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Specificity in the Formation of Atra F-Prime Plasmids
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Twenty-three independent Atra F-prime plasmids from three different Esche-
richia coli K-12 sublines were isolated from Hfr strains whose points of origin
coincided with the IS3 element asf3L or a48 in the lac-purE region of the E. coli
chromosome. Electrophoretic analysis of plasmid deoxyribonucleic acid digested
with EcoRI and hybridization analysis of plasmid deoxyribonucleic acid digested
with Bglll revealed that at least 14 of these plasmids were formned by processes
involving specific bacterial and F loci. Two of the specific bacterial loci involved
in Atra F-prime formation were located at approximately 3.3 and 11.7 min on the
E. coli chromosomal map. Two of the Atra F-prime plasmids contained bacterial
deoxyribonucleic acid with circularization endpoints that mapped very near the
termini of the IS2 element that is normally located between lac and proC.

Hfr strains produce recombinants at a high
frequency in matings with recA' F- bacteria of
the same species. In addition, Hfr strains are
known to produce different structural classes of
autonomously replicating conjugative F-prime
plasmids (22, 26, 28, 30). The Atra F-prime plas-
mids represent a class ofnonconjugative F-prime
plasmids that are formed after matings between
an Hfr strain and a recA recipient with selection
for proximal Hfr markers (17, 25). Since recom-
bination is drastically reduced in recA strains
(8), selected clones contain plasmid molecules
that are capable of stable replication, but that
lack the tra operon of F, which is the most distal
region transferred in Hfr x F- matings. The Atra
F-prime plasmids are therefore conjugationally
defective.
Guyer et al. (17) determined the structure of

certain members of this F-prime class by heter-
oduplex analysis of four independent Atra
FargG+ plasmids. Their study revealed that the
only F sequences present on each plaid were
those extending from near the F-plasmid trans-
fer origin (oriT) to the site at which the F
plasmid had integrated into the bacterial chro-
mosome. This verified that the transfer defi-
ciency resulted from the complete absence of all
tansfer genes. Each of the Atra FargG+ plas-
mids carried a different length of chromosomal
DNA (126.9, 134.8, 152.6, and 243.3 kilobases
[kb]), and the site on F at which circularization
occurred varied in at least three of these four
plasmids (62.0, 62.2, 52.2, and 58.5F).

In the present study, 23 independent Ata F-
prime plasmids were analyzed by gel electropho-
resis of EcoRI restriction endonuclease frag-

t Present address: Boyce Thompson Institute of Plant Re-
search, Comell University, Ithaca, NY 14853.

ments, and 11 of these were further character-
ized by BglII digestion and by hybridization. Six
of the plasmids were isolated from independent
Hfr strains that had been formed by integration
at the chromosomal IS3 element a3fl#3. The re-
maining 17 Atra F-prime plasmids were isolated
from Hfr P3, which had been fonned by integra-
tion at the chromosomal IS3 element a4P4 (28;
R. G. Hadley, unpublished data). In contrast to
the four Atra FargG+ plasmids previously ex-
amined (17), over half of these new F-prime
plasmids were formed by site-specific processes.
The lengths of bacterial DNA carried by these
plasmids define at least two regions on the E.
coli chromosome at which site-specific circular-
ization occurs.

MATERIALS AND METHODS
Bacterial strains. All bacteria used were deriva-

tives of E. coli K-12 (Table 1). Genetic symbols within
parentheses indicate genes that are expected to be
present based on the length of the plasmid DNA but
were not directly tested.
F-prime isolation. All Hfr strains used in F-prime

isolation experiments were obtained from independent
single-colony isolates, and the approximate points of
orgin and transfer gradients were verified by cross-
streak matings with the recA+ recipient strain AB1157
before F-prime isolation. The Atra F-prime plasmids
were derived from these Hfr isolates after mating with
the Strr recA recipient AB2463 or EDllll and select-
ing for proA+ Strr or purE+ Str' transconjugants,
respectively. Matings were performed in L broth (24)
and were interrupted by 1 min of violent agitation
followed by chilling on ice, or by incubating with 2.5
x 1010 plaque-forming units of T6 per ml for 20 min at
370C before chilling on ice. Matings were usually for
30 min. Interruptions after 4 to 8 min did not alter the
classes of F-prime plasmids obtained. Isolates were
purified on selective media (9) and were screened for
transfer deficiency, sensitivity to UV light (a property
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TABLE 1. Bacterial strains
Relevant genotypeStrain Source and reference

AB1157

AB2463

EDllll
JC10,173
PB314
RH65

Hfr
X435(OR6)
X493(OR11)
X886(OR66)
X892(OR72)
ED942(B5)
ED943(B6)
P3

A&traFproA +
RH1ll
RH112
RH113
RH114
RH115
RH116

Atra FpurE, derived
from P3
RH100
RH101
RH126
RH127
RH129
RH133
RH135
RH99
RH128
RH134

Atra FpurE+(proC+),a de-
rived from P3
RH130
RH131
RH132

Atra Flac+purE+(proA +),
derived from P3
RH139
RH140
RH141
RH142
a Genetic symbols withii

the plasmid DNA but that

thr-1 leu-6 thi-1 argE3 his-4proA2 lacYI
galK2 ara-14 mtl-l xyl-5 str-31 tsx-33, A-,
sup-37

thr-i leu-6 thi-I argE3 his-4proA2 recAi3
lacY) galK2 ara-14 mtl-l xyl-5 str-31 tsx-33
sup-37

lacpurE thi str recA
JC3272(pRS27)
lac purE tax thi str
PB314 Spc'

Prototroph; derived from K-12-112
Prototroph; derived from W1485
Prototroph; derived from K-12-112
Prototroph; derived from K-12-112
metB) rel-); derived from W1655
metBl rel-); derived from W1655
metBI rel-1; derived from W6

AB2463(pRH111); derived from Hfr OR6
AB2463(pRH112); derived from Hfr OR1l
AB2463(pRH113); derived from Hfr OR66
AB2463(pRH114); derived from Hfr OR72
AB2463(pRH115); derived from Hfr B5
AB2463(pRH116); derived from Hfr B6

ED1111(pRH100)
ED1111(pRH101)
ED1111(pRH126)
ED1111(pRH127)
ED1111(pRH129)
ED1111(pRH133)
ED1111(pRH135)
ED1111(pRH99)
ED1111(pRH128)
ED1111(pRH132)

ED1111(pRH130)
ED1111(pRH131)
ED1111(pRH132)

B. Bachmann (16)

M. Guyer (20)

N. Davidson (6)
R. Skurray (32)
N. Davidson (6)
This research

R. Curtiss (3, 13)
R. Curtiss (3, 13)
R. Curtiss (3, 13)
R. Curtiss (3, 13)
P. Broda (5)
P. Broda (5)
B. Bachmann (29)

This research
This research
This research
This research
This research
This research

This research
This research
This research
This research
This research
This research
This research
This research
This research
This research

This research
This research
This research

ED1111(pRH139) This research
ED1111(pRH140) This research
ED1111(pRH141) This research
ED1111(pRH142) This research

n parentheses indicate genes that are expected to be present based on the length of
were not directly tested.

of recA strains), and the absence of distal markers. F-
prime isolates were stored at -20°C in 40% glycerol
and 50% L broth immediately after marker analysis.
Plasmid DNA isolation. Plasmid DNA was iso-

lated from recA transconjugant strains grown in min-
imal media with selection for genes carried by the F-
prime as described (18). Approximately 0.035 gug of
plasmid DNA was obtained per ml of culture medium.

Electrophoretic analysis and hybridization

techniques. Restriction endonuclease digestion, aga-
rose electrophoresis, mobility analysis, labeling, hy-
bridization, and autoradiography were conducted as
described previously (18). The average fragment sizes
are stated to three significant figures, as determined
by accuracies of the reference fragment sizes.

Restriction mapping conventions. To clarify
subsequent analysis, the conventions used in the
EcoRI mapping of the Atra F-prime plasmids are

T1.1-
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682 HADLEY AND DEONIER

summarized here. As seen in Fig. 1, these plasmids are
expected to contain a length of F DNA which extends
from near the F-plasmid transfer origin oriT counter-
clockwise along the F map to the site on F at which
recombination occurred during Hfr formation. The
length of bacterial sequences carried may vary for
different plasmids. The restriction enzyme fragment
containing the hybrid linkage of bacterial DNA to the
F region near oriT will be referred to as the joint
fragment. The altered restriction fragments containing
the af) elements involved in integration are designated
junction fragments. Each Atra F-prime plasmid will
contain one joint fragment and one junction fragment.

Since exonucleolytic degradation may occur before
plasmid circularization, it is not possible to determine
the precise length of bacterial or F DNA present on
the joint fragment from the map coordinates of oriT.
Since oriT is located within the F-plasmid EcoRI
fragment f6 (see, for example, reference 32) and in a
1.1-kb BglII fragment (33), Atra F-prime plasmids are
expected to lack these fragments. Previous heterodu-
plex mapping analysis of four Atra FargG+ plasmids
indicated that differing lengths of F sequences are
present in the region expected to be in the joint
fragment, and that the average expected F endpoint
within f6 is 62.1F, which is very near oriT (17). This
allows the calculation that for Atra F-prime plasmids
whose circularization event involves f6, approximately
2.2 kb of f6 is present on the joint fragment. Results to
be presented in connection with the hybridization
study indicate that part of the 1.1-kb Bglll fragment
b14 of F is present on the joint fragments produced
from the three major classes of Atra F-prime plasmids.
This confirms that at least 1.7 kb of fragment f6 is
present in these plasmids (see Fig. 7).

WE 9465F
I

_S40
__1

RESULTS
Preliminary genetic analysis. Matings

with Hfr donors in which F was integrated at
a3f3 (OR6, OR11, OR66, OR72, B5, or B6; see

Table 1) yielded Atra FproA+ plasmids as the
major class, regardless of the mode of interrup-
tion. With selection for transmission ofproA+ to
AB2463, Pro' transconjugants were obtained at
frequencies of approximately 10-6 per input Hfr
donor. The major category of transconjugants
(70 to 100% of Pro' clones tested) carried proA
but neither leu nor lac. The remaining Pro'
clones showed joint inheritance of lac and proA
or of leu (and sometimes thr) and proA. These
strains, which apparently contain large F-prime
plasmids, were not further characterized.
Matings between Hfr P3 (integrated at a4,84)

and EDllll, with selection for transmission of
purE+, yielded transconjugants at frequencies
ranging from 2 x 10-7 to 2 x 10-6 for different
experiments. Fifteen to twenty percent of the
Pur+ clones were Lac-, and more than 95% of
the Pur+ Lac- clones were Tra-, as judged by
their inability to transfer purE to RH65. More
than 80% of the Pur+ transconjugants were Pur+
Lac', and 50 to 80% of these were Tra+, whereas
the remainder were Tra-. Thus, the major F-
prime class obtained from Hfr P3 probably cor-

responds to the F lac+ proC+ purE+ class, whose
frequent appearance has been previously docu-
mented (3, 18).

62.2F1363F 112F 93 F
Il

joint I

P-UM/-

fS

FIG. 1. Schematic representation of the Hfr strain P3 and a Atra FpurE' plasmid derived from P3. The
integrated F sequences and the surrounding bacterial sequences are indicated at the top of the figure.
Bacterial DNA is represented by sawtooth lines, andF sequences are identified by solid lines. A specific Atra
FpurE' plasmid that is derived from this region ofthe chromosome is represented as a circular structure. The
Fplasmid EcoRI fragments expected to be present on this type of Atra F-prime are indicated.
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Atra FproA' plasmids isolated from Hfr
strains with F integrated at a3f83. The Atra
FproA+ plasmids pRH1ll, pRH112, pRH113,
pRH114, pRH115, and pRH116 (Fig. 2) were
derived from the independent Hfr strains OR6,
OR11, OR66, OR72, B5, and B6, respectively.
Each Hfr had formed by integration of F at the
chromosomal a3,f3 sequence (14, 18). These Hfr
strains were mated with the recA proA recipient
AB2463, and Pro' Strr transconjugants were se-
lected. The resulting transconjugants were pur-
ified on selective media and were found to be
unable to transfer proA+, to be sensitive to UV,
and to be Lac. F-prime DNA isolated from
these transconjugant clones was digested with
the EcoRI restriction endonuclease and sub-
jected to agarose gel electrophoresis (Fig. 3) and
mobility analysis. Each of the plasmids pro-
duced an EcoRI fragment distribution which
was entirely consistent with their being Atra
FproA+ plasmids. They contained fragments
corresponding in size to the EcoRI fragments of
F extending from the junction fragment clock-

4' 6' 8'

wise to include the F plasmid EcoRI fragment
f3, which was the EcoRI fragment immediately
counterclockwise to f6 (see Fig. 1); they con-
tained fragments corresponding in size to frag-
ments from the proA region (i.e., those found in
the Flac+ proA+ plasmid F128 but not in the
Flac plasmid F42-1), and they each contained a
fragment having the characteristic size of the
junction fragment at a3fl3.

Four of these plasmids (pRH113 through
pRH116) were found to generate almost identi-
cal fragment distributions (Fig. 3). The average
sizes of the EcoRI fragments containing bacte-
rial DNA for each are shown in Table 2. EcoRI
fragments of F DNA have been omitted for
simplification, and the average values represent
data from 3- and 7-h electrophoretic experi-
ments. The pRH114, pRH115, and pRH116 bac-
terial EcoRI fragments in the range of 4.4 to 4.7
kb were not clearly resolved because they co-
migrated with the EcoRI fragments f8, f9, and
flO of F. However, the intensity of this multiplet
is consistent with the presence of either two or

10' 12'
III I I I I I I I

Min.

_Qpfi proA lac proC purE

aI303 IS2 P5°*5 0a4@

I I I I I I kb
-160 -120 -80 -40 0 40 80 120 160

pRHI40
pRHI41

FproA
pRH 113
pRH 114
pRH 115
pRHI16

FpurEe(proC )
pRHI30
pRHI31

FpurE'L_

I pRHIII
pRHI12

pRHIOO
pRHIOI
pRH 126
pRHI27
pRH 129
pRHI33
pRHI35

FIG. 2. proA-purE region of the E. coli chromosome and lengths of bacterial DNA contained on different
Atra F-primeplasmids. The bacterial sequences are represented by a sawtooth line. The origin for the kilobase
scale line is the EcoRI cleavage site in lacZ. Span lines indicate the lengths of bacterial DNA found on the
plasmids indicated Plasmids pRHZ11 andpRH112 did not contain bacterial DNA segments whose lengths
indicated termination site specificity. AU other plasmids shown were formed by site specific processes. The
Atra FproA+ plasmids were formed from Hfr strains in which F was integrated at a3af3. All other plasmids
were formed from Hfr P3 (F integrated at a4,). The clockwise termini of the span lines are precisely mapped;
the counterclockwise termini may vary by as much as 2.2 kb.
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FIG. 3. Electrophoretic analysis of EcoRI digests
of several Atra FproA+ plasmids and F128. pRHIII
through pRH116 are Atra FproA+ plasmids contain-
ing bacterial DNA immediately counterclockwise to
a3,3 (see Fig. 2). F128 contains bacterial DNA from
both sides of a3/?3. The average sizes of the EcoRI
fragments containing bacterial DNA from pRH113
through pRH116 are listed in Table 2. To represent
fragments over an extended size range, the upper
panel has been taken from a 7-h electrophoretic ex-
periment, and the lower panel is from a different 3-h
run. Selected EcoRI fragments ofF are labeled, and
the kilobase sizes of specific bacterial fragments are
indicated. Fragment f3 in Hfr strains B5 and B6
contains an insertion leading to the modified f3 frag-
ment (12.0 kb) seen for pRH115 and pRH116. The
band near the normal f3 position in pRH115 and
pRH116 is the f5-f8 fusion product resulting from the
A(33-43) deletion. Thejunction fragments forpRH111
and pRH1J4 (11.4 kb) differ from the junction frag-
ments of all the other Atra FproA' plasmids.

three bacterial fragments, and F-prime plasmids
derived from Hfr strains which had similar in-
tegration events had superimposable peaks in
this region. The assignment of two bacterial
fragments to this region is based on results from
digestion with BgllI discussed below.
The plasmids pRH113, pRH115, and pRH116

appeared to have identical distributions of frag-
ments containing bacterial DNA, and these dis-

tributions differed from that of pRH114 by the
presence of a 6.1-kb fragment and the absence
of an 11.4-kb fragment. The progenitor Hfr
strains of pRH113, pRH115, and pRH116 each

216 contained F integrated at its alp, sequence,
170 whereas the progenitor Hfr of pRH114 con-

tained F integrated at an IS3 element located at
'm 11.5F on the F map (18). This suggests that the

6.1-kb fragment may represent the junction of
IQ2 the F plasmid IS3 element alil and the bacterial

sequences counterclockwise of a.3fB (f2A),
whereas the 11.4-kb fragment represents the
corresponding pRH114 junction fragment (f4A).
This was confirmed by hybridization studies and

56 heteroduplex analysis of other plasmids from
the same Hfr strains (18). From the sizes of the
junction fragments of pRH113, pRH115, and
pRH116 (6.1 kb) and the amount of F DNA they
contain, one can calculate that 3.3 kb of bacterial
DNA is present, which agrees with the value of

2i 3.3 kb calculated from the size of the 11.4-kb
junction fragment ofpRH114. Since the junction

1L5 fragment of pRH114 differs in size from the
junction fragments of pRH113, pRH115, and
pRH116, it clearly represents an independent

TABLE 2. Atra FproA + plasmid EcoRI fragments
containing bacterial DNA sequences

Fragment size"

pRHl13
16.9
16.2
15.0
13.9
13.5

10.2
6.84
6.63
6.06c
5.93
5.78
5.57
4.58
4.43
3.68
2.83
2.14
1.77
1.64
1.52
0.72
0.5

pRH114
17.0
16.2
15.0
14.0
13.5
1 1.4b
10.2
6.83
6.61

5.97
5.82
5.63
+d

3.64
2.80
2.12
1.74
1.62
1.48
0.70
0.50

pRHl 15

17.1
16.3
15.0
14.0
13.6

10.2
6.83
6.63
6.08c
5.98
5.84
5.59
+
+

3.62
2.78
2.11
1.74
1.63
1.48
0.70
0.50

pRHl16
17.0
16.3
14.8
14.0
13.6

10.2
6.90
6.67
6.14c
5.97
5.81
5.65
+
+

3.68
2.87
2.16
1.78
1.65
1.52
0.70
0.50

Avg

17.0
16.2
15.0
14.0
13.6
11.4
10.2
6.82
6.64
6.09
5.96
5.81
5.61
4.58
4.43
3.66
2.82
2.13
1.76
1.64
1.50
0.70
0.50

a Values represent average kilobase sizes deter-
mined by gel electrophoresis.

b pRH114 junction fragment (see text).
' f2A junction fragment.
d +, Size could not be determined accurately since

these fragments comigrated with other F fragments.
The multiple band was evaluated by densitometry.
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isolate. In addition, pRH115 and pRH116 are

derived from the W1655F+ genetic background,
and their F sequences are characteristically al-
tered by the FA (33-43) deletion, which elim-
inates f5, f 7, and f8 (Fig. 3), and by the presence
of a 12.0-kb fragment resulting from an unchar-
acterized insertion in f3 (18).
As previously discussed, the amount of F

DNA present on the joint fragment generated
by EcoRI can be estimated to be approximately
2.2 kb. The total average size of the bacterial
and joint fragments on pRH113 through
pRH116 is 140 kb. By adding 3.3 kb of bacterial
DNA carried on the junction fragment and sub-
tracting the 2.2 kb of F DNA estimated to be
carried on the joint fragment, one can estimate
the length of bacterial DNA carried by these
plasmids to be approximately 142 kb. A similar
calculation based on electrophoretically resolved
BglII fragments (data not shown) also indicates
that the length of the bacterial segment in these
plasmids is 142 kb. The other two Atra FproA+
plasmids characterized, pRH111 and pRH112,
contained approximately 80 and 76 kb of bacte-
rial DNA, respectively.
Atra FpurE+ plasmids isolated from Hfr

P3. Thirteen independent Atra FpurE+ plas-
mids were obtained after mating the Hfr strain
P3 with the recA recipient EDllll and selecting
for Pur+ Strr transconjugants. These transcon-
jugants were purified on selective media and
were found to be unable to transferpurE+, to be
sensitive to UV, and to be Lac.
Seven of these F-prime plasmids were very

similar, as can be seen from the distributions of
EcoRI fragments that contain bacterial DNA
shown in Table 3. Experiments for six of these
plasmids are shown in Fig. 4. Each of these Atra

FpurE+ plasmids had four EcoRI fragments that
contained bacterial DNA sequences. These plas-
mids fell into one oftwo classes distinguished by
the presence of either a 12.2- or 11.7-kb EcoRI
fragment. These fragments are identified as the
joint fragments since they are the only fragments
not found in similar plasmids that contain a

greater length of bacterial DNA (e.g., Table 4).
The 7.2-kb fragment is the junction fragment,
whereas the 14.9- and 9.5-kb fragments are bac-
terial fragments from the purE region (Fig. 4
and 5; 18).

Since Hfr P3 has been shown to have formed
by recombination between the F-plasmid al,Bi
element and the chromosomal a484 element (28;
Hadley, unpublished data), the length of F DNA
present in the 7.2-kb junction fragment can be
calculated to be approximately 2.8 kb. As pre-
viously discussed, the joint fragment is expected
to contain up to 2.2 kb of F DNA. The average
length of EcoRI fragments composed wholly or
partly of bacterial DNA in these plasmids is 43.6
kb (Table 3). This indicates that the total length
of bacterial DNA carried by these plasmids is
approximately 38.6 kb.
The bacterial sequences of the other six Atra

FpurE+ (Fig. 5) did not terminate at the above-
mentioned site. Three plasmids (pRH99,
pRH128, and pRH134) were found to contain
different lengths (122, 76, and 93 kb, respec-
tively) of bacterial DNA, and three plasmids
(pRH130, pRH131, and pRH132) were found to
terminate at different positions within a single
EcoRI fragment. The sizes of the EcoRI frag-
ments that contained bacterial DNA of these
three Atra FpurE+ (proC+) plasmids are shown
in Table 4. The bacterial and junction fragments
found in the Atra FpurE+ plasmids shown in
Table 3 were seen to be present, whereas the
joint fragments of the Atra FpurE+ plasmids
were clearly missing. This is expected since these
Atra FpurE+ (proC+) plasmids circularized at a
bacterial site much further counterclockwise to
purE. Although these three plasmids tenninated
within the same bacterial EcoRI fragment, the
different sizes of the joint fragments (4.2, 5.7,
and 15.9 kb) indicated that at least one of the
sites involved in plasmid formnation was variable.
The amounts of bacterial DNA carried by
pRH131 and pRH130 were approximately 178
and 177 kb, respectively, which agrees with the
results obtained by using digestion with BglII

TABLE 3. Atra FpurE+ plasmid EcoRI fragments containing bacterial DNA sequences
Fragment size"

pRHI26 pRH127 pRH129 pRH135 pRH133 pRH100 pRHlOlb Avg
14.8 14.8 14.8 15.2 14.8 14.9 15.1 14.9

12.2 12.2 12.30 12.2
11.7 11.6 11.6 11.8 11.7
9.48 9.52 9.44 9.50 9.53 9.60 9.73 9.54
7.04 7.13 7.06 7.27 7.14 7.20 7.21 7.15

a Values represent average kilobase sizes as determined by gel electrophoresis.
b EcoRI fragment distribution of pRH101 produced densitometer traces that were superimposable with those

of pRH100 (data not shown).
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mids (pRH140 and pRH141) had bacterial ter-
mini that were identical within the resolution of
these experiments. Electrophoretic analysis of
EcoRI-digested DNA from these Atra Flac+
purE+ (proA+) plasmids (Fig. 6) revealed 62

- 21.6 fragments larger than 0.8 kb for each plasmid,
and indicated that each plasmid contained ap-

--14*9 proximately 364 kb of bacterial DNA. The
'cx EcoRI fragment distribution of pRH142 ap-

-, 1 6115

9,5 co .~J- 0

C\A r-2 rK) ro Pro C\M

I I i I LL

%.- C. a a~ a~
- -- Z2

216
19.0

12B

8.6

FIG. 4. Electrophoretic analysis of EcoRI digests
of several Atra FpurE+ plasmids and ORF203. The
Atra F-prime plasmids contain bacterial DNA im-
mediately counterclockwise to a4h4 (see Fig. 2).
ORF203 is an Flac+ proC+ purE+ plasmid that con-

tains bacterial DNA from a4$4 counterclockwise to
a3af3. The 14.9- and 9.5-kb fragments are from bacte-
rial DNA in the purE region, and they are found in
each of theplasmids shown. The average sizes of the
EcoRI fragments containing bacterial DNA from
these Atra FpurE+ plasmids are shown in Table 3.
Selected EcoRI fragments ofF are labeled, and the
kilobase sizes of specific bacterial fragments are in-
dicated.

(179 and 176 kb, respectively). Since aS4 is 239
kb from a3r43 (18, 22), the bacterial endpoints
involved in formation of pRH131 and pRH130
would map approximately 60.4 and 61.9 kb
clockwise to a3,83, respectively. The two termini
of an IS2 element have previously been mapped
in this region by heteroduplex techniques at an
average distance of 60.9 and 62.2 kb clockwise to
a3,83 (15, 22). The correspondence in these posi-
tions with the termination sites for pRH130 and
pRH131 suggests the possibility of IS2 involve-
ment in the formation of these plasmids. Plas-
mid pRH132 contained bacterial DNA extend-
ing an additional 11.7 kb counterclockwise to the
pRH130 termination site. None of the Atra F-
prime plasmids terminated near the bacterial
IS3 element a363 or a4?85.
Atra Flact purEr (proA+) plasmids iSO-

lated from Hfr P3. Four independent Atra
Flack purE+ plasmids were obtained by mating
the Hfr P3 strain with the recA recipient
EDllll as described. At least two of these plas-

--fl

f3

--f5

-f7

6.0 --

34

-flO

f11,12

-13

2.1

FIG. 5. Electrophoretic analysis of EcoRI digests
of pRH128, pRHZ34, pRH99, pRHI30, pRH131,
pRH132, and ORF203. The Atra F-prime plasmids
contain bacterial DNA extending from a44 counter-
clockwise beyond the purE region. pRHI30, pRH131,
andpRH132 are Atra FpurE' (proC+) plasmids that
formed by circularization within the same bacterial
EcoRI fragment (Fig. 2, Table 4). pRH128, pRHZ34,
andpRH99 (not shown in Fig. 2) each contain differ-
ent lengths of bacterial DNA. Many ofthe fragments
from these plasmids comigrate with fragments from
ORF203. Data for 7- and 3-h experiments are com-
bined as in Fig. 3. Selected EcoRI fragments ofF are

labeled, and the kilobase sizes of specific bacterial
fragments are indicated.
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peared identical to that of pRH140 and pRH141
on the basis of one experiment (data not shown),
but the DNA yields for this plasmid were insuf-
ficient for complete characterization.

Since the number, sizes, and regional distri-
bution of the bacterial EcoRI fragments located
between (1,4 and ci3,83 are known (18), the bac-
terial EcoRI fragments counterclockwise to aii3
contained on these plasmids can be identified.
Plasmids pRH140 and pRH141 contained frag-
ments corresponding to all of the bacterial DNA
between a3,8l3 and a4,84. Moreover, comparison of
the pRH140 and pRH141 fragments with the
EcoRI fragments contained in the Atra FproA+
plasmids shown in Table 2 indicates that the
bacterial endpoints of both classes of F-prime
plasmids are identical. Except for the Atra
FproA+ junction fragments, each of the Atra
FproA+ EcoRI fragments that contained bacte-
rial DNA was also present in the two Atra Flac+
purE+ (proC+) plasmids. Moreover, the Atra
Flac+ purE+ (proA+) plasmids did not contain
additional EcoRI fragments other than those
expected from the a383 region (Fig. 6). This
suggests that a specific site on the bacterial DNA

TABLE 4. Atra FpurE+(proC) plasmid EcoRI
fragments containing bacterial DNA sequences

Fragment size'

pRH130
19.0
16.4

14.8
13.5
12.8
11.3
9.75
9.53
8.57
7.28
7.11
7.11
6.75
6.03

5.09
4.97
4.84
(4.20)
3.38
3.13
2.13
1.17
1.17
1.03
0.91

pRH131
19.0
16.2

14.8
13.4
12.8
11.2
9.84
9.58
8.60
7.30
7.13
7.13
6.75
6.04
(5.67)
5.11
4.97
4.85

3.42
3.14
2.15
1.18
1.18
1.05
0.93

pRH132
19.0
16.2
(15.9)b
14.7
13.6
12.8
11.3
9.81
9.54
8.57
7.29
7.11
7.11
6.73
6.00

5.06
4.93
4.81

3.36
3.11
2.10
1.14
1.14
1.02
0.88

Avg
19.0
16.3

14.0
13.5
12.8
11.0
9.80
9.55
8.58
7.29
7.12
7.12
6.74
6.02

5.09
4.96
4.83

3.39
3.13
2.13
1.16
1.16
1.03
0.91
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FIG. 6. Electrophoretic analysis of EcoRI digests
ofpRH139, pRH140, andpRH141. PlasmidspRH139
through pRH141 contain bacterial DNA which ex-
tends from a4f84 counterclockwise beyond a3/83 (see
Fig. 2). BacterialDNA between a383 and a4/4 appears
on both ORF203 and pRH97. pRH97 contains five
additional fragments counterclockwise to a3A3 that
are not found on ORF203. Their sizes are 6.8 5.6, 4.5,
3.6, and 0.5 kb. Selected EcoRI fragments of F are
labeled, and the kilobase sizes of specific bacterial
fragments are indicated. Data for 7- and 3-h experi-
ments are combined as in Fig. 3.

countei Aockwise to proA is involved in the for-
mation of both types of Atra F-prime plasmids,
regardless of the site of integration of F in the
Hfr. There was no detectable variability in the
bacterial DNA endpoints carried by F-prime

' Values represent average kilobase sizes as deter-
mined by gel electrophoresis.

b Joint fragments are indicated by parentheses.
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plasmids whose excision involved this site, even
though the Atra Flac+ purE+ (proA+) plasmids
were approximately 239 kb longer than the Atra
FproA+ plasmids.
Hybridization to fragments generated by

BgM. The oriT locus of F is located in the 1.1-
kb BglII fragment b14 of F (33; Fig. 7). Because
of the position of oriTon this fragment, the joint
fragment could contain as much as 0.50 kb of F
DNA. Degradation of F DNA during circulari-
zation could reduce the amount of F DNA pres-
ent on the joint fragment. The four Atra FproA+
plasmids pRH113 through pRH116, the three
Atra FpurE+ (proC) plasmids pRH130 through
pRH132, and the four Atra FpurE+ plasmids
pRH126, pRH127, pRH129, and pRH135 were

each digested with BglII, and the resulting frag-
ments were resolved electrophoretically (data
not shown). Three fragments which together
included the entire tra region of F (b14, bl, and
b2a; see legend to Fig. 7) were absent in all of
the above cases, confirming the size of the dele-
tion inferred from digestion with EcoRI, i.e.,
starting from the vicinity of 62.2F (the position
of oriT [17]) and proceeding into the junction
fragment containing al,1.

All of the other 12 BglII fragments expected
from the F DNA were present, except in plas-
mids pRH114, pRH115, and pRH116. Plasmid
pRH114 lacked fragments b6, b12, and b13,
which spanned the region of F from 2.8 to 12.OF.
This is expected since pRH114 is derived from

A

J. BACTERIOL.

an Hfr in which F is integrated at 11.5F (18).
This places F sequences from 0.0 to 11.5F in the
region that is transferred late in a mating; there-
fore, the portion of F from 0.0 to 11.5F is not
recovered in this type of F-prime plasmid. The
F sequences of plasmids pRH115 and pRH116
differed from the others by the absence of BglII
fragments b4, b7, and b9, which lie in the region
of the A(33-43) deletion of F sequences expected
for plasmids derived from AF(33-43) and by the
presence of an additional 3.5-kb hybrid fragment
generated by the deletion. In addition to these
changes arising from the A(33-43) deletion, b2b
was missing in pRH115 and pRH116 (Fig. 8). As
indicated in the discussion of the fragments pro-

duced from these plasmids by EcoRI, there was
a 1.3-kb insertion in the region of F DNA
spanned by b2b and f3 (see Fig. 7). This led in
the case of digestion by EcoRI to an altered f3

with larger molecular size. In the case of diges-
tion with BglII, two fragments (8.9 and 7.2 kb)
characteristic of pRH115 and pRH116 and ab-
sent from pRH113 and pRH114 were found. The
sum of the sizes of these fragments was 16.1 kb,
approxinately equal to the sum of the sizes of
b2b and the insert. The conclusion is that the
insertion in f3 and b2b is cleaved by Bglll, a

conclusion that is supported by the hybridiza-
tion results described below.
DNA of the 11 plasmids indicated above and

F-plasmid DNA was digested with BglII and
resolved electrophoretically, transferred to ni-

4.0

b2b b1 bl

B
Y

b2b

C x Y

D
49.1 59.9 47.9

- -_ I | I I I ,-_ -

f3 115

FIG. 7. Cleavage sites for BglII in the vicinity oforiT on F and on hypothetical Atra F-prime plasmids. (A)
F DNA. Fragment b2a (not shown in the figure) is located immediately clockwise of bl, and it contains the
distal portion of the tra region (R. G. Hadley and R. C. Deonier, unpublished data). Fragments b2a and b2b
comigrate under our electrophoretic conditions. (B, C) Sequence organization of two possible Atra F-prime
plasmids, one of which is formed with little or no degradation ofDNA at oriT (B) and the other of which has
lost DNA from oriT up to a position counterclockwise to the BglII site at 61. 7F, which defines the counter-
clockwise terminus of b14 (C). Arbitrary bacterial BglII sites are labeled X and Y. The two joint fragments
(j and j') differ with respect to bacterial and F sequences that they contain. Joint j contains F DNA derived
from b14, whereas f contains F DNA derived from b2b. The plasmids described in this study have the
arrangement shown in panel B rather than the one in panel C. (D) EcoRI cleavage sites in the region ofF
corresponding to panel A. Fragment f6 is seen to overlap b14 and the clockwise portion of b2b. Both of the
joint fragments depicted in panels B and C will hybridize to fragment f6 DNA.
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b2b -

f6

f15 -b14- a.

- 15.1

- 7.95
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FIG. 8. Hybridization of 3H-labeled pRS27 DNA to electrophoretically resolved BglII digests of Atra F-
prime plasmids. (A) F-plasmid DNA digested with EcoRI; (F, J) FDNA digested with BglII. EcoRI or BglII
fragments of F that hybridize with f6 or f15 derived from the pRS27 probe are indicated on the left, and
fragment sizes in kilobases are displayed on the right. (B-E) DNA from the Atra FproA+ plasmids pRH113,
pRHI14, pRH115, andpRH116, respectively. (G-I) DNA from Atra FpurE+ (proC+) plasmidspRH130, pRH132,
and pRH131, respectively. (K-N) DNA from plasmids Atra FpurE+ pRH126, pRH127, pRH129, and pRH135.
The joint fragments are identified by triangles.

trocellulose filter paper, and hybridized to plas-
mid pRS27, which contains EcoRI fragments f6
and f15 of F joined to pSC101 (32). The hybrid-
ization patterns obtained are shown in Fig. 8.
With the exception of pRH115 and pRH116, all
plasmids, including the F control, showed faint
hybridization bands that comigrated with BglII
fragment b4 or b5 and with fragment b7 of F.
These hybridizations were unexpected, and the
cause of them still remains to be determined.
Plasmids pRH115 and pRH116 lacked b7, and
the hybridization in the 3.0- to 3.5-kb region
seen in these two cases may represent the A(33-
43) hybrid fragment. The remaining hybridiza-
tions corresponded either to b2b sequences or to
sequences present in the novel joints. All plas-
mids except pRH115 and pRH116 generated a
band that comigrated with fragment b2b (Fig.
8). As shown in Fig. 7, f6 overlapped the clock-
wise end of b2b, so this hybridization is expected
for plasmids that were not degraded in this
region before circularization. Plasmids pRH115
and pRH116 generated bands of 7.4 kb that
extensively hybridized to the probe, and they
corresponded in size to one of the portions.of
b2b resulting from cleavage at the insertion, as
described above. This confirms the identification
of this fragment. The analysis with EcoRI indi-
cated that sequences in fragment f3 are present
in all plasmids, which indicates that the F DNA
on these plasmids extends at least to 59.9F. The

presence of the b2b sequences in the hybridiza-
tion results shown in Fig. 8 indicates that these
plasmids all contain, in addition, the F sequences
extending from the clockwise end of f3 to the
clockwise terminus of b2b at 61.7F.
The joint fragments produced during forma-

tion of these plasmids should contain some ho-
mology to b14 since the clockwise portion of b2b
DNA is apparently present in all plasmids, and
since no bl DNA is present (which would have
been detected by hybridization with f15 se-
quences in the probe). The joint fragments ap-
pear in characteristic positions for each class of
Atra F-prime plasmid. The joints for the Atra
FproA+ plasmids have sizes of 1.4 + 0.1 kb, the
joints for the Atra FpurE+ plasmids have sizes
of 0.76 ± 0.01 kb, and the joints for the Atra
FpurE+ (proC+) plasmids have sizes of 4.90,
6.42, and 8.60 kb for pRH130, pRH131, and
pRH132, respectively. These results are consist-
ent with those obtained by EcoRI. Representa-
tives of the larger class of Atra FpurE+ plasmids
(pRH101 and pRH133; see Table 3) were not
tested by hybridization. However, electropho-
retic examination of the products of BglII diges-
tion (data not shown) indicated that the joint
fragment characteristic of the smaller class (e.g.,
pRH126) was absent from both pRH101 and
pRH133. Instead, there was an additional frag-
ment from both pRH101 and pRH133 DNA that
comigrated with F fragment b12 (about 1.34 kb)
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and that was not produced from either F or

pRH126 DNA. This new 1.3-kb fragment is iden-
tified as the BglII-derived joint, an assignment
consistent with the EcoRI data, which also in-
dicated that the joints of pRH101 and pRH133
were 0.6 kb larger than the joints of the pRH126
class of plasmids. The simplest interpretation of
the comigration of the joint fragments charac-
teristic of each Atra FpurE+ plasmid class or of
the Atra FproA+ plasmids is that formation of
these plasmids is a precise and repeatable event.
The possibility that variable amounts of F DNA
are present on these joint fragments, and that
exactly compensating amounts of bacterial DNA
are present such that the joint fragments comi-
grate, cannot be excluded, but seems unlikely. If
this were true, the bacterial sites involved in
formation of the Atra FpurE+ class of plasmids
represented by pRH126, pRH127, pRH129, and
pRH135 would still be clustered within a span

of 0.5 kb-the amount of F DNA between oriT
and the counterclockwise cleavage site defining
BglII fragment b14. A similar conclusion may be
reached for the tra FproA+ plasmids pRH113
through pRH116.
The joint fragments for the Atra FpurE+

(proC+) plasmids all had different sizes. In ad-
dition, pRH132 had a BglII fragment (7.7 kb)
not present in plasmids pRH130 and pRH131.
Using the maximum amount of F DNA (0.5 kb)
that can be present on these fragments, we es-

timate from their sizes and the size of the addi-
tional BglII fragment present of pRH132 that
the bacterial sites for circularization in the for-
mation of pRH131 and pRH132 are 1.5 and 11.7
kb, respectively, counterclockwise to the site
involved in fornation of pRH130. These results
agree well with results from digestion with
EcoRI. Because b2b is present in these plasmids,
the contribution to the variation in the sizes of
the joints by differences in the amount of F
present is limited to 0.5 kb.
The hybridization results thus confirm the

previous conclusions that formation of Atra
FproA+ and Atra FpurE+ plasmids can be a

precise event, and the data in Fig. 8 further
indicate that the maximum variation in the
amount of F DNA present in the vicinity of oriT
is ±0.5 kb for the plasmid classes shown. We
believe that it is likely that the variation is much
less than this for the Atra FproA+ and Atra
FpurE+ plasmids shown.

DISCUSSION
The structures of the Atra F-prime plasmids

reported here (Fig. 2) identify at least two (and
possibly three) restricted regions on the bacte-
rial chromosome at which specificity in the for-
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mation of this plasmid class occurs. The approx-
imate location of these endpoints on the E. coli
genetic map can be determined from the length
of bacterial DNA carried by these plasmids, the
physical location of the appropriate F integra-
tion sites, and the conversion factor of 41 kb per
genetic minute (2). Since lacI is located near 7.9
min (2), and the clockwise terminus of a:a%3 is
approximately 45.7 kb from a Mu insertion in
lacI (21, 22), the clockwise terminus of a3,83
should map near 6.8 min. Plasmids pRH113
through pRH116 contain approximately 142 kb
of bacterial DNA immediately counterclockwise
to a3/i3; therefore, their specific terminus is lo-
cated near 3.3 min on the E. coli map, in the
vicinity of dapC (2). a4134 is 239 kb from a3A3 (15,
22), so its location on the genetic map should be
near 12.6 min. Since the Atra FpurE+ plasmids
contain approximately 38.6 kb of bacterial DNA
located immediately counterclockwise to c4,?4,
their specific terminus is located near purE at
around 11.7 min. We note that this may be in
the vicinity of the fre-1 locus, a recombinational
hot spot identified by Bresler et al. (4). The
bacterial DNA carried by pRH130 and pRH131
may define an additional termination region at
or near the IS2 element between lac and proC
at around 8.3 min. Specificity in these two cases
is indicated by the close proximity (1.5 kb) of
their bacterial termini in a region 150 kb re-
moved from the selected marker. The endpoints
near 3.2 and 11.7 min do not correspond in an
obvious manner to previously mapped genetic
elements in these locations (2).
The joint fragments of all six Atra F-prime

plasmids that terminated near dapC appeared
to be identical, even though they were derived
from different Hfr strains with points of origin
at either af3 or at a4#4. In contrast, the joint
fragments of the Atra F-prime plasmids whose
bacterial termini lie near purE differ by an av-
erage of 0.6 kb. This variation may indicate that
there are two closely linked bacterial sites near
purE that participate in Atra F-prime formation.
The joint fragments of the Atra F-prime plas-
mids that terminate nearproC differ by as much
as 11.7 kb, which may be indicative of a kind of
regional specificity (34). It is likely that the
specific endpoints at each of these three sites are
primarily determined by the bacterial nucleotide
sequence. Since the degree of variation in bac-
terial termini differs at the three chromosomal
regions, it seems unlikely that specific sequences
of F (e.g., oriT) are solely responsible.

Specific bacterial endpoints were not observed
by heteroduplex analysis of four Atra FargG+
plasmids (17). This could indicate structural dif-
ferences in the two different regions of the chro-
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mosome, or it may have resulted from the more
limited sample size in the previous study. Such
structural differences in various regions of the
E. coli chromosome are indicated by previous
studies (25), which demonstrated that transcon-
jugant yields in Hfr matings with recA recipients
differ, depending on the integration site of F.
Moreover, 22 of the 23 plasmids studied here
had circularization events which occurred within
the F EcoRI fragment f6 (pRH99 is the excep-
tion), whereas only two of the four Atra FargG+
plasmids formed by circularization at a site pre-
dicted to lie within f6 (17).
The biological significance of this class of F-

prime plasmid is uncertain. For example, these
plasmids might be regarded as intermediates of
the recombination process, recovered in this case
because the recipients are recA, or they might
represent aberrant entities that occur rarely in
Hfr x F- matings. Moreover, many aspects con-
cerning the molecular mechanisms of conjugal
mating are still unclear (1, 11, 12). Various
models for F-plasmid circularization include
presence of cohesive ends (see, for example, ref-
erences 12 and 29), recombination between di-
rectly repeated sequences on transferred seg-
ments of greater than unit length (27) (unlikely
for plasmids formed in recA recipients [23]), and
mediation of strand terminus rejoining by a
membrane-protein complex (23). It may be that
the processes that determine the endpoint spec-
ificity of these Atra F-prime plasmids occur be-
fore, and independent of, the actual circulariza-
tion event.
We have considered two possible models to

explain how certain chromosomal sequences be-
come joined to the region near the oriT locus.
The first model suggests that the specificity is

a consequence of F-specified circularization
functions. These functions could take the form
of a structure at oriT that recognizes not only
the appropriate sequence of transferred F DNA
in F' matings but also other bacterial sites (per-
haps with a lower efficiency), in a manner for-
mally analogous to recognition of secondary at-
tachment sites by the attP region of X (31). The
endonuclease presumed to be active at oriT (35)
might be involved in this process. Previously,
Willetts (35) suggested that F-mediated chro-
mosomal mobilization might occur without F
integration as a result of initiation of transfer
from a chromosomal sequence similar to oriT.
Therefore, this first model would predict that
the specific bacterial endpoints observed here
may be related to sites where chromosomal mo-
bilization occurs and that certain F mutants may
be defective in this circularization process.
A second model to explain the endpoint spec-

SPECIFICITY IN Atra F' FORMATION 691

ificity is that the circularization process occurs
independently of specific recognition by F-spec-
ified functions. In other words, the circulariza-
tion process would act upon whatever linear
segments of DNA are presented to it. By this
model, the similar plasmids would result from
specific DNA segments whose lengths are deter-
mined before the circularization step. Since a
single strand is transferred during conjugation
(27), this could result from the presence of nicks,
gaps, or nonstandard linkage in the transferred
strand. Specific DNA segments could also result
from specificity in degradation of random DNA
lengths. One possible type of nonstandard link-
age would be the covalent DNA-protein com-
plexes identified in various organisms (see, for
example, reference 10). Nicks or gaps might be
produced in either the donor or recipient cell.
Since many of the joint fragments appear to be
identical in size, the single-strand termini of any
nicks or gaps might be protected from exonu-
cleases in some manner. The bacterial termini
for pRH130 and pRH131 are located near the
ends of a bacterial IS2. These plasmids might
have been formed because of nicks generated in
the vicinity of IS2 as a result of recombinational
functions associated with IS2 (e.g., translocation
or deletion). It may be that the other specific F-
prime termini are determined by other uniden-
tified translocatable elements. A prediction of
the second model is that circularization-defec-
tive mutations would map in the bacterial DNA.
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