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Knotting of a DNA Chain During Ring Closure

Stanley Y. Shaw and James C. Wang

The formation of knotted species on random ring closure of two DNAs that are 5.6
kilobase pairs (kbp) and 8.6 kbp in length was measured, and these data were used to
calculate the effective DNA helix diameter as a function of sodium ion and magnesium
ion concentration. In the presence of more than 50 mM magnesium ion, interactions
between DNA segments appear to be attractive rather than repulsive. The free energy
of formation of relaxed trefoil and figure-eight DNA knots and of supercoiled trefoil DNA

knots was also evaluated.

Descriptions of knots in 19th century
atomic physics (I) presaged the formal de-
velopment of knot theory, the study of the
topology of deformable but nonbreakable
closed curves in three-dimensional space.
Concepts from knot theory have permeated
such fields as algebraic topology, physics,
and synthetic and polymer chemistry,
sometimes revealing relations among seem-
ingly disparate disciplines (2). In biology,
the abundance of large ring-shaped mole-
cules in living organisms has provided fer-
tile ground for the study of knots, particu-
larly since the discovery of knotted DNA
rings (3). A number of DNA knots have
been characterized in detail, and their
knot-types have provided insights into the
mechanisms of the enzymatic reactions that
produced them (4).

When a particular DNA transaction can
yield either a knotted or unknotted product,
the energetics of DNA knotting might influ-
ence the course of the reaction (5). In con-
trast to the elegant and extensive work on
knot typing and its mechanistic implications
(4), however, no experimental datum exists

for the probability (and hence the Gibbs free
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energy) of formation of even the simplest
knotted DNA ring, the trefoil. It has been
shown that for a polygon of n sides, the
probability that it is unknotted approaches
zero as n approaches infinity (6); thus, the
probability of knotting in very large DNA
rings is likely to be high. In solution, DNA
behaves as a stiff molecule with a Kuhn
statistical segment length (7) of about 1000 A
or 300 base pairs (bp). Theoretical models of
knot formation in polymer chains suggest that
for DNA molecules thousands of base pairs in
length, the probability of knotting during ring
closure is small but significant (8-11). Thus,
in addition to yielding information on the
energetics of knotted DNA rings, measure-
ments of knot formation in randomly cyclized
DNA should also provide experimental tests
of the various theoretical treatments of knot-
ting probabilities.

To determine experimentally the proba-
bility of knotting, we used two DNA mol-
ecules 5.6 kbp and 8.6 kbp in length. The
DNAs were designed to have single-strand:
ed ends identical to those of phage A (12);
because the chemical step of pairing such
ends is the rate-limiting step in cyclization
(13), the fraction of knotted rings in the
product represents that in the equilibrium
population.
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Agarose gel electrophoresis of cyclized
DNA showed a band readily identifiable as
a nicked unknotted circle, as well as a series
of bands of decreasing intensity that migrat-
ed ahead of the unknotted nicked ring (Fig.
1, A and B). To confirm that these were
DNA knots, we mixed the radiolabeled
cyclization product with unlabeled nicked
knots generated by eukaryotic DNA topo-
isomerase II (14). Superimposing the auto-
radiogram of a dehydrated agarose gel onto
the ethidium-stained rehydrated gel showed
that the bands observed on cyclization
comigrate with the ladder of nicked knots
generated by topoisomerase II (Fig. 1A).

With increasing NaCl concentration,
the knotting probability p gradually in-
creased, reaching a maximum at 2 M NaCl
(Fig- 2A). The knots observed were predom-
inantly trefoils, knots with three irreducible
nodes. The 8.6-kbp DNA displayed the
same overall variation with NaCl concentra-
tion as did the 5.6-kbp substrate but pro-
duced a higher proportion of knots (Fig.
2A); trefoils, as well as figure-eight knots
(with four irreducible nodes), were detected.

These results support the Metropolis—
Monte Carlo calculations of Klenin et al.
(9). They showed that the probability of
knotting is sensitive to the effective DNA
helix diameter d,, which corresponds to the
distance of closest approach between the
helical axes of two nonadjacent DNA seg-
ments modeled as rigid cylinders to account
for intersegmental repulsion. The theoreti-
cal results of Klenin et al. were combined
with data shown in Fig. 2A to yield d, as a
function of NaCl concentration (Fig. 3)
(15); values of d, from two independent
calculations of DNA as a polyelectrolyte
(16, 17) are also included in the figure.

Comparable knotting probabilities were
observed at MgCl, concentrations that
were some 10- to 50-fold lower than the

Fig. 1. Formation of DNA
knots during random cy-
clization. (A) Simultane-
ous viewing of products
of random cyclization
(autoradiogram) and a
ladder of nicked knots
generated by S. cerevi-
siae DNA topoisomer-
ase |l (ethidium fluores-
cence). A radiolabeled
5.6-kbp DNA (72) was
cyclized in the presence
of 0.2, 05, 1, and 2 M
NaCl, and unlabeled lin-

A 2 1 05 0.2

R

corresponding NaCl concentration, and
the maximum value of p attained was high-
er in the presence of 0.1 M MgCl, than in
2 M NaCl (Fig. 2B). The complexity of the
knots observed at high Mg?* concentra-
tions also increased; with the 8.6-kbp sub-
strate, up to four knotted species were
distinguished.

The theoretical work of Klenin et al. (9)
predicted knotting probabilities for values
of d, down to zero. In the presence of Mg?*,
our experimental knotting probabilities
reached these “zero-diameter” limits (5.6-
kbp substrate, 47 mM MgCl,; 8.6-kbp sub-
strate, 39 mM MgCl,). At higher concen-
trations of Mg?*, the observed knotting
probabilities reached levels that would cor-
respond to negative values of d,.

A physical interpretation of these data is
that Mg?* not only shields the negatively
charged DNA backbone more effectively
than do monovalent cations, but at con-
centrations higher than several hundredths
molar may also induce an attractive poten-
tial between DNA segments. Lattice poly-
gon calculations support the intuitive view
that in poor solvents, which favor more
collapsed polygon configurations and closer
approaches of polymer segments, both the
probability of knotting and the complexity
of knots increase (10). Furthermore, studies
using crystallography and electron micros-
copy indicate that Mg?* can facilitate the
close approach of two DNA segments,
sometimes at a DNA crossover (18); other
work has confirmed that cross-linking two
DNA segments affects knotting probability
and complexity as Mg?* does (14, 19). An
alternative interpretation, that Mg?** re-
duces the Kuhn statistical segment or per-
sistence length of DNA (20) and thus
favors knot formation, is less attractive in
view of the insensitivity of the parameter to
the ionic environment (7).

B
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ear DNA and S. cerevisiae topoisomerase ll-knotted DNA were added to each sample before
electrophoresis (28). The cyclization conditions favored forms with cohered ends, and these forms were
stable during electrophoresis (13); the radiolabeled linear molecules in the cyclized samples were due
to the presence of linear DNA without the proper 12-nucleotide overhangs. L, linear monomer; N3, nicked
trefoil; NC, unknotted nicked circle; and D, linear dimer. (B) Densitometric tracing of knots resulting from
random cyclization of an 8.6-kbp substrate (72) in the presence of 0.1 M MgCl,, showing the formation

of nicked DNA knots with three, four, and five nodes.
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The free energy of converting a nicked
unknotted DNA ring to a nicked knot can
be obtained directly from the data on knot
formation during ring closure; values calcu-
lated for the nicked trefoil and figure-eight
knot are tabulated in Table 1. The free
energy of forming a supercoiled knot from a
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Fig. 2. (A) Probability of knot formation, p, in the
presence of NaCl for 5.6-kbp and 8.6-kbp
DNAs. The probability p is defined as the
fraction of cyclized molecules that are knotted.
(B) Probability of knot formation in the presence
of MgCl,, for the same DNAs shown in (A). Error
bars indicate the standard deviation calculated
from multiple measurements at each point.
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Fig. 3. Effective DNA helix diameter, d,, as a
function of NaCl concentration. For each con-
centration tested, we used the calculated
curves of knotting probability versus helix diam-
eter of Klenin et al. (9) to determine the corre-
sponding value of d,. The curve of Klenin et al.
corresponding to a DNA chain of 20 Kuhn
statistical segments, or ~5.9 kbp, was used to
determine values of d, for the 5.6-kbp substrate
(A); similarly, the curve for a DNA chain of 30
statistical segments (or approximately 8.8 kbp)
was used for the 8.6-kbp substrate data (@).
Also plotted are values of d, obtained from
Table 1 of (16) (<) and Table 1 of (717) (O).
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nicked unknotted DNA ring is then the
sum of the free energy of knotting a nicked
ring plus the free energy of converting a
nicked knot to a supercoiled knot. We have
determined the latter quantity for a trefoil.

Covalent closure of a nicked DNA ring
by DNA ligase yields topological isomers
(topoisomers) of the DNA ring that differ
only in their linking numbers (21). For
unknotted DNA, the distribution of topo-
isomers is Gaussian, corresponding to a
quadratic dependence of the free energy of
supercoiling on the linking difference: AG
= K, (Lk — Lk°)?, where AG is the Gibbs
free energy, K_ is a length-dependent con-
stant, and Lk and Lk° are the linking
numbers of a given topoisomer and of the
thermodynamically most stable topoisomer,
respectively (21). For DNA rings larger
than 2000 bp, the quantity NK_, where N is
the length of the DNA in base pairs, has

Trefoil topoisomers

Relative intensity

Relative distance migrated

Fig. 4. A thermal population of trefoils of different
linking numbers, produced by ligation of a
nicked trefoil. N3, nicked pCC56¢cos (72) trefoil;
N4, nicked figure-eight knot of pCC56cos, which
contaminated the nicked trefoil during its isola-
tion by gel electrophoresis. N3 was obtained by
treatment of negatively supercoiled pCC56cos
with phage T4 DNA topoisomerase, followed by
nicking of the product (29); the nicked trefoil so
prepared contained predominantly molecules
with three negative nodes (25).

been shown to assume a constant value of
1100 RT (21, 22), where R is the gas
constant and T is the temperature. The
thermal distribution of the linking number
topoisomers of a 5.6-kbp DNA trefoil, ob-
tained by nicking and religating the knot, is
shown in Fig. 4; the fit to a Gaussian
function with NK_ = 1760 RT is excellent
(23). For the unknotted circle, NK, was
1310 RT, in good agreement with the
average value of 1100 RT for large DNAs
(21, 22).

The free energy cost of introducing su-
percoils into a trefoil is significantly greater
than that for unknotted DNA; constraints
due to the presence of the three irreducible
trefoil nodes presumably make it more dif-
ficult to change the linking number from its
relaxed value. For a relaxed DNA ring 5 to
10 kbp in size, our data show that the trefoil
is disfavored by 2 to 4 kcal mol™! in free
energy depending on the reaction condi-
tions. For a supercoiled DNA, the trefoil
may be even more disfavored, due to its
higher value of NK_. The values of NK_ for
the unknotted and trefoil 5.6-kbp ring
would predict that AG® is higher by 5, 20,
or 40 kcal mol™!, respectively, for the
trefoil with ALk = —10, —20, or —30
(corresponding to a specific linking differ-
ence, or superhelical density, of —0.019,
—0.038, or —0.056). It is likely, however,
that the value of NK_ obtained from the
trefoil topoisomer distribution shown in
Fig. 4 is more representative of the free
energy cost of accommodating a trefoil knot
when Lk begins to deviate from Lk°; further
changes in Lk may be accompanied by
lower free energy increments, and predic-
tions based on a constant NK value may
overestimate the free energy required to
introduce higher degrees of supercoiling
into a trefoil. Direct measurements at larger
ALk values are needed to ascertain the free
energy differences between unknotted and
knotted DNAs that are more supercoiled

Table 1. Free energies of formation of a nicked knot from an unknotted, nicked circle. All
measurements were performed at 34°C. ND, not detectable.

DNA NaCl MgCl,

I?l?bgt;] Concentration  AG?°, trefoil  AG?®, figure-8 Concentration AG°, trefoil  AG®°, figure-8
P (M) (kcal mol=*)  (kcal mol—") M) (kcal mol=")  (kcal mol=1)

5.6 0.05 3.17 ND 0.002 3.80 ND

0.10 3.14 ND 0.005 3.10 ND

0.20 2.87 ND 0.010 2.68 ND

0.50 2.73 ND 0.020 2.37 4.22

1.00 2.57 ND 0.050 2.10 3.19

2.00 2.60 ND 0.100 2.07 3.51

8.6 0.05 2.95 ND 0.005 2.73 ND

0.10 2.69 ND 0.010 2.31 3.50

0.20 2.54 411 0.020 1.95 3.08

0.50 2.33 4.03 0.050 1.73 2.80

1.00 219 4.04 0.100 1.71 2.82

2.00 2.15 414 0.200 1.78 2.92
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than the topoisomers in a thermal popula-
tion. Nevertheless, it is clear from the
present results that the presence of a knot
in a relaxed or supercoiled DNA ring is
associated with a substantial free energy
cost; in enzyme-catalyzed reactions that
yield knotted products, this free energy cost
must be compensated by a favorable free
energy term, such as that derived from
protein-DNA interactions (5, 24).
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Negative Regulation of G1 in Mammalian Cells:
Inhibition of Cyclin E-Dependent Kinase by TGF-3

Andrew Koff, Masahiko Ohtsuki, Kornelia Polyak,
James M. Roberts, Joan Massagué*

Transforming growth factor-g (TGF-) is a naturally occurring growth inhibitory polypep-
tide that arrests the cell cycle in middle to late G1 phase. Cells treated with TGF- contained
normal amounts of cyclin E and cyclin-dependent protein kinase 2 (Cdk2) but failed to
stably assemble cyclin E-Cdk2 complexes or accumulate cyclin E-associated kinase
activity. Moreover, G1 phase extracts from TGF-B-treated cells did not support activation
of endogenous cyclin-dependent protein kinases by exogenous cyclins. These effects of
TGF-B, which correlated with the inhibition of retinoblastoma protein phosphorylation,
suggest that mammalian G1 cyclin-dependent kinases, like their counterparts in yeast, are
targets for negative regulators of the cell cycle.

Progression through the cell cycle is regu-
lated by cyclin-dependent protein kinases
(CDKs) (1). The CDKs are necessary for
the start of the S phase (2) and mitosis (3).
The mitotic role of the CDKs is thought to
be executed by the prototypic CDK, Cdc2
(3, 4). Cdc2 is positively regulated by
cyclin B (5), which is synthesized during
the S and G2 phases. The binding of cyclin
B to Cdc2 induces phosphorylation of the
complex, which leads to its activation at
the G2 to M transition (6, 7). In the yeasts
Saccharomyces cerevisiae and Schizosaccharo-
myces pombe, this kinase is also necessary
for starting the S phase (8). In higher
eukaryotes, however, the CDKs have
evolved into a small gene family (9), and at
least one additional family member, Cdk2,
also functions during the S phase (10, 11).
Cdk2 kinase activity is first evident during
the middle of G1 (12, 13), in which it may
phosphorylate the retinoblastoma gene
product (Rb) (14-16). Cdk2, like Cdc2, is
regulated by its association with cyclins. It
assembles in a complex with cyclin E in the
middle of G1 (13); this is followed at the
start of the S phase by formation of a
complex with cyclin A (11, 12, 17). Cyclin
E-Cdk2 may function in controlling pro-
gression through G1 (18), and cyclin
A—Cdk2 may function in controlling the
start of DNA synthesis (19).

Transforming growth factor—-f inhibits
cell proliferation by delaying or arresting
progression through the late portion of G1
(20, 21). In Mv1Lu lung epithelial cells,
TGF-B prevents Rb phosphorylation during
G1 (21), retaining Rb in a hypophospho-
rylated state that may suppress progression
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into the S phase (15, 16, 22). Because the
activity of cyclin-dependent kinases seems
critical for the G1 to S transition (13, 18,
19), negative regulators of this transition
might operate by affecting the activity of
these kinases. We investigated whether a
known G1 kinase, the cyclin E-Cdk2 com-
plex, might be inhibited by TGF-p.
Proliferating Mv1Lu cells were arrested
by growth to high density in serum-contain-
ing medium. We then released these con-
tact-inhibited cells from quiescence by
sparsely seeding them in this medium. As
reported (21), the transit through the mid-
dle of G1, 6 hours after the release from
contact inhibition, involved Rb phosphor-
ylation and was blocked by TGF-B added at
6 hours (Fig. 1A). Protein immunoblots
with cyclin E antibodies and Cdk2 antibod-
ies showed that these proteins were present
in contact-inhibited cells (Fig. 1B). As
cells progressed through G1, a faster migrat-
ing form of Cdk2 appeared (Fig. 1B) that
corresponds to the phosphorylated, catalyt-
ically active state of this protein (23). To
follow the kinetics of Cdk2 association with
cyclin E, we immunoprecipitated cell ex-
tracts with cyclin E antibodies and analyzed
the immune complexes by immunoblot us-
ing Cdk2 antibodies (13) (Fig. 1C). A
small amount of slow-migrating Cdk2 form
was present in cyclin E immune complexes
3 hours after the start of G1 and thereafter
(Fig. 1C, inset). The amount of fast Cdk2
form associated with cyclin E increased 6
hours after the start of G1 and became the
predominant cyclin E-associated Cdk2
form 9 hours after the start of G1 and later
(Fig. 1C). The increase in cyclin E-associ-
ated fast Cdk2 form was correlated closely
with an increase in cyclin E-associated
histone H1 kinase activity (Fig. 1D) over a
basal background level and preceded by
several hours the appearance of kinase ac-
tivity precipitable with Cdc2 antjbodies.
Thus, the natural progression of Mv1Lu
cells from quiescence into the S phase





