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The effect of temperature on the translocation frequency of the Tn3 element
was investigated. The temperature optimum for translocation of Tn3 was in the
range from 26 to 300C. At temperatures above 300C, the translocation frequency
decreased rapidly and linearly; at 360C it was only 5% of the frequency observed
at 300C. The duration and reversibility of the temperature effect were utilized to
demonstrate a requirement for protein synthesis in the translocation process.

Transposable genetic elements (Tn elements)
are discrete segments of DNA capable of trans-
location from one genome to another (for re-
views, see references 4, 8, and 12). We recently
reported (10) a study of the frequency and spec-
ificity of translocation between plasmids of one
such element, Tn3 (2), which codes for resistance
to ampicillin (9). In that study we were unable
to detect translocation of Tn3 at 450C, whereas
the frequency of Tn3 translocation at 370C was
much lower than that at 300C. In the present
investigation, we have more fully defined the
temperature sensitivity ofTn3 translocation and
have used it to investigate the role of protein
synthesis in the translocation event.

MATERIALS AND METHODS
Bacterial plasmids used in this study are described

in Table 1. Antibiotics and concentrations (in micro-
grams per mililiter) used were as follows: ampicillin
(Ap), 20; tetracycline (Tc), 10; kanamycin (Km), 20;
streptomycin (Sm), 10; and chloramphenicol (Cm),
100, when used for plasmid amplification. Covalently
closed circular plasmid DNA was isolated with Triton
X as previously described (13). Translocation frequen-
cies were estimated by the "alternative" method (more
fully described in reference 10). Briefly, the recipient
plasmid was introduced by transformation (5) into
Escherichia coli C600 (1) containing the donor plas-
mid. At time zero (i.e., immediately after the 420C
heat pulse step in the transformation procedure), sam-
ples of the transformation mixture were transferred to
flasks containing 100 ml of L broth (LB) (11) pre-
warmed to the desired temperature(s). After 2 h of
incubation, streptomycin was added to select trans-
formant cells that contained the recipient replicon.
After overnight growth at the desired temperatures
(at least 25 generations), plasmid DNA%vas extracted
and used to transform E. coli C600 cells; transformants
were selected on nutrient agar plates (Difco Labora-
tories) containing streptomycin and ampicillin, or

streptomycin alone. Tetracycline resistance of these
Smi Apr transformants was examined by transferring
samples of individual colonies from streptomycin-am-
picillin plates to tetracycline plates. Translocation fre-
quency was calculated by determining the fraction of
Smi colonies (indicated by numbers on the strepto-
mycin plates) that were concurrently Apr and Tc'
(such colonies have been shown previously [10] to be
due to transformation by a single RSF1010 molecule
containing a Tn3 element). The fraction obtained was
divided by 8.7 (the molecular weight of RSF1010 is 5.8
x 106, or 8.7 kilobases [kb] [10]) to express the fre-
quency of translocation events per kb of recipient
DNA. Single colonies were tested for colicin produc-
tion by transferring cells to nutrient agar plates with
toothpicks. After overnight incubation at 37°C, plates
were exposed to chloroform for 5 min, placed open on
the bench for 10 min, and overlaid with approximately
2 x 107 to 5 x 107 E. coli C600 cells in 3 ml of L-soft
agar (LB containing 0.7% agar [Difco]). After an ad-
ditional overnight incubation, a ring of lysis of the
bacterial lawn surrounded colicin-producing colonies.
Restriction endonucleases EcoRI and HindIII were
purchased from Bethesda Research Laboratories. Gel
electrophoresis with 1% agarose was as described pre-
viously (7), using Tris-acetate buffer (40 mM Tris-
hydrochloride [pH 7.8], 5 mM sodium acetate, 1 mM
sodium EDTA).

RESULTS
Effect of temperature on Tn3 transloca-

tion frequency. The donor and recipient plas-
mids used in this study were pSC175 and
RSF1010, respectively. Translocation frequen-
cies were determined as indicated above by using
the altemative procedure described previously
(10). The frequency of translocation of Tn3 was
studied at temperatures ranging from 23 to 370C.
Three separate experiments were performed.
Each experiment yielded a series of transloca-
tion frequencies determined at different temper-
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atures (Table 2). Our previous studies (10) had
indicated that variation in translocation fre-
quency occurs from experiment to experiment;
to minimize the effects of such variation, we
used the same competent recipient cell prepa-

ration to assay the translocation frequencies of

TABLE 1. Plasmids used
Anti-

Plasmid biotic Comments Referenceresist-
ance'

pSC175 Tc, Ap Is pSC101 9
containing
Tn3

RSF1010 Sm 6
ColEl::Tn3 Ap Amplified by C. A. Miller (un-

Cm published data)
pACYC139 Km Amplified by 3

Cm

aTc, Tetracycline; Ap, ampicillin; Sm, streptomycin; Km,
kanamycin; Cm, chloramphenicol.

all temperature points of an experiment, and we
assayed each experiment on at least three sepa-
rate occasions, using a different competent cell
preparation on each occasion. To compare the
three separate assay results, we assigned the
translocation frequency of Tn3 at 300C in each
experiment a maximum value of 100%, and we
expressed the frequencies observed at other tem-
peratures relative to this value.
The results of these experiments are summa-

rized in Table 2 and shown in Fig. 1. As observed
previously (10), there was considerable variation
in translocation frequency at any one tempera-
ture when the same DNA preparation was as-
sayed on different occasions. Despite this varia-
tion, the temperature sensitivity oftranslocation
of Tn3 is clearly demonstrated by our data.
Temperature changes in the range from 26 to
300C appear to have little effect on translocation
frequency, in contrast to the dramatic decrease
in frequency observed when the temperature is

TABLE 2. Effect of temperature on translocation frequencya
Expt no. Expt no.

Temp (oC)b Avg% Temp (OC)b Avg %'
1 2 3 1 2 3

23 33
a 108 80 + 22 a 48 91 53 44 + 18
b 50 b 22 84 42
c 70 c 23 36 47
d 92 d 45

26 3
a 111 98 ± 16 a 41 40±3
b 107 b 43 0

c 76 b4

c 36
29
a 120 90 + 20 35.5
b 72 a 11 10±2
c 77 b 7

c 12
30

a 100 100 100 100
b 100 100 100 a 6 4.5 + 1.5
c 100 100 100 b 3
d 100 c <4

31
a 84 91 75± 12 37
b 68 77 a <2
c 49 65 b <4
d 94 c <6

aTranslocation frequencies were estimated and normalized as described in the text. Translocation frequencies
at 300C were (in terms of traslocation events per kb of recipient DNA) 1.8 X 10-4 to 4.4 x i04.b In each experiment, temperatures of all water baths were measured with the same thermometer, both before
and after overnight incubation. Experiments in which temperatures v ed overnight were discarded. For each
experiment, the set of plasmid DNA samples representing the different terneratue points of that experiment
were assayed on at least three (e.g., a through c) or four (e.g., a through d) separate occasions (that is, three or
four competent cell preparations).

'Average, with standard deviation, of all relevant normalized frequencies for each temperature.
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FIG. 1. Effect of temperature on transloca

quency.

elevated above 300C (Fig. 1); at 36°C, I
quency of translocation is about 5% of tb
at 300C. These results indicate that un
experimental conditions employed, the ol
temperature for translocation of Tn3 iB
range from 26 to 300C.
Duration and reversibility of tb

ture inhibition effect. The duration
versibility of the effect of temperature oi

location ofTn3 was investigated in the fa
experiment. The RSF1010 plasmid wa

duced by transformation into E. coli C60
ing plasmid pSC175. Ipamediately after t

pulse step of the transformation pro
equal samples containing 104 transforms
were added to two flasks containing LE
had been preincubated at 30 or 360C. A
of incubation at 30 or 360C to allow exj
of antibiotic resistance genes, streptomy
tetracycline were added and incubation v

tinued. After overnight growth (approx
25 to 30 generations), plasmid DNA,i
tracted from the bacteria in each flt
translocation frequency was estimated
scribed above.
To investigate the kinetics of the I

quency of translocation observed After ov
growth at 360C (as shown in Table 2), we
the 360C culture 200-fold into LB cor
streptomycin and tetracycline and allow
grow for an additional 25 or 50 general
360C (i.e., a total of approximately 54
generations of growth after the initial ti
mation, respectively). Plasmid DNA i
tracted from both cultures, and transl
frequencies were again determined. The
of this experiment (Table 3) indicate th
introduction of a recipient plasmid int
carrying a Tn3 donor plasmid, the mi

frequency of translocation normally obs

300C is obtained within 25 to 30 generations of
overnight growth (and remains constant there-
after as previously shown [10]). However, ex-
tended incubation of an identical culture at 360C
for as many as 75 generations did not lead to a
significant increase in translocation frequency
and still yielded a frequency of translocation less
than 1/10 of the frequency observed after 25 to
30 generations at 300C. These findings do not
allow us to. conclude whether the low frequency

\ ~ of translocation observed at the higher temper-
ature is simply the result of a slower rate of
translocation or whether it reflects a shift in the
apparent translocation equilibrium.
For examination of the reversibility of the

temperature effect, the culture grown for 75
tion fre- generations at 360C was diluted 105-fold into LB

preincubated at 300C and grown overnight at
300C for an additional 25 generations, after

the fre- which the translocation frequency was esti-
iat seen mated. The optimal translocation frequency was
der the obtained within 25 generations ofgrowth at 300C
ptimum (Table 3), demonstrating rapid and complete
in the reversibility of the temperature effect.

Role of protein synthesis in the translo-
mpera- cation event. We used the temperature sensi-
and re- tivity ofTn3 translocation to investigate the role
nI ns- of protein synthesis in the translocation event.
)llowing Because of the possibility that replication of
S intro- donor and recipient plasmids might be required
0 carry- for translocation to occur, two compatible plas-
the heat mids, both of which are capable of replicating in
icedure, the presence of the protein synthesis inhibitor

ntcellw chloramphenicol, were selected for use in this
e

which experiment. Both plasmids were introduced by
fter 2 h transformation into the same bacterial cell,
)ression which was then grown to logarithmic phase at a
rcm and temperature (420C) that inhibits translocation.
vas con- Chloramphenicol was added, and the tempera-
imately ture of incubation was lowered to 300C; the
was ex- tranlocation frequency was assayed after over-
sk, and night growth at this (permissive) temperature to
as de- determine whether translocation occurs during

low fre-
rernight
diluted
ritaining
ved it to
tions at
0 or 75
ransfor-
was ex-
location
results
at after
o a cell
aximum
erved at

TABLE 3. Effect of time on temperature inhibition
of translocation

Generations Temp Tc/Smr Apr Translocation
(OC) Sm' frequenCyb

0-25 30 27/406 1.5 x 10-4
0-25 36 3/490 0.99 x 10-5
25-50 36 2/515 1.1 x io-5
50-75 36 13/574 1.5 x 10-5
75-100 30 45/385 2.0 x 10-4

a The number of Tce colonies observed over the
number of Sm' Ap' colonies screened for tetracycline
resistance.

b Translocation frequency was calculated as de-
scribed in the text.
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plasmid replication in the absence of continued
protein synthesis.
The donor of Tn3 in this experiment was

ColEl::Th3, which was constructed in our labo-
ratory by C. A. Miller, using a selected translo-
cation procedure (10). The recipient of Tn3 was
pACYC139, a 6.8-kb, P15A-derived plasmid that
contains a kanamycin resistance gene and that
is compatible with ColEl and its derivatives (3).
Replication of both plasmids within the same
cell was shown previously to occur in the pres-

ence of chloramphenicol (3).
To obtain a clone of cells containing both

donor and recipient plasmids, we transformed
E. coli C600 with a mixture of ColEl::Tn3 and
pACYC139 DNA species. Subsequent steps were
carried out at 420C (unless otherwise indicated)
to inhibit translocation (Fig. 1 and Table 2).
After 2 h of incubation, the transformation mix-
ture was plated on prewarmed nutrient agar
plates containing kanamycin and ampicillin and
incubated overnight. A single colony that con-
tained both plasmids (see below) was selected,
inoculated into 20 ml of prewarmed LB, and
incubated overnight. A 3-ml amount of this cul-
ture was added to each of two flasks containing
200 ml of prewarmed LB, and incubation was
continued until an optical density at 600 mm of
0.4 was obtained, at which time chloramphenicol
(100-,ug/ml final concentration) was added to
one of the flasks (culture 2). Both flasks were
incubated overnight at 300C with shaking.
Plasmid DNA was extracted from the two

flasks, and the translocatioti frequency was es-
timated by the altemative method. E. coli C600
was transformed by plasmid DNA representing
both cultures, and selection for transformants
was carried out on nutrient plates containing
kanamycin, to determine recipient plasmid num-
ber, and on nutrient plates containing kanamy-
cin and ampicillin. Kmr ApT colonies were trans-
ferred to nutrient plates and tested for colicin
production. Kmr Ap' colicin-negative colonies
indicated the number of recipient plasmid mol-
ecules in the population that had received Tn3.
The results of these experiments (Table 4) in-
dicate that inhibition of protein synthesis at
300C (culture 2) severely reduced the translo-
cation frequency to a level less than 1% of that
observed at the same temperature in a culture
(culture 1) lacking chloramphenicol.
Four Kmr Apr colicin-negative colonies were

purified, and their DNA was isolated and sub-
jected to agarose gel electrophoresis after diges-
tion with restriction endonucleases EcoRI and
HindIII. All four plasmid preparations were
identical by this analysis, each containing a sin-
gle plasmid with a molecular weight of approxi-

TABLE 4. Role ofprotein synthesis in translocation
of Tn3

Chlor- KMr Ap' colonies
Culture Colicin Translocation fre-

peno- Screened nega- quency
tive

1 - 320 63 1.0X 10-3
2 + 744 0 <1.1 x 10-5

a Translocation frequency was estimated by deter-
mining the fraction of recipient molecules that con-
tained the Tn3 transposon (number ofKm' Apr colicin-
negative colonies divided by the number ofK' colo-
nies) and dividing by the molecular weight of the
recipient plasnid pACYC139 (6.75 kb) to expres the
translocation frequency as the number oftranslocation
events per kb of recipient DNA.

mately 12 kb with one HindIII restriction site
and no EcoRI site (Fig. 2, slots 7 and 6, respec-
tively). Such a molecular weight and restriction
pattern are characteristic of a pACYC139::Tn3
replicon, as distinct from the donor plasmid
ColEl::Tn3, which contains an EcoRI site but
lacks a HindIll site. This is shown in Fig. 2, slots
1 through 4, where the plasmid preparations
from cultures 1 and 2 were electrophoresed after
digestion with EcoRI or HindII. Each can be
seen to consist oftwo plasmids having molecular
weights and endonuclease restriction patterns
characteristic of the donor plasmid, ColEl::Tn3
(approximately 11.5 kb, EcoRI positive and
HindIII negative), and the recipient plasmid,
pACYC139 (6.75 kb, EcoRI negative and
HindIII positive).

DISCUSSION
The experiments reported here were designed

to characterize more fully the temperature sen-
sitivity oftranslocation ofTn3 that was reported
briefly in a previous study (10). Using as donor
a pSC101 plasmid containing Tn3 (pSC175) and
plasmid RSF1010 as recipient, we demonstrated
that the temperature optimum for translocation
of Tn3 is in the range from 26 to 300C. Above
300C, the translocation frequency decreases rap-
idly and linearly such that, at 360C, it is approx-
imately 5% of the frequency observed at 300C.
We detected no translocation at 370C in the
experiments reported in Table 2, presumably
because we did not scan greater numbers of Smr
Apr transformants for tetracycline resistance.
Our current findings and those reported pre-

viously (10) indicate that translocation is an
actively controlled process. Recent evidence in-
dicating the existence of a Tn3-encoded repres-
sor substance that regulates the frequency of
translocation of Tn3 (S. N. Cohen, M. J. Casa-
daban, J. Chou, and D. Tu, Cold Spring Harbor
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1 2 3 4 5 6 7 absence of chloramphenicol (culture 1) had at
-_-_-----------_ least a 100-fold-greater translocation frequency

than the one lowered to 300C in the presence of
chloramphenicol (culture 2). Since we have
shown that pACYC139::Tn3 molecules isolated
at 300C replicate in the presence of chloram-
phenicol (unpublished data), the result shown in
Table 4 indicates that protein synthesis is re-
quired during the Tn3 translocation event.

FIG. 2. Restriction endonuclease analysis of do-
nor, recipient, and translocated plasmids (see text).
Agarose gel electrophoresis was carried out as de-
scribed in the text. DNA samples from culture I (slots
1 and 2), culture 2 (slots 3 and 4), and a Km' Apr
colicin-negative colony (slots 6 and 7) were digested
with EcoRI (slots 1, 3, and 6) or HindIII (slots 2, 4,
and 7). Slot 5 contained EcoRI-digested lambda DNA
as marker.

Symp. Quant. Microbiol., in press) is consistent
with this interpretation. The experiment re-
ported in Table 3 suggests that the inhibitory
effect of temperature was readily reversible, re-

sulting in an optimal translocation frequency
within 25 generations of growth after the tem-
perature was lowered from 36 to 300C. More-
over, a similar duration and reversibility of the
temperature effect have been observed with
plasmids other than those used in the experi-
ment reported in Table 3 (P. Kretschmer and E.
Schmader, unpublished data), leading us to be-
lieve that the observed temperature effect is
characteristic of the Tn3 translocation process

per se, rather than a characteristic of the plas-
mids chosen in these experiments as donor and
recipient.
The duration and reversibility of the temper-

ature effect were utilized to investigate whether
concurrent protein synthesis is required in the
translocation event. A temperature of 420C was

used to severely inhibit Tn3 translocation be-
tween two plasmids coexisting in the same cell;
a protein synthesis inhibitor (chloramphenicol)
was added, and the occurrence of translocation
was determined after transfer of the culture to
a temperature that permits translocation. Table
4 shows that the culture lowered to 30°C in the
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