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Chapter I 
General introduction 

Regulation of gene expression at the level of translation is one of the 
many ways cells and viruses regulate the expression of their genome. 
Translation consists of three steps: initiation, elongation and termination. 
Initiation requires binding of the ribosome to the mRNA, resulting in the 
formation of an initiation complex containing the first aminoacyl-tRNA. 
Elongation is the addition of amino acids to the growing polypeptide 
chain, starting with the first and ending with the synthesis of the last 
polypeptide bond. Termination involves release of the completed poly
peptide chain and dissociation of the ribosome from the mRNA. Initia
tion is relatively the slowest step of translation and regulation occurs 
primarily at this stage (for reviews, see Gold, 1988; McCarthy and 
Gualerzi, 1990). 

In Escherichia coli, initiation is usually directed by a start codon, mostly 
AUG or GUG, in combination with a preceding Shine & Dalgarno 
sequence, which base pairs with the 3' end of 16S rRNA during initiation 
site selection (Shine and Dalgarno, 1974; Jacob et al, 1987; Hui and de 
Boer, 1987). The accessibility of these primary sequence elements by the 
ribosomes is dependent on the higher-order structure of the initiation 
region of the mRNA. Since ribosomes only recognize single-stranded 
RNA, hairpin structures that include the Shine & Dalgarno sequence or 
the start codon inhibit translation (de Smit and van Duin, 1990a). 

The efficiency of initiation can be modulated in trans by specific 
proteins or antisense RNA, while the translation of genes in opérons is 
often coupled in cis to that of neighbouring genes (for a review, see de 
Smit and van Duin, 1990b). 

This thesis focusses on regulation of translation by proteins and in 
particular, on translational regulation of M13 specific mRNAs by the 
single-stranded (ss) DNA binding protein encoded by gene V of bacteri
ophage M13. In the first part of this chapter I shall discuss some other 
examples of protein-mediated translational regulation in E.coli. It is not 
my aim to cover the whole field in all its aspects and details. Instead, I 

9 



have chosen to treat two examples at some detail, while others will only 
be described shortly. The first is gene 32 protein (g32p) of bacteriophage 
T4. Like M13 gene V protein (gVp), T4 g32p is a ssDNA binding protein. 
Studies on either of both always have a reciprocal stimulatory effect. The 
second is T4 regA protein. As will be shown in this thesis, there are some 
striking similarities in the mechanisms by which gVp and regA protein 
mediate translational regulation. 

In the second part of this chapter a brief survey of the biology of 
phage M13 will be given. Furthermore, an introduction to the experimen
tal studies described in the next chapters will be presented. 

Protein-mediated translational regulation in Escherichia coli 

Regulation by MS2 coat protein 

Protein-mediated translational regulation was first observed during in 
vitro translation of the genome of the single-stranded RNA phage MS2 
(R17, f2, M12 and fr are nearly identical) and the similar but nonidenti-
cal phage Qß. Each is a plus-strand RNA phage and encodes four 
proteins of which two, the coat and the replicase proteins, are translatio
nal repressors of the other (Weber et al., 1972; Bernardi and Spahr, 
1972). 

The mechanism of translational repression of the replicase gene by 
coat protein has been studied in great detail. In nuclease protection 
experiments coat protein protects a 59 nucleotide long fragment (Bernar
di and Spahr, 1972). The protected fragment contains two hairpin structu
res, one of which includes the initiation domain of the replicase gene 
(Figure 1). Uhlenbeck and coworkers synthesized a 21 nucleotides long 
RNA fragment that has the same sequence as the hairpin that includes 
the replicase initiation domain and found that this 21-base RNA binds 
coat protein with the same affinity as whole phage RNA (Krug et al., 
1982; Carey et al., 1983). Many variants of the 21 nucleotides long RNA 
fragment were synthesized and examined for binding to coat protein 
(Uhlenbeck et al., 1983). It appeared that the sequence of the stem of the 
hairpin is largely irrelevant: as long as base-pairing is maintained only 
small differences in the binding affinities were measured. However, 
changes at the bulged nucleotide in the stem or at bases that constitute 
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Figure 1. Sequence and structure of the initiation domain of the replicase gene of phage 
MS2. The Shine & Dalgamo sequence and the initiation codon are indicated by 
italics. 

the hairpin-loop could change the binding affinity of coat protein more 
than 1000-fold (Uhlenbeck et al., 1983; Lowary and Uhlenbeck, 1987). 
Binding of the replicase initiation domain by coat protein is thus depen
dent upon both sequence and structure. Presumably, coat protein repres
ses translation by stabilizing the hairpin and thereby hiding the Shine & 
Dalgarno sequence and the initiation codon of the replicase gene from 
the ribosomes (Figure 1). 

The RNA binding site of coat protein has still not been identified. On 
the basis of a number of in vitro studies it has been proposed that upon 
binding, the second U of the hairpin-loop forms a transient covalent 
complex with one of the two cysteine residues of coat protein (Lowary 
and Uhlenbeck, 1987; Romaniuk and Uhlenbeck, 1985). However, the 
observation that both cysteines of coat protein can be replaced by other 
amino acids without affecting translational repression in vivo, rules out 
the requirement of a cysteine in the formation of the coat protein/repli-
case RNA complex (Peabody, 1989). 

Gene 32 protein of bacteriophage T4 

In bacteriophage T4 three proteins have been identified that act as 
translational repressors: g32p, regA protein and T4 DNA polymerase (for 
reviews, see Gold, 1988; Stormo, 1987). 

g32p protein plays a key role in T4 DNA replication, recombination 
and repair (for a review, see Chase and Williams, 1986). It exerts its 
functions by binding to the ssDNA intermediates that occur during these 
processes and thereby protecting these from nuclease digestion (Wu and 

11 



Yeh, 1973). Furthermore, g32p increases the rate of synthesis by T4 DNA 
polymerase by ironing out hairpin structures in the single-stranded DNA 
template (Huberman et al, 1971; Huang et al, 1981). 

g32p is a translational regulator of its own synthesis (Rüssel et al, 
1976; Gold et al, 1976; Lemaire et al, 1978). Purified g32p binds ssDNA 
and RNA in a co-operative manner (von Hippel et al, 1982). Its affinity 
for ssDNA is about 25-fold higher than for ssRNA of similar composition 
and binding to its own mRNA only occurs when 99% of the ssDNA is 
saturated (von Hippel et al, 1982). In T4 infected cells the amount of 
g32p is correlated to the amount of ssDNA (Krisch et al, 1974). These 
data indicate that g32p only switches off its own synthesis when its 
primary ligand, ssDNA, is saturated. The concentration at which g32p 
represses the synthesis of other T4 genes in cell-free translation systems is 
only three- to fourfold higher than that at which it turns off its own 
synthesis (Gold et al, 1976; Lemaire et al, 1978) The specificity of g32p 
for its own synthesis thus is rather low. 

Deletion analyses showed that the autogenous translational operator 
lies at the 5' end of the gene 32 mRNA (Krisch and Allet, 1982; Shamoo 
et al, 1986). This region consists of a long single-stranded domain that 
includes the initiation signals and that is flanked by two stable hairpins. 
On the basis of ribonuclease digestion patterns and on comparisons with 
the gene 32 mRNAs of other T-even phages. Gold and coworkers 
proposed that the 5' hairpin in fact is a pseudoknot (McPheeters et 
al, 1988) (a pseudoknot is a hairpin in which nucleotides 3' from the stem 
base pair with nucleotides in the hairpin-loop; see Figure 2). RNase-foot-
printing studies suggest that g32p first binds to this pseudoknot and then, 
by co-operative binding, rapidly covers up the whole single-stranded 
domain, including the initiation signals (McPheeters et al, 1988). 

To further investigate the mechanism of repression by g32p, so-called 
/oe-printing experiments were performed (McPheeters et al, 1988; Hartz 
et al, 1988). In toe-printing, a simplified translation initiation complex 
(consisting of the 30S ribosomal subunit, initiator tRNA and mRNA) is 
formed and detected by primer extension (Hartz et al, 1988). It was 
found that the amount of initiation complex formed decreased in the 
presence of increasing amounts of g32p (McPheeters et al, 1988). Howe
ver, once the initiation complex was formed, it could not be displaced by 
titration of g32p (McPheeters et al, 1988). These data support the 
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Figure 2. Sequence and structure of the initiation domain of gene 32 of phage T4. Base 
pairings involved in the formation of the pseudoknot are indicated by broken lines. 
The Shine & Dalgarno sequence and the initiation codon are indicated by italics. 

model that g32p competes with the ribosomes for binding to the initiati
on domain and that it represses translation by preventing the formation 
of the initiation complex. 

g32p contains a zinc domain (Giedroc et al., 1986; Gauss et al, 1987). 
According to a very recent report, Zn(II) and thus the zinc domain of the 
protein, is required for specific recognition of the 'pseudoknot' in the 
gene 32 mRNA leader (Shamoo et al, 1991). However, this conclusion is 
still based on limited experimental data. 

T4 regA protein 

RegA protein represses its own synthesis and that of at least 11 other 
T4 genes which are all expressed at the early or middle stages of T4 
infection. In addition, regA protein expressed from a plasmid represses 
the synthesis of some Kcoli proteins and appears to enhance selectively 
the synthesis of others (Miller et al., 1987). Whether, like the other 
translational repressors, regA protein still fulfils another (primary) 
function in the T4 infection process is not known. The observation that 
certain regA protein mutants only grow in certain host cell strains sug
gests that this is the case and that this other function is exerted in 
concert with one or more host cell proteins (Eric Miller, personal com
munication). 

RegA protein represses the translation of its cognate T4 genes by 
binding to specific sequences in the initiation domains of the respective 
mRNAs. The RegA protein targets on six of these mRNAs have been 
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Gene Sequence of initiation domain mRNA 

Ul* UUGAAUGACCMAUU4I/CAUUACUGUAAAUG 
************** 

rpbA GUUACUGACUUAUUAUAGACUAAACOTGUAUUi^GACUAAAAUUACUGUGAAU 
************************************************* 

aGT GAAAGACCAAAACUiU/CCGUAUUUGCAUUU 

d e x A GCGAGGAAAAUUUAAUCUUUGAUUUUAUU 
******************** 

rllb AAI/AAGCAAAAUU/U/GUACAAUAUUAAA 
****************** 

4 5 UUGAAUUGA4GG/1AAUUACAI/GAAACUGUCUAAAG 
********************* 

^GT ACAUAAAAGGAAUAUAUGAAAAUUGCUAUAA 

1 AUUUGi4GGAGAAACAC/U/GAMQ2AAUCUUUU 

r e g A AGCAUUGGAAUGGUAAA^/GAUUGAAAUUACUC 
**************************** 

Figure 3. Nucleotide sequence of initiation domains of nine mRNAs that are regulated by 
regA protein of phage T4: location of the binding sites of regA protein. The genes are 
presented in decreasing order of sensitivity to regA protein repression in a simplified 
in vitro protein synthesis assay. The Shine & Dalgarno sequences and the initiation 
codons are indicated by italics. Additional sequence similarities are indicated by 
underlining (Webster et aL, 1989). The regions of the mRNAs of gene 44, rpbA, 
dexA, rllb, gene 45 and regA that are protected by regA protein from ribonucleases 
are indicated by asterices (Winter et aL, 1987; Webster et aL, 1989; Unnithan et aL, 
1990). 

localized by nuclease protection experiments (Figure 3; Winter et ai, 
1987; Webster et ai, 1989; Unnithan et ai, 1990). The involvement of the 
protected regions on the mRNAs of gene 44 and rllb in translational 
repression and/or regA protein binding has further been demonstrated 
by studies on mutants in these regions (Webster et ai, 1989; Unnithan et 
ai, 1990; Karam et ai, 1981). Note that the regions that are protected 
from nuclease digestion on the six mRNAs that have been analyzed 
include the initiation codon and on all but one, i.e. the rllb mRNA, also 
the Shine & Dalgarno sequence (Figure 3). As compared to the other 
mRNAs, the protected region on the rpbA mRNA is much longer. 
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Perhaps this mRNA binds two or more molecules of regA protein 

(Unnithanef a/., 1990). 

Toe-printing experiments indicate that, similar to g32p, regA protein, 

blocks translation by preventing the formation of the initiation complex 

(Unnithanef a/., 1990). 

How regA protein recognizes its mRNA targets is still not fully under

stood. Secondary structure analyses indicate that the regA target sites do 

not encompass stem-loop structures, and although the different target 

sequences share a weak homology, there is no strong consensus (Figure 

3; Webster et al., 1989). Recent binding studies of regA protein to RNA 

oligonucleotides by Spicer and collegues, however, have shed new light 

upon this matter (Webster and Spicer, 1990). These investigators showed 

that the minimal target of regA protein on gene 44 mRNA is included in 

the region from position -12 to -1, relative to the gene 44 initiation 

codon. Of this sequence, 5'-aaUGAGgAaauu-3', five bases (indicated in 

upper case) could not be changed without strongly affecting regA protein 

binding. Furthermore, it was found that replacement of the first G of this 

sequence by С or A not only decreased regA protein binding, but also 

altered the susceptibility of the RNA fragment to cleavage by SI nuclease 

or by the double-stranded RNA specific nuclease VI. This observation 

indicates that the nucleotide substitutions had changed the secondary 

structure of the RNA fragment. However, as neither the wild-type nor 

the mutant RNA fragments can fold into stable hairpin structures, 

another cause of the observed changes in the nuclease cleavage patterns 

has to be sought. A possible explanation (suggested by Spicer and 

coworkers) is that the nucleotide substitutions had altered the base-

stacking interactions within the RNA fragment (Webster and Spicer, 

1990). 

T4 DNA polymerase and regulation of T4 motA 

Like g32p, T4 DNA polymerase represses only its own synthesis 

(Andrake et ai, 1988). The target site of T4 DNA polymerase seems to 

consist of a stem-loop structure that is located just upstream of the Shine 

& Dalgarno sequence (Tuerk et ai, 1990; Tuerk and Gold, 1990). Foot-

and toe-printing studies indicate that upon binding to this stem-loop 

structure, T4 DNA polymerase occludes the Shine & Dalgarno sequence 
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and thereby prevents formation of the initiation complex (Tuerk et al, 
1990). 

In bacteriophage T4 still another mechanism of protein-mediated 
translational regulation has been encountered. This involves both the 
MotA gene, which encodes a translational activator of certain T4 genes, 
and a gene of unknown function (ORF2) (Uzan et al, 1988). The transla
tion of these genes is inhibited by a T4 encoded nuclease that specifically 
cuts in the Shine & Dalgarno sequence of the respective mRNAs. 

Ribosomal proteins and threonyl tRNA synthetase of E.coli 

Examples of E.co/i-endoded proteins that function as specific translati
onal repressors include several ribosomal proteins and threonyl tRNA 
synthetase (for reviews, see Draper, 1987; Springer and Grunberg-Mana-
go, 1987). Many, but not all, ribosomal protein opérons are autoregulated 
by one of the proteins they encode. These regulatory proteins also bind 
to 16S or 23S rRNA and presumably bind similar three dimensional 
structures and nucleotide sequences of mRNA and rRNA (Draper, 1987). 
Threonyl tRNA synthetase autoregulates its own translation by binding to 
a structure that is similar to the anticodon arm of threonyl specific 
tRNAs (Springer and Grunberg-Manago, 1987). 

Translational autoregulation of the ribosomal protein operon LH and 
the threonyl tRNA synthetase gene seem to proceed via a mechanism 
that is similar to replicase gene repression by coat protein in the RNA 
phages. Also in these two systems the target of the repressor protein 
consists of a stem-loop structure that overlaps with the initiation domain 
of the target mRNAs (Thomas and Nomura, 1987; Springer and Grun
berg-Manago, 1987). Translational repression is the result of fixation of 
this stem-loop structure by the repressor protein. 

A completely different mechanism of translational control has been 
encountered in the a-operon, encoding the ribosomal proteins S13, Sil, 
S4 and LI 7 and the a-subunit of RNA polymerase, and which is autore
gulated by the ribosomal protein S4. Structure mapping data and analyses 
of S4 binding to a large number of a-mRNA variants demonstrated that 
the target of S4 is a pseudoknot (Deckman and Draper, 1987; Tang and 
Draper, 1989, 1990). Although, in linear terms, the main S4 target lies 
upstream from the ribosome binding site, the pseudoknot physically links 

16 



it to the initiation domain. 
In toe-printing experiments, S4 did not decrease the amount of initiati

on complexes formed, but rather shifted the initiation complex to a 
position 10 nucleotides further downstream on the mRNA (from +15 to 
+ 25) (David Draper, personal communication). This observation indica
tes that translational repression by S4 is not the result of competition 
between S4 and ribosomes. Instead, S4 seems to form a dead-end com
plex together with the ribosome (Draper, 1987). In this example the 
repressor thus does not inhibit initiation, but rather translational elongati
on. 

Functional meaning of translational regulation 

The short survey given above concentrates on the mechanism by which 
proteins can mediate translational regulation. Most statements about the 
function of translational regulation by proteins, however, are based on 
plausible assumptions, rather than on experimental evidence. 

For example, coat protein mediated translational repression of replica
se gene expression in the RNA phages, may be a way to boost coat 
protein synthesis at the end of the infection cycle so that there is ample 
coat protein available to package all the RNA that has been made 
(Stormo, 1987). 

Considering the low specificity of T4 gene 32 protein for its major 
target sequence (see above) it is evident that the expression of this 
protein should be tightly regulated. Slight to high levels of free gene 32 
protein already would result in an unwanted inhibition of the synthesis of 
other T4 proteins. Translational selfrepression may prevent this side-
effect. 

Translational autoregulation by the ribosomal proteins and threonyl 
tRNA synthetase most likely serve as mechanisms to coordinate macro-
molecular synthesis and assembly (Draper, 1987; Springer and Grunberg-
Manago, 1987). 
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Translational regulation by gene V protein of bacteriophage M13 

Phage M13 

Similar to most, and probably all (see 'regA protein'), translational 
repressors, M13 gVp fulfils multiple functions in the phage replication 
process. Its primary function is regulation of the synthesis of new viral 
strands and the presentation of these strands to the phage assembly 
process. Translational repression, the subject of this thesis, is considered 
as its secondary function. 

M13 is a plus strand, filamentous single-stranded DNA phage (for a 
review, see Model and Rüssel, 1988). Except for a few and mainly 
conservative base changes, M13 is identical to the phages fl and fd. 
Because M13, fl and fd only infect E.coli cells expressing sex pili of the 
incF incompatibility group, they are often together referred to as Ff: F-
pilus specific filamentous phage. 

The virion consists of a circular single-stranded DNA molecule, encap
sulated in what essentially is a protein tube. The sides of this tube are 
composed of several thousands of copies of one small protein (the 
product of gene VIII), while the ends are capped by a few copies of four 
minor proteins (the products of genes III and VI at one end; those of 
genes VII and IX at the other). 

The circular M13 genome is 6407 nucleotides long and is composed of 
ten genes, that are arranged in three functional clusters: the genes 
required for phage DNA replication (II, X and V), the coat protein genes 
(VII, IX, VIII, III and VI) and the genes required for phage DNA 
morphogenesis (Figure 4). There are virtually no gaps in the coding regi
on. Many of the genes overlap slightly at their ends and gene X even 
overlaps completely with gene II. Between genes IV and II an approxima
tely 500 base pairs long intergenic region is located, that encompasses the 
origins for complementary (-) and viral (+) strand synthesis and a nucleo
tide sequence required for phage packaging: the morphogenetic signal 
(M.S.). The latter overlaps with a rho-dependent transcription terminati
on signal. Another, short intergenic region is located between genes VIII 
and III. Within this region a rho-independent terminator is located that 
partially overlaps with the promoter of gene III. 

The products of the ten phage genes are made in widely different 
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Figure 4. Genomic orgartization of bacteriophage M13. Roman numerals refer to the 
genes. +, origin of viral ( + ) strand replication; -, origin of complementary (-) strand 
replication. M.S., morphogenetic signal. 

amounts. While as many as 10s to 10* molecules of gene VIII and gene V 
proteins are present in the infected cell, only very small amounts, proba
bly only a few hundred copies or less, are present of the other phage 
proteins. A number of the mechanisms that account for these highly 
divergent expression levels of the phage genes have been established, and 
include: differences in promoter strength, specific mRNA processing and 
regulation at the translational level. 

The infection cycle of M13 

A major characteristic of the filamentous phages is that they do not kill 
or lyse their host cell. Instead, infection essentially can proceed over an 
infinity of cell divisions. After a rapid accumulation of phage DNA and 
proteins, a steady-state is established in which new phage particles are 
continuously produced. 

After attachement to the tip of the F-pilus, the virion is transported to 
the surface of the host cell. Then, while the protein coat is deposited into 
the membrane, the single-stranded phage DNA enters the host cell. In 
the cytoplasm, the viral ssDNA is converted into double-stranded replica
tive form DNA (RF) by the combined actions of a number of host 
factors (Figure 5; Pratt and Erdahl, 1968; Geider and Kornberg, 1974). 
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Complementary strand synthesis is initiated by RNA polymerase, which 

forms an RNA-primer, and is completed by DNA polymerase III, in the 

presence of E.coli ssDNA binding protein (SSB). Then, RNA polymerase 

I removes the RNA-primer and replaces it with DNA. After closure of 

the newly synthesized strand by DNA ligase, supercoils are introduced 

into the double-stranded DNA molecule by DNA gyrase (SS -• RFIV -» 

RFI; Figure 5). Transcription of the resulting RFI molecule and subse

quent translation results in the synthesis of the ten phage proteins. 

Subsequently, the phage DNA is replicated according to the rolling circle 

mode of replication (Gilbert and Dressier, 1968). Every round of rolling 

circle replication is initiated by gllp by introduction of a nick at a specific 

position in the viral strand origin (RFI -» RFII; Figure 5; Meyer et ai, 

1979). The thus generated free З'-OH end serves as a primer for the syn

thesis of a new viral strand by the host DNA synthesis machinery, while 

the original viral strand is displaced. After a full round of replication the 

displaced strand is split off and closed by gllp (Geider and Meyer, 1979). 

The newly formed relaxed open molecule is closed and converted into 

infecting 
viral strand 

host 
factors 

phage 
assembly 

Figure 5. Life cycle of bacteriophage M13. gllp, gene II protein; gVp, gene V protein; 
RF, replicative form DNA; ssDNA, single-stranded DNA. 
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RFI by the subsequent action of ligase and gyrase. 
In the first 10 to 15 minutes of infection the displaced viral strands also 

are converted to duplex RFI, and successive rounds of rolling circle repli
cation result into more and more RFI and phage proteins. This accumu
lation continues until the gVp concentration reaches a certain treshold 
level. At this concentration the gVp molecules bind co-operatively to the 
displaced viral strands and thereby prevent the synthesis of the comple
mentary strand (Oey and Knippers, 1972; Alberts et al, 1972; Salstrom 
and Pratt, 1971). Consequently, phage DNA replication is shifted from 
RF -* RF to the asymétrie synthesis of progeny viral ssDNA (RF -» SS; 
Figure 5). The essence of this shift is that the number of RF DNA 
molecules and phage gene copies is maintained at a constant level of 
about 200 copies per infected cell, so that toxic accumulation of phage 
DNA and proteins is prohibited. Furthermore, binding of gVp to the viral 
single-strands protects them against nuclease digestion (Oey and Knip
pers, 1972; Geider, 1978) and enables them to be packaged into virions. 

At the cell membrane, concomittant with the extrusion of the phage 
particle, the protein molecules of the gVp/ssDNA complex are exchan
ged for coat proteins. The released gVp molecules are recycled to 
sequester other viral strands synthesized via rolling-circle replication 
(Pratt et al, 1974). 

Context of this thesis 

When the experimental studies described in this thesis were initiated, it 
was not entirely clear at which level gVp regulated gene expression. 
There also were conflicting data about the specificity of gVp regulated 
gene expression. 

In 1979, Meyer and Geider showed that extracts of non-permissive cells 
infected with a gene V amber mutant contained a higher level of glip and 
gVIIIp than cells infected with the wild-type phage (Meyer and Geider, 
1979). Overproduction of glip was found to be correlated with the 
numbers of RFI copies in the extracts, and consequently the overproduc
tion of glip and gVIIIp in the amber-V infected cells could be explained 
by the higher concentation of RFI DNA in these cells (see: 'infection 
cycle'; Meyer and Geider, 1979). 

In 1982, Yen and Webster showed that in the absence of functional 
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gVp, besides glip, also gXp was overproduced (Yen and Webster, 1982). 
However, in contrast to Meyer and Geider (vide supra). Yen and Webster 
did not observe any significant influence of gVp on the synthesis of 
gVIIIp or on the RFI copy number. Furthermore, no effect of gVp on 
transcription or mRNA degradation was observed, suggesting that gVp 
regulated the expression of genes II and X at the level of translation 
(Yen and Webster, 1982). 

In an accompanying paper, Model and coworkers demonstrated that 
gVp was able to inhibit in a DNA dependent cell-free system the synthe
sis of glip, but not of the other phage encoded proteins (i.e. glllp, gIVp, 
gVp, gVIIIp or gXp) (Model et aL, 1982). In contrast, our group has 
observed that in a DNA dependent system, gVp was not only able to 
repress the synthesis of glip, but, dependent upon the amount of gVp 
added, also the synthesis of a number of other phage specific proteins 
(Ruud Konings, Mari Smits and Josephine Jansen, unpublished data). 

In the next chapter (Chapter II) direct and unambiguous evidence is 
presented that gVp indeed represses the expression of gene II at the level 
of translation. The studies described also give a first hint with respect to 
the location of the gVp recognition sequence on gene II mRNA. 

In Chapter III the specificity of gVp regulated gene expression is 
investigated. It is demonstrated that gVp also is able to repress the 
synthesis of gip, glllp, gVp and gXp at the level of translation. Further
more, a new gene regulatory activity of gVp is described, which involves 
the mRNAs of genes I and X, and results into an increase of the stability 
of these mRNAs in the presence of gVp. 

In Chapters III and IV the sequences involved in gVp regulated 
translation of the mRNAs of genes II and X are localized by site-directed 
mutagenesis. 

To investigate the possible role of RNA secondary structure in gVp 
mediated translational repression, the secondary structure of the 5' end 
of gene II mRNA is analyzed with the aid of enzymatic probes in Chap
ter V. 

Chapter VI considers the functional meaning and the evolutionary 
relevance of gVp mediated translational repression of gene II. A mutati
on that had been shown to completely eliminate the translational repres
sion of gene II mRNA, is introduced into the genome of phage M13, and 
the effect of this mutation on phage DNA replication is investigated. 
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Furthermore, it is examined whether the gVp of phage IKe, which is 
distantly related to M13 (Peeters et al., 1985), is able to repress the 
synthesis of its cognate gllp. 

Chapter VII describes the construction of a library of mutants in a 
plasmid-borne M13 gene V by random chemical mutagenesis. Clones 
coding for a gVp with decreased biological activity are selected and 
characterized. An answer is sought to the question whether in the seques
tering of viral ssDNA from rolling circle replication and in the trans-
lational repression of gene II, the same amino acids (c.q. domains) of 
gVp are involved. 
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Chapter II 
Translational regulation of M13 gene II protein by its cognate single-
stranded DNA binding protein' 

Abstract 

To unravel the mechanism by which the single-stranded DNA binding 
protein encoded by gene V of the filamentous phage M13 regulates the 
synthesis of its cognate DNA replication protein encoded by gene II, an 
in vivo test system has been developed. The system consists of two 
recombinant plasmids with compatible replication origins. One plasmid 
contains M13 gene V under the control of the inducible araB promoter 
of Salmonella typhimurium. The other plasmid contains a fusion gene, 
whose expression is dependent upon the M13 gene II promoter and 
which consists of the 5' end of M13 gene II and the 5'-truncated ß-
galactosidase gene of Escherichia coli. Induction of the synthesis of wild-
type gene V protein by arabinose resulted in a specific reduction of both 
the ß-galactosidase activity and the amount of fusion protein produced. 
These specific inhibitory effects were not observed when the synthesis of 
the fusion protein was studied in the presence of an amber mutant of 
gene V. Comparison of the relative concentrations of the fusion protein 
mRNAs, in arabinose induced and noninduced cells, provided solid and 
direct evidence for the conclusions made in earlier publications, that gene 
V protein exerts its regulatory effect at the level of translation. Since the 
transcript of the fusion gene only contains the first 74 nucleotides of gene 
II mRNA, it is concluded that these nucleotides are already sufficient for 
gene V protein to exert its regulatory effect. 

Introduction 

The 'rolling circle' replication of the genome of the filamentous, single-
stranded (ss) DNA phage Ff (M13, fi, fd) is regulated by a balanced 

" G.J.R. Zaman, J.G.G. Schoenmakers and R.N.H Konings (1990) Eur. J. Biochem. 
189, 119-124. 
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interplay of the products encoded by genes II and V (for a review, see 
Model and Rüssel, 1988; Chapter I). After entry into the host cell the 
viral strand is converted by host enzymes into a double-stranded, super-
helical replicative form (RFI) (Pratt and Erdahl, 1968). Subsequent trans
cription of RFI followed by translation, results in the synthesis of gene II 
protein (glip). This protein nicks the viral strand of RFI at a specific site, 
the (+)-origin, thereby creating a free З'-ОН end which serves as a 
primer for rolling circle replication (Meyer et al, 1979; Gilbert and 
Dressier, 1968). Early in infection the newly synthesized viral strands are 
converted into RFI molecules. The ssDNA binding protein encoded by 
gene V (gVp) inhibits this conversion into RF at a later stage of infection 
by forming a gVp/ssDNA complex (Salstrom and Pratt, 1971). As the 
phage is assembled and extruded, the protein molecules of the gVp/ 
ssDNA complex are exchanged at the inner cell membrane for phage-
encoded coat protein molecules. 

A role of gVp in the regulation of the synthesis of glip has also been 
reported. Several investigators have observed that in the absence of 
functional gVp, as well as in the presence of particular gene V mutants, 
glip. is overproduced (Lin and Pratt, 1974; Meyer and Geider, 1979; 
Webster and Rementer, 1980; Dotto and Zinder, 1984a). In vivo expressi
on experiments have shown that this overproduction is not the result of a 
change in RF copy number, transcriptional activity or mRNA degradati
on, but that it is caused by a breakdown of the gVp regulated translation 
of gene II (Yen and Webster, 1982). On the basis of in vitro translation 
studies, an identical conclusion has been reached (Model et ai, 1982; 
Fulford and Model, 1984a). 

In this chapter we describe a novel and versatile in vivo test system to 
unravel the mechanism by which gVp regulates the synthesis of glip, and 
provide direct and solid evidence for the aforementioned conclusion that 
gVp regulates the synthesis of glip at the level of translation. Our data 
furthermore demonstrate that this regulation is highly specific and that 
the first 74 nucleotides of the gene II mRNA, up to the codon for the 
12th amino acid, are sufficient for gVp to exert its regulatory effect. 
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Materials and Methods 

Bacterial strains, phages and plasmids 

Escherichia coli K38 (Hfr (Cavalli), tonA22, garBlO, ompF627, relAl,pit-
10, spoTl, metB*, T2r, P02A, phoA4) was used for M13 phage propa
gation and for the isolation of M13 RFI. For propagation of recombinant 
plasmids and for gene expression studies E.coli MC1061 (araD139, 
del(ara-leu)7697, del-lacX74, galU, galK, hsr', hsm*, rpsL) (Casadaban and 
Cohen, 1980) was used. Phage M13 was from our own stock. The plas
mids pACYC177 (Chang and Cohen, 1978) and pMC1871 (Shapiro et al, 
1983) were obtained from Phabagen Collection (University of Utrecht, 
the Netherlands). Plasmid pINGl was constructed from plasmid pG2 
(Johnston et al, 1985), which was obtained from Dr. Dan Ray (University 
of California, Los Angeles). 

Media 

LB liquid medium and 2xYT solid agar plates were prepared and used 
as described (Miller, 1972). When appropriate, supplements were added 
at the following concentrations: ampicillin, 100 ^g/ml; kanamycin, 100 
/ig/ml; 5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (X-gal), 0.004%. 

Immunoreagents 

ß-galactosidase monoclonal antibodies were purchased from Promega; 
alkaline phosphatase conjugated goat anti-rabbit Immunoglobulin G 
(IgG) and alkaline phosphatase conjugated rabbit anti-mouse IgG were 
from Zymed. Polyvalent rabbit (New Zealand White) anti-gVp serum was 
raised by subcutanuous injection of 0.5 mg gVp in 1 ml complete 
Freund's adjuvant. After three weeks, the rabbit was boosted with 0.5 mg 
gVp in 1 ml incomplete Freund's adjuvant. This procedure was repeated 
twice at two-week intervals, and two weeks after the last booster serum 
was collected and the gVp antibody titre was established according to 
standard procedures (Harlow and Lane, 1988). 
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Recombinant DNA procedures 

Basic techniques (e.g. plasmid isolation, restriction endonuclease 
mapping, gel electrophoresis, ligation, transformation) followed the 
procedures as described by Sambrook et aL (1989). 

The plasmid pGV contains a fragment extending from position 774 to 
1129 on the genomic M13 sequence (van Wezenbeek et al., 1980). This 
fragment was isolated by cutting M13 RFI with Mboli (position 781) and 
Taql (1127). It was made blunt-ended with T4 DNA polymerase (Mboll-
site) and Klenow DNA polymerase (Taql-site). The blunt-ended fragment 
was inserted into the Smal-site of pKUN19 (Konings et ai, 1987). Clones 
containing the gene V fragment in the desired orientation were digested 
with EcoRl and Sail, which cleave 3' and 5' to the Smal-site in the 
multiple cloning site of pKUN19, respectively. Subsequently the gene V 
fragment was inserted into the expression plasmid vector pINGl (John
ston et ai, 1985), that had been digested with Sail and EcoRl. Plasmid 
pGVamSl was constructed via chemical mutagenesis of the gene V 
fragment of pGV (A.P.M. Stassen, J.M.A. van Deursen and R.N.H. 
Konings, unpublished data). It contains a G to A substitution at position 
933 of the genomic M13 nucleotide sequence (van Wezenbeek et al, 
1980), thereby converting a glutamine codon (position 31) into a nonsen
se amber codon. 

The 139 base pair long BamHI-fragment of pZII was cloned in 
M13mp9 (Messing and Vieira, 1982) and the sequence of the fragment 
was verified using the dideoxy-method described by Sanger et al. (1977). 

Gene regulation studies and assay for ß-galactosidase activity 

Exponentially growing cells were diluted 100-fold in LB-medium 
containing the appropriate antibiotics. Where indicated 1% (mass/vol.) 
L-arabinose was added and cultivation was continued at 370C. When an 
Aw of 1.0 was reached, the cultures were chilled on ice and ß-galactosi
dase activity was measured as described by Miller (1972). 
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SDS-pofyacrylamide gel electrophoresis and immunoblotting 

Proteins were fractionated on 10-20% gradient SDS Polyacrylamide 
slab gels using the Laemmli (1970) buffer system. Prior to electrophoresis 
cells were boiled for 5 min in SDS sample buffer. After electrophoresis 
the proteins were either visualized by staining with Coomassie brilliant 
blue or blotted onto nitrocellulose paper for immunodetection (Towbin et 
ai, 1979). Prior to immune reactions the nitrocellulose sheet was blocked 
for one hour at room temperature with 2% bovine serum albumin in 
phosphate-buffered saline (7.2 g NaCl, 1.85 g Na2HP04.2H20 and 0.86g 
KH2P04 per liter). Polyvalent rabbit anti-gVp serum was diluted 5000-fold 
in phosphate-buffered saline, ß-galactosidase monoclonal antibodies, 
alkaline phosphatase conjugated goat anti-(rabbit IgG) and alkaline 
phosphatase conjugated rabbit anti-(mouse IgG) were used under conditi
ons as described by the supplier (see above). All incubations were carried 
out for at least 1 h at room temperature. Immune complexes were 
visualized using a solution of 100 Atg/ml nitroblue tetrazolium chloride 
and 50 μg/ml 5-bromo-4-chloro-3-indolyl phosphate in 100 mM Tris/HCl 
pH 9.5, 100 mM NaCl and 5mM MgCl2. 

RNA isolation and primer extension 

Cells were collected by centrifugation, washed twice with 10 mM 
sodium azide in 10 mM Tris/HCl pH 8.0, 100 mM NaCl and 1 mM 
EDTA and resuspended in Tris/HCl/NaCl/EDTA solution. SDS was ad
ded to a final concentration of 1% and two extractions with Tris/HCl/-
NaCl/EDTA-saturated phenol containing 1% SDS were carried out at 
650C (Rivera et al., 1978). The RNA was precipitated twice with ethanol 
and finally dissolved in H20. For primer extension the oligonucleotide 
5'-dGCTGGCGAAAGGGGG-3' was used. This primer is complementary 
to the codons 38-42 of the fusion gene in pZII. The oligonucleotide was 
5' end labeled with [gamma-32P]dATP (Amersham; 3000Ci/mmol) using 
T4 polynucleotide kinase (Amersham) under standard conditions (Sam-
brook et al., 1989). 1 pmol ^P-labeled oligonucleotide primer and 2 μg of 
total RNA were heated for 3 min at 80oC in 10 mM Tris/HCl pH 8.0, 
250 mM KCl and 1 mM EDTA, and allowed to anneal for one hour at 
50oC. Then an equal volume of 30 mM Tris/HCl pH 8.0, 20 mM MgCl2, 
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Figure 1. Genetic map of plasmiti pGV, a plasmid containing M13 gene V under the 
control of the inducible araB promoter of Salmonella typhimurium. 

10 mM dithiotreitol, 0.5 mM dATP, 1 mM dGTP, 0.5 mM dCTP, 0.5 mM 
dTTP and 1 unit of reverse transcriptase (Anglian Biotechnology Ltd.) 
was added. After incubation for 1 h at 50oC the reaction was stopped by 
the addition of EDTA and ammonium acetate to final concentrations of 
50 mM and 400 mM, respectively, followed by ethanol precipitation. The 
primer extension products were analysed by electrophoresis on a 6% 
polyacrylamide/6M urea sequencing gel followed by autoradiography. 

Results 

Construction of the test system 

To study the mechanism by which gVp regulates the synthesis of glip, a 
versatile in vivo test system has been constructed. The system consists of 
two recombinant plasmids with compatible replication origins and 
different antibiotic resistance marker genes. One plasmid, pGV, is 
derived from pINGl (Johnston et ai, 1985) and contains M13 gene V 
under the control of the arabinose inducible araB promoter of Salmonella 
typhimurium (Figure 1). The other plasmid, pZII, is derived from 
pACYC177 (Chang and Cohen, 1978) and contains a fusion gene consis
ting of the 5'-end of M13 gene II and the 5'-truncated ß-galactosidase 
(lacZ) gene of Exoli. The construction of pZII is drawn schematically in 
Figure 2. To enable separate selection of pGV and pZII, the ß-lactamase 
gene of pACYC177 has been inactivated via deletion of the 300 base pair 
long Hincll/Pstl fragment. In the ÄwiHI-site the 5'-truncated lacZ gene 
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Figure 2. Schematic representation of the construction of plasmid pZII and of the 
procedures used for the isolation of the M13 fragment containing the gene II pro
moter plus the sequences coding for the first 74 nucleotides of gene II mRNA. (A) 
Construction of plasmid pZII from DNA fragments isolated from the plasmids 
pACYC177, pMC1871 and M13 RF. (B) Procedure for the isolation of a M13 
fragment containing both the gene II promoter and the sequences coding for the first 
74 nucleotides of gene II mRNA, and manipulations that were carried out to make it 
suitable for cloning in pACYC177'lacZ. The fragment extends from the Thai-site at 
position 5909 to the Clal-site at position 6039 of the genomic M13 nucleotide 
sequence (van Wezenbeek et al., 1980). The location of the phage genes is indicated 
by Roman numbers. IG, intergenic region. (C) Nucleotide sequence of the junction 
of the M13 gene II and lacZ gene fragments in plasmid pZII. 

30 



'—« ІЗОЬр fragment 

"Uil ГІІІ-. 

130 Ьр 
t rameni 

В 

B-пег ВіліНІ-linhers 

СО0*11СС CG '- A T ® ® G6GAKCC 
CCC-AG666C TAS С CCCTAGSG 

GATCCC IG " A T ® t ) GG 
GG GC TAG С CCt TAG 

ATG »TT GAC ATE CIA GTT TIA CGA TIA [CG Т Ч A T ® ® G G GAT CCt GTC-

" " Tilled in BamHI-ii le 
Clal-sile 

gene И 

(starting from the 8th codon), isolated from the gene cartridge pMC1871 
(Shapira et ai, 1983), was inserted. Subsequently the ÄzmHI-site located 
3' to the truncated lacZ gene was removed via partial digestion, followed 
by filling in of the sticking ends with Klenow DNA polymerase and 
religation. In the remaining BamHI-site a 139 base pair long DNA 
fragment was inserted. This fragment contained the M13 gene II promo
ter plus the sequences coding for the first 74 nucleotides of gene II 
mRNA. These 74 nucleotides encompass a 37 nucleotide long noncoding 
sequence, including the Shine & Dalgarno sequence, and the first twelve 
codons of the glip cistron. The procedures for the isolation and subse
quent cloning of this fragment are drawn schematically in Figures 2A and 
B. After isolation of the 130 base pair long CM/77iaI-fragment of M13 
RF, the C/al-site at the 3' end was made blunt ended with Klenow DNA 
polymerase, dGTP and dCTP. Subsequently, 8 base pair БатНІ-linkers 
were attached and, after digestion with BamHi, the fragment was inserted 
into the ЯатНІ-site of pACYC1777acZ. By using the 8 base pair 
БатНІ-linkers it was ascertained that the reading frame of the M13 gene 
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II fragment was identical to that of the VacZ-gene (Figure 2C). Clones 
containing the 139 base pair long fragment in the correct orientation 
were selected via plating of the transformed bacteria on plates containing 
5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (X-gal). 

gVp regulates the expression of the fusion gene 

To measure the influence of gVp on the expression of the fusion gene, 
pZII and pGV were transformed into an E.coli strain that contained a 
defective lacZ gene, i.e. strain MC1061 (Casadaban and Cohen, 1980). 
The ß-galactosidase activity in gVp induced and noninduced cells was 
measured. The results of these experiments and of a number of control 
experiments are presented in Table 1. From these data it can be conclu
ded that induction of gVp synthesis in cells harboring pZII and pGV 
results in a 20-fold reduction of the ß-galactosidase activity. In contrast 
no reduction in ß-galactosidase activity was measured in arabinose 
'induced' cells harbouring the plasmids pZII and a plasmid containing the 
araB promoter but no gene V fragment (pINGl), or the plasmids pZII 
and pGVamii, a plasmid containing a nonsense mutant of gene V. 

Complementary results were obtained when the proteins synthesized in 
induced and noninduced cells were analyzed on SDS-polyacrylamide gels 
(Figure 3). The pattern on the Coomassie brilliant blue stained gel 
(Figure ЗА) clearly shows that the fusion protein is the only protein 
whose synthesis is significantly reduced due to the expression of gVp, 

Table 2. ß-galactosidase activity of cells grown in the absence and presence of arabinose 
and containing various combinations of recombinant plasmids. ß-galactosidase activity 
was expressed in Miller units (Miller, 1972). The values are means of at least three 
independent experiments. The repression ratio is defined as the ß-galactosidase 
activities measured in the absence and presence of arabinose, respectively. 

Plasmid 

pACYC177*.ZacZ 
pZII 
pZII + pGV 
pZII + pINGl 
pZII + рС лтІІ 

ß-galactosidase 
(-) arabinose 

0 
21400 
6670 
12300 
10200 

i activity 
(+) arabinose 

_ 
21100 
330 

10000 
9600 

Repression 
ratio 

_ 
1.0 
20.2 
1.2 
0.9 
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Figure 3. SDS/Polyacrylamide gel electrophoresis patterns of the proteins present in celb 
grown in the absence (lanes 2, 3, 5, 7, 9) and presence (4, 6, 8, 10) of arabinose, and 
containing different combinations of recombinant plasmids. (A) Photograph of a gel 
stained with Coomassie brilliant blue. Plasmids present were: pACYC1777acZ (lane 
2), pZII (lanes 3 and 4), pZII + pGV (lanes 5 and 6), pZII + pINGl (lanes 7 and 8), 
and pZII + pGVami/ (lanes 9 and 10). Lane 1 contains molecular mass standards 
(myosin, 200 kDa; ß-galactosidase, 116 kDa; Phosphorylase b, 93 kDa), while lane 11 
contains purified M13 gVp. The position of migration of the gene U'/'lacZ fusion 
protein and of M13 gVp are indicated. (-)/( + ) denotes that the proteins have been 
isolated from cells grown in the absence (-) or presence ( + ) of arabinose, respec
tively. Per lane, an amount of protein aequivalent to 0.6 ml of cell culture (A«» = 1.0) 
was loaded. (B) Photograph of immunoblot of Polyacrylamide gel shown in A and 
stained with alkaline-phosphatase-conjugated antibodies and 5-bromo-4-chloro-3-
indolyl phosphate. For the immunodetection of the gene U'/'lacZ fusion protein and 
of M13 gVp, ß-galactosidase specific monoclonal antibodies and polyvalent gVp 
antiserum were used. 

thus lending support to the conclusion that this repression is specific. In
spection of the immunoblot of the protein gel shown in Figure 3B reveals 
a low expression of gVp in the absence of inducer. This low expression is 
almost certainly the result of transcription initiation from the weak gene 
V promoter (M.A. Smits and R.N.H. Konings, unpublished data) which is 
included in the gene V fragment of pGV (see Materials and Methods). 
Furthermore, leakage of the araB promoter in the absence of inducer can 
also not be excluded. The weak expression of gene V is most likely 
responsible for the slightly lower ß-galactosidase activity found in nonin-
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Figure 4. Autoradiograph of Polyacrylamide /urea sequencing gel containing the primer 
extension products of fusion gene mRNAs isolated from cells grown in the absence (lanes 
1, 2, 4, 6, 8) and presence (lanes 3, 5, 7, 9) of arabinose, and containing various 
combinations of recombinant plasmids. Plasmids present were: pACYC1777acZ (lane 
1), pZII (lanes 2 and 3), pZII + pGV (lanes 4 and 5), pZII and pINGl (lanes 6 and 
7), and pZII + çGWam31 (lanes 8 and 9). As a size marker, products of sequence 
reactions of recombinant M13mp9 that contained the 139 base pair BawHI-fragment 
of pZII were run in parallel. The 5' end of the fusion gene mRNA was found to be 
located at position 5969 of the M13 genomic nucleotide sequence (van Wezenbeek et 
al, 1980). This is in agreement with SI nuclease mapping of the 5' end of gene II 
mRNA (Smits, 1982). 

duced cells containing pZII and pGV, in comparison to that of nonindu-
ced cells containing either pZII and pINGl, or pZII and рС атЗІ. 

Transformation of a second plasmid (i.e. pINGl or pGWam31) in cells 
containing pZII, consistently resulted in a 2-fold reduction of the ß-galac-
tosidase activity (from 20,000 to about 10,000 units). This reduction is 
caused by halving the copy number of pZII when the cells contain 
another plasmid (e.g. pGV, pING, or рСУатЗ]; G.J.R. Zaman and 
R.N.H. Konings, unpublished results). 

gVp regulates the expression of the fusion gene at the level of translation 

To answer the question of whether the observed 20-fold reduction in 
the synthesis of the fusion protein was, as suggested by the results of 
previous studies (Yen and Webster, 1982), caused by a repression of 
translation, the relative amounts of the fusion gene mRNA in induced 
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Table 2. Ratios of the relative amounts of fusion gene mRNAs present in celh grown in 
the absence and presence of arabinose and containing different combinations of 
recombinant plasmids. The relative amount of fusion gene mRNA was calculated from 
densitometric scanning of the autoradiograph shown in Figure 4. 

Plasmid Ratio of fusion gene mRNA levels 
in noninduced and induced cells 

pZII 1.1 
pZII + pGV 1.5 
pZII + pINGl 1.2 
pZII + PGVamîl 0.9 

and noninduced cells were measured by the primer extension technique. 
An autoradiograph, obtained after fractionation on a Polyacrylamide/ 
urea gel of the 32P-labeled extension products of the fusion gene mRNAs, 
isolated both from arabinose induced and noninduced cells, is presented 
in Figure 4. Densitometric scanning of the autoradiograph revealed that 
in induced cells, containing pZII and pGV, the relative amounts of the 
transcripts of the fusion gene are slightly lower than in noninduced cells 
(see Table 2). From these data, together with the results of both the 
ß-galactosidase assays and the SDS/polyacrylamide gel analysis (see 
Table 1 and Figure 3), it can thus be concluded that gVp exerts its 
regulatory effect on the expression of the fusion gene at the level of 
translation and not at the level of transcription. 

In cells containing solely pZII the concentration of the fusion gene 
mRNA was 2 to 3-fold higher than that in cells containing, besides pZII, 
an araB promoter plasmid, e.g. pGV, pINGl or pGVamii (Table 2). This 
result is consistent with the observed differences in copy number of pZII 
in these two different types of cells. 

Discussion 

To unravel the mechanism by which M13 gVp regulates the synthesis 
of its cognate glip, and in particular to map the nucleotides (sequences) 
through which gVp exerts its regulatory function, a novel in vivo test 
system has been developed. With this system it could be demonstrated 
that induction of the synthesis of wild-type gVp resulted in a specific 20-
fold reduction in the expression of a fusion gene whose transcription and 
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translation was driven by gene II encoded cw-acting elements. Compari
son of the mRNA levels of the fusion gene in gVp-producing and non-
producing cells provided direct evidence that gVp regulates the synthesis 
of glip at the level of translation, a conclusion that is in full agreement 
with those drawn previously from completely different approaches (Yen 
and Webster, 1982; Model et aL, 1982). Our data furthermore demonstra
te that this regulation is highly specific and that the first 74 nucleotides of 
the gene II mRNA, up to the 12th codon, are already sufficient for gVp 
to exert its regulatory effect. Similar observations have been obtained, 
independently of this work, by other investigators (Michel and Zinder, 
1989a). 

Regulation of gene expression at the level of translation has been 
observed in a number of other prokaryotic systems (for a review, see Ilan, 
1988; Chapter I). The regulatory mechanism underlying virtually all of 
these control circuits relies upon specific inhibition by the repressor of 
the translation initiation process. For a number of these systems it has 
been demonstrated that the binding of the repressor is primarily dictated 
by a three-dimensional structure (e.g. hairpins, pseudoknots). In contrast, 
computer analysis predicts that no stable secondary or tertiary structure is 
formed by the 5' terminal sequence of gene II mRNA. However, in this 
connection it is interesting to note that gVp may also be involved in the 
translational regulation of the synthesis of M13 gene X protein (gXp), a 
protein which, in a hitherto unidentified way, also participates in the M13 
DNA replication (Yen and Webster, 1982; Fulford and Model, 1988a). 
With the exception of a few small stretches (3-5 nucleotides long) of 
uridine residues, the nucleotide sequence surrounding the initiation 
codon of the gene X messenger is compeletely different from that of 
gene II mRNA. From the fact that the gVp translational regulated gene 
expression is highly specific, we are therefore forced to conclude that the 
5'-terminal sequences of the gene II and gene X mRNA must share some 
unique conformations in order to enable gVp to exert its regulatory 
effect. The novel in vivo test system described not only makes it possible 
to map the nucleotide sequence that is minimally required for gVp to 
function, but should also help to clarify the involvement of secondary/ter
tiary structure in this recognition process. 

As outlined in the introduction, the major function of gVp in the 
infection process is to inhibit the conversion of ssDNA into RF. Thus far, 
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it has generally been assumed that gVp binds non-specifically to ssDNA. 
This is in apparent contradiction to the highly specific recognition of gVp 
of the gene II mRNA sequence. However, several studies have provided 
evidence for the specificity of interaction of gVp with DNA as well. First 
of all the effective binding constant between gVp and various homopoly-
mers of deoxyribonucleotides can vary by several orders of magnitude 
(Bulsink et al, 1985). Secondly, contrary to the expectation, even high 
concentrations of gVp do not disturb chromosomal DNA replication 
and/or growth parameters of E.coli (G.J.R. Zaman and R.N.H. Konings, 
unpublished data). Finally, when present in the host cell prior to phage 
infection, gVp severely inhibits phage M13 DNA replication but not the 
replication of an unrelated ssDNA phage (Fulford and Model, 1988b; 
R.N.H. Konings, unpublished data). From a mechanistic point of view, it 
might therefore well be that complex formation between gVp molecules 
and M13 ssDNA is a two-step process: first, an initial high-affinity 
binding of gVp to defined nucleotide sequences/structures, followed by a 
co-operative padding by gVp of the remaining part of the ssDNA mole
cule (cf. Stormo, 1988). 

It .is unlikely that such a highly specific DNA binding site would be 
completely distinct from the highly specific RNA binding site of gVp. 
Indeed, the recently published studies by Michel and Zinder (1989b) 
suggest that these sites are the same. A major question does remain of 
how the unrelated gene X mRNA sequence fits this binding site or 
whether in the regulation of the synthesis of gXp an additional domain of 
gVp is involved. Studies to anwer these questions are currently in pro
gress. 
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Chapter III 
Regulation of expression of the genome of bacteriophage M13: Gene V 

protein regulated translation of the mRNAs encoded by genes Ι, ΠΙ, V 

and X* 

Abstract 

With the aid of a binary plasmid in vivo testsystem it was demonstrated 

that the single-stranded DNA binding protein encoded by gene V of 

bacteriophage M13 not only regulates the synthesis of its cognate DNA 

replication proteins at the level of translation, but also of the assembly 

proteins and the coat proteins encoded by genes I and III, respectively. 

Furthermore, gene V protein functions as a translational autoregulator of 

its own synthesis. Comparison of the mRNA levels of genes I and X in 

the presence and absence of wild-type gene V protein indicated that gene 

V protein augments the physical stability of these mRNAs. The 

expression of the Escherichia coli ß-galactosidase gene and of a gene X 
mutant containing a deletion in the nontranslated mRNA leader 
sequence was not influenced by gene V protein, lending support to the 
conclusion that gene V protein exerts its regulatory effect via a specific 
nucleotide sequence in the non-translated leaders of the respective M13 
mRNAs. We conclude that gene V protein functions as a master 
regulatory protein of the expression and replication of the M13 genome. 

Introduction 

The genome of the filamentous, single-stranded DNA phage Ff (M13, 

fl, fd) consists of ten genes (for a review, see Model and Rüssel, 1988; 

Chapter I). With regard to the function of the proteins they encode, they 

can be subdivided into three functional gene clusters (Figure 1). One 

encompasses the genes (Vili, III, VI, VII and IX) coding for the coat 

proteins, while a second (genes I and IV) encodes the proteins required 

'Guido Zaman, Anton Smetsers, Anita Kaan, John Schoenmakers and Ruud Konings 
(1991) Biochim. Biophys. Acta, 1089, 183-192. 
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Figure 1. Genomic organization of bacteriophage M13. Roman numerals refer to the 
genes. +, origin of viral ( + ) strand replication; -, origin of complementary (-) strand 
replication; M.S., morphogenetic signal. 

for phage morphogenesis. The third consists of the genes (II, X and V) 
coding for the replication proteins. Gene X overlaps completely with the 
3' terminal third of gene II and is transcribed both from its own promoter 
and via the promoter that is located immediately in front of gene II (Yen 
and Webster, 1981; Smits, 1982). Inbetween genes II and IV is a non-
coding region of about 500 base pairs, containing both the origins of viral 
(+) and complementary (-) strand synthesis and the morphogenetic 
signal, required for phage packaging (Zinder and Horiuchi, 1985). 

After infection of its host Escherichia coli the single-stranded viral 
genome is converted by host enzymes into supercoiled double-stranded 
replicative form DNA (RFI) (Pratt and Erdahl, 1968). Subsequently this 
RFI molecule is replicated according to the 'rolling circle' mechanism of 
DNA replication (Gilbert and Dressier, 1968). Each round of 'rolling 
circle' replication is initiated by gene II protein (glip) via the introduction 
of a specific nick in the origin of viral strand replication (Meyer et al, 
1979). Besides in replication initiation, glip is also essential for the 
termination process of viral strand replication (Meyer and Geider, 1982). 
Early in infection the newly synthesized viral strands are doubled up to 
enter the pool of RF. Later on, when the ssDNA binding protein 
encoded by gene V reaches a certain treshold concentration, the viral 
strands are sequestered for transport to the cell membrane and assembly 
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into phage particles (Salstrom and Pratt, 1971; Alberts et al, 1972; Oey 
and Knippers, 1972). Apart from its regulatory function in the DNA 
replication process, it also has been demonstrated that gVp fulfils a 
regulatory function in gene expression. In particular it has been 
demonstrated that gVp regulates at the translational level the synthesis of 
glip via binding to the leader sequence of gene II mRNA (Model et al, 
1982; Yen and Webster, 1982; Michel and Zinder, 1989a, 1989b; Chapter 
II). Furthermore in vivo expression studies by Yen and Webster (1982) 
have indicated that gVp also regulates the translation of gene X. In vivo 
gene regulation studies by Fulford and Model (1988b) support this 
conclusion. 

In this chapter we provide direct evidence that gVp indeed regulates 
the synthesis of gXp at the translational level. We furthermore show that 
repression of gene X is accompanied by stabilization of the mRNA. 
Contrary to what one could expect on the basis of the data published so 
far, we provide evidence that gVp also regulates the expression of several 
other phage genes, including its own, at the level of translation. 
Regulation is thus not confined solely to genes II and X. As we did not 
observe any inhibitory effects of gVp on the expression of E.coli genes, 
we conclude that gVp functions as a master regulatory protein during the 
expression of the M13 genome. 

Materials and Methods 

Bacterial strains, phages and plasmids 

Escherichia coli K38 (Hfr (Cavalli), tonA22, garBlO, ompF627, relAl, pit-
10, spoTl, metB*, T2r, P02A, phoA4) was used for M13 phage 
propagation and for the isolation of M13 RFI. For propagation of 
recombinant plasmids and for gene expression studies E.coli MC1061 
(araD139, del(ara-leu)7697, del-lacX74, galU, galK, hsf, hsm\ rpsL) 
(Casadaban and Cohen, 1980) was used. For oligonucleotide-directed 
mutagenesis E.coli BMH71-18 mutS (del(lac-proAB), thi, supE, 
mutS215::TnlO [P, lacl4, lacZdelMIS, proAB]) (Boehringer Mannheim) 
and Ecoli MK30-3 (del(lac-proAB), recA, galE, strA, [F, /ac/4, lacZdelMIS, 
proAB]) (Boehringer Mannheim) were used. Phage M13 was from our 
own stock. RFI of M13mp9 (Messing and Vieira, 1982) was purchased 
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Figure 2. Schematic representation of the construction of pZX, a plasmid containing a 
fusion gene consisting of the 5' end of M13 gene X and the 5'-truncated ß-galactosidase 
gene of E. coli. The gene X fragment extends from position 349 to 501 on the 
genomic M13 nucleotide sequence (van Wezenbeek et al., 1980) and includes the 
gene X promoter and translation initiation signals. 

from Boehringer Mannheim. The construction and properties of the 
Plasmids pACYC177VacZ, pZII, pGV, pGVamJi and pINGl have been 
described previously (Chapter II; Johnston et al., 1985). 

Recombinant DNA procedures, construction ofpZX and deletion mutants 

Plasmid and RFI DNA was isolated by the alkaline lysis method 
(Birnboim and Doly, 1979) and purified by centrifugation to equilibrium 
in cesium chloride-ethidium bromide gradients. Preparation of competent 
E.coli cells and transfection of plasmid DNA and RFI was carried out by 
the CaCl2-method (Mandel and Higa, 1970). 

The construction of the plasmid pZX is drawn schematically in Figure 
2. A 152 base pair long 77ial/&pl-fragment, which contains the gene X 
promoter plus its translation initiation signals, was isolated from M13 RF. 
The Sipl-site was rendered blunt with Klenow DNA polymerase, dATP 
and dTTP. 10 base pair ДатНІ-linkers (5'-dCCGGATCCGG-3') were 
attached to this fragment with T4 DNA ligase and, after digestion with 
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BamHl, inserted into the ЯатНІ-site of pACYC1777acZ. The ligation 
mixture was introduced in MC1061 and transformants with a lac4 

phenotype were selected by plating on LB agar plates containing 5-
bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (Xgal). Subsequently the 
gene X fragment of the resulting plasmid pZX was cloned in M13mp9 
and the sequence was verified with the aid of the dideoxy-method 
(Sanger et al., 1970) using the primer 5'-dTGACCGGCAGCAAAATG-3' 
(Messing and Vieira, 1982). The same recombinant phage was also used 
for the generation of three deletion mutants in the 5' non-translated 
leader of gene X mRNA. The mutants were constructed via the gapped 
duplex approach of oligonucleotide directed mutagenesis of Kramer et al. 
(1984). After verification of their nucleotide sequence, the mutated 
fragments were reinserted into pACYC1777iJcZ as described above. The 
mutagenic oligonucleotides had the following sequences: 5'-
dGACCATAAATCCCTGACrATTATAG-3' (deletion position 2 to 18 of 
gene X mRNA), S'-GTTCAGAAAACAAAAATCAGGTC-S' (deletion of 
position 19-35) and S'-CCCTCAAATGCGAGAATGACC-S' (deletion of 
position 36-54). 

Construction ofpZI, pZIII, pZV and pZZ 

For the construction of pZI, pZIII, pZV and pZZ similar procedures 
were followed as described above for the construction pZX. 

pZI contains an M13 fragment extending from position 2963 to 3276 of 
the M13 genomic nucleotide sequence (van Wezenbeek et al, 1980). This 
fragment was isolated from M13 RF by digestion with Alul and, after 
attachment of 8 base pair ЯатНІ-linkers (5'-dGGGATCCC-3'), inserted 
into the BamHI-site of pACYC1777acZ. The fragment contains the gene 
I promoter followed by the 70 nucleotides long nontranslated leader and 
the first 27 amino acid codons of gene I mRNA. 

pZIII was constructed via insertion of a 332 base pair long Sau3A-
fragment of M13 RF in the Βα/ηΗΙ-site of pACYC1777acZ. This 
fragment extends from position 1382 to 1714 on the M13 genomic 
nucleotide sequence (van Wezenbeek et al., 1980) and contains the gene 
III promoter plus the 32 nucleotide long nontranslated leader and first 46 
amino acid codons of gene III mRNA. 

pZV contains an M13 fragment extending from position 771 to 883 on 
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the M13 genomic sequence (van Wezenbeek et al, 1980). It contains the 
gene V promoter plus the 29 nucleotides long nontranslated leader and 
the first 13 amino acid codons of gene V mRNA. The fragment was 
isolated from M13 RF using the polymerase chain reaction (Saiki et al, 
1988). The primers used for amplification were: 5'-
d G G G A T C C G T A G A T T T T T C T T C C C A A C G T C C - 3 ' and 5 '-
dGGGATCCGTAGTAAATTGGGCTTGAGATGG-3'. In both primers 
the first seven nucleotides are not complementary to M13 RF and serve 
to generate BamWl restriction enzyme cleavage sites at both ends of the 
amplified fragment. The amplified fragment was digested with BamWl 
and subsequently inserted into the fiamHI-site of pACYC1777acZ. 

pZZ contains the ß-galactosidase gene under the control of its own 
promoter and translation initiation signal. It was constructed via insertion 
of a restriction fragment encompassing the promoter and translation 
initiation signal of the lacZa gene fragment of pUC19 (Yanisch-Perron et 
al, 1985) in pACYC1777acZ. First a a 322 base pair long /VuII-fragment, 
extending from position 306 to 628 on the pUC19 nucleotide sequence 
(Yanisch-Perron et al, 1985) was isolated from pUC19 DNA. After 
attachment of 8 base pair ßamHI-linkers (S'-dGGGATCCC-S'), the 
fragment was digested with ВатШ. Of the two thus generated fragments, 
the largest (212 base pairs), which contains the promoter and translation 
initiation signal of the lacZ gene, was isolated and inserted into the 
.öamHI-site of pACYC1777öcZ. In the thus constructed lacZ gene, the 
amino acid codons 5, 6 and 7 of the wild-type lacZ are exchanged for 12 
others that are derived from the multiple cloning site of pUC19. 

The inserted ВатШ and Sau3A fragments of the resulting pZ plasmids 
were cloned into M13mp9 and their sequences plus the nucleotide 
sequence transitions were verified using the dideoxymethod. 

Gene regulation studies 

ß-galactosidase assays were performed as described (Chapter II; Miller, 
1972). SDS/polyacrylamide gel electrophoresis and immunodetection of 
the gene X'/'lacZ fusion protein and gVp followed standard procedures 
(Chapter II). Total RNA from E.coli cells was isolated by the boiling 
phenol method as described (Chapter II). The relative amounts of the 
mRNAs coding for the fusion protein were measured with the aid of the 

43 



primer extension technique (Chapter II). The oligonucleotide used for 
primer extension was: 5'-dGG 11 11CCCAGTCACG-3', which is 
complementary to codons 7-11 of the lacZ sequence of the fusion genes 
of pZI, pZIII, pZV and pZX. The primer extension products were 
analyzed by electrophoresis on a 6% polyacrylamide/6M urea sequencing 
gel followed by autoradiography. The relative mRNA levels were 
calculated from densitometric scanning of the autoradiograph. 

Results 

General strategy 

In the previous chapter an in vivo test system was described that 
enables the study of the regulatory effect of M13 gVp on the expression 
of lacZ fusion genes via a ß-galactosidase assay. The system consists of 
two recombinant plasmids with compatible replication origins and 
different antibiotic resistance marker genes. One plasmid, pGV, contains 
M13 gene V under the control of the arabinose inducible araB promoter 
of Salmonella typhimurium. The other is a derivative of pACYC1777acZ, 
a plasmid which contains the 5'-truncated ß-galactosidase (lacZ) gene of 
E.coli preceded by a unique БатНІ-site. Insertion into this ßamHI-site of 
fragments containing a promoter and a translation initiation signal, 
constructs fusion genes whose initiation of transcription and translation is 
fully dependent upon M13 derived sequences. The notation adopted 
describing those constructs is pZ (from lacZ), followed by a Roman 
numeral, which refers to the M13 regulatory sequence that has been 
inserted (e.g. pZII). Cells defective in the ß-galactosidase gene (e.g. E.coli 
MC1061), harbouring both pGV and a plasmid of the pZ-series are 
grown in the presence and absence of arabinose, and the level of 
expression of the fusion gene on the pZ-plasmid is subsequently 
measured via a ß-galactosidase assay. As a control an identical 
experiment is performed with cells in which pGV is exchanged for 
plasmid pGVamSl, a plasmid which contains an amber mutant of gene 
V, or for plasmid pINGl, the parental araB promoter plasmid (Johnston 
et al., 1985). 
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Regulation of the expression of M13 gene X by gene V protein 

Studies by Yen and Webster (1982) and Fulford and Model (1988b) 
have strongly indicated that gVp of bacteriophage Ff regulates, besides 
the expression of gene II, also the expression of gene X. To study the 
mechanism by which gVp of M13 exerts its regulatory effect on the 
expression of gene X, plasmid pZX was constructed. This plasmid 
contains a fusion gene composed of the 5' end of M13 gene X and the 5'-
truncated lacZ gene (Figure 2). The gene X sequence encompasses, 
besides the gene X promoter, the sequences coding for the first 78 
nucleotides of gene X mRNA, up to the second codon. 

The expression of the gene X'/VÖCZ fusion gene in the presence and 
absence of wild-type gVp was studied both via ß-galactosidase assays and 
SDS/polyacrylamide gel electrophoresis (SDS/PAGE). Representative 
figures of the ß-galactosidase assays are presented in Table 1. Induction 
of the synthesis of gVp in cells harbouring both pZX and pGV resulted 
in a 9-fold reduction of the ß-galactosidase activity compared with non-

Table 1. ß-galactosidase activity of cells grown in the absence and presence of arabinose 
and containing various combinations of recombinant plasmids. ß-galactosidase activity is 
expressed in Miller units (Miller, 1972). (-)/( + ) denotes that the cells are grown in 
the absence (-) or presence ( + ) of arabinose. R denotes the repression ratio which is 
defined as the ratio of the ß-galactosidase activity of induced cells harbouring 
рОУатЗІ and induced cells harbouring pGV. The 2-fold reduction in ß-galactosidase 
activity after transfonnation of the araB promoter plasmids in cells harbouring the 
pZ-plasmids, is caused by a reduction of the copy number of the pZ-plasmids in the 
presence of the araB promoter plasmids (Chapter II). 

pZ-plasmid 

pZX 
pZX(deI 2-18) 
pZX(deI 19-35) 
pZX(del 36-54) 
pZI 
pZIII 
pZV 
pZZ 

araB 

(-) 

758 
510 

i 617 
ι 159 
2185 
3629 
8291 
6461 

-promoter plasmid 

-

(+) 

728 
-
-
-

2054 
3280 
8285 
5413 

pGV 

(-) 

338 
230 
278 
94 

1346 
1539 
4308 
3980 

(+) 

40 
13 
31 
63 
208 
89 

1239 
2928 

pGVam31 

(-) 

337 
239 
283 
80 

1257 
1696 
4500 
3671 

(+) 

360 
238 
288 
79 

1362 
1664 
4469 
2609 

pINGl 

(-) 

385 
-
-
-

1174 

1720 
4933 
3982 

(+) 

363 
-
-
-

1311 

1602 
4422 
2970 

R 

9.0 
18.3 
9.3 
1.3 
6.5 
18.7 
3.6 
0.9 
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Figure 3. Immunoblot of 10 - 20% SDS/Polyacrylamide gradient gel containing the 
proteins present in celL· grown in the absence (lanes 2, 3, 5, 7, 9) and presence (4, 6, 8, 
10) of arabinose, and harbouring various combinations of recombinant plasmids. 
Plasmids present were: pACYC177'lacZ (lane 2), pZX (lanes 3 and 4), pZX + pGV 
(lanes 5 and 6), pZX + уО атЗІ (lanes 7 and 8), and pZX + pINGl (lanes 9 and 
10). Lane 1 contains a molecular mass standard that includes ß-galactosidase (116 
kDa), while lane 11 contains purified M13 gene V protein. The immunoblot was 
stained with alkaline-phosphatase-conjugated antibodies and 5-bromo-4-chloro-3-
indolyl phosphate. For the immunodetection of the gene X'/'lacZ fusion protein and 
of M13 gVp, ß-galactosidase specific monoclonal antibodies and polyvalent gVp 
antiserum were used. The position of migration of the gene X'/'lacZ fusion protein 
and of M13 gVp are indicated. (-)/( + ) denotes that the proteins have been isolated 
from cells grown in the absence (-) or presence ( + ) of arabinose, respectively. Per 
lane an amount of protein equivalent to 0.8 ml of cell culture (A«*, = 1.0) was loaded. 
The low amount of gene V protein produced in noninduced cells harbouring pZX + 
pGV is caused by expression from the weak gene V protein promoter, which is 
included in the gene V fragment of pGV (Chapter II). 

Figure 4. Autoradiographs of Polyacrylamide/urea sequencing geh containing the primer 
extension products of wild-type gene X'/'lacZ fusion gene mRNAs and mutant X(del 36-
54)'/'Z mRNAs. (A) Primer extension products of X'/'Z mRNAs isolated from cells 
grown in the absence (lanes 1, 2, 4, 6, 8) and presence (lanes 3, 5, 7, 9) of arabinose, 
and containing various combinations of recombinant plasmids. Plasmids present were: 
pACYC177'lacZ (lane 1), pZX (lanes 2 and 3), pZX + pGV (lanes 4 and 5), pZX + 
pGVamjy (lanes 6 and 7), and pZX + pINGl (lanes 8 and 9). (B) Primer extension 
products of the fusion gene mRNAs X'/'Z (lanes 1 - 4) and X{del 36-54)'/'Z (lanes 
5 -8 ) isolated from cells grown in the absence (1, 3, 5, 7) and presence (2, 4, 6, 8) of 
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arabinose, and containing various combinations of recombinant plasmids. Plasmids 
present were: pZX + pGV (lanes 1 and 2), pZX + pGVowii (lanes 3 and 4), 
pZX(del 36-54) + pGV (lanes 5 and 6), pZX(ife/ 56-54) + pGVaw57 (lanes 7 and 8). 
As a size marker, products of sequence reactions of recombinant M13mp9 that 
contained the gene X fragment of pZX were ran in parallel. The two major 5' ends of 
the fusion gene mRNA were found to be located at positions 424 and 425 of the M13 
genomic nucleotide sequence (van Wezenbeek et aL, 1980). This is in agreement with 
SI nuclease mapping of the 5'-end of gene X mRNA (Smits, 1982). 
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induced cells or induced cells harbouring pZX and pGVamil. 
Comparable results were obtained, when the proteins synthesized in 
induced an noninduced cells were analyzed by SDS/PAGE and 
immunoblotting (Figure 3). From the band pattern of the immunoblot it 
can be deduced that, in cells expressing wild-type gVp, the fusion protein 
is the only protein whose synthesis significantly is reduced, thus indicating 
that the repression is specific. 

The observation by Yen and Webster (1982) that the gVp regulated 
expression of gene X is not affected by the transcription inhibitor 
rifampicin has led them to the conclusion that gVp regulates the expres
sion of gene X at the level of translation. To provide direct evidence for 
this conclusion, the relative concentrations of the fusion gene mRNA 
from induced and noninduced cells were compared with the aid of the 
primer extension technique. Autoradiographs of sequencing gels on which 
the primer extension products of the fusion gene mRNAs were 
fractionated are shown in Figure 4. To our surprise we found that in 
induced cells harbouring pZX and pGV the concentration of the fusion 
gene mRNA was at least 2 times higher (and often even higher) than in 
noninduced cells or than in induced cells harbouring pZX and pGVamJl 
(Figure 4; Table 2). Since the induction of gVp synthesis does not lead to 
a reduction of the concentration of the fusion gene mRNA, we conclude 
that gVp indeed exerts its regulatory effect at the level of translation 

Table 2. Ratios of the relative amounts of fusion gene mRNAs present in induced cells 
harboring pGV and pGVam31, respectively. The relative amount of fusion gene 
mRNAs was calculated from densitometnc scanning of autoradiographs of sequencing 
gels containing the primer extension products of the lacZ fusion mRNAs. The 
augmenting effect of gVp on the physical stability of the X'/'Z mRNA was 
reproducible, but could not be quantified precisely, as variations were found in the 
relative increase measured using different independently isolated RNA preparations 
(cf. Figures 4A and 4B). 

pZ-plasraid present Ratio of fusion gene mRNA levels 
in the absence and presence of gVp 

2 - 1 0 
1 
2 
0.5 
1 

pZX 
pZX(ciei 36-54) 
pZI 
pZIII 
pZV 



and not at the level of transcription. Furthermore the increased level of 
fusion gene mRNA observed after induction of the synthesis of gVp 
indicates that gVp protects this mRNA against degradation. Since only 
the first 78 nucleotides of the fusion gene mRNA are M13 encoded, we 
conclude that these sequences are sufficient for gVp to exert its 
regulatory effect. 

To localize the sequences that are required for proper translational 
repression more precisely, three mutants with contiguous deletions and 
beginning at the 5' end of the nontranslated leader of the fusion gene 
mRNA were constructed (Figure 5). Representative results of the ß-
galactosidase assays are presented in Table 1. From these studies it can 
be concluded that deletion of nucleotides 36 to 54 relieves gVp regulated 
translation almost completely. Since deletion of this sequence reduces the 
ß-galactosidase activity in the absence of gVp almost 5-fold, it can be 
concluded that this sequence is also required for proper expression per se 
of the fusion gene. Comparison of the relative concentrations of the 
fusion gene mRNAs in cells harbouring the wild-type construct (e.g. 
pZX) and the deletion mutant (e.g. pZX(del 36-54)) revealed that the 
reduced expression level of the mutant is caused by a decreased 
frequency of translation of the fusion gene (Figure 4B). As the level of 
fusion gene mRNA of the deletion mutant is about the same in induced 
cells expressing wild-type gVp as in induced cells harbouring the amber 
mutant, it can be concluded that this deletion also abolishes gVp 
regulated mRNA stabilization (Table 2). 

Deletion of nucleotides 19 to 35 of the gene X mRNA had no effect 

1 10 20 30 40 50 
GGUAAAGACCUGAUUUUUGAUUUAUGGUCAUUCUCGUUUUCUGAACUGUUUAAAG 

del 2-18 ^ ^ ^ ^ ^ ^ ^ ^ н del 36-54 
del 19-35 

60 70 1 2 8 9 
CAUUUGAGGGGGAUUCA AUG AUU CCG GAU CGC GUC 

Shine Met ВллЩ 
& 'lacZ 

Dalgamo 

Figure 5. Sequence of gene X mRNA leader and of the junction between gene X and 
lacZ gene in plasmid pZX. The bars indicate the sequences that were deleted in the 
mutants del 2-18, del 19-35 and del 36-54, respectively. 
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on the level of gVp regulated translation, whereas deletion of nucleotides 
2 to 18 had an augmenting effect (Table 1). This suggests that the 
sequences between nucleotides 2 and 18 fulfil a silencing function in gVp 
regulated translation. 

Regulation of genes I, III and V by M 13 gene Vprotein 

From the results presented above it can be concluded that the 
sequences between nucleotides 36 to 54 of the gene X mRNA are 
essential for gVp regulated expression of gene X. It is remarkable that 
this sequence is situated at almost the same distance from the start codon 
as the major gVp recognition sequence in gene II mRNA (Michel and 
Zinder, 1989a, 1989b). The homology between the latter two sequences is 
however weak (see Table 3). Despite this there are however a few 
similarities. The most obvious one is that both sequences contain 
stretches of 4 to 5 contiguous uridine residues. 

The most favourable stem-loop structures of the mRNA leader 
sequences of genes II and X were calculated using the programme FOLD 
(Zuker and Stiegler, 1981), to identify any possible consensus hairpin 
structure that may be required for gVp to recognize its targets. However, 
the distribution of the energetically most favourable stem-loop structures 
was completely different. Furthermore the effects of the mutants on 
translational regulation could not be related to computer predicted 
changes in the secondary structures (data not shown). The observation 

Table 3. Sequence homologies in 5' non-translated mRNA leaders of gene III and X 
gene X with the major gene V protein recognition sequence in the gene II mRNA leader. 
Sequence homologies are underlined. 

Major gVp recognition sequence -37 -22 
in the gene II mRNA leader: GUUUUUGGGGCUUUUC 

-37 -22 
Gene X mRNA leader: GUUUUCUGAACUGWU 

-32 -19 
Gene III mRNA leader: UUUUGGAGCCUUUU 

-18 -4 
and: UUUUUGGAGAUUUUC 
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Table 4. Energies of optimal secondary structures of 5' non-translated leaders of M13 
mRNA's as calculated with the FOLD program (Zuker and Stiegler, 1981). The 
transcription start sites refer to positions on the M13 genomic nucleotide sequence 
(van Wezenbeek et aL, 1980). The Gibb's free energy of the optimal secondary 
structures is expressed in kcal/mol. 

mRNA 

Gene I 
II 
III 
IV 
V 
IX 
X 

Transcription 
start site 

31261 

59692 

15471 

41063 

815 + 8161 

11952 

424 + 4251'2 

Length of 
5' leader 

70 
37 
32 
114 
28 
14 
72 

Energy of optimal 
secondary structure 

-4.4 
-0.6 
-2.1 
-8.8 
-0.9 
3.7 

-6.8 

1This s tudy; 2Sinits , 1980; 3Smits e t a l . , 1984. 

that upon the formation of the theoretically most optimal secondary 
structure of the leader of gene II mRNA only a small amount of free 
energy is gained (Table 4), suggests that this sequence in fact has a rather 
'unstructured' character. 

Secondary structure analyses of the leaders of other M13 mRNAs 
indicated that the 'unstructured' character is not unique for the gene II 
mRNA leader, but that this property is shared by at least some of the 
other phage mRNAs (Table 4). Furthermore almost all of these leaders 
also contain one or more stretches of consecutive uridine residues (a few 
examples are presented in Figure 6). 

Because of these similarities ('unstructured' character and uridine 
stretches) and to test the target specificity of gVp, we decided to study 
whether or not gVp is able to regulate the translation of fusion gene 
mRNAs containing the leaders of genes I, III and V as well. Three new 
plasmids of the pZ-series were constructed (i.e. pZI, pZIII and pZV). 
Like plasmid pZX, in each of these vectors the expression of the lacZ 
fusion gene is dictated by the promoter and translation initiation site of 
genes I, III and V, respectively. 

Representative results of the ß-galactosidase assays are given in Table 
1. From these data it can be concluded that gVp represses the expression 
of the lacZ fusions of genes I and III, and even of its own gene. 

To examine whether gVp represses the expression of these fusion 
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A 

1 10 20 30 40 

GUAAAGGCUGCUAUUUUCAUUUUUGACGUUAAACAAAAAA 

50 60 70 

UCGUUUCUUAUUUGGAUUGGGAUAAAUAAU AUG 

Met 

В 

1 10 20 30 40 

GUUUUUGGGGCUUUUCUGAUUAUCAACCGeSGUACAU AUG 

Met 

С 

1 10 20 30 

UUUUGGAGCCUUUUUUUUUGGAGAÜUUUCAAC GUG 
Met 

D 

1 10 20 30 
UUCUUAAAAUCGCAUAAGGUAAUUCACA AUG 

Met 

E 

1 10 20 30 40 
AAUUGUGAGCGGAUAACAAUUUCACACAGGAAACAGCU AUG 

Met 

Figure 6. Sequences of 5' non-translated mRNA leaders and start codons of gene I (A), 
gene II (B), gene III (C) and gene V (D) of M13, and the ß-galactosidase gene of 
E.coli (E). Sequences complementary to the 3' end of 16S ribosomal RNA (Shine & 
Dalgarno sequence) are underlined. 

Figure 7. Autoradiographs of Polyacrylamide/urea sequencing gels containing the primer 
extension products of the fusion mRNAs Γ/'Ζ (A), ІІГ/'Z (B) and V/'Z (C). (A) 
Primer extension products of gene Y/'lacZ fusion gene mRNAs isolated from cells 
grown in the absence (lanes 1, 2, 4, 6, 8) and presence (lanes 3, 5, 7, 9) of arabinose, 
and containing various combinations of recombinant plasmids. Plasmids present were: 
pACYC1777acZ (lane 1), pZI (lane 2 and 3), pZI + pGV (lanes 4 and 5), pZI + 
pGVam31 (lanes 6 and 7), and pZI + pINGl (lane 8 and 9). As a size marker, 
products of sequence reactions of recombinant M13mp9 that contained the gene I 
fragment of pZI were run in parallel. The major 5' end of the fusion gene mRNA was 
found to be located at position 3126 of the M13 genomic nucleotide sequence (van 
Wezenbeek et al, 1980). (В) Primer extension products of gene lll'/tacZ fusion gene 
mRNAs isolated from cells grown in the absence (lanes 1, 2, 4, 6, 8) and presence 
(lanes 3, 5, 7) of arabinose, and containing various combinations of recombinant 
plasmids. Plasmids present were: pACYC1777acZ (lane 1), pZIII (lane 2 and 3), 
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ρΖΙΠ + pGV (lanes 4 and 5), pZIII + pGVam31 (lanes 6 and 7), and ρΖΙΠ + 
pINGl (lane 8). As a size marker, products of sequence reactions of recombinant 
M13mp9 that contained the gene III fragment of pZIII were run in parallel. The 
major 5' end of the fusion gene mRNA was found to be located at position 1547 of 
the M13 genomic nucleotide sequence (van Wezenbeek et al, 1980). (С) Primer 
extension products of gene V'/'/ocZ fusion gene mRNAs isolated from cells grown in 
the absence (lanes 1, 2, 4, 6, 8) and presence (lanes 3, 5, 7) of arabinose, and 
containing various combinations of recombinant plasmids. Plasmids present were: 
pACYC1777acZ (lane 1), pZV (lane 2 and 3), pZV + pGV (lanes 4 and 5), pZV + 
pGWam31 (lanes 6 and 7), and pZV + pINGl (lane 8 and 9). As a size marker, 
products of sequence reactions of recombinant M13mp9 that contained the gene V 
fragment of pZV were run in parallel. The major 5' ends of the fusion gene mRNA 
were found to be located at positions 815 and 816 of the M13 genomic nucleotide 
sequence (van Wezenbeek et ai, 1980). 
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genes at the level of translation, the relative concentrations of fusion 

transcripts present in induced and noninduced cells were compared with 

the aid of the primer extension technique (Figure 7). From these 

experiments it can be concluded that in induced cells expressing wild-type 

gVp the concentration of the Γ/'Ζ fusion mRNA is about two times 

higher than in noninduced cells or in induced cells harbouring the amber 

mutant, indicating that gVp augments the physical stability of this mRNA 

(Figure 7A; Table 2). 

In the presence of gVp expression a slight, about 2-fold, decrease of 

the concentration of the ΙΙΓ/'Ζ fusion mRNA was observed (Figure 7B; 

Table 2). This reduction, however, seems insignificant in comparison to 

the more than 18-fold decrease measured in the ß-galactosidase assays 
(Table 1). On the basis of these data we conclude that gVp represses the 
expression of the ΙΙΓ/'Ζ fusion gene primarily at the level of translation. 

Comparison of the relative concentrations of the V'/'Z fusion mRNA 

in the presence and in the absence of wild-type gVp expression revealed 

no difference (Figure 7C; Table 2). From this observation we deduce that 

gVp exerts its autoregulatory effect at the level of translation. 

The expression of the host encoded ß-galactosidase gene is not influenced by 
M13 gene V protein 

The observation that gVp also regulates the expression of lacZ fusions 
of genes I, III and V was very surprising and seemed to contradict the 
common view that gVp is a specific translational repressor protein. 
Analyses of the proteins synthesized in cells expressing wild-type gVp by 
SDS/PAGE and immunoblotting indicated that the expression of E.coli 

genes was not influenced by gVp (Figure 3; Chapter II). To exclude that 
the observed regulatory effects of gVp on the expression of the lacZ 

fusion genes was due to the fact that the fusions are located on a high 
copy plasmid, we decided to study whether or not gVp is able to regulate 
the translation of a fusion gene mRNA containing the leader of a cellular 
gene. To this end plasmid pZZ was constructed. This plasmid is similar to 
the other plasmids of the pZ-series, but now contains the truncated lacZ 

gene under the control of its own promoter and translation initiation 
signal (Figure 7). Representative results of the ß-galactosidase assays are 
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presented in Table 1. From these data it can be concluded that gVp has 
no effect upon the expression of the host encoded ß-galactosidase gene. 

Discussion 

In this chapter we demonstrate that gVp is not only able to regulate 
the synthesis of its cognate glip at the level of translation, but also that 
of the proteins encoded by genes I, III, X and its own gene. The 
translational control of the fusion genes I'/'Z and X'/'Z is accompanied 
by stabilization of the corresponding mRNAs. Our data indicate that the 
gene regulatory activities of gVp are restricted to its cognate genome. 

In the previous chapter it was shown that wild-type gVp represses the 
expression of the fusion gene ΙΓ/'Ζ almost 30-fold. Comparison of this 
repression ratio with those measured for the other fusion genes (Table 1) 
suggests that the level of repression of the respective phage genes 
decreases in the order of gene II, gene III, gene X, gene I and gene V. 

In this connection it should be emphasized that our gene regulation 
studies were carried out with an artificial 'in vivo' expression system, i.e. a 
system in which no ssDNA is synthesized or filamentous phage is 
produced. It might therefore well be (qualitative and quantitative data 
are however lacking) that the amount of gVp available for translational 
repression in induced cells harboring pGV, is higher than the amount of 
gVp available for mRNA binding during normal M13 infection, where 
gVp is also complexed to phage ssDNA. Consequently, it might well be 
that the extent of translational repression measured in the artificial 
system is higher than in filamentous phage infected cells. Studies 
specifically designed to measure both qualitatively and quantitatively the 
amounts of free and bound gVp in filamentous phage infected cells, 
should shed light upon this matter. 

The exact mechanism by which gVp regulates gene expression at the 
level of translation is still not clear. In vivo and in vitro studies strongly 
indicate that translational repression of the gene II mRNA is the result 
of binding of gVp to sequences just upstream from the Shine & Dalgarno 
region (Michel and Zinder, 1989a, 1989b; Chapters II and IV). As 
presented in this chapter, our results of the deletion mutant analysis of 
the gene X mRNA leader, strongly suggest that the target sequence of 
gVp on this mRNA lies at about the same distance from the start codon. 

55 



However, as deletion of sequences at the 5' terminal end of the fusion 
mRNA X'/'Z results into a 2-fold increase of the repression level, it can 
be concluded that in regulation of this mRNA also sequences more 
distant from the translation initiation signal are involved. 

Whether gVp regulates the expression of all phage genes still has to be 
determined. Because the expression of genes VII and IX is translationally 
coupled to that of gene V (Simons, 1982; Ivey-Hoyle and Steege, 1989), 
by definition the expression of these genes is also controlled by gVp. 

gVp mediated translational repression may serve as a mechanism to 
coordinate phage gene expression and to save resources during the 
phage-producing steady-state of the infected cell. Translational repression 
of gene II furthermore may serve as a negative feed-back control in 
phage DNA replication. In vivo studies of Fulford and Model (1988a, 
1988b) suggest that glip, in addition to its role in initiating 'rolling circle' 
replication, also stimulates the formation of RF from viral strands at later 
times of infection. Thus repression of the synthesis of glip may prevent 
the unlimited accumulation of RF DNA and contribute to the shift in 
phage DNA replication to the production of progeny ssDNA. 

Of the translation regulatory mechanisms currently known (reviewed in 
Ilan, 1988; Chapter I), that in which the regA protein of phage T4 is 
involved most closely resembles that of gVp. RegA protein represses the 
translation of a number of T4 genes that are expressed at the early and 
middle stages of the lytic cycle of this phage (Winter et al, 1987; Webster 
et al, 1989). Similar to gVp, regA protein seems to have different 
affinities for its target mRNAs which have an 'unstructured' character 
and share some sequence homologies (Webster et al, 1989). 

The observation that gVp has a stabilizing effect on the I'/'Z and 
X'/'Z mRNA is new and surprising. Other mRNAs regulated by 
translational repressor proteins, in particular those encoding ribosomal 
proteins of E.coli, have been shown to be less stable in the repressed 
state (reviewed in Draper, 1988). We assume that a sudden elevation of 
the translational repression of the I'/'Z and X'/'Z mRNA would result in 
a temporary increase of the concentrations of the corresponding proteins 
to levels 2 to 10 times higher than in the derepressed state. Stabilization 
of the mRNAs coding for gip and gXp could therefore function as an 
indirect mechanism to change the relative proportions of these and other 
phage proteins. In vivo studies of Fulford and Model (1988a, 1988b) 
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suggest that the relative ratio of the concentrations of gllp and gXp plays 
a decisive role in the regulation of the 'rolling circle' replication of the 
phage genome, and that the shift to the accumulation of progeny viral 
strands requires an increase in the level of gXp relative to that of gllp. 
The different effect that gVp has on the translation frequency and 
stability of the mRNAs coding for gllp and gXp may cause such a change 
in the relative levels of these proteins. 

In vitro binding studies of gVp to deoxyoligonucleotides (Michel and 
Zinder, 1989b) suggest that the gVp recognition sequence on gene II 
mRNA also is preferentially recognized as ssDNA, thus favouring the 
DNA sequestering model that this sequence functions as a entry site for 
gVp molecules to newly formed viral strands (Chapter II). The 
observation that gVp also recognizes specific sequences in the mRNA 
leaders of other phage genes suggests however that this entry site is not 
unique, but that there are several such sites scattered over the phage 
genome. 
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Chapter IV 
Gene V protein mediated translational regulation in bacteriophage M13: 
Mutational analysis of the target sequence of gene V protein on gene II 
mRNA" 

Abstract 

Gene V protein of bacteriophage M13 represses, among others, the 
synthesis of the proteins encoded by M13 genes II and X at the level of 
translation. To study the mechanism by which gene V protein exerts this 
function, a series of mutations has been introduced in the 5' non-
translated leader of gene II mRNA, and their effect on the efficiency of 
gene V protein mediated translational repression was indirectly measured 
via translational fusion of this sequence to the lacZ reporter gene. The 
data are in accordance with the conclusion drawn by others that the 
translational repression of gene II mRNA is primarily dictated by a 
sequence of at most 16 nucleotides that is located 22 bases upstream 
from the initiation codon of gene II. In addition, it is shown that the 
extent of translational repression of gene II mRNA is also dependent on 
the relative position of the major regulatory sequence with respect to the 
initiation codon, as well as on nucleotides that are located downstream 
from this sequence. Furthermore, the major regulatory sequence on gene 
II mRNA was exchanged for a 16 nucleotide long, and partially 
homologous sequence from gene X mRNA that is located 22 bases 
upstream from the initiation codon of gene X. The results obtained with 
the corresponding lacZ fusion genes suggest that the major target site for 
gene V protein on gene X mRNA is located at approximately the same 
distance from the cognate initiation codon as the major target site for 
gene V protein on gene II mRNA. 

'G.J.R. Zaman, A.M. Kaan, J.G.G. Schoenmakers and R.N.H. Konings. Submitted for 
publication. 
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Introduction 

Gene V of the filamentous, single-stranded (ss) DNA phage Ff (M13, 
fi, fd) encodes a small (9.7 kDa) dimeric protein which functions as a 
master regulatory protein of the replication and expression of the phage 
genome (Chapter HI). After penetration of its host cell Escherichia coli, 
the circular covalently closed viral ssDNA is converted by host factors 
into a double-stranded DNA molecule. Subsequent transcription and 
translation results in the synthesis of gene II protein (glip) which initiates 
the synthesis of new viral strands by rolling circle replication (for review, 
see Model and Rüssel, 1988). Early in infection, when the concentration 
of gene V protein (gVp) is low, the newly synthesized viral strands are 
converted into double-stranded DNA. At a later stage of infection, when 
gVp has reached a certain threshold concentration, it binds co-operatively 
to the viral strands and thereby not only prevents their conversion into 
double-stranded DNA, but also triggers their packaging into phage 
particles at the host cell membrane (Salstrom and Pratt, 1971; Alberts et 
ai, 1972; Oey and Knippers, 1972). Besides being a regulator of ssDNA 
synthesis, gVp is also involved in the translational repression of the phage 
genes I, II, III, V and X (Chapters II and III; Model et aL, 1982; Yen and 
Webster, 1982). 

In Chapter II we have demonstrated that the first 74 nucleotides of 
gene II mRNA, up to the 12th codon, are sufficient for gVp mediated 
translational regulation. With the aid of an elegant in vitro mutagenesis 
procedure and in vivo phenotypical selection, Michel and Zinder (1989a) 
have demonstrated that at least 9 of the first 16 nucleotides of gene II 
mRNA can not be Substituted without strongly decreasing the level of 
translational repression. Furthermore, in vitro binding studies have 
demonstrated that gVp preferentially binds to this sequence (Michel and 
Zinder, 1989b). 

Mutational analyses of gene X mRNA leader have demonstrated that 
deletion of nucleotides 36 to 54 eliminates the gVp mediated 
translational regulation of gene X mRNA (Chapter III). This sequence is 
located at the same distance from its cognate initiation codon as 
nucleotides 1 to 16 of gene II mRNA and also shows a 63% homology 
(Chapter III). 

In this chapter we extend our studies on the molecular mechanism of 
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gVp regulated translation of the M13 genes II and X. In the 5' non-

translated leaders of the mRNAs of genes II and X a series of mutations 

was introduced, and their effect on the efficiency of gVp mediated 

translational regulation was indirectly measured via translational fusion of 

these sequences to the lacZ reporter gene (Chapters II and III). The data 

are in accordance with the conclusion that translational repression of the 

mRNAs of genes II and X is primarily dictated by the aforementioned 

partially homologous RNA stretches. Furthermore, it is demonstrated 

that the extent of the gVp mediated translational repression of gene II 

mRNA is also dependent on the relative position of the major regulatory 

sequence with respect to the initiation codon, as well as on nucleotides 

downstream from this sequence. 

Materials and Methods 

Bacterial strains, phages and plasmids 

Gene expression studies were carried out in Escherichia coli MC1061 

(araD139, del(ara-leu)7697, del-lacX74, galU, galK, hsr, hsm\ rpsL) 

(Casadaban and Cohen, 1980). The E.coli strains BMH71-18 mutS 

(del(lac-proAB), thi, supE, mutS215::TnlO [F, lacP, lacZdelMIS, proAB]) 

(Boehringer Mannheim) and MK30-3 (del(lac-proAB), recA, galE, strA, 

[F', lacP, lacZdelMIS, proAB]) (Boehringer Mannheim) were used for the 

selection of mutants via the gapped-duplex technique (Kramer et ai, 

1984). 

M13mp9-II and M13mp9-X are recombinant M13mp9 phages (Messing 

and Vieira, 1982) containing the 139 or 162 base pair long BamHl 

fragments of pZII or pZX, and encompassing the promoter and the 

translation initiation signals of M13 genes II and X, respectively 

(Chapters II and III). 

Plasmids that have been used in this study, and whose construction 

plus properties have been described elsewhere, are: pACYC1777acZ, 

pZII, pGV, рС атЗІ (Chapter II), pZX and pZX(del36-54) (Chapter 

III). 
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Table 1. Oligonucleotides used for the introduction of mutations in the mRNA leaders of 
genes II and X. 

Mutant Oligonucleotide 

II (GW) 5 ' -GAAAAGCACCAAAAAC-3 ' 
1I(U21C) S'-CCGGTTGATGATCAG-a· 
1I(G30U) 5'-CATATGTACCGAGGTTG-3' 
II(del 2-15) S'-GTTGATAATCAGCAGGAAGATTG-a" 
11(dei 17-25) 5 *-CATATGTACCCCGGAGAAAAGCCCC-3' 
II(del 2-15,+15) 5'-GCATGTCAATGAAAAGCCCCAAAAACATATGTACCCC-3' 
II -» X S'-GATAATCAAAACAGTTCAGAAAACAGGAAGATTG-S' 
X •* II 5 '-CCTCAAATGCTTTGAAAAGCCCCAAAAACGAGAATG-3 ' 

Site-directed mutagenesis 

Mutations in the 5' leaders of the fusion mRNAs II'/'Z and X'/'Z 
were constructed using the recombinant phages M13mp9-II and M13mp9-
X. Deletions and nucleotide substitutions were introduced by the site-
directed gapped-duplex technique described by Kramer et al (1984) 
usingthe oligonucleotides listed in Table 1. 

A unique Bell restriction site was created in M13mp9-II by introducing 
a U -» С transition at position 21 of gene II mRNA (mutant U21C; 
Table 2). This ßc/I-site was used for the construction of two deletion and 
a single insertion mutant. RF DNA from the U21C mutant of M13mp9-II 
was linearized with Ben, treated with mung bean nuclease or Klenow 
DNA polymerase, and religated. After treatment with mung bean 
nuclease, mutants with deletions of 4 or 5 base pairs were obtained {del 
18-21 and del 17-21); while after incubation with Klenow DNA 
polymerase, a mutant with an insertion of 3 base pairs was found 
(U21C+3). 

After verification of their nucleotide sequences by dideoxy sequencing 
(Sanger et al., 1977), the mutated fragments were reinserted into the 
.BamHI-site of pACYC177'/acZ as described (Chapters II and III). 

Gene regulation studies 

The effect of the mutations on the extent of the gVp mediated 
translational repression of the fusion genes II'/'Z and X'/'Z was 
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measured via the ß-galactosidase assay previously described (Chapter II). 
Due to the presence of the weak gene V promoter in the gene V 

fragment of pGV, a small amount of gVp is already present in cells 
grown in the absence of arabinose (Chapters II and III). Because this low 
level of gVp already results into a 2-fold reduction of the expression of 
the wild-type H'/'Z fusion gene (Chapter II), we defined the repression 
ratio as the ratio of the ß-galactosidase activity of induced cells 
containing both pZII (or pZX) and рС атЗІ, above that of induced 
cells containing pZII (or pZX) and pGV (Tables 2 and 3). 

Results and Discussion 

In Chapter II a dual plasmid test system has been described that 
enables a quantitative expression of the efficiency of M13 gVp regulated 
translational repression with the aid of a ß-galactosidase assay. It was 
shown that M13 gVp represses the translation of a fusion gene, consisting 
of the 5' end of M13 gene II, fused to a reporter gene consisting of the 
5'-truncated lacZ gene of E.coli, designated ΙΓ/'Ζ, by a factor of 29 
(Chapter II). As the fusion gene mRNA only contains the first 74 
nucleotides of gene II mRNA, up to the 12th codon, it was assumed that 
this sequence includes the target site through which gVp exerts its 
regulatory effect. To locate this site, a series of mutations was introduced 
in the 5' leader of the fusion gene with subsequent quantification of the 
gVp mediated translational repression of the transcribed mRNA by a ß-
galactosidase assay. The sequences of the mutated leaders together with 
the relative expression levels are given in Table 2. The values given are 
the average of at least four independent series of experiments. Although 
the relative differences in the repression levels of some of the mutants 
are small, they are reproducible and thus significant. We note that most 
of the mutations also affect the level of expression of the ΙΓ/'Ζ fusion 
gene in the absence of gVp (Table 2). However, a direct correlation 
between these two effects has not been observed. 

Mutations within the first 16 nucleotides of gene II mRNA 

Before we started our mutagenesis studies, Dotto and Zinder (1984b) 
had described a mutant of phage fl with a G -» U substitution at position 
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Table 2. Effect of mutations in the gene II mRNA leader on the expression and 
regulation by gVp of a Π'/'Ζ fusion gene. E denotes the expression level in the absence 
of gVp of the mutant II'/'Z fusion gene compared to that of the wild-type gene. It is 
defined as the ratio of the ß-galactosidase activity of cells harbouring pZll(mutant) 
and cells harbouring pZU(wild-type). The activity of the latter type of cells is 
arbitrarily set to 1.0 (corresponds to 20.000 Miller Units; Chapter II). R, the 
repression ratio, is defined as the ratio of the ß-galactosidase activity of induced cells 
harbouring pGVawJ7 (without gVp expression) and induced cells harbouring pGV 
(with gVp expression). Sequences complementary to the 3' end of 16S ribosomal 
RNA (Shine & Dalgamo sequence) are in italics. Mutated or inserted nucleotides are 
underlined, deleted nucleotides are indicated by periods. Met indicates the initiation 
codon. 

Sequence of the 5' end of gene II mRNA E R 

wild-type 
1 10 20 30 40 
GUUUUUGGGGCUUUUCUGAUUAUCAACCGCCGUACAU AUG А Ш 1.0 29 

«et 

point-mutants 

C9U GUUUmJGGl!GCUUUUCUGAUUAUCA4CCGGGGlMCAU AUG AUU 0.7 3 

U21C GUUUUUGGGGCUUUUCUGAUÇAUCAACCGCCGU^CAU AUG AUU 0.9 7 

G30U GUUUUUGGGGCUUUUCUGAUUAUC/IACCGIZCGUACAU AUG AUU 0.8 11 

II •* X GUUUUÇUGAACUGUUUUGAUUAUCAACCGCCGUACAU AUG AUU 0.9 6 

deletion mutants 

del 2-15 G CUGAUUAUCAACCGGCGUACAU AUG AUU 0.9 1 

del 17-21 GUUUUUGGGGCUUUUC AUCAACCGGGGUACAU AUG AUU 0.9 11 

del 18-21 GUUUUUGGGGCUUUUCU AUCAACCGGGGUACAU AUG AUU 0.9 10 

del 17-25 GUUUUUGGGGCUUUUCU CCGGGGUACAU AUG AUU 0.7 20 

insertion mutant 

U21C+3 GUUUUUGCCCCUUUUCUCAUCAUCAUCAACCCCGGUACAU AUG AUU 1.0 5 

deletion + insertion 

del 2-15,+15 G CUGAUUAUCAACCGGGGUACAU AUG 

UUU UUG GGG CUU UUC AUU 0.6 5 

9 of gene II mRNA that overexpresses gllp (Table 2). Fulford and Model 
(1988a) had reported that deletion of the first 26 nucleotides of the 37 
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nucleotides long non-translated leader of gene II mRNA rendered a 
transcript of fi gene II insensitive to repression by gVp. 

To identify single nucleotides or nucleotide stretches in the gene II 
mRNA leader that are important for translational repression, variants 
containing either a point mutation or a deletion in the 5' non-translated 
leader of the ΙΓ/'Ζ fusion gene were generated. The point mutation 
consisted of a G -» U transition at position 9 of gene II mRNA, thus 
mimicking the fl mutant described by Dotto and Zinder (1984b). The 
deletion mutant lacked the sequence from position 2 to 15 (Table 2). In 
the ß-galactosidase assay the expression of the G9U mutant is only 
repressed by a factor of 3, compared to 29 of the wild-type, while the del 
2-15 deletion mutant is not repressed at all. These data prove that the 
gllp overexpressing phenotype of the fl mutant is the result of defective 
translational repression, and that the nucleotide sequence from position 2 
to 15 is indispensible for gVp to exert its regulatory effect (cf. Dotto and 
Zinder, 1984b; Michel and Zinder, 1989a). 

Mutations downstream from position 16 of gene II mRNA 

The G9 -» U mutation was created in a stretch of 4 guanosine residues 
(G7-G10). We note that the gene II mRNA leader contains another 
stretch of 4 guanosines (G29-G32) that overlaps with the Shine & 
Dalgarno sequence. To investigate whether mutations in this stretch also 
affect translational regulation, the G at position 30 was substituted for a 
U. In the ß-galactosidase assay gVp represses the expression of the G30U 
mutant by a factor of 11, in comparison to a factor of 29 for the wild-type 
sequence (Table 2). This indicates that the G at position 30 is important, 
but not absolutely required, for gVp mediated translational regulation. 

To investigate whether the sequence between position 16 and the Shine 
& Dalgarno sequence is also important for translational regulation, a U -» 
С transition at position 21 was introduced. As a result of this mutation a 
unique .Bc/I-site is created that could be used for the construction of 
some deletion and insertion mutants (see Materials and Methods). After 
trimming of this Bell-site, deletion mutants of 4 or 5 nucleotides were 
obtained (mutants del 17-21, del 18-21); while after filling in of this Bcll-
site, an insertion mutant of 3 nucleotides was found (U21C+3). Besides 
these mutants, also a mutant without the sequence from position 17 to 25 
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was constructed by oligonucleotide-directed mutagenesis (mutant del 17-
25). 

In the ß-galactosidase assay gVp represses the expression of the U21C 
mutant by a factor of 7 (Table 2), indicating that the U at position 21 is 
important for gVp mediated translational regulation. Remarkably, 
however, deletions that include this U (i.e. in the mutants del 17-21, del 
18-21 and del 17-25) have less effect on the level of translational 
repression than its substitution for а С (Table 2). The observation that 
after deletion of the complete sequence from position 17 to 25 (mutant 
del 17-25) the efficiency of repression is only slightly decreased in 
comparison to the wild-type IP/'Z fusion, even suggests that this part of 
the gene II mRNA leader is dispensible for translational repression. 

It is also remarkable that the del 17-21 and del 18-21 deletions affect 
the gVp mediated translation of the IF/'Z fusion gene more strongly 
than the del 17-25 deletion. Furthermore, the insertion of 3 nucleotides in 
the mutant U21C+3 also severely impairs repression (Table 2). A 
possible explanation for these observations is that the extent of gVp 
mediated translational repression is highly dependent upon the distance 
between the essential nucleotides upstream from position 17 and the 
initiation codon. 

Translocation of nucleotides 1-16 of gene II mRNA 

To further investigate the role of the structural context of the 
nucleotides upstream from position 17 on translational repression, 
nucleotides 1-16 were translocated to a position immediately downstream 
from the initiation codon of gene II mRNA (mutant del 2-15, +15; Table 
2). ß-galactosidase assays revealed that gVp represses the translation of 
this mutant mRNA by a factor of 6, indicating that the insertion has 
reactivated the defective translational operator of the del 2-15 mutant, 
but only partially (Table 2). This result demonstrates that the level of 
gVp mediated translational repression is not only dependent on the 
sequence, but also on the location of the essential nucleotides upstream 
from position 17. 
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Table 3. Effect of mutations in the gene X mRNA leader on the expression and 
regulation by gVp of a X'/'Z fusion gene. E denotes the expression level in the 
absence of gVp of the mutant X'/'Z fusion gene compared to that of the wild-type 
gene. It is defined as the ratio of the ß-galactosidase activity of cells harbouring 
vLX(mutant) and cells harbouring pZX(wild-type). The activity of the latter type of 
cells is arbitrarily set to 1.0 (corresponds to 750 Miller Units; Chapter III). R, the 
repression ratio, is defined as the ratio of the ß-galactosidase activity of induced cells 
harbouring рС атЗІ and induced cells harbouring pGV. Mutated nucleotides are 
underlined, deleted nucleotides are indicated by periods. The nucleotides from 
position 36 to 51 that are homologous to the first 16 nucleotides of gene II mRNA 
are in italics. Note that the drawn sequence does not start at the beginning of the 
gene X transcript, but at position 30. 

Sequence of nucleotides 30 to 75 of gene X mRNA E R 

wild-type 
30 40 50 60 70 
AUUCUCGm/UUCUGAAO/GUmJAAAGCAUUUGAGGGGGAUUCA AUG 1.0 9 

Met 
mutants 

del 36-54 AUUCUC GCAUUUGAGGGGGAUUCA AUG 0 . 2 1 

X - I I AWCUCOTt/Umi£G£GCt/Irt/[/£AAAGCAUUUGAGGGGGAUUCA AUG 0 . 4 49 

Exchange of nucleotides 1-16 of gene II mRNA and nucleotides 36-51 of 
gene X mRNA 

With the aid of the dual plasmid test system we have demonstrated 
previously that gVp represses the translation of a fusion gene composed 
of the 5' end of M13 gene X, up to the second codon, and the 5'-
truncated lacZ reporter gene 9-fold (Chapter III). Furthermore, we 
reported that deletion of the sequence from position 36 to 54 of gene X 
mRNA completely abolished regulation, indicating that nucleotides 
within this region are essential for gVp to exert its regulatory effect (del 
36-54; Table 3; Chapter III). We also pointed to a sequence homology of 
63% of nucleotides 36 to 51 of gene X mRNA and the first 16 
nucleotides of gene II mRNA (Table 3). Furthermore, we noted that 
both sequences are located at an identical distance from their cognate 
initiation codons (Table 3). 

To examine the effect of mutual exchange of these sequences on the 
extent of translational regulation, the mutants II -rX and X -*• 11 were 
constructed (Tables 2 and 3). In the ß-galactosidase assay, gVp represses 
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the X'/'Z fusion gene in which nucleotides 36 to 51 of gene X mRNA 
were substituted for nucleotides 1 to 16 of gene II mRNA, by a factor of 
49 (mutant X •* 11; Table 3). The IF/'Z fusion gene in which nucleotides 1 
to 16 of gene II mRNA were substituted for nucleotides 36 to 51 of gene 
X mRNA, is repressed by a factor of 6 (mutant II -^X; Table 2). These 
data strengthen the conclusion that the extent of the gVp mediated 
translational regulation of both genes II and X is primarily dictated by a 
sequence of at most 16 nucleotides long, which is located 22 nucleotides 
upstream from their respective initiation codons. Furthermore, the level 
of repression is dependent on the nucleotide context of these sequences. 

Conclusion 

The results obtained with the 5' leader mutants of the fusion gene 
ΙΓ/'Ζ are in accordance with the conclusion drawn by others that the first 
16 nucleotides of gene II mRNA encompass the major target site through 
which gVp exerts its regulatory effect (Michel and Zinder, 1989a, 1989b). 
In addition, our data demonstrate that the surrounding sequences also 
are highly important for gVp mediated translational regulation. The 
results obtained with mutants of the fusion gene X'/'Z (yide supra; 
Chapter III) suggest that the major target site for gVp on gene X mRNA 
is located at approximately the same distance upstream from the cognate 
inititation codon as the major target site for gVp on gene II mRNA. 
However, it should be emphasized that, as with the gVp mediated 
translational repression of gene II mRNA, the translational repression of 
gene X mRNA is also affected by substitution or deletion of other 
nucleotides of the non-translated leader {vide supra; Chapter III: deletion 
of nucleotides 2 to 18 of gene X mRNA increases translational 
repression 2-fold). 
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Chapter V 
Translational regulation in bacteriophage M13: Unique secondary 

structure of the gene V protein target on gene Π mRNA' 

Abstract 

The single-stranded DNA binding protein encoded by gene V of 

bacteriophage M13 specifically represses the synthesis of M13 gene II 

protein by binding to the 5' non-coding leader of gene II mRNA. To 

study whether a particular RNA conformation might be involved in this 

process, the secondary structure of the 5' non-coding leader of gene II 

mRNA has been analyzed by enzymatic probing using single- and double-

strand specific ribonucleases. The data demonstrate that the gene II 

mRNA leader folds into a unique secondary structure. Mutations that 

impair translational regulation by gene V protein disrupt this secondary 

structure, indicating that this structure is required for gene V protein to 

exert its regulatory function. 

Introduction 

Gene V of the filamentous, single-stranded (ss) DNA phage Ff (M13, 

fi, fd) encodes a small (9.7 kDa) dimeric protein that functions as a 

master regulatory protein in the replication and the expression of the 

phage genome. Upon entering its host Escherichia coli, the circular 

covalently closed viral ssDNA is converted by host enzymes into a 

double-stranded replicative form. Subsequent transcription and 

translation results in the synthesis of gene II protein (glip) which initiates 

the synthesis of new viral strands by a rolling circle replication 

mechanism (for a review, see Model and Rüssel, 1988). Early in infection, 
when the concentration of gene V protein (gVp) is low, the newly 
synthesized viral strands are converted into double-stranded DNA. At a 
later stage of infection, when gVp has reached a certain threshold 

'G.J.R. Zaman, A.M. Kaan, J.G.G. Schoenmakers and R.N.H. Konings. Submitted for 
publication. 
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concentration, it binds co-operatively to the viral strands and thereby not 
only prevents their conversion to double-stranded DNA, but also triggers 
their packaging into phage particles at the host cell membrane (Salstrom 
and Pratt, 1971; Alberts et al, 1972; Oey and Knippers, 1972). 

Besides being a regulator of ssDNA synthesis, gVp is also involved in 
the translational repression of the mRNAs of the phage genes I, II, III, V 
and X (Model et al., 1982; Yen and Webster, 1982; Chapters II and III). 
The strongest translational repression has been found for gene II mRNA 
and the nucleotides involved in this translational regulation have been 
characterized best (Michel and Zinder, 1989a, 1989b; Chapters II-IV). 

In vivo gene regulation studies have demonstrated that the extent of 
the gVp mediated translational regulation of gene II mRNA is primarily, 
but not solely (Chapter IV), dictated by its first 16 nucleotides (Michel 
and Zinder, 1989a; Chapter IV). In vitro studies have indicated that this 
region encompasses a high affinity site for gVp (Michel and Zinder, 
1989b). 

Comparison of the sequence of the 5' leader of gene II mRNA with 
those of the 5' leaders of the four other gVp regulated mRNAs (vide 
supra) has not revealed a strong consensus 'target' sequence (Chapter 
III). This suggests that recognition and/or specific binding of gVp to its 
target mRNAs is not solely dictated by primary nucleotide sequences, but 
that secondary and/or tertiary structures also might be involved in this 
process. Since computer assisted structural analyses did not reveal a 
common secondary structure (Chapter III), we have analyzed the 
secondary structure of the 5' end of gene II mRNA with the aid of single
and double-strand specific ribonucleases. From these analyses it became 
apparent that, contrary to expectations, the gene II mRNA adopts a 
unique secondary structure. Furthermore, mutations that impair gVp 
mediated translational regulation disrupt this structure, indicating that 
this structure is required for gVp to exert its regulatory effect. 

Materials and Methods 

Bacterial strains and phages 

Uracil containing single-stranded DNA of the phagemid pTZ-II for 
oligonucleotide-directed mutagenesis was produced in the Escherichia coli 
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strain BW313 (dut, ung, thi-l, relA, spoTl [F, fysA]) (Kunkel, 1985) using 
the helper phage M13K07 (Vieira and Messing, 1987). After primer 
extension in vitro, mutant phagemids were selected via transformation of 
the mutagenesis mixtures into E.coli JM101 (supE, thi, delQac-proAB)) [¥', 
traD36, proAB, lacPZdelMIS] (Messing and Vieira, 1982) followed by 
plating on agar plates supplemented with ampicillin. 

M13mp9-II is a M13mp9 phage (Messing and Vieira, 1982) in the 
unique BamHl-site of which a 139 base pair long ВатШ fragment has 
been inserted. This fragment encompasses the promoter and the 
translation initiation signals of M13 gene II (Chapter II). 

Ribonucleases 

RNase A and RNase Tl were purchased from Boehringer Mannheim, 
RNase T2 was from Sankyo and RNase VI was from Pharmacia. RNase 
Tl, T2 and A are single-stranded RNA specific nucleases, while RNase 
VI is a double-stranded RNA specific nuclease (Knapp, 1989). RNase Tl 
only cleaves 3' to guanines; RNase T2 cleaves 3' to all bases, but with a 
preference for pyrimidines; RNase A cleaves 3' to pyrimidines, but 
prefers pyrimidine-A linkages. The double-stranded RNA specific 
nuclease RNase VI has no base specificity and also cuts 3'. 

Construction of transcription vectors 

In plasmid pGEM-II the sequence that codes for the first 262 
nucleotides of gene II mRNA is inserted immediately downstream from 
the SP6 RNA polymerase promoter. It was constructed with the aid of 
standard recombinant DNA manipulations and the Inverse-PCR 
technique as described by Hemsley et al. (1989). M13 double-stranded 
replicative form DNA was digested with Dral and a 290 base pairs long 
fragment, extending from position 5941 to 6231 on the M13 genomic 
sequence (van Wezenbeek et ai, 1980) was isolated and inserted in the 
5/7iaI-site of pGEMl (Promega). Of the recombinant plasmid that 
contained the gene II fragment in the same direction as the SP6 RNA 
promoter, the sequences between this promoter and the transcripton start 
site of gene II were deleted with the aid of Inverse-PCR. The 
amplification primers used were: S'-GTATTCTATAGTGTCACCTAA-
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ATC-3', which is complementary to the SP6 RNA polymerase promoter, 
and S'-GTITITGGGGCITITCTGATTATC-S', which is identical to the 
sequence that codes for the 5' terminal end of gene II mRNA. 
Restriction enzyme analysis and dideoxynucleotide sequence analysis 
(Sanger et al, 1977) of the in vitro transcript were used to verify whether 
the proper deletion was introduced. 

In phagemid pTZ-II the sequence that codes for the first 74 
nucleotides of gene II mRNA is inserted immediately downstream from 
the T7 RNA polymerase promoter. Like pGEM-II, pTZ-II was 
constructed with the aid of standard recombinant DNA manipulations 
and the Inverse-PCR technique. The 139 base pair long HindlU/EcoRl 
fragment of M13mp9-II encompassing the promoter and the translation 
initiation signals of M13 gene II was then inserted imbetween the 
Hindlll- and the iscoRI-sites of pTZ19 (BioRad). Finally, the sequences 
between the T7 promoter and the transcription start site of gene II were 
deleted with the aid of the Inverse-PCR technique, using the primers: 5'-
TnCCCTATAGTGAGTCGTATTAGAGC-3', which is complementary 
to the T7 RNA polymerase promoter; and S'-Gl'lllTGGGGUl 11IC-
TGATTATC-3', which is identical to the sequence that codes for the 5' 
terminal end of gene II mRNA. 

Oligonucleotide-directed mutagenesis 

Nucleotide substitutions in the gene II derived sequence of phagemid 
pTZ-II were introduced by oligonucleotide-directed mutagenesis using the 
'uracil method' of Kunkel (1985). The oligonucleotides used were: 5'-
GAAAAGCACCAAAAAC-3' (substitution of the guanosine residue at 
position 9 of gene II mRNA for an uridine); and 5'-
CATATGTACCGAGGTTG-3' (substitution of the guanosine residue at 
position 30 of gene II mRNA for an uridine). 

In vitro RNA synthesis 

RNAs were synthesized by run-off transcription from linearized 
plasmid or phagemid DNA. DNA from the plasmid pGEM-Π was 
linearized by digestion with EcoRI; DNA from the phagemid pTZ-II, or 
its mutants, were linearized by digestion with Sspl. Transcription reactions 
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were carried out by incubation of 1 μg of the linearized plasmid or 
phagemid DNA with SP6 or T7 RNA polymerase in 100 μΐ of 40 mM 
Tris/HCl pH 7.5, 6 mM MgCl* 4 mM spermidine, 10 mM dithiotreitol 
and 2 mM ATP, GTP, CTP and UTP for 30 minutes at 37 0C. After 
RNA synthesis, the template DNA was degraded by incubation for 15 
minutes at 37 "С with DNase-RQl (Promega) in the presence of RNase 
Inhibitor. The DNase was removed by extraction with phenol and the 
RNA was concentrated by ethanol precipitation. Routinely 100 μg of the 
transcripts were obtained from 1 μg of template DNA. 

Enzymatic probing of RNA structure 

RNA was partially digested with RNase Α, Tl, T2 or VI in 10 mM 
Tris/HCl pH 7.0, 10 mM MgCl2, 100 mM KCl (Knapp, 1989). 25 pmol 
(0.85 μΜ) of RNA was incubated for 10 minutes at 37 "С with either 104 

unit of RNase A, 5 units of RNase Tl, 0.1 unit of RNase T2 or З.іа3 unit 
of RNase VI in a total volume of 30 μΐ. Reactions were stopped by 
extraction with one volume of phenol, followed by ethanol precipitation. 
The cleavage positions were analyzed by the reverse transcriptase 
catalyzed primer extension technique. Conditions were as described 
(Chapter II) with the following modification: the concentration of the 
deoxyribonucleotides was increased to 0.5 mM. The concentration of the 
dideoxyribonucleotides for sequencing reactions was 0.25 mM. The 
primer used to analyse the RNAs transcribed from pGEM-II was: 5'-
GCCTGAGTCrGGAGC-3', which is complementary to nucleotides 87 to 
101 of gene II mRNA. The primer used to analyse the RNAs transcribed 
from pTZ-II, or its mutants, was: S'-GTTTTCCCAGTCACGAC-S', which 
is complementary to codons 7 to 11 of the lacZ fragment of the II'/'Z 
fusion transcripts. The primer extension products were fractionated on a 
6M urea/6% Polyacrylamide gel and visualized by autoradiography. 

Results 

For the enzymatic probing studies of gene II mRNA two different 
RNA molecules were prepared by in vitro transcription using SP6 or T7 
RNA polymerase. The first was transcribed from the SP6 RNA 
polymerase promoter of plasmid pGEM-II (Materials and Methods). It 
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U С G A 1 2 3 4 5 

А * 

В 
RNase Tl: 

1 10 20 30 40 50 60 

GAAUACÇUUUUUGGGGCmnJUCUGAUUAUCAACCGGGGUACAUAUGAUUGACAUGCUAGUUUUACG 
*** 

RNase T2: 

1 10 20 30 4 0 50 60 
GAAUACGUUUUUGGGGCUUUUCUGAUUAUCAACCGGGG£/ACAt/AUGAUÎ/GACAUGCÎMGUUUt7AÇG 

"kick 

Figure 1. Ribonuclease cleavage pattern 5' end of gene II mRNA. (A) Autoradiograph 
of a sequencing gel containing the primer extension products of a pGEM-II encoded 
RNA carrying the first 262 nucleotides of gene II mRNA, that had been incubated in 
the absence (lane 1) or presence of either RNase Tl (lane 2), RNase T2 (lane 3), 
RNase VI (lane 4) or RNase A (lane 5). As a size marker, products of sequencing 
reactions (U,C,G,A) of the RNA molecule were run in parallel. The first 6 
nucleotides of the RNA are derived from the SP6 promoter of the transcription 
vector. Position 1 in the figure corresponds to the first nucleotide of gene II mRNA. 
(B) Sequence of the 5' end of the RNA and summary of the enzymatic probing data. 
For this summary, the relative intensities of the bands in lanes 2, and 3 were 
compared to that of the bands in lane 1. Bases that are weakly susceptible to RNase 
Tl or RNase T2 are given in italics; bases that are strongly susceptible to RNase Tl 
or RNase T2 are underlined. The initiation codon is indicated by asterices. 
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contains the first 262 nucleotides of gene II mRNA preceded by 6 
nucleotides from the SP6 promoter (Figure IB). Computer assisted 
secondary structure analyses (programme FOLD; Zuker and Stiegler, 
1981; Freier et al., 1986) have indicated that these 6 'extra' residues have 
no effect upon the 'unstructured' character of the 5' leader of gene II 
mRNA (Chapter III; data not shown). The other RNA molecule was 
transcribed from the T7 RNA polymerase promoter of phagemid pTZ-II 
(Materials and Methods). It starts with 6 nucleotides that are transcribed 
from the T7 promoter, which are followed by the first 74 nucleotides of 
gene II mRNA and 187 nucleotides that are transcribed from the lacZ-a 
gene fragment of the phagemid. 

G9U 

U С G A 1 2 3 

I-

* 

m m 

m ; · ¡ ! 
• · 

ι* · 

G30U 

U G С A 1 2 3 

2 0 l S ^ f 

· · * 

* · ·ι 

m 

Figure 2. RNase Tl and RNase 72 cleavage pattern of gene II lacZ fusion RNAs 
containing point mutations that impair the gVp mediated translational regulation of gene 
II. (A) Autoradiographs of sequencing gels containing the primer extension products 
of three different lacZ fusion RNAs encoded by pTZ-II, or its pointmutants, that had 
been incubated in the absence (lane 1) or presence of either RNase TI (lane 2) or 
RNase T2 (lane 3). The RNAs carried the first 74 nucleotides of the mRNA leader of 
wild-type gene II or of the point mutants G9U or G30U. As a size marker, products 
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The RNAs were partially digested under native conditions (Knapp, 

1989) with either RNase Tl, T2, VI or A. After RNase treatment, the 

RNA fragments were purified and the cleavage sites were identified by 

reverse transcription, followed by analysis of the extension products, 

along with the products of appropriate sequencing reactions, on 

sequencing gels (Materials and Methods). 

In Figure 1A the cleavage patterns obtained after partial digestion of 

В 
wild-type 
RNase Tl: 

1 10 20 30 40 50 60 

GGGAAAGUUUUUGGGGCUUUUCUÇAUUAUCAACCGGGGUACAUAUGAUUÇACAUCCUAGUUUUACG 
*** 

G9U 

RNase Tl: 

1 10 20 30 40 50 60 
GGGAAACUUUUUCGUGCUUUUCUeAUUAUCAACCGGGGUACAUAUGAUUGACAUGCUA£UUUUACG 

t *** 

RNase T 2 : 

1 10 20 30 4 0 50 60 
GGGAAAGUÜUUÍZeGt/GCUUUUCUGAmjAUCAACCGGGGUACAU/U/GAUt/GACiU/GCUAGUUI/I/ACG 

t *** 

G30U 

RNase T l : 

1 10 20 30 4 0 50 60 
GGGAAAGUUUUUGGGGCUUUUCUGAUUAUCAACCGUGGUACAUAUGAUUGACAU£CUA£ÜUUUACg 

t * * * 

RNase T 2 : 

1 10 20 30 40 50 60 
GGGAAAGUUUUÜGGGGCUUUUCi/G4í/UAUCAACCGUGGyACAUA£/GAUyGACAUGCUáGüW/UACG 

t * * * 
of sequencing reactions (U,C,G,A) of the RNA molecules were run in parallel. The 
first 6 nucleotides of the RNAs are derived from the T7 promoter of the transcription 
vectors. Position 1 corresponds to the first nucleotide of gene II mRNA. (B) 
Sequences of the S'-ends of the RNAs and summary of the enzymatic probing data. 
Bases that are weakly susceptible to RNase Tl or RNase T2 are given in italics; bases 
that are strongly susceptible to RNase Tl or RNase T2 are underlined. The initiation 
codon is indicated by asterices. 
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the RNA transcribed from pGEM-II with RNase Tl, T2, VI and A are 
shown. Since we did not observe RNase VI cleavage sites in the 5' leader 
sequence of this RNA (Figure 1A), we conclude that this region does not 
contain extended helical regions. 

Surprisingly, most nucleotides of the non-coding leader were also 
resistant to the single-stranded RNA specific nucleases. Most notably, 
RNase Tl did not, or only weakly, cleave at the guanosine residues of the 
nucleotide stretches 7-10, and 29-32 of gene II mRNA (Figure 1). 
Furthermore, neither RNase T2 nor RNase A did cleave in the uridine 
stretches from positions 2-6, and 12-15 (Figure 1). Most nucleotides that 
correspond to the coding region of gene II mRNA (i.e. nucleotides 38-60) 
were sensitive to the single-stranded specific RNases (Figure 1). 

In Figure 2 the results of the secondary structure analysis of the RNA 
transcribed from pTZ-II are presented. We note that, for unknown 
reasons, more non-specific stops were observed after primer extension 
analysis of the RNA transcribed from pTZ-II than of that transcribed 
from pGEM-II (cf. lanes 1 of Figures 1A and 2A). However, since the 
RNase Tl cleavage pattern of the 5' end of the pTZ-II encoded RNA 
corresponds well to that of the 5' end of the RNA encoded by pGEM-II, 
we conclude that the lacZ mRNA sequences in the ΙΓ/'Ζ fusion trans
cript do not significantly affect the secondary structure of the 5' leader of 
gene II mRNA. 

To answer the question whether mutations that affect gVp mediated 
translational repression, also affect the folding of the 5' leader of gene II 
mRNA, in the gene II derived sequence of pTZ-II mutations were 
introduced that have been shown to impair the gVp regulated translation 
of gene II mRNA (Michel and Zinder, 1989a; Chapter IV). From the 
products obtained after partial digestion of the mutant RNAs with 
RNase Tl and RNase T2, it can be concluded that substitution of the 
guanosine residue at position 9 for an uridine residue significantly alters 
the cleavage pattern. Most notably, the RNase Tl sensitivity of the 
guanosine residues at positions 7, 8 and 10, and the RNase T2 sensitivity 
of the uridine residues at positions 3-6 was significantly increased (Figure 
2). Substitution of the guanosine residue at position 30 of gene II mRNA 
for an uridine residue increased the accessibility of the guanosines at 
positions 29, 31 and 32 (Figure 2). Furthermore, both mutations also 
increased the susceptibility of other nucleotides of the gene II mRNA 
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leader to cleavage by RNase Tl and RNase T2. These data suggest that 
the two G -» U transversions which impair the gVp mediated translational 
regulation of gene II mRNA (Michel and Zinder, 1989a; Chapter IV), 
also disrupt the secondary structure of the 5' leader of gene II mRNA. 

Discussion 

From the enzymatic probing data presented it can be concluded that 
under the conditions used the 5' leader of gene II mRNA adopts a 
unique secondary structure. The observation that at least some of the 
mutations in the 5' leader of gene II mRNA that disrupt the gVp 
mediated translational regulation, also disrupt this secondary structure, 
suggests that this structure somehow is involved in translational 
repression. 

The observation that the 5' end of gene II mRNA leader possesses a 
unique secondary structure is surprising, particularly because computer 
assisted structural analyses of this region have predicted that this 
sequence is devoid of secondary structure (Chapter III). The computer 
programmes currently available are, however, only able to predict 
secondary structures that are stabilized by Watson-Crick base pairs. The 
amount of Gibb's free energy gained when the gene II mRNA leader 
folds into the most optimal secondary structure as calculated with the 
programme FOLD (Zuker and Stiegler, 1981; Feier et al, 1986) is only 
0.6 kcal/mol. This, together with the absence of RNase VI cleavage sites 
supports the conclusion that the 5' leader of gene II mRNA is not folded 
into a conventional stem-loop structure, but folded into a secondary 
structure that is stabilized by other forces than the formation of 
conventional Watson-Crick base pairs. Based upon the digestion patterns 
obtained, it is appealing to postulate that the two stretches of four 
guanosines in the 5' leader of gene II mRNA (positions 7-10 and 29-30) 
interact with each other to form a stretch of G-G base pairs (Henderson 
et al, 1987). Two of these gene II mRNA molecules then might form a 
four-stranded helix, similar to those found in telomeric DNA sequences 
(Williamson et al, 1989) or in Kcoli 5S RNA (Kim et al, 1991). 
However, in conflict with this hypothesis, the G -» U transversions in 
either one of the two G-stretches (G9 - U and G30 - U) hardly affect the 
RNase Tl susceptibility of the residues of the other G-stretch (Figure 2). 
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Therefore, more elaborated biochemical and physicochemical studies are 
required to further elucidate the conformation of the 5' leader of gene II 
mRNA. 

To identify the nucleotides in the 5' leader of gene II mRNA to which 
gVp binds preferentially, the RNase digestions as described in this 
chapter have been repeated in the presence of increasing concentrations 
of gVp. However, no specific changes in the cleavage patterns were 
observed (G.J.R. Zaman, A.M. Kaan and R.N.H. Konings, unpublished 
data). This might however not be due to the absence of specific binding, 
but rather due to the absence of detectable cleavage sites around the 
specific binding site. 

In contrast, gel retardation studies have indicated that gVp has a 
higher affinity for nucleotides upstream from position 17 of gene II 
mRNA (Michel and Zinder, 1989a, 1989b). We note that the structured 
nucleotide stretch not only encompasses this region, but also the Shine & 
Dalgarno sequence of gene II mRNA (nucleotides 29-32). Since for 
ribosome binding, the Shine & Dalgarno sequence must have a single-
stranded conformation, fixation of the secondary structure by gVp would 
prevent the ribosome access to the Shine & Dalgarno sequence, thus 
leading to translational repression. 

78 



Chapter VI 
Gene V protein mediated translational regulation of the synthesis of gene 
II protein of the filamentous bacteriophage M13: An evolutionary relic of 
the ancestral filamentous phage genome' 

Abstract 

Introduction of a deletion in the genome of wild-type M13 phages that 
eliminates translational repression of M13 gene II by its cognate gene V 
protein has no effect on phage viability. Furthermore, it was noted that 
gene V protein of phage IKe, a distant relative of M13, does not function 
as a translational repressor of its cognate gene II protein. The data 
strongly indicate that the gene V protein mediated control of gene II 
expression in bacteriophage M13 is an evolutionary relic of the ancestral 
filamentous phage genome and thus dispensible for proper filamentous 
phage replication. 

Introduction 

Protein mediated translational repression is one of the many mecha
nisms by which Escherichia coli and many of its phages control the 
expression of their genome (for a review, see Gold, 1988; Chapter I). 
Proteins that exert this type of regulation also frequently fulfil a role in 
gene expression or DNA replication and translational repression is 
generally regarded as their secondary function. 

In this chapter we report of our studies on the function and evolution 
of translational repression by the single-stranded (ss) DNA binding 
protein encoded by gene V of the F-plasmid specific filamentous bacteri
ophage Ff, a synonym for the well known bacteriophages M13, fl and fd 
(for a review, see Model and Rüssel, 1988; Chapter I). Unlike many 
other bacterial and eukaryotic viruses, filamentous phages do not kill or 
lyse their host cell. On the contrary, infection essentially can proceed 

'G.J.R. Zaman, A.M. Kaan, J.G.G. Schoenmakers and R.N.H. Konings. Submitted for 
publication. 
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over an infinite number of cell divisions. To establish and maintain such 
a persistent infection the phage must be able to adapt its replication cycle 
to the metabolic growth and division requirements of the host. Gene V 
protein (gVp) mediated translational repression of the synthesis of the 
phage specific DNA replication protein encoded by gene II has been 
envisioned as one of the mechanisms by which the phage exerts this con
trol (Model et al., 1982; Yen and Webster, 1982; Fulford et ai., 1986; 
Fulford and Model, 1988a, 1988b; Michel and Zinder, 1989a, 1989b; 
Zaman et al., 1990; Chapters II and III). 

Multiplication of the Ff genome proceeds according to a rolling-circle 
type replication (Gilbert and Dressier, 1968). Each replication round is 
initiated by gene II protein (gllp) which creates a DNA replication site 
via the introduction of a nick in the viral strand of double-stranded 
replicative form DNA (RFI) (Meyer et al., 1979). During the first 10 
minutes of infection the newly synthesized viral strand is converted into 
duplex RFI. Because RFI not only is the template for phage DNA 
replication, but also for phage gene expression, the concentration of the 
ten phage-encoded proteins will increase accordingly. This accumulation 
continues until the concentration of gVp has reached a critical threshold 
level. At this concentration these molecules bind in a co-operative 
manner to the newly synthesized viral strands, thereby preventing their 
conversion to RFI and initiating the assembly of ssDNA containing 
progeny phage particles at the host cell membrane (Salstrom and Pratt, 
1971; Alberts et al, 1972; Oey and Knippers, 1972). 

Besides its role as a regulator of ssDNA synthesis, genetic and bioche
mical studies have indicated that gVp is also involved in the translational 
repression of at least seven of the ten phage-encoded proteins (Model et 
al, 1982; Yen and Webster, 1982; Chapters II and III). Whereas regu
lation of the expression of genes I, II, III, V and X occurs via specific 
sequences at the 5' ends of the respective mRNAs (Michel and Zinder, 
1989a, 1989b; Chapters II-IV); regulation of genes VII and IX occurs 
indirectly via the coupling of the translation of these genes to that of 
gene V (Simons, 1982; Ivey-Hoyle and Steege, 1989; Chapter III). The 
strongest translational repression has been found for gene II mRNA and 
the nucleotide sequences involved in this translational regulation have 
been characterized best (Michel and Zinder, 1989a, 1989b; Chapters II-
IV). In vivo gene regulation studies have demonstrated that the efficiency 
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of gVp mediated repression of the synthesis of glip is highly dependent 
upon the sequence of the first 16 nucleotides of gene II mRNA and its 
relative position with respect to the initiation codon of gene II (Michel 
and Zinder, 1989a; Chapter IV). In vitro studies support this observation. 
Furthermore, they indicate that these 16 nucleotides encompass the 
major binding sequence for gVp to gene II mRNA (Michel and Zinder, 
1989a, 1989b). However, it should be noted that the nucleotides that are 
important for gVp mediated translational regulation are not confined to 
these 16 nucleotides, but that also nucleotides that are located downstre
am from position 16 also are involved in translational repression (Chap
ter IV). 

Since in vitro DNA binding studies also have indicated that gVp has a 
higher affinity for the DNA analogue of the first 16 nucleotides of gene 
II mRNA than for other deoxy-oligonucleotides (Michel and Zinder, 
1989b; A.P.M. Stassen and R.N.H. Konings, unpublished data), and since 
the former DNA sequence is synthesized almost immediately after the 
onset of rolling circle type replication, it has been postulated that this 
DNA sequence functions as a nucleation site for the co-operative binding 
of gVp to the nascent viral strands in the DNA sequestering process 
(Stormo, 1987; Michel and Zinder, 1989b; Chapter II). 

Besides its role in the process of initiation and termination of rolling 
circle replication, gllp has also been shown to stimulate the conversion of 
the viral strands into RF (Fulford and Model, 1988a, 1988b). Repression 
of the synthesis of gllp thus presumably contributes to the shift in the 
life-cycle of Ff from the accumulation of RFI DNA and phage specific 
proteins, to the production of ssDNA for progeny filamentous phage 
particles. 

To examine whether the viral DNA sequestering model as described 
above is correct, and whether translational repression of the synthesis of 
gllp is an indispensible function of the filamentous phage genome, the 
nucleotide sequence corresponding to the major gVp target site on gene 
II mRNA was deleted both from the Ff genome and from that of a 
phagemid. Contrary to expectations, we observed that deletion of this 
sequence has no measurable deleterious effect on both the viability and 
replication properties of phage Ff or on the production of ampicillin 
resistance transducing filamentous phagemid particles. 

To know more about the evolutionary conservation of gVp regulated 
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translation, we investigated whether the ssDNA binding protein encoded 

by phage IKe, a phage that is evolutionary related to Ff (Peeters et αϊ, 

1985), is able to repress the synthesis of its cognate glip. Evidence is 

provided that, in contrast to Ff gVp, IKe gVp does not function as a 

translational repressor. 

Materials and Methods 

Bacterial strains and phages 

IKe RF was prepared from phage IKe infected cells of the Escherichia 

coli strain JE2571 (/7a, gal, lac, leu, mal, str, thr, xyt) [pCU53, tra, cam] 

(Thatte and Iyer, 1983). Gene expression studies were carried out in 

Kcoli MCI061 (araD139, del(ara-leu)7697, del-lacX74, galU, galK, hsf, 

hsm*, rpsL) (Casadaban and Cohen, 1980). The E.coli strains BMH71-

18mutS (del(lac-proAB), thi, supE, mutS215::TnlO) [F, lacP, lacZdelMIS, 

proAB] and MK30-3 (dei(lac-proAB), recA, galE, strA) [F, lacF, lacZ

delMIS, proAB] (Boehringer Mannheim) were used for the selection of 

mutants constructed by the site-directed mutagenesis gapped-duplex 

approach (Kramer et al., 1984). Single-stranded phage or phagemid DNA 

for oligonucleotide-directed mutagenesis using the uracil method was 

prepared in E.coli BW313 (dut, ung, thi-1, relA, spoTl) [F, fysA] (Kunkel, 

1985). After primer extension in vitro, mutant phages or phagemids were 

selected by transformation of E.coli JM101 (supE, thi, del(lac-proAB)) [F', 

traD36, proAB, lacPZdelM15] (Messing and Vieira, 1982) with the muta

genesis mixtures. For the transduction experiments the helper phages 

M13K07 (Vieira and Messing, 1987), R408 (Rüssel et al, 1986), IRl 
(Enea and Zinder, 1982) and M13 wild-type were used. 

Construction of recombinant plasmids and phagemids 

Plasmids and phagemids that were used in this study, and whose con

struction plus properties has been described elsewhere, are: pUC9 

(Yanisch-Perron et al, 1985), pKUN19 (Konings et ai, 1987), pINGl 

(Johnston et al, 1985), pACYC1777acZ, pZIIM13 and pGVM13 (Chapter II). 

Plasmid pGVIKe contains the region from position 1275 to 1606 on the 
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IKe genomic sequence (Peeters et ai, 1985). It encompasses the Shine & 
Dalgarno region plus the complete coding sequence of IKe gene V. IKe 
RF was digested with Haell and a 877 base pair long fragment (position 
729 to 1606) was isolated and inserted into the Smal-site of pUC9. 
Clones containing gene V in the desired orientation were selected and 
after further propagation and isolation, digested with EcoRl and Oral. 
The fragment that encompasses gene V was inserted inbetween the Smal 
and EcoRl sites of pINGl. To verify the nucleotide sequence of the gene 
V fragment using the dideoxy method (Sanger eí al., 1977), it also was 
inserted in phagemid pKUN19. 

Plasmid pZIIIKe contains a fragment extending from position 6699 to 45 
from the IKe genomic nucleotide sequence (Peeters et αϊ, 1985). This 
fragment contains the gene II promoter and the first 46 nucleotides, up 
to the 12th codon, of gene II mRNA. It was isolated from IKe RF by 
digestion with Alul and, after linking to 12 base pair BamHI-linkers (5'-
dCGCGGATCCGCG-S'), inserted into the BamHl-site of 
pACYCm'lacZ. Subsequently the fragment was cloned into the BamHl-
site of M13mp9 (Messing and Vieira, 1987) and its nucleotide sequence 
verified. 

Site-directed mutagenesis 

Deletion of the sequence coding for nucleotides 2 to 15 of gene II 
mRNA was performed by site-directed mutagenesis using the oligonucle
otide 5'-GTTGATAATCAGCAGGAAGATTG-3'. A deletion of this 
sequence in the nontranslated leader of the fusion gene mRNA 
(ΙΓ/'Ζ)Μ13 was introduced using the gapped duplex method of Kramer et 
al. (1984) in a recombinant M13mp9 phage containing the gene II 
derived fragment of plasmid pZIIM,3 (Chapter II). After verification of 
the deletion by DNA sequence analysis, the mutated fragment was 
inserted in pACYC1777acZ as described (Chapter II), resulting in 
pZIIM13(rfe/ 2-15). Identical deletions were introduced in phagemid 
pKUN19, resulting in pKUN19(ife/ 2-15), and phage M13, resulting in 
M13(<ie/ 2-15), via the 'uracil mutagenesis method' of Kunkel (1985). 
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Titration of transducing particles and phage 

The number of single-stranded phagemid DNA molecules that were 

sequestered during helper phage-induced rolling circle replication was 

established with the aid of transduction experiments by making use of the 

ampicillin marker genes of pKUN19 and pKUN19(rfe/ 2-15) (Konings et 

al., 1987). Exponentially growing cells of E.coli JMlOl harbouring either 

pKUN19 or pKUN19(i/e/ 2-15), were superinfected with an Ff helperpha-

ge as described (Konings et al., 1987; Vieira and Messing, 1987) and 

incubated at 37 0 C overnight. To determine the number of infectious 

phage and phagemid particles by titration, 1 ml of culture was centrifuged 

for 5 minutes in an Eppendorf microfuge. The supernatant was transfered 

to another tube and heated for 10 minutes at 65 0 C to kill the remaining 

bacteria. 10 μ.1 of appropriate dilutions were then added to 100 μ\ of a 

culture of E.coli JMlOl cells at an Α ^ of 1.0, and 500 μ.1 of 2YT medium 

and incubated at 37 0C for 10 minutes. The mixture was spread on 2YT 

agar plates containing ampicillin (100 μg/m\) and incubated at 37 "С 

overnight. The number of ampicillin resistant colonies formed was used 

to calculate the titre of transducing particles present in the original cultu

re. Similarly the phage titer was determined by plating serial dilutions of 

the heated supernatant on E.coli JMlOl. 

Gene-expression studies 

ß-galactosidase assays and analysis of proteins on SDS Polyacrylamide 
gels were performed as described (Miller, 1972; Chapter II). The data of 
the ß-galactosidase assays are given as arithmic means of at least three 
independent experiments. 

Results 

Role of DNA analogue of gVp target site on gene II mRNA in rolling-circle 

replication 

In vivo gene regulation studies have demonstrated that deletion of the 

sequence corresponding to nucleotides 2 to 15 of gene II mRNA comple

tely eliminates the gVp regulated translation of the fusion gene (Π7'Ζ)Μ13, 
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A 
1 2 3 4 5 6 

GUUUUUGGGGCUUUUCUGAUUAUCAACCGGGGUACAU AUG AUU GAG AUG CUA GUU 

Met 

7 β 9 10 11 12 

UUA CGA UUA CCG UUC AUG 

В 
1 2 3 4 5 6 7 8 

CAUGGUGAGUGUUUGAGUGCUUGAAUUC AUG AUG GAG AUG CUG GUG UUA AGG 

Met 

9 10 11 12 

AUA CCU UUU AAA 

Figure 1. Nucleotide sequences of the 5' ends of the fusion gene mRNAs (ΙΓ/'Ζ)Μα (A) 
and (H'/'Z),^ (B). Deletion of the underlined sequence (A) completely eliminates the 
translational repression of the fusion gene mRNA (H7'Z)M13 by M13 gVp (Michel and 
Zinder, 1989a; Chapter IV). 

which is composed of the 5' end of M13 gene II, up to the 12th codon, 
and the S'-truncated lacZ gene of E.coli (Figure 1), thus providing eviden
ce that this sequence is a prerequisite for the gVp regulated translation 
of gene II mRNA (Michel and Zinder, 1989a; Chapter IV). Furthermore, 
in vitro binding studies have indicated that this sequence is essential for 
specific binding of gVp to RNA or to DNA oligonucleotides (Michel and 
Zinder, 1989a, 1989b). To examine whether the sequence corresponding 
to nucleotides 2 to 15 of gene II mRNA is indispensible for the sequeste
ring of ssDNA from rolling-circle replication, we have deleted this 
sequence from the genome of the phagemid vector pKUN19 (Konings et 
al., 1987). 

To compare the efficiency by which gVp sequesters, during rolling-
circle type replication, the ssDNA of the parental phagemid vector 
pKUN19 with that of the deletion mutant pKUN19(del 2-15) (see Materi
als and Methods), cells harbouring pKUN19 or pKUN19(<ie/ 2-15) were 
superinfected with an Ff helper phage. Subsequently, the relative number 
of single-stranded phagemid DNA molecules sequestered was established 
by titration of the ampicillin resistance transducing (phagemid) particles 
extruded by the infected cells into the culture medium. 

Surprisingly, no differences in phagemid production were observed: i.e. 
the number of ampicillin resistance transducing particles per ml of 
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culture medium was not significantly different, irrespective of whether the 
phagemid contained the deletion in the sequence corresponding to the 
major gVp binding site on gene II mRNA or not. Comparison of the 
relative numbers of biological functional helper phages produced by cells 
harboring either pKUN19 or pKUN19(ife/ 2-15) also revealed no signifi
cant differences. We conclude that in the phagemid DNA the nucleotide 
sequence that is analogous to the major gVp target site on gene II 
mRNA is not indispensible for proper sequestering of phagemid ssDNA 
from rolling-circle type replication. 

Significance ofgVp mediated translational repression for phage viability 

Zinder and co-workers have elegantly demonstrated that mutations in 
part of the major gVp target on gene II mRNA are able to suppress the 
deleterious effect of a particular insertion of 4 nucleotides in the enhan
cer domain of the viral strand origin of phage Ff (Dotto and Zinder, 
1984b; Michel and Zinder, 1989a). The primary consequence of these 
compensatory mutations is that, due to the relieve of gVp mediated 
translational repression, larger amounts of glip are produced, which in 
turn, by a mechanism unknown, compensate for the deleterious mutati
ons in the origin of viral strand replication. 

To investigate the effect of deletion of the major gVp binding site on 
gene II mRNA on the viability of M13 wild-type phage, the sequence 
corresponding to nucleotides 2-15 of M13 gene II mRNA was deleted by 
oligonucleotide-directed mutagenesis using the method of Kunkel (1985). 

After transfection of the mutagenesis mixture, 12 plaques were picked 
randomly and after phage propagation the nucleotide sequence of the 
gene II mRNA leader was verified. These analyses revealed that 8 
plaques contained phages with the intended mutation. This mutagenesis 
efficiency is similar to that achieved after introduction of the same dele
tion in phagemid pKUN19, resulting in the generation of pKUN19(ííe/ 2-
/5). Furthermore, comparison of the replication rate and plaque morp
hology of the mutant phages with wild-type M13, revealed no significant 
differences, irrespective of whether the host cells were grown on nutrient 
broth or on minimal medium. 

We conclude that translational regulation of gene II mRNA by gVp is 
a dispensible property of the M13 genome. 
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gVp of phage IKe is not a translational repressor 

To answer the question whether gVp regulated translation is evolutio
nary conserved, we decided to extend our studies to the N-pilus specific 
filamentous ssDNA phage IKe. The genomic organization of M13 and 
IKe is almost identical and their nucleotide sequences show an overall 
homology of 55% (Peeters et al, 1985). The homology of gene V at the 
DNA sequence level is 58% (Peeters et al., 1983). However, the mecha
nisms by which these proteins bind to nucleic acids and the three-dimen
sional structures of at least part of their DNA binding domains appear to 
be almost identical (Peeters et al, 1983; de Jong et al, 1989; van Duynho-
ven et al, 1990; Folkers et al, 1991a). Furthermore, the amino acid 
residues known to be involved in binding to nucleic acids are evolutionary 
conserved (de Jong et al, 1989; van Duynhoven et al, 1990; Folkers et al, 
1991b). Although the mRNA leaders of both M13 gene II and IKe gene 
II are rich in uracil residues, no significant similarities in their primary 
nucleotide sequence have been observed. Also the IKe gene II mRNA 
leader lacks inverted repeats, implying that it does not encompass hairpin 
structures (Figure 1) (Chapters II and III). 

- + - + - + - + - + 
1 2 3 4 5 6 7 8 9 10 11 

— 

юл— -~~ 

mm 

Figure 2. Coomassie Brilliant Blue stained SDS Polyacrylamide gel containing the 
proteins present in cells grown in the absence (lanes 2, 4, 6, 8, 10) or presence (3, 5, 7, 9, 
11) of arabinose and containing different combinations of recombinant plasmids. 
Plasmids present were: pZIIM13 + pGVM13 (lanes 2 and 3); pZIIM,3 + pGV,^ (lanes 4 
and 5); ρΖΙΙ,κ, + pGVM13 (lanes 6 and 7); pZIIM13 + pGV11Ct (lanes 8 and 9); ρΖΙΙ«. + 
pINGl (lanes 10 and 11). Lane 1 contains a molecular mass standard that includes ß-
galactosidase (116 kDa) and M13 gVp (10 kD). The position of migration of the 
II'/'Z fusion proteins and of the gVp's is indicated. Note that the gVp from IKe (lane 
5) has a somewhat slower mobility than that from M13 (lane 3). -/+ denotes that the 
proteins have been isolated from cells grown in the absence (-) or presence ( + ) of 
arabinose. Per lane an amount of protein equivalent to 0.8 ml of cell culture (A«,, = 
1.0) was loaded. 
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To examine whether gVp of IKe also regulates at the level of translati
on the synthesis of its cognate glip, we followed a similar strategy as used 
in studies on translational regulation of the M13 genes I, II, III, V and X 
(Chapters II and III). Gene V of IKe was placed under control of the 
arabinose inducible promoter of the expression plasmid pINGl (Johnston 
et al., 1985), resulting in pGVIKe. A fusion gene, (ir/'Z)IKe, was also con
structed by fusion in plasmid pACYC1777acZ (Chapter II), of the 5' end 
of IKe gene II, up to the 12th codon, and the 5'-truncated lacZ reporter 
gene (Figure 1). 

To enable a reliable comparison of the results obtained with the two 
expression plasmids pGVIKe and рС Міз, the production of IKe gVp in 
cells containing pGV1Kc and grown in the presence of the inducer arabino
se, was compared to the production of M13 gVp in induced cells contai
ning pGVM13. As can be deduced from the intensity of the protein bands 
on the SDS Polyacrylamide gel presented in Figure 2, the amount of IKe 
gVp present in induced cells containing pGVIKe is similar to the amount 
of M13 gVp present in induced cells containing pGVMU (compare lanes 3 
and 5). 

To investigate whether IKe gVp is able to repress the expression of the 
(IF/'Z)IKe fusion gene, the ß-galactosidase activity of cells harboring 
pGV,Ke and pZIIIKc, grown in the absence of arabinose, was compared to 
that of the same type of cells grown in the presence of arabinose. As a 
control, the expression levels of the (ΙΓ/'Ζ)ΙΚ£ fusion gene were compared 
in induced and in noninduced cells harboring pZIIIKe and pINGl. The 
results of the ß-galactosidase assays clearly show that IKe gVp does not 

Table 1. ß-galactosidase activity of celL· grown in the absence and presence of arabinose 
and containing various combinations of recombinant plasmids. ß-galactosidase activity is 
expressed in Miller units (Miller, 1972). The repression ratio is defined as the ratio of 
the ß-galactosidase activities of noninduced and induced cells (cf. Chapter II). 

Plasmid ß-galactosidase activity Repression 
(-) arabinose (+) arabinose ratio 

ρΖΙΙ
Μ1
3 + рС

 т
э 

pZII
M1
3 + pGV

Ix
. 

ρΖΙΙικ. + PGV
M1
3 

ρΖΙΙικ. + pGV«. 
pZII

IK
. + pINGl 

6670 

9610 

6080 

5820 

5480 

330 
6290 

1940 

4520 

5080 
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significantly repress the expression of its cognate (II7'Z)IKe fusion gene 
(Table 1). 

In a similar way, we examined whether IKe gVp is able to regulate a 
lacZ fusion, whose expression is directed by the transcription and transla
tion initiation signals of M13 gene II, i.e. the gene {\ /'Ъ)иіъ, and whe
ther M13 gVp is able to regulate the (ΙΓ/'Ζ),,^ fusion gene. 

The results of the ß-galactosidase assays show that IKe gVp does not 
repress the expression of the (ΙΓ/'Ζ)Μ13 fusion gene (Table 1). Further
more, M13 gVp not only efficiently represses the expression of its 
cognate (II'/'ZJMU gene (Chapter II), but also slightly represses that of 
the (ir/'Z)IKe fusion gene (Table 1). 

The SDS/PAGE patterns of the proteins present in induced and 
noninduced cells containing different combinations of recombinant 
plasmids do fully agree with the results obtained from the ß-galactosidase 
assays (Table 1; Figure 2). From these data we conclude that gVp 
mediated translational regulation of the synthesis of glip, as present in 
Ff, is not conserved in IKe. 

Discussion 

The observation that Ff gVp regulates the synthesis of its cognate glip 
via a specific target site in the gene II mRNA leader, has encouraged the 
idea that the sequestering of viral strands during rolling circle replication 
starts at the DNA analogue of this site (Stormo, 1987; Michel and 
Zinder, 1989a, 1989b; Chapter II). In conflict with this view, we show 
here that deletion of the sequence corresponding to the major gVp target 
site on gene II mRNA has neither any effect on the efficiency of M13 
phage replication nor on the production of ampicillin resistance trans
ducing phagemid particles. Thus, we conclude that the DNA analogue of 
the gVp binding site on gene II mRNA is not essential for the sequeste
ring of progeny viral ssDNA by gVp. 

The observation that deletion of the major gVp target site has no 
influence on the viability or replication properties of the M13 phage, 
demonstrates further that gVp regulated synthesis of glip is a dispensible 
property. We note that Gold and co-workers have made a similar obser
vation with respect to the translational autoregulation of DNA polymera
se of bacteriophage T4 (Tuerk et al, 1990). These investigators found that 
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mutations that impair translational autoregulation of T4 DNA polyme
rase have no effect on the phage viability or efficiency of phage replicati
on (Tuerk et al, 1990). 

The results obtained with the (ir/'Z)IICe fusion gene demonstrate that 
the mechanism of gVp mediated repression of the synthesis of glip, as 
observed in M13, is not conserved in the distantly related phage IKe. The 
observation that M13 gVp is also able to weakly repress the synthesis of 
IKe gllp, suggests that the mechanism of gVp mediated repression of 
glip already existed in the common ancestor of Ff and IKe, rather than 
that Ff has acquired this regulation mechanism after divergence of the 
two phages. Although, under laboratory conditions, gVp mediated repres
sion of the synthesis of gllp has no measurable influence on the efficien
cy of M13 phage DNA replication, it is likely that this regulation mecha
nism has provided some selective advantage to this common ancestral 
phage or to Ff in its natural environment. 

Although the genomic organization of Ff and IKe is almost identical, a 
few differences have been noted (Peeters et al, 1985, 1986, 1987). One is 
the presence of an enhancer of viral strand synthesis in the replication 
origin of Ff and the absence of this enhancer in IKe (Cleary and Ray, 
1980, 1981; Dotto et al, 1981; Peeters et al, 1986). It has been shown 
that mutations in gene II or V of Ff, that impair gVp mediated regula
tion of gene II, are able to relieve the deleterious effect of a particular 
insertion of 4 nucleotides in the replication enhancer of Ff (Dotto and 
Zinder, 1984a, 1984b). It is feasible that, in a similar way, the absence of 
a replication enhancer in the genome of IKe has favoured the loss of 
gVp mediated translational repression of the synthesis of gllp during 
evolution. 

With the aid of Nuclear Magnetic Resonance studies a number of the 
amino acid residues of M13 gVp that are involved in binding to ssDNA 
have been identified (King and Coleman, 1987; Dick et al, 1988; de Jong 
et al, 1989; van Duynhoven et al, 1990; Folkers et al, 1991b). It appears 
that the side-chains of residues Tyr26 and Phe73 (M13 gVp is 87 amino 
acids long) stack upon the bases of the nucleotides, while the basic amino 
acid residues Argl6, Arg21, Lys24 and Lys46 are involved in electrostatic 
interactions with the negatively charged phosphate-backbone of the DNA. 
Furthermore, Tyr41 is involved in dimendimer formation. All these 
residues are conserved in IKe gVp or substituted by a functionally 

90 



equivalent residue (Arg21 is in IKe gVp substituted by a Lys, Leu28 by 
He) (Peeters et al, 1985). The observation that M13 and IKe gVp behave 
differently in the ß-galactosidase assay indicates that M13 gVp mediated 
translational repression requires one or more additional amino acid resi
dues elsewhere in the protein that are not conserved in IKe gVp. This 
conclusion is supported by comparisons of the overall biological activities 
and the specific translational repressor functions of a series of mutants in 
M13 gVp (Chapter VII). These studies have demonstrated that sub
stitution of either Glu5 by Lys, Asp36 by Gin, Asn39 by He, Ile47 by Thr 
or Pro58 by Leu strongly impaired translational repressor function, but 
only weakly affected the sequestering of viral ssDNA from rolling circle 
replication. Based upon these data, we suggest that the mechanism by 
which M13 gVp sequesters viral ssDNA differs from the mechanism by 
which this protein represses the translation of M13 gene II mRNA. 
Consistent with the conclusion reached above, three of the five aforemen
tioned residues (i.e. Asn39, Ile47 and Pro58) are not conserved in IKe 
gVp, but substituted by a Gly, Phe or Ala residue, respectively (Peeters et 
aL, 1983, 1985). 

91 



Chapter VII 
Selection and characterization of randomly produced mutants of gene V 
protein of bacteriophage M13' 

Abstract 

Gene V protein of bacteriophage Ff (M13, fl, fd) is a master regulator 
of phage DNA replication and phage mRNA translation. It exerts these 
functions by binding to single-stranded viral DNA or to specific sequen
ces in the 5' ends of its target mRNAs, respectively. To study the structu
re/function relationship of gene V protein, M13 gene V was inserted in a 
phagemid expression vector and a library of missense and nonsense 
mutants was constructed by random chemical mutagenesis. Phagemids 
encoding gene V proteins with decreased biological activities were 
selected with the aid of an in vivo negative genetic complementation 
assay and the nucleotide sequences of their gene V fragments were 
determined. Furthermore, the mutant proteins were characterized both 
with respect to their ability to inhibit the production of phagemid DNA 
transducing particles and their ability to repress the translation of a 
chimeric lacZ reporter gene whose expression is controlled by the promo
ter and the translation initiation signals of M13 gene II. From the data 
obtained, it can be deduced that the mechanism by which gene V protein 
binds to single-stranded DNA differs from the mechanism by which it 
binds to its target sequence in the gene II mRNA. 

Introduction 

The protein encoded by gene V (gVp) of the filamentous single-
stranded (ss) DNA bacteriophage Ff (M13, fl, fd) both regulates the 
replication and the expression of the viral genome (for a recent review, 
see Model and Rüssel, 1988). Late in infection, when the level of gVp 
has reached a certain critical threshold concentration, gVp switches the 

'A.P.M. Stassen, G.J.R. Zaman, J.M.A. van Deursen, J.G.G. Schoenmakers and 
R.N.H. Konings. Submitted for publication. 
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rolling-circle type replication of the phage genome from the production 
of double-stranded replicative form DNA (RF) to the asymmetric 
synthesis of progeny viral strands. gVp accomplishes this switch by 
binding in a co-operative manner to newly replicated viral single strands, 
thereby preventing their conversion to RF and concomitantly initiating 
their packaging into progeny phages at the host cell membrane (Salstrom 
and Pratt, 1971). Besides the sequestering of viral DNA from the replica
tion cycle, gVp also represses, among others (Chapter III), the translation 
of the mRNA that codes for the initiator protein of viral strand replicati
on, i.e. gene II protein (glip), via specific binding to the 5' non-translated 
leader of gene II mRNA (Model et aL, 1982; Yen and Webster, 1982; 
Michel and Zinder, 1989a, 1989b; Chapters II and IV). 

Since its first isolation, gVp has been an important model molecule for 
the study of the mechanisms by which proteins and nucleic acids interact 
(Oey and Knippers, 1972; Alberts et al., 1972). gVp is 87 amino acids 
long (M, = 9.7 kDa) and is present in abundant amounts in the bacteri
ophage Ff infected cell (about 105 molecules per cell). In solution gVp 
mainly occurs as a dimer that binds to ssDNA in a co-operative manner 
(Pretorius et ai, 1975; Cavalieri et ai, 1976; Pörschke and Rauh, 1983). 
The crystal structure has been examined by X-ray diffraction studies to 
2.3 Â resolution (Brayer and McPherson, 1983, 1984a, 1984b) and the 
secondary structure of the molecule in solution has been investigated by 
Ή-NMR techniques (van Duynhoven et aL, 1990; Folkers et al., 1991a). 
The protein is entirely composed of ß-structures with some connecting 
loops. Comparison of the structures deduced from the Ή-ΝΜΚ and 
crystallographic data has revealed that the global folding of gVp in 
solution and in the crystal is comparable, but that with respect to the 
local positions of the individual amino acids, significant differences have 
been observed (van Duynhoven et al, 1990; Folkers et al, 1991a). 

One of the major aims of our studies on gVp is to elucidate its structu
re/function relationship. In particular we are interested to know the 
domains and amino acids that are involved in the expression of the 
different functional properties of the protein. To this end, M13 gene V 
was placed under the control of the inducible promoter of a phagemid 
expression vector, and a library of gVp mutants was constructed via 
random chemical mutagenesis. Mutant proteins with biological properties 
different from that of wild-type gVp were selected by means of an in vivo 
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negative genetic complementation assay. This assay is based upon the 
observation that the propagation of an Ff helper phage and the producti
on of phagemid DNA transducing particles that confer resistance to 
ampicillin, is less efficient in cells expressing wild-type gVp than in cells 
expressing a biological defective gVp (vide infra; cf. Fulford and Model, 
1988b; Terwilliger et al., 1988). Clones encoding gVp molecules with a 
biological activity different from that of wild-type gVp were selected and 
the nucleotide sequences of the corresponding gene V fragments were 
established. Subsequently, the mutant proteins were further characterized 
with the aid of two functionally different in vivo assays. The first assay, a 
negative genetic complementation assay, relies on the inhibitory effect of 
wild-type gVp on the production of phagemid DNA transducing particles 
extruded from superinfected phagemid harbouring cells, under induced 
and non-induced conditions. In the second assay, the capability of the 
wild-type and mutant gVp molecules to repress the synthesis of a chime
ric reporter protein, encoded by a fusion gene composed of the the 5' 
end of M13 gene II and the 5'-truncated ß-galactosidase gene of E.coli, 
was measured (cf. Chapters II and IV). 

Mutations in gVp resulting in a decreased inhibition of the propagation 
of the helper phage or in a decreased translational repressor activity, 
were found to be randomly distributed along the gVp amino acid sequen
ce. Comparison of the data of the two 'biological activity' assays revealed 
that most mutants behaved similarly in both assays. However, of some 
mutants the biological activity was significantly more affected in one assay 
than in the other. This suggests that the mechanism by which gVp binds 
to ssDNA differs from the mechanism by which it binds to the 5' non-
translated leader of gene II mRNA. 

Materials and Methods 

Bacteriah strains, phages, plasmids and phagemids 

M13 wild-type phage and the Ff helper phage R408 (Rüssel et al, 
1986) were propagated in the Escherichia coli strain K38 (Hfr (Cavalli), 
tonA22, garBlO, ompF627, relAl,pit-10, spoTl, metB\ T2r, POM, phoA4); 
recombinant plasmids and phagemids in E.coli JM109 (recAl, endAl, 
gyrA96, thi, hsdR17, supE44, relAl, lambda, del(lac-proAB), [P, traD36, 
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proAB, lacPZdelMlS]) or in Kcoli MC1061[F] (araD139, delfara-
leu)7697, del-lacX74, galU, galK, hsf, hsm\ rpsL, rif, [F^ Tn5, lac, kan']). 
This latter strain was constructed by conjugation of E.coli JM83[F'] (ara, 
del(lac-proAB), rpsL, phiSO, lacZdelMlS [РВ ( Tn5, lac, kar?]) and the 
rifampicin resistant E.coli strain MC1061 (araD139, del(ara-leu)7697, del-
lacX74, galU, galK, hsf, hsm\ rpsL, rif) (Casadaban and Cohen, 1980). 
Single-stranded phagemid DNA transducing particles were produced via 
superinfection of Ecoli MC1061[F] cells with helper phage R408. 

Plasmids and phagemids used in this study, and whose construction 
plus properties have been described elsewhere, are: pKUN19 (Konings et 
aL, 1987), pG2 (Johnston et al., 1985), pGCl, pGC2 (Myers et aL, 1985) 
and pZII (Chapter II). 

Plasmid pING19 contains a truncated arabinose operon of Salmonella 
typhimurium, comprising the regulator gene araC plus its promoter and 
operator, and the 5' end of the araB gene (arai?') plus its promoter and 
operator (Figure 1). The araB' fragment is transcribed in an opposite 
direction as the araC gene. pING19 was constructed by substitution of the 
gene II containing EcoRl/Sall fragment of plasmid pG2 by the 
EcoRI/Sañ fragment from phagemid pKUN19 containing the multiple 
cloning site. 

Growth media 

Cells were normaly grown in 2xYT media (Miller, 1972), except for the 
cells used in the ß-galactosidase assays. These were grown in LB medium 
(Miller, 1972). When appropriate, ampicillin and/or kanamycin were 
added at concentrations of 100 Mg/ml. To induce the expression of gene 
V in phagemid рМ8 м or pMSVn,, harbouring cells, L-arabinose was 
added to a final concentration of 0.4% (mass/vol.). 

DNA manipulations 

Basic techniques, such as plasmid/phagemid isolation, restriction 
endonuclease mapping, gel electrophoresis, ligation, and transformation, 
followed the procedures as described by Sambrook et aL (1989). DNA 
sequence analysis was performed by the dideoxy method of Sanger et aL 
(1977), using the 19-base primer, S'-dCTGGCACGCGCTGGACGCGO', 
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Figure 1. Schematic representation of the construction of the phagemids pGC2V„ pMS, 
and pMSV„ (A) Procedure for the isolation of the M13 fragment containing gene V, 
and manipulations that were carried out to make it suitable for insertion into 
phagemid pKUN19. The gene V fragment comprises nucleotides 774 through 1129 of 
the M13 genomic map (van Wezenbeek et al., 1980). The location of the phage genes 
is indicated by Roman numerals. IR, intergenic region. The direction of transcription 
is as indicated. (B) Schematic representation of the construction of phagemid 
pGC2V„ used for random chemical mutagenesis. (C) Schematic representation of the 
construction of the expression phagemid pMSVw. Only the relevant restriction sites 
are indicated. 

which is complementary to a GC-rich region (the GC-clamp) in the 
phagemids pGCl/pGC2 and pMS (Myers et ai, 1985). 

Construction of phagemids 

The procedures followed for the construction of the phagemids used 
for random mutagenesis and for expression studies of gene V are sche
matically drawn in Figure 1. 

The phagemids pGClV^ and рСС2 „, were constructed by insertion 
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of a gene V containing Mboïl/Taql fragment of M13 RFI (van Wezen-
beek et al., 1980) in the Smal site of phagemid pKUN19, resulting in 
phagemid pKUNV^,. In the desired orientation, gene V is flanked by a 
ВатШ site at its 5' end and an EcoRl site at its 3' end. Subsequently the 
gene V containing EcoRl/BamHl fragment was inserted in the phage-
mids pGCl and pGC2( that had been digested with EcoRl and ВатШ. 
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The latter two phagemids differ from each other with respect to the 
orientation of their multiple cloning sites. After selection and characteri
zation of the phagemids pGClV,, and pGCZV^, they were used for the 
chemical mutagenesis procedure described below. The advantage of 

9 8 



having two recombinant phagemids with gene V in different orientations 
is that upon superinfection of cells harboring pGClV^ or pGCZV^ with 
helper phage R408, either strand of gene V can be separately packaged 
into single-stranded phagemid DNA containing particles. 

For the construction of the expression phagemid pMS, phagemid pGC2 
and plasmid pING19 were used. The EcoRl/Ball fragment of plasmid 
pING19 containing the truncated operon, was inserted in phagemid 
pGC2, that had been digested with Xhol and EcoRi, resulting in phage
mid pMS. Subsequently the EcoRl/Sall fragment of pGCZV^ or 
PGC2V,,,, (or pKUNV,,) was inserted inbetween the EcoRl and the Sail 
sites of pMS, resulting in the phagemids pMSV,, or pMSVmt. In pMSV^, 
and pMSVm„ gene V is under control of the L-arabinose inducible araB 
promoter (Horwitz et al., 1981). In the агаВ'-gene V region, the araB' 
reading frame is continued in the 3' end of gene II. The translation of 
the araB'/'ll fusion protein terminates at the same nonsense codon as the 
translation of gene II in phage M13. The araB'/'ll fusion protein is 
composed of the first 142 amino acid residues of ribulokinase (encoded 
by αταΒ") (Lin et al, 1985), followed by 5 amino acid residues encoded by 
part of the pKUN19 multiple cloning site sequence, and the last 18 
amino acid residues of gene II protein. In phagemid pMSV,, the gene V 
containing fragment from phage M13 comprises the gene V promoter 
(G0.12) (Smits, 1982). 

Melting transition of the fragment encompassing gene V 

In the chemical mutagenesis procedure used (Myers et al, 1985), the 
conditions were chosen such that only 10% to 20% of the target frag
ments contain a lesion. To enrich the fragments that contain a mutation, 
a denaturing gradient gel electrophoresis system was applied. In this 
system, DNA fragments migrate in an ascending dénaturant concentrati
on. At a certain dénaturant concentration, the DNA undergoes a helix-
to-coil transition, which is accompanied by an abrupt decrease in the 
mobility of the DNA fragment. This is a consequence of the entangle
ment of the branched DNA molecule in the gel. Fragments of identical 
size, but differing by only one base pair, will melt at different dénaturant 
concentrations and as a result will be locked at different positions in the 
gel. The resolving power of the gel would be lost if the two strands of the 
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DNA fragment are separated completely. Therefore, a so-called GC-
clamp, which is a GC-rich region that remains helical over the entire 
range of dénaturant concentrations used, was covalently coupled to the 
target fragment. 

To determine the melting behaviour of the fragment containing wild-
type gene V, 25 ßg pGCIV,, RFI or pGCSV., RFI was digested with 
EcoRl and Hindlll or ВатШ and Hindlïl, respectively. In both cases 
fragments are obtained in which gene V is covalently coupled either at its 
5' (pGClVJ or 3' end (PGC2VJ to the GC-clamp. After digestion the 
DNA was concentrated by ethanol precipitation and resuspended in 200 
μΐ of E buffer (1 mM EDTA, 20 mM sodium acetate, 40 mM Tris/HCl 
pH 8.0) and 20 μΐ of loading buffer [0.25% (mass/vol.) bromophenol 
blue, 0.25% (mass/vol.) xylene cyanol, 50% (vol./vol.) glycerol]. The 
solution was layered across the top of a 6% Polyacrylamide gel (acryla-
mide/bis acrylamide = 37.5:1), with a dénaturant gradient from 0% to 
80% perpendicular to the direction of electrophoresis in E buffer. 100% 
dénaturant corresponds to 7 M urea and 40% (vol./vol.) formamide. 
Electrophoresis was performed at 60oC for 5 hr and 150 V in a LKB 2001 
Vertical Electrophoresis Unit. Thereafter the gel was stained with 1.5 
^.g/ml ethidium bromide in E buffer. 

The stained patterns revealed that each fragment had only a single 
inflection point and consequently only one melting domain. For the gene 
V fragment containing the GC-clamp at its 5' end of gene V the inflecti-

Figure 2. Schematic diagram of the mutagenesis procedure. The gene V containing 
fragment can be excised with enzymes В and С or В and D, and the gene V fragment 
plus the GC-clamp with enzymes A and С or A and D. A designates a Hindlll site; В 
and С designate BamHl and £coRI sites respectively for pGClV.,, and £coRI and 
BamHl sites respectively for pGC2V»,; D designates a Sail site. A single line, a 
double line, and a dashed line represent single-stranded DNA, double-stranded DNA, 
and newly synthesized DNA, respectively. The black box indicates the 19-base primer. 
The asterices represent bases damaged by chemical treatment, (a) Single-stranded 
pGClV,, and pGC2V„ ate treated with mutagens, (b) The 19-base oligonucleotide 
primer is annealed to the single-stranded phagemids and extended with avian 
myeloblastosis virus reverse transcriptase, (c) The double-stranded gene V fragment is 
excised with enzymes В and С and inserted in non-mutagenized pGC2. (d) E.coli is 
transformed and the phagemids, which are extracted from the pool of transformants, 
are digested with the enzymes A and D, leaving gene V and the GC-clamp on the 
same DNA fragment, (e) The restriction fragments are run on a denaturing gradient 
gel. (f) The DNA bands above and beneath the wild-type band are excised from the 
gel. Then the DNA is eluted and ligated with phagemid pMS. (g) E.coli is transfer 
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and the transformants are subjected to a selection based on negative genetic comple
mentation. (h) The nucleotide sequence of the selected mutants was established. The 
schematic diagram is modified after Myers et aL, (198S). 
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on point was at 30%; while for the fragment containing the GC-clamp at 
its 3' end, the inflection point was at 24% dénaturant. On the basis of 
these results, for the separation of wild-type gene V containing fragments 
from those containing a mutated gene V, a 10% to 40% dénaturant 
gradient was used. 

Saturation Mutagenesis 

Chemical mutagenesis in vitro was performed essentially as described 
by Myers et al. (1985). The procedure is schematically outlined in Figure 
2. ssDNA of phagemid рСС1 м and pGCSV^ was isolated from phage-
mid DNA transducing particles, produced by E.coli MC1061[F', pGClV,,] 
or E.coli МС1061[Р',рСС2 м] that had been superinfected with the 
helper phage R408. The ssDNA was treated with three different muta
gens in such a way that, according to Myers et al. (1985), 10%-20% of the 
target fragments contain a (single) lesion. The chemical mutagens used 
and their potential base changes (transitions and transversions) are as 
follows: nitrous acid, С to Τ and A to G; formic acid, A and G to all 
bases; hydrazine, С and Τ to all bases. 

To 40 μΐ of ssDNA at a concentration of 1 mg/ml, 10 μ\ of 2.5 M 
sodium acetate pH 4.3, 2 M NaN02 was added. This mixture was incuba
ted at room temperature for 26 minutes. For the formic acid treatment, 
60 μΐ of 18 M formic acid was added to 400 μΐ of ssDNA at a concentra
tion of 1 mg/ml, and incubated for 4 minutes and 20 seconds at room 
temperature. To mutate the DNA with hydrazine, 800 μΐ of 16 M hydra
zine was added to 40 μ.1 of ssDNA at a concentration of 1 mg/ml, and 
incubated for 4 minutes and 20 seconds at room temperature. Immediate
ly after the incubations the DNA was concentrated by ethanol precipitati
on at -70 "С for 10 minutes, by the addition of 200 μΐ of 2.5 M sodium 
acetate, 100 μί of dH20, and 1 ml of 96% ethanol. The DNA was resus-
pended in 80 μί of TE buffer (1 mM EDTA, 10 mM Tris/HCl pH 7.6). 
From the chemically modified single-stranded template, double-stranded 
DNA was synthesized via annealling of the 19-base oligonucleotide 
primer and extending with avian myeloblastosis virus reverse transcripta
se. As a consequence of the mutagenesis procedure, the primer extension 
products will contain misincorporations at positions corresponding to the 
damaged base on the single-stranded template DNA. Following extension 
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by reverse transcriptase, the double-stranded gene V fragment was 
excised with EcoRl and BamHl and inserted in non-mutagenized pGC2, 
that had been digested with the same restriction enzymes. After ligation 
and transformation of E.coli MC1061[F'], the transformed cells were 
plated on 2xYT agar plates supplemented with ampicillin. After incubati
on overnight, the colonies were pooled and grown overnight in 2xYT 
media supplemented with ampicillin. Double-stranded phagemid DNA 
was isolated from these cultures and digested with Hindlli and San, 
leaving gene V and the GC-clamp on the same DNA fragment. After 
phenol extraction and ethanol precipitation, the DNA was dissolved in E 
buffer supplemented with 10% loading buffer and subsequently loaded 
(approximately 5 ¿¿g of DNA per lane) on top of a 6% Polyacrylamide 
gel (acrylamide/bis acrylamide = 37.5:1), with a dénaturant gradient from 
10% to 40% in E buffer, parallel to the direction of electrophoresis 
(100% dénaturant defined as above). After electrophoresis, in E buffer, 
at б^С for 4.5 hour and 150 V, the gel was stained with 1.5 μΐ/ml 
ethidium bromide in E buffer. The DNA bands above and beneath the 
wild-type gene V band were excised from the gel and the DNA was 
isolated by crushing the acrylamide with a solid glass rod, and eluting 
overnight at 370C with 400 μΐ of elution buffer (0.5 M ammonium 
acetate, 0.1% SDS, ImM EDTA). The fragments were concentrated by 
ethanol precipitation and inserted into phagemid pMS, which had been 
digested with HindlU and Sail. After transformation and plating of E.coli 
MC1061[F], appropriate gene V mutants were selected out of the pool 
of potential mutants by subjecting individual colonies to an in vivo assay 
based on negative genetic complementation. 

Selection of gene V mutants 

To identify, from a collection of random clones that contain both 
mutant and wild-type gene V, the mutants encoding gVp molecules with 
biological properties that are different from those of wild-type gVp, the 
single-stranded phagemid, and helper phage DNA produced upon 
superinfection with helper phage by induced cells harbouring the gene of 
interest is compared to that of induced cells harbouring pMSV,,. To 
determine the amount of ssDNA from phagemids and helper phages 
extruded from infected cells, 5 μί of an overnight culture of E.coli 
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MC1061[F,pMSVJ or Kcoli MC1061 [F,pMSVmt] was used to inoculate 
a 5 ml sample of 2xYT medium which was supplemented with 0.4% 
(mass/vol.) of L-arabinose. After incubation for 1.5 hr at 37 "С until early 
exponential phase, 1010 plaque forming units of the helper phage R408 
(10 /il) were added and incubation was continued overnight. Cells were 
removed by centrifugation and the phages and transducing particles were 
precipitated from the supernatant by precipitation with 0.4% (mass/vol.) 
PEG 6000, 0.5 M NaCl. The ssDNA was isolated by phenol extraction, 
and analyzed by electrophoresis on a 1% agarose gel. 

Negative genetic complementation assay 

The number of phagemid DNA transducing particles was determined 
by means of the negative genetic complementation assay. Two 5 ml 
samples of 2xYT medium of which one was supplemented with 0.4% 
(mass/vol.) of L-arabinose, were inoculated with 5 μ\ of an overnight 
culture of Kcoli MC1061[F\pMSVJ or Kcoli MC1061 [P.pMSVJ, and 
were incubated for 1.5 hr at 37 "С until early exponential phase. Then 
1010 plaque forming units of the helper phage R408 (10 μ\) were added 
and incubation was continued overnight. Cells were removed by centrifu
gation and 100 μ\ of the supernatant was incubated for 3 minutes at 650C 
to kill the remaining bacteria. To measure the number of transducing 
particles by titration, 10 μ\ of appropriate dilutions of the supernatant 
was added to 100 μ\ of an overnight culture of E. coli MC1061[F'] and 190 
μ\ of 2xYT medium. After incubation for 10 minutes at 370C (without 
shaking to enable the phagemids to infect the cells), the mixture was 
spread on 2xYT agar plates supplemented with ampicillin and incubated 
overnight at 370C. Following this incubation, the number of ampicillin 
resistant colonies were counted. 

Translational repression assay 

To monitor the translational repressor activity of gVp (wild-type or 
mutant), ß-galactosidase assays were performed as described previously 
(Miller, 1972; Chapter II). 
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Immunoreagents 

M13 gene V protein was isolated as described elsewhere (Garssen et 
al, 1977; van Duynhoven et al, 1990). Polyvalent rabbit (New Zealand 
White) anti-gVp serum was raised by subcutaneous injection of 0.5 mg of 
purified gVp in 1 ml of complete Freund's adjuvant. After three weeks, 
the rabbit was boosted with 0.5 mg of gVp in 1 ml of incomplete 
Freund's adjuvant. This procedure was repeated twice at two-week 
intervals, and two weeks after the last booster serum was collected and 
the gVp antibody titer was established according to standard procedures 
(Harlow and Lane, 1988). Goat alkaline-phosphatase linked anti rabbit 
serum used to stain the immunoblots, was purchased from Zymed. 

SDS /Polyacrylamide gel electrophoresis and immunoblotting 

SDS/polyacrylamide gel electrophoresis (SDS-PAGE) was used to 
determine the level of gVp synthesis encoded by M13 gene V (wild-type 
or mutant) carried either by phagemid pMS or by wild-type phage. To 
this end, two 50 ml samples of 2xYT medium, of which one was supple
mented with L-arabinose, were inoculated with 100 μ\ of an overnight 
culture of E.coli MC1061[F'] harbouring pMSV,,. After incubation of the 
cultures at 37°C overnight the cells were harvested and the proteins 
analyzed by SDS-PAGE. To measure the level of production of gVp by 
M13 infected cells, first 50 ml of 2xYT medium, supplemented with 
kanamycin, was inoculated with 100 μΙ of an overnight culture of E.coli 
MC1061[F']. When the culture had reached a density of approximately 
108 cells/ml, 100 μί of 1 M CaCl2 and 100 μΙ of M13 wild-type bacteriop
hage (1012 plaque forming units/ml) were added and incubation was 
continued under vigorous shaking at 370C overnight. As a reference, 
uninfected cells were also grown in the same medium at 370C overnight. 
Subsequently, the cells were harvested and the proteins analysed by SDS-
PAGE. 

Cells, corresponding to a 2.5 ml culture with an optical density of 1.8 at 
600 nm (lightpath 1 cm), were harvested by centrifugation and resuspen-
ded in 250 μΙ of SDS sample buffer [2% SDS (mass/vol.), 10% glycerol 
(vol./vol.), 5% ß-mercaptoethanol (vol./vol.), 0.625 mM Tris/HCl pH 
6.8]. The cells were lysed by heating for 5 minutes in a boiling waterbath. 
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After centrifugation for 15 minutes, to remove the remainders of the cell 

walls, proteins were extracted from the supernatant with an equal volume 

of phenol saturated with TE buffer. The phenol and water phases were 

separated by centrifugation and the proteins were precipitated from the 

phenol and interphases with a 5-fold volume of acetone/0.1 M acetic acid 

(-20oC for 60 minutes). The pellet was washed once with etha-

nol/diethylether [1:1 (vol./vol.)] and once with ether. Then the proteins 

were dissolved in 75 μΐ of SDS sample buffer. 10 μί of these samples 

were analyzed on a SDS-polyacrylamide gradient (10%-20%) slab gel 

(Laemmli, 1970). After electrophoresis, the proteins were visualized 

either by staining with 0.25% (mass/vol.) Coomassie Brilliant Blue R-250 

in 45% (vol./vol.) methanol, 10% (vol./vol.) acetic acid) or by immuno

detection. For immunodetection the proteins were transferred onto a 

nitrocellulose sheet by electroblotting at 50C for 2 hr and 90 V in a 

BioRad Trans-blot Cell. Then the sheet was blocked for one hour at 

room temperature with a 3% (mass/vol.) solution of bovine serum 

albumin, followed by incubation for one hour with a 1/1000 dilution of 

rabbit polyvalent antiserum raised against gVp in a volume of 40 ml. 

Subsequently the blot was incubated for one hour with 40 ml of a 1/7500 

dilution of alkaline phosphatase-conjugated goat anti-rabbit serum. 

Finally the blot was stained by incubation at room temperature with 30 

ml of a solution containing nitroblue-tetrazoliumchloride (0.2 mg/ml) and 

5-bromo-4-chloro-3-indolyl phosphate (0.05 mg/ml) in stainingbuffer (0.1 

M NaCl, 5 mM MgCl2, 0.1 M Tris.HCl pH 9.5). 

Results 

General approach 

To study the relationship between structure and function of M13 gVp, 

mutants of gene V have been constructed via a random chemical mutage

nesis technique. To obtain all types of mutants, including those which are 

normally lethal to the phage, gene V was cloned in the expression 

phagemid pMS (Figure 1). Apart from the ampicillin resistance gene and 

the ColEl origin of replication, this plasmid possesses several other 

unique properties. Firstly, gene V is placed under the control of the 

arabinose inducible araB promoter. Secondly, a GC-rich region lies next 
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Figure 3. Comparison of the level of wild-type gVp synthesL·. The level of gVp synthesis 
in wild-type bacteriophage M13 infected E.coli MC1061[F] cells was compared with 
the level of gVp synthesis in E.coli MC1061[F,pMSVM] cells via fractionation of the 
proteins present in cells on SDS-PAGE. (A) Photograph of a SDS/polyacrylamide gel 
stained with Coomassie Brilliant Blue R-250. (B) Photograph of the immunoblot of 
the gel shown in A and stained with alkaline phosphatase-conjugated antibodies and 
5-bromo-4-chloro-3-indolyl phosphate. Lane 1: reference gVp. Lane 2: Proteins from 
Ecoli MC1061[F]. Lane 3: Proteins from E.coli MC1061 [F] infected with wild-type 
bacteriophage M13. Lane 4: Proteins from E.coli MC1061 [F.pMSV,,] grown in the 
absence of L-arabinose. Lane 5: Proteins from E.coli MC1061[F,pMSV„] grown in 
the presence of 0.4% L-arabinose. Per lane, an amount of protein equivalent to 0.3 
ml of cell culture of A«,, = 1.8 was loaded. 

to gene V, which enables the separation of wild-type and mutant gene V 
on denaturing Polyacrylamide gels, following the chemical mutagenesis 
procedure. Thirdly, due to the presence of the plus-strand origin and the 
morphogenetic signal of phage Ff, single-stranded phagemid DNA can be 
synthesized and packaged into phagelike particles, upon superinfection of 
pMSV^ or pMSVmt harbouring cells with a helper phage. 

Gene V was randomly mutagenized with each of the three different 
mutagens nitrous acid, formic acid, and hydrazine. After incubation and 
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complementary strand synthesis, the mutated DNA was separated from 
the wild-type DNA by means of electrophoresis on denaturing Polyacryla
mide gels (Materials and Methods). Subsequently a negative genetic 
complementation assay was used to identify the gene V mutants that 
encode gVp with biological characteristics that are different from those of 
wild-type. 

The biological properties of the mutants were established with the aid 
of two in vivo assays. In the first assay the number of transducing parti
cles produced by cells that harbour gVp prior to superinfection with Ff 
helper phage R408, is quantitatively measured. In the second assay the 
translational repressor activity of wild-type and mutant gVp was determi
ned. To verify whether, as a result of the mutagenesis procedure, the 
level of production of mutant gVp was still comparable to that of wild-
type, the amount of gVp present in cells harbouring either phagemid 
рМ5 м , or pMSVml was also compared by electrophoresis on Polyacryla
mide gels. 

Synthesis ofpMSV^ encoded gVp 

To compare the level of gVp synthesis of wild-type gene V, under 
control of the arabinose promoter in pMSV,,, with the level of gVp 
synthesis in M13 infected cells, the proteins prepared from cell extracts 
were analyzed by SDS-PAGE (Figure 3). From the banding patterns of 
the Coomassie Brilliant Blue stained gel and the immunoblot (Figure 3, 
lanes 3 and 5), it can be concluded that the level of gVp synthesis in cells 
harbouring pMSV^ is almost identical to that produced in phage M13 
infected cells. The low level of gVp synthesis in cells containing pMSV,,, 
under non-induced conditions (Figure 3, lane 4), is caused by constitutive 
synthesis from the weak gene V promoter, which also is present in this 
construct. The latter conclusion is supported by the observation that in 
the absence of L-arabinose the level of gVp synthesis, from a gene V 
containing fragment that is inserted in phagemid pMS in an opposite 
orientation as the fragment present in pMSV^, is identical to that 
instructed by pMSV,,,. 
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Mutagenesis and selection of gene V mutants 

To obtain all theoretically possible nucleotide substitutions with the 
mutagens used, both strands of gene V were chemically treated. To 
reduce the number of multiple mutations in one target molecule, conditi
ons were chosen such that only 10%-20% of the target molecules contain 
a lesion. To separate mutant fragments from the wild-type ones, electro
phoresis on denaturing Polyacrylamide gels was used. Eventually 534 
potentially mutant clones (including those without a gene V insert in 
phagemid pMS) were isolated. Gene V mutants were selected out of this 
pool of potential mutants by subjecting individual colonies to an in vivo 
assay based on negative genetic complementation. 

The negative genetic complementation assay is based on the observati
on that cells containing wild-type gVp are unable to give rise to efficient 
phage or transducing particle production upon superinfection of these 
cells with a Ff helper phage (e.g. R408). The reason for this phenomenon 
is the fact that gVp interferes with the propagation of the phage. Howe
ver, in cells that do not contain gVp or that produce a biologically 
inactive gVp, the propagation of the helper phage and the production of 
transducing particles is not impaired. The extent of helper phage and/or 
transducing particle production can both be monitored via the analysis of 
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Figure 4. Negative genetic complementation assay. Agarose gel analysis of the ssDNA 
(phage and phagemid) secreted by Exoli МС1061[Г,рМ5 .,] and Exoli MC1061[F, 
pMSV-QlOocAre] after infection with helper phage R408. Lane 1: Non-induced E.coli 
MC1061[F,pMSVK] Lane 2: Induced Ecoli MC1061[F,pMSVw]. Lane 3: Induced 
Exoli MC1061[F,pMSV-Q10ocAre]. Lane 4: Induced E.coli MC1061[F, pMSV-
QlOocAre]. 
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the amount of ssDNA extruded, and by counting of the number of 
transducing particles in a classical transduction experiment. 

In order to screen the pool of potential mutants for real mutants, the 
amount of ssDNA present in the transducing particles and helper phages, 
produced by cells harbouring pMSV,,,, and grown in the presence of L-
arabinose, was compared by agarose gel electrophoresis to the amount of 
ssDNA that can be isolated from transducing particles and helper phages 
produced by cells containing pMSV^. As shown in Figure 4 (lane 2) the 
amount of ssDNA that can be isolated from the culture supernatant of 
induced cells containing wild-type gVp, is fairly identical to the amount of 
ssDNA from the helper phages used for superinfection. If the induced 
cells contain, however, a biological inactive gVp, e.g. as a result of a 
nonsense ochre mutation, than the amount of single-stranded phage and 
transducing particle DNA that can be detected in the culture supernatant 
after helper phage infection is dramatically increased (Figure 4 lane 4). 
The screening of the potential mutants enabled us to subdivide the 
clones, apart from the clones with no insert that were not further consi
dered, into two different classes: one consisting of clones with a 'wild-type 
phenotype', i.e. resulting in very little or no ssDNA production after 
superinfection, and the other with 'осЛге-mutant phenotype', i.e. resulting 
in high or intermediate production of single-stranded helper phage and 
transducing particle DNA (Table 1). 

To obtain mutants with silent mutations and to get an impression of 
the efficiency of enrichment of mutant fragment versus wild-type frag
ment with the aid of denaturing gel electrophoresis, the nucleotide 
sequence of forty clones with a so called 'wild-type phenotype' was 
elucidated. Surprisingly, the nucleotide sequences of all of them were 
identical to that of wild-type gene V. From these data it thus can be 
concluded that the separation of wild-type and mutant fragments on the 
denaturing gel system used, is not absolute, for a substantial amount of 
the fragments in the 'mutant part' of the gel is actually wild-type. 

The clones whose biological properties differ from those of the wild-
type clone, according to the selection based on the ssDNA production, 
were further analyzed with a 'packaging inhibition assay'. In this assay the 
amount of transducing particles produced by helper phage infected cells 
grown both in the absence and presence of L-arabinose is compared. As 
shown in Figure 4, cells containing phagemid pMSV., are able to effi-
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Table 1. Phenotype of the potential mutants. Treatment of the (+) strand (pGC2V„) 
and the (-) strand (pGClVM) of gene V with each of the three mutagens, i.e. nitrous 
add, formic add, and hydrazine, finally resulted in the isolation of 534 potentially 
mutant clones which were subdivided in clones with 'wild-type phenotype', clones with 
'ocAre-mutant phenotype', and clones without an insert 

Mutagen 

nitrous 
acid 

formic 
acid 

hydrazine 

Strand 

_ 
+ 

_ 
+ 

_ 
+ 

Number of 
clones 

157 
119 

17 
60 

134 
47 

534 
+ 

'Wild-type 
phenotype' 

61 
70 

7 
29 

98 
34 

'Ochre-mutant 
phenotype' 

73 
39 

7 
25 

24 
7 

No 
insert 

23 
10 

3 
6 

12 
6 

ciently produce transducing particles only under noninduced conditions 
(lane 1), i.e. conditions under which fairly no wild-type gVp in the cells is 
present. If the cells contain, however, a prematurely terminated gVp, the 
amount of transducing particles produced under either induced or non-
induced conditions is fairly identical (Figure 4 lanes 3 and 4). The 
number of transducing particles is determined by titration and the 
'packaging inhibition activity' is defined as the ratio of the number of 
transducing particles extruded from cells grown in the absence of L-
arabinose to the number of transducing particles extruded from the same 
cells grown in the presence of L-arabinose. For example E.coli MC1061 
[F.pMSV,,] grown in 2xYT medium supplemented with L-arabinose, 
produces upon superinfection about 400 times less phagemid DNA 
transducing particles than the same cells grown in the absence of L-
arabinose. 

From the mutants that had been isolated via the negative genetic 
complementation assay, the nucleotide sequences of the gene V fragment 
were established. The results are listed in Table 2. Forty-nine mutants 
with a single, and fifteen with two amino acid substitutions were identi
fied. Nine mutants contained a nonsense codon {amber or ochre). The 
mutations are randomly distributed along the gVp amino acid sequences 
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Table 2. Mutants generated by the random mutagenesis method The library of mutants 
is divided into three classes: (A) Mutants with one amino acid substitution, (B) 
mutants with two amino acid substitutions, and (C) mutants with a nonsense codon. 
Gene V protein mutants are referred to by the wild-type residue followed by the 
residue number and the substituting amino acid or nonsense codon. Mutagens F, H 
and N designate formic acid, hydrazine and nitrous acid respectively. The 'packaging 
inhibition activity' and the 'translational repressor activity" are defined in the text. The 
level of gVp synthesis is designated physiological (P) or non-physiological (NP). 

A. Mutants 

Mutant 

wild-type 

I 2 V 
I 2 Τ 
К 3 E 
E 5 К 
I 6 V 

I 6 Τ 
К 7 R 
Ρ 8 Τ 
S 9 F 
q 10 R 

Q 10 L 
A 11 Τ 
Q 12 R 
F 13 L 
Τ 14 A 

Τ 15 A 
R 16 С 
R 16 H 
G 18 D 
G 23 С 

G 23 D 
Y 26 С 
С 33 R 
Y 34 H 
D 36 N 

D 36 G 
G 38 D 
N 39 I 
Y 41 H 
Y 41 F 

with a s ingle 

Mutagen 

-

H 
N 
N 
N 
N 

N 
H 
N 
N 
N 

F 
N 
N 
N 
N 

N 
N 
H 
N 
F 

N 
N 
N 
N 
N 

N 
N 
F 
N 
F 

amino acid subs 

'Packaging 
inhibition 
activity' 

407 

20 
49 
136 
41 
939 

2 
15 
149 
10 
4 

3 
6 
84 
4 
74 

19 
2 
12 
7 
5 

2 
32 
3 
22 
48 

6 
22 
135 
6 
7 

¡titution 

'Translational 
repressor 
activity' 

42 

2 
11 
23 
8 
33 

10 
19 
40 
6 
2 

6 
8 
33 
3 
14 

7 
5 
3 
2 
3 

3 
9 
3 
7 
4 

4 
4 
4 
3 
7 

Level of 
gVp 
synthesis 

Ρ 

Ρ 
NP 
NP 
Ρ 
Ρ 

NP 
Ρ 
NP 
Ρ 
NP 

NP 
NP 
Ρ 
Ρ 
Ρ 

NP 
NP 
NP 
NP 
NP 

NP 
NP 
NP 
NP 
NP 

NP 
NP 
NP 
Ρ 
Ρ 
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A. Continued 

Mutant 

Ρ 42 
L 44 
I 47 
L 49 
L 49 

A 55 
A 57 
Ρ 58 
Ρ 58 
G 59 

Y 61 
Y 61 
S 66 
S 67 
F 68 

V 70 
F 73 
R 82 
V 84 

S 
H 
Τ 
I 
F 

V 
Τ 

s 
L 
S 

H 

s 
Ρ 
F 
L 

A 
L 
S 
A 

Mutagen 

N 
F 
N 
H 
N 

N 
N 
N 
N 
N 

N 
F 
N 
N 
N 

N 
N 
F 
N 

'Packaging 
inhibition 
activity' 

8 
3 
95 
15 
2 

9 
3 

211 
2 
4 

10 
10 
2 
1 
1 

6 
4 
3 
6 

'Translatlonal 
repressor 
activity' 

7 
6 
3 
6 
4 

6 
2 
4 
3 
5 

5 
3 
7 
5 
1 

6 
2 
2 
3 

Level of 

RVp 
synthesis 

NP 
NP 
Ρ 
NP 
NP 

NP 
NP 
NP 
NP 
NP 

NP 
NP 
NP 
NP 
Ρ 

NP 
NP 
NP 
NP 

B. Mutants with two amino acid substitutions 

Mutant 

I 2 Τ 
L 37 S 
I 2 V 
Y 41 С 
I 2 V 

L 76 F 

A 11 Τ 
I 47 Τ 
A 11 V 
Y 56 С 

Mutagen 

N 

N 

N 

N 

N 

'Packaging 

Inhibition 

activity' 

4 

4 

2 

3 

4 

'Translatlonal 

repressor 

activity' 

3 

4 

1 

3 

2 

Level of 

ßVp 
synthesis 

NP 

NP 

NP 

NP 

NP 



В. Continued 

Mutant 

A 11 

A 57 

A 11 

A 86 

Q 12 

Y 26 

G 18 

G 38 

G 18 

Y 56 

G 23 

L 37 

Ρ 25 
Y 56 
L 28 
A 57 
L 37 
F 68 
A 55 
L 76 

Τ 
Τ 
V 
V 
К 
Ν 
S 
S 
D 
H 

D 
S 
S 
С 
Ρ 

τ 
s 
s 
V 
F 

Mutagen 

N 

N 

F 

H 

N 

N 

N 

N 

N 

N 

'Packaging 
inhibition 
activity' 

3 

3 

5 

4 

6 

2 

4 

6 

2 

4 

'Translatlonal 
repressor 
activity' 

5 

6 

6 

3 

3 

5 

2 

5 

2 

6 

Level of 

gVp 
synthesis 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

C. Mutants with a nonsense codon 

Mutant 

Q 10 
Q 10 
Ρ 25 
A 86 
Q 12 
К 24 

S 27 

E 30 

D 36 

К 46 

E 51 

E 51 

Y 61 

ochre 

ochre 
S 
V 
ochre 

amber 
ochre 

amber 
Y 
N 
ochre 

ochre 

ochre 

Mutagen 

N 
N 

F 
F 
F 

F 
F 

F 
H 

'Packaging 

inhibition 

activity' 

2 
2 

2 
2 
3 

2 
2 

2 
2 

'Translatlonal 

repressor 

activity' 

2 
1 

1 
1 
2 

1 
1 

1 
1 

Level of 

gVp 
synthesis 

Ρ 
Ρ 

Ρ 
Ρ 
Ρ 

Ρ 
ΝΡ 

ΝΡ 
ΝΡ 
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and include all types of substitutions, i.e. charge loss, charge gain, polarity 
reversal or without any of these changes. 

Influence of amino acid substitutions in gVp on translational regulation of 
gene Π 

Apart from binding to ssDNA during regular rolling-circle type replica
tion, gVp also represses the translation of the mRNAs of the phages 
gene I, II, III, V and X (Model et aL, 1982; Yen and Webster, 1982; 
Chapters II and III). The strongest translational repression has been 
found for gene II mRNA and the nucleotide sequences involved in this 
translational regulation have been characterized best (Michel and Zinder, 
1989a, 1989b; Chapter II-IV). 

To establish the effect of the amino acid substitutions in M13 gVp on 
its activity as a translational repressor, the capability of the mutant 
proteins to repress the translation of a fusion reporter gene consisting of 
the 5' end of M13 gene II, up to the 12th codon, and the 5'-truncated ß-
galactosidase gene of E.coli was measured (Chapter II). The ΙΓ/'Ζ fusion 
gene is carried on the plasmid pZII (Chapter II), which is a derivative of 
pACYC177 (Chang and Cohen, 1978) and is compatible with pMSV. 
Cells of the lacZ minus E.coli strain MC1061, containing pZII and 
pMSV^, or pMSV,,,, were grown in the absence or presence of L-arabino-
se, and at late exponential phase, the expression of the ΙΓ/'Ζ fusion gene 
was measured by a ß-galactosidase assay (Miller, 1972; Chapter II). 

The small amount of gVp present in noninduced cells harbouring 
pMSV^ (Figure 3) already resulted into an almost 7-fold reduction of the 
expression of the ΙΓ/'Ζ fusion gene in comparison to noninduced cells 
harbouring a pMSV,,,, phagemid with an ochre mutation at position Y61 
(ß-galactosidase activity of noninduced cells harbouring pZII + pMS,, is 
3000 Miller Units; of noninduced cells harbouring pZII + pMSV-

бІосЛге): 20000 Miller Units; cf. Chapter II). When the cells were 
grown in the presence of inducer, the ß-galactosidase activity of cells 
harbouring pMSV., was further decreased by a factor of 7 (to 430 Miller 
Units), whereas that of induced cells harbouring pMSV-Y61ocftre was 
virtually unaffected (18000 Miller Units). To compensate for the repressi
on in the absence of inducer, the 'translational repressor activity* was 
defined as the ratio of the ß-galactosidase activity of induced cells har· 
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bouring pZII plus pMSV-Y61oc/ire (18000 Miller units), and induced cells 
harbouring pZII plus pMSVwt, or pZII plus any of the other pMSV,,,, 
constructs (e.g. the 'translational repressor activity* of wild-type gVp is 
18000/430 = 42). 

The 'translational repressor activities' of the mutants are listed in Table 
2. All mutants tested had an activity that was lower than that of wild-type 
gVp-

Level ofgVp synthesis 

Besides measuring the 'packaging inhibition activity' and the 'translatio
nal repressor activity* of wild-type and mutant gVp, their level of synthe
sis under non-induced and induced conditions was also studied. This was 
prompted by the observation that cells of which the mutant proteins (e.g. 
Y26C and Y61H) were to be purified for investigation of their binding 
characteristics, harboured huge amounts of gVp as revealed by SDS-
PAGE. To be able to ascribe decreased biological activities to missense 
mutations and not to a reduced protein concentration in the cell, the 
level of gVp synthesis of all the mutants was established. 

The level of mutant gVp synthesis was compared with the level of wild-
type gVp synthesis via fractionation of the proteins present in non-
induced and induced cells on SDS-PAGE followed by staining with 
Coomassie Brilliant Blue R-250. To our surprise, fifty-five of the seventy-
three mutants showed a very high level of gVp synthesis. These fifty-five 
mutants include thirty-seven out of the forty-nine (76%) mutants with a 
single amino acid substitution, all the mutants with two amino acid 
substitutions, and three of the nine mutants with a premature nonsense 
codon. Densitometrie scanning of the lanes of the SDS-PAGE gels of the 
mutants with the extaordinary high gVp synthesis, revealed that at least 
10% of the total cellular protein consisted of mutant gVp. This is about 
10 times more than the amount of gVp produced in cells harbouring the 
phagemid pMSV,,. In Figure 5A mutant R82S which is representative for 
the mutants with a high gVp synthesis, is compared with wild-type gVp. 
The high level of gVp production is neither caused by mutations in the 
gene V promoter, nor by mutations in the Shine & Dalgarno sequence. 
Attempts to purify gVp from cells with a very high production level of 
gVp has revealed that in almost all cases the protein is accumulated in 
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1 2 

SI 
- · g2p 

Figure 5. Overexpression of mutant R82S gVp. Proteins present in induced E.coli 
МС1061[Р,рМ8 м] cells (lane 1) or in induced E.coli МСІОбЦГ.рМЗ ^ ] cells 
(lane 2) were analyzed by SDS-PAGE, followed by staining with Coomassie Brilliant 
Blue R-250. The position of migration of gVp is indicated. Per lane an amount of 
protein equivalent to 0.3 ml of cell culture of A«,,, = 1.8 was loaded. 

these cells in highly refrative particles, so called 'inclusion bodies', as seen 
by means of phase contrast microscopy (A.P.M. Stassen and R.N.H. 
Konings, unpublished data). The formation of these inclusion bodies is 
usually observed in prokaryotic cells when eukaryotic or bacterial proteins 
are overproduced (i.e. produced in much larger amounts than under 
natural circumstances) (Marston, 1986; Schein, 1989). It is generally 
believed that inclusion bodies are composed of intermediates in protein 
folding pathways (Mitraki and King, 1989). Probably inclusion body 
deposition is the result of incorrect or inefficient folding resulting in 
hydrophobic aggregation of folding intermediates. 

However, SDS-PAGE analyses revealed that not all gVp molecules of 
the inclusion body forming mutants were insoluble, but that a significant 
fraction was present as soluble protein in the cytoplasmic cell fraction 
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(data not shown). Furthermore, the observation that the inclusion body 
forming mutants studied, e.g. K3E and P8T, are able to efficiently repress 
the expression of the ΙΓ/'Ζ reporter gene and to inhibit the production 
of phagemid DNA transducing particles (Table 2), demonstrates that the 
mutant protein molecules present in the soluble fraction are biologically 
active. 

On the basis of the level of gVp production the mutant proteins can be 
subdivided into two catagories. The first category comprises the mutants 
with a production level that is comparable to that of wild-type gVp. This 
production is designated as physiological (P). The second category 
comprises the mutants with a very high production level. The production 
level of these inclusion body forming mutants is designated as non-
physiological (NP). The results are summarized in Table 2. 

Discussion 

A library of gene V mutants has been constructed by random chemical 
mutagenesis. Mutants were selected by a negative genetic complementati
on assay and their biological properties were measured. Furthermore, the 
level of gVp synthesis was established. 

Negative genetic complementation, and translational repression assay 

The biological properties of the mutant proteins have been studied by 
means of two different in vivo assays. Whereas the ß-galactosidase assay 
only monitors the 'translational repressor activity' of the gVp mutants 
(Chapter II); the decreased production of phages and transducing parti
cles by gVp containing cells, as observed in the negative genetic comple
mentation assay, might both be the result of binding of gVp to the pene
trating viral genome and thereby inhibiting the formation of RFI DNA; 
or of translational repression by gVp of the synthesis of gllp, thus 
preventing initiation of rolling circle replication from parental RFI DNA. 
To distinguish between these possibilities, a negative genetic complemen
tation assay was performed in which induced and noninduced E.coli 
MC1061[F'] cells harbouring phagemid pMSV,, were infected with either 
helper phage R408 or with a derivative of R408 containing a deletion of 
14 nucleotides corresponding to nucleotides 2 to 15 of gene II mRNA 
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(G.J.R. Zaman and R.N.H. Konings, unpublished data). It has been 
shown that introduction of this deletion in the H'/'Z reporter gene 
eliminates the gVp mediated translational repression (Chapters Г and 
VI; cf. Michel and Zinder, 1989a). Whereas upon superinfection with 
R408, the production of transducing particles by induced cells was 407 
times less than that by noninduced cells (Table 2), this was, upon superin
fection with the deletion mutant, 80 times less. This observation indicates 
that the interference of gVp with the propagation of the helper phage 
and the phagemid DNA transducing particles is caused by both inhibition 
of the conversion of the infecting viral strand into RFI DNA and repres
sion of the synthesis of glip. 

Formation of inclusion bodies 

Protein folding in vivo is a complex process. The outcome of this 
process is influenced by many factors, such as cofactors, prosthetic 
groups, chaperones and the overall intracellular cytoplasmatic environ
ment, including temperature and ionic strength (Mitraki and King, 1989). 
gVp. mutations leading to charge loss, charge gain, charge decrease or 
reversal, or leading to polarity reversal, nearly always caused the mutant 
protein to accumulate in the cells as insoluble aggregates (Table 2), 
indicating that minor changes in the electrostatic, or hydrophobic interac
tions caused the polypeptide chain to fold differently, thus allowing 
insoluble aggregates to be formed (Mitraki and King, 1989; Fane and 
King, 1991). This is clearly illustrated by mutant proteins I2V/I2T and 
I6V/I6T. Substitution of isoleucine by another apolar residue of the same 
size does not result in insoluble aggregates, but substituting it by the 
polar threonine does lead to insoluble aggregates. Besides changes in 
electrostatic, and hydrophobic interaction, steric hindrance may also be of 
importance. For instance, although mutant proteins L49F and A55V do 
not have a change in charge or polarity, they accumulate in inclusion 
bodies (Table 2). Proper folding of these mutants therefore must be 
impaired by the fact that there is not enough space in the native protein 
to accomodate the substituted residue. 
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Residues involved in ssDNA binding and protein-protein interactions 

'H-NMR studies have revealed that only two aromatic residues, 
tyrosine 26 and phenylalanine 73, and one aliphatic residue, leucine 28, 
are involved in binding to short stretches of ssDNA (King and Coleman, 
1987; Folkers et aL, 1991b). Near to the nucleotide interaction site 
formed by these three residues lies a phosphate-binding electropositive 
cluster formed by arginine 16 and 21, and lysine 24 and 46 (King and 
Coleman, 1987). Furthermore, tyrosine 41 is involved in dimer-dimer 
contact (King and Coleman, 1988; van Duynhoven et al, 1990; Folkers et 
al, 1991a). Based on the crystal structure, phenylalanine 68 is believed to 
be involved in the stabilization by hydrophobic interactions of the mono
mer-monomer contact in the dimer (Brayer and McPherson, 1983). 

Seven mutants (i.e. R16C, R16H, Y26C, Y41F, Y41H, F68L, F73L) 
were obtained at five sites that are involved in ssDNA binding or protein-
protein interaction. All of them lost both their ability to impair the 
propagation of the helper phage and their ability to repress the expressi
on of the ΙΓ/'Ζ fusion gene at the level of translation. Mutants R16C 
and R16H lost the positive charge which is needed to interact with the 
phosphate-backbone of the nucleic acid. Mutants Y26C and F73L lost the 
aromatic side chain that is necessary to stack on the bases of the nucleic 
acid. A change in the hydrophobicity of F68L may cause the dimer to be 
less stable and therefore reduce the biological functions of gVp. Is is not 
yet clear in what way tyrosine 41 is involved in dimer-dimer interaction. 
Mutants Y41H and Y41F indicate that not just an aromatic side chain is 
required at position 41 but rather a polar residue. 

Classification of mutant proteins 

The mutants can be subdivided in different classes both on the basis of 
their 'packaging inhibition activity' and their 'translational repressor 
activity'. For convenience, a 'packaging inhibition activity' of 40 or higher 
was considered as no substantial reduction of the inhibition of the 
packaging. Accordingly, a 'translational repressor activity' of 10 or higher 
was considered as no substantial reduction of the translational repressor 
function. 

Following these criteria, it can be deduced that most gVp mutants 
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exhibited a similar behaviour in both assays: most mutants that are 
severely impaired in 'translational repressor activity1 also are disabled in 
the inhibition of phagemid production. Similarly, most mutants that 
efficiently inhibit phagemid production, also efficiently repress the 
translation of the ΙΓ/'Ζ fusion gene (e.g. P8T, I6V, and T14A). There 
are, however, a few clear exceptions. Firstly, five mutants that are severe
ly impaired in translational repressor function, still efficiently inhibit 
phagemid production (i.e. E5K, D36N, N391, I47T and P58S). The other 
way around, two mutants relatively have a weaker inhibitory effect on the 
production of the fusion protein than on the production of transducing 
particles (I6T, and K7R). 

The observation that these mutants behave differently in the two 
employed in vivo assays, demonstrates that different gVp residues are 
involved in the binding to ssDNA and in the binding to the 5' non-
translated leader of gene II mRNA. This suggests that gVp comprises, 
besides the domain that is involved in the non-specific nucleic acid 
binding, additional residues required for specific binding of gVp to the 5' 
leader sequence of gene II mRNA (cf. Chapter VI). 
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Summary 

Protein-mediated translational repression is a frequently occuring mecha
nism of regulation of gene expression in Escherichia coli and its phages. 
This thesis deals with regulation of translation by the single-stranded 
DNA binding protein encoded by gene V of bacteriophage M13. A litera
ture review of other examples of translational repressor proteins and of 
the mechanisms by which these proteins exert their regulatory effect is 
given in Chapter I. Furthermore, this chapter contains a brief survey of 
the biology of the filamentous phage M13, emphasizing the role of gene 
V protein. The primary function of gene V protein is regulation of viral 
strand synthesis and the presentation of these strands to the phage 
assembly machinery. After penetration of the host cell, the single-stran
ded viral DNA is converted by host factors into a double-stranded 
replicative form (RFI). Transcription of RFI and subsequent translation 
results in the synthesis of ten phage proteins. One of these, gene II 
protein, initiates the synthesis of new viral strands by rolling-circle 
replication. During the early stages of infection, the newly synthesized 
viral strands are converted to RFI, resulting into an accumulation of RFI 
DNA and phage proteins. This accumulation continues until the concen
tration of gene V protein has reached a certain critical threshold level. At 
this concentration, gene V protein binds in a co-operative manner to the 
newly synthesized viral strands and thereby prevents their conversion into 
RFI. Concomittant with the assembly and extrusion of the phage parti
cles, the protein molecules of the gene V protein/single-stranded DNA 
complex are exchanged for coat proteins at the host cell membrane. 

When the experimental studies described in this thesis were started, 
there were strong indications that gene V protein regulates the expressi
on of gene II. It was however not entirely clear how gene V protein 
exerts this regulatory effect. Furthermore, there were conflicting data 
about the specificity of gene regulation by gene V protein. 

To study the mechanism of regulation of gene II by gene V protein, an 
in vivo test system was developed which is described in Chapter IL The 
system consists of two recombinant plasmids with compatible replication 
origins. One plasmid contains M13 gene V under the control of the 
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inducible araB promoter of Salmonella typhimurium. The other contains a 
fusion gene, whose expression is dependent upon the M13 gene II 
promoter and which consists of the 5' end of M13 gene II, including the 
5' non-translated leader, and the 5' truncated ß-galactosidase (lacZ) gene 
of Kcoli. Induction of the synthesis of wild-type gene V protein by 
arabinose resulted in a specific reduction of both the ß-galactosidase 
activity and the amount of fusion protein produced. These specific 
inhibitory effects were not observed when the synthesis of the fusion 
protein was studied in the presence of an amber mutant of gene V. 
Comparison of the relative concentrations of the fusion protein mRNAs, 
as present in arabinose-induced and noninduced cells, demonstrated that 
gene V protein exerted its regulatory effect at the level of translation. 
Since the transcript of the fusion gene only contained the first 74 nucleo
tides of gene II mRNA, it was concluded that these nucleotides are 
already sufficient for gene V protein mediated translational regulation of 
gene II mRNA. 

In the studies described in Chapter III the specificity of gene V protein 
mediated translational repression was investigated. With the aid of the in 
vivo test system it was demonstrated that gene V protein not only regula
tes the synthesis of the replication proteins encoded by genes II and X, 
but also of the assembly protein encoded by gene I and the coat protein 
encoded by gene III. Furthermore, gene V protein functions as a transla
tional autoregulator of its own synthesis as well. Comparison of the 
mRNA levels of genes I and X in the presence and absence of wild-type 
gene V protein indicated that gene V protein augments the physical 
stability of these mRNAs. The expression of the E.coli ß-galactosidase 
gene and of a gene X mutant containing a deletion in the non-translated 
mRNA leader sequence were not influenced by gene V protein, lending 
support to the conclusion that gene V protein exerts its regulatory effect 
via a specific nucleotide sequence in the non-translated leaders of the 
respective M13 mRNAs. 

In the studies described in Chapter IV the recognition site of gene V 
protein on the gene II mRNA was further analyzed. A series of mutati
ons was introduced in the 5' non-translated leader of gene II mRNA, and 
their effect on the efficiency of gene V protein mediated translational 
regulation was measured with the aid of the in vivo test system. The data 
were in accordance with the conclusion drawn by others that the translati-
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onal repression of gene II mRNA is primarily dictated by a sequence 
comprising at most 16 nucleotides that is located 22 bases upstream from 
the initiation codon of gene II. In addition, it was shown that the extent 
of translational repression of gene II mRNA is also dependent on the 
relative position of the major regulatory sequence with respect to the 
initiation codon, as well as on nucleotides that are located downstream 
from this sequence. Furthermore, the major regulatory sequence on gene 
II mRNA was exchanged for a partially homologous sequence with a 
length of 16 nucleotides of gene X mRNA that is located 22 bases 
upstream from the initiation codon of gene X. The results obtained with 
the corresponding lacZ fusion genes suggest that the major target site for 
gene V protein on gene X mRNA is located at approximately the same 
distance from the cognate initiation codon as the major target site for 
gene V protein on gene II mRNA. 

To investigate the possible role of a particular RNA conformation in 
the process of gene V protein mediated translational repression, the 
secondary structure of the 5' non-translated leader of gene II mRNA was 
analyzed by enzymatic probing using single- and double-strand specific 
ribonucleases. The results of these studies, which are described in Chap
ter V, demonstrate that the gene II mRNA leader folds into a unique 
secondary structure. Mutations that impair translational regulation by 
gene V protein disrupt this secondary structure, indicating that this 
structure is essential for gene V protein to exert its regulatory effect. 

In Chapter VI the functional meaning and the evolutionary relevance 
of gene V protein mediated translational repression of gene II was 
considered. It was found that a deletion in the genome of wild-type M13 
phages that eliminates the gene V protein mediated translational repres
sion of M13 gene II, had no effect on phage viability. Furthermore, it was 
noted that gene V protein of phage Же, a distant relative of M13, does 
not function as a translational repressor of its cognate gene II protein. 
These data strongly indicate that gene V protein mediated control of 
gene II expression in bacteriophage M13 is an evolutionary relic of the 
ancestral filamentous phage genome which has become dispensible for 
proper filamentous phage replication. 

In Chapter VII the structure/function relationship of gene V protein 
was studied. Gene V was cloned in a phagemid expression vector and a 
library of mutants was constructed by random chemical mutagenesis. 
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Phagemids encoding gene V proteins with a decreased biological activity 
were selected with the aid of an in vivo negative genetic complementation 
assay and the nucleotide sequences of their gene V fragments were 
determined. Furthermore, the mutant proteins were characterized both 
with respect to their ability to inhibit the production of phagemid DNA 
transducing particles and their ability to repress the translation of the 
fusion gene of M13 gene II and the E.coli ß-galactosidase gene. From the 
data obtained it could be concluded that the mechanism by which gene V 
protein binds to single-stranded DNA differs from the mechanism by 
which it binds to its target sequence in gene II mRNA. 
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Samenvatting 

De frequentie waarin boodschapper RNA moleculen van de darmbacterie 
Escherìchia coli en zijn natuurlijke belagers, de bacteriofagen, in eiwit 
wordt vertaald wordt vaak door zelfgecodeerde eiwitten gereguleerd. Dit 
proefschrift behandelt de regulering van de vertaling van boodschapper 
RNAs door het enkelstrengs DNA bindend eiwit van de draadvormige 
bacteriofaag M13. Een overzicht van andere eiwitten die de vertaling van 
boodschapper RNAs in eiwitten reguleren is opgenomen in Hoofdstuk I. 
Dit hoofdstuk bevat ook een kort overzicht van de biologie van faag M13. 
Met name aan de rol die gen V eiwit in de vermenigvuldigingscyclus van 
deze faag vervult is speciale aandacht besteed. De belangrijkste functie 
van gen V eiwit is de regulering van de aanmaak van nieuwe virale DNA 
strengen en de presentatie van deze strengen aan het faag assemblage 
mechanisme. Na het binnendringen van de gastheercel wordt het circulai
re, enkelstrengs virale DNA met behulp van eiwitten van de gastheercel 
in een dubbelstrengs replicatieve vorm (RFI) omgezet. Dit RFI dient als 
matrijs voor de synthese van tien verschillende faageiwitten. Eén van 
deze, het gen II eiwit, brengt de aanmaak van nieuwe virale DNA stren
gen op gang door middel van het 'rollende cirkel' DNA vermenigvul
digingsmechanisme. Aanvankelijk worden de nieuw gevormde virale 
strengen omgezet in RFI, hetgeen een ophoping van RFI DNA en 
faageiwitten tot gevolg heeft. Deze ophoping gaat door totdat de concen
tratie van gen V eiwit een kritische drempelwaarde heeft bereikt. Bij deze 
concentratie bindt gen V eiwit aan de nieuw gesynthetiseerde virale stren
gen. Deze binding gebeurt op een coöperatieve wijze, dat wil zeggen: 
binding van één gen V eiwit molecuul vergemakkelijkt de binding van het 
volgende direct ernaast. Ten gevolge van de binding van gen V eiwit 
wordt de omzetting van de virale strengen in dubbelstrengs DNA (RFI) 
verhinderd. Gelijktijdig met de assemblage en uitscheiding van het virus
partikel, worden de eiwitmoleculen van het gen V eiwit/enkelstrengs 
DNA complex aan de celmembraan door manteleiwitten vervangen. 

Toen met de in dit proefschrift beschreven experimentele studies werd 
begonnen, waren er reeds sterke aanwijzingen dat gen V eiwit bij de 
regulatie van de expressie van gen II is betrokken. Het was echter niet 
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duidelijk hoe gen V eiwit deze regulerende werking uitoefent. Bovendien 
bestonden er tegenstrij'dige gegevens met betrekking tot de specificiteit 
van genregulatie door gen V eiwit. 

Om het mechanisme van regulatie van de expressie van gen II door 
gen V eiwit te kunnen bestuderen, werd, zoals beschreven is in Hoofd
stuk II van dit proefschrift, een in vivo testsysteem ontwikkeld. Dit 
systeem bestaat uit twee recombinant plasmieden. Eén plasmiede bevat 
M13 gen V onder controle van de induceerbare araB promoter van 
Salmonella typhimurium. Het andere plasmiede bevat een fusie-gen waar
van de expressie afhankelijk is van de M13 gen II promoter. Het fusie
gen is samengesteld uit het 5' einde van M13 gen II en het ß-galactosida-
se gen van E.coli dat zijn eigen 5' uiteinde mist. Inductie van de synthese 
van wild-type gen V eiwit met arabinose resulteerde zowel in een speci
fieke afname van de ß-galactosidase activiteit als van de hoeveelheid 
fusie-eiwit. Deze specifieke remmende effecten werden niet waargenomen 
indien de synthese van het fusie-eiwit werd bestudeerd in aanwezigheid 
van een mutant van gen V eiwit waarvan, als gevolg van een zogenaamde 
nonsense mutatie, de synthese vroegtijdig was afgebroken. Vergelijking 
van de hoeveelheden van de fusie-eiwit boodschapper RNA's in cellen 
die wel of niet met arabinose waren geïnduceerd, toonde aan dat gen V 
eiwit zijn regulerende werking uitoefent op het niveau van vertaling van 
de boodschapper RNA's. Daar het boodschapper RNA van het fusie-gen 
alleen de eerste 74 nucleotiden van het gen II RNA bevatte, kon gecon
cludeerd worden dat dit gedeelte van de gen II boodschapper reeds 
voldoende is voor regulering door gen V eiwit. 

Studies die tot doel hadden inzicht te verkrijgen in de specificiteit van 
de regulerende werking van gen V eiwit staan beschreven in Hoofdstuk 
III. Met behulp van het in vivo testsysteem kon worden aangetoond dat 
gen V eiwit niet alleen de aanmaak reguleert van de replicatie-eiwitten 
die door de genen II en X gecodeerd worden, maar ook van het assem
blage-eiwit dat gecodeerd wordt door gen I en van het manteleiwit dat 
gecodeerd wordt door gen III. Tevens bleek gen V eiwit ook zijn eigen 
synthese te remmen. Vergelijking van de hoeveelheden boodschapper 
RNA's van de genen I en X in de aan- en afwezigheid van wild-type gen 
V eiwit wees erop dat gen V eiwit de fysische stabiliteit van deze RNA 
moleculen verhoogt. De expressie van het ß-galactosidase gen van E.coli 
en van een mutant van gen X met een deletie in de 5' gelegen niet code-
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rende nucleotidevolgorde van zijn boodschapper RNA, werden niet beïn
vloed door gen V eiwit. Deze waarnemingen ondersteunen de conclusie 
dat gen V eiwit zijn regulerende werking uitoefent via specifieke nucleoti-
devolgorden in de 5' einden van de door gen V eiwit gereguleerde bood
schapper RNA's. 

In de studies die beschreven staan in Hoofdstuk IV werden de nucleo-
tidevolgorden waaraan gen V eiwit het gen Π boodschapper RNA her
kent, nader geanalyseerd. Door middel van plaatsgerichte mutagenese 
werd in het 5' einde van het gen II boodschapper RNA een aantal 
mutaties aangebracht. Vervolgens werden de effecten van deze mutaties 
op de efficiëntie van regulering door gen V eiwit gemeten met behulp 
van het in vivo testsysteem. De verkregen resultaten wijzen erop dat de 
remming van de vertaling van het gen II boodschapper RNA voorname
lijk bepaald wordt door een gebied dat ten hoogste 16 nucleotiden lang is 
en dat 22 basen stroomopwaarts van het startcodon van de gen II bood
schapper gelegen is. Bovendien werd aangetoond dat de mate van 
remming van de vertaling van het boodschapper RNA van gen II ook 
afhankelijk is van de relatieve positie van deze belangrijkste regulatoire 
nucleotidevolgorde ten opzichte van zowel het initiatiecodon als nucleoti
den die verder stroomafwaarts in de boodschapper zijn gelegen. Verder 
werd de belangrijkste regulatoire nucleotidevolgorde van het gen II 
boodschapper RNA uitgewisseld voor een 16 nucleotiden lange, en 
gedeeltelijke homologe nucleotidevolgorde van het gen X boodschapper 
RNA, die 22 basen stroomopwaarts van het startcodon van gen X 
gelegen is. De resultaten die met de corresponderende fusiegenen 
verkregen werden, wijzen erop dat de nucleotidevolgorde waaraan gen V 
eiwit het gen X boodschapper RNA herkent, ongeveer op dezelfde 
afstand van het bijbehorende startcodon ligt, als de nucleotidevolgorde 
waaraan gen V eiwit het gen II boodschapper RNA herkent. 

In Hoofdstuk V worden experimenten beschreven die tot doel hadden 
te onderzoeken of de vouwing van het 5' uiteinde van het gen II bood
schapper RNA een rol zou kunnen spelen in de regulering van de 
vertaling van deze boodschapper door gen V eiwit. Daartoe werd de 
secundaire struktuur van het 5' einde van het gen II boodschapper RNA 
geanalyseerd met behulp van enzymen die specifiek óf enkel- óf dubbel-
strengs RNA herkennen en knippen. De resultaten van deze studies 
tonen aan dat het 5' einde van het gen II boodschapper RNA gevouwen 

139 



is in een unieke secundaire struktuur. Mutaties die de regulering van de 
vertaling van het gen II boodschapper RNA door gen V eiwit verhin
deren, verstoren ook deze secundaire struktuur. Deze resultaten duiden 
erop dat gen V eiwit deze struktuur nodig heeft om zijn regulerende 
werking uit te oefenen. 

In Hoofdstuk VI staan de resultaten beschreven van studies waarin de 
functionele betekenis en de evolutie van de regulering van de expressie 
van gen II door gen V eiwit onderzocht werd. Een nucleotidevolgorde, 
waarvan in Hoofdstuk IV was aangetoond dat deze noodzakelijk is voor 
de regulering van het gen II boodschapper RNA door gen V eiwit, werd 
verwijderd uit het genoom van wild-type M13 fagen. Deze deletie bleek 
echter geen invloed op de levensvatbaarheid van de M13 fagen te 
hebben. Verder werd aangetoond dat het gen V eiwit van de bacteriofaag 
IKe, een bacteriofaag die evolutionair verwant is aan M13, niet als een 
regulator van de synthese van IKe gen II eiwit functioneert. Deze resulta
ten suggereren dat de regulering van de expressie van gen II door gen V 
eiwit, zoals waargenomen bij bacteriofaag M13, een evolutionair overblijf
sel is van een voorouder van de huidige draadvormige fagen. 

In Hoofdstuk VII staan studies beschreven die tot doel hadden het 
verband tussen de struktuur en de functies van gen V eiwit te onderzoe
ken. Gen V werd gekloneerd in een faagmiede expressie vector en met 
behulp van zg. random chemische mutagenese werd een bibliotheek van 
mutanten geconstrueerd. Faagmieden die coderen voor gen V eiwitten 
met een verlaagde biologische activiteit werden geselecteerd en de 
nucleotide volgorden van de gemuteerde genen werden bepaald. Verder 
werd gemeten in hoeverre de gemuteerde eiwitten in staat waren de 
produktie van faagmiede DNA bevattende partikels te verhinderen, en in 
hoeverre zij de vertaling van het fusie RNA van M13 gen II en het ß-
galactosidase gen van Exoli konden remmen. Uit de verkregen resultaten 
kon worden afgeleid dat het mechanisme waardoor gen V eiwit aan 
enkelstrengs DNA bindt, waarschijnlijk anders is dan het mechanisme 
waardoor het aan het gen II boodschapper RNA bindt. 
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