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Expression of proteins essential for ISJ transposition: specific

binding of InsA to the ends of ISJ
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The insertion sequence IS] displays a complex array of open
reading frames (ORF). In an attempt to identify those which
encode polypeptide products, we have systematically placed
each ORF under the control of the P1 promoter of phage
lambda. In the expression system we used, only the product
of the insA gene was present in high enough amounts to be
detected by polyacrylamide gel electrophoresis. The produc-
tion of InsA was further increased in a firt codon hook-up
to phage 17 trAnscriptional and translational initiation sinals.

Cell extracts from IsA overproducers display a DNA binding
activity specific for the ends of IS1. This activity was identi-
fied as the IsA protein itself.
Key words: DNA binding protein/transposable element/T7
promoter/E. coli extracts/gel retardation

Introduction
IS] is one of the smallest known functional insertion sequences.

It is only 768 bp long (Johnsrud, 1979; Ohtsubo and Ohtsubo,
1978), exhibits eight open reading frames (ORF) of greater than
50 amino acids (six of which are indicated in Figure 1, see legend)
and has been reported to carry a promoter at each extremity
(Machida et al., 1984a). It has been demonstrated that mutations
in two of these reading frames result in the abolition of IS-
mediated plasmid fusion (cointegrate formation; Machida et al.,
1984b) in Escherichia coli. We have recently confirmed this con-
clusion by performing site-directed mutagenesis in each of the
ORFs of IS] (Jackowec et al. in preparation). These essential
reading frames, insA and insB, are transcribed from the same

strand of IS], presumably from the promoter located at the left
extremity (IRL) of the element (Figure 1). Little is known about
the function of these genes and the fashion in which their ex-

pression is controlled. The presence of a rho-dependent termin-
ation signal located in the 3' region of insA or between the insA
and insB coding sequences (Prentki et al., 1986; Hubner et al.,
1987; Hollingshead, personal communication) suggests that ex-

pression of insB may be controlled in part at the transcriptional
level. A larger open reading frame (insB'), which extends insB
by 42 amino acids at the NH2 end resulting in an overlap of
78 bp with the 3' end of insA, is also apparent.
To directly analyse the expression and role of IS]-encoded

genes, we have undertaken to clone and examine the expression
of several of the IS] ORFs. In the study presented here, we report
the cloning of several open reading frames and the expression
and initial characterization of one ISJ-encoded protein, InsA. We
demonstrate, moreover, that InsA binds specifically to the end

of IS].
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Results
Cloning and expression of the major IS] ORF
Relevant sequence features of IS] are shown in Figure 1. To
determine whether the major reading frames are capable of direct-
ing protein synthesis, we have inserted ISJ restriction fragments
into the expression vector pP1c236 (Remaut et al., 1982) which
places the P1 promoter of bacteriophage lambda just upstream
of the inserts. In the first series of experiments, we constructed
plasmids pOC7 (insA), pOC8 (insD), pOC9 (insB) and pOC26
(insB', insB), which are described in Table I.
These plasmids were examined for their ability to direct the

synthesis of ISI-specified proteins. We have used three different
systems: coupled in vitro transcription/translation (Zubay, 1973),
minicells and maxicells. Examples of this analysis are shown in
Figure 2. The only reading frame which was found to direct
detectable levels of protein is InsA (pOC7; lanes 2 and 3). No
detectable levels of InsB' (pOC26; lane 6), InsB (pOC9; lane
5) or InsD (pOC8; lane 4) were observed in any of the three
systems used. Some variation in minor bands can be seen. For
a given plasmid, these tend to be associated with the particular
expression system used to direct protein synthesis. In no case
were these proteins specific to the cloned IS] sequences (data
not shown).
One factor which complicates the interpretation of these results

is that in all cases DNA external to IS] is also introduced into
the expression vector. We have therefore constructed a second
set of plasmids using pKH47: :ISI.50 (Zerbib et al., 1985), from
which IS] can be obtained as an EcoRI fragment carrying only
the EcoRI recognition sequences external to the element. Insert-
ing this into the single EcoRI site of pP1c236 generated pZB5
(ISJ transcribed in the direction insA-insB), and pZB4 (IS]
transcribed in the direction insC -insD) (Table I). Plasmid pZB5
was subsequently deleted between the BamHI site in the poly-
linker and either the BstEH or MluI site within IS] to generate
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Fig. 1. Physical map of IS1. Sites for relevant restriction enzymes used in
cloning are shown: P (PvulI); Ps (Pstf); Rs (Rsal); Ba (Ball); Bs (BstEll);
M (Mluj); H (Hinfl). The six major ORFs (A, B, B', C, D and E) are also
indicated together with their relative reading frames (1, 2 and 3). The IS]
coordinates of these reading frames are: A, 56-329; B', 250-750; B,
376-750; C, 719-432; D, 304-92; E, 468-202. Two additional reading
frames, F (phase 3, coordinate 27-236) and G (phase 2, coordinate
353-508) have not been considered in detail in the text since they are

carried by several of the clones and do not yield detectable products. pIRL
and pIRR represent two promoters partially located within the terminal
23 bp inverted repeats of the element.
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Table I. Construction of plasmids using the P1 promoter

S1i Donor Vector Recombinant Plasmid ORF Probisev
p Tc 72.3 4203 p PLC 236 pOC7

ML ... .4.F................. A 9.8 k4,
Bs* R R B | R Bs*/B*

pR 2.5::1S1 0 pOC9
A ~~~~~~~~~~~~B

Bs* Sa B* Sa B*/B Ba
pR2.4:: 1S1 pOC8

ML ~~~~~~~~~~~~D
B* SaBs* Ss B*/Bi Sa

p R2.5::IS1 0 pOC26

P Sa|* =Ba

pKH47::IS1.50 0 pZB4 & pZB5

| R n LZ* |4IIZZ|R A,B'B 9.8kDRR R ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~(2,3)
pZB5 pZB6

|*~IIZI~IIIID'j---' -*-FII+-l--l--B----- | A 9.8 kD(2.3)
Bs* B* s/B

p ZB5 pZB7

A 9.8kD(2,3)
M* B* M*/B*

p Tc 72.24 42W pZB26

Ss P PS B R* B R*/Ss P Ps B/B

pMJ5 4203 pZB27
A M+L IZ---~ A B

s ep B RIRB |R*/5P P Bmn

Relevant restriction sites are indicated: B, BamHI; Bs, BstEH; M, MluI; P, Pvull; Ps, PstI; R, EcoRI; Sa, Sal I; Ss, SspI. Sites used in these constructions
are marked with a star. The heavy arrow indicates the vector-associated P1 promoter. The coordinates indicated are those of pBR322. Subscripts 1, 2, and 3
(last column) indicate minicell, maxicell and Zubay analysis respectively.
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Fig. 2. Translation products of cloned IS1 reading frames. Results of
electrophoresis of labelled proteins using a 15% acrylamide/urea/SDS gel.
Lane 1: pPlc236 (vector); lanes 2 and 3: pOC7 (insA); lane 4: pOC8
(insD); lane 5: pOC9 (insB); lane 6: pOC26 (insB', insB); lane 7: pZB4
(insD, insE); lane 8: pZB5 (insA, insB', insB); lane 9: pZB6 (insA); lane
10: pZB26 (insA, insB', insB); lane 11: pZB27 (insAam, insB', insB). The
structure of these plasmids is presented in Table I. This figure is a

composite. Lanes 1, 2, 3, 4 and 5, lane 6, lanes 7 and 8, lane 9, and
lanes 10 and 11 are from separate gels. Lane 2 shows expression using the
minicell system; lanes 1, 3, 4, 5, 6, 10 and 11 using the Zubay system;
lanes 7, 8 and 9 using the maxicell system. Vector specified beta-lactamase
is indicated by arrows, and protein InsA by closed arrows.

pZB6 and pZB7 respectively (Table I). Both plasmids retain the
insA reading frame but lack downstream portions of ISI.
The patterns of protein synthesis directed by these plasmids

in the maxicell system (Figure 2, lanes 7-9) are similar to those
just described: a protein of 9.8 kd appears in all clones in which
the insA reading frame is in the correct orientation for P1-directed
transcription (pZB5, lane 8; pZB6, lane 9). No additional protein
is observed in clones encoding InsB'/InsB (lanes 6 and 8), InsB
(lanes 5, 6 and 8), InsC, InsD or InsE (lanes 4 and 7). It is
noteworthy that a 9.8 kd protein is apparent even in the case of
pZB5 (lane 8) which carries the entire IS] in the correct orien-
tation for transcription. The apparent mol. wt. of this protein
is in good agreement with that predicted for InsA (9.884 kd) from
its nucleotide sequence. That the production of the 9.8 kd protein
is under control of the external P1 promoter is indicated by the
absence of such a species in similar constructions without P1 (data
not shown).
The 9.8 kd protein derives from the insA reading frame
To identify the 9.8 kd protein positively as InsA, we introduced
an amber mutation by site-directed methods (a C to T transition
at IS] coordinate 179) a codon 42 of the insA gene in such a
way that the corresponding mutation in the overlapping reading
frame, insD, is neutral. An additional mutation (A to G tran-
sition), neutral for both insA and insD, was introduced con-
comitantly at coordinate 175. Together, these mutations destroy
the unique PstI site in IS] and generate a second Pvull site. The
plasmid with the mutant IS] is pMJ5 (Materials and methods).
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IS) gene expression

Both wild-type (from pTC72.24) and mutant (from pMJ5) in-
sA genes were inserted into pPlc236 to generate pZB26 and
pZB27 respectively (Table I). Figure 2 (lanes 10 and 11) shows
the pattern of plasmid directed protein synthesis in the Zubay
system using a non-suppressing cell extract. Clearly, the wild-
type insA gene (pZB26; lane 10) directs synthesis of a 9.8 kd
protein whereas the amber mutant (pZB27; lane 11) does not.
We therefore conclude that the protein is InsA. The correspond-
ing amber fragment truncated at codon 42 should carry no meth-
ionine residues and will therefore not be labelled.
Transcription termination within IS]
Insertions of IS] are polar in both orientations, and a rho-depen-
dent transcription terminator (Das et al., 1977; Reyes et al.. 1979)
is located either in the 3' extremity of insA or between insA and
insB (Prentki et al., 1986; Hubner et al., 1987; Hollingshead,
personal communication). In addition, IS] transposition frequen-
cies are influenced by rho (Datta and Rosner, 1987). Such an
arrangement may interfere with expression of InsB' and InsB
proteins. To determine whether transcription termination alone
could explain the absence of detectable proteins from reading
frames other than insA, we have introduced ISI and various IS]
restriction fragments into an in vivo expression system which
relies on a phage T7 promoter carried on a plasmid vector, and
the supply of T7 RNA polymerase from a second, compatible
plasmid (in this case, pGP1.2; Tabor and Richardson, 1985).
We expect T7 RNA polymerase to traverse the host polymerase
termination signal within IS].

In a first series of experiments, the IS] -carrying EcoRI frag-
ment of pKH47::ISI.50 was inserted in both orientations into
the unique EcoRI site of the plasmid pGEM1 (Table II) to gen-
erate pZB22 (ISI transcribed in the insA orientation) and pZB23
(opposite orientation), and the pattern of T7 directed expression
was examined in whole cells (Figure 3). Only the results obtained
with pZB22 are shown. Identical patterns were observed with
pZB23 (data not shown). Surprisingly, in view of the results
obtained using the P1 promoter of phage lambda, we do not
observe any IS] specific translation products (data not shown),
although T7 directed synthesis of beta-lactamase occurs (lane 3),
even when a copy of IS] is inserted between the T7 promoter
and the bla gene. Two types of promoter are available to direct
beta-lactamase synthesis from these plasmids: the bla promoter
normally resident on pBR322, and the T7 promoter. The high
production of beta-lactamase at 30°C (lane 1) is presumably due
to escape synthesis of T7 RNA polymerase at this temperature.
At 42°C, a condition under which synthesis of T7 RNA polymer-
ase is induced, it will be noted that a large fraction of the beta-
lactamase remains in its higher mol. wt precursor form. This
may be due to a saturation of the processing system. These results
demonstrate that T7-directed transcription traverses IS] in both
orientations, and suggests that the absence of IS] proteins is due
to inefficient translation or differential stabilities of the mRNAs
or protein products.
High level expression of InsA protein
To improve expression of InsA, we have constructed fusions
which place the insA reading frame under control of the strong
T7 transcription/translation initiation signals in plasmid pAR3039
(Studier and Moffatt, 1986, and personal communication). In
addition to the T7 promoter, this plasmid carries a T7 transcrip-
tion terminator between the beta-lactamase reading frame and
the cloning sites, thus strongly reducing transcription of the bla
gene. The constructions were performed in two steps (see Ma-
terials and methods for details). They exchange the GTG initi-

Table H. Construction of plasmids using SP6 and T7 promoters

ISi Donor Vector Recombinant Plasmid

pKH47..ISi.50 0 pGEMI pZB 22
_.pSP6 p17

R R R
R R

pZB23

R R R R R

pZB28

pZB28 375 pAR3039 pZB29

R N V/R N

pZB3O

Be N - N B*/B N

Restriction sites shown are as in the legend to Table I. In addition, the NdeI
site which carries the ATG initiation codon is indicated (N), as are the T7
and SP6 promoters (closed and open arrows respectively) and the 17
transcription terminator (To). The coordinates indicated are those of
pBR322.
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Fig. 3. T7 RNA polymerase is insensitive to the ISJ transcription
terminator. Separation of labelled proteins by 12.5% SDS-PAGE. Lanes
1, 2 and 3: pZB22 + pGPl.2; lanes 4, 5 and 6: pGpl.2 alone. Lanes 1
and 4: 30°C; lanes 2 and 5: 42°C; lanes 3 and 6: 42°C + rif. The arrows

show the expected positions of 17 RNA polymerase, beta-lactamase and cI,
in order of decreasing mol. wt.

ation codon of insA for an ATG, and position the beginning of
the reading frame, either alone (pZB30) or with the remainder
of IS] (pZB29), 9 bp downstream from the ribosome binding
site carried by the vector.
When supplied with T7 RNA polymerase (from plasmid

pGPI.2) in trans, pZB30 was found to direct rifampicin-resistant
synthesis of a major, 9.8 kd polypeptide (Figure 4, lane 4). The
presence of this protein can also be detected by silver staining
(data not shown). Identical results were obtained with pZB29
(data not shown). In the case of pZB29, there is no evidence
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Fig. 4. High level expression of InsA. Separation of labelled proteins by
electrophoresis on a 15% acrylamide/urea/SDS gel. Lanes 1 and 2: vector
pAR3039 + pGPI.2; lanes 3 and 4: pZB30 + pGPl.2. Lanes 1 and 3:
42°C; lanes 2 and 4: 42°C + rif. Open arrows indicate beta-lactamase,
closed arrow indicates the position of InsA.

of significant synthesis of proteins having the size expected for
InsB' (19.798 kd), or InsB (14.985 kd).
DNA binding properties of InsA
Since one of the principal functions of the transposition complex
must be the recognition of the ends of the element, we have
examined the DNA binding properties of the InsA protein using
a gel retardation assay. We have followed binding of end-labelled
DNA fragments ofpKH47: :ISI .50 by proteins in crude bacterial
extracts obtained from the InsA overproducing pZB3O/pGPI.2
T7 system. Results of these experiments are shown in Figure
5, together with the type of digestion used. In the presence of
InsA we observe a clear increase in apparent mol. wt of the
185 bp EcoRlIPstI fragment (lanes 8-10) and the 214 bp
HindIllPstI fragment (lanes 2-4). These fragments carry the
left end (IRL) of ISI. It is not possible from these results to detect
a shift in the 593 bp EcoRlIPstI fragment carrying the right end
(IRR) of ISJ. This is presumably due to a relatively small shift
which is obscured by the larger size of the fragment (see below).
Lanes 4-6 show the results obtained with SspI/EcoRI digested
pKH47: :ISJ.50. The small (194 bp) SspIlEcoRI fragment of this
plasmid has a size between that of the PstIlEcoRI and PstII
Hindm IRL-carrying fragments but carries no ISI sequences.
It exhibits no specific retardation.
To define the position of the InsA binding site within the left

end of IS] further, plasmid pKH47::ISI.50 was cleaved with
HindHI, end-labelled and cleaved with HgiAI, to generate an
85 bp fragment carrying 52 bp of IRL. The results (Figure 6,
lanes 1-4) demonstrate a retardation equivalent to a size increase
of 45 bp. Binding to the right end of IS] was examined by con-
structing a plasmid, pZB1O, in which we inverted the ISI carried
by pKH47::ISI.50 (by digestion with EcoRI, and religation). This
plasmid was cleaved with HindI, end-labelled, and cleaved with
Tthl 11I, to generate an 88 bp fragment carrying 55 bp of IRR.
Again, the results shown in Figure 6 (lanes 5-8) demonstrate
a clear retardation of this fragment (increase in apparent size:
35 bp). Thus there is specific binding at sites located within the
first 55 bp at both ends of IS]. It will be noted that the intensity
of the bands decreases with increasing levels of extract. This
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Fig. 5. Retardation of IS] -carrying DNA fragments of pKH47::ISJ.50 by a
cell extract enriched for InsA. Lane 1: pKH47::ISI.50 cleaved with EcoRI
and Hinfl and end-labelled. Lanes 2, 3 and 4: HindlH/Ps, end-labelled at
the Hindu site; lanes 5, 6 and 7: EcoRI/SspI, end-labelled at the EcoRI
site; lanes 8, 9 and 10: EcoRlIHindllIPstI, end-labelled at the EcoRI site.
The restriction sites used are shown in the insert. The amount of extract
added was: 0 rig, lanes 2, 5 and 8; 2.5 itg, lanes 3, 6 and 9; 5 dig, lanes
4, 7 and 9. Separation was on a 7.5% native acrylamide slab gel.

effect is as marked for non-specific as for specific (ISJ-carrying)
DNA fragments and is presumably due to the presence of non-
specific DNA binding proteins in the extracts. The presence of
such proteins would be expected not only to produce 'smearing'
but also to prevent DNA from entering the gel.
To confirm that the retardation observed in Figures 5 and 6

is due to binding of InsA, we have performed similar retardation
assays using [35S]methionione labelled cell extracts (with or
without InsA) and unlabelled plasmid DNA fragments. The
results are presented in Figure 7. Lane 1 shows the position of
the four fragments of plasmid pKH47::ISI.50 cleaved with
EcoRI, end-labelled, cleaved with PstI and exposed to an un-
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IS] gene expression

1 2 3 4 5 6 7 8 by the extract containing labelled InsA. Moreover, the position
of the lower band is identical to that of the retarded band observed
with unlabelled extract and end-labelled DNA (lane 1). In the
absence of exogenous DNA, no specific protein bands can be
detected at these positions (data not shown). Specific labelling
is not detected if the labelled extract does not carry InsA (lane
3). The labelled material in the upper part of the gel represents
vector specified beta-lactamase present in this preparation.

Discussion

p4 .1

p2B10

T [it

Fig. 6. Specificity of InsA binding to the ends of IS]. Lanes 1-4 (IRL):
pKH47::ISI.50, cleaved with HindI, end-labelled and cleaved with HgiAI;
lanes 5-7 (IRR): pZB1O, cleaved with HindlI, end-labelled and cleaved
with TthlIII. The restriction sites used are shown in the insert. The amount
of extract added was: 0 jg, lanes 4, 8; 2.5 jig, lanes 3, 7; 5 Ag, lanes 2,
6; 7.5 jig, lanes 1, 5. Electrophoresis was as in Figure 5.

l 2 3

Fig. 7. Binding of labelled extracts to unlabelled IS] -carrying DNA
fragments of pKH47::ISI.50. Lane 1: end-labelled DNA as in lane 9 of
Figure 5; lanes 2 and 3: unlabelled DNA digested with EcoRI, HindIH and
PstI together with labelled extract with or without InsA respectively. Arrows
indicate the ISI-specific fragments. The small arrow indicates the position of
the unbound IRL fragment. Separation was on a 3.75% native acrylamide
slab gel.

labelled cell extract containing InsA (as in Figure 5, lane 9). Two
of the four fragments (185 bp and 593 bp) carry IS] sequences.
Note that the 185 bp fragment is detectably retarded in the pres-
ence of extract. Lane 2 shows the results of addition of a labelled
InsA-containing cell extract to unlabelled EcoRIIPstI-cleaved
pKH47::ISI.50. It can be seen that of the four DNA fragments,
only two, those carrying IS] sequences, are specifically bound

We have cloned and attempted to over-express all the major open
reading frames carried by IS]. Of these, only one, insA, was
shown to direct detectable levels of a specific polypeptide (9.8
kd). Expression was observed when transcription was driven
either by the P1 promoter of phage lambda (in minicells, maxi-
cells or a coupled in vitro system; Figure 2) or by a T7 promoter
(Figure 4) with and without the physical end of IS]. The identity
of InsA with the 9.8 kd protein was confirmed by demonstrating
that an IS] mutant carrying an amber codon in the insA gene,
but otherwise identical, does not direct its synthesis (Figure 2;
lanes 10 and 11).
We have been unable to detect proteins specified by the other

IS] reading frames. A protein product from at least one other
reading frame (insB) is implied by the isolation of nonsense
mutations in the gene (Machida et al., 1984b; Jakowec et al.,
in preparation). Furthermore we have shown that InsB activity
can depend, according to the position of the mutation, on the
suppressing amino acid (to be published).
While the presence of a transcription terminator within IS]

might explain the absence of other detectable proteins, this ter-
minator is not recognized efficiently by T7 RNA polymerase:
note the high level of T7-driven beta-lactamase synthesis from
transcripts which must traverse IS] in either orientation (Figure
3). Expression of these genes may therefore be limited at the
translational level and we note that, using SP6 directed ISJ tran-
scripts from the pGEMl derivative plasmids pZB22 and pZB23,
we have so far failed to obtain in vitro translation. Alternatively,
the products may be unstable or they may migrate aberrantly in
SDS gels. We are investigating these possibilities. It is possible
that the low levels of expression implied by these results reflect
'down regulation' of these products by as yet unknown mechan-
isms, to keep transposition at low levels.
We have greatly increased the level of InsA synthesis by pro-

viding a strong T7 promoter, an efficient ribosome binding site
and by substituting the GTG codon with an ATG initiation codon.
Using crude cell extracts from cells carrying the InsA express-
ing plasmid, we have also demonstrated that InsA specifically
recognizes the ends of ISJ. Only ISJ-carrying DNA fragments
bind radioactively labelled InsA protein (Figure 7) and the se-
quences recognized have been identified with fragments contain-
ing only short end segments of ISI (Figure 6). We note that there
is no significant difference in the intensity of the two bands rep-
resenting InsA-DNA complexes, suggesting that InsA binds with
a similar affinity to each fragment. The results also demonstrate
that InsA does not bind detectably to the major IS] insertion hot-
spot in pBR322 (carried by the 193 bp pBR322 SspIIEcoRI frag-
ment; see Figure 5). Since the only substantial homology between
the ends of ISI resides in the 23 bp terminal inverted repeats,
it is probable that InsA recognizes and binds sequences within
these inverted repeats. The increase in apparent size of the com-
plexes is relatively small. Much larger increases, resulting from
bending of the DNA, have been observed upon specific binding
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I --I I I Preparation, storage and use of minicells have been described previously (Roulet
InsR CR A TR R n iG U G LN T F R H L K etal., 1984).

The coupled transcription translation system was purchased in kit form (Amer-
sham) and used according to the supplier's recommendations.

R. Gal R I K D U A R LR G U S UR T U S R U I H MaxicellswerepreparedfromstrainCSR603 accordingtoSancaretal.(1981).
Expression of InsA under control of T7 RNA polymerase was assayed essen-

Fnr R GD I G N Y LG L T U E T SR L LG tially according to Tabor and Richardson (1985): C600recA- strains carrying
the appropriate derivative plasmid together with plasmid pGPI.2 were grown
at30°C in VB medium (Vogel and Bonner, 1956) supplemented with glucose

B. Cro Q T K TR KD LG UY Q S A H KR H (0.5%), thiamine(1I g/ml),thymine(20 jg/ml)andcasaminoacids(DifcoCSA,
* * * * * * * 0 0.5%) in the presence of IPTG (5 Ag/ml). The plasmid pGPI.2 is compatible

CRP R Q E I G Q U 0 C S R E T UG R I L K with thevectorpBR322-based plasmids used here,carriestheT7RNApolymerase
0 . * * * * * gene under control of the P1 promoter of phage lambda and the lambda c1857

TrpR Q R E L K H E L 0R G I A T I T R 0 SN geneundercontrolofPlactogetherwithagenespecifyingresistancetokanamycin.
* * * * * * * * Induction of T7 driven transcription was carried out at an A590 of 0.5: cells were

centrifuged, resuspended in VB medium containing Met assay medium (Difco,
C. TnpR R T E R H Q L S I A R S T U Y K I L E 0.5%)instead ofCSAat42°C,thusinactivatingthecI857proteinandinducing

** * synthesis of T7 RNA polymerase from pGPl.2. Cells were incubated at 42°C
Hin R Q Q L R F G 0G U S T L Y R Y F P for30min,treatedwithrifampicin (rif; 200 jg/ml) for a further10minat42°C

. . .* * . . to inhibit transcription by host polymerase, and the culture shifted to 30°C for
a further 20 min. Proteins were pulse-labelled for 10 min by the addition of

Gin R K Q U A L V 0 U a L S T L V K K HP L-[35S]methionineat20yCi/ml (Amersham; >800 Ci/mmol). Foranalytical and

preparative purposes labelled proteins were prepared from1 and 10 ml cultures
Pin R Q K UR I I Y D U GU S T L Y K R FP respectively.

*0 For unlabelled cell extracts, 300ml of VB-cas cultures grown at 30°C were

hoI i heI xi I shifted to 42°C at an A590 of 0.5 for 40 min, followed by 2 h growth at 30°C
in the absence of rif. The cells were collected by centrifugation, washed with10ml of fresh medium and resuspended in1 ml of buffer 1(20 mM Hepes, pH

Fig. 8. Sequence comparison of the putative helix-tur-helix motif of 8, 100 mM NaCl, 2 mM EDTA, pH 8, 7 mM beta-mercaptoethanol, 1 mM
InsA with the DNA binding domains of other bacterial proteins. Three sets PMSF and 10% glycerol). The cells were broken by freeze-thawing and/or
of proteins are presented: (A) two repressors with striking similarities to sonication and the lysate was cleared by centrifugation at 45 000 r.p.m. in a

InsA; (B) repressors whose crystal structure has been solved; (C) proteins Beckman TiSO rotor. The pellet was discarded and the supernatant was retained
involved in site-specific recombination. Sequences are taken from Pabo and for further use. All manipulations were performed at 4°C. Protein concentrations
Sauer (1984), except Hin (Zieg and Simon, 1980), Gin, and Pin (Plasterk et were determined using the Biorad protein assay according to the recommendations
al., 1983) and TnpR (Heffron etal., 1979). Matches to InsA are indicated of the suppliers
by dots. The hydrophobic residues Ala, Val, He and Leu are considered Gel electrophoresis
matches, as are Lys andArg. Restriction digests of plasmid DNA were routinely analysed on horizontal agarose

slab gels (in Tris-borate buffer, pH 8, containing 0.2 mM EDTA; Maniatis et
of the small basic IHF protein to fragments carrying the ends al., 1982) or on vertical acrylamide gels (acrylamide/bis acrylamide = 30:0.8)
ofthe sGamallasetal.,1987Fprot e ntofragments 7c g Nshe ands in Tris-borate buffer, containing 10 mM EDTA, at room temperature.
Of ISI (Gamas et al., 1987; Prentki et al., 1987; H.Nash anid Acrylamide gels used in the visualization of protein/DNA complexes (Fried
A.Landy, personal communication). This suggests that InsA does and Crothers, 1981; Garner and Revzin, 1981) were identical except that 2.5 mM
not induce a major conformational change in the DNA upon EDTA wasincluded in the bufferand the samples were subjected to electrophoresis
binding. at room temperature for 3-4 h at 10 V/cm.

Examination of the predicted amino acid sequence of InsA DNA chain termination sequencing reactions were analysed on standard 0.4 mmExamination of the predicted amino acid sequence of InsA thick sequencing gels (Maxam and Gilbert, 1977).
reveals the potential to form a helix-turn-helix structure char- The synthesis of labelled proteins was monitored by electrophoresis in low mol.
acteristic of many DNA binding proteins (Pabo and Sauer, 1984; wt SDS-urea polyacrylamide gels essentially as described (Focus 3:6, 1984)
Figure 8). Model building has shown that the 28 amino acids at pH 7.4 with a stacking gel containing 0.15% SDS. The loading buffer was

at the carboxy terminus of InsA can assume a helix-turn-helix 1o mM H3P04, 8 M urea adjusted to pH 8.2 and supplemented with 5% SDS,.
. . . . . . . ~~~~~~~~~~2.5% beta-mercaptoethanol and 0.01% bromophenol blue.

motif in which the carboxy-promixal helix is highly amphiphilic. D manipulaton
The outward-facing residues are well placed to interact with the DNA manipulation
phosphatebackboneand the major groove ofB-DNA (Chandler Plasmid DNA was isolated from L broth-grown cultures of C600recA- for both

phosphate backbone and the major groove ofBu-iNA (handler preparative and analytical Wrposes using the alkaline lysis procedure (Ish-Horowicz

and Galas, unpublished). and Burke, 1981). Large scale preparations were centrifuged through CsCl gra-
With the expression of InsA at high levels, we are now in a dients in the presence of EtBr (Clewell and Helinski, 1969).

position to investigate the molecular details of the DNA binding Restriction enzymes, T4 DNA ligase and E. coli DNA polymerase Klenow
properties of the protein and to probe the amino acid and DNA fragment were purchased variously from: Amersham, Boehringer, New England
sequencespecificitiesof binding. The present workalsorep

Biolabs or Bethesda Research Laboratories, and used as recommended.
sequence specificities of binding. The present work also rep- DNA fragments were prepared by electrophoresis onto DEAE cellulose paper
resents a significant step towards the development of an in vitro (NA-45, Schleicher and Schuell).
transposition system for ISJ. Chain termination DNA sequencing reactions (Sanger et al., 1977) were per-formed directly on analytical preparations of supercoiled plasmid DNA (Zagursky

Materials and methods et al., 1985) using the appropriate oligonucleotide primer and AMV reverse

transcriptase (Life Science).
Bacterial strains, growth conditions and plasmids Oligonucleotides were synthesized using an Applied Biosystems 381A DNA
The bacterial strains used in this study were: DS410k (Roulet et al., 1984) for synthesizer, and purified on polyacrylamide-urea gels followed by electroelution
minicell production; CSR603 (Sancar et al., 1981); and C600recA- (our collec- into low mol. wt cut-off dialysis bags.
tion). The basic plasmids used in the various constructions shown in Tables I Plasrrud construction
and II are as follows: pR2.4::ISI and pR2.5::ISI (Chandler and Galas, 1983); (a) Reading frames driven by the P1 promoter of lambda. The pBR322-based
pTC72.3, pTC72.24 and pKH47::ISI.50 (Zerbib et al., 1985); pPlc236 (Remaut p1 expression vector pPlc236 (Remaut et al., 1981) was used. The insA-carrying
et al., 1981); pGEM1 (Promega Biotech); pGP1.2 (Tabor and Richardson, 1985); clone, pOC7, was obtained by insertion of an EcoRJlBstEll fragment of the plasmid
and pAR3039 (Studier and Moffat, 1986, and personal communication). pTC72.3 (Table I; Prentki et al., 1986) between the EcoRl and BamHI sites in

rtrains were routinely grown in L broth or on L agar supplemented where the poly-linker of the vector. Both BstEll and BamHIends were made flush by
appropriate with anpicillin (Ap; 50 sg/ml), tetracycline (Tc; 25 Ag/ml), kanamycin treatment with Klenow enzyme (Maniatis et al., 1982) prior to insertion. This
(KIn; 20 jig/ml), or streptomycin (Sm; 200 ,ug/ml). results in the reconstitution of the putative InsA termination codon contained with
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the BstEII site of IS1. Similarly, the insB clone, pOC9, was generated by insertion
of a BstElISalI fragment of the plasmid pR2.5::ISJ (Table I) between the BamHI
and Sail sites of the vector after rendering both BstEll and BamHI ends flush.
This construction reconstitutes the pBR322 TcR gene, only part of which is pres-
ent in the vector. Plasmid pOC8, carrying the insD reading frame, was obtained
by insertion of a BstELISalI fragment of the plasmid pR2.4::IS] (Table 1) between
the BamHI and Sall sites of the vector in a similar manner to pOC9. Reading
frame insB' was obtained by insertion of a PvullISal fragment between the BamHI
(rendered flush) and Sall sites of pPlc235 to give pOC26. The construction of
additional P1 plasmid derivatives is described in the text.
(b) InsA amber mutation. The construction of the amber mutant will be described
in detail elsewhere. Briefly, a ScaL/EcoRI fragment of plasmid pTC72.24 (Table
I; Prentki et al., 1986) was cloned between the ScaI and EcoRI sites of the vec-
tor pZl52 (a pBR322 plasmid carrying the origin of replication of phage M13;
Zagursky and Berman, 1984). Single-stranded plasmid DNA was prepared from
strain BW313, an ung- dut- strain (Kunkel, 1985), and subjected to oligo-
nucleotide-directed mutagenesis with a 'complementary' mutant oligonucleotide
as described (Kunkel, 1985). Following transformation of strain HBO11, several
clones exhibiting an additional PvuIl site within IS] were isolated and the presence
of the correct mutation was confirmed by DNA sequencing (Sanger et al., 1977).
Plasmid pMJ5 carries a mutated IS] which is inactive in transposition in a suo
host but active in an Sull or Suf host (to be published). An Sspl/BamHI fragment
of this plasmid carrying ISI was inserted between the EcoRI (rendered flush)
and BamHI sites of pPlc235 to generate pZB27. A similar construction using
the wild-type IS] from pTC72.24 yielded pZB26 (Table I).
(c) Readingframes driven by T7promoters. Insertion of IS] into the T7 expression
vector pGEM1 (Promega Biotec) to generate pZB22 and pZB23 is described in
the text. Plasmids pZB29 and pZB30 which carry insA coupled to strong T7
transcription/translation initiation signals upstream from an efficient T7 transcription
termination signal were constructed as follows: we synthesized two complemen-
tary oligonucleotides:

5'-GATC CA TATGGC T TC TGT T T C T AT CAG-3'
3'-. GTATACCGAAGACAAAGATAGTC-5'

able to form a double-sunded DNA fragment terminated on one side by a BamHI
cohesive end, followed by an NdeI site (which carries the substitute ATG initiation
codon), codons 2-6 of InsA, and is terminated at the other end by a PvuIl
extremity normally present in IS]. The region of pKH47: IS1.50 (Table I; Zerbib
et al., 1985) between the BamHI site and the resident ISI PvuII site was replaced
by the unphosphorylated complementary oligonucleotides using 'linker-tailing'
(Lathe et al., 1984) to generate pZB28. The modified IS] or the insA reading
frame (in which the InsA GTG codon has been replaced by ATG - carried within
an NdeI site) were isolated respectively as NdeIlEcoRl and NdeIlBstEII fragments
and inserted between the NdeI and EcoRI cloning sites of the T7 vector plasmid
pAR3039 (Studier and Moffat, 1986; and personal communication) to generate
pZB29 and pZB30 respectively. 3' recessed extremities were rendered flush, where
appropriate, using Klenow enzyme. Insertion at the NdeI site reconstitutes the
substitute ATG initiation codon and places it 9 bp downstream from a strong
ribosome binding site of the vector, which is itself located 28 bp downstream
from the T7 promoter. Transcription of the downstream beta-lactamase gene of
the vector is reduced (but not abolished) by the presence of a T7 transcription
termination signal closely following the cloned gene(s). The structure of pZB29
and pZB30 was confirmed directly by DNA sequencing.
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Protein -DNA interactions
Between 240 ng and 6lig of crude protein extract were incubated with 3-end
labelled restriction fragments (50-200 ng) together with 2.5 tg of unlabelled
salmon sperm DNA to reduce non-specific binding. The binding reaction was
carried out in a final volume of 25 Al at 25°C for 25 min in a buffer containing
50 mM Tris-HCl (pH 7.4), 70 mM KCl, 1 mM EDTA, 1 mM beta-mercapto-
ethanol, 7 mM MgCl2, 3 mM CaCl2, 10% glycerol, 200 Ag/ml BSA (Boeh-
ringer). The reaction was terminated by addition ofS tl of loading buffer (1 mg/mi
BSA, 50% glycerol, 0.01% xylene cyanol) and loaded immediately onto the
appropriate gel, at room temperature, while the gel was under tension (4 V/cm).
Electrophoresis was for 3-4 h at 10 V/cm.
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