Trefoil Knotting Revealed by Molecular Dynamics
Simulations of Supercoiled DNA

Tamar Schlick and Wilma K. Olson

Computer simulations of the supercoiling of DNA, largely limited to stochastic search
techniques, can offer important information to complement analytical models and exper-
imental data. Through association of an energy function, minimum-energy supercoiled
conformations, fluctuations about these states, and interconversions among forms may be
sought. In theory, the observation of such large-scale conformational changes is possible,
but modeling and numerical considerations limit the picture obtained in practice. A new
computational approach is reported that combines an idealized elastic energy model, a
compact B-spline representation of circular duplex DNA, and deterministic minimization
and molecular dynamics algorithms. A trefoil knotting result, made possible by a large
time-step dynamics scheme, is described. The simulated strand passage supports and
details a supercoiled-directed knotting mechanism. This process may be associated with
collective bending and twisting motions involved in supercoiling propagation and inter-
wound branching. The results also demonstrate the potential effectiveness of the Langevin/
implicit-Euler dynamics scheme for studying biomolecular folding and reactions over bi-

ologically interesting time scales.

Although the hereditary information is
encoded in the primary sequence of the
genetic material, much of the regulatory
information of DNA is hidden in its topol-
ogy and geometry in the cell. Through
supercoiling—the higher organizational
form of DNA involving nonplanar bending
and twisting of the global double helix
itself—central processes such as replication
and transcription, which involve helical
winding, strand separation, and movement
along the DNA, are intricately regulated.
The steric and topological problems associ-
ated with supercoiling can be studied with
the tools of biochemistry, enzymology, dif-
ferential geometry, topology, and mechan-
ics. These techniques are effective for ana-
lyzing the energetics and dynamical aspects
of DNA supercoiling, the interactions of
DNA with other macromolecules, and the
interconversions among topological isomers
(1, 2). Reactions involving knotting and
catenation, in particular, are associated
with management of important conforma-
tional problems for the compactly organized
cellular DNA. Such problems include the
unlinking of replication and recombination
products and the untangling of knots. The
topological changes induced by such strand
break and passage activities alter the DNA
geometry and thereby regulate biological
function (3-10).

Duplex strand passages are typically me-
diated by type II topoisomerases (3-6).
Although molecular aspects remain largely
unknown, information on these reactions
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can be obtained through analysis of product
families of DNA knots and catenanes.
Slithering, tracking, and random-collision
models have been proposed to explain syn-
aptic and strand passage recombination
events that lead to characteristic knot and
catenane products (7, 8). Structural infor-
mation on DNA that is experimentally
limited or ambiguous can also be deduced
because product topology and complexity
reflect directly the substrate DNA geometry
as well as reaction intermediates (7, 8).
Although such mechanistic information is
accumulating, many details are missing in
these key regulatory processes. Most reac-
tions are studied in vitro, and little infor-
mation is available on the structure of
topoisomerase enzymes themselves (4).
However, the intracellular state of DNA is
a crucial factor in directing strand passage
events (8, 9). The “supercoiled-directed
knotting” model (8) suggests that supercoil-
ing provides the right geometry and energy
to permit strand passage. Products are af-
fected by the degree of DNA supercoiling as
well as the local structural details. In fact, if
the DNA is sufficiently supercoiled, duplex
strand passage may not require ATP (aden-
osine-5’-triphosphate) in the presence of
excess T4 DNA topoisomerase (6). The
large topoisomerase population may con-
tribute by increasing protein binding and
the degree of DNA condensation, thereby
enhancing knotting probability.

Our recent simulation study of super-
coiled DNA (I1) combines an idealized
elastic energy model (12), a compact
B-spline representation of closed circular-
duplex DNA curves (13), and two new
minimization (14) and molecular dynamics
(MD) algorithms (15, 16). The energy E
includes components for bending (Eg),
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twisting (Et), contour length (E_), and
attractive as well as repulsive van der Waals
interactions (Ey) (17). It is formulated in
terms of the DNA curve r(u) € R (see Fig.
1 caption) so that the topological invariant
Lk (linking number), describing the num-
ber of times the DNA strands intertwine
around one another, is the sum of the two
geometric quantities, Tw (twist) and Wr
(writhing number) (18). The critical vari-
able ALk, representing the imposed linking
number difference as measured from a re-
laxed circular state Lk, (11), is included by
assuming an isotropic rod model (19). The
term E,, is important for eliminating close
contacts that might allow unrealistically
high values of intrachain nodes to compen-
sate for topological strain. The attractive
part, in particular, may stabilize the associ-
ation of two DNA fragments and promote
the formation of supercoiled or supercoiled-
like structures, such as revealed by the
novel cross-packing of duplexes in several
recent crystal structures (20). An attractive
potential between segments along the DNA
may also reflect an excess topoisomerase
population that effectively decreases the
overall polymer dimension and increases
knotting frequency (21). This attraction
may account for the observed knotting of
supercoiled DNA by T4 DNA topoisomer-
ase in the absence of ATP (6).

Until now, most simulations of super-
coiled DNA have been limited to simple
curve representations (for example, polyg-
onal line) and stochastic Metropolis-biased
Monte Carlo techniques (22, 23) because
of computational complexity (both model
size and elastic energy formulation in terms
of the independent Cartesian variables).
Our spline construction represents complex
smooth curves in terms of a small number of
control points {x,}, ensures chain closure
and second-order continuity (important for
minimization) and, through the curve’s lo-
cal dependency on the {x,}, reduces consid-
erably the number of nonzero derivative
elements (11). The Langevin/implicit-
Euler scheme for MD permits the use of
large time steps (At) typically prohibited in
macromolecular simulations (24). Numeri-
cal stability over larger time steps is
achieved through an implicit discretization
formulation but requires solution of a min-
imization subproblem at every step (25). A
frequency-discriminating damping is intro-
duced through the scheme’s two damping
forces: frictional (physical) and intrinsic
(numerical). By choosing a “cutoff frequen-
cy” o, and setting the frictional damping
constant y = (w)? At, we establish a
regime where modes with vibrational fre-
quencies ® >> o_ are effectively frozen,
while modes ® << w_ are fully activated
(15, 16).

The combination of compact modeling



and large time-step dynamics captures here
a trefoil knotting of supercoiled DNA. Al-
though “accidental” strand passages may
occur in stochastic search techniques be-
cause of a large perturbation at a given step,
our focus here is identifying thermodynam-
ically driven events dependent on the su-
percoiled DNA topology and geometry.
With dynamics at small time steps, van der
Waals repulsion would prohibit strand
crossing. For the present combination of
ribbon-like curve and elastic model, we use
At = 100 femtoseconds (fs) and w_ = 10'°
s™! [~1073(kgT/A) around room tempera-
ture T, where kg is Boltzmann’s constant
and # is Planck’s constant divided by 2.
For a 1000-bp model with a bending-to-
torsional rigidity constant p = A/C = 1
(lowest in the physically feasible range) and
|ALk| = 6, the closed circular state is highly
unstable (11).

Selected frames capturing the knotting
dynamics, started from a closed circular
DNA duplex, are shown in Fig. 1. Figures 2
and 3 sketch the knotting mechanism and
illustrate the variation of Er, Eg, Ey,, Wr,
and the principal moments of the radius of
gyration, {I,, I,, L;}, as a function of itera-
tion. The resulting knot is a trefoil (easily
recognized from the isotopic structures in
Fig. 4), the simplest and most abundant
knot in many strand passage reactions (8).
The knot sign is positive (see Fig. 2 cap-

Fig. 1. (Top) Selected frames from a molecular
dynamics simulation capturing the trefoil knot-
ting reaction. (Bottom) Expanded views at
frames 250 and 400. The parameters docu-
mented in (717, 19) were used with a simulation
temperature of T = 400 K and a gradual mod-
ification of ALk, as described in the text, to
mimic the topological change during strand
passage. Different colors correspond to the
B-spline segments in our ribbonlike duplex
curve r(u), represented compactly by piece-
wise parametric cubic splines. The curve r(u) =
{r,(u), ry(u), . . ., ry(W)}, 0 = u = 1, is construct-
ed by N controlling points x; € &3. These
points are used to define each curve segment
locally by the linear combination: r(u) =
24X, ,_oF{u), where indices are defined mod-
u(o N. The four basis functions are: F,(u) =
(1/6)(1 = u)3; Fy(u) = (1/6)[1 + 3u(1 + u— u?)];
Fo(W) = F;(1 — u);and F(u) = F,(1 = u). These
cubic polynomials ensure parametric continuity
of position, slope, and curvature at the junction
points. The spheres represent points on the
curve at regular intervals of u. Frame numbers
correspond to iteration numbers. Each time
step corresponds to 100 fs, but a direct corre-
lation between the simulated and physical
times is difficult: the model is macroscopic, and
unit masses are assigned to the independent
variables {x}. This assignment allows sufficient
flexibility of the curve and succeeds at captur-
ing global deformations. Thus a time frame
three orders of magnitude greater than nano-
seconds is suggested (77).

tion) as ALk is chosen positive. By symme-
try, the resulting interwound handedness is
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analogous knotting mechanism produces a
(—) trefoil product. Both mirror images are
found in vivo, though the (—) trefoil knot

simply reversed for negative ALk, and an
Fig. 2. Sketch of inferred

trefoil knotting mechanism.

Supercoiling  propagation

and branching may lead to +)
close contacts between two (+) )
segments of the duplex ) ©) J

DNA chain and to a DNA /

geometry that may favor (-)\) (+) )
knotting: (A) A figure-8-like — — — — —

structure results from a first A B c D E F
superhelical fold in re-

sponse to linking number strain. (B) A second superhelical fold begins to form and divides the chain
into three regions. (C) Collective bending and twisting induce closer intrachain contacts as one
folded region moves closer to the other. (D) Twisting of the middle region follows. (E) Strain results
from two nearby nodes of opposite signs. (Node sign is determined for each crossing by assigning
an arbitrary orientation along the DNA axis and counting a crossing negative or positive, depending
on the direction of rotation required to align an arrow of the top segment with one of the bottom
segment: negative for clockwise and positive for counterclockwise rotations of less than 180°.) (F)
A direct strand passage, through introduction of a transient break and subsequent rejoining of the
top broken segment on the opposite side, inverts a (—) node to a (+) node to form the (+) trefoil
knot. A similar mechanism can be applied to a negatively supercoiled DNA substrate to produce a
(=) trefoil knot.
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Fig. 3. Energetic and geometric variations dur-
ing the knotting simulation. Energy components
in kilocalories per mole are given for: (A) twist-
ing (E); (B) bending (Eg); and (C) van der
Waals (E,) terms. Also given are (D) the writh-
ing number (W) and (E and F) the principal
moments of the radius of gyration (/,, L, 1) in
angstroms, all as a function of the MD iteration.
The moments characterize the overall shape of
the B-spline DNA curve. At each time step, they
are computed from the parametric curve vector
r(u) as follows. The tensor R, containing the
elements of the average second moments of
the displacement vectors with respect to the
center of gravity, is computed through summa-
tions of outer products: R = (1/L) Z, {(r(u) -
{rW))(r(u) — (r(w))du, where the center of
gravity vector (r(u)) = (1/L) Z, r(u)du. The
quantity L denotes the total contour length of
the chain, and the summation symbols {i,u}
extend over all piecewise segments of the
curve r and all mesh points considered in the
unit interval over u. The nine elements of the
matrix R describe the best fitting ellipsoid to the
B-spline curve. To determine the principal axes
of this ellipsoid, we perform the similarity trans-
formation Q~'RG = D, where Q is the diago-
nalizing eigenvector matrix relating the princi-
pal axis system to the original coordinate frame
of the chain. The eigenvalues d,of D (i = 1, 2,
and 3) describe rough ellipsoidal bound areas
for the closed chain. The lengths of the princi-
pal axes of the ellipsoid are given as the
root-mean-square displacement lengths [/, =
V. If the chain is folded in an extended
interwound trajectory, I, >> 1,, I,. If the chain is
folded in an extended interwound trajectory, /,
>> |,, I,. If the chain is circular, I, = I, and I,
=0.

is more often a recombination product of
negatively supercoiled DNA.

Figure 1 reveals how kinks leading to
superhelical folds appear quickly in the
circular curve (frames 50 and 100) and lead
into a figure-8-like configuration as Eg
increases beyond a critical value (11). A
riply looped structure emerges at frame 200
1s a second superhelical fold (frame 150) is
rropagated. The contacts generated by such
ooped forms have been suggested as a key
eature of a trefoil knotting mechanism
'10). It is possible that the supercoiling
lynamics leading to such a form may be
wssociated with branching in interwound
upercoils (23, 26). Closer contacts within
he chain produce another pronounced su-
serhelical fold, accompanied by twisting of
he middle region (frames 250 and 300 and
‘ig. 2). The overall more compact shape
:an be noted in Fig. 3E: the root-mean-
quare displacement lengths, I, I,, and I;,
f the ellipsoidal axes that best fit the
werall DNA shape are very close. Further
wisting and bending gradually lead to crit-
cal contacts (after frame 300) involving
wo very close figure-8-like folded regions
trained by two nearby nodes of opposite
igns (Fig. 2). In fact, Liu et al. have
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suggested a trefoil knotting mechanism in
which two helices separated by a twist, at
the top and bottom of a folded figure-8
structure, pass through each other (6). A
protein wrapping could be imagined to di-
rect or stabilize this folding geometry.
Significantly, we find that this preknot-
ting state corresponds to a minimum in E,,
(Fig. 3C). In addition to the crossover site,
several regions of close contact along the
DNA are noted. Moreover, the orientation
is crossed between the chains before pas-
sage. Unfavorable nonbonded interactions
between duplex segments are thereby lim-
ited, and the segments surrounding the
“crossing” chain may help force the knot-
ting. Such crossed orientations of duplex
DNA segments may be important to any
interaction involving closely packed
chains, as in supercoiled DNA. A close
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relation between crossed-oriented helices
and nodes of superhelical DNA has been
suggested from unusual crystal lattices of
DNA (20). Here, if the strands are properly
aligned, a mechanism involving a concert-
ed sequence of side-by-side recombination
steps, rather than strand passage, might also
produce the same knotted product.

The strand “passage” can be observed in
frames 300 to 400. From a critical value
around three, Wr increases rapidly during five
time intervals in steps 360 to 365, resulting in
an overall change of two (Fig. 3D). We
mimic the topological change by modifying
ALk by AWr when AWr > 0.04 between two
consecutive MD steps. A total ALk change of
two is absorbed over 15 MD iterations. Ac-
companying a steady increase in Ej is thus a
gradual decrease in E (Fig. 3, A and B) and
conservation of the sum Tw + Wr at every



step. During passage, concerted bending and
twisting motions can be observed for a top
portion of the supercoiled DNA (Figs. 1 and
2). A “sign inversion” mechanism (5) passes
one duplex segment through the other and
inverts the handedness at one node (Fig. 2).
Although at no time step does E,, reach a
relatively high value, large fluctuations and
attainment of a maximum are evident
throughout passage. Subsequently, the knot-
ted geometry is apparently quite stable and E,,
fluctuates much less. A gradual motion sepa-
rates the structure into a “knotted” and “in-
terwound” region, resulting in an overall
elongated interwound shape (end of Fig. 3, E
and F, where notably I, >> [, = [,).

Once knotting occurs, smaller overall
variations in geometry and energy are evi-
dent. Time steps 500 to 5000 (Fig. 3F)
reveal collective bending motions of the
loops in the knotted region that are accom-
panied by winding and unwinding of the
interwound region. A doubly wrapped-loop
structure “W” soon emerges (Fig. 4A) that
is stabilized by a low bending energy and
favorable van der Waals contacts. This
form suggests a favorable geometry for pro-
tein contact. Indeed, Wang proposed a
similar coiled geometry for a DNA ring
wrapped around gyrase (10). Cozzarelli has
further suggested that supercoiling winding
and unwinding may direct topoisomerase

binding and unbinding (5). Here, collec-
tive bending and twisting gradually open
the two loops of W to opposite directions
and direct its interconversion to an open
trefoil-knotted geometry “O” (Fig. 4B). A
moderate barrier in E, is involved, and thus
protein intervention may be a crucial fac-
tor. Both W and O were found to be energy
minima, with energies of 18.0 and 15.8
kcal/mol, respectively; W has higher elastic
and overall potential energy than O, al-
though its van der Waals component is
lower (see Fig. 4 caption).

Interestingly, we identified similar knot-
ted supercoiled DNA forms as energy min-
ima in an MD simulation with ALk fixed at

{
Q§

Fig. 4. Energy-minimized trefoil-knotted DNA structures. Through collec-
tive bending of the loops in the "knotted” region of the chain (frame 500
of Fig. 1) and winding and unwinding of the “interwound” end, (A) a
“wrapped"” or double-looped structure W forms. The structure W is an
energy minimum, with Wr = 5.52, E5 = 16.12 kcal/mol, E; = 8.52 kcal/mol,

SCIENCE
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and E, = —6.62 kcal/mol. A combination of collective bending and twisting
produces (B) an “open” trefoil knotted geometry O, which is also an
energy minimum and has Wr = 6.12, Eg = 16.14 kcal/mol, E; = 4.84
kcal/mol, and E, = —5.17 kcal/mol. Two stereo pair views are shown for
each structure.

¢ 21 AUGUST 1992 1113



6 (8.4 and 9.1 kcal/mol for W and O,
respectively). Lower values of Wr were
achieved through fewer superhelical turns
in the interwound region, and a smaller
difference in Wr in this pair (0.1) in rela-
tion to the pair of Fig. 4 (0.6) produces the
overall energy difference. In both cases, the
crossed-oriented strands in the preknotting
state appear to stimulate the knotting
strongly.

Overall, these energetic and dynamical
details strengthen the importance of the
DNA supercoiling geometry and energy in
directing strand passage events. They suggest
that collective bending and twisting in-
volved in supercoiling propagation and in-
terwound branching may produce naturally
looped helical regions that accommodate
topoisomerase binding and activity. Al-
though mechanistic details of the roles of
proteins in strand passages remain somewhat
mysterious (3), noncovalent binding, with
strength dependence on the degree of super-
coiling, was suggested for gyrase (5). The
triply looped supercoiled DNA structure re-
vealed here may arise in folding pathways at
physiological superhelical densities; through
sign inversion, DNA trefoils would be pro-
duced. The suggested thermodynamic path
may account for knotting of supercoiled
DNA from torsionally stressed states.

The combination of large time steps and
high-frequency damping in our Langevin/
implicit-Euler scheme holds potential for
biomolecular folding and reactions. Time
steps of 10 to 40 fs have been used in typical
simulations of liquid water and butane (16),
with overall computational gain. Here, we
gain a factor of 10 over explicit integration
(11, 16). The minimization subproblem at
every step (25) is simplified considerably
because a good initial value for the mini-
mum is available from quantities computed
at the previous time step. The use of a
Newton minimization method is crucial for
reducing the number of minimization iter-
ations per time step. The similarity in
composition and Hessian sparsity structure
between the minimized functions ® and E
allows efficient implementation of struc-
ture-tailored truncated Newton minimiza-
tion (14). The multiple-minima problem is
also less severe for @ than for E because the
eigenvalue spectrum of P is shifted in the
favorable direction (25).

The numerical stability of the scheme
over all time-step choices can be understood
intuitively from the composition of ®: a
quadratic “kinetic” term and a potential
energy term (25). The first dominates when
At is small (continuous dynamics), and the
second dominates when At is large, so low-
energy forms in conformation space are es-
sentially followed. However, even if we
assume that the minimization subproblem
can always be solved, how realistic would

1114

the physical results be with very large time
moves and damping in conformation space?
Clearly, vibrational modes in biomolecules
are intricately coupled, and certain small,
high-frequency fluctuations may facilitate
collective motions. It may nonetheless be
possible to focus on specific low-frequency
and relatively slow conformational changes
by choosing appropriate time steps and cutoff
frequencies and then to resolve the motion
of interest on finer time and spatial scales.
Particularly intriguing examples of such con-
certed conformational transitions involve
hinge-bending proteins such as triosephos-
phate isomerase and lactoferrin (27). Rigid-
body-like motions, observed in helical piv-
oting and lobe projections over active sites,
have recently received heightened attention
because of their wide-range applications to
interdomain interactions. The kinetic and
potential composition of our target dynamics
function suggests a natural “interpolation”
between molecular statics and dynamics that
may be suitable for such folding investiga-
tions.
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A Mutation in the POU-Homeodomain of Pit-1
Responsible for Combined Pituitary Hormone
Deficiency

Sally Radovick,* Michelle Nations, Yuefen Du, LaVonne A. Berg,
Bruce D. Weintraub, Fredric E. Wondisfordtt

Pit-1 is a pituitary-specific transcription factor responsible for pituitary development and
hormone expression in mammals. Mutations in the gene encoding Pit-1 have been found
in two dwarf mouse strains displaying hypoplasia of growth hormone, prolactin, and
thyroid-stimulating, hormone-secreting cell types in the anterior pituitary. A point mutation
in this gene was identified on one allele in a patient with combined pituitary hormone
deficiency. Mutant Pit-1 binds DNA normally but acts as a dominant inhibitor of Pit-1 action

in the pituitary.

Pit- 1—growth hormone factor—1 (Pit-1) is a
member of the POU family of transcription
factors that regulate mammalian develop-
ment (1). Pit-1 contains two protein do-
mains, termed POU-specific and POU-ho-
meo, which are both necessary for high-
affinity DNA binding on the genes encod-
ing the growth hormone (GH) and
prolactin (Prl) (2, 3). Pit-1 is also impor-
tant for regulation of the genes encoding Prl

and the thyrotropin B subunit (TSH-B) by
thyrotropin-releasing hormone (TRH) and
cyclic adenosine 3',5'-monophosphate (4—
7). Because mutations in the gene encoding
Pit-1 (Pit-1) have been found in dwarf mice
strains (8) that lack GH, Prl, and TSH-
secreting cell types, we wanted to deter-
mine if mutations within this gene resulted
in a similar deficiency of pituitary hormones
in humans.
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The patient (W.T.R.) studied in this
report was previously documented to have a
deficiency of GH, Prl, and TSH, which was
manifest as severe mental retardation and
short stature (9). Both GH and TSH were
undetectable in the plasma before or after
provocative stimuli; Prl in the plasma was
low (3 pg per liter) and did not respond to
stimulation by chlorpromazine or TRH.
Baseline gonadotropin amounts, however,
were normal [luteinizing hormone (LH), 15
IU per liter, and follicle-stimulating hor-
mone, 7 IU per liter] and responded appro-
priately to stimulation by gonadotropin-
releasing hormone. Serum cortisol levels
were normal (8 a.m., 378 nmol per liter;
and 4 p.m., 190 nmol per liter); steroid
precursors increased appropriately after
metyrapone. The patient’s mother (E.R.) is
of normal stature and has normal pituitary
hormone levels. Unfortunately, the re-
maining family members were inaccessible
for study; but, according to historical re-
ports, they all have normal stature, which
suggests that this patient may represent a
sporadic case of combined pituitary hor-
mone deficiency (CPHD).

The polymerase chain reaction (PCR)
was used to amplify genomic DNA frag-
ments from human Pit-1 (10). The POU-
specific and POU-homeodomains were am-
plified separately by means of specific oligo-
nucleotides (11). The Pit-1 domains ampli-
fied in this study correspond to exons 4
through 6 of the mouse Pit-1 gene (8) and
contain most of the POU-specific and the
entire POU-homeo domains. As a control
in these experiments, genomic DNA from
three normal patients was also included.
We found no abnormalities in the POU-
specific domain after sequencing at least
seven independent clones from two sepa-
rate PCR amplifications from either the
patient or normal controls. A C to T
mutation of codon 271, however, was
found in approximately one-half of inde-
pendent clones we sequenced from the pa-
tient (three of seven cloned fragments); the
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