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The effect, of dam methylation
on Tn5 transposition
was investigated by analyses of
mutations in the host (Escherichia co&) and the element. Wild-type elements transposed at
a higher frequency and showed higher levels of transposase expression in a darn- host.
Mutations were made in the promoter region of the transcript
that codes for t,he
transposase. Transposition and transposase levels from these mutants were independent of
the host methylation system. Measurements of the amount of RNA support the hypothesis
that< dam methylation exerts its effect on Tn5 transposition by modulating the frequency of
transcriptional
initiation of the transposase gene. Since Tn5 transposition increases when
the transposase levels increase, at normal concentrations the amount of transposase is a
rate-limiting
factor that determines the transposition frequency of Tn5. Transposition of
TS50, one of the insertion sequences that consistutes Tn5, is also sensitive to dam
methylation
by a second mechanism in addition to that of modulating transcriptional
either directly or indirectly,
inhibits the usage of TS50
initiation.
dam methylation,
sequences by the transposase. Thus, dam methylation can affect both the expression of the
t)ransposase and the DNA substrate upon which it acts.
1. Introduction
One of the fundamental properties of a biological
In order to study
process is its regulation.
regulation, it is useful to determine what is (are) the
rate-limiting
step(s). For prokaryotic
transposable elements, this question is intriguing
because
transposition
occurs very rarely. One estimate is
that t,ransposition per element occurs roughly once
per 109 to 109,000 generations (Kleckner, 1981;
Morisato et al., 1983; Raleigh & Kleckner, 1984),
depending
upon the particular
element. This
frequency is very low when compared with other
regulated cellular processes such as transcriptional
initiation from a given promoter or the initiation of
chromosomal replication.
For
two
intensively
studied
transposable
elements Tn3 and TnlO, the concentration of the
element-encoded transposase determines the transposition frequency (Chou et al., 1979a,b; Gill et al.,
1979; Morisato et al., 1983). The rate-limiting
step
in Tn5 transposition
has not been unambigously
determined
(Johnson & Reznikoff,
1984). This
uncertainty is probably due to the special relationship between the two element-encoded proteins
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People’s Republic of China.
$ Author to whom all correspondence should be
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involved in transposition.
These two proteins are
read in the same reading frame but are initiated at
two different start codons. The longer transposase
(protein 1 or pl) contains 55 extra amino acids at
its amino-terminal
end relative to the shorter
protein (protein 2 or ~2). p2 has been shown to be
an inhibitor of transposition under certain experimental conditions (Biek & Roth, 1980; Tsberg et al.,
1982; Johnson et al., 1982). Because the two
proteins are read in the same reading frame, it has
been difficult to investigate the effect, of increasing
the transposase protein only (Johnson & Reznikoff,
1984).
Tn5 is a compound transposon that consists of
the two nearly identical insertion sequences, ISSOH
and ISSOL, flanking a unique region of DNA
(Rothstein et al., 1980). These two modules are in
an inverted orientation relative to each other. Both
the compound element, Tn5, and the individual
module, ISSOR or ISSOL, have the DNA sequences
which constitute
functional
sites in the transposition reaction (Johnson & Reznikoff,
1983;
Sasakawa et al.. 1983). When Tn5 transposes, t(wo
“outer-end”
sequences are used. When IS50
transposes, one “outer-end”
and one “inner-end”
site is used. The outer-end and inner-end sites arc
not identical, although they share some sequence
homology (Johnson & Reznikoff, 1983; Sasakawa et
1983). Only TSSOR encodes the essential
al.,
transposase (Rothstein et al., 1980).
Figure 1 shows our current understanding of thr
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Figure 1. The Tn5 regulatory region. The DNA sequence on one strand from the regulatory region of Tn5. The broken
boxes represent the best fit sequence to the -35 and - 10 consensus sequence for the Tl promoter, whose transcript
starts at base-pair 66. The unbroken boxes correspond to the presumed -35 and - 10 regions for the T2 promoter,
whose transcript starts at base-pair 98. The 2 protein translation start sites are indicated at base-pair 93 for protein 1
and base-pair 258 for protein 2. The dam methylation sites are underlined, and the dcm methylation site has a line above
the recognition sequence.

genetic organization
in the regulatory
region of
IS50 and Tn5. There are two tandem promoters
that
are responsible
for the synthesis
of two
transcripts
(termed Tl and T2). These transcripts
can be translated
into the two proteins, pl and p2,
(Krebs & Reznikoff, 1986). There are
respectively

two dam methylation sites in the promoter whose
transcript (Tl) encodes the transposase (Krebs &
Reznikoff, 1986). Because of the location of these
methylation
sites, and because of the effect that
dam methylation
has on TnlO transposition
and
transposase expression (Roberts et al., 1985), we
decided to investigate the role of dam methylation
in Tn5 transposition.

2. Materials and Methods
(a) Media, supplies and general techniques
All bacteria were grown in LB or MS glucose
supplemented with appropriate amino acids and vitamins
(Miller, 1972). Antibiotics
were used at the following
concentrations:
kanamycin,
40 pg/ml;
tetracycline,
5 pg/ml or 15 pg/ml; gentamycin, 5 pg/ml or lOpg/ml;
chloramphenicol,
10 fig/ml; spectinomycin,
100 fig/ml or
200pg/ml; and nalidixic acid, 50pg/ml. All antibiotics
were purchased from Sigma. Radioactively
labeled
compounds were purchased from Amersham. Restriction
enzymes were from New England Biolabs, Bethesda
Research Laboratories or Promega Biotec. Si nuclease
and calf intestinal
alkaline phosphatase were from
Boehringer-Mannheim.
Phage T4 polynucleotide
kinase
was from PL Biochemicals. The large fragment of DNA
polymerase I and T4 DNA ligase were gifts from Dr M.
Cox, F. Pugh and B. Schutte (University of Wisconsin).
5-Bromo-4-chloro-3-indolyl-fi-u-galactopyranoside
(XG)
was from Bethesda Research Laboratories and was used
at POpg/ml. The recombinant
DNA techniques were
performed as described (Maniatis et al., 1982).
(b) Strains, phages and plasmids
All the bacterial strains, phages and plasmids are
described in Table 1. In general, antibiotic selection was
maintained at all times for strains carrying plasmids,
F-factor derivatives and insertions of transposons in the
chromosome. Levels of methylation at dam and dcm sites
were monitored by digesting plasmid DNA with Mb01
and EcoRII.
Strain
constructions
were performed
according to Miller (1972). Three different derivatives of
the F-factor were used, pOXgen (Guyer et al., 1980),
FA15 :: TnlO (made by a transposition
of TnlO on to
FA15 (Guyer et al., 1980)) and F’proAB2acZQ ZacZ U118
(Johnson & Reznikoff, 1984).
pRZ914 is a distant derivative of pRZ102 (Jorgenson et

al., 1979). It contains a gentamycin
resistance gene
substituted for part of the unique region of Tn5 and most
of the ISSOL sequences (see Fig. 2). This construct is a
functional
transposon,
and was constructed
in the
following steps (see Fig. 2). A BamHI fragment that
contains the gene coding for gentamycin resistance was
cloned into the unique BamHI site of pRZ143 (Rothstein
et al., 1980) to yield pRZ860. This plasmid was then
digested with SaZI and SmaI. pRZ326 (Johnson &
Reznikoff, 1983) that had been digested with EcoRI, was
filled in with the Klenow fragment of DNA polymerase I
and cut with SaZI. After ligation, the appropriate clone
that contained the outer-end sequence of IS50 replacing
the IS5OL sequence of pRZ860 was identified and named
pRZ914.
pRZllO7
and pRZ1108 are identical with pRZ914
except that each contains a base-pair change in each of
the 2 dam methglation sites in the promoter region of Tl
(see Table 3).
pRZ901 is a derivative
of pRZ351 on which the
transposase coding region and regulatory region are fused
to the /?-galactosidase gene to form 2 fusion proteins.
These proteins are designated pl-/I-galactosidase
and p2#l-galactosidase, and arise because of the relationship
between pl and p2. It was constructed by substituting
the EcoRI-Hind111
fragment from pRZlO2 (see Fig. 2)
into the EcoRI-Hind111
sites of pRZ351 (Johnson et al.,
1982). pRZ1122 and 1123 are versions of this plasmid
derived from the mutants pRZllO7 and pRZ1108.
Plasmids pRZ985, pRZ986 and pRZ992 were used to
measure complementation
in cis, since they carry
sequences encoding the transposase and a separate
sequence that can be complemented
to transpose.
pRZ985 and pRZ986 have the sequences of ISSOL and
ISSOR under the control of the nPa promoter. pRZ935
(M. Krebs, unpublished results) was the plasmid from
which they were constructed (see Fig. 2). This plasmid
contains the 1Ps promoter situated upstream from the
IS50R that has been fused to the /I-galactosidase gene.
The plasmid was opened at the unique SmaI site and
treated with Ba131 nuclease. The resulting mixture of
linear plasmids was then digested with BamHI, treated
with S, nuclease, and circularized with T4 DNA ligase.
The mixture was transformed into a strain deficient from
the chromosomal /I-galactosidase gene and transformants
were selected on plates containing ampicillin and XG.
The transformant that showed the deepest color of blue
was selected and named pRZ940. DNA sequence analysis
revealed that the junction between the lambda DNA
fragment that contained the APs promoter sequence and
the cro gene Shine-Dalgarno
sequence was located at
base-pair 90 of IS50.
The EcoRI-XhoI
fragment from pRZ940 was then
substituted for the EcoRI-XhoI
fragment from pRZ946
(M. Krebs, unpublished results) and pRZ948 (M. Krebs,
unpublished results) to generate the plasmids pRZ985
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Table 1
Bacterial strains,
Strain/phage/plasmid
D47.00
D47.01
D4i .05
1)47.06
1~48.00
D4X.01
1148.05
D48.06
lj31.60
I)3 I 24
D31.70
1)3 1..io
1)33.66
D33.23
1133.70
lvi2.50
1 *
D47.08
D48.07
17.50

i.592
i.80
( ‘oiK1 based plamids
pRZ 102
pRZ980
l’RZ985
pR%Wi
pRZR92
pRZ914
pRZ I IOi
pRZl108

pBR322 based plasmida
pRZ901
pRZ1122
pRZll23
pRZ1073
TPl6ti

phage

and plasmids

Genotype/description
(Apm-lac) ara
D47.00 /pOXgen
D47.06 /F’prolac IQ 2~1118 (&91)
D47.60 /F’prolac IQ Zu118 (1592)
D47.00 dam : : Tn.9
D48.00 /pOXgen
D48.00 /F’prolac IQ 2~118 (2591)
D48.00 /F’prolac IQ 211118 (1592)
metBl trpR55 lae YI galK2 galT22 aupE44 supF58
hsdR514/pOXgen
D31.60 ilv : : Tn5
D31.60 except /FA15 : : TnlO
m&B1 trpR55 lac YI galK2 galT22 supE44 nupFli8
hsdR14 dam : : Tn9 (289)
D3 1.60 dam3
D33.60 ilv : : Tn5
D33.60 except /FA15 : : TnlO
m&B1 trpR58 lacY1 galK2 galT22 supE44 ~qF58
hedRl4 dam : : Tn9 (L80)
D47,00/FA15 : : TnlO
D48.00/FA15 : : TnlO
metB1 trpR58 lac Yl galK2 galT22 supEd aupF58
hsdR14 1acZ: : TnlO
metBl trpR58 lac Yl galK2 galT22 supE44 hupF58
hsdRl4 1acZ : : TnlO dam3
tkr 1euBG hi&4 ara14 lacy1 galli galT22 rylj mtli
tonA rpsL136 supE44 ilv : : TnS/pOXgen
thr leuB6 kisG4 era14 lacy1 galK2 galTZ2 ry15 my11
tonA I rpsL136 supE44 ilv : : Tn5 dcmb’/pOXgen
D47.00 rpsL rpsE polA 1’
High frequency lysogenization strain
lplarfi that carries a pl only protein fusion with
8.galactosidase
180 that carries Tn5 marked with tetrarycline
resistance (measures outer end-outer end
transposition)
180 that carries 1850 marked with tetracycline
resistance (measures outer end-inner end
transposition)
ib 5,9 4,857 nin5 S,

J. Miller
This study
This study
This study
This study
This study
This study
This study
This study

ColEI : : Tn5
pl *protein driven by tae promoter
IMOL proteins driven by LPa promoter next to a
defective element which encodes gentamycin
resistance
IS50R proteins driven by APs promoter next to a
defective element which encodes gentamycin
resistance
ISSOR proteins driven by wild-type Tn5 promot,er
next to a defective element that encodes
gentamycin resistance
IS5OK and base-pairs 1 to 56 of IS501, flanking
gentamycin resistance
IS50R containing methylation site mutations and
base-pairs 1 to 56 of lS5OL flanking pentamycin
resistance
ISSOR containing methylation site mutations and
base-pairs 1 to 56 of IS5OL flanking gentamycin
resistance

,Jorgenson et al
This study
This study

Wild-type pl and p2-/J-galactosidase protein fusions
pRZ901 except with mutation 1107
pRZ901 except with mutation 1108
Defective IS50 marked with tetracycline resistance
(measures outer end-inner end usage)
lac promoter driving the dam methylase gene

This
This
This
This

This study
This study
This study
This
This
This
This

study
study
study
stud!

This study
This study
This study
This study
This study
This study
R. ,Johnson
,M. Helfort
This study
This study
This stud)
M. Syvanen

This study
This study
This study
This study
This study

study
study
study
study

M. Marinus
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Figure 2. Plasmid maps. Partial restriction maps of the plasmids used are shown. The filled rectangles represent the
sequence from IS50L, while the open rectangles represent sequences from TSSOR. Smaller open squares and rectangles
represent the outer-end sequences from TS50. Inserted DKA is shown by a triangle. Abbreviations:
1acP is the
Eat promoter sequence; Pa represents the lambda rightward promoter sequence; la& represents the b-galactosidase gene;
tat represents the tat promoter; OE denotes the outer end of IS50 (or Tn5), and IE denotes the inner end of 1850.
Abbreviations for restriction enzymes are: R. EcoRT; X, XhoI; H, HindID; Sm, SmaI, S, SalI; B, BarnHI; Be, BcEI; Hp,
HpaI; Bg, BgZIT. Parentheses represent the junction between 2 sites neither of which is regenerated by the cloning
procedure. Drug resistance genes are denoted by gen, which represents the gene for gentamycin resistance, and tet,
which denotes the gene for tetracycline resistance. The EcoRI-HinPI
fragment used as a probe in S, experiments is
shown diagrammatically
at the bottom of the Figure, This was the probe that was used to detect Tn5-specific
transcripts.
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and pRZ986. pRZ946 carries the IS50L sequence, while
pRZ948 carries the TSSOR sequence. Both pRZ946 and
pRZ948 also carry a gene encoding gentamycin resistance
flanked by the outer 189 base-pairs of Tn5. The
transposition of this defective element, was assayed in cis
c*omplement,ation experiments.
pRZ992 was derived from pRZ948. An EcoRI-XhoT
fragment from pRZ955 (M. Krebs, unpublished results)
was substituted for the EcoRI-XhoI
fragment of pRZ948.
The EcoRI site in pRZ955 was situated at base-pair 5 of
lS50. This plasmid contains the transposase coding
sequence and all of t’he sequences which normally
regulate transposase synthesis in IS50. It also contains
the defect& element whose transposition was assayed in
c-is ~omplemrntation
experiments.
pR.Z980 serves as the transposase donor in the
c~omplementation experiment described in Table 6. This
experiment measures the effect of dam methylation
on
the usage of a pair of outer ends (the normal DNA
substrate when Tn5 transposes) VCTSUSan outer end and
an inner end (the normal DNA substrate when IS50
t’ransposes). pRZ966 contains an EcoRI site situated at
base-pair 93 of an IS50 sequence that has been fused to
the &galactosidasr gene (M. Krebs, unpublished results).
The tar promoter (deBoer et ccl., 1982) situated on an
EcoRI fragment was cloned into the unique EcoRT site in
the proper orientation to transcribe the IS50 sequence.
This plasmid was named pRZ976 (M. Krebs, unpublished
results). ,411HpaT%S’aZI fragment from pRZlO37 (Yin &
Reznikoff. unpublished results) was then substituted for
the HpaI-Sal1 fragment of pRZ976 to generate pRZ980.
This plasmid contains a single base-pair change in the
initiation coclon of the p2 protein. which also results in a
missense mutation in the transposase (Yin & Reznikoff,
unpublished results).
TPl66 was a gift, from M. Marinux and contains the
dam met,hylase gene under lactose promoter control.
i.5 I9 contains a translational fusion of pl to /?-galactosidasr. The plasmid version of this fusion is pRZ903
(Krebs &. Reanikoff. 1986). The plasmid-borne fusion was
rec~ombined on to H derivative of Ilplac5 that does not
ha,vr transcriptional
or translational
signals in front of
P-galactosidasr.
2,591 carries a sequence that can be complemented by
the transposasa. This defective element has the 2 outer
ends of Tn5 flanking a gene that encodes tetracycline
resistanc*e. pMZ320 (Johnson & Reznikoff, 1983) was
c~omplrment~rd in trnns to transpose on to lambda,
resulting in i,591. 2.592 also carries a defective element
that can br complemented
to transpose
by the
transposase. This phage has an outer end of TnQ and an
inner end 01’ TS5U bracketing
a gene that, encodes
tet~racvclinr resistance. The plasmid version of this
defective element was made by replacing t,hr transposase
coding sequenccx bptwrrn the Xhol site and the Hind111
site of pRZ204 (.Jobnson rt 01.. 1982) with a gene encoding
trtracvcline
resistance t’o generate
pRZl073.
The
defect’ive element was then complemented in trans to
transpose on to lambda. This element transposes using an
outer end anti an inner end of IS50.
((a) Oligonucleotide mutagenesis
Mutat’ions II07 and 1108 were isolated on Ml3 phage
derivatives
using t,he technique described by Kunkel
(1985). The oligonucleotide
was synthesized
by the
University
of Wisconsin
Biotechnology
Center, Its
sequence was 5’ CACATGGAA(A/T/C)ATCAGAT(A/T/
G)CT(XAAAA(’
3’. Bot,h mutations came from a single
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experiment in which the double mismat,ch oligonuolrotitfe
was used as the primer. Candidates from t.he mutagenesis
were screened
for their
differential
temperature
hybridization
using the radioactively
labeled primer as
the probe in “dot-blot” hybridization reactions (Winter rt
al., 1982). They were then sequenced by didroxy
sequencing.

(d) S, n&ease

mappiry

RNA was isolated from D47.00 and D48.00 carrying
the appropriate
plasmids according to the method
described (Peterson & Reznikoff. 1985). The end-labeled
Tn5 probe was an EeoRI-H&PI
fragment from pRZlO2
(Jorgenson et al., 1979) end-labeled at, the HinPl sit,e.
The /3-lactamase probe was an EcoRT&AvaT fragment
from pBR322 end-labeled at the Av~II site. The 8,
mapping technique was similar to the method described
by Aiba et al. (1981). In a typical assay, 50 pg of the total
cellular
RNA
was hybridized
wit’h 16,000 cts/min
(Cerenkov) of the p-lactamase probe and 2Fi,OOO to
50,000 cts/min of the Tn5 probe. The RNA and probes
were precipitated with ethanol, and the dried pellet was
resuspended in 35 ~1 of 40.0 mlvr-Pipes (pH 6.4), 0.4 .MNaCl, 1 mM-EDTA. 80% (v/v) formamide. The mixture
was heated at 75°C for 15 min and cooled to 37°C over a
period of 2 t,o 3 h. Then 5000 units of S, nurieasr were
added in 350 ~1 of 30 milr-sodium acetate (pH 4.5), 0.25 MNaCl, 1 mM-Z&O,,
59; (v/v) glycerol. and the samples
were incubated at 30°C for 1 h. The reactions were
precipitated
with ethanol, DNA-RNA
duplexes were
separated on an 894 (w/v) polyacrylamide/i
M-urea gel,
and t,he surviving probe was detected by autoradiography. The intensity of the bands was shown to be a
function
of the amount
of RNA added t,o the
hybridization reactions (data not shown). The mobility of
the RNA species was compared to known standards and
the appearance of the bands was also shown to be RNase
sensitive (data not. shown).
Q,uantification of the protected species was performed by
cutting out the appropriate spots on the gel. solubilizing
the gel by the technique described by Mahin & Lofberg
(1966), and counting in fluor. The spots were localized by
aligning the autoradiogram and the gel. The samples were
counted for 30 min. Quantification
agreed well with tht,
relative intensities as they appeared on the aut)oradiogram.

(e) Immun,oprecipitation of fusion proteins and
polyacrylamide gel electrophoretic aruxly.~is
of immunoprecipitates
Fusion proteins to /?-galactosidasr
were immunoprecipitated as described (Johnson et al.. 1982). D47.00 or
D48.00 carrying the appropriate plasmids were labeled by
the addition of 50 to 75&i of [35S]methionine to cells
during the mid-logarithmic
phase of growtfh. After a
10.min labeling period for D47.00, or 12 min for D48.00
(to compensate for growth rate differences), cells were
collected, washed and lysed as described (Johnson et al.,
1982). Immunoprecipit,ation
was carried out with rabbit
anti-/?-galactosidase
IgG. 2 pg of unlabeled
carrier
/?-galactosidase, and a constant amount of radioactivity
in the labeled protein. The immunoprecipitation
pellet
was resuspended in sample buffer and subjected to
elertrophoresis
through a 3 y/, stacking/4 “/b potyacrylamide gel. The location of the radioactive protein species
was detected b,v autoradiography.
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(f ) fl-Galatosidase

assays

/I-Galactosidase assays were performed as described by
Miller (1972) except that cells were grown at 32°C. The
values shown are the average of 3 assays.

measurement was performed by mixing

assays

(8) Transposition

The mating-out transposition assay was performed as
described (Johnson & Reznikoff, 1984). A total of 10 ~1 of
a freshly saturated washed culture of the male and female
strains was mixed in 1 ml of broth and incubated with
slow shaking for 6 to 12 h. The cells were diluted and
plated on appropriate media.
For the pOXgen derivative
of the F-factor, exconjugants were selected on LB agar plates containing
200 pg spectinomycin/ml
and 10 pg gentamycin/ml.
Cells
containing transposition products were measured on LB
agar plates containing 200 pg spectinomycin/ml,
50 pg
nalidixic acid/ml, 5 pg gentamycin/ml,
and 40 pg kanamycin/ml.
For the FA15: :TnlO derivative
of the
F-factor, exconjugants were selected on LB agar plates
containing
200 pg spectinomycin/ml
and 15 pg tetracycline/ml. Cells containing transposition products were
selected on LB agar plates containing 200 pg spectinomycin/ml, 50 pg nalidixic acid/ml, 5 pg tetracycline/ml,
derivative
and 5 pg gentamycin/ml.
For the F’proABZaciQ
of the F-factor, exconjugants were selected on minimal
glucose plates containing 100 pg spectinomycin/ml.
Cells
containing
transposition
products
were selected on
minimal
glucose plates containing
100 pg spectinomycin/ml and 5 pg tetracycline/ml.
The strain B7.21 was
used as the female strain in all matings.
The mating mixtures of male and female cells were
diluted and plated to yield approximately
50 to 500
colonies/plate. The variation wit,hin a set of assays was
usually less than L-fold. Most assays were performed in
triplicate
on a given day, and the numbers quoted
represent averages of more than 1 set of assays. Any
numbers that do not contain an indication of the range of
measurement represent a single set of measurements done
in triplicate. Dilutions were performed to show that the
number of exconjugants and the number of cells with
transposition
products were linearly
related to the
volume of the mating mixture plated.
The lambda induction
assay has been described
(Johnson & Reznikoff, 1984). Lysogens of 180, which
contains a thermoinducihle
repressor. were heat-induced
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D31.23
D33.23
D31.60
D33.60
D3 1.70
D33.70
D47.08
D48.07
D3 1.50
D52.50
D31.60
D33.60
D38.21
D39.21

Table 2

genotype
dam’
dame?
dam+
dam.?
dam +
dam.?
dam+
dam : : TnS
dam+
dam : : Tn9
dum+/TP166
dam3/TP166
dcm+
dcm6

t Lambda
out assays.

induction

Transposition
frequency

3. Results
(a) Ejfect of dam methylation

Tn5 donor
ilr : : Tn5
ilv : : Tn5
pRZlO2
pRZlO2
pRZ914
pRZ914
pRZ914
pRZ914
pRZ102
pRZIO2
ilv : : Tn.5
ilz: : : Tnri
ilv : : Tn5
ih : : TnS
assay.

7.6(52.4)X
I.l(fO-1)
x
2.7( f0.5) x
I+( 50.3) x
2+(*0.4)x
1+3(+06)x
1.5( kO.5) x
1.2( kO.6) x
4.7( + 10-6)t
3.3(& 1o-yt
9.2(f 1.8) x
1.7(&-05)x
1.1(+0-5)x
6.9(f3.1)
x

All other

1O-6
lo-&
1O-5
1o-4
IO-’
1W4
1o-5
1o-4

1w6
loms
1w5
10m6

experiments

on Tn5 transposition

Table 2 summarizes the effect of dam methylation
on Tn5 transposition using isogenic darn+ and damstrains. The first two pairs of data show that there
is an increase in transposition frequency in a damstrain regardless of the nature of the donor-replicon
from which Tn5 transposes. The third and fourth
pairs of data show that the effect on transposition is
seen with two different
mutants of the dam
methylase gene: a missense mutation (dam3) and an
insertion mutation (dam: : Tn9). The second and
fifth pairs of data show that the effect on
transposition is seen in two different transposition
assays, the mating-out
assay and the lambda
induction assay. Finally, in a dam- cell, adding a
cloned copy of the dam methylation gene itself is
sufficient to reverse t,he effect on transposition
frequency (pair number 6). Other than pBR322
sequences, this plasmid contains only the methylase
gene under the control of the lactose promoter
(M. Marinus, personal communication). Table 2 also
shows that a mutant of the dcm methylation system
(Marinus,
1984), which normally
methylates
a
cytosine residue in the promoter region, does not
have any effect on the frequency of Tn5 transposit’ion (pair number 7).

Table 3

Relative
frequency
1.0
14.0
1.0
5.9
I.0
7.2
1.0
X.0
1.0
7.0
1.0
1.8
1 .o
0.63
are mating-

a constant

number of plaque-forming
phage (typically
10’ to 10’)
with 5 x 10s I$ cells (Belfort & Wulff, 1973) and plating
on selective antibiotic-containing
plates after 60 min of
growth. The frequency of lysogeny under these conditions
approaches 40% due to the hfl- mutation (Belfort &
Wulff, 1973).
The number of antibiotic-resistant
colonies was shown
to be linearly related to the amount of input phage. The
frequency
presented
represents
a single
set of
measurements done in t)riplicate.

and Tn5 transposition

Relevant

Strain

and allowed to go through the lytic cycle. The phages
transposition
collected
titered.
The
were
and
measurement was performed by measuring the fraction of
plaque-forming
phage that had acquired the particular
on the transposon.
This
drug resistance
marker

Methylation-site

_---

mutants

---.~c~~~~~:(‘lTTT(‘(‘(:(:TTTT(:(‘A(;GA~~TG_~T7CTT(:CATC:‘r
T

7

1107 A
1108 A

Strain
D47.08
D47.08
D47.08
D48.07
D48.07
D48.07

Relevant
genotype
dam+
dam+
dam +
damdamdarr-

t The mating-out
frequency.

pRZ914
pRZllO7
pRZI 108
pRZ914
pRZllO7
pRZllO8
assay

A
(:

Transposition
frequency?

Plasmid

was

I+( kO.5) x 1w5
2.4(&1.4)X
1o-4
1~7(~1~o)x10-4
1.2(+0.6)x
1O-4
1.3(+0.4)x
1om4
9.2(+0.4)x
1W5
used

TL

to measure

Relative
frequency
I.0
16.0
I I.0
8.0
8.7
6.1
transposition
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(b) dam m.elhyZation-site mutants

0

The dam methylation system is known to control
the expression of a number of genes in Escherchia
coli and its phages (Hattman, 1982; Marinus, 1984;
Roberts et al., 1985; Braun & Wright,
1986).
Therefore, mutations in the dam methylase gene are
pleiotropic.
Tf methylation
acts directly on the
element, it will act through
the recognition
sequence for the dam methylase, 5’ GATC 3’
(Marinus, 1984). Since dam methylation is known to
affect the expression of a number of genes at the
level of transcriptional
initiation
(Marinus, 1984;
Roberts et aE., 1985; Braun & Wright, 1986), it is
reasonable to examine the effect of point mutations
in the dam methylation sites in the promoter region
of Tn5. Oligonucleotide-directed
mutagenesis was
used to destroy the tandem methylation sites in the
T1 promot,er region. Two of thse mutations were
isolated and their effects on Tn5 transposition in
the mating-out assay are presented in Table 3.
Tn contrastI to the wild-type element, the two
methylation-site
mutants transpose at nearly the
same frequency in dam+ and dam- cells (line 2
CP~SUSline 5; line 3 t:ers1LS line 6). Therefore,
in
mutations
both
t.hat
contain
elements
methylat,ion sites tra.nspose independently
of the
methylation system. These mutations suggest that
the primary effect of the methylation
system on
Tn,5 t’ransposition is mediated through one or both
of these methylation sites. Table 3 also shows that
hot’h of these mutants t’ranspose at a higher
frequency than do the wild-type element in dam+
cells.
(c) 8, mapping
Since mrthylation
of the sites in the Tl promoter
modulates the frequency of transposition,
it is
logical to examine the effect that methylation has
on Tn5 gene expression. Figure 3 shows the results
from an SI mapping experiment on total cellular
RNA isolated from darn’ and dam- cells. The
plasmids used as a source of Tn5 RNA had the
fused
to
the
coding
region
transposase
P-galactosidase gene. The ,!Clactamase gene (which
codes for amp mRNA) is located on the gene fusion
ve&or. This type of construct allowed the use of the
p-lactamase RNA as an internal standard to control
for copy number variations
and losses during
processing of the S, reactions. The fusion vector
also allowed a comparison of RNA levels from the
same constructs used to evaluate fusion protein
levels. S, mapping data obt’ained from plasmids
which did not contain the fusion of t’ransposon
sequences to P-palactosidase yielded quantitatively
similar results (data not shown). In Figure 3, the
largest protected
species is the full
length
p-lactamasr probe (designated amp probe). The
next
largest
/3-lactamasv

species

represents

the

protected

mRNA
(amp mRNA)
from the
pRR322 sequences. The band around 230 base-pairs
in length is the full-length
Tn5 probe. The band

around

150 base-pairs

(which
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runs bet,ween the full-

nP P’C )be

bc

de

f

-

mRNA ,f
- Prc

-7

-T2

\\

\

\.

\

Figure 3. S1 mapping of RNA. A representative
autoradiograph of an 80/h polyarrylamide/7
M-urea gel is
shown. RPU‘A prepared from either dam+ or rlam- cells
containing a wild-type element or the mrthylation
site
mutants was hybridized to 2 end-labeled probes to detect
p-lactamase mRNA or TnS-specific mREA. The bands
designated amp probe are the /Y-lartamase probes that
have reannealed with themselves. The bands labeled amp
mRNA represent the protected b-lactamase mRXGA. The
band labeled Probe is the reannealed Tn5 probe. The
bands tabrlrd T, and T, rrprrser~t the prottv*tc’d ‘T’n:i
transcripts. I,ane a represents RE;A isolated from a danc+
cell containing a wild-type element. Lane b shows mR,KA
isolated from wild-type cells containing pRZl122 (which
corresponds t)o mutation 1107), while IantI (2 displays
cells containing
pR%l 123
mRiVA
from wild-t,ype
(mutation 1108). Lanes d to f are t.he Rl;A spec*irs from
the same 3 elrments except from a httC background.
-

length TnrT probe and the Tl transcript) represents
readthrough transcripts that originate outside the
element.. The t,wo relevant prot.ect,ed spe&s. T t and
T2, are represented by hands (‘I’, atId T2)
approximatjely 90 and 60 basr-pairs in kngt h.
There is an increase in the amount of t’hr 1’1
transcript and a slight decrease in the level of the
T2 transcript in a dam- cell. These cha.nges are
shown in a comparison of lane a, which represents
mRNA from a wild-type element in a drsnc+ ~~11,
and lane d: which represents ,RNA from t.hc same
element in a isogenic dam- ctlll. IE’ht:n these
changes are normalized t.o thr fi-lac*tam:tst: t rarlscript, it is found that Tl increases htwern
fourand fivefold while T2 decreases about, twofold.
Figure 3 also shows the transcript t(~v~~lst’rom the
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a

b

c

d

Table 4

e

Fusion
PI,9 - galactosidase

Strain
17.50
D33.50

_/

protein

Relevant

genotype Phage
dam+
dam-

17 19
li 19

measurements
Translational
fusion

Units

pl -/?-galactosidase 2 f 1
pl -/I-galactosidase 27 + 2

Relative
units
1

14

p2-

,9-galactosidase

Figure 4. Polyacrylamide gel electrophoretic analysis
of immunoprecipitates.
An autoradiograph
from a 3%
stacking/4 o/0 separating
gel
containing
immunoprecipitation products of various elements from dam+ or
dam- cells. The 2 full-length fusion proteins are labeled.
Lane a shows the products from a wild-type element in a
dam+ cell. Lanes b and c are the products from mutant
constructs pRZ1122 (mutation
1107) and pRZ1123
(mutation
1108) also in dam+ cells. Lanes d and e
correspond to products from the wild-type element and
pRZ1122 (mutation 1107) in dam- cells.
two methylation-site
mutants
(lanes b and c). Tl
increases about four- to fivefold for both mutants,
while T2 decreases two- to threefold. The site
mutants do not show significant changes in their
transcript
levels between dam+ and dam- cells
(lane b versus e, lane c versus f).

(d) Fusion protein

between
and
cells
element
dam’
damqualitatively.
In the mutants examined the protein
pattern does not appreciably change in dam- cells
(lane b versus e). It is probable that the protein
bands beneath the full-length
fusion bands are
degradation products of the fusion proteins. Since
we do not know if the degradation products arise
from pl- or p2-P-galactosidase, or both, we have
not attempted
to quantify
the differences in
fusion protein
levels. Although
all of these
comparisons are qualitative, the results shown have
been reproducible
in at least four independent
labeling and immunoprecipitation
experiments.
fl-Galactosidase
measurements
were
also
performed on single-copy lysogens that carry the
pl-/?-galactosidase fusion. These measurements are
shown in Table 4. In a dam- cell, the single-copy
fusion shows a 14.fold increase in fusion levels. Two
assumptions are made in this analysis of fusion
proteins. First we assume that the full-length fusion
proteins are representative of the amount of fulllength wild-type proteins. Without antibody t’o the
transposase protein, this assumption is untestable.
Second, we assume that the rate of degradation of
the two full-length fusion proteins is similar.
(e) Pleiotropic effects of dam mutants

measurements

There is an increase in the accumulation of the
pl -/?-galactosidase fusion protein in damcells
(lane a versus d). On some gels, there is a slight
decrease in the levels of the p2-fi-galactosidase
fusion protein in a dam- cell (data not shown).
Figure 4 also shows the protein profile from the two
methylation-site
mutants. The mutants show an
increase in the amount of the transposase fusion
protein (lane a versus b, lane a versus c). This

In order to show that the changes in Tn5 gene
expression are responsible for the increase in
transposition,
it must, be shown that no other
cellular changes occur in dam- cells that contribute
to the increase in transposition.
This question is
addressed by examining
the properties of the
methylation-site
mutants. The two methylation-site
mutants transpose at a higher frequency than a
wild-type element in dam+ cells and they transpose
at a similar frequency in darn+ and dam- cells (see
Table 3). These properties are reflected in their
RNA and protein synthet,ic capacities (see Figs 3
and 4).
We have also investigated
this question by
examining transposition using constructs in which
the normal promoter region of the Tl transcript has
been replaced with the methylation-independent
AP, promoter. Two of the plasmids contain the
coding region of ISSOL (pRZ985) or ISSOR under
1PR promoter control. The plasmid pRZ992 contains
a
wild-type
(methylation-dependent)
IS50R
sequence. All three plasmids also contain a
defective element that does not synthesize transin cis to
posase, but can be complemented
transpose. Table Ti compares the transposition
behavior of these elements in dam’ and dam- cells

increase

using the mating-out

Since there is an increase in the amount of the Tl
5’.specific mRNA in dam- cells, it is reasonable to
examine the levels of the transposase. Fusion of the
transposase
coding
region to /l-galactosidase
resulted in two fusion proteins termed ~1-8.
galactosidase and p2-fi-galactosidase.
Appropriate
cells containing
the plasmids
were labeled
and
lysed, excess unlabeled /I-galactosidase was added,
and the samples were immunoprecipitated.
The
pellets were resuspended and subjected to gel
electrophoresis.
Coomassie staining
of the gel
indicated that recovery of the carrier fl-galactosidase was essentially identical in all lanes (data not
shown). Figure 4 shows an autoradiogram
of the
immunoprecipitation
reaction.
The full-length
fusion

proteins

are indicated.

is similar

to the increase

for the wild-type

assay. When

the synthesis

of

Methylation

and Tn5 Transposition

43

Table 5
Methylation-independent
Strain
n31.70
D31.70
1131.70
D33.70
1133.70
lj33.70

overproducer

Relevant
genotype

Plasmid

Promoter/gene

dam+
dam +
dam +
damdamdam-

pRZ992
pRZ985
pRZ986
pRZ992
pRZ985
pRZ986

Wild-type
IP&SSOL
rlP,/IS50R
Wild-type
nP,/IssoL
nP,/IS5OR

Transposition
frequencyt
9.4(&3.1)x 1o-6
i2.4( k lo-‘)
6.1( f 1.7) x 10m5
1.2(+0.6)x lo-“
56.1(x lOF7)
lq*o.l)
x 1o-4

< Denotes transposition frequency if there had been 1 drug-resistant
assav plate.
t ‘The mating-out, assay was used to measure transposition.

the transposase is uncoupled
from the dam
met’hylat,ion
s-y&em.
transposition
becomes
independent of’ the methylation
system
(lines 3 and
6). pRZ992, which contains the wild-type TSSOR
sequence, shows the typical response to changes in
methylation (lines 1 and 4).
(f) dam methylation

and inner-end

usage

Deletion analysis has shown that about 19 bases
are necessary at the inner end of IS50 for
transposition of IS50 (Sasakawa et al., 1983). There
are two dam methylation sites within these 19 basepairs. Since this organization of methylation sites is
reminiscent of t,he sequences at the inside end of
ISIO, and since it has been established that
methylation
of the corresponding bases in IS10
inhibits transposit)ion (Roberts et al., 1985), we
wanted
to examine
this question
for IS50.
Complementation
experiments
were performed
using a transposase donor that was not sensit,ive to
The
methylation-insensitive
tat
methylation.
promoter was used in place of the normal Tl
elements
to
be
promoter.
Thth defective
complemented contained either a pair of outer ends
of Tn5 (15910), or an outer end and an inner end of
IS50 (2592) flanking a selectable marker. The
results of this experiment using the mating-out
assay are shown in Table 6. Transposition of the
element, which uses two outer ends, is insensitive to
da,m methylation
(line 1 versus 2). The element that

Relative
frequency
1.o
5 042
6.5
134
IO46
1 1.o

colony on the transposition

uses an outer end and an inner end transposes at a
higher frequency in a dam- cell (line 3 vewus 4).
Therefore, methylation
affects usage of the inner
end.

4. Discussion
The data presented in this paper show that, in
mutants of E. co&, Tn5 transposes at a
significantly higher frequency than in isogenic dam+
cells. Qualitatively
similar
results have been
reported for TnlO by Roberts et al. (1985) and for
Tn5 (D. Roberts, personal communication). In this
study it has been shown that the dam effect’ on Tn5
transposition
is reversed by introduction
of a
plasmid that contains only the dam structural gene.
Therefore the effect must be due directly
or
indirectly to the lesion in the dam gene itself, rat!her
than a polar effect the mutations might have on
some co-transcribed gene located downstream from
the mutat,ion. This effect on transposition was also
shown to be independent of the type of mutation in
the dam methylase structural gene, the nature of
the donor-replicon from which Tn5 transposes, and
is evident with both the mating-out and lambda
induction transposition assays.
There are many dam methylation sites in the Tn5
sequence. Because of the precedent for dam
methylation
affecting transposase expression in
TnlO (Roberts et al., 1985), and because of the
location
of tandem methylation
sites in the

dam-

Table 6
Methylation
Strain
D47.05
1)48.05
1)47.IC
1)48.lK

Relevant
genotype

and end usage

Ends to be
complemented

Transposition
frequencyt

dam+
1.6( +O.i) x lo-’
1591 (outer-outer)
dam1591 (outer-outer)
l.l( f 1.1) x lo-’
dam+
2592 (outer-inner)
16.3(x lo-‘)
dam1592 (outer-inner)
6.7(+3.3)x
IO-”
Outer end sequence 5’ CTGACTCTTATACACAAGTAG
3’
Inner end sequence 5’ CTGTCTCTTGATCAGATCTTG
3’

Relative
frequency
1.0
0.69
IO49
I.0

I Denotes the transposition
frequency if there had been 1 drug-resistance
colony on the
transposition assay plate.
The sequence on one strand of the functional site at each end of IS50 is shown. The dam methylation
sit,e is underlined.
t The mating-out assay was used to measure complementation
of the defective element on L591 01
1592. The source of the tranvposase was a multicopy plasmid carrying a missense mutation in thr
transposase protein (Yin & Reznikoff, unpublished results).
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promoter region for Tl, point mutations were made
in these sites to test their role in the methylation
effect. Since these mutant elements are insensitive
to dam methylation
(transpose similarly in dam+
and dam- cells), we believe that the effect of dam
methylation
on Tn5 transposition
is mediated
t’hrough these particular sites on the element.
Three different, lines of evidence show that the
effect of methylation on Tn5 transposition is caused
by an effect on Tn5 gene expression. There are
several situations
where the Tn5 transposition
frequency increases above the wild-type
level.
Transposition of a wild-type element is increased in
a dam- cell, and the site mutants transpose more
frequently in either a dam+ or dam- cell. In all of
these situations, the changes in the pattern of
transcripts and proteins is very similar. There is a
four- to fivefold increase in the levels of the Tl
transcript,
and the levels of the T2 transcript
decrease slightly. The protein profiles are consistent
with these RNA measurements; pl increases while
p2 remains unchanged or decreases slightly.
The second reason for arguing
that
the
methylation
effect on transposition
is due to a
direct’ effect on Tl expression comes from an
analysis of the site mutants. The methylation sit,e
mutants transpose at about the same frequency in
dam’ and dam- cells and the RNA and protein
patterns of the site mutants are nearly identical in
darn’
and damcells. Thus, it is simplest to
attribute all of the effects of methylation
to the
effects on Tn5 gene expression.
Third, when transposase is placed under the
control of methylation-insensitive
promoter, the
resulting Tn5 element transposes identically
in
dam+ and damcells. This result supports the
interpretation
that dam methylation affects Tn5 by
affecting gene expression.
The simplest interpretation
for the difference in
levels of the Tl transcript between dam+ and damcells is that transcriptional
initiation
occurs more
frequently from an unmethylated
template than
from a methylated template. This interpretation
is
supported by the in-vitro transcription experiments
reported by Roberts et al. (1985). They showed that
the effect of methylation
on TnlO transposase
expression is mediated at the level of t’ranscriptional initiation.
There has been some uncertainty as to whether
pl is the rate-limiting
species in Tn5 transposition
(Johnson & Reznikoff, 1984). The data used to
argue that pl levels do not limit transposition
involved examining co-ordinate variations in both
pl and p2 levels. There were no experiments where
pl levels were increased without increasing p2 levels
(Johnson & Reznikoff, 1984). In another paper we
will argue that p2 is a potent inhibitor
of
transposition
(Yin
& Reznikoff,
unpublished
results). Therefore, we believe that the previous
data (Johnson & Reznikoff, 1984) can be explained
by the fact that co-ordinate
increases in an
activator and an inhibitor can cancel each other out.
The data presented here indicate that changes in

the expression of pl correlates with changes in the
transposition frequency. This suggests that t,ransposition is limited by the levels of pl . Since p2 is an
inhibitor
of transposition
(Yin & Reznikoff, unpublished results), the transposition frequency may
be determined by the ratio of the two proteins.
background,
a twofold
However,
in a damvariation in the gene dosage of p2 does not affect
the transposition frequency (data not shown; Yin &
Reznikoff
(unpublished
results) did t’he same
background).
Since the
experiment
in a dam’
decrease in the amount of the p2-specific mRNA
species is not great (see Fig. 3), we believe that the
dam effect on Tn5 transposition is primarily caused
by the increase in pl levels.
In addition to the effect on gene expression, the
dam methylation
system also controls usage of the
inner end of IS50 in IS50 transposition. When the
inner-end sequences of IS50 are unmethylated, they
seem to serve as a better substrate for some part of
the transposition
machinery, presumably t’ransposase binding or activity. At this point we do not
know which methylation
site(s) is (are) involved.
although the two sites located within the 21 basepairs at the inner end needed for IS50 transposition
are the most likely ones (Sasakawa et al., 1983).
This effect is analogous to the effect that dam
methylation has on inner-end usage in transposition
of ISlO (Roberts et aE., 1985).
Sasakawa
& Berg (1982) have examined outer
end-outer end 2!ersu8 outer end-inner end transposition in dam+ cells. They did not see any
difference in the relative usage of the two different
pairs of ends, even though the inner ends should
have been methylated. We do not) know why our
data seem to conflict with their findings,
As discussed
previously.
the
control
of
transposable elements by the dam methylation
system has biological consequences (Roberts et al.,
1985). The presence of hemi-methylated
DNA after
the passage of replication
fork, or following
conjugal
transfer
and complementary
strand
synthesis, allows a burst of transposase synthesis
inner-end
and
availability.
There
are no
experiments
in this paper that compare fully
methylated
DNA with hemi-methylated
DNA,
which are t’he biologically
significant
species.
However, the results of Roberts et al. (1985) show
similar
IS10 behavior when comparing
hemimethylat)ed
DNA
with
unmethylated
DKA,
although there is an effect of orientation that affects
the magnitude
of the methylation
effect. We
assume that for Tn5, unmethylated DNA behaves
similarly to hemi-methylated
DNA.
There is an additional aspect of Tn5 transposition
that may be of significance in the relationship
between
DNA
synthesis
and
transposition.
Recently we have shown the dependence of Tn5
transposition on t)he essential host function, dnaA
(Yin & Reznikoff,
1987). One of the known
functions of the DnaA protein is in the init)iation of
chromosomal DNA replication (Hirota et al., 1970).
It is possible that there is some type of relationship
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between the transient
burst in transposition
following the passage of a replication complex and
the requirement for a protein used during initiation.
It, is also possible that the transient
undermethylation at the inner end of IS50 is analogous to
11naA protein binding at the outer end. Inner-end
by transient
underusage may be stimulated
methylation;
while
outer-end
usage may be
stimula,ted by the DnaA protein.
There was a report on the kinetics of Tn5
transposition
and protein
synthesis
following
infection with lambda phage which carry Tn5
(Rossetti of al., 1984). The authors showed that
transposition increased exponentially
for the first
two hours after infection, after which there was no
significant increase in the total number of transposition
events.
They
found
time-dependent
changes in t,he accumulation of pl and p2. pl began
to be visible about five minutes after infection, and
its accumulation decreased beginning at 20 minutes
post-infection.
p2 did not appear until about 20
minutes after infect,ion. These protein profiles,
especially at the early points after infection, do not
resemble the steady-state patterns seen by ourselves
or ot’hers (Isberg et al., 1982; Johnson et al., 1982).
One possible explanation for their data is that
they were looking at the effects of dam methylation.
Lytically grown lambda DNA molecules might be
undermethylat’ed
(Lyons
& Schendel,
1984).
machinery
Presumably
thta host methylation
cannot, keep up with the replication and packaging
of lambda DKA during lytic growth. Undermethylated phage DNA molecules would explain
t,he “aberrant“
protein profile they saw, especially
if the Tl methylation sites on the infecting phage
were totally unmethylated. Tnfection with this type
of phagr would result in a burst of transposase
synthesis. The rate of transposase synthesis would
not, decrease unt)il the Tl promoter became fully
methylated.
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