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The int gene of bacteriophage P2 is the only viral gene necessary for the integration of P2 into the Escherichia
coli host chromosome. This gene is situated between the phage attachment site, attP, and the repressor C gene,
and is cotranscribed with C from the P, promoter, towards attP. The Pc promoter is negatively controlled by
the cox gene, which is the first gene of the early operon. In vitro recombination assays have indicated that in
P2 an overproduction of Int is deleterious to the integrative process. We report here that the level of int
expression is affected by several different mechanisms after transcriptional initiation. First, a partial
transcription termination signal located between the int and C genes reduces the transcriptional readthrough
by about 30%. Second, the ribosome binding site and AUG codon of the int gene are located in a putative
stem-loop structure, which may inhibit the initiation of translation. The nip] mutation (a G to A substitution
at the 22nd coding nucleotide of int which results in an increased efficiency of excision) is shown to relieve this
inhibition, possibly through the formation of an alternative mRNA secondary structure. However, the third and
probably most important control of int expression in P2 seems to be that of posttranscriptional autoregulation.
The binding site of the Int protein on int gene mRNA is shown to extend into the ribosome binding site of int,
supporting our earlier proposed model of competitive binding between Int and ribosomes.

In the site-specific recombination system of P2, integration is
mediated solely by the phage Int protein and the integration
host factor (IHF) of Escherichia coli. Both in vivo and in vitro,
this is an efficient process involving four components, attP, Int,
IHF, and attB, the first three of which are believed to form a
complex nucleoprotein structure, the intasome, prior to synap-
sis, strand exchange, and ligation (37). On the other hand,
analogously to X (17), attB is believed to enter the reaction as
non-protein-bound DNA, and the attP intasome is thought to
slide along the chromosome in search of its reactive partner.
The strong dependency on Int concentration for optimal attP
x attB recombination in vitro (38) suggests that in vivo the
expression of Int must be tightly regulated for P2 to integrate
successfully.

Excision of the prophage requires the cox gene product in
addition to Int and IHF. A Cox binding site on the right arm of
attP has recently been reported, and it is likely that the Cox
protein has a function analogous to that of Xis in X, i.e., that by
interaction with the other two protein components, Cox facil-
itates excision but inhibits integration (38). In contrast to X, P2
does not excise easily. When a P2 lysogen with a temperature-
sensitive repressor is derepressed at high temperature, at most
1% of the bacteria will produce phage (3). This appears to be
because of insufficient int gene product, as induction ap-
proaches 100% if the heat-treated bacteria also carry a multi-
copy plasmid containing an active int gene (18). This is the
direct consequence of the fact that the int and cox genes are
transcribed on two divergent, mutually exclusive transcrip-
tional units (26) (Fig. 1A). This arrangement of the genes of
the recombinational proteins around attP is similar to that of
phage 186 (7) but different from that of phage A (9). The
paradox is that lysogens of wild-type P2 have a measurable

* Corresponding author. Mailing address: Department of Genetics,
Stockholm University, S-106 91 Stockholm, Sweden. Phone: (46 8) 16
12 70. Fax: (46 8) 16 43 15. Electronic mail address: Elisabeth.Haggard
@genetics.su.se.

t Present address: Department of Surgery, St. Goran's Hospital,
S-112 81 Stockholm, Sweden.

spontaneous phage production (2), because in order to attain
this, P2 must express both int and cox simultaneously. The
hypothesis of an alternative, int-specific promoter which directs
the expression of int but not C has yet to be tested.
The regulatory mechanisms governing int gene expression in

P2 are unknown, but it is evident that precise levels of Int are
essential to the integrative and excisive processes in vivo. We
have therefore looked into the regulation of int and report that
this can occur at several levels, one of which is posttranscrip-
tional autoregulation. We show that the Int protein binds to
mRNA in vitro, and we locate the Int binding site on its own
transcript.

MATERIALS AND METHODS

Bacterial strains. All strains are E. coli derivatives. C-la, a
prototrophic C strain (28), was used for all cloning procedures,
cat activity measurements, and P2 infections. The galK activity
measurements were done with E. coli C600K- (galE+ T+ K-
lac- thr- leu ) (20). The lacZ activity measurements were
done with derivatives of strain JM109(DE3) (35).

Construction of plasmids containing progressive unidirec-
tional deletions of the C-int spacer region. The HpaI-SnaBI
(Fig. 1) fragment of P2 containing the spacer region and int
gene was inserted into the SmaI site of pUC18 (23). Subse-
quent cleavage of the recombinant plasmid with SphI and XbaI
resulted in a 4-base 3' protruding end and a 5' protruding end.
Exonuclease III (Promega) was used to specifically digest
DNA from the 5' protruding end, and reactions were termi-
nated at various time intervals. After religation and amplifi-
cation by transformation, plasmids containing deletions of
interest were identified by sequencing. The HindIII-EcoRI
fragment from these plasmids, containing int and the deletions
specified in Fig. 1, was inserted into the SmaI site of pMG524
(14) in such a way that the expression of int was directed by
APL-

Plasmids. All in vitro constructions were performed by
standard procedures (27). Unless otherwise stated, the en-
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FIG. 1. (A) Schematic depiction of the genetic organization of the P2 attP region, indicating relevant restriction sites, the Pe and Pc promoters,
and the position of the nipl mutation. (B) The primary structure of the transcript across the C-int spacer region, showing possible stem-loop
structures. The shaded box indicates the bases comprising the ribosome binding site for int; the unshaded box indicates the initiation codon. Note
that the sequence is drawn in the 3' to 5' direction. The curved arrows indicate the 5' ends of the P2 sequences in the deletion plasmids generated
by exonuclease III (see Materials and Methods).
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;E2091. The XmnI-BglII by the PCR technique, was inserted into the unique SmaI site
the int-C spacer region of pMC1871 (32) to yield pEE2306(wt) and pEE2307(nipl).
;,ene was inserted in the Sequencing verified that the coding int gene in each case was
e two orientations of the in-frame with that of lacZ.
picted in Fig. 2. pEE2308 was created by insertion of the Sall restriction
'101, and pEE2102 (Fig. fragment of pMC1871 containing the lacZ gene into the
rmacia) was inserted in BamHI site of pET3 (33). pEE2309(wt) and pEE2310(nipl)
to yield pEE2100. The were constructed by inserting the PstI restriction fragment of
the C-mt spacer region, pEE2306(wt) or pEE2307(nipl) containing the respective int-
tP core sequence, was lacZ fusion genes into the BamHI site of pET3.
to yield pEE2101. The pEE2501 was constructed by first inserting a restriction
tained additional down- fragment containing the XpR promoter and the temperature-
inserted in pEE2100 in sensitive repressor gene cI857 in the PstI site of pACYC177

(6). The EcoRI-HindIll fragment of pEE2101 (Fig. 3A) con-
taining int was subsequently placed downstream of XpR, so
that the expression of int was directed by this promoter.

Readthrough Determination of cat activity. The chloramphenicol acetyl-
galK activity efficiency (%) transferase (CAT) assay was performed as described in refer-

ence 12. Protein concentrations were determined by the
255 100 method of Bradford, with bovine serum albumin (BSA) as a

standard (5). After autoradiography, we quantified the CAT
58 0 activity by cutting out the radioactive spots from the silica gel

thin-layer chromatography plates and counting the radioactiv-
194 69 ity in a liquid scintillation counter.

Determination of galK activity. These assays were carried
213 78 out as previously described (20), with the following modifica-

tions: cells containing plasmid were grown to log phase in M9
201 72 medium (27) supplemented with casamino acids and fructose

as a carbon source. After lysis and reaction as described, 50-,ul
264 104 aliquots were placed on DE81 filters (Whatman) and washed

twice with 10 ml of water each time. After completion of the

ption in the it-C spacer assay, 50-,ul aliquots from two randomly selected sample tubes
the hosts used, and the were transferred to two additional filter discs. Galactokinase

J in Materials and Methods. units are expressed as nanomoles of galactose phosphorylated
ited from galK activities by per minute per milliliter of cells with an optical density at 650
,nd that of pKO100 as 0%. nm of 1.0.
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FIG. 3. (A) Constructions of the CAT reporter plasmids pEE2101 and pEE2102 and the control plasmid pEE2100 (see Materials and

Methods). The relative CAT activities of cells harboring the respective plasmids are listed to the right of the drawing. (B) SDS-polyacrylamide gel
stained with Coomassie blue, showing protein expression by the CAT reporter plasmids at 30 and 42°C, as indicated above lanes 2 to 7. Lane 1,
molecular mass markers (phosphorylase b, 94 kDa; BSA, 67 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa; soybean trypsin inhibitor, 20.1
kDa; and a-lactalbumin, 14.4 kDa).

Determination of lacZ activity. The ,-galactosidase assay
was described by Miller (21) using ONPG (o-nitrophenyl-P-D-
galactopyranoside) as a substrate.
RNA binding assay. For the RNA-binding protein blot

assay, a radiolabelled RNA probe containing the ribosome
binding site (RBS) of int was synthesized as follows: plasmid
pEE2309(wt) (Fig. 4) was cleaved with HpaI and used as a

template for in vitro RNA synthesis with T7 RNA polymerase
(Promega), in the presence of [a-32P]CTP (Amersham). As a

control, a radiolabelled RNA probe was synthesized in the
same manner, by using HpaI-cleaved pEE2308 (Fig. 4) as a
template.
The proteins were resolved on duplicate 12% sodium dode-

cyl sulfate (SDS)-polyacrylamide gels and were visualized on
one gel by staining with Coomassie brilliant blue. The other gel
was equilibrated for 15 min with cold transfer buffer (25 mM
Tris, 192 mM glycine, 30% methanol), after which the proteins
were transferred to nitrocellulose filters. The protein blot was
treated for 1 h at room temperature in binding buffer (10 mM
Tris-HCl [pH 7.4], 50 mM NaCl, 1 mM EDTA, and lx

Denhardt's solution [0.02% Ficoll, 0.02% polyvinylpyrolidon,
0.03% BSA]) and was then probed in binding buffer at 40°C for
1 to 2 h with the labelled RNA. After two washes for 15 min
each with binding buffer at 40°C, the blot was sealed in plastic
and exposed to X-ray film for autoradiography.

Nuclease digestion analysis. Partial digestions with RNase
T, were performed in 60 mM NH4Cl, 10 mM magnesium
acetate, 10 mM Tris-HCl [pH 7.5], and 6 mM j-mercaptoetha-
nol. Reactions in a total volume of 15 ,ul containing about 1 ,ug
of synthetic int mRNA (see above) were equilibrated at 30°C

for 15 min with Int protein or an equal volume of Int storage
buffer (0.3 M potassium phosphate [pH 7.5]). The reaction
mixtures were heated to 37°C, and 0.2 U of RNase T1 was
added. Digestion was allowed to proceed for 2 min, and the
reactions were stopped by the addition of 15 ,ul of 0.4 M
sodium acetate [pH 5.2], 20 mM EDTA, and 1.0 ,ug of tRNA
per ,ul. Following phenol treatment, ether extraction, and
ethanol precipitation, the digested RNAs were analyzed by
primer extension, using the primer 5' GCG ACA GCT TCG
CTT TTC TT 3' (Innovagen, Lund, Sweden).

RESULTS

A weak transcription terminator is located between the C
and int genes. In order to test if the transcript initiated by Pc
was partially terminated before int, a system composed of the
reporter gene galK and its promoter Pgal was employed.
Insertion of this DNA fragment in the correct orientation
between galK and its promoter resulted in a reduction of about
30% in the readthrough efficiency compared with that of the
control plasmid with no insert (Fig. 2). Although this was not
a drastic reduction in galK expression, the results were repro-

ducible in several independent clones (pEE2090-1 to -3) and
with repeated measurements. As it is known that insertion of
almost any fragment will result in some polar effect on galK
expression, we tested the effect of inserting the same DNA
fragment in the opposite orientation and found that this did
not reduce galK expression. These data suggest that, in vivo,
there is a partial block in RNA synthesis through the region
upstream of int.

A.
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FIG. 4. Construction of int-lacZ fusion plasmids used to quantify
int expression (see Materials and Methods for a detailed description of
the cloning strategies).

The int-C spacer region effectively represses int expression.
When the HpaI-SnaBI fragment was inserted into a XPL
expression vector (pEE2101), no Int production could be
detected in SDS-polyacrylamide gels stained with Coomassie
blue (Fig. 3A and B, lanes 4 and 5). The sequential removal of
nucleotides between the HpaI site and the int RBS by exonu-
clease III (Fig. 1) did not increase int expression. It has been
shown that efficient expression of int could be achieved by
removal of the RBS and initiation codon of int and supplying
a new RBS and ATG codon, in the pET system (33, 37). The
expression of int was further enhanced by the removal of
nucleotides 4 to 18 of the int reading frame. In light of the
finding that the transcription termination signal in this region
is only partial, it seemed likely that the observed repression of
int expression was on a posttranscriptional level, for instance in
the initiation of translation, or in mRNA stability.

Evidence of int repression on a posttranscriptional level. In
order to test this hypothesis, a reporter gene (cat) was inserted
downstream of the HpaI-SnaBI insert (Fig. 3A), to yield
pEE2101. Cells harboring pEE2101 showed a slightly reduced
level of CAT activity upon induction of APL compared with
those harboring the control plasmid pEE2100; this was in
agreement with the previous finding that transcription over the
C-int spacer regions was partially terminated. However, on an
SDS-polyacrylamide gel stained with Coomassie blue, only the
cat gene product could be detected (Fig. 3B). Because the cat
gene was placed downstream of int relative to XPL, it was
evident that the expression of int was being regulated at a
posttranscriptional level.
When a larger P2 fragment (HpaI-NruI, Fig. 3A) was

inserted between cat and XPL, CAT activity could no longer be
induced by this promoter (Fig. 3A and B, lanes 6 and 7). This
is in agreement with the location of the natural transcriptional
terminator of int just downstream of the SnaBI site (36).
However, the interesting observation was made that in the
crude extracts of cells harboring pEE2102 and induced at 42°C,
a new band of 38 kDa can be detected, located just above a
band present under uninduced conditions, which thus could be
the Int protein (Fig. 3B, lane 7). Although we have not further
investigated this, the data suggest that inclusion of the natural
termination signal of the int transcript may have a stabilizing
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O None
Additional plasmid m pACYC 177
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cl857 gene, and the int gene under X pR control)

FIG. 5. Lac activities of E. coli JM109(DE3) harboring
pEE2309(wt), pEE2310(nipl), or pEE2308 (control) upon induction
of the T7 +10 promoter by IPTG (isopropyl-p-D-thiogalactopyrano-
side). The individual curves in each graph depict the Lac activity in
strains with the additional plasmids as indicated.

effect on mRNA, resulting in a prolonged half-life and in-
creased protein levels.

Autoregulation of int. In order to explore the possibility that
the Int protein acts as a translational repressor of its own gene,
we have cloned the HpaI-BglII fragment (Fig. 1) of P2 wt and
nipl into plasmid pMC1871, which contains a promoterless
lacZ gene, giving rise to an int-lacZ fusion preceded by the
C-int spacer region (Materials and Methods). The product of
the fused gene should be a protein containing 67 amino acid
residues of the N-terminal end of the Int protein coupled to
residue 8 of LacZ via a linker of two residues.

Neither plasmid pEE2306(wt), containing the wt int-lacZ
fusion, or plasmid pEE2307(nipl), containing the nipl-lacZ
fusion, expressed any detectable lacZ activity. Thus, under the
conditions used, we find no evidence for an int-specific pro-
moter in the C-int spacer region and no support for the
hypothesis that the nipl mutation should generate a promoter
function. We have not found any promoter-like activity within
the C gene itself, which would allow int expression in the
absence of C expression (data not shown). However, these
experiments do not consider the possibility of an activator-
dependent promoter for int.
To analyze the possible effects of nipl on the repressive

effects of the C-int spacer region on int expression, the fusion
proteins with the spacer regions were put under the control of
the inducible +10 promoter of T7 (Materials and Methods).
Sixty minutes after induction, it was found that cells harboring
the plasmid pEE2310(nipl) showed a fivefold higher lacZ
activity than those harboring pEE2309(wt) (Fig. 4 and 5). This
suggests that the nipl mutation affects either the translational
initiation of the int transcript and/or the readthrough of the
latter over the spacer region, because the same promoter was
present in both constructs. The repression of int expression by
the int-C spacer region is reflected in the low levels of lacZ
activity yielded by both pEE2309(wt) and pEE2310(nipl),
compared with a control plasmid which does not contain this
region (pEE2308).
To test the effect of Int in trans on this system, a compatible

plasmid expressing the int gene (pEE2501; see Materials and
Methods) was used. A drastic decrease in lacZ expression upon

VOL. 68, 1994
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FIG. 6. (A) A comparison of the RNP-1 motif with a potential
RNA-binding site of P2 Int. The letters refer to the single-letter codes
for amino acids. The conserved residues are outlined; the asterisks
indicate aromatic residues which contribute to the hydrophobic core.

(B) Schematic representation of structural motifs identified in the P2
Int protein. The open bar indicates the coding region. Putative
functional domains, the RNP-1 site, and the RGG tripeptide are

indicated.

induction of +10 was measured in the strain harboring both
plasmids pEE2309(wt) and pEE2501 and in the strain harbor-
ing both pEE2310(nipl) and pEE2501. The control strain
harboring pEE2308 and pACYC177 retained high inducible
lacZ activity (Fig. 5).

These results suggest the following: (i) the Int protein
negatively regulates the expression of its own gene; (ii) this
autoregulation lies on a posttranscriptional level; and (iii)
although the HpaI-BglII region includes the sequences which
are necessary for int autoregulation, the nipl mutation does
not have an effect on the latter.

Int protein has potential RNA-binding motifs. In order to
test the hypothesis that Int regulates the expression of its own
gene on the translational level, we examined the predicted
primary structure of Int and found a stretch of eight residues in
good agreement with the RNP-1 conserved sequence of a

family of RNA-binding proteins (15) (Fig. 6A and 6B). This
rather diverse family of proteins includes small nuclear ribo-
nucleoprotein, splicing factors, heterogenous nuclear ribonu-
cleoprotein, translation factors, and the E. coli rho factor. In
addition to this, several RNA-binding proteins have recently
been found to contain an arginine- and glycine-rich domain
that contains a cluster of the tripeptide repeat called the RGG
box (16). This motif has been found in a number of nuclear and
nucleolar RNA-binding proteins and has been demonstrated
to have RNA-binding activity (8). The Int protein contains one
copy of the RGG tripeptide, and Fig. 6B shows its position
near the carboxyl end of Int.

Int protein binds to RNA in vitro. In order to test whether
P2 Int is an RNA-binding protein, we used an RNA-binding
protein blot assay. With this approach, the purified proteins
Int, IHF, and Cox were immobilized on nitrocellulose after
SDS-polyacrylamide gel electrophoresis, probed with radioac-
tively labelled RNA, and visualized by autoradiography. For
this experiment, in vitro-synthesized mRNA specified by HpaI-
BglII sequences including the RBS of int was used (see
Materials and Methods). Figure 7 shows that purified Int
bound RNA (and to a certain extent, even purified Cox). The
lack of binding to the proteins in the molecular mass marker
lane (prestained phosphorylase b, BSA, ovalbumin, carbonic
anhydrase, trypsin inhibitor, and lysozyme) or to IHF demon-
strate the specificity of the binding of Int to RNA. On the basis
of this experiment, we conclude that Int is an RNA-binding
protein in vitro and thus has the capacity to also bind RNA in
vivo. The specificity of Int binding could not be demonstrated
by this assay, as Int also bound non-int RNA. Furthermore,

FIG. 7. RNA binds to immobilized Int protein. (A) SDS-polyacryl-
amide gel stained with Coomassie blue showing 1 ,ug of each
prestained protein size marker (MW) (BioRad) (phosphorylase b, 110
kDa; BSA 84 kDa; ovalbumin, 47 kDa; carbonic anhydrase, 33 kDa;
trypsin inhibitor, 24 kDa; lysozyme 16 kDa), purified Int (2 ,ug, 1 ,ug,
and 0.5 ,ug), 1 ,ug of purified IHF, and 4 jLg of purified Cox. (B)
Analysis of a protein blot assay. A duplicate SDS-polyacrylamide gel
was transferred to nitrocellulose membrane, incubated with radioac-
tive Int-specific mRNA, washed, and autoradiographed. Preparation
of the mRNA and the RNA-binding protein blot assay are described in
Materials and Methods.

Int-int RNA binding could not withstand heparin challenge
(data not shown). Therefore, we proceeded with an RNA
footprint assay.
The Int binding site on the int gene mRNA. Standard

footprinting techniques and primer extension were used to
locate the binding site of Int protein on its own transcript.
RNase T, digestion of the int gene mRNA in the presence or
absence of Int protein shows that the protein can specifically
protect from nuclease digestion a region near and upstream of
the int initiation codon (Fig. 8). The region of the mRNA
protected by Int from RNase digestion extends from G (-74)
to C (+9). This region may extend further, as the closest
unprotected bases outside the protected region are U (-77)
and A (+15). The protection of the transcript by Int protein
was quantified by densitometric scanning of the gel shown in
Fig. 8. The extent of protection was found to depend on the
amount of Int present, and the region from G (-74) to C (+9)
is strongly protected (50 to 80%) by 5 ,ug of Int in a reaction
volume of 15 ,ul.

DISCUSSION
Int is encoded in the P2 genome adjacent to the attachment

site, reflecting the common pattern of recombinase genes close
to their sites of action. The functions of the recombinases
include a wide range of biological processes, such as phage
integration and excision, switching of gene expression exem-

plified by fimbrial phase variation, plasmid copy number
regulation, splicing of genes at the DNA level (immunoglob-
ulin and T-cell receptor genes), resolution of transposition
intermediates, and monomerization of multimeric bacterial
plasmids and chromosomes (4, 10, 25, 29). It is usually essential
for their functions that site-specific recombination reactions
are well regulated and precise, since overproduction of the
recombinases often leads to enhanced recombination functions
which would be harmful to the cell. In contrast to this, it has
been shown that integrative recombination in vitro in P2 is
inhibited by high Int concentrations (38). Therefore, it is not
surprising to find sophisticated strategies for the regulation of
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FIG. 8. Footprinting of Int protein bound to int gene mRNA.
Partial RNase T, cleavage of int RNA was carried out in the absence
(lane 5) or presence (lanes 6, 7, and 8) of decreasing Int protein
concentrations (5 ,ug, 2.5 ,ug, or 1.25 jLg per reaction mixture), and the
digested RNA was analyzed by primer extension.

autoregulation. When Int protein is provided in trans to cells
harboring a plasmid containing an int-lacZ fusion gene under
the direction of the 410 promoter of the phage T7, lac activity
upon induction of the promoter by IPTG is effectively reduced
to basal levels. Although the experiments depicted in Fig. 5
show that the nipl mutation is amenable to autoregulation by
wt Int, the situation in vivo is that Nipl protein and not wt Int
is produced. Therefore, the possibility remains that Nipl
protein is less effective in regulating the nipl gene.

Several lines of evidence presented here point strongly to
regulation at a posttranscriptional level. To further test this
hypothesis, we performed RNA-binding protein blot assays
which showed that the P2 Int protein actually binds to RNA.
The site of Int protein binding to its own mRNA was located
to a region extending from -74 to +9. This region does not
include any arm-type or core-type Int recognition sequences
(37), suggesting that the mode of Int recognition of, or binding
to, single-stranded RNA differs from its recognition of, or
binding to, DNA. Negative autoregulation at the translational
level was first demonstrated for gene 43 of bacteriophage T4,
and since then several other systems have been described (11,
19).
The direct conclusion from the RNA binding assays and

footprinting experiments is that the binding of Int protein to its
own transcript may block ribosome binding and thereby initi-
ation of translation. The observation that exonuclease III
deletion of sequences within this region (Fig. 1) did not
significantly increase int expression suggests that the bases -16
to +9 are sufficient for Int recognition of the mRNA. Our
results suggest two different mechanisms by which the initia-
tion of translation of the int gene may be controlled, namely by
occlusion of the RBS to ribosomes by Int protein, or by
secondary mRNA structure. A more intriguing implication of
the RNA-binding properties of P2 Int is that, analogously to
the spliceosomes of eukaryotic systems, the integrative/excisive
intasome of a bacteriophage has RNA as an essential compo-
nent, either structurally or catalytically. This theory, which is
supported by the observation that another component of the
intasome, Cox, also binds RNA, remains to be resolved by
direct experimentation.

expression of recombination genes. In the case of K int, this
involves transcription from two different promoters, the clI-

dependent Pin, and the distant PL (34), as well as retroregula-
tion (1, 13, 22, 30, 31).
The mode by which int regulation occurs in P2 is unknown.

Although the C and int genes are cotranscribed from the Pc
promoter, in vitro recombination assays have indicated that an

uncontrolled overproduction of Int is deleterious to the inte-
grative process (38). We have shown that the extent of int
expression is controlled at three different levels. First, a partial
transcription terminator situated in the spacer region between
the C and int genes reduces transcriptional readthrough.
Second, the initiation of translation of int is blocked, possibly
because of the location of the RBS and ATG codon of the gene
in a putative stem-loop structure. Intramolecular base pairing
that involves the ribosome binding site and the initiation codon
are known to slow down or even inhibit translational initiation
(11, 19). Interestingly, the nipl mutation was found to alleviate
this blockage, suggesting that this mutation (a G to A substi-
tution at the 22nd coding nucleotide of int) results in an

alternatively looped mRNA structure which could increase the
accessibility of the RBS to ribosomes.
Our data indicate that a third mechanism and probably the

major mode of controlling int gene expression in P2 is that of
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