ways with their neighbors. The clear-
est indications of nonequivalent interactions are those cases in which the
phage structures show mismatches between the rotational symmetries of
their parts. The first such mismatch to be noted (Moody, 1965) was the
mismatch between the T4 tail, which has sixfold rotational symmetry,
and the head shell, which has a fivefold axis through the corner to which
the tail attaches. This symmetry mismatch is found in all the tailed
phages for which information is available and is thought to occur gener-
ally. The actual transition between these “clashing’’ symmetries is now
known to be located within the head, at the interface between the shell
lattice (5-fold) and the portal structure (6- or 12-fold) to which the tail
attaches (see Fig. 2).

The portal structure, in all five cases that have been characterized, is
made of 12 protein subunits arranged with apparent 12-fold rotational
symmetry (Fig. 4). The 12-fold symmetry axis coincides with one of the
fivefold axes of the head shell; this means that each of the 12 portal
subunits is in a different geometric relationship to the apposed subunits
of the head shell. A structural feature that is as well conserved among
phages as is this symmetry mismatch would seem likely to be of some
functional importance, but direct evidence for such a function does not
exist. As one approach to understanding the function of the mismatch, it
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has been noted (Hendrix, 1978) that the existence of the symmetry mis-
match means that the portal structure may be able to rotate with respect
to the shell. This results from the fact that the bonding energy with
which the shell and portal interact is the sum of interactions between
individual shell and portal subunits. If the portal rotates around its axis
(and the shell remains stationary), the strengths of these individual in-
teractions will change out of phase with each other. As a consequence,
the total bonding energy between shell and portal structure should be
relatively independent of angle, and therefore there should be no strongly
preferred orientation that would block rotation. As one possible conse-
quence of this, we have postulated that the hypothesized ability of the
portal structure to rotate may be a central feature of the mechanism of
DNA packaging in these phages {(Hendrix, 1978). In a more general con-
text, we imagine that mismatched rotational symmetries could provide a
useful design for constructing rotating joints in other biological struc-
tures as well.

A related symmetry mismatch occurs between the head shell and the
scaffold. The scaffold has a sixfold symmetry axis aligned with the same
fivefold axis of the shell that clashes with the portal structure (Paulson
and Laemmli, 1977; Engel et al., 1982). (The 6-fold symmetry of the
scaffold has thus far been shown only for T4, but it could be a general
feature.) This mismatch is especially interesting in light of the role of the
scaffold discussed above. We indicated that the scaffold and the shell
probably polymerize simultaneously and interact in some way that pro-
motes correct assembly of both. As with the portal-shell mismatch, the
mismatch in this case means that individual shell-scaffold subunit in-
teractions are nonequivalent. This situation places constraints on how
we can imagine the assembly process taking place; for example, it argues
very strongly against a model in which a shell and a scaffold subunit form
a heterodimer which then assembles into the growing prohead (and there
is in fact no evidence for such heterodimers for any of these phages). We
suggest that it may be the global properties of the scaffold surface (e.g.,
charge, hydrophobicity, etc.), rather than specific shell-scaffold subunit
interactions, that help direct the course of shell polymerization.

A third mismatch in rotational symmetries may occur in the early
stages of head assembly, between the host GroEL protein and the portal
structure. GroEL protein appears to be required for assembly of gpB, the A
portal protein, into the 12-fold symmetrical portal structure, and the two
proteins have been shown to form a transient complex (Murialdo, 1979).
The GroEL protein oligomer has 14 identical subunits arranged with
sevenfold rotational symmetry (Hendrix, 1979; Hohn et al., 1979). What
bearing the nonequivalent gpGroEL-gpB interactions suggested by this
symmetry difference may have on the mechanism of gpB assembly may
become clearer when more is learned about the structure of the gpGroEL-
gpB complex.

A somewhat different type of relationship among subunits that
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might also be classified as a symmetry mismatch takes place between the
T4 gp23* (major shell subunit) and gphoc proteins. A single subunit of
gphoc attaches to the shell at the center of each gp23* hexamer (Aebi et
al., 1974), giving a sixfold versus onefold “mismatch.” Pending more
detailed structural information, it seems reasonable to postulate that
there are gphoc-binding sites on each of the gp23* subunits in the hex-
amer but that the first gphoc to bind to one of them occludes the other
five sites, thus limiting to one the number of gphoc subunits able to bind
to the hexamer. An interesting consequence of this view is that it sug-
gests that the specific site among the six that is used by gphoc may be
chosen randomly and therefore that an individual T4 virion may differ
from its siblings with respect to the constellation of binding sites used by
the ~160 gphoc molecules on its surface. Although the details are less
well understood, a similar description may apply to the attachment of the
head fibers of $29 (Reilly et al., 1977).

3. Asymmetric Oligomers

Another type of nonequivalent bonding is possible for certain of the
phage tail fibers; this involves a small number of identical protein sub-
units bonding nonequivalently to each other. The prototype for this type
of structural arrangement is the yeast enzyme hexokinase, for which a
high-resolution structure is available (Steitz et al., 1977). Hexokinase
forms a dimer of two chemically identical polypeptide chains that are
bound to each other in such a way that the dimer lacks a dyad symmetry
axis—that is, the subunits are nonequivalent. The effect of this asym-
metric binding on the biochemical activities of the subunits is substan-
tial: the catalytic sites on the two subunits appear to bind the substrate
differently, and there is a single, asymmetric allosteric effector binding
site made from parts of both subunits.

Among phage tail fibers, there are examples of apparently equiv-
alently bonded as well as nonequivalently bonded structures. What al-
lows us to distinguish these types at the electron microscopic level of
resolution is that equivalently bonded subunits must be related by a
symmetry axis. For extended structures like tail fibers, it is often possible
to tell by inspection whether the shape of the structure is consistent with
the presence of such a symmetry axis. Phages T3 and T7 have six tail
fibers (Serwer, 1976; Kato et al., 1985b), each consisting of three identical
subunits; each tail fiber is bent at a point near the middle so that the tip
points away from the head. For the three subunits to be equivalent, they
would have to be symmetrically arrayed around a threefold axis; such a
structure could not be bent (Kocher, 1979), so we are led to the conclu-
sion that the three subunits are not strictly equivalent. We believe that
the apparently consistent direction of the bend and its relatively constant
magnitude argue that the trimers are nonequivalently bonded in the
sense described in Fig. 11G; however, at the current level of resolution,
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the possibility also remains that they are quasiequivalent, as shown in
Fig. 11F. In either case, it appears that for these fibers, as with hex-
okinase, nonequivalent (or quasiequivalent) bonding of identical subunits
allows construction of a structure that is more complex (and, we pre-
sume, better suited to its function) than would be possible with strictly
equivalent bonding.

The tail fibers of T4 are also bent, but in this case they are con-
structed of not one but four separate types of protein subunits (King and
Laemmli, 1971; Ward and Dickson, 1971). The bend probably occurs at
the position occupied by the single copy of gp35. The best-studied part of
this tail fiber, the distal half fiber, contains two copies each of gp36 and
gp37. This part of the fiber appears to be perfectly straight, consistent
with the idea that the two members of each pair of subunits are equiv-
alent as well as chemically identical; the dyad axis that is demanded by
this view of the fiber’s structure would be coincident with the half-fiber
axis.

D. Structural Movements and Molecular Machines

Ungquestionably, a major function of the virion proteins is to act as a
shipping container for the phage genome during its journey from one host
cell to the next. However, to think of the capsid as no more than an inert
box is to ignore some of its most interesting and informative aspects.
Phages have provided several clear examples in which protein assemblag-
es, either in the mature virion or in virion assembly intermediates, under-
go elaborate structural rearrangements as essential parts of the assembly
process or of virion function. In some of these cases at least, it seems
legitimate to refer to the rearranging structures as ‘‘molecular ma-
chines.” As with other aspects of phage structure and function, it is likely
that as we learn more about the mechanisms by which these machines
operate, we will come to understand general principles about what pro-
teins and the macromolecular structures they form are capable of doing.

1. DNA Packaging Apparatus

One of the most intriguing of the phage’s machines is the one that
packages DNA. It now seems most likely that transport of the DNA into
the head shell is mediated by a complex of proteins at the portal vertex,
including at least the portal structure and terminase enzymes, and proba-
bly other proteins as well; in addition, ATP is required for packaging,
presumably to provide energy for driving the DNA into the head against a
thermodynamic gradient. Whatever the chemical and physical mecha-
nisms by which this machine carries out its job, the things it must do
include locating the correct place on the replicated DNA to begin packag-
ing, cutting the DNA (except $29), transporting the DNA into the shell in
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such a way that it becomes compacted several hundredfold, sensing how
full the head is becoming, and determining the correct place on the DNA
to make a second cut at the termination of packaging. Various sug-
gestions have been made about how these several integrated functions are
accomplished (for which see Casjens, 1985b), and some of the properties
of a number of the participating proteins have been studied, but the basic
mechanisms of DNA packaging are still elusive.

2. Baseplate Rearrangements and Tail Contraction

The contractile tail of T4 is a particularly flamboyant and well-char-
acterized example of a multiprotein machine that carries out an impor-
tant function in the phage life cycle. DNA ejection by T4 (and other
phages with contractile tails) is accompanied by an extensive rearrange-
ment of subunits in the baseplate, followed by a contraction of the tail
sheath, which causes the tail core to be driven into the surface of the cell.
The transition the baseplate undergoes is seen most clearly in isolated
baseplates; they have a characteristic hexagonal shape that can change
spontaneously to a star shape (Simon and Anderson, 1967b) as the result
of coordinated movements of the component protein subunits. This tran-
sition is thought to be the same as the transition that occurs in the intact
tail during contraction. The structures of the two baseplate forms have
been analyzed by Crowther et al. (1977), using rotational filtration of
individual baseplate images (Fig. 12). In addition to defining the mor-
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FIGURE 12. Schematic drawings of the anatomy of the hexagon (left) and star (right) forms
of the T4 tail baseplate. From Crowther et al. (1977).
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phology of these structures, they used mutant baseplates to assign three
polypeptides—gp9, gp11, and gpl12—to specific morphological features.
The transition from hexagon to star entails extensive morphological rear-
rangements. This includes an apparent inward rotation of gp9, the protein
to which the long tail fibers are thought to attach; a splaying out of gp12
(short tail fibers) and gp11 (tail spikes); and considerable rearrangement of
the other, less specifically identified features. Among the latter changes
is the appearance of a hole in the center of the baseplate at the location
occupied by the “hub” prior to rearrangement.

Crowther et al. (1977) combined their morphological data with ear-
lier results (Flatgaard, 1969; Yamamoto and Uchida, 1975; Arscott and
Goldberg, 1976; Crawford and Goldberg, 1977) suggesting roles for the
long and short tail fibers in triggering tail contraction to present a spec-
ulative mechanism by which the tail ‘“decides” on the correct time to
eject the DNA. In this model, the long tail fibers make contact with their
cellular receptors and transmit the information that they have done so to
the baseplate through their attachment point, gp9. This activates the
baseplate so that it is susceptible to being triggered to enter the hexagon
to star transition. The actual transition is triggered by the short tail fibers
(gp12), but not until they contact their receptors, thereby completing the
cellular contacts needed for successful ejection.

Following the triggering of the baseplate transition, the tail sheath
contracts. The bottom annulus of the sheath is in intimate contact with
the top surface of the baseplate, and sheath contraction is presumed to be
set off by the baseplate rearrangement. Moody (1973) trapped tails part-
way through contraction by treating them with alkaline formaldehyde.
The contracted part of the sheath in these structures was always adjacent
to the baseplate, arguing that sheath contraction starts at the baseplate
and moves progressively along the sheath toward the head. Contraction
results in a dramatic change in the helical parameters of the sheath,
resulting in a length decrease of about 2.5-fold, but no apparent change in
the tail tube. During contraction, the tube and sheath remain attached at
their head ends, and the sheath remains attached to the baseplate (which
is attached to the cell), with the result that the tube is driven through the
hole that has opened in the middle of the baseplate and through the
surface layers of the cell {Simon and Anderson, 1967a).

3. Lattice Transformations

Sheath contraction in a T4-style tail, as described above, is an exam-
ple of a lattice transformation. In this sort of molecular rearrangement,
the protein subunits that make up the lattice all change their conforma-
tion in such a way that there is a change in the lattice constants that
define the spacings and angles in the subunit array, with a consequent
change in the overall size and shape of the structure.

The other clear example of a lattice transformation during phage



62 SHERWOOD CASJENS anp ROGER HENDRIX

assembly is the expansion of the head shell that occurs at about the time
of DNA packaging. In this case, the lattice constants of the (primarily)
hexagonal lattice of head protein subunits increases by ~20% (Aebi et al.,
1974; Wurtz et al., 1976), which results in an increase of 10—15% in shell
diameter and a roughly twofold increase in internal volume of the shell.
Since the mass of the shell remains constant, the expansion results in a
thinner shell wall (Kistler et al., 1978; Earnshaw et al., 1979). Expansion
has been studied extensively by investigating the properties of ‘‘poly-
heads” of T4 and A\, which are much more amenable to image analysis
than are the normal head structures; polyhead lattices undergo expansion
in a way that is assumed to be analogous to normal prohead expansion.
The change in the subunits that is associated with expansion is appar-
ently rather dramatic. Besides the change in lattice dimensions, the sur-
face texture of the polyhead changes (Yanagida et al., 1970, Wurtz et al.,
1976), and at least one antigenic determinant that is unavailable prior to
expansion appears on the outside surface (Kistler et al., 1978). Similarly,
the binding sites for the decoration proteins of the T4 and A heads become
available only with expansion (Imber et al., 1980; Ishii and Yanagida,
1975). Expansion is apparently energetically favorable, since it will hap-
pen spontaneously in proheads that are mildly mistreated [e.g., 4 M urea
for A (Hohn et al., 1976), or 0.8% sodium dodecylsulfate for P22 (Casjens
and King, 1974}, and the reverse reaction, contraction of expanded shells,
has not been observed. As mentioned above, calorimetric measurements
of the expansion of T4 polyheads show that this reaction is driven by a
substantial change in enthalpy (Ross et al., 1985). In the case of T4 it has
been shown that expansion makes the shell more resistant to disruption
by sodium dodecylsulfate (Steven et al., 1976). It is not known how nor-
mal expansion is triggered in vivo; however, DNA packaging may have a
role: X proheads can package a 5.5 kbp DNA restriction fragment without
expanding, but if they instead package a 21-kbp fragment, they expand (B.
Hohn, cited in Hohn, 1983). There is also indirect evidence that the A
protein gpC, which is thought to be located at the portal vertex (Murialdo
and Ray, 1975), may have some role in triggering expansion (Earnshaw et
al., 1979). T4 polyheads that are partially expanded have been seen in the
electron microscope (Steven et al., 1976). They show a rather sharp line
between the region in which the lattice is expanded and the region where
it is not, suggesting that the polyhead has been caught as a wave of lattice
transformation was sweeping across it. We imagine that a similar wave of
structural change must sweep across the prohead during expansion, pos-
sibly starting at the portal vertex, and possibly triggered by events at that
vertex associated with DNA packaging.

What function the shell expansion serves is not known, although its
universality among these phages suggests that it has some important
role. One suggestion (Hohn et al., 1974; Serwer, 1980; Gope and Serwer,
1983) has been that the expansion drives DNA packaging by “sucking”’
the DNA into the head, but more recent evidence argues against this
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view (see Casjens, 1985b). Another view, which we favor, is that expan-
sion is an important feature of the assembly of the shell itself. We can
imagine that the original conformation of the shell subunit is optimized
for efficient assembly but not for maximal stability of the shell that is
assembled. The lattice transformation would be the result of a conforma-
tional change designed to ““tighten up’’ the structure, and the expansion a
secondary by-product of that change. This view seems especially interest-
ing if, as suggested above, the transformation is a change from a structure
made of quasiequivalently bonded subunits into a structure in which the
subunits are nonequivalently bonded. In this case, the unexpanded form
of the structure could provide a route to assembly of the nonequivalently
bonded (expanded) form, which it might not be possible to achieve by
direct assembly of the subunits.

V. GENES AND MORPHOGENESIS
A. Control of Gene Expression

1. Turning Morphogenetic Genes On

It has been abundantly clear from early in the study of phage assem-
bly that the exact time of expression of the genes that encode the virion
structural proteins is not generally a critical factor in controlling the
order of steps in phage assembly pathways. In the dSDNA phages studied,
nearly all of the morphogenetic proteins are coordinately synthesized and
made only at late times after infection. Although this coordinate regula-
tion is accomplished by different mechanisms in different phages, in all
cases the time of turn-on of the morphogenetic genes is transcriptionally
controlled (for the single known exception to this rule, the T4 decoration
protein gene, soc, see MacDonald et al., 1984). In some cases, for example
N and P22, all of the structural genes lie within a single operon; in other
cases, such as T4 and P2, there are multiple late operons, each encoding
several morphogenetic proteins.

Large lytic phages, such as T4 and SP01, synthesize proteins early in
infection which modify the host RNA polymerase’s promoter specificity,
thereby causing a switch to late promoters partway through the lytic
cycle (reviewed by Geiduschek et al., 1983; Elliot et al., 1984; Losick and
Pero, 1981). T4 has a number of late promoters that control the mor-
phogenetic genes, most of which appear to lie in relatively small operons
(reviewed by Christensen and Young, 1983). Phage P2 has four late oper-
ons which are turned on by an early gene product (Christie and Calendar,
1985). The medium-size lytic phages, T3 and T7, encode as an early
protein an entirely new RNA polymerase which expresses the late genes
from several promoters not utilized by the host polymerase (Oakley and
Coleman, 1977; Dunn and Studier, 1983). The small lytic phage $29 has a
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single promoter for morphogenetic gene expression that is turned on at
late times by a phage-encoded early protein (Mellado et al., 1986). Late
gene expression in A and P22 is controlled in a more complex manner
(reviewed by Friedman and Gottesman, 1983; Wulff and Rosenberg,
1983). This is likely due to the fact that these phages can lysogenize their
host and must not express the late genes when a decision to become
lysogenic has been made. The host RNA polymerase constitutively rec-
ognizes the late operon promoter, P,’, but normally terminates at t,’
before it reaches the genes of the late operon. The efficiency of termina-
tion at this terminator is controlled in an unknown way by the Q gene
protein, whose structural gene is expressed from the early promoter P,
(Grayhack et al., 1985). The synthesis of the Q protein is in turn dually
controlled by the cII gene protein. The cII protein is thought to be central
in the lytic/lysogenic growth decision, with high levels of gpclI promot-
ing the establishment of lysogeny (Herskowitz and Hagen, 1980). It (1)
stimulates the rate of prophage repressor synthesis which in turn shuts
off P,, the promoter from which the Q gene is expressed, and (2) directly
stimulates the rate of expression of the promoter P,,. P,, initiates an
RNA which is antisense to the 5’ portion of the gene Q message and
which acts as a translational repressor of the Q gene (Hoopes and Mc-
Clure, 1985; Ho and Rosenberg, 1985; Stephenson, 1985). Thus, when
gpcll is made at high levels, the phage makes more prophage repressor,
which in turn shuts off P, and Q gene mRNA synthesis. High gpclII also
stimulates P,,, whose RNA transcript depresses translation of any Q
message that has been made, resulting in little if any Q gene expression
and no late gene expression. Conversely, when gpcll is low, P, is ex-
pressed well and P, is not expressed, which results in effective Q gene
expression, antitermination at t,’, and strong late operon expression.

2. Relative Rates of Expression of Individual Morphogenetic Genes

It has been known for some time that the relative rates of synthesis
of the various virion structural proteins usually reflect the amounts of
these proteins needed to build virions (e.g., the coat proteins are made in
much greater amounts than tail fiber proteins). There are several in-
stances in phages T4 and A where deviation from the normal protein
ratios appears to cause assembly defects (Floor, 1970; Georgopoulos et al.,
1973; Showe and Onorato, 1978; Eiserling et al., 1984), but in general it is
not known if this careful control of the expression of the morphogenetic
genes is done for reasons of economy (it is wasteful to make excess
“minor’”’ proteins) or because it would be detrimental to the assembly
process per se to have the proteins present in incorrect ratios. It should be
mentioned that there are also a few cases of structural proteins being
made in apparently large excess. One clear example is the \ gene U
protein, which is made in about 50-fold excess over the amount actually
incorporated into the particle. The assembly step performed by gpU is
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one of those which are not absolutely controlled (see Sections IV.A.1.a
and B.1), in that if gpU is absent, defective overlength tails are eventually
built. Thus, it could be important to have an excess of gpU to make sure
this step is not accidentally skipped (see also Katsura, 1983b).

This aspect of morphogenetic gene expression is particularly well
studied in \ (see Fig. 13). Since there is a single late promoter and no
terminators within the operon, the rate of synthesis of the messengers for
the various morphogenetic genes is identical (Murialdo and Siminovitch,
1972; Ray and Pearson, 1974, 1975, 1976). The differences seen in the
individual rates of synthesis of the \ late proteins (up to 800-fold) must be
determined at a translational level, since the functional decay rates of the
messages from the various cistrons do not differ more than about two- or
threefold. The differences in protein synthetic rates must be caused by
different rates of either ribosome loading or ribosome movement (the
latter could perhaps be dictated by differential codon usage or mRNA
secondary structure) {Ray and Pearson, 1975; Sanger et al., 1982). Similar
conclusions have been drawn for P22 (Weinstock et al., 1980; Casjens and
Adams, 1985). Recent gene fusion experiments with the A A, D, E and Fj
genes, which show that the information required for proper translational
expression of these genes lies quite close to the start codon, strongly
support the differential ribosome loading hypothesis for these four genes
(L. Sampson, personal communication). In phages such as T4, T7, and P2,
where late genes are transcribed from multiple promoters, we presume
any transcriptional rate differences will be superimposed upon variations
in translation efficiency to give the observed expression rates.

Other aspects of translation are also known to be important in the
control of expression of virion structural genes, but few cases have been
analyzed in sufficient detail to comment on here. One such aspect is
translational coupling, in which the translation of a downstream gene
depends on successful translation of the immediately upstream gene. For
example, in A, efficient translation of the H gene requires efficient trans-
lation of the immediately upstream V and G genes (reviewed by Geor-
gopoulos et al., 1983). This type of mechanism could be useful in main-
taining constant relative synthesis rates for two structural proteins.

3. One “Gene,” Two Proteins
a. Translational Frame Shifting

There are now a number of situations known where ribosomes must
perform a frame shift or read through a termination codon in order to
translate a gene successfully (Kastelein et al., 1982; Dunn and Studier,
1983; Craigen et al., 1985; Fox and Weiss-Brummer, 1980; Clare and
Farabaugh, 1985; Jacks and Varmus, 1985). Two examples of programmed
frame shifting (frame shifting at a particular location that is programmed
into the system by nucleotide sequence information) are known in
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G-T _
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FIGURE 14. One “‘gene” can synthesize two different polypeptides. (A) Programmed trans-
lational frameshifting. (B) Nested genes. (C) DNA segment inversion. In all cases, transcrip-
tion passes through the indicated regions from left to right, and the horizontal black arrows
represent active translational reading frames (solid circles indicate translation start sites
and the point of the arrows indicates the termination sites). The vertical portion of the
narrow arrow in panel (A) indicates a low-frequency ribosomal frameshift. In panel (C) the
stippled arrows represent inactive reading frames, and the vertical arcs indicate the ends of
the invertible DNA segment. The various gene sizes are not drawn accurately to scale.

dsDNA phage morphogenetic genes. The phage T7 coat gene is one such
case. A small proportion (5-10%) of the ribosomes reading its coat pro-
tein gene, 10, undergo a —1 frame shift somewhere within the last 10
codons and continue to read 53 codons beyond the normal terminator
before encountering a termination codon in the new frame (Dunn and
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Studier, 1983). Thus, two types of coat protein are made which differ in
amino acid sequence at their C termini. It is not known whether the
resulting ‘“frame-shifted” protein is required for proper T7 assembly, but
it is present in small numbers in virions (10-50 molecules per virion)
(Studier, 1972). A frame shift is also thought to occur in the A tail gene G.
In this case, a considerably longer stretch of about 175 amino acids is
added to the C terminus of the gene G protein by an infrequent frame
shift late in the G gene to make the G-T protein (Fig. 14A) (M. Levin, U.
Ripepi, and R. Hendrix, unpublished observations).

b. Nested Genes

A second type of genetic arrangement which gives rise to two pro-
teins with common sequence elements is exemplified by the nesting of
the A Nu3 gene within the C gene (Fig. 14B). The Nu3 translation start
lies in-frame, within gene C, and Nu3 translation terminates at the gene
C termination codon, so gpNu3 has the same amino acid sequence as the
carboxy-terminal portion of gpC (Shaw and Murialdo, 1980). Both pro-
teins are thought to be required for A head assembly and are prohead
components. Both frame shifting and gene nesting result in the simul-
taneous synthesis of two different proteins which have considerable ami-
no acid sequence in common. Although in no case is there a detailed
understanding of why two such proteins are made, it would allow two
““different’”” proteins to interact in very similar ways with other proteins.
Alternatively, consider the following (speculative) scenario. If the smaller
protein such as gpNu3 could form a homomultimeric structure, the
unique portion of the other protein, here the N-terminal end of gpC,
could bind to a specific site ({the portal?), and the gpNu3-like end of gpC
could act as the ‘“decoy on the duck pond” to recruit gpNu3 molecules for
assembly into a prohead scaffold in the correct location relative to the
site to which the gpC N terminus binds. This case seems particularly
interesting because of the apparent nonequivalent bonding between the
coat and scaffold subunits (see Section IV.C). Thus, the existence of such
complex “‘genes’” has potentially profound implications for assembly.

¢. DNA Rearrangements

A third type of synthesis of two different proteins from one gene
occurs in phages Mu, D108, P1, and P7. In Mu, the only case studied in
detail, the two proteins are alternate, mutually exclusive gene products.
These are the S and U genes (and their alternates S’ and U’) which are
involved in tail fiber biosynthesis and/or assembly and are responsible for
determining Mu’s host range (Toussaint et al., 1978; Grundy and Howe,
1984). The Mu chromosome includes a DNA segment which undergoes
fairly slow stochastic inversion when it is in the prophage state in E. coli
and is promoted by the phage gin gene product (Symonds and Coelho,
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1978). In one inversion orientation, transcription from the late promoter
expresses the S and U genes; in the other orientation, a new S’ C termi-
nus is fused to the N-terminal portion of the S gene, and the U’ gene
replaces the U gene (Fig. 14C). It has been suggested but not yet fully
proved that the N-terminal portion of the S gene encodes the portion of
the fiber that binds to baseplates, and the S’ and U’ reading frames encode
the outer parts of the fiber, which function during adsorption (Grundy
and Howe, 1984). Phages grown in the two orientations do have dif-
ferences in their structural proteins (Giphart-Gassler et al., 1982), and
phages with S and U proteins adsorb to E. coli whereas phages with S’ and
U’ proteins adsorb to Citrobacter freundiii, Serratia marcescens, and
other bacterial strains (Bukhari and Ambrosio, 1978; Kamp and Sand-
ulache, 1983; Van de Putte et al., 1980). Phages D108, P1, and P7 also
have DNA inversions that affect host range and are presumed to be sim-
ilar to that in Mu (Gill et al., 1981; Iida, 1984; lida et al., 1985). Thus,
these phages occasionally segregate genomes which express alternate tail
fiber genes and which therefore give rise to virions with an alternate host
range.

d. Differential Covalent Modification

Phage \ has two examples of differential protein cleavage during
assembly. About three-quarters of gpB is cleaved during head assembly,
and gpC appears to undergo two alternate cleavages (Hendrix and Cas-
jens, 1974a, 1975). It is not known if the two forms of either of these
differentially processed proteins have different functions in the virion,
although it has been suggested that the two forms of modified gpC might
occupy structurally similar but distinct positions around the portal ver-
tex (Murialdo and Ray, 1975).

4. Assembly-Controlled Gene Expression

In light of the complexities and redundancies built into the control of
dsDNA phage early gene expression, it might be considered surprising
that very few examples of feedback regulation by the assembly process on
late gene expression have been found. Presumably this reflects the fact
that once a phage is committed to grow lytically, the cell is dying. Thus,
it would do little good, for example, to turn off late gene expression if
assembly was not proceeding well. There is only one well-studied case of
assembly affecting the synthesis of a morphogenetic protein. Expression
of the phage P22 scaffolding protein gene is turned down about sixfold by
unassembled scaffolding protein, whereas scaffolding protein assembled
in proheads has no such effect (King et al., 1978; Casjens et al., 1985).
Such control seems appropriate, since the scaffolding protein acts catalyt-
ically (see Section IV.A.2) but is still required in quite large amounts. The
effect of this regulation is that just enough scaffolding protein molecules
are made to assemble into proheads with the available coat protein, since
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any excess unassembled scaffolding protein depresses additional syn-
thesis. This modulation of expression appears to be posttranscriptional,
but the details of the regulatory mechanism are not known (Casjens and
Adams, 1985; Wyckoff and Casjens, 1985). Other phages such as $29 (and
perhaps T3 and T7) have scaffolding proteins that recycle, but they are
not known to be similarly regulated (Nelson et al., 1976). In the dsDNA
phages, there is one other case of gene expression being affected by assem-
bly—the overproduction of the P22 tail spike protein when DNA packag-
ing fails (Adams et al., 1985). The mechanism of this regulation and the
reason for it are not known.

B. Gene Position

1. Assembly and Gene Position

Epstein et al. (1963) and Weigle (1966) first drew attention to the fact
that the T4 morphogenetic genes are nonrandomly distributed and that
the phage A head and tail genes map in two nonoverlapping, adjacent
clusters. Such linkage is thought to have evolutionary advantages beyond
allowing easy coordinate regulation of the genes involved, in that gene
modules can be evolutionarily exchanged among phages while minimiz-
ing the formation of inactive hybrids (Fisher, 1930; Stahl and Murray,
1966; Dove, 1971; Casjens and Hendrix, 1974b; Echols and Murialdo,
1978; Campbell and Botstein, 1983). Stahl and Murray (1966) stated it
particularly clearly: Evolution imposes a “‘selective value upon linkage
arrangements which minimize recombination between genes whose
products most intensely interact.” Thus, the genes whose protein prod-
ucts interact directly during assembly and in the virion might be ex-
pected to map nearest one another. This is strikingly true in many of the
phage morphogenetic genes. Again, A is an excéllent example of such a
gene arrangement, although other phages show strong elements of such
positioning as well (King and Laemmli, 1971; King et al., 1973; Studier,
1972). In addition, genes encoding proteins that are involved in recogni-
tion of the DNA to be packaged usually map near the DNA site to which
they bind (Thomas, 1964; Backhaus, 1985). We speculate below on the
importance of gene positioning to assembly.

Figure 13 shows schematically that A genes whose protein products
interact in the virion or during virion assembly are indeed often adjacent.
The tail genes whose functions are known map essentially linearly rela-
tive to the tail structure. The arrangement of the head genes is not as
simply interpreted as that of the tail genes. The F;; gene, whose product
forms the site to which tails bind (Casjens, 1974; Tsui and Hendrix,
1980), is adjacent to the tail gene cluster; the D and E genes are adjacent,
and their products clearly interact (Casjens and Hendrix, 1974a; Williams
and Richards, 1974); and the Nul and A gene products bind to each other
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and the cos site on the DNA, and their genes map adjacent to that site
(reviewed by Feiss and Becker, 1983). The functions of the W and F, gene
products are not yet well understood. The gene Nu3 scaffolding protein
probably interacts with the coat protein (gpE), and perhaps gpB and/or
gpC (Murialdo and Ray, 1975), but presumably its gene position must be
fixed partly by the gene C function. The portal protein is encoded by the B
gene (Kochan et al., 1984), and although it is located near the tail joining
site (Tsui and Hendrix, 1980), it maps near the left end of the head gene
cluster. This could be the result of the fact that it may interact with the
gpNul-gpA terminase during the initiation of DNA packaging. The loca-
tion of the (modified) C gene protein in the virion is not known, but it has
been suggested that it is also at the portal vertex (Murialdo and Ray,
1975). We should note that in some other phages the morphogenetic
genes seem (at least at our present stage of understanding) to be some-
what more loosely associated. The T4 baseplate genes, for example, map
only approximately in the order of the assembly of their proteins, but
phage parts are three-dimensional and chromosomes are one-dimensional
structures.

This type of analysis can in some instances be extended to portions
of genes as well as whole genes. In general, very little information is
available on what parts of the various proteins interact with their neigh-
bors in the virion, but in those few cases where such information is
available, the rule under discussion here does seem to apply. The A A gene
is best studied in this regard. Its N-terminal portion has been shown to
interact with the Nul protein, and its C-terminal portion to interact with
proheads, most likely gene B or C protein, during DNA packaging
(Frackman et al., 1985; Feiss, 1986). Thus, both ends of the A gene lie
close to the genes with whose products those ends of the gene A protein
must interact. Also, the finding that host range mutants, presumably
changes in the distal portion of the tail fiber, alter the C-terminal end of
gene / supports this notion (Fuerst and Bingham, 1978). The N-terminal
portion of the protein, which should therefore interact with the tail “tip”
proteins, is in fact proximal to the tail tip genes. The position of the T3
tail fiber gene, 17, is also positioned so that the end of the protein that
interacts with the baseplate is encoded by the portion of the gene that
maps nearer to those genes (Kato et al., 1986). The T4 tail fiber gene group
is also a striking example of such an arrangement (Revel, 1981). The 3’
end of the distal fiber gene, 37, maps adjacent to gene 38:

transcription

»

34 35 36 37 38
gene

which is likely to interact with the C-terminal region of gp37 to promote
its proper folding (Beckendorf et al., 1973; Bishop and Wood, 1976); the 5’



72 SHERWOOD CASJENS anp ROGER HENDRIX

end of gene 37 is next to genes 35 and 36, which are present at the fiber
elbow and must interact with the N-terminal region of gp37 (Yanagida
and Ahmed-Zadeh, 1970; Oliver and Crowther, 1981; Wood and
Crowther, 1983; Reide et al., 1985a). These genes in turn map adjacent to
the 3’ end of gene 34 which is thought to be arranged with its C-terminal
end at the fiber “elbow’’ and N terminus at the baseplate (Wood and King,
1979). One observation that appears not to fit this type of arrangement is
that the C terminus of T4 gp11 is required to assemble with gp10, where-
as the N-terminal encoding end of gene 11 is adjacent to gene 10 (Plishker
and Berget, 1984).

It is not yet clear if the gene positions are meaningful enough to have
real predictive value in learning the details of the phage assembly pro-
cesses. For example, should the C-terminal region of the AF;; protein be
expected to interact with tails, and is it significant that in all cases
known ($29, A, T3, T7, P22, and T4), the scaffolding protein gene(s) maps
immediately 5’ to the coat protein gene? We feel that, although no direct
conclusions should be drawn from them, the sorts of findings discussed
above are sufficiently suggestive to at times warrant the use of this infor-
mation to give direction to more detailed genetic and physical analyses.

2. Expression Time and Assembly

As has been stated above, there is no evidence that the time of ex-
pression of any morphogenetic gene is critical in any phage assembly
process; however, there are clear examples of morphogenetic proteins
whose synthesis does not parallel typical late synthesis. In phage T4,
where transcriptional control of phage gene expression is very complex,
several morphogenetic genes (Ipl, Ipll, Iplll, 31, 40, and 63) are known to
be expressed before typical late morphogenetic genes are turned on. Curi-
ously, the Ip proteins and gp63 are made throughout infection whereas
gp31 is made only at early times (Black, 1974; Castillo et al., 1977; Wood
et al., 1978). Why these proteins are made before the bulk of the virion
structural proteins is not clear, but gp31 and gp40 function at the earliest
stages of prohead assembly, and it may be advantageous for the phage to
accumulate these proteins before coat protein is made in large amounts.
This could be especially important with T4, since its coat protein seems
quite prone to assemble aberrantly if its concentration is too high relative
to the other head proteins (Showe and Onorato, 1978; Eiserling et al.,
1984). Several other T4 genes involved in virion assembly—49, 57, td,
and frd—are known to be expressed early or map in positions expected for
early genes. Most of these and gp63 appear to have other functions in
addition to their role in assembly. For example gp49 may function in
recombination, gp63 has RNA ligase activity in addition to its tail fiber
joining activity, gpfrd is a dihydroforlate reductase, and gptd is a thy-
midine synthetase (Kemper et al., 1981; Herrmann, 1982; Snopek et al.,
1977; Purobit et al., 1981; Trimble et al., 1972; Chu et al., 1984). In P1,
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another very complex phage, at least one of the DNA packaging genes, 9,
is expressed early (Sternberg and Coulby, 1986). It is not known if early
expression is actually required for proper assembly in any of these cases.

Prokaryotic RNA polymerases transcribe at about 50 nucleotides per
second in vivo (Rose et al., 1970; Ray and Pearson, 1975; Casjens and
Adams, 1985). Thus, in the phages with very long late operons, the time
of appearance of proteins encoded by genes early in the operon is signifi-
cantly earlier than those encoded by the more distal genes. P22 and A, for
example, have late operons about 20 and 23 kbp long, respectively, so it
takes RNA polymerase 7—8 min to traverse these operons (Ray and Pear-
son, 1975; Casjens and Adams, 1985). This is a significant time period
relative to the total time of late protein synthesis, about 30—50 min, and
the delayed appearance of proteins encoded by the distal genes has been
observed directly in A-infected cells (Murialdo and Siminovitch, 1972).
Could this be responsible for determining the overall order of the mor-
phogenetic genes (i.e., why not invert the order of the late genes relative
to transcription)? At this time we cannot answer this question, but given
the lengths to which X has gone to control all aspects and minute details
of its life cycle, we can imagine reasons why it might be true. For exam-
ple, it could be advantageous to accumulate the tail shaft subunit, gpV,
before initiating tail assembly by making the gene | protein, thereby
minimizing the number of partially assembled tail shafts in infected
cells.

As mentioned above, there are phage assembly steps that appear to be
“‘uncontrolled.” That is, if certain structural proteins are not present, the
assembly process continues, and nonrescuable, aberrant particles are
made. An apparent example of such an uncontrolled step is the initiation
of P22 proheads. The portal protein, gpl, and three ejection proteins—
gp7, gp16, and gp20—must be present, or aberrant particles are made that
cannot be rescued by the later addition of these proteins (Botstein et al.,
1973; Poteete et al., 1979). Although we do not fully understand these
assembly steps, at present there seems to be no protein-dependent coop-
erative mechanism (Section IV.A.l.a) for ensuring that these proteins
participate in the assembly process (King et al., 1973; Poteete and King,
1977). Measurements of the rates of expression of the P22 late genes
showed that, even though its gene is located in about the middle of the
late operon, the rate of synthesis of coat protein does not precisely paral-
lel the synthesis of the other late proteins. Changes in the stability of the
coat cistron message seem to dictate a three- to fourfold lower rate of coat
protein synthesis early in the late period as compared to later times
(Casjens and Adams, 1985). Thus, a three- to fourfold excess of gp1, gp7,
gpl6, and gp20 early in the late period of infection could help ensure that
these proteins become incorporated into the prohead. However, the pro-
moter distal position of genes 7, 16, and 20 does not help to alleviate this
situation, and it points out the extremely speculative nature of the fore-
going discussion.
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VI. PROSPECTS

In the above discussion we have tried to point out our current view of
themes and variations in our current knowledge of dsDNA bacteriophage
assembly. Some of the common themes such as (1) the use of repeating
subunits to build large structures, (2) assembly via specific (often branch-
ed) pathways whose steps are kinetically controlled by protein-protein
interactions among the assembling components, and (3) the use of ““ac-
cessory’’ proteins not present in the final structure to direct proper assem-
bly of subunits that are potentially able to form many different structures
have been known for several years and have contributed substantially to
our ideas about macromolecular assembly processes in general. Other
general ideas concerning (1) nonequivalent protein-protein interactions in
virions, (2) protein movements in supermolecular structures, (3) protein
folding, and possibly (4) DNA packaging seem to be on the verge of
“crystallization’’ into such themes. No doubt additional potential gener-
alities are lurking just out of our current vision. All of the above “themes”’
are strategic rather than mechanistic in scope. In no case do we know the
details of the underlying molecular mechanisms by which these processes
occur, so we are unable to attribute the strategic commonalities seen to the
existence of only a limited number of available strategies or to a limited
number of available molecular mechanisms. More detailed structural
information and assembly mechanism studies should help determine
whether the analogies between the dsSDNA phages discussed above are the
result of convergent or divergent evolution. Standard genetic and bio-
chemical approaches have been very successful in allowing analysis of the
biological/biochemical/genetic strategies of many aspects of bacterio-
phage assembly, and we now have a relatively clear picture of the overall
way in which a number of dsDNA phages are built. However, to date these
methods have been much less useful in the analysis of underlying phys-
icochemical mechanisms. This is due primarily to the fact that one must
almost certainly know the structure of the components to atomic resolu-
tion in order to understand the detailed mechanisms, and no phage mor-
phogenetic protein structures are known with such precision. Attempts to
crystallize these proteins have been thwarted by the facts that the major
components are often difficult to keep in solution as well-defined, unas-
sembled, nondenatured entities (since they tend to aggregate into phage-
related structures at high concentrations); the minor components have
been difficult to obtain in large amounts; and these proteins in general do
not have traditional active sites or bind small molecules and so have not
been particularly attractive to crystallographers. Application of the meth-
ods of genetic engineering is clearly solving the second problem, continued
biochemical study should solve the first, and increased knowledge about
the various assembly processes appears to be solving the third. An overall
understanding of the physical and energetic aspects of macromolecular
assembly processes will necessarily be obtained from the analysis of many



psDNA PHAGE ASSEMBLY 75

individual systems in minute detail. Eventually, themes and a “library’’ of
possible variations on those themes will become evident. Therefore, we
are optimistic that in addition to developing more information about
assembly strategies, the study of phage assembly will soon contribute
fundamentally to our ideas concerning the actual molecular mechanisms
involved.
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CHAPTER 3

Changes in RNA Polymerase

E. PETER GEIDUSCHEK AND GEORGE A. KASSAVETIS

I. INTRODUCTION

The bacteriophages generate developmental time sequences of gene ex-
pression by a variety of mechanisms, primarily but not exclusively in-
volving transcription. There are many ways to modulate transcription in
prokaryotes; phages are known to use many of these and may use them
all. The viral infections we discuss are terminal events for their bacterial
host cells, comparable, in that sense, with noninfectious terminal differ-
entiations such as heterocyst and spore formation. From a regulatory
point of view, the principal difference is that the commitment to bacte-
rial differentiation involves more or less complex interplays of metabolic
signals that the initiating event of infection—virus attachment and the
injection of the foreign DNA-—in no way resembles. However, similar
alterations of transcription machinery are called into action during bacte-
rial differentiation and during phage infection.

We interpret the topic of this chapter—RNA polymerase modifica-
tion in virus development—as including noncovalent along with covalent
alterations of the host’s enzyme during viral development, but excluding
virus-coded RNA polymerases that are newly synthesized during phage
infection. Since many of the chapters in this book deal categorically with
individual groups of phages, our emphasis is, where possible, comparative
and mechanistic.

E. PETER GEIDUSCHEK anp GEORGE A. KASSAVETIS ¢ Department of Biology and
Center for Molecular Genetics, University of California, San Diego, La Jolla, California
92093.
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II. COVALENT MODIFICATIONS OF RNA POLYMERASES

Knowledge about covalent polymerase modification comes from
studies of bacteriophages T4 and T7. The E. coli RNA polymerase is ADP
ribosylated in its a subunits after phage T4 infection. Two distinctive
phage coded ADPR transferases are responsible for this modification. One
of the transferases is an encapsidated 70-kD protein, the product of gene
alt, and is injected at infection. This enzyme has a relatively broad range
of substrates, transfers ADPR to Arg 265 of one a subunit, but is also
capable of transferring ADPR to other sites in RNA polymerase and to
other substrates. The alt protein is evidently not designed to act in the
concurrent infectious cycle: it is synthesized as an inactive precursor and
activated only upon virion assembly (quoted by Rabussay, 1983; Horvitz,
1974). The second enzyme, a 27-kD protein encoded by gene mod, is
strictly specific with regard to substrate and transfers ADPR to Arg 265 of
both o subunits. In a normal infection, both « subunits are fully modified
within 4-5 min (at 30°C). Evidence that the half-modification of « (by the
alt enzyme) is reversible in vivo after a time interval suggests the possible
involvement of a phage-specific cleaving enzyme, but this has not been
characterized. Either the fully modified enzyme is not sensitive to this
activity or else the balance between cleavage and retransfer of ADPR
greatly favors full enzyme modification.

E. coli RNA polymerase is phosphorylated after phage T7 infection
by the T7 gene 0.7 protein, a threonine phosphokinase that has many
substrates in the E. coli cell. In RNA polymerase, g’ is its principal target,
with several sites of phosphorylation; g is much less, and ¢ only barely,
phosphorylated. In vitro, holoenzyme is a better substrate than core
(Rothman-Denes et al., 1973: Rahmsdorf et al., 1974, Zillig et al., 1975).
The time span of action of this kinase, which is a T7 early protein, is
limited by its duration of synthesis and by the (auto)phosphorylation that
ultimately inactivates it. The extent of phosphorylation of RNA poly-
merase, among other substrates, during T7 infection ultimately de-
creases, presumably owing to the action of a phosphatase (Zillig et al.,
1975). However, by that time of the infection, another phage-specific
barrier to the activity of E. coli RN A polymerase has been erected through
the synthesis of gp2 (discussed below, in Section III).

The phage T4 and T7 RNA polymerase modifications must be seen
in their different biological contexts: Phage T7 codes for its own RNA
polymerase, shuts off the activities of, and then totally degrades, the E.
coli genome, and eventually dispenses with the function of the cellular
RNA polymerase. In contrast, bacteriophage T4 employs the core sub-
units of E. coli RNA polymerase throughout infection for all of its own
transcription. Neither covalent modification of RNA polymerase is abso-
lutely essential to the execution of the phage-specific programs of gene
expression: alt ~mod— T4 phage and gene 0.7~ T7 phage grow well on
various laboratory strains of E. coli. In the T4 case, ADP ribosylation does
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change properties of RNA polymerase that are discernible in vitro and
have plausible connections to the transcription-regulatory events of
phage T4 development.

1. ADP ribosylation inhibits transcription from certain E. coli and T4
early promoters (Mailhammer et al., 1975, Goldfarb, 1981; Gold-
farb and Palm, 1981) and thus may be a factor in host transcription
shutoff and in the shutoff of some T4 early promoters, although it is
clearly not the sole agent of shutoff (see below), since alt —mod~
phages are host shutoff-competent (Goff and Setzer, 1980).

2. It has been suggested that ADP ribosylation changes chain termi-
nation and pausing by RNA polymerase (Schafer and Zillig, 1973;
Rabussay, 1983; Goldfarb and Malik, 1984). Experiments involving
other possible components of RNA chain termination, such as nus
A protein, or the recently described factor, 7 (Briat and Chamberlin,
1984), have not yet been done. It has been surmised, on the basis of
extensive physiological and genetic experiments, that the switch
from the first phase of transcription (traditionally called “pre-
early”’] to the second, middle phase (traditionally called “‘early”’)
includes an antitermination mechanism (reviewed by Brody et al.,
1983). Thus, the above-cited experiments also connect ADP
ribosylation with this second phage-specific regulatory event (al-
though the specific details are difficult to fit into a consistent
picture). There exists an as yet ill-defined T4 function, com-Ca,
which is distinct from mod and alt and is implicated in phage-host
interactions affecting transcriptional termination (Caruso et al,,
1979; Pulitzer et al., 1979). Thus, ADP ribosylation of the RNA
polymerase o subunits is not likely to be the sole means by which
phage T4 modify the host’s apparatus for RNA chain termination.

3. ADP ribosylation of RNA polymerase changes interactions with
other RN A polymerase-binding proteins. It decreases affinity for o
(Rabussay et al., 1972), enhances the anti-o action of a 10-kD
phage-coded RNA polymerase binding protein (Stevens, 1976,
1977, and must thus be capable of affecting promoter strength
(Khesin et al., 1972, 1976).

[I. PROTEINS BINDING TO THE BACTERIAL RNA
POLYMERASE CORE

Many larger lytic phages code for RNA polymerase-binding proteins.
The list includes E. coli phages T7 and T3, T5, T4 and T2 and B. subtilis
phages SPO1 and SP82. It is useful to divide these proteins, which we next
describe, into two groups: (1) the o-like initiation factors, which
positively regulate gene expression by specifically altering promoter re-
cognition; quite a lot is known about the initiation factors; and (2) all the
other proteins, about which relatively little is known.
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A. Phage-Coded Initiation Proteins

The proteins that we now consider are part of a highly diverged
family that includes the bacterial o proteins (Gribskov and Burgess,
1986). These phage-coded, o-like proteins retain the promoter and core
interaction functions of the much larger major 67° of E. coli and 043 of B.
subtilis but lack domains that surely have some other significance for
transcription (Fig. 1).

1. T4 Gene 55 Protein

This protein, which is required for transcribing the T4 late genes,
binds to E. coli RNA polymerase core (Ratner, 1974a). One segment of
gp55, located near the middle of its 185 amino acid polypeptide chain
(Gram and Riiger, 1985, is homologous to other o-like proteins (Gribskov
and Burgess, 1986) (Fig. 1). When either the ADP-ribosylated or the un-
modified form of E. coli RNA polymerase core binds gp55 in place of E. coli
070, T4 late promoters, with their characteristic sequence RXCXX-
TATAAATAX,_; AYT[R|A/T (the box marks the preferred starting site

0 100 200 300 400 500 600

I — — w1 670 (rpo D) E. coli
1a 1b 2 3 4

CE—amn L — =1 643 (rpo D) B. subtilis
1a 1b 2 3 4

C—esmme-wmw——wm 32 (rpoH;rpo R) E. coli

2 3 4
C = G529 (spo IIG) B. subtilis
2 4
C gp28 SPO1
2 4
C— gp34 SPO1
2 4
C——) gp55 T4
2

FIGURE 1. The locations of conserved amino acid sequence in the primary structures of
transcription-initiation proteins (from Gribskov and Burgess, 1986). 679 and ¢43 are the
principal initiation factors of E. coli and B. subtilis, respectively. o32 is the E. coli htpR
(rpoH) protein, regulating heat shock-specific transcription. 29 is the B. subtilis spollG
protein (Trempy et al., 1985; Stragier et al., 1984). The scale at the top of the figure shows
the number of amino acid residues in these polypeptide chains. The conserved segments are
numbered, and their lengths are indicated by the solid bars.
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TABLE I. Promoter Sequences

o Family —35a.c Spacing? —~10ac

E. coli g70¢ TTGACA 17 = 1 TATAAT

B. subtilis ¢43

SPO1 gp28 AGGAGA4 18 = 1 hhhXhhhd.e

SPO1 late CGhhACA 18 = 1 GAhAhhe
(gp34 or 33/34)

T4 gp55 None — TATAAATAA

Within—promoter
positive control

A cll TTGCXXXXXXTTGCS 13 (670—10)
T4 motA AAA 14 =1 (70—10)
TTTTGCTT

< All sequences in the nontranscribed strand.
b Number of base pairs between the 3’ end of the upstream consensus sequence and the 5’ end of the

downstream consensus sequence (as written).
¢ Consensual uniformity is not constant across these sequences. (See Hawley and McClure, 1983, for

extensive data on E. coli ¢79.)
4 These are the core consensus sequences. The conservation of sequence extends as follows:

SPOL gp28 (735): Ay AGGAGAXRAXKR
SPOI gp28 (—10): hhhXhhhhXXXYRA
T4 gp55 (—10): RXCXXTATAAATAX, . 3AYT@%(preferred transcriptional start site boxed in).

¢ Preferential transcription of hmUra (h)-containing DNA.

 The cll consensus site flanks the —35 promoter site, denoted by X,.
Taken from the following references: E. coli 679 and B. subtilis o*3: Hawley and McClure {1983}, Doi
and Wang (1986); SPOI1 gp28: Losick and Pero (1981}, V. Scarlato (unpublished); SPO1 late: Costanzo
(1984); T4 gp55: Christensen and Young (1982, 1983), Kassavetis et al., (1986); A cIl: Ho et al., (1986); T4
mot A: Guild (1986).

in vitro; Table I, are recognized instead of E. coli promoters (Kassavetis
and Geiduschek, 1984; Malik et al., 1985). The transcription activity of
RNA polymerase core associated with gp55 is greatly enhanced in vitro in
underwound DNA (Kassavetis and Geiduschek, 1984). No detailed studies
of kinetics or binding in T4 late promoter-RNA polymerase interactions,
comparable with the work on E. coli 679 promoters (reviewed by McClure,
1985), have been done. Like E. coli 670, T4 gp55 is released from RNA
polymerase core during RNA chain elongation (Kassavetis et al., 1987)
and, like 079, gp55 is substoichiometric to RNA polymerase core in the
cell: it is made from 5 until after 18 min of T4 infection at 30°C (Stevens,
1972; Horvitz, 1973; Ratner, 1974b), and an analysis with specific anti-
bodies to gp55 provides the estimate that there are only ~ 550 molecules of
gp55 per cell at 12 min after phage T4 infection at 37°C (equivalent to ~ 18
min at 30°C; Williams, unpublished). Given these properties, it is evident
that gp55 must compete for RNA polymerase core with other initiation
subunits during each round of transcription. The host ¢7° subunit is not
inactivated or destroyed after T4 infection, yet in vitro experiments sug-
gest that gp55 is intrinsically at a disadvantage in competing with o79;
gp55 is displaced by, rather than displacing, 079 when these two proteins
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compete for E. coli unmodified or ADP ribosylated RNA polymerase core
(Kassavetis et al., 1987). Presumably, therefore, other proteins serve
eventually to block the participation of ¢79 in transcription. T4 gp33 is
discussed in this context later on in the chapter. The function of gp33,
which is also a RNA polymerase-binding protein, is required for T4 late
transcription in vivo but not for T4 late promoter recognition by pure RNA
polymerase in vitro.

The in vitro analysis of RNA chain initiation at T4 late promoters
shows that the distance between the recognition sequence and the tran-
scriptional start site is quite precisely fixed; for example, at the gene 23
promoter, chains start almost exclusively at G, 13 bp downstream of the T
in TATAAATACTCCTGA (Kassavetis and Geiduschek, 1984; Kassavetis
et al., 1986). At two other gp55-dependent promoters, initiation in vitro
was found to occur either at this 13-bp spacing or at both a 12- and a 13-bp
spacing (Kassavetis et al., 1986). Analysis of transcriptional start sites in
vivo is complicated by subsequent RNA processing and by various prob-
lems of analysis, particularly of the much used S1 nuclease analysis for
mapping RNA 5’ ends. Thus, the assignment of heterogeneous in vivo start
sites to various promoters {Christensen and Young, 1983) including the
gene 23 promoter does not a priori signify a conflict. However, RNA 5’
ends at two late promoters for the lysozyme gene have been mapped by
primer extension with reverse transcriptase in conjunction with an exam-
ination of mRNA turnover (McPheeters et al., 1986). One possibility is
that the observed spread of RNA 5’ ends at these two promoters may,
indeed, reflect heterogeneous transcriptional initiation. The reason for
considering this detail significant or interesting is that the transcription of
T4 late genes in vivo is normally coupled to concurrent replication, and the
nature of the DNA template on which transcription occurs in vivo is not
known. In vitro transcription is currently done with (underwound) double-
stranded DNA. If there really is a difference in detail between in vivo and
in vitro initiation, it is likely that it reflects significant differences be-
tween the conformations and structures of promoters.

2. SPO1 Gene 28 and 34 Proteins

The phage SPO1 genome codes for at least six RNA polymerase-
binding proteins (Fox and Pero, 1974; Fox et al.. 1976; Pero et al., 1975).
Three of these proteins execute successive steps in the viral transcription
program. The function of gene 28, which codes for a 220 amino acid B.
subtilis RNA polymerase core-binding protein, is required for the middle
phase of viral transcription. The functions of genes 33 and 34 are required
for the late phase of viral transcription, and gene 34 codes for a 197 amino
acid RNA polymerase core-binding protein (Costanzo et al., 1984; prior
work reviewed by Geiduschek and Ito, 1982).

B. subtilis RNA polymerase core with gp28 attached (E.gp28) recog-
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nizes phage SPO1 middle promoters, whose characteristic sequence is
(A/h)JAGGAGAXRAXhh (12 = 1 bp) hhhXhhhh (3 bp) YRA (Talkington
and Pero, 1978, 1979; Losick and Pero, 1981). Gp28 has some homology
to segments of the other o-like proteins (Fig. 1). Since gp28 positively
controls viral middle gene expression, and since the utilization of viral
early promoters declines at about the time that viral middle transcription
starts, gp28 might be thought capable of directly displacing the major
initiation subunit, o43, from B. subtilis RNA polymerase holoenzyme.
The available evidence goes counter to that idea. Gp28, like T4 gp55, is
ineffectual as an anti-o protein, at least at moderate ionic strengths, in
vitro. Instead, gp28 remains bound to core in ternary transcription com-
plexes, rather than dissociating from core as do E. coli 679, B. subtilis o3,
and T4 gp55. Thus, when a molecule of gp28 attaches to a unit of RNA
polymerase core, it is able to bias or perhaps even to sequester the activity
of that molecule for middle gene transcription {Chelm et al., 1982).

As it confers SPO1 middle promoter recognition on B. subtilis RNA
polymerase core (Duffy and Geiduschek, 1976, 1977), gp28 also confers
preferential binding to hmUra-containing DNA. This preference for
hmUra over T in transcriptional initiation at middle promoters (Lee et
al., 1980) is not absolute (Romeo et al., 1986): specific and selective
initiation at T-containing promoters can be detected in underwound
DNA with sufficiently sensitive methods, although middle promoter
strength is much reduced in T-containing DNA. This nucleotide modifi-
cation specificity has been explored further by analyzing the properties of
hybrid middle promoters in which either strand is T-containing and the
complementary strand contains hmUra. Since the core consensus se-
quence of middle promoters is (in the nontranscribed strand) AGGAGA
(18 = 1 bp) hhhXhhh, it consists entirely of purines at —35 and at the
transcription start, and entirely of pyrimidines at —10. T-for-hmUra sub-
stitution in the nontranscribed strand therefore affects the —10 sequence
selectively, while the same substitution in the transcribed strand affects
the —35 core recognition and start sequences selectively.

It has been found that both hybrid promoters are weaker than the
normal promoter containing only hmUra. The promoter that is T-sub-
stituted at —10 (i.e., in the nontranscribed strand) is weaker than the
promoter that is T-substituted at —35 (i.e., in the transcribed strand). In
general, the transcription and polymerase-binding properties of these
hybrid promoters and the normal all-hmUra promoter correlate, in the
sense that the normal promoter binds E.gp28 most tightly and displays
the most electrolyte-resistant transcription whereas the non-coding-
strand-T-substituted promoter binds RNA polymerase most weakly, ap-
parently does not form stable open promoter complexes at any tem-
perature, and is least well transcribed (Choy et al., 1986). The relative
weakness of both hybrid promoters indicates that the preferential hmUra
interactions of enzyme containing gp28 are dispersed along the promoter
rather than restricted to only one cluster of pyrimidines and that they are
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distributed on both strands. That is remarkable, considering the small
size of gp28, but consistent with the proposal (Losick and Pero, 1981) that
gp28 interacts directly with both promoter regions. Preferential binding
by a protein to hmUra-containing B helix DNA could have its source
either in the substitution of —-CH,OH for —CHj in the major groove of B
DNA or, if the hmUra-for-T substitution affects the detailed structure of
DNA, in the changed width and shape of the major and minor helical
grooves. HmUTra-containing phage DNA is B-type DNA, but no detailed
structural comparison of oligonucleotides containing T and hmUTra has
yet been attempted.

In comparing SP01 sp28 with T4 gp55, it is interesting to note that
gp28, which recognizes a bipartite (—35/—10) sequence has two regions of
homology with the family of initiation factor proteins, whereas the
slightly smaller gp55 has only one region of homology and recognizes a
nonsegmented promoter (—10 only). What role might the conserved seg-
ments of these polypeptide chains play? At least one conserved segment
might represent an attachment site to core enzyme. If gp28 has two RNA
polymerase core attachment sites, then perhaps each one is associated
with a segment (or domain) of the protein that interacts, separately, with
the —35 or —10 promoter sequence.

RNA polymerase core with gp33 and 34 attached recognizes phage
SPO1 late promoters, whose consensus is CGhhAGA (18 = 1 bp) GAhAhh
(Table I). Thus, at least one of these two phage-coded proteins is an
analogue of gp28. Genes 33 and 34 have been sequenced: gp34 (197 amino
acids) is homologous with other transcription-initiating proteins (Table
1), but gp33 (101 amino acids) is not (Costanzo et al., 1984; Gribskov and
Burgess, 1986). It is thus possible that only SPO1 gp 34, like T4 gp55, is
required for late promoter recognition and that SPO1 gp33, like T4 gp33,
has some other role in determining the ability to transcribe late genes.

B. Other RNA Polymerase Core-Binding Proteins

We turn next to a heterogeneous and much less studied group of
proteins. For the sake of the general interest of the discussion, com-
parative and general considerations will be introduced where possible, at
the risk of imposing order without knowing the proper rules.

1. A T4-Coded Anti-o Protein

If positive transcriptional regulation, permitting the recognition of
different promoters in temporal sequence, can be generated by batteries
of o-like RNA polymerase-binding proteins, then repression sequences
might be similarly generated by proteins that block o function (Bog-
danova et al., 1970; Khesin et al., 1972). Such anti-o substances might
include inhibitors whose only function is to block the access of specific
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o-like initiation factors to their binding sites on RNA polymerase core
and initiation factors that compete directly for a common o-binding sites
on RNA polymerase core. Thus, a priori, the phage SPO1 gp28 and T4
gp55 might serve as anti—B. subtilis 0#3 and anti—E. coli 679, respectively.
As already mentioned, the present evidence goes against this attractive
notion: SPO1 gp28 is ineffectual at displacing o*3 from B. subtilis holo-
enzyme, tending instead to be displaced by o*3 at low ionic strength, and
T4 gp55 is also unable to alone displace E. coli 070 from RNA polymerase
core. T4 gp55, like E. coli 679, recycles, although SPO1 gp28 remains with
transcription complexes during RNA chain elongation, which should
bias the attached molecule of RNA polymerase core to repeated cycles of
gp28-specific transcriptional activity. It is not yet known whether minor
o-like proteins of uninfected bacteria work in the same way as SPO1 gp28.

How, then, is the activity of the major o of E. coli and B. subtilis,
which can be recovered functionally intact and chemically either entirely
or mostly unmodified from T4- or SPO1-infected bacteria, blocked in vivo
at late stages of viral development? It is in this context that we consider
one of the phage T4-specific RNA polymerase-binding proteins (Stevens,
1970, 1972). This small protein (molecular weight ~ 10,000 according to
its electrophoretic mobility in denaturing gels) copurifies with RNA
polymerase, is detached with o from core enzyme on phosphocellulose,
but can be dissociated from o in urea (Stevens and Rhoton, 1975; Stevens,
1976). This protein inhibits o79-mediated initiation with unmodified or
ADP ribosylated RNA polymerase at relatively high ionic strength and,
unlike ¢ or RNA polymerase holoenzyme, is subject to inhibition by a
neutral detergent (Stevens, 1974, 1976, 1977). The T4 gene coding for this
protein has not yet been identified. As already discussed in connection
with RNA polymerase core modification after T4 infection, the antag-
onism to E. coli 670 is probably multifactorial. We suggest another candi-
date for participation in this activity in the next section.

2. T4 and SPO1 Gene 33 Proteins

These two proteins are considered together on the basis of relatively
superficial resemblances. The previously mentioned 12.8-kD T4 gp33
(112 amino acids; Hahn et al, 1986), which binds relatively loosely to
RNA polymerase core, is required for late transcription in vivo yet not
required for T4 late promoter recognition in vitro. The function of gp33
has not yet been analyzed in vitro with pure preparations of the protein. It
is evidently not absolutely required for T4 late promoter recognition
(Kassavetis and Geiduschek, 1984} or for gp55 binding to RNA poly-
merase core (Kassavetis et al., 1987). One function of gp33 is suggested by
the following observations: (1) At the outset of T4 DNA replication, the
RNA primer is generated at replication origins by RNA polymerase.
Eventually, DNA relication becomes strongly dependent on recombina-
tion, but that dependence is relieved if the function of gene 33 or gene 55
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fails. A simple molecular interpretation, with regard to gp33, is that it
might participate in displacing E. coli o, thereby inactivating the initia-
tion of RNA primer synthesis in the vicinity of replicative origins. (2) The
fact that a gene 33 mutant is also defective in shutting off certain early
transcription units (Bolund, 1973; Skold, 1970) is also consistent with
this interpretation. Neither observation requires that gp33, by itself, be
capable of acting as an anti-o protein; with the cloning of gene 33 (Hahn
et al., 1986), experiments to test directly for that function are, in princi-
ple, relatively accessible.

The rationale for connecting SP01 gp33 with T4 gp33 is weak. The
SPO1 protein is also small (101 amino acids; Costanzo et al., 1984}, is also
an RNA polymerase-binding protein, and is also required for late tran-
scription in vivo, yet its amino acid sequence does not place it in the o
family (Gribskov and Burgess, 1986). While B. subtilis RNA polymerase
containing gp33 and 34 together transcribes late genes in vitro (Tjian and
Pero, 1976), experiments to examine the ability of SPO1 sp34 alone to act
in the same way as T4 gp55 have not been done.

3. Other Genetically Identified RNA Polymerase-Binding Proteins

We turn next to the products of adjacent T4 genes coding for two
other RNA polymerase-binding proteins. One of these proteins sticks
very tightly to RNA polymerase core. The gene coding for this protein has
recently been mapped (Williams et al., 1987) to a previously sequenced
open reading frame next to gene 45 (Hsu et al, 1987). The molecular
weight of this 100—amino acid protein is 11,400; its name, 15K, derives
from its gel-electrophoretic apparent molecular weight, and it has been
renamed the rpbA (for RNA polymerase binding) protein. The rpbA pro-
tein changes RNA polymerase-promoter interactions, whether attached
to unmodified or ADP ribosylated RNA polymerase core. It increases the
thermal transition temperature for forming open complexes at T4 early
promoters (tested in total T4 DNA with E. coli 67%-containing enzyme)
by, on the average, approximately 15°C (Malik and Goldfarb, 1984). Thus,
at certain temperatures within that transition range, early promoter uti-
lization is depressed by the rpbA protein. However, it remains to be
shown whether this effect on open complex formation is selective,
against early gene expression only, or general. The rpbA protein may also
be responsible for the lower affinity of modified and unmodified RNA
polymerase from T4-infected cells for E. coli ribosomal promoters (Bar-
alle and Travers, 1976). Apparently, the rpbA protein does not (alone)
allow gp55 to displace E. coli 670 from RNA polymerase core (Kassavetis
et al., 1987). '

The rpbA protein remains associated with elongating ternary tran-
scription complexes and thus is capable of phage-specifically modifying
interactions of RNA polymerase with other proteins at every stage of
transcription. ADP ribosylated RNA polymerase carrying the rpbA pro-
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tein reads through a p-independent terminator in the tRNA region of the
T4 genome (Broida and Abelson, 1985; Goldfarb and Malik, 1984).

Although it is known that the T4 gene 45 protein (222 amino acids,
molecular weight 24,700) is absolutely required for T4 late transcription,
the mechanism of its action is not understood. Gp45 is also an essential
component of the T4 replisome (reviewed by Nossal and Alberts, 1983)
constituting a DNA-dependent ATPase with gp44 and 62. Since T4 late
transcription is normally strongly coupled to concurrent DNA replica-
tion, gp45 might be involved in that coupling, but it is, in fact, also
absolutely required for replication-independent late transcription (Wu et
al., 1975; Jacobs and Geiduschek, 1981).

Three lines of evidence suggest that gp45 interacts with RNA poly-
merase: (1) Suppressor genetic analysis (Coppo et al., 1975a,b) identifies
an interaction between T4 genes 45 and 55 on the one hand and the E. coli
gene coding for RNA polymerase subunit § on the other. The difficulty
with this compelling evidence for a functional connection is that it does
not a priori distinguish between physical and physiological levels of con-
nection (although it is common to ignore the physiological alternative in
interpreting genetic suppression). (2) Gp45 has been shown to bind to
immobilized T4-modified RNA polymerase but not to unmodified RNA
polymerase core or holoenzyme (Ratner, 1974b). This direct experiment,
which suggests binding that is dependent on the ADP ribosylation of «
subunits, is also not unequivocal. Since it does not establish stoichiome-
try, it fails to distinguish between binding to RNA polymerase core and
binding to RNA polymerase core-binding proteins or even to minor con-
taminants of the preparation. (3) A protein comigrating on polyacryla-
mide gels with purified gp45 (but referred to as having an equivalent
molecular weight of 29,000 instead of its real molecular weight of 24,700)
copurifies with RNA polymerase from cells infected with particular T4
mutants (in genes reg A, 42, and 30; Malik and Goldfarb, 1984). These
cells are replication- and late transcription-defective and DNA ligation-
defective and overproduce many early proteins. The attachment of gp45
to RNA polymerase from wild-type phage-infected cells and from cells
infected with various other mutants does not survive the same prepara-
tion method. Gp45 has not been identified as a component of highly
purified RNA polymerase made by other methods (Rabussay, 1983).
Thus, copurification of gp45 with RNA polymerase may depend on a
complex balance of mutually exclusive and mutually dependent interac-
tions of RNA polymerase-binding proteins.

4. A Virus-Coded Inhibitor of Bacterial RNA Polymerase

Bacteriophage T7 codes for a 64 amino acid RNA polymerase-binding
protein that inactivates the enzyme (Hesselbach and Nakada, 1975,
1977a,b; De Wyngaert and Hinkle, 1979; Dunn and Studier, 1981). Since
this protein is the product of gene 2, a middle gene (group II in the
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standard nomenclature, see Chapter 12}, it acts after the already dis-
cussed T7 gene 0.7 protein kinase, which inactivates E. coli RNA poly-
merase by phosphorylation, primarily of subunit g’. The small (62 amino
acids) gp2 forms salt-dissociable complexes with holoenzyme and also
binds somewhat less tightly to core enzyme. Upon binding, gp2 almost
completely blocks the transcriptional activity of holoenzyme by prevent-
ing the formation of open promoter complexes. The RNA polymerase
activity of core enzyme is not inactivated by gp2 (De Wyngaert and
Hinkle, 1979). Its interactions with E. coli RNA polymerase-T7 early
promoter complexes under various conditions can, with hindsight, be
interpreted as suggesting that gp2 inactivates preformed closed but not
open promoter complexes. It seems, therefore, that gp2 might be an in-
teresting probe of the structure of promoter complexes. Since it inacti-
vates the o79-bearing holoenzyme but not core enzyme, a part of the
binding specificity of holoenzyme for T7 gp2 might reside in ¢70. If that is
the case, then T7 gp2 might be capable of discriminating between en-
zymes carrying different transcription-initiation factors—e.g., the E. coli
rpo D, H, and N proteins (Fig. 1). From a general point of view, one source
of interest in this question relates to the possible existence of anti-o
proteins acting at the level of RNA polymerase to negatively regulate the
activity of minor o proteins. However, the primary function of gp2—that
is, the function that makes it indispensable—involves virion assembly
rather than gene regulation: it appears to be required to strip bound E. coli
RNA polymerase off viral DNA as a prerequisite to packaging in the
phage head (LeClerc and Richardson, 1979).

Be that as it may, at least a part of the recognition for gp2 has been
shown to reside in the B’ subunit of RNA polymerase core, coded for by
gene rpo C. Certain E. coli rpo C mutants are nonpermissive (tsn B) for T7
phage (Buchstein and Hinkle, 1982). The altered RNA polymerase of
these mutants is resistant to inhibition by gp2 (Shanblatt and Nakada,
1982; De Wyngaert and Hinkle, 1979), and a T7 mutant that overcomes
the tsn B block has 3 amino acid changes in gp2 (Schmitt et al., 1987).

Phage T3 also codes for an inhibitor of RNA polymerase (Mahadik et
al., 1972, 1974) with similar properties. The T3 gene 2 has recently been
sequenced: it should code for a 52 amino acid protein that is highly
conserved, relative to T7 pg2, along a 40 amino acid stretch (Schmitt et
al., 1987), but it has not yet been shown that this protein is the active
RNA polymerase inhibitor.

IV. DNA-BINDING PROTEINS THAT INTERACT WITH,
AND ENHANCE THE ACTIVITY OF, RNA POLYMERASE

A discussion of phage-specific modifications of the activities of cel-
lular RNA polymerase must include consideration of the effects that can
be generated by DNA-binding proteins. The prototypes are the phage \ clI
and cl proteins. We focus here on the cll protein.
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The clI protein is a positive regulator of transcriptional initiation at
three phage A promoters by virtue of its ability to bind to DNA, indepen-
dently of RNA polymerase, 27-40 bp upstream of the transcriptional
start sites (Wulff and Rosenberg, 1983; Ho et al., 1983; Shih and Gussin,
1984a,b; Ho and Rosenberg, 1985; Hoopes and McClure, 1985; Stephen-
son, 1985). These three N\ promoters conform relatively poorly to the E.
coli 670 consensus at —10 and not at all at —35. They are extremely weak
in the absence of clII protein but greatly activated by clIlI binding: the
second-order rate constant for open promoter formation (i.e., the product,
Kpk,, of the equilibrium constant for RNA polymerase binding and the
tirst-order rate constant for promoter opening, respectively) is increased
600-fold under standard conditions at the Py and 10%-fold at the P; pro-
moter (Shih and Gussin, 1984b; McClure, 1985). In each of these three
promoters, the noncanonical —35 sequence is flanked by a characteristic
sequence: TTGCX,TTGC. That the clIl protein, a tetramer of 11-kD sub-
units (Ho et al., 1982) binds specifically to the directly repeated TTGC
sequence in the absence of RNA polymerase has been shown by muta-
genesis and by DNA footprinting (Ho et al., 1983). Stereochemical con-
siderations and model building lead to the conclusion that cll protein and
RNA polymerase can bind to opposite sides of the same segment of DNA
helix (Ho et al., 1983). Since each protein increases the affinity of the
other in binding to DNA, direct protein-protein contacts between cll and
RNA polymerase are envisaged (Ho et al., 1983, 1986).

CII protein works in conjunction with, rather than in substitution
for, o. Although clI binding sites at these promoters functionally sub-
stitute for RNA polymerase holoenzyme —35 binding sites, RNA poly-
merase still engages the —35 sequence. This is made clear by the
footprinting analysis of RNA polymerase-DNA contacts and by finding
that certain mutations between the TTGC direct repeats, in the —35 site,
lower the activity of the cll-activated Pry promoter (Shih and Gussin,
1983).

Protein alignment on a helical DNA lattice is extremely sensitive to
the spacing of binding sites. Each base pair added or removed between
two binding sites changes relative orientations by 1/10 of a turn, which
translates into large changes in the locations of functional groups on the
distal surfaces of proteins binding to the DNA. If each of the components
from which a functional cll-activated promoter complex must be as-
sembled is relatively rigid, it is easy to understand why the clII binding
site is precisely fixed relative to the —35 site of the promoter. In that
respect, the cll and ntrC transcriptional activators are precisely antitheti-
cal: the ntrC (also designated as NRI or ginG) protein contributes to
positively regulated transcription at the P, promoter of the E. coli gln
ALG operon by binding to sites that can be moved around, relative to the
promoter, and inverted. These binding sites for the ntrC protein resemble
enhancers in eukaryotic cells (Hunt and Magasanik, 1985; Reitzer and
Magasanik, 1986).

A mutational analysis of the cII protein (Wulff and Rosenberg, 1983;



106 E. PETER GEIDUSCHEK anD GEORGE A. KASSAVETIS

Waulff et al., 1984) and examination of its amino acid sequence (Schwartz
et al., 1978) help to define functional domains. Mutations in two rela-
tively hydrophobic segments comprising almost half the amino acids
affect the ability to assemble the clI tetramer. Between these domains lies
a 19—amino acid sequence that shows homology to the helix-turn-helix
motif of several other site-specific DNA-binding proteins. Several muta-
tions within this segment affect DNA binding (Ho et al., 1986). Muta-
tions that affect promoter activation without changing DNA binding can
pinpoint the part of the activator protein surface that touches RNA poly-
merase. Such mutations have been identified in the X cI gene and provide
the basis for a specific model of how the cl protein acts as an activator of
RNA polymerase at the N Py, promoter (Guarente et al., 1982; Hochs-
child et al., 1983; Ptashne, 1986). No comparable mutations have been
reported for the clI gene.

The subtlety and precise adjustment of protein contacts required for
cll function are suggested by the following observation (Wulff and Ma-
honey, 1985). The lambdoid phages, 21 and P22, also code for cll-like
proteins. (Fortune would have it that the P22 homologue of \ cII is called
cI!) Each of these related proteins optimally activates its homologous Py
promoter and cross-activates the other two Pg; promoters weakly. Nev-
ertheless, the phage 21 and Py promoters have identical TTGC repeats,
while the single bp change of the P,, Py promoter does not account for
the observed difference of its properties. Thus, species specificity of in-
teraction must be generated by additional cII-DNA interactions outside
the TTGC repeat or, conceivably, by shape-determining differences of
DNA fine structure among the three Py promoters (Dickerson, 1983;
Koo et al., 1986) which might subtly change contacts between RNA
polymerase and the activator proteins. Indeed, if, as recently reported (Ho
et al., 1986), the heterologous, weakly activating P22 cI protein binds
more strongly than the homologous, strongly activating \ cII protein to
the A P promoter, then a role for protein-protein contacts in determin-
ing species specificity of clI action is highly plausible.

The bacteriophage T4 motA gene codes for a DNA-binding protein
that positively regulates initiation of transcription. The function of the
T4 motA gene is not essential on many E. coli strains. Accordingly,
mutants in this gene, also called far or sib, have been selected on the basis
of relatively complex phenotypic characteristics, such as mitigation of
the toxicity of metabolic analogues or the lethality of other mutations
(Mattson et al., 1974, 1978; Chace and Hall, 1975; Homyk et al., 1976).
Certain E. coli strains are nonpermissive for motA mutants by virtue of
mutations in the RNA polymerase 8 subunit (rpoB) (Pulitzer et al., 1979;
Hall and Snyder, 1981).

The motA gene codes for a 25.5-kD DNA-binding protein (Uzan et
al., 1983, 1985). There is clear evidence that this protein stimulates tran-
scription at T4 middle promoters. Fifteen of these promoters have now
been analyzed (Guild, 1986). At each promoter, the consensus sequence
(A/T);TGCTT (in the nontranscribed strand) appears 14 + 1 bp upstream
of an E. coli —10 consensus sequence, and there is no satisfactory fit to
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the E. coli —35 consensus. Initiation of transcription at these promoters
is almost completely abolished in vivo in the absence of motA gene
function. Decreasing the spacing between the “mot box,”” and the —10
sequence of one of these promoters (rIIB,) from 13 to 12 bp destroys
promoter activity. In vitro experiments on mot-dependent transcription
at T4 middle promoters have thus far utilized DNA-protein complexes
from mot-active and mot-defective phage infected bacteria (De Franciscis
et al., 1982; Uzan et al., 1985). On the basis of these experiments and the
DNA-binding properties of the motA protein, it has been suggested that
gp motA, like the clI protein, participates in transcription initiation in
addition to, rather than substitution for, E. coli ¢ (Brody et al., 1983). The
relatively strict requirement for positioning the putative motA binding
sites strengthens that supposition. Nevertheless, in vitro experiments
with purified motA protein and RNA polymerase to generate transcripts
initiated at single T4 middle promoters remain to be done.

The motA protein functions in cytosine-containing and glucosylated
hydroxymethylcytosine-containing T4 DNA, although the recognition
site includes two, and can perhaps tolerate three GC base pairs. As Guild
{1986) has pointed out, that adds further interest to the question of how
motA protein recognizes its DNA binding site: the glucosylated hy-
droxymethyl substituent in normal T4 DNA is bulky and projects into
the major groove of the DNA B helix. Minor groove recognition of the
entire mot box seems unlikely because of the almost perfect conservation
of sequence, rather than merely AT/GC distinction, at five nucleotides
(TGCTT). Moreover, if the motA protein binds to the entire mot box
consensus sequence in helical DNA, it has to wrap around the DNA
rather than being confined to one face of the helix, and it must overlap
the —35 RNA polymerase-binding site. Thus, considerable interest at-
taches to the elucidation of the mechanism of DNA binding and action of
motA protein from a structural point of view, because, although 1t shares
some functional properties with cll protein, it is likely different in signifi-
cant, and therefore novel, ways.

Why does a defective T4 motA gene not generate drastic conse-
quences for phage development? A part of the answer to that question lies
with the complex and overlapping layout of T4 early and middle tran-
scription units. Most T4 genes that are transcribed from a middle, motA-
dependent promoter can also be accessed from early promoters in at least
some measure, so long as two other T4 regulatory functions, motB and
motC, are effective (Pulitzer et al., 1985). The mode of motB and C action
is not known.

V. OTHER RNA POLYMERASE-BINDING PROTEINS AND
OTHER PHAGES

The common property of these RNA polymerase-binding proteins is
that too little is known about them to permit any functional classifica-
tion. Interest attaches to these proteins because of their association with
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problems in the regulation of gene expression whose solution is likely to
provide new insights and may even provide new paradigms.

As described in Chapter 10, several phage-specific proteins associate
more or less tightly with E. coli RNA polymerase during phage T5 infec-
tion. Two of these proteins are pre-early (see Chapter 10 for a definition of
terms and for a description of the temporal program of phage T5 tran-
scription); one has a molecular weight of 11 kD (Szabo et al., 1975), and
the other, the product of the Al gene, is a 60-kD protein (McCorquodale
et al., 1981). An early protein (molecular weight 15,000) binds tightly to
RNA polymerase core or holoenzyme (Szabo and Moyer, 1975). A second
early protein (~ 90 kD), which is the product of the late transcription-
regulatory C2 gene, binds loosely to RNA polymerase. The major prob-
lem of T5 gene expression—how the late genes, located in one cluster and
covering ~ 25% of the genome, are regulated—is now sharply defined.
The late promoters are E. coli 079 promoters and include two of the
strongest known E. coli promoters. These two late promoters have good
to perfect —10 or —35 consensus sequences, and one of them has a down-
stream segment lending additional promoter strength in vivo and in vitro
(Gentz and Bujard, 1985; Bujard et al., 1985). They are active on plasmids
in uninfected cells and thus require no positive regulatory element in
that structural context (Ksenzenko et al., 1982; Brunel et al., 1983; Gentz
and Bujard, 1985). The two puzzles about these promoters are their inac-
tivity at any time after they enter the host cell’s cytoplasm, and their
eventual reactivation, which requires the function of the RNA poly-
merase-interacting C2 protein and, as also stated in Chapter 10, some
uncharacterized but special state of the viral chromatin holding the late
transcription units.

The late genes of the small B. subtilis phage 29 genome (11 kbp) are
part of a single transcription unit, under the positive control of phage 29
gene 4. The 15-kD gene 4 protein affects transcription by B. subtilis RNA
polymerase in vitro at specific sites (Mellado et al., 1985), but apparently
this activation is not restricted to the single late promoter that has been
identified for in vivo—synthesized late RNA (Barthelemy et al., 1986;
Mellado et al., 1986). The sequence of the single late promoter shows a
perfect consensus to B. subtilis 043 promoters at —10 but none at —35.
Moreover, the gene 4 protein’s amino acid sequence is not detectably
homologous with members of the o family (Fig. 1). The elucidation of the
mechanism of action of phage 29 gp4 appears now to be accessible, but
the nature of its interactions (i.e., whether it binds independently to
DNA or to RNA polymerase) and its mode of action are still unknown.

As described in Bertani and Six (1988), the E. coli phage, P2, and its
satellite phage, P4, code for proteins that positively regulate late tran-
scription. The two proteins are cross-specific in vivo and are responsible
for transactivation of late functions between the two phages. A sup-
pressor-genetic argument strongly implies that each protein interacts
with RNA polymerase core, specifically with the a subunit (but see Sec-
tion III.B.3 for comments on this kind of argument). The 19-kD P4 §
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protein is strongly homologous with the 9-kD P2 ogr protein. The P2-
related phage, 186, codes for a functionally related protein. Neither of
these proteins shows any homology with the o family of proteins, and
both are smaller than the proteins listed in Fig. 1; it is argued in Bertani
and Six (1988} that neither protein substitutes for o7°.

VI. CONCLUDING COMMENTS

In this chapter we have discussed, or referred to, many modifications
of RNA polymerase during phage infection. Although there are numerous
gaps in our understanding of mechanisms, it is clear that the diversity of
modes of action that are represented by our chosen examples must be
very great. In closing, it is therefore worth shifting attention, briefly, to
examples of mechanisms or targets of action that have not yet been
encountered but that would belong in this chapter if they existed.

No phage transcription unit is known to depend on a minor vege-
tative o. We can think of no structural or regulatory principle excluding
such a possibility, although it may not be realized among those phages
that are the narrow focus of current research. The Streptomyces phages,
whose bacterial hosts have multiple polymerases (Westpheling et al.,
1985), might be the place to look for examples.

No phage-induced activation, or induction, of a specialized bacterial-
positive regulator of transcription for phage-specific transcription has
been identified. Some of these positive regulators (rpoH, heat shock;
rpoN/ntrA, nitrogen assimilation) are o-like proteins. The regulatory sys-
tems that are cocontrolled by these transcription factors respond, in the
uninfected cell, to environmental stimuli that are probably not capable of
being literally duplicated during phage infection. One can, however,
imagine a kind of molecular mimicry in which a phage-coded protein is
capable of triggering activation by interacting with the environmental
sensor of such a regulatory system. The viral protein thereby serves as the
indirect positive regulator of a group of viral genes. The complications
and restrictions associated with such a mechanism are readily imagined.
They include the metabolic consequences of the activation, which may
adversely affect the yield of the infection, and in the case of sporulation,
the coinduction of the synthesis of bacterial proteins interfering with
viral development.
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CHAPTER 4

Single-Stranded RNA
Bacteriophages

JAN vaN DUIN

[. INTRODUCTION

Since their discovery in 1961 by Loeb and Zinder, the RNA phages have
served as a model system to explore a variety of problems in molecular
biology. As a source of homogeneous and readily obtainable messenger
RNA, they have been particularly helpful in solving questions on initia-
tion of translation, and they have provided good insight into regulation of
gene expression at the level of translation. The concepts of translational
polarity and translational control by repressor proteins resulted from ear-
ly studies on bacteriophage RNA.

A second, much less explored area in which RNA phages can contrib-
ute to our knowledge is the origin and evolution of self-replicating RNA
molecules. In particular, recent findings on the enzymatic potential of
RNA (Zaug and Cech, 1986), the clear demonstration that RNA recom-
bination takes place in plant viral RNA (Bujarski and Kaesberg, 1986), and
the claim that the RNA-dependent RNA polymerases involved in col-
iphage amplification are capable of noninstructed RNA synthesis (Sump-
er and Luce, 1975) should stimulate efforts to better understand the gene-
sis of these informational polynucleotides. The mature RNA phages
together with their abridged variants and the other small replicating RNA
molecules associated with phage infection provide ideal systems to pur-
sue these questions. The aforementioned polynucleotides have been
cloned and sequenced, and recombinant DNA technology now offers the

JAN VAN DUIN -+« Department of Biochemistry, University of Leiden, Leiden, The
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possibility to release RNA molecules of the experimenter’s design into
the live environment of a (bacterial) cell to test their “fitness”” and “adap-
tation”” (Taniguchi et al., 1978).

Another promising development is the increasing number of phage
RNA sequences that become available. Comparative sequence analysis,
which has been so helpful in establishing the higher-order structure of
ribosomal RNA, should be even more powerful in this area. There are
several reasons for this optimistic view. (1) We know more about the
function of phage RNA than about that of ribosomal RNA, because most
of the viral sequence is earmarked to code for the phage proteins and is
consequently constrained for this purpose. (2) Many features necessary
for replication must also show up in copy RNA. (3) There are only a few
specific protein-phage RNA interactions. (4) The various phage RNAs can
function in the same organism. Therefore, differences in primary and
secondary structure between phage RNAs need only be interpreted in
terms of RNA functioning and not in terms of differential host require-
ments. A disadvantage of phage RNA could be that its diversification in
length and sequence may be much less than that of ribosomal RNA.

In this chapter I have not tried to present a comprehensive account
on all aspects of the life cycle of RNA phages. Several aspects have not
received much attention over the past few years, and for this reason they
are not extensively covered here. For information on these issues the
reader is referred to excellent books such as RNA Phages edited by N. D.
Zinder (1975) or Volume 13 of Comprehensive Virology (Fiers, 1979). In
addition, there is a good review on RNA replication by Blumenthal and
Carmichael (1979). I have chosen to concentrate on several recent ac-
tivities that have produced interesting results and on areas that have not
been chronicled extensively in the past.

II. CLASSIFICATON OF RNA PHAGES
A. RNA Coliphages

The RNA coliphages are divided into four groups. The best-known
representatives of each group are MS2 (group I), GA (group II). QB (group III)
and SP (group IV). These four phages have now been sequenced (Fig. 1).
RNA phage classification rests on several criteria, such as serological
cross-reactivity, density and molecular weight of the virus particle, and
sedimentation velocity of the viral RNA. The serological type is deter-
mined by measuring the degree of inactivation of a phage by serum raised
against another phage. An example is given in Table I, showing that in
general serum raised against a member of one group does not inactivate
members of other groups. It is, however, possible using the same tech-
nique to identify subgroups per group. This kind of ordering is shown in
Table II and establishes the order of relatedness within group I as
MS2>M12>R17>f2>B>fr>14.
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Knowledge of serological typing is very valuable in setting up the
phylogenetic tree of RNA phages and to begin to understand aspects of
their evolution and diversification. It also provides the criteria for decid-
ing which phage RNA should be (partly) sequenced to answer specific
questions on higher-order structure of RNA segments or on regulatory
mechanisms. A recent extensive survey has, for instance, resulted in the
discovery of several RNA phages that may represent intermediates be-

TABLE I. Serological Relationships among Four Groups of RNA Phagesa

Antiserum
Phage MS2 GA QB SP
Group I (MS2) 1 x 10-4b 0.7 1.0 1.3
Group II (GA) 0.6 1 x 10-4 1.3 1.3
Group III (QB) 1.1 1.0 1 x 10-5 0.9
Group IV (SP) 1.0 1.2 1.2 8 x 10-4

¢ From Furuse er al. (1978).
b The degree of inactivation by antiserum was obtained from [PFU on serum plate (K=1/plate) per
PFU on serum-free plate].
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TABLE II. Relative Rates of Neutralization of the RNA Coliphagesa

K’ values with antiserum to phage

Phage MS2 R17 f2 fr QB

MS2 1.00 0.68 0.58 0.21 <0.01
MI12 0.84 0.84 0.70 0.38 <0.01
R17 0.68 1.00 0.86 0.54 0.03
2 0.52 0.50 1.00 0.72 0.08
B 041 0.40 0.40 0.85 0.22
fr 0.20 0.24 0.22 1.00 0.50
f4 0.10 0.12 0.10 0.20 0.70
QB 0.02 0.03 0.03 0.11 1.00

a From Krueger (1969).

tween the four groups. JP34, classified as a group II member by the sedi-
mentation value of its RNA, is inactivated by anti-MS2 as well as by anti-
GA serum. Likewise MX, group IV by RNA size, is neutralized by anti-SP
and by anti-Q serum. In addition, phage ID2, group IV by RNA size, was
inactivated significantly by group I, II, and III phage antisera. As will be
discussed later, the existence of a group IV-type phage with serological
relations to the other three groups has been used as an argument that the
shorter phages descend from the longer by deletions (Furuse, 1986).

Distinction of the phages by the size of their RN As has revealed the
same four groups. Groups I and II have short RNA with S values of 24§
and 23S, respectively, whereas groups III and IV have longer RNAs with S
values of 278 and 28S. These early characterizations have in recent times
been fully confirmed by the primary sequence. The genetic map of these
phages (Fig. 1) shows indeed that groups III and IV contain about 600
nucleotides more than groups I and II. In agreement with the phys-
icochemical data, GA is shorter than MS2, and SP is larger than QB. The
extra information present in QB and SP is dedicated to the synthesis of a
carboxy-extended coat protein, named the read-through protein. This is a
structural constituent of the virus particle. The coat protein gene in Qp is
terminated by a leaky UGA stop codon. Statistically, 5% of the ribo-
somes insert tryptophan at this codon, leading to a small amount of
carboxy-extended coat protein (Hofstetter et al., 1974; Weiner and Weber,
1971). It is not known how uniform the genome sizes are—i.e., whether
subgroups may have genomes that differ from the archetypes shown by a
few nucleotides.

Based on strong similarities it is convenient to divide the single-
stranded RNA phages into two major groups, which coincide with the
absence or presence of extra information for the read-through protein.
Accordingly, groups I and II are collectively called group A, and group B
refers to the remaining two groups (Furuse, 1986).
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B. RNA Phages of Other Genera

RNA phages have also been found in several other gram-negative
bacteria such as Pseudomonas and Caulobacter. As judged by several
criteria, these phages must be very similar to the coliphages. They also
infect via pili and have the same morphology, diameter, and molecular
weight range, and it would not be surprising to find that they also fall into
four groups. Some parameters of these phages are presented in Table III,
which is taken from Fiers (1979). As shown, these noncoliphages also
contain a major coat protein with the standard size, together with a
minor structural component that corresponds to the maturation (A) pro-
tein. In view of the established role of the A protein in absorption to the
pili {see below), the presence of this sort of protein is expected.

The dependence of RNA phages on pili as an entry to the bacterial
cytoplasm is also reflected in the existence of phage PRR1 that will infect
many genera such as Pseudomonas, E. coli (Hfr and F*), Salmonella
typhimurium, and Vibrio cholerae. provided the host expresses the pili
encoded in the drug resistance factor RP (P compatibility group—e.g.,
RP1, RP4, or R1822). In this connection, we should mention that some
members of the Enterobacteriaceae have been artificially converted to
coliphage sensitivity. If the F factor of E. coli is introduced in Shigella,
Proteus, or Salmonella, these genera can be infected by the E. coli phages.
Recently Havelaar et al. (1984) exploited this phenomenon to screen
sewage samples for the occurrence of RNA phages. They introduced the F
factor into Salmonella. As Salmonella is not readily infected by DNA
phages, the majority of plaques obtained represent the RNA phages.

The RNA bacteriophage ¢6 will be dealt with elsewhere in this work.

III. ECOLOGY OF COLIPHAGES

Furuse (1986) has examined and reviewed the geographical distribu-
tion of the single-stranded RNA phages as well as their present-day hab-
itat. They are most frequently encountered in sewage and feces of
mammals, and their titers in sewage samples may be as high as 107
PFU/ml. RNA phages may constitute to up to 90% of total coliphages
present in these samples. but the number can vary substantially. It is
about 50% for Japan, Korea, and the Philippines but as low as 5% in, for
example, India, Mexico, or Brazil. An explanation for the difference is not
available.

Group IV phages have the broadest habitat and are found in human
and animal sewage, whereas group I occurs predominantly in animals.
Groups II and IIl are associated with humans almost exclusively. The
geographical distribution of groups II and III shows a strong bias. In north-
ern Japan, there is a relative abundance of group II over group III (6:1) per
sampling site. Moving southward, this ratio drops dramatically until in
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Southeast Asia group Il becomes rare (Furuse et al., 1978). It is suggested
that the north-south gradient is related to differences in climate. Group
I (and also I and IV) propagates well at 40°C (but not at 20°C), whereas for
group II the situation is reversed (Furuse, 1982).

Although the natural host for the coliphages is not known with cer-
tainty, it has now been shown that RNA phages survive passage through
the gastrointestinal tract of gnotobiotic mice and propagate stably in the
intestines if E. coli is present as host. Thus E. coli can sustain the life
cycle of the phage under “natural” circumstances (Furuse, 1986).

IV. THE INFECTION PROCESS

The single-stranded RNA phages, but also some single-stranded
male-specific DNA phages, gain access to the interior of the cell by at-
tachment to and transport via long, filamentous structures called pili.
These can be of various origins and serotypes, as shown in Table III. In E.
coli, the sex (or F) pili are used as vehicle. These pili are designed to
promote the import and export of single-stranded DNA from one cell to
another and they provide the phage with an effective way to get its RNA
across the bacterial envelope. Transfer of RNA through pili is not essen-
tial for infection, however. Cells that lack pili can be infected if they are
converted to spheroplasts.

The attachment of the phage to the sides of the pili proceeds via the
maturation (A) protein. The coat protein plays no role in this process,
since binary complexes consisting of one copy of the A protein and one
copy of (group I) RNA can infect a piliated cell (Leipold and Hofschneider,
1975; Shiba and Miyake, 1975). In group III phages, such minimal infec-
tion set requires the additional presence of the read-through (Al) protein
(Shiba, 1975).

For group I phages, it was shown by Krahn et al. (1972} that contact of
the phage with the pilus results in cleavage of the A protein into a 15-kD
and a 24-kD fragment. Paranchych (1975) speculated that this cleavage
triggers the ordered ejection of the tightly packed RNA from the virus
shell. There is some recent support for this idea. Shiba and Suzuki (1981)
identified the binding sites of the A protein on MS2 RNA. It was found
that the protein has two binding sites, one for a region centered around
position 3515 and the other for the 5’ end (position 393 and neighboring
nucleotides). We suggest that cleavage of the A protein occurs between
these two RNA binding domains, thus potentially liberating the two
ends. We also know that nonsense mutations in the A protein gene yield
phage particles that lack the A protein. Such virus particles, if prepared
under the usual (not RNase-free) conditions, contain RNA that misses
the 5’ terminal part. Thus, it can be assumed that A protein prevents this
part of the RNA from protruding from the viral shell. It is not inconsis-
tent with the facts to propose that cleavage of the A protein releases the
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5’ end of the RNA which may begin moving along the pilus toward the
cell. This stage of infection presumably corresponds to the RNase-sen-
sitive step. The two A protein fragments have been shown to remain
associated with the RNA during penetration of the cell envelope. Howev-
er, it is unlikely that these protein fragments play any further role, since
the naked RNA is fully able to generate infectious progeny in the spher-
oplast infection assay.

V. VIRION STRUCTURE

In addition to one molecule of plus strand RNA, each virion contains
180 copies of the coat protein and one copy of the maturation, or A,
protein (Weber and Konigsberg, 1975). The presence of about 1000 mole-
cules of spermidine per virion has been reported (Fukuma and Cohen,
1975). Presumably, the polyamine serves to neutralize the phosphate
charges on the RNA. The group IIl phages contain also between 3 and 14
copies of the read-through protein in their capsid (Weiner and Weber,
1971), and this presumably also holds for group IV. The diameter of the
phage is 26 nm, and the protein shell is 2.3 nm wide (Zipper et al., 1971;
Crowther et al., 1975). The icosahedral shell has a T-3 surface lattice.

VI. REPLICATION OF PHAGE RNA
A. Mature Phage RNA

Most of what is known about phage RNA replication derives from
studies with Q@ replicase, which is relatively easily purified. The isola-
tion of the active enzyme from group I phages has proved very difficult
(Federoff, 1975). However, the purification of the replicase from phage
GA has been reported (Yonesaki and Haruna, 1981). It has the same sub-
unit composition as Q replicase, so we may assume that replication in
the four groups proceeds along the same lines.

The fully geared replicase complex contains five different proteins
called subunits I to IV, or subunits «, B, vy, and §; the fifth subunit is called
host factor (HF). Subunit I was identified as ribosomal protein S1 (Kamen
et al., 1972; Inouye et al., 1974, Wahba et al., 1974), and subunits III and
IV are the translation elongation factors EF-Tu and EF-Ts (Blumenthal et
al., 1972). Thus, three proteins that normally function in the synthesis of
proteins are recruited by the phage to assist in RNA synthesis. Subunit II,
also called replicase, or sometimes RNA synthetase, is encoded in the
viral genome, and all these four subunits occur in the enzyme complex in
one copy. The fifth component, the host factor, is present as a hexamer
(Franze de Fernandez et al., 1968). It is a small, heat-stable protein (12 kD)
whose function in the uninfected cell is not known. In vitro experiments
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with HF neutralizing antibodies suggest that the protein is not involved
in protein synthesis (M. S. Dubov and A. Wahba, personal communica-
tion, quoted in Blumenthal and Carmichael, 1979). There is a claim that
the host factor for GA replicase is different from that of QB replicase
(Yonesaki and Aoyama, 1981).

Initially, when only QB RNA replicase was available for testing, it
was thought that the RNA-dependent RNA polymerases were highly
specific. Now that the GA and SP replicases have also been purified, it
has become clear that template specificity is not nearly so tight. For
instance, GA replicase works very well with group I RNA and shows
significant activity with RNA templates from group IV {SP, TW19, and
TW28), but QB RNA is not amplified. Similarly, QB replicase does not
accept group A RNA as template, but SP RNA is replicated with limited
efficiency (25%). SP replicase amplifies QB RNA (20%) but not the group
A RNAs. Evidently, the specificity of replication of phage RNA can be
used as a criterion for RNA classification and as a measure of evolution-
ary distance (Yonesaki et al., 1982).

The requirements for copying the positive and the negative strand are
different. To copy the (=) strand, only subunits II, III, and IV are required,
whereas (+) strand replication needs also subunit I and the host factor
(Kamen, 1975). There is evidence (and it would make sense) that the
requirement for S1 (subunit I} is related to the fact that the plus strand
serves as template not only for replication but also for translation. Spe-
cially designed experiments in Weissmann'’s laboratory showed that QB
replicase, on its way copying the plus strand, cannot dislodge an oncoming
elongating ribosome heading the opposite direction. Thus, some mecha-
nism must exist to prevent a situation in which phage RNA is inactivated
by an encounter between replicase and ribosome. The experiments have
suggested that the ‘“dead-end’” situation is most probably avoided by
competition between the ribosome and the replicase for common sites on
plus strand RNA (Kolakofsky and Weissmann, 1971). RNase protection
studies have shown that in the absence of the initiator nucleotide GTP, the
replicase binds to two internal RNA sequences. One site, the M site,
consists of three closely spaced regions, spanning the QB RNA sequence
2546-2873 (M5:2546-2614, M26:2638-2812, and M11:2845-2873)
(Meyer, 1978; Meyer et al., 1981). This site is bound in the presence of
Mg2+ and is essential for replication. The other site, the S site, binds the
replicase in the absence of Mg?* and spans the region 1248—-1347, which
overlaps the ribosome-binding site of the QB coat cistron (Weber et al.,
1972). Occupation of the S site would therefore exclude the ribosome from
the start of the coat gene. As we will discuss below, the only available
ribosomal binding site on unperturbed phage RNA is that of the coat gene.
Consequently, the binding of the replicase to the S site is sufficient to clear
the messenger RNA from ribosomes (Kolakofsky and Weissmann, 1971).

Similarly, ribosome binding to the coat gene start is expected to
interfere with replicase attachment. There is, however, a small problem
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here. In vitro studies have shown that the S site is not strictly required for
replicase binding and replication. A contribution to solving this dilemma
was recently made by Boni et al. (1986). The authors analyzed the binding
domain of a 30S ribosome on MS2 RNA and QB RNA in the absence of
initiator tRNA. Surprisingly, parts of the QB8 RNA M site were found
cross-linked to S1 by UV irradiation. For MS2 the probable equivalent of
the M site was found, consisting of a pyrimidine rich region in the prox-
imal portion of the replicase gene at positions 2030—2056 (Boni et al.,
1986; Boni, personal communication). These results strongly indicate
that initiating ribosomes and replicase enzymes bind to the same two
regions on phage RNA.

Protection of the M and S sites against ribonuclease is also offered by
the enzyme complex containing only subunits I and II (Weber et al.,
1972). It has further been shown that ribosomal protein S1 by itself, binds
to two sequences in QB RNA. One is part of the S site (nucleotides 1291—
1311); the other, whose significance is questionable, is located near the 3’
end (Senear and Steitz, 1976; Goelz and Steitz, 1977).

The exact function of ribosomal protein S1 in mRNA translation has
not been fully established, but some characteristics that could help to
understand its role in replication are worth mentioning. Protein S1 is
only required at the initial stage of translation—i.e., messenger binding
to the ribosome. It is not required for the translation of artificial mes-
sengers such as poly(U), poly(A,G,U), etc. or for the translation of phage
RNA whose higher-order structure has been destroyed by formaldehyde.
Neither is the protein needed for elongation of translation {Van Dieyen et
al., 1975, 1976, 1978). There is thus a remarkable symmetry between the
functioning of S1 in translation and replication; the protein is only re-
quired to bind the replicase or the ribosome to the native template. Con-
ceivably, it does so by melting an ordered structure in which the M and S
sites participate. Protein S1 thus permits the ribosome to bind to the start
of the QP coat cistron. By adopting S1 as a subunit, the replicase acquires
the property to compete with ribosomes for phage RNA. From a tele-
ological viewpoint, it is then clear that phage RNA chains that cannot
serve as template for the ribosome, such as the QB RNA (—) strand and
the “6S’’ variants do not require replicase equiped with S1 for their rep-
lication. This sort of reasoning suggests that the phage has made an extra
investment in its RNA structure to make replication dependent on S1,
but of course this does not tell us what exactly the role of S1 in the
enzyme is (see Subramanian, 1983, for a recent review on protein S1).

It has been established that the elongation of QB (+) strand synthesis
does not require subunit I (Landers et al., 1974). Such a behavior is remi-
niscent of protein synthesis, where as mentioned, protein S1 only func-
tions in the selection of and binding to the start site.

As long as the role of the host factor in the uninfected cell has not
been clarified, its contribution to replication must remain obscure.

The function of EF-Tu and EF-Ts in viral RNA replication has been
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extensively studied but not resolved {Blumenthal and Carmichael, 1979).
It has been shown that the workings of the elongation factors in protein
synthesis and in replication are quite different; treatments that inactivate
their role in protein synthesis do not affect replication. For instance, in
QP replicase the elongation factors will function in the cross-linked state,
but in polypeptide synthesis the covalently linked EF-Tu-Ts complex is
inactive (Blumenthal, 1977; Brown and Blumenthal, 1976). It is felt, how-
ever, that the common functional basis must lie in the structure of the
viral 3’ end. This shows resemblance to tRNA, which is the natural
reaction partner of the elongation factors. Nevertheless, attempts to dem-
onstrate an interaction between EF-Tu or Ts and QB RNA have failed.
Another role for EF-Tu in replication might be that of GTP carrier. With
no exception, all newly synthesized RNAs start with a row of G’s, and EF-
Tu has a GTP binding site. Such a role would be consistent with the fact
that the EF-Tu-Ts complex is only required to get the polymerization
reaction going and is not needed to elongate the RNA chains (Landers et
al., 1974).

As it is difficult to imagine that the phage has “discovered”” a prop-
erty of the EF-Tu'Ts complex that the cell does not exploit, we must
assume that the binary complex has functions that have not yet been
identified. In this respect we may recall that quite some time ago the EF-
Tu'Ts complex (called the s factor) was proposed to modulate cellular
RNA synthesis (Travers et al., 1970) and that phage infections have been
reported to inhibit the synthesis of ribosomal RNA (Watanabe et al.,
1968). On the other hand, there are now many examples of proteins that
contain binding sites that function in the regulation of their own syn-
thesis (Nomura et al., 1982). Since the synthesis of EF-Tu is autoregu-
lated, it may be that the phage takes advantage of such properties.

B. 6S RNA and QB RNA Variants

Infection of E. coli by QP leads, apart from phage multiplication, to
the accumulation of what has been termed “6S”” RNA. This is a non-
homogeneous collection of RNA molecules that vary in size from about
100 to 200 nucleotides and serve together with their (—) strands as tem-
plate for QB replicase. They do not code for any protein and do not
contribute to the infection process. Three “6S”” RNA representatives
have been fully sequenced: midivariant-1 (MDV-1) (Mills et al., 1973);
microvariant (MCV) (Mills et al., 1975); and nanovariants I, II, and II
(NNV] (Schaffner et al.,, 1977). Their proposed secondary structures are
shown in Fig. 2. MDV-1 has a length of 220 nucleotides, and MCV and
NNV contain 114 and 91 nucleotides, respectively. The nanovariants
(NNV), which were called WSI, WSII, and WSIII by the authors, are the
shortest self-replicating molecules with known primary structure; WSII
and WHSIII are base substitution mutants of WSL
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From an evolutionary point of view, it is interesting that these mole-
cules quickly respond to selective pressure. Mutants of MDV-1 could be
obtained that had adapted to replication under adverse conditions, such
as the presence of ethidium bromide or limiting amounts of one of the
building blocks (Kramer et al., 1974). Another member of the family of
small self-replicating RNA molecules was itself the product of a man-
made selection procedure. Mills et al. (1967) set up a serial transfer
experiment designed to enrich for RNA chains that would replicate in
progressively shorter times. A sample of an incubation mixture that con-
tsined QB RNA and all the ingredients for QB RNA replication was
transferred to a fresh tube containing all ingredients except template
RNA. As in each fresh tube enzyme is in excess over template, the fast-
est-replicating molecules will outgrow other self-replicating species. By
the 74th serial transfer, the lower size limit of 550 nucleotides attainable
by this device was reached. That the abridged variant (V-1 RNA) was in
fact derived from QB RNA was established by hybridization experiments.
V-1 RNA representing only 12% of the original molecule was also sen-
sitive to selection pressure. Each new set of replication conditions would
yield another RNA molecule, but none of these have been sequenced
(Mills et al., 1973). In fact, there seems no basic difference between V-1
RNA and the RNA present in the defective interfering (DI) virus particles
that accompany, for instance, influenza infection (Jennings et al., 1983).
Also here, the abridged molecules once created by replication errors can
survive, since they are templates for the replicase, and their multiplica-
tion does not endanger the survival of the virus population as a whole.

The rapid yield to environmental pressure by 6S RNA and the QB
RNA variants reflects the inaccuracy of the Qp replicase, which has been
estimated as between 10-3 and 10—+ per nucleotide per replication
(Domingo et al., 1978). The presumed absence of a 3'—5' exonuclease
editing activity in QP replicase would be consistent with this relatively
low copying fidelity. At the same time the frequency with which dele-
tions occur must also be unusually high. Deletions may arise by a copy
choice mechanism, where regions of homology on the same or on a differ-
ent template serve as the starting point to continue the replication pro-
cess. Alternatively, instead of homology, hairpin loops or the relative
spatial orientation of RNA segments may facilitate the “jumping’’ of the
replicase (Jennings et al., 1983).

A general property of all variants and also of mature phage RNA is
the relatively high degree of secondary structure. This feature is required
to prevent the annealing of (+) and (—) strands, which is known to halt
the net synthesis of template molecules (Kamen, 1975).

Because of its small size, 6S RNA has been used as a model system to
study the recognition between template and replicase. Schaffner et al.
(1977) and Nishihara et al. (1983) have identified regions on WS RNA and
MDV-1 RNA that bind the enzyme. Similar to what was found for full-
length QB RNA, internal regions, but not the 3’ end, were protected
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FIGURE 3. Comparison of MDV-1 RNA and QB RNA (—) strand. Homologous regions are
in boldface type. From Nishihara et al. (1983).

against RNase in the absence of GTP. The enzyme-binding site in WSI
RNA extends from residue 20 to residue 50. This is much smaller than in
QB RNA, but it may be not so surprising, since the variants are replicated
in the absence of S1 (and host factor), whereas QB RNA requires the
presence of these proteins for formation of the enzyme-template com-
plex. It may be more appropriate to compare the RNase protection pat-
terns of the variants to those obtained with QB RNA (-] strand.

The availability of some 10 sequences of amplifiable RNA (Qp,
MDYV, MCV, WS, and their complements and mutants) had raised hope
that the interaction between enzyme and template might be understood
or at least described in terms of a consensus sequence or consensus struc-
ture. For instance, very striking homology of some 40 nucleotides was
observed between two regions in QB RNA (—) strand and two regions in
MDV-1 (+) strand (Nishihara et al., 1983) (Fig. 3). Although significant
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homologies have also been noticed between some other pairs of tem-
plates, no primary sequences of significant length are common to all,
except for a set of three C’s at the 3’ end (Schaffner et al., 1977). Thus the
primary sequence does not seem to hold any secrets, and the observed
homologies may reflect the genesis of the molecules.

It is interesting that the central helix in MDV-1 RNA and its coun-
terpart in the QB RNA (~) strand show a coordinated base substitution
pattemn (Fig. 3). The C-A mismatch in Q (position 103) has become a C-
G match in MDV-1 (position 100). On the other hand, the U-A match in
QB (position 99) has turned into a G-G mismatch in MDV-1 (position 96).
This suggests that maintenance of the stability of the helix has priority
over the primary sequence. There are many examples of this type of
energy conservation in RNA phage RNA. A few will be discussed later.

The prospects for finding clues on template recognition in the sec-
ondary structure are not much better. Enzymatic digestions and chemical
modifications have provided experimental evidence for the proposed sec-
ondary structures, but the available models as depicted in Figs. 2 and 3 do
not show obvious commonalities. It was therefore suggested that “‘there
may be a variety of ways in which an RNA can attach to the enzyme and
allow initiation and that the various families of ‘65’ RNA have evolved
by taking advantage of these possibilities” (Schaffner et al., 1977). One
could indeed take the view that the specificity does not reside with the
replicase but with the RNA. Specificity would then be negatively defined
as the ability of cellular RNAs such as ribosomal, messenger, and tRNA
to avoid copying.

The work of Schaffner et al. (1977) has shown that the replicase binds
to WS RNA sequences that, in the unperturbed RNA, are almost cer-
tainly part of hairpin structures. As a first step to understand template
binding, one would have to know if the bound sequence maintains its
original structure, as is generally the case when ribosomal proteins bind
to ribosomal RNA, and also when the coat protein of the RNA phages
binds to the hairpin at the start of the replicase cistron (see below). If this
is so, conservation of secondary structure elements should be expected as
was found for hairpins in ribosomal RNA (El-Baradi et al., 1985) and for
the replicase start region (see below and Fig. 5).

The other possibility is that the replicase has a high affinity for
single-stranded regions and binds by melting weak secondary structures.
As an example for such an interaction, we may mention here ribosomal
protein S1, which indeed melts ordered structures upon binding (Bear et
al., 1976; Kolb et al., 1977). The fact that poly C is readily copied and poly
U, which is a random coil polynucleotide, acts as a competitive inhibitor
of QP replicase is consistent with this mode of binding. If the replicase
would indeed prefer binding to single-stranded regions regardless of the
sequence, template specificity would be reduced to a compromise be-
tween a secondary structure that is sufficiently labile to allow replicase
attachment and sufficiently stable to resist ribonuclease and prevent an-
nealing between copy and template.
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As pointed out by Meyer et al. (1981), another major condition for
successful RNA amplification must be met. The 3’ end should (1) contain
a row of C residues, (2) be single-stranded, and (3) be properly placed in
space or flexible enough to reach the active site on the enzyme bound to
the internal region.

Though our view on enzyme-template binding is undoubtedly an
oversimplification, it contains some elements that can be experimentally
tested. One of the predictions is that ‘“salt pressure”’ will force a 6S RNA
molecule to evolve hairpins that have a lower stability. One other is that
at low salt concentrations, where helices are less stable, the enzyme-
template specificity will be more relaxed. Such a decreased discrimina-
tion has indeed been found for QB and SP replicases (Fukami and Haruna,
1979). That specificity may reside with the RNA template rather than
with the enzyme system may also be illustrated by a comparison with
initiation of translation. The ribosome will not translate any ribosomal
RNA or tRNA, and even on the 4000-nucleotides-long RNA from the
RNA phages, there is only one start site available. Yet, the ribosome will
readily initiate protein synthesis on random poly(A,G,U) copolymers.
The suggestion from such data is that much effort is invested in avoiding
being a substrate.

VII. ORIGIN AND EVOLUTION OF THE 6S RNA FAMILIES

As mentioned, 6S RNA is found in large amounts of QB-infected
cells, and two possibilities for its origin can be envisaged. One is that this
RNA is (co)packaged into otherwise normal phage particles and propa-
gated as a molecular parasite. This view places its origin far back in time.
The other possibility is that these self-replicating molecules are gener-
ated anew every time and progress from creation to extinction within the
span of one infectious cycle. The last possibility now seems to be correct
since QP replicase introduced into the noninfected cell via a plasmid
carrying its cDNA also gives rise to 6S RNA (Biebricher et al., 1986).
This, however, does not yet tell us what the intracellular origin of this
molecule is.

6S RNA can also be generated by the in vitro incubation of Qp rep-
licase with ribonucleoside triphosphates in the absence of added primer
(Banerjee et al., 1969). It was soon realized that the enzyme contained
sufficient endogenous template to account for the synthesis of the variant
RNAs. However, even if all detectable primer RNA had been removed,
the enzyme appeared able to make RNA after a long lag period, and the
crucial question arose whether undetectable traces of template were
being amplified or the replicase was able to produce RNA without in-
struction. Sumper and Luce (1975) and Biebricher et al. (1981a,b) have
taken great pain to demonstrate the noninstructed synthesis of RNA by
QP replicase. They present several strong arguments: (1) Template-in-
structed RNA synthesis is proportional to the nucleoside triphosphate
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concentration with the power <1, but de novo synthesis responds to the
substrate concentration to the third or fourth power, hinting at a ‘“nuclea-
tion process’’ involving 3 to 4 triphosphate molecules (de novo synthesis
defined for the moment as the condensation of nucleoside triphosphates
by replicase rigorously freed of endogenous template). (2) There is a differ-
ential dependence on enzyme concentration; de novo synthesis to the
power of 2 or 3, while instructed synthesis is linearly proportional to
replicase concentration. This suggests cooperativity between several en-
zyme molecules in template-free RNA synthesis (3) Different RNA spe-
cies emerge when different enzyme concentrations are used, even though
the absolute amount of enzyme remains the same in these experiments.
(4) The nature of the RNA synthesized in de novo replication is sensitive
to the conditions prevailing during the lag phase; however, the addition
of 5 to 10 molecules of 6S RNA during this lag phase always leads to a
uniform product—i.e., the added self-replicating species. The added tem-
plate apparently easily overgrows any new creation. (5) De novo RNA
synthesis cannot be obtained below a critical NTP concentration, but
template-dependent replication proceeds unabated at this concentration.

Biebricher et al. (1981a) propose that during the lag phase there is
semirandom polymerization of nucleotides. Once a few polymers are
formed and released, natural selection will, assisted by the rather low
copying fidelity of the enzyme, mold and model these RNAs, resulting in
the macroscopic appearance of several “‘fit” candidates. At this stage, the
products have been separated and characterized by length and by ribonu-
clease T1 fingerprints. If this mixture is subjected to internal competition
by supplying limiting amounts of replicase, one quasispecies is obtained.
It is interesting that the evolution from the first detectable specimens to
stable quasispecies is usually accompanied by an increase in chain
length. The RNAs obtained this way were termed minivariants {MNV)
and have a length of about 120—150 nucleotides. None of these have so far
been sequenced. The properties of the MNV RNAs can also be changed by
environmental pressure. If salt is the strain, MNV mutates to a longer
molecule with the same mobility as MDV-1 and possibly identical to it.

De novo synthesis was recently challenged again by Hill and Blu-
menthal (1983). They report a new procedure to free QB replicase of
endogenous template, which presumably leads to a preparation incapable
of self-instructed RNA synthesis. It has been questioned, however,
whether the polymerization conditions used by Hill and Blumenthal per-
mit uninstructed RNA synthesis (Biebricher et al., 1986).

If uninstructed RNA synthesis by QB RNA replicase exists, it sug-
gests a simple explanation for the origin of the 6S RNA family; during
infection, this RNA is invented by the replicase by trial and error. This
process may or may not exploit Q8 RNA fragments present in the cell.
The creation of such ‘“selfish RNA’ molecules can apparently not be
avoided.
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Although probably useless to the phage, the 6S RNAs and the Qf
variants will be of great advantage to study evolutionary problems that
involve RNA as genetic material.

VIII. GENE EXPRESSION

The genetic map of representatives of the four phage groups is given
in Fig. 1. The appearance of the phage-coded proteins is carefully con-
trolled in timing and amount. As shown in Fig. 4, the replicase is an early
product, and the amount of coat protein exceeds by far that of the other
products. Since no DNA intermediates occur in the life cycle of the
phage, control is predominantly exerted at the level of translation, some-
times assisted by replication intermediates.

Upon entry in the cell, the RNA first serves as messenger, because
multiplication requires the product of the replicase gene. After subunit II
is made, the holoenzyme with the accessory host factors can be as-
sembled and amplification can start.

A. The A Protein

The A, or maturation, protein is needed in small amounts, one copy
per virion, and its translation is accordingly kept at a low level. Some-
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FIGURE 4. Time course of phage f2-coded polypeptide synthesis. Taken from Beremand
and Blumenthal (1979).
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what more is produced than is actually needed. It has been suggested that
regulation of the A protein in group I phages is achieved by a mechanism
whereby only nascent RNA chains can serve as messenger for this prod-
uct. This is supposedly allowed for by base-pairing between the ribosomal
binding site of the A protein gene and an internal A protein gene coding
sequence (Fiers et al., 1975). As long as the internal complementary se-
quence is not yet produced, the A protein gene start region will be ex-
posed. The data leading to this concept have been mainly obtained by
comparison of in vitro translation products made on replicating inter-
mediates and on full-size RNA. The intermediates made much more A
protein than the full-size RNA (Robertson and Lodish, 1970; Lodish,
1975). It may also be that the initiation codon of the A protein assists in
lowering expression. This codon is GUG in MS2, and it has been shown
that GUG results in lower expression than AUG (Wulff et al., 1984;
Munson et al., 1984; Looman and Van Knippenberg, 1986). That other
group I phages like R17 and M12 have AUG as start codon for the A
protein indicates that low expression can also be achieved with the op-
timal initiation codon.

The RNA of several phages has been cloned, and the proposed mask-
ing of the A protein gene start region by secondary structure is now open
to experimental testing.

B. The Replicase (Subunit II)

Replicase is needed in small amounts and early in infection. Its syn-
thesis was found to be fully turned down 20 min after infection. This
inhibition is effectuated by the coat protein which binds to the start
region of the replicase gene (Capecchi and Webster, 1975; Weber, 1976).
For MS2 RNA, it has been found that this region can adopt an irregular
helical structure that, once formed, will be stabilized by the binding of
one copy of the coat protein (Gralla et al., 1974). This control mechanism
has also been established for QB, and it is likely that it also operates for
the other two groups. One might thus expect a higher degree of sequence
or secondary structure conservation for this area. The corresponding
structures for MS2, fr, GA, and Q are displayed in Fig. 5. In spite of the
fact that MS2, GA, and fr have substantial overall sequence differences
(50% between GA and MS2), there is strong primary and secondary struc-
ture homology here.

There is firm experimental evidence for the displayed MS2 structure
(Gralla et al., 1974; Hilbers et al., 1974), and the sequences of GA and fr
are so close that the proposed structures are convincing. The more distant
relationship of QB RNA is reflected in the fact that the primary structure
in this region diverges substantially. Yet, the secondary structure pro-
posed for this area by Weber (1976) has similarities that increase its prob-
ability. For instance, it has the bulged-out A that is essential for coat
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FIGURE 5. Secondary RNA structure at the start region of the replicase cistron of MS2
(Steitz, 1969), fr (Berzin et al., 1982), GA (Inokuchi et al., 1986), and QB (Weber, 1976). The
sequence of MS2, {2, and R17 is identical in the region.

protein binding to the MS2 hairpin. Also, the structure sequesters the
AUG start codon, precluding its functioning in ribosome binding when
the helix becomes stabilized by QB coat protein.

Comparison between MS2 and GA reveals several interesting points.
The G-C pair in MS2 (1751 <-> 1760) is replaced by the weaker A-U
pair, but an additional A-U pair at the bottom of the stem appears, proba-
bly to compensate for the loss of stability. This is another example show-
ing the tendency to maintain narrow stability limits on individual hair-
pins. Here, a connection with regulation of translation is indicated by the
phenotype of the op3 mutant of phage f2 (=MS2) where C1765 has
changed into a U. In this mutant, the replicase hairpin is extended with
one A-U pair (Fig. 5) (Atkins et al., 1979). The translation of the replicase
gene in the op3 mutant is decreased, which was attributed to the extra
base pair. The binding strength of the coat protein to the hairpin in the
op3 mutant is not affected by the extra base pair (Carey et al., 1984). We
note that the G-C (<-—>) A-U covariance between MS2 and GA con-
stitutes independent evidence for the existence of the hairpin.

Uhlenbeck et al. (1983) have carefully studied the elements of the
R17 hairpin structure that contribute to coat protein binding by preparing
sequence and length variants of the RNA region. The basis of all experi-
ments is an oligomer of 21 nucleotides prepared by organic synthesis.
This oligomer displays the same binding characteristics as full-length
R17 RNA and comprises the sequence from residue 1744 to residue 1764
(Fig. 5). Taking two nucleotides off the 3’ side (1764 and 1763) does not
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affect the binding constant (K, = 3 x 108 mol/liter). Removing more than
two nucleotides from the 3’ side progressively reduces the binding con-
stant. It is possible that this drop in affinity is caused in an indirect way
by weakening the hairpin beyond the allowable limit. Taking away
A1744 reduces the binding constant by 3 orders of magnitude, whereas
extending the helix by adding one or two U’s at position 1765 and 1766
has no effect. Thus A1744 is crucial regardless of its base-paired state,
suggesting that the adenine functional groups are not involved in coat
protein binding. That helix extension does not affect the binding constant
is consistent with the fact that the hairpin in GA and in the op3 mutant is
actually 1 base pair longer.

Substitutions that affect the two G-C base pairs in the upper part of
the helix destroy coat protein binding. Presumably, the protein contacts
functional groups on the nucleic acid that are held in position by the
secondary structure. Alternatively, the protein interacts directly with the
G-C base pairs. Of particular interest is the bulged-out A residue. Such
irregularities have been shown to occur also in ribosomal RNA helices
that function as binding sites for proteins. Removal of A1751 in the
replicase stem structure or replacing it by a C residue abolishes binding of
the coat protein (Uhlenbeck et al., 1983). This result has a perfect paral-
lel. Removing the bulged-out A66 from E. coli 5S RNA led to drastic loss
of binding of ribosomal protein L18 (Christiansen et al., 1985).

Substitutions in the hairpin loop gave the following results: (1)
Changing U1755 to any other base has no effect on the binding, which fits
nicely the fact that fr phage has an A at this position. (2) Changing A1754
or A1757 to any other base decreases K, 100- to 1000-fold. (3) Substituting
U1756 for a C increases K, approximately 50 times, but a change to
purine again lowers K, 10 to 100 times. Apparently, the high specificity
of the interaction originates from precise contacts at a large number
of positions spread over the entire region, most but not all of which
are sequence-specific (Uhlenbeck et al., 1983; Lowary and Uhlenbeck,
1987).

Romaniuk and Uhlenbeck (1985) have also presented evidence that a
transient covalent bond may be formed between a cysteine residue in the
R17 coat protein and U1756. Substitution of this U residue for a C (see
above) does not change the association constant much, in agreement with
the expectation that a similar cysteine-cytidine adduct can be formed.
Interestingly, GA RNA has an adenine at the corresponding position, but
the GA coat protein does not contain cysteine residues. It is not known
how GA compensates for the loss of this contact point (Inokuchi et al.,
1986).

The MS2 replicase start region shown in Fig. 5 can assume an alter-
native structure involving a long-range interaction with a part of the coat
gene. as shown in Fig. 6. This structure was suggested by Min Jou et al.
(1972), and it explains two sets of data. First, the regions shown in Fig. 6
(together with several other fragments) comigrate when a limited RNase
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FIGURE 6. Long-distance interaction between the MS2 replicase start region and a portion
of the coat gene coding sequence. The interaction was proposed by Min Jou et al. (1972). The
illustration is from Berkhout and Van Duin (1985).

T1 digest is separated on nondenaturing polyacrylamide gels. Second, it
had been found that the early coat amber mutant (amino acid 6) produced
very little replicase, whereas late coat ambers (amino acid 50 and further)
showed normal rates of replicase synthesis and eventually overproduced
replicase owing to the absence of a functional coat protein repressor
(Robertson, 1975). The idea is therefore that ribosome movement over
the coat gene through the base-paired region is required to activate the
replicase start.

Using MS2 cDNA subgenomic fragments and a suitable expression
vector, the translational coupling between coat and replicase genes has
been fully confirmed (Berkhout and Van Duin, 1985). cDNA constructs
that lack the start signals of the coat gene synthesize very little replicase.
Recombinant DNA procedures have also allowed to confirm the base-
pairing scheme proposed by Min Jou et al. (1972) (Fig. 6). MS2 cDNA
clones starting before or at position 1420 synthesize very little replicase,
but clones that begin at position 1432 or further downstream produce 10
times more. Thus, the nucleotides between position 1420 and 1432 are
responsible for the polarity phenomenon. Their removal results in un-
coupled replicase synthesis.

In clones where coat protein is synthesized, the replicase protein is
virtually undetectable. Control of replicase synthesis by the long-distance
interaction is thus less tight than by coat protein repression. In the fully
unrepressed state (clones starting at position 1432), replicase is synthe-
sized at half the rate of the coat protein, showing that although very little
of this protein is required and actually present, the ribosomal binding site
is in itself very strong. It may be noted that the two control mechanisms
serve different purposes. Coat protein binding to the replicase start is used
to fully block further production of this enzyme. The long-distance base-
pairing, on the other hand, does not really restrict the replicase concentra-
tion but merely establishes the translational coupling to the coat gene. As
discussed in section VI.A, this translational coupling has most likely
evolved to avoid uncontrolled access of ribosomes to the phage RNA
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cistrons. This design safeguards the switch from template for translation
to template for replication.

Induction of the replicase gene for a few minutes leads to very rapid
cell death (Remaut et al., 1982; our unpublished results). The replicase
gene of MS2 (and also of GA) contains several internal open reading
frames, and it seemed possible that the encoded polypeptides were ex-
pressed and responsible for killing the host. Deletion mapping, however,
excluded the role of these open-reading {frames (our unpublished results).
Apparently, the replicase itself is a very poisonous protein, which may be
related to its membrane association. In view of the small amounts of
replicase needed to kill the cell, it is unlikely that depletion of the host
factors S1, EF-Tu, EF-Ts, and HF is responsible. The biological role of
killing, if any, is unknown.

C. The Coat Protein

The coat protein is abundantly expressed during phage infection.
Also, upon induction of the appropriate cDNA clones up to about 40% of
newly synthesized product is viral coat protein (Remaut et al., 1982;
Kastelein et al., 1983b). Except for the earlier-described competition be-
tween ribosome and replicase for the ribosomal binding site of the coat
gene, the synthesis of this protein seems not to be negatively controlled
in any way. A positive control mechanism has been proposed whereby
the intact coat protein promotes the formation of a replicating intermedi-
ate lacking most of the replicase sequences. This intermediate was
thought to synthesize higher amounts of coat protein than the full-size
template (Robertson, 1975). However, experiments with MS2 cDNA
clones lacking the complete or partial replicase sequences have not con-
firmed this model; the 3’ cutoff point of the MS2 cDNA did not affect the
rate of coat protein synthesis (Kastelein et al., 1983b). Also in these stud-
ies the presence of the native coat protein did not affect the frequency of
translational starts at the coat gene (Berkhout and Van Duin, unpublish-
ed). Remarkably, it was found in the same study that the 5’ cutoff point
had a pronounced influence on coat gene expression. For instance, if the
rate is set at 100% when the 5’ boundary is located at position 103 on the
MS2 map, it is 50% for clones starting at 869, 25% for 1221, and less than
10% if the MS2 subgenomic fragment starts with nucleotide 1308 (see
also Remaut et al., 1982). We note that even in the shortest clone, the
complete ribosome binding site is encoded. This behavior is exceptional.
If this sort of experiment is carried out for the replicase or the lysis genes
only, a negative contribution to translation is found by upstream leader
sequences (Berkhout and Van Duin, 1985; Kastelein et al., 1983a). It is
possible that the upstream sequences that enhance the expression of the
coat protein assist in exposing the start region of the coat gene at the
surface of the MS2 RNA molecule.
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phages. For MS2 and Q the initiator hairpin structure was initially proposed by Steitz
(1969) and Weber et al. (1972). For GA and fr, the structure is based on sequence comparison.
The second stem loop structure shown for MS2, GA, and fr is also proposed on the basis of
comparative analysis and differs somewhat from the suggested structure of Min Jou et al.
(1972).

In Fig. 7 the proposed structure of the coat gene start region is given
for the phages MS2, fr, GA, and QB. For MS2, the structure is consistent
with the RNase T1 sensitivity pattern determined by Min Jou et al.
(1972). We also feel that phylogenetic comparison between MS2 and GA
supports the secondary structure shown. There is less certainty for Q.
Assuming that the structures are correct, we would like to point out a
similarity that may be related to the high expression of this gene. The
double helical structure is quite irregular and has a low thermodynamic
stability. This property is also shared by the initiator hairpin of the rep-
licase gene where the link between stability and efficiency of translation
was supported by the phenotype of the op3 mutant. Supposedly, such
labile secondary structures are a compromise between protection against
ribonuclease and efficiency of ribosome binding.

Comparison of the MS2 and GA hairpins reveals a quite interesting
choice between the evolutionary conservation of protein versus RNA
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structure. The lower part of the helix structure is fully conserved, but the
reading frame over this conserved part is not. This suggests that the
secondary structure here is more important to the phage than the N-
terminal amino acids of the coat protein.

Figure 7 also shows what the origin of the changed reading frame is.
In GA, four nucleotides, UUCU, have been deleted shortly after the AUG
start codon. Restoration of the frame occurs by the insertion of a U
residue some 15 nucleotides further downstream. This still leaves the GA
coat protein with one amino acid less than MS2. Though highly spec-
ulative, it seems that GA compensates for this deficit in a very unex-
pected way; there is a triplet insertion in an otherwise homologous region
at the very end of coat gene leading to the addition of an alanine residue at
the carboxy terminus (Figs. 12, 15). It is intriguing to try to reconstruct
intermediate life forms between MS2 and GA. As it seems impossible
that any viable intermediate carried a frame shift mutation, one may
consider that the insertion and deletion have occurred simultaneously.
The secondary structure of the coat gene initiator hairpin renders this
possibility unlikely though. We see in Fig. 7 that the UUCU deletion in
phage GA has required additional compensation in the opposite strand of
the helix in the form of a three-nucleotide deletion (UGA). Given our
present understanding of how these RNAs function as template in pro-
tein synthesis and the fact that RNA recombination has not been found
in these RNA phages, it is not easy to perceive how a phage can pass
through these metastable intermediates in the face of selection pressure.
Possibly, a metastable intermediate may escape such pressure if it is
present as a minor fraction of the total phage RNA population in the
infected cell. It is conceivable that at high multiplicity of infection such
fellow travelers enjoy a free ride based on the fitness of the wild-type
coinfectors. Indeed, the temporary coexistence of slightly different se-
quences in an RNA population has been demonstrated (Domingo et al.,
1978). Eventually, additional mutations in these aberrant molecules may
produce an RNA variant that is viable on its own and may form a separate
subgroup or outgrow the original population.

Phage fr seems to take an intermediate position between MS2 and
GA. Its relatively distant relationship to MS2 within group I was already
clear from the immunological data presented in Table II. The re-
semblance between GA and fr is attested to by the triplet insertion in
front of the AUG codon that results in the typical asymmetric placing of
the start codon. Homologies between MS2 and fr, on the other hand, are
apparent from features in the second hairpin, where GA has a different
wobble base at the hairpin loop and shows the inversion of an U-A <->
A-U wobble base pair (see Fig. 12 for a full sequence comparison). It is
surprising that the initiator hairpins diverge much more than, for exam-
ple, the second hairpins shown in Fig. 7. One would expect that ribosome
recognition would place extra constraints on such a sequence. An impor-
tant point seems that the structure is sufficiently labile to pass on to the
random coil.
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As mentioned above, the tolerated local frame shift in GA indicates
that the identity of the first few amino acids of the coat protein is subsidi-
ary to the desired RNA structure. This observation may have general
validity, since a survey of codon usage in the first few amino acids of a
protein has shown that codon bias here diverges from that used in the rest
of the gene (Looman, 1986). The base changes in the 5’ terminal part of
the lysis gene of the group I RNA phages {2, M12, fr, and R17 also show
the overriding weight of structure conservation over amino acid sequence
(Berkhout et al., 1985b, and below).

Jacobson et al. (1985) have attempted to identify secondary and terti-
ary structure features in MS2 RNA using electron microscopy. Spreading
of the RNA in the presence of spermidine yields distinct reproducible
images which display long-distance as well as local interactions. One
feature is of particular relevance for the present discussion, because it
proposes an alternative to the structure presented in Fig. 7. The region
spanning the nucleotides 1293—1345 and containing the start of the coat
gene is thought to base-pair with the replicase region 2131-2178 forming
an irregular helix with a calculated stability of about 50 kcal. In fact, this
helix is part of a more extensive interaction that embraces the region
1293-1379 and 1928-2178.

As the relationships between the structure of RNA in solution and
its appearance under the electron microscope have only been poorly ex-
amined, it is difficult to evaluate the results presented by Jacobson et al.
(1985). In its rigid form, the suggested interaction seems to pose several
problems. First, the structure seems too stable to serve as an efficient
ribosomal binding site. Second, the interaction appears to lead to a re-
versed translational polarity; i.e., translation of the replicase gene is now
expected to liberate the coat gene start region. Finally, deleting the com-
plementary replicase region should affect coat gene expression. The ex-
periments of Kastelein et al. (1983b) have shown, however, that deleting
parts or all of the replicase gene hardly changes the rate of coat protein
synthesis. Recall that deletion of the “Min Jou sequence’’ (Fig. 6) did
increase replicase synthesis 10-fold. It may very well be, however, that
the structure proposed by Jacobson et al. (1985) precedes the one shown
in Fig. 7 at initial stages of translation or replication. In fact, evidence for
the long-range interaction comes from the experiments of Boni et al.
{1986).

As already mentioned, the region 2030—2056 was found UV-cross-
linked to protein S1 in the binary complex consisting of 30S ribosomes
and MS2 RNA. As it was shown (Van Duin et al., 1980) that this complex
is a precursor to coat gene translation, the data indicate that at least some
of the regions proposed by Jacobson et al. (1985) are indeed close together
in space and may form a functional domain recognized by S1 either as
part of the replicase or the ribosome. In this connection I should mention
an experiment carried out in our laboratory but not understood at the
time. We cleaved MS2 RNA in vitro in the intercistronic region between
coat and replicase genes with RNase H and a deoxyoctanucleotide cover-
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ing the region 1745—1752. In agreement with the in vivo results, we also
found in vitro that the half-molecules sustained synthesis of the coat
protein at the same rate as the intact RNA (Kastelein et al., 1983b).

There was one difference, however, between half- and full-size MS2
RNA. We have shown that in the 30S ribosome-MS2 RNA precursor
complex, protein S1 is protected from inactivation by antibodies against
S1. In the complex containing the split MS2 RNA and 30S ribosomes,
protein S1 is not protected against the antibodies. (The assay is whether
or not the complex can synthesize the coat protein in the presence of
anti-S1 upon supplementation with missing components for protein syn-
thesis.) This result together with those of Boni et al. (1986) suggests that
protein S1 is bound to and protected by the MS2 RNA M site. There
seems a peculiar mirror symmetry in the interaction of phage RNA with
the ribosome and the replicase. Both S and M sites are bound, but S site
binding is dispensable for replicase function, and the M site binding is for
ribosome function. One may speculate that protein S1 unfolds the do-
main formed by the interaction of M and S sites leading to the structure
proposed in Fig. 7.

D. The Lysis Protein of Group A Phages

The group I phages have an overlapping gene encoding a small hydro-
phobic protein that is responsible for cell lysis at the end of the infection
cycle (Beremand and Blumenthal. 1979; Model et al., 1979; Atkins et al.,
1979). Just as was found for the replicase, the lysis gene is under transla-
tional control of the coat gene. If coat gene translation is precluded by
early nonsense mutations or by the absence of the start signals on the
appropriate MS2 DNA subgenomic segments, the lysis protein is not
produced. This finding again stresses the phage’s vital interest in avoiding
the free admission of ribosomes to its genes. The mechanism by which
coat gene translation brings about lysis gene expression has been studied
by Kastelein et al. (1982) using cloned MS2 cDNA. It was found that
frame shift deletions in the coat gene, leading to premature termination
at either a —1 or a +1 phase stop codon present at positions 1652 and
1672, resulted in cell lysis. Based on a variety of supporting data, a model
was put forward in which reading-frame errors were supposed to divert a
fraction of the coat gene translating ribosomes to the above-mentioned
out-of-phase stop codons (see Fig. 8 for their location in the MS2 se-
quence). Lately, we have critically tested this frame shift model. Site-
directed mutagenesis was employed to inactivate the two out-of-phase
stop codons while maintaing the in-phase encoded coat protein sequence:

1652
<« 1673

l
GUU-AAG — GUC-AAG and CUA-AAA — CUC-AAA



SINGLE-STRANDED RNA BACTERIOPHAGES 145

According to the model the substitutions depicted above should
abolish the expression of the lysis gene. However, the two single mutants
as well as the double mutant showed an unchanged lysis (+) phenotype.
The conclusion is therefore that although termination at the indicated
out-of-frame stops is sufficient to activate the lysis gene, it is not a neces-
sary condition (Berkhout et al., 1987; Berkhout, 1986).

Our further analysis of this problem has shown that termination of
coat gene translation at the natural position is the trigger to lysis gene
expression. This conclusion rests mainly on the following observations:
(1) Removal of the two tandem stop codons by site-directed mutagenesis,
which leads to termination 8 codons further downstream, abolishes cell
lysis. (2) If ribosomes translating the coat cistron are diverted to another
phase and thus pass over the coat gene terminator in the wrong frame, the
lysis gene is not activated. (3) If in the construct just mentioned a stop
codon is introduced in the reading frame used and placed at the position
of the coat gene terminator, the lysis (+) phenotype is reestablished
(Berkhout et al., 1987). The result mentioned under (2} also shows that
the mere movement of ribosomes over the lysis gene start is not suffi-
cient to activate the gene.

The RNA secondary structure that keeps the lysis cistron closed in
the absence of coat gene translation has been determined with structure-

U - lysis start

cu
C
FIGURE 8. Secondary structure of UU‘_
MS2 RNA around the start of the %_C CCA -3
lysis gene. Substitutions in M12 are g 'AC.’ -C 1635 N 1740
only shown in the lysis hairpin. 1563 U

G
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specific enzymes and chemicals (Schmidt et al.,, 1987). The secondary
structure that fits the data obtained is presented in Fig. 8. The stem
structure containing the lysis gene start is supported by phylogenetic
comparison with the close relative M12, which has five base substitu-
tions that preserve the base-pairing scheme. There is substantial evidence
that this secondary structure prevents ribosomal binding in the absence
of coat gene translation. For instance, clone pMS1.00 containing the MS2
DNA sequence 1628-2057 does not express the lysis gene; the start sig-
nals for coat translation are absent, and all the sequences to form the lysis
hairpin are present (Fig. 9). Small deletions like those present in pMS1.6
or pMS1.17 that reach a few base pairs into the lysis helix lead to un-
coupled synthesis of the lysis protein (uncoupled defined as not depen-
dent on coat gene translation). Similarly, two insertions and one deletion
in the left strand of the lysis helix (pMS1.m) that are expected to de-
stabilize the helix also lead to a lysis (+) phenotype. Finally, random
substitutions at coat gene wobble positions result in uncoupled transla-
tion of the lysis gene (pMS1.mm).

More subtle changes have also been made. These are shown in Fig.
10. Several wobble positions of coat protein codons occurring in the lysis
gene leader region have been exchanged for nucleotides that give syn-
onymous codons but are expected to destabilize the hairpin (pMS1.dl,
pMS1.d2, and pMSl1.ql). Every destabilization leads to uncoupled ex-
pression of the L gene, whereas substitutions that increase or maintain

FIGURE 10. Identification of base substitutions in the
lysis hairpin. The double mutants are pMS1.dl (@), <___Ga

/' 5~-GAAUUCCGAC-GCA
pMS1.d2 (O), and pMS1.d4 (| ). Circled C residues indi- 28 ¢
cate pMS1.d3. The quadruple mutant pMS1.ql is identi- .\
fied by asterisks (*). u
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the stability of the stem do not {pMS1.d4 and pMS1.d3) (Schmidt et al.,
1987).

The two substitutions present in pMS1.d4 have an interesting aspect.
They stabilize the hairpin, and, as mentioned, the closed state of the lysis
gene is maintained by these mutations. However, when the two stabiliz-
ing mutations are present in clones where coat gene translation can take
place, then termination of translation at the end of the coat gene fails to
activate the lysis start. Therefore, for the coat lysis coupling to work, the
stability of the lysis helix must be kept within narrow limits. The impor-
tance of finely tuned helix stability is also apparent in the corresponding
hairpin strcture in M12 (Fig. 8). Here the upper base pair change weakens
and the lower strengthens the helix. The remaining question is how
termination at the coat gene terminator activates the lysis start. The
coupling of initiation to termination of translation is not unusual in
prokaryotes or eukaryotes and has been described for several systems
(Yates and Nomura, 1981; Schumperli et al., 1982: Das and Yanofsky,

AAA AAA
A G A G
- -A
2_2U>lysis start g-GU> lysis start
C-6 C-6
U-A U-A
C A (of A
8¢ §-¢
G-C A —E
A a4 C
C-6 C-G6
G G
U—A U-A
A-U A-U
A-U A-U
C —CC c _ C
%’8 %:%
A C A 30S
U—A A coat stop U A
U-G (o} A U G
G-C A-U G C P A
U—A U-A Uu A
UAU-A C—g U A ' ' |
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CGA-U A C c
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FIGURE 11. Proposed MS2 RNA secondary structure in the absence and presence of a
ribosome terminating at the coat gene stopcodon.
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1984; Kozak, 1984; Cone and Steege, 1985a,b). The unique aspect in the
RNA phage is that the activated site lies far upstream of the termination
point.

There are two possibilities for the mechanics of the termination-
initiation cycle: the participation of two ribosomes, and the essence of
the activation mechanism is shown in Fig. 11. A ribosome protects about
30-35 nucleotides of the bound messenger against nuclease (Steitz,
1979). Some 20 residues of these are located upstream of the ribosomal P-
site. Though these numbers have been mostly obtained from initiating
ribosomes, they are probably also correct for a terminating ribosome. As a
consequence, approximately six base pairs of the lysis helix will be
melted by the termination event. The phenotypes of our deletion mu-
tants such as pMS1.6 show that such a destabilization is quite sufficient
to permit binding of a free ribosome to the lysis start. The proposal is also
consistent with the observation that in pMS1.d4 the lysis gene cannot be
activated by the terminating ribosome; the helix-stabilizing substitu-
tions are outside the reach of the ribosome. This model requires that the
terminating ribosome is somehow capable of blocking the advance of its
5’ elongating neighbor, since unabated translation over a potentially ac-
tive ribosomal binding site was shown to inhibit its function (Berkhout et
al., 1985a).

A second way to describe the activation of the lysis start assumes the
““phaseless walk’ of the ribosome terminated at the end of the coat gene.
It is known that the release of the peptide and the corresponding tRNA at
a stop codon does not spontaneously free the ribosome from the mes-
senger. Instead, an active process requiring GTP, the G-factor, and the
ribosome-releasing factor (RRF) is needed (Ryoji et al., 1981). Thus, lim-
ited lateral movements following peptide chain termination seem an ac-
ceptable way to explain translational restarts at positions close to the
termination site—for example, in the rIIB gene of phage T4 and at the
boundaries of the E/D and B/A genes of the tryptophan operon (Napoli et
al., 1981; Das and Yanofsky, 1984).

In spite of the relatively great distance from the coat gene terminator
to the lysis gene initiator codon and the upstream position of the latter,
we feel that the possibility that the lysis gene is translated by the same
ribosome that terminates needs consideration, because there is evolu-
tionary support for it. In the sequence of the group II phage GA, a lysis
gene has been tentatively identified, as indicated in Fig. 1. The interesting
feature is that the termination codon of the GA coat gene overlaps the
start of the lysis gene (Fig. 12). It can be safely assumed that in GA the
translational coupling between coat and lysis genes exists also. The over-
lap in GA, however, excludes the simultaneous involvement of two
ribosomes. Thus, if the activation mechanism is preserved during evolu-
tion, the GA sequence argues for the involvement of a single ribosome in
MS2.
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MS2Z MRAFSTLDRENETFVPSVRVYADGETEDNSFSLKYRSNWTPGRFNSTGAKTEK
GA MFPKSNIDRNYKVKLISYDKKGKLVSDDSFEQVENYLFQNRSTTYKPGYIRR
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GA DFRRPTNFWUNGYRCFNQP-VGTFTRKLSDGGRQVADYGIVNPNKFTANSQHL.
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E. The Lysis Protein of Group B Phages

The strong similarity in gene arrangement and control of gene ex-
pression in the single-stranded RNA phages is fully lost in the way the
phages organize their escape from the wasted host. Phenotypic analysis of
subgenomic QB DNA fragments has shown that the overproduction of
the maturation protein causes cell lysis (Karnik and Billeter, 1983;
Winter and Gold, 1983). This finding is consistent with the fact that QB
mutants carrying an amber mutation in the maturation protein do not
lyse (Horiuchi and Matsuhashi, 1970). The implications of this different
lysis mechanism for the evolutionary relationship between the two major
phage groups will be discussed later.

IX. SEQUENCE COMPARISON BETWEEN GROUP I, II, AND
III PHAGES

One of the valuable aspects of nucleic acid sequence comparison is
that it allows us to distinguish between coincidence and necessity. It
reveals which features in the primary and secondary structure of the
RNA are essential to the survival of the phage and which are accidental.

As already mentioned, the special status of the GUG start codon of
the MS2 maturation protein fell when related phages showed AUG at the
same position. When comparing GA to MS2, some general remarks to
this effect can be made. For instance, the double stop codon at the end of
the MS2 coat gene is not a conserved feature. Besides in GA it also fails in
fr (Borisova et al., 1979), and hence it may not be a crucial property.
Similarly, the fact that coat and replicase genes have the same frame in
MS2 is not important, as it is not conserved in GA. On the other hand,
the relative frames of the lysis and replicase genes are conserved, in
keeping with the finding that the overlap with the replicase gene provides
the essential amino acid sequence for the lysis function (Berkhout et al,,
1985b). We present below the amino acid sequence comparison for the
group I, II, and III phage proteins. The homologies may identify the parts
of the protein that serve a common function in the three phages.

A. The Maturation Protein

The homology between the phage proteins is the least for the matu-
ration protein (Fig. 13). Between the QB A2 protein and the corresponding
proteins from the group A phages, there is only homology in the carboxy-

FIGURE 13. Amino acid sequences of the maturation protein of QB, MS2, and GA. The
numbering is that of the MS2-coded protein. The relative positioning of the MS2 and QB
residues is chosen to show the homology proposed by Mekler (1981) and indicated here by
boxes in broken lines. The sequence in the maturation gene where the MS2 A protein binds
is underlined.
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terminal 20 or so amino acids. This could suggest that this part of the
protein has an identical function in the three phages—for instance, the
attachment of the phage particle to the F pili. The alternative is that this
part of the RNA is subject to structural constraints that relate either to
the translation termination process or to the initiation events at the coat
gene start site which lies only about 15 nucleotides downstream. It
should be remembered that the region of protein homology (QB positions
1256—-1321) lies within the S site (1245—-1342) that is recognized by QB
replicase. Also the S1-binding site on QB RNA is contained within the
same region (1291-1312). A connection between the amino acid se-
quence conservation and a translational or replicational requirement is
therefore conceivable. Of course the two explanations suggested here are
not mutually exclusive.

In the initial comparison between QB and MS2 maturation protein,
weak homology was proposed for two additional regions, as indicated in
Fig. 13 (Mekler, 1981). However, these two homologies do not extend to
the GA sequence and are therefore suspected to be fortuitous. The ab-
sence of similarities between QB and group A maturation proteins may
reflect the development of ‘“lysis”” properties in the QB A2 protein.

The homology between GA and MS2 is 38%. It is particularly strong
between amino acids 120 and 310 but almost nonexisting for the first 120
residues (Inokuchi et al., 1986). The A protein of MS2 binds to the RNA
region that encodes amino acids 84—98 (Shiba and Suzuki, 1981), which is

REPLICASE PROTEIN
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GA SPDFDGLAYLRDECLTKHPSLGODSNSDARRKELAYAKLMDSDQRCKIQNSN
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@ CALTNARLYRPDYSEDFNFSLGESCIHMARRKIAKLIGDVPSVEGMLRHCR
M2 GFLHDKSLSWDPDVLQTSIRSLIGNLLSGYRSSLFGQCTFSNGAPMGHKLAQ
GA GYDYSHIESGVLSGILKTAQALVANLLTGFESHFLNDCSFSNGASQGFKLR

FIGURE 14. Amino acid sequences of the replicase protein (subunit B) of QB, MS2 and GA.
The numbering is that of the QB-coded protein. Fortuitous amino acid sequence homologies
are indicated by a broken-line box. Regions of strong homologies are boxed by solid lines.
We report here a correction on the MS2 RNA sequence around position 2000. Old sequence:
UGGUGAUCGC. New sequence: UGAUCGGUGC. There is now a better homology with
GA. The revised tripeptide sequence in MS2 (DRC, amino acids 81, 82, 83} is underlined.
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FIGURE 14. (Continued)
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indicated by a solid line in Fig. 13. This sequence has not been conserved
between GA and MS2, although it cannot be excluded that the secondary
structure is conserved.

B. The Replicase

In contrast to the maturation protein, the amino acid sequences of
the replicases show strong resemblances. As expected, these are more
pronounced between GA and MS2 (50%) than between QB and group A.
The full sequences are presented in Fig. 14, and the more extensive ho-
mologies are boxed. The least correspondence is found at the N and C
termini.

The first phage RNA sequences to be known were MS2 and Q, and
at that time it seemed reasonable to attribute significance to the indi-
cated homology at the very N terminus of QB and MS2 replicase (Mekler,
1981). However, in the light of new data on GA and the partial fr se-
quence, the homology does not stand up, and the resemblances between
QP and MS2 must be considered accidental. That the replicases show
stronger homology among themselves than the A proteins probably re-
flects the fact that they interact with the same host proteins and have the
same enzymatic activity.

C. The Coat Protein

GA and MS2 have in 60% of the corresponding positions the same
amino acids. Between MS2 and fr the homology is 80%. The homology
with Q is restricted to a region around positions 30 and 60, as shown in
Fig. 15, where we present the coat protein sequences for the three phages.
It is not unexpected to find that much of the divergence between GA and
MS2 occurs at the N terminus. We have discussed this point before in
section VIIL.C. Figure 15 also provides some interesting differences be-
tween the group A coat protein genes. Apart from what has already been
mentioned, we see for instance at position 23 of GA the insertion of
valine, which seems compensated for by the deletion of phenylalanine 3
positions further downstream. The supposed insertion-deletion events
can be traced back in the nucleic acid sequence in Fig. 12. They are not
explicitly indicated here.

D. The Lysis Protein

The complete amino acid sequence of the lysis protein is known for
two group A phages, GA and MS2. Partial sequences are available for
group I phages fr, R17, f2, and M12. In Fig. 16, MS2, fr, and GA are
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COAT PROTEIN

2 S g S 2
QB MAKLETVTL(‘SNIGKDGKOTILVLN RGVNP‘TNGVASLSOA‘GAVPALEKRVTV
M2 --MASNFTOQFVLVDNGGTGDVTVAP-SNFANGVAEWISSNS-RSQAYKVTC
GA --MA-TLRSFVLVDNGGTGNVTVVPVSN-ANGVAEWLSNNS-RSQAYRVTA
8 2 8 g
Q8 SVSQPSR-N&K-NVKVOV-KﬂlQNPTACTANG‘SCDPSVTRQA}VADVTFSFTQ
MS2 SVRQSSAQNRKYTIKVEVPKVATQTVG-GVEL--PVAAUWRSYLNMEILTIPI
GA SYRASGADKRKYATKLEVPKIVTQVVN-GVEL--PGSAWKAYASIDILTIPI

o o (=3

= = o
Q@ YSTDEERAF-VRTELAALL LNPAY
MS2 FAITNSDCELIVKAMQGLLEK NSGTIY
GA FAATDDVTVISKSLAGLFK 0SGFYA

FIGURE 15. Amino acid sequences of the coat protein of QB, MS2, and GA. The numbering
is that of the QP coat protein. Regions of strong homologies are boxed.

compared. Several features are noteworthy. Significant conservation of
residues is found in the middle part of the molecule (amino acid 34—52 of
the MS2 sequence). The homologies can be further extended if analogous
amino acids are included such as phenylalanine, valine, and alanine.
There is also conservation of a histidine at position 24 and a cysteine
residue at position 29. We consider these as fortuitous in the sense that
they result from constraints placed on the RNA sequence. Histidine and
cysteine are encoded in the complementary parts of the replicase hairpin
(Fig. 5).

Berkhout et al. (1985b) have deleted increasing 5' parts of the MS2
lysis protein gene by recombinant DNA procedures and have found that
the first odd 40 amino acids are dispensable for function. This result is
consistent with the high variability found between the N-terminal re-
gions of MS2 and fr. It also is in agreement with the complete absence of

o o o =)
i
Y v

2 g 3 2
MS2 METRFPQQSQQTPASTNRRRPFKMHIEDYPICIRRQQ[RS|ST|L LII|FIL A T{FIL S|K|F TN
[ R T MGLKAKHIKENLI|CISDSE[RSIKRILY VWII|AIL AT|{VIL S[D|F TS
fr ?7QQPSQPTRESTKKPVPFQHIEEYP|ICIONQQIRS|STILY
o

8 I
M2 QLLLSLLEAV[IJRT VT Lno[t]Lfr
GA ITFSHWIWGLLII|LYLOQITL/MDI|L|PITIFVMNYV

FIGURE 16. Amino acid sequences of the lysis protein of MS2, GA, and fr (partial). The
numbering is that of MS2. The fr sequence does not contain an AUG or GUG codon in the
lysis reading frame. At the position of the question mark there is a UUG codon that may
function as a start signal.
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ReplicaseES K T T K K F N SIEL PL S L E TI1Y

MS2 AUGUCGAAGACAACAAACAAGUUCAACUCUUUAUGUAUUGAUCUUCCUCGCGAUCUUUCUCUCGAAAUUUACC----
Lvei C/lR R Q QIR S|S T|L Y Vv|L FlL A I|F|L S|K|F T
ysis €S DS EfR S|K R{L Y V|W AlL A I]lVv|iL S|D|F T
GA AUGUUCCGAUUCAGAGAGAUCGAAAAGACUCUAUGUAUCGAUCGCACUCGCGAUUGUGCUGUCCGAUUUCACG----

Replicase(M| F R F R E 1 E k T[L c|M[D]JRrR T[R DJ]C A V R F H

FIGURE 17. Amino acid choice in a part of the lysis-replicase overlap region of the phages
MS2 and GA. The nucleotide sequence starts at the replicase initiation codon. Homologous
amino acids are boxed.

the first 17 amino acids in the GA lysis protein and the appearance of
significant homology beyond amino acid 33.

It is instructive to have a closer look at the major conserved lysis
protein sequence {amino acid 34—51) (Fig. 17). The area shows several
regions where the lysis protein sequence is conserved at the expense of
that of the replicase. This may mean that the optimal replicase sequence
has not been realized but that a compromise with the selective advantage
of the lysis function has been reached.

Another interesting result emerging from sequence comparison is
that the sequence leu leu leu ser leu leu that is common to $X,-,, G4, and
MS2 is not conserved in GA. Therefore, this structure element may be
less crucial in cell lysis than initially thought (Inokuchi et al., 1986).

E. The Noncoding Regions

The homology between QB and group A in the 5’ and 3’ extra
cistronic regions is virtually nonexistent except for the obligatory row of
C’s at the 3’ terminus. The lack of homology between group A and group
B phages in these parts of the RNA is not unexpected, because there are
not even sequence similarities within the 6§ RNA family. The inter-
cistronic regions of QB and group A also have a low degree of similarity in
primary sequence except, of course, for the signals required for initiation
of translation.

For GA and MS2 the situation is different. The 3’ extracistronic
region has 71% of its sequence conserved, but this value is much lower
for the 5’ noncoding part, where it is only 46%. There is no satisfactory
explanation for this difference.

F. The Savings between MS2 and GA

GA is 103 nucleotides shorter than MS2. Assuming for the moment
that the difference is the result of deletions motivated by selective advan-
tage, one may wonder where such savings are possible. The GA replicase
has 39 bases less than the MS2 counterpart, but the shortening is not the
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result of a single deletion. In the 3’ end of the GA replicase gene, two
regions of seven and eight amino acids are missing around positions 470
and 480, respectively (GA replicase amino acid numbers). On the other
hand, GA shows an insertion of two amino acids with respect to MS2 at
position 175 of the GA replicase (see Fig. 14). This situation thwarts any
attempt to reconstruct the historical course of events that led to the
appearance of the two phage groups.

The second major difference in length originates from the 3’ untrans-
lated region, which is 54 nucleotides shorter in GA than in MS2. Here GA
lacks sequences corresponding to regions between nucleotide numbers 70
and 90 and between 100 and 140 from the 3’ end of MS2 RNA. The extra
sequences in MS2 do not show clear repeats with neighboring regions,
which decreases the probability that the differences are the result of
duplications.

X. PHYLOGENY OF RNA PHAGES

An interesting but necessarily most difficult question is that of the
origin and kinships of the RNA bacteriophages. It is generally assumed
that the four groups derive from a common ancestor. The basis for this
assumption is the identical genetic organization, the strong resemblances
of the replicases, the use of the same host proteins as auxiliaries in the
copying reaction, and the similarities of several control mechanisms,
such as the translational coupling between coat and replicase genes and
the repression of replicase synthesis by the coat protein. The properties
mentioned are more easily explained by divergent than by convergent
evolution.

We will discuss two views at the relationships: the longer phages
derive from the shorter by insertions, or the shorter derive from the
longer ones by deletions. The data obtained on 6S RNA replication indi-
cate that the replicase is capable of insertions as well as deletions. Thus
the potential of the polymerizing enzyme does not help to decide on the
direction of evolution.

Furuse {1986) has proposed that group IV stands closest to the fore-
bear, implying that “‘recent’” evolution was accompanied by deletions.
Several arguments exist. Group IV contains the most diverse subgroups
and has the broadest habitat. One of its members, ID2, shows serological
cross-reactivity with all other groups. Some amber mutants of SP phage
produce viable progency in intergroup complementation with MS2 and
QB. Also within group IV there is more variability in the molecular
weight of the coat protein and in several other physical parameters.

The tentative reconstruction would be that group IV has spawned
group III by small deletions and group A by deleting the read-through part
of the coat protein in combination with several other small losses. The
poor serological relationship between QB and group A makes it unlikely
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that group A is directly derived from group III. If indeed during younger
times the selection pressure has favored shorter genomes, then of course
group II derives from group I. Also, the strong conservation between GA
and MS2 seems to exclude that these two groups arose independently
from group IV (Furuse, 1986).

Mekler (1981) came to a different conclusion. He observed that sever-
al coat gene sequences in QP are repeated in the same order in the coat
gene read-through section, which suggests that a gene duplication has
occurred. The appearance of a conditional stop codon between the two
coat gene copies would then contribute to the genetic potential.

The position of the lysis gene in group A has interesting aspects
against this background. In the gene contraction view, this gene must
have evolved after group A emerged from group IV. This is consistent
with the observation that codon usage in the lysis gene qualifies it as a
late addition (Normark et al., 1983; Shepherd. 1981). Also in the gene
expansion view the development of the lysis function must be a late
event. If not, one would have to explain what possible advantage could be
gained by inactivating the lysis gene through an insertion, whose useful-
ness still had to be crafted.

It may be surprising that such a simple protein arose only late in
evolution. One speculation on this point is that its synthesis and develop-
ment could only start when the protein synthetic machinery of the bacte-
rial cell had acquired the properties necessary for termination-dependent
initiation. This new property would also stimulate the contraction of the
bacterial genome, in particular the intercistronic regions in polycistronic
messenger RNA.

XI. CONCLUDING REMARKS

The phage RNAs are about the smallest “live’” molecules carrying
the information necessary for their amplification and transmission. The
complete nucleotide sequence of four different phages has now been de-
termined, and, given the available technology, more sequences will fol-
low soon. These data will enable us to make meaningful suggestions on
the vital secondary and tertiary structure of these RNAs. In addition,
there is a chance that we will begin to understand the lines along which
these phages have diversified.

Also our ability to generate live phages from their cloned cDNA
(Taniguchi et al., 1978) opens the way to infect a bacterium with the
sequence of our choice and let it evolve under the selective pressure we
want. These tools may also be used to reexamine the occurrence of RNA
recombination.

The construction of hybrid phages that derive their 3’ and 5’ seg-
ments from different but closely related group members may aid our
understanding of the physical communication between such distant seg-
ments and may help identifying the distant contact points.
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There is no hope that we can improve on the viability of these highly
elaborate structures, in which the nucleotide choice at every position has
been carefully decided on. It is also unlikely that we will understand in
the near future why the gene order is as it is. In spite of such limitations,
it will remain a pleasure to accept the challenge to understand the design
and workings of these sophisticated forms of life.
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CHAPTER 5

Phages with Protein Attached
to the DNA Ends

MARGARITA SALAS

I. INTRODUCTION

The finding of specific proteins covalently linked to the 5’ ends of viral
DNAs, the so-called terminal proteins, lead to the discovery of a new
mechanism for the initiation of replication in which the primer, instead
of being the 3' OH group of a nucleotide provided by RNA or DNA
molecules, is the OH group of a serine, threonine, or tyrosine residue of
the terminal protein.

Several phages are known to contain a terminal protein: the B. sub-
tilis phage ¢29, the Streptococcus pneumoniae phage Cp-1, and the E.
coli phage PRDI. In addition, phages related to ¢$29 and Cp-1, respec-
tively, have been shown to contain a terminal protein also.

Besides the role of the terminal protein as a primer in the initiation of
replication (reviewed in Salas, 1983), the terminal protein of phage $29 is
required for the packaging of the phage DNA in the proheads.

In this review I will describe the characterization of the protein
covalently linked to the DNA ends of $29, Cp-1, and PRD1 and related
phages, the role of these proteins as primers in the initiation of replica-
tion, and the role, in the case of phage $29, in DNA packaging.
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II. CHARACTERIZATION OF THE TERMINAL PROTEIN AT
THE DNA ENDS OF THE PHAGE ¢29, CP-1, AND PRD1
FAMILIES

A. Phage $29 and Related Phages

The first evidence that suggested the existence of a protein at the
ends of a DNA was obtained in the case of the B. subtilis phage $29 with
the finding of circular molecules and concatemers in the DNA isolated
from the viral particles. These DNA structures were converted into unit-
length linear DNA, of about 12 x 10¢ daltons (Sogo et al., 1979), by
treatment with proteolytic enzymes (Ortin et al., 1971). In agreement
with these findings, it was reported that $29 DNA, after treatment with
proteolytic enzymes, lost the capacity to transfect competent B. subtilis
(Hirokawa, 1972) and that the DNA isolated from a ts mutant in gene 3
was thermolabile for transfection (Yanosfky et al., 1976). Later on, it was
found that a specific protein, p3, the gene 3 product (Salas et al., 1978), of
molecular weight 31,000 daltons, was covalently linked to the two 5’
ends of the viral DNA (Salas et al., 1978; Ito, 1978, Yehle, 1978).

The B. subtilis phages ¢15, 21, PZE, PZA, Nf, M2Y, B103, SF5, and
GA-1 are morphologically similar to $29 and have linear, double-stranded
DNAs, of similar size, 11-13 X 106 daltons. As in the case of $29, the
transfection capacity of this DNAs is lost by treatment with proteolytic
enzymes, again suggesting the existence of a terminal protein (Geiduschek
and Ito, 1982; Fucik et al., 1980). Indeed, a terminal protein of size similar
to that of $29 has been characterized in ¢15, PZA, Nf, M2Y, B103, and
GA-1DNAs (Yoshikawa and Ito, 1981; Gutiérrez et al., 1986b). In fact, the
amino acid sequence of the terminal protein of phage PZA only has 6
amino acid changes (Paces et al., 1985) with respect to that of phage $29
(Escarmis and Salas, 1982; Yoshikawa and Ito, 1982), of which five are
replacements by similar amino acids. On the other hand, a comparison of
the tryptic or chymotryptic peptides of the terminal proteins of phages
$29, d15, PZA, Nf, M2Y, B103, and GA-1 has indicated that the terminal
proteins of phages 29, ¢15, and PZA are similar; those of Nf, M2Y, and
B103 are related to each other and less related to $29, $15, or PZA,; and the
one of phage GA-1 is not related to any other terminal protein (Yoshikawa
and Ito, 1981; Gutiérrez et al., 1986b).

B. Phage Cp-1 and Related Phages

The S. pneumoniae phage Cp-1 has a linear, double-stranded DNA of
about 12 X 106 daltons. The first evidence for the existence of a terminal
protein was obtained from the fact that the transfecting activity of Cp-1
DNA was lost after treatment with proteolytic enzymes {Ronda et al.,
1983). Indeed, a terminal protein of about 28,000 daltons was shown to be
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covalently linked to the two 5’ ends of the DNA (Garcia et al., 1983a). By
tryptic peptide analysis the terminal protein of phage Cp-1 is completely
unrelated to that of phage ¢$29 (Escarmis et al., 1985).

The Cp-1-related phages Cp-5 and Cp-7 also have a terminal protein
covalently linked at the 5’ ends of the DNA (Lépez et al., 1984). By tryptic
peptide analysis, the terminal protein of phage Cp-5 was shown to be
closely related to that of phage Cp-1 and to have some differences with
respect to that of phage Cp-7 (Escarmis et al., 1985).

C. Phage PRDI and Related Phages

The lipid-containing phage PRDI1 which infects E. coli and Salmo-
nella typhimurium also has a linear, double-stranded DNA of about
14,500 base pairs (McGraw et al., 1983). Evidence for the existence of a
terminal protein linked to the ends of PRD1 DNA was obtained by label-
ing infected cells with 35S-methionine and finding that a labeled protein
remained associated with the DNA after phenol extraction and boiling
with sodium dodecyl sulfate and was released from the DNA by nuclease
treatment, migrating as the early phage-specific protein p8 (Bamford et
al., 1983).

There are other lipid-containing phages—PR4, PR5, PR722, and
L17—closely related to PRDI1. Although in none of these cases has a
terminal protein been characterized, other properties of these phages (see
later) make it very likely that all these phages also contain a terminal
protein bound at the DNA ends.

II. LINKAGE BETWEEN THE TERMINAL PROTEIN AND
THE DNA OF PHAGES ¢29, Cp-1, AND PRDI

The linkage between the $29 terminal protein p3 and the DNA was
shown to be a phosphodiester bond between the OH group of a serine
residue and 5° dAMP, the terminal nucleotide at both DNA ends {Her-
moso and Salas, 1980). More recently, the serine residue involved in the
linkage was determined as the serine at position 232 (Hermoso et al.,
1985), 266 being the total number of amino acids of the protein (Escarmis
and Salas, 1982). Prediction of the secondary structure in the region
around the linking site suggested that the above serine residue is located
in a B turn, probably located on the external part of the molecule (Her-
moso et al., 1985).

In phage Cp-1, the linkage is a phosphodiester bond between threo-
nine and 5’-dAMP (Garcia et al., 1986a), and in phage PRDI, the linkage
between the terminal protein and the DNA is a phosphodiester bond
between tyrosine and 5’-dGMP (Bamford and Mindich, 1984).
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IV. NUCLEOTIDE SEQUENCE AT THE DNA ENDS OF THE
$29, Cp-1, AND PRD1 FAMILIES

A. $29 Family

The complete nucleotide sequence of $29 DNA, 19,285 base pairs
long (Yoshikawa and Ito, 1982; Garvey et al., 1985; Vi¢ek and Paces,
1986) and of the related phage PZA, 19,366 base pairs long (Paces et al.,
1985, 1986a,b) is now known.

All the phages of the $29 family have a short, inverted terminal
repeat six nucleotides long (5" AAAGTA) for $29, PZA, 615, and B103
DNAs; eight nucleotides long (AAAGTAAG] for Nf and M2Y DNAs; and
seven nucleotides long (AAATAGA) for GA-1 DNA. In addition, the se-
quence of the first 18 nucleotides at the left DNA end of $29, PZA, ¢15,
Nf, M2Y, and B103 is identical, and there are homologies from nu-
cleotides 19 to 50. The remaining known sequence in phages $29, PZA,
and ¢15 is similar to each other and different from that of phages Nf,
M2Y, and B103, which share a similar sequence. The sequence at the left
end of GA-1 DNA is completely unrelated to that of the other phage
DNAs except for the three terminal nucleotides. At the right end, the
sequence of the first 13 nucleotides is very similar for the DNA of phages
$29, PZA, 615, Nf, M2Y, and B103, and there is an identical sequence
from nucleotide 27 to 38. The rest of the known sequence is very similar
for the DNA of phages $29, PZA, and ¢15 and different from that of
phages Nf, M2Y, and B103. The sequence at the right end of GA-1 DNA is
also unrelated to that of the other phage DNAs except for the three
terminal nucleotides and the sequence from nucleotide 29 to 41, which is
almost identical to that present from nucleotides 27 to 38 in the other
phage DNAs (Escarmis and Salas, 1981; Yoshikawa et al., 1981, 1985;
Pades et al., 1985, 1986b; Gutiérrez et al., 1986b).

B. Cp-1 Family

Phage Cp-1 DNA has a very long, inverted terminal repeat, of 236
base pairs, being the following 116 base pairs 93% homologous at the two
DNA ends (Escarmis et al., 1984). The inverted terminal repeats of the
related phages Cp-5 and Cp-7 are 343 and 347 base pairs long, respectively
(Escarmis et al., 1985). The homology between the inverted terminal
repeats of the three DNAs is 84-92%), similar to the average homology
calculated from restriction enzyme analysis (Lopez et al., 1984). The first
39 base pairs are the same for the three DNAs, and the differences are
concentrated between nucleotides 74 and 98 and between nucleotides
229 and 253. On the other hand, Cp-5 DNA is more related to Cp-1 than
Cp-7 DNA, in agreement with the degree of homology of the terminal
proteins.
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C. PRDI1 Family

The closely related phages PRD1, PR4, PR5, PR722, and L17, isolated
from different parts of the world, have long, inverted terminal repeats of
109—-110 base pairs. The first 17 and the last 35 base pairs of the inverted
terminal repeats are conserved in all the viruses except for a mismatch in
L17. Between these conserved nucleotide sequences there is a variable
area of 58 base pairs that enables to divide the phages into two groups; (1)
phages PRD1 and PR5 from the United States and Canada, and (2) phages
PR4, PR722, and L17 from Australia, South Africa, and the United King-
dom, respectively (Savilahti and Bamford, 1986).

The comparison of the DNA ends of the PRD1 family with those of
the $29 and Cp-1 families reveals that the conserved terminal sequence
of the PRD1 family and the left end of the $29 family is 17—18 base pairs
long. Within this sequence, there is a homologous sequence CCCCLCCC
which is also found in the Cp-1 termini some nucleotides further from
the DNA end (Savilathi and Bamford, 1986). The fact that the right end of
$29 does not have this sequence and that the left end of $29 DNA is first
packaged in the phage heads suggests that this sequence might be re-
quired for DNA packaging.

V. TRANSCRIPTION OF $29 DNA

The ¢29 early genes, located at the two ends of the DNA, are tran-
scribed from right to left; the late genes are clustered in the middle of the
genome and are transcribed from left to right (Mellado et al., 1976;
Schachtele et al., 1973; Carrascosa et al., 1976) under the control of the
viral gene 4 product (Sogo et al., 1979).

The initiation sites of the RNA transcripts synthesized in vivo in B.
subtilis infected with phage 29 or in vitro using $29 DNA with the B.
subtilis RNA polymerase holoenzyme have beenmapped by S1 protection
experiments (Barthelemy et al., 1986; Dobinson and Spiegelman, 1985;
Mellado et al., 1986a,b). Nine transcription initiation sites were localized
along the $29 genome, close to previously reported RNA polymerase
binding sites (Sogo et al., 1979). Eight of these sites correspond to early
transcription, and only one to late transcription. The eight early promot-
ers have consensus sequences that correspond to the ones used by the B.
subtilis RNA polymerase with the o*3subunit (TTGACA and TATAAT
at the —35 and —10 regions, respectively). The late promoter has the
TATAAT sequence at the —10 region, but no consensus sequence is
present at the —35 region.

The main in vivo early and late transcription termination sites in
$29 DNA have been determined by S1 mapping experiments. Transcrip-
tion of the early genes located at the left end of the genome terminates at
the very end of the DNA and within the HindIII G fragment. Transcrip-
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tion termination of the early genes located at the right end of the genome,
and that of the viral late genes, overlapped in a region within the EcoRI D
fragment. Stem-loop structures followed by uridine-rich tails can be de-
rived for early and late mRNAs, suggesting rho-independent transcription
termination in $29 DNA (Barthelemy et al., 1987b).

The $29 gene 4, which controls $29 late transcription (Sogo et al.,
1979), has been cloned under the control of the P, promoter of phage
lambda, and protein p4 was overproduced (Mellado and Salas, 1982). The
overproduced protein p4 has been purified and promotes the in vitro
transcription from the late promoter when added to the B. subtilis RNA
polymerase (Barthelemy et al., 1987a). Experiments aimed to elucidate
whether protein p4 acts as a sigmalike factor or as an activator are under
way.
The transcriptional maps of Cp-1 and PRD1 DNAs is not yet avail-
able.

VI. IN VIVO REPLICATION OF ¢29, Cp-1, AND PRD1 DNAs
A. Phage ¢29

Analysis of the in vivo ¢29 replicative intermediates by electron
microscopy showed that $29 DNA replication starts at either end of the
DNA, nonsimultaneously, and proceeds by a strand displacement mecha-
nism {Inciarte et al., 1980; Harding and Ito, 1980). In agreement with a
role of the terminal protein in the initiation of relication, protein was
found at the ends of the parental and daughter DNA strands (Sogo et al.,
1982).

By using ts and sus mutants of $29 (Talavera et al., 1971; Moreno et
al., 1974), five genes were shown to be involved in the viral DNA replica-
tion—genes 2, 3, 5, 6, and 17 (Talavera et al., 1972; Carrascosa et al,,
1976; Hagen et al., 1976). By shift-up experiments using ts mutants avail-
able in genes 2, 3, 5, and 6, genes 2 and 3 were shown to be involved in an
initiation process, whereas genes 5 and 6 were involved in an elongation
step in $29 DNA replication (Mellado et al., 1980). In this kind of experi-
ment, the possibility that genes 5 and 6 are also involved in initiation
cannot be ruled out. Gene 17, for which ts mutants are not available, gave
rise to delayed DNA replication (Carrascosa et al., 1976). Recent transfec-
tion experiments using recombinant $29 DNA molecules lacking gene
17 have shown that this gene is dispensable (C. Escarmis, D. Guirao, and
M. Salas, in preparation).

In the $29-related phage M2, three genes involved in the viral DNA
replication have been characterized—G, E, and T. Genes G and E corre-
spond to the $29 genes 2 and 3, respectively (Matsumoto et al., 1983).

In vivo ¢$29 DNA replication does not require the bacterial DNA
polymerases I or I, since replication occurs in polA ~ mutants and in the
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presence of 6(p-hydroxyphenylazo)uracil (Pefialva and Salas, 1982; Tal-
avera et al., 1972). Development of $29 also occurs normally in the B.
subtilis replication mutants (reviewed in Henney and Hoch, 1980) ts dna
B19, ts dna C30, ts dna D23, ts dna E20, ts dna F133, ts dna 1102, and
QB1506, whereas the burst size is reduced about 10-fold in the mutants ts
dna G34 and ts dna H151, and no development takes place in mutant ts
dna Al3, involved in ribonucleotide reduction (Salas, unpublished
results).

In vivo $29 and M2 DNA replication is inhibited by aphidicolin
(Hirokawa et al., 1982}, a known inhibitor of the eukaryotic DNA poly-
merase a (reviewed by Huberman, 1981). As will be shown later, the
target of the aphidicolin inhibition is the $29-induced DNA polymerase.

B. Phage Cp-1

Cp-1 DNA replication starts at the DNA ends by a protein-priming
mechanism (see later). As in the case of phage $29, Cp-1 replication is not
inhibited by 6(p-hydroxyphenylazojuracil, and it is inhibited by ap-
hidicolin (Garcia et al., 1986b), suggesting a mechanism of replication
very similar to that of phage $29.

C. Phage PRD1

Viral DNA synthesis was determined in cells infected under re-
strictive conditions by PRD1 sus mutants. PRD1 DNA was not synthe-
sized in class I and VIII mutants, which involve proteins pl and p8,
respectively. Mutants of class XII, involving protein pl2, showed a de-
crease in the amount of the viral DNA synthesized. The same result was
found with mutant sus 239, which either overproduces pl7 or is also a
mutant of pl2 (Mindich et al., 1982).

On the other hand, the host proteins rep, topoisomerase I, and to-
poisomerase II are not needed for PRD1 DNA replication (Davis and
Cronan, 1983; Bamford and Mindich, 1984).

VII. IN VITRO REPLICATION OF 29, Cp-1, AND PRDI1
DNAs: INITIATION REACTION

A. Formation of a Covalent Complex between the Terminal
Protein and 5" dAMP in $29 and M2

When extracts from $29 or M2-infected B. subtilis were incubated
with [a-32P] dATP in the presence of the DNA-terminal protein complex,
a labeled protein with the electrophoretic mobility of the terminal pro-



176 MARGARITA SALAS

tein was found, which was not formed in the presence of antiterminal
protein serum or when extracts from uninfected cells were used (Penalva
and Salas, 1982; Shih et al., 1982, 1984; Watabe et al., 1982, 1983; Mat-
sumoto et al., 1983). Incubation of the 32P-labeled protein with piperidine
under conditions that hydrolyze the linkage between protein p3 and $29
DNA released 5' dAMP, indicating the formation of a protein p3-dAMP
covalent complex. This complex could be elongated in vitro, indicating
that it was indeed an initiation complex (Penalva and Salas, 1982).

By using extracts from B. subtilis infected under restrictive condi-
tions with ¢$29 mutants in genes 2, 3, 5, 6, and 17, it was shown that
genes 2 and 3 are essential for the formation of the initiation complex
(Blanco et al., 1983; Matsumoto et al., 1983). The products of genes 5, 6,
or 17 were not needed for the initiation reaction. In agreement with the
$29 results, extracts from su— B. subtilis infected with the M2 mutants
susG or susE, equivalent to the $29 sus2 or sus3 mutants, respectively,
were also inactive in the formation of the M2 initiation complex (Mat-
sumoto et al., 1983).

B. Formation of a Covalent Complex between the Terminal
Protein and 5° dAMP in Phage Cp-1

Incubation of extracts of Cp-l-infected S. pneumoniae with
[a-32P]dATP produced a labeled protein with the electrophoretic mobility
of the Cp-1 terminal protein. Incubation of the 32P-labeled protein with
piperidine released 5’ dAMP, indicating that a covalent complex between
the terminal protein and 5’ dAMP was formed in vitro. Addition of the four
deoxynucleoside triphosphates to the incubation mixture produced a la-
beled complex of slower mobility in sodium dodecyl sulfate-poly-
acrylamide gels, indicating that the Cp-1 terminal protein-d AMP complex
can be elongated and, therefore, it is an initiation complex (Garcia et al.,
1986a).

C. Formation of a Covalent Complex between the Terminal
Protein and 5’ dGMP in Phage PRD1

When extracts from PRD1-infected S. typhimurium were incubated
with [a-32P]JdGTP, a labeled protein band with the electrophoretic mobili-
ty of the terminal protein p8 was formed (Bamford et al., 1983). This
reaction did not occur when extracts from uninfected cells were used.
When the extract was made from cells containing cloned genes of classes I
and VIII, coding for the replication proteins pl and p8, respectively, the
efficiency of the labeling of protein p8 greatly increased. On the other
hand, when extracts from su — cells infected with sus mutants of class I or
VIII were used, no p8-dGMP complex was formed, although they comple-
mented each other (Bamford and Mindich, 1984).
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The involvement of host replication functions in p8-dGMP complex
formation was tested by using extracts from E. coli cells temperature-
sensitive for the replication genes dna B, dna E, dna A, dna C, dna G, dna
Z, and dna P, each of them harboring a plasmid containing the viral
essential genes coding for proteins pl and p8. All mutants, except dna G,
were temperature-sensitive for the formation of the initiation complex,
suggesting that most of the host replication complex may be needed for
the initiation reaction (Bamford and Mindich, 1984).

VIII. PURIFICATION AND CHARACTERIZATION OF THE
$29 PROTEINS p2, p3, p5, AND p6, INVOLVED IN DNA
REPLICATION

A. Purification of Protein p2: Characterization of DNA
Polymerase and 3' — 5’ Exonuclease Activities

Since the amount of protein p2 in $29-infected B. subtilis is very
low, gene 2 was cloned in an E. coli plasmid to overproduce the proteins
to facilitate the purification. A $29 DNA fragment containing gene 2 was
cloned in plasmid pPLc28 under the control of the P, promoter of phage
lambda. A protein with the electrophoretic mobility expected for protein
p2 was overproduced in the E. coli cells harboring the recombinant plas-
mid pLBw2, and the protein was active in the formation of the initiation
complex when complemented with extracts from sus 2—infected B. sub-
tilis (Blanco et al., 1984). Protein p2 was highly purified in an active form
from the above cells (Blanco and Salas, 1984).

The purified protein p2, in addition to catalyzing the initiation reac-
tion when complemented with extracts from sus 2—infected cells or with
purified protein p3 (see later), was shown to have DNA polymerase ac-
tivity when assayed with a template primer such as poly dA-(dT),,,, ;5 or
on activated DNA (Blanco and Salas, 1984; Watabe et al., 1984a). The
DNA polymerase activity was shown by in situ gel analysis to be present
in the protein p2 band (Blanco and Salas, 1984). In agreement with these
results, a partially purified DNA polymerase isolated from B. subtilis
infected with a ts mutant in gene 2 had greater heat lability than the
protein p2 from wild-type-infected cells (Watabe and Ito, 1983).

In addition, protein p2 has a 3’ — 5’ exonuclease activity on single-
stranded DNA, which might provide a proofreading mechanism, but not
5'— 3' nuclease (Blanco and Salas, 1985a; Watabe et al., 1984b). The 3' —
5" exonuclease activity was shown to be associated with the DNA poly-
merase and initiation activities of protein p2, since all these activities
cosedimented in a glycerol gradient (Blanco and Salas, 1985a). Moreover,
the DNA polymerase and 3' — 5’ exonuclease activities were heat-inacti-
vated with identical kinetics (Blanco and Salas, 1985a).
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B. Purification of Protein p3

Since in $29-infected B. subtilis most of the protein p3 synthesized is
used for priming replication and is present as a covalent complex with
$29 DNA, to overproduce free protein p3, a $29 DNA fragment contain-
ing genes 3, 4, 5, and most of 6 was cloned in plasmid pKC30 under the
control of the P, promoter of phage lambda. A protein with the elec-
trophoretic mobility of p3 that reacted with anti-p3 serum was over-
produced in the E. coli cells harboring to recombinant plasmid pKC30 Al,
and the protein was active in the formation of the initiation complex
when complemented with extracts from sus 3—infected B. subtilis (Gar-
cia et al., 1983b). Protein p3 has been highly purified in an active form
from E. coli cells harboring the gene 3—containing recombinant plasmid
(Prieto et al., 1984; Watabe et al., 1984a).

C. Activity of Purified Proteins p2 and p3 in the Formation of
the p3-dAMP Initiation Complex and Its Further Elongation

When purified proteins p2 and p3 were incubated with [a-32P] JATP
in the presence of $29 DNA-p3 as template, p3-dAMP initiation complex
was formed. The reaction was greatly stimulated by addition of NH
ions (Blanco and Salas, 1985b). The stimulation is probably due to the
formation of a complex between proteins p2 and p3 which is detected by
glycerol gradient centrifugation in the presence but not in the absence of
NH} ions (Blanco et al., 1987).

The p3-dAMP initiation complex formed in the minimal system con-
taining purified proteins p2 and p3 is elongated in the presence of dATP,
dTTP, dGTP, and ddCTP to give rise to p3 linked to oligonucleotides 9
and 12 bases long (Blanco and Salas, 1984; Watabe et al., 1984a), accord-
ing to the sequence at the DNA ends. In addition, when the four dANTPs
were present, this minimal system was able to elongate the p3-dAMP
initiation complex to produce full-length $29 DNA (Blanco and Salas,
1985b). The rate of elongation in this system was stimulated about three-
fold by addition of NH; ions (Blanco et al., 1987). This result could be in
agreement with those of Matsumoto et al. (1984) suggesting the participa-
tion of the $29 terminal protein in elongation.

D. Effect of Aphidicolin and Nucleotide Analogues on the $29
DNA Polymerase

Aphidicolin and the nucleotide analogues butylanilino dATP
(BuAdATP) and butylphenyl dGTP (BuPdGTP), inhibitors of the eu-
karyotic DNA polymerase (Huberman, 1981; Khan et al., 1984), inhibited
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the protein-primed replication of $29 DNA-p3 using the minimal system
with purified proteins p2 and p3. The aphidicolin effect was mainly on the
elongation step, inhibiting the rate of elongation. The nucleotide ana-
logues inhibited both the initiation and elongation steps. All the drugs
inhibited polymerization on activated DNA and the 3' — 5’ exonuclease
activities of protein p2, suggesting that the target of the drugs is the $29
DNA polymerase itself (Blanco and Salas, 1986). This is in agreement with
the finding that aphidicolin-resistant mutants map within gene 2 and they
have an altered DNA polymerase that is less sensitive to aphidicolin than
the wild-type enzyme (Matsumoto et al., 1986).

That aphidicolin inhibits mainly the elongation step of $29 DNA- p3
replication whereas the nucleotide analogues inhibit both initiation and
elongation suggests the existence of two active sites in protein p2—one
for initiation for the covalent linkage of dAMP to the OH group of serine
residue 232 in protein p3, and one for elongation for the linkage of
dNMPs to the 3' OH group of a nucleotide (Blanco and Salas, 1986). The
existence of two active sites in protein p2 is in agreement with the find-
ing of a different dATP concentration requirement for initiation and
elongation. Whereas initiation can occur at very low dATP concentration
(0.1 pM), elongation requires a higher dATP concentration (> 1 pM)
(Blanco et al., 1986).

E. Isolation of Mutants of Protein p3 by in Vitro Mutagenesis of
Gene 3: Effect of the Mutations on the in Vitro Formation of
the Initiation Complex

By in vitro manipulation of gene 3—containing recombinant plas-
mids, two p3 mutants with some residues changed at the carboxyl end
were obtained; these mutants showed a reduced activity in the in vitro
formation of the initiation complex (Mellado and Salas, 1982, 1983). To
turther study the importance of the carboxyl end in the activity of protein
p3, deletion mutants were constructed. A deletion of four amino acids
showed 50% of the activity of the wild-type protein. Deletions of 20 or
more amino acids resulted in a small production of the protein and no
priming activity. Addition of the last five carboxyterminal amino acids to
the latter gave rise to a higher production of the proteins but no priming
activity, suggesting that the region between residues 240 and 262 at the
p3 carboxyl end, or part of it, may be essential for the normal function of
the protein (Zaballos et al., 1986).

Deletion mutants at the amino end of protein p3 have also been
constructed. Deletions of 5-13 amino acids resulted in a protein with
higher activity than the wild-type p3. Deletions of 17—47 amino acids
produced a protein with low activity, and a deletion of 54 amino acids
resulted in an inactive protein (Zaballos et al., 1988). The finding that
deletions at the amino end of protein p3 produce a protein more active
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than the wild-type p3 is interesting and might suggest some processing in
protein p3 from $29-infected B. subtilis that might not occur in the
protein p3 synthesized in E. coli. Experiments aimed to elucidate this
possibility are in progress.

To determine the specificity of the serine residue at position 232 of
protein p3 involved in the linkage to dAMP, the above serine was
changed to a threonine residue by site-directed mutagenesis. No detect-
able activity of the mutated p3 was obtained, indicating a very high
specificity in the linking site (C. Garmendia, M. Salas, and J. M. Her-
moso, in preparation).

F. Purification and Characterization of Protein p6

A $29 DNA fragment containing gene 6 was cloned in plasmid pPLc28
under the control of the P, promoter of phage lambda. A protein with the
electrophoretic mobility of protein p6 (molecular weight ~12,000) was
overproduced and highly purified. The apparent molecular weight of the
purified protein p6 was 23,600, suggesting that the native form of the
protein is a dimer (Pastrana et al., 1985).

When purified protein p6 was added to the in vitro system with
proteins p2 and p3 in the presence of $29 DNA-p3 as template and 0.25
uM dATP, the formation of the p3-dAMP intiation complex was in-
creased (Pastrana et al., 1985). The stimulation by protein p6 was depen-
dent on the dATP concentration and decreased about fivefold the K
value for dATP {Blanco et al., 1986).

Protein p6 also stimulated the limited elongation reaction in the
presence of ddCTP in the minimal system with purified proteins p2 and
p3 and $29 DNA-p3 as template. The activities in protein p6 that stimu-
late the initiation and limited elongation reactions in $29 DNA-p3 rep-
lication cosediment with the protein p6 peak in a glycerol gradient, indi-
cating that the two activities are present in the same protein (Blanco et
al., 1986). The stimulation by protein p6 of elongation in $29 DNA-p3
replication in the absence of ddCTP was similar to that in its presence,
and no effect on the rate of elongation or on the K, value for the dNTPs
was obtained. A possible role for protein p6 in elongation might be to
stimulate the incorporation of the first nucleotide(s) into the p3-dAMP
initiation complex (Blanco et al., 1986).

The effect of protein p6 on the elongation reaction requires the use of
templates containing the $29 DNA replication origin. In addition, the
stimulation of elongation by protein p6, but not that of initiation, seems
to be sequence-dependent, since the replication from the right end is
preferentially stimulated over that from the left end (Blanco et al., 1986).

To try to understand the mechanism by which protein p6 stimulates
$29 DNA-p3 replication, the binding of p6 to different DNA fragments
was studied by DNAase I footprinting experiments. Binding to the 269
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base pairs long HindIII L fragment from the right end of $29 DNA or to a
307 base pairs long fragment from the left $29 DNA end produced a
specific pattern of protected regions 22 nucleotides long, all along the
fragment, flanked by DNAase I hypersensitive sites located 24 nu-
cleotides apart. A different pattern was found with an internal $29 DNA
fragment or with a pBR322 DNA fragment, suggesting that protein p6
might recognize some signal at the ends of $29 DNA (Salas et al., 1986).
In addition, when relaxed circular DNA is incubated with protein p6 and
further treated with topoisomerase I, supercoiling of the DNA is ob-
tained, suggesting that the binding of protein p6 at the ends of $29 DNA
produces some conformational change, and this might facilitate replica-
tion (Prieto et al. 1988).

G. Purification and Characterization of Protein p5

The open-reading frame 10 in the sequence of Yoshikawa and Ito
(1982) was shown to be the one coding for protein p5 by sequencing a ts5
mutant (G. Martin, J. M. Liazaro, and M. Salas, in preparation).

A $29 DNA fragment containing open-reading frame 10 was cloned
in plasmid pPLc28, under the control of the P, promoter of phage lambda.
A protein of the expected molecular weight, about 13,000, was labeled
after heat induction. The protein has been highly purified and shown to
bind to single-stranded DNA (Martin et al., in preparation). Experiments
to determine the activity of the purified protein in the in vitro $29 DNA
replication system are under way.

IX. TEMPLATE REQUIREMENTS FOR THE FORMATION OF
THE INITIATION COMPLEX

Protein p3-containing fragments from the left or right $29 DNA
ends, but not internal fragments, were active as templates for the forma-
tion of the p3-dAMP initiation complex provided they had a minimal
size: a 26-base-pairs-long fragment was active, whereas a 10-base-pairs-
long one was essentially inactive. The activity of the latter was restored
by ligation of an unspecific DNA sequence, suggesting that the low ac-
tivity of the 10-base-pairs-long fragment is due to its small size rather
than to the lack of a specific sequence {Garcia et al., 1984).

When 29 DNA-protein p3 was treated with proteinase K, the result-
ing DNA was not active as a template for the initiation reaction. Howev-
er, treatment with piperidine to remove the peptide that remains after
proteinase K digestion produced an active template for the initiation
reaction, although the activity was about 5-10 times lower than that
obtained with $29 DNA-p3. The activity was due to the terminal se-
quences in $29 DNA, since isolated piperidine-treated terminal frag-
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ments HindIll B and L, but not internal fragments, were the active tem-
plates (Gutiérrez et al., 1986b).

To study the DNA sequence requirements for the initiation reaction
further, the terminal fragments Bcll C and HindIII L, 73 and 269 base
pairs long, from the left and right ends of $29 DNA, respectively, were
cloned in plasmid pKK 223-3 in such a way that treatment of the recom-
binant plasmid pID13 with Ahalll released the $29 DNA terminal se-
quences at the ends of two fragments. These fragments were active tem-
plates for the initiation and elongation reactions, although the activity
was about 15% of that obtained with $29 DNA-p3. No activity was
obtained with the circular plasmid or with the plasmid linearized with
HindIII that does not place the $29 DNA terminal sequences at the DNA
ends (Gutiérrez et al., 1986a). The fact that only terminal, but not inter-
nal, $29 DNA fragments are active as templates suggests the existence of
specific sequences at the $29 DNA ends that allow the recognition for
the initiation reaction.

The results obtained with the protein-free terminal fragments of $29
DNA suggested that the parental terminal protein at the ends of $29
DNA, although it was not an absolute requirement, was an important
one, since, in its absence, the template activity was greatly reduced. To
further show the relevance of the parental terminal protein, the DNA-
terminal protein complex of the $29-related phages PZA, ¢15, Nf, B103,
and GA-1, or the piperidine-treated DN As, were used as templates for the
initiation reaction with purified proteins p2 and p3 from $29. The tem-
plate activity of the terminal protein-DNA complex from phages PZA
and $15, with a terminal protein closely related to that of $29, was
similar to that obtained with the $29 DNA-p3 complex, and the activity
was similarly reduced after removal of the terminal protein by treatment
with piperidine. The terminal protein-DNA complex from phages Nf,
B103, or GA-1, with a terminal protein much less related (Nf and B103) or
unrelated (GA-1) to that of $29, was very little active (Nf and B103) or
inactive (GA-1). Activity was restored to the level of that obtained with
protein-free $29 DNA after removal of the terminal protein (Gutiérrez et
al., 1986b). These results are in agreement with an important role of the
parental terminal protein, since the presence of a related one allows the
initiation reaction to occur, probably by protein-protein interaction,
whereas the presence of an unrelated one avoids such interaction and that
with the DNA signals. Removal of the $29-related parental terminal
protein decreases the template activity, suggesting that protein-DNA in-
teraction is less efficient than protein-protein interaction. Removal of the
unrelated parental terminal protein gives rise to template activity, allow-
ing the protein-DNA interaction to occur.

The important role of the parental terminal protein in $29 DNA
replication is in agreement with experiments of mixed infection of B.
subtilis, at 42°C, with a ts 2 and a ts 3 mutant. Most of the progeny of the
infection had the ts 2 genotype, suggesting that the heat-inactivated pa-
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rental terminal protein in the ts 3 mutant cannot initiate replication
(Salas et al., 1978).

On the other hand, transfection of B. subtilis protoplasts with $29
DNA molecules lacking one of the two parental terminal proteins give
rise to neither phage progeny nor DNA replication, in agreement with a
key role of the parental terminal protein in $29 DNA replication (Escar-
mis et al., in preparation).

X. POSSIBLE ROLE OF THE INVERTED TERMINAL REPEAT
IN THE REPLICATION OF ¢29, Cp-1, AND PRD1 DNAs

A possible role for the inverted terminal repeat in DNA replication is
the formation of a panhandle structure of the parental DNA strand that
could be displaced in the process of replication. This role has been sug-
gested in the case of adenovirus DNA replication that occurs by a similar
protein-priming mechanism and has an inverted terminal repeat 100 base
pairs long (Lechner and Kelly, 1977). The inverted terminal repeat of
phages Cp-1 and PRDI1 is long enough to allow the formation of such a
panhandle structure. However, the 6-base-pairs-long inverted terminal
repeat of phage $29 may be too short to allow the formation of such
structure.

To test whether the $29 parental DNA strand is displaced during
replication and initiates replication after displacement, $29 DNA mole-
cules with only one parental terminal protein at the left or right ends
were constructed, and B. subtilis protoplasts were transfected with such
molecules. If the parental DNA strand is replicated after displacement,
the $29 DNA molecules with terminal protein at only one of the ends
will have a normal displaced strand and therefore should replicate. No
replication was obtained with such $29 DNA molecules, suggesting that
the parental strand does not start replication after displacement but prob-
ably starts replication at the opposite end before being displaced (Esca-
rmis et al., in preparation). The possibility that the parental DNA strand
in phages Cp-1 and PRDI is replicated after displacement will have to be
determined.

From the fact that protein-free DNAs from phages 29, PZA, 415,
Nf, B103, and GA-1 have template activity using the $29 proteins p2 and
p3, and taking into account that a common sequence for all the phage
DNAs, except for GA-1, is the 6-base-pairs-long inverted terminal repeat,
the latter could be the minimal sequence recognized for the initiation of
replication. If this is the case, the template activity of GA-1 DNA, which
only shares the sequence 5'AAA with the other phage DNAs (and this
sequence is not enough to provide template activity) needs to be ex-
plained (Gutiérrez et al., 1986a). Experiments aimed to elucidate which is
the DNA sequence required for the initiation of $29 DNA replication are
under way.
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XI. MODEL FOR THE PROTEIN-PRIMED REPLICATION OF
$29

Figure 1 shows our present knowledge of the protein-primed replica-
tion of $29 and, most likely, the $29, Cp-1, and PRD1 families. A free
molecule of the terminal protein p3 interacts with the DNA polymerase
p2 in the presence of NH} ions, and the p2—p3 complex is located at the
ends of the $29 DNA-p3 template by protein-protein and protein-DNA
interaction. In the presence of dATP, the DNA polymerase catalyzes the
formation of a covalent complex between the OH group of serine residue
232 in protein p3 and 5' dAMP. This reaction is stimulated by protein p6
that lowers the K, , value for JATP. Whether other factors are involved in
this initiation reaction remains to be determined. The p3-dAMP initia-
tion complex is further elongated by the DNA polymerase that probably
remains associated with the DNA in a replication complex. The rate of
elongation is increased about threefold by NH; ions. The viral protein p6é
stimulates elongation, probably by coupling the initiation and elongation
steps by stimulating the incorporation of the first nucleotide(s) to the p3-
dAMP initiation complex. The role of the viral protein p5 could be to act
as an ssb by interaction with the displaced parental strand. Further ex-
periments are needed to determine the role of protein p5 and to establish
the function of p17 and the possible involvement of other factors.

By using the purified system with proteins p2, p3, and p6, unit length
$29 DNA is obtained when the $29 DNA-p3 template is used. If the
parental strand is displaced before it initiates replication, formation of a
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panhandle structure through the 6-base-pairs-long inverted terminal re-
peat could provide a replication origin. The experimental evidence avail-
able does not support this possibility. Alternatively, the replication at the
opposite end may start before the parental strand is completely displaced,
thus using the replication origin on the double-stranded DNA.

On the other hand, although the model presented in Fig. 1 shows a
linear $29 DNA-p3 molecule as template, a possibility is the formation of
circular DNA molecules by interaction of the terminal proteins at the
DNA ends (Ortin et al., 1971). This alternative might explain why initia-
tion of replication does not occur simultaneously at the two DNA ends in
vivo. In addition, the existence of the displaced parental strand as a circle
held by protein-protein interaction might provide a mechanism for the
initiation of its replication.

XII. ROLE OF THE PARENTAL TERMINAL PROTEIN IN $29
DNA PACKAGING

An in vitro $29 DNA packaging system has been developed that
depends on proheads, the gene 16 product, and $29 DNA-p3 complex
(Bjornsti et al., 1981, 1984; Guo et al., 1986). In this in vitro system, the
$29 DNA-p3 complex is encapsulated in an oriented way, the left end of
$29 DNA being packaged first (Bjornsti et al., 1983). Treatment of $29
DNA-p3 with proteinase K avoids the packaging reaction, suggesting an
essential role of the parental terminal protein in DNA packaging in addi-
tion to its role in the initiation of DNA replication.

The protein that forms the connector of $29, p10, binds to DNA in a
way that does not seem to be sequence-specific. However, the presence of
the terminal protein at the ends of the DNA produces a significant in-
crease of pl0 molecules bound to the DNA ends, suggesting a terminal
protein-mediated recognition of DNA ends by the phage connector (Her-
ranz et al., 1986). It remains to be determined whether protein pl6, the
only free protein that seems to be essential for DNA packaging in vitro,
provides the specificity to recognize the left $29 DNA end.

It is likely that in the other phages of the $29 family, as well as in the
case of the Cp-1 and PRDI families, the parental terminal protein is also
essential for DNA packaging.

XIII. PROTEIN-PRIMED INITIATION OF REPLICATION: A
GENERAL MECHANISM

In addition to the $29, Cp-1, and PRDI families reported in this
review, adenovirus (Rekosh et al., 1977), the S1 and S2 mitochondrial
DNA from maize (Kemble and Thompson, 1982), the linear plasmid
pSLA2 from Streptomyces (Hirochika and Sakaguchi, 1982), and the lin-
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ear plasmids pGKL1 and pGKL2 from yeast (Kikuchi et al., 1984) have a
terminal protein covalently linked at the 5’ ends of the DNA. The pro-
tein-priming mechanism for the initiation of replication has been studied
in great detail in the case of adenovirus (reviewed in Stillman, 1983),
showing great similarities with the $29 system. It is likely that the other
reported cases of DNAs with a terminal protein also initiate replication
by protein priming.

In addition, several RN A genomes of animal and plant viruses have a
terminal protein covalently linked at the 5’ end of the RNA (reviewed in
Daubert and Bruening, 1984). Some evidence for the formation of a
covalent complex between the terminal protein and the terminal nu-
cleotide has been obtained for poliovirus and encephalomyocarditis virus
RNAs (Morrow et al., 1984; Vartapetian et al., 1984). Therefore, the pro-
tein-priming mechanism is likely to be a general way to initiate replica-
tion in protein-containing nucleic acids.

It is also likely that, as happens in phage $29, the parental terminal

protein may be required for packaging of the nucleic acid into the viral
heads.
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CHAPTER 6

Phage Mu

Rasika M. HARSHEY

I. INTRODUCTION

Phage Mu was discovered accidentally when an E. coli strain was being
tested for phage Pl lysogeny (Taylor, 1963). The first observation Taylor
made on the new temperate phage was its ability to cause mutations, and
hence the name Mu for mutator. By a series of genetic linkage tests,
Taylor confirmed that the mutations resulted from an insertion of the
phage genome into the host genes. He drew parallels between the ability
of Mu to occupy many chromosomal sites and to suppress the phenotypic
expression of genes, and that of ““controlling elements’”’ postulated to
move between many sites in the maize chromosome and suppress the
function of some genes (McClintock, 1956). Taylor’s insight proved
prophetic.

Because of the unique properties of Mu, a large body of Mu research
has been focused on the extraordinary capacity of Mu to cause mutations
as well as a gamut of gene rearrangements (reviewed by Couturier, 1976;
Bukhari, 1976; Toussaint and Resibois, 1983; Mizuuchi and Craigie,
1986). These properties of Mu have been exploited in mobilizing and
isolating genes and studying gene structure and function in many bacte-
ria (see Faelen and Toussaint, 1976; Toussaint and Resibois, 1983; Cas-
adaban and Cohen, 1979; Casadaban and Chou, 1984). More recently, Mu
has been used in studying bacterial colony organization {Shapiro, 1984).
As a consequence of the emphasis of studies on Mu as a transposon, other
areas of phage biology have received less attention. I will attempt here to
summarize our knowledge of these other areas. A general description of
Mu was provided by Howe and Bade {1975) and is now the subject of an
entire book (Symonds et al., 1987).
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II. VIRION MORPHOLOGY

The Mu phage particle consists of an icosahedral head and a contrac-
tile tail, similar to that of T-even phages (Fig. 1). The head is 540 A in
diameter, and the contractile tail sheath is 1000 A long and 180 A wide.
The tail terminates in a base plate from which spikes and fibers emanate.
There is a knoblike structure at the junction of the head and tail (To et
al., 1966; Admiraal and Mellema, 1976; Grundy and Howe, 1984; Grundy
and Howe, 1985). The density of the phage particles is 1.468 g/ml (To et
al., 1966). Electron microscopy of phage DNA and of disrupted particles
has revealed that the DNA (MW ~ 26 x 10%; Torti et al., 1970; Mar-
tuscelli et al., 1971} is encapsulated within the head by a headful packag-
ing mechanism (Bukhari and Taylor, 1975) with the right end of the
genome adjacent to the attached tail in the finished virion (Breepoel et al.,
1976; Inman et al., 1976; Bade et al., 1977; Howe et al., 1977).

III. PHYSICAL AND GENETIC STRUCTURE OF MU DNA

The DNA in the phage heads is double-stranded and linear, and it has
a base composition of 51% G+C and a density of 1.71-1.712 gm/ml in
cesium chloride (Torti et al., 1970; Martuscelli et al., 1971). The adenine
residues carry an unusual, sequence-specific modification (see Section
VIII). There is a nonuniform distribution of bases in the DNA. This al-
lows the two strands to be separated from each other by the technique of
poly(UG) binding and equilibrium centrifugation (Bade, 1972; Chaconas
et al., 1983), originally used for phage A and T7 (Szybalski et al., 1971).
When the DNA is partially denatured, the nonuniform distribution of
bases produces a characteristic pattern in the electron microscope, the
most striking feature being the clustering of AT-rich, readily denaturable
segments, close to the ends of phage DNA (Inman et al., 1976; Bade et al,,
1977). This property has proved useful in the physical analysis of DNA
containing Mu genomes (Harshey et al., 1982; Resibois et al., 1982).

When phage DNA is denatured and reannealed, two peculiar features
are revealed (Hsu and Davidson, 1972, 1974; Daniell et al., 1973a,b). One
class of renatured molecules is linear, double-stranded with nonrenatured
single-stranded split ends (SE) at one end of the molecule, and the other
class has in addition a nonrenaturing bubble—the G bubble (Fig. 2). The
segments of the reannealed DNA are referred to as follows: the long
double-stranded segment originates at the left end and is called «; the
short one at the right end is called B; the single-stranded segments be-
tween a and B constitute the G bubble; and the nonreannealing variable
ends are called the split ends (also sometimes called VE—variable ends).
The origin of the G bubble and the function of the G segment will be
discussed in section VII. The split ends vary in length from 500 to 3000
bp. The left end was shown to have the same feature except that the
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FIGURE 1. Electron micrograph of a Mu phage particle stained with uranyl acetate. The
head is 540 A in diameter, and the contractile tail 1000 A long and 180 A wide. Tail fibers
can be seen emanating from the end of the tail.
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length of the single strands in renatured molecules is too small {50-150
bp) to be seen in the electron microscope {Allet and Bukhari, 1975;
George and Bukhari, 1981). These variable sequences at the left and right
ends of Mu are derived from different segments of the host DNA (Daniell
et al., 1975; Bukhari et al., 1976) and are acquired as a result of headful
packaging of Mu DNA randomly integrated in the host genome (Bukhari
and Taylor, 1975). These unusual physical features serve as landmarks on
the Mu genome and have helped in physical mapping and orientation of
Mu sequences |(Daniell et al., 1973b; Waggoner et al., 1974).

A Mu prophage can be integrated in both possible orientations in a
given operon (Boram and Abelson, 1973; Bukhari and Metlay, 1973;
Howe, 1973a; Wijffelman et al., 1973; Zeldis et al., 1973). Zeldis et al.
(1973) developed a technique for readily determining the orientation of
any Mu prophage. Here one measures the direction of chromosome mobi-
lization occurring as a result of recombination between a Mu prophage in
the chromosome and a prophage on a F' episome. From a knowledge of
this, as well as the orientation of either of these prophages, one can
deduce the orientation of the second one. The Mu prophage is not induci-
ble by UV light or other agents known to induce a A prophage. Therefore
one of the initial types of mutants isolated was that inducible by heat, the
cts mutants (Howe, 1972; Waggoner et al., 1974). Since then, several
hundred nonsense and temperature-sensitive mutants have identified 25
cistrons (see Howe et al., 1979a; Toussaint and Resibois, 1983). In addi-
tion to these, six semiessential or accessory functions have been identi-
fied. Mapping of Mu amber mutants during vegetative growth by two
factor crosses resulted in a linear linkage map with genes A and S at
opposite ends (Wijffelman et al., 1972, 1973; Couturier and Van Vliet,
1974). In such crosses recombination within Mu was found to be low
{approxibately 1% between A and S) and completely dependent on the
bacterial rec (recombination) function. Mu therefore appears not to en-
code an enzyme system that can efficiently catalyze this type of vege-
tative recombination. The genetic map of Mu has been established
mostly by deletion mapping. These studies determined that the prophage
map is the same for all Mu prophages and is the same as the vegetative
map obtained from lytic crosses.

A system that has proved very useful in mapping Mu genes was first
developed by Bukhari and Allet (1975; Allet and Bukhari, 1975). They
heat-induced dilysogens in which Mu was inserted into the lac genes in
Aplac5c¢I857S87 and isolated A\pMu phages from the population of rare
plaque-forming phage that was produced. These hybrids carried deletions
of Mu DNA. Subsequently several such ApMu’s were isolated that carried
deletions starting from the left or the right end of the Mu genome (Maga-
zin et al., 1977), and later in vitro techniques were used for isolating
ApMu’s carrying DNA in the middle of the Mu genome (Moore et al.,
1977). This collection of ApMu'’s covers the entire Mu genome and has
been used to refine the genetic map of Mu (O’'Day et al., 1979) (Fig. 3). To
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FIGURE 3. Schematic map of the Mu genome. The hatched boxes represent host sequences
found at the ends of virion DNA. The attachment sites at the left (attL) and right (attR) ends
are at the junction of the variable host and unique Mu sequences. Genes involved in various
phage functions are indicated. “Early”’ and ‘‘Late” refer to the time in the phage lytic cycle
during which the corresponding genes are expressed. Dashed lines denote genes known to be
expressed during the lysogenic state.

date, the sequence of approximately 10 kb of DNA from the left end and 5
kb from the right end has been determined and can be found in the Mu
book (Symonds et al., 1987).

A. The a Region

This region encompasses an area from the left end to the beginning of
the G segment. The first gene at the left end is the immunity or repressor
determinant, c. This end is therefore also called the immunity end. ¢ and
ner are the early regulatory functions involved in the lysis-lysogeny deci-
sion (Van Leerdam et al., 1982; Wijffelman et al., 1974). Both clear-plaque
(c} and virulent (vir) mutants of Mu have been isolated (Howe, 1972; Van
Vilet et al., 1978a). A and B are early functions involved in transposition
and replication (Van de Putte and Gruijthuijsen, 1972; Toussaint and
Faelen, 1973; Wijffelman and Lotterman, 1977; Faelen et al., 1978; O’Day
et al., 1978). They are followed by six early semiessential or accessory
functions—cim, kil, gam, sot, arm, and lig—identified on the basis of
various phenotypes. cim, for control of immunity, was identified as a
locus that abolished immunity when inactivated in phages lacking the
Mu right end (Van de Putte et al., 1978). kil is responsible for killing even
when Mu replication is blocked (Van de Putte et al., 1977a; Waggoner et
al., 1984). Recent results suggest that cim and kil are most probably
different phenotypes of the same gene (Goosen and Van de Putte, 1984).
gam is a locus that complements the gam gene of phage A (Van Vliet et
al., 1978b). Unlike A\ gam, which acts by binding to and inactivating ExoV
(Karu et al., 1974), Mu gam acts by binding to DNA and shielding it
against exonucleases (Akroyd et al., 1984). Sot, for stimulation of Mu
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transfection (Van de Putte et al, 1977b) might be identical to gam
(Akroyd et al., 1984). arm, for amplified replication of Mu, is a locus that
stimulates the replication of mini-Mu DNA (Waggoner et al., 1981). Mu
mutants that carry an insertion or deletion around this region make very
small plaques (Goosen et al., 1982). lig was identified as a gene that could
substitute for E. coli and T4 ligase (Ghelardini et al., 1979, 1980). It also
complements the topoisomerase activity of T4amG39 mutant (Ghelar-
dini et al., 1982). Isolation of ts mutants (Paolozzi et al., 1980) and more
recently amber mutants in this gene, which are conditional mutants for
viral development, suggests that this is an essential function (Paolozzi
and Ghelardini, 1986). Expression of C is required for transcription of the
late genes, although the mechanism by which it positively regulates late
transcription is not known (Van Meeteren, 1980). lys is required for host
cell lysis (Faelen and Toussaint, 1973). Genes D through J are involved in
head morphogenesis, and genes K through U are involved in tail mor-
phogenesis (see Section IV.D and Toussaint and Resibois, 1983).

B. The G Segment

The S gene is found both in and out of the G segment. S, S, U, and U’
are genes involved in synthesis of tail fibers (Howe et al., 1979b; Grundy
and Howe, 1984, 1985). The inversion of this segment controls the host
range of the phage and will be discussed in Section VII.

C. The B Region

This region is also referred to as the right end. Two nonessential
genes, gin and mom, are located here. gin is a recombination function
required for G inversion (Chow et al., 1977; Kamp et al., 1978; see Sec-
tion VII), and mom is responsible for modification of Mu DNA, which
protects Mu from restriction (Allet and Bukhari, 1975; Toussaint, 1976;
see Section VIII).

IV. LIFE CYCLE

A. Infection/Integration

Most studies with Mu have used E. coli K12 as the host, although Mu
can infect a variety of gram-negative hosts (see Section VII). With E. coli
K12 strains, some Mu-resistant mutants are also resistant to P1 and P2
(Howe, 1972). Resistance to P2 vir is now routinely used to select for Mu-
resistant hosts. The rate of Mu adsorbtion to sensitive cells varies with
the conditions. In medium containing 5—-10 mM Ca2* and Mg2* adsorp-
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tion is 80-95% complete within 15 min at 37°C (see Howe and Bade,
1975; for standard methods of growth, see Bukhari and Ljungquist, 1977).
Transfection with Mu DNA is not possible, perhaps because the ends of
the linear DNA, unlike those of A or T4, are neither cohesive nor termi-
nally redundant. A low transfection frequency of 10~7 per phage equiv-
alent can be obtained with recBC strains (Kahmann et al., 1976). Trans-
fection can be stimulated 100- to 1000-fold if a recBC sbcB host expresses
the Mu sot function (Van de Putte et al., 1977b). Chase and Benzinger
(1982) showed that if Mu particles are disrupted by freeze-thaw treatment
and the DNA is purified on a CsCl gradient, a small class of highly
infective DNA molecules can be recovered that transfect recBC strains
100-fold better than phenol-extracted DNA. The infective DNA is associ-
ated with a 65-kD protein probably present in the viron.

When Mu particles infect a sensitive bacterium, their DNA is in-
jected right end first (Inman et al., 1976; Breepoel et al., 1976). Circular
forms of infecting Mu DNA have been recovered from both sensitive and
Mu-immune cells (Harshey and Bukhari, 1983). The circular infecting
DNA still has the variable host sequences at the ends, which are held
together by a 64-kD protein bound noncovalently to the ends (Fig. 4). The
DNA protein complex is very efficient in the transfection of recBC spher-
oplasts and in vitro shows protection of Mu DNA ends by 5’ and 3’
exonucleases. Both Chase and Benzinger (1982) and Harshey and Bukhari
(1983) inferred that in vivo the protein must provide at least one function
in addition to protection against exonucleases. Perhaps the protein serves
to bring the two Mu ends or att sites in close proximity so as to facilitate
integration (transposition). Another possibility is that the protein blocks
Mu replication, because, as we shall see later, the first integration event
after Mu infection does not result in replication of Mu DNA. Circular
forms of Mu DNA have also been seen after infection of minicells (Pus-
purs et al., 1983). These authors showed that a 64-kD protein is injected
into the minicells along with Mu DNA. The Mu N gene has been shown
to code for this protein (Gloor and Chaconas, 1986).

Infecting Mu may develop lytically to produce more phage, or it may
form a lysogen, the major determinant of lysogeny being the repressor
gene c. A unique feature of Mu DNA is that it is always found integrated
in host DNA, whether in virions, when present as a prophage, or when
replicating in the lytic phase of growth. As we shall see later, integration
generates primers for Mu DNA replication. Upon infection, one sees two
forms of integration—a high-frequency integration event which is ob-
served within 5-10 min and leads to lytic growth, and a low-frequency
event which results in the formation of stable lysogens and may occur
over a long period of time (see Harshey, 1987). Genes A and B are required
for the high-frequency integration (Chaconas et al., 1985a; see Toussaint
and Resibois, 1983), whereas B mutants are only 10-fold reduced for
lysogenization (O’Day et al., 1978). Lysogeny with Mu is not a very effi-
cient process. It is estimated that in a single cycle of infection, the major-
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ity of cells are killed with only 1-10% of the survivors being lysogens
(see Howe and Bade, 1975). Isolation of drug-resistant derivatives of Mu
has provided a convenient method for selection of lysogens (Leach and
Symonds, 1979; Ross et al., 1986).

Newly formed lysogens of a Mu cts prophage segretate Mu*/Mu~
clones, and it has not yet been distinguished if this is due to the cts
mutation or a delay in the integration of potentially lysogenic Mu mole-
cules, or whether newly integrated DNA excises at a high frequency if
lytic growth does not ensue. Overnight incubation of phage-cell mixture
can increase the proportion of lysogens to 100% . Multiple cycles of phage
infection select for survival of lysogens that are immune to superinfec-
tion. Although most Mu lysogens contain only a single Mu prophage,
polylysogenic strains containing two or more prophages at different sites
are also found to occur. The frequency of such polylysogens is estimated
to be high in a lysogenic population that is generated from infection at a
high multiplicity (Howe and Bade, 1975). The variable host sequences
present at the ends of infecting DNA are lost upon integration, since
lysogens are found not to retain them (Hsu and Davidson, 1974; Allet and
Bukhari, 1975; Allet, 1979; Kahmann and Kamp, 1979). Analysis of Mu
lysogens has shown that Mu integration is associated with duplication of
a 5-bp sequence originally present in the target DNA (Allet, 1979; Ka-
hmann and Kamp, 1979). Such a duplication is characteristic of a trans-
posable element and is presumed to arise by staggered single-stranded
cuts within the target DNA during integration (Grindley and Sherratt,
1978). Although most Mu-induced mutation events cause no other altera-
tion of target DNA, about 1-10% of mutations in a given gene are dele-
tions (Howe and Zipser, 1974; Daniell et al., 1972; Howe, personal
communication).

Specific sequences at the ends of linear Mu DNA, called att sites, are
used for Mu integration. Since linear insertion of Mu DNA, without a
deletion of host sequences at the site of insertion, could best be imagined
by the available Campbell model for phage \ integration (Campbell,
1971), one of the early problems that Mu workers grappled with was that
of making Mu circles. Mu DNA ends had no feature that would allow
them to circularize, and no covalently closed circles were detected after
infection (Ljungquist and Bukhari, 1979). This paradox led to the seminal
experiment by Ljungquist and Bukhari (1977; see next section) which
showed that upon induction, a Mu prophage did not excise like A but
rather followed an integrate-replicate pathway, and therefore to the idea
that Mu could integrate without having to make covalently closed cir-
cles. The models proposed for such integration involved making a replica
of Mu DNA without the flanking host sequences, the ends of this repli-
cated DNA then recombining with the target (Faelen et al., 1975; Tous-
saint et al., 1977).

Numerous other schemes, all involving replication of Mu followed
by integration, were also proposed (see Bukhari, 1981). Another set of
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models invoked the idea of integration at Mu ends first, followed by
replication (Shapiro, 1979; Harshey and Bukhari, 1981). All these models
featured the known role of DNA replication in Mu transposition. Howev-
er, Liebart et al. (1982) published a paper suggesting that during the first
integration (transposition) event after infection, Mu may not replicate.
Experiments have now confirmed that a high-frequency integration event
takes place soon after infection (Chaconas et al., 1983) and that Mu DNA
does not replicate during this event (Harshey, 1984a). Details of the mo-
lecular mechanism of this integration are as yet unknown, and one of the
current problems involves understanding why Mu DNA does not repli-
cate during this integration. The features of infecting DNA that might
block replication include (1) physical structure of the DNA, (2) 64-kd
protein at the DNA ends, and (3) differential expression of replication-
transposition functions. A study of the participating proteins and Mu
DNA forms should help elucidate the mechanism of this nonreplicative
DNA transposition.

B. Lysis—Lysogeny Decision

Very little is known about the regulation of Mu genes and the influ-
ence of the host on this regulation that allows the phage to develop
lysogenically or lytically. Expression of the repressor gene ¢ is required
for establishment of lysogeny. In vitro transcription has shown that in
contrast to the rest of the genome, the repressor gene is transcribed left-
ward on the 1-strand (Van Meeteren et al., 1980). Fusions of the repressor
promoter region to the structural galK gene and S1 nuclease mapping
have indicated that the repressor is expressed from two promoters—P__,
and P._, (Goosen et al., 1984). P._, is much stronger than P._, and
overlaps P.. Two longer repressor transcripts have been observed in vivo
in a Mu lysogen (Krause and Higgins, 1986). For Mu to be a successful
lysogen, it must transcribe the early region without initiating DNA rep-
lication and transposition. The repressor binds to the promoter-operator
region of the early operon, thus blocking its expression (Fig. 5). It binds
specifically and cooperatively to three sites designated 0,, 0,, and 04
between the repressor and ner genes (Craigie et al., 1984; Krause and
Higgins, 1984). A consensus repressor binding sequence covers 14 bp
(Krause and Higgins, 1986). The number of such sequences per binding
site correlates with binding strength. 0, and 0, are stronger binding sites
than 0;. Binding to 0, prevents transcription of the early replication
transposition genes from the overlapping promoter P_. (Goosen et al.,
1984; Krause et al.,, 1983). Repressor gene expression is autoregulated
(Giphart-Gassler et al., 1981b). This might be achieved by competition
between repressor and RNA polymerase for binding 0,, since repressor
bound at 0, or 0, does not impede leftward transcription (Krause and
Higgins, 1986). Transcription of the repressor is also negatively regulated
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FIGURE 5. Regulatory region at the left end of the Mu genome. L1, L2, and L3 represent
transposase (A) binding sites at attL. Between L1 and L2 lies the pac sequence containing
signals for packaging of Mu DNA into virions. 0,, 05, and 03 are operator sites bound by the
repressor c. The stippled box represents the DNA-binding site for Ner which overlaps 0, and
03. The circle between 0; and 0, contains a site bound by E. coli IHF. ¢ and A can bind each
others’ sites in vitro. P._; and P._, are promoters for ¢ transcription. ! represents start of
larger transcripts found in a lysogen. P, is a strong promoter at which early transcription
initiates. Lysis-lysogeny decision is apparently controlled by the impact on transcription of
the regulatory proteins competing for the various DNA-binding sites.

by the early gene ner (Van Leerdam et al., 1982; Goosen and Van de Putte,
1984), whose binding site overlaps the repressor binding sites 0, and 0y
(Goosen and Van de Putte, 1984; Tolias and DuBow, 1986). The Ner
protein may serve a role analogous to the A Cro protein (Ptashne et al,
1980; Van Leerdam et al., 1982).

The decision between lytic and lysogenic development is also con-
trolled by two E. coli proteins. Some mutants of DNA gyrase and integra-
tion host factor (IHF; product of genes himA and himD) restrict the abil-
ity of Mu to develop lytically (Miller and Friedman, 1980; DiNardo et al.,
1982; Ghelardini et al., 1984; Friedman et al., 1984; Ross et al., 1986).
Compensating mutations in the phage that restore the ability for lytic
growth in the host himA or himD mutants map in the regulatory region
between the repressor and ner genes (Yoshida et al., 1982; Goosen and
Van de Putte, 1984) and suggest that the host proteins may act by regulat-
ing early transcription (Goosen et al., 1984). Recent DNA footprinting
experiments with IHF suggest that IHF binds to DNA between 0, and 0,
and modulates Mu transcription on supercoiled DNA at both the oppos-
ing promoters P, and P__, (Fig. 5) so as to favor the transcript from P,
over the transcript from P__,. In contradiction to these in vitro results, in
vivo experiments using fusions of these promoters to the galK gene show
that both transcripts are stimulated by IHF (Goosen et al., 1984). As in
phage A, IHF may be involved in the lysis—lysogeny decision at more than
one point. Thus Mu and other phages may have evolved a mechanism to
gauge the physiological state of the cell and use it to decide whether to
develop lytically or stay quiescent. It is not clear if the effect of the gyrase
mutations are indirect, for example, by causing an alteration in the level
of DNA supercoiling (see Gellert, 1981), or whether they reflect a direct
role for DNA gyrase as an active component of Mu replication.



PHAGE MU 205

C. Lytic Growth

Mu infection of sensitive strains or heat induction of lysogens carry-
ing a ts mutation in the repressor gene initiates lytic development which
proceeds with a similar time course in both cases. At 42°C, phage produc-
tion begins around 25 min, lysis is complete around 55-60 min and the
burst size is 150—200 (Howe, 1972). The time course of Mu development
varies subject to growth conditions and is particularly sensitive to cell
concentration; therefore, the times may be increased or decreased in
different experiments. A small number of the phage particles are gener-
alized transducing particles (Howe, 1973b) which contain exclusively host
DNA fragments (Teifel and Schmieger, 1981). The ratio of plaque-forming
particles to total particles has not been determined. Mu lysates (with the
exception of clear plaque mutants) are notoriously unstable, losing 90% of
their titer in 1-2 weeks. Some investigators use 1 mM CdCl, to stabilize
lysates (see Pato and Reich, 1982). For standard methods of cultivation and
storage of Mu, see Bukhari and Ljungquist (1977).

1. Early Events

Early lytic transcription initiates at P, (Fig. 5) and proceeds rightward
to make a transcript that is 8.5 kb long (J. Engler, unpublished). Early
transcription can be detected within a few minutes of infection or induc-
tion (Wijffelman and Van de Putte, 1974). The first early gene is ner. The
ner gene product negatively regulates both early transcription and re-
pressor transcription (see Goosen and Van de Putte, 1984). Two ner bind-
ing sites overlap P, and P_._, (Fig. 5; Goosen and Van de Putte, 1984;
Tolias and DuBow, 1986). ner may play a role analogous to the A\ cro
protein in initiating lytic development by repressing the expression of
Mu repressor (Van Leerdam et al., 1982). Recently ner was shown to be an
essential function, since ner~ mutants could form plaques only when
complemented for Ner (Goosen and Van de Putte, 1986). Mutation in the
repressor protein did not abolish the need for Ner. However, when tran-
scription of the repressor gene ¢ was blocked, Ner was no longer essential
for normal Mu development. The results suggest that transcription of the
repressor gene blocks lytic transposition. This might occur by RNA poly-
merase molecules traversing the left attachment site (attL) of Mu, inter-
fering with the action of Mu transposase at attL. Mu transposition (inte-
gration) can occur with or without Mu DNA replication (see Harshey,
1987). A and B genes are required for Mu replication-transposition both in
vivo and in vitro (Wijffelman and Lotterman, 1977; Faelen et al., 1978;
Harshey, 1983; Mizuuchi, 1983). They are also required for the non-
replicative integration of infecting Mu (O’Day et al., 1978; Chaconas et
al., 1985a). Most mutants in gene A are completely deficient for integra-
tion. Mutations that map in the carboxyterminal region of A, however,
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are defective in replicative lytic transposition and in the high-frequency
nonreplicative transposition observed early after Mu infection, but they
show normal levels of lysogenization and low-frequency nonreplicative
transposition (Harshey and Cuneo, 1986). Phages defective in B have a
reduced level of lysogenization. Except for two amber mutants at the
carboxyl terminus of B (deletion group 9.5; O’Day et al., 1979), B mutants
are defective in both replicative and nonrepliative transposition. The for-
mer two mutants are proficient only in the high-frequency, non-
replicative transposition following Mu infection (Chaconas et al., 1985a),
suggesting a role for the carboxyl terminus of B in Mu DNA replication. A
protein is viewed as the integrase or transposase, and B protein as a
function that enhances transposition. It might well be, however, that A
and B form the subunits of an active transposase.

The activity of A is regulated at more than one level. For example,
the amino terminus of the A protein has considerable sequence homology
with the amino terminus of the repressor (Harshey et al., 1985). The two
proteins also share binding sites on the DNA-—i.e., bind both Mu attL
and attR as well as the Mu operator, although with different affinities
(Craigie et al., 1984, see Fig. 5). In vitro, transposition can be inhibited by
excess repressor. It is possible that in vivo the two proteins may interact
in subtle ways to regulate transposition. The repressor may, for instance,
remain bound to the att sites in the lysogenic state so that accidental
transcription from P, and expression of A might prevent A from acting on
the ends. Alternatively, the two proteins may interact to form inactive
heterooligomers.

A protein synthesis must also be regulated posttranscriptionally,
since although both A and B proteins are translated from the same mes-
sage, the downstream B protein is synthesized 20-fold more than A (Mag-
azin et al., 1978; Giphart-Gassler et al., 1981b). Recent in vitro experi-
ments suggest that this could be achieved by A-protein binding to its
mRNA, thus blocking translation (Harshey, unpublished). A protein is
unstable and active for just one round of replication-transposition; i.e., it
is used stoichiometrically (Pato and Reich, 1982, 1984). The biochemical
basis for this mechanism is not known. Increasing the levels of A causes
an inhibition of A-activity (assayed by scoring for precise excision of Mu
sequences inserted in Lac), suggesting that the phage uses more than one
mechanism for regulating the activity and hence the mutagenic potential
of A (Harshey and Cuneo, 1986). As discussed earlier, the function of the
other early genes in the life cycle of Mu are not well understood, although
they serve to enhance Mu replication. Fifteen minutes after Mu induc-
tion, transcription of gene C can be detected, the product of which
positively regulates the transcription of late genes (Van Meeteren, 1980;
Marrs, 1982). The precise role of C in regulating late transcription is not
yet known. The need for the host RN A polymerase throughout Mu devel-
opment (Toussaint and Lecocq, 1974) and the small size of this protein



PHAGE MU 207

(15 kD; Giphart-Gassler et al., 1981a) make it unlikely that C is a new
phage-encoded RNA polymerase. Based on amino acid homologies to
other sigma factors, suggestions have been made that C may be a possible
phage-specific sigma factor or a A cll-like DNA-binding protein that acti-
vates transcription from Mu late promoters (Hattman et al., 1985; Mar-
golin and Howe, 1986).

2. Replication

Besides phage-encoded A and B and some accessory proteins in the
early region, Mu replication is largely dependent on host proteins. dnaA
and Poll mutants show a substantial effect on Mu replication (McBeth
and Taylor, 1982, 1983). dnaB, dnaC, dnaE, dnaG, and gyrB products are
required for Mu replication (Resibois et al., 1984). Some experiments
have suggested that Mu prefers to integrate near host replication forks
(Fitts and Taylor, 1980; Paolozzi et al., 1978, 1979), although more recent
experiments have ruled out such a requirement (Nakai and Taylor, 1985).
In vitro experiments have demonstrated a role for E. coli HU protein at an
early step in Mu transposition (Craigie et al., 1985). That replication and
transposition are coupled processes became evident from observations
that mutants defective in one event were defective in the other. Ljung-
quist and Bukhari (1977) induced a Mu prophage in parallel with a A
prophage and showed that unlike A, Mu does not excise upon induction
but remains integrated in the host DNA, while Mu replicas are made and
integrated into new host sites. No “free” replicating Mu DNA was ob-
served, suggesting strongly that replication and integration are coupled.
Mu DNA synthesis is initiated 6—8 min after induction or infection
(Waggoner et al., 1977; Wijffelman and Lotterman, 1977). The bacterial
nucleoid remains intact (Pato and Waggoner, 1981), and there is no ampli-
fication of host sequences adjacent to either end of the original prophage
(Waggoner and Pato, 1978). Host DNA synthesis progressively decreases
as Mu synthesis increases (Schroeder et al., 1974; Pato and Reich, 1982).
About 15-20 min after induction of the lytic cycle, rare, covalently
closed supercoils of different sizes begin to appear. They all contain at
least one copy of Mu (Waggoner et al., 1974, 1977) and are products of
replication-transposition (see Section V).

Electron-microscopic studies of DNA structures induced during Mu
replication show that circular forms of DNA with tails called “‘key”
structures are the most abundant species of DNA structures induced
(Schroeder et al., 1974; Harshey and Bukhari, 1981). The lengths of the
circles and tails in the “’key” structures vary and they have been shown to
contain replicating and nonreplicating Mu DNA linked to host sequences
(Harshey et al., 1982; Resibois et al., 1982). Structures conforming to
““Shapiro” intermediates, where the two ends of Mu integrate in a con-
certed manner, generating potential replication forks at both ends, are
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rarely observed during in vivo replication but have been shown to occur
during in vitro replication (Craigie and Mizuuchi, 1985). The absence of
such Shapiro structures and the observation that ‘‘key’’ structures con-
tain replicative Mu DNA led to the proposition that key structures were
replication-transposition intermediates and that integration was asym-
metric in that one end integrated first, followed by replication {Harshey
and Bukhari, 1981; Harshey et al., 1982). The subsequent demonstration
that in vitro transposition proceeds via a Shapiro intermediate might
mean that during DNA extraction from whole cells, such an intermediate
may be particularly susceptible to breakage at one end, giving rise to a
‘key” structure. Why this would be so in vivo and not in vitro is not
clear.

On the basis of hybridization of Okazaki fragments to separated Mu
DNA strands, both in vivo and in vitro experiments suggest that the
direction of Mu replication is predominantly from left to right on the Mu
genome (Wijffelman and Van de Putte, 1977, Higgins et al., 1983; Re-
sibois et al., 1984). Electron microscopy experiments suggest that replica-
tion can also be initiated at the right end, although the true frequency of
this event cannot be assessed (Harshey et al., 1982). Analysis of the first
round of Mu replication after synchronization has also shown that al-
though replication proceeds predominantly from the left end, a signifi-
cant amount of initiation occurs from the right end (Reich et al.,, 1984).
Studies with mini-Mu'’s (internally deleted Mu phages) have shown that
replication can start from either the left or the right end with equal
efficiency (Harshey et al., 1982; Resibois et al., 1982, 1984). It is not clear
whether efficient replication from the right end is a peculiar property of
mini-Mu’s. Recent experiments with maxi-Mu’s (whose length ranged
from 39.8 to 88.2 kb) indicate that transposition frequency decreases as
the length of the prophage increases (Faelen et al., 1986). Replication of
the larger maxi-Mu’s could not be detected. Electron microscopy experi-
ments have indicated that Mu integrations tend to be clustered (Harshey
et al., 1982; Resibois et al., 1984). In vitro experiments have shown that
Mu DNA synthesis is semidiscontinuous and very similar to host chro-
mosomal replication in many aspects (Higgins et al., 1983). Not only does
Mu require many host replication proteins, but the size and distribution
of nascent Mu DNA are similar to those of host DNA. In vitro experi-
ments confirm that after the initial strand exchange reactions during Mu
integration are carried out by Mu proteins A and B, replication of Mu can
be completed by the host proteins (Craigie and Mizuuchi, 1985). Thus in
vivo, Mu must recruit the bacterial replisome for its own purpose. For Mu
replication-transposition to occur, both Mu ends are required, correctly
oriented and in cis (Chaconas et al., 1981b; Howe and Schumm, 1980;
Mizuuchi, 1983). Mu replication initiates around 6—8 min after induc-
tion, large-scale replication of Mu can be detected at 20-30 min, and
packaging of Mu DNA into virions begins around 25 min {see Waggoner
et al., 1977).
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4. Morphogenesis and DNA Packaging

Late RNA synthesis starts about 25 min after Mu induction or infec-
tion, rises sharply thereafter, and proceeds left to right (Wijffelman et al.,
1974). Late proteins have been identified by analysis of minicells infected
with amber mutants of Mu defective in various genes (Magazin et al.,
1978; Giphart-Gassler et al., 1981a; Puspurs et al., 1983). Analysis of
virion proteins has identified F and T as being major head proteins, L and
Y as major tail proteins, and N, S, and U as minor tail proteins (Giphart-
Gassler et al., 1981a; Shore and Howe, 1982). In vitro complementation
assays for reconstitution of infective phage particles have helped assign
most Mu late genes into two functional groups. Genes D, E, I, and | have
been assigned to one group, and K, L, M, N, P, Q, R, and S to a second
group (Giphart-Gassler et al.,, 1981a). Mutants defective in genes belong-
ing to the same group do not complement. However, if the defects are in
genes belonging to different groups, mixing two defective lysates pro-
duces viable phage whose genotype is that of the member of the second
group. Thus the first group was categorized as possible head-defective
mutants, since they can still serve as tail donors, and the second group as
potential tail-defective mutants, because they can produce functional
heads.

A recent electron microscopic study of extracts from cells growing
Mu amber phages (Grundy and Howe, 1985) has revealed the following:

1. Mutations in Iys, F, G, some H mutations, S, and U did not cause a
visible change in the structure of the phage particle. The lys mu-
tant particles were functionally normal, but the others in this
group were defective for phage growth. By analogy with other
phage systems, F, G, and H might be required for other stages such
as DNA packaging, injection, DNA protection, replication, or
DNA expression. G may be involved in tail morphogenesis (or
joining of heads and tails), since Giphart-Gassler et al. (1981a)
found that extracts defective in G function poorly as head donors
and not at all as tail donors. Although F is a virion protein, its
precise function is not yet known. The role of the H gene is also
not clear, since two phenotypes are observed for H amber mu-
tants. Promoter-proximal H mutants accumulate proheads, while
promoter-distal ones make complete but defective phage parti-
cles. Genes S, U, S’, and U’ are involved in the determination of
Mu host range and are required for the production of functional
phage tail fibers (Van de Putte et al., 1980; Giphart-Gassler et al.,
1982; Grundy and Howe, 1984). When G inversion is blocked, S
and U mutants not only lack tail fibers but have contracted tails
(Howe et al., 1979b; Grundy and Howe, 1984). The reason S and U
mutants produced normal particles in the experiments by Grundy
and Howe (1985) was because the G segment could invert, thus
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expressing S’ and U’ which produced alternate tail fibers whose
attachment could prevent tail sheath contraction.

2. Mutants defectivein L, M, Y, N, P, Q, V, W, and R contained only
head structures which appeared normal.

3. K defectives accumulated longer-than-normal free heads as well
as free tails. The K gene product is needed for the production of
normal length tails (Admiraal and Mellema, 1976). Electron mi-
croscopic analysis of polysheath structure from K amber mutants
has led to a model for tail sheath protein organization (Admiraal
and Mellema, 1976; Cremers et al., 1977).

Results 2 and 3 are similar to those obtained for A, in which none of
the tail-defective mutants other than those in Z or U produce tail-related
structures (Mount et al., 1968; Kemp et al., 1968). Like the K defectives,
long tails are produced by A mutants lacking gene U. Both U and Z are
believed to act late in X tail assembly to produce tails that are competent
for head attachment (Katsura, 1983). The Mu K protein may share a
function analogous to A U which terminates tail growth at the normal
length. Grundy and Howe (1985) suggest that the unusual association of
contracted tail sheath with the baseplate in K~ tails may implicate the K
product in functioning at the head-proximal end of the tail to stabilize the
sheath-core association, as does the gene 3 product of phage T4 (King,
1971; Berget and King, 1983). Thus, with the exception of K and L, the
precise roles for M, N, P, Q, R, Y, V, and W genes in tail morphogenesis is
undefined.

4. T-defective and some I-defective extracts had only tails, which
appeared normal. T mutants are defective in the major head pro-
tein (Shore and Howe, 1982) and, as expected, lack all head-related
structures. I mutants exhibited two phenotypes. Those at the left
end of I accumulated small, thick-shelled, proheadlike structures
similar to T7 proheads (Serwer, 1976; Roeder and Sadowski, 1977),
whereas mutants at the right end produced no detectable head-
related structures. By analogy to other phage systems (see reviews
by Casjens and King, 1975; Murialdo and Becker, 1978; Wood and
King, 1979; Earnshaw and Casjens, 1980; Black and Showe, 1983;
Feiss and Becker, 1983; Georgopoulos et al., 1983). Grundy and
Howe (1985) suggest that I may produce a scaffolding protein that
is completely defective in prohead assembly in some mutants and
blocked in prohead scaffolding protein loss in others (scaffolded
proheads often lose the core protein as a result of protein cleav-
age). Low levels of complementation are observed between I mu-
tants located at opposite ends of the gene (Howe et al., 1979a),
suggesting either the existence of different proteins or a single
protein whose different domains carry out distinct functional
roles. In A\, Nu3 and C are overlapping genes involved in head
morphogenesis, with Nu3 product acting as a scaffolding protein
(Shaw and Murialdo, 1980). A similar overlap of analogous genes
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in Mu might explain why centrally located I mutations cannot
complement mutations at either end of the gene while those at
the opposite ends do complement. 14037 mutants (at the left end
of I) do not make significant amounts of mature Mu length DNA.

5. Free tails and empty heads accumulated in D-, E-, and some I- and
H-defective extracts. These heads were smaller than normal
heads. By analogy to other viral systems, these mutants may be
defective in DNA processing and packaging. Consistent with this
hypothesis, E mutants do not produce significant amounts of ma-
ture Mu-length DNA. D and E may act after I in the mor-
phogenetic pathway.

6. Defects in ] resulted in accumulation of unattached tails and full
heads. This gene may therefore be involved in head-tail joining.

Mu morphogenesis appears to proceed via a branched system where-
by heads and tails are synthesized independently and then join to form a
complete particle. The tail fibers of Mu join with the tail independently
of head attachment, in contrast to the tail fibers of T4 (King and Wood,
1969). Genes controlling the biosynthesis and assembly of head and tail
structures are grouped according to function on the genetic map of Mu.
Exceptions are G, which appears to be more defective in tail than in head
synthesis (Giphart-Gassler et al., 1981a), and possibly F, whose function
is not identified.

Bukhari and Taylor (1975) proposed that Mu DNA is packaged by a
headful mechanism, proceeding from left to right and terminating when
the head is full. Because the head can accommodate approximately 40 kb
of DNA and the Mu genome is only 37 kb long (see Marrs and Howe,
1983), packaging proceeds into the host sequences generating the variable
host sequences at the Mu right end. This mechanism was tested by mea-
suring the right end host sequences in phages that carry insertions or
deletions of DNA, and it was shown that as predicted, less or more host
sequences are packaged in the virion. The variable left end sequences
must be generated by a mechanism that measures double helical turns in
the DNA, since the length of these sequences varies by multiples of 11
bp, with a minimum length of 56 bp and a maximum of about 144 bp
(George and Bukhari, 1981). A similar study of the variable right end has
not been carried out. A site essential for DNA packaging has recently
been identified between nucleotides 35 and 58 from the left end and lies
between A-protein binding sites L1 and L2 (see Fig. 5; Groenen and Van
de Putte, 1985).

V. TRANSPOSITION

This topic has been extensively reviewed (see Symonds et al., 1987),
so I will summarize here only some of the salient features. Mu transposi-
tion is accompanied by a variety of gene rearrangements, summarized in
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Fig. 6. The most important and striking property of Mu is the frequency
of transposition (Fig. 6.1). There are as many as 100 (or more) transposi-
tion events per cell. Compare this to other transposable elements that at
best undergo 102 to 10~ 3 events per cell (for reviews see Kleckner, 1981;
Grindley and Reed, 1985). The end products of Mu transposition are both
nonreplicative simple insertions (Fig. 6.2), produced almost exclusively
during the first integration event after Mu infection (Chaconas et al.,
1983; Liebart et al., 1982; Harshey, 1984a, 1987), and cointegrates pro-
duced exclusively during the lytic phase of growth (Fig. 6.3; Faelen et al.,
1971; Chaconas et al., 1981b). In the absence of B, as well as during
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FIGURE 6. Rearrangements caused by transposition of Mu. See text for details.
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lysogenisation, low-frequency transposition events can be observed. Both
simple insertions and cointegrates are also the end products of these
reactions. Both events generate a 5-bp duplication at the site of insertion
(Fig. 6.4; Allet, 1979; Kahmann and Kamp, 1979; Szatmari et al., 1986).
Mu integrates into random target sites (Taylor, 1963). Bukhari and Zipser
(1972) calculated that the specific target recognition site could be no
more than 2—-3 nucleotides.

During lytic growth one observes the formation of heterogeneous
circles containing Mu linked to host sequences (Fig. 6.5; Waggoner et al.,
1977). Upon partial induction of a Mu prophage, host DNA deletions
starting from one or the other end are observed (Faelen and Toussaint,
1978). Observation of a change in the orientation of DNA transfer in the
bacteria upon Mu induction suggested that Mu causes inversions of DNA
as well (Fig. 6.6; Faelen and Toussaint, 1980a). These were shown to be
bracketed by two Mu prophages in opposite orientation. Many models
were put forward to explain transposition and attendant DNA rearrange-
ments (for reviews see Bukhari, 1981; Grindley and Reed, 1985). The
prototype of the model that has been shown from in vitro experiments to
be largely correct was put forward by Shapiro (1979) and is shown in Fig.
7. It explains how inversions are produced as the result of an intra-
molecular cointegration event, as are deletions. The heterogeneous cir-
cles would be the result of such an intramolecular deletion event. Recent
results suggest that Mu transposition may be biased toward an inversion-
type event (Pato and Reich, 1985). The replicating key structures ob-
served during electron microscopy (Harshey et al., 1982) could be ex-
plained by invoking a break in the chain at one end of the integrated Mu
DNA, perhaps during DNA extraction (see Fig. 7.1I). All these properties

FIGURE 7. Replicative transposition model proposed by J. m \\:3//
Shapiro. Open bars show parental transposon DNA, and wavy A /1—_‘:1\\0

lines show newly synthesized DNA. Letters A through D rep-

resent genetic markers. If the two DNA molecules shown in I ‘

are circular species, the end product of this scheme (IV) is a v & — 8
cointegrate or replicon fusion. Site-specific recombination
within the two transposon copies would resolve the cointe- e l———

grate to generate simple insertions. A D
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have been exploited exhaustively to isolate and study gene structure and
function (see Toussaint and Resibois, 1983; Casadaban and Cohen, 1979;
Van Gijsegem et al., 1987).

An in vitro cell-free system for Mu transposition was established by
Mizuuchi (1983). The reaction requires a negatively supercoiled donor
DNA carrying the two Mu ends in their proper relative orientation, A and
B proteins and host factors. The requirement for a negatively supercoiled
substrate with the ends of Mu correctly oriented can be eliminated pro-
vided the topology of the DNA energetically favors the same configura-
tion of the pair of ends as is favored in the negatively supercoiled mole-
cule. This suggests that the relative orientation of the Mu ends is needed
only to energetically favor a particular configuration that the ends must
adopt in a synaptic complex (Craigie and Mizuuchi, 1986). RNA syn-
thesis by E. coli RNA polymerase is not required for the reaction. Both
simple insertions and cointegrates are generated. The simple inserts do
not seem to undergo a full round of DNA replication. An analysis of the
distribution of newly synthesized DNA strands in these transposition
products suggests that 3’ ends of Mu DNA are joined to 5’ protruding
staggered ends of the target DNA (Mizuuchi, 1984). The resulting 3' -OH
in the flanking target DNA is used as a primer for DNA replication into
Mu. Under conditions that do not permit efficient initiation of DNA
replication, a transposition intermediate with a structure predicted by
Shapiro (1979) is the major product (Craigie and Mizuuchi, 1985). Mu
proteins A and B, E. coli protein HU, ATP, and a divalent cation are
required for the efficient formation of this intermediate (Craigie et al,,
1985).

In a two-step reaction, the intermediate was isolated, stripped of
bound proteins, and shown to produce either simple insertions or cointe-
grates in the presence of E. coli proteins alone (Craigie and Mizuuchi,
1985). Craigie and Mizuuchi suggest that both simple insertions and co-
integrates are generated from a common Shapiro intermediate as pro-
posed by Ohtsubo et al. (1980). The mechanism for generation of simple
insertions in infecting Mu, however, is yet unknown. There must be
something special about infecting DNA that blocks cointegration and
channels the DNA exclusively to produce simple insertions (see Section
IV.A). There is an alternate mechanism involving double-strand break
and integration that can be invoked to explain simple insertions; it is
depicted in Fig. 8.

The Mu A protein carries out the site-specific recognition of the Mu
ends (Craigie et al., 1984). It binds to three sites on the left end and three
on the right end. A consensus binding sequence covers 22 bp. This site-
specific DNA binding property has been localized to the amino terminus
of the protein (Nakayama et al., 1987). Mutations at the carboxyl termi-
nus of the A protein suggest a role for this region in protein-protein
interactions, especially with the B protein (Harshey and Cuneo, 1986).
The A protein must also contain the enzymatic (nicking and strand ex-
change) activity, since transposition can occur in the absence of B, al-
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FIGURE 8. Models for conservative transposition. Symbols, as in Fig. 7. {Left panel) Dou-
ble-stranded excised intermediate. {I) Double-stranded breaks occur at the ends of a trans-
poson and a pair of staggered single-stranded nicks in the target DNA. (II) Extended single
strands of the target DNA are joined to the transposon ends. Donor sequences flanking the
transposon are destroyed. (III) Single-stranded gaps are repaired by primer extension from
the target DNA, and the displaced transposon single strands are broken (perhaps by DNA
polymerase 1). (IV) Ligation of newly synthesized DNA to transposon sequences completes
transposition. (Right panel) Shapiro intermediate. (I) As in (left panel), except single-
stranded nicks occur at the ends of the transposon. (II) As in (left panel), except a four-
stranded Shapiro intermediate is generated. (I1I) As in (left panel). Donor sequences flanking
the transposon are destroyed. (IV) As in (left panel).

though at a low frequency. Indeed, very recently it has been observed that
in the presence of E. coli protein HU and Mg?+, the A protein and Mu
DNA ends form a stable complex (type I, Surette et al., 1987). The 3’ ends
of the left and right Mu end sequences in this complex are nicked (Craigie
and Mizuuchi, 1987). Conversion into a type II complex (transposition
intermediate) then occurs with addition of target DNA, B protein, ATP,
and Mg?~+ (Surette et al., 1987).

The role of the B protein is still not clear. It increases the overall
efficiency of the transposition reaction. In vitro, it has an ATPase activity
which is stimulated in the presence of A protein and DNA (Maxwell et
al., 1987), although ATP hydrolysis is not required for formation of the
transposition intermediate (Harshey, unpublished). In vivo experiments
show that in the absence of B, transposition events are preferentially
intramolecular (Coelho et al., 1982; Harshey, 1984b, 1987}, as do in vitro
experiments (Maxwell et al.,, 1987), B binds DNA nonspecifically
{Chaconas et al., 1985b), and a putative DNA binding sequence has been
identified on its amino-terminal region (Miller et al., 1984). ATP stimu-
lates B protein binding to DNA (Harshey, unpublished). The carboxyter-
minal region of the protein plays a key role in replicative transposition,
since mutants in this region can integrate efficiently upon Mu infection
to produce simple insertions but are blocked in subsequent replicative
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transposition (Chaconas et al., 1985a). Thus the B protein must play a
role in bringing distant DNA into the transposition complex as well as in
sequestering the bacterial replisome onto Mu DNA. The HU protein has
recently been shown to organize E. coli DNA into nucleosomelike struc-
tures (Broyles and Pettijohn, 1986) and may play a similar role in Mu
transposition.

VI. EXCISION

Mu-induced mutations are stable (reversal frequency is less than
10~ 19, Taylor, 1963; Bukhari and Taylor, 1971}, completely polar (Jordan
et al., 1968; Toussaint, 1969; Boram and Abelson, 1971), and nonleaky
(Daniell and Abelson, 1973). Bukhari (1975) discovered that under special
circumstances one could detect a precise reversal (excision) of Mu inte-
gration. Precise and imprecise excision were later shown to be charac-
teristic of transposable elements (see Kleckner, 1981). Mu excision, un-
like that of Tn10 (see Kleckner, 1981), requires A and a rec* host.
Excision was first observed in MuX mutants (Bukhari, 1975). These can
be readily obtained by plating Mu cts lysogens at 42—44°C, at which
temperature most of the lysogenic cells are killed because of Mu induc-
tion (survival frequency is approximately 10~4). A major class of sur-
vivors carries the X mutations, which are strong polar insertion muta-
tions of IS elements in the B gene (Bukhari, 1975; Bukhari and Taylor,
1975; Bukhari and Froschauer, 1978; Chow and Bukhari, 1978; De Bruijn
and Bukhari, 1978; Engler and Van Bree, 1981; Baker et al., 1983). X
mutants are unable to replicate their DNA or to express their mor-
phogenetic functions. Excision of Mu cts X from the lacZ gene of E. coli
has been monitored. It requires intact Mu ends (Bukhari, 1975; Khatoon
and Bukhari, 1981) and is a low-frequency event (10~ 9¢), with imprecise
excision being 10-100 times more frequent than precise excision. Im-
precise excision of Mu from lacZ was detected as relief of polarity on the
distal lacY gene (Mel* phenotype). Mel* revertants exhibited four main
classes of DNA rearrangements (based on Southern blots): (1) a predomi-
nant class that had no detectable Mu DNA left. They were presumed to
retain the 5-bp duplication originally present at the prophage-host junc-
tion; these could further revert to lacZ+; (2) a class that in addition to
loss of Mu DNA had deletions that extended generally but not always to
only one side of the prophage; (3) a class that still had Mu DNA but had
deletions in the IacZ gene; and (4) a class that had Mu DNA but no
deletions in Z and could revert further to lacZ*, indicating that the lacY
gene must have been turned on by rearrangements within Mu DNA. The
behavior of Mu in excision seems more akin to that of transposable ele-
ments in plants in its requirement for a functional transposase (see
Saedler and Nevers, 1985). Unlike the plant elements, however, there is
no evidence that the excised element can reintegrate (Bukhari, 1975).

To study Mu DNA excision at the nucleotide level, Nag and Berg
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(1987) determined the DNA sequences of products of excision of a Mu-
derived phage from sites in the transcribed (but not translated) leader
region of a tetracycline (tet) resistance gene. Most of these (17/21) were
due to simple deletions, usually involving only the Mu prophage but in
some cases extending into adjacent host sequences. Four excisants were
more complex: each contained one transposed and inverted Mu end as
well as a deletion of most of Mu plus some adjacent host sequences. The
deletion breakpoints in most excisants occurred in short direct repeats,
and one pair of repeats in the A protein binding sequence at the att sites
was a deletion hot spot.

Precise excision has been proposed to be a reaction occurring during
chromosome replication (Egner and Berg, 1981}. In this view the element
does not excise from its parent site, but rather a daughter missing the
element is formed during DNA synthesis when the replication fork and
its associated polymerase skip past the sequences of the transposon on
the parental strand. The pairing of the long inverted repeats in large stem
transposons might “‘blind’”’ the replication fork to the presence of the
transposon on the parental chromosome strand. Since Mu ends do not
contain such long inverted repeats (Kahmann and Kamp, 1979), the A
protein may be required to help the ends pair (Bukhari, 1975; Khatoon
and Bukhari, 1981). It is not known if the enzymatic (nicking and strand
exchange) activity of A is required for excision. Excision has also been
described as an abortive transposition event (Bukhari, 1975; Harshey and
Bukhari, 1981), and, interestingly, some of the excisants isolated by Nag
and Berg appear to fit that definition.

VII. G INVERSION

The G segment is an invertible 3-kb region near the variable end of
Mu DNA originally detected as a nonrenaturing loop in the electron
microscope {Daniell et al., 1973b; Hsu and Davidson, 1974). Daniell et al.
(1973a) found that Mu DNA from phage grown by infection of E. coli K12
had the G segment primarily (99%) in one orientation (+), whereas DNA
from phage grown by induction contained the G segment in both orienta-
tions (+ and —; 25~75% of each). They suggested that one orientation,
G(+), might be preferred for lytic growth by infection. Deletion mutants
of Mu missing various portions of G and B segments were found to be
locked in the G(+) orientation and still viable (Chow et al., 1977). For one
of these mutants that could have the G segment locked in either the G(+)
or G(—) orientation, lysogens of both produced phage particles, but only
G(+) lysogens produced phages able to plaque on E. coli K12 (Kamp et al,,
1978). Complementation studies for inversion of the G segment revealed
that a specific function, gin (G inversion), was required for inversion and
located in the 8 DNA segment adjacent to G. gin is expressed during the
prophage state, and the frequency of inversion is such that during the
growth of a lysogen in a culture of 108 cells/ml, the G(+)/G(—) ratio is
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close to 1. This accounts for the observation that induction of lysogens
produces phage particles with equal numbers of + and — orientations of
G (Symonds and Coelho, 1978).

Bukhari and Ambrosio (1978) found that in a mixed lysate of G(+)
and G(—) particles, only the G(+) particles were efficient in adsorbing to
E. coli K12, suggesting that the G region might encode functions involved
in phage adsorption. The observation that genes S and U were located in
the G segment (Howe et al., 1979b) and that the map order of S and U
relative to R (see Fig. 3) was inverted in strains deleted for portions of the
G segment, suggested that inversion of G from R-S-U to R—-U-S in
plaque forming G(+) phage might result in inviable G(—) phages. Howe et
al. (1979b) suggested that the promoter for S expression might be located
in the noninverting « DNA segment or that the S gene might span the a—
G boundary. All these observations led to the hypothesis that the G
segment might encode two different host ranges, with inversion switch-
ing expression from one type to the other (see Howe, 1978, 1980).

That the host G segment determines the host specificity of Mu was
demonstrated by Van de Putte et al. (1980}, who showed that G(—) phages
can grow on some isolates of E. coli, Citrobacter freundii, and Shigella
sonnei. They proposed that the G segment encodes two sets of genes, S—
U and S’-U’ (Fig. 9). S and U are needed for adsorption to E. coli K12, and
S’ and U’ serve analogous functions for adsorption to other strains.
Giphart-Gassler et al. (1982) showed that the S and S’ genes are located
partially outside the G segment and share a common or constant (Sc)
segment in the a region. This constant segment is joined by G inversion
to the variable segment Sv or S'v, resulting in the synthesis of tail fiber

a G B
gin
7/ =} ->— A F—
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—_—> N
S > —> <€ - ; o _@
Sc Sy u u Sy
+ -

FIGURE 9. Components of the genetic switch controlling host-range specificity of phage
Mu. A site-specific recombinase, Gin, acts on inverted repeats (boxed arrows) flanking the G
segment to cause inversion of the segment. A cis-acting site, “‘sis,”’ located within the
coding region of Gin, along with an E. coli factor FIS, acts to enhance Gin-mediated recom-
bination. The dark arrows within G are longer inverted repeats containing parts of the
coding information of genes U and U’. Both sets of S and U genes are involved in tail-fiber
biosynthesis. Transcription initiates in the noninverting a segment and spans the a—-G
boundary. In the + orientation of G, only S and U genes are expressed. When G is inverted
and in the — orientation, the S gene gets spliced to express a new gene which shares its
unique or constant N-terminal region with S (Sc) but contains a different or variable C-
terminal segment (S'y). Thus S and U are expressed in the + state and S'U’ in the — state.
The + and — state determine two different sets of host-range specificities.
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proteins S or §’. Grundy and Howe (1984) demonstrated that S and U are
required for G(+) tail fiber biosynthesis and/or attachment. In the light of
these results, it is understandable that host-range switching by Gin
should be carried out at a low level, thus avoiding the phenotypic mixing
of the two tail fiber genes (Symonds, 1982). Gin expression may be con-
stitutive to ensure a constant presence of both types of lysogens, G(+) and
G(—), in a cell population. G inversion is the first example of gene splic-
ing by an inversion event and the first example of gene spicing within the
prokaryotic cell. A phenomenom such as the assembly of immu-
noglobulin genes (Joho et al., 1983) appears to occur during the antigenic
variation of gonococcal pili {Segal et al., 1986). An interesting observation
appears to be that mutants of Mu that make slightly larger or smaller S
proteins were found during the screening of amber mutants of Mu unre-
lated to S, indicating that like the somatic mutations in immunoglobulin
genes, changes in S might occur with a rather high frequency (Van de
Putte et al., 1980).

Besides E. coli K12, a his— strain of Salmonella typhi (Soberon et al.
(1986) and a strain of Serratia marcescens (HY) have been found to plaque
Mu G(+) (Harshey, unpublished). Strains sensitive to Mu G(—) include
Enterobacter cloacae and some species of Erwinia besides those men-
tioned above (Kamp, 1981; Faelen et al., 1981). Recent studies have iden-
tified a lipopolysaccharide cell wall component as a receptor for Mu parti-
cles (Sandulache et al., 1984, 1985). Mu G(+) and G(—) particles differ,
however, in their requirement for the type of glycosidic linkage of the
terminal glucose residue in the lipopolysaccharide, which is al,2 for G(+)
and B1,6 for G(—).

The G segment of Mu belongs to a family of closely related invertible
segments. The first such homologue to be discovered was the C segment
of phage Pl and P7 {Chow and Bukhari, 1976; Yun and Vapnek, 1977).
Although Mu and Pl phages are very different, they share host-range
specificity (Toussaint et al., 1978). Complementation studies have shown
that the H segment of Salmonella typhimurium that determines varia-
tion of flagellar antigens and the P segment of a defective E. coli prophage
el4, whose function is unknown, are closely related to the G and C
segments of Mu and P1 (see Plasterk et al., 1983a). The products of the
invertase genes in all these elements complement each other and share
more than 60% homology at the amino acid level.

The analysis of the inversion mechanism has recently become possi-
ble with the development of in vitro assays for inversion (Plasterk et al.,
1984a; Mertens et al., 1984). Recombination takes place between two
identical, 34-pb-long sites which flank the G segment as inverted repeats.
If the recombining sequences are artificially arranged as direct repeats,
Gin-mediated deletion occurs at a 100-fold lower frequency than inver-
sions between substrates arranged as inverted repeats (Plasterk et al,
1983b). A site in the B region, called sis (site for inversion stimulation),
overlapping the coding sequence of gin, is required in cis for efficient
inversion (Kahmann et al., 1985b). For full activity, purified Gin protein
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must be supplemented with a host factor termed FIS (factor for iversion
stimulation) from E. coli K12, which acts on the site sis (Kahmann et al,,
unpublished). The effect of sis is independent of orientation and distance
from the inverted repeats and is reminiscent of enhancer elements in-
volved in regulating eukaryotic gene expression (Khoury and Gruss,
1983). Gin and FIS together possess a sequence specific topoisomerase
activity which changes the linking number of the inversion substrate in
steps of 4 (Kahmann et al., unpublished; Van de Putte et al., unpublish-
ed).

VIII. THE mom GENE

The mom gene encodes a DNA modification function (reviewed by
Kahmann, 1984). The gene is intriguing in two respects. First, the regula-
tion of its expression follows an elaborate scheme without precedence in
prokaryotes, and second, the modification introduced in DNA is not
methylation.

The mom gene was first discovered as providing protection against
restriction systems such as those elaborated by phage Pl and E. coli
strains B and K (Allet and Bukhari, 1975; Toussaint, 1976; Toussaint et
al., 1980). Phage grown by lytic infection are 10- to 50-fold more sensitive
to such restriction than those grown by lytic induction. Mom expression
is dependent on the host dam gene (Toussaint, 1977; Khatoon and
Bukhari, 1978). Mom-specific modification acts in trans to modify even
cellular DNA sequences (Toussaint, 1976). The modification protects all
Hgal, Pvull, and Sall sites from cleavage and allows only partial cleavage
products to be formed with a host of other enzymes (see Kahmann, 1984).
A comparison of the sequence specificity of all these enzymes allowed
the derivation of a consensus sequence

for mom modification. The modification is Né—(1-acetamido)-adenine
(Swinton et al., 1983) and alters about 15% of the adenine residues in
phage DNA (Hattman, 1979, 1980). The modification is expressed as a
“late” phage function and is deleterious to the host cell (Hattman and
Ives, 1984; Kahmann et al., 1985a).

The mom gene maps to the right of gin in the B region (Toussaint et
al., 1980; Kwoh et al., 1980). The organization of this region is shown in
Fig. 10. The region has been sequenced (Kahmann, 1983) and contains
two open reading frames. The first of these codes for a 7.4-kD peptide and
is called com (control of mom). The second one, mom, codes for a 28.3-
kD protein. mom is transcribed separately from gin. Recent excitement
in the regulation of mom comes from experiments that showed a link
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FIGURE 10. The mom region. Two DNA sites, I and II, are acted upon by the host Dam
function and the Mu C function, respectively, to positively regulate transcription of the
mom region. com codes for a small protein which positively regulates the expression of
mom at a step after transcription. Expression of mom is lethal to the cells and occurs late in
the lytic cycle.

between methylation of specific sequences upstream of the mom gene (3
GATC sites 5’ to the promoter in region I) and its transcription (Kah-
mann, 1983; Hattman et al., 1983; Plasterk et al., 1983c). In the absence
of the E. coli dam gene, there is 20-fold reduction in mom transcription
(Hattman, 1982).

These results sparked speculation that secondary structure in the
promoter region could be influenced by methylation which in turn could
influence transcription from that promoter (Plasterk et al., 1983c; Ka-
hmann, 1983). Removal of the 5° GATC sequences makes mom ex-
pression dam-independent (Hattman and Ives, 1984; Kahmann, 1984;
Plasterk et al., 1983c, 1984b). This implies that whatever the role of the
methylated DNA, it is not indispensable for transcription initiation. Be-
sides dam, mom expression requires a second transactivation function
encoded by Mu (Chaconas et al., 1981a) and shown now to be C (Plasterk
et al., 1983c; Hattman et al., 1985; Margolin and Howe, 1986). The site at
which C acts is close to but distinct from the site of dam action (region II;
Kahmann, 1984). This site is required for transcription of mom, and the
need for transactivation, like that of dam methylation, is alleviated when
mom is fused to a foreign promoter. In addition to this complex regula-
tion, the com gene product is required for efficient expression of mom
and is proposed to act as a positive regulator of mom expression at a
posttranscriptional stage (Kahmann et al., 1985b).

The function of the methylation by Dam in E. coli is not clear. It is
known that Dam methylase affects different processes such as resistance
to UV, spontaneous induction of phage lambda, and DNA mismatch
correction; that double mutants of dam and polA or recA are nonviable;
and that many Dam-methylated sequences are found in the origin of
replication of E. coli (Marinus and Morris, 1975; Brooks et al., 1983; Arraj
and Marinus, 1983). The only well-established function for the Dam
methylase is that it enables the mismatch correction enzymes to recog-
nize the newly synthesized DNA strand (Wagner and Meselson, 1976).
This fact, in combination with the observation that Mom is only ex-
pressed after replication of phage DNA, led to the hypothesis that the
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function of methylation dependence of Mom expression would be to
make it depend on hemimethylated DNA and therefore on active phage
replication. A recent finding (Kahmann, unpublished) that expression of
mom is affected by mutH, a component of the methyl-directed mismatch
repair system of E. coli, suggests a role for dam dependence of mom
expression. mom expression in a mutH~ strain becomes dam-indepen-
dent. It is suggested that MutH protein functions as a repressor by bind-
ing to region I when the three GATC sites are hemi- or unmethylated.
Methylation by dam would therefore serve to block the binding of MutH
and allow mom expression.

High levels of mom modification are lethal to the host. Therefore it
most certainly must shut down cellular functions. As mentioned before,
mom is expressed ‘“late’’ in the lytic cycle. Late expression is achieved in
many ways. The dependence on C links mom expression to replication
and therefore to lytic development. The late expression of mom might
also be linked to its requirement for dam methylation, since during the
early phase of replication it is most likely to be repressed by mutH. The
requirement for com must in addition delay the onset of mom expression.

The biological role of the mom function is not fully clear. Although
G(+) phage overcome host-controlled restriction, not a single host has
been found in which the modification of G(—) phage improves their plat-
ing efficiency {Kahmann, 1984).

IX. MU-LIKE PHAGES

To date three Mu-like phages have been isolated, two of them from
Pseudomonas (Krylov et al., 1980a,b). These two generalized transducing
phages, called D3112 and B3, have a genome size similar to Mu and
variable sequences at their ends. D3112 has no mutagenic effect upon
lysogenization of bacterial cells, suggesting that it might exist as a plas-
mid or be integrated into nonessential genes. Upon induction of cts phage
lysogens, however, many different mutants could be found among the
survivors. The two phages D3112 and B3 show regions of nonhomology at
the right ends of their genomes. A third phage, D108, which has begun to
receive attention lately, was first isolated by Mise (1971) as a generalized
transducing phage and is closely related to Mu (Hull et al., 1978). Hetero-
duplex analysis has shown D108 to be 90% homologous to Mu at the
DNA level (Gill et al., 1981), and the two phages behave similarly in
catalyzing transposition and gene rearrangements (Faelen and Toussant,
1980b; Szatmari et al., 1986).

There are three regions of nonhomology between the two phages.
The first of these is the early region spanning the repressor, ner and begin-
ning of the A gene. In agreement with the region of nonhomology de-
tected at the immunity end, the two phages are heteroimmune; i.e., Mu
grows in bacteria lysogenic for D108, and vice versa. The primary struc-
tures of the two repressors are similar toward the carboxyterminal halves
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but less so toward the amino-terminal halves (Mizuuchi et al., 1986). A
possible amino-terminal DNA-binding sequence has been identified for
the Mu repressor (Harshey et al., 1985) in a region that has considerable
homology with the D108 repressor (Mizuuchi et al., 1986). The primary
structures of the Ner proteins are even more similar than the repressor
proteins, although significant divergence has occurred (Tolias and Du-
Bow, 1985; Mizuuchi et al., 1986). The Ner proteins do not bind to each
others’ DNA-binding sites (Tolias and Dubow, 1985, 1986).

Differences in the manner of binding to their DNA sites have also
been observed. The A proteins show some divergence in the first 65
amino acids {Toussaint et al., 1983) but can function interchangeably to
promote transposition (Craigie et al., 1984). The repressors and A pro-
teins from the two phages share homology at their amino-termini as well
as share binding sites on DNA (Craigie et al., 1984; Harshey et al., 1985;
Mizuuchi et al., 1986). Suggestions have been made that the homologies
at the amino-termini of the repressor and transposase act to control lysis-
lysogeny decision by competing for DNA binding sites and/or by protein-
protein interactions to form inactive heterooligomers. The second region
of nonhomology between Mu and D108 is contained entirely within the
third open reading frame after the B gene (Waggoner and Pato, un-
published), and the third nonhomologous region between the two phages
resides in the B region close to right end, which is 0.5 kb longer in D108.
The mom gene of D108 shows all the characteristics of Mu mom (Kah-
mann, 1984). The correspondence between the location of genes and sites
in the control regions of D108 and Mu is reminiscent of the lambdoid
family of phages (Hershey and Dove, 1971).

X. PERSPECTIVES

Mu is a unique phage in having so many fascinating features packed
into so small a genome. At the left end, for example, are the variable host
sequences that show an intriguing pattern of packaging, a repressor pro-
tein that shows structural and functional homology with the transposase,
a regulatory system that has built-in elaborate sensing devices to control
lysis-lysogeny decisions, and transposition proteins that catalyze two
kinds of transposition with unprecedented frequencies. At the right end,
there is the genetic switch that controls host range by a unique mecha-
nism of gene splicing, a site-specific recombination system with an in-
triguing enhancer site and host factor, and a mysterious modification
function with an intricate and uncommon control system. The two ends
make up a fifth of the Mu genome. We have not even begun to tap the
rest.
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CHAPTER 7

Bacteriophage T1

HeNRY DREXLER

I. BACKGROUND

Bacteriophage T1 is one of the many phages isolated by Milislav Demerec
and was originally identified by the Greek letter o (Delbriick and Luria,
1942). In an attempt to focus the research of phage workers, Max Del-
briick selected what he believed to be seven distinct phages from the
Demerec collection and designated them T1 through T7, the “T” stand-
ing for “type.” Among the many debts owed to Delbriick by the commu-
nity of phage workers is that his designations for the T phages were
symbols that appear on standard American and western European type-
writers. It is now known that phages T2, T4, and T6 form a clan of related
phages (the so-called “T-even” group) and T3 and T7 are related to each
other. T1 and T5 are different from each other and the other T phages
(Adams, 1959).

Phage lore says that one of Delbruick’s criteria for the selection of the
T phages was that they would form clear plaques, thus ensuring that they
did not lysogenize cells. Apparently Delbriick believed that the confusion
that at that time surrounded lysogeny would detract from the usefulness
of phages as research tools. According to early terminology (which many
investigators still use), the T phages were referred to as “virulent,” in
contrast to the lysogenizing phages, which were designated ‘‘temperate”’
(Adams, 1959); modern usage refers to the T phages as ‘‘lytic”” and the
lysogenizing phages as “lysogenic.”

Although much work on T1 has been published, it remains the least-
understood of the T phages. To a great extent, the avoidance of research
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with T1 stems from its almost legendary ability to contaminate stocks of
other phages or cultures of Escherichia coli. Although the dangers of
contamination with T1 have been greatly exaggerated, both its short
latent period (Delbriick, 1945a) and its resistance to drying present chal-
lenges to careful workers and nightmares to those whose sterile tech-
nique is less than adequate. The unusually strong dependence of a lytic
phage such as T1 on the DNA replicating and RNA transcription mecha-
nisms of its host (Bourque and Christensen, 1980; Wagner et al., 1977a)
suggests that studies of the T1 life cycle will reveal new and interesting
data about the organization and expression of the T1 genomes.

The goal of this review is to present a concise review of the physical
nature and biological development of T1 together with a few mis-
cellaneous facts we believe to be of interest. No attempt has been made to
present an exhaustive review of the T1 literature or all the facts known
about T1. The reader who wishes to learn more about T1 should consult
several fine reviews that have been previously published (Hausmann,
1973; McCorquodale, 1975; Wagner et al., 1983). Adams’s (1959) classic
book Bacteriophages remains a fine source of information about all the T
phages with an especially enlightening, side-by-side comparison of many
aspects of T-phage development.

II. BASIC CHARACTERISTICS AND METHODS OF STUDY

T1 infects most of the E. coli strains commonly used by researchers
as well as many strains of Shigella. Plaque formation is usually studied
with the well-known L media using 1% bottom agar and 0.65% overlays
of 2—3 ml (Bertani, 1951; Drexler, 1967). Plaques are 3—4 mm in diameter
with a clear, sharply defined center forming about one-third the total
diameter and surrounded by a turbid, sharply defined halo. T1 will also
plate on media less rich than L media provided its host grows well. Gen-
erally, quantitation of T1 by plaque formation can be done under a variety
of temperatures with many types of media. However, where uniform
plaques of maximum size are desired, investigators are advised to utilize
L agar at 37°C.

High-titer lysates of T1 can easily be prepared in standard ways with
plates covered with confluent plaques, cells growing in liquid, or through
the use of a two-phase system (broth over solidified agar). Since NaCl
interferes with rapid adsorption of T1, it is common to pellet lysates
several times and resuspend phage particles in an NaCl-free medium
such as T1RM (T1 resuspension medium; Drexler, 1970). Lysates may be
sterilized by storage over chloroform or filtration. The titer of a properly
stored T1 lysate may fall less than 1 order of magnitude over a period of
20 years. If lysates dry up owing to improper storage, it is nearly always
possible to recover some viable phage by adding fresh broth to the dried
stock.
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The latent period of T1, in standard strains of E. coli growing expo-
nentially in L broth at 37°C, is about 15—20 min, and the average burst
size is 60—100 (Delbriick, 1945a; Borchert and Drexler, 1980; Roberts and
Drexler, 1981a).

When T1 amber mutants are employed in experiments, it must be
remembered that all amber mutations isolated by Michalke (1967), Figur-
ski and Christensen {1974), Ritchie and Joicey (1980), Ritchie et al. (1983),
and Liebeschuetz and Ritchie (1985, 1986) were isolated using E. coli
KB-3 as the permissive strain (KB-3 carries supE) and (usually) E. coli B as
the nonpermissive strain. Results obtained with amber mutants may not
be identical to data in previously reported work if permissive strains
other than those with supE (e.g., supB or supD; Borchert and Drexler,
1980) or other nonpermissive cells (e.g., the classic W3350 Su~ strain;
Campbell, 1961; Drexler, unpublished observations) are employed.

III. THE VIRUS PARTICLE

T1 and phage A particles are indistinguishable in electromicrographs
(Maniloff and Christensen, 1967|. T1 has a polyhedral head with a width
and height of about 55—60 nm and a flexible, noncontractile tail about
150 nm long and 7 nm in diameter (Tikhonenko, 1970). The T1 head
carries a single, unnicked length of double-stranded DNA about 16 um
long (Lang et al., 1967; Bresler et al., 1967). The molecular weight of T1's
packaged DNA is about 31 X 10¢ daltons (Bresler et al., 1967; MacHattie
et al., 1972), and the density of mature phage particles is about 1.499—
1.505 gm/cm3 (Kyleberg et al.,, 1975; MacHattie and Gill, 1977). T1 is
believed to contain only the four common bases, and its G + C content is
about 48% (Creaser and Tausigg, 1957; Brody et al., 1967). The precise
number of base pairs in a unit T1 genome has not been determined; the
molecule packaged into a mature viron contains a unit genome plus a
terminal repetition of 6.1% (Gill and MacHattie, 1976). The terminal
repetition of packaged T1 DNA contains about 2800 bp with a variation
of = 530 bp (MacHattie et al., 1972). Because of the similarity of its head
size and density to A and the slightly smaller G + C content of its DNA, it
can be deduced that T1 probably packages about 49 kbp and a unit ge-
nome probably contains about 46 kbp.

IV. THE T1 MAP

The first successful attempts to isolate and map T1 markers were
carried out by Carsten Bresch and co-workers. In addition to the host
range marker (known variously as h, hr, or Hr) that permitted T1 to infect
E. coli tonB, Bresh'’s laboratory isolated a number of mutants that affected
halo size and (by use of a medium containing 2 dyes) halo color (Bresch,
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1952, 1953; Bresch and Mennigmann, 1954; Bresch and Trautner, 1956).
Color photographs of the plaques obtained through Bresch’s unique sys-
tem have been published (Bresch and Trautner, 1956). The color plaque
mutants of T1 are rarely, if ever, used by modern phage workers and are
not discussed in this review. For a detailed description of the color plaque
mutants, the reader is referred to Bresch and Mennigmann (1954).

The climax of the work done by Bresch’s group to obtain a T1 map
came with the publication of the work of Michalke (1967). Michalke
isolated 36 amber (am) and 12 temperature-sensitive (ts) mutants of T1
which, through complementation experiments, were placed in 19
cistrons. Representative mutants were then crossed against each other to
create a map. As is customary among geneticists, Michalke numbered the
am mutations in the order in which he discovered them; cistrons were
numbered as they were studied.

Figurski and Christensen (1974) studied the functional nature of the
T1 cistrons using both Michalke’s mutants and ones they isolated. By
means of biochemical tests, in vivo and in vitro complementation, and
electron microscopy, Figurski and Christensen were able to classify T1
functional units according to whether they played a role in DNA syn-
thesis or were essential for the production of competent tails or heads.
For the most part, Figurski and Christensen confirmed Michalke’s origi-
nal ordering of the markers, although a few changes were made and the
number of functional units was reduced from 19 to 18.

In common with other phages, it was found that the genes of T1 were
organized topologically according to function. Figurski and Christensen
suggested that the description of the T1 map follow the conventions set
by Studier (1969) for phage T7 and that the genes specifying ‘‘early func-
tions” (i.e., those essential to phage development prior to maturation as,
for example, those whose products are essential for synthesis of phage
DNA| be placed at the left end of the map and that the genes be numbered
in order from left to right with genes discovered in the future to be given
decimal values. Confusion with Michalke’s system of numbering func-
tional units was avoided by using the term ‘“‘gene’ instead of “cistron.”
Since gene 1 was located in the terminally redundant region of the T1
genome (MacHattie and Gill, 1977), it could not be properly mapped at
either the left or right end of the map. Inasmuch as the gene product of
gene 1 (gpl) was essential for phage DNA synthesis, it was placed, ar-
bitrarily, at the left end of the T1 map. The T1 map shown in Fig. 1 was
adapted from Figurski and Christensen (1974) and locates the original 18
genes plus 6 discovered since 1974. In addition, the map shown in Fig. 1
locates the pac site (see below) and two mutations (h and pip; see below),
which have not been proved to identify separate genes. Table I is a com-
pendium of T1 mutants.

Genes 1 and 2 are essential for phage DNA replication {Figurski and
Christensen, 1974). Since synthesis of phage T1 DNA and degradation of
the host chromosome are closely coupled events (Christensen et al.,
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Gene Mutant
Number Phenotype
-1 DO, HD
pac — Pkg
L 2 DO, HD
pip 2% By

-3 T
FIGURE 1. The map is adapted from Figurski and grn <[ 2-5 Bﬁ H ggg
Christensen (1974), and except for gene 1 and pac, the h o ——
relative distances between the sites or genes are based T 5 T
on recombination frequencies. Gene 1 is in the region - T
of T1 DNA that becomes permuted during packaging T
and is placed arbitrarily at the gene 2 or left end of the E g _I A
map; pac is located between genes 1 and 2, but its F 9 T |L
exact location is unknown. The designations written - 10 T
to the left of the map identify the packaging initiation L 14 T
site (i.e., pac), two mutations not proved to identify - 11.5 T
unique genes (i.e., pip and h), and a system of cooper- - }g :
ating genes (i.e., grn), which specifies a general recom- }- 13.3 H, Pkg
bination function. The derivations of symbols used to C 12‘7 H
identify mutants are given in the footnotes to Table . - 145 H H
The derivation of symbols used to identify mutant 1 H E
phenotypes are as follows: DA, DNA arrest (i.c., early - 16 H D
shut off of phage DNA synthesis); DO, synthesis of
phage DNA is zero; H, blocks formation of functional
heads; HD, host DNA is not degraded; Hr, host range; k 17 H
Pkg, affects packaging of phage DNA; Rec, blocks
phage mediated, general recombination; T, blocks for- - 18 H
mation of functional tails.

1981), gpl and gp2 are also essential for host DNA degradation. Muta-
tions in gene 2.5 are able to block host DNA degradation without block-
ing phage DNA synthesis (Roberts and Drexler, 1981a,b). Curiously, gp3
appears to be essential for the production of functional phage tails even
though it is located in the region of early genes (Figurski and Christensen,
1974; Ritchie and Joicey, 1980). Ritchie et al. (1983) showed that gene 3
mutants failed to produce a 75-kD protein. More recently, Liebeshuetz
and Ritchie (1985) have shown that a cloned restriction fragment from
the gene 3 region was able to fully complement gene 3 mutants, although
the length of the fragment did not allow it to code for a protein larger than
45 kD; whether the activity of the cloned fragment resulted from a trun-
cated gene 3 protein has not been established. However, the results of
Liebeschuetz and Ritchie (1985), together with those of Ritchie et al.
(1983) suggested the possibility that gp3 was a regulatory protein that was
essential for the expression of tail genes. The products of genes 3.5 and 4
affect a variety of events during phage development. Either gp3.5 or gp4
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TABLE I. Compendium of T1 Mutants4

Gene number Amber (am) mutants Other mutants
1 16, 20
pac
2 3,5, 21, 26, 39, 221 ts120, ts252
2.5 tarl-tar7
— pip
3 6, 41, 235, 274
3.5 201 ts271
4 23 tsd, ts27, ts133, ts243
— h
5 15, 203, 207, 273, 308 ts25
6 18, 31, 301
7 35, 46
8 1, 32, 102, 222, 233
9 13, 232
10 2, 19, 22, 27, 28, 40, 204,
227, 259
11 9, 29
11.5 304
12 37
13 10, 25, 260
13.3 283
13.7 216, 267 ts254
14 45
14.5 246 ts3, ts7, ts27
ts28, ts30
15 11, 205
16 4, 216, 247, 250 ts52, ts63
17 17, 219 ts49
18 30, 245, 248

aThe reference for all amber (am) and temperature-sensitive (ts) mutants identified with
numbers less than 100 is Michalke (1967). References for other mutants are as follows:
ts133 (Figurski, 1974]; ambers 201, 208, 216, 246, and 283 (Ritchie and Joicey, 1980);
ts254 and ts271 (Ritchie et al., 1980); am102 and ts120 (Christensen et al., 1981); ambers
221, 235, and 260 (Ritchie et al., 1983); ambers 203, 204, 205, 207, 216, 219, 222, 227,
232, 233, 245, 247, 248, 250, 259, 267, 273, 274, 301, 308 (Liebeschuetz and Ritchie, 1985,
1986); pac (MacHattie and Gill, 1977); tar (Roberts and Drexler, 1981a); pip (Drexler and
Christensen, 1986); h (Drexler and Christensen, 1961; Figurski and Christensen, 1974).
The derivations of the symbols used to identify mutants are as follows: am, amber; h,
host range; pac, site at which initiation of phage DNA packaging is initiated; pip, affects
packaging initiation and processive packaging; tar, transduces at an altered rate; ts,
temperature-sensitive.

mutations cause an early shutoff of phage DNA synthesis, and both are
required for synthesis of functional heads (Figurski and Christensen,
1974, Ritchie and Joicey, 1978). Further, both gp3.5 and gp4 are essential
for the functioning of a phage-specified, general recombination system,
termed the “grn’’ system (Ritchie et al., 1980).

The products of genes 5 through 11.5 are essential for the production
of functional tails as measured by in vitro complementation; the success
of this test is due to the ability of mature, competent phage heads and
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mature, competent phage tails to join in vitro to form infectious particles
(Edgar and Wood, 1966; Weigle, 1966; Figurski and Christensen, 1974).
Genes 12 through 18 are essential for the formation of functional heads as
demonstrated by in vitro complementation (Figurski and Christensen,
1974, Ritchie and Joicey, 1980). Gene 13.3 mutants also fail to terminate
head filling.

The pac site is the site at which T1 initiates packaging of T1 DNA
and is located between genes 1 and 2 (MacHattie and Gill, 1977). The only
host range mutation that has been accurately mapped with respect to
nearby amber mutations (Figurski and Christensen, 1974) was located
between am?23 (gene 4) and am15 (gene 5) and is probably within gene 5.
The pip mutation causes an increased initiation of DNA packaging at a
non-T1 site (the esp-A site located between the O and P genes of phage \;
Drexler, 1984) and probably a decrease in the efficiency with which T1
initiates DNA packaging at pac; pip is also defective in processive pack-
aging; pip is located between tar-1 (gene 2.5) and am6 (gene 3), but it is
not known whether it identifies a separate gene (Drexler and Chris-
tensen, 1986).

A number of restriction enzymes have been used to analyze variants of
phage T1 (Ramsay and Ritchie, 1980; Ramsay and Ritchie, 1982). This
discussion will pertain only to the variant of T1 that was used to select the
bulk of Michalke’s original am mutants (Michalke, 1967)—namely
T1Ds* * (“Michalke wild type” or type 3 of Ramsay and Ritchie, 1982).
T1Ds* + was formed by a cross of Bresch’s T1 and the T1-related phage
D20 (Trautner, 1960; Michalke, 1967). Of the various typesof T1, TIDs+ +
has been subjected to the most precise genetic analyses. Since the starting
place for any understanding of the physical relationships between the
known types of T1 is the work of Ramsay and Ritchie (1982) we would like
to suggest that when it is necessary to distinguish T1Ds* * from other T1
variants it be referred to by the designation “T1 type 3.”

T1 (or if you will T1 type 3) is more sensitive to BgIII than to any of
the restriction enzymes which recognize targets of six bases and which
have thus far been reported to cut T1 (Ramsay and Ritchie, 1980, 1982)
(Fig. 2). BgMI cuts T1 16 times, and these cuts together with the packaging
initiation cut at pac cause the DNA isolated from mature virions to form
17 precisely determined fragments, of which 15 are produced in equi-
molar amounts. The two precisely determined fragments of T1 that are
submolar are fragments D and C. Fragment D is cleaved at one end by the
initiation cleavage at pac and can be formed only from the first genome
packaged from concatenated DNA. Fragment C is cut at both ends by
BglII and contains the pac site. Fragment C can be cut only from genomes
packaged processively from concatenated DNA. Since T1 headful packag-
ing is imprecise and the number of molecules cut from a concatenate is
limited (MacHattie et al., 1972), a number of submolar, broad (or ““fuzzy”’)
bands appear on any agarose gel used to separate restriction enzyme frag-
ments of T1 by gel electrophoresis (Ramsay and Ritchie, 1980).

Bgll cuts six targets in T1 DNA to form (from DNA isolated from
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mature virions) seven precisely determined fragments. All other re-
striction enzymes that recognize specific targets of six bases and which
have been reported to cut T1, cleave T1 DNA fewer times than BgIl. For
example, EcoRI and PstI make three cuts in T1 DNA, and HindIll makes
two cuts (Ramsay and Ritchie, 1980). Figure 2 shows the location of BgI/II
and EcoRlI targets in T1.

In his work establishing a map for T1, Michalke (1967) noticed that
the markers in the center of the map appeared to be more tightly clus-
tered than those at the ends. Michalke raised, but was unable to answer,
the question whether by chance he had isolated fewer markers at the ends
the T1 chromosome or whether there was actually more recombination
at the ends of the genome. After the discovery by MacHattie et al. (1972)
of limited permutation of packaged T1 DNA, the possibility arose that
markers located near the ends of the chromosome might appear to under-
go more genetic segregation from nearby, more centrally located markers
because of their appearance in the terminally repetitious regions. That
gene 1 is genetically unlinked from the rest of the genome is undoubtedly
due to its location in the terminally redundant ends (Michalke, 1967;
Figurski and Christensen, 1974). It has also been demonstrated that gene
18 appears in the permuted region (P. Ooi and J. R. Christensen, personal
communication).

Liebeschuetz and Ritchie (1985) have used the size of restriction
fragments, locations of specific genes in restriction fragments, and the
size of proteins that can be assigned to particular genes to correlate the
physical and genetical maps. What Liebeschuetz and Ritchie found was
that genes 3.5 through 17 (about 80% of the known genes) occupied a
stretch of about 23,500 bases that accounted for about 50% of the T1 unit
genome. Furthermore, it was estimated that little, if any, space remained
in the gene 3.5 to gene 17 region for any additional, undiscovered, genes.
The region occupied by genes 1 through 3 (4 known genes) occupied 25%
of the genome. Even when the relatively large physical distances between
the known genes at the left end of the map were taken into account, it
appeared that more recombination (about 36%) took place than was ex-
pected from random crossovers. Likewise, Liebeschuetz and Ritchie
found that the right end of the map from gene 15 through 18 was more
recombinogenic than the center of the genome. Whether the ends of the
T1 chromosome are truly more recombinogenic than the center or other

pac NP
(1,J,L] B (GM A E2K ) pac
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FIGURE 2. The map, showing the cut sites of Bglll and EcoR], is adapted from Ramsay and
Ritchie (1980) and P. Ooi and J. R. Christensen (personal communication). For the effect of
other restriction enzymes on T1 and Tl-related phages, see Ramsay and Ritchie (1980,
1982), Liebeschuetz and Ritchie (1985). :
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genes, in addition to genes 1 and 18, are occasionally packaged in the
permuted region, remains to be determined.

V. PHAGE DEVELOPMENT

A. Adsorption

Phage T1 adsorbs to host cells by a two-step process. The first step in
adsorption is reversible and, since it is greatly influenced by the ionic
strength of the adsorption medium, is probably electrostatic. The second,
energy-requiring step is irreversible and apparently covalent (Garen and
Puck, 1951; Christensen and Tolmach, 1955; Christensen, 1965). T1
seems to have adapted its adsorption mechanism to utilize surface pro-
teins associated with the ferrichrome uptake system of the cell, and mu-
tations in either an outer membrane function (tonA) or an inner mem-
brane function (tonB) affect both T1 adsorption and uptake of ferric ions
(Wagner et al., 1980). T1 shares the use of tonA and tonB with the
lambdoid phage $80.

It is interesting that although it is possible to isolate T1 mutants
capable of adsorbing to tonB cells, no phage mutants capable of infecting
tonA have ever been found. In T1-sensitive cultures that have been grown
from cells obtained from a single, isolated colony, the ratio of spon-
taneous tonA mutants to tonB mutants is about 4 to 1. Since tonB is
located near the tryptophan operon, selection for Tl-resistant cells is
frequently used as a tool to isolate deletions that penetrate the tryp-
tophan operon.

Adsorption of T1 always takes longer and is less complete with K
strains of E. coli than B strains (Drexler, unpublished observations), but
good adsorption (i.e., >90%) can be obtained in 5—10 min with either
strain, provided the cells have been washed several times to remove ex-
cess NaCl and resuspended in low-salt medium (Drexler and Chris-
tensen, 1961). Antiserum prepared against purified lysates of T1 and ab-
sorbed with host cell antigens will prevent T1 adsorption. However, T1 is
one of those phages for which it is difficult to obtain high K values for
antiserum (Adams, 1959). Therefore, complete inhibition of T1 adsorp-
tion by means of antiserum requires higher concentrations of antiserum
and longer exposure times than for phages such as T4 or \.

B. DNA Replication

It has been found (Bourque and Christensen, 1980) that T1, unlike
certain other lystic phages (Wickner, 1978), depends on the host for some
of the products known to be essential for the elongation of E. coli DNA.
Products of the polC, dnaG, and dnaZ genes are all essential for the
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synthesis of T1 DNA. However, none of the four dnaB mutations tested
by Bourque and Christensen were able to prevent synthesis of T1 DNA.
Cell products generally associated with the initiation and termination of
DNA synthesis such as dnaA, dnaC, dnal, dnaP, and dnaT are not essen-
tial to synthesis of T1 DNA.

Figurski and Christensen (1974) found that mutations in either gene
1 or gene 2 of T1 would completely block phage DNA synthesis. Results
obtained with a ts mutation of gene 2 showed that gp2 was required for
T1 DNA synthesis throughout the latent period (Walling and Chris-
tensen, 1981). Unsuppressed am mutations in genes 3.5 (Ritchie et al,
1980) and gene 4 (Figurski and Christensen, 1974) caused an early shutoff
of phage DNA synthesis. In addition, gp3.5 and gp4 resulted in an ATP-
independent exonuclease activity and constituted a general recombina-
tion system (grn). Concatenates were absent from T1 infections in which
the production of either gp3.5 or gp4 was blocked (Ritchie and Joicey,
1978; Pugh and Ritchie, 1984a); presumably the essential nature of grn
arose from a requirement for general recombination to produce the con-
catenated phage DNA which served as a precursor for the phage DNA
packaged into mature heads. The reason for early shutoff of T1 DNA
synthesis when genes 3.5 or 4 are not functional remains unknown.

Although circular forms of T1 DNA have been observed (MacHattie
et al., 1972), they occurred in numbers much lower than 1 per cell
(Ritchie and Joicey, 1978). The scarcity of T1 circles led Ritchie and
Joicey (1978) to conclude that T1 did not replicate circularly and that
concatenated T1 DNA was produced by end-to-end recombination rather
that by rolling circles. The origin of replication has not yet been identi-
fied.

J. I. Mitchell and D. A. Ritchie (personal communication) found that
upon infection of cells with T1, the parental phage DNA became associ-
ated with the inner membrane of the host. Association of the parental
DNA with the membrane occurred even when synthesis of DNA or pro-
tein was blocked. Association did not depend on phage-coded functions.
However, the observation that attachment of parental phage DNA was
reduced in the presence of rifampicin suggested that attachment de-
pended on the formation of transcriptional complexes. Labeled parental
DNA did not become part of concatemers, which probably explains why
only a small proportion of parental phage DNA was transferred to pro-
geny phage. Concatenates 3—4 genomes in length were also membrane-
associated, and release of DNA from the concatenates was blocked by any
mutation that prevented assembly of phage heads. Mutations of gene
products required for the completion of mature heads did not prevent
phage DNA detachment. Therefore, Mitchell and Ritchie suggested that
release of phage DNA from the membrane occurred in the form of imma-
ture heads.

The inability of the host’s recArecBrecC general recombination sys-
tem to substitute for grn suggested that either the production or activity
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of the E. coli exoV nuclease (which is specified by the recBrecC genes)
was inhibited by a T1 product (see, e.g., the effect of gpgam of phage A on
exoV activity; Enquist and Skalka, 1973). It is interesting to note that
either the red system of A (Christensen, 1976) or the recE system of E. coli
(Ritchie et al., 1980; Pugh and Ritchie, 1984b) was able to substitute for
the grn system. The activity of gp4 must have been exerted early, since
concatenated phage DNA made soon after infection was packaged into
mature particles even if a temperature-sensitive gp4 was raised to the
nonpermissive temperature shortly after infection. The use of phages
with ts mutations in gene 4 demonstrated that in contrast to gp2 (see
above), gp4 became progressively dispensable during phage development
(Walling and Christensen, 1981).

Recently C. L. A. Paiva and D. A. Ritchie (personal communication)
isolated pseudorevertants of the phage carrying amber mutations in both
gene 3.5 and gene 4; these DNA arrest suppressors, or “das,” did not
function by restoring either the normal products of gene 3.5 and gene 4 or
the host RecBC pathway (blocked after T1 infection). In infections by T1
carrying both das and g3.5~ or g4 ~ (i.e., a mutation in gene 3.5 or gene 4
or both), concatenate formation was partially restored (thus leading to
viable phage production), but the premature shutoff of phage DNA syn-
thesis characteristic of infections with T1 g3.5~ or T1 g4~ phages was
not suppressed. A low-molecular-weight protein, referred to by Paiva and
Ritchie as polypeptide X, was found to be present at a higher levels in
infections with g3.5~ or g4~ phages than infections with wild-type T1.
However, during infections with g4 — das phages, polypeptide X was pre-
sent in normal (i.e., wild-type) levels. Paiva and Ritchie suggested the
possibility that in addition to its ATP-independent, exonuclease activity
(see above), the grn system specified by gp3.5 and gp4 may have expressed
a protease activity that cleaved polypeptide X.

Figurski (1974) and Roberts and Drexler (1981b} demonstrated that
although host DNA degradation depended on phage DNA synthesis (Fig-
urski and Christensen, 1974), the synthesis of T1 DNA did not depend on
host DNA degradation. Hydroxyurea (HU) blocks DNA replication that
depends on de novo synthesis of deoxyribonucleoside diphosphates (Sin-
ha and Snustad, 1972). Ordinarily, T1 derives about two-thirds of its
deoxyribonucleotides from degradation of the host chromosome (Labaw,
1951, 1953). Therefore, T1 phages capable of degrading the bacterial chro-
mosome show almost normal development in the presence of HU. Figur-
ski (1974) showed that even at permissive temperatures, the T1 mutant
ts120 (gene 2) was 100 times more sensitive to HU than wild-type T1.
Although ts120’s sensitivity to HU demonstrated a significant defect in
host DNA degradation by the mutant, T1 ts120 produced yields that were
60% those of wild-type T1. Roberts and Drexler (1981b) showed that
although gene 2.5 mutations blocked degradation of host DNA (T1 gene
2.5, mutations would not produce progeny in the presence of HU), phage
with mutations in gene 2.5 produced yields 30-50% those of wild type.
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Ritchie and Joicey (1980) categorized T1 genes into five groups ac-
cording to the amounts of phage DNA produced as well as the types of
DNA structures made and accumulated during phage development.
Group I contained genes 1 and 2 whose products were essential for syn-
thesis of T1 DNA. Group ITA was made up of genes 3.5 and 4, whose
functions were essential for the production of concatenated DNA; the
absence of gp 3.5 and gp4 also caused an early shutoff of phage DNA
synthesis. Group II contained all the genes known to be essential for the
production of mature, competent tails (i.e., genes 3, 5, 6, 7, 8, 9, 10, 11,
and 11.5). Phage DNA synthesis in cells infected with mutants of any of
the genes of group II did not differ from synthesis in infections by wild-
type T1. Mutations in the head genes, which make up group IlI (i.e., genes
12, 13, 13.7, 14, 14.5, 15, 16, 17, and 18), did not affect phage DNA syn-
thesis, but infection with group III mutants showed an accumulation of
concatenated phage DNA. Cells infected with T1 having a mutation in
gene 13.3, which was the sole member of group IV, showed a pattern of
development intermediate between group II and group IIL

It is a peculiarity of T1 infection that degradation of the bacterial
chromosome appears to require ongoing synthesis of phage DNA. Infec-
tion of amber-nonpermissive cells with amber mutants of either genes 1
or 2 of T1 totally blocked trichloracetic acid solubilization of host DNA.
Further, if 5, 10, or 15 min after infecting and incubating cells at 30°C
with ts120 (gene 2) the temperature was elevated to 40°C there was an
immediate cessation of both phage DNA synthesis and host DNA degra-
dation. Likewise, addition of naladixic acid promptly stopped both phage
DNA synthesis and degradation of host DNA (Christensen et al., 1981).

C. Protein and mRNA Synthesis

Three laboratories independently studied the synthesis of phage-spe-
cific proteins during T1 infections, and their work was published within a
few months of each other (Toni et al., 1976; Martin et al., 1976; Wagner
et al., 1977a). Because different schemes for the purification and measure-
ment of the proteins were used by the different investigators, it is diffi-
cult to make precise comparisons of the results obtained by the three
laboratories. Nevertheless, the results of the several investigations were,
as one might expect, quite similar. Since differences between the results
do exist, the interested reader is advised to consult the original reports.

Thirty-one phage-specific proteins have been detected, and their mo-
lecular weights range from 9000 to 150,000 daltons (Table II). The sum
total of the molecular weights of all T1 proteins is about 1.6 x 106
daltons and corresponds to about 80—-100% of the coding capacity of the
T1 genome. The T1 virions contain about 14 proteins whose total mo-
lecular weight is about 60% of the total coding required for all of T1’s
proteins. Wagner et al. (1977a) and Ritchie et al. (1983) have been able to



BACTERIOPHAGE T1 247

TABLE II. Proteins Specified by T1 DNAa«

Molecular weight

Protein number (kD)
1 150
2 140
3 125
4 120
5 81
6 80
7 73
8 70
9 64

10 62
11 60
12 51
13 45
14 44
15 41
16 40
17 38
18 36
19 34
20 33
21 31
22 26
23 24
24 20
25 19
26 17
27 15
28 14
29 12
30 10
31 9

2 Adapted from Wagner et al. (1977a).

associate polypeptide products with 18 of the 24 known genes of T1.
There is no doubt that certain T1 proteins are subjected to posttransla-
tional processing. For example, Ritchie et al. (1983) showed that a major
constituent of the T1 head (the P7 protein listed in Table III) was derived
from the precursor protein P7p. Both gp13 and gp14 were required for the
production of P7, but mutations in genes 13 or 14 did not affect the
production of P7p; furthermore, it was demonstrated that an am muta-
tion in gene 14 resulted in the absence of a protein other than P7 or P7p.

Male and Christensen (1970) showed that phage specific mRNA syn-
thesis began shortly after infection. Gawron et al. (1980) have demon-
strated that most of the mRNA of T1 was transcribed from the same
strand of phage DNA. It has been found by P. Ooi and J. R. Christensen
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TABLE III. Proteins in Mature T1 Particlesa

Protein Molecular weight  Percent total ~ Number of molecules

band (kD) particle protein per particle

Pl 152 1.5 3
P2 117 1.0 3
P3 103 1.0 3
P4 57 1.2 7
P5 50 1.5 10
P6 42.5 0.7 6
P7 33 49.6 505
P8 29.5 1.5 17
P9 29 3.5 41
P10 26 16.3 211
P11 16 20.1 422
P12A 14

PI12B 14 } 2.1 52
P13 13.5

aAdapted from Martin et al. (1976).
Molecular weights of P11, P12A, P12B, and P13 are only approximations.

(personal communication) that the synthesis of mRNA that hybridized
with restriction fragments known to code for gene products involved in
DNA metabolism reached a peak early in the phage’s latent period and
later declined. mRNA that hybridized to restriction fragments whose
gene products were essential for capsid formation reached a peak only
after the peak of early mRNA began to decline. Furthermore, the inten-
sity of hybridization by late RNA messages to restriction fragments was
greater for some fragments than others. Even though synthesis of host
mRNA continued throughout the latent period, the inducible enzyme B-
galactosidase could not be induced (Male and Christensen, 1970; Jiresova
and Jenecek, 1977). Expression of T1 genes did not require phage DNA
replication, and T1 did not appear to make its own RNA polymerase
(Wagner et al., 1977a).

T1 proteins can be categorized according to the time of their ap-
pearance and the persistence of their synthesis as (1) “early,” which
means their synthesis begins within 4—8 min after infection and shuts off
at about 11 min; (2) “early-continuous,” which appear within 4-8 min
after infection and continue to be synthesized throughout the latent peri-
od although with diminishing rates; and (3) ““late,” which do not appear
until about 8 min after infection and then are produced with increasing
rates until lysis. Host protein synthesis was rapidly inhibited after infec-
tion by T1 (Toni et al., 1976; Wagner et al., 1977a); the block occurred at
the level of mRNA translation and occurred before the synthesis of any
viral protein could be detected (Wagner et al., 1977b).

In summary, the potential coding capacity of T1 suggests that the 31
phage-specific proteins that have been observed to be synthesized during
T1 infection account for all, or nearly all, the proteins that can be coded
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tor by T1. Proteins specifically associated with 18 genes known to be
essential for phage development have been identified. Although the ex-
pression of T1 genes appears to follow an orderly, regulated program, no
parts of the regulatory mechanism are yet known, nor is it known what
part of the regulation occurs at the level of transcription or translation.

D. Maturation

As mentioned in Section IV (see also Fig. 1 and Table I), Figurski and
Christensen (1974) were able to classify certain T1 genes as “head” (H) or
““tail” (T) according to their ability to make mature, competent heads or
tails. Ramsay and Ritchie (1984) have examined and compared the vari-
ous headlike structures produced by infections with, respectively, T1, a
representative unsuppressed am tail mutant, and unsuppressed, am mu-
tation lysates of all known head genes. Ramsay and Ritchie concluded
that the assembly of T1 heads led first to the formation of a “prohead”’
whose major component was the 33,000-dalton virion protein P7 (Table
III). The prohead also contained smaller amounts of the protein P5 and
probably contained P1, P3, P8, and P9. Filled heads also contained sub-
stantial amounts of the 16,000-dalton virion protein P11, which probably
stabilized filled heads.

The 26,000-dalton P10 protein was a major constituent of the tail,
which also contained smaller amounts of P4. The virion protein P2 was
probably a part of the tail (Ramsay and Ritchie, 1984).

Packaging T1 DNA into heads required the formation of concate-
nated phage DNA (Ritchie and Joicey, 1978). Packaging was initiated at
the pac site (see Fig. 1), proceeded unidirectionally toward gene 1, and
terminated by means of a headful mechanism which resulted in about
6.1% terminal redundancy (MacHattie and Gill, 1977; Gill and MacHat-
tie, 1975, 1976; Ramsay and Ritchie, 1980). After the first headful was
packaged from a concatenate, packaging continued processively; about
three headfuls were packaged from a single initiation event, and if the
tirst headful is referred to as a class I molecule, the second as class II, the
third as class III, etc., the proportions of classes were 0.4:0.4:0.2 (Gill
and MacHattie, 1976). Since headful termination was imprecise and led
to a slight variability in the amount of DNA in each packaged molecule,
the various classes of packaged molecules formed closely related families
rather than families of precisely determined lengths of DNA (Ritchie and
Malcolm, 1970; MacHattie and Gill, 1977).

In addition to pac, packaging initiation is controlled by at least one
other function—the pip function. The pip mutation (Drexler and Chris-
tensen, 1986) caused an increase in the efficiency with which T1 initiated
packaging of DNA at the esp-\ site (located between the O and P genes of
phage ). Since the pip mutant had a relatively low burst size of 8 to 10, it
was thought that the mutation led to a reduction in the efficiency of
recognition of pac compared to pip*. In addition, T1 pip packaged pre-
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dominantly class I molecules—that is, molecules whose packaging was
initiated at pac. Therefore, pip was defective in processive packaging.

Gene 13.3 (Ritchie and Joicey, 1980) is located in the region of the T1
chromosome whose genes code for functions essential for the production
of heads. It was demonstrated that during infections of cells with gene
13.3 mutants of T1, cleavage at the pac site occurred, but the maturation
of T1 concatenates into packaged monomers did not occur. In other
words, gpl3.3 appeared to be required for the termination of head filling
(Ramsay and Ritchie, 1983).

Studies of in vitro packaging of T1 and non-T1 DNA by extracts
isolated from T1-infected cells have shed considerable light on the mech-
anism of initiation of DNA packaging by T1. Davison et al. (1984) found
that when extracts of cells infected with T1gl6~ (lack of gp16 leads to
the production of unfilled phage heads) were mixed with extracts of cells
infected with T1gl3~ (gpl3 is essential for prohead assembly), endoge-
nous DNA was packaged into plaque-forming units with an efficiency of
1.5 x 103 PFU/ug DNA. When extracts of cells infected with T1gl —gl6—
(gpl is essential for replication of phage DNA) were mixed with extracts
from cells infected with Tlgl ~g13— and supplied with either concate-
nated T1 DNA isolated from cells infected with T1g13.3— (gpl3.3 is
essential for the termination of the headfilling reaction and its absence
leads to a pileup of concatenated T1 DNA) or T1 monomers isolated from
mature virions, the efficiency of PFU formation was 1 X 104/ug DNA.
Davison et al. (1984) also found that the formation of PFU by infected cell
extracts required ATP, Mg?+, and spermidine.

Liebeschuetz et al. (1985) demonstrated that the in vitro packaging of
T1 DNA extracted from virions was significantly enhanced when the
extracts were able to convert the phage DNA into concatenates; specifi-
cally, it was shown that extracts from cells infected with T1gl — were able
to convert virion DNA into PFUs 30- to 60-fold more efficiently than
extracts from cells infected with either T1gl—g3.5~ or Tlgl g4~ (gp3.5
and gp4 are both essential for the formation of concatenated phage DNA).
Indeed, Liebeschuetz et al. (1985) were able to show directly that virion
DNA was efficiently converted to concatemers by the T1gl — extracts but
not the Tlgl—g3.5~ or Tlgl—g4— extracts.

Hug et al. (1986) examined the in vitro packaging of virion DNA
isolated from more than 40 T1-like phages as well as phages thought to be
totally unrelated to T1 (e.g., T3, T7, and A\). DNA from the T1-like phages
was found to fall into three categories according to the efficiency with
which the T1 type 3 (i.e., wild-type) extracts were able to convert the
DNA into PFU. The DNA of one group of phages apparently carried the
same (or a very similar) pac site as T1 and was packaged as efficiently as
T1 DNA. The DNA of a second group seemed to have a pac site that was
similar, but not identical, to Tl DNA and was packaged with 10-30%
the efficiency of T1. The DNA of the third group appeared to have a pac
site unrelated to T1, and their DNA was packaged with an efficiency of
about 1% that of wild-type T1.
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When extracts of Tl-infected cells were supplied with DNA isolated
from T3 or T7 virions, infectious particles with the antigenic specificity
of T1 and the genome of T3 (or T7) were detected, but the efficiency of
infectious particle formation was less than 1% that of wild-type T1 PFU.
Hug et al. (1986) tested the ability of extracts from T1-infected cells to
package monomers and concatemers of either unit length or “short” (i.e.,
80% unit length) A DNA. The packaging of A DNA into T1 particles was
unaffected by multimerization. The “short” A\ DNA was packaged into
PFU about 40 times more efficiently than the unit length A genomes.

The observations by Liebeschuetz et al. (1985) that T1 DNA mono-
mers were not only converted to concatenates in an in vitro system but
that the conversion increased the efficiency of packaging strongly sug-
gested that in vitro packaging mimicked in vivo packaging. Furthermore,
the demonstration of specificity in packaging by Hug et al. (1986) sup-
ported the conclusions of Liebeschuetz et al. (1985) by indicating that the
normal pac specificity operated during in vitro packaging. The ability of
the in vitro packaging system to form PFU from monomers of T1, T3, or
T7, etc., suggested that T1 has more than one mechanism of initiating
DNA packaging and that in addition to the mechanism that initiated
packaging at pac located on a concatenate, T1 was able to less efficiently
package precut lengths of DNA probably through initiation at a “‘free
end” of DNA. Certain results obtained through the study of transduction
(see below| are also useful in understanding the initiation of head filling
by T1.

VI. MISCELLANEOUS
A. Restriction and Modification

T1 is not known to specify a restriction modification system. T1 is
affected by a number of restriction modification systems. The effects of
restriction and modification on T1 have been studied the most with the
restriction modification system specified by phage P1. In general, the
effect of the P1 restriction modification system on Tl is similar to the
effect of other systems on other phages and can be summarized as fol-
lows: the damaging effects of P1 restriction of T1 DNA (Lederberg, 1957;
Drexler and Christensen, 1961), as well as the modification of genomes
that escape damage, were shown to be mediated by a gene product(s)
specified by phage P1 (Christensen, 1961). Multiple infection of restrict-
ing cells by unmodified T1 overcame restriction through cooperation
between T1 genomes (Freshman et al., 1968). Modification of T1 in P1-
lysogenic cells was the result of methylation of T1 DNA (Klein, 1965).

Curiously, T1 was unaffected by the restriction-modification sys-
tems mediated by the K and B strains of E. coli (Lederberg, 1957). Wagner
et al. (1979) presented evidence that T1 infections may inhibit host meth-
yltransferase while at the same time T1 induced its own methyltransfer-
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ase. It is possible that T1 specified a product that modified (i.e., protected)
some of the sites in its own DNA that served as targets for certain re-
striction enzymes. Indeed, Auer and Schweiger (1984) demonstrated that
during T1 infection of E. coli dam strains (which lack 5'-GATC-3’' meth-
yltransferase activity), the 5'-GATC-3' sites present in T1 showed almost
complete methylation. Thus, as was true for many phages (see e.g., Tous-
saint, 1976; Kriiger and Bickle, 1983), T1 appeared to encode enzymes
that enabled it to modify its own DNA.

B. Coinfection and Exclusion

T1 and T2 were among the earliest phages studied in coinfections
(Delbriick and Luria, 1942). When T1 and T2 infected a cell at the same
time, T1 was always excluded. Only if T1 infection proceeded T2 by 6—7
min were coinfected cells able to produce T1. During the simultaneous
infection of cells with T1 and T7 (Delbriick, 1945b), T7 usually prevailed,
and only a 4-min head start by T1 enabled it to exclude T7 regularly.
Several mechanisms for the exclusion of T1 by either T2 or T7 have been
proposed (Delbriick, 1945b) but there is no experimental data bearing on
this subject.

T1 is not always excluded in mixed infections (Adams, 1959; Gei-
man et al., 1974). For example, in their study of coinfection of cells by T1
and A\, Geiman et al. (1974) showed that although T1 and A\ have indis-
tinguishable morphologies (see Section III), phenotypic mixing did not
occur, at least in part, because T1 excluded . The lack of phenotypic
mixing during coinfection by T1 and A was not the result of an inability
by T1 to package A DNA, since it was shown that T1 was able to package
entire A prophages (Drexler, 1977; Drexler and Christensen, 1979). Dur-
ing coinfection of cells with T1 am23 (gene 4) and A, it was discovered
that the A red system was able to substitute for the defective T1 function
and that expression of both redX and redB were required for the comple-
mentation to take place. T1 was unable to complement the growth of A
red in polA hosts (Christensen, 1976).

In cells lysogenic for X\, the A rex function caused premature lysis of
T1-infected cells, and as a result the average burst size of T1 was reduced
from about 100 to 17 (Christensen and Geiman, 1973). Christensen et al.
(1978) found that the growth of A in a cell prior to superinfection with T1
resulted in the exclusion of T1, and, as a result of further experiments,
they were able to show that exclusion was due to both an “early” and a
“late” mechanism. The employment of a variety of A bio phages and
various mutants of A enabled Christensen et al. (1978) to show that early
exclusion of T1 by A was caused directly by gpN rather than a A function
whose expression depended on gpN. In the absence of gpN, T1 was ex-
cluded by a later-developing A function which was either gpQ or a product
whose expression depended on gpQ. An interesting, but so far unex-
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plained, observation by Christensen et al. (1978) was that if T1 carried a
gene 4 mutation, it would be excluded by the late exclusion mechanism
of \ but not the early one.

C. Transduction

The existence of transduction by a phage with a strictly lytic mode of
development (e.g., T1) was once considered unlikely (Garen and Zinder,
1955; Luria et al., 1960). At the time transduction by T1 was discovered
(Drexler, 1970), it was generally believed that only phages that initiated
the packaging of DNA at random sites (i.e., phages with completely per-
muted genomes) were capable of being generalized transducers [(Ozeki
and Ikeda, 1968), whereas T1 was (at that time) thought to have a unique,
unpermuted genome (Michalke, 1967). Based on present knowledge, a
more likely generality is that most (perhaps all) generalized transducers
found in nature initiate the packaging of their own DNA at (or near) a
specific site and terminate packaging by a headful mechanism. The abil-
ity to observe transduction by T1 required a technique that permitted the
survival of transductants, and this was accomplished through the propa-
gation of phages with am mutations on amber-permissive cells and the
transduction of amber-nonpermissive cells.

It was shown that T1 preferred to initiate unidirectional packaging of
non-T1 DNA at specific sites (Drexler, 1977, 1984). Therefore, T1 seemed
to initiate the packaging of non-T1 DNA by the same mechanism it
utilized to initiate the packaging of its own DNA. That transducing parti-
cles had the same density as T1 pfu suggested that termination of the
packaging of non-T1 DNA was by the headful mechanism (Kyleberg et
al., 1975). T1 was able to package bacterial DNA (Drexler, 1970), inte-
grated prophages (Bendig and Drexler, 1977; Drexler, 1977; Drexler and
Christensen, 1979), and plasmids (Drexler, 1984).

Since transduction by T1 is highly reproducible, it is a useful tool to
study the characteristics of generalized transduction (Drexler and Kyle-
berg, 1975; Kyleberg et al., 1975; Bendig and Drexler, 1977; Drexler and
Christensen, 1979; Borchert and Drexler, 1980). One of the most valuable
contributions of T1 transduction to the study of the phage is that trans-
duction can be used to isolate mutants that define gene functions that are
important in the phage development. For example, transduction led to
the discovery of the tar mutants that block the degradation of the host
DNA (see Sections IV and V.B; Roberts and Drexler, 1981a,b). Likewise,
transduction was used to discover the pip mutation which affects packag-
ing initiation and processive packaging (see Section V.D; Drexler and
Christensen, 1986).

As mentioned above, Liebeschuetz and Ritchie {1985) succeeded in
cloning many T1 restriction fragments into plasmids. Similar to results
obtained by Orbach and Jackson (1982}, Liebescheutz and Ritchie (1986)
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observed that the transduction of a multicopy plasmid by T1 was signifi-
cantly increased when the plasmid contained any fragment of T1. The
efficiency of transduction of plasmids whose cloned T1 DNA did not
contain the pac site was dependent on the length of the cloned DNA and
a functioning T1 grn system in the donor. Since T1 interferes with the
RecBC recombination system of the E. coli host, the requirement for
expression of grn for efficient transduction of T1 DNA-containing
plamids that lacked pac suggested that efficient packaging of the plas-
mids depended on cointegration of the plasmid and transducing phage
through general recombination between homologous lengths of T1 DNA.
Resolution of the transduced plasmid DNA to form viable, circular plas-
mids in recipients could be mediated by either RecBC or grn.

Similar to phage P22 (Schmidt and Schmieger, 1984), Liebeschuetz
and Ritchie (1986) found that the presence of T1 pac in a cloned fragment
increased the efficiency of transduction of a plasmid above that of plas-
mids whose T1 fragment did not have pac. Furthermore, when pac was
present in a plasmid, efficient transduction of the plasmid did not require
expression of grn in the donor, although general recombination was still
required to establish a transduced plasmid in the recipient. Liebeschuetz
and Ritchie (1986) also confirmed the observation of Drexler (1984) that
the presence of a pac-like site, namely esp-\, increased the ability of T1 to
transduce a plasmid compared to one with no pac-like site.

If the DNA of pac-containing plasmids was extracted from transduc-
ing particles and digested with a restriction enzyme that recognized only
one site in the plasmid, plasmid molecules of unit length were produced
(Liebeschuetz and Ritchie, 1986). Therefore plasmid DNA must be pack-
aged by T1 as head-to-tail multimers at least 2 units in length; in fact, all
the data were consistent with the idea that pac-containing plasmid DNA
was packaged into T1 heads as a continuous head-to-tail multimer con-
taining about seven copies of the plasmid. How T1 is able to ‘“‘create’”’
such a multimeric plasmid is unknown.

Silberstein and Cohen (1987) have reported that inactivation of the
RecBCD nuclease (i.e., exoV) coupled with increased activity by either
RecF or RecE leads to a significant diversion of replication by a plasmid
such as pBR322 from the circular mode to the production of linear multi-
mers; perhaps T1 is able to reproduce such conditions during infection.

VII. SUMMARY

T1 is a lytic (i.e., virulent) phage which appears to have certain char-
acteristics of both lytic and lysogenic (i.e., temperate) phages. In common
with lytic phages and T1’s short latent period and its degradation of the
host chromosome. Similar to lysogenic phages is T1’s strong dependence
on the host for its DNA replication and transcription.

A comparison of the functions so far identified in Fig. 1 and Table I
with the number of proteins identified in Table II suggests that 5—10
protein-specifying T1 genes remain to be discovered. No T1 function that
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interacts directly with host functions has been specifically identified,
although either gpl or gp2 (or both) seems certain to interact with one or
more host functions during early phage development. Probably a T1 prod-
uct interacts with exoV and (perhaps) another with the function specified
by the host cell’s dam gene.

T1 is representative of certain phages that initiate unidirectional
packaging of their DNA at a specific site, terminate packaging by the
headful mechanism, and package processively (e.g., phage P22; Tye et al.,
1974; Jackson et al., 1978). The study of DNA packaging by T1 will
probably contribute valuable information about the T1 and P22 mecha-
nism of packaging and, at the same time, the packaging of host DNA by
generalized transducing phages.

Despite the sizable amount of information available about T1, some
of the most critically important facts needed to explain phage develop-
ment are missing. Especially conspicuous by their absence are facts about
the control of phage mRNA transcription by T1. Likewise, replication of
phage DNA by T1 is understood only in the most primitive way.

ACkNOWLEDGMENTS. [ dedicate this review to my friend and mentor Dr.
James Roger Christensen, whose honest and idealistic approach to sci-
ence has always been an inspiration to me. [ am deeply grateful to P. Ooi
and J. R. Christensen, J. Liebeschuetz and D. A. Ritchie, J. I. Mitchell and
D. A. Ritchie, and C. L. A. Paiva and D. A. Ritchic for making their
unpublished results available to me. J. R. Christensen read this review
and made a number of helpful suggestions.

REFERENCES

Adams, M. H., 1959, Bacteriophages, Interscience, New York.

Auer, B, and Schweiger, M., 1984, Evidence that Escherichia coli virus T1 induces a DNA
methyltransferase, /. Virol. 49:588.

Bendig, M. M., and Drexler, H., 1977, Transduction of bacteriophage Mu by bacteriophage
T1, ]. Virol. 22:640.

Bertani, G., 1951, Studies on lysogenesis. I. The mode of phage liberation by lysogenic
Escherichia coli, ]. Bacteriol. 62:293.

Borchert, L. D., and Drexler, H., 1980, T1 genes which affect transduction, /. Virol. 33:1122.

Bourque, L. W., and Christensen, J. R., 1980, The synthesis of coliphage T1 DNA: Require-
ment for host dna genes involved in elongation, Virology 102:310.

Bresch, C., 1952, Unterscheidung verschiedener Bakteriophagentypen Durch Farbindikator
Ndhrboden, Zentral. Bakteriol. Parasitenkd. Infectionskr. Hyg. Abt 1 Orig. 159:47.

Bresch, C., 1953, Genetical studies on bacteriophage T1, Ann. Inst. Pasteur (Paris) 84:157.

Bresch, C., and Mennigmann, H.-D., 1954, Weitere Untersuchungen zur Genetik von T1
Bacteriophagen, Z. Naturforsch. 9b:212.

Bresch, C., and Trautner, T., 1956, Die Bedeutung des Zweifarb-Nihrbodens fir Bacterio-
phagen T1, Z. Indukt. Abstamm. Vererbungs. 87:590.

Bresler, S. E., Kiselev, N. A., Manjakov, V. F., Mosevitsky, M. L, and Timhovsky, A. L., 1967,
Isolation and physicochemical investigations of T1 bacteriophage DNA, Virology, 33:1.

Brody, E. N., Mackal, R. P., and Evans, E. A. Jr., 1967, Properties of infectious T1 deox-
yribonucleic acid, /. Virol. 1:76.

Campbell, A., 1961, Sensitive mutants of bacteriophage A\, Virology 14:22.

Christensen, J. R., 1961, On the process of host-controlled modification of bacteriophage,
Virology 13:40.



256 HENRY DREXLER

Christensen, J. R., 1965, The kinetics of reversible and irreversible attachment of bacterio-
phage T1, Virology 26:727.

Christensen, J. R., 1976, The red system of bacteriophage A\ complements the growth of a
bacteriophage T1 gene 4 mutant, /. Virol. 17:713.

Christensen, J. R, and Geiman, J. M., 1973, A new effect of the rex gene of phage \:
Premature lysis after infection by phage T1, Virology 56:285.

Christensen, J. R., and Tolmach, L. J., 1955, On the early stages of infections of Escherichia
coli B by bacteriophage T1, Arch. Biochem. Biophys. 57:195.

Christensen, J. R., Gawron, M. C., and Halpern, J., 1978, Exclusion of bacteriophage T1 by
bacteriophage A. I. Early exclusion requires A N gene product and host factors involved
in N gene expressions, . Virol. 25:527.

Christensen, J. R., Figurski, D. H., and Schreil, W. H,, 1981, The synthesis of coliphage T1
DNA: Degradation of the host chromosome, Virology 108:373.

Creaser, E. H., and Tausigg, A., 1957, The purification and chromotography of bacterio-
phages on anion-exchange cellulose, Virology 4:200.

Davison, P. ], Ramsay, N., and Ritchie, D. A., 1984, In vitro packaging of exogenous phage
T1 DNA by extracts of phage-infected Escherichia coli, FEMS Microbiol. Lett. 21:71.

Delbriick, M., 1945a, The burst size distributions in the growth of bacterial viruses, /.
Bacteriol. 50:131.

Delbriick, M., 1945b, Interference between bacterial viruses. III. The mutual exclusion
effect and the depressor effect, . Bacteriol. 50:151.

Delbriick, M., and Luria, S. E., 1942, Interference between bacterial viruses: I. Interference
between two bacterial viruses acting on the same host, and the mechanism of virus
growth, Arch. Biochem. 1:111.

Drexler, H., 1967, The kinetics of yielder cell formation in host-controlled modification
caused by P1 lysogenic cells, Virology 33:674.

Drexler, H., 1970, Transduction by bacteriophage T1, Proc. Natl. Acad. Sci. USA 66:1083.

Drexler, H., 1977, Specialized transduction of the biotin region of Escherichia coli by phage
T1, Mol. Gen. Genet. 152:59.

Drexler, H., 1984, Initiation by bacteriophage T1 of DNA packaging at a site between the P
and Q genes of bacteriophage \, J. Virol. 49:754.

Drexler, H., and Christensen, J. R., 1961, Genetic crosses between restricted and unre-
stricted phage T1 in lyogenic and nonlysogenic hosts, Virology 13:31.

Drexler, H., and Christensen, J. R., 1979, Transduction of bacteriophage lambda by bacterio-
phage T1, J. Virol. 30:543.

Drexler, H., and Christensen, J. R., 1986, T1 pip: A mutant which affects packaging initia-
tion and processive packaging of T1 DNA, Virology 150:373.

Drexler, H., and Kyleberg, K. J., 1975, Effect of UV irradiation on transduction by coliphage
T1, J. Virol. 16:263.

Edgar, R. S., and Wood, W. B., 1966, Morphologies of bacteriophage T4 in extracts of mutant
infected cells, Proc. Natl. Acad. Sci. USA 55:498.

Enquist, L., and Skalka, A., 1973, Replication of bacteriophage A DNA dependent on the
function of host and viral genes L. Interaction of red, gam, and rec, ]. Mol. Biol. 75:185.

Figurski, D. H., 1974, Genes of phage Tl involved in DNA metabolism, Ph.D. thesis,
University of Rochester, Rochester, NY.

Figurski, D. H., and Christensen, J. R., 1974, Functional map of the genes of bacteriophage
T1, Virology 59:397.

Freshman, M., Wannag, S. A., and Christensen, J. R., 1968, Cooperative infection of P1-
lysogenic bacteria by restricted phage T1, Virology 35:427.

Garen, A., and Puck, T. T., 1951, The first two steps of the invasion of host cells by bacterial
viruses, . Exp. Med. 94:177.

Garen, A., and Zinder, N. D., 1955, Radiological evidence for partial genetic homology
between bacteriophage and host bacteria, Virology 1:347.

Gawron, M. C,, Christensen, J. R, and Shoemaker, T. M., 1980, Exclusion of bacteriophage
T1 by bacteriophage \. II. Synthesis of T1-specific macromolecules under N-mediated
excluding conditions, /. Virol. 35:93.



BACTERIOPHAGE Tl 257

Geiman, J. M., Christensen, J. R., and Drexler, H., 1974, Interaction between the vegetative
states of phages A and T1, /. Virol. 14:1430.

Gill, G. S., and MacHattie, L. A., 1975, Oriented extrusion of DNA from coliphage T1
particles, Virology 65:297.

Gill, G. S., and MacHattie, L. A., 1976, Limited permutations of the nucleotide sequence in
bacteriophage T1 DNA, /. Mol. Biol. 104:505.

Hausmann, R., 1973, The genetics of T-odd phages, Annu. Rev. Microbiol. 27:51.

Hug, H., Hausmann, R., Liebeschuetz, J., and Ritchie, D. A., 1986, In vitro packaging of
foreign DNA into heads of T1, |. Gen. Virol. 67:333.

Jackson, E. N, Jackson, D. A., and Deam, R. J., 1978, Eco RI analysis of bacteriophage P22
DNA packaging, /. Mol. Biol. 118:365.

Jiresova, M., and Jenecek, J., 1977, Inhibition of B-galactosidase svnthesis in E. coli after
infections with different DNA and RNA phages, Folia Microbiol. (Praha) 22:173.
Klein, A., 1965, Mechanismin der Wirtskontrollierten Modifikation des Phagen T1, Z.

Vererbrungsl. 96:346.

Kriiger, D. H,, and Bickle, T. A., 1983, Bacteriophage survival: Multiple mechanisms for
avoiding the deoxyribonucleic acid restriction systems of their hosts, Microbiol. Rev.
47:345.

Kyleberg, K. J., Bendig, M. M., and Drexler, H., 1975, Characterization of transduction by
bacteriophage T1: Time of production and density of transducing particles, J. Virol.
16:854.

Labaw, L. B,, 1951, The origin of phosphorus in Escherichia coli bacteriophage, J. Bacteriol.
62:169.

Labaw, L. B., 1953, The origin of phosphorus in T1, T5, T6 and T7 bacteriophage of E. coli, /.
Bacteriol. 66:429.

Lang, D., Bujard, H., Wolff, B, and Russell, D., 1967, Electron microscopy of size and shape
of viral DNA in solutions of different ionic strength, /. Mol. Biol. 23:163.

Lederberg, S., 1957, Suppression of the multiplication of heterologous bacteriophages in
lysogenic bacteria, Virology 3:496.

Liebeschuetz, J., and Ritchie, D. A., 1985, Correlation of the genetic and physical maps of
phage T1, Virology 143:175.

Liebeschuetz, J., and Ritchie, D. A., 1986, Phage T1-mediated transduction of a plasmid
containing the T1 pac site, . Mol. Biol. 192:681.

Liebeschuetz, J., Davison, P. J., and Ritchie, D. A., 1985, A coupled in vitro system for the
formation and packaging of concatemeric T1 DNA, Mol. Gen. Genet. 200:451.

Luria, S. E., Adams, J. N., and Ting, R. C., 1960, Transduction of lactose-utilizing ability
among strains of E. coli and S. dysenteriae and properties of the transducing phage
particles, Virology 12:348.

MacHattie, L. A., and Gill, G. S., 1977, DNA maturation by the “headful”” mode in bacterio-
phage T1, |. Mol. Biol. 110:441.

MacHattie, L. A., Rhodes, M., and Thomas, C. A. Jr., 1972, Large repetition in the non-
permuted nucleotide sequence of bacteriophage T1, J. Mol. Biol. 72:645.

Male, C. J., and Christensen, J. R., 1970, Synthesis of messenger ribonucleic acid after
bacteriophage T1 infection, /. Virol. 6:727.

Maniloff, J., and Christensen, J. R., 1967, Electron microscopy of T1 structures and infec-
tion, Biophysl. Soc. Abstr. p. 134.

Martin, D. T. M., Adair, C. A,, and Ritchie, D. A., 1976, Polypeptides specified by bacterio-
phage T1, J. Gen. Virol. 33:309.

McCorquodale, D. J., 1975, The T-odd bacteriophage, CRC Crit. Rev. Microbiol. 4:101.

Michalke, W., 1967, Erhohte Rekombinationshiufigkeit an den Enden der T1-Chromosoms,
Mol. Gen. Genet. 99:12.

Orbach, M. ], and Jackson, E. N., 1982, Transfer of chimeric plasmids among Salmonella
typhimurium strains by P22 transduction, /. Bacteriol. 149:985.

Ozeki, H., and Tkeda, H., 1968, Transduction mechanisms, Annu. Rev. Genet. 2:245.

Pugh, J. C., and Ritchie, D. A., 1984a, The structure of replicating bacteriophage TIDNA:
Comparison between wild type and DNA-arrest mutant infections, Virology 135:189.



258 HENRY DREXLER

Pugh, J. C., and Ritchie, D. A., 1984b, Formation of phage T1 concatmers by the recE
recombination pathway of Escherichia coli, Virology 135:200.

Ramsay, N., and Ritchie, D. A., 1980, A physical map of the permuted genome of bacterio-
phage T1, Mol. Gen. Genet. 179:669.

Ramsay, N., and Ritchie, D. A., 1982, Restriction endonuclease analysis of variants of phage
T1: Correlations of the physical and genetic maps, Virology 121:420.

Ramsay, N., and Ritchie, D. A., 1983, Uncoupling of initiation site cleavage from subse-
quent headful cleavages in bacteriophage T1 DNA packaging, Nature 301:264.

Ramsay, N., and Ritchie, D. A., 1984, Phage head assembly in bacteriophage T1, Virology
132:239.

Ritchie, D. A., and Joicey, D. H., 1978, Formation of concatemeric DNA as an intermediate
in the replication of bacteriophage T1 DNA molecule, /. Gen. Virol. 41:609.

Ritchie, D. A., and Joicey, D. H., 1980, Identification of some steps in the replication of
bacteriophage T1 DNA, Virology 103:191.

Ritchie, D. A., and Malcolm, F. E., 1970, Heat stable and density mutants of phages T1, T3,
and T7, |. Gen. Virol. 9:35.

Ritchie, D. A., Christensen, J. R., Pugh, J. C., and Bourque, L. W., 1980, Genes of coliphage
T1 whose products promote general recombination, Virology 105:371.

Ritchie, D. A, Joicey, D. H., and Martin, D. T. M., 1983, Correlation of genetic loci and
polypeptides specified by bacteriophage T1, J. Gen. Virol. 64:1355.

Roberts, M. D., and Drexler, H., 1981a, Isolation and genetic characterization of T1-trans-
ducing mutants with increased transduction frequency, Virology 112:662.

Roberts, M. D., and Drexler, H., 1981b, T1 mutants with increased transduction frequency
are defective in host chromosome degradation, Virology 112:670.

Schmidt, C., and Schmeiger, H., 1984, Selective transduction of recombinant plasmids with
cloned pac sites by Salmonella phage P22, Mol. Gen. Genet. 196:123.

Silberstein, Z., and Cohen, A., 1987, Synthesis of linear multimers of oriC and pBR322
derivatives in Escherichia coli K12: Role of recombination and replication functions, /.
Bacteriol. 169:3131.

Sinha, N., and Snustad, D., 1972, Mechanism of inhibition of deoxyribonucleic acid syn-
thesis in Escherichia coli by hydroxyurea, J. Bacteriol. 112:1321.

Studier, F. W., 1969, The genetics and physiology of bacteriophage T7, Virology 39:562.

Tikhonenko, A. S., 1970, Ultrastructure of Bacterial Viruses (translated from Russian by B.
Haigh), p. 30, Plenum Press, New York.

Toni, M., Conti, G., and Schito, G. C., 1976, Viral protein synthesis during replication of
bacteriophage T1, Biochem. Biophys. Res. Commun. 68:545.

Toussaint, A., 1976, The DNA modification function of phage Mu-1, Virology 70:17.

Trautner, T. A., 1960, Genetische and physiologische Beziehungen zwischen den Bacterio-
phagen T1 and D20, Z. Vererbungsl. 91:317.

Tye, B.-K., Huberman, J. A., and Botstein, D., 1974, Non-random circular permutation of
phage P22 DNA, J. Mol. Biol. 85:501.

Wagner, E. F,, Ponta, H., and Schweiger, M., 1977a, Development of E. coli virus T1: The
pattern of gene expression, Mol. Gen. Genet. 150:21.

Wagner, E. F., Ponta, H., and Schweiger, M., 1977b, Development of Escherichia coli virus
T1: Repression of host gene expression, Eur. |. Biochem. 80:255.

Wagner, E. F., Auer, B., and Schweiger, M., 1979, Development of E. coli virus T1: Escape
from host restriction, J. Virol. 29:1129.

Wagner, E. F., Ponta, H., and Schweiger, M., 1980, Development of Escherichia coli virus
T1: Role of proton motive force, J. Biol. Chem. 255:534.

Wagner, E. F., Auer, B., and Schweiger, M., 1983, Escherichia coli virus T1: Genetic controls
during virus infection, Curr. Top. Microbiol. Immunol. 102:131.

Walling, L., and Christensen, J. R., 1981, The synthesis of coliphoge T1 DNA: Studies on the
roles of T1 genes 1, 2, and 4, Virology 114:309.

Weigle, J., 1966, Assembly of phage lambda in vitro, Proc. Natl. Acad. Sci. USA 55:1462.

Wickner, S., 1978, DNA replication proteins of Escherichia coli, Annu. Rev. Biochem.
47:1163.



CHAPTER 8

The T7 Group

RuporLr HAUSMANN

[. INTRODUCTION

In this chapter I shall not try to review in detail the genetics and mo-
lecular biology of phage T7, since this topic has been covered repeatedly
(Studier, 1972; Hausmann, 1976; Rabussay and Geiduschek, 1977; Stu-
dier and Dunn, 1983). Besides, Dunn and Studier {1983) have exhaustively
analyzed the genome structure of T7, giving the full sequence of the
39,936 base pairs of its DNA and a complete survey of its 50-odd genes
and its functions (where known), in addition to a full analysis of its signal
sequences, such as the terminal repeats, promoters, terminators, process-
ing sequences for RNase III, and origins of DNA replication. Rather, I
shall here recapitulate some of the basic findings with regard to structure
and life cycle of T7 in order to allow the reader to follow my thought with
regard to the main problem I have in mind (but which I am unable to
solve): How did this surprising biological entity come about? Unless we
find satisfactory answers to the questions regarding origins and evolution
of this phage, we cannot really claim to have understood it, notwith-
standing the full grasp we might come to have of all molecular details of
the workings of that self-replicating machine.

Since phages have left no fossils, the only way to monitor their phy-
logenetic past is by means of comparative anatomy and physiology. Thus,
several related phages ought to be compared with each other in a search
for fundamental similarities which hopefully would give us clues as to
the genome structure of a more primitive ancestor of present-day com-
plexity.

By comparing similar biological structures, one inevitably becomes
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entangled with the problems of systematics and taxonomy. With regard
to phages, these problems are particularly acute in many respects (see
e.g., Matthews, 1982, 1985; Reanney and Ackermann, 1982; Fraenkel-
Conrat, 1985), and I would like to steer clear of them, as far as possible, by
choosing the noncommittal term ““T7 group’’ for encompassing all pha-
ges which, as I shall try to show, may be considered as sharing a common
phylogenetic origin with T7. In particular, I want to avoid such terms as
“family,”” “genus,” and “‘species,” since these have connotations of cer-
tain well-defined degrees of phylogenetic relatedness and therefore, at the
present stage of our knowledge, might be applied improperly.

Since phage T7 is by far the best-investigated representative of its
group, other group members will primarily be compared to this pro-
totype, which therefore will be dealt with first. Then other phages, inde-
pendently isolated from nature but growing on Escherichia coli B (the
host strain on which T7 grows), will be described, followed by phages
growing on other E. coli strains. Finally, phages growing on non-E. coli
enterobacteria or hosts other than enterobacteria will be considered.

II. THE T7 PROTOTYPE

The original source of phage T7 is not known with certainty; the
stock was present under another denomination in a laboratory collection
and was included in an arbitrary series of seven virulent phages growing
on the host strain E. coli B (Demerec and Fano, 1945). This host is still the
usual laboratory host for T7, which is not able to grow on most E. coli
strains isolated from nature, although it will grow on some Shigella and
Yersinia strains (Hausmann, unpublished).

A. The T7 Virion

The T7 virion is made up of a linear genome of double-stranded DNA
with a length of 12 pm, enclosed within an icosahedral head (with a
diameter of about 60 nm), to which a short tail (about 20 nm in length and
10 nm wide) is attached; tenuous tail fibers have also been described (Fig.
1} (see Hausmann, 1976; Matsuo-Kato et al., 1981). At least three proteins
enter the tail {1 protein constitutes the tail fiber), and six proteins are
found in the head (Roeder and Sadowski, 1977). Although most of these
proteins are represented by only a few molecules per capsid, each such
capsid has about 460 copies of the main coat protein (Adolph and
Haselkorn, 1972).
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B. The T7 Growth Cycle

T7 was the object of many pioneer experiments in phage biology (see,
e.g., Adams, 1959), but no real insights into the molecular mechanisms of
phage progeny formation resulted from those early investigations. The
breakthrough came with the availability of amber mutants in the 1960s.
Studier {1969) published a genetic map of 19 essential genes (defined as
yielding amber mutants which are lethal on a nonsuppressor host). The
map turned out to be a linear linkage group of about 200 morgan units,
and the genes were numbered 1 through 19, from left to right. Additional
new genes were then given fractional numbers, according to their map
position (Studier, 1969, 1972).

By now, about 50 genes are located on this map with no, or only
small, intergenic regions and basically without overlaps (Fig. 2)(Dunn and
Studier, 1983). At the ends there are two direct repeats (Ritchie et al.,
1967) of 160 base pairs (Dunn and Studier, 1981, 1983), which play a
crucial, if ill-defined, role in the replication and maturation of phage
DNA. Although the genes are all transcribed in the same direction, from
left to right, on the genetic map, the patterns of expression differ, and
these differences have been the basis for dividing the T7 genome into
three regions (Studier, 1969, 1972; Studier and Maizel, 1969): (1) an early
region, covering the leftmost 19% of the genome, coding for the so-called
early, or class I, proteins, expressed from the onset until about 8 min after
infection (all times refer to conditions at 30°C, unless otherwise stated);
(2) the region coding for class II proteins, ranging from units 19 to 46 of
the map (the T7 map is divided into 100 T7 units) and expressed from
about 6 to 15 min after infection; and finally (3) the region coding for class
III proteins, to the right of map position 46, expressed from about 8 min
after infection until lysis. A functional clustering is observed, as far as
class I proteins prepare the intracellular environment for phage multi-
plication (see below), whereas class II proteins are responsible for phage
DNA synthesis, and class III genes code for coat proteins or are otherwise
involved in the assembly of mature progeny particles. A schematic repre-
sentation of the T7 genetic map and the patterns of its expression, as
summarized in the following text, is given in Fig. 2; the patterns of T7-
directed protein synthesis, as visualized by polyacrylamide gel elec-
trophoresis (PAGE) autoradiography, are represented in Fig. 3a.

1. Expression of Early (Class I) Genes

Upon infection, the host RNA polymerase recognizes three closely
linked strong promoters located near the left end of the T7 DNA mole-
cule (Chamberlin and Ring, 1972; Bordier and Dubochet, 1974; Stahl and
Chamberlin, 1977; Dunn and Studier, 1983), and from these all class I
genes are transcribed before the E. coli RNA polymerase is thrown off the
template with an efficiency of about 75% (McAllister and Barrett, 1977)
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at a rho-independent (Peters and Hayward, 1974) terminator at position
19 (Dunn and Studier, 1980, 1981; O’Hare and Hayward, 1981). The effi-
ciency of termination at this site is highly enhanced by a newly identified
host protein, the so-called tau factor (Briat and Chamberlin, 1984). Other
terminators to the right have been described (Garner et al., 1985). The
early functions thus expressed are crucial to the problems the phage is
confronted with while diverting the synthesizing capacity of the cell to
the exclusive production of phage progeny. An immediate first task is the
maintenance of the integrity of the genome by avoiding the action of
restriction endonucleases. This function is exerted by the first T7 gene to
be expressed, the leftmost on the map, gene 0,3, whose product, the
antirestriction protein, inactivates the restriction endonucleases EcoB
and EcoK by tightly binding to these enzymes (Bandyopadhyay et al.,
1985). As a second step to take over the host machinery, RNA synthesis
is redirected to the exclusive transcription of the 81% of the phage DNA
located beyond (i.e., to the right) of the terminator for the host RNA
polymerase. This is achieved by a dual mechanism of (1) inactivation of
the host RNA polymerase, and (2) synthesis of a new, phage-coded RNA
polymerase which recognizes specific promoters located on the phage
DNA and which are absent from the host DNA (Chamberlin et al., 1970).
This newly synthesized RNA polymerase, the product of T7 gene 1, is a
single polypeptide of 883 amino acids, with a calculated molecular
weight of 98,856 (Moffatt et al., 1984). Inactivation of the host RNA
polymerase is brought about by the gene 0.7 product, a protein kinase
(Rothman-Denes et al., 1973; Rahmsdorf et al., 1974) and by the gene 2
product which acts by simple binding (Hesselbach and Nakada, 1975,
1977a,b). (It is worth mentioning here that gene 0.7 is transcribed by the
host RNA polymerase whereas gene 2 is transcribed by the T7 RNA
polymerase. The reasons for these two genes with a similar physiological
effect being expressed differently are not obvious and might be simple
evolutionary accidents.) One other important class I gene is that for ligase
(gene 1.3), whose function can normally be replaced by the host ligase
(Studier, 1973).

2. Expression of Class II Genes

Class II genes, which are transcribed by the gene 7 RNA polymerase
from so-called class II promoters, are collectively responsible for phage
DNA metabolism. Although some clear-cut in vitro enzymatic activity
has been assigned to most of class II proteins, their precise in vivo roles
are often less well defined (Sadowski et al., 1984). Nevertheless, gene 3
and gene 6, coding for an endonuclease and an exonuclease, respectively,
are certainly responsible for the breakdown of host DNA to acid-soluble
material (Sadowski and Kerr, 1970), which is reincorporated into phage
DNA by the action of a new DNA polymerase activity, exerted by a
protein whose quaternary structure is built up from the product of T7
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FIGURE 3. Time course of synthesis of phage-coded proteins after infection of (a) E. coli B
by phage T7, (b) E. coli 09 : K31 by phage K31. Host-coded protein synthesis was inhibited by
UV irradiation of bacteria growing in a medium without methionine. These bacteria were
infected with phage and incubated at 30°C. At regular intervals after infection, 3-min pulses
of [35S]methionine were given to different samples of the infected cultures. The cells were
harvested and disrupted by heating for 2 min in a buffer containing 2% sodium dodecyl
sulfate. Samples of the disrupted cells were subjected to electrophoresis (200 V, 12 hr) in
polyacrylamide gradient gels (a: 8-18%; b: 10~18%) containing sodium dodecyl sulfate.
The gels were dried and autoradiographed for selective visualization of bands of phage-coded
proteins. Numbers at the top of the tracks refer to the times after infection (in minutes) at
which [35S|methionine was added. Numbers in columns indicate corresponding T7 genes.
The arrow at the right points to the phage K31—coded early protein of molecular weight of
about 95,000 which presumably is homologous to the T7 gene 1 RNA polymerase. The first
track of (b) refers to T7, the second track to K31; these tracks contain samples of continu-
ously labeled proteins and are included for comparison. (a) is from Mertens and Hausmann
(1982), and (b) from Dietz et al. (1986}, with permission of the Journal of General Virology.
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gene 5 and the bacterial thioredoxin (Modrich and Richardson, 1975;
Adler and Modrich, 1983; Tabor and Richardson, 1985). The T7 gene 5
protein by itself has no detectable activity, as shown by means of thio-
redoxin mutants of E. coli, unable to reproduce T7 (Holmgren et al., 1978,
1981). A further requirement for T7 DNA synthesis is the presence of the
gene 4 product, a protein that synthesizes RNA primers (Romano and
Richardson, 1979) and also shows helicase activity (Matson et al., 1983).
On the other hand, the function of the gene 2.5 protein, binding to single-
stranded DNA, can be vicariously exerted by a corresponding host protein
{Araki and Ogawa, 1981, 1982).

3. T7 DNA Synthesis

The first round of T7 DNA replication involves individual linear
genomes. These first give rise to so-called eye forms by bidirectional
DNA replication, initiated at an origin of DNA replication sequence (at
map position 15); later, Y-shaped replication intermediates are observed
(Dressler et al., 1972). Similar structures have also been produced with
purified proteins in vitro (Wever et al., 1980; Fuller and Richardson,
1985). For further rounds of replication, the formation of concatemers
(linear tandem arrays) of individual genomes is required (Schlegel and
Thomas, 1972; Paetkau et al., 1977, Serwer et al., 1982). These con-
catemers form by a mechanism that is not yet well understood, but it is
based on the complementary base-pairing involving the terminal repeats
of different T7 DNA copies, accompanied by digestion of the surplus
single strands. Thus, according to Watson (1972), the problem of RNA
primer-dependent DNA synthesis at the 5’ ends of the two strands of an
individual genome is circumvented (except, of course, for the 5’ end
pieces at the extremes of a concatemer). It is not clear, however, how the
terminal repeats of a single T7 molecule are prevented from annealing
(this would result in T7 DNA circle formation—which has never been
observed).

It is also not clear why newly synthesized T7 DNA is not normally
broken down to acid-soluble material, which occurs in certain nonper-
missive hosts as Shigella sonnei (Hausmann et al., 1968; Beck et al,,
1986) and which is the normal fate of the host DNA.

Genetic recombination within the pool of replicating T7 DNA is
independent of host recombination enzymes; the role of phage genes in
recombination has been repeatedly investigated, and genes 3, 4, 5, and 6
were reported to be involved (Powling and Knippers, 1974; Miller et al.,
1976; Lee and Sadowski, 1981; Stone and Miller, 1984). De Massy et al.
{1984, 1987) found that one of the functions of the gene 3 endonuclease is
that of cleaving the branched concatemeric complexes that had been
described by Paetkau et al. (1977) and Tsujimoto and Ogawa (1977, 1978].
However, it is not known how these branched recombinatorial inter-
mediates are formed, and, in general, our views of the molecular events
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within the vegetative T7 DNA pool are not very precise. The further
development of in vitro systems for genetic recombination of T7 DNA,
such as described by Sadowski et al. (1984), will certainly help to clarify
the picture.

4. Expression of Class III Genes

With T7 DNA synthesis and concatemer formation vigorously going
on, after a few minutes of expression of class II genes, class III promoters
become active, and thus class III genes begin to be expressed. [However,
expression of class III proteins is not dependent on phage-directed DNA
synthesis (Studier and Maizel, 1969).] These class III promoters, similarly
to class II promoters, are recognized only by the gene I RNA polymerase.
Class III promoters are much stronger than class II promoters. This, on
the one hand, explains the fact that transcription of class II genes is
depressed after the onset of transcription of class III genes, apparently by
competition for nucleotide building blocks. On the other hand, the ques-
tion arises of why class III genes are not expressed at all in the period
between about 6 and 8 min, during which the weaker class II promoters
are functional. The answer, according to McAllister et al. (1981), may
simply lie in the directional and relatively slow entry of the T7 genome
into the cell. As is known to occur with phage T5 (Lanni, 1969), T7 DNA
would always be injected with one specific end first (in the case of T7, the
left end). It has been suggested that the driving force for the entry of the
whole T7 genome might be the act of transcription itself (Zavriev and
Shemyakin, 1982).

Most class III genes code for coat proteins. Important exceptions are
gene 9, which codes for a protein with a scaffolding function during
capsid assembly but is not a constituent part of infectious particles (Stu-
dier, 1972; Roeder and Sadowski, 1977), and genes 18 and 19, which are
essential for DNA packaging, coupled with the cutting of the con-
catemers to individual genome sizes (Studier, 1972). This cutting, in turn,
requires repair DNA synthesis in the region of the terminal repeat which
is present only once in the junction region between two concatemeric
genomes, but which is present as a full double strand at both ends of an
individual T7 DNA molecule (Langman et al., 1978).

5. Maturation of Progeny Particles and Lysis

The appearance of mature T7 particles (Fig. 4) starts abruptly about 9
min after infection at 37°C (corresponding to about 18 min at 30°C),
several minutes after the onset of synthesis of class III proteins
(Hausmann and Harle, 1971). The reasons for this delay are not clear, but
once initiated, maturation proceeds at a constant rate until shortly before
lysis (Hausmann and Hirle, 1971). The process of packaging has been
repeatedly analyzed in vitro (Masker et al., 1978; Roeder and Sadowski,
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FIGURE 4. Thin sections of E. coli
B cells fixed at 10 min (a) and 12 min
(b] after infection (37°C) with T7.
Empty proheads {open arrow) and
filled particles (black arrows) are
seen associated with the pool of veg-
etative T7 DNA. Thin sections
negatively stained with uranyl ace-
tate. Bar represents 1 um. From A.
Kuhn, unpublished.

1979; Masker and Serwer, 1982). Apparently, the gene 8 product is the
only minor particle protein essential for DNA packaging (Roeder and
Sadowsky, 1977), and since it is the only core constituent that remains
stably associated with the T7 tail structure upon disruption of mature
particles (Serwer, 1976), this protein has tentatively been assigned the
role of a portal protein (Bazinet and King, 1985). In vivo, T7 DNA packag-
ing proceeds apparently at the periphery of a pool of T7 DNA con-
catemers, similar in appearance to the DNA nucleoid of uninfected bacte-
ria (Fig. 4); at no time are there membrane-associated phage-related struc-
tures (Kuhn et al., 1982). This is in contrast to what has been observed for
phages such as T4, where capsid assembly is membrane-bound (for re-
view see Bazinet and King, 1985; Cajsens and Hendrix, this volume). In
vivo packaging of T7 DNA seems to depend on specific host character-
sistics, since in certain nonpermissive hosts, such as E. coli M (Kuhn et
al., 1982) and E. coli tsn B (Serwer and Watson, 1985), there is a specific
accumulation of empty proheads and T7 concatemers.

The final step in the T7 growth cycle, lysis of the host cell, also starts
rather abruptly, at about 30 min after infection. The regulation of this
phenomenon is ill understood, but it is independent of the gene 3.5
lysozyme (which is a class II protein whose synthesis starts about 8 min
after infection). Gene 17.5 has recently been associated with cell lysis; its
mechanism of action is not clear, but it induces no lysozyme activity
(Yamada et al., 1986).

6. mRNA Processing and Principles of Regulation

An interesting feature of T7 genome expression is the efficient pro-
cessing of transcripts by RNase III of E. coli. This RNase recognizes
segments of double-stranded RNA (hairpin structures) formed by comple-
mentary base-pairing within adjacent sequences of an RNA strand, and it
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introduces specific cuts at these sites (Dunn and Studier, 1973, 1983;
Gross and Dunn, 1987). Since T7 DNA transcripts (early as well as late)
have several such sites, located between genes, most transcription units
are cut into several individual mRNAs, each of which has its own
ribosome-binding site (Dunn and Studier, 1983) (Fig. 2b). The different
efficiencies of ribosome binding, which possibly depend on whether the
mRNAs are processed or not (Dunn and Studier, 1975; Saito and Richard-
son, 1981), together with the efficiency of transcription, as determined by
the strength and number of promoters from which a given T7 DNA
segment is transcribed (see Fig. 2}, constitute a set of variables that can be
combined to regulate within wide limits the relative amounts of the
individual gene products synthesized.

This overview of the T7 reproductive cycle shows a coordinated se-
quence of events aimed at producing a high yield of progeny virus within
a few minutes. These events are very specific for T7, and studies with
other phage types have disclosed quite different situations. This sum
total of peculiar genetic, biochemical, and physiological observations
that characterize the reproductive cycle of a virus is what has become
known as its strategy of infection (Wolstenholme and O’Connor, 1971).
Thus, the strategy of infection of T7 is characterized essentially by the
transcription of only a small segment of the phage genome by the RNA
polymerase of the host, thus enabling the early synthesis of a phage-coded
single peptide RNA polymerase (with a molecular weight of about
100,000) which only recognizes promoters situated exclusively on the
phage DNA and which is responsible for the selective and efficient tran-
scription of the rest of the phage genome, while transcription of the host
genome is stopped by the phage-directed inactivation of the E. coli RNA
polymerase.

I argue that such a complex strategy evolved only once and that
therefore other phages following the same strategy are to be considered as
phylogenetic relatives of T7. Here I tentatively define a phage as belong-
ing to the T7 group if, in general outline, it follows the T7 strategy.

III. THE T7 RELATIVES
A. T7 Relatives Growing on E. coli B

1. Phage T3

That one member of the T series, phage T3, was related to T7 was
established by serological cross-reactions of these phages: T3 was inacti-
vated by anti-T7 serum with about 10% the homologous rate (Adams and
Wade, 1954). The relationship was confirmed by the observation that
genetic recombination (Hausmann et al., 1961), and phenotypic mixing of
coat components (Issinger et al., 1973) occurs between these phages.
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However, the recombination rates in T3 x T7 crosses were several orders
of magnitude lower than in homologous crosses (Beier and Hausmann,
1973, 1974), and in vitro phenotypic mixing (association of T3 tail fibers
to fiberless particles of T7) occurred at only about 1/10 the homologous
rate (Issinger et al., 1973). In addition, host cells mixedly infected with T3
and T7 displayed the phenomenon of mutual exclusion; i.e., only 2—5%
of these cells produced a mixed burst while the others produced ex-
clusively either T3 or T7. The molecular nature of this intriguing phe-
nomenon is far from clear, but expression of gene 1 seems to be decisive
(Hausmann and Gomez, 1967). From these findings it is evident that T3
and T7 do not belong to a naturally interbreeding phage population, and
since they grow on the same host, the question arises of how the genetic
isolation that must underlie their divergent evolution was possible (see
Section IIL.B).

Comparative studies with T3 and T7 took a new twist with a de-
tailed electron microscopical heteroduplex DNA analysis by Davis and
Hyman (1971). This analysis revealed that T3 and T7 share extensive
sequences of partial homology, which is particularly accentuated in the
right third of the genome (genes 15, 16, and 17) and in a segment corre-
sponding to gene 1. For this gene, the base sequence homology between
T3 and T7 was estimated at about 80%, a value that is in good agreement
with that derived from comparing the base sequences of gene 1 of T7
(Moffatt et al., 1984) and T3 (McGraw et al., 1985). The heteroduplex
analysis of Davis and Hyman (1971) revealed no homology in the regions
of the terminal repeats of T3 and T7 (see, however, Dietz et al., 1985),
which might be one of the causes for the intracellular incompatibility
between these phages.

One important, distinctive feature between T3 and T7 lies in the
different specificities of their RNA polymerases which in vitro transcribe
the heterologous DNA at a reduced rate (Dunn et al,, 1971; Hausmann
and Tomkiewicz, 1976) and which in vivo are apparently unable to recog-
nize the heterologous promoters (Morris et al., 1986).

2. Close T7 Relatives

Besides T3, over the years a series of other T7 relatives was isolated
from different locations of the globe, the main strains being the follow-
ing: ¢I, from Milan sewage (Dettori et al., 1961); ¢II, from Paris sewage
(Monod and Wollman, 1947); W31, from Tokyo sewage (Watanabe and
Okada, 1964); H, from California sewage (Cavanaugh and Quan, 1953;
Molnar and Lawton, 1969); Y, from a collection at the Institut Pasteur,
Paris (Girard, 1943; Hertman, 1964), and A1122, from the blood of a
plague patient (Lazarus and Gunnison, 1947).

Hyman et al. (1974) compared phage &¢I, I, W31, and H with T7 and
T3 with regard to the PAGE-autoradiographic patterns of phage-directed
protein synthesis and the early patterns of phage-directed RNA synthesis.



272 RUDOLF HAUSMANN

These authors also did an electron microscopic analysis of heteroduplices
of T7 DNA with DNAs of W31 or ¢, in order to complete similar pre-
vious comparisons among T7, T3, ¢II, and H by Hyman et al. (1973) and
Brunovskis et al. {1973). These investigations indicated that all these
additional isolates were closely related to T7 and less so to T3. In addi-
tion, it was shown that phages H and ¢II were nearly identical (Bru-
novskis et al., 1973). This near identity was confirmed by Studier (1979),
who subjected these strains, as well as T7, ¢I, W31, and T3, to restriction
fragment analysis after digestion with Hpal. This author proposed the use
of Hpal restriction patterns as easily testable and precisely informative
identifying characteristics for T7-related phages. Following this sug-
gestion, we reproduce here (Fig. 5b) a scheme of these patterns obtained
for a series of T7-related phages growing on E. coliB, together with their
PAGE-autoradiographic patterns of phage-coded proteins (Fig. 5a).

The phage collection of Fig. 5 includes the classical group representa-
tives T7 and T3, as well as some of the already described phages. [Among
these, &Il and H were not included, because they have already been exten-
sively analyzed and shown to be similar to ¢I (Hyman et al., 1974; Stu-
dier, 1979).] The rest of the phages were isolated in our laboratory. They
were chosen for this overview among some 50-0dd isolates from Freiburg
sewage or from the Rhine river at Cologne, on the basis of their clearly
individual Hpal restriction patterns.

Although no DNA homology studies were made with the new iso-
lates of Fig. 5, I am confident that in spite of the clear differences in
restriction patterns, they are—with the exception of BA14, BA127, and
BA156—closely related to T7 and less so to T3. This conclusion is based
on the following evidence from our laboratory: (1) crosses with amber
mutants of these phages show efficient genetic recombination with T7
amber mutants, but recombination with T3 is depressed by 1-3 orders of
magnitude, as compared to T3 x T3 crosses; (2) the RNA polymerases
(gene 1 products) of these phages show the same template specificity as
T7 RNA polymerase (although they vary in temperature stability and
specific activity); (3) all these phages abortively infect the host strain
Shigella sonnei D,371-48, displaying the same pattern of breakdown of
newly synthesized phage DNA (see Hausmann et al., 1968; Beck et al,,
1986), while T3 grows normally on this host.

T7 and its close relatives have repeatedly been characterized as
female-specific—i.e., unable to grow on male strains (Williams and
Meynell, 1971). However, this characteristic is not typical for all isolates
and is probably due to a single allelic difference. In T3, which normally
grows on F+ hosts, mutants in gene 1.2 had lost this ability (Molineux
and Spence, 1984).

3. Phages BA14, BA127, and BA156

Phages BA14 (Mertens and Hausmann, 1982) and BA127 and BA156
(first described here) constitute a group apart, as judged by their inability
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to recombine either with T7 or with T3, and by the inability of their RNA
polymerases to transcribe the DNAs of T7 and T3. On the other hand,
these three phages recombine readily with each other, and they code for
RNA polymerases with the same template specificity.

Thus, based on the criterion of genetic isolation, we distinguish three
groups of T7-related phages infecting E. coli B: one rather large group
(with over 50 independent isolates distinguishable by Hpal restriction
pattern analysis); T3 as the only representative of the second group; and
finally BA14, BA127, and BA156, constituting the third group (see Fig. 5).

B. T7 Relatives Growing on E. coli Strains Other Than B

No attempt has been made up to now to systematically isolate T7-
related phages for the large variety of coli strains found in nature, as
characterized by Whittam et al. (1983) and Ochman and Selander (1984).
In the few instances where T7 relatives were looked for on E. coli strains
different from the usual laboratory hosts B and K12, several phages that
follow the T7 strategy were isolated. They can be placed in at least two
new groups, according to the template specificity of their RNA poly-
merases (Dietz et al., 1986): phage A16 and CK235 on the one hand and
K31 and ¢1.2 on the other hand. A16 and CK235 do not transcribe the
DNAs of K31 and ¢1.2, and vice versa. None of these phages transcribes
T7 or T3 DNA. The PAGE-autoradiographic patterns of phage-coded pro-
teins (Figs. 3b and 6) strongly suggest that the new RNA polymerase
activities (which appear according to the pattern of early protein syn-
thesis in T7) are associated with the early proteins of molecular weights
of about 100,000, whose bands are seen on the autoradiograms. It is char-
acteristic of many of the other bands of the proteins coded by these
phages that they cannot be easily homologized with T7 bands. Parallel to
this observation go the findings that ¢1.2 DNA and K31 DNA do not
hybridize with T7 DNA and that A16 DNA and CK235 DNA hybridize
with T7 DNA to a very limited extent (Fig. 7). Thus, the question arises of
whether the detailed genome structure is indeed similar to that of T7,
although the grand design of the infection strategy (selective transcrip-
tion of the phage genome by a phage-coded RNA polymerase) is obviously
the same.

It is interesting to note that the two groups established on the basis
of RNA polymerase template specificity are not identical with the group-
ing according to host range: while phage $1.2 and CK235 grow on the
capsulated E. coli strain K235, phage A16 grows on E. coli E112, and
phage K31 grows on E. coli K31. Although Al16 and CK235 grow on
different hosts, they show clear similarities in their PAGE-auto-
radiographic patterns, and thus they are clearly more closely related to
each other than $1.2 and CK235, which grow on the same host. Since no
host range mutants for different hosts could be isolated from these pha-
ges, the occurrence of a divergent multistep change of host range during
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FIGURE 5. (a) Banding patterns of intracellular proteins coded by T7-related phages grow-
ing on E. coli B. The experimental layout was as described in the legend of Fig. 3, except that
[35S]methionine was present throughout the whole infectious cycle, and the cells were
harvested 20 min after infection. One sample of disrupted cells infected with the phage
indicated at the top was placed on a track of a polyacrylamide gradient gel of 8-18%.
Numbers at the left refer to corresponding T7 genes. (b) Scheme of Hpal restriction fragment
patterns of the phages represented in (a). The fragment pattern of T7 (see Studier, 1979) is
used as molecular weight reference; the numbers at the left indicate the lengths of some of
these fragments (in kilobases).
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FIGURE 5. (Continued)

the evolution of these phages is quite obvious. This point is also empha-
sized by phage K09 (obtained from S. Stirm, University of Giessen),
whose PAGE-autoradiographic pattern turned out to be very similar to
that of T7 (Fig. 6) and which showed the same RNA polymerase specifici-
ty as T7, although it will not grow on E. coli B and T7 will not grow on
the host of K09, the capsulated E. coli K09, nor does T7 produce any
mutants able to do so. These observations are also relevant with regard to
the divergent evolution of T3 and T7, which could be accounted for if the
respective ancestors did not always share the same host strain.

Similarly to what is observed for T7 (Fig. 5), phage A16 seems to have
a large entourage of closely related but clearly distinguishable kin strains.
Contrary to what is observed for T7, though, in some cases there are
clearly measurable differences in the template specificities of the RNA
polymerases (Liitzelschwab and Hausmann, unpublished.)

C. T7-Related Phages with Non-E. coli Enterobacterial Hosts

The phages considered in this section have all been previously de-
scribed: phage IV, infecting Serratia marcescens (Wassermann and Selig-
mann, 1953); phage Villl, infecting Citrobacter spp. Ci23 (Kwiatkowski
et al., 1975); phage K11, infecting Klebsiella sp. 390 (Bessler et al., 1973),
and phage SP6, infecting Salmonella typhimurium (Butler and Cham-
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FIGURE 6. Banding patterns of
intracellular proteins coded by
some T7-related phages growing
on hosts on which T7 does not
grow. T7 is included for com-
parison. See legend of Fig. 5a. The
bands connected by lines with the
T7 gene 1 band were identified by
pulse-labeling as corresponding to
early proteins, presumably re-
sponsible for the early phage-di-
rected RNA polymerase activity
observed . during infection with
these phages. (Diffuse and multi-
ple bands for some of these pro-
teins are possibly due to pro-
teolytic cleavage or electrophore-
tic artifact; the kinetics of early
appearance are the same for all
these bands.)

berlin, 1982; Kassavetis et al., 1982). All code for RNA polymerases with
strict template specificities for their own DNAs; i.e., they show no appre-
ciable heterologous transcription with any other DNAs (Korsten et al,
1979; Hausmann, unpublished) and thus, on the basis of this finding,
each phage would be clearly set apart from all the others. Nevertheless,
by the Cot technique of DNA-DNA hybridization (Britten and Kohne,
1968), Korsten et al. (1979) detected a relatively high base sequence ho-
mology of T3 with Serratia phage IV (about 25%), whereas T7 showed
much less homology to that phage. The only other T7-related non-E. coli
phage whose DNA showed a clear-cut, albeit low, hybridization with T7
DNA was Klebsiella phage K11 (Korsten et al., 1979). Strong additional
evidence for a common evolutionary origin of T7 and K11 has come from
DNA base sequence comparisons in the regions of the terminal repeats
(Dietz et al., 1985) and in the region of gene 1 {Dietz, 1985).
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FIGURE 7. Dot hybridization of 32P-labeled T7
DNA with the DNAs of various representatives of
the T7 group. Two different amounts of DNA (right:
0.5 ng; left: 0.1 pg) of the phages indicated at the
right were dotted on a nitrocellulose sheet, de-

d1.2

natured, and incubated with nick-translated radio- K31

active T7 DNA under nonstringent conditions.

After washing, the extent of hybridization was visu-

alized by autoradiography. DNA from pZmC134, a

plasmid with cloned Zea mays sequences, was used P ZmCi134

as a control.

D. T7-Related Phages for Nonenterobacterial Strains

That phages following the same strategy of infection as T7 were also
growing on nonenterobacterial hosts was made evident by Towle et al.
(1975), who described the phage-coded RNA polymerase of gh-1, a phage
infecting Pseudomonas putida. This new RNA polymerase, although not
recognizing T7 DNA as a template, has several characteristics in com-
mon with the T7 RNA polymerase; (1) a high specificity for the DNA of
the phage which directed its synthesis; (2) resistance to rifampicin; and
(3) it is a single polypeptide with a molecular weight of 98,000, which is
close to that of the T7 RNA polymerase (Towle et al., 1975). In vivo, the
gh-1 RNA polymerase is responsible for late transcription. In contrast to
what is observed in T7, though, the host RNA polymerase is not inacti-
vated in the course of the infectious cycle (Jolly, 1979). Further evidence
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for a phylogenetic relationship between gh-1 and T7 was provided by
Korsten et al. (1979}, who showed that the PAGE pattern of intracellular
proteins coded for by gh-1 has many features in common with that of T7;
the same applies to a comparison of the coat proteins (Fig. 8). However,
no hybridization between gh-1 DNA and the DNAs of T7 or T3 could be
detected.

A further relative of T7 seems to have been found in the form of
Caulobacter crescentus phage $Cdl. Besides being morphologically sim-
ilar to T7 (West et al., 1976), $Cd1 directs the early synthesis of a rifam-
picin-resistant RNA polymerase responsible for late transcription

gh-1
PX3
v

T7
Vil
K11
T3
T7

16

-
~No ON

10

14

FIGURE 8. Banding patterns of main coat proteins of some phages morphologically similar
to T7. Purified suspensions of particles were heated in the presence of sodium dodecyl
sulfate and then subjected to electrophoresis (150 V, 3 hr) in a polyacrylamide gradient gel
(10-18%) containing sodium dodecyl sulfate. The protein bands were stained with
Coomassie blue. Numbers at the left indicate corresponding T7 genes. From Korsten et al.
(1979), with permission of the Journal of General Virology.
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(Amemiya et al., 1980). This phage also directs the early synthesis of a
new protein kinase, able to phosphorylate at least some 40 host proteins,
including the B’ subunit of the C. crescentus RNA polymerase (Hodgson
et al., 1985). But it has not been checked yet whether this phosphoryla-
tion leads to the functional inactivation of the host RNA polymerase.

A relationship to T7 has also been proposed for blue-green algae virus
LPP-1 (Sherman and Haselkorn, 1970); the hypothesis is based on sug-
gestive similarities in the capsid structure (Luftig and Haselkorn, 1968;
Adolph and Haselkorn, 1972) and in the PAGE-autoradiographic patterns
of intracellular virus-directed proteins (Sherman and Haselkorn, 1970).
No hybridization between LPP-1 DNA and T7 RNA was observed (Luftig
and Haselkorn, 1968). It has not been investigated whether LPP-1 codes
for an RNA polymerase specific for the respective virus DNA, although
the appearance of an early protein with a molecular weight of about
100,000 was observed within the infected host cells of Plectonema
boryanum. Thus, a relationship of LPP-1 with T7 can only be envisaged
on a tentative basis; an effort to clarify this point seems quite worth-
while.

IV. FURTHER COMPARISONS AND GENERAL REMARKS

The sum of the observations reported here makes it clear that the T7
strategy of infection is common to a large number of phages infecting
hosts belonging to different families of prokaryotes. Although most
known members of that group, which I here chose to call the T7 group,
infect enterobacteria, especially E. coli, this fact may simply reflect the
bias of phage investigators rather than what is prevalent in nature. Con-
sidering that a comparatively small number of phages has been genet-
ically and physiologically investigated to some extent, it is also clear that
the known representatives of the group represent only the tip of the
iceberg, with regard to both the number and the degree of variation of
phages following the T7 strategy.

All those phages are structurally characterized by an icosahedral
head with a diameter of about 60 nm and a short tail of about 15-20 nm.
Capsule-specific phages such as ¢1.2 (Kwiatkowski et al., 1982) (Fig. 1)
show a tail structure morphologically different from that of T7, due to the
attachment of the capsule-lytic virion-bound hydrolases (Rudolph et al.,
1975; Kwiatkowski et al., 1975, 1982). Whatever the differences in struc-
tural details might be, all phages here described, by virtue of their short,
noncontractile tails, belong to what the International Commission for
the Nomenclature of Viruses (ICNV) defined as Podoviridae (see Frankel-
Conrat, 1985). This raises the question of the weight to be given to mor-
phological similarity when evaluating systematic categories. Although
all T7-related phages are to be classified as Podoviridae, the reverse is
certainly not true: not all stubby-tailed phages are related to T7 by the
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criterion of sharing with this phage the strategy of infection based on the
synthesis of a phage-coded RNA polymerase for “late’” transcription.
Thus, the temperate phage P22, a typical Podovirus, has a genome struc-
ture and an infection strategy that bear no resemblance to T7 (see Pot-
eete, 1988); the same can be said for Pseudomonas phage PX3, which is
morphologically very similar to T7, although the capsid proteins (Fig. 8)
and the intracellular phage-coded proteins display a PAGE pattern that is
quite different from that of T7-related phages, and no phage-directed
RNA polymerase activity was detected during infection (Korsten et al.,
1979).

Although not all phages that qualify as Podoviridae appear to follow
the T7 strategy, it is to be expected that many will turn out to do so. This
outlook is especially interesting in view of the fact that Podoviridae have
been described for dozens of genera, including, for instance, Acinetobac-
ter, Azotobacter, Brucella, Hydrogenomonas, Proteus, Rhizobium |cf.
Fraenkel-Conrat, 1985), and Vibrio (see Chatterjee and Maiti, 1984).

In spite of the lack of a comprehensive view of the distribution and
variability of phages of the T7 group, some firm conclusions regarding
some of the group’s characteristics can be drawn from our present obser-
vations: First, in the case of T7 proper, there is a strong evidence of a
vigorous diversification, possibly based on clonal evolution which is
rather recent, as shown by the relative homogeneity of new isolates be-
longing to what I would like to call the “T7 superclone” (Fig. 5) and by
the full genetic compatibility in crosses between its members. Particu-
larly noteworthy with regard to this group is the great similarity between
some different isolates from different places of the globe at different
times (for instance: ¢I, ¢II, and H). The genomes of some of these seem to
have diverged by only a few percent of base substitutions, as judged by the
similarity of restriction patterns. Since about 5—10% of base substitu-
tions would practically erase all similarity of the corresponding re-
striction fragment patterns, it is evident that such strains as W31, II,
and H are very closely related to T7, a conclusion reached already by
Hyman et al. (1974). On the other hand, there is what appears to be a
continuum of increasing divergence from the standard type (Fig. 5).

Phage T3, another phage for E. coli B, for which no close relatives
have been described, represents a quantum jump for its distinctive fea-
tures which set it aside from the multiplicity of phages of the T7 super-
clone. Nevertheless, in view of its genetic incompatibility with T7 and
the close T7 relatives, the overall genome organization of T3 is surpris-
ingly similar to that of T7 (Beier and Hausmann, 1973; Yamada et al.,
1986). Greatly similar also are the respective assembly and DNA matura-
tion pathways (Serwer et al., 1983; Yamagishi et al., 1985; Hamada et al.,
1986). But there are some marked differences. Thus, as already men-
tioned, their RNA polymerases recognize different promoters (Dunn et
al., 1971; Hausmann and Tomkiewicz, 1976; Bailey et al., 1983; Morris et
al., 1986). Further, in the early region there are at least three nonessential
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T3 genes with no counterpart in T7, and three nonessential T7 genes
have no counterpart in T3; and the T3 primary origin of replication does
not occupy the same map position as that of T7 (Schmitt et al., 1987). In
an in vitro packaging system with concatemers, T3 proheads package T3
DNA much more efficiently than T7 DNA, and vice versa (Yamagishi et
al., 1985). (However, if mature DNA is used, T3 proheads will package T3
DNA and T7 DNA with the same efficiency (Hamada et al., 1986).) An-
other difference between T3 and T7 lies in the enzymatic properties, if
not the physiological functions, of their gene 0.3 products: wherecas in T7
the gene 0.3 protein inactivates the E. coli restriction endonucleases EcoB
and EcoK by complex formation (Spoerel et al., 1979; Bandyopadhyay et
al., 1985), in T3 this protein also displays S-adenosyl-methionin hydro-
lase (SAMase) activity (Spoerel et al., 1979). Recently, a base sequence
analysis of gene 0.3 of T3 revealed no homology with gene 0.3 of T7; thus,
functional similarity may have arisen by convergent evolution (Hughes
et al., 1987).

SAMase activity has also been detected early upon infection with
Serratia phage IV, with Klebsiella phage K11 (Korsten et al., 1979), and
with coliphage BA14 (Mertens and Hausmann, 1982). These findings can
be seen as indicating a close relationship among these phages, setting
them apart from those unable to induce SAMase synthesis upon infec-
tion. Indeed, in the study of Korsten et al. (1979), Serratia phage IV re-
vealed an overall base sequence homology of about 25% in relation to T3
but much less in relation to T7. Also, a comparison of the terminal
repeats of T7 (Dunn and Studier, 1983), T3 (Fujisawa and Sugimoto,
1983), and K11 (Dietz et al., 1985), and of portions of gene 1 of K11 (Dietz,
1985) with homologous sequences of T7 (Moffatt et al., 1984) and of T3
(McGraw et al., 1985) reveals a closer base sequence homology between
K11 and T3 than between K11 and T7. However, postulating a closer
relationship between T3 and K11 is questionable in view of the fact that
the overall base sequence homology of K11 on the one hand, and T3 or T7
on the other, is much lower than that between T3 and T7 (Korsten et al,,
1979) (see Fig. 7). These findings could be reconciled by the hypothesis of
modular evolution (Botstein 1980; Campbell and Botstein, 1983). Accord-
ing to this hypothesis, new phage genomes could arise by recombination
of functional units of linked genes (modules) of phages which already
diverged to a considerable extent. Information in this regard may come
from hybridization studies using individual restriction fragments or (es-
pecially in those cases where no heterologous hybridization is observed)
from base sequence analyses.

The varying promoter specificities of many of the RNA polymerases
coded for by the phages here described deserve special attention. In those
instances where promoters have been sequenced, namely for T7 (Rosa,
1979; Carter and McAllister, 1981; Dunn and Studier, 1983), T3 (Basu et
al., 1984, McGraw et al., 1985), SP6 (Melton et al., 1984; Brown et al.,
1986), and K11 (Dietz, 1985), it turned out that within a 23-bp promoter
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region there is a difference of only a few base pairs to account for the
totally different specificities. Similar differences are likely to be the bases
for all other specific RNA polymerase-promoter interactions within pha-
ges of the T7 group. (Altogether there are at least 10 such specificities
known by now: those of T7, T3, BAl4, SP6, K11, Serratia phage IV,
Citrobacter phage Villl, gh-1, 1.2, and Al6.)

In spite of the low or nonexistent heterologous interactions of the
different phage RNA polymerases and their promoters, these enzymes
obviously belong to the same protein family, as judged by their very
similar molecular weights, their rifampicin resistance, their identical
physiological roles, and (where known) their homologies in amino acid
sequence and by recognizing similar promoters. Thus, these enzymes
must have evolved from one ancestral RNA polymerase by successive
mutational steps, accompanied by a coevolution of the respective pro-
moters. This implies that, in the course of evolution, deleterious muta-
tions in enzyme specificity were not lost by selection so fast as to pre-
clude adaptive promoter mutations, and vice versa. Further comparative
studies of promoters of T7-related phages are clearly needed to possibly
arrive at a pedigree of molecular evolution of their base sequences. Thus,
the promoter sequence of the patriarch RNA polymerase could perhaps
be deduced.

Similar comparisons, extended to entire genomes, could conceivably
yield a reasonably detailed picture of the very founding ancestor of the
group. However, by comparing all extant forms that are recognizably
related to T7, we might realize that a paradox persists, namely that the
evolutionary origin of one of the most simple self-replicating structures is
one of the most mysterious. Although we might be able to reconstruct to
some extent the archetypal T7 ancestor from its present-day descendants
by means of comparative genome analysis and base sequence studies, this
patriarch phage will turn out to be just as complex with regard to genome
size and strategy pursued as all its diverse descendants, since these all
have about the same degree of complexity. Thus, unlike what we take for
granted when comparing higher organisms, we are not going to find a
chain of increasing complexity like that of the vertebrates, which display
a series of evolutionary stages, from the lowly amphioxus to the most
evolved mammals. Rather, the putative archetypal T7 ancestor is sud-
denly there, full-blown in its complex molecular design, not giving us any
hints as to how it might have reached this complexity in the first place. It
seems obvious, however, that this patriarchal structure was, in its turn,
the product of a long evolution shrouded in complete mystery.

Some of the questions that arise in this regard are as follows: Could a
comparative study of other phage groups reveal genome organizations
and infection strategies reminiscent of T7 in a way that one could imag-
ine even more remote phylogenetic relationships to T7, observable in
phages that do not follow the T7 strategy sensu strictu (i.e., by coding for
an early protein with an RNA polymerase activity specific for promoters
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of the phage DNAJ? It seems that none of the better-described coliphages
is a candidate for such a hypothetical far-off T7 relative. Did the forerun-
ners of the potentially well definable T7 ancestor arise from genome
segments of host bacteria, and at which stage of biological evolution did
this occur? Or do these structures stem from parasitic DNA whose origin
goes straight back to the primordial soup? Posing these questions more
precisely, one would ask about the origin of the individual proteins, the
individual genes composing the primitive phage. Considering that mod-
ern studies of molecular evolution make it clear that new proteins arise
from ancient proteins (see Goodman, 1982), what is the origin, for in-
stance, of the key regulatory protein in T7, the gene 1 RNA polymerase?
Sequence analyses with other proteins have not yet been carried out in
this direction. This, however, could be a promising endeavor, as judged by
comparative studies which disclosed a domain of sequence homology
between DNA polymerase I of E. coli and the T7 DNA polymerase sub-
unit, the gene 5 product (Ollis et al., 1985).

It is possible that further analyses regarding the evolutionary origins
of phage genome organization and evolution of individual phage proteins
might contribute to answer general questions regarding molecular evolu-
tion, the origin of proteins, and the origin of self-replicating structures—
i.e., of life itself.
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CHAPTER 9

Bacteriophage P1

MicCHAEL B. YARMOLINSKY AND NAT STERNBERG

[. INTRODUCTION

We preface this review with a brief chronology of seminal P1 studies in
order to illuminate the circumstances that molded the idiosyncratic de-
velopment of P1 biology. The account that follows this brief historical
preface deals first with P1 structure, second with successive stages in the
life cycle of the phage, and third with comparative studies. It covers
information available to us prior to November 1986 but additional mate-
rial received throughout 1987 has also been inserted. Topics in P1 biology
that have been treated in recent reviews include: the P1 genomic map
(Yarmolinsky, 1987}, transduction (Margolin, 1987; Masters, 1985}, re-
striction—modification (Yuan, 1981; Kruger and Bickle, 1983}, immunity
to superinfection (Sternberg and Hoess, 1983; Scott, 1980), site-specific
recombinations (Sadowski, 1986; Plasterk and Van de Putte, 1984
Sternberg and Hoess, 1983; Simon and Silverman, 1983}, maintenance of
the plasmid prophage (Scott, 1984; Sternberg and Hoess, 1983), and meth-
ylation-regulated gene expression and DNA processing (Sternberg, 1985;
Marinus, 1984, 1987).

The isolation of bacteriophage P1 was reported by G. Bertani in 1951,
the same year in which Esther Lederberg reported the discovery of bacte-
riophage A. P1 is a temperate phage that differs from A in a number of
fundamental and interesting ways, but whereas \ is the subject of two
substantial monographs or ““testaments,” much of P1 lore has been con-
fined to oral tradition. The reasons for this difference are partly biolog-
ical, partly historical.

MICHAEL B. YARMOLINSKY e« Laboratory of Biochemistry, National Cancer Institute,
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P1 was recognized as one of three temperate phages harbored by the
lysogenic Escherichia coli of Lisbonne and Carrére that Bertani had re-
ceived from Joshua Lederberg. The three phages, named by Bertani P1, P2,
and P3, were characterized by their plaque sizes on a strain of Shigella
dysenteriae, respectively: small, large, and variable. The phages were
released spontaneously at low frequency from individual lysogenic bacte-
ria in pure bursts of one or another of three serologically distinguishable
types. A significant serological cross-reactivity was noted at the time, but
it does not appear to have been further explored. [Further study of the
relationship is likely to resume, given the current knowledge of and in-
terest in the genetic determinant in P1 of serum blocking power (see
Section III.B).] Of the three phages, P3 has received the least attention
because preparations of it appeared markedly unstable. It is rather closely
related to P2, with which it forms viable recombinants (see Bertani and
Six, 1988). Bertani and his colleagues concentrated their attention on P2
for the reason that its plaque characteristics on E. coli C made it amena-
ble to study away from Shigella, unlike the original isolate of P1. Lennox
{1955) selected a P1 mutant, Plkc, that made somewhat clearer plaques
on E. coli K12 than the original isolate, and it is from this strain that P1
phages in current circulation are derived. Simultaneously published ex-
periments of Jacob (1955) made use of what is probably an independent
isolate of P1, called 363, described in Jacob and Wollman (1961) but not

heard of since.
Pl might have remained as obscure as is P3* were it not for the

discovery by Lennox (1955) of P1-mediated generalized transduction be-
tween strains of Escherichia and Shigella and the discovery by Seymour
Lederberg (1957) and Arber and Dussoix (1962) of P1-mediated modifica-
tion and restriction. Inasmuch as studies by Werner Arber that exploited
P1 helped to establish the fundamental biology of restriction—modifica-
tion (see Section V.A), P1 was instrumental in bringing about the age of
genetic engineering, even if the Pl restriction nuclease has not been
useful to genetic engineers. P1 as a transducing phage continues to be a
workhorse of gross genetic manipulations in bacteria even at this writing.

One of the first uses to which P1-mediated transduction was put was
to demonstrate a chromosomal location of determinants of A, 434, and 82
lysogeny (Jacob, 1955). However, in bacterial mating experiments, the
determinant of P1 lysogeny could not be localized to any specific locus on
the host chromosome (Jacob and Wollman, 1959). Studies of P1-mediated
transduction initiated in Luria’s laboratory in the late 1950s revealed that
P1 could effect specialized as well as generalized transduction. The con-
venient lac marker that had been inserted into the P1 genome made the
resultant P1dl prophage easy to follow in exconjugants, but Boice and

*P3 was nearly rescued from obscurity in 1976, when, during the spring, Nancy Kleckner
considered using this phage for her 1977 class experiments at Harvard. According to oral
tradition, she was dissuaded by political considerations, since P3 experiments (in the sense
of requiring high-level physical containment) were explicitly forbidden by the Cambridge
City Council at the time.
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Luria (1963) were likewise unsuccessful in localizing P1dl prophage to
one or a few specific chromosomal sites.* The reason for the failures
became clear in 1968, when Ikeda and Tomizawa (who had also been
studying P1-mediated transduction) demonstrated that P1 prophage ex-
ists extrachromosomally as a plasmid. They further showed that P1 DNA
does not integrate within the bacterial chromosome even for as brief a
period as would be required to allow its passive replication. It must there-
fore be actively replicated. The low copy number and stability of the
plasmid implied that P1 is also actively partitioned between daughter
cells rather than passively (and randomly) distributed by diffusion.

At about the time that Ikeda and Tomizawa in Tokyo recognized P1
to be a plasmid in the prophage state, Ravin and Shulga in Moscow were
independently showing that another coliphage, N15, also lysogenizes as a
plasmid. The Soviet workers, having been denied access to the phage Mu,
proceeded to isolate phages that alter the phenotype of lysogenized hosts,
hoping to isolate a mutator phage of their own (E. Golub, personal com-
munication). In 1964 they isolated a phage, which they named N15, that
renders E. coli Tl-resistant. They subsequently found that this altered
phenotype was not due to mutagenesis by integration. It was instead the
result of a lysogenic conversion by N15 prophage (Ravin and Golub,
1967). The prophage was stably maintained without chromosomal inte-
gration (Ravin and Shulga, 1970). The 1970 report presented evidence that
N15 exhibits considerable homology to phage . It also described mutants
in N15 affecting plasmid maintenance more than a decade before any
such mutants were obtained in P1. Had N15 been granted an exit visa
from the Soviet Union, the attention devoted to it would likely have been
considerable. As it is, N15 appears not even to have been tested for as-
signment to an incompatibility group.

After a considerable latent period, the findings of Tkeda and Tomi-
zawa provided a new impetus and a new direction to P1 biology. Progress
was not rapid at first, in part because P1 did not appear to be a convenient
biological material with which to work. P1 has a complex genome (twice
the size of the A genome), and two genetically marked P1 prophages fail to
coexist together stably, a feature of P1 that can interfere with tests of
genetic complementation and dominance. Luria et al. (1960) had noted
that attempts to form stable lysogens of two differently marked phages
res