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important role in the CII-mediated activation of the pg promoter (most probably resi-
due 271) or may be involved in putative interactions between aCTD and an UP-like
element near py (most probably residues 265 aI:dEEB] Measurement of the activity of
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Bacteriophage A serves as a paradigm of mo-
lecular mechanisms of many general biologi-
cal processes, including repression and activa-
tion of transcription initiation, antitermina-
tion of transcription, site-specific recombina-
tion, DNA replication, and even the control of
development (for a recent review see [1]).
There are two alternative pathways for bacte-
riophage A development after infection of its
host, Escherichia coli (see [1] and references
therein). The lytic eycle involves phage DNA
replication and expression of the phage late
genes, i.e. genes coding for head and tail pro-
teins and for proteins causing lysis of the host
cell. This pathway leads to production of
phage progeny, cell lysis and liberation of viri-
ons. Alternatively, the phage genome may be
incorporated into a specific site within the
host genome forming a stable prophage. Such
a lysogenic cell can survive for many genera-
tions carrying an integrated phage genome
which is replicated as a part of the bacterial
chromosome.

For the lysogenic cycle it is essential to
switch off expression of the genes involved in
the lytic mode of bacteriophage development.
This is achieved by the action of the CI re-
pressor which blocks transcription from the
main lytic promoters, pg and py, while stimu-
lating its own synthesis by activation of the
py promoter. However, shortly after infection
the ppy promoter remains inactive because it
is repressed by Cro (as the cro gene is the first
phage gene expressed after penetration of 4
DNA into the E. coli cell) and it requires posi-
tive regulation by CI for maximal activity. The
problem of the early inactivity of pys is circum-
vented by the presence of another promoter,
pg- This promoter is positively regulated by
the cIl gene product. The activity of two other
Cll-dependent promoters, py (for transcrip-
tion of the A integrase gene) and p,q (directing
synthesis of an anti-@ transcript) is also re-
quired for lysogenisation. In the absence of
CII the activity of these three lysogenic pro-
moters is extremely low. Therefore, as cll is
expressed from the pp promoter, paradoxi-
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cally the phage must proceed a little way along
the lytic pathway in order to enter the lyso-
genic pathway.

It has been demonstrated previously that
bacteriophage 4 cannot enter the lysogenic
pathway in the host harbouring the rpoA341
mutation [2] causing a single amino acid sub-
stitution Lys271Glu in the C-terminal domain
of the RNA polymerase & subunit (¢CTD) [3].
Since construction of an rpoA341 A lysogen
was possible by P1 transduction of the mutant
allele into the wild-type lysogen, it was con-
cluded that an establishment rather than
maintenance of the lysogenic state is blocked
in the rpoA341 host [2]. Subsequent studies
demonstrated that the levels of transcripts
from Cll-activated promoters (pg, p1 and pyq)
were drastically decreased in the A-infected
rpoA34]1 host relative to the otherwise
isogenic rpoA” strain [4]. Since N-dependent
transcriptional antitermination was impaired
also in the rpoA341 mutant [5], it seems possi-
ble that the observed reduced level of lyso-
genic transcripts was due to inefficient ex-
pression of the cll gene, which is located
downstream of the tg, terminator. However,
neither overproduction of CII nor stabilisa-
tion of this activator protein resulted in a by-
pass of the block in the lysogenic pathway in-
dicating that the activity of CII was probably
impaired [6]. In fact, activation of the pg-lacZ
and prlacZ fusions by CII was found to be im-
paired [6] suggesting that the CII protein is
not able to act as a transeriptional activator in
the rpoA341 mutant host. Since Acinl, which
is a mutant phage containing an additional
Cllindependent promoter for ¢l expression,
is able to lysogenise the rpoA341 mutant, it
seems that abolition of pg activation in the
mutant host is the main reason for the block
in the establishment of the lysogenic state [G].
These results may suggest that CII interacts
directly with the C-terminal domain of the
RNA polymerase & subunit during transerip-
tion activation. On the other hand, it was dem-
onstrated that removal of the & C-terminal do-
main resulted in only about five-fold reduction
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of Cll-mediated activation of the pg promoter
in vitro [7]. This is in contrast to the complete
abolition of pg, activity in vivo by the rpoA341
mutation. Therefore, one might alternatively
speculate that @CTD is not a contact site for
CII or comprises only a part of this site, and
that the Lys271Glu substitution may cause a
drastic conformational change in the subunit
which results in hindrance of the interaction
of CII with its real target on the surface of
RNA polymerase. It is worth noting that the
rpoA341 mutation also abolishes transerip-
tion activation of pre|AB, ParaBAD and peygp by
the MelR, AraC and CysB proteins, respec-
tively [8].

To investigate the mechanism of CII-
mediated transcriptional activation in more
detail we used a series of truncation and point
mutants in the rpoA gene placed on a plasmid.
We measured the efficiency of lysogenisation
by bacteriophage A as well as the activity of pg-
lacZ, prlacZ and pyq-lacZ fusions. Qur results
indicate that CII protein may activate various
promoters by different mechanisms. In the
case of positive regulation of the pg promoter,
it seems that amino-acid residues 265, 268
and 271 in the RNA polymerase ¢ subunit
play an important role in this process.

MATERIALS AND METHODS

Bacterial strains, phages and plasmids.
Otherwise isogenic (araD139 AlargF-
lac)U169 A(hisgnd) thi rpsL150 gltS,
flbB5301 relAl deoC1 rbsR) Escherichia eoli
rpoA’ (WAM106) and rpoA341 (WAM105)
strains were described previously [3]. A series
of plasmids derived from pLAW2 (a pMBI-
based replicon which contains the allele
and the rpoA” gene under control of pj,.) [9)
and bearing either truncated forms of rpoA or
point mutations in this gene has already been
described [10, 11]. Plasmid pMO23 [6] is a
pl5A-based replicon and contains the Il and
cIll genes, each under the control of py,,. Plas-

mid pJMH]1 (2] is a pSC101 replicon carrying
the lacI? allele. Phage A cIB57S7 was used
[12].

Gene fusions. The single copy pglacZ fu-
sion has already been described [6]. The pj-
lacZ fusion was constructed by PCR amplifica-
tion of the bacteriophage A DNA fragment en-
compassing the p; promoter (from nucleotide
29001 to 29164) and cloning it into the
EcoRI-Smal sites of the pHG86 vector [13].
The following primers were used for PCR:
5'— CCC GAA CCC ATC GAC GAA and 5'—
ACG AAT TCA ATA TTC GAA TTG AAG. The
PaqlacZ fusion was constructed by PCR am-
plification of the bacteriophage 1 DNA frag-
ment encompassing the Pa@ promoter (from
nucleotide 44073 to 44286) and cloning it into
the EcoRI-Smal sites of the pHG86 vector
[13]. The following primers were used for
PCR: 5°- AAA CAA AAG GCT ATC AAC T
and 5 - CAG AAT TCT GTT TTG GCA ATA
TC. Both above mentioned PCR reactions
were carried out using 30 cycles of a program
of denaturation at 94°C for 30 s, annealing at
54°C for 30 s and extension at 72°C for 30 s.

Efficiency of lysogenisation. Efficiency of
lysogenisation of E. coli hosts by bacterio-
phage AcI85757 was measured as described
previously [2].

p-Galactosidase activity. Activity of -
galactosidase was measured according to
Miller [14].

RESULTS

Lysogenisation of E. coli hosts bearing dif-
ferent rpoA mutations by phage i

Plasmids carrying different alleles of the
rpoA gene under control of pj,. were intro-
duced into rpoA” (WAM106) and rpoA341
(WAM105) strains. We investigated the effi-
ciency of lysogenisation of these strains with
phage AcI85787 (Table 1). In the control ex-
periments we found normal efficiency of lyso-
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Table 1. Efficiency of lysogenisation by bacterio-
phage A¢I85787 of E. coli rpoA” and rpoA341
hosts bearing plasmids expressing different
rpoA alleles

RNA polymerase & Efficiency of lyuageni.satiunh
subunit expre_ssd&d =

from a plasmid rpoA host  rpoA34ihost
None 0.77 <0.01
Wildtype o (e 329) 0.82 0.86
a 176 0.02 <0.01
& 211+3 <0.01 <001
a 217+3 0.01 <0.01
a 230+1 0.08 <0.01
o 230+3 0.01 0.01
o 2556+4 0.25 < 0.01
@ 256 0.20 <0.01
o 271+2 0.30 <0.01
c 283+3 0.01 <0.01
it 289+7 < 0.01 0.04
o 296+4 < 0.01 0.03
@ 316+3 < 0.01 0.04
a 258A 0.81 0.87
@ 250A 0.77 0.86
@ 2604 0.76 0.85
a 263A 0.81 0.87
& 264A 0.82 0.86
@ 266A 0.83 .02
a 268A 0.80 0.06
o 269A 0.85 0.81
a 27T1A 0.80 0.36
a 273A 0.60 0.72

“The plasmids were derived from pLAW? (sce Materials and
Methods). a —followed by a number denotes the length of the
wild-type or truncated a derivative being expressed in each
case; a number indicated after + denotes a C-terminal tail
ecomposed of amino acids not present in the wild-type ¢ but
present in the polypeptide as a result of the cloning procedure
(see [10] for details). @ — followed by a number and letter A
denoles expression of an ¢ derivative containing an alanine
substitution at the indicated position.

*Bacteria were infected with phages at multiplicity of infec-
tion of 10; an efficiency of lysogenisation of 1 would repre-
sent 100% lysogens among survivors, and the presented
results are referred to this value,

genisation (e.0.l.) of the rpoA™ host devoid of
plasmid and no lysogenisation of the rpoA341

mutant, whereas the defeet in the mutant host
was alleviated by the rpoA+ allele present on
plasmid pLAW2. Then we measured the e.o.l.
in strains bearing plasmids with truncated
rpoA alleles. We found that in the rpoA341
host only production of the longest mutant o
subunits allowed phage AcIB57S87 to form lyso-
gens, but the e.o.l. was very low (Table 1). In-
terestingly, production of the truncated «
polypeptides in the rpoA” host resulted in sig-
nificant inhibition or even abolition of lyso-
genisation by bacteriophage AcI857S7. To find
the amino acid residues in the & subunit possi-
bly involved in the interaction with the CII ac-
tivator, we used plasmids expressing rpoA
point mutations causing substitution of indi-
vidual amino-acids in @CTD by alanine. Ex-
pression of all tested alanine substitution mu-
tants in the rpoA” host did not significantly
change the efficiency of lysogenisation by
AcIB5787. While most of these alanine substi-
tutions in @CTD did not prevent complemen-
tation of the rpoA341 mutation in the lyso-
genisation assay, one mutant allele (alanine
substitution at position 271) complemented
with a significantly lower efficiency and two
mutant alleles (alanine substitutions at posi-
tions 265 and 268) provided very poor comple-
mentation (Table 1).

Analysis of the pg-lacZ fusion

We analysed the activity of the pg promoter
using a pg-lacZ fusion. As a source of the cll
gene we used plasmid pMO23, bearing the cll
and cIII genes under control of py,,. Since pro-
longed expression of these genes is lethal for
E. coli [6], we used a compatible plasmid
(pJMH1) bearing allele to suppress cll
and clIl synthesis until required. First, we
looked for the optimal conditions for activa-
tion of the pg-lacZ fusion by CII in the rpoA”
host. We found that induction of Il and elll
expression by addition of 0.1 mM IPTG to the
culture gave the most efficient activation of
the fusion. Both lower and higher IPTG con-
centrations caused a reduction in the effi-
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Figure 1. Activation of the pg-lacZ fusion by differ-
ent levels of CII protein at 30°C.

The rpoA” strain harbouring the pplacZ fusion and
pMO23 and pJMH] plasmids was induced for Il ex-
pression by addition of IPTG into the culture to final
concentration of 0.01 mM (), 0.05 mM (W), 0.1 mM
(@), 0.2 mM (W) and 0.5 mM (A). The increase in -
galactosidase activity (in Miller units, MU) was meas-
ured at indicated times following TPTG induction.

ciency of activation indicating that high con-
centrations of CII have a negative effect on
the activity of pg (Fig. 1).

We analysed the activity of the pg-lacZ fu-
sion in the rpoA” and rpoA341 hosts harbour-
ing pMO23, pJMH1 and plasmids bearing one
of the various rpoA alleles listed in Table 1.
We found that the defect in Cll-mediated acti-
vation of pg in the rpoA341 host may be allevi-
ated partially or almost completely by some
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rpoA alleles expressed from a plasmid (exam-
ples are provided in Fig. 2). However, surpris-
ingly, we found that the results obtained in
this assay did not always completely corre-
spond with the results obtained in the lyso-
genisation assay (Table 1) i.e. sometimes the
pr activity was relatively low in strains har-
bouring a plasmid with an rpoA allele which
allowed for efficient lysogenisation. For exam-
ple, the presence of pLAW2 plasmid (express-
ing wild-type rpoA allele) in the rpoA341 host
resulted in the efficiency of lysogenisation
comparable to that observed in the rpoA”
host, but in the analogous system in the pp-
lacZ fusion assay the activity of f-galacto-
sidase increased only to about 350 units. The
possible reasons for this discrepancy are pre-
sented in the Discussion.

Analysis of the prlacZ and p,g-lacZ fusions

Apart from the pg promoter, the CII protein
activates two other phage A promoters, py and
Paq- We have shown previously that activa-
tion of the p; promoter is also impaired in the
rpoA341 mutant [6] but the fusion used in that
work was of low activity (the prlacZ fusion
was constructed by obtaining a double lysogen
containing Aimm21lacW205D#53) and
Ael857S7 thus a possible low efficiency of py
activation could be overlooked. Here we con-
structed prlacZ and pyg-lacZ fusions of high
activity and measured the B-galactosidase ac-
tivity of these fusions in rpoA” and rpoA341
hosts harbouring pM023 and pJMH1 plas-

Figure 2. Activation of the pg-lacZ fu-
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sion by CII in bacteria bearing differ-
ent rpod alleles on the chromosome
and on plasmids at 30°C (the nature of
the alleles expressed from the plas-
mids is given after the slash),

The strains bearing the pg-lacZ fusion and
pMO23, pJMH]1 and (in some cases) plas-
mids producing mutant ¢ polypeptides
were used. The increase in J-galactosidase
activity (in Miller units, MU) was meas-
ured 60 min after induction by IPTG (0.1
mM).
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Figure 3. Activation of the pr-lacZ fusion by CII in
rpoA” (M and W) and rpoA341 (® and €) hosts at
30°C.

Bacteria harbouring the pi-{acZ fusion and pMO23 and
pJMH1 plasmids were either untreated (4 and W) or
induced with 0.1 mM IPTG (M and @). The increase in

f-galactosidase activity (in Miller units, MU) was meas-
ured at indicated times following IPTG induction,
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Figure 4. Activation of the p,glacZ fusion by CII
in rpoA” (M and W) and rpoA341 (® and 4) hosts
at 30°C.

Bacteria harbouring the PugilacZ fusion and pMOZ23
and pJMH1 plasmids were either untreated (4 and W)
or induced with 0.1 mM IPTG (M and @). The increase
in fi-galactosidase activity (in Miller units, MU) was
measured at indicated times following IPTG induction.

mids. In accordance with our previous obser-
vations, we found that activation of the py pro-
moter was impaired in the rpoA341 mutant,
though in our new system we were able to
measure substantial py activity in the mutant
background (Fig. 3). Perhaps surprisingly we
found that activation of the pyq promoter was
efficient in both rpoA” and rpoA341 strains,
though a delay in activation in the rpoA341
host was observed (Fig. 4). These results indi-
cate that mechanisms of activation of pg, pr
and pyq promoters by the CII protein must be
different.

DISCUSSION

Bacteriophage A is unable to lysogenise the
E. coli rpoA341 mutant [2] due to impaired ac-
tivation of the pg promoter by the phage CII
protein [6]. As it has become apparent that the
RNA polymerase & subunit serves as a contact
site for many transcriptional activators (for
reviews see [15] and [16]) the most obvious hy-
pothesis explaining our observations is that
the C-terminal domain of the & subunit is a
contact site for the CII activator. Neverthe-
less, in vitro studies have demonstrated that
some Cll-mediated transcriptional activation
is possible when RNA polymerase is devoid of
aCTD [7]. To investigate transcription activa-
tion by CII in more detail, we emploved a se-
ries of plasmids coding for truncated «
polypeptides and for @ subunits with single
amino acids changed for alanine. Since the
rpoA341 mutation is recessive, a strain carry-
ing this allele on the chromosome can be used
to assess the ability of other rpoA alleles pres-
ent on a plasmid to complement the defective
phenotypes of rpoA341 [3, 10]. Using this sys-
tem we found that the fulllength (329 amino-
acid residues) & subunit, but not truncated de-
rivatives, is necessary for efficient lysogenisa-
tion by bacteriophage A. Since the rpoA341-
mediated block in lysogenisation is due to the
abolition of CIl-dependent activation of the pg
promoter [6], one may conclude that the full-
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length & subunit is also necessary for efficient
activation of pg by CII in vivo. Our results with
the alanine substitution mutants may also in-
dicate that amino-acid residues 265, 268 and
271 are important for this activation. It seems
that the best candidate for a contact site with
CIl is residue 271 of @CTD, as Lys271Glu sub-
stitution caused by the rpoA341 allele impairs
also other activation systems [8) and this al-
lele may be partially complemented in both ly-
sogenisation and pg-lacZ fusion assays by the
Lys271Ala mutant. On the other hand, resi-
dues 265 and 268 (but not 271) are known for
their role in the activation of certain promot-
ers by interaction of ¢CTD with the so called
UP-element, a DNA sequence rich in AT base
pairs located upstream of the promoter (for a
review see [156] and [16]). Although there is no
sequence resembling the UP-element near the
pE promoter [6], recent studies demonstrated
that the py; promoter could be stimulated by
sequence nonspecific interactions of aCTD
with a DNA region located upstream of the
promoter [17]. An alternative explanation of
our results would be that truncated and some
of alanine substitution & mutants are defec-
tive in N-dependent transcriptional antitermi-
nation leading to inefficient expression of ¢Il.
This explanation, however, seems to be un-
likely, as although the rpoA34] mutation re-
sults in impaired N-dependent transcriptional
antitermination [5], it was demonstrated that
expression of & polypeptides devoid of the C-
terminal domain has a positive effect on the
antitermination efficiency in vivo [18]. The
possibility also remains that the Lys271Glu
substitution in @CTD, caused by the rpoA341
allele, provokes a drastic conformational
change in the & subunit which prevents inter
action with some activators or even interac-
tion with a sequence nonspecific UP-like ele-
ment. In this regard it is worth mentioning
that although transcription activation by the
MelR activator is impaired in the rpoA341
host, the Lys271Glu substitution does not de-
fine an activation contact site for MelR [10].

Unexpected results were also obtained with
the truncated « polypeptides expressed in the
rpoA” host. Expression of the shortest and the
longest truncated « polypetides resulted in al-
most complete abolition of lysogenisation,
whereas expression of the polypeptides of me-
dium length allowed for some lysogenisation.
The a polypeptides from 176 to 230+1 are de-
fective in the assembly of & subunit dimers
[10]. One might speculate that CII contacts
the N-terminal domain of a (eNTD). If so,
then expression of these truncated derivatives
could titrate CII causing absence of the activ-
ity of this protein in the wildtype cells in-
fected by A phage. The a derivatives from
230+3 to 271+2 are essentially devoid of the C-
terminal domain (¢ 271 has a small bit of it)
but are assembly proficient [10]. Decreased ef-
ficiency of lysogenisation of the rpoA341 host
expressing these truncated polypeptides indi-
cates again that aCTD is also required for CII-
mediated transcription activation. Perhaps
the presence of some wild-type @ homodimers
and some heterodimers results in relatively
low, but still significant, efficiency of lysogeni-
sation. The @ polypetides from 283+3 to
316+3 contain an incomplete (and perhaps un-
structured) C-terminal domain. This probably
may interefere with the activity of CII due to
incorrect spatial orientation. The presence of
some wild-type homodimers in the rpoA™ host
would mean that CII could retain some activ-
ity. However, this could be below the thresh-
old required for lysogenisation. If this expla-
nation were true, one should assume that a
polypetides 283+3 to 316+3 form hetero-
dimers with wild-type & more efficiently than
do & polypeptides 230+3 to 271+2, or that het-
erodimers containing wild-type a and the
shorter derivatives (230+3 to 271+2), but not
those containing wild-type & and the longer
derivatives (283+3 to 316+3), retain some ac-
tivity during ClI-mediated stimulation of tran-
scription.

The effect of the mutant a derivatives on pp-
lacZ expression in many cases did not corre-
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spond with their effect on the efficiency of ly-
sogenisation. In some cases a low S-galactos-
idase activity was observed in strains produc-
ing an @ derivative which efficiently comple-
mented the rpoA341 mutant in the lysogenisa-
tion assay, and vice versa. There are several
possible reasons for this discrepancy. In the
lysogenisation assay we used strains harbour-
ing only plasmids with rpoA alleles. Although
these plasmids harbour also the lacI® allele,
effective expression of the rpoA allele (being
under control of pjy.) from the plasmid oc-
curred even without induction, as efficient
complementation of the chromosomal
rpoA34] allele was observed in these condi-
tions. On the other hand, in experiments with
the pg-lacZ fusion we used, in addition,
pMO23 (for expression of cII) and pJMH1
(bearing the allele). The presence of
pJMH1 was necessary to keep expression of
cll repressed until required (prolonged ex-
pression of ¢ll is lethal for E. ecoli), but intro-
duction of another lacI? allele (apart from
that located on a pLAW2 derivative) also pre-
vented expression of the rpoA alleles from a
plasmid. Therefore, in these experiments, ex-
pression of mutant rpoA alleles was induced
simultaneously with expression of eIl at the
beginning of the experiment. This could lead
to significantly different production of mu-
tant & polypeptides in the fusion experiments
than in the lysogenisation experiments. Fur-
thermore, it was demonstrated that truncated
a polypeptides of more than 271 residues in
length are sensitised to proteolysis near Lys
271 [10]. This, together with above mentioned
differences in expression of rpoA alleles,
would result in significantly different condi-
tions in two assays used by us. In fact, when
the lysogenisation experiments were repeated
using IPTG-induced strains harbouring
pMO23 and pJMH1 together with pLAW?2 de-
rivatives, in many cases we observed a signifi-
cantly lower efficiency of lysogenisation of
both rpoA341 and rpoA” hosts. Nevertheless,
we were able to demonstrate that complete in-
hibition of CIl-mediated activation of the pp-

lacZ fusion may be alleviated to different ex-
tents by expression of different rpoA alleles.
This is compatible with our proposal that
aCTD plays an important role in the positive
regulation of pg activity.

Perhaps surprisingly we found that the pg,
p1 and p,g promoters, which are all dependent
on CII for activity, respond differentially to
CII in the rpoA341 host as measured by the ac-
tivity of appropriate lacZ fusions. The pg pro-
moter seems to be completely unresponsive to
CIl in the rpoA34 Istrain, whereas py responds
to CII with a decreased efficiency in the mu-
tant host, and p, is activated as efficiently in
rpoAd41 bacteria as in the rpuA' host (though
a delay in the activation was observed in the
rpoA341 mutant). Therefore, we conclude that
the mechanisms of activation of these promot-
ers by CII must differ considerably.

The problem remains why we observed dras-
tically decreased levels of transcripts from all
Cll-dependent promoters in the A-infected
rpoA341 host relative to the rpoA” strain [4]
whereas, according to the reporter gene fu-
sion experiments, only transcription from pg
is abolished in the mutant host. The possible
explanation of this phenomenon is that ex-
pression of the cll gene is inefficient in the A-
infected rpoA341 mutant. This gene is under
control of the pgp promoter but is located
downstream of the tg; terminator, therefore
it requires N-dependent transcriptional anti-
termination for maximal expression. It was
demonstrated that N-dependent transcrip-
tional antitermination is impaired in the
rpoA341 mutant [5], thus cll expression may
be relatively depressed in this host. Moreover,
CII protein is rapidly degraded in E. coli by
the HfIB/FtsH protease, but it is partially sta-
bilised by the ¢Ill gene product which nega-
tively regulates the activity of HfIB/FtsH [19].
The ¢IIl gene is under control of the py, pro-
moter and is located downstream of the
terminator. Thus the expression of this gene
may also be decreased in the rponA341 host
due to impaired N-dependent transcriptional
antitermination. Therefore, the combined ef-
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fect of decreased production and stability of
CII may be a reason for the low level of p;- and
Pag-derived transcripts observed in the A-
infected rpoA34] host. In our experiments
with gene fusions, the ¢l gene was expressed
from piy. promoter which is active in both
rpoA” and rpoA341 strains [6].

We are very grateful to Professor Amos B.
Oppenheim for providing plasmids and for
discussion.
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