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ABSTRACT

This thesis is composed of three parts. Part I is
concerned with studies of the DNA sequences of several
F-prime factors and the sequence relations among them using
electron microscope heteroduplex methods. It was found that
the DNA sequence of the F factor can be roughly divided into
three regions: 1) a region about one-fourth of the molecule
which is concerned with the fertility functions of the F
factor. 2) a region about one-third of the molecule which
is rich in A+T sequence and contains the sequences used to
interact with the bacterial chromosome for the integration
or excision of I factor DNA. 3) a region which contains the
genes for autonomous replication and female phage resistance
and the structural element for conjugal transfer.

The structure of the bacterial DNA carried in several
classical episomes, F100, F152, F8 and some of their deri-
vatives was studied extensively. Bacterial markers between
fep and uvrB were analyzed both genetically and physically.
A method was developed to reconstruct the original episomes
from their deletion variants. The results confirm the his-
tory that F100 and F152 were derived from the same Hfr.

The formation of a new episome, F80, from F8 suggested that
there is a hot spot in the E. colil chromosome for the recom-

bination with F sequence between 93.2 and 94.5/0.0F.



In part II, the structures of )\ and Mu prophages
and Mu phage DNA were studied. The A prophage carried in
an F-prime factor was found by electron microscope hetero=
duplex analysis to be circularly permufed relative to the
vegetative viral DNA. On the other hand, Mu prophage DNA
was shown to be collinear with the viral DNA. The inte-
grated Mu prophage DNA was used as a marker for physical
mapping of bacterial genes in E. coli.

Sequence heterogeneity in Mu phage and prophage DNA's
was also studied. The G loop heterogeneity was found to
be present in both phage and prophage DNA's and was shown
to be due to sequence inversion. The heterogeneous split
ends sequences were found to be absent in the several
prophages studied.

Part III contains an electron microscope study of
viral RNA of Sindbis virus and a method for mapping poly A
sequences in RNA molecules. Under weak denaturing condi-
tionS Sindbis virus RNA appears in circular form with a
double stranded "handle" of about 250 nucleotides longe.
This implies that Sindbis RNA contains complementary

sequences at or near the ends of the molecule.
A technique using glyoxal as a denaturing agent for
mapping polyA sequences in RNA was developed. Glyoxal

attaches to guanine base irreversibly and thus removes
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the secondary structure of RNA without inhibiting the
renaturation capacity of polyA sequences in the molecule.

A polyA sequence was found at or near one end of Sindbis

RNA by this method.
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_Part I

ELECTRON MICROSCOPE HETERODUPLEX ANALYSIS

OF DNA SEQUENCES IN F-PRIME FACTORS
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Electron Microscope Heteroduplex
Studies of Sequence Relations among
Plasmids of E. coli. I. Structure

of F-prime Factors.



J. Mol. Biol. (1972) 71, 471-497 3

Electron Microscope Heteroduplex Studies of Sequence
Relations among Plasmids of Escherichia coli

I. Structure of F-prime Factors

Purmire A. Suaret, Mine-Ta Hsu, Ertcur Onrsuso
AND NOrRMAN DAVIDSON

Department of Chemistry, California Institute of Technology
Pasadena, Calif. 91109, U.S.A.

(Recetved 18 February 1972, and vn revised form 10 June 1972)

The sequence relations betwoen some bacterial F-primo factors in Kscherichia
coli have been determined by observing, in the electron microscope, the pattern
of duplex and singlo-stranded regions in heteroduplexes consisting of one strand
from one episome and tho complementary strand from another.

All of the If-primes studied have a short picco of If missing. They appear to have
been formed by excision from their respective Hfr’s by a typoe I process (Scaife,
1967), leaving a picce of ¥ remaining in the chromosome. The piece of F missing is
the same in Flac and in thoe close relatives F450 and F,g, although tho former
F.prime was derived from Hfr2 and the latter two from Hfr3. Thus, there is
evidence for hot spots on IF for insertion at different places in the Escherichia coly
K12 chromosome to give Hfr’s and hot spots for excision to give F-primes. How-
over, a different sequenco of ¥ is missing in the episomo Fg.

The physical structure of a number of Fg episomes has been studied. In
particular, we have studied the physical and genetic structures of a set of deleted
Fg episomes, prepared by Plke transduction of the original ¥g, and mostly
deleted in somo of the transfer genes. Thus, the various genctic markers have
been physically mapped. A general model for the structure of F is proposed.

1. Introduction

An T-prime factor is a circular DNA molecule harbored within a bacterium. It contains
some bacterial DNA and some or all of the fertility factor DNA molecule, F. As is well
known, F-primes are formed in two steps from a male bacterium harboring the I
factor: (1) insertion of ¥ into the bacterial chromosome to give an Hfr; (2) a subsequent
aberrant excision of a circular DN'A molecule containing the essential genes of I' and
some bacterial genes (Scaife, 1967; Campbell, 1969; Jacob & Wollman, 1961).

These processes are shown in Figure 1. The point on I which is the origin for transfer
of DNA into a recipient female is depicted as an arrow between sequences U and 7'
If an I' DNA molecule is transferred by mating of an IF'* male bacterium with a
recipient female, the sequences of DNA transferred are in the order U,V W, ...
I KT, The sequences of DNA transferred by mating of the Hfr are in the order
UV, Wap,...wX,Y,Z, ... T, where Greck letters represent bacterial genes;
a and B are markers transferred early in a mating, ¢ and w are transferred late,

+ Presont address: Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 11724, U.S.A.
471
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Fi1a. 1. Processes leading to the formation of an Hfr and subsequent excision to form F-primes.
The structures expected in heteroduplexes are also shown. For further discussion, see text.

followed by the remaining F sequences X, ... 7. Since the property of maleness is
itself transferred late in an Hfr mating, some of the essential genes of I must be
included within X, . .. 7. The symbols 4, . . . Z in Figure 1 are arbitrary, except that

A to F represent mapped essential transfer cistrons (Ohtsubo, 1970). The origin of
transfer and the site of recombination indicated in the Figure are also somewhat
arbitrary.

By the reverse excision process, the Hfr can revert to the original I factor and the
original bacterial chromosome. By an aberrant excision, presumably an illegitimate
recombination (Iranklin, 1971), a circular I'-prime, carrying I' sequences and some
bacterial sequences, is formed. If, as in type II excision (IYig. 1), the illegitimate
recombination occurs between bacterial sequences on both sides of IY, the resulting I
will contain all of I and both early and late bacterial sequences depicted as a and w.
If the illegitimate recombination occurs between an IY sequence and a bacterial
sequence, as illustrated as type I excision in Figure 1, the I will be missing a part of IF
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shown as W,V and carry only late bacterial markers. (The notation I and II in Fig. 1
are those introduced by Scaife (1967, Fig. 5, p. 618).) To be fertile, this F’ must carry
the known transfer cistrons 4 to I" and other unidentified essential groups. (Another
type I process not depicted in Fig. 1 would be an illegitimate recombination between,
for example, a point between X and Y on F and a point between 8 and y on the
bacterial chromosome, thus giving an I deleted in the I' sequence X and carrying the
early bacterial markers a and B.)

The genes in I' code for the various characteristics of fertile male bacteria: ability to
transfer DNA; superinfection immunity; autonomous replication; presence of pili;
sensitivity to various classes of male-specific phage; ete. The transfer functions have
to some extent been genetically analyzed by complementation (Ohtsubo, Nishimura
& Hirota, 1970; Ohtsubo, 1970; Achtman, Willetts & Clark, 1971; Willetts &
Achtman, 1972; Ihler, Achtman & Willetts, 1972; T. Miki, personal communication).

In the present work we have applied the electron microscope heteroduplex method
(Davis & Davidson, 1968; Westmoreland, Szybalski & Ris, 1969; Davis, Simon &
Davidson, 1971) to the study of the structure and sequence relationships of various I
factors. The problems to which we have addressed ourselves are: (1) determination
of the molecular length of an I’ and its content of I sequences, and of bacterial
sequences; (2) determination of whether a particular I has the structure resulting
from a type I or type 11 excision process (I'ig. 1); (3) mapping of the recombination
site on I¥ (between X and W in Fig. 1) at which I inserted to form the Hfr from which
the I was derived. By comparing different F-primes, we can thus ask whether the
insertion of If occurs at only one site on F or whether there are a number of sites on I
at which it is capable of recombining with the bacterial chromosome. (4) For a type I
process, physical mapping of the aberrant excision site on I' (between U and ¥ in
Fig. 1); (5) the physical mapping of bacterial genes present in a particular ¥’ when
possible (for example, by renaturation with a specialized transducing phage carrying
known bacterial genes). (6) Physical mapping of the transfer cistrons of I and of
bacterial markers by a study of the deleted Fg primes constructed by Ohtsubo (1970).
(7) Observation of other, previously unsuspected, structural features of a given IFor I,

The general principles of the electron microscope heteroduplex method and its
particular application to the solution of problems (1) and (2) above are illustrated in
Figure 1. Covalently closed, circular I and I’ molecules are nicked so that there are
very few doubly nicked strands. A mixture of the nicked I' and I'" molecules are
subjected to strand dissociation by NaOH, reneutralized and allowed to renature. Some
of the renatured molecules consist of one strand of I and one strand of the ¥’. These
are the heteroduplexes of interest. The molecules are mounted for electron microscopy
by the formamide modification of the basic protein-spreading technique (Westmoreland
et al., 1969; Davis et al., 1971) so that both single- and double-stranded regions are
seen as extended filaments. Thus, topological features of the molecule can be
recognized. Note that because of topological constraints, two complementary circular
strands cannot renature fully with each other. A linecar strand and a circular strand
can renature. Complementary linear strands resulting from random nicking of circular
molecules can renature and will most probably give a circular structure when the two
breaks are not close to each other.

If the I” is formed by a type II process, the region of non-homology will be an
insertion loop as indicated in Figure 1 with the single-stranded loop consisting of the
inserted bacterial DNA and the circular duplex part being the complete It molecule.
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If the I’ is formed by a type I process, the heteroduplex with F will show a substitu-
tion loop (Fig. 1). One of the single-stranded branches is the sequence V,W of F which
is missing in the F’; the other single-stranded branch contains the bacterial DNA of
the I".

The extensions or modifications of these methods for the study of problems (3) to
(7) will be described as the results are presented.

2. Materials and Methods

(a) Bacterial strains and bacteriophage
Bacterial strains used in this study are described in Table 1. Bacteria were grown
without cloning unless otherwise specified. Bacteriophage Ac26 and Ab2b5¢ are laboratory

TaBLE 1

Bacterial strains

Plasmid Chromosomal
Strain Plasmid  genotype® gonotype Source and reference
B583 F450 uvrB* att*bio* A(gal-att*-chlA) D. Freifelderd-°
gal* tra*
W1485 ¥ tra* tht D. Froeifelderd-f
YS4010+ ¥ tra* (I transforred  his prostr D. Holinski®
from W1485)
W6 ¥ tra*t met I5. Lederberg!
JC1553(Flac) Ylac lac* tra* leuy his, argg lac, 4 D. Helinski®
mal, strrecA
MR44 Fis bio* att*gal* supE  galk galT recAspc  E. Signer®:!
tra*
W3101(¥’gal) FA4(0-14:5)® tra* gul, A. D. Kaiser
ND3 FA4(0-14:5) tra* galgtrpargrecA str  This papor
PA106(F ogal) FA(0-14:5) tra* thrlewthilyslacgal J. Gross, ex. F. Jacob, via
aylrecA P. Broda
W4520 Fg(l)° gal* aroG* nadA*+ met Y. Hirota & P. H. A.
tra* Sneathf:!
JE5303 Fg(1)° gal* aroG* nadA+ galgtrpargrecA str  E. Ohtsubo!
tra*
JE3100 Fg(2)° gal* aroG* nadA+  thrleugal,lac pil 1. Ohtsubo, Y. Nishimura
tra* flastr & Y. Hirota®
JE3513 Fg(N33) gal* aroG* nadA*  thrlewgalylac pil E. Ohtsubo, Y. Nishimura
trad - Slastr & Y. HirotaX
JE3445 Fg(N73) gal* aroG* nadA*+  thrleugal,lac pil I. Ohtsubo, Y. Nishimura
traB~ flastr & Y. Hirota¥
N23-53 F-galgtrparg H. Ogawa, K. Shimada
recA str & J. Tomizawa!
PL225recA I'-d(nadA-aroG- . Mizuuchi and T.
gal)recA str IFukasawa™ and this paper
For other ¥y gal

derivatives, see
Figs 11 and 12

& The symbol tra* means possessing all the usual properties of male bacteria: transfer, presence
of pili, sensitivity to male specific phage, ete. (Ohtsubo et al., 1970).

® 1'4(0-14-5) is a deleted I, missing the sequences from 0 to 145 kb; sce text.

° Tg(1) and Fg(2) were both called I'g in Ohtsubo et al. (1970) and Ohtsubo (1970); see text.

4 Ireifelder, Folkmanis & Kirschner (1971).

° The history of F450 and F,, as we understand them aro as follows. An episome I¥, gal att* bio
was derived from Hfr 3 by Jacob & Wollman; Hfr 3 is an Hfr transferring purld as an early marker
and gal, att* and bio as late markers (p. 162 of Jacob & Wollman, 1961; sce also Liedke-Kulke
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stocks derived from the late Dr Jean Weigle. Addg LBT2 was a kind gift from Dr Allan
Campbell; it is described as Adgl~ by Kayajanian & Campbell (1966). M13 phage was a gift
from Dr Arleen Forsheit.

(b) Media
Bacteria were usually grown in a Tryptone broth containing 1 pg thiamine/ml. Davis
minimal agar plates were used for genetic experiments, with either 0-29, glucose or 19,
galactose as a carbon source (Davis & Mingioli, 1950). Kosin-methylene blue indicator
agar plates were used for gal and lac markers.

(c) Isolation of plasmid DNA’s

Bacterial cultures were grown to late logarithmic phase of approximately 10° cells/ml.
in 2 1. of medium (see (b) above). The cells were centrifuged and washed twice in Tris/
EDTA/saline buffer (0-05 m-NaCl, 0-05 m-Tris, 0-005 m-EDTA, pH 8:5) at 0°C. The lysis
proceduro is a slight modification of that of Bazarol & Helinski (1968). The bacterial pellet
was resuspended in 100 ml. of a spheroplast-forming mixture, containing 1 mg lysozyme/
ml., 100 g RNase/ml. and 0-1 g sucrose/ml. in Tris/EDTA/saline buffer, and incubated
at 37°C for 10 min. This suspension was chilled in an ice-bath; lysis of the colls was com-
pleted by adding 50 ml. of 29, sodium lauryl sarcosine solution in Tris/EDTA /salino buffer.
The resulting viscous solution was mixed (and the DNA sheared) by forcing 50-ml. batches
through a 50-ml. disposable syringe (orifice int. diam. 1-5mm) in 20 to 25 sce. This is
repeated 4 to 6 times. The sheared lysato was brought to room temperature and titrated to
pH 12:3 by adding 4 to 6 ml. of 4 N-NaOH, and stirring vigorously; pH was measured
with o Beckman Research model pH meter and a Sargent S30070-10 pH 0 to 14 miniature
combination clectrode, after standardizing with pll 10 buffer. The solution was then
renoutralized to pH 8:5 by the addition of 2 m-Tris-HCL. The rationale of this procedure is
that by titration to pH 12-3 and rencutralization, lincar and open circular DNA’s are
denatured, but a closed circular DNA remains native. Xxcess denatured DNA was
removed by a bulk nitrocellulose procedure modified from that of Cohen & Miller (1969).
Bulk nitrocellulose, 100 g, (Hercules, } soc cubed) that had been ground by pestle and
mortar and washed twice with Tris/EDTA/saline buffer was rotated with the DNA
solution for 1 hr at 4°C. The nitrocellulose was removed by centrifugation and the DNA
in the remaining 180 ml. supernatant was pelleted onto a 3-ml. saturated CsCl shelf for
16 hr at 15 kroev./min in an SW25.2 rotor.

& Kaiser, 1967). E. Wollman sent a bacterial stock bearing F'; gal att* bio to Professor A. D. Kaiser.
The episome was transferred successively into several different hosts by investigators in Kaiser’s
laboratory, and finally into SA224, thus giving rise to strain B583. SA224 contains a deletion
spanning galE to chlA; not all of galK is deleted; arod is not deleted (S. Adhya, personal com-
munication). I, was derived by Signer, Beckwith & Brenner (1965) from an ¥, gal att* bio-bearing
strain sent to them by I. Wollman.

f Our understanding of the pedigree of I and of the several I-primes studied here is as follows.
Strain 58-161, '+ bio met, was derived from strain 58 (or W4), I'* bio, which was derived from
B. coli K12, I'*, in both cases by NX-ray treatment in the laboratories of Tatum & Lederberg.
W1485 J** lac was dircctly derived from . colt K12, 1"+, by u.v. treatment by Tatum & Lederberg.
58-101 was sent to Jacob & Wollman who selected, as spontancous mutants, the Hfr strains,
Hfr, from which Flac was derived and Hfr, from which ¥, gal and F, gal were derived (p. 162 of
Jacob & Wollman, 1961; Liedke-Kulke & Kaiser, 1967). 58-161 spontancously reverted to W6,
¥+ met which was treated with u.v. to give W3208, Hfrg, met by Lederberg. There is some question
as to whether this strain is a true Hfr. W4520, Fg* met was derived from W3208 by Hirota &
Sneath (1961) by several matings. The above history is in part based on personal communications
from L. Lederberg and Y. Hirota.

¢ Bazarol & Helinski (1968).

b Clark & Margulies (1965).

! Hirota & Sneath (1961).

4 Ohtsubo (1970).

¥ Ohtsubo, Nishimura & Hirota (1970).

! Ogawa, Shimada & Tomizawa (1968).

m Mizuuchi & FFukasawa (1969).
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The lower 8 ml. from each SW25.2 tube was pooled and ethidium bromide was added to
give a concentration of 500 pg/ml. The density was adjusted to 155 with CsCl and the
DNA banded by centrifugation for 24 hr at 40 krev./min in an SW50.1 rotor. The lower
bands (closed circular molecules) were collected, pooled and rebanded for 20 hr in an
SW50.1 rotor. The resulting lower band for a typical F preparation contained 10 to 30 ug
of DNA in 0-5 ml. and is the DNA used in all further experiments. Ethidium bromide was
removed by dialysis against 10 g of Dowex W-X (100 to 200 mesh) (in 50 ml. of 0-8 »-
NacCl, 0-05 m-Tris, 0-01 m-EDTA, pH 8:5) for 24 hr at 4°C. The DNA solution was further
dialyzed against three 250-ml. changes of 0-25 m-NaCl, 0-05 m-Tris, 0-01 »-EDTA (pH 8-5)
and stored at 4°C for daily use. For long-term storage, DNA was left in the ethidium
bromide/CsCl solution as collected from the gradient.

For most of the episomes isolated as closed circular molecules, that is, as lower bands in
ethidium bromide/CsCl, we observed, by electron microscopy, a low frequency, approx.
19, of interlocked circles (catenanes). This was true in either recA™* or recA ~ hosts. After
X-ray nicking, some of these molecules appeared as an intermediate band.

(d) X-ray nicking of DN A

The closed, circular DNA, as collected from the second banding above without dilution,
was adjusted to 0-002 m-histidine and irradiated with 220 kV X-rays to give approxi-
mately 509, nicking of the closed circles (Ireifelder, 1968; Freifelder & Meselson, 1970).
We find that in the ethidium bromide/CsCl medium a dose of 780 R will convert approxi-
mately 0-5 of the FF DNA from closed to open circles. After nicking, the DNA is rebanded
in ethidium bromide/CsCl, and the upper band collected for heteroduplex formation.

Table 2 presents an analysis of the relation between the average number of nicks per
single strand (i), the fraction, 1-pge, of molecules converted to an open circular form 11,
and the fraction of strands with different numbers of nicks. The calculation assumes that
nicking is a random process.

In general, ono wishes to maximize the number of intact strands that move into the
open circular band, po(1—pe)-+p, (seo the legend to Table 2). At the same time one wishes

TABLE 2

Statistics of random nicking

n Do P Poo 1—poo 1=po—pP1  Fo,xx  Fyxx Faar po(l—po)+ps
0-2 0-82 0-16 0-67 0-33 0-02 0-45 0-50 0-05 0-31
0-3 074 0-22 0-55 0-45 0-04 0-43 0-49 0-08 0-41
0-4 067 0-27 0-45 0-55 0-06 0-40 0-49 0-11 0-47
0-6 0565 0-33 0-30 0-70 0-12 0-32 0-47 0-17 0-58
0-8 045 0-36 0-20 0-80 0-19 0-31 0-45 0-24 0-61
1.0 0-37 0-37 0-14 0-86 0-26 0-25 0-44 0-31 0-60
i = Average number of nicks per strand; randomly distributed
among strands by assumption.
py = Probability that a strand receives 7 nicks; p, = nf e~ a/i! (Poisson
distribution).
Poo = Xraction of duplexes with no nicks in either strand; therefore,
Poo = Po® = ©721; poo is the fraction of duplexes in the closed
circular band.
1—p00 = TFraction of duplexes in the open circular band.
1—po—p, = Traction of all strands with two or more nicks.
Fo, 11 = po(1—p0)/(1—p3) = Fraction of strands in the open circulur band that are unnicked.
Fy 11 = pi/(1—pd) = ILraction of strands in the open circular band with one nick.
Fy 11 = (1 —po—p1)/(1—p3) = Fraction of strands in the open circular bund with two or more
nicks.
Po(l—po)+p, = Iraction of all strands that have zero or one nick and that are in

the open circular band.
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to avoid having many strands with two or more nicks, since these do not give complete.
heteroduplexes. The calculations in the Table suggest that these conflicting requirements
are reasonably well satisfied for values of # between 0-3 and 0-8, corresponding to 45 to
809, conversion to open circular molecules.

(e) Electron microscope mapping procedures

Molecular lengths of nicked duplex plasmid DNA’s were determined by length measure-
ments of molecules spread by the aqucous basic protein film technique. The concentrated
DNA solution isolated from the CsCl gradient and dialyzed as described above was
diluted into 0-5 M-ammonium acetate, 100 ug cytochrome ¢/ml. (pH 7-0) and spread on to
0-25 Mm-ammonium acetate; films were picked up on a parlodion-coated grid, stained and
shadowed as previously described (Davis et al., 1971). Circular Ac26 molccules or (less
frequently) $X174 RFII molecules were present as an internal length standard.

For heteroduplex formation approx. 0-1 ug of DNA of each of the two plasmids was
added to 70 pl. of 0-3 M-NaOH in a small test tube. This causes denaturation and strand
dissociation. After 3 to 5 min 30 pl. of 1 M-Tris:HCl and 100 pl. of 0-2 M-trisodium EDTA
(pH 8:5) were added and the solution dialyzed at room temperature for 2 hr against
50 ml. of 709 formamide, 0-25 M-NaCl, 0-10 m-Tris, 0-01 M-EDTA (pH 8:5). This is tho
ronaturation step. (Unless otherwise specified, a Tris buffer is made by mixing Tris-HCI
and Tris:OH to give the desired pH and diluted to give thoe given total concentration of
Tris/IKDTA stock solutions are prepared from disodium ISDTA plus NaOIH to the desired
pH, then added to tho final solution. A solution specified to contain 0-1 m-I'vis, 0-01 M-
EDTA (pH 8:5) thus contains approximate concentrations: (Tris:OH) == 0-067 »,
(Tris*) = (C17) = 0:033 a1, (Nu*) = 0-:03 a1, ((H)EDTA-3) = 0-01 a; the cation con-
centration, which is the important parameter for renaturation, is thus approx. 0-063 ».)
The renaturation step was followed by 2 hr of dialysis at 4°C against 509 formamide,
0-1 m-Tris, 0-01 m-EDTA, pH 8:5. Aqueous cytochrome ¢ solution was added to give
a spreading solution, usually 459 formamide, 0-1 »-Tris, 0-01 M-KDTA, 50 pug of cyto-
chrome ¢/ml. and spread on to a hypophase of 179 formamide, 0-01 a-Tris, 0-001 »1-
EDTA, pH 8:5. In these heteroduplex experiments, single-stranded ¢X174 was added as a
single-strand length standard and renatured intact plasmid homoduplexes of either typo
served as duplex length standards.

Length measurements are reported in daltons and/or in units of 1000 basecs or base-pairs
(kilobases). The value of 30-8 (4-1-0) x 10° daltons has been recommended for the molecular
weight of the sodium salt of A DNA (Davidson & Szybalski, 1971); this corresponds to
46,500 (4-1500) base pairs (average residue weight for a base pair = 662). We find a ratio
of 0-113 (4-0-003) between the length of $X174 RFII DNA and A DNA. Thus, tho mole-
cular weight of ¢X-RF is calculated as 3-48 (40-1)x 10° daltons, corresponding to
5250 (4 170) base pairs. We find that the length of the F factor from W1485 and YS40
(F*) is 2:03 (40-05) times X or 17-95 (40-4) $X-RI, corresponding to 94,500 (--2400)
base pairs. If the molecular weight of the E. coli chromosome is taken between 2-5 and
3 X 10° daltons (Cairns, 1963) or 3-8 to 4:5x 103 kbf, 1 min on the genetic map of L. coli
K12 is 42 to 50 kb.

In heteroduplex experiments a mixture of two related DNA’s, AA’ and BB’ is denatured
and renatured. The resulting renatured mixture contains some remaining single-stranded
molecules, the original homoduplex molecules AA’ and BB’, and the heteroduplexes AB’
and A’B. Under the formamide conditions of mounting both single- and double-stranded
DNA’s appear in the electron microscope as somewhat extended filaments, but the single-
stranded filaments are usually perceptibly thinner and a little kinkier than are the double-
stranded filaments.

Heteroduplex molecules contain duplex segments, insertion and/or deletion loops and
substitution loops. The duplex segments are identified as regions of sequence homology
and the several kinds of single-stranded segments as regions of non-homology. Some
heteroduplexes are incompleto because of single-strand breaks; somo heteroduplexes are
completo but are not sufficiently well spread out to be suitable for measurements. Thus, tho
number of measurable complete molecules in an electron microscope grid is usually small.

1 Abbreviation used: kb, kilobases, thousands of base pairs.
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These complete heteroduplexes, however, serve to define the over-all structure clearly.
Length measurements on diffoerent single- or double-stranded segments of incomplete
structures (partial structures), which occur with a much higher frequency, can then be
used with confidence to accumulate sufficient data for good statistics on the length of a
given feature.

The general principles of length measurements and of their standard deviations, using
internal standards, are discussed by Davis et al. (1971). In the present study, we havo
usually made about 10 measurements of any given featurc—a duplex or single-stranded
segment or an entire molecule. A minimum of 5 measurements was accepted for thosoe cases
when the population of molecules with measurable features on tho clectron microscopo

grid was sparse. lllustrative details for a particular set of measurements are given in the
legend to Figure 3.

T
18- .
1-6}- ]

»

o

g | |
[%2]

o

8 rar- =

—

L e g
12 .
1-0 " L 2 s 1 L n 2 2 !

6 7 8

Log, M

F1c. 2. Plot of the sedimentation coefficients of the open circular DNA form of the plasmids, as
listed in Table 3. The least squares straight line through the data points is log,¢ S2,w = 0:386
logyo M —1-29. Alternatively, if an equation of the form S°q, —2-7 = b, M°-44% ag suggested by
the analysis of Crothers & Zimm (1965) and of Gray, Bloomfield & Hearst (1967) is fitted to the
data, we find 83, ,—2:7 = 0-01759 M°445, The theoretical equation of Gray et al. (1967) is
8%, w—2:7 = 0-01759 NO-445,

A single-stranded loop emanating from a point in a duplex and returning to the same
point is due either to an insertion or a deletion of a sequence from one of the two
DNA molecules. It is not always possible to tell which; we then refer to such a feature as
an I-D loop.

We usually wish to know whether all the DNA molecules in a given preparation are
identical by the heteroduplex criterion (the sample may appear to be homogencous by the
cruder criterion of duplex length distribution). The sample is denatured, renatured, and
examined by electron microscopy for duplexes with non-homology regions; such a prepara-
tion has been self-renatured.

How much sequence homology is required for a segment to appear as duplex after
spreading for electron microscopy under given conditions? This problem has been discussed
by Davis & Hyman (1971). We estimate that the conditions of mounting from 459,
formamide, described above, correspond to a denaturing condition about 25°C below 1y,
for a 509, G+C DNA. A 19, change in formamide concentration at constant ionic strength
corresponds to approximately 0:7°C lowering in 7', (McConaughy, Laird & McCarthy,
1969). It has been further estimated that about 1-:59%, of randomly distributed mismatched
bases result in a lowering of 7', of 1°C (Laird, McConaughy & McCarthy, 1969). If tho
renaturation conditions correspond to 7', — 25°C, this would be the 7', for a duplex with
the average base composition of the DNA's under consideration (509 G+ C in the present
case) with 379, of randomly distributed mismatehed bases. Thus, in a segment which
appears as duplex in a typical heteroduplex experiment, tho mating strands could con-
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ceivably be only partially homologous with somewhat more than 639, (100 —37) sequence
complementarity. In the present instance, we are studying closely related DNA molecules
derived from a common ancestor but which have had the opportunity to diverge by storage
and cultivation in different laboratories, and by an occasional mutagenic treatment. It
seems probable that tho degree of secquence homology between segments which do re-
nature to form a duplex is probably much higher than the 639, limit stated above.

3. Results and Discussion

(a) Molecular weights and sedimentation coefficients

The molecular lengths of the several plasmid DNA’s studied are listed in Table 3.
Sedimentation cocfficients of some of the plasmids in the open circular form, as

TABLE 3

Molecular werghts and sedimentation coefficients of open circular
DN A molecules

Mol. wt x 10-8 Molecular length

DNA (daltons) kb S0, w®
Polyoma 3-0° 4-6 16-0°
$X174 3-4,4° 52, 16-2°
MI13 4.0¢ 6-1 18-9¢
M2 6-5¢° 99, 21-4¢
Mitochondrial monomers HeLa 10-7° 161 25-6%
Mitochondrial dimoers HeLa 21-4° 32-3 33-1°%
Ab2bse 25-64° 38.7 37-4®
Ac26 30-8 46-5

Ab205¢ dimer 51-3 774 485

I 62-6 +1-6° 945 52:0+0-41
¥450 114-14+2-7° 172-1 064:74+0-4
17450(A) 147-4 4+4-2° 2226 72:0£0-5
Flac 9494211 143-3

B 150-1 +2-8¢ 226-7

FA4(0-14-5) 53:0+1-6! 80-0

Fg(l) 77-8+2-5° 117-3

Fg(2) 73:6+2-0°1 111:2

Fg(N33) 74-94+1-8° 1131

¥y (P54) 63-941-20 96-5

I (P43) 53-8 +0-9° 81-3

Fg(P322) 47:540-9° 71-8

T(P17) 49.7+1-7° 751

Fg(P6) 42:9+1-1° 64-8

Iy (P376) 43:54+0-9° 657

I'g(P405) 53017 80-0

Fe(P77) 76-043-5° 114-8

® Scdimentation coefficients were corrected to Sy, by the method of Bruner & Vinograd (1965).

® Vinograd, Lebowitz, Radloff, Watson & Laipis (1965).

° Burton & Sinsheimer (1965).

4 Ray, Preuss & Hofschneider (1966).

° Calculated from contour length measurements relative to lambda DNA taking the molecular
weight of the latter as 30-8(+1-0) x 10° daltons, or 46-5(+1-5) kb.

© W. Upholt, personal communication.

# Clayton & Vinograd (1967).

b Wang (1970).

! Caleulated from measurements of heteroduplexes with F.
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measured by band velocity sedimentation in 3 M-CsCl, are also listed in the Table.
Some data from the literature are included for comparison. A plot of log, 4S5, ., versus
log,o M is shown in Figure 2. As discussed in the legend to the Tigure, there is an
excellent fit to either of the two semi-cmpirical equations which have been used to
correlate molecular weights and sedimentation coeflicients for DNA. Thus, our new
data show that these correlations extend to a higher molecular weight range for open
circular DNA molecules than has been previously studied.

(b) Fg(N33)

This episome has several unusual structural features which can serve as recognizable
reference points in heteroduplexes of I'g(N33) with other plasmids. We have accord-
ingly found it useful in mapping the sequence relations of many other plasmids to
study their heteroduplexes with Fg(N33) as well as with I

The relevant properties of Fg(N33) and of some other ¥y episomes are described here.
A systematic presentation of all of the structural data on Fg episomes is given in
sections (i) and (j) below.

Fg(N33) is transfer-defective in the 4 complementation group of I'; it carries the
gal bacterial markers (Ohtsubo ef al., 1970) and also the nad4 and aroG sequences (see
sections (i) and (j).

An electron micrograph of an Fg(N33)/F heteroduplex is shown in Plate I(a). (It
should be noted that the F used in all of our work is the molecule extracted from
W1485. Its relation and probable identity to the original F in . colt K12 and to some
other I factors is discussed in a later section.) The structure of the heteroduplex as
deduced from measurements of a number of such micrographsis shown schematically in
Figure 3(a). In this representation of the structure, unprimed numbers and solid lines
refer to I sequences; primed numbers and a sawtooth line refer to bacterial sequences
carried by the I".

The molecular length of Fg(N33)is 113(<4 3-1) kb. There is a large substitution loop,
with single-stranded branches bs and fs of length 20-7(4- 1-2) and 7-3(<4 0-6) kb,
respectively. There are, in addition, two small I-D loops, labeled ¢ and d in Figure 3(a),
of length 1-2(4 0-1) and 1-4(-4 0-1) kb, respectively. Evidence to support the belief
that theseare insertions is given below. Fitself has a molecular length of 94-5(-- 2-4) kb.
We therefore propose that Fg(N33) has a structure with a piece of I of length 7-3 kb
missing, and that the single-stranded branch, bs, is the bacterial DNA. The predicted
duplex length of Fg(N33) from this model is 94-5(4- 2:4) — 7-3(-+ 0-6) 4 20-7(+£ 1-2)
4+ 1-2(4 0-1) 4 1-4(+ 0-1) or 110-5(- 3-0) kb, in agreement with the observed
length of 113(+ 3-1) kb.

In Figure 3(a) and Plate I(a), as in most Figures and Plates of heteroduplex
structures, the junctions between I DNA and bacterial DNA, where substitution loops
begin and end, are labeled @ and b. Single-stranded bacterial and I DNA are labeled bs
and fs, respectively. We assign co-ordinates to bacterial DNA sequences in the I'-prime
as primed numbers. We usually assign co-ordinates to sequences of the bacterial DNA
by measuring distances in kb from an origin (0’) at one junction of the bacterial DNA
with I DNA. However, in the particular case of I'g(N33), the counterclockwise
junction a is given the bacterial co-ordinate 5-9' for consistency with other I plasmids
as explained later. If the necessary information is available, the direction of increasing
co-ordinates for bacterial DNA scquences corresponds to the clockwise direction on
the conventional Z. colt map (Taylor & Trotter, 1967). This arbitrary numbering



*3X03 oy} ut poute[dxo oav sfoquiss 103301 9soy ], ()¢ Sy ut vonwuvsoador dyBWOYYs oy} ur pue yderSodotur oy ut
PI[qU o aangondys o4y jo soanjeoy yueitodwat oy, Jposit sisojruvur 3rodod pogroaut oy yoryan ut Xopdnpotooy J/(£€N)%I 943 JO ononays oanuuny (q)
POpURL}S O[BuUly ‘S8 PONIBUL OS[R 1R ¥ (TN P JO SpURLS o[Fuls [Ra0a0g S[0a1300ds0d ‘sq pup ‘f pfsu poyipuopt oau V(I [PLIDIRG popuRis-o[suts puv ‘¥ ([ J
popuuns-oEuls ‘v (I o Xopdnc Spanoodsor (8-¢1/,9-97) pur (¢-8/,6-¢) 1 VNI popurns-ofuts s v Xodup jo suonaunf oy aav q prw o smoday L[t
-300ds0x “6-3¢ puw 0-16 30 sAoo] ([-] OM) O} Mavw p pur o snoary -(v)e B ur umoys st uoneyuosardor onyvurayos oy I, xopdnpoaotoy JJ/(€eN)° T (v) T aLv g

13

R Ee T

TN

ol
O

Y

[ facing p. 480



14

A

M
vy

Prate IL. Electron micrograph of a single strand of I'4(N33) DNA showing the duplex segment
between points e and g due to the inverted repeat. ss, Single stranded.
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Prare 111 Electron micrograph of an 1M450/1° heteroduplex. Figure 8 is o schematic repre-
sentation of the structure. The duplex region of I8 DN A is identified as fd. The long single-stranded
branch of bacterial DNA is identified as bs. The short single-stranded branch of ' DN A is labeled
fs. A small cirele of ¢X single-stranded DNA is identified.
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Prare LV, The Flac/IPg(N33) heteroduplex. The structure is shown in Fig, 7(b). The erucial
features for identifying the structure are identified by arrows and symbols in the micrograph and
in Ilig. 7(b), and are discussed in the text. Note that both double-stranded ¢NX-REFTL and single-
stranded ¢X are present.
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Prare V. An I450/1°4(N33) heteroduplex. The various symbols can be used to correlate the
micrograph with Fig. 9(u). The single-stranded loop fbs starts at point L. ss, Single stranded.
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Prare VI An I9(P6)/1°5(N33) heteroduplex. Seo FFig. 12(h) also. The duplex region is bfd. The
single-stranded 1-D loop, bfs, comes out from the duplex DNA, bfd, at point L.
also identified. ss, Single stranded.

mall loop d iy
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Fa (N33)

Fi6. 3. Heteroduplexes of Fg(N33)/F. Note that the I used is from W1485. Solid lines are F
DNA; the sawtooth line is bacterial DNA. Unprimed numbers are distances in kilobases from the
selected origin on F; primed numbers are distances in kilobases from the selected origin for
bacterial DNA. In this, and in other Figures, single-stranded branches of bacterial DNA and of
DNA in a non-homology loop are identified as bs and fs, respectively. Other symbols are explained
in the legend to Plate I and/or in the text. (a) As usually secen in complete duplexes without the
duplex segment due to the inverted repeat; see Plate I(a). (b) With the duplex segment due to the
inverted repeat, as usually secen in incomplete heteroduplexes. See Plate I(b) for a micrograph.
Tho Jength measurements in kb units and their standard deviations for the several segments in
(a) are: fs, 7-34:0-6; bs, 20-7+1-1; b to d, 19-120-8; ¢, 1:4£0-1; d to ¢, 55:T+2:1; ¢, 1:240-1;
¢ toa, 12:0£0-5. In this carefully studied case, each feature has been measured at least 10 times.

system for bacterial sequences is simple, generally applicable, and easy to use for
precise communication. It is inconvenient in that a given DNA sequence will have
different co-ordinates on different plasmids.

The co-ordinate system for F has been arbitrarily defined so that the point @ of the
episome 450 (see section (d)) is at the origin. 1t then results that the points a and b
of Fy(N33) have It co-ordinates of 85 and 15-8 kb, respectively. It is worth noting,
for frequent future reference, that the two little I.D loops ¢ and d are at 91-0 and
34-9 kb, respectively.

When nicked Fg(N33) is denatured with NaOH, reneutralized and immediately
spread from 509, formamide, before any intermolecular renaturation occurs, each
single strand partially self-renatures to give a small duplex segment of length
1:3(+ 0-1) kb. The molecule is divided into two single-stranded loops by the duplex
segment. The shorter and longer loops have lengths of 17-9 and approx. 92 kb,
respectively. An electron micrograph is shown in Plate II, and the structure is
interpreted in Figure 4. The duplex segment lies between the points e and ¢ in the
Plate and Figure. This homology within a single strand is the result of an inverted
repeat of a DNA sequence of length 1-3 kb occurring within IF4(N33). The inverted
repeat also manifests itself in an alternative structure of the I4(N33)/F heteroduplex
(Plate I(b) and Iig. 3(b)) in which the loop ¢, at 91 is seen, two single-stranded
branches, fs, and bs, diverging from the duplex at 8:5 are seen, and the inverted
repeat duplex (point e to point g), associated with a single-stranded loop, fs, of length

31
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Frc. 4. Structure of a single strand of Fg(N33) DNA in which there is a small duplex segment
due to the inverted repeat. See Plate IT also. The inverted repeat is between e and g.

17-9(+4 1-1) kb is seen, but the little loop, d, at 34-9 is not present. This result suggests
that loop d is one member of the inverted repeat. (The structure in Fig. 3(b) is seen
most frequently in partial heteroduplexes between Fg(N33) and a broken F missing the
segment from approximately 10 to about 40 so that the duplex segment between 15-8
and 34-8 in Fig. 3(a) cannot form; but complete structures are also seen, as shown in
Plate I(b) and Fig. 3(b).)

The suggestion that the I-D loop d at 349 is one strand of the inverted repeat is
confirmed by the following evidence. As discussed later (Fig. 10), Fg(N33) derives
from the parental Iy in strain W4520. We call this parental episome Ig(1). The
structures of the heteroduplexes Fg(1)/F and Fg(1)/Fg(N33) are shown in Figure 5. Fy
(1) has neither of the two little I-D loops, ¢ and d. Accordingly, these loops are seen in
the Fg(1)/Fg(N33) heteroduplex (Fig. 5(b)). Furthermore, Fy(1) contains an additional
piece of bacterial DNA of length 5-9(4- 0-6) kb extending from 0 to 5-9" on the ¥g(1)
co-ordinate system. When mounted by itself, I4(1) does not show the inverted repeat.
Therefore, the little loop, d, at 34-9 present in IFg(N33) but absent in Fy(1) has resulted
from an insertion in an inverted order of a DNA sequence close to 15-8 in the Iy
episomes. In all other respects, I'g(N33) and I4(1) are identical.

The insertion could come from a duplication of either bacterial DNA of I' DNA close
to the bacterial DNA-I" DNA junction at 15-8/26-6" in IYg episomes. That it most
probably comes from F DNA is shown by the structure of the heteroduplex
Fg(N33)/Adg LBT2 as shown in Iigure 6. This Ady contains L. coli bacterial DNA
counterclockwise from att* to a point beyond galll and galT, but within galK (it is
identified as Mgl ~ in Kayajanian & Campbell, 1966). Its segment of bacterial DNA
extends clockwise from gal to att* and thus extends further than does the bacterial
DNA of Fg(N33). The heteroduplex shows a duplex segment of length 49 kb (starting



21

HETERODUPLEX STUDIES OF F’ FACTORS 483

Fy 1)

Fra. 5. Heteroduplexes of Ig(1)/F and ¥ 4(1)/Fg(N33). Note that the small I-D loops, ¢ and d, are
present in the latter heteroduplex. Also note that the inference that the sequence of DNA of length
59 kb that has been deleted in going from Fg(1) to 1g(N33) is bacterial DNA and that the counter-
clockwise excision point of this deletion was exactly at the F-bacterial DNA junction of Fg(1)
is based on the equality of the duplex length segment from loop ¢ to the 5:9” I-D loop shown in
(a) of 12:04:0-2 kb with the distance from loop ¢ to the point a in Figure 3 of 12:0:4+0-2 kb. The
oxperimental error in this comparison is =+0-3 kb, thus it is possible that the illegitimate re-
combination causing the deletion did not occur exactly at the point 8:5/0" of Fg(1).

at 217" in Fig. 6(a)) due to the homology in the gal region; it shows the duplex
segment, here marked ¢ and ¢', of the inverted repeat, with a single-stranded loop of
length 17-8 kb. If the sequence involved in the inverted repeat, labeled 7 in Figure 6(a),
were the same bacterial DNA that occurs in K. colt K12 at this point, it should be
complementary to the sequence of bacterial DNA of Addg L'TB2 labeled @ in FFigure 6(a);
the structure shown on a reduced scale as Figure 6(b) should then have formed by
branch migration (Lee, Davis & Davidson, 1969), since it is thermodynamically a more
stable structure for the same number of base pairs as in Figure 6(a); but the structure
shown in Iigure 6(a) is observed, and that in IFigure 6(b) is not. Thus, the reverse
duplication of I¥4(N33) (and of its parental episome, FFy(J13100), see section (i) was
probably formed by duplication of the picces of I' DNA from 15 to 16:2 and its
insertion in reverse order into the I sequence of 19y at point 34-9.

Among the Iy episomes studied, the loop at 91 occurs only in Ifg(N33). Ig(N33) was
produced by nitrosoguanidine mutagenesis of Fg(JE3100) (see Fig. 10) and selection
for a transfer-defective mutant; it was found to be defective in the trad cistron
(Ohtsubo ef al., 1970). Careful length measurements on heteroduplexes of Fg(N33) and
F with ColV, which are partially homologous in this region (Sharp, Cohen & Davidson,
1973 show that the loop at 91 is most probably a small insertion. It occurs within a
region of F DNA containing the tra cistron (see section (j) below); it is therefore
presumably the cause of the defect in tra:d cistron of If4(N33). The loop appears to
contain an . coli transfer RNA gene (Wu & Davidson, personal communication);
thus it is probably an insertion of bacterial DNA.
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Fra. 6. Heteroduplexes of Fg(N33) with AdgLBT2. In the Adg, ADNA is shown as a straight line
and bacterial DNA as a sawtooth. Structure (a), in which the duplex segment of Fg(N33) consisting
of complementary strands 7 and <" due to the inverted ropeat occurs, is seen; structure (b) in which
segment ¢ forms a duplex with segment a of the Addg is not seen. This result shows that 1 is F DNA,
not the bacterial DNA sequence that occurs at this point in Z. coli K12.

(c) Flac
The structure of the Ilac/F heteroduplex is schematically shown in Figure 7(a).
Flac is missing a segment of ' DNA of length 3-0 4- 0-4 kb (co-ordinate 0 to 3-0 in
Fig. 7(a)), suggesting that it was formed by a type I excision. The bacterial DNA has
a length of 51-7 4- 1-9 kb.

(d) F450

This episome, harbored in strain B583, carries alleles for gal*, att*, bio*, uvrB*
(Freifelder, Folkmanis & Kirschner, 1971) in a host with a chromosome deleted from
a point counterclockwise of galE to a point clockwise of chlA4 (see footnote e of Table 1).

An electron micrograph of the F450/1" heteroduplex is shown in Plate 11I; the
structure is shown in Figure 8. Again, the structure is that expected for an F’ formed
by a type I excision process. The missing piece of I' DNA has a length of 3-:0 + 04 kb,
.the bacterial DNA is of length 80-0 -+ 1-5 kb.

(e) Relative co-ordinates on I

¥450, Flac and the Fyg episomes have a segment of [ DNA missing of length 3-0,
3-0 and 7-3 kb, respectively. What are the relative map positions of these several
segments? Where on F do the junctions of bacterial DNA and I* DNA occur in the
several episomes? As already remarked, because of the unusual structural features of
175 (N33), heteroduplexes between it and the other episomes can be used to answer
these questions. The two small I-D loops, ¢ and d, of I5(N33) at positions 91 and 34-9,
respectively, of I' can be used as reference points to map the deletions of ¥ DNA and
the junctions of bacterial with I DNA in other episomes. As will be seen, the inverted
repeat of I"y(N33) DNA is also used in these analyses.
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Flac

Fia. 7. Hoteroduplexes involving Flac. Plate IV is a micrograph corresponding to Fig. 7(b).

F450

¥ia. 8. Heteroduplex structure of ¥450/F. An electron micrograph is shown in Plate III.

The structure of the heteroduplex Flac/Fg(N33) is shown in Plate IV and Figure 7(b).
We now see two large substitution loops separated by a duplex segment of length
5:5 kb. One loop with single-stranded branches, denoted by fs; and bs,, has the same
dimensions as the Ilac/If substitution loop. 1t is 3-5 kb from one of the small insertion
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loops. The other large substitution loop, with branches fs, and bs,, is like the Fg(N33)/F
substitution loop; it is 19-1 kb from the other small insertion loop. These quantitative
considerations show that the 3:0 and 7-3 kb pieces of I deleted in Flac and Fg(N33)
are separated by a sequence of F of length 5-5 kb; the sequence missing in Flac is
counterclockwise to the sequence missing in Fy.

In a similar way as for Flac, the relative location of the 3-0 kb segment of F deleted
in F'450 was deduced from a study of the F450/F(N33) heteroduplex. This case is more
complicated than that of IMlac/I'g(N33) because the bacterial sequences present in
Fg(N33) are also present in I'450. Two of the structures seen are shown in Figure 9(a)
and (b). The more stable structure is shown in Figure 9(a); a micrograph is shown in
Plate V. Again, one small I-D loop is 3-5 kb from the beginning of a large substitution
loop with branches fs and bs. The other small I-D loop is again 19-1 kb from the large
I-D loop, fbs, in Figure 9(a). These small loops are therefore ¢ and d, respectively. The
structure shown in Figure 9(b) in which the reverse repeat manifests itself is seen most
frequently in partial structures, where ¥ DNA from about 15-8 to 36 is missing; it is,
we believe, less stable than the structure shown in Figure 9(a) in complete structures.
Many partial structures of the type suggested in Figure 9(a) are seen in which duplex
formation between the two segments connected by a dotted line occurs. (But this
duplex formation does not occur in the sample shown in Plate V.) These mating
segments are complementary segments of ¥, between 3-0 and 8:5 kb, which are,
respectively, counterclockwise and clockwise from the bacterial DNA in Fg(N33) and
F450. In a complete structure, it is sterically difficult for them to pair. Nevertheless,
such complete structures do occur with low frequency, but they are usually so tangled
that it is difficult to trace their topology. All of the quantitative length measurements
lead to the structural assignment shown in Figure 9(a) and to the numerical assign-
ments for relative positions of ¥ and bacterial sequences given in the several Figures.
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¥1a. 9. Structures seen for F450/Fg(N33) heteroduplexes. Structure (b) in which the short
duplex segment due to the inverted repeat has formed is most frequently scen in heteroduplexes
between incomplote strands. The homologous regions 3-0 to 8:5 of I"in the two strands somotimes
pair in structure (a) as suggested by the dotted line. Plate V is a micrograph of the structure
depicted in Iig. 9(a).
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In particular, if the 3-0 kb piece of F missing in ¥450 is assigned co-ordinates 0 to 3-0,
the picce of I missing in the I'g episomes has co-ordinates 85 to 15-8 kb. T'he important
result is that to within the experimental error of our measurements the same sequence
of I (0 to 3:0 kb in our numbering system) is missing in Flac and F450, although these
two episomes were derived from different Ifr’s with F inserted at quite different points in
the 1. coli K12 chromosome. As will be reported later in section (k), the same segment is
missing in Fygal, an episome which was derived independently from the same Hfr
(Hfr 3) as was 450 (Liedke-Kulke & Kaiser, 1967).

(f) Bacterial sequences in F450 and Fg(N33)

The data presented in the previous section and the data on the Fg(N33)/Adg
heteroduplex (Fig. 6) lead to the assignments of bacterial sequencesshownin Figure 9.
These interpretations were confirmed and additional mapping data obtained by
making a heteroduplex of F450(}) (A inserted into I'450) and Fg(N33) and a di-hetero-
duplex F450(A)/Fg(N33)/Ab205¢. In the heteroduplex ¥450(A)/Fg(N33) the size of the
substitution loop is unchanged but the I-D loop fbs of Figure 9 which contains aft*
becomes larger by the size of A; this confirms the identification. The position of the att?
junction (as shown in Figs 8 and 9) was measured in the di-heteroduplex IF450(A)/
Fg(I'33)/A02b5¢ (Sharp, Hsu & Davidson, 1972).

The observed structures, with the data already presented for the Fg(N33)/Adg
heteroduplex, not only fix the positions of the gal genes but show that gal DNA has the
same polarity relative to the I¥ strands in 450 and in Fg(N33). The bio position shown
in our map is 2-:3 kb clockwise from att* and is the position of the Abiol6A cut as
physically mapped by Hradecna & Szybalski (1969). (The transducing phage Abiol6A
carries bacterial DNA starting at att* and ending within bioB.)

(g) Fls

F, gal att* bio is an F’ isolated by Jacob & Wollman (1961). Signer, Beckwith &
Brenner (1965) report that this episome, as sent to them by Wollman, can carry the
supk amber-suppressor and sup B ochre-suppressor alleles. A bacterial strain carrying
the episome was sent to us by E. Signer. We refer to it as ', to allow for the possibility
that it is not identical to the original Paris isolate. As noted in footnote e of Table 1,
F450 is also a descendant of the original Paris Iy gal att* bio.

We find that ¥, has a molecular length of about 227(4- 6) kb; thus it is 55 kb larger
than F450. Studies of the heteroduplexes Fy /I and If,,[Fg(N33) show that the same
picce of I (0 to 3:0 kb) is deleted in F,, as in 1'450.

Turther studies have shown that I, and 450 contain the same bacterial DNA from
30-7" to 80" of F450 (thus 857" to 136’ kb of I¥,,), that is, in the nad.d, aroli (sce later),
gal, att* and bio regions, and from 0’ to about 6-8” of 1450 which is homologous with
0’ to 6-8" of F,,. The bacterial DN sequences between 6-8" and 30-7" of I'450 are not
homologous to the sequences from 6-8" to 86’ of I,. Further studies of the physical
and genetic structure of I, and 17450 will be reported later. These studics are consis-
tent with the hypothesis that ¥, and F450 have both been derived by deletion of
some bacterial DNA from a common I, gal att* bio parent,
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(h) F(W1485), F(YS40) and F(W6)

The pedigrees of I' leading to the Hfr’s from which Fg, F450 and F,,, and Flac were
derived are discussed in the footnotes to Table 1. The Hfr’s were probably all derived
from strain 58-161 (F'*) which was derived in several steps from the original K12 (F+).
W1485 (F*) was directly derived from the original K12 (F*). The heteroduplex
studies reported here have been done with the I' from W1485. Our conclusions about
the processes leading to the several I’ episomes would be invalid if the episomes were
derived from different F factors. YS40 (F*) is a strain received from D. R. Helinski,
containing ¥* transferred from W1485. F from W1485 and I from YS40 have the
same molecular length (Table 3); heteroduplexes of either with 450 give the same
structure. A heteroduplex of a mixture of the two I factors looked just like a homo-
duplex of either with no non-homology regions. The two F factors are therefore the
same by the heteroduplex criterion.

W6(F*) is a spontaneous bio* revertant of 58-161(I'*). The Fg episomes were
derived in several steps from W6. Closed circular DNA molecules were prepared from
a culture grown from an old stab of W6 kindly supplied by E. Lederberg. All native
duplex molecules had the same length within experimental error. Duplex molecules
observed after denaturation and renaturation of the sample showed no large deletions,
such as the F deletions in ¥'450 or I'g. A small fraction, perhaps 5to 109, of the duplexes
showed an I-D loop with a size of about 1-2 kb. After denaturation, rencutralization
and rapid spreading, a comparable percentage of the molecules contained an inverted
repeat of length 1-2 kb. In most cases, the inverted complementary sequences were
separated by a single-stranded loop of length 10-4 kb; individual cases of spacings of
15 and 20 kb were seen. Heteroduplexes with Fg(N33) showed only the structure seen
in Figure 3 in the region clockwise from loop ¢ to loop d. The sample of F(W6) is there-
fore somewhat heterogeneous. However, it appears that IF(W6) and I7(W1485) are the
same as regards all features which are important for the interpretation of the structure
of the several F-primes studied here, in particular the sequence between 0 and 3 kb.

We therefore believe that most probably the episomes studied were all derived from
a common I' by the processes indicated in Figure 1.

(1) Fg episomes
The treatments leading to the several Fg episomes are shown in Figure 10. Deletion

mapping of the Fg-primes prepared by Pl transduction will be discussed in the next
section.

W4520; Fg(1)

S |
|

T | -
i Transfer by mating ! Transfer by mating i Transfer by mating
)i ¥
JE3100; Fg(2) JE5302; Fg(1) JE5303; Fg(1)
| '
| NMMGT treatment ; Transduction with Plke
¥
JE3513; Fg(N33) JE5333; Ie(P0)
JI3445; Fg(NT3) JE5357; 175(P405)
otc. JEB5366; Fo(P77)
ete,

Fia. 10. Pedigreo of the several Iy episomes. W1520 containing I'y was isolated by Hirota &
Sneath (1961); all other transfers are by Ohtsubo et al. (1970) and Ohtsubo (1970).
+ NMMG, nitrosoguanidine mutagenesis.
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The parent of all the Fg-primes studied here is Fg(W4520), isolated by Hirota &
Sneath (1961). It is a very fertile sex factor and is readily cured by acridine orange.
Fg(JE5303) was prepared by transfer of Fg(W4520) into the recipient strain N23-53.
These two Fg episomes give identical heteroduplexes with F. We shall refer to these
two apparently identical episomes as Fg(1). Fg(1) has the following structural features.
(a) In heteroduplexes with F (Fig. 5), it does not show the two I-D loops, ¢ and d, that
IFg(N33) shows. Its piece of bacterial DNA is 5-9(4- 0-4) kb larger than that of Fg(N33).
(b) Accordingly, in a heteroduplex, Fg(1)/Fg(N33) (Fig. 5(b)), the two loops, ¢ and d,
are seen. Ifurthermore, a single-stranded deletion loop of length 59 kb occurs at the
junction at 0’/8:5 between F DNA and bacterial DNA. This is the extra piece of
non-F DNA in Fg(1). We refer to it as the Fg(1) (0'-5-9’) segment. (c) Note that,
because of the way we define the co-ordinate systems, the same galK sequence has
co-ordinates 217" and 47-6" in Fg and F450, respectively. The I'g(1) (0'-5-9) segment
has its right terminus 15-8 kb to the left of galK. The F450 (25-9°-31-8') segment also
has its right terminus 15-8 kb to the left of galK. But we have observed that in an
F450/Fg(1) heteroduplex, these two segments are not homologous. However, in the
F,,/Ts (1) heteroduplex, homology is seen in this segment of DNA, suggesting that as
discussed in section (g), F450 is derived from the ‘“‘original” I, gal att* bio by a
deletion in this region. (d) In self-renatured DNA from an uncloned sample from
the original stab of W4520, some small I-D loops are seen—indicating some
heterogeneity.

Fg(JE3100) (which we call Fg(2)) was prepared by Ohtsubo by mating of W4520
(F*) with JE2571. It was then used, as indicated in Figure 10, to prepare F4(N33) and
various other transfer-defective mutants by nitrosoguanidine mutagenesis and M12
selection. The stab of JE3100 available for investigation was rather old. The closed
circular DNA obtained was somewhat heterogeneous in that some small I-D loops were
geen in a self-renatured sample. However, the main component resembled Fg(N33) in
that it did not contain the 0’ to 5-9" sequence of Fg(1), and it does have the loop, d, at
349 and the corresponding inverted repeat. Thus, the loss of the Fg(1) (0'-5-9")
sequence and the acquisition of the inverted repeat occurred in some unknown way
during the processes leading to the isolation of JE3100. I'g(2) resembles the parental
I'y(W4520) in the several sex factor phenotypes for which it has been tested (Ohtsubo
et al., 1970). (We think, from our incidental observations, that inverted repeats
accumulate spontaneously upon storage of certain episome-bearing strains.)

It was found that the episome Fg(N73) which was derived from Fy(2) by nitroso-
guanidine mutagenesis and which is defective in the tra B cistron has the same physical
structure, by heteroduplex studies, as does Fg(2). Therefore, the mutation in the
B cistron is probably a point mutation, or at least one involving less than 50 base pairs
and hence not observable by heteroduplex studies.

As shown in the Figure, JE5302 (I7g *) was the parental strain for preparation of the
deletion mutants discussed below. It was produced by mating W4520 (Fg*) with
W3623 (strr). Plasmids and episomes introduced into W3623 are rather unstable and
are frequently lost during cultivation or storage. In fact, the stab of JE5302 (Fg*)
available for investigation by us had lost the gal* character and presumably the 17,
episome. However, I75(P77) which had been prepared previously by transduction
from I'g(JI1556302) has exactly the same heteroduplex structure and the same genetice
properties as Fg(1). Therefore, we believe that 13(J15302) had the same structure as

g(l).
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(j) Deletion mutants of Fg

Ohtsubo (1970) has previously prepared a number of transfer-defective deleted Fy’s
by Plkc transduction (Fig. 10). The deletions were genetically mapped with respect
to gal genes and to certain transfer cistrons. We have now studied the physical
structure of these deleted Fy’s. Further genetic studies to map the bacterial markers
nad4 and aroG on Fg have also been carried out.

(1) Genetic studies

The host was a bacterial strain PL225 carrying the mutations nad and gal which
may have occurred in a single mutational event (Mizuuchi & Fukasawa, 1969). These
mutations in PL225 are not revertable, so PL225 is believed to have a deletion.
PL225 cannot utilize quinolinate, so it is not nadB; quinolinate phosphoribosyl
transferase in PL225 is normal so it is not nadC (Fukasawa, personal communication);
therefore, the nad character in PL225 may be nadA which is closely linked to gal
(Taylor & Trotter, 1967). We observed that PL225 did not grow on a minimal plate
containing 25 ug tryptophan/ml. and 25 pg of tyrosine/ml. in addition to 2 pg of
niacin/ml. and the original requirement of 2 pug of thiamine/ml. This shows that
PL225 has the aroG mutation. The aroG marker is also known to be closely linked to
gal (Wallace & Pittard, 1967; Adhya, Cleary & Campbell, 1968). These observations
can be accounted for if PL225 is deleted in a region of the chromosome spanning
nad A4, aro@ and gal.

PL225 Fy* was prepared by a cross between JE5303, Fg* trp arg, and PL225, ¥~
nadA thi gal, by selecting gal* arg™® trp* on a selective plate containing 2 pg of thia-
mine/ml. and 2 pg of niacin/ml. with 19, of galactose as the only carbon source. This
PL225 Fgt strain could grow on a minimal plate containing tryptophan, tyrosine,
niacin and thiamine, as described above, and on a minimal plate containing only added
thiamine (2 pg/ml.). Thus, the Fg episome carries nad4 * and aro@*. The mating tests
were readily checked in transfer experiments by cross-streaking an ¥4 donor against

TABLE 4

Genetic analysis of I'y deletion mutants

Mutants Deletions identified nad A aroG

Fg(P44), Fg(P101), Fg(P106)

Fo(P107), Fyg(P144), FB(P124)} A(galK) — =
Fg(P133), Fg(P215), Fg(P229)

Fy(P11), Fo(P54) AtraA)t 4 +
Fy(P43), Fg(P219), Fo(P321) A(traA-traB) & o+
Fg(P19), IFg(P432) A(traA-traB-traC) + +
Fe(P17) d(traA-traB-traC) - +
Fg(P322) d(traA-traB-traC) s -
I°g(P6) A(traA-traB-traC-traD-traE) - +
Fg(P376) A(trad-traB-traC-traD-trall) — —
I7g(P405) A(galK-traAd) = ==
Y'g(P82) Not detected - =
Fg(P77), Fg(P78), Fg(P81) Not detected + +
Tg(1) Wild type I +

1 Sce the discussion of the notation for the tra cistrons in tho legend to Fig. 11.
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recipient PL225 on the selective plates described above. Several of the deletion mutants
of Fg were tested for complementation with nadA and aro by this cross-streaking
method.

The deletion mutants of Iy studied here, some of which are transfer defective, were
available in strains carrying the R factor, R100-1, thus rectifying the defective
fertility of these Iy’s (Ohtsubo et al., 1970). Table 4 lists the results of complementation
tests for nadA* and aroG'* with the deleted I'g’s. Four transduction derivatives of
Fg which carried no detectable tra and/or galK deletions were also tested. One of them
lacked both nadA and aro@, but the others carried all the chromosomal genes tested.
The results of all of these genetic mapping experiments are shown in Figure 11. By
the overlapping deletion method, the order of the genes on Fy is deduced as gal-
(0-E-T-K)-aroG-nad A-trad-tra B-traC-(traD-trak)-traF. The order of the bacterial

Transfer genes go/ operon

£ s
troF (tra€, traD) traC troB trad nadA oroG golX golT galE galO
+ L + + a A4 A AAAAANAAAAAAAAA

"
+

15 + + L0 L4

Fg(P6)

Fg (P376)

Fg (PI9), Fg (P432)

Fg (PIT)

Fg (P322)

Fg (P43), Fg (P219), Fg (P321)
Fg (P1), Fg (P54)

Fg (PA05)

Fg (PB2)

Fg (P44), Fg(PIOI), Fg(PIOS),
Fg (PIO7), Fg (P114), Fg(P124),
Fg(P133), Fg(P215), Fg (P229)

Fia. 11 Results of genetic (upper diagram) and physical (lower diagram) mapping of the Iy
episomes prepared from Fg(1) by Plie transduction by Ohtsubo. It should be noted that the tra
cistron notations used here, as introduced by Ohtsubo et al. (1970), diffor from those used by
Willetts & Achtman (1972) and by Ihler, Achtman & Willotts (1972). For further discussion, seo
text.
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chromosomal genes is quite consistent with the E. coli K12 map arranged by Taylor
(1970).

(i1) Physical studies

Physical structures were studied by forming heteroduplexes with Fg(N33) and ¥.
The heteroduplexes with Fg(N33) have simple, readily interpretable structures corre-
sponding to a simple deletion in each case. Plate VI shows an example of the Fy(P6)/
Fy(N33) heteroduplex with the structural features interpreted in Figure 12(b). It
should be noted that Fg(N33) is itsclf deleted of about 5:9 kb of bacterial DNA relative
to the parental Ig(1) from which the deletion mutants of I'g were derived. Thus, the
actual deletion size in the Fg mutants is 5:9 kb longer than that seen in the hetero-
duplexes. The insertion loop d at 34-9 serves as a fixed point to confirm the structural
assignments. A characteristic feature in all the heteroduplexes of IFg(N33) with the
Iy mutants, all of which are genetically analyzed to have deletions in ¢ra.l, is that the
insertion loop, ¢, at 91 is not observed. This is consistent with the interpretation
suggested above that this insertion loop is in the tra cistron.

Heteroduplexes between these Ig mutants and I' were also studied. One such
structure is shown in Figure 12(a). The structure of a deleted Fg can be inferred from
its heteroduplex with F. The I arm of the substitution loop increases from 7-3 kb by
an amount equal to the additional amount of IF deleted in the g mutant; the length of
the Fg arm can then be used to calculate the amount of bacterial DNA deleted. Most
of our measurements were in fact made in such I'g/I" heteroduplexes. A summary of
the structural features of all of these deletion mutants is presented in Ifigure 11.
Correlation of the genetic data and the physical data fixes the galK site at 21-6" -
1-:0 kb in Fg(l) in agreement with the mapping of the Adg/Fg(N33) heteroduplex
reported above. The correlation of physical and genctic data map nadd as 6 kb
counterclockwise from galK. aro@ is in between these two markers. Note that the
episome Fg(P17) was originally classified as a mutant deleted in the region from tra
to traD, but more recently we have found in complementation tests that the I
markers deleted extend only from trad to traC. The physical mapping confirms this.

158/266

Fg (P6) Fg (N33)

Fia. 12. Structure of I'g(P6) heteroduploxes. Figure 12(b) correlates with Plate VI
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Thus, no mutants are available with which to fix the order of the tra® and traD
markers. Although no mutants for mapping the traF marker are available, we
surmise that it is located in the 50 to 65 kb region of I as discussed below.

(k) 4 deleted F

Fogal is a gal-bearing episome derived from Hfr3 by Wollman (Liedke-Kulke &
Kaiser, 1967). Its properties have been described by Herbert & Guest (1968).

A slant of strain W3101 ¥’ gal, believed to carry F,gal, was kindly sent to us by
Professor A. D. Kaiser. Typical colonies were gal* and male. Closed circular DNA was
extracted from cultures grown in Tryptone broth; the resulting DNA was the deleted
I, F 4 (0-14-5) described below.

Male, gal* colonies of W3101 ¥’ gal were mated with N23-53 F ~gal rec4 str*. No F'*
gal* str* F-ductants or recombinants were found, but many F+ str* gal colonies were
produced. (In these experiments, F* character is defined as sensitivity to the male
specific phage, M13.) Closed circular DNA was extracted from one of these. The
structure is shown in Figure 13. The remarkable fact is that the episome is a deleted
I7; the deletion runs from 0 to 14-5 kb. T'he deletion therefore starts at the same point on
P, within experimental error, as does one of the two junctions between F DN A and
bacterial DN A in I'450, I\, and Flac. Noto that. It 4 (0-14:5) contains the genes
essential for fertility. The identical deleted I was extracted from a slant of IF,gal in
PA106 kindly sent to us by Drs P. Broda and J. Gross from the collection at the Medical
Research Council Laboratory in Edinburgh. Bacteria cultured from this slant were all
gal~, but sensitive to male specific phage.

We presume that, in these strains, F,gal readily reinserts gal into the chromosome
or Joses its bacterial DNA. The points at 0 and 14-5 are evidently hot spots for the
recombination event involved in this segregation.

Efforts to obtain an episome that can transfer gal from “F,gal”’-bearing strains are
continuing. We have recently succeeded in isolating F,gal episomes carrying bacterial
genes. They are deleted in the 0 to 3 kb region of F. Further studies will be reported
later.

FA(0-14-5) F

Fia. 13. Structure of the deleted ¥, 1'4(0-14-5). The deletion was mapped by constructing a
hetoroduplex with 17g(N33).



32

494 P. A. SHAR? ET AL.
4. Further Discussion

A representation of the structure of I based on the physical data obtained in our
work and previous genetic studies is given in Figure 14. The specific positions of the
several mapped tra cistrons of I’ are shown in the Fg map in Figure 11. The tra
cistrons map by deletion between 87 and 8-5. We assign it to the region between 87 and
94-5 because of the fertility of the 4 (0-14-5) episome, which is deleted between 0 and
14 and the fertility of F'450 and Flac which are deleted between 0 and 3-0. All the other
transfer cistrons that have been mapped lie within the region 65 to 94-5.

It is known that there is functional homology between I factors, and certain R
factors and colicin plasmids, classified as fi*. This functional homology includes
the ability to complement defects in fertility. Sharp, Cohen & Davidson (1973)
have studied the heteroduplexes of F with several such R factors and with the
ColV-K94 plasmid. They find that there is a region of DNA homology from around
50 to 94:5 kb on I with small amounts of non-homology consisting of substitution
or I-D loops. This is strong evidence that the tra functions are contained between
50 and 945 kb region of F.

Only five fra cistrons have been mapped in a region from 65 to 94-5 kb. The tra ¥’
cistron is known to lic outside of the 65 to 94-5 kb region. Since it can be complemented
by an R factor, it probably lies between 50 and 65. Two other fra cistrons have been
identified by Ohtsubo et al. (1970) but their genetic positions are unmapped. Recently,
Willetts & Achtman (1972) have identified eleven cistrons involved in transfer of I,
and T. Miki (personal communication) has identified at least 14. Willetts & Achtman
(1972) and T. Miki (personal communication) report studies of the relations between
their mutations and those of Ohtsubo et al. (1970). An independent study of the order
of the tra genes has been reported by lhler et al. (1972). (For a gencral review, see

F450 .
Fle excision
Flac

F450 .
Fig  integration —-\ FA(O-14'5)
Flac excision

Maboed
ran Sfer
Qenes

R, colV
homology

S’er LT
"esy, )/r

Fi¢. 14. Summary of the structure of I based on physical and genetic studies.
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Willetts (1972).) Since the segment from 50 to 94-5 kb has enough DNA for about 40
typical genes, there is ample room in this region for all of the known tre markers.

As discussed below, the results with F450, F,,, Flac, and the ¥y episomes indicate
that the region 0 to 8:5 can be used for insertion into the bacterial chromosome.

In 450, F,, and Flac the region 0 to 3 kb is deleted; in I, the region 8:5 to 15-8 is
deleted. In ¥4 (0-14-5) 0 to 145 is deleted. Thus, the DNA of F in the region 0 to 15-8
is not essential and has no known function. The g episomes deleted in the region of ¥
between 94-5 and 65 (Fig. 11) are defective in transfer but are capable of autonomous
replication. They can be complemented for transfer by certain R factors; thus they
probably contain the structural element for the origin of transfer. Thus the genes for
autonomous replication and the structural element for the origin of transfer probably
all lie between 15-8 and 65. The direction of transfer is as indicated in Figure 14.

The heteroduplex structures for F450, I, ,, Fg and Flac are consistent with insertion
of If to form Hifr’s as indicated in Figure 15 and excision by a type I process at the
points indicated. In this interpretation, the insertion of F at the same point (0/94-5)
occurred at two different places on the bacterial chromosome for Hfr2 and Hfr3; in
both cases, excision occurred at 3-0 kb. (Alternative interpretations are possible. For
example, the I used by Jacob & Wollman (1961) to make Hfr3 and Hfr2 leading to
F450 and Flac, respectively, may have been deleted from 0 to 3 kb, in spite of the
evidence offered above that their parental I was the same as that studied by us. Type

F- purE | gal  ott* bio

purE 03 945 gal 0”/‘ bio
Hfr3 WA P —— AAAANANAAAANNNAANANNANN
. J
~N
Excision for F| and F450
85 158 0/94'5 85 ga/
Hir8 AAMAAMAAAAANANAANA——P +—
U 7
N
Excision for Fg
pro8 03 945 loc proC
Hfr2 Y“"WAAMAANE— > A AAANAAAANAAAANNANAANAA
\ ./

N
Excision for Floc

Fra. 15. Probable insertion and oxcision processes leading to the formation of Hfr's 2, 3 and 8
and the episomes Fr, 1450, ¥y, and Flac. The recombination process giving Hfr 3 is oxplicitly
shown. The proposed structures of Hfr 8 and Hfr 2 are shown.
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II excision would then lead to the structures observed. Nevertheless, the interpretation
that insertion of the same sequence of ¥ has occurred at different points in the bacterial
chromosome seems inescapable.) The resolution of the electron microscope experi-
ments is + 500 nucleotides. To within this resolution, we may say that the point at
0/94-5 is a hot spot for recombination with the chromosome. This point is also impli-
cated in the excision process leading to the formation of ¥4 (0-14-5).

The insertion and excision points for the formation of the Fy episomes are 8:5 and
15-8 respectively. Thus, more than one site on F can be used for insertions. It may be
noted that a number of sites on the bacterial chromosome are available for insertion of
F, but there is a preference for certain sites (Broda, 1967; Sanderson & Demerec, 1965;
Matney, Goldschmidt, Erwin & Scroggs, 1964).

We wish to re-emphasize that the interpretations above are dependent on the
following assumptions: (a) the F-primes arose by the classical process of insertion of
F and excision as in Figure 1; (b) ¥ as isolated from W1485 was the F that inserted to
form the Hfr’s from which the several F-primes arose; (c) the F-primes extracted have
not changed structure during cultivation, storage and transfer.

Evidence which supports, but does not rigorously validate, these assumptions has
been presented. A further structural study in which a set of Hft’s is derived from a
single F* male, and several F-primes are derived from each Hfr is clearly desirable.

This research has been supported by National Institutes of Health grant no. GM10991.
One of us (P. A. S.) was the recipient of a National Institutes of Health Fellowship. Our
indebtedness to A. D. Kaiser, D. Freifelder, A. Campbell, B. Low, D. R. Helinski, P. M. A.
Broda, J. Gross, Y. Hirota, E. Lederberg and T. Fukasawa is indicated in the text. The
initial stimulus for this work arose in the course of a discussion with J. S. Parkinson. This
is contribution no. 4426 from the Department of Chemistry, California Institute of
Technology.
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Summarx

The genetic and physical structures of ¥100, F152, F8 and some of
their deri;ratives were analyzed. Deletions in the bacterial DNA se-
quence in some of them were identified and mapped. The physical
positions of several of the genetic markers of E. coli between fep and
uvrB wer.e determined. A method was developed to reconstruct the
original episomes from their deletion variants. The results confirm the
history that F100 and F152 were derived from the same Hfr. A new
episome, F80, containing genetic markers beltween f_ep and gal was
reconstructed from F8. The formation of this new episome suggests

y :
that there is a hot spot in the E. coli chromosome for recombination
with a particular F sequence to which we have assigned the coordin-
ates 0.04 F.
1, Introduction
Several classical episomes carrying gal genes have been used

extensively in genetic analysis., F100 (or ,Fl gal) and F152 (or F, gal)
were isolated from Hfr P3 by Ja[cob and Wollman (Bachmann, 1972).

F8 was isolated from Hfr 8 by Hirota and Sneath (1961). Because of

*Contribution No. 4760
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their usefulnecs, they have been widely distributed to many laboratories
since their isolation, The discovery that spontaneous deletions occur

in many F-prime factors (Low, 1972) raises the concern that the se—
quence of these episomes may have diver zed from laboratory to
laboratory,

Indeed, preliminary evidences reported previously (Sharp et al.,

1972) suggested that several descendants of F100 and F152 are probably
deletion variants of the original episomes. In the present work, the
genetic and physical structures of several descendants of F100, F152,
and F8 were studied. Deletions in some of them were identified and
mapped. The physical locations of several bacterial genes between fep
and uvrB were determined. A method was developed to reconstruct
the original episome from the deletion variants. This method may also

be a potential tool for physical mapping of bacterial genes;

2. Material and Methods

(a) Bacterial strains

Bacterial strains Qsed in this study are listed in Table 1.
Y, (b) Media

Pejxassay broth (Difco) was usually used for growing bacterial
cultures for genetic experiments. Bacteria were grown in tryptone
broth containing 1 pg/ml thiamine for extraction of episomal DNA.
L plates (Lennox) were used asa complete solid medium. Davis mini-
mum agar plates (Davis and Mingioli, 1950) were used for genetic
analysis. They were supplemented with appropriate amino acids, vita-

mins, and 0.2% glucose (or 1% galactose), depending on the genetic
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marker to be tested. EMB plates were used for gal and mal markers.

{c) Transfer of F 'gal's

In experiments involving the transfer F'gals into other vecipients
we avoid the use of EMB galactose plates as selective media. This is
because bacteria carrying smaller F'gal's resultirg from spontaneous
deletion are usually more recognizable as ge_tl_+ colonies on EMB galac-
tose platesand therefore maybe preferentially picked up for analysis.

Consequently, the following procedure was used instead, All of
the transfers of F'gal's were done using N23-53 (F ggl_ tiE— g_g_g-

_s_ti_r x;e_c_é_-) either as a donor or as a recipient. This bacterium has

an extremely slow growth rate and therefore can be easily selected for
as a recipient or selected against as a donor. Donor and recipient bac-
teria were grown in penassay broth at 37°C overnight, They were mixed
in a ratio 9f about 5 te 1 and incubated for another two hours at 37°C.
The matiﬁg mixture was then plated with appropriate dilution on anlL, plate
which allows every bacterium plated to grow and form a colony. Tiny
colonies were picked up for examination when N23-53 was used as re-
cipients while large colonies were selected when N23-53 was used as
donor. Over 80% of the bacteria selected by this method had received
the F'gal's. The condition of mating used in reconstruction experiments

is described in the text.

(d) Testing of bacterial markers on F'gal's

N23-53 strains carrying various F-prime factors were usually
used as donors in testing the transferability of episomal markers. Since

N23-53 is recA—, the contribution due to chromosome mobilization can

be neglected.
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The cross—streaking method (Lpderbe-é, 1949) was generally
used. Donor strains carrying various F'gal's were cross—streaked
against suitable recipients on the appropriate selective plates described
in the reference for each marker. The markes tested using this method
are shown in Table 2. Genetic analysis of supE is more complicated
and is described in the text.

The proccdure for other markers are given below:

(i) LeuS and SerS (Low et al., 1971):

The recipients used are KL231 and KL229 respectively. They are
temperature sensitive mutants in these two genes. The recipients were
grown at 30°C, cross—streaked with N23-53 donors on Davis minimum
plates and then incubated at 42°C. Growth of recipients in tt-xe cross—
streaked area at the restrictive temperature indicates the presence of
these markers in the F-prime factor tested.

(ii) tolAB (Nomura and Witten, 1967): -

The F'gal to be tested was transferred into N0712 and N0570
and the F-ductants were tested for sensitivity to colicin E2 spontan—
eously excreted from NO52.

(iii) pgl (Kupor and Frankel, 1969):

Wigal in NAS-53 were tranalerred fobo SAZYE wnd the gat’ P-ductants
were examihed for '"blue' character on EMB naltose plate.

(iv) uvrB (Ogawa et al., 1968):

The F-ductants in (iii) were examined for their uv sensitivity

according to the method used by Ogawa et al.
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(v) a_tt)\ (Rothman, 1965):

The same F-ductants used in the previous test were cross—streaked '
against 2 phage A lysate on EMB maltose plate. A clear inhibitory
zone on the cross—streaked region indicates the absence of gg:)‘

in F'gal's.

(vi) 1ip (Herbert and Guest, 1968)

A direct test °fEE+ transferability of reconstructed episomes
harbored in PL225 and KRO is performed as follows: To select
against the donors, a transfer defective R factor, R100-31, which
cannot be complemented by the F transfer system and carries

str, _c_h_l',\a__ls]il_ drug resistance markers was introduced into the re-
cipient, AB1325 lip 13/bl)3(l transduction. The donors were rep-
lica plated onto lip selective plates seeded with AB1325 (R100-31)

and containing 25 pg/ml of chloramphenicol.

(e) Isolation of episomal DNA
= the
Due to the large size of/episomes studied, the following modi-

fications of the previous procedures (Sharp et al., 1972) were used. The
lysozyme treated cells were lysed by adding SDS to a final concentration of
0.2% and incubated at 37°C for several minutes until the solution became
clear. The DNA was then sheared rather gently to avoid breakage of
large DNA by two passages through a syringe as described in Sharp et al.
(1972). The DNA solution was always filtered through glass wool before
the CsCl-ethidium bromide centrifugation. For small episomes of size

between one and two times that of ¥ sizes, the volume of bacterial culture
used was usually reduced to 500 ml so that three different episomes could

be isolated at the same time.
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(f) Electron microscope anaiysis of heteroduplexes

The technique for spreading heteroduplex molecules has been
described in Sharp et al. (1972). The length of single-strand DNA was
measured against the ¢X viral DNA internal standard. The length of
homoduplex DNA in the same grid as the heteroduplex was used to.fix
the size of the duplex region in heteroduplex molecules.

(g) Methodology for identifying F and bacterial sequences in an episome

The standard procedure used is to analyze the structure of he?:ero-
duplexes with F and with F8-33. A heteroduplex with F is useful in
measuring the size of bacterial DNA carried in an episome. F8-33
carries two characteristic small insertions at coordinates 91.0 and 35, 2%
on the physical map of F (Sharp et al., 1972‘) as shown in Fig. 1. These
two insertions can serve as physical markers to map the F»or the bac-

terial sequence in the F-prime factors.

(h) Nomenclature of F-prime factors

The nomenclature of F-prime factors studied in this paper
follows that suggested by Low (1972). F100 is equivalent to F,gal ’
and F152 is the same as Fogal. F, _and F450 (Sharp et al., 1972) are
renamed as F100-1 and F100-2 because they are shown to be deletion
derivatives of F100 (see text). Fg(l), Fg(2) and Fg(N33) studied in

Sharp et al. (1972) are renamed as F8, F8-2 and F8-33 respectively.

3. Results and Discussions

(2a) Molecular weights of F'gal's

The molecular weights, calculated from measured duplex lengths,

of the episomes studied are displayed in Table 4. About 12 molecules were
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measured for each episome., F DNA was used as an internal standard

All the DNA preparations contain various kinds of small circular
DNA species. The fraction of these unknown plasmid DNA's are

about 10% or less by number of the total DNA isolated.

(b) Analysis of bacterial markers carried by F'gal's

The F-prime factors were tested for the ability to transfer various
genetic markers in the region between purE and uvrB of the E. coli

some (see Material and Methods). The results are summarized in Table
4,

(c) Physical structures of F'gal's

The sequence relations between the several episomes studied are
rather complex. It will be conducive to clarity, we believe, to first
‘present the final results and then to give the evidences that leads to these
interpretations.

Fiéure 2 is a summary of the genetic and physical structures of
the various episomes studied. The structures of the bacterial DNAs are
shown in Fig. 2a. Seéuences deleted afe indicated by a dotted line,
For example, F100-1 and F100-2 are deletion mutants of the "original"
F100. The bacterial sequence between coordinates 6.9 kb and 115,8 kb
is deleted in' F100-1. This corresponds to the absence of lip, leuS, ubiF,
fep markers in this episome, In F1 00—2, the sequence deleted is between
29.0 kb and 195.4 kb. The bacterial markers missing are between fep
and sucAB.

The coordinate system we have chosen to use for the bacterial
DNA of F100 and F152 and their derivatives is shown in the top line
of Fig. 2a. The coordinate syste<m for the bacterial DNA of F80 is the

same asg that for F100 and F152. For F8 and its derivatives the coordin-
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" ate system we use is different from that of F100. It is shown in the
bottom line in Fig. 2a. We have taken the counterclockwise junction
of bacterial DNA with F DNA in an episome as the origin of coordinates
for the bacterial DNA.

The coordinates of the bacterial and the F sequences in an epi-
some are identified by the letters B and F, respectively, following the
coordinate number. For example, the deletions of F100-1 are between
6.9Band 115.8 Bin the bacterial DNA and between 0.0 Fand 2.8 Fin the
F DNA.

The grrangemens of F sequencesin the episbmes studied ar shown .
in Fig. 2b. F100, F152, and their derivatives are all missing the F
sequences with coordinates from 0.0 F to 2.8% F; the junctions with
bacterial DNA occur at these two points. Similarly, in the ¥8 episomes,

the F sequence, 8.5 F to 16. 3* ¥, has been substituted by bacterial DNA,

(The small insertion loops, € and ¢ at coordinates 35.2% F and 91.0 ¥

that occur in some F8 derivatives are not shown in Fig. 2.) In F80, the'

F sequence substituted is bet/ween 0.0 F and 16.3%* F, -

The evidence léading to the structures shown in Fig. 2 is described
below: L
(A) F152 (Fpgal)

‘F152 was originally isolated by Wollman (Bachmann, 1972). Its
genetic properties have been intensively studied by Herbert and Guest
(1968). It transfers gal as a proximal marker and lip as a distal marker.

Previous efforts to isolate this episome from W3101(F152) and PA106

(F152) resulted in finding only a deleted F (Sharp et al., 1972). Two

episomes.were isolated from a new source, XLF253(F152), kindly sup-

plied by B. Low. Their physical structures are described below:

* Revised coordinates of those in Sharp et al, (1972). R. C. Deonier,

Private communication.
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(i) F1s2

A large episome of about 310 kb in length was isolated from a
stab of KLF253(F152). Genetic analysis of this episome (see Table
4) showed that it carries all the bacterial markers tested between
fepand gal. We believe this is the original F152 episome. Evi-
dence supporting this assumption will be presented later (see
sec. D).

F152 DNA isolated from KLF253(F152) carries a segment of
bacterial DNA of length 218.4 kb, with assigned coordinatesfrom
0.0 B to 218.4 B. It is deleted in the F sequence between 0.0 F
and 2.8 F (see Fig. 22 and b). These results were obtained by
analyzing the structure of F152/F and F152/F8-33 heteroduplexes
as shown in Fig. 3a and b respectively. (An electron micrograph
of 3a is shown in Plate L) The two characteristic insertion loops
c and e, of F8-33 were used to identify the F sequence deleted
(see Material and Methods‘).

The bacterial DNA of F8-33 is homologous to a part of the bac~-
- terial DNA of FISZ,/ with coordinatesfrom 195.4 B to 217.2 B (see
Fig. 2a). This is the double-strand DNA segment be in Fig. 3b.
The bacterial DNA of F152 with coordinate between 0,0 B and
195.4 B is absent in F8-33 and is seen as the single-strand segment
_9__1_)_ in Fig. 3b. Evidence that the sequence, 217.2 B - 218.4 B,
is not present in F8-33 will be given in the next section. The
shorter arm of the substitution loop in Fig. 3b, afb, is the F
sequence in F8-33 with coordinate between 0.0 F and 8.5 F as

mapped from the position of the insertion loop c. The insertion
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or deletion loop (I-D loop) at point e c‘c;ntains F sequf:ncesin

F152 between 2,8 F and 16.3F, The=squence,2.8 F- 8.5 F,
present in these two single-strand segments can sometimes

form base pairs as indicated by the dotted line. This pairing was
. seen only in incomplete structures, that is, in which one or both
of the strands was an incomplete fragment.
(ii) F152-1, a deleted F152

The first stab of KLF253(F152) we received from B. Low was

found to contain mostly g_a_l_ bacteria when streaked on EMB gal
plate. One of the few g_§1+ colonies was picked up and its genetic
properties examined. The presence of an F-prime factor capabie
of transferring gal marker was confirmed. However, several
‘bacterial Ar.naxl'kers which are suppoéed to be present in F152

were missing (see Table 4). The episome isolated has a length

of 120 kb, considerabiy shorter than F152. We name it as F152-1,

The physical structure of this episome is summarized in Fig. 2.

It carries a deletion of/aI""1 sequence with coordinate from 0.0 F to
2.8 F (see Fig. 2b) as shown by the structure of heteroduplexes
F152-1/F and F152-1/F8-33 (see Material and Methods). The
baéterial sequence present in this episome is 26.5 + 1. 3 kb long.
/It is derived from F152 by a single large deletion in the chromosomal
DNA from 17.9 B to 207.2 B as shown below. When F152-1 was
hybridized with F152, a single deletion loop of 190.0 + 4.4 kb

long was observed in the heterociuplex (see Fig. 4 and Plate II),
The position of the deletion is mapped By analyzing the structure

of the F152-1/F8-33 heteroduplex as shown in Fig., 5a,b. In Fig.
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5a, the duplex region be with a length of 10.0 kb long is the
homologous bacterial DNA of F152-1 and ¥8-33, (An electro-
micrograph of Fig. 5a is sho;)vn in Plate IIl. ) The length of
this segmentis about 11 kb shorter than that in F152/F8-33 hetero—
duplex (see Fig. 3b), It has coordinates from 16.0 B to
26.6 B in F8-33. This corresponds to the bacterial DNA of
F152 with coordinate from 207.2 B to 217.2 B (see Fig. 2a).
Point b in F152-1 with coordinate 207.2 B therefore is one of
the deletion end points in F152-1. Since F152-1/F152 shows a
single deletion of 190 kb long, the other deletion end point can
be readily calculated to be 207.2-190 = 17,2 B. This can also
be deduced from the length of the single=strand segment ab. As
can be seen from Fig. 2a this is the bacterial DNA of F152-1
with coordinates from 0.0 B to 17.9 B. The latter data are
. more accurate and are therefore preferred. The bacterial se-
quence missing in F152-1 is thus mapped between 17.9 B and
207.2 B. This seg}nent therefore contains the genetic markers
between fep and nadA, which are absent in ¥F152-1. NadA has
been mapped to lie between 14,2 B and 15.9 B. in F8 episomes
(Sharp et al., 1972), This corresponds to the DNA of F152
with coordinate between 204.8 B and 206.5 B which is deleted
in F152-1. This is in good agreement with the genetic analysis
that nadA but not aroG is missing in F152-1 (see Fig. 2a).

The structure shown in Fig. 5b is sometimes observed for
F152-1/F8-33 heteroduplex. It is formed from structure 5a by

the base pairing of the F sequence, 2 .8 ¥- 8.5 F, in the loop
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leaving the duplex at point € and the single-strand segmen't”
af'g'b, as indicated by the dotted line in Fig. ‘.‘;aa Frc;m this
structure, the small bacterial DNA segment of F152-1 (ef
in Fig. 5b) with coordinate from 217.2 B to 218,4 B that extends
clockwise beyond the bacterial DNA present in F8 can be identi-
fied. Presumably this sequence is also present in F152,
B) Flo00
F100 and F152 were said to be independently derived from Hfr
P3 (Bachmann, 1972)., F100 differs from F152 by carrying bacterial
.markers _a_tt)‘, bio and uvrB (Low, 1972) in addition to those present
in F152. The structures of two episomes F100-1 (Fls) and F100-2 (F450)
have been studied in our previous work (Sharp et al., 1972) Preliminary
results indicated that they were probably different deletion variants of
F100. As will be described below, the deletions in these two episomes
are conﬁrrﬁed and mapped.
(i) F100-1
As described briefly in the previous paper, this episome
carries a deletion in F sequence from 0 F to 2.8 ¥. The bacterial
DNA is 136.7 + 3.5 kb in length, considerably shorter than that
of‘Fl 52. This is due to a large deletion in the bacterial DﬁA of
| F100-1 between 6.9 B and 115.8 B (see Fig. 2a). The structures
of the F100-1/F152-1 and the F100-1/F152 heteroduplexes that
lead to this interpretation and shown in Figs. 6 and 7 respectively.
(An electromicrograph of Fig. 6 is shown in Plate IV.) In Fig. 6
a substitution and an I-D loop can be seen. The I-D loop at e is
the bacterial DNA of F100-1 from 218.4 B to 249.0 3. It contains
sequences of 3t_t)‘, bio, and uvrB markers which are missing

in F152-1. The double-strand segment be is the common bacterial
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sequence of the two episomes with coordinates between 207.2 B
and 218.4 B. The smaller arm of the substitution loop is the
hacterial DNA of F152-1 from 6.9 B to 17,9 B missing in F100-1,
The larger arm of this loop is the bacterial DNA ofF100-1 from
i15.8 B to 207.2 B that is missing in F152-1. The bacterial
sequence, 0 B~6.9 B, is present in both episomes. Consequently,
the bacterial DNA deleted in F100-1 is mapped between 6.9 B

and 115.8 B. This result is confirmed from the structure of
F100-1/F152 shows in Fig. 7 in which the sequence deleted in
F100-1 is seen as a single-strand loop at point a, about 102 kb
from the point b.

An important result of the structure of F100-1 is that DNA
sequence around the integration point (0B/0 F in Fig. 7,' see also
Fig. 17) is the same as that in F152. This is consistent with the
history that F100 and F152 were derived from the same Hfr.

(ii) F100-2 (F450)

The structure of this episome has been studied extensively by
Sharp et al. (1972). It carries a deletion in F sequencesfrom 0 F
to 2.8 F. The bacterial DNA is 80,0 kb in length. The evidence
to/be described below suggests that it is probably derived from
the "original' F100 by a éingle deletion ;n the bacterial sequence

from 29.0 B to 195.4 B (see Fig. la). A heteroduplex of this
episome with F100-1 is depicted in Fig. 8 and Plate V. Point a
in F100-1 DNA is readily identified as the deletion end point of
F100-1 and has the coordinate 6.9 B/115,8 B. From this the

coordinate at point b is calculated to be at 29.0 B/195.4 B from
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the lengths of the two single-strand arms of the substitution

loop. The bacterial DNA deleted in ¥F100-2 is therefore from
29.0 B to 195.4 B. This is confirmed by the structure of
the F100-2/F152-1 heteroduplex as shown in Fig. 9 and

Plate VI.

(C) F8 and F8-3

As shown in the F152/F8-33heteroduplex, the bacterial sequence of
of F8-33 is homologous to that of .FISZ from 217.2 B to 195.4 B. F8 carries
a piece of bacterial DNA of length 5.9 kb to the left of the bacterial DNA
of F8-33 (see Fig. 2a). That this DNA is the normal bacterial sequence
to the left of sequence 5.9 B — 26.6 B is shown by the analysis of
the F100-1/F8 and F100-1/F8-33 heteroduplexes (see Figs. 10a and

10b; a micrograph of Fig. 10a is shown in Plate VII). The homologous
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bacterial sequence, be, in the F100-1/F8 heteroduplex is about 5.9 kb
longer than the corresponding sequence in the F100-1/F8-33 'heteroduplex.
‘This indicates that the bacterial DNA of F8 is a continuous piece of normal

E. coli chromosomal DNA.

¥8-3 is a derivative of F8 obtained from Fukasawa. Genetic analysis
the
showed that it does not carry/tolAB, nadA, and aroG markers which were

shown to be present in F8 (Sharp et al., 1972). Analysis of the structure of
the F8-33/F8-3 heteroduplex as shown in Fig. 11 showed that it is derived
from the original F8 by a single deletion of bacterial DNA between 0 B
and 20.6 B in the F8 coordinate system, Since the physical positions of the aroG
and nadA genes have been mapped between 0 B and 18.6 B (Sharp et al.,
1972), this result is consistent with the genetic properties of this new
episome.
D) Reconstruction of 152 and F100

The'interpretation of fhe electron microscope studies in tbe previous
section depends ‘on the assumption that the F152 episome isolated from KLF
253 (F152) (hereafter abbreviated as Fl 52K) carries the normal bacterial
sequence of E. coli between fep and gal and is the same as that of the original
F152. To test this assumption, we compare F152K with F152 and F100 that
have been reconstructed from their deletion derivatives by rescuing the
sequences deleted by recombination with wild-type bacterial chromosomes.
The results to be presented below support the assumption that F152K is the

same as the original F152,

(a) Isolatioﬁ of reconstructel F152 from F152-1
and comparison of it with F152K
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The process for reconstruction of F152 from F152-1 is illustrated
in Fig. 12. F152-1 which carries a large deletion in bacterial DNA
was transferred into W3350 which carries doublgzt:;ttations in gal but
is otherwise normal. Recombination between F152-1 and the W3350
chromosome in regions 1 and 2 or in regions ! and 3 will result in formation
of an episome carrying the sequence deleted in F152-1. These new episomes
can be selectively transferred int§ PL225 by mating W3350 (F152-1)
(gal 1,2, reca”, irs)swith PL225 (recA str’ A (nadA gal)) and se-
lecting for _r_@_@+ _sirr recombinants. The frequency of such recombination
is about 5 X 107 per donor cell. Among 135 ;_xic_lé+ :_;_1::5-1‘ colonies selected,
75% of the recombinants are ggl- resulting from the recombination in
regions 1 and 3. All the recombinants are capable of transferring the
_l_iﬁ marker, which is deleted in F152-1, with high efficiency. For conven-
ience in the following discussion,we will call these new episomes F152R.
Thel enisomes of each recombinant was transferred into N23-53
(gil— ggc_é__) in order to test the bacterial markers carried. Some of the
results are given in Table 4. FI152R is indistinguishable from F152K
for all the markers testeé. An episome was extracted from one of the
N23-53 (F152R) strains and hybridized with F152K. No heteroduplex of any
sort could be observed in the electron microscope. The structure of
the F152R/F100-1 heteroduplex is essentially thé same as that of the Fl SZK/.
F100-1 heteroduplex. Therefore F152R and F152K are the same by tae
heteroduplex criterion. We suggest that the chance for having the same
deletion or insertion in F152 giving rise to F152K and in the W3350
chromosome giving rise to F152R is rare. Consequently F152K is the

same as the original F152 episome.
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The recombination process leading to the reconstruction of F152
from F152-1 is more dramatically demonstrated by reconstructing a
new F152 episome carrying a deletion originally located in the bacterial
chromosome (see Fig. 12). F152-1 was transferred into FRAG-5 which
carries a deletion in the kdp gene.. The reconstructed episome was then
selectively transferred into PL225 by selecting Eg_@* _s_trr recombinants.
As in the case of the F152R episome, both g3_1+ and ggl— recomginants
were obtained. The frequency of g_a_1+ bacteria was 43/52. All the re-
combinants can transfer lip with high efficiency. Genetic analysis of
these new episomes in N23-53 showed that the kdp marker is missing.
The physical structure of one of the new episomes, which we name as
F152-2, was analyzed. The sole nonhomology feature observed in the
F152-2/F152K heteroduplex is an I-D loop 3.9 + 0. 3 kb long. From
the heteroduplex F152-2/F100-1 (see Fig. 7 and Plate VIII) the position
of this I-D lloop was mapped to be between coordinates 151.7B and
155.7B, assuming it is a deletion. We believe this is the kdp deletion
which is originally present in FRAG-5 chromosome. '

The simple structufe observed in the F152K/F152-2 heteroduplex
again confirms the previous conclusion that the bacterial DNA carried in
F152K is the normal bacterial sequence.

(b) Reconstruction of F100 from F100-2

An independent check of the previous results is to compare F152K
with a reconstructed F100. The process for reconstruction of ¥100 is
closely related to the genetic analysis of supE marker in the episomes

studied. Since analysis of the supE marker in an episome is complicated,
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we will first discuss how this is done. In the following discussion, the
F100-2 episome will be used as an example.

When F100-2 was transferred into the bacterium KRO which carries
an amber mutation in the trp gene, no t_r_p_+ progeny were obtained.
Therefore the phenotype of the F100-2 episome is s_uLE-. Since
the M_ allele is the normal genotype, it is difficult to determine
whether the §_\3_E_E_~ phenotype of F1 0‘0—2 is due to the presence of a2 normal
EEP_E.:— allele or;tohe deletion of the supE sequence. To differentiate these
two possibilities, a marker rescue experiment similar to those discussed
in the previous section is used. F100-2 was transferred into x7026 which car-
ries the s_up_I£+ allele. Two possible structures of the x7026 (F100-2)
heterogenotes are shown in Fig. 13a and b- dependiﬁg on whether the _s_g_pg—
allele is present in F100-2. As shown in Fig. 13a., if the _s_u&I_i_)_ allele is
not present in ¥100-2, a g_ggf episome resulted from the recombination
between F100-2 and x7026 chromosome will be always Eg+. On the other
hand, if F100-2 carries the ﬂ allele, as shown in Fig. 413b, some of
the M+ episomes will still carry the lip deletion due to the two cross—
overs in regions 2 and 3./ When x7026 (F100-2) was mated with KRO
(_sirr trp amber, r_g_g_A__), 84 1:_1_'p+ .S_tr_r recombinants isolated were
all found to be capable of transferring _l_ip+ at high frequency. To this
extent, we conclude that supE allele is not present in ¥100-2. However,
it is possible that F100-2 does carry the supE allele but the sequence
in region 2 in Fig. 13b is so short that the frequency of a s_u_g@fki
episome is so Iow/tzsescape our limited survey. “We think this is unlikely

judging from the following facts: (i) sucAB and kdp markers which are
| known to r"nElp between supE and gal (Taylor and Trotter, 1972) are

absent in F100-2 (see Table 4). (ii) F100-2 contains bacterial sequences
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with coordinates between 0.0 B and 29.0 B and between 195, 4 B and
249.0 B (see Fig. 2a), The latter segment is homologous to F8 which
does not carry the supE allele (Signer et al., 1965).

The results of the supE marker test for cther F'gal's are given
in Table 5. Thus with the limited survey shown in Table 5, F152-1 does not
seem to carry the supE sequence while F100-1 and F153 do. The result
for 8 is more complicated. A detailed discussion of this topic will be
given in the next section. . |

As shown in Fig. 13a, the F100 episome can be reconstructed from
F100-2 by rescuing the s_gEEj marker. Therefore the episome present
in _e_a_t_r_r_t_g_p_+ recombinants from the cross between x7026 (F100-2) and
KRO must be the desired reconstructed ¥100 episome. The reconstructed
F100 (hereafter abbreviated as F100R) was transferred into N23-53 for
genetic analysis. All the markers between fep and uvrB tested are present
in this episome. The episomal DNA isolated is almost twice as large as
F100-2. The structure of the F100R/F152-2 heteroduplex is shown in
- Fig. 14 and Plate IX. Three I-D loops were observed: the I-D loop at point
a with a length of 30 kb is identified as the sequence containing _a_ttx, bio,
and uvrB which is missing in the F152 episome; the I-D loop at point b with. a
length of 4 kb is the kdp deletion of F152-2; the I-D loop at point ¢ mapped
at coordinate 211.7B is an unexpected structure. Its length is similar
to that of the ISl insertion found in some strong polar mutations of bacterial
genes (Hirsch et al., 1972). Disregarding the small I-D loop at point ¢,
the structure of F100R is that expected for the hypothetical F100 episome.

It carries g._g:)', bio, and uvrB sequences in addition to those present in
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F152, The sequence near the counterclockwise F-chromosomal DNA

. junction in F100R is homologous with F152 indicating that they weré
derived from the same Hfr. This result also reaffirms our previous
conclusion that F152K carries the normal bacteril sequence and is the
same as the original Fl152,

Since the reconstructed F100 episome carries a small insertion
~ or deletion of unknown nature, we 'shall call it F100-3 to distinguish it
from the ''original' F100.

E) ¥80, a new episome carrying s_g_LE+, derived from F8.

F8 carries bacterial DNA from 188.8B to 217.218 on the physical
map of F152 (see Fig. 2a), Therefore the supE sequence is not present in
F8. However, inthe cross between x7026 (F8) and KRO (see sec D and
Table 5), g;_p+_§_t_1;r colonies were found at a low frequency. These
are presumably due to the suppression of trp amber mutation by the presence
of ﬂ&l:_#in the episome transferred into KRO. These bacteria can transfer
the 1_12t marker at high frequeﬁcy, suggesting that the lipt marker is also
present in the episome in the recombinathts. As will be discussed below,
this is due to the formati/on from F8, of a new episome, carrying ﬂpé‘+ and
_l_i_p+ markers, which we name as F80. The proposed mechanism for the
formation of F80 is iliustrated in Fig. 15. The transformation of F8 into
F80 is achieved in two steps: (i) Integration o.f F8 into the bacterial
chromosome of x7026 through the recombination between homologous
bacterial sequences of ¥8 and the x7026 chromosome. (ii) Subsequent
excision of the integrated ¥F8 episome through recombination the F se-

quence of F8 at 0.0 F and a hot spot for F integration between purE
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and lip in the x7026 chromosome. We postulate that this hot spot is the
same site used for the integration of F at 0.0 F to form Hfr P3.
From this model, the new episome F80 is predicted to have the
following properties: (i) It should carry bacterial markers between fep
and gal. (ii) It should be deleted in the F sequences between 0.0 F and 16. 3 F,
(iii) It should carry the bacterial sequencesof F152 from 0.0 B to 217.2 B.
These properties are indeed observed as shown in Table 4 and by
the structures of several heteroduplexes. The F80/F heteroduplex shows
'that F80 carries a deletion of 16. 3 kb of F sequences (see Fig. 16a). The
location of the deletion is mapped to be between 0.0 F and 16. 3 F from
the polsitions of the insertion loops ¢ and fe in the F80/F8-33 hetero—
duplex (Fig. 16b and Plate X). The bacterial sequence of F80 is homologous
to that of F152 as shown by the F80/F152-2 heteroduplex in which the kdp
deletion can be readily recognized. This conclusion is also confirmed by

analysis of the F80/F100-1 heteroduplex (Fig. ]6.c and Plate XI).

4. Further Discussions

The results presented show that deletions have occurred in several
of the frequently used F-prime factors such as F100, F152, and F8. The
occurrence of these deletions is useful for localizing the physical positions
of several bacterial markers between fep and uvrB. The); are shown in
the top line of Fig. 2a. In general these positions are in good agreement
with the E. coli linkage map (Taylor and Trotter, 1972). The order of
some markers such as fep, leuS and lip was not studied by us. They are
shown in the order given in the E. coli linkage map.

The physical size of DNA between purE and uvrB is at least 230 kb

long, enough to code for 230 ordinary sized genes. Only about 50 genes
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have been mapped in this region. There probabiy are many others.

The physical length corresponding to the genetic unit, 'minute,
can be calculated approximately from the relative physical positions
of bioB, att", galK, aroG, nadA, and kdpC to be about 46 kb. From
this the molecular weight of the E. coli chromosomes can be calculated to
be about 2.7 X 10? daltons. This agrees well with the molecular weight,
2.5 % 107 daltons, determined by autoradiographic measurement (Cairns,
1963, E. coli M.W. =22 X T2. M.W. of unglucosylated T, is 1.1 X 108,

Kim and Davidson, 1973).

The reconstruction of F152-2 carrying kdp deletion illustrates
a general and potentially very _use‘ful method for physical mapping of bacter—
jal genes. This method can be extended to the mapping of genes inactivated
by Mu phage insertion (Hsu and Davidson, 1972).

The episomes F100 and F152 and their derivatives were found to
have the same integration site not only on the ¥ DNA but also on the
bacterial chromosome. This is consistent with the history that they were
derived from the same Hfr. The hypothetical process for the formation
of 100 and F152 is ill/ustrated in Fig. 17. 1It is interesting to note that
although the excision point (2.8 ¥) on ¥ DNA is the same in both cases,
the excision point on the bacterial chromosome is different for the two
episomes.

The isolation of the new episome, F80, from F8 (see Fig. 15) indicates
that there is a hot spot between purE and lip in the E. coli chromosome
responsible I.or the integration of ¥ at coordinate 0.0 F to form Hfr P3.

Ve speculate that this site is also respm sible for the formation of Hfr C
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and a transposed Hfr, Hfr EC29 (Beckwith g;t;a_l_. . 1966)which have the
origins located between purE and lip and have the same polarity as HfP3. )
Rigerous proof of this hypothesis can be obtained by analyz.ing the physical
structures of F-prime factors derived from Hfr C and Hfr EC29, and

the structures of F-prime factor carrying DNA sequence between purE

and lip.
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Table 1
Plasmid Chromosomal genotype
F100-2 Al(gal-att"-chla)
F100-1 galE galT recA spc
F153 gal lac met :ggﬁs.
leu rech str
Fls2. gal recA pyrD try his tyr
thi mal xyl mtl
Fl52-1 gal recA pyrD try his tyr
thi mal xyl mtl
F8 rech str galé trp arg
F8-2 thr lea gal? lac52 pil
fla str
F8-3 met
F8-33 thr leu gal? lac52 pil
fla str
}E‘l 3 met
F / rech str galb trp arg
F recA str thi A(gal-nadA)
F gall,?2
F lac. purE thi str tox
F leuS(ts) thyA str
F tsx proA lacY gal purB
his str mtl xyl thi lipl3
F lacZx82 (amber) gal rha

thi kdpABC-5

Source

D. Freifelder
E. R. Signer
E. Ohtsubo

B. Low
This paper

E. Ohtsube
E. OhtsuBo

T. Fukasawa

E. Ohtsubo

E. Ohtsubo
E. Ohtsube
T. Fukasawa
E. Ohtsubo
P. Broda

B. Low

J. R. Guest

W. Epstein



Strain

AN102
AN146
W620

FRAGG-1

WGA suc23
W3110 sucl?

NO712

NO570

w3lo2
-W3995
SA291
KL229

KRO : .

X7026
NO52
. ND7

ND8

ND9
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Table 1 (continutd)

Chromosomal genotype

ColE
F152-2
¥100-3

F80

lew proC trp thi fep
ubi-411 gal ura

gltA galK suc ura str

1lacZx82 gal rha thi
gUtA

gal trp suc23 (such)

sucl? (sucB)

gal tollll thr leu
lew proA his arg thi
lac xyl ara mtl str

lac str

galK

‘ galE str

his_str A(gal-chlA)

. serS thyA35 str

1ac4680 (Qelction) trp8
(amber) str recA

A (lac-pro) supE’

str_

recA str thi A(gal-nadA)
lac4680 (deletion)trp8
(amber) str recA
1ac4680 (deletion trp8

(amber) recA

Source

I. Young '
I, Young
J. R. Guest

W. Epstein

.Jo R. Guest

J. R. Guest

M. Nomura

M. Nomura

- E. Ohtsubo

~ E. Ohtsubo

A. Campbell
B. Low

E. Signer

. W. Epstein

M. Nomura
This paper

This paper

This paper .
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Table 2
Recipient Reference
PB3i4 Stouthamer et al., 1965
AN102 Cox et al., 1970
AB1325 lipl3 Herbert and Guest, 1968
AN146 Young et al., 1971
FRAG-5 Epstein and Davies, 1970
WGA suc23 Herbert and Guest, 1968
W3110, sucl? Herbért and Guest, 1968
PL225 Taylor and Trotter, 1967
PL225 Wallace and i’ittard, 1967
w3102, W3995 Adler and Kaiser, 1963

.SA291 Rolfe and Eisenberg, 1968



Table 3

purE fep leuS lip empli)a ubiF kdp glf.A sucg tolg nadA aroG gal pgl attx bio uvrd SerS
F152 - + + 4 * + "4 + + + + + + - - -
F152-1 - - - - - - - - - = - + o+ - - -
F152-2 + ot o - + 0+ _ +P - - -
F100-1 - - - - & + + + + o+ + + + + + v -
F100-2 S T - -\ - - - + + + + + + + -
F100-3 : + o+ + + +
F80 - + + | +
F8 - ST T - - - - + + + o+ - - - -
F8-2 - - + + o+ 4 °
F8-3 - Co - . - = &
F153 - ! ~ + + + ' + ¥ + + + +

_F13 + - ' | - = e o=

a) The sign '"+" means that the sequence is present in the episome but the phenotype is supE ,

b) Some of the episomes analyzed are gal . See Section D,

02~

€9



DNA
F152
Fl152-1
F100-1
F100-2
F100-3

F80

*
Sharp et al.

(1972).

6l
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Table 4

Mol wt X 10--6 daltons
205.1 = 5.0‘
79.6 £1,3
151.9+ 2,3
14,1 22,7
225.5%+ 4.0

195.5 % 1,1

Xb

310+ 7.6

120.2 % 1.9

229.5+ 3.4
172.1*

340.6 % 6.0

295.3%x1.7



65

~29-

Table 5
Episome No, of supE+/donor lip+/supE+
F100-1 1.3%x 103 8/85
F100-2 (F450) 5.8x 10 % 84/84
F152 1.2x10° —
Fls2-1 4.9%107° 40/40
F153 1.0x10 3 4/40
F8 8.6x 10" 12/16*

sk
Four of the E_l_'_P+ bacteria were found to be revertants of trp

amber mutation. Therefore the actual ratio is 12/12
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Legends to Figures ..

Fig. 1. Heteroduplex of F8-33 with F. The two insertions, ¢
and Ze of F8-33 are used as position markers for mapping F and
bacterial sequences in other F-prime factors. The bacterial sequence
is shown as/:awtooth line.

Fig. 2. Summary of the genetic and physical structures of F-prime
factors studied. (a) The bacterial DNA of episomes, The deletions are
indicated by the dotted lines. A small I-D loop of F100-3 is not shown
in this figure. The top line is the coordinate system of F100, F152,
their derivatives, and F80. The bottom line is the coordinate system
of F8 and its derivatives. (b) The F DNA of the episomes. The sequence
deleted is indicated by the dotted line.

Fig. 3. Heteroduplexes involving F152. The sawtooth line is
bacterial DNA. Numbers are distances in kilobases from the selected
origins of F and bacterial DNA. The coordinates for bacte;-ial and ¥ sequence
are labeled with a B and F respe.ctively.(a) F152/F heteroduplex. The
electronmicrograph is shown in Plate I. (b) F152/F8-33 heteroduplex.
The two insertion loops of F8-33 are indicated .as c and fe. Sequences
connected by the dotted line sometimes form base pairs and is seen mostly
in heterodu;)lexes between incomplete strands.

Fig. 4. Structure of Fl 52/F152-1 heteroduplex. The corresponding
electron micrograph is shown in Plate II.

Fig. 5. Heterduplex between F152-1 and F8-33. Structure (b)
is formed from (a) by the base pairing between sequences f'g' and fg as
indicated by the dotted liﬁe. It is seen in heteroduplexes between two

incomplete strands. The micrograph corresponding to structure (a) is

shown in Plate III.
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Fig. 6. Heteroduplex of F100-1 with F152-1, An electron
micrograph is shown in Plate IV,

Fig. 7. Heteroduplex of F100-1 with F152, Note that the sequence
around 0 F/0 B is homologous. In the F100-1/F152-2 heteroduplex, a
small deletion at 151,7B is observed (see Sec. D and Plate VIII).

Fig. 8. Structure of the F100-1/F100-2 heteroduplex. Plate
V is the corresponding micrograph.

Fig. 9. Structure of the F100-2/F152-1 heteroduplex. Note that
the deletion end points of F100-2 is in the single-strand loop leaving
the duplex at point a. See also Plate VI.

Fig. 10(a). Heteroduplex between F100-1 and F8-33. The se-
quences connected by the dotted line sometimes form base pairs. (b)
F100-1/F8 heteroduplex.

Fig. 11. The structure of F8~3/F8-33 heteroduplex.

Fig. 12. Reconstruction of F152 or F152-2 episome from F152-1.
In the case of F152-2 reconstruction, the bacterial chromosome carries
a deletion in the kdp sequences.

Fig. 13. Reconstruction of F100 and analysis of supE marker.

Fig. 14. The structure of the F100-3/F152-2 heteroduplex.
There is a small I-D loop of 0.7 kb at point c.

Fig. 15. Proposed mechanism for the formation of F80 from

F8.
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Fig. 16. Heteroduplexes involving F80. (a) The F80/F hetero-
duplex, (b) The F80/F8-33 heteroduplex.. “(c) F80/F 100-1 heteroduplex.
Electron micrographs of (b) and (c) are shown in Plates X and XI re-
spectively.

Fig. 17. Probable processes for the formation of F100 and F152,

Note that the excision point on F is the same for both episomes.
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Legend to the Plates

Plate I. An F152/F heteroduplex. The schematic representation
is shown in Fig. 3a. Letters a and b points to the junctions of duplex
and single-stranded DNA at (C ¥/C B) and (2.8F/218.4B) respectively.
Duplex F DNA, single-stranded F DNA and single-stranded bacterial
DNA are identified as fd, fs, and bs respectively. Several ¢X single-
strand DNA are also marked.

Plate II. Electron micrograph of an F152/F152-1 heteroduplex.
The arrow marks the point where the single-stranded loop, bs, comes
out from the duplex region, bfd.

Plate III. Structure of an F152-1/F8-33 heteroduplex. The
structures is illustrated in Fig. 5a. The junctions of the substitution
loop are marked by the letters 2 and b. The letter ¢ points to the
place where the I-D loop, bfs, comes out of the duplex region. The
two insertion loops of F8-33 are labeled by c and Le. bfs indicates that
the single-strand DNA is composed of both bacterial and F sequences.

Plate IV. The F100-1/F152-1 heteroduplex showixig 2 substitution
loop (ab) and anI-D loop (c). The schematic representation of this
molecule is shown in Fi/g. 6.

Plate V. An electron micrograph of the F100-1/F100-2 hetero~
duplex. The substitution loop is-identified by the two labels a and b.

Plate VI. Structure c‘>f the heteroduplex f;)rmed F100-2 and F152-1,
The two single-stranded loops are identified by a and b, respectively.

Plate VIl. The F100-1/F8 heteroduplex. The structure is illus-
trated in Fig. 10 . The junctions between double-stranded DNA and
single strand DNA are marked by a and b in the substitution loop and

c in the deletion loop.
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Plate VIII. Heteroduplex between F100-1 and F152-2 showing -
three I-D loops. I-D loop a is the sequence containing g_tgk, bio, and
uvrB. I-D loop bis the bacterial sequence deleted in F100-1 and
I-D loop c the kdp deletionof F152-2.

Plate IX. An electron micrograph of the F100-2/F152-2 hetero—
duplex. Three I-D loops at a2, b, and ¢ can be seen. The I-D loop ¢
is very small and appears to be a small stem in this magnification.

Plate X. The F80/F8-33 heteroduplex. The structure is illus-
trated in Fig. 17b.

Plate XI, Structure of the F80/F100-1 heteroduplex showing two

I-D loops. The larger one is the bacterial sequence deleted in F100-1,
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Chapter 3

Electron Microscope Analysis of
Partial Denaturation of F Factor
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In E. coli, exchange of genetic information between
chromosomes is sometimes dependent on the functions of the
sex factor F in the donor cell. The F factor is a closed
circular DNA molecule with a molecular weight of 63x106
daltons (5). About one-third of the sequences in F DNA are
essential for fertility; about 17% of F sequences, clustered
in one region of the molecule, can be deleted without affect-
ing any known functions (5). The sites on F used for inte-
gration 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., (Ref. 53 Ohtsubo, Deonier, Lee, Hu,and Davidson,
personal communication for Fil4, F13, F210 and related
episomes).

The base composition of F is about 49% G+C, similar
to that of the E, coli chromosome. The distribution of
G+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%
while the rest has about 50% G+C. Falkow and Citarella (2)
have suggested that the non-uniform 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 A+T rich region.

The high G+C region was shown to contain sequences homo-
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logous to E. coli chromosomal DNA., It was suggested (2)
that these homologous sequences are used for the integration
of F into the bacterial chromosome.

The purpose of the present work is to map the A+T rich
regions on the physical map of F (5), and thereby study
possible correlations between base composition and biolo-
gical function,

Materials and Methods

Bacterial strains: The bacterial strains Wi485(F),

JE3513(F8-33) and ND3(FA(0-14.5)) and the structures of the
episomes they carry have been described previously (5).
KLF253(F152-1) was obtained from B, Low. The structure of
F152-1 will be reported elsewhere (E. Ohtsubo and M. T. Hsu,
manuscript in preparation).

DNA isolations The procedure of Sharp et al. (5) was used.

Partial denaturation analysiss Partial denaturation condi-

tions were achieved by raising the formamide concentration,
essentially as that described by Davis and Hyman (1),
0.5ug/ml of the DNA to be studied was dialyzed against the
following solution: 80% formamide, ‘jxlO"2 M NaCl, 5x10"3 M
Tris, 5x10”* M EDTA, pH 8.5. 50nl of the DNA solution was
mixed with 1 to 2 pl of cytochrome c solution (1 mg/ml in
0.1 M Tris, 0,01 M EDTA, pH8.5) and then spread onto a

hypophase of 50% formamide and one-tenth concentration of
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the electrolyte used in the spreading solution. After
waiting for 2 to 3 minutes, the DNA was picked up with a
parlodion coated copper grid, stained with uranyl acetate
(5x10’5M in 90% ethanol) and rotary shadowed with platinium.
We find that it is important to wait 2 to 3 minutes 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 minutes) has
poorer contrast. The optimal waiting time depends some-
what 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. (1) and are spread under the
partial denaturation conditions described above.
Micrographs were enlarged and traced on a Nikon pro-
jector. 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 heteroduplexes, only F sequences
were measured. The sum of the lengths of denatured and
native regions (and the single stranded F DNA in the
heteroduplex molecules) 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
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studied were incomplete structure, i.e., formed by rena-
turation between incomplete strands. The lengths of
characteristic segments of the molecules are known by
previous heteroduplex analysis (5), Histograms of the fre-
quency with which a particular region became single
stranded under the partial denaturation condition used
were constructed using a length interval of (1/250)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 ob-
served denaturation loops.
Results

Fig. 1 shows a  histogram of the partially dena-
tured regions of F DNA when spread from 80% formamide,
5x1072M NaCl, 5x1073M Tris, 5x10™M EDTA, pH 8.5 at room
temperature (21°C). An electronmicrograph of a partially
denatured F DNA is shown in Plate 1. Four major peaks
(1, II, III, IV) and two minor peaks (V, VI) can be seen.
An interesting feature is that most of the A+T rich se-
quences are clustered in one general region of F, compri-
sing about 30% of the molecule.

To map the positions of these A+T rich segments on

the physical map of F (5), partial denaturation of hetero-
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duplexes 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 belows

The F8-33/F heteroduplex

F8-33 (it was called Fg(N33) in ref. 5) is a transfer
defective derivative of F8 (3,5). F sequences between
coordinates 8.5 and 16.3% are deleted in this episome as
can be seen in Fig.2a. There are also two insertion loops,
c and €3 , mapped previously at coordinates 91.0 and 35.2%
respectively. The insertion loop ¢ was chosen as a posi-
tion marker to map the partially denatured regions in the
F8-33/F heteroduplex. An electronmicrograph of a partially
denatured F8-33/F heteroduplex at the same partial denatu-
ration condition used for F is shown in Plate 2. The his-
togram of the distribution of partially denatured regions
is shown in Fig.3b. It is plotted as a linear map with
coordinate 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.l can be readily identified as the peak at
coordinate 63 in Fig.3b. By aligning this peak of the
histogram of F and that of the F8-33/F heteroduplex, the

* Revised coordinates, R. C. Deonier, private
communication
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rest of the A+T rich segments of F can be mapped as shown
in Fig. 3a. This assignment is confirmed by the analysis
of the following heteroduplexes.

The F (0-14,5)/F heteroduplex

F (0-14.5) is a deletion mutant of F with the sequence
between 0,0 and 14,5 kb deleted (see Fig. 2b). Therefore if
the previous assignment is correct, F (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. 3c
and Plate 3.

The F152-1/F heteroduplex.

The structure of the F152-1/F heteroduplex is shown
in Fig. 2c. The F sequences with coordinates between 0.0
and 2,8% are deleted in F152-1, Since the F sequence around
coordinate 2,8 is probably A+T rich as shown in Fig. 3a,
point a in Fig. 2c with coordinate 0.0 is chosen as the
reference point. The histogram of the partially denatured
regions is shown in Fig. 3d. An electronmicrograph of the
partially denatured F152-1/F heteroduplex is shown in Plate
L, 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.

Discussions

The data presented above show that most of the
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A+T rich sequences of F DNA are clustered in one part of the
molecule, between coordinates 0 and 30. Thus the DNA se=-
quence in this region has several interesting properties:
1) it is A+T rich as shown above, 2) it is used for recom-
bination with the E. coli chromosome for the integration or
excision of F (see Table 1), and 3) it is nonhomologous with
R(fi+) and colV factors. (The region of sequence homology
between these plasmids and F extends clockwise from 50F to
94,.5/0.0F, where it ends abruptly (4)). It is speculated
that this region may be the 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 conjugation, 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 repli-
cation or the fertility functions, the only A+T rich region
that could possibly account for such a correlation will be
the region mapped at around coordinate 63 (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, where
the replication function and the transfer origin of F factor

are confined. This is based on the following factss
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1) sequences clockwise from coordinate 68.0 to 94,.5/0.0F

can be deleted without affecting the autonomous replication
or transferability when complemented by R100-1 (5); and 2)
sequences between 0,0 and 43.0 can be deleted without
affecting either the autonomous replication or transferabili-
ty (see Table 2). However, a definite correlation between
the A+T rich segment VI and the transfer origin and/or

the replication origin of F remains to be studied.
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TABLE 1

Episome Integration site Excision site Ref.

F100-1 0.0 2.8 5y &
F100-2 0.0 2.8 5, a
F152 0.0 2.8 a
F152-1 0.0 2.8 a
F42 0.0 2.8 5
F8 8.5 16.3 5
F210 8.5 11.5 b
F14 3.0-8.5 = ceececa- e
F13 16.3-17.5 = ecce-- b
a) E. Ohtsubo and M. T. Hsu, manuscript in
preparation.
b) E. Ohtsubo and S. F. Hu, private communi-
cation,

c) E. Ohtsubo, R. C. Deonier, H. J. Lee and
N. Davidson, private communication.
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TABLE 2

Episome F sequence deleted Ref.

F152 0.0-2.8 a
F100 0.0-2.8 a
FU2 0.0-2.8 5
F210 8.5-11.5 b
F8 8.5-16.3 5
F A(0-14.5) 0.0-14,5 5

FA(33-43)  33-43

0

F13"Ll’ 16.3_37-2 b
a) E. Ohtsubo and M. T. Hsu, manuscript in
preparation.
b) E. Ohtsubo and S. F. Hu, private commu-
nication.

c) W. M. Anthony, private communication.
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FIGURE LEGENDS

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

Fig. 2. (a) heteroduplex of F8-33/F. The two small
insertions of F8-33 are indicated by ¢ and€Y. The sequences
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 deleted in FA(0-14,5) is seen as a
single-strand insertion-deletion loop. (c) heteroduplex of
F152-1/F., 1In F152-1, the F sequence between 0 and 2.8 is
substituted by a bacterial DNA carrying the gal operon.

Fig. 3. (a) The linear form of the histogram shown in
Figs, 1. Several relevant coordinates of F DNA are shown in
the top of the figure. (b) A histogram of the partial<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>