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Mutations of TnS which decreased the amount of the shorter element-encoded protein (p2) were made. One
mutation was a change in the translation initiation codon of the protein, while two other mutations were
changes in the promoter of the transcript (T2) which codes for p2. Analysis of all three mutants indicates that
they decreased the inhibition of transposition that the protein exerts (in trans) on another element. The mutants
have complicated transposition behaviors. Analysis of the RNA and proteins synthesized from the mutants led
to the proposal that p2 can inhibit transposition at normal physiological concentrations. Therefore p2
synthesized from a given element is partly responsible for controlling the transposition frequency of the
element. The mutants also show that pl is the only Tn5-encoded protein necessary for transposition.
One of the basic properties of procaryotic transposable
elements is their low frequencies of transposition, although
the actual frequencies vary from element to element (16, 24).
Presumably this characteristic has evolved as a balance
between transmission of the transposable element and survival of the host organism (30). Transposons have evolved
elegant mechanisms to limit their transposition frequencies,
and these mechanisms can be integrated into host regulatory
systems (27, 32). These mechanisms can be classified into
two broad categories: (i) methods used to limit the synthesis
of the element-encoded transposase (which is usually the
rate-limiting species) and (ii) mechanisms which inhibit the
transposition process itself. In addition, host proteins which
are needed for transposition can also be regulated, usually
by the host itself and at the level of expression.
In the first class of mechanism, there are examples of
regulation at both the transcriptional and translational levels.
Tn3 encodes a multifunctional protein known as the resolvase, which is capable of acting as a transcriptional repressor (4, 5, 10). The resolvase represses the synthesis of both
the transposase and itself (4, 5, 10). The TnJO transposase
promoter is inherently very weak and is sensitive to dam
methylation (25, 27). Translation of this infrequently transcribed mRNA species can be inhibited by an elementencoded antisense RNA (29). Readthrough transcription
coming into the element from outside is also not translated
into functional transposase, probably because of a secondary structure which sequesters the translation initiation
region (6).
Examples of the second type of inhibitory mechanism can
also be found in many transposable elements. The small
inverted repeats found at the very outside ends of Tn3 inhibit
the molecule on which they reside from being used as a
target for Tn3 transposition (19). Transcription which
crosses the ends of many elements seems to inhibit transposition (2, 6, 20). ISIO, the module which comprises TnJO, is
sensitive to dam methylation at its inner end, since methylated DNA manifests reduced usage of the inner end (27). In
addition, TnJ0 transposase acts preferentially in cis (24).
TnS shares many properties with TnWO. At the transcriptional level, the transposase promoter is very weak and
subject to dam methylation control (17, 32). Transcription
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which enters the element from outside of the element is not
translated, probably because of a secondary structure
unique to readthrough transcripts (17). The inside end of
IS50 is also subject to methylation-dependent inhibition (32).
The transposase molecule also shows a cis preference in
activity (15).
In addition to these mechanisms, a unique feature of TnS
is the posttranslational inhibition caused by an elementencoded function (1, 12, 14). TnS has been shown to encode
a transposase, protein 1 or pl, and an inhibitor protein,
protein 2 or p2 (12, 14, 28). These two proteins are translated
in the same reading frame but initiated at two different
translation initiation sites (28). The inhibitor is 93% homologous to the transposase, lacking only the 55 amino acids at
the amino terminus end of the transposase. It has not been
established whether pl has any inhibition properties or
whether it alone functions as the transposase (in the absence
of p2). It is not clear from previous experiments whether the
amount of p2 produced by TnS under steady-state conditions
significantly affects the transposition frequency (14). This
uncertainty arose because large increases in p2 levels were
required before inhibition of transposition was detected (14).
These experiments were performed by examining the effects
of increasing the amount of the inhibitor, beginning from
wild-type levels.
We have reinvestigated these questions by using mutations to decrease the synthesis of p2. The data presented
here confirm that the shorter protein coded by IS50 is an
inhibitor and suggests that at normal concentrations it is
involved in inhibiting TnS transposition. Analysis of the
behavior of the mutations also shows that pl is the only
Tn5-encoded protein necessary for transposition.
MATERIALS AND METHODS
Media, supplies, and general techniques. All bacteria were
grown in LB or M9 glucose supplemented with appropriate
amino acids and vitamins (22). Antibiotics were used at the
following concentrations: kanamycin, 40 ,ug/ml; tetracycline, 5 or 15 ,ug/ml; chloramphenicol, 10 ,uglml; spectinomycin, 200 ,ug/ml; and nalidixic acid, 50 ,ug/ml. They were all
purchased from Sigma Chemical Co. All radioactively labeled compounds were from Amersham Corp. Restriction
enzymes were from New England BioLabs, Inc., Bethesda
Research Laboratories, Inc., or Promega Biotec. S1 nuclease and calf intestinal alkaline phosphatase were from
Boehringer Mannheim Biochemicals. T4 polynucleotide ki-
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nase was from PL Biochemicals. The large fragment of DNA
polymerase I and T4 DNA ligase were gifts from M. Cox, F.
Pugh, and B. Schutte. 5-Bromo-4-chloro-3-indolyl-p-D-galactopyranoside was from Bethesda Research Laboratories
and was used at 40 ,g/ml. The recombinant DNA techniques
were performed as described elsewhere (21).
Strains, bacteriophages, and plasmids. All of the bacterial
strains, phages, and plasmids are described in Table 1. The
plasmid pRZ914 (32) is a fully functional transposon which
contains the gene encoding gentamycin resistance substituted for the gene encoding kanamycin resistance. pRZ933 is
a nonfunctional element which has a lactose promoter se-

quence substituted between the EcoRI and HpaI sites of
pRZ914 (32). This element does not synthesize transposase.
pRZ1037, pRZ1106, and pRZ1110 are mutant derivatives
cloned into pRZ914. pRZ1037 contains a single-base-pair
change (ATG-*ATT) in the translation initiation codon of
p2. pRZ1106 contains base pair changes at nucleotides 90
and 92 in TnS. The wild-type sequence 5'-GTTCA-3' has
been changed to GCTGA. pRZ1110 contains base pair
changes at the satme two positions, except that the sequence
has been changed to GGTGA.
pRZ901 has been described previously (32). This plasmid
codes for the pl P-galactosidase and p2 P-galactosidase
fusion proteins. pRZ910, pRZ1121, and pRZ1124 are the
mutant versions of pRZ901 that correspond to pRZ1037,
pRZ1106, and pRZ1110, respectively.
pRZ1117 was constructed by cloning the functional 1S50R
sequences from pRZ914 (on an EcoRI-SalI fragment) into
the EcoRI-BamHI sites of pRZ407 (13). The large fragment
of DNA polymerase I was used to generate flush ends to
allow blunt-end ligation. The corresponding mutant constructs are pRZ1118 (for pRZ1106) and pRZ1120 (for
pRZ1110). This set of three constructs was used in the
add-back transposition experiment and differs by the doublebase-pair changes in pRZ1106 and pRZ1110. pLH1, a clone
of the gentamycin resistance gene in the plasmid ColEl, was
a gift from S. Kagan.
Transposition assays. Transposition assays were performed as described previously (13, 14). For the infection
inhibition assay, 120.11 cells in the late logarithmic phase of
growth were infected at a multiplicity of infection of about
0.1 to 1.0. The infecting phage was X500, a replicationdefective, integration-defective lambda which carries wildtype TnS. After absorption, cells were diluted in LB broth
anl allowed to grow at 37°C for the equivalent of two cell
doublings. the mixture was then plated on L1 agar plates
containing kanamycin and incubated at 37°C for 24 h. The
number of transposition events was measured by counting
the number of kanamycin-resistant colonies present. The
number of drug-resistant colonies was linear with the number of input phage particles. Transposition frequencies are
the fraction of input plaque-forming particles which yield
kanamycin-resistant colonies. The multiplicity of infection
was adjusted to yield between 50 and 500 kanamycinresistant colonies per plate. The variation was less than a
factor of three, and all numbers shown represent the averages of assays done at least in triplicate.
The mating-out assay was performed as described previously (32). Exconjugants were selected by plating on LB
agar plates containing 200 ,ug of spectinomycin and 15 ,ug of
tetracycline per ml. Cells with transposition products were
selected on plates containing 200 ,ug of spectinomycin, 50 ,g
of nalidixic acid, 5 ,ug of tetracycline, and 5 ,ug of gentamycin
per ml.
The steady-state assay is an assay in which A b515 b519
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c1857 is infected into and grown lytically in cells which
contain a transposon. Cells were grown up to saturation in
LB containing antibiotic and maltose (0.2%). Phage lysates
were made by mixing a fresh plaque of the phage with freshly
saturated cells, buffer, and molten agar. This mixture is
poured onto TYE plates (22) and incubated for 8 to 16 h at
37°C. The lysates were collected and spun, and the titer of
the supernatant was measured. The transposition frequency,
determined by the number of phage which have received the
TABLE 1. Description of strains, phage, and plasmids used in
this study
Strain, phage,
Source
Description
or plasmid
Strains
D47.00
D48.00
D31.70

D33.70
B7.40
D47.20
B7.21
120.11

A(pro-lac) ara
D47.00 dam::Tn9
metBI trpR55 lacYl galK2
halT22 supE44 supFS8
hsdRS141FA15: :TnlO
D31.70 dam-3 rpsL
D47.00 rpsL recA56 (Tets)
FA15::TnlO
D47.00 RNaseH::Tn3
D47.00 rpsL rpsE gyrA polA Ar

J. Miller
This study
This study
This study
This study

recAS6

This study
R. Johnson
R. Johnson

X b221 cI857 029 P80 rex: :TnS
k b519 b515 c1857

N. Kleckner
M. Syvanen

IS50R and base pairs 1 to 56 of
IS50L flanking gentamycin
resistance gene
Transposase-defective version
of pRZ914
IS50R containing p2 translation
initiation mutation and base
pairs 1 to 56 of IS50L
flanking gentamycin

M. Krebs

Phage
X500
X84

ColEl-based
plasmids
pRZ914
pRZ933

pRZ1037

resistance

pRZ1106

pRZ1110

pRZ1117

pRZ1118

pRZ1120
pLH1
pBR322-based
plasmids
pRZ901

pRZ910
pRZ1121
pRZ1124

M. Krebs
This study

gene

IS50R containing T2 promoter
mutation and base pairs 1 to
56 of IS50L flanking
gentamycin resistance gene
IS50R containing T2 promoter
mutation and base pairs 1 to
56 of IS50L flanking
gentamycin resistance gene
pRZ914 with IS50L replaced
by mutant IS50R from
pRZ407 (14)
pRZ1106 with 'S50L replaced
by mutant IS50R from
pRZ407
pRZ111O with IS50L replaced
by mutant IS50R from
pRZ407
ColEl with the gentamycin
resistance gene cloned in

This study

pl and p2 P-galactosidase
fusion proteins
Mutation from pRZ1037
cloned into pRZ901
Mutation from pRZ1106
cloned into pRZ901
Mutation from pRZ1110
cloned into pRZ901

M. Krebs

This study

This study
This study
This study
S. Kagan

This study
This study

This study
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transposon, was measured as described for the lambda
induction assay (32).
Oligonucleotide mutagenesis. The mutation in pRZ1037
was isolated by the method of Winter et al. (31). The
oligonucleotide mixture was an equal molar solution of
oligonucleotides which contained all three mismatches at the
appropriate base and was synthesized by K. Collier. The
sequence of the oligonucleotide was 5'-GAAGCC(A/C/
G)TTCAGGAA-3'. The mutations in pRZ1106 and pRZ1110
were isolated by the technique of Kunkel (18). The oligonucleotide mixture used to generate both mutants contained
equal molar amounts of all three possible mismatches at a
single position. Its sequehce was 5'-GTTATCATGA(C/A/
G)CGTTACCATG-3', and it was synthesized at the University of Wisconsin Biotechnology Center. The source of the
second base pair change found in all mutations resulting
from this primer is unknown. Candidates from the mutagenesis were screened for their differential temperature hybridization by using the radioactively labeled primer as the probe
in dot blot hybridization reactions as described previously
(31), and they were sequenced by dideoxy sequencing.
Si mapping. Si mapping was performed as described
previously (32). RNA was isolated from D47.00 (dam') or
D48.00 (dam) cells carrying the appropriate plasmids. Quantitation of the polyacrylamide gel bands was performed by
cutting out gel sections containing the relevant RNA species
and determining the 32p content in a scintillation counter. In
all cases, the levels of TnS transcripts were normalized to
those of P-lactamase transcripts. The experiments were
performed on three separate RNA preparations with identical results.
Immunoprecipitation of fusion proteins and polyacrylamide
gel electrophoretic analysis of the immunoprecipitates. Immunoprecipitation of fusion proteins was performed as described previously (32). Labeling of proteins was done in
D47.00 (dam') cells carrying the appropriate plasmid.
RESULTS
Mutational analysis. Figure 1 shows our current understanding of the genetic organization in the regulatory region
of TnS. Tandem promoters are responsible for the synthesis
of two transcripts (termed Ti and T2), which are translated
into the two proteins pl and p2, respectively (17). pl is the
transposase (28), while p2 is the previously identified transposition inhibitor (12, 14). These two proteins are translated
in the same reading frame relative to each other, but the
synthesis of p2 initiates at an AUG codon 165 bases downstream from the pl start point (28). It has been established
that the Ti transcript codes for pl, and that most of the p2
protein is translated from the T2 transcript (17). There is not
a significant amount of translation initiation at the p2 start
codon on the Ti transcript (17).
To investigate the effect of decreasing the amounts of p2,
we used two different types of mutations. The first mutation

is a single-base-pair change in the ATG start codon for the p2
protein. Because of the special relationship between these
two proteins, this mutation creates a missense mutation in
the transposase protein (a methionine-to-isoleucine change
which will be termed pl*). The second type of mutation is a
mutation in the promoter region of the T2 transcript. Since
the -10 conserved region of the T2 promoter is upstream
from the pl translation start codon (17; see Fig. 1), mutations
in the -10 region of the T2 promoter do not change any
amino acids in the pl protein. Therefore, we decided to
mutate the most conserved bases in the -10 conserved
sequence, and these derivatives are referred to as T2 mutants. All of these mutations are shown in Fig. 1. The source
of the second mutation in the T2 promoter mutations is
unknown.
Si-mapping experiments. Figure 2 is an autoradiogram
from an Si-mapping experiment performed on wild-type and
mutant elements. Mutant and wild-type sequences were
reconstructed on a plasmid which codes for P-galactosidase
fusions to the two TnS proteins. Sl-mapping experiments
performed on plasmids coding for unfused versions of the
TnS proteins yielded quantitatively the same pattern of
bands (data not shown). The transcripts are synthesized
from a pBR322-based vector which allows the use of the
P-lactamnase transcript (designated amp mRNA) as an internal standard in Si reactions. The Si reactions shown in Fig.
2 were performed with two 5'-end-labeled probes, one for
detecting the Tn5 transcripts and the other for detecting the
P-lactamase transcript.
Lane c (Fig. 2) shows the protection pattern seen with a
wild-type element. The largest band is the full-length 13lactamase probe (amp probe), which has reannealed with
itself and is protected from Si digestion. The next smaller
band represents the protected ,B-lactamase mRNA (amp
mRNA). The species of about 230 base pairs in length is the
full-length TnS probe. The band which represents the Ti
transcript is around 90 base pairs in length, while the band
which represents the T2 message is abdut 60 base pairs long.
Both the mutation at position 1106 (hereafter referred to as
mutation 1106) and mutation 1110 drastically reduced the
amounts of the T2 transcript (lane c versus lane a; lane c
versus lane b). To normalize for losses during the processing
of the reactions and to control for possible variations in
plasmid copy number, all counts were normalized to the
counts in the band which represents the ,B-lactamase mRNA.
The values obtained were the averages of three independent
Si experiments. The mutant T2 transcripts were decreased
at least 16-fold. The Ti message, when compared to the
1-lactamase (amp) transcript, was almost unchanged for
both mutants. The translation initiation mutant with mutation 1037 (hereafter referred to as mutant 1037) has a pattern
of transcripts indistinguishable from the wild-type pattern
except for a slight increase in the amount of readthrough
message coming into the element (data not shown).
T2

40

5c

p11...........,..,~~~~~~~~~ 00
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iGTGACCTCCTAACATGOG
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CATGATAACT..TGAAGCCATGCAG...
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11 10 G G

I
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FIG. 1. TnS regulatory region and mutations. The DNA sequence on one strand from the regulatory region of Tn5 is shown. Symbols:
t::3, the best-fit sequence to the -35 and -10 consensus sequence for the Ti promoter, whose transcript starts at base pair 66; -1I, the

presumed -35 and -10 regions for the T2 promoter, whose transcript starts at base pair 98. The two protein translation start sites are
indicated at base pair 93 for pl and base pair 258 for p2. Mutations discussed are shown below the sequence with their respective changes.
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FIG. 2. Si mapping of transcripts. A representative autoradiograph of an 8% acrylamide-7 M urea gel is shown. RNA prepared from either
dam' or dam cells containing a wild-type element or the promoter mutants was hybridized to two end-labeled probes to detect ,B-lactamase
mRNA or Tn5-specific mRNA. Bands: amp probe, P-lactamase probe molecules which have reannealed with themselves; amp mRNA,
protected 1-lactamase mRNA; probe, reannealed TnS probe molecules. Bands which represent the two Tn5 transcripts are diagrammed to
the right of the autoradiogram. On the left is presented the quantitation of the TnS transcripts, normalized to the ratio of the TnS transcript
to 3-lactamase transcript found for the 901 (wild-type) construct in dam+ cells. Lanes: a and b, products from mutants 1121 and 1124 (which
correspond to mutations 1106 and 1110) in dam' cells; c, product from a wild-type element in a dam' cell; f, product from a wild-type element
in a dam cell; d and e, products from mutants 1121 and 1124 in a dam cell.

The Ti message from the two mutants was still regulated
by dam methylation (lane a versus lane d; lane b versus lane
e). This effect was very similar to the response which the
wild-type element shows between dam' and dam mutant
cells (lane c versus lane f).
Fusion protein immunoprecipitation. Plasmids encoding pl
,-galactosidase and p2 3-galactosidase fusion proteins were
constructed. Cells containing these constructs were labeled
with [35S]methionine and counted, and equal amounts of
labeled protein were immunoprecipitated with 3-galactosidase antibody and carrier ,-galactosidase. The immunoprecipitation reactions were pelleted and subjected to polyacrylamide gel electrephoresis. The Coomassie-stained gel
showed equal recovery of the carrier ,-galactosidase in each
lane (data not shown). The autoradiogram from the polyacrylamide gel is shown in Fig. 3. The bands underneath the
full-length fusion products (which are denoted by arrows)
are probably degradation products of the fusion proteins

complicating result which will be discussed in more detail
later. These immunoprecipitation measurements are qualitative due to the large amount of degradation and absence of
an internal standard. However, the difference between the
wild-type element and the mutants has been reproduced with

b

a

c

d

p1O -ga lactosidase
.........m.
:

ii
:....

I'l

s p2 -,Bga lactos i da se

(17).

All three mutations reduced the amount of the p2 pgalactosidase fusion protein (lane a versus lane b; lane a
versus lane c; lane a versus lane d). For mutations 1106 and
1110, this decrease in the amount of the p2 ,B-galactosidase
fusion protein was consistent with the decrease in the T2
message which mutations 1106 and 1110 showed. Mutants
1106 and 1110 also synthesized less of the pl fusion protein
than the wild-type element did. This was a surprising and

FIG. 3. Polyacrylamide gel electrophoretic analysis of immunoprecipitates. Shown is the autoradiograph from a 3% stacking-4%
separating gel containing immunoprecipitation products from various elements in dam' cells. The two full-length fusion proteins are
denoted by labels. Lanes: a, products from the wild-type element; b,
pRZ910 (which corresponds to mutation 1037); c and d, mutants
1121 (mutation 1106) and 1124 (mutation 1110).
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TABLE 2. Infection inhibition

Plasmid
resident in cell

Transposition frequency
of incoming element"

Description of

TnS on plasmid"

(2.1
(2.0
(9.6
(1.3
(1.4

No Tn5
Wild type
pl* p2 4
T2

pLH1
pRZ914
pRZ1037
pRZ1106
pRZ1110

T2 4

±
±
±
±
±

1.3)
0.4)
1.8)
0.1)
0.1)

x 10-4
x 10x 10x 10-4
x 10-4

% Residual

transposition

Amt of
inhibition (%)

100
9.5
46
62
67

0
91
54
38
33

4,

a pl* p2 Mutation in the translation initiation site of the p2 protein; T2 4 denotes one of the two mutations in the promoter sequence of the T2 transcript.
b The infection inhibition assay was used (see Materials and Methods).

four separate immunoprecipitation reactions analyzed by
polyacrylamide gel electrophoresis and autoradiography.
Infection inhibition. The original assay used to identify the
inhibition property of p2 is the infection inhibition assay (12,
14). In this assay, a replication-defective, integration-defective lambda which carries a wild-type Tn5 element is infected into a kanamycin-sensitive strain. Transposition
events which occur off of the presumably inert, cytoplasmic
A DNA molecule onto the chromosome are scored as kanamycin-resistant colonies. In the inhibition assay, the recipient strain carries the plasmids under investigation. These
plasmids contain either the wild-type element or one of the
mutants. The amount of the transposition inhibitor synthesized by the plasmid is assayed by the amount of inhibition
it exerts on the incoming element. p2 alone has been shown
to be responsible for this trans inhibition (12, 14). The
amount of inhibition is some function of the amount of p2
(14).
The data in Table 2 show that all three mutants were
reduced in their. abilities to inhibit transposition of the
incoming element. The amount of residual transposition was
very similar with all three mutants. This indicates that in this
assay, the amount of p2 synthesized by the three mutants is
functionally very similar. These data also show that if pl has
an inhibitory function, this inhibition does not work well in
trans.

Transposition assays. To assess the effect the mutations
have on their own elements, transposition assays were
performed by using the mating-out assay. This assay measures the net effect of an element's synthesis of pl and p2 on
its own transposition. The data are presented in Table 3.

Mutant 1106 transposed more frequently than the wildtype element. This increase was seen in a number of different

cell backgrounds and was independent of the transposition
assay. Mutants 1110 and 1037 transposed at nearly wild-type
frequencies. Table 3 also shows that for each of the mutants,
transposition increased in dam mutant cells. This increase in
transposition was consistent with the increased amount of
the Ti transcript which mutants 1106 and 1110 exhibited in a
dam mutant cell (see Fig. 2).
Add-back transposition assay. If p2 is an inhibitor of
transposition, then increasing its levels should decrease the
transposition frequency of the mutants. In order to increase
the amount of p2 without increasing pl, a mutant version of
ISSOR, which contains a frameshift mutation in the unique
coding region of pl, was used (14). This version of IS50R
synthesizes the normal amounts of p2 (14). This derivative of
IS50 is combined with a wild-type or mutant IS50 (from
mutant 1106 or mutant 1110) in an inverted orientation to
form a compound transposon. The mating-out transposition
data from these constructs are shown in Table 4.
The addition of a second dose of p2 to a wild-type IS50R
did not change the transposition frequency appreciably (line
1 versus line 2). However, an additional dose of p2 to either
of the promoter mutants had a severe effect on transposition
(line 3 versus line 4; line 5 versus line 6). Analysis of labeled
proteins from minicells which carry these constructs showed
that the add-back plasmids synthesized the appropriate
amounts of each protein (data not shown).
Table 4 also shows the transposition of each of these
constructs in a dam mutant cell. Even at elevated concentrations of pl (32), both of the mutant constructs were more

TABLE 3. Transposition of mutants
Strain

B7.40

Relevant

genotype

recA

Plasmid

Description of
TnS on plasmid"

Transposition frequency

pRZ914
pRZ1037

Wild type
pl* p2 4
T2 4
T2 4
Wild type
p2 only
T2 4
T2 4
Wild type
p2 only
T2 4
T2 4
Wild type
T2 4

(1.8 t 0.4) x
(8.9 ± 5.3) x
(1.1 ± 0.4) x
(4.0 ± 0.9) x
(2.5 ± 0.4) x
s2.2 x 10-7b
(2.0 ± 0.7) x
(4.2 ± 0.5) x
(1.8 ± 0.6) x
<1.9 x 10-5
(6.8 ± 0.9) x
(1.6 ± 1.3) x
(1.2 ± 0.5) x
(6.7 ± 0.4) x

pRZ11O6
D31.70

D33.70

D47.20

dam'

dam

dam'

pRZ1110
pRZ914
pRZ933
pRZ1106
pRZ1110
pRZ914
pRZ933
pRZ1106
pRZ1110
pRZ914
pRZ1106

10-5
10-6
10-4

10-5
10-5

10-4
10-5
10-4

Relative

frequency
1.0
0.5
6.1
2.2
1.0
<0.01
8.0
1.7
1.0

<0.11
10-4
10-4
10-7,'

10-7c

3.8
0.89
1.0
5.6

4
a pl* p2 , Mutation in the p2 translation initiation codon; T2 one of the two pairs of mutations in the promoter region of the T2 transcript.
b The - symbol refers to the transposition frequency if there had been one transposition event on the plates which assayed the total number of transposition

events.

' These are steady-state transposition assays onto an infecting lambda phage. All other assays are the mating-out assays.
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severely inhibited by the further addition of p2 than the wild

The infection inhibition

showed that all three

assay

mu-

tants decrease the amount of the inhibiting species in this

type.

Since the decrease in inhibition is consistent with the
decrease in the levels of p2, we believe that p2 accounts for
most if not all of the inhibition. This interpretation is
consistent with previous conclusions which were based on
different types of data (14).
Mutant 1106 transposed more frequently than a wild-type
element. In another paper (32), we argued that at normal
levels of the transposase, TnS transposition is limited by the
concentration of the transposase. This conclusion is based
on experiments in which the levels of the p2 protein did not
change appreciably. If increasing transposase results in an
increase in transposition, then it is logical that decreasing
transposase should result in a decrease in transposition.
Mutation 1106 appeared to cause a decrease in the amount of
transposase synthesized, but it caused an increase in transposition frequency. If p2 is capable of inhibiting transposition, then a simple interpretation of mutant 1106 is that its
transposition frequency is the net result of changes in the
amount of an activator (the levels of transposase) balanced
against the amount of an inhibitor (the levels of p2). For
mutant 1106, the effect of decreasing an inhibitor (p2) must
be greater than the effect of decreasing an activator (pl).
Thus, there is a net increase in transposition. Mutant 1110
also made less p2 than a wild-type element. However, its
transposition frequency was lower than that of mutant 1106.
We attribute this difference to the possibility that it makes
less pl than mutant 1106, or possibly slightly more p2 (see
Fig. 3). Mutant 1037 is the most difficult mutant to explain.
Our interpretation of its behavior is that the specific activity
of the pl* protein (its missense transposase) is less than the
specific activity of the wild-type transposase.
The strongest support for this interpretation of the roles of
pl and p2 is the add-back experiment. When a wild-type

assay.

DISCUSSION

The data in this paper concern the roles of proteins pl and
p2 in TnS transposition. To address these questions, we used
site-specific mutagenesis to decrease the synthesis of p2 and
examined the behavior of these mutants. Our interpretation
of the data is that p2 can inhibit transposition under steadystate conditions. We believe that inhibition by p2 is one of
the primary mechanisms used by TnS to keep its transposition frequency low. The transposition data for the T2 mutants also confirm the model that pl is necessary and
sufficient for transposase function.
Figure 3 shows the levels of pl and p2 (manifested as
,-galactosidase fusion proteins) synthesized by the mutants.
The translation initiation mutant (mutant 1037) severely
decreased the abundance of p2 fusion protein. This singlebase change did not appear to have any substantial effect on
the amount of pl* fusion protein which is synthesized. The
two promoter mutations had a more complicated phenotype
because they decreased the levels of both p2 and pl fusion
proteins. The transcriptional defect of mutations 1106 and
1110 is clearly demonstrated in the Si protection experiments shown in Fig. 2. For both mutations, the T2 transcript
decreased more than 16-fold below wild-type levels. The Ti
transcripts were not substantially affected. Because of the
location of the base changes in mutants 1106 and 1110, we
believe the decrease in the amounts of pl fusion protein is
due to an effect on the initiation of pl translation. However,
we have no further data on this point.
The p2 translation initiation mutant (mutant 1037) transposed. Thus, although this mutation altered the pl sequence,
this result clearly shows that pl in the absence of p2 acts as
a

transposase.

TABLE 4. Additional p2 arm
Strain

Relevant
genotype

Plasmid

D31.70

dam'

pRZ914

pRZ1117

Strcture"

L*

_

V

pRZ1106
pRZ1118

*
r

V

*

rO1
pRZ1110
*
4O
pRZ1120
L
D33.70

dam

v

1
2
1
1
1
1
1
1
1
1
1
1

x
x
x
x
x
x
x
x
x
x
x
x

pl (wt)
p2 (wt)
pl (T2 4)

Transposition
frequency

V

pRZ1117

L*

1.0

(4.9 ± 3.8) x i0-5

1.2

10-4

1.0

x

(1.5 ± 0.5) x

p2(T24)
pl
p2
p2
pl

(T2 4)

(1.6 ± 0.4) x 1-

0.11

(2.1 t 0.5) x 10-5

1.0

(1.4 ± 0.5) x 10-6

0.06

(T24)
(wt)
(T2 4)

p2(T24)
pl (T2 4)
p2 (T2J4)
p2 (wt)

+

3.2)

x

10-4

(3.3 ± 0.4) x 10-4
(1.5 ± 1.5) x

10-3

1.0

0.62
1.0

V

pRZ1110
*

Relative

frequency

10-5

(4.2 ± 1.2)

(5.3

pRZ914

pRZ1106
pRZ1118

Coding
capacityb
1 x pl (wt)
1 x p2 (wt)

(2.2 ± 0.4) x 10-a

0.15

(2.8 ± 0.1) x 10-4

1.0

v

0.19
(5.4 ± 1.3) x
a
Symbols: *, one of the two mutations in the promoter region of the T2 transcript; V, mutation in the unique coding region of the pl protein (14). This inverted
repeat does not synthesize pl, but it makes wild-type levels of p2.
b wt, Wild type; T2
I, one of the two pairs of mutations in the promoter region of the T2 transcript.

pRZ1120
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element contains a single copy of the p2-coding region, the
addition of a second copy of the p2-coding region does not
affect the transposition frequency. The two T2 mutants,
which have reduced levels of p2, are greatly affected by the
addition of another copy of the p2-coding region (see Table
4). This result indicates that p2 protein, which is restored to
T2 mutants, inhibits transposition. We believe that in this
range of p2 levels, p2 inhibits transposition.
An important issue raised by these experiments is the lack
of inhibition when the second dose of p2 is added to a
wild-type element. This result has been reported before (14)
and was part of the data used to establish that large increases
in p2 levels were needed to see significant inhibition. If p2 is
an inhibitor, why does it not inhibit under all experimental
conditions? Our model to explain these data rests on the
assumption that a dose-response curve for transposition as a
function of p2 concentration is not a linear plot with a
negative slope. We hypothesize that the curve is really
hyperbolic in shape. Perhaps at relatively high levels of p2,
which correspond to wild-type levels, very large increases in
p2 are needed to see substantial inhibition. At very low
levels of p2, such as in T2 mutants, modest changes in p2
levels will inhibit significantly.
The mechanism through which p2 inhibits pl is unclear.
We can envision two general types of explanation. In the
first, p2 interacts directly with the pl protein and renders it
inactive. This subunit-mixing model has biological precedents (23). In the second type of model, p2 competes with pl
for a substrate which is needed during transposition. At
present, we have no data to support or refute either model.
The actual determinant of the ratio of the amount of pl to
p2, which ultimately determines the transposition frequency
of TnS, is the relative use of the two tandem promoters. In
another paper (32), we showed that one parameter which
influences the relative use of each promoter is the methylation status of the Ti -10 region. It is reasonable that other
physiological or environmental factors may also influence
the relative use of each promoter.
One question which these results raise is why Tn5 uses
such a wasteful form of control. For Tn3 and TnJO, the
inhibitor works at the level of gene expression to inhibit
synthesis of the transposase. Since inhibition of TnS transposition is posttranslational, it would seem that a great deal
of transposase is wasted since it is synthesized but not
utilized. One possible rationale is suggested by a comparison
of the chemostat experiments of Chao et al. (3) and Hartl et
al. (11). Working with TnJO, Chao et al. (3) found that in
chemostat growth-competition experiments, cells bearing
TnJO were favored over cells which did not contain TnJO.
When they analyzed the surviving cells which contained
TnWO, they found that a transposition of ISIO had probably
occurred. The interpretation of this result is that TnJO acts
like a mutator gene and results in progeny cells which have
a selective advantage because of the transposition event.
Hartl et al. (11) found that cells carrying TnS also have a
growth advantage over cells which do not have the element.
But the surviving cells which contain Tn5 have not undergone any genetic rearrangements involving Tn5. They hypothesize that the growth advantage is attributable to pl, p2,
or both proteins. If the advantage is due to pl, then this
might suggest that p2 evolved after pl in order to keep the
transposition frequency low without destroying whatever
advantage pl confers on the host.
In addition to transposase and its inhibitor, there are quite
a few other examples in which two proteins are translated
from the same reading frame but use different translation

start signals (see reference 9 for a discussion). Although the
biological role of the shorter protein has not been characterized in most of these cases, there does not seem to be
functional significance to the shorter protein in the case of
the icosahedral and filamentous phages. Both phage-encoded, site-specific nucleases which are used in initiating
DNA replication have their shorter versions which are
translated from an internal translation initiation site (for
reviews, see references 7 and 26). In the case of 4)X174, the
shorter A* protein is implicated in inhibiting host DNA
replication late in the infectious cycle (for a review, see
reference 7) and possibly phage replicative form to singlestranded DNA replication (8). For phage fd, the shorter gene
X protein is essential for fd replication and mutations which
decrease its levels affect the accumulation of single-stranded
DNA (9). It is possible that in all of these cases, the shorter
protein somehow functions to control the activity of the

longer protein.
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