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The torque generated by RNA polymerase as it tracks along double-stranded DNA can potentially
induce long-range structural deformations integral to mechanisms of biological significance in both
prokaryotes and eukaryotes. In this paper, we introduce a dynamic computer model for investigating
this phenomenon. Duplex DNA is represented as a chain of hydrodynamic beads interacting through
potentials of linearly elastic stretching, bending, and twisting, as well as excluded volume. The
chain, linear when relaxed, is looped to form two open but topologically constrained subdomains.
This permits the dynamic introduction of torsional stress via a centrally applied torque. We simulate
by Brownian dynamics the 100s response of a 477-base pBHDNA template to the localized
torque generated by the prokaryotic transcription ensemble. Following a sharp rise at early times,
the distributed twist assumes a nearly constant value in both subdomains, and a succession of
supercoiling deformations occurs as superhelical stress is increasingly partitioned to writhe. The
magnitude of writhe surpasses that of twist before also leveling off when the structure reaches
mechanical equilibrium with the torsional load. Superhelicity is simultaneously right handed in one
subdomain and left handed in the other, as predicted by the “transcription-induced
twin-supercoiled-domain” modégL. F. Liu and J. C. Wang, Proc. Natl. Acad. Sci. U.S84, 7024
(1987]. The properties of the chain at the onset of writhing agree well with predictions from theory,
and the generated stress is ample for driving secondary structural transitions in physiological DNA.
© 2004 American Institute of Physic§DOI: 10.1063/1.179961]3

The topology of double-stranded DNASDNA) plays a  Here, Lk represents the linking numbéroughly speaking,
significant role in the processes by which this macromolthe number of times one backbone “links through,” or winds
ecule carries out its biological functions. The superhelicalaround, the othér Tw represents the helical twigthe num-
stress produced when the twin sugar-phosphate backbonestwdr of times either backbone winds around the helix )axis
duplex DNA are either overwound or underwound, relativeandWr represents the writhe, or degree of supercoiliiing
to their relaxed winding valuéapproximately one turn per number of signed crossings of the helix axis in planar pro-
10.5 base pairgbp) for B-form DNA under physiological jection, averaged over all projection directipn§houghLk
conditiong, leads to both global and localized structural de-is strictly defined only for topologically closed DNA—i.e.,
formations that are often prerequisite to such fundamentdbr closed circular DNA (ccDNA) or anchored linear
processes as replication, transcription, recombination, and ré&NA—it is in practice also a relevant descriptor of, for ex-
pair in both prokaryotes and eukaryotese, for example, ample, regions of free linear DNA much longer than the
Ref. 1. These deformations are a consequence of the copersistence lengttiapproximately 500 A forB-DNA). In
pling of molecular twist and writhe, as quantified by the such regions, considerable stress can accrue upon torsional

expressiort: loading, due to the resistance of natural bends to translation
through a viscous mediufFor a given molecule, the super-
Lk=Tw+WTr. (1) helical stress produced by deviationsLdf from its relaxed

valueLky is accommodated by changesTiw, Wr, or both:

dAuthor to whom correspondence should be addressed. Electronic mail:

smielke@lifshitz.ucdavis.edu ALk=(Lk—Lky)=ATw+AWTr. (2
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Here, ATw corresponds to localized, sequence-dependen
twist deformations such as strand separation, cruciform ex
trusion, andB-to-Z transition, as well as to continuously dis-
tributed overtwist or undertwist. Superhelical stress-inducec (
strand separation in promoter regions of both prokaryotic T T @
and eukaryotic genomes, for example, is implicated in thelll= > il .""'"é_,""'"'. -\ >
initiation of transcriptiorft AWr corresponds to benguper- @ (b) ()
coiling) deformations, which are integral, for example, to
site-specific recombination events.
Processes that alter DNA topology are inherently dy- -
namic in character. A well-known example is the tracking of
RNA polymerase(RNAP) along the double helix during FIG. 1. Twin supercoiling modefadapted from Ref.)6 (a) A transcription
transcription. This mechanism requires counter rotation 0fznsemble‘]’tracks along a linear dsDNA template from Ieft_ to right. The
N . . ends of the DNA are anchored to large cellular structures, indicated by the
RNAP (along with its RNA transcript and any associated solid squares(b) Assuming rotation of7 is hindered, for example, due to
proteing relative to the DNA template, because of the latter'sviscous drag, a supercoiling torque is generated, and the template is

helical geometry. Under a variety of circumstances, rotatioricranked” at the location of7, represented by the circular arrow in the

. . middle of the figure(c) Because the structure is topologically constrained,
of RNAP is hindered, producmg a torque capable of Subs'[aqorqur-) upon the template dtgenerates superhelical stress, producing posi-

. . 6—9 .

tially supercoiling the templaté®~® One such scenario, a ye supercoils downstream, and negative supercoils upstream, from tran-
transcription-induced twin-supercoiled-domain, is illustratedscription.

in Fig. 1, which was adapted from Ref. 6. In Figia), a

transcription ensembld tracks from left to right along a . 14-16 ) _ .
tic potentials The physical size of the beads is set ac-

linear DNA template with ends anchored to large cellular ) e
structure® (broken horizontal bars attached to solid squareiord'ng to the hydrodynamic diameter of DNA, so that each
ead represents several basepairs. The presence of transcrip-

in the figurg. The ensemble includes an elongating RNA I ve b hored ; db
transcript. Anchoring and/or frictional resistance preventingtIona y active but anchored RINAP Is represented by an ex-

rotation of 7 within the cellular milieu leads instead to local ternal torque that spans a region of approximately the same

rotation of the template under an applied torque, represente tent as the footprlnt of prokar'yot|c RNAP‘. The magnitude
by the circular arrow in the center of Figgbland Xc). This of this torque is chosen according to 'experlmenta.l measure-
rotation relative to the anchored ends produces superhelicments_ of lthe&T?7r$5_tgetE§ rated by fol' RNtﬁ‘P aga};_nst an d
stress throughout the domain, generating positive supercoi posing foad: = VWi IS representation, the positions an
(ALKk>0) downstream and negative supercoilsLk<0) twist angles(relative to the local helix axjsof beads in the
upstream, from [Fig. 1(c)], and potentially also driving chain are time evolved using Brownian dynamiB®); i.e.,

localized, sequence-dependent duplex transitions, such g;smulatlons based upon numerical integration of overdamped

strand separation, required for such regulatory events as mcle_qgatlons of mgthﬁ. BD |nc.orpora.tes DNA solvent_ Inter
L . - . . . action effects via inherent dissipative and stochastic forces,
tiation of replication within the domain. The twin domain L :

. ) : . rather than explicit inclusion of hundreds or thousands of
phenomenon, for which there is now extensive experimental

. . . . solvent molecules. Twist-bend coupling, which allows the
support(reviewed in Ref. 1§) continues to be an active area model to capture the effects of superhelicity upon the dv-
of researchsee, e.g., Refs. 11-13 b P ty up Y

; . : . . . namics, enters through a set of torsional forces that result
Dynamic modeling of biological processes involving to-

oloaical deformations of DNA is hindered by the large Sizefrom the independence of the infinitesimal coordinates of the
pological detorr ) ed by the 1arg beads®>®The BD bead-chain representation of dsDNA has,
of the regions in which such deformations typically occur.

These processes often encompass hundreds or thousandsforf equilibrium systems involving free linear DNA and
base aFi)rs—tens of thousands Fc)n‘ atoms interacting with Ons%tically-stressed superhelical ccDNA, predicted with rea-
P g nable accuracy such observable parameters as decay an-

another, as many solvent atoms, and perhaps thousands ig tropy measured by fluorescence depolarization and triplet

atoms comprising other macromolec_ules, such as protemﬁmisotropy deca}f translational and rotational diffusion co-
Such a system is computationally intractable to all-atom

. . . efficients measured by dynamic light scatteriRgnd ring
simulation approaches, such as molecular dynarts). closure probablities measured in cyclization reaction

This suggests the need for a method that is coarse graingd eriment2® Our results demonstrate that the present
eDT\?:gh to lsmulate thel dynam|c b eha(\jnor ofhkllobase le,ngﬂ?‘nodel captures several significant features of transcriptional
In solution over long times, and, at the same time, supercoiling, and, more generally, elucidates the non-

re_sqlve?l enoughl tq |r|1corporaFe bothdtéwst-bgn? couplin quilibrium response of DNA to dynamically imposed tor-
arising from topological constraints, and dynamic features oo, stress, suggesting its potential as a tool for analysis of

DNA—proteln interactions that produce D'\.IA structural defor- solvent-mediated dynamic supercoiling under a wide range
mations as a consequence of that coupling. of conditions and circumstances

Here, we present a dynamic model of the transcription- '
driven formation of a twin-supercoiled-domain. Our ap-

. . |. METHODS

proach is based on a method for large-scale, long-time dy-
namics, whereby dsDNA is represented as a chain of a. Model. We model DNA as a chain &f rigid spheres
discrete, spherical beads that interact through Hookean elaghead$ connected byN—1 virtual bonds of equilibrium
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length by. The instantaneous configuration of the chain isunphysical eventlLk would not be conserved, as the chain
then described by a set of bead position vecfofs_,y and  would be able to relieve superhelical stress by passing
a set of body-fixed coordinate(bfc) unit vectors through itself.

{G; ,fi,0i}i=1n-1 defining local orthogonal = coordinate Finally, the total potential energy of the linear chain is
frames, in whichlj=r, ., —r;/|rj.1—r;|, f; is defined in a given by

direction orthogonal tay;, and used to track the twist, and
then v;=U;x f;. Contiguous bfc frames are connected by
standard Euler transformation matri¢sn which the Euler
anglesa;, B;, and vy;, are expressed in terms of the bfc

N—1 N—-2 N—-2

U= ;l us<bi>+i§l ub<ﬁi>+i§l Ui+ )

1 N
vectors as ) A N - Z Uew(r))- (10
cog Bi) =Ui;1-Uj, ©) J#i=1
%Hl' %i +0i41-0; The forces and torques needed to time evolve the chain in the
codai+yi)= BT (4)  presence of solvent are derived from the expressions repre-
2 cos?(i') sented by Eq96)—(10). Although the bead-chain model can
in general accomodate both electrostatic interactions in a
%i+l'ai_i}i+l"fi salt-dependent context, and interactions resulting from local
sin(a;+ v;) = (5) disturbance of the solvent due to nonlocal motion of the

2 Cog(ﬁ) chain (hydrodynamic interactiong®?3these interactions are
2 not explicitly considered here, as their contributions to the

Bead-bead interactions are then characterized by the followsalient dynamic response of the system to the driving torque
ing elasto-harmonic potentials of stretching, bending, andre expected to be negligible, relative to contributions from

twisting, respectively, the forces and torques arising from E¢8)—(9). This issue
is currently under investigation.
UL(b)= kB—T(b-—b )2 ©) b. Molecular System. The radius of each bead in a 50-
ST g2t T bead chain is set equal to the hydrodynamic radius of
B-DNA. We use the valu®R,yp=15.92 A2* corresponding
kgT 5 to approximately 4.68 3.4 A basepair steps. Each bead then
Ub(ﬁi):;(ﬁi_ﬁo) ; (7)  represents~9.36 bp. The equilibrium separation between
v bead centerdy is set at R,yp, So that the beads “touch”
ksT whenb=b,.
Ui ait+y)= 2—‘52(ai+ yi—(bo)z. (8) In order to represent anchoring of the chain due to inter-

action with an effectively immobile protein complés in
Here, kgT/6%), (kgT/4?), and kgT/£%) represent elastic Fig. 1), the two central beads are held translationally fixed
coefficients, in whictkg is Boltzmann’s constant anflis the ~ throughout our simulationglt is assumed that neither the
absolute temperature. The choice of values for the parantomplex nor the template actually translocates over the rela-
eters 8, ¢, and & will be discussed below. In Ed6), b; tively short duratior(~ us) of these simulationsThe central
=|riz1—ri|. In Egs.(7) and(8), B, and®, are the equilib- beads are also uncoupled, so that each experiences no force
rium bend and twist angles, respectively, between adjacer@t’ torque due to interaction with the other, and the region
beads. BothB, and®, are set to zero throughout this work. between them represents “uncoupled” dsDNA; for example,
(Setting®,=0 in turn setsLky=0=Lk=ALk.) The form the locally denatured DNA forming the “transcription
of the potentials expressed by Ed$)—(8) assumes both bubble” characterizing elongatidn. Since these beads are
homogeneity and isotropic stretching, bending, and twistingpatially fixed and noninteracting, the size of this reditre

of the chain. separation between thens arbitrary. We set that separation
In addition to the potential§6)—(8), we include an ex- 10 4Ryyp=2bg, corresponding to the-15-20 bp extent of
cluded volume potential of the form strand separation in the prokaryotic transcription buBble.
1 6 Though the center beads are spatially fixed, each remains
Ogv Ogv i i ”
Ugy(rij)=4ekgT (_ — (_) ' (rij<6\/§0'EV)a free to rotate about its local axis vector
ij Fij Anchoring of the ends of the chain, represented by at-

6 9 tachment to solid squares in Fig. 1, is accomplished by for-
Ueu(ri =0, (rj=320ey), bidding both transl:gtion and ro'?ation of the tVE/)O end b()e/ads.
wherer ; is the distance between titd andjth bead centers, These conditions, together with the condition that the two
and € and oy are Lennard-Jonefd J) parameters, corre- center beads remain translationally fixed, topologically con-
sponding to the depth and; intercept of the LJ potential strain each half of the total structure, so that rotation of beads
function, respectively. The quantif/2¢o, demarcates the near the center relative to those at the ends applies superhe-
value ofrj; corresponding to the minimum of the LJ well. lical stress throughout the domain. This rotation is effected
The quantityogy is then set so that this value coincides with by applying to the chain a torque external to that arising from
the equilibrium separation of adjacent bedmys The pres- the relative twist of adjacent beads; i.e., from E8). This

ence ofUgy, prevents the chain from self-crossing. In thattorque is assumed to be time independent and unidirectional
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over time intervals~us. The chosen form of the external TABLE I. Simulation parameters.
torque is, for each half of the structure, the Gaussian,

Description Symbol Value
—(i— ic)2 Number of beads N 50
Text™ KTeXF{W ' (11) Equilibrium separation bo 31.84 ﬁ
Hydrodynamic radius Ruyp 15.92

wherei represents either center bead, aimtlexes all other ~ Strétching parameter g 0.2547 A
beads in the corresponding half of the chairith the excep- _Er;ehd.'ng parameter v 0.2523
. : . . Twisting parameter ¢ 0.2289
tion of the end beads, which are restricted from respondingennard-jones well depth . 100.0
to torque$. The constanK ,, the maximum value ofy, iS  Lennard-Jones intercept oy 28.37 A
set at the value 1010 2°N'm, corresponding to the torque Temperature T 310.0 K
E. coli RNA polymerase exerts against a torsional 16a. Solvent viscosity - U ooip -
The denominator in the argument of the exponential corre?r(’;r?;(;rt‘iilng'lﬁ;;j:iOcr?if::f'f?;tem E')D rot 1'293XX ig,fl 2t
sponds to a standard deviation-1.33beads. Then@cor-  ime step P 5.0 ps
responds to~37 bp, and the whole spatial distribution of Number of time steps Ny 20 000 000
torques along the chain, in addition to thel8 bp region
separating the two center beads, can(lbesely connected
with the footprint of the prokaryotic transcription compx.
We choose Eq.11) as the form of the supercoiling torque for ;
its convenience, and do not claim it necessarily represents ~ ¢i(t+ )= ¢i(t)+  —=Ti(t) t+fi(1). (16)
the actual form of the torque exerted by the transcription °
ensemble upon the DNA template during transcription. ~ Equation (15) is a first-order Brownian dynamics

c. Numerical Procedure: Initial Conformation. For con- €Xpressioft for time evolution of the position of thigh par-
venience, since the system is uncoupled in the middle of th#cle in anN-particle system in the diffusive regime, in which
chain, each of the two center beads is chosen as the first uflBmping due to particle-solvent interactions dominates the
in a circular subchain that extends out to one end of thélynamics:® Equation (16) is the angular analog of Eq.
whole structure. For purposes of generating the initial con{15)->’ Together, these expressions allow computation of the

formation, bending angles are defined for all beads as position and twist angle of particle after a time step of size
ot, based on current information. In E(L5), r; represents

-2 the position of particlé in the fixed, global frameD, rep-

Bi:m' 12) resents its translational diffusion coefficigatssumed to be

identical for all beads kgT is the thermal energy; repre-
The two center beads are placed:al, on the Cartesiaz  sents the total force acting on parti¢leandR; represents a
axis, and the initial positions in the -z plane of the remain-  stochastic displacement, due to the heat bath, characterized
ing beads in the subchains are generated from the expregy (R,)=0 and(R?)=2D,st.?® In Eq. (16), ¢; represents
sions the twist angle of particlerelative to the local helix axié&he
B S instantaneous;), D, represents its rotational diffusion coef-

i = i1 Do SINL(i=2) Bi], 33 ficient (assumed to be identical for all bead$; represents

r,i=ri_1%bocog (i—2)B;]. (14) the tqtal torque actin_g on particle andf; represents a sto-

chastic rotation, again due to the thermal bath, and charac-
This produces an “8-shaped” structure, in which the first andterized by(¢;)=0 and($?)=2D,ét. Expressions for the
last bead centers in each subchain are separated by a distartastic and excluded volume contributionsRpand T; are
bo. The open chain is looped in this manner as a convenierdbtained by taking the negative gradients of the potentials
way in which to provide the spatial degrees of freedom reexpressed by Eqg6)—(9).24*%°The total torqueT; addi-
quired for potential writhing deformations induced by the tionally includes a contribution from the external torqig,
applied torque. This structure also lends itself to extensionexpressed by Eq11).
of the model to ccDNA studies. One might consider this e Input Parameters. Input parameters are summarized in
situation analogous to a biological system in which a linearTable I. For the parametes; ¢, and &, which set the values
region of DNA loops as a result of the interaction of proteinsof the force constants in Eqé)—(8), we use values recom-
with which it is bound; such interactions may even involvemended by Chirico and Langowski for a homogeneous,
the transcription ensemble itsélfFrom the initial positions  discrete-chain representationBfDNA characterized by iso-
of the beads, the initiall, are assigned. The initidl; are  tropic bending®® The stretching parametet corresponds to
defined all to point in thet+y direction, and ther;=(; the fluctuation of the average bead-to-bead distance, and is
xfi . chosen according to the expressiés 0.008,. The bend-

d. Time Evolution. Time evolution of the initial system ing parameter) is chosen according to its relation to the
is carried out via. an algorithm based on the following set ofequilibrium bead-to-bead separation and the persistence
equations: length of B-DNA; i.e., #*=by/500A. The twisting param-
eter¢ is chosen according to the expression for the torsional
rigidity, C,=(bokgT/&?), with C,=2.6x10"28Jm. For the
excluded volume parameters, we seleetl00.0, for which

Dy

ri(t+ 5t)=ri(t)+ kB_T

Fi(t)ot+R;(t), (15
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FIG. 3. Linking numberL_k, twist Tw, and writheWr over the 0—25us
interval corresponding to Fig. 2. Superhelical deformations are positive in
one half of the domain and negative in the other. Buckling is seen to occur
at~8 usinS~ and 17us inS*, where there is noticeable separation of the
(d) , (e) ® Lk and Tw curves.

FIG. 2. 25us trajectory. Both substructures are initially torsionally relaxed.
The upper substructur§” becomes positively supercoiled, and the lower

subs_tructureS" negatively superc_:oned,' in response to an external torqueWI,ithe of each substructure is found by summing over all
applied over the course of the simulation. The spatial extent of the torque .
corresponds to an RNAP “footprint” 0f=92 bp at the center of the struc- Pairs. We calculate the total writhe for each substructure ev-
ture. The orientation and scale of the image are adjusted slightly in eacery 1000 time steps, as well as the time-averaged values of
over every 1us interval for the first 25us of the simulation
(results discussed belgwThe argument in Eq(18) is the
Uey=KkgT whenr;; =0.16%gy, andogy such that the sepa- game Eylerian twist angle between bead ceritensd i + 1

ratiotr: corresponding to the minimum of the potential well, to,nq in Eq.(8). The instantaneous total twist of each sub-
rij=320ey, coincides withby, and the beads experience a gy cture is found by summing over all beads for which this

mutually repulsive excluded volume force only for separa-gngie is defined. As with writhe, we calculate the total twist
tion valuesb<<b,. We choose a physiological temperature of ;" o och substructure every 1000 time steps, and time-
T=310K and solvent viscosityy=0.01 P. This valug ofy averaged values of the argument in E4g), separately for
corresponds to that of bulk water @t=293K, but is re-  gach interbead angle, for each of the first 2G<lintervals.
tained in our simulations at higher temperature in order tQJsing the calculated values bk, we also approximate the
account more realistically for the viscosity of the intracellu- superhelical density-*/~ over the length of the structure,

lar environment® The values of the rotational and transla- throughout the simulation. The superhelical density is de-
tional diffusion coefficients are derived from the expressiongineq as

Dror= (ke T/ 77REypb0) and Dyans= (KsT/67 nRyyp), re-
spectively. The results presented here were obtained by tak-
ing N 4=20x 1C° time steps, withst=5 ps.

f. Extracted Quantities. In order to quantify the dynamic LA N L L N L B R B B
response of the system, we calculate values of the linking 4 g
number, twist, and writhe during the course of the simula-
tion, using the expressions

— Wr

4mWr=20 20 [(rjea= 1) X (ria =] —|(rr."__rr.‘|)3,
Can
N—2
27 Tw= 21 (aij+ ;). (18) 2

Lk is calculated from the expressidrtk=Tw+Wr. Equa-
tions (17) and (18) are discretizations of White's integral
expressions foifw and Wr.2 The dot product in Eq(17) 0
determines the magnitude of relative nonplanar bending o:

the segments of the helix axis deﬁneq by the pair of axisg. 4. Linking numbei_k, twist Tw, and writheW'r from 0 to 100us. Al
vectors, (;j11—r;) and (j.,—r;). The instantaneous total quantities remain nearly constant on average a#25 us.

4
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FIG. 5. Time-averaged writhe densities f6r from 0 to 25us: (a) 0—1 us; (b) 6—7 us; (c) 8—9 us; (d) 24—25 us. Contours in the base planes are
two-dimensionak2D) projections of the writhe surfaces, with elevations indicated. The buckling event evider¢ads to a plectonemically supercoiled
structure, represented id, where the crossings of maximal writhe af®23=-0.053 25 and{9,19=—-0.057 21(see contour map These crossings
correspond to locations of self-contact in the structure au&%refer to discussion and Fig).7

Position

ALk each half of the initially polygonal structurd-ig. 2(@)] is

= Tk (19 seen to undergo a succession of plectonemic writhing defor-
mations, in which torsional strain energy is converted to
whereALk:Lk is the .Iinking diﬁerenee,_which determines bending strain energy through the twist-bend coupling ex-
the sign ofa, andLk, is the relaxed linking number, given pjicitly expressed by the equations of motion of the system.
by N710.5, in whichN is the number of base pai834) in  The results of the totalk, Tw, and Wr calculations de-
each 25-bead subdomain, and 10.5 is the number of basg iped in methods are shown in Figs. 3 and 4, where it can
pairs per hehcel repeat of unstresd@dNA. N . be seen that the imposed superhelical stress is positive in one

All simulations were performed on a silicon graphics pai of the structurghereafter calledS™), and negative in
workstation, usingC codes(including Numerical Recipes the other 67), as expected for the twin supercoiling sce-
routines®) and Perl scripts. Trajectory visualizations were nario iIIustrate,d in Fig. 1.

generated with visual molecular dynamidgMD ),>* which Figure 3, which corresponds to the 28 interval repre-
is freely available at http://www.ks.uiuc.edu/Research/vmd/.Sented by Fig. 2, shows that, initialWr~0 and Lk(t)

=ALKk(t) is manifested almost entirely as a sharp rise in
|[Tw| in both subdomains as torsional deformations rapidly
Figure 2 shows six snapshots from the first 26 of a  diffuse through the structure. As the simulation proceeds,
100 us trajectory obtained from the BD procedure described Tw| quickly assumes an approximately constant value as the
above. The simulation time to which each snapshot correstructure becomes maximally torsionally deformed in the
sponds is indicated. The tube in the figure represents theontinued presence of the applied torque and thermal fluc-
~477 bp domain of modeleB-DNA. The central segment tuations. Plots ofTw vs position along the substructures,
represents the=18 bp uncoupled region between the two averaged over each of the first 25u% time intervals(data
spatially fixed center beads. The domain is linear when renot shown, confirm that twist diffuses rapidly from the end
laxed (Bo=0 for all subunit$, but is fixed in a “double at which it is applied, quickly achieving an approximately
loop” to permit supercoiling due to the continually applied homogeneous spatial distribution, as expected from the as-
torque and imposed constraints. As the simulation proceedsumption that the bead chain behaves as a homogeneous,

ot~

Il. RESULTS AND DISCUSSION
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FIG. 6. Time-averaged writhe densities f§f from 0 to 25us: (@) 0—1 us; (b) 10-11 us; (c) 17-18 us; (d) 24—25 us. Contours in the base planes are
two-dimensionak2D) projections of the writhe surfaces, with elevations indicated. The buckling event evideréanls to a plectonemically supercoiled
structure, represented i) where the crossings of maximal writhe 29,47 =0.048 57 and34,44=0.065 20(see contour magpThese crossings correspond
to locations of self-contact in the structure at 25 (refer to discussion and Fig,).7

linearly elastic filament characterized by isotropic twisting proximately constant. The crossings associated with these
and bending. second events can be seen in Fi) or S*, and Fig. 2e)

At about 8us in S~ and at about 17s in S*, a me- andf for S—. The time of onset of both second transitions is
chanical threshold is reached, and buckling occurs. This ishscured by thermal fluctuationdVr| ultimately surpasses

apparent in Fig. 3, where a relatively steep increasanin| |Tw| in both subdomains. At=25us, we calculateLk™
coincides with a noticeable separation of thev and Lk =Tw"+Wr"=0.8348+1.478=2.313 in S*, and Lk~
curves. The outcome of these supercoiling events can be seefiTw™ +Wr~ = —0.9359-1.526=—-2.462 in S . Ulti-

in the lower substructure in Fig(® and the upper substruc- mately, both substructures become maximally supercoiled,
ture in Fig. Ze), respectively. The difference in time of onset with Wr too assuming an approximately constant value after
for these transitions i~ and S* is a consequence of the about 25us in both subdomains, as the molecule reaches
stochastic variability inherent in the solvated system. Themechanical equilibrium with the torsional load. This is illus-
average value ofk from 8 to Qus in S~ is —1.50+£0.014, trated in Fig. 4, in which all curves flatten out, on average,
and from 17 to 18us in S* is 1.39+0.011. For the sake of beyond~25 us, with somewhat more fluctuation & than
comparison, we note that the onset of nonplanar bending ofim S~. For the time interval 25—-10@s we calculate the
circular, mechanically symmetric elastic rauvacuois ex-  average values{(Tw")=0.9315-0.00149,(Wr*)=1.408
pected to occur fotALk|=(AV3/C), independent of the +0.00214, (Tw )=—0.9759-0.00147, and (Wr )=
length or thickness of the rod, or the Young’s modulus of the—1.570+ 0.001 23. The average value of the linking number
material of which it is composet:>3 In this expressionA  for the entire structure, calculated over 10@s, is Lk=
and C are the bending and torsional rigidities, respectively.—0.2731. Comparing this number with the valufsk|

For the choices of parameter values used in this work, we>2.0 for the individual subdomains confirms the implication
calculate this threshold value &&Lk|=1.42—in approxi- of the twin supercoiling model that linking number measure-
mate agreement with the values|dfLk| at which buckling ments of an entire DNA ring or loop may not be good indi-
is observed to occur. Prior to 2&s, another buckling event cators of potentially important, stress-dependent biological
occurs in each subdomain, as the imposed stress is pargvents within its substructures.

tioned almost exclusively to writhe, with twist remaining ap- The results of the writhe density calculations are plotted
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FIG. 7. Plectonemic structure at 2 [cf. Fig. 2f)]. Beads involved in
self-contact of the chain are represented by labeled spheres. These contact ) ) )
pairs correspond to the crossings of maximal writhe illustrated in Figs. 5 spheres. The figure clearly shows that the crossings associ-

and 6d). ated with peaks in Figs. 5 and 6 correspond to locations of
self-contact in the supercoiled structure at2%

The results of ther ™'~ calculations are displayed in Fig.
in Figs. 5 and 6. Figure 5 correspondsdo, the negatively 8. The superhelix densities at which the first buckling events
supercoiled subdomaifbeads 1-25 and Fig. 6 toS*, the  occur, near 8us in S~ and 17us in S*, are —0.064 and
positively supercoiled subdomaibeads 26—50 Beads 25 0.058, respectively. By 2&s, o " rises to 0.11, and~ falls
and 50 are not represented in the figures, since no axis vectts —0.11, demonstrating that the superhelical stress gener-
ri,,1—r; is defined for them, and therefore no writhe can beated by the modeled process is ample for producing localized
calculated[see EQ.(17)]. The surfaces in pai@—(d) of transitions to secondary structures other thanBterm du-
each figure are constructed from values of the argument iplex, as predicted by the twin supercoiling model. We note
Eq. (17), plotted for each bead pair, and averaged oveis1 that such transitions in typical transcriptional supercoiling
time intervals from the first 25s of the simulation. The domains occur under superhelical densities of only a few
contours in the base planes of the figures are twopercent, and may take a minute or longer to stabifzsyg-
dimensional projections of the surfaces. Time intervals andesting that the stress generated very rapidly here, though
contour elevations are indicated. In both subdomains, theubstantial, would need to be sustained in order to facilitate
time-averaged writhéWr) is initially approximately zero an event such as strand separation within the domain. This
for all pairs, and the surfaces exhibit little deformation situation is a reflection of the relatively small size of the
[parta) in both figures. As the simulation proceeds, and the model domain(234 bp in each subdomairn light of the
imposed superhelicity is increasingly partitioned to writhe,length-dependence implicit in EL9). Though nucleosome-
the surfaces begin to “ripple” symmetrically, as shown in free regulatory regions in eukaryotic genomes often involve
partb) of the figures. As expected from inspection of Figs. 3only a few hundred base pairs, in typical prokaryotic tran-
and 4, during the 8—@s time interval inS~ and the 17-18 scriptional domains, encompassing thousands of base pairs,
us time interval inS*, noticeable peaks form in the writhe Lk, is proportionately larger, and the stress associated with
surfaces as the buckling threshold is passed. These pea#lsviations ofLk from Lkg proportionately smaller. We are
then grow in magnitude until the structure absorbs a maximaturrently extending our model for simulations involving
amount of writhe and the mechanical equilibrium mentionedarger domains. We finally note that the right handedness of
above is reached. Figuresdd and &d) are plots of theS™ real B-DNA breaks the apparent symmetry of twin supercoil-
andS* writhe surfaces, respectively, for the interval 24—25ing. In particular, since the degree of overwindifmpsitive
us. It can be seen from the contour maps in this interval thasupercoiling is restricted, typically only underwinding
the peaks have grown and bifurcated in both cases. Eadmegative supercoilinggenerates superhelical stress suffi-
region of bifurcation corresponds to a crossing of maximalcient to induce localized transformations of secondary struc-
writhe. The bead pairs associated with these crossings ardre; indeed, all well characterized alternate structures are
the corresponding(Wr) values are, forS~, {523  underwound relative tB-DNA.
=-0.05325 and{9,19=-0.05721, and forS*, {29,4% The twin transcriptional-loop model was originally intro-
=0.04857 and{34,44=0.06520. These crossings in turn duced to provide an explanation for the observation that high
correspond to locations on the helix axis that have come intdegrees of positive or negative supercoiling of intracellular
contact as a result of the supercoiling that has occurred bpBR322 DNA accompany inhibition of DNA gyrase or to-
this time. This is confirmed by Fig. 7, a reproduction of Fig. poisomerase |, respectively, among transcriptionally active
2(f), with touching nonadjacent beads represented by labeleplasmids’ The model also accounts for the observation of

Downloaded 18 Oct 2004 to 169.237.38.226. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



8112 J. Chem. Phys., Vol. 121, No. 16, 22 October 2004 Mielke et al.

localized secondary structural transitions in association withientially generate substantial superhelical stress very rapidly,
transcription by introducing several possible scenarios inllustrating the importance of DNA topology in gene regula-
which the transcription ensemble can generate substantial stien, and prompting further study of nonequilibrium pro-
perhelical stress in the DNA template. These scenarios ineesses that dynamically alter that topology. Issues for future
clude that in which oppositely oriented ensembles concurinvestigation include the roles played by thermal fluctua-
rently transcribe at different locations on the same plasmidtions, screened electrostatics, and domain length in determin-
and that in which transcription by a rotationally hindereding the time and location of onset of supercoiling, and the
ensemble occurs in a linear region of DNA that is looped,duration of approach to mechanical equilibrium. The present
impeded by viscous drag, or anchored on large cellular strudramework is currently being extended to model alternative
tures. It is this latter scenario that is schematically illustratedranscriptional supercoiling scenarios involving several kilo-
in Fig. 1. The simulation results represented by Figs. 2—&ase pair DNA domains, in which protein-DNA interactions
demonstrate that our model reproduces the Fig. 1 scenariare explicitly represented.
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