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General methods are presented for modeling and simulating DNA molecules with bound proteins on
the macromolecular level. These new approaches are motivated by the need for accurate and
affordable methods to simulate slow procesgas the millisecond time scalén DNA/protein
systems, such as the large-scale motions involved inHimemediated inversion process. Our
approaches, based on the wormlike chain model of long DNA molecules, introduce inhomogeneous
potentials for DNA/protein complexes based on available atomic-level structures. Electrostatically,
treat those DNA/protein complexes as sets of effective charges, optimized by our discrete surface
charge optimization package, in which the charges are distributed on an excluded-volume surface
that represents the macromolecular complex. We also introduce directional bending potentials as
well as non-identical bead hydrodynamics algorithm to further mimic the inhomogeneous effects
caused by protein binding. These models thus account for basic elements of protein binding effects
on DNA local structure but remain computational tractable. To validate these models and methods,
we reproduce various properties measured by both Monte Carlo methods and experiments. We then
apply the developed models to study thEn-mediated inversion system in long DNA. By
simulating supercoiled, circular DNA with or without bound proteins, we observe significant effects

of protein binding on global conformations and long-time dynamics of the DNA on the kilo basepair
length. © 2002 American Institute of Physics.

[DOI: 10.1063/1.1511506

I. INTRODUCTION studies?~*#in which the DNA is represented by a uniformly
charged elastic polymer immersed in an electrolytic viscous
Proteins maneuver DNA structures in many biologicalspolvent. Monte Carlo methods, as well as Langevin and
processes of great significance. The binding of most proteingrownian dynamics simulations, have been broadly em-
often distorts the local DNA structure and affects DNAS ployed to study the equilibrium and dynamic properties of
flexibility.1® For many fundamental processes, includingsypercoiled DNAL-18
transcription, replication, and repair of DNA, such distor- It remains a challenge to model the complex and inho-
tions of DNA are intimately linked to function. ~ mogeneous effect of proteins on DNA. The size of such sys-
Many biologically active DNA molecules are topologi- ems demands a description on the polymer level, but the
cally closed(or behave as sugtand hence are naturally SU- 04| structural distortions require special attention to detail.
percoiled. DNA supercoiling, demonstrated for the first time|, this paper, we introduce and apply a method for modeling

ifn 1965 by Vin(;)gﬁf\; p[)qf(?un_dlyl ifnflue_n%%sllb_?rt]h Df'F'A CO?' proteins bound to long DNA. Our model consists of fitting
ormations an s biological functions. eeffect of  yhe excluded volume of the molecular protein surface, ac-

protein binding on a supercoiled DNA can be more complex

. ﬁ:ounting for the effective charge distribution on that surface,
since not only may local structure be altered but also globa] . . .
and applying elements of an inhomogeneous elastic model

gi;?eeglcx:ﬁﬁiglz‘;;hs\t igt?rﬁ)g nd on the supercoiling geomc:_oupled to nonidentical bead hydrodynamics. Using this eco-

Atomic-level structures of protein/DNA complexes offer NOMIC, Macroscopic model, we can perform Brownian _dy—
many detailed features of protein/DNA interactidmsit re- namics simulations to analyze the_large-s_ca_le DNA motions
veal little information about the geometric and dynamic ef-IN processeg Where.DNA and prptelns are intimately coupled.
fects on supercoiled DNA. Modeling and simulation can pro- _In the first section, we outllne.the theory and methods
vide insights into such structural and dynamics details ofvhich represent DNA-bound proteins based on their macro-
large-scale DNA. Indeed, long DNA systems, on the scale ofCOPIC properties. Details involving the construction of a

: : : ; ; ~21
thousands of base pairs, have been successfully modeled (8odel for theHin-mediated inversion systéﬁm are pre-
ing a discrete chain model for Brownian dynamicsSented next. Inthe Results and Discussions sections, we vali-

date our methods and computations by comparasylts of
) : L ) Monte Carlosimulations andxperimentsvith regard to the
@Electronic mail: jingh@biomath.nyu.edu lati | diffusi ffici . B .
YAuthor to whom correspondence should be addressed. Electronic maiffanslationa di USIOFT coe _'C'ent and radius of gyration. We
schlick@nyu.edu then analyze our simulations on both the homogeneous
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model for average-sequence DNA and the inhomogeneousased on the average elastic properties of DNA molecules
model for DNA bound to proteins to study thén-mediated  with mixed sequences. Such homogeneous tendencies serve
inversion system. This systematic comparison leads to a diss a good approximation for most B-DNA segments of
cussion of the effect of protein binding on DNA dynamics asmixed base composition. Later we discuss a more complex,
well as the role of supercoiling on the recombination reacinhomogeneous model for describing the DNA segments in-
tion. The models and methods developed here are generablving intrinsic bends as well as protein-induced bends.

and can be applied to other processes involving supercoiled The DNA model is described by the following poten-

DNA bound to proteins. tials: E, an isotropic bending potential characterized by the
bending persistence lengfh E', an isotropic twisting elas-
Il. METHODS tic potential;E®, a stretching elastic potentidt®, a screened

electrostatic potential in the form of Debye—tkel, depen-
dent on the monovalent salt concentration of the medium;
Our previous homogeneous model based on the wormandE?, an excluded volume potential describing the molecu-
like chain and bead model for polymers describes a supefar surface. In Table | we summarize all the terms and sym-
coiled DNA molecule based on its average properties and hasols used in our work, and in Table Il we provide the list of
proven to be reliable in reproducing various equilibrium andparameters and their values.
dynamic properties as well as providing new information on  To represent a DNA molecule as a discrete wormlike
DNA kinetics*??However, this model does not account for chain, we introducé linear elastic segments for each Kuhn
inhomogeneous effects such as those induced by proteitatistical lengtH,. The equilibrium length, for each such
binding. Here we develop a model for this purpose, combin{inear segment equals tq/k. By this approach, we can
ing aspects of mechanical modeling, hydrodynamics, aneghodel a circular DNA ofn Kuhn statistical lengths as a
electrostatics interactions. The combination of these refineclosed chain withN=kn vertices andN linear elastic
ments allows us to properly model and simulate supercoiledegments?*3'>330ur previous studiéd'® have indicated
DNA molecules bound to proteins to a first approximation. that the value ok does not affect the equilibrium properties
Our work is motivated by thédin-mediated inversion of DNA conformations as long a&=10; thus, we use
system, a specific recombination reactionHin k=10 throughout this work.
invertasé,** an enzyme fromSalmonella typhimurium A given conformation for &N vertex chain is specified
catalyzes the site specific inversion of a 996 (bpse pair by the set ofN position vectorsr; (i=1,... N) for the
DNA segment flanked by twbix sites on a supercoiled DNA vertices. For each vertex we construct a local body-fixed
substraté*? Figure ¥A) illustrates our model system for coordinate(bfc) frame{a; ,b; ¢}, where
this reaction: a supercoiled DNA substrate of about 5.3 kilo-

A. Introduction

basepair(kbp) length as in the experimertdwith two Hin li=[ris1—ril, D
protein dimers bound tbix sites and twd-is dimers bound
to an enhancer site. The protefis®® (“Factor for Inversion a=(ris1—ro/|risa—ril, 2

Stimulation”) substantially enhances the procés¥:28
In vivo, other proteins might also influence the inversion bu
are likely secondary in importance. Indeea,vitro experi-

ments have demonstrated thdin and Fis alone are suffi- ; : ;
cient for the inversion reacticti,except in the case when the [©F Pi iS @ normalized vector along the short axis of the

enhancer is located within 100 bp from ohig site, in which ~ °@Sepair plane pointing to the direction of minor grogve.,
an additional host factor, the HU protein, is also requied. Perpendicular to the vecta). Finally, the vector to com-
Therefore, our model represents a sufficiently reasonable d@I€te @ right-handedrh) coordinate systens; is defined as
scription for this inversion process when the enhancer is dfeir cross product

least 100 bp away frorhix sites. Modeling this necessarily
simplified system is already quite compl@s we describe in
this papey but can address specific mechanistic questions of ) ]
the reactior?! The inversion leads to the alternative expres-1- Bending potential

sion of two flagellin genes, that is, it controls a transition  The equilibrium configuration for a standard B-DNA
between two different kinds of flagellar antigens at frequeninelecule is straight on average. In a discrete wormlike
cies from 10°® to 10°° per bacterial divisiori” Such a tran- model, the deformation of a chain away from the straight,
sition is important for the bacterial population in _order 10 equilibrium conformation is modeled as a bending energy
escape the immune system of the host. The question we willygt proportional to the elastic bending constg/2 times

combination reactions and how the DNA topology and gevigidity constant,

ometry affect the biological outcome.

tand in whichl; is the segment length between tith and
i +1th vertices, and the vecta; is a normalized vector
pointing along the global helix ax[see Fig. PA)]. The vec-

G=gXxb;. )

g
B. Modeling supercoiled DNA Eb=521 07, (4)
=
We model a circular DNA molecule as a closed, discrete
wormlike chain. The potentials for DNA we introduce are f,=arccosa;,_1-a), (5)
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FIG. 1. (Color) The macroscopic model for supercoiled
DNA with bound proteins in thédin-mediated inver-
sion system(A) The coloring within the 5.3 kbp circu-
lar DNA substrate is only for reference, indicating the
relative basepair positions, which we follow during the
dynamic simulations. The two black circles indicate the
two hix sites where twdHin dimers can independently
bind, and the two green circles indicate the enhancer
sequence, which includes twkis-dimer binding sites.
The twohix sites are separated by a DNA sequence of
996 bp, while thehixL and the enhancer are separated
by about 110 bp. The atomic-level models of tHe
dimer and thd=is dimer bound to DNA segments are as
described in Refs. 23, 26, 42, and 43, as determined
from x-ray crystallography and crosslinks datB) -
lustration of the effective charges constructed using the
DiSCO package to model théin andFis complexes. A
total of 200 effective charges for thein-dimer/DNA
and 100 effective charges for tiftés-dimer/DNA com-
plexes are optimized on the virtual surface 30 A from
the molecular surface. The total effective charge is
—18.0e on aHin dimer with 34 bp DNA and-44.3e

on a Fis dimer with 29 bp DNA, comparing with
—99.4e for a free 30 bp DNA at 0.2 M monovalent
salt concentration.

A pkgT double-helix under normal thermal fluctuations at a monova-

Here, E® is the homogeneous bending potenti,is the
bending angle around the verteketween the segment vec-
tora, anda, ;. ; (see Fig. 2, kgT is the Boltzmann facto# is

(6)  lent salt solutiore=0.01 M.3*3%We use this value throughout
our study.

2. Torsional potential

the value of conventional bending rigidity in experimental In addition to the bending elasticity, a DNA molecule
measurements according to the curvature-squared integrhas twisting elasticity® The twisting energy is described by
[EP=A/2fk?(s)ds], and p is the bending persistence the torsional rotation angles around the helix axis. That is, an
length. Experiments support that the persistence lepgth  equilibrium configuration of B-DNA has a helix repeat of
around 50 nm A=2.0x10 ®ergcm) for the B-DNA 36 A (10.5 base pairs/tujndeviations of this twisting rate
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TABLE |I. List of symbols.

Symbol Definition
r; coordinates of théth vertex
{a, b, ¢} local coordinate system on thth vertex
{@iives Biivs Yiiea) Euler angles for the transformation frofa , by, ¢} to {g1, bj+1, Gi1}
i1 torsional angle for the transformation frofg , b;, ¢} to {a 1, bj;1,
Gis1t

l; segment length betweeth andi+ 1th vertices
displacement between théh andjth vertices

E{] elastic bending potential

E! elastic twisting potential

ES elastic stretching potential

E® electrostatic potential

EY excluded volume potential

g bending rigidity constant

0, bending angle around the vertex

s twisting rigidity constant

bo homogeneous intrinsic twist in one model segment

T roll-like bending angle

Y; tiltike bending angle

n{ number of charge points used to describe a complex locateéthorertex
qik value of thekth effective charge assigned for the complex atithevertice
X<, yk, 2 position of thekth effective charge for the complex at thé vertice based

on the local coordinatess; , b;, ¢}

position of thekth effective charge for the complex at thté vertice in the
global coordinates

distance betweerf andr]

Sij collision criteria for excluded volume potential

t time

D! hydrodynamic diffusion tensor for nonidentical bead model

T hydrodynamic tensor for interactions between ittieandjth beads

70 solvent viscosity

pi hydrodynamic radius of thgh bead

| 3X 3 identity matrix

7i rotational friction coefficent of théeth segment

Ftrt collective force and position vectors at tirhe

¢ torque and torsional angle of théh segment at timé

R!, ! random displacements and rotations in Brownian dynamics algorithms at
time t

Sy v Kronecker delta function of andt’

D, translation diffusion coefficient

m(t) position of the center of the mass at time

o DNA superhelical density

Ry radius of gyration

W, writhe of the circular DNA

Te1 site juxtaposition time for twdnix sites

Ti, autocorrelation time for juxtaposition events

Io set of vertices describing free DNA

Ip set of vertices describing DNA/protein complexes

(€)

from equilibrium are regulated by the torsional potential, de- a1-b
scribed by the parameters constructed as follows. ac=arcco m .
1,1

To describe the torsional twist, we use the local coordi-
nate frame defined on théh vertex{a; ,b; ,ci}. The transfor-  pere o is defined in the interval of0, =], and a4,
mation from one frame {g,bj,c} to the next getermines the sign of the anglg; . ;. Finally, we compute
{a11,b 11,61} can be quantitatively defined by a set of y. i+, from the relations
Euler angles{«; i+1,B8ii+1,7ii+1} based on the following ‘
procedure: First, we define e if sine=0,

7"‘“:[ —¢ if sine<0, (10

Bii+1=arcco$a;- g 1). (7)
The value of,Bi,Hl coincides with the bending angl, ;. qo=arcco% bi- bi+1+ci'ci+1)’ (11)
Next we definex; ;,, as 1+a-341
ac if a.1-6=0, . Di-bjy1—Ci-Ciyy
. = She= —F——"""". 12
a|'|+1 — ¢ |f a,-+1~Ci<0, (8) ¢ l+a1al+l ( )
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TABLE II. Elastic, geometric, and electrostatic parameters used in the DNA/protein model.

8577

Parameter Definition Value
N number of the vertices in the circular DNA model 128 kbp
lo equilibrium segment length 10 nm
le Kuhn statistical length of DNA 100 nm
k number of elastic segment for each Kuhn statistical length 10
p persistence length for regular B-DNA 50 nm
A bending rigidity constant 2010 ¥ ergcm
C twisting rigidity constant 3.810 ¥ ergcm
Kg Boltzmann’s constant 1.3810 2 J/K
T absolute temperature 298 K
Xo number of the base pairs in each B-DNA double helix turn 10.5
dg distance between two adjacent base pairs along the B-DNA axis 34 A
g bending rigidity constant of average DNA pksT/lg
h stretching rigidity constant 10(](BT/I(2J
ibins 12 vertices to which a&in dimer can bind 1,34
ik, Q% vertices to which &is dimer can bind 5,6
IS, Y%,  equilibrium tiltlike and roll-like bends on arhin vertex by —18°, 0°

a Hin dimer
e, Y equilibrium tiltlike and roll-like bends on aifis vertex by 60°, 0°
a Fis dimer
Ohhin» Ginin computational tiltlike and roll-like bending rigidity fdhin vertices g, g
Ohis s Ois computational tiltlike and roll-like bending rigidity farfis vertices 3.0y, 3.09
Cs monovalent salt concentration 02 M
K inverse Debye lengttsalt-dependent, here for 0.2)M 1.477 nm't
N effective linear charge density of double helhere for 0.2 M 40.9e/nm
€ relative dielectric constant of aqueous medium 80
n{ number of effective charges for a DNA segmentiia-dimer/ 5, 200, 100
DNA complex, and &is-dimer/DNA complex, respectively
% computational short-range repulsion force 35 pN
At time step for Brownian dynamic simulations 600 ps
Po hydrodynamic radius of a DNA segment lgf 2.24 nm
dg radial distance criterion for site juxtaposition 10 nm

The torsional angle around the- 1th vertex, or the transfor-
mation from the local coordinates{a,b;,c} to
{a+1,bi+1,Ci+1} can be defined by, ;. 1,

biiv1= i1t Vi1 (13

in which xq is the number of the base pairs in a 360° turn in
the double helix andj is the distance between two adjacent
base pairs along the DNA double helix axis. The common
accepted values ang,=10.5 anddg=3.4 A.

We can thus define the elastic torsional potential as &. Stretching potential

function of ¢; j .1, which is proportional to a twisting elastic DNA segments are fairly rigid on the scale of dozens of
constant times the square of the torsional deviation from th%asepairs. We use a computational harmonic stretching

equilibrium rate®

N
E=s 3 (b1 90, (14
C,

S:TO.

(19

In these equation&! is the twisting potentials is the twist-

ing rigidity constant,¢ is the homogeneous intrinsic twist

of one model segment, ar@, is the value of conventional

twisting rigidity in experimental measurement according to

E'=C/2f ¢?(s)ds. Various experiments indicate thal,

~3.0x10 *° ergcm3’ the value used throughout this

work.

The equilibrium valuep, can be extracted from param-

eters for the standard B-DNA model,

_ 27T| 0
Xodg

0 (16

potentiaf® of the form

h N
Es=52 (Ii—1p)%, (17
232
wherel; is the segment length betwegth andi + 1th verti-
ces as defined in Eq1) and h is the stretching rigidity
constant. We choode=100kgT/ Ié so that the variance of
is close tol2/100 in the simulation& Results from recent
micromanipulation experiments that applied pico-Newton
forces to a single double-stranded DNA validate that the lon-
gitudinal stretching of DNA can be described by thermal
fluctuations at room temperature using a harmonic stretching
potential.

C. Modeling DNA segments bound to proteins:
Local bending

The binding of proteins to DNA usually introduces local
distortions to the DNA binding sites and affects the elastic
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A (B) length for the DNA of 5.28 kbp. Twddin dimers can inde-
Abi-l pendently bind to twchix recombination site$ which are

,_{i\i—hi’ﬁi—u’”’i—l‘i} separated by-990 bp of DNA. These twdix sites are thus
i located on two verticei, andiZ,: i+, =1, i2;,,=34. The
two Fis-dimer binding sites are located at a 60 bp enhancer
sequence. In the wild-type systéfi© the enhancer region
extends from sites- 103 to + 163 from the center of thkix
L site, so we model the enhancer with t®is-dimer binding
sites by two vertices, andi? : if,=5,i%;=6.
() Effects of theHin-dimer andFis-dimer binding on their
FIG. 2. Local coordinate systems fixed on vertices, with symbols describind©SPective sequences have been well characterized by vari-
the transformations from one reference frame to anottfer.On theith ~ ous experiments. In the complex between live DNA se-
vertex, we define a local body-fixed coordingitéc) frame{a; ,b; ,¢;} with guence and theHin dimer, the DNA is slightly bent
Euler angles_{ailifl,,Biliﬂ,yi,iﬂ} that describe the transformatio_n from (~18°), widening the minor groove at the center of tiie
the bfc frame toi+ 1. (B) Two anglesI'; andY;, are used to describe the *. “47_23 . e

site. We use this result to calculate the equilibrium val-

directional bends, as follows. The andle describes the projection of the . . ) ) ) 1= .
bend froma,_, to & along the direction ob,_,, while the angleY; de-  ues for the directional bending of tiin-dimer binding sites

scribes the projection of the same bend along the directian_gf. as
[fin=—18°, (22)
flexibility of local DNA segments. Our mechanical model Y$. =0°, (23
incorporates these effects by using an inhomogeneous bend- ; = _4 or 34 (24)
n .

ing energy instead of the homogeneous bending energy,

which we construct as follows. The Fis dimer is known to severely bend the DNA seg-

e e heaasic bending ptenta o wo compo-TETE. T Posuen egte, s 0 drecon o e D
nents, the tiltike bending, and the roll-like bending. In a horetic mobility and phasing analy§l‘élt is found that a

DNA model at the base-step level, the tilt defines the opening.. 0 .
angle between two basepair planes with respect to the shciirﬂs'd'mer bends DNA 60° on average towards the minor

axis of the basepair plane, while the roll defines the defordroove of the DNA helix at the center of boffis binding

it ncd3-45 ; i
mation with respect to the long axis of the basepair pfdne. _S|thes. we canb thlé.s esurrsat;;qwzllct;)r]u:m \{;\Iges for the
We similarly define here the tiltlike bending angle, as the ~nhomogeneous bending potentiaiq. (20)] to obtain

bending fromg; _; to a with respect to the direction df; _;, Fioﬁs=60°, (25)
and roll-like bendingy;, as the bending with respect to the 0 .
direction ofc,_, [T; and Y, are illustrated in Fig. B)]: Yitis=0°, (26)
Ti=sin"*(g-b;_y), (18) iis=5 or 6. (27)
Y, =sin Ya-c_,). (19) Gel mobility experiments show that the bends intro-

) ] ) ] duced by thd=is dimer lead to greater rigidity than average
Foran mhombogeneouse., protein/DNA site, the local  gequences at room temperat@fé@°rigidity has, nonetheless,
bending energyE;’ can thus be defined as a functionlgf ot peen quantified by experiments. Since the value of the

andY; instead off; in Eq. (4), bending rigidity constang is based on average B-DNA se-
Lo o, O o quences, bending reference valuesffgl . g%} should be
E; =7(Fi—l“i) +?(Yi—Yi) , (200  greater thang and can be roughly estimated to be in the

order of 2 to 10 times great&*>We use 3.9 to approxi-
wherel'? and Y} are equilibrium values for bending angles mate bending rigidities of thEis-dimer binding sites.

along two perpendicular directions introduced by inhomoge-  In our model, we use as a first approximation the same
neous factors, such as protein binding and DNA sequenckomogeneous twisting and stretching elastic potentials as for
effects. The corresponding bending rigiditigs andg de-  DNA segments of average sequenéesbound to proteins
scribe the bending flexibility of; andY';, respectively. The These potentials can be similarly replaced by inhomoge-
values ofgiF andgiY can be calculated in theory from experi- neous potentials later if significant inhomogeneous effects
mental values of the local bending persistence lengith are identified and quantified by experiments.

based on

gi=pikgT/lp. (2)  D. Modeling DNA segments bound to proteins:

. . lectrostatics
If such experimental measurements are not available, we eg-

timate values for the bending rigidities based on similar sys- We use our recently developed method, DiSC3crete
tems. surface charge optimizatipfi’ to model the electrostatic
For theHin-mediated inversion system, we aim to model properties of a DNA segment bound to proteins based on
the circular DNA substrate of length 5.3 K§shown in Fig.  atomic-level structures of DNA/protein complexes. This
1. We use a chain o vertices N=176), in which each method economically describes the electrostatic field pre-
segment represents 30 bp of DNA, for a combined contoudicted by Poisson—Boltzmann theory using a discrete set of
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Debye—Huekel charges distributed on a virtual surface nearTABLE lll. Optimization results forHin-dimer/DNA andFis-dimer/DNA
the macromolecular surface. DISCO was applied to Study th omplexes by DISCO in 0.2 M monovalent salt. Optimizations are per-
. . ) 98 ormed on the electrostatic field for all the grid points at least 30 A away
folding of Chromat'n On.the maclromOIeCUIa.r level. . from the molecular surface. The errors indicate the difference between the
The procedure in DISCO relies on the linear behavior ofelectrostatic field by effective charges and the field by atomic partial charges
the Poisson—Boltzmann equation in the far zone. In thign original structures. See Ref. 47 for details.
range, we can superimpose contributions from a number g
atoms and approximate the electrostatic potential quickly an
efficiently through the cumulative contribution from the set Fis dimer with 29 bp DNA  4.4%  2.4% 2.0% 2.0% 1.9%
. . 0, 0, 0, 0, 0,
of effective charges. This approach allows us to use only " dimerwith 34bp DNA ~ 15.1%  5.9%  3.6% 2.9% 3.1%
few hundred effective charges instead of tens of thousands or
more atom charges in the macromolecular structure to ap-
proximate the electrostatié4. This approximation signifi-

cantly reduces the calculation of long-range electrostatic in- For t.hose vertices associated with freg DNA sites, we
teractions, a costly aspect of the dynamic simulations. place point charges located on the DNA chain segments. The
To determine the positions and values of effectivenumber of point charges placed on each segmentis cho-

charges required for the DISCO approximation, we first conSen to approximate continuous charges with the same linear

. P
struct a surfac& which encloses the macromolecular surfacedensny' The value ofi" increases as the Debye lengthy,1/

of the crystal structure. We then locate the positions of adecreases. We choose=5 for the environment of 0.2 M

specific number of effective chargés-k y-k z!‘} by evenly monovalent salt concentration, as our simulation results do
A pot depend om as long agni=5}.14

distributing them on the virtual surface. We assign a set o Therefore, each site (located atr.), which either de-
initial charges{ay) using the AMBER force field? The cal- scribes a free,DNA art or a DNA/ roltéin site, is assigned to
culation of the electrostatic field is sampled on a grid imple—a set ofnd charges{qu k=1 n‘?} The poéition ofgthe

. . | | 3y - you ooy | .
mented by the Delphi solvéf. We formulate the residual kh effective charge for the complex at théh vertice is

R(E,E’,q!‘) as the relative difference betweénithe origi- defined asr’ in our global coordinate representation. For
nal electrostatic field of the macromolecular structure pre-_. ] "9 P '
dicted by the Possion—Boltzmann equajiandE’ (the field sites associated W.'th fre_e DNA, t_he valuesrpican be cal- .

predicted by the Debye—itiel equation and effective culated based on linear interpolation between nearby vertices

omplexh: 100 200 300 400 500

charges{x¥,y¥,Z¢,q"}) over the set of point¥! on the ex- k k1 . 3 k . n 29
terior of surfaceS (see Fig. 1C of Ref. 47 olnd 2)7 2 pd)t ~ 2
1 o E-E| 1k 1 nd
R(E,E' g =— > —=r—. 28 (S A ) A PR _
( ai) Nu% TE (28) i (2 niq)l’ll-l- 2+ n? r if k< 5 (30
Here we introduce a parametey; to defineV, , which in- qi=Alo/nf, (3

cludes all the points in the grid outside of the surf&tr  in which {r{,q¥} are the coordinates and charge values for
which the minimum distance t8 is greater or equal tdy.  thekth effective charge associated with tiik vertex, anch
The minimum distancely is set as 30 A, andNy is the s the effective linear charge density of the double helix. For
number of grid points iV . The relationship between the free DNA segments, we havg'=5 and\ =40.9e/nm un-
macromolecule, the surfac® and the minimization region der 0.2 M monovalant salt concentration.
V/ is clearly illustrated in Fig. 1 of Ref. 47. This residual For sites associated with DNA/protein complexes, the
function R(E,E’,q) is minimized in DISCO by varying the relative position of an effective charge to tié vertexr; is
charges valuesqz‘} as independent variables. For this mini- first determined in the DISCO modeling procedure as
mization task, we use the efficient truncated Newton packagfx,y¥,z¥} in the local right-handed coordinate system of the
(TNPACK).1651 ith vertex, which is defined b{a, ,b;,c}. The local coordi-

In our study, we model the complex ofttin dimer with  nates{x,y¥,z} can be transformed to the global coordi-
its binding site(34 bp DNA) and the complex of &isdimer  nates as¥ k=1,... nd:
with .|ts binding site(29 bp DNA) based.on at.omlc structures r:<: r +ai'x!<+ b, 'yik_}_ci ) Zik_ (32)
provided to us by Johnson and Haykinggmivate commu- , L -

The electrostatic potential is thus specified as the sum of

nication. We test different numbers of effective charges and - ' . )
report the relationship between the number of effectiveDebye_Hlmkel potentials between pairs of non-neighbor ef-

charges and the associated final percentage efronsi- fective charges,

mized R values in Table Ill. The shape of thélin-dimer/ Noondonf q!‘q'- exp(—Kr!‘-')

DNA system is more irregular and thus requires a larger pge— 2 i S (33

number of effective charges. Following experimentation, we j>i+1k=11=1 Erj

set the number of effective charge poimts=100 for mod- Pkl (34)
i ,

eling eachFis-dimer/DNA complex andh®= 200 for model-
ing eachHin-dimer/DNA complex. We display the positions where x denotes the inverse Debye lenddalt dependet
and effective charges for bothlin-dimer/DNA and Fis-  and e is the relative dielectric constant of the aqueous me-
dimer/DNA structures along with the original atomic struc- dium. The value of{rik,qik} represents the coordinates and
tures in Fig. 1B). charge value of th&th effective charge describing either the
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DNA or DNA/protein complex centered at thth vertex, and

r:j-' is the distance between two effective charges locatefl at

andr'j . The electrostatic potential is replaced by an excluded At
H H H i H t+At_ 4t t t

volume p_otentlal in the region of physical overlappitsge A= it ?Tﬁ-wi ,

next section '

At
tHAt_ ot t et t
r r +kBTD F'+RY, (38

(39

where At is a numerical time steg600 ps herg rt is
the collective position vector for theN vertices {r;},
i=1,... N attimet, F' is the collective force vector for the
systematic forces applied to tie vertices, as derived from
The energy of a short-range repulsidgt, is added to  the energy functions discussed above!“'— ¢!) is the
the potential function to prevent unrealistic crossings andotation about théth rotational degree of freedom, anflis
collsions between segments. We exclude such events i@e torque acting on thigh segment based on the systematic
maintain a fixed topology of the model chain. Basically, weenergy function. Hydrodynamic interactions with the solvent
estimate whether two volumes collide by measuring the disare specified by the rotational friction coefficierftg} and
tance between all pairs of effective charges according to  the configuration-dependent diffusion tenddr [defined in

E. Modeling DNA segments bound to proteins:
Excluded volume potential

Non?ond Eqg. (42) below]. The BD algorithm also includes two sto-
Ev=—> > > Mrh' if r!‘j'< Sij (35)  chastic termsR" and !, which represent white noise ran-
i>j kol dom values used to model thermal interactions with the sol-
=0 if r:j-'> S - (36)  vent. The correlation structure of those white noise terms is

" . _ _ related to the hydrodynamic interactions’by
Here,rjj is the distance between a pair of effective charges

as defined in Eq(34), nd is the number of effective charges ~ (w'o! )=2KgTE 6y, (40)
assigned for theth site, andg;; is the collision criterion ot .

(discussed in the next paragrapfihe computational param- ((RO)(R")")=2AtD' 6y v/, (41)
eter u describes the strength of the repulsive potential, a”@vhereﬁtt, is the Kronecker delta function.

its value can be set by simulation tests. In practice, there are two different approaches available

The value of;; depends on whether thieh andjth  for calculatingR!, the correlated random displacement vec-
vertices belong to the set of vertices for free DNA segmentsyor The traditional approach depends on the Cholesky de-
Ip, or the set for DNA/protein complexesp. The major  composition ofD!, which requiresO(N3) operations® An
d|fferen<_:e between DNA segments and proteln/DNA COM-jternative method proposed by Fixnidnytilizing Cheby-
plexes is that, for a free DNA segment, effective pointshey polynomial representations, has a lower scaling term of
charges are located on the agighich is about 1 nm fromthe  »(N225 "pyt a larger prefactor due to the computational
molecular surface while for protein/DNA complexes, the complexity. The Chebyshev alternative has been recently ap-
effective point charges are located on a virtual surfacgjied for various polymer systeni&-%®We tested computa-
(which is about 0.1 nm inside the real molecular surface jgnal performances of both approaches and chose the
Thus, we use different values 6f; to describe the collision  chglesky approach due to a slight computational advantage
criteria between two molecular surfaces: in our system. The more efficient Chebyshev algorithm will

6;j=2.0nm ifi,jelp, likely be more important for larger system sizes.

=1.1nm ifielp and jelp, ) .
G. Modeling DNA segments bound to proteins:
=0.2nm ifi,jelp. (37 Hydrodynamics

The value for the parametgr is 35 pico-Newton(pN) We use a nonidentical Oseen diffusion tensor to specify
in our study. With this setting, the frequency of segmentihe hydrodynamic interaction of the DNA chain bound to
passing events is less than F0 per simulation step proteins® 62 We position beads of radiys at theith vertex
(At=600 ps, see next sectipriWe monitor those segment of the chain. These beads are used only to define the hydro-

passing events as in our previous stud-?te’-é‘,by identifying  gynamic interaction and thus do not affect equilibrium prop-
any discontinuous changes in the writhing number of theties of the model chain.

i~ 52
chain? The diffusion tensor used in the Brownian dynamics
(BD) algorithm [Eq. (38)] is a 3NX3N tensorD for a
F. Brownian dynamics (BD) simulations N-bead system based on a sefTof:
with hydrodynamics Ty T ... Tin
We use the second-order BD algoritfitwith modifica- Tar Taz oo Ton
tions to improve the efficiency by a less-frequent updating of D=kgT| : : ol (42)
the hydrodynamic diffusion tensor than the systematic forces Tae Tz Tan

(e.g., every 10 time stepsThis approach was proposed and

tested in our previous work$:****The first-order BD algo- where eaciT;; is a 3x 3 matrix representing the interaction
rithm generates the new position vectdt ! and rotation between théth andjth beads. Eacfij; can be calculated as
anglesg! At follows:
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1 TABLE IV. Computed values of the translational diffusion coefficients for
Tij = | for i=j (same bead (43) the Hin-dimer/DNA andFis-dimer/DNA complexes based on hydrodynamic
67 nop; shell models of HYDROPRO. The second column lists the maximum num-
ber of the spheres used in the shell models. Various number of spheres are
1 ( rij rij) Pi2+ p]-2 1 Fiilij ) } used for each complex, arid} values are based on the extrapolation of the
= 1+ ——|+ 2 Ssl——= sphere size to zero. The calculations are performed at the tempeTatiire
87 7707 j Fij i 3 rij 298 K and the solvent viscosity for wateg, of 0.089 poise.
for i 7] (different beads (44) Complex Maximum number of spheres D, (cn¥/s)
wherel is the 3X 3 identity matrix,p; is the hydrodynamic  Hin-dimer/34 bp 4407 6.1410°7
bead radius,n, is the viscosity of the solvent;;; is the  Fis-dimer/29 bp 2764 7.911077

displacement betweeith andjth bead, and;=|r;;|.
The DNA/protein complexes are treated as spheres for
hydrodynamic purposes. The rotational frictional coefficients

[& in Eq. (39)] can be expressed as perimental values. The percentage difference between calcu-
(45) lated and experimental values for the translational diffusion
coefficient varies from 0.0 to 4.9 % for those 13 complexes.
wherep; is the effective hydrodynamic radius of the DNA/ The computation involved in the shell modeling requires
protein complex andy, is the solvent viscosity. For beads minutes to hours of computer time to calculate macroscopic
representing free DNA segments, the rotational friction coefproperties based on a shell model with the maximum number

&=8mnop!,

ficient can be expressed as of spheres for the model in the order of thousafidble V).
=4 2 46 However, such a calculation needs to be done only once
&i=4mmopilo, (46) before the BD simulations to determine the effectiyefor

in which p;=po=2.24 nm is the hydrodynamic radius of the Hin-dimer/DNA andFis-dimer/DNA complexes. Thus,

DNA. This value is chosen to provide the experimentallythe computational cost involved is acceptable. Our final val-
measured values of sedimentation coefficients of circulapes of the translation diffusion coefficients resulting from
DNA_18v63’64Since rotation occurs only about the DNA axis HYDROPRO are listed in Table 1V. The Corresponding ef-
a,, the & values are effectively infinite for the rotations fective hydrodynamic radip; can thus be directly calculated
alongb; andc; . based on Eq(47).

For the DNA/protein complex, we can directly calculate
the effective hydrodynamic radiys if the translational dif-
fusion coefficient of the DNA/protein complex has been ex-|| RESULTS AND DISCUSSIONS
perimentally determined. We can derive the valug;ofrom
the experimental value of the translational diffusion coeffi-

cientD, based on the following relationship:
KT To validate our methodology and computational proce-
-8 (47) dure, we first compare the conformational properties ob-
67 70D, tained by BD versus Monte Carl®1C) simulations, as well

However, for most of DNA/protein complexes, experi- & experimental data. Sufficie_ntly long BD trajectorig_s
mental values of translational diffusion coefficients are noShould reproduce thermodynamic ensembles of the equilib-
yet available. We can thus use theoretical modeling to firsfiUm conformations generated in MC. .
estimate the value of the translational diffusion coefficient, Ve first compare the translational diffusion coefficient
We use the package HYDROPRQo build detailed models Dt Of the supercoiled DNA chain obtained by BD with data
for Hin-dimer/DNA andFis-dimer/DNA complexes based on available from light-scattering experimenfs’*We calculate
atomic-level structures. The algorithm of HYDROPRO in- D, from BD simulations from the displacement of the center

volves building a shell mod and calculating of the global ©f mass vectorm(t), according to the Einstein—Stokes

hydrodynamic properties such as the translational diffusiorffduation:
coefficient. . 6tD=(|m(t)—m(0)|?), (48)

The shell metha¥f builds the surface of a macromol-
ecule as a shell derived from many small spheres. Whewheret denotes time. We analyze multiple trajectories to
extrapolating the sphere size to zero, the shell modelingbtain reasonable statistics. All BD simulations are per-
method has proven accurate for calculating hydrodynamidormed for the 5.28 kbp supercoiled DNA moleculwith
properties of macromolecules with irregular shap/@§The  superhelical densityr=—0.06) under 0.2 M monovalent
macroscopic properties are calculated based on the shedblt. Light-scattering techniques have been applied to mea-
model with small spheres and the calculation is repeated itsure the translational diffusion coefficient of supercoiled
eratively with decrease of the sphere size to derive final reDNA molecules in the laboratory. We plot in Fig. 3 published
sults at the limit of sphere size zero. This method has beewalues of D, by the light scattering for supercoiled DNA
tested by Garcia de la Toret al®® on 13 different atomic-  sizes ranging from 1.9 to 12 kbp. Experimental data are also
level protein structures, including BPTI and lysozyme byavailable for 0.2 M monovalent salt concentration, with
comparing the calculated hydrodynamic properties with ex<close to—0.06. Figure 3 shows a good agreement between

A. Validation: comparison of D, and R,
to experimental data and Monte Carlo

pi
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under 0.2 M monovalent sdltplotted in Fig. 4 as triangles.

9 . :
8’\\ . E’E,pe”me”‘ | We measurer, directly from the conformations in our BD
7' I trajectories for 5.28 kbp supercoiled DNA molecules under

‘TA 6 1 0.2 M monovalent salt using the standard formula

w 5 T ]

~ SN o= (=N /N)?

wg a I \\\\\; 1 Rg:\/ i=1"1 (N| 1hi ) ’ (49)

1 20N

g 3 { wherer;,i=1,... N, is each particle’s position. The BD

a” data are plotted in Fig. 4 as filled circles. We see from the

][ figure that all data agree reasonably well with each other.
2r 7 We also calculated the persistence length of DNA as
p=2l,/{#?). The result is 50 nm as expected.

19 3 536 12
DNA size (kbp)

FIG. 3. Comparison of translation diffusion coefficieits BD simulations ~ B. Protein-induced directional bending compacts
vs experimental data. The stars are the experimental data available fro@lobal DNA conformations as a function of o

light scattering for supercoiled DNA moleculésithout proteing of sizes . . . . .
from 1.9 kbp to 12 kbp(Refs. 18 and 64 The filled circle is the value Protein binding directly induces inhomogeneous, local

calculated by our BD simulations for 5.28 kbp DNA. The superhelical den-changes in the DNA substrate such as directional bends and

sity of the DNA is —0.06 in our models, close to the experimental value. gjtered flexibilities(e.g., Ref. 70 Proteins also change the

Both the BD and light-scattering data are obtained under 0.2 M monovale g . . .

ion concentration. %as; dIS'tI’IbUtIOH and the electrostatic potential near the
binding sites. However, effects on the global properties of
DNA are complex and not easily determined. Our modeling

the BD and light-scattering data. The error bar indicates goo@Nd simulation methods can help us systematically examine
statistics in our resultésix trajectories of length 20 ms were those effects.
used. Our system of a 5.28 kbp DNA with twhix sites sepa-

We next compare the radius of gyratigy of the super- ~ rated by 990 bp of DNA provides a good model because of
coiled DNA molecules obtained by BD, MC, and static light- the availability of relevant protein/DNA atomic models
scattering experiments under various superhelical densitidé@sed on crystal structure and other experim&tits***3we
(0). Static light-scattering provides the average of the radiug*amine the conformational properties of the free Di¥e-
of gyration,R,, of molecules in solution. Figure 4 shows the fore twoHin dimers bind on théix sites, versus those after
published experimental dat¥ of R, for the 5.2 kbp SV40 the binding. In the atomic structure for the complex of the
DNA plasmid witho~ —0.05 under 0.179 M NaCl solution. hix site bound tcHin dimer from Johnson and co-workefs,
The error bar of this experimental result is largely due to thehe DNA segment is bent by 18° to widen the minor groove
equipment limitation(limited resolution of convenient light [Fig. 1(B)]. The binding of theHin dimer also changes the
source. MC ensembles were used to systematically measurglectrostatic charge distribution near this site by making
R, as a function ofo for a 5.2 kbp supercoiled DNA chain tr;]? Sltljte more bulky and less negatively charged due to charge

shielding.
We first measure the radius of gyratiéty, which de-

TS scribes the ove_rall size of the molecule, as a fu_nction_ of the
+  Experiment, 5.2 kb DNA superhelicity before and after the binding éfin
e BD,5.28kb dimers. Figure 5 shows results for free supercoiled DNA
1201, . (filled circles and DNA bound taHin-dimers(squares We
» note only a small but statistically significant effect on DNA's
£ I global conformations due tblin-dimer binding. The radius
< 100+ Tf"/%_“é of gyration slightly decreases after the binding-bh dimers

140 T

for relaxed DNA molecules or DNA molecules with a
low level of negative supercoilingo(=0~—0.04), while
80k ] the radius gyration of the fully negative supercoiled DNA
(oc=—0.06) is not notably affected. We can explain these
trends by the shapes of DNA conformations themselves as a
60 . . . function of . at low superhelical density, protein effects can
0 0.02 0.04 0.08 be larger since the DNA is more open, floppy, and random in
—0 shape, whereas at largethe DNA is more tightly super-
FIG. 4. Variation of the radius of gyratiorRg) of supercoiled DNA with  coiled (e.g., Refs. 16 and 17and global distributions are
the superhelical densityo) as computed by Brownian dynami¢8D),  overall smaller. The local charge screening of the polyelec-
Monte Carlo(MC) simulations, and light-scattering experimental data for trolyte backbone by the proteins also permits sites to move

supercoiled DNA molecule@vithout proteing (Ref. 69. Both BD and MC . . .
data are obtained under 0.2 M monovalent ion concentration while the IightClose to each Othdﬁg- 9)’ contrlbutlng to the decrease of

scattering data is obtained under 0.179 M monovalent salt. Ry upon protein binding.
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FIG. 5. Radius of gyratiolRy as a function of DNA supercoiling). Filled FIG. 6. Dependence of site juxtaposition timeg for two hix sites on the
circles show the radius of gyration based on simulations of free, supercoilegbye| of DNA supercoiling, with or without protein binding. The values for
DNA molecules. Squares show the same DNA molecule withfiixesites i1 i2  andcg are 176, 1, 34, 0.2 M, respectively.
bound toHin dimers. Diamonds show the same molecule with hiosites
bound toHin dimers and twoFis binding sites in the enhancer sequence
?;’“”d withFis dimers. The values oK., ify,. i, iis. ifis. andcsare  \horar ) andr2 are the coordinates of twaix sites

6, 1, 34, 5, 6, 0.2 M, respectively. hin hin
[it,,=1, i2,=34 in our system, see Fig.(A)], and
do=100 A following the experimental systefhSuch site-
juxtaposition dynamics were previously studied in our work
on protein-free DNA3*to investigate reaction kinetics.

We perform simulations for both supercoiled DNA mol-
ecules and DNA molecules bound to twiin dimers, based
on the experimental systef,at various superhelicities to
study effects of proteins on long-time processes like site jux-
E‘taposition. Figure 6 indicates that; slightly increases with
) AR ) the decrease dfr| for both free DNA and DNA molecules
minor groove at the center of ifés binding site. Since the bound toHin dimers. This is consistent with the experimen-

two Fis binding sites are located on the same enhancer &2l observation that low values bF| slow down, but do not
guence, the directions of these two bends are Strong%hibit the pairing ofHin boundhix sites? '

4
correlated?* We thus expect a further decreaseRyffollow- Unlike the simpler effect orR,, the DNA supercoiling

ing Fis-dimer binding, with the decrease more pronounced af L . S ;
. . . evel affects site taposition kinetics in two opposin
low |o|. Figure 5 plots these data fetin- and Fis-bound v e Juxtaposit INetics 1n fwo opposing

. ways:” supercoiling increases the correlation between suc-
DNA as diamonds. At-=0, the value ofR, decreases 12% . A L .
) . ' 9 cessive site juxtaposition events and thus decelerates the jux-
for theHin/Fis/DNA system compared with free DNA; the J P J

. o taposition times, while at the same time highet values
- 0 . . g .
Hin dimer binding alone only caused 3% dec_:rease.l s compact the DNA, accelerate site juxtaposition reactions and
increasesRy decreases by a smaller relative value: at

o h I [ . Th i ff
o=—0.06, R, of Hin/Fis/DNA only decreases by 2% thus produce lower times,; ese two competing effects

o result in juxtaposition times that depend sensitively on the
compared to the DNA system; the effect of thién-dimer . P o P y
bindi liaible. Th b i ist I?NA system and conditions.
Inding was negligibie. ese observations are consisten Comparing our simulations of DNA with or without

\t/)wthdc_)ur prewoustmtelrpé)reltallglt\)lgs: pr?tem-?duced .‘:giﬁt'on?bound Hin dimers, we find that in our system,; is about
ending compacts gioba conformations, wi € €11 0%—25% smaller aftedin-dimers bind to théix sites(Fig.

V\%). The juxtaposition process mainly involves two steps:
First, two Hin-dimer boundhix sites come into proximity
through large-scale conformational evolution such as slither-
ing; second, two sites juxtaposeome within <100 A)
through a local diffusion process.

We next try to interpret this effect dflin-dimer binding
To quantitatively study the dynamic process of thim  on the juxtaposition process bix sites by inspecting these
sites moving into spatial vicinity, we define, as the aver- two steps systematically. The large-scale conformational
age time for two sites in a randomly selected, equilibratecchanges include the slithering motions on the branch and the

DNA conformation to move until the distance between twoformation as well as deletion of branchéa\Ve illustrate the

hix sites is smaller than the juxtaposition distance criteriorjuxtaposition evolution of a particular sité;, with other

do: sites along the DNA as a time series in Fig. 7. A data point

ra —rp2 |<d (50 {r,i,} means that site, is juxtaposeq with §ité2 at time
hin  Thin 07 7 (|ri,—ri,|<do). The dependence d%, on time contains

To test this interpretation, we further study oHin-
bound DNA system when twBis dimers are also adddds
in Fig. 1). The positions of the enhancer sequencei%qge
andi?, (see Ref. 2 A larger decrease iRy can now be
noted from Fig. 4. This effect is also illustrated in FigBl
where the compaction effect is evident. Namely, a singl
Fis-dimer bends the DNA segment by60° to compress the

|o] than in more tightly supercoiled forms at higHet.

C. Protein binding profoundly affects the DNA
dynamics and juxtaposition processes
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5 ™, ' ' ' ' | site) for the simulations of a free, 5.28 kbp supercoiled DNA
4] TV e PN Pt s NPt 1 and the corresponding system with bdtix sites bound to
3l \ DNA bound with proteins | - Hin dimers (recall the parameters for superhelical density
ol | and the salt concentration ave= —0.06, cg=0.2 M).
il B e | The plots in Fig. 7 show that for this highly supercoiled
‘ . . ‘ ] DNA (the average writhing number is — 22)° the time evo-
§ % 0.5 1 1.5 2 25 lution of i, is strongly correlated to past values in both cases.
% The supercoiled DNA molecules under such conditions adopt
Tosf i — ; — ] tightly interwound conformationésee BD snapshots in Fig.
4k . ] 8). Thus, the slow slithering motions of the opposing DNA
sl | segments on the interwound conformations continuously
5 T . | changei, as shown in both Figs. 7 and 8. The sitesome-
il ) | times moves through a branch point, and this causes the
NN g S m jump from one continuous curve to another in thetime
% 0.5 1 15 2 25 evolution plots. These jumps are infrequent; the slithering
T, ms motions on one branch continues on the millisecond time
scale.

FIG. 7. Juxtaposition of onkix site (i,) with sites of the DNA as a function e . . L
of time. The coordinate of the second sitg, is recorded over one BD To quantitatively assess the effectshiih-dimer binding

trajectory. Simulations for DNA molecules 5.28 kbp in length are performedOn thehix—hix juxtaposition, we compute the autocorrelation
both for DNA with boundHin dimers (upper pane| and without proteins ~ function of i,(t). The normalized autocorrelation function,

(bottom panel Both trajectories employoc=-0.06 and cg=0.2 M Ci., of iz(t) is
monovalent salt. 2

. .. _ . 2
Ciz(At)=<|2(t+At) '2(2'[)) (i(t)) , (51)

a;
2

ample information on the dynamics of juxtaposition. In our
case, we seek to understand how tiw sites approach one
another and how this process is affected by protein bindingvhereo? is the standard variance of(t). We fit the auto-
We thus choose for our analysgs=it,=1 (i.e., the firstix  correlation function to an exponential form of exf(r)

W

| Y
j;
| ’..:'.‘". - ¢
W , J
3 1.8 ms 2.1 ms

FIG. 8. Dynamics of the site juxtaposition in supercoiled DNA. BD snapshots of supercoiled DNA molecules bouHéhwvdiimers represent the part of the
simulation trajectory shown in Fig. {upper panel The two hix sites q,ﬁin=1, iﬁin=34) are shown by the gray and black spheres. The actual simulated
orientation of the molecule is rotated to enhance the connection between successive conformations.
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0.05 e freo DNA Sites separéte 3 by 990 bb cause we can sample 176 data paisgairs of sites with
c = hix sites bound to Hin dimers 990 bp separationN=176) from a free supercoiled DNA
8 o4l i trajectory but only one data point from a protein-bound tra-
'g jectory. Even though the statistical errors for the DNA bound
o to Hin dimers are significant, Fig. 9 shows that the juxtapo-
X 0.03 1 sition probabilities are slightly higher aftétin-dimer bind-
:g‘ ing when the distance between tvinix sites,d, is in the
> 002} i range of 7.5—15 nm. When the two sites are further separated
3 by d>15 nm, the effect oHin-dimer binding on the juxta-
g position probability ofhix sites becomes negligible.
S 0.01¢ 1 Because the distance between the molecular surface to

the mass center is in the range of 2 nm to 5 [ifiy. 1(B)],
0 m r = = the actual distance between a pair of effective charges lo-

cated on twdHin-dimer complexes should be 0 to 17.5 nm if
d=7.5 nm or 5 to 25 nm id=15 nm. Given that the elec-
FIG. 9. Juxtaposition probability of twhix sites as a function of the dis- trostatic potential decreases exponentially with the Debye
tan(;gd betweeq two sites: before and aﬂdm'-dime_r binding. The juxta- length (which is 0.68 nm at 0.2 M monovalent salt condi-
?ﬁi’t:ﬁj”m%ré’rbgft'gtt';ssﬁfs ?;elisérfr?ef;:pﬂihse'ﬁfcgaér:nzﬁ;’&;e’dasg tiio ®Rion), the electrostatic interaction is negligible if the distance
monovalent salt concentration is set to 0.2 M. between charges is larger than 10 times of the Debye length,

i.e., 6.8 nm. That means that the effect is noticeabledfor

=7.5 nm, where many pairs of effective charges on two
and estimater;, based on two sets of trajectories for free Hin-dimer complexes might be located very near each other.
and protein-bound DNA. For highly supercoiled DNA This effect decreases witth because less pairs of effective
(oc=-0.06c5=0.2 M), we ObtainTif 154+49 us for the  charges tend to come into spatial proximity as the two com-
free 5.28 kbp DNA system and;,=222+78 us for the plexes separate.

DNA bound to twoHin dimers. This rate characterizes the In sum, we find that in thédin-dimer bound DNA sys-

correlation between juxtaposition events, which reflect botﬁ?m’ the _?;]/olunon ?ft D;\‘A gg)sil t():o:];(r)]rT?rtllon_s ItS S“g.le
the slithering motion within a branch and the intrahelix col- SIower with respect 1o lree ut that the juxtaposition

lisions. Our results therefore indicate that the binding of twoP'0cess becomes faster after tix sites approach one an-

Hin dimers tohix sites slightly increases the correlation be- other. Net effects on-dmerl bmdmg_(Flg. 6) result from
tween juxtaposition events. the balance of these two major contributions.

When the distance between the tWm-dimer bounchix
sites is on the order of several Debye lengths or less, eleéy' CONCLUSION
trostatic effects by thélin dimers can screen the charge and  We have developed a polymer-level computational
alter the dynamics. At the 0.2 M monovalent salt concentramodel and simulation protocols for supercoiled DNA mol-
tion, the effective Debye—Hikel charge of a 30 bp DNA ecules with protein bound sites. Our model incorporates the
segment is—99.4e. In our case, the sum of effective electrostatic and structural properties of DNA molecules with
charges for thélin-dimer bounchix site is—18.0eat 0.2 M bound proteins based on the well established discrete worm-
monovalent sal{Fig. 1(B)]. Even though the electrostatic like chain model for supercoiled DNA. The model reflects
potential decreases sharply with the increase of distance uthe electrostatic force associated with both DNA and protein/
der this high salt environment, we can expect less repulsioDNA complexes and refines standard mechanical and hydro-
between twoHin-dimer boundhix sites and a lower free dynamic representations. The model thus efficiently inte-
energy required to pair twblin-dimer boundhix sites com- grates atomic-level details of macromolecules into a
pared with the fredix sites. reasonable description on the polymer-level to treat a system

We quantitatively measure this effect by computing thetoo large to be modeled on the atomic scéleousands of
juxtaposition probability of the twdix sites as a function of DNA basepairs Based on atomic-level structures, we have
the distance between them. For simulations of DNA bound t@arefully parameterized the model, to define positions and
Hin dimers, recall that the juxtaposition probability is de- values of effective charges, directional bending angles and
fined as the probability for finding twhix sites separated by rigidities, effective hydrodynamic radii, and excluded-
less than or equal to some distance critedorOur study of  volume parameters. The model was validated through its re-
the dependence of the juxtaposition probability as a functiomproduction of translational diffusion coefficients and radius
of d can be interpreted as measuring the relative local conef gyrations as measured by Monte Carlo and light-scattering
centration of onéix sites with respect to another. For simu- experiments.
lations of free DNA we can define the juxtaposition probabil- Our motivation for the development of these methods is
ity similarly, as the probability of finding any site pairs that to investigate dynamic aspects of the comptir-mediated
are linearly separated by 990 lgine length as between two inversion process. Here, we have analyzed the juxtaposition
hix siteg at a distance smaller than or equabtoThe results dynamics between twhix sites before and after the protein
in Fig. 9 are plotted fod values ranging from 7.5 to 25 nm. binding. We find that the local protein binding affects the
The error bars for the free DNA data are much smaller beglobal conformations of DNA but also the global dynamics.

d. nm
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In particular, the global shapes are more comp&d. 5).
The binding ofHin dimers to thehix sites slows down the

J. Huang and T. Schlick

2Mobile DNA 11, edited by N. L. Craig, R. Craigie, M. Gellert, and A. M.
Lambowitz (American Society for Microbiology, Washington, D.C.,

slithering process and increases the site juxtaposition prob;2002. pp- 230-271.

abilities (Fig. 9). We will present a more detailed study of the 3

Hin-mediated inversion process in a future work.
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