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ABSTRACT The majority of the DNA prepared from tailless
capsids of bacteriophage P2 by the phenol extraction procedure
consists of monomeric rings that have their cohesive ends joined.
Electron microscopic and ultracentrifugal studies indicate that
these molecules have a complex structure that is topologically knot-
ted; they have a more compact appearance and a higher sedi-
mentation coefficient when compared with regular nicked P2
DNA rings. Linearization of these rings by thermal dissociation
or repair of the cohesive ends by DNA polymerase I in the pres-
ence ofall four deoxynucleoside triphosphates gives molecules that
are indistinguishable from normal P2 DNA that has been similarly
treated. The knotted nature of the majority of P2 head DNA is
further supported by analyzing the products when these molecules
are treated with ligase and the ligase-treated molecules are sub-
sequently nicked randomly with DNase I. The data are consistent
with the notion that, if such a molecule is first converted to a form
that contains only one single-chain scission per molecule, strand
separation gives a linear strand and a highly knotted single-
stranded ring. The results suggest that the DNA packaged in tail-
less P2 capsids is arranged in a way that leads to the formation of
a complex knot when the ends join. In an intact phage particle, the
anchoring of one terminus of the DNA to the head-proximal end
of the tail [Chattoraj, D. K. & Inman, R. B. (1974) J. MoL BioL
87, 11-22] presumably diminishes or prevents this kind ofjoining.
The novel knotted DNA can be used to assay type II DNA topo-
isomerases that break and rejoin DNA in a double-stranded
fashion.

Mature P2 phage DNA consists of double-stranded molecules
33 kilobases long (1, 2) with 19-base cohesive ends (3, 4) that
allow the formation of circular and concatemeric molecules in
solution (1, 2). P2 phage preparations typically contain equal
proportions of viable phage particles and tailless DNA-contain-
ing capsids (heads) (5). The two cohesive ends of the P2 DNA
in the mature phage are not hydrogen bonded and are asym-
metrically oriented with the left end anchored on the head-
proximal end ofthe tail (6). When DNA is extracted from a con-
centrated preparation of mature P2 phage, a viscous solution
is obtained, due to the formation of hydrogen-bonded conca-
temers via pairing of the cohesive ends (1). We observed, how-
ever, that DNA extracted from concentrated P2 heads is much
less viscous than the corresponding DNA from mature phage
particles. In this communication, we present evidence that the
DNA from tailless capsids (henceforth referred to as head DNA)
represents a novel class of topological isomers of hydrogen-
bonded monomeric circular P2 DNA. The apparent low vis-
cosity ofhead DNA relative to that ofDNA from mature phages
(henceforth referred to as phage DNA) is due to the presence
of complex topological knots.

MATERIALS AND METHODS

Bacteria and Bacteriophages. Escherichia coli C strains C-
la (7) and C-520 (8), carrying the amber suppressor supD, were
used as hosts to grow stocks ofphage P2. The phage used were
the clear plaque mutant P2 yirl (9); the temperature-sensitive
head-finishing mutant P2 vir22 Lts37, which carries a 1.5-kil-
obase deletion (10-12); and the lysis-deficient amber mutant
P2 virl aml2 (13). Phage stocks were prepared as described by
Lengyel et aL (14) in LB broth (15)/2 mM MgCL2/0.5 mM
CaCl2. The phage preparations were precipitated with 10%
polyethylene glycol and then suspended in P buffer (14) and
incubated at 370C for 30 min to digest free DNA. Thereafter,
debris was removed by centrifugation (13). CsCl was added to
a density of 1.42 g cm-', and the solution was centrifuged to
sedimentation equilibrium (14). Two bands, the denser one
containing the tailless capsids and the lighter one containing the
viable phage, were visible due to light scattering. Each band
was collected separately by puncturing the side ofthe centrifuge
tube with a syringe. The phage and capsids were then centri-
fuged separately to obtain higher purity and concentration.
CsCl was removed from the purified phage by dialysis against
P buffer.
DNA Extraction. DNA was extracted from phage or heads

atAaw = 5-15, using buffer-saturated phenol (16). The aqueous
phase was dialyzed against sterile 10 mM Tris-HCI/50 mM
NaCl/100 ,uM EDTA, pH 8.0.

Enzymatic Reagents. Pronase (Calbiochem) and fungal pro-
teinase K (Merck) were prepared at 20 mg/ml in 10 mM
Tris-HCl, pH 8.0, and autodigested at 370C for 90 min before
use. Ribonuclease A (Calbiochem) was prepared at 10 mg/ml
in 10 mM Tris.HCl/0. 1 mM EDTA, pH 8.0, and heated at 800C
for 10 min before use to inactivate DNase. DNA polymerase
I from E. coli (17) was the gift of A. Kornberg. Purified E. coli
DNA ligase (18) was the gift of P. Modrich. DNase I was pur-
chased from Worthington. Bovine plasma albumin and NAD'
were from Calbiochem.

Analytical Ultracentrifugation. Band sedimentation was
performed with 30-40 p1 of sample and reference solutions in
type III 30-mm double-sector centerpieces (19). The bulk sedi-
mentation medium was 3 M CsCl/10 mM Na3EDTA (neutral
3 M CsCl) or 3 M CsCV100 mM KOH/10 mM Na3EDTA (al-
kaline 3 M CsCl). Centrifugation was at 20,000 rpm and 200C
in a model E (Spinco) analytical ultracentrifuge equipped with
a photoelectric scanner. The sedimentation coefficients mea-
sured were not corrected for buoyancy or viscosity effects. CsCl
density-gradient equilibrium centrifugation was performed in
12-mm double-sector cells at 39,000 rpm and 200C for a min-
imum of 60 hr. Micrococcus luteus DNA was used as a density
marker (p = 1.733 g cm3).

Electron Microscopy. DNA molecules were visualized in a
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Philips 201 electron microscope at 20,000-fold magnification.
The aqueous spreading procedure of Davis et al (20) was used
unless specified otherwise.
DNA Ligase Reaction. Twenty micrograms ofphage or head

DNA and 0.8 unit ofDNA ligase were incubated for 20 min at
300C in 150 Al of 7 IM NAD+/1 mM MgCl2/5 mM Tris HCl,
pH 8.0/50 ,AM Na3EDTA containing bovine plasma albumin
at 0.1 mg/ml. The reaction was stopped by heating at 650C for
5min.
DNase I-Treatment of Ligated DNA. Four microliters of

DNase I (4 Ag/ml) was added to the above mixture and incu-
bated at 220C. Fifteen-microliter samples were withdrawn at
the times indicated in Fig. 5, and the reaction was stopped by
addition of 15/ul of 4 M NaCI/20 mM Na3EDTA.
DNA Polymerase I Reaction. Two micrograms of P2 DNA

was treated with 0.002 unit of DNA polymerase I in 30 &l of
5 mM MgCl2/30 mM NaCV3 mM Tris HCl, pH 8.0/100 IM
Na3EDTA containing each of the four deoxyribonucleoside tri-
phosphates at 25 ,uM. Incubation was for 15 min at 370C; this
was followed by addition of 30 14 of 4 'M NaCV20 mM
Na3EDTA to stop the reaction.

Treatment of Condensed DNA with Proteases and RNase
A. DNA from tailless capsids (0.5 Ag) was treated with 120 Zg
of Pronase or 120 jug of proteinase K or 60 jig of RNase A' for
30 min at 37C in 60'ju1 of 50 mM NaCV10 mM'Tris HCl, pH
8.0/10 mM Na3EDTA. The reactions were terminated by chill-
ing to 00C and by adding 60 Al of4 M NaCV20mM Na3EDTA.

RESULTS
The appearance of P2 Head DNA as a Condensed Form.

DNA was extracted from P2 vir22 Lts37 heads prepared from

a phage stock grown at permissive temperature. This DNA was
spread in cytochrome c by the aqueous method (Fig. 1) (20), and
molecules of about P2 monomer length were observed. Sixty-
nine out of 100 molecules were highly condensed, with no vis-
ible ends and three or more loops protruding from a central
region (Fig. 1). The central region usually contained a dark spot.
The remaining DNA consisted of 20 noncondensed circular
molecules and 11 linear monomers. The condensed DNAforms
are 22% shorter than the linear molecules, suggesting that the
dark spot may contain a considerable amount of highly knotted
DNA. The dark spots are not artifacts of spreading in cyto-
chrome c, as they are also seen after spreading by the protein-
free ethidium bromide procedure (21). The condensed struc-
*ture does not depend on the vir22 or Lts37 mutations; the same
result was obtained using heads of the clear-plaque lysis-defi-
cient mutant P2 yirl aml2. Moreover, the condensed structure
was not found in DNA extracted from the complete phage of
either genotype: instead, linear monomer, circular monomer,
and linear concatemers were observed (data not shown). The
microscopy results are consistent with the earlier observation
(unpublished) that P2 head DNA is much less viscous than P2
phage DNA at the same concentration.

Treatment of the Condensed Form with Proteases and
RNase. P2 head DNA was analyzed by band sedimentation in
neutral 3 M CsCl (Fig. 2B). 'Twenty-eight percent of the ma-
terial sedimented at 21 S, as did linear monomeric P2 DNAfrom
mature phage (Fig. 2A). Seventy-two percent ofthe head DNA
sedimented as a heterogeneous population with a mean sedi-
mentation coefficient of 45 S. As noncondensed circular P2
DNA sediments only 10% faster than linear molecules (22), the
rapidly sedimenting peak (-45 S) most likely represents the
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FIG. 1. Electron micrograph of DNA from tailless capsids of P2 vir22 Lts37.
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FIG. 2. Band sedimentation of P2 phage DNA and head DNA in
neutral 3M CsCl. The direction of sedimentation is to the left. Curves:
upper, phage DNA; lower, head DNA. The trailing of the 21S species
in the upper curve toward the bottom of the cell is due to the formation
of some circles and concatemers.

condensed form seen under the electron microscope. Thus, the
condensed form cannot be simply an artifact of the electron
microscopic technique. To test whether the condensed form
contains components other than DNA (such as protein and
RNA), the head DNA was digested separately with Pronase,
proteinase K, and RNase A. These treatments did not alter the
sedimentation velocity ofthe DNA in neutral 3 M CsCl, nor was
there any change in the amount or appearance ofthe condensed
DNA form seen under the electron microscope. Buoyant den-
sity measurements in CsCl of the head DNA and the phage
DNA also showed no difference between the two, within ex-
perimental error (+0.2 mg/ml). Moreover, DNA recovered
from the density gradient still contained a majority of the con-
densed molecules, as measured with the electron microscope.
Thus, it seems unlikely that bound protein or RNA is essential
for the maintenance of the condensed form.
The Condensed Form ofP2 Head DNA Represents an Un-

usual Class of Topological Isomers of the Hydrogen-Bonded
P2 Monomeric Circle. The condensed form of P2 head DNA
showed no free ends when examined by the aqueous spreading
method (see Fig. 1). To investigate the physical structure ofthe
cohesive ends, several experiments were performed. First, the
DNA was heated to 85TC for 5 min in 2 M NaCV10 mM
Na3EDTA (a condition known to dissociate the cohered ends
of P2 DNA). This' treatment converted all of the fast-sedi-
menting material to the 21S form (data not shown), suggesting
that the joining of the two cohesive ends is important for the
maintenance ofthe condensed form. Second, we analyzed head
and' phage DNA by sedimentation in alkaline 3 M CsCl. Under
these conditions, DNA from either source sedimented as a sin-
gle species of P2 monomer length (data not shown), again sug-
gesting that the ends are not joined covalently and that their
joining is important for the maintenance ofthe condensed form.
Third, the head DNA and the phage DNA were treated with
E. coli DNA polymerase I and the four deoxyribonucleoside
triphosphates. Because of the recessed 3'-OH end, nick trans-
lation of the hybridized cohesive ends of P2 DNA is expected
to linearize the molecule (4). After the polymerase treatment,
the phage DNA, as expected, is entirely converted to linear
monomeric P2 DNA as shown by sedimentation in neutral 3 M
CsCl (Fig. 3A). The same treatment also converted all the fast-
moving material of P2 head DNA (45 S) to the linear form (21
S) (Fig. 3B). These results were also confirmed by electron

microscopy. We thus conclude that the joining of the two co-
hesive ends is essential for the maintenance of the condensed
structure and that the condensed structure is most likely a to-
pological variant of hydrogen-bonded simple P2 DNA circle.
The Topology of the Condensed Form Is Complex Knots.

All the results obtained so far for the condensed form ofP2 head
DNA are consistent with the interpretation that the DNA is in
a highly knotted topological state and that the circularity of the
DNA maintains these complex knots. To confirm the knotted
topology of the condensed form, we sealed its hybridized co-
hesive ends with DNA ligase and analyzed the products of ran-
dom nicking with DNase I. After sealing the first nick of a P2
hybridized circle, a singly nicked circle is obtained, and sealing
of the second nick gives covalently closed circular molecule. If
singly nicked circular molecules are knotted, then alkaline sedi-
mentation will show a band representing knotted single-
stranded P2 DNA (23). As expected, when ligase-treated P2
head DNA was sedimented in alkaline 3 M CsCl, four major
components were observed (Fig. 4). The slowest peak (=24 S)
represents monomeric linear and circular single-stranded
DNAs, which separate from one another after further sedimen-
tation. A peak that sediments at =93 S represents covalently
closed double-stranded molecules (22). A broad peak at -125
S and the remaining peak at w45. S most likely represents knot-
ted double-stranded circles and knotted single-stranded circles,
respectively.

If our interpretation of the alkaline sedimentation pattern is
accurate, then the disappearance of the fastest sedimenting
form (125 S, knotted duplex rings) by nicking with DNase I
should follow one-hit kinetics. The kinetics for the disappear-
ance of the 45S species (knotted single-stranded rings) during
the course ofdigestion with DNase I would, however, be more
complex as, in the initial phase ofDNase I treatment, this spe-
cies would be generated by the nicking ofthe 125S form. If, on
the other hand, the fastest sedimenting peak represents un-
knotted molecules-that are highly supercoiled, these would im-
mediately assume the unknotted nicked circular form after the
first nick is made, and denaturation will give a single-stranded
circular monomer and a single-stranded unknotted circle. To
test our model, we added DNase I to the ligase-treated head
DNA and removed samples at various times for alkaline sedi-
mentation, analysis (Fig. 5). The fastest sedimenting form dis-
appeared with a half-time of w1 min. In contrast, the putative
single-stranded knotted circular form (45 S) did not decrease
at all in the first several minutes. It started to disappear only

FIG. 3. Nick tnslation of phage DNA and head DNA at the co-
hesive ends. Phage DNA (curve A) and head DNA (curve B) were nick
translatedbyE. coli polymerase I and sedimented in neutral 3 M CsCl.
TThe direction of sedimentation is to the left..
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FIG. 4. Alkaline sedimentation of P2 vir22 Lts37 head DNA after treatment with DNA ligase. The direction of sedimentation is to the left.

when the double-stranded knotted molecules (125 S) had nearly
disappeared (Fig. 5). In summary, ligase closure and subse-
quent DNase cleavage gives results consistent with the idea that
the condensed form of P2 head DNA is knotted, The high rate
of sedimentation of both the knotted double-stranded circles
(125 S) and the knotted single-stranded circles (45 S) further
suggests that the knots must be exceedingly complex.

DISCUSSION
The Nature of the Knots in P2 Head DNA. Our results in-

dicate that the P2 DNA extracted from tailless capsids in a to-
pological variant of the P2 DNA extracted from mature phage.
P2 head DNA is a monomeric circular form in which the two
cohesive ends are hydrogen bonded, and it contains complex
knots. The sedimentation rate of knotted single-stranded DNA
has been measured previously for fd phage DNA and for 4X174
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FIG. 5. Effect of pancreatic DNase I treatment on ligase-closed

knotted P2 head DNA. P2 vir22 Lts37 head DNA treated with DNA
ligase was subsequently treated with DNase I. Samples were with-
drawn at the indicated times and analyzed by sedimentation in al-
kaline 3 M CsCI (see Fig. 3). The relative amount of each DNA form
was estimated from the areas under each peak. o, Double-stranded
knotted DNA (125 S); *e single-stranded knotted DNA (45 S).

phage DNA knotted by E. coli DNA topoisomerase I (23). DNA
with the most complex knots produced by topoisomerase treat-
ment sedimented not faster than 1.5 times the rate of the un-
knotted form (23). In contrast, the knotted P2 head DNA sed-
imented about twice as fast as the unknotted form, both in neu-
tral 3M CsCl (45 S vs. 21 S) and in alkaline 3M CsCl (45 S vs.
24 S). The complexity of the topological knots, however, does
not seem to be reflected by the electron micrographs. We be-
lieve that the central dark region represents very complex over-
lapping of DNA double-strands, due to knotting. This is con-
sistent with the result of the contour length measurements,
which show that the central dark spot contains 20% of the total
DNA. Such a looped structure with central overlapping might
result from the spreading force during DNA fixation for electron
microscopy (20). Alternatively, the highly knotted topology
might induce structural changes of the DNA to give a compact
core of yet unknown nature.

Origin of the Knots. The fact that P2 head DNA contains
circular knotted molecules indicates that, in a P2 head, the co-
hesive ends either are free to join or are in close proximity, so
that their joining occurs rapidly on disruption of the capsids by
phenol. In either case, the complexity of the knots must reflect
the way the DNA is packaged in the phage head. DNA in phage
heads is currently thought to be arranged as-in a spool ofthread
(24-26), and the position of the DNA ends has not been estab-
lished. The ends may not have a fixed position and may meet
and hybridize after a random walk that occurs after packaging
is complete. Although random cyclization of P2 DNA has been
calculated to produce only =28% knotted rings with low com-
plexities (27), random cyclization ofP2 DNA in the phage capsid
may produce more knotted rings with high complexity, due to
the confined space. It is also possible that the topology of the
knots observed bears little relationship to the DNA topology
in the capsid. The knots may be generated as a result ofrandom
diffusion and subsequent joining of the cohesive ends during
or shortly after disruption of the phage heads by phenol, while
DNA is decondensing.
The lack of knots in DNA from mature phage is not surpris-

ing. After the tail is joined to the head, a unique end ofthe DNA
can be crosslinked to the head-proximal end of the phage tail
(6), indicating that at least one DNA end has a fixed position
in mature phage. The fixation of one DNA end to the phage
collar presumably accounts for the lack ofcircularization ofDNA
in mature phage.
A Substrate for Type II Topoisomerase. Highly knotted

DNA is a convenient substrate for studies of type II DNA to-
poisomerases (28). These enzymes catalyze the breakage and
rejoining ofDNA backbone bonds in a double-stranded fashion
to permit the passage of one double-stranded DNA segment
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through another (28-30). As a result, knotted duplex DNA rings
can be converted to rings without knots by these enzymes (28,
30). We. have demonstrated that the complex knots of P2 head
DNA are quickly removed by type II DNA topoisomerases
(31). The type I DNA topoisomerases, whether from eukaryotic
or prokaryotic sources, do.not change the knotted topology of
P2 head DNA efficiently although, with the prokaryotic.en-
zymes, some unknotting is detectable ifthe DNAis first nicked
with DNase 1 (32, 33).
The most convenient source of substrate for the assay oftype

II DNA topoisomerases appears to be the DNA extracted from
the heads of satellite phage P4. P4 DNA contains only 11 kil-
obases (34) and has the samecohesive ends as P2(35). More than
95% ofthe DNA from P4heads is highly knotted. P4 head DNA
has been used successfully as a substrate for assaying eukaryotic
type II topoisomerase in crude cell extracts containing excess
type I DNA topoisomerase (33).
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