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ABSTRACT

MOLECULAR CHARACTERIZATION OF THE PHAGE EXCLUSION AND THE
LOCAL EFFECT CAUSED BY THE INTERACTION OF AN e14 ENCODED
PROTEIN, LIT, WITH THE gol SITE FROM PHAGE T4 GENE 23.

By

Yuen-Tsu Nicco Yu

The Lit protein generated by the cryptic prophage el4 can exclude
bacteriophage T4 at a late stage , particularly when the Lit protein is overproduced
by an up-promoter mutation or expressed from a multi-copy plasmid. This
exclusion is due to cleavage of translation elongation factor Tu caused by the
interaction of the Lit protein with a short sequence, gol, within the T4 major head
protein gene 23. The proteolytic reaction occurs in a region highly conserved
among all the prokaryotic EF-Tus and analogous eukaryotic EF-las. The Lit
protein contains a Zn-dependent protease motif and its proteolytic activity requires
the function of the gol region.

In vitro complementation assays performed by mixing extracts of cells in
which the gol region has been transcribed and translated with extracts of cells
overproducing Lit protein successfully cleave EF-Tu (43 kD)and generate the 37
kD fragment. Moreover, the addition of the purified Gol oligopeptide (29 amino
acids long) to the " Lit " cell extracts also cause the cleavage of EF-Tu in vitro,
indicating that the Gol peptide is the activator of the Lit protease activity.

In addition to blocking translation, the interaction between gol and Lit also
converts the gol region into a transcription terminator. Unlike the translation block,
this transcription termination ( we refer to it as the local inhibition) occurs even if

not all of the cellular EF-Tu is cleaved. Interestingly, in the absence of Lit protein,



the gol sequence actually enhances transcription, suggesting that the normal role of

gol is to be an anti-pausing site that enhances the transcription of gene 23.
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Introduction

The use of host-parasite systems derived from bacteriophage T4 and its host
Escherichia coli has enabled scientists to reveal many essential principles that
form the basis of modern molecular biology. Historic examples include the proofs
that deoxyribonucleic acid is the genetic material ( Hersey and Chase 1952 ), that
ribonucleic acid is the template for proteins ( Brenner et al 1961 ), and that each
triplet is sequentially used as a codon for polypeptide chain synthesis ( Crick et al
1961 ).

Studies in this field have also brought some surprising and interesting
discoveries that revealed diversity in gene regulatory mechanisms and explored
each classic concept in a deeper and broader manner. For instance, the discovery
of T4 introns led researchers to analyze the self-splicing catalytic activity of an
RNA molecule, and the nature of a mobile intron, which often requires a
endonuclease encoded by the intron itself (Bell-Pedersen and Belfort,
1991)(review see Belfort, 1992). This discovery challenged past beliefs that
prokaryotic genomes do not contain introns and that introns do not code for
proteins. Another example is the characterization of phage T4 Gene 60 which
demonstrated an additional mode of regulation at the level of translation ( Weiss
and Dunn 1990 ). This event is called ribosomal programmed hopping: ribosomes
can somehow bypass a segment of an open reading frame and continue elongation
at a certain codon downstream, the precise action involving a special context
around the hopped gap. These unusual findings received further recognition as
similar mechanisms were gradually discovered in other genes and organisms

(Ramirez, et al., 1992, Marshalland Lemieux, 1991, Muscarella, 1993).
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Being one of the largest viruses with a coding capacity of almost 200 genes,
the extent to which bacteriophage T4 depends on the apparatus of its host
Escherichia coli is perhaps surprising. Some phage genes are apparently
dispensable for growth in a laboratory strain, but under circumstances imposed
by host mutants, particular genes of the nonessential group become important.
Thus, although T4 normally relies on the host gene products, phage encoded
proteins can compensate for the host mutations. Phage development also requires
repeated interactions between phage and host to maintain the accuracy of
performance. To determine what host genes are involved, and how they interact
with the phage genome to control the cascade of phage gene expression,
mutations in the host are screened for their ability to restrict phage growth without
affecting the host’s own viability; i.e. host mutants for which no plaques are
formed in the bacterial lawn. Presumably, the products of mutated genes that
interact with phage determinants have either lost their positive regulatory roles or
have negative effects during phage development. The participating phage sites or
gene products can be identified by selecting suppressor mutations in the phage that
can overcome the block and form plaques in the test strain (Cooley, et al. 1979).

Using the genetic approach described above, Champness er al ( 1982 )
isolated E. coli mutants they called lit, because they cause a late inhibition of T4
gene expression ( later changed to lit(con)). The lit(con) mutations were mapped
to 25', between purB and fadR loci on the E. coli K12 genome, and were later
shown to be in e14, a cryptic DNA element. The dominance of lit(con) mutations
allowed Kao and Snyder to clone the lit allele in a multi-copy plasmid. Nucleotide
sequencing data showed that all 5 independently isolated lit(con) mutants have
the same CG-TA transition in the up-promoter region of the putative lit ORF.
This transition, presumably increasing resemblance to a promoter consensus

sequence, causes a higher transcription level of the gene. Subclones containing the
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wild type lit gene in a multi-copy plasmid are also phenotypically Lit(con).
Overproduction of RNA transcripts and of the Lit protein were confirmed by
northern hybridization experiments and minicell-labeling assays respectively, the
latter done in cells transformed with appropriate plasmid-borne lit constructs. The
1.8 kb EcoRYV subclone sequenced contains 2 ORFs with a 4 nt gap in between;
their coding capacity, deduced from the nucleotide sequences, is about 34kD and
17 kD respectively. Results of deletion analysis performed by me indicated that
only the 34 kD protein is essential for the lit phenotype. Two lines of evidence
suggested that gpLit is a membrane -bound molecule; the majority of Lit protein
labelled in maxicells was found in an inner membrane fraction, and a computer
protein hydropathy analysis of pLit implied 2 possible transmembrane segments
with high hydrophobic density (Kao and Snyder 1988). The connection between
the membrane-association property and the Lit(con) phenotype, which was later
proven to relate to translation elongation factor Tu cleavage, remains a mystery.
The el4 element that contains the lit gene was first discovered by W. C.
Hill as a circular DNA molecule that was found to excise after UV irradiation and
reintegrate back at its original position. It is believed that el4 is a defective
prophage descended from a lambdoid ancestor that gradually lost phage identity
except for a tail-fiber like gene similar to that of Mu, P2 and lambda (Barreiro and
Haggard-Ljungquist, 1991. Sandmeier and Arber, 1992.), and a putative integrase
gene related to that of ¢$21 (Schneider and Champbell, personal communication). It
also carries a modified cytosine restriction determinant mcrA (Hiom and
Sedgwick, 1991) and sfiC, a cell-division inhibitor gene (Maguin, 1986). The SOS
independent excision and reintegration is accomplished by an enzyme encoded
by the fragment and the specific att site in the E.coli genome. When hosts acquired
this cryptic prophage, and why it is maintained are not clear. Cells cured of e14

by UV irradiation produce no Lit protein and have no apparent defect. They can
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only be distinguished from Lit(con) cells because they allow wild type
bacteriophage T4 to propagate and form plaques (Brody, et al. 1988; Hill, et al.
1989)..

The exclusion phenomenon of T4 caused by the overproduction of gpLit is
due to a global inhibition. in T4 true late gene expression and expression of those
early genes that are normally made continuously in late stage; this was shown in
pulse-chase labeling experiments to monitor phage protein synthesis during
multiplication. The inhibition can be suppressed by a T4 phage mutation that
mapped within a .40 nt region at the first quarter of T4 major head protein gene 23,
one of the true late genes (Bergsland et al., 1990). This wild type region was
designated as gol, since mutations in this region allow phage to grow on lit. To
avoid confusion, whenever I mention the Lit(con) phenotype or gol activity, I
mean the phenotypic properties of this global inhibition. Champness and Snyder
(1984) later found that subclones of the wild type gol region from gene 23 are
unable to transform lit(con) cells because expression of this fragment is sufficient
to trigger a global effect similar to the abortive phage infection caused by gpLit.
The use of this transformation assay enabled Bergsland et al ( 1990 ) to define the
minimum gol sequence necessary for its activity and to scan mutations that can
abolish the gol effect. Kao and Snyder ( 1988 ) took advantage of the same assay
and discovered that the global inhibition caused by gol-Lit interaction acts at the
translation level. Transcription and translation of the gol+ region, a minimal size
of 75nt, is alone responsible for this global tanslational effect in Lit-containing
cells, and no other phage genes are involved. Conclusive evidence for this was
obtained from study of a plasmid clone, pUC84PZ]1, that contains the gol sequence
fused to the lacZ gene of a pUC vector in the Gene23 reading frame. In this
plasmid, Gol activity is controlled by the IPTG-inducible lacZ promoter. All
cellular protein synthesis was shut off soon after IPTG was added to cells. This
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IPTG inducible inhibition is dramatically diminished if the construct translates
the gol region out of Gene23's reading frame, for example in the -1 frame of
pUCI12PZ1. This observation also suggested involvement of the gol polypeptide.
However, we couldn't rule out the possibility that it is the act of translation, rather
than the product, that is required. For example, the translation-coupling ribosomes
may follow the transcription apparatus , prevent nascent gol RNA from folding
into an appropriate secondary structure, and consequently provoke translation
shutdown. |

The partial gol RNA sequence has a striking resemblance to lambda nut
sites, which are utilized by the anti-terminator N protein to read through
downstream terminators. This resemblance consists of a box A sequence and a
boxB-like hairpin structure. Interestingly, the mutations that inactivate gol activity
all map in the nut-like site. Furthermore, a computer simulation program showed
that the entire gol RNA (Pvull- I 75 nt fragment) can form a stable stem-loop
structure, with a AG of -35.5 Kcal, suggesting that this secondary structure may
exist in vivo (Y.-T. N. Yu and L. Snyder ). The intriguing interconnection between
possible gol secondary structures and their functions is discussed in one of the
manuscripts included in this dissertation.

In addition to the seven;e global inhibition of all cellular translation, the
gpLit protein also causes a local inhibition that affects gene expression at the gol
site. This local inhibition occurs in the presence of the normal, low amount of
gpLit which occurs in the wild type ( usually referred to as litt) and does not kill
the cells. The local effect was characterized by Bergsland and Snyder by using
plasmid constructs carrying a gol-lacZ fusion. In JM1011it0, a strain that lacks the
gene, a—complementation can be achieved by the plasmid that translates both gol
and lacZ in frame and exhibits blue color in X-gal agar plates ( X-gal is subtract
for B—galactosidase). But in JM101lit*> which has the same genetic background
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but a functional lit gene, the transformants are white, indicating that no functional
LacZ product is made. A similar effect was also observed in lit(con) cells
transformed with a -1 frame clone that alters completely the gol polypeptide but
retains the same gol RNA sequence. Based on these results, Bergsland et al
proposed that gol RNA, but not a Gol peptide, is essential for the local inhibition.

The failure of a—complementation has two possible explanations; the
fusion protein carrying the Gol polypepﬁde at its N-terminus can not function in
the presence of gpLit; or transcription or translation of the hybrid segment is
prematurely terminated before getting to the reporter gene. In an attempt to
differentiate between them, Rajiv Gulati (Bergsland et. al., 1991) did S1 nuclease
mapping to examine the gol-lacZ RNA transcripts, and I made a gol-CAT hybrid
plasmid that is transcribed from the lacZ promoter and translates gol in the -1
frame and the chloramphenicol acetyltransferase gene from a separate ribosome
binding site. Preliminary results showed that there were fewer intact transcripts
protected in presence of Lit protein, and the transcription fusion clone transformed
Lit* cells to chloramphenicol sensitive instead of to chloramphenicol resistant as
in 1it0. From these observations, we hypothesized that the local effect is due to
premature termination of transcription. However, this model is further adjusted in
one of the manuscripts presented here.

My main interest was to characterize the molecular basis of the global and
local inhibitions caused by the gol-Lit interaction. First, I investigated how
translational inhibition happens at the onset of the gol-Lit interaction; what key
factor required for translation is affected in the gol-Lit mediated global inhibition,
and how the defect influences translation activity. Second, for the local inhibition,
the main questions to be answered were: How does premature transcription

termination occur? What is the significance of gol sequence and structure in the
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above phenomenon? How is the local inhibition related to the global effect caused
by the same factors?

This thesis includes 4 main chapters. Chapter 1 reviews modes of gene
regulation in bacteriophage T4, mechanisms of the known exclusion systems,
current understanding of translation elongation factor Tu which relates to the
molecular basis for the global inhibition, and published material on some systems
of antitermination that possess similarity to the local effect caused by the gol-Lit
interaction. Chapter 2, 3 and 4 are written as manuscripts for publication. Chapter
2 and Chapter 3 present results to suggest that cleavage of elongation factor Tu is,
at least in part, responsible for the global translational deficiency in the gol-Lit
mediated abortive infection system and demonstrate that the activity of an EF-Tu
encoded by lit protease can be assessed in in- vitro experiments. Chapter 4
documents the evidence that helps us comprehend the local inhibition. The
experiments presented addressed the involvement of gol RNA structure and the
cleaved EF-Tu product in the premature termination of transcription during local
inhibition, and the possible anti-pausing effect of the gol sequence in the absence

of gplit.



CHAPTER 1

LITERATURE REVIEW



Overview of Bacteriophage T4

As one of the largest coliphages, bacteriophage T4 contains 160 kb of DNA
and close to 200 genes and is characterized by an icosahedral head filled with
linear double stranded DNA and a tail through which DNA is ejected into its host.
The development of this obligate lytic virus is a well orchestrated process,
including alteration of host apparati for its own use, transcriptional and
translational gene regulation, and delicate protein-protein interactions during
virion assembly. One unusual feature of the phage T4 genome is that it contains
hydroxymethylcytosine dCMP instead of cystosine as in host DNA. This genetic
feature is important for phage multiplication as discussed later.

Infection of E.coli by T4 is initiated by probing specific host surface
receptors (LPS and ompC in E. coli K strains). This mission relies on phage T4 tail
fiber distal protein gp37, together with gp38, which comprise a "host-range
cassette” functional unit (Snyder and Wood, 1989). Several events occur during
the first minute after T4's entry into the host. The biosynthesis of host
macromolecules (DNA, RNA, and proteins) quickly ceases. Then, the host RNA
polymerase (RNAP) begins to transcribe phage early genes from promoters with
similarity to host consensus sequences. The early phage proteins include
nucleases, which are responsible for the degradation of the cytosine containing
host genome, and regulatory proteins such as RegA, which serves as a translational
repressor for several phage early genes at a later stage, and phage encoded specific
replication and transcription components. Within three minutes post-infection, the
alteration and modification of host RNA polymerase core enzyme through the
ADP ribosylation of alpha units of RNAP by gpalt and gpmod phage proteins and
binding of T4 encoded 11.4 kD (RpbA) occurs. This confers increased affinity of
RNAP for phage specific sigma factor gp55, which is required for recognition of
the late promoters (Williams, et al. 1987; Malik and Goldfarb, 1988).
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In T4 infected cells the theme of transcription regulation can be divided into
pre-replicative and post-replicative periods. During the pre-replicative period,
which spans from the time of infection to the onset of DNA replication about 5
minutes later, genes are transcribed from the early and middle promoters. The
early transcription units contain IE genes (proximal to the promoter) and DE genes
(distal to the promoter) messages in long polycistronic molecules separated by
potential terminator sequences. Transcriptional readthrough at terminator sites
within the T4 intercistronic region is required for synthesis of the promoter distal
gene products. It should be noted that the early and middle transcriptional units
overlap to a great extent. Under circumstances of polarity effects, RNA synthesis
in the DE region could be initiated from a middle promoter within the IE-DE
junction. Unlike the early promoters, the T4 middle promoters contain a unique
sequence centered at -30 and utilize T4 modified RNA polymerase and a particular
transcriptional factor gpmotA. The binding of gpmotA on a T4 middle promoter to
facilitate the RNAP function was also demonstrated in vitro by Hinton (1991).

The post-replicative genes are mainly the bacteriophage true late genes
which encode proteins for virion components. Their promoters display a totally
different sequence without typical TATA boxes or -35 sequences. They are
selectively recognized by RNAP coenzyme and a late gene sigma factor encoded
by T4 gene 55. Efficient initiation at these promoters also requires enhancement
by three T4 encoded DNA polymerase accessory proteins,(gp44, gp62, and gp45)
bound to distal mobile enhancer sites. The enhancer exhibits the unique
characteristic that it is not sequence specific but a structural break at the non-
transcribed DNA strand. Activation by these DNA replication proteins also needs
the function of an RNA polymerase bound co-factor protein which is encoded by
T4 gene 33. Herendeen and Geiduschek (1991) have indicated that this

transcriptional activating signal is communicated between its enhancer and a T4
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late promoter by a DNA-tracking mechanism. It is noted that concurrent DNA
replication is normally required to activate T4 late transcription. However,
transcription of a plasmid borne late gene is independent of replication in vivo and
in vitro suggesting an alternative pathway for the activation. The studies from both
Geiduschek's and Zoguff's laboratories suggest the idea that the competence for
late transcription results from negative torsional stress of the region in the late
promoter, which can be generated by host DNA gyrase on a plasmid or by viral
replication.

In addition to the transcriptional mechanism that controls phage gene
expression, some T4 genetic clusters are also subject to regulation at the post-
transcriptional level. The RNA processing, control of translation, and cleavage
modification of the protein complex ultimately determines the degree of biological
activity for individual phage-encoded enzymes and structural proteins. Multiple
enzymatic activities that catalyze the cutting and trimming of precursor RNA
molecules, chain extension and base modification are essential for maturation of
T4 tRNA species. The majority of the enzymes involved are host encoded (RNase
P, RNase 3, RNase PEP, tRNA nucleotidyltranferase, etc.). Those enzymes
perform similar functions in uninfected E. coli.

Ribonucleolytic activity was also found to be involved in the function of
messenger RNA. Cleavage within the Shine-Delgarno sequence of phage T4 motA
and ORF 2 by the product of the T4 regB gene was proposed to regulate
expression of messenger RNA transcripts. Gold and coworkers (Ruckman, et al.
1989) have identified additional processing sites within other T4 ribosome binding
regions, including two sites in the polycistronic frd transcript, which encodes
difyhydrofolate reductase. Mutations that impaired the messenger RNA processing
resulted in overproduction of frd protein. Introduction of cloned copies of regB

into chromosomes of the mutant phage can restore messenger RNA processing
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capacity. All known processing sites of mRNA lie within a similar sequence
suggesting a common processing ﬁathway.

Two types of specific translational control are being extensively studied in
phage T4, repression of translation of several phage early genes by the product of
phage encoded regA and the mechanism of autogenous regulation. Karam and
colleagues (Robert, et al. 1987) have demonstrated that T4 regA protein acts as a
translation repressor to regulate synthesis of a set of phage induced early proteins.
Those proteins include nucleotide synthesis enzymes (gpcd, gpl, gp42, and gp56),
DNA polymerase accessory proteins (gp45, gp44, and gp62), rllA, rlIB and regA
itself. The purified regA protein was shown to bind specifically to target mRNA
near the initiation codon AUG, and therefore to exclude ribosomes from binding
(Unnithan, et al. 1990). Unlike other translational repressor regulated genes, the
regA binding domain of all the unlinked transcriptional clusters did not possess
sequences in common. Further analysis of mRNA binding by filtration and
nuclease protection assays suggested that AUG initiator is necessary but not
sufficient to determine regA recognition. A proper distance between ribosome
binding sites and the AUG codon also serves as an important factor for regA
binding (Liang et al. 1988).

The biosynthesis of DNA polymerase gp43 in bacteriophage T4 is
autogenously regulated at the translational level. gp43 represses its own translation
by binding to its RNA transcript 5' to the AUG codon at a 36-40 nt region that
includes the Shine-Delgarno sequence and the putative RNA stem loop structure
(Andrake, et al. 1991). Many mutations that either disrupt the stem or substitute
the base in the loop segment diminished binding of purified gp43 in vitro. Tuerk
and Gold (1990) have shown that gene 43 mutations that derepress gp43 synthesis
do not necessarily affect the rate of replication indicating that the replicative and

autoregulatory functions of gp43 are independent



13

The production of ssDNA binding protein gp32, which is utilized in
replication, repair and recombination, is also subject to a similar mode of
autogenous repression (Krassa, et al. 1991, McPheeters, et al. 1988). In vitro
studies suggest that autoregulation of gp32 occurs by its own product specifically
binding to its mRNA at a highly structured pseudo-knot near the 5' end. Nucleation
of gp32 binding through the pseudb-knot is thought to be crucial for cooperative
binding of gp 32 to a largely unstructured region that overlaps the initiation codon,
therefore blocking formation of translation initiation complex. gp32 contains a
zinc binding subdomain to which homology was found in a variety of retroviruses
and plant viruses. Shamoo and Konigsberg (1991) have demonstrated that gp32
loses its autogenous regulation ability upon removal of the zinc binding motif, but
retains the ability to bind ss DNA. Together with the evidence that deletion of the
pseudo-knot from gp32 mRNA abolished autogenous repression, the authors
proposed that the zinc binding motif of gp32 plays an important role in directing
the binding of gp32 at the RNA pseudo-knot region.

Post-translational control of protein function was studied in depth with the
proteolytic processing of protein precursors in phage T4. Examples are the
maturation of proteins that compose the phage virion. Assembly of the phage
virion occurs on the host inner membrane about 15 minutes post-infection. The
majority of constituents are produced by T4 late genes. The head and tail are
assembled in two separate pathways. The process of assembly was summarized
both in Kao's and Bergsland's theses. However, I would like to emphasize our
current understanding of one of the capsid components, gp23, which is intimately
related to my research.

gp23 is the major head protein of phage capsid. Each mature head contains
more than 1000 copies of gp23 and each cell produces about 200 progeny.

Therefore, one can imagine that codon usage in gene 23 has to be optimal to keep
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up with the demand. In SDS polyacrylamide gels, gp23 electrophoreses at two
different positions, 53 kD and 48 kD. The 53 kD precursor form of the gp23 is
assembled into the shell (the outermost layer of prohead). After the formation of
the prohead, a protease (T4 PPase) encoded by gene 21 recognizes a unique
secondary conformation of the prohead precursor as the cleavage signal and
cleaves nears the N terminal end (Hinterman, 1992). This process results in
rearrangement of the prohead and expansion of the inner head cavity (Steven, et al.
1992). The phage genome that is replicated in multi-chromosome concatemers is
then measured and cleaved by an ATP dependent DNA nuclease derived from a
variant of gp23 as one headful length in the mature head (Xue and Black, 1990).

It is an interesting notion that gp23 possesses both enzymatic and structural
functions and that the role of the protein is determined by the variant derived by
the proteolytic process. Rao and Black (1985) have observed that the DNA
packaging enzyme (also called capsizyme gp23**) results from the N terminal
processing found in the mature capsid protein gp23* as well as truncation at the C
terminal end. Lack of the consensus gp23 cleavage site at the C terminus suggests
that the cleavage is unlikely to be due to the gp21 proteinase. The observation that
amino acid substitutions affecting the C terminal cleavage exhibited a new gene 23
mutant phenotype, defective DNA filled heads supports the idea that the cleavage
product of gp23 directly acts in the DNA packaging mechanism.

The temporal interconnection of prophage maturation and DNA packaging
by a single polypeptide, gp23, is an intriguing phenomenon. Many questions arise
such as: How are the alternative proteolytic processes involving two different
proteases determined? Does the location of the gp23 molecule on the head
structure influence the decision? Is it possible that gp 23 near the bottom entrance

of the head may possess a distinct conformation that can be recognized by the C-
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terminus specific protease? Identification and characterization of the protease

acting on the gp23 C terminus would aid in understanding these puzzles.

Molecular Basis for Phage Exclusion

Extrachromosomal DNA elements, such as plasmids and integrated
prophages, are able to p'rotcct their hosts from infecting phages in a number of
ways. Basically, these defense systems can be classified into two major categories:
superinfection exclusions and abortive infections. The former deals with the
phenomenon that includes: conferring inhibition of early gene transcription and
replication in superinfecting phage carrying a homologous immunity region (Lu,
1989); preventing successful injections of viral DNA from the adsorbed phages
into the cytoplasm (Kliem, 1989); and altering surface receptors, thus hindering
phage adsorption. Overall, the consequence of this type of exclusion allows hosts
to survive viral attacks. Less well understood are those systems of abortive
infection that are characterized by an initial event that usually takes place in a
productive infection, followed by the occurrence of cellular dysfunction, that
consequently kills the host and prevents the production of phage progeny and
their spread into the bacterial population.

The employment of plasmid clones carrying génes that can provoke a defect
similar to abortive infection enables researchers to probe the molecular basis for
each system. Reviews of our current understanding of some exclusion systems
have recently been published (Snyder and Kaufmann, 1993; Molineux, 1991).
Here, I would like to concentrate on two notable exclusion systems of
bacteriophage T4, with emphasis on their molecular themes: the exclusion of T4
rll mutants by the rex genes of E. coli lambda lysogens and by the prr gene
product of a cryptic DNA prophage identified in the clinical isolate CT196. Both

mediate physiological defects but in different ways: the former interferes with
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membrane potential and the latter attacks a specific tRNA, thus impairing
translation.

The rex exclusion: The phenomenon of restricting T4 rIl mutants by an E.
coli lambda lysogen, first discovered by Benzer in 1955, was later developed into
a powerful genetic system for mapping mutations, uncovering the nature of the
genetic code, and a variety of other important contributions. Compared to the glory
of its applications, the phenomenon itself did not receive very much attention until
the 1980s (Toothman and Herskowitz, 1980). This abortive infection requires the
synthesis of two lambda prophage gene products, RexA and RexB. The RexA
protein, being on average hydrophilic, is thought to be a cytoplasmic protein,
whereas RexB is extremely hydrophobic and is associated with the inner
membrane (Parma et al. 1992). The structural similarity between RexB and some
ion channels, and the dependence of restriction on the presence of monovalent
cations, led to the hypothesis that RexB may form an ion channel that selectively
transports monovalent cations (Sekiguchi, 1966). The influx of ions might
depolarize the cytoplasmic membrane, causing loss of internal ATP, termination of
cellular metabolism, and blockage of phage development.

On the basis of the observation of requirement of RexA for the exclusion,
Parma et al have proposed a two component regulatory model where RexA is a
cytoplasmic sensor that detects the status of infecting phage and then passes the
signal to membrane bound RexB, destroying the membrane potential. The ratio of
RexA to RexB appears to be important for the loss of membrane potential. Snyder
and McWilliams (1989) have observed that overproduction of RexA over RexB
resulted in a defect in uninfected cells similar to that seen after rIl mutant infection
of lambda lysogens. This effect does not exist in the situations of overproduction
of both RexA and RexB or of RexA alone. Moreover, overproducing RexB over
Rex A, does not abort the lytic growth of rll mutants (Parma 1992). According to
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the model, this evidence suggests that it takes more than 1 molecule of RexA
sensor to activate the function of RexB, to mediate the exclusion pathway, in
response to phage infection.

This severe physiological defect can be prevented by the presence of both
rlIA and rIIB gene products of phage T4. The rIIA and rlIB functions are normally
non-essential, although it has been suggested that they may play a role in DNA
replication (Manoil et. al. 1977). The relationship between rex and rllI is
quantitative; and plasmid clone§ of rex A and B not only restrict rIl mutants, but
also T4 wild type and other unrelated phages as well (Shinedling, et al. 1987).
Mutations that can substantially alleviate exclusion of T4 by rex map in the T4
motA gene that activates transcription of T4 middle gene promoters. The delayed
T4 DNA replication of motA' mutants was thought to promote the escape from
abortive infection, but the detailed mechanism is not clear.

If the two component model proposed by Parma et al holds, then one major
question is how the signal which is apparently manifested in the absence of rll
proteins potentiates the sensor protein RexA to activate the putative ion channel
RexB. Several suggestions have been made. As described above, an excess of
RexA to RexB can provoke a phenotype similar to abortive infection in uninfected
cells, so one hypothesis focuses on the absence of rll protein somehow
unbalancing the ratio of RexA to RexB and consequently leading to abortive
infection. Alternatively, RexA might be potentiated by some sort of modification
to activate RexB in response to the infection by rll mutants.

With the significant progress toward  unraveling the underlying
mechanisms of abortive infection, hopefully it will not be long before we reach the
stage of full understanding. Furthermore, the knowledge might lead to interesting

new insights of host-parasite interactions.
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The prr exclusion: T4 mutants lacking polynucleotide kinase and RNA
ligase can't form plaques on E.coli strains derived from CT196. The restriction
depends on the function of a crypﬁc DNA element, prr, located at 29 min. on the
bacterial chromosome (Snyder and Kaufmann, et al. 1987). If prr is transduced
into other strains, it will confer the same phenotype. Underlying prr restriction is
the specific manifestation of a T4 induced RNA ribonuclease, which cleaves
preexisting host lysine tRNA 5' to the wobble position of the anticodon
loop(Kaufmann, 1985).. The reaction generates 2':3'-phosphorus and 5'-OH
termini (Amistsur, et al. 1987). The damaged tRNAs can be repaired by T4
polynucleotide kinase and RNA ligase in Wild-type phage but not in pnk- and rli-
mutants (Abdul, 1984; Kaufmann, 1985). Translational inhibition by depleting
tRNA}ys accounts for the abortive infection in prr-containing cells.

The RNA ribonuclease has been renamed anticodon nuclease and found to
be encoded by the E. coli prr locus. Nucleotide sequences and mutational analysis
of a cloned prr region indicate that the prr region is composed of four tandem
ORFs designated prrA-D, and that only prrC is responsible for anticondon
nuclease activity. Intriguingly enough, the other ORFs prrA, priB, and prrD are
homologous to type-1 restriction-modification genes hde, hsdS and hsdR,
respectively (Amistsur, et al. 1992; Linder, et al. 1992). The interaction between
prr and hsd may couple and mutually enhance protection at the DNA and RNA
levels. _

Activity of prrC-encoded nuclease can only be induced upon phage
infection, implying the association of phage genetic elements with the enzymatic
activity. Suppresser mutations that can inhibit prr restriction were isolated and
mapped in the rll to gene52 of T4 DNA, a region called sfp. The suppressors
defined an open reading frame of 29 codons (Chapman, et al. 1988). This small
polypeptide appears to stimulate the prrC-encoded anticodon nuclease. Amistsur
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and Kaufmann (1989) have successfully demonstrated cleavage of lysine tRNA in
an in vitro assay by adding synthetic Stp polypeptide to an extract made from prr-
containing cells. However, Stp with a missense mutation will not activate the
cleavage. The result indicates that Stp is a very specific activator for prrC
enzymatic function. _ _

Studies emerging from a subclone containing only prrC indicated that prrC-
encoded product appears to cleave cellular tRNA without phage infection. To
ensure cellular safety, the expression of prrC definitely has to be tightly regulated
in uninfected cells. The safety policy seems to be endowed by the flanking HSD
sequences, for a clone carrying the whole p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>