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In the course of preparing the intracellular replicative form of phage ¢X174

DNA (RFI),2 we discovered an even smaller duplex circular DNA. This new

DNA,synthesized by uninfected as well as infected cells of Escherichia coli, may
be either an episome or a plasmid.’ For lack of evidence indicating its integra-
tion into the chromosome,weregardit provisionally asa plasmid. In this report

we describe some of the physical properties of this DNA andits distribution
amongstrains of &. coli. The function of this plasmid remains unknown.

Experimental Procedure.—Materials: Sources were as follows: CsCl (optical grade)
was obtained from Harshaw; Brij 58, a nonionic detergent, from Atlas Chemical; Sepha-
rose 4B from Pharmacia; egg-white lysozyme from Calbiochem; pancreatic DNase from
Worthington; H*-deoxythymidine from New England Nuclear Corp.; and ethidium
bromide, a gift from Boots Pure Drug Co., Nottingham, England.

Methods: Cells were labeled with H*-thymidine (1-2 * 10’ cpm/yzmole) by growth in
Fraser and Jerrel’s glycerol-casamino acids medium;' cells labeled with P#? (5-9 x 108
cpm/pmole) were grown in a medium described by Hershey,® supplemented with a mix-
ture of the 20 natural amino acids. Cultures were harvested in the logarithmic phase at
an Aso of 1.5-2.0.

Cytoplasmic DNA wasreleased from cells by the following modification® of the Godson
and Sinsheimerlysis procedure.’ To about 5 X 10” cells suspendedin 1 ml of 25% sucrose,
0.05 M Tris HCl, pH 8.0, were added 0.2 ml of lysozyme (5 mg/ml in 0.25 M Tris HCl,
pH 8.0) and 0.4 ml of 0.25 M Na,EDTA. Conversion to spheroplasts was essentially
complete after a 10-min incubation at 25°. The spheroplasts were ruptured by a further
10-min incubation at 25° with Brij added to a final concentration of 0.5%. Cellular
debris and 90-98% of the total DNA were removed by sedimentation at 60,000 X g
for15 min. At this stage, extracts may be analyzed for plasmid DNA by sucrose gradient
sedimentation.

Forthe further purification of plasmid DNA, the supernatant fluid was extracted three
times with redistilled phenol and the phenol removed by extraction with ethyl ether.
The solution was concentrated to an Ass of 500 by rotary evaporation and then digested
with pancreatic ribonuclease (0.3 ug/ml for 10 min at 37°) to the point where 10% of
the RNA becameacid-soluble. The RNA fragments were removedbyfiltration through
a column of Sepharose 4B with a bed volume ten times that of the sample. The duplex
covalently closed plasmid DNA was separated from circular duplexes bearing single-
strand breaks andlinear forms by bandingin a solution of CsCl (p = 1.57 gm cm~*) and
ethidium bromide (100 ug/ml) for 36 hr or more at 40,000 rpm and 5° in the 50 rotor of
the Spinco model L ultracentrifuge.? The last step was repeated if the product wasless
than 90% pure as judged by sedimentation in alkali. Ethidium bromide was removed
by extraction with an equal volume of isopropanol or by passage through a Dowex-50
column.’ The final material was dialyzed against 0.05 M potassium phosphate buffer,
pH 7.2,and1 mM EDTA. Theyield of plasmid DNA from a 20-liter culture harvested
at an Ass of 1.5 was about 0.4 umole (expressed as nucleotide residues).

Sucrose gradient sedimentation of DNA samples was carried out as previously de-
scribed.* The buffer contained: for neutral low-salt sedimentation, 10 mM Tris HCl, pH
8.0, and 1 mM EDTAtitrated to pH 8.0 with NaOH; for neutral high-salt sedimentation,
1 M NaCl in addition; and for alkaline high-salt-sedimentation, 0.8 M NaCl, 1 mM
EDTA,and 0.3 44 NaOH. Analytical determinations of buoyant density were made in
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CsCl solution (p = 1.70 gm cm) in the Spinco model E ultracentrifuge at 44,000 rpm.
Kel-F centerpieces were employed in standard cells. Ultraviolet absorption photographs
were taken at regular intervals and subsequently scanned with a Joyce-Loebl recording
microdensitometer.
DNAwas viewed with a Siemens Elmiskop 1A electron microscope using the protein

film technique of Kleinschmidt e? al. as modified by Inman e? al.!1_ The hypophase was
water. Magnification was determined from a diffraction grating of known line spacing.

Colicin 15 was assayed by the procedure of Mukai?? with Z. coli strain TAU™as the
indicator and the colicin-resistant strain THU" as a control. The dose of UV light
used to induce colicin production was 900 ergs mm~?.

Results—Duplez circular plasmid DNA: In cells of strain THU, infected
with ¢X174, a form of DNAin addition to RFI of ¢X174 was discovered. This

new DNA had a density in an ethidium bromide-CsCl gradient characteristic of

closed circular duplex DNA and sedimentedless rapidly than ¢X174 RFI. The
ratios of sedimentation velocities in alkaline high-salt, neutral high-salt, and

neutral low-salt sucrose gradients were 0.65, 0.76, and 0.71, respectively. DNA

with these same sedimentation properties was also found in uninfected cells.

Thus, this new DNAappears to be a plasmid form of host cell DNA. Theratio

of the alkaline to neutral sedimentation rates for the plasmid DNAis several

times that anticipated for a linear duplex" andis consistent with a closed circular

duplex structure.'* This supposition was tested by the action of pancreatic
DNase. Purified plasmid DNA, sedimentedto equilibrium in a CsCl gradient in

the presence of ethidium bromide, yielded over 90 per cent of the DNA at a

density value characteristic of 6X174 RFI (Fig. 1A). When single-strand scis-

sions were introduced with pancreatic DNase, the DNAshifted into the lighter

peak occupied by an RFII marker (Figs. 1B, C). This effect of pancreatic DNase

on the banding pattern strongly supports a closed circular duplex structure of the
plasmid DNA.’ ,

Contour length: The circular form of the plasmid DNA wasalso revealed by
electron microscopy with the Kleinschmidt protein film technique (Fig. 2). The

contour length was found to be 0.96 » + 0.13 (sp) for the plasmid DNA and

2.26 » + 0.13 (sp) for 6X174 RFTI included on the same grids. The two samples

of DNA were mixed and spread together to provide an internal control for the

variations in absolute length measured by electron microscopy.’” '* Based on a

molecular weight of the ¢X174 RF of 3.4 X 106 daltons,'* that of the plasmid
DNAis calculated to be 1.45 K 108. The molecular length distributions shown

in Figure 3, as well as the standard deviations, show that the length variationis

similar for both types of DNA and thus that the cytoplasmic DNAhas a rather

homogeneoussize distribution.
In a separate experiment in which no ¢X174 RFII standard was added, only

small circles and no polymeric forms® ®. #1. % 22 were found among 93 molecules

examined. Furthermore, when the cytoplasmic DNA was analyzed on an alka-

line sucrose gradient, no peak of radioactivity (less than 0.3%) was detectable at
the position anticipated for dimers.

Buoyant density: The buoyant densities of plasmid and T7 DNA were com-

pared with that of poly dAT (p = 1.678)?5 as a standard. The plasmid DNA
(p = 1.710) was 0.001 gm cm~lighter than the T7 DNA. Since T7 and E.colt
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DNAhave equal densities,?* the calculated GC content?* of the plasmid DNAis

comparable to that of Z. coli chromosomal DNA. Thehalf-width of the plasmid
DNAband was 0.005 gm cm~—, which is in the expected range for a DNA ofits

size,” indicating a lack of extensive density heterogeneity.

Molecular weight: Since the relationship between sedimentation velocity and

molecular weight for closed duplexes is complicated by the numberof tertiary

turns,'* the sedimentation velocities of the open or “nicked” form of the plasmid

DNAandof ¢X174 RFII were compared. To ensure that the pancreatic DNase

was introducing only single-chain and not double-chain scissions into the P?*-

labeled plasmid DNA, conditions were chosen which supported the conversion of
at least 90 per cent of H?-lableled ¢X174 RFI (in the same reaction tube) to the

nicked circular RFII. The neutral and alkaline sedimentation velocities gave
molecular weight values of 1.53-1.63 X 10° daltons (Table 1), in good agreement

with the value of 1.45 X 10° obtained from the contour lengths.

Tertiary structure: ‘To determine whether the closed molecules contain tertiary

turns, the ratio of the neutral sedimentation rates of the closed and open forms of

the plasmid DNA were compared with that for ¢X174 RF and with the published
value for phage ADNA.™ The presenceof tertiary turns in a DNA increasesits
sedimentation coefficient.'° For plasmid DNA, at both high and low ionic

strengths, this ratio was greater than one, which indicates that the DNA contains

tertiary turns under these conditions (Table 2). The increase in the ratio of
sedimentation velocities at low ionic strength was marked for \DNA,insignifi-
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Fic. 2.—Electron micrograph of plasmid and ¢X174 RFIT DNA. The smaller circles are the

plasmid INA, and the larger the viral RF.

cantfor the plasmid, and intermediate for ¢X174 RI, suggesting that this ionic

strength dependenceis a function of molecular weight.

Numberof plasmids per chromosome: This value was estimated from the frac-

tion of the total DNA recovered as plasmid DNA in the supernatant after deter-

gent lysis. Spheroplasts of strain THU, uniformly labeled with H*-thymidine,
were lysed with Brij, and the amountof plasmid DNAinthe supernatantfluid
was measured bysedimentation in an alkaline sucrose gradient with a markerof

purified P3-labeled plasmid DNA. Three such determinations gave percentage
values for the plasmid DNA of 0.64, 0.77, and 0.80 of the total cellular DNA.

Assuming a molecular weight of 2.8 X 10° for the resting &. coli chromosome,”

and 1.5 X 10° for the plasmid DNA,there are, on the average, 12 to 15 copies of

‘ plasmid DNA per chromosome. Ourestimate of the numberof plasmids might
be low because of breakage of DNA during handling, the possible natural occur-

rence of open forms (analogous to ¢X174 RII), or incomplete extraction. The

first two sourcesof error are probablynotsignificant because single-strandedDNA
of molecular weight 7 10° was not detectable by alkaline sucrose sedimentation.

of DNA fromBrij-lysed cells. To determine whether plasmid DNA wassedi-
mented with the host DNA after Brij lysis, the yield with this technique was

compared to that after Sarcosy! lysis** and phenol extraction of the total cellular
DNA. Both extraction procedures gave yields whichdiffered by less than 50 per

cent.

Occurrence of plasmids in various iv. colt strains: The studies deseribed up to
this point were conducted with strain THU, a derivative of strain 15. Nine

other strains of 1, colt were also tested for the presence of the plasmid DNA
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(Table 3). H®-thymidine-labeled cells were lvsed with Brij, and the supernatant
fraction was analyzed onan alkaline sucrose gradient (and in several cases also

on a neutral suerose gradient) with a marker of purified P-labeled cytoplasmic

DNAfrom strain THU. All derivatives of strain 15 showed a similar peak of

radioactivity coincident with the P?? marker. Figure 4A showsone such experi-

ment. Also, the DNA from strain 15T—D3 was purified and its contour length

determined. The length, 1.03 1 + 0.09 (sp), was the same within experimental

error as that determined for the plasmid from strain THU. In contrastto these
results with derivatives of strain 15, no cytoplasmic DNA (<0.02% of the total
DNAor <0.4 plasmid per chromosome) was detected in the strain K12 and B

derivatives. One such experiment is shown in Figure 4B. It is possible that

plasmids are synthesized by these strains but that extrachromosomal DNA is
degraded or is not released by our lysis procedure. This possibility appears un-

likely for the IX12 strains, at least, since high yields of ¢X174 RII can be ob-
tained from these strains by this procedure. It therefore appears that, among

the strains examined, the plasmid DNAis specific to strain 15.

Discussion.—All the derivatives of strain 15 studied possess the plasmid DNA

Taste 1. Molecular weight of plasmid DNA.

 Buffers
Neutral Neutral Alkaline
high salt low salt high salt

Relative sedimentation velocity of ¢X174 RFII to
strain 15 plasmid DNA (open form) 1.32 1.29 1.35

Mol wt of plasmid DNA ( x 10~*) 1.43 1.68 1.61

The sedimentation buffers are described in Methods. The ratio of sedimentation velocities is the
average of 2-4 determinations and the average error ix 1%. The molecular weights were calculated
from the equation of Studier."

TABLE 2. Effect of single-strand scissions on sedimentation velocity of circular DNA.

Relative sedimentation
velocities of closed vs. EB. coli Circular

open forms plasmid oX174 RF DNA

High salt buffer 1.24 1.25 1.32*
Lowsalt. buffer 1.26 1.37 1.67*

The sedimentation buffers are described in Methods.
* From Bode and Kaiser.
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TaBLe 3. Occurrence of plasmid DNA amongten strains of F. colt.

E. colt Colicin 15 UV-light Plasmid
Strain subspecies Reference production sensitivity DNA

THU 15 14 - Ss +

TAU 15 13 + Ss +

TAU-e 5 29 - 8 +

TAU-bar 15 30 — R +
15T~- 15 31 + S +

15T-D3 15 32 + S +

JGI51 15 33 ~ T +

B3 B 34 _ R -

HF4704 Kl12 3) - R -

HF4733 Kl2 36 ~ R -

All strains are thymidine auxotrophs; additional requirements are cited in the references. The
lytic response to UVlight was determined byirradiation of cells with 900 ergs mm~of UVlight and
subsequent turbidemetric monitoring of growth. For sensitive (S) strains, there was about a fivefold
decrease in optical density several hours after irradiation; for the tolerant (7) strain there was only
a slight drop in turbidity; resistant (#) strains continued to grow. Colicin assays were performed
on chloroform-treated cultures 6-8 hr after UVirradiation, the time of maximal clearing for sensi-
tive strains. Strains listed as not producing colicin failed to do so even after a tenfold concentration.
Strains THU, HF4704, and HF4733 were obtained from R. L. Sinsheimer;® TAU and TAU-bar from
P.C. Hanawalt;* TAU-e and 15T ~D3 from K. Matsubara;® 15T ~and JG 151 from A. Yudelevich;%4
und B3 from N. E. Melechen.**

even though some of these mutants were isolated as long as 14 vears ago.?!

Moreover, the only commonparent of these strains is strain 15 itself which was
first described in 1944.%7 °° This genetic stability suggests a mechanism for
maintaining the plasmid in the population, perhaps an orderly segregation of

plasmids to daughter cells. It is further possible that occasional cured strains

are at a selective disadvantage or canbe reinfected with the plasmid.

The plasmid DNA level of 15 copies per chromosomeis high, especially since

it was found in exponentially growing cells and thus represents a steady-state

value.** By contrast there is only about one Flac or FColVColBtrycys*!

particle per chromosome. Multiple copies of a drug-resistance factor were found
onlyafter transfer from an £. coli donor to a Proteus mirabilis recipient.** Tf we

assume that the manycopies of plasmid DNAare genetically identical, a reason-
able assumptionin light of their uniform molecular weight and density homoge-

neity, thenit is puzzling whythe cell maintains such extensive genetic redundancy.

Still a further question is the mechanism wherebythe cell maintains the number

of copies of the chromosome and the plasmid at such markedlydifferent levels.
The ease of identification of the plasmid DNA may makeit a favorable system
for studyof this mechanism of replicon”control.

Thefailure to detect the plasmid in IX12 or B led us to look at the properties of
strain 15 that are not shared by B and X12. Somederivatives of strain 14 pro-

duce a particulate colicin (colicin 15) which is apparently a defective phage. *?

It is not likely that the small plasmid DNA codesfor the defective phage because

the virus appears to be large and thus would be expected to have a much larger
DNA. Also, four of the strains analyzed, THU, TAU-bar, TAU-e, and JG151, do

not produce colicin 15 but nevertheless contain the plasmid DNA (Table 3).

Strain TAU-c was obtained from TAU under curing conditions”? and specifically

lost the ability to produce colicin while retaining its plasmid DNA. Strain JG151
has also lost two other unusual properties associated with strain 15: high sus-
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Fic. 4.—Neutral high salt-sucrose sedimentation of H?-labeled DNA
from strain JG151 (A) and strain B3 (B). P#?-labeled plasmid DNA
from strain THU was included for reference.

ceptibility to thymineless death,?? and the induction of a new methylase by UV

irradiation.‘4 The inductionof lysis by UVirradiationis still another propertyof
somederivatives of strain 15 that also is not necessarily correlated with the pres-

ence of the plasmid DNA (Table 3). Thus far we have been unable to ascribe
anybiological function to this DNA.

The strain 15 plasmid DNAis the smallest monodisperse DNA species thus far

described,’ and the smallest. microbial DNA of any kind.® One of its strands

could code for a polypeptide of only 75,000 in molecular weight and thus could

contain very fewcistrons. Its small size, relative abundance, ease of separation

from chromosomal DNA,andits location in E. colt make it a convenient source of

material for the investigation of DNAstructure, replication, and function.
Summary.—Strains of Escherichia coli 15 contain a supertwisted, circular,

plasmid DNA with a molecular weight of 1.5 million, the smallest known micro-
bial DNA. There are about. 15 plasmids per chromosome in the strain 15cells

but none wasdetected instrains of FE. coli X12 or B.
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