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The Xdvl plasmid forms an extensive oligomeric series of circular DNA mole- 
cules in recombination-proficient (ret’ ) Escherichia co&i. These ret+ [Xdvl] + 
strains can be typed into the following four classes according to which member 
of the oligomeric series is most frequent : monomer, dimer, trimer, and tetramer 
strains. Each of these strains forms a set of circular hdvl DNA molecules in 
which most members belong to the series 1, 21, 31, 41, . . . , where 1 is the length 
of the most frequent circular DNA that characterizes the strain-i.e. 1 equals 
the length of the most frequent oligomer in the respective strain. In a given strain, 
the frequency of a molecular species decreases as its length becomes a larger 
multiple of 1. For example, the dimer strains produce dimers, tetramers, hexa- 
mers, octomers, etc., in decreasing frequencies, which reach the limits of detec- 
tion at about the hexadecamer. 

When rec.4- mutations that are absolutely defective for host recombination 
are introduced into each of these four strains, 1 retains the same values as in the 
parent ret+ strain, but oligomers larger than 21 are not formed, and the fre- 
quency of the 21 oligomer is much reduced. The introduction of recB- or recC- 
mutations, which are only partially defective for host recombination, produces 
a much smaller perturbation of the ret + distributions, and ret + /recA - merodi- 
ploids exhibit the ret+ phenotype with respect to both oligomerization and host 
recombination. 

The effects of ret- mutations on the distribution of Xdvl oligomers and the 
nature of the oligomeric series produced in ret+ cells all indicate that an inter- 
molecular reciprocal recombination between two circular Xdvl DNAs is the 
principal reaction responsible for oligomerization. It is suggested that the small 
residual oligomerization that yields 21 oligomers in recA - cells results from aber- 
rant segregation of the DNA strands at the termination of the replication of 
Z-sized molecules. 

The inactivation of recA, but not of recB or C, also results in a marked reduc- 
tion in the frequency of spontaneous curing which in recA + [Xclvl] + hosts leads 
to the segregation of [Xdv]- cells. However, spontaneous curing does not appear 
to be dependent upon the recombination reactions that yield the Xdvl oligomers, 
since the frequency of oligomerization in recA + hosts decreases with increasing 
1, whereas the frequency of curing increases with increasing 1. 

t Present address: Institut fur Biologie III der Universitltt Freiburg, 78 Freiburg i. Br., West 
Germany. 
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1. Introduction j- 
Many of the circular plasmid DNAs exhibit oligomerization in which the genome of 
the plasmid is represented an integral number of times in a single closed duplex: 
e.g. the colcinogenic factor co1 El in Proteus rnirabilis (Bazaral $ Helinski, 1968; 
Goebel & Helinski, 1968), mitochondrial DNA in leukemic leukocytes (Clayton & 
Vinograd, 1969), and polyoma DNA formed from transformed cells (Cuzin et al., 1970). 
Two mechanisms have been proposed for the generation of these circular oligomers: 
reciprocal recombination between the circular DNA molecules, or errors in their 
replication (Hudson et al., 1968; Goebel & Helinski, 1968). However, the experimental 
evidence has been generally insufficient to identify the mechanism of oligomerization 
for any circular plasmid. 

The hdv plasmids provide a good system for the study of this process. These circular 
plasmids are deletion mutants of bacteriophage h, which replicate autonomously in 
Escherichia co&. The small fraction of the h genome retained in the Xdv plasmids 

I 
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FIG. 1. Map of the right-hand half of h DNA. 
The scale gives the values of fL, the fraction of the molecular length of h DNA measured from 

the left-hand end of the molecule. The i?zt, xiis, red M, red p and y genes affect recombination pro- 
cesses; the 0 and P genes are required for DNA replication. The positions of these genes, the 
attachment site (att), the immunity region of X (imm is defined as that segment which is substi- 
tuted in Aimm434 phage) and genes N, & and R are taken from Davidson & Szybalski (1971) and 
Egan & Hogness (1972). The position of X&l is taken from Davidson & Szybalski (1971); Chow 
et al. (1974) place it at a slightly different position (i.e. fL = 0.737 to 0.886). The boundaries of 
the Xbioy deletion were determined by heteroduplex mapping (fL = 0.573 and 0.791; M. Fiandt 
& W. Szybalski, personal communication). The right boundary of the AbioP deletion intersects 
gene P and is placed at the position of P,, locus (Egan & Hogness, 1972; see also Davidson & 
Szybalski, 1971). 

includes the genes required for the replication of X DNA, but is missing the h genes 
that are known to affect recombination (Matsubara & Kaiser, 1968; Chow et al., 1974). 
This fraction is indicated in Figure 1 for Advl, the prototype isolated by Matsubara 
& Kaiser (1968). We have observed that /\dvl forms an extensive series of circular 
oligomers, extending at least to the hexadecamer, in ret+ ‘bacteria, i.e. in cells that 
contain the complete recombination system of E. coli. This recombination system is 
sensitive to mutation in each of several known genes, e.g. recA, recB, and recC 

7 Termi?wZogy: covalently closed double-stranded circular DNA molecules are termed closed 
circles or closed circular DNA; closed circles that have received one or more breaks in either 
strand but retain the circular configuration are termed nicked ctircles, or nicked circular DNA; 
when no distinction is made between these two states, the term circular DNA or circle is used. 
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(Willetts et al., 1969; Willetts & Clark, 1969; Willetts & Mount, 1969). Since the 
hdvl genome lacks the recombination genes of X, it should therefore be possible to 
determine the relevance of recombination processes to the oligomerization of this 
plasmid by determining the effect of such ret- mutations on the oligomeric dis- 
tribution. 

In this paper we examine the distribution of Xdvl oligomers in ret + , recA -, ret B - 
and recC- cells and come to the conclusion that oligomerization in ret + cell is primarily 
due to intermolecular reciprocal recombination events. A low level of highly restricted 
oligomerization appears to be recombination-independent, and may result from 
infrequent errors in the replication process. 

2. Materials and Methods 
(a) Bacteria 

The properties, origins and construction of the bacterial strains are given in Table 1. 

(b) Bacteriophages ancl their DNAs 

The purification of h’ (Kaiser, 1957), Ximm 434c (the 434 hy of Kaiser & Jacob, 1957, 
carrying a cl-type mutation), &mm 4a4Nam 7, himm4340am 29, Ximm434Pam 80 (Matsu- 
bara & Kaiser, 1968), himm x1 (Liedke-Kulke & Kaiser, 1967), hvir (Jacob & Wollman, 
1954), hvirh434, Xtirh@O, and of Ximm@ao (Matsubara & Kaiser, 1968) was accomplished 
according to the procedures of Doerfler & Hogness (1968). The purification of AbioP and 
Xbioy (the M38-5 and M58-2, respectively, of Kayajanian, 1968,197O) has been described 
by Champoux & Hogness (1972), and the deleted segments in their DNAs are indicated 
in Fig. 1. The deletion in the Xbio, M55-3 (Kayajanian, 1968) extends rightward from att 
past R (Fig. 1). 

DNA was isolated from phage as described by Egan & Hogness (1972). 

(c) Isolation of covalently closed circular Xdvl DNA 

(i) Growth and 3H-labeling 

Owing to the instability of ret + [Advl] + , each preparation was initiated by inoculating 
20 ml of K medium (Young & Sinsheimer, 1967a,b) containing 20 pg thymidine/ml with 
a single [/\dvl]+ colony. After overnight growth, a portion was diluted tenfold into 20 ml 
of the same medium and growth continued until the absorbance at 600 nm (Asoo) equalled 
0.6, when the cells were washed and resuspended in 100 ml K medium containing 0.25 mg 
deoxyadenosine/ml and a total of 0.2 mCi of [3H]methyl-labeled thymidine (> 15 Ci/mmol, 
New England Nuclear). After growth to A,,, = 0.8, the cells were chilled and harvested 
by centrifugation. About 50% of the [3H]thymidine was incorporated into DNA. The 
temperature of growth of each experiment is given under Results. 

(ii) Cell lysis 

Cell lysates were prepared by the following modifications of the Brij extraction pro- 
cedure of Godson & Sinsheimer (1967) and of the Sarkosyl extraction procedure of Young 
& Sinsheimer (1967a,b). 

B&j extraction. Washed cells were resuspended in 8 ml of 25% (w/v) sucrose in 0.01 M- 

Tris*HCI, pH 8.0 at O”C, and 2 ml each of cold lysozyme solution (0.85 mg/ml in 0.25 M- 

Tris*HCl, pH 8.0) and of 0.008 M-EDTA were mixed and added to the suspension. After 
5 min at O”C, 2 ml each of 5% (w/v) Brij 58 (Atlas Chemical Co.) and of 0.1 M-MgSG4 
were added with shaking, and 5 min later the partially cleared but not viscous suspension 
was centrifuged at 8000 revs/min for 10 min. The supernatant solution was extracted 
with phenol once, or twice and, after bringing the upper aqueous phase to 1.0 M-NaCl, 
the nucleic acids were precipitated by addition of 2.5 vol. ethanol. This precipitate was 
prepared for ethidium bromide/C&l centrifugation by dissolving it in 5 ml of 0.5 InM- 

EDTA, 16 mM-Tris.HCl (pH 8.0), phis 0.3 ml of an 8.0 mg/ml solution of ethidium bro- 
mide, plus 5.0 g of C&l. 
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TABLE 1 

Properties and origins of the bacterial strains 

Strain(‘) 
Properties 

Xdvl’z’ ?WP) Source 
Origin 

Reference 

(a) JC6072 
JC5088 
JC4668 
JC5426 

(b) KLF8/MA50 

(c) KM314 

(d) A46 
A08 
BlO 
C22 

(e) KLFS/A46 

(f) M31-m 
M31-d 
M31-t 
M31-tet 

(g) A31-m 
A31-d 
A31-t 
A31-tet 

- 
- 

II 

11 
II 
II 
II 

II 

I 
II 
III 
IV 

I 
II 
III 
IV 

A 67- 
A - 
B,5,6- 

G2- 

+/A- 

+ 

A Lx- 
A e7- 
&- 
G 22- 

+/Ax- 

+ 
+ 

:: 

A,,- 
&- 
A s- 
A,,- 

A. J. Clark Clark (1967) 
A. J. Clark Clark (1967) 
A. J. Clark - 

A. J. Clark Willetts & Mount (1969) 

B. Low Low (1968) 

K. Matsubara Matsubara & Kaiser (1968) 

JC.5088 x KM314 This paper 
JC5072 x KM314 This paper 
JC4668 x KM314 This paper 
JC5426 x KM314 This paper 

KLFS/MA50 x A46 This paper 

JC5072 x KM314 This paper 
Segregant of M31-m This paper 
Segregant of M31-m This paper 
Segregant of M31-m This paper 

JC5088 x M31-m 
JC5088 x M31-d 
JC5088 x M31-t 
JC5088 x M/131-tet 

This paper 
This paper 
This paper 
This paper 

(1) Additional characteristics and methods of isolation are given below for each group. 
(a) These strains were derived from and retain the properties of JC5029, an Hfr, strs, spcs, ilv-, 

thr- strain formed from Hfr KL16 by mutation (Clark, 1967). The TWA- mutations were added 
by nitrosoguanidine mutagenesis (Clark, 1967); recB,,- and TecCzz- were added by cotransduc- 
tion with thy+ to a thy- derivative of JC5029 (JC5401) (Clark, 1967; Willetts & Mount, 1969). 
JC4668 has not been referred to previously; it was formed in the same manner and has the same 
properties as JC5142 (Willetts & Mount, 1969; A. J. Clark, personal communication). 

(b) The F’, KLF8, was formed from Hfr KLl6 (Low, 1968) and is plus for all three ret genes. 
The KLFS/MA50 is lys+, cys+llys-, cys-. 

(c) KM314 is strR, F;is-, su-, ade- (K. Matsubara, personal communication). It was obtained 
from the original [Advl]+ isolate, KM195, by mating with Hfr H and selecting for gal+ transfer 
(Matsubara & Kaiser, 1968). 

,(d) his+(st+) recombinants that exhibit the sensitivity to ultraviolet light of the ret- parent 
and restricted the growth of /\vir (see Table 3) were selected from the indicated matings (Adel- 
berg & Burns, 1960). A46 is one of 30 such recombinants isolated from JC5088 x KM314 and 
A08 is one of 15 recombinants isolated from JC5072 x KM314. 

(e) KLFS/A46 was isolated as an ultraviolet-resistant, X&r-immune (Table 3) colony after 
F-duction of A46 with KLFS/M50. 

(f) M31-m is a his+ (strs) recombinant which is Xv&-immune (Table 3); however, its sensitivity 
to ultraviolet light is much less than the recA- parent, though more than wild-type carrying 
Xdv. The same unusual u.v.-sensitivity curve was exhibited by Ml-m, another monomeric Xdv 
strain isolated as a his+(strR) recombinant from the mating JC5426 x KM314. These strains and 
their indicated segregants are classified ~ec + because of their lesser u.v.-sensitivity, which oan be 
increased by introduction of recA,, - (see (g) beiow), and because of the Tee+ characteristics given 
in Table 3. 

(g) These strains were isolated from the indicated matings as recombinants carrying Xdwl of 
the M31 parent (&r-immunity) and exhibiting the u.v.-sensitivity of the recA- parent. 

c2) The reman numerals indicate the most frequent circular form of Xdv: I, monomer; II, dimer; 
III, trimer; IV, tetramer. 

c3) 9, B and C indicate genes recA, recB and recC, the subscript referring to the number origi- 
nally assigned to the TBC- mutation; + indicates all three genes are wild-type. 
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This rapid Brij extraction was used for screening colonies for their distribution of h&v 
oligomers; 40 to 70% of the covalently closed hdvl molecules are extracted by this pro- 
cedure, the larger oligomers suffering disproportionate losses. For the quantitative distri- 
butions shown in the text Figures, either the precipitate from the above 8000 revs/min 
centrifugation was subjected to the Sarkosyl extraction and combined with the nucleic 
acids obtained by the above procedure, or the cells were directly extracted with Sarkosyl. 

Xarkosyl extraction. The washed cells (or the residue from the Brij extraction) were 
resuspended in 3.0 ml of 12.5% (w/v) sucrose, and 1.5 ml each of a 10 mg/ml solution of 
lysozyme in 0.25 M-Tris.HCl (pH %O), and of 0.20 M-EDTA were added. After 10 min 
at 0°C 0.30 ml Sarkosyl NL30 (Geigy Chemicals) and 2.25 ml Pronase solution (1-O mg/ml, 
pretreated as described by Young & Sinsheimer (1967a,b)) were added, and the mixture 
shaken at 2O’C for 60 min. Ethidium bromide (0.50 ml of an 8 mg/ml solution) and 8.25 g 
of C&l were then added prior to the following centrifugation. 

(iii) Centrifugation in ethic&m bromidelCsC1 gradie& (Radloff et al., 1967) 

The above mixtures were centrifuged in the Spinco model 40 rotor for 36 to 60 h at 
38,000 revs/min and 5°C. The bands of DNA were observed by their fluorescence at 
360 nm and collected under this visual control; the relevant fractions were analyzed for 
trichloroacetic acid-precipitable radioactivity. The band of closed circular DNA from 
the Sarkosyl preparations was recentrifuged under the conditions indicated above. If 
this DNA was derived from Sarkosyl extraction of the Brij residue, it was combined with 
the band of closed circular DNA obtained from the Brij extraction and centrifuged a third 
time. 

Ethidium bromide was removed from the closed circular DNA by 6 to 8 extractions 
with isopropanol presaturated with 3.0 M-C&I and then dialyzed against 0.5 mM-EDTA, 
10 mM-Tris.HCl (pH 8.0). 

No band of closed circular DNA could be detected from any of the [h&l- strains in 
Table 1 or from the cured colonies derived from all [hdw l] + strains except A31-m and 
A31-t, which were not tested. 

(d) Zone sedimentation 

Zone sedimentation was performed at 5’C in tubes of the Spinco model SW40 rotor 
containing a linear 5% to 20% ( u v sucrose gradient in 25 mM-NaCl, 0.5 mM-EDTA, T/ ) 
10 mM-Tris.HCl (pH 8.0) (total volume = 11.2 ml) rotating at 40,000 revs/min for 3 h, 
except as noted in Fig. Z(b). 

Computation indicates that the sedimentation behavior of DNA molecules under these 
conditions is essentially isokinetic; i.e. the ratio, [szo ,1,/d,, is constant to within 1.5% 
for [s,,,,]~ in the range 15 to 80 S, where di is the distance sedimented by DNA,. This 
conclusion is confirmed by the fact that no significant differences were observed in the 
relative distances sedimented by different DNAs in the above gradient and in a 5-ml 
linear 6% to 20% sucrose gradient in an SW39 rotor, where isokinetic behavior has 
been demonstrated (Doetier & Hogness, 1968; Egan & Hogness, 1972). Sedimentation 
coefficients for the different oligomers of Mwl DNA were therefore computed from [s~~,~]J 

[S2D.w1R = d&R> where i refers to the hdwl DNA and R denotes a reference molecule 
whose sedimentation coefficient is known (see Figs 2 and 3). 

(e) Electron microscopy 

DNA samples were prepared for electron microscopy by a modification of the Klein- 
Schmidt technique (Vasquez & Kleinschmidt, 1968; Lang et al., 1967). The mean con- 
tour lengths reported in this paper result from the measurement of 24 to 120 molecules 
of the different size classes; only the relaxed configurations typical of nicked circles 
were measured. 

(f) DNA/DNA hybridization on nitrocellulose jtlters 
Following a modification of Denhardt’s (1966) procedure, 3H-labeled circular X&l 

DNA was sonicated to produce fragments much smaller than the Xdvl monomer. These 
fragments were denatured by a IO-min exposure to lOO”C, immediately chilled, and then 
hybridized in 0.50 M-KCl, 0.01 M-Tris.HCl (pH 7.3) for 14 h at 65°C to filters containing 
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240C 
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FIG. 2. Distribution of X&l oligomers in KM314 grown at 22°C. 
(a) sH-Labeled closed circles were isolated from the combined Brij and Sarkosyl treatments by 

centrifugation in ethidium bromide/C&l gradients and then subjected to zone sedimentation after 
addition of the sedimentation reference, E. eoZi ,&galactosidase (s = 16 S; see legend to Fig. 3), 
according to procedures described in Materials and Methods. The two 1 W-labeled peaks are 
A DNA in the form of nicked (s = 37 S) and closed (s = 62 S) circles and were provided by infeo- 
tion of the KM314 cells with ‘*C-labeled phage prior to lysis. Portions of lo-drop fractions were 
used for counting the [3H]- and [lW]DNA. See text for determination of the indicated sedimenta- 
tion coef%ients (s), contour lengths, and values of n; values of n appearing in parentheses refer 
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0.225 pg denatured DNA from Xc, or one of the Xbio variants. After hybridization, the 
filters were washed in 1-O mM-?!ris-HCl, pH 9.2, and assayed for radioactivity. Blank 
filters which accompanied the DNA filter in each hybridization experiment contained 
1.0 to 1.5% of the counts on the hybridization filter in the plateau region. 

3. Results 
(a) Distribution of circular oligomers from the ret + [Xdvl] + parent strain, KM314 

(i) Analysis of closed circles 

Matsubara & Kaiser (1968) examined the closed circular DNA isolated from their 
original [X&l] + strain (KM195) in the electron .microscope and observed that most 
molecules had a contour length of 4.4-&O*1 pm, with some molecules exhibiting 
lengths twice this value. When we examined the size distribution of 3H-labeled 
closed circles from KM314, a derivative of KM195 (Table l), by zone sedimentation, 
the results shown in Figure 2(a) were obtained. While compatible with the observa- 
tions of Matsubara & Kaiser, this sedimentation pattern indicates a much more 
extensive range of circular oligomers than was anticipated. 

The sedimentation coefficients of the peak fractions were determined from their 
distances of sedimentation relative to that for a reference molecule (see Materials and 
Methods). The resulting values are given in Figure 2(a), and with the exception of 
the two very small peaks nearest the top of the centrifuge tube (23 and 30 S), 
represent the sedimentation coefficients of different size classes of closed circles 
(see legend, Fig. 2(a)). The contour lengths of molecules in those peak fractions, 
which exhibit sedimentation coefficients of 35, 48, 58 and 65 S, were measured in the 
electron microscope (see Materials and Methods), and mean values of 4.4, 8.9, 13.7 
and 1’7.2 pm, respectively, were obtained. These lengths conform to the series 1, 21, 
31, 41, where 1 is 4.4 pm, the length of the most frequent circle (abbreviated, m,fc) 
in the distribution. 

As will become apparent, the sedimentation coefficients of the closed circles in 
peaks further down the centrifuge tube (i.e. 72 S, 77 S, etc.) are consistent with 
molecular lengths that are even larger integral multiples of 1. However, the small 
but significant peak at 42 S between the larger two peaks containing molecules of 
lengths 1 and 21 does not conform to this series. The contour length of closed circles 
exhibiting this sedimentation coefficient is 7.0 pm (determined from hdvl circles 
in strain M31-t, which is described later; see Fig. 5(c)), or about three-halves 1. This 
suggests that the hdvl genome is represented twice in molecules of length 44 pm. 

Circles containing only one copy of the Xdv genome should then have contour 
lengths of about 2.2 pm. No molecules of this size were found in the KM314 distribu- 
tion. However, we have obtained [X&l]+ strains in which the most frequent circles 
have a mean contour length of 2.25 pm (e.g. M31-m, to be described later; see Pig. 
5(a)). We therefore presume that the six classes of circles for which we have obtained 
mean contour lengths are members of an oligomeric series containing 1, 2, 3,4, 6 and 
8 copies of the hdvl genome. 

to nicked circles. The starred length values are taken from molecules in the peaks of (b) that 
exhibit the same sedimentation coefficient. 

-O-O-, 14C; -a--•--, 3H. 
(b) Kicked circles were prepared from the closed circles as described in the text. Conditions of 

zone sediment,stion are those described in Materials snd Methods except that the time of sedimen- 
t&ion was 5 instead of 3 h. 
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If one plots the logarithm of the sedimentation coefficient of the closed circles 
(see Table 2) against the logarithm of the respective number of copies, n, the upper 
straight line shown in Figure 3 is obtained. Analysis by least-squares yields the 
following equivalent equations for this line : 

and 
s,, = 25.9 no+40 (1) 

n = 6.13 x 1O-4 Scc2.273, (2) 
where S,, is the sedimentation coefficient of the closed circles. The values of n com- 
puted from equation (2) and the S,, values given in Figure 2(a) are l-96, 3.00, 4.06, 
4.88, 624, 8.10, 10.2, 11.9, and 13.7, all within *4% of the closest integer, and 
indicating that the sedimentation coefficients provide a suflicient measure of n for 
values up to about 14. We have added the points for which n was determined only by 
computation from equation (2) (‘. 1 e. contour lengths were not determined for n > 8) 
to the plots in Figure 3 as open circles, using the closest integral value for n. 

loo- 

ao- 
0’ do 

60- Closed circles 

% - 
bo,*/‘-o’ 

.A’ 
140: /.,*<e,o/m,./+oRo- 

2,-;:/*’ 

Nicked circles 

I I I I Illlll11 
I 2 3 4 5 6 7 8 9 IO I2 14 

n 

FIG. 3. Sedimentation coefficients of closed and nicked circles of Xdvl oligomers as a function 
of ?L 

The filled circles in the Figure represent those instances where n was determined from measure- 
ments of contour lengths (Table 2) ; the values of ra represented by the unfilled circles were deter- 
mined from equation (2) for the upper curve (see text). The sedimex&xtion coefficients are taken 
from zone sedimentation profiles such as those shown in Figures 2, 4 and 5, and are the average 
of 5 to 30 values. E. coli ,Q$lactosidrtse with P20.w = 16.0 S (Sund & Weber, 1963) was used as 
the primary sedimentation reference ; h + DNAs in the form of linear molecules and nicked and 
closed circle@ were sometimes used as secondary references, which exhibit sedimentation coeffi- 
cients of 33, 37 and 62 S, respectively, relative to the preceding primary value. 

The value of n computed for closed circular Xc DNA (s = 62 S) from equation 
(2) is 7.27, indicating that the length of the Xdvl monomer circle is 13.8% of the 
h+ DNA, This value is in good agreement with the ratio of contour lengths of the 
Mwl monomer circle (2.25 pm) to that of h+ DNA measured under the same 
conditions (16.2 ,pm, Table 2), namely, 0.139. Electron microscopic mapping of 
heteroduplexes formed between h and Mu1 DNAs demonstrate that the Mu1 genome 
exhibits the same length as the Xdvl monomer (Fig. 1); i.e. in one heteroduplex 
experiment, Mvl was observed to retain 13.9% of the base sequences in h DNA 
(Davidson $ Szybalski, 1971) and in another, 14.9% (Chow et al., 1974). Hence, we 
infer that n equals the number of times the h&l genome is repeated in a given oli- 
gomer, an inference that is confirmed by the hybridization experiments given in 
section (d) below. 



CIRCULAR OLIGOMERS OF Xdvl 73 

The mean of the values for the ratio of monomer to h DNA lengths is 14*00/, 
(the included values are the above four plus the two given in sections (a)(ii) 
and (d) below). The molecular weight of the hdvl monomer calculated from that for 
h DNA (308 x 106; Davidson & Szybalski, 1971) is 4.3 x 106; hence n = iMl(4.3 x 106), 
and substitution in equation (1) yields 

S = 0.0312 Mo.44o cc 9 (3) 

where M is the molecular weight of the closed circular DNA. 
This equation has the general form, S,, = KMa. Since the evaluation of a depends 

only on the relative values of JG? and S,,, the extensive oligomeric series used here is 
ideally suited to its determination-both because the relative values of M are 
accurately fixed by the series, and because factors that may affect the relative values 
of S,, (e.g. supercoil density, temperature, ionic strength (Wang, 1970)) are not 
varied. Furthermore, the determination of K depends on the absolute value for the 
molecular weight of only h DNA, a ,value that has been determined with considerable 
accuracy (Davidson & Szybalski, 1971). The only other case? where an oligomeric 
series has been used to determine the correlation between S,, and M is that for the 
closed circular monomer, dimer and trimer of co1 El given by Bazaral & Helinski 
(1968), who found S,, = O-034 M”.428. Though these values for a and K are close to 
those in equation (3), they are considered less accurate (the values of M calculated 
from this equation are too large) because they derive from a smaller number of data 
points and a less accurate absolute molecular weight. 

Other correlations between S,, and M that have been reported derive from a 
collection of data points for unrelated DNAs taken from the literature, in which 
case the relative values of M are inherently less accurate, the supercoil density may 
vary, and the S,, are often determined under different sedimentation conditions. 
Clayton 8t Vinograd (1967) found that S,, was linearly dependent on Mo.38 for seven 
data points. This was later changed to the correlation, S,, = 7*44+2*43x 1O-3 
M”,58, by increasing the number of data points to 17 (Hudson & Vinograd, 1969). 
And using 19 data points, most of which overlap with the collection used by Hudson 
& Vinograd (1969), Bottger et al. (1971) found S,, = 5*16+4*39x 10m3 M”.553. 
The equation used in the last two cases, S,, = b + KM”, will give a higher value of a 
than the equation S,, = K.&la, when fitted to the same data. For example, when the 
data points used by BGttger et al. (1971) are fitted by least-squares to the latter 
equation: we find a = 0.438. The agreement between this value and that in equation 
(3) is probably fortuitous, since the elimination of the most divergent of the 19 data 
points changes the value to 0.467. We conclude that the equations that have been 
reported previously differ from equation (3) because of some combination of the 
factors enumerated above, and that equation (3) is the most satisfactory of these 
empirical correlations. 

1- The &o values for the oligomerio series formed by the closed circular monomer and dimer 
of human mitochondrial DNA can be extended to the trimer if one assumes that the S,, observed 
for the triply-closed catenated trimer equals that for the closed circular trimer (Hudson & Vino- 
grad, 1969; also see Wang, 1970, for the validity of this assumption). A least-squares evaluation 
of the data given by Hudson & Vinograd (1969) for this three-membered series yields S,, = 
(37.1)&472, or s,, = (O.O185)M~~4~2, if one takes 9.9 x 10s for the molecular weight of the 
monomer (D. Clayton, personal communication). This equation yields a molecular weight that 
is 10% higher than that given by equation (3) at M = 3 x lo”, about the same at M = 
10 x 106, 7% lower at &’ = 30 x lo6 and 11% lower at M = 60 x 106. 
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(ii) Analysis of niciced circles 

Nicked circles were obtained from the 3H-labeled preparation of closed circles 
used in Figure 2(a) by allowing radioactive decay to convert 40% of the DNA to 
nicked circles, which were then isolated in an ethidium bromide/C&l gradient (see 
Materials and Methods). Zone sedimentation of these nicked circles yielded the 
distribution given in Figure 2(b). Except for the expected increase in the proportion 
of higher oligomers due to the proportionality between length and the probability 
of a single-strand scission, the distribution in Figure 2(b) parallels that in Figure 2(a). 
The correspondence of the dimer and tetramer peaks between the two distributions was 
directly established by additional measurements of the contour lengths of molecules 
in the two peaks of Figure 2(b), mean values of 4.4 and 8.9 pm again being obtained. 

A log/log plot of the sedimentation coefficients of the nicked circles (Table 2) 
against the n values determined in the preceding section yields the lower straight, 
line in Figure 3 and the least-squares equations: 

S,, = 18.3 no’348 (4) 
and 

n = 2.36 x 1QM4 Sag’ (5) 

where S,, is the sedimentation coefficient of the nicked circles. Calculation of n from 
equation (5) and the sedimentation coefficients for the nicked Xdvl circles yields 
values which are all within 45% of the integrals assigned in the preceding section 
and given in Table 2. The length of the Xdvl monomer is 13.476 of the length of h 
DNA according to equation (5) and the S,, for h DNA (37 S). 

The two small peaks nearest the top of the centrifuge tube depicted in Figure 2(a) 
have sedimentation coefficients (23 and 30 S) that yield values of n equal to 1.92 
and 4.09, according to equation (5), and are therefore taken to represent nicked 
dimers and tetramers derived from the two major peaks of closed circles. Both this 
correlation and the lack of any peak at 18.4 S in Figure 2(b) indicate that strain 
KM314 does not contain a significant amount of monomers. 

Substit,ution of X/(4*3 x 106) for n in equation (4) yields S,, = 0.090 Di1°‘34*. (6) 

The exponent in equat.ion (6) does not differ significantly from that found for linear 
DNA when S and ih! are similarly fitted to S = KM” ; e.g. values of a determined for 
linear DNA are: 0.35 by Burgi & Hershey (1963), 0.346 by Studier (1965), 0.350 
by Leighton & Rubinstein (1969), and 0.350 by Egan & Hogness (1972). When S and 
M are plotted according to S = b + KM”, a single value for a has also been observed 
to satisfy both linear and nicked circular DNAs (Hudson & Vinograd, 1969; Bottger 
et al., 1971), and there is some theoretical expectation for this result (Gray et al., 
1967). In this case, the value of a is in the range 0*440&-0.005 for values of b in the 
range 2*6&O-l. 

This difference in a is not entirely due to the two equations to which the data are 
fitted, since our results for nicked circles give values of a in the range 0*387~@003 
for the above range of b values, and these values must be doubled for the exponent 
to approach 044. We attribute this difference to the greater accuracy in the relative 
molecular weights that is inherent in an oligomeric series, as emphasized in the 
preceding section. Furthermore, the 6t of our data to the equation with b = 0 is 
sufficiently good that we have found little if any empirical advantage in attempting 
to further optimize the fit by varying b. 
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FIG. 4. Distributions of Xdvl oligomers from ret’ and reck dimer strains grown at 37°C. 
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(iii) Effect of temperature on the oligomer distribution 

77 

The distributions given in Figure 2 were obtained from cells grown at 22°C. When 
the temperature of growth is raised to 37°C the distribution of closed h&v1 circles 
is given by the upper curve in Figure 4(a). Although the fraction of hdvl DNA in 
the form of higher oligomers is decreased from 58% at 22°C to 34% at 37°C (Table 2), 
the general features of the distribution remain the same: most oligomers conform to 
the series 1, 21, 31, . . . . il, . . . , where n. = 2 for 1, the length of the most frequent 
circle; and the frequencies of these oligomers decrease with increasing i. 

(b) The distribution of Xdvl closed circles in ret- dimer strains 

(i) recA- 
Both recA&[hdvl] + and recA,&&l] + strains were obtained by mating KM314, 

which is [Xdvl] +, ret +, his-, strR, with derivatives of HfrKL16 (JC5088 and JC5072), 
which are [h&l-, recA-, his+, strS (Table l), and selecting his+, strrt recombinants 
that are ultraviolet-sensitive (i.e. recA-) and refractory to hvir (i.e. [hdvl]+). The 
distributions of closed circular hclvl DNA in 30 recA&Gvl]+ recombinants and 15 
recA,,[Mvl]+ recombinants have been examined. Each of the 45 distributions is 
essentially the same as that exhibited by A46 (one of the recA&[hdvl]+ recombinants) 
and given in Figure 4(b). Although the length of the most frequent circle is unchanged 
(i.e. n = 2 for l), the fraction of Xdvl DNA appearing in the form of higher oligomers 
is dramatically reduced-from 58 to 6% at 22°C and from 34 to 5% at 37°C (Table 2). 
Furthermore, no closed circular DNA (<0*03%) larger than 21 could be found in 
the recA- bacteria. 

To demonstrate that this loss of higher oligomers is specific to the recA- state, a 
rec+/recA& merodiploid, KLF8/A46, was constructed from A46 by F-duction with 
the F’,KLF8 (Table 1) and the distribution of closed circular DNA in this strain 
examined. It can be seen that this distribution is the same as that for KM314, the 
ret+ parent of A46 (Fig. 4(a), lower curve; Table 2). 

(ii) recB- and recC- 
Both recB, [Xdvl] + and recC& [Xdvl]+ recombinants were isolated by the 

method described above for the recA- [hdv]+ recombinants (see Table 1). It is 
evident from the distributions of closed circles obtained from representatives of 
these two types of recombinants (BlO and C22, Table 2) that inactivation of the 
recB or the recC gene results in only a small perturbation of the ret+ distribution. 
The value of 1 is unchanged, and although the higher oligomers represent a signi- 
ficantly smaller fraction of the DNA (40% in recB& and 42% in recC-, as com- 
pared to 58% in the ret+ parent), they conform to the kind of series present in ret+ 
bacteria. 

the legend to Fig. 2(a). The vdue~ of n, contour length, and S for the distributions from the rs.ec+ 
strains (left-hand column of figures) are given above each distribution, as in Fig. 2(a). The starred 
contour length in (a) refers to molecules taken from the corresponding peak in a distribution of 
nicked circles prepared as described in the legend to Fig. 2(b). The n-vrtlues for peaks in the 
distributions from recA- strains (right-hand column of figures) are indicated by the numbers 
associated with each peak, the numbers in parentheses referring to nicked circles. The 14C-labeled 
DNA in (e) and (f) (-O--O-) are closed circles with vz = 3 and 6, which were added as sddi- 
tional reference markers. (a) M31-m; .(b) A31-m; (c) M31-t; (d) A31-t; (e) M31-tet; (f) ASl-tet. 
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(c) Strains in which the most frequent circle is the monomer, 
trimer or tetramer of Xdvl 

(i) Monomer strains 

In the above matings, two unusual [h&l]+, his+, strR recombinants were isolated, 
Ml-m from JC5426 x KM314 and M31-m from JC5072 x KM314 (Table 1). Since 
they have the same characteristics, only the M31 -m strain is described here. Although 
the Hfr JC5072 donor is vecA,$ M31-m is considered to be ret+ for the reasons 
given in Table 1, footnote l(f). It is unusual because its ultraviolet-sensitivity, while 
much less than that of ret- strains, is greater than that of wild-type [h&l]+ cells-t, 
and because the most frequent circle (mfc) of A&l in M31-m is the monomer (Fig. 
5(a)). The values of n assigned to the peaks in this distribution are not only consistent 
with values calculated from the sedimentation coefficients of closed circles and 
equation (2), but also with values calculated from the sedimentation coeflicients of 
the corresponding nicked circles (prepared as described for the population in Fig, 
2(b)) and equation (5). Furthermore, contour lengths of the monomers and dimers 
were measured, to yield the values given in the Figure. 

This distribution is not unlike that for the dimer strains except that n = 1 for 1, 
as if the mfc is the basic unit from which the higher oligomers are derived. The 
oligomerization in monomer strains exhibits the same sensitivity to temperature as 

shown previously for the dimer strains, and is similarly dependent upon the recA + 
gene. The latter point is demonstrated in Figure 5(b), which shows the distribution 
of closed circles obtained from strain A31-m, a recA, [hdwl]+ recombinant formed 
by mating M31-m with the Hfr, recA&, strain JC5088 (Table 1). As with the dimer 
strain, inactivation of the recA gene causes a drastic reduction of oligomers larger 
than the mfc and limits the maximum oligomer to 21, in this case the dimer. 

(ii) Trimer and tetramer strains 

M31-m spontaneously segregates clones which yield distributions of closed hdvl 
circles in which the mfc is the dimer, trimer or tetramer (Table 1). The distribution 
of the dimer strain, M31-d, and its recA& derivative, A31-d, are essentially the 
same as those shown in Figure 4. The distributions for the trimer strain, M31-t, and 
its recA& derivative, A31-t, are given in Figures 5(c) and (d), while the distributions 
exhibited by the corresponding tetramer strains, M31-tet and A31-tet, are shown in 
Figures 5(e) and (f). The size of the oligomers was determined from their sedimenta- 
tion coefficients and in each case 1, the length of the mfc, was confirmed by electron 
microscopy. Clearly, 1 corresponds to n = 3 for the trimer strain and to n = 4 for 
the tetramer strain, 

The distribution of the circular oligomers in M31-t and M31-tet conform to the same 
qualitative rules defined for the reef monomer and dimer strains. The predominant 
oligomers are represented by the series 1, 21, 31 . . . . il, . . . . , and the frequencies 
decrease with increasing i (Table 2). As with the dimer strain, some intermediate 

t The unusuitl ultraviolet-sensitivity curves characteristic of Ml-m and M31-m (G. Hobom 
unpublished results) will be given in a later paper. This characteristic does not appear to be due 
to another mutation induced in the Hfr parent of M31-m, JC5072, by nitrosoguanidine, which 
was used to form the recA& mutation in that strain, since the Hfr parent of Ml-m, JC6426, was 
not subject to such mutagenesis, the recC& mutation being introduced by transduction (Table 1). 
Furthermore, other strains having this characteristic can be formed by meting of KM314 with 
donor strains quite different from these two (B. Hobom & G. Hobom, unpublished results). 
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oligomers between 1 and 21 are observed in significant frequency; however, this 
frequency is always less than that for the 21 oligomer. In addition, all oligomers 
smaller than 1, with the exception of the monomer, appear in both strains. The absence 
of the monomer from all strains other than the monomer strain itself has also been 
demonstrated by alkaline sucrose sedimentation, and appears to be another general 
characteristic of these distributions. 

The distributions of &l circular DNA obtained from the recA& strains, A31-t 
and A31-tet, also conform to the qualitative rules describing the effect of the in- 
activation of the recA gene: the frequency of oligomers with lengths greater than 1 
is much reduced; and oligomers with lengths greater than 21 are eliminated. 

(d) Equivalence of the base sequence in monomers and in oligomers 

We have previously inferred from the length correlations given in section 3(a) 
that the nth oligomer contains n repeats of the sequence of bases in the monomer, 
and that the monomer sequenoe is the minimum sequence containing the entire 
hdvl genome. The following hybridization experiments provide additional support 
for these conclusions. 

Denatured, sonicated preparations of 3H-labeled h&l DNA obtained from 
monomers (isolated from A31-m), dimers (isolated from A46), and the mixture of 
oligomers provided by KM314 were separately hybridized to each of three phage 
DNAs that contain different fractions of the Advl genome. The phage DNAs were 
isolated from A+, hbioy and )\bioP phages, which contain respectively loo%, 59 to 
64%, and 43 to 48% of the h&v1 genome (see Fig. 1 and its legend). The hybridization 
curves obtained by exposing filters containing a constant amount of the denat,ured 
phage DNA (0.225 pg per filter) to increasing concentrations of small denatured 

I 
/-- 

0.03 

1 

x 
X bioy 

X bm P 

FIG. 6. Hybridization of different prepay&ions of X&u1 DNA to DNA from h+ , Abioy and AbioP 
phages. 

The procedure is described in Materials and Methods. The control filters contained DNA from 
the Abio, M&5-3, which contains no DNA from the hdwl region, since the deleted segment extends 
from att to a point to the right of gene R (Fig. 1). Symbols: circles, monomers; triangles, dimers; 
squares, complete set of oligomers isolated from KM314. The saturation levels for AbioP and 
hbioy DNAs are approximately 50 and 80% of that for X+ DNA, after correcting for the control. 
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fragments of the h&l DNAs are given in Figure 6, along with a control series in which 
the DNA fixed to the filter was obtained from a hbio phage that lacks all of the Xdvl 
genome (see legend to Fig. 6). 

There is no significant difference in the behavior of the three preparations of Uul 
DNA fragments, regardless of the phage DNA used in the hybridization. This ob- 
servation indicates that the same base sequences are represented in the same propor- 
tion in each hdvl DNA preparation, and is the result required if the monomeric 
DNA is repeated an integral number of times in each oligomer. 

The maximum amount of h&l DNA that was observed to hybridize to the h+ 
DNA filters is O-018 ,ug, after correction for the control filters. In comparable experi- 
ments (not shown in Fig. 6), the maximum amount of 3H-labeled h+ DNA fragments 
observed to hybridize to the same X+ DNA filters is 0.13 pg. The ratio of these two 
saturation maxima is 0.14 and is equal to the ratio of the length of the hdvl monomer 
to that of h+ DNA (see section (a) above). This observation indicates that the mono- 
mer sequence is the minimum sequence containing the entire hdvl genome. 

Finally, we note that the saturation values observed for the hbioP and Xbioy DNAs 
relative to that for h+ DMA are approximately those expected from the fraction of 
the Xdvl genome that they contain (Fig. 6). 

(e) Monomer-equivalents per cell 

Table 2 contains the mean number of Xdvl monomer-equivalents per cell that 
appear in the closed circular fraction obtained from each strain. This number is 
simply calculated from (a) the ratio of hdvl to E. coli DNA (obtained from the two 
bands of DNA in the ethidium bromide/CsCl gradients), (b) the ratio of the contour 
length of the E. coli chromosome (Cairns, 1963) to that for the Xdvl monomer, and 
(c) the number of chromosomes per exponentially growing bacterium, i.e. about 
2.5 (Matsubara & Kaiser, 1968). 

There is little consistent variation in these numbers, except perhaps for the lower 
values for the trimer and tetramer ret+ strains. This is probably due to the lower 
stability of these strains and the consequently higher frequency of [X&v- segregants 
in their cell populations (see section (f) below). When corrected for the frequency of 
[hdv]- segregants in the populations of each strain (Table 3), the values in the paren- 
theses are obtained and.represent the mean number of monomer-equivalents per 
[J&l] + cell in such populations. The corrected values for ret+ strains do not appear 
to vary significantly among themselves, but the mean value for these strains (108 
monomer-equivalents per [h&l]+ cell) appears to be significantly higher than the 
mean of the corresponding recA- strains (85), with the rec+lrecA- strain conforming 
to the first group. The populations grown at 22°C have not been similarly corrected, 
since frequencies of [Xdv]- segregants have not been determined at this temperature. 

(f) stability of hdvl in ret + and recA- strains 

All [hdvl]+ strains reported here are refractory to infection by h+, X&r, and 
Ximm434, but are sensitive to Ximmzl and himm@aO (Table 3), similar results having 
been found by Kumar & Szybalski (1970). The fact that some plaques are formed by 
the first three phages on certain of these [Xdvl]+ strains (as indicated by the + 
symbols in Table 3) is explained by their different stabilities, i.e. by the frequency 
of [Xdv]- segregants arising from spontaneous curing in the [A&l]+ populations. 

6 
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TABLE 3 

Sensitivity to infection and stability of [hdvl] + strains 

Strains x+ 

Sensitivity to infection by(l): 

h&r &mm434 Aimma Aimm@80 

Frequency of 
Mu - cells(2’ 

(%) 

ret+ 
M31-m 
M31-d 
KM314 
KLF8jA46 
M31-t 
M31-tet 

- + c c 5 
- ++ G c! 0 20 
- ++ (f) c c 20 

+I2 
($1 c c 20 

(+I c c 40 
(+I +++ c c 40 

red - 
A31-m 
A31-d 
A46 
A31-t 
ASl-tet 

- - 0 c <0.2 
- - - 0 c <0.2 
- G c <0*2 
- CT, 1 c 0 2 

(+) - 0 c 2 

(1) Assignments of sensitivity levels were based on results of cross-streaking and of drops of 
phage placed on a lawn of bacteria. Minus indicates no lysis; (+ ), + , + + and + + + indicates 
increasing degrees of partial lysis and therefore of increasing sensitivity to infection; c, indicates 
complete lysis. 

(2) These values are for populations formed by inoculating 1 ml Tryptone medium with a single 
colony and growing at 37’C to a density of 3x 10s cells/ml. See text for the determination of 
frequency. 

Such cured cells are [h&v]-, as shown by their lack of ability to form closed circular 
DNA (see Materials and Methods, section (c)(iii)), and are sensitive to infection by 
all five phages. 

The frequency of cured [Xdv]- cells in the [h&01]+ populations was determined by 
isolating many colonies from each population and cross-streaking exponentially 
growing cells from those colonies against a mixture of hvirha, Xvirh434, and hvirhoaO. 
The results are given in the last column of Table 3. 

Clearly, the recA- cells afford a much more stable environment than do their 
ret + counterparts. Within the ret + set, the stability decreases with increasing size 
of the nzfc, a characteristic which is reflected to some extent in the recA- set. The 
stability of h&l in the recB- and recC- cells did not differ from that. in t,he corres- 
ponding ret + cells. 

4. Discussion 

(a) Oligomerization by intermolecular reciprocal recombination in ret + strains 

In all cases tested here, the recA- mutations cause a five- to tenfold reduction in 
the amount of Xdvl DNA in oligomers larger than 1, the length of the most frequent 
circle, and eliminate oligomers larger than 21. By contrast, inactivation of the recB 
or recC genes results in a reduction of only about 14%fold in these higher oligomers, 
with no cut-off at 21. The greater effect of recA- mutations on oligomerization 
conforms qualitatively to the relative effects of these ret- mutations on genetic 
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recombination; i.e. recA- is far more effective than recB- or recC- in decreasing the 
recombination frequency, whether of the host (Willetts & Clark, 1969) or of infecting 
phages (Tessman, 1968; Schulman et al., 1970). Furthermore, a comparison of the 
distribution of Xdvl oligomers in the rec+/recA- merodiploid with the distributions 
exhibited by ret+ and recA- bacteria (Table 2) indicates that recA+ is dominant 
to recA- with respect to oligomerization, just as it is with respect to recombinat,ion. 
We therefore suppose that most higher hdvl oligomers in ret+ cells are formed by 
recombination mechanisms. 

The length distributions of the circular Xdvl DNA molecules isolated from TCC+ 
strains support this supposition. Most oligomers from a given strain conform to 
the series, I, 21, 31, . . . . , where the frequencies decrease with increasing length and L 
may correspond to n = 1, 2, 3 or 4, i.e. to the monomer, dimer, trimer or tetramer 
strains. A reasonable explanation for the fact that the members of this series exhibit 
lengths that are successive integral multiples of 1 is that circular molecules larger 
than I are formed by intermolecular reciprocal recombination between two smaller 
circular molecules. Thus 21 molecules would be formed by 1 + 1 -+ 21; 31 molecules 
by 1 + 21 -+ 31; 41 molecules by 1 + 31 + 41, or by 21 + 21 + 41, etc. That the ret+ 
pathway can produce reciprocal recombinants has been shown by both Meselson 
(1967) and Herman (1965,1968) for exchanges between an F’ episome and the bac- 
terial chromosome; it is also indicated by the ret+-controlled insertion cf Xred- 
DNA into pre-existing prophage (Gottesman & Yarmolinsky, 1968). 

However, these reciprocal recombination reactions do not, a priori, explain the 
observed decrease in frequency with increasing size, nor the relative stability of the 
oligomeric distribution in a given strain-e.g. different clones from the dimer strain 
generally exhibit distributions in which 1 corresponds to n = 2. The explanation for 
these two observations that comes most easily to our minds is that the replication 
of /\dvl DNA is largely restricted to molecules of the length, 1. 

Such a restricted system of replication would provide the driving force that deter- 
mines and maintains the specificity of the distribution that characterizes each strain. 

For example, if most of the replication sites in an exponentially expanding population 
of bacteria are occupied by dimers, and if the rate of replication of these molecules is 
great,er than the rate they undergo intermolecular reciprocal recombination, then 
the most frequent circles in the population are expected to be the dimers; i.e. 1 will 
correspond to n = 2, the characteristic of the dimer strain. Furthermore, successively 
lower frequencies are expected for the 21 molecules (tetramers), the 31 molecules 
(hexamers), etc., that are formed only by the postulated recombination reactions, 
providing that the prdbability of each recombination event is proportional to the 
product of the concentrations of the two reactants, and that intramolecular 
recombination events are ignored?. 

t This expectation is based on the following formulation. Since the 2 molecules are assumed 
to be formed by replioetion and lost by intermolecules reciprocal recombination, then in the 
steady-state of exponential growth, (I) = (M)/i - [k~,(a)~ + k&)(21) + 7cc,,(Z)(3Z) + . . .], where 
(&Q/i is the replication rate of 1 per cell per generation, (M) being the monomer-equivalents per 
cell and i the number of monomer-equivalents per I; (I) is the concentration of the Z molecules 
per cell, (21) the concentration of 21, kc. ; and the kab are the reaction constants for the recom- 
bination, al + bZ -+ (n + b)Z, in (molecule)-‘(cell). Assuming that k,, = ebb,,, the preceding 
equation reduces t’o (Z) = (M)/(i + k,,(M)). If the higher oligomers (22, 32, etc.) are formed and 
lost only by intermolecular reciprocal recombination, then 

continued 
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Another indication that replication is largely restricted to molecules of size 1 is 
provided by the experiments in which recA- mutations were introduced into the 
ret+ [X&l]+ dimer strain, KM314, by mating with Hfr recA- [h&l- strains (Results, 
section (b)). Each of 45 independently isolated recA- [X&l]+ recombinants from 
this mating yielded the dimer distribution shown in Figure 4(b). This is the result 
that is expected if the replication sites in the parent dimer strain are fully occupied 
with dimer molecules. By contrast, if the 21 molecules, or tetramers, in the parent 
occupied a fraction of these replications sites equal to their frequency in the isolated 
hdvl DNA (12 to 2I%, depending on the growth temperature), then some of the 45 
recombinants should have been tetramer strains, or yielded distributions in which 
the tetramers appeared in a much higher frequency than the 1 to 2% observed. 

Certain of the hdvl circular oligomers that appear in low frequency in the reef 
strains are not integral multiples of 1; e.g. the trimer in the dimer strain, the dimer 
in the trimer strain, and the dimer, trimer and hexamer in the tetramer strain (Table 
2). We imagine that these digomers are also formed by recombination processes, 
since their frequencies are also reduced by recA- mutations. One possibility is 
that they are produced from the other oligomers by intramolecular recombination 
events, either reciprocal or non-reciprocal. If this were the case, then one might 
expect that the proportion of these atypical oligomers would increase with increasing 
1; i.e. as 1 increases and the number of molecules per cell decreases, the ratio of 
intramolecular to intermolecular reactions should increase. This appears to be the 
case, since the number frequency of the atypical oligomers increases from about 
3.3% in the dimer strain to 11.5 and 23% in the trimer and tetramer strains, re- 
spectively. 

However, our data provide little further information regarding the formation of 
these oligomers, except to indicate that there are difficulties in a simple intramolecular 
recombination model. Thus the puzzling absence of monomers in all but the monomer 
strains does not fit such a simple scheme. 

(b) Distribution of circular hdvl DNA in recA- strains: 
oligomerixation without recombination? 

A small fraction of the circular hdvl DNA isolated from recA - cells exhibits lengths 
different from 1 (Table 2), even though the recA- mutations used here are absolutely 
defective for recombination in bacterial crosses (Willetts & Clark, 1969). We therefore 
suppose that a different and less efficient mechanism of oligomerization is operative 
in recA - cells, a supposition that receives additional support from the observation 
that the oligomeric distributions in recA - and recA+ are differently sensitive to the 
temperature of growth (B. Hobom C% G. Hobom, unpublished results). 

A striking aspect of the oligomeric distributions from recA - cells is that the 21 
oligomer is formed in all strains but that. oligomers larger than 21 are not. A model 
that is compatible with this observation is depicted in Figure 7. Here, the 21 mole- 
cules are formed by aberrant segregation of the DNL4 strands upon termination of 
replication to form head-to-tail linkages between the daughter molecules by covalently 

for j = even integral; if j = odd integral, then the same equation applies except that the sum 
is taken to n = (j - 1)/Z. Using these equations, it can then be shown that ((j + l)Z)/($) is 
less than one. 
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FIG. 7. A mechanism for generating circles of length 22 by aberrant segregation of the strands 
at the termina+tion of the replication of a circle with length, 1. 

The letters ab . . . yz represent the sequence of bases in one strand, and the primed letters 
represent the sequence in the complementary strand. 

joining the termini of the newly synthesized strands to the equivalent parental 
strands. This mechanism could therefore produce the same head-to-tail form for the 
oligomers as that expected from recombination and observed for Xdvl dimers 
(Champoux & Hobom, unpublished results; Chow et al., 1974). 

If such aberrant products of replication could in, turn be replicated within the 
same cell population in which they are formed, then a geometric series of oligomers 
(E, 21, 41, 81, .’ . . .) would be expedted. However, if replication of Xdvl ‘DNA is restricted 
to the I molecules in recA- cells, just as we suppose that it is in recA + cells, then the 
upper limit for such a series would be the 21 molecules. 

Circular oligomers, which are not multiples of E, also appear in the h&v1 DNA 
isolated from recA - strains (Table 2). These can also be imagined to result from the 
aberrant breakage and joining of strands during replication. IIowever, in this case 
the aberrant events would have to be induced when the two opposing replication 
forks within the same circular molecule simultaneously pass through identical 
sequences, rather than when they meet at the termination of replication. 

It is of interest to note that the distribution of bircular oligomers in the mito- 
chondria from human ieukemic leukocytes and other malignant cells’ is like that in 
the recA- monomer strain in that dimer circles provide the upper limit in both cases 
(Clayton & Vinograd, 1969; D. Clayton, personal communication). This analogy 
suggests that mitochondria in these cells and in their normal counterparts (which 
rarely if ever form even the circular dimers) lack an active mechanism for reciprocal 
recombination. 

DNA from mitoehondria in both normal and malignant cells is different from 
h&l DNA in containing catenated oligomers in which two circles are interlocked as 
links in a chain. We have looked assiduously for catenated Xdvl okgomers from both 
recA - and recA + cells in ethidium bromide/G&l gradients after 20? 40 or 70% 
conversion of isolated 3H-labeled closed circles to nicked circles, and not detected 
significant amounts of catenated DNA in the region between the bands of closed, 
and nicked circles (Hudson & Vinograd, 1967), even after rebanding fractions from 
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this region three or four times. We have in this manner placed an upper limit of 
about O-010/0 on the amount of hdvl DNA in the form of catenated oligomers in 
either recA + or recA - cells. 

(c) Frequency of spontaneous curing of hdvl in recA+ and recA- cells 

The spontaneous curing of hdvl in rec+4+ cells does not appear to result from the 
reciprocal recombination events that lead to oligomerization, even though both are 
reduced or eliminated by inactivation of recA. One indication of this lack of depen- 
dence is that the frequency of oligomerization decreases with increasing 1 in recA + 
cells (Table 2), whereas the frequency of curing increases (Table 3). Furthermore, a 
rough estimate of the frequency of curing per eel1 per generation in recA + cells 
indicates that it is several orders of magnitude less than the frequency of oligomeriza- 
tion. 

Curing represents the end result of the inability of the Mu1 DNA replication 
system to keep up with the multiplication of the host cells, even though our data 
indicate that an average of 99 monomer molecules are produced per cell per genera- 
tion in both the ret+ and recA- monomer strains (Table 2). Both the curing phe- 
nomenon and the previously postulated restriction of replication to l-sized molecules 
can be accounted for if it is assumed .that Advl DNA replication occurs at a small 
number of replication sites per cell, perhaps only one. 

Since the number of sites is assumed to be far fewer than the number of h&l 
DNA molecules, termination of replication would usually result in the oreation of at 
least one “free ” daughter molecule; we suppose that the other daughter remains 
fixed to the site. When however a new site is created, the daughter molecule that 
would otherwise have been liberated is assumed to occupy it. If the site is not 
occupied, then we presume that it is, in effect, permanently lost to the hdvl DNA 
replication system, either because the free hdvl DNA molecules cannot associate 
with it, or because it decays rapidly when unoccupied. Curing would then result 
from such rare losses of the replication sites, and the replication of Xdvl DNA in a 
given clone would be restricted to the Z-sized molecules. 

According to this view of curing, the effect of the recA alleles would be to alter the 
probability for the loss of replication sites, recA+ increasing that probability and 
recA- decreasing .it. This would place curing in the set of phenotypic characteristics 
of the recA alleles that are not dependent on recombination per se,. Another of these 
is the low yield exhibited by Xfec- in recA- hosts, whereas normal yields are obtained 
in ret+ and recB- or G- mutants. The fee- state results from the inactivation of 
two X genes, y and either red u or red j3 (Zissler et al., 1971), and since these three 
genes are missing in X&l (Fig. l), the effect of the recA alleles on Xfec- growth and on 
curing of hdvl may be related through some common aspect of DNA replication. 
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