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Partial denaturation pattem of sex factor deoxyribonucleic acid of Esche-
richia coli was studied by electron microscopy. Clustering of the adenine-plus-
thymine-rich regions in one part of the molecule was revealed. The positions of
these regions were located on the physical map of F by analyzing the partial
denaturation pattern of heteroduplexes between F and F-prime factors with
various parts of F sequences deleted.

In Escherichia coli, exchange of genetic
information between chromosomes is some-
times dependent on the functions of the sex
factor F in the donor cell. The F factor is a
closed circular deoxyribonucleic acid (DNA)
molecule with a molecular weight of 63 x 106
(6). About one-third of the sequences in F DNA
are essential for fertility; about 17% of F se-
quences, clustered in one region of the molecule,
can be deleted without affecting any known
functions. The sites on F used for integration to
form an Hfr, and the sites on the integrated F
for excision to form an F-prime factor have all
been mapped within this dispensable region for
the several F-prime factors studied (5, 6; N.
Davidson, personal communication).
The base composition of F is about 49%

guanine plus cytosine (G + C), similar to that of
the E. coli chromosome. The distribution ofG +
C content in F DNA has been shown to be
asymmetrical (2). About 10% of the molecule
has a G+C content of about 44%, whereas the
rest has about 50% G + C. Falkow and Citarella
(2) have suggested that the nonuniform base
composition may have functional significance.
It was proposed that the breaking point, i.e., the
point of origin for conjugal transfer of the DNA,
lies within the adenine-plus-thymine (A + T)-
rich region. The high G + C region was shown to
contain sequences homologous to E. coli chro-
mosomal DNA. It was suggested that these
homologous sequences are used for the integra-
tion of F into the bacterial chromosome (2).
The purpose of the present work is to map the

A + T rich regions on the physical map of F (5,
6), and thereby study possible correlations be-
tween base composition and biological function.

1 Present address: Department of Biochemistry, Stanford
University School of Medicine, Stanford, Calif. 94305.

MATERIAL AND METHODS

Bacterial strains. The bacterial strains W1485(F),
JE3513(F8-33), and ND3(FA(0-14.5)) and the struc-
tures of the episomes they carry have been described
previously (6). KLF253(F152-1) was obtained from B.
Low. The structure of F152-1 will be reported else-
where (E. Ohtsubo and M.-T. Hsu, manuscript in
preparation).
DNA isolation. The procedure of Sharp et al. (6)

was used.
Partial denaturation analysis. Conditions for

denaturing regions in DNA with lower G + C content
(hence lower melting temperature) were achieved by
raising the formamide concentration, essentially as
described by Davis and Hyman (1). The DNA (0.5
Ag/ml) to be studied was dialyzed against the follow-
ing solution: 80% formamide, 5 x 10- M NaCl, 5 x
10-3 M tris(hydroxymethyl)aminomethane (Tris),
5 x 10- 4 M ethylenediaminetetraacetic acid (EDTA),
pH 8.5. A 50-,uliter amount of the DNA solution was
mixed with 1 to 2 uliters of cytochrome c solution (1
mg/ml in 0.1 M Tris, 0.01 M EDTA, pH 8.5) and then
spread onto a hypophase of 50% formamide and one-
tenth concentration of the electrolyte used in the
spreading solution. After waiting for 2 to 3 min, the
DNA was picked up with a parlodion coated copper
grid stained with uranyl acetate (5 x 10-i M in 90%
ethanol) and rotary shadowed with platinum. We find
that it is important to wait 2 to 3 min before picking up
DNA after spreading. DNA picked up too soon shows
considerable lateral aggregation. This is probably due
to aggregation of cytochrome c in high formamide
solvents. DNA picked up too late (after 5 min) has
poorer contrast. The optimal waiting time depends
somewhat on the concentration of formamide used.
The higher the formamide concentration, the longer
one has to wait.

Heteroduplex molecules were formed according to
the procedure of Sharp et al. (6). DNA of each
episome was mixed and denatured with 0.3 N NaOH,
neutralized with Tris-hydrochloride, and renatured
by dialyzing at room temperature for 2 h against 70%
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formamide, 0.25 M NaCi, 0.1 M Tris, 0.01 M EDTA,
pH 8.5.

Micrographs were enlarged and traced on a Nikon
projector. The length of DNA in a denatured region
was taken as the average of the lengths of the two
single-stranded branches. In the case of heterodu-
plexes, only F sequences were measured. The sum of
the lengths of denatured and native regions (and the
single-stranded F DNA in the heteroduplex mole-
cules) was normalized to unity and the length of the
denatured region was expressed as a fraction of the
length of F. Some of the heteroduplex molecules
studied were incomplete structures, i.e., formed by
renaturation between incomplete strands. The
lengths of characteristic segments of the molecules are
known by previous heteroduplex analysis (6). Histo-
grams of the frequency with which a particular region
became single stranded under the partial denatura-
tion condition used were constructed by using a length
interval of ('/250)F. For a heteroduplex, structural
markers of the heteroduplex were used to align the
structures and normalize the lengths. For the F
homoduplex, the partially denatured molecules were
aligned by one of the two largest and most frequently
observed denaturation loops.

RESULTS
Figure 1 shows a histogram of the partially

denatured regions of F DNA when spread from
80% formamide, 5 x 10-2 M NaCl, 5 x 10-3 M
Tris, 5 x 10- 4 M EDTA, pH 8.5, at room
temperature (21 C). An electron micrograph of
a partially denatured F DNA is shown in Fig. 2.
Four major peaks (I, II, III, IV) and two minor
peaks (V, VI) can be seen in the histogram. An
interesting feature is that most of the A + T-rich
sequences are clustered in one general region of
F, comprising about 30% of the molecule.
To map the positions of these A + T-rich

segments on the physical map of F (6), partial
denaturation of heteroduplexes between F and
several F-prime factors were studied. The F-
prime factors used delete different portions of F
sequences and therefore are useful for mapping
the A + T -rich sequences. The results are
described below.
F8-33/F heteroduplex. F8-33 (it was called

F8(N33) in ref. 6) is a transfer-defective deriva-
tive of F8 (2, 6). F sequences between coordi-
nates 8.5 and 16.3 are deleted in this episome as
can be seen in Fig. 3a. There are also two
insertion loops, c and eD, mapped previously at
coordinates 91.0 and 35.2 (revised coordinates,
R. C. Deonier, private communication), respec-
tively. The insertion loop c was chosen as a
position marker to map the partially denatured
regions in the F8-33/F heteroduplex. An elec-
tron micrograph of a partially denatured
F8-33/F heteroduplex at the same partial dena-
turation condition used for F is shown in Fig. 4.

NO. OF MOLECULES

FIG. 1. A histogram of the partially denatured
regions in F factor DNA.

The histogram of the distribution of partially
denatured regions is shown in Fig. 5b. It is
plotted as a linear map with coordinates 0.0 of F
at the left end of the map. Five peaks at
coordinates about 4, 19, 25, 30, and 63 were
observed. Peak VI in Fig. 1 can be readily
identified as the peak at coordinate 63 in Fig.
5b. By aligning this peak of the histogram of F
and that of the F8-33/F heteroduplex, the
coordinates of the other A + T-rich segments of
F can be assigned as shown in Fig. 5a. This
assignment is confirmed by the analysis of the
following heteroduplexes.
FAW(-14.5)/F heteroduplex. FA(0-14.5) is a

deletion mutant of F with the sequence between
0.0 and 14.5 deleted (see Fig. 3b). Therefore, if
the previous assignment is correct,
FA(0-14.5)/F should show only four A + T-rich
regions around coordinates 19, 25, 30, and 63.
This is indeed the case as shown in Fig. 5c and
6.

F152-I/F heteroduplex. The structure of the
F152-1/F heteroduplex is shown in Fig. 3c. The
F sequences with coordinates between 0.0 and
2.8 (revised coordinates, R. C. Deonier, private
communication) are deleted in F152-1. Since
the F sequence around coordinate 2.8 is proba-
bly A + T rich as shown in Fig. 5a, point a in
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FIGo 2. An electron micrograph of partially denatured F DNA. A histogram is shown in Fig. 1 and 3a.
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FIG. 3. (a) Heteroduplex of F8-33/F. The two small insertions of F8-33 are indicated by c and et. The se-
quences of F between coordinates 8.5 and 16.3 are missing in F8-33. (b) Heteroduplex of FA(0-14.5)/F. The
F sequences between coordinates 0 and 14.5 are deleted in FA(0-14.5) is seen as a single-strand insertion-de-
letion loop. (c) Heteroduplex of F152-1IF. In F152-1, the F sequence between 0 and 2.8 is substituted by bac-
terial DNA carrying the gal operon.
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FIG. 4. A partially denatured F8-33/F heteroduplex. The substitution loop and the two insertion loops are
labeled by a and b, and c and eD, respectively. Five partially denatured regions (I, III, IV, V, VI) can be seen. A
histogram is shown in Fig. 3b.
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FIG. 5. (a) Linear form of the histogram shown in Fig. 1. Several relevant coordinates of F DNA are shown

in the top of the figure. (b) A histogram of the partially denatured regions in the F8-33/F heteroduplex. The
labels can be used to correlate the histogram with the structure seen in Fig. 2a. (c) A histogram of the partially
denatured regions in the FA(-14'5)/F heteroduplex. (d) A histogram of the A + T-rich regions in F152-1IF. The
substitution loop seen in Fig. 2c is labeled by a and b.
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FIG. 6. A partially denatured FA(0-14.5)/F heteroduplex. The single-strand deletion loop which is the F se-
quence deleted in FA(0-14.5) is indicated by the label d. Four partially denatured regions (III, IV, V, VI) are ob-
served. A histogram is shown in Fig. 3c.
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Fig. 3c with coordinate 0.0 is chosen as the
reference point. The histogram of the partially
denatured regions is shown in Fig. 5d. An
electron micrograph of the partially denatured
F152-1/F heteroduplex is shown in Fig. 7. Five A
+ T-rich regions were observed. They are
mapped at coordinates around 10, 19, 25, 30,
and 63, respectively. This result is consistent
with the previous assignment.

DISCUSSION
The data presented above show that most of

the A + T-rich sequences of F DNA are

clustered in one part of the molecule, between
coordinates 0 and 30. Thus the DNA sequence
in this region has several interesting properties:
(i) it is A + T rich as shown above; (ii) it is used
for recombination with the E. coli chromosome
for the integration or excision of F (see Table 1);
and (iii) it is nonhomologous with R(fi+) and
colV factors. (The region of sequence homology
between these plasmids and F extends clock-
wise from coordinate 50 to 94.5/0.0, where it
ends abruptly 15].) We may speculate that the
region from 0 to 30 F is bacterial DNA acquired
by the "original" F factor through repeated
genetic interactions.
Falkow and Citarella (2) have suggested that

the A + T-rich region of F DNA may serve as
the natural breaking point in bacterial conjuga-
tion. Since different portions of the F sequence
between 0 and 30 can be deleted in various
episomes (see Table 2) without affecting either
the autonomous replication or the fertility func-
tions, the only A + T-rich region that could
possibly account for such a correlation will be
the region mapped at around coordinate 63

TABLE 1. Integration and excision sites of various
F-primes

Episome
Integration Excision

Referencesite site

F100-la 0.0 2.8 1,-b
F100-2 0.0 2.8 2, -b
F152a 0.0 2.8 o
F152-1 0.0 2.8 b
F42a 0.0 2.8 1
F8 8.5 16.3 6
F210 8.5 11.5 c
F14 3.0-8.5 d
F13 16.3-17.5 c

a F-100, F-152, and F-42 are systematic names for
F,gal, F2gal, and Flac (5).

b E. Ohtsubo and M.-T. Hsu, manuscript in prepa-
ration.

c E. Ohtsubo and S. F. Hu, private communication.
dE. Ohtsubo, R. C. Deonier, H. J. Lee, and N.

Davidson, private communication.

TABLE 2. Sequences deleted in various F-primes

Episome F sequence deleted Reference

F152 0.0-2.8 a
F100 0.0-2.8 a
F42 0.0-2.8 1
F210 8.5-11.5 b

F8 8.5-16.3 1
FA(0-14.5) 0.0-14.5 1
FA(33-43) 33-43 c

F8(P6) 0.0-8.5, 68.1-94.5 1
F13-4 16.3-37.2 b

a E. Ohtsubo and M.-T. Hsu, manuscript in prepa-
ration.

b E. Ohtsubo and S. F. Hu, private communication.
c W. M. Anthony, private communication.

(peak VI in Fig. 1). It is therefore interesting to
note that this A + T region is located in a region
between coordinates 43 and 68, which, we
believe, contains the genes for autonomous
replication and the structural origin for conjugal
transfer. This conclusion is based on the follow-
ing facts: (i) sequences clockwise from coordi-
nate 68.0 to 94.5/0.0 can be deleted without
affecting autonomous replication or transfera-
bility when complemented by R100-1 (6); and
(ii) sequences between 0.0 and 43.0 can be
deleted without affecting either autonomous
replication or transferability (see Table 2).
However, a definite correlation between the A +
T-rich segment VI and the transfer origin, or the
replication origin of F remains to be studied.
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