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An explicit formulationof theconfiguration-depetert potentialenegy functionandthe BrownianDynam-

ics (BD) algorithmusedto simulatethe chromatinpolymeris detailed. For the readers’corvenience this

documenprovidesa completedescriptionof our methodologyandthussomeof the materialis redundant
with thatfoundin the MaterialandMethodssectionof Beard& Schlick(Structue with FoldingandDesign
??2:?2?-?22000).

Model Geometry

Themodelstructurds illustratedin Figurel. Eachcoreparticledisk is connectedo oneor two linker DNA
segments(seeFigurel, top panel). In Figurel, r; denoteghe positionof the centerof a coredisk, while
r;_1, ri+1, andr; o, denotepositionsof linker DNA beads.Theorientationof the corediskis specifiedoy
alocal coordinatesystem{a;, b;, ¢;} wheretheunit vectorsa; andb; lie in the planeof theflat surfaceof
thedisk,andc; = a; x b;. Theattatchmenof thelinker DNA to the coreparticleis illustratedin thelower
panelof Figurel. Thelinker DNA enterghecoreparticleatthepositionr; —r,[b; cos 8, — a; sin 6,] + w,c;
andexits atpositionr; — r,b; — w,c;. Thescalarparameters,, w,, andéd, aredeterminedy thegeometry
of thewrappedDNA supercoil.Basedon the crystalstructure{1], we setthe valuesof theseparameteras
follows: r, = 4.8 nm,w, = 1.8 nm, 8, = 90° (seeTablel).

A local coordinatesystem{a;, b;, c;} is alsoassociateavith eachlinker beadposition,r;, andis used
to calculatethe local torsionon the linker beads. We definethe setsi,. andI; to be,respectiely, the setof
corebeadsandthe setof linker DNA beads.Thevectors{a;} for i € I; aredirectedin thedirectionof the
linker DNA sggment:

(ri+1 — I'Z')/||I'Z'_|_1 — I'ZH fori+ 1€

(1)

a; = .
¢ rit1 — To(bit1 cos 0y — @11 8in6,) + WeCit1 — 15

- fori+1 €I,
ltis1 — ro(bit1 cos 0, — a1 8in6,) + wecit1 — ril| ¢

SincethewrappedDNA doesnot make two full turnsaroundthe coredisk, the unstressetrajectoryof
a;_1 is not parallelto a; whenthe ' beadis a disk. Thetrajectoryof the wrappedDNA, is denoteda;
(seeFigurel, bottompanel),andis calculatedasa; = a; cosf, + b; sinf,. Similarly, the trajectoryof
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Elements of Computational Model:

/Core Disk

Figure 1: Diagram of the sub-

units of our chromatin model.
The upper panel illustrates the
componentsfthecomputational
model: a core disk is located
at position r;, and linker DNA
beadsarelocatedat r;_1, r; 1,
andr;;o. Thelower panelillus-

tratesthe coredisk geometry

Core Disk Geometry:

thewrappedDNA, asit exits thecoreis denotedoy a;. Thelocal coordinatesystemsf thewrappedDNA
enteringandexiting thecoreparticlearegivenby:

a, = a;cosf,+ b;sind,
b, = -—a;sinf, + b;cosb,
c;, = ¢ 2)

and{a;", b}, c;"} = {a;,b;, ¢;}. Forthecoreparticle,weintroducethevectors{aP™* bPNA c¢PNA} (see

Figurel), to representhelocal coordinatesystemassociateavith the DNA segmentconnectinghecoreat
r; andthelinker vertex r; ;1. Thecalculationof {aPN4, bPNA ¢DPNAY is outlinednext.

Euler Angles

The bendingandtwisting termsin the potentialenegy functionareexpressedn termsof the Eulerangles
[2], {ci, Bi, v}, thattransformonelocal coordinatesystemto the next. In the following sectionswe will
male useof thefollowing setsof Eulerangles:

e Fori,i +1 € I, theangles{«;, G;,7;} transformfrom the {a;, b;,c;} to the {a;1,b;y1,¢cit1}
coordinatesystem.
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Tablel: Elasticandgeometrigparametersisedin the dinucleosomenodel.

| Parameter]| Description | Value \
I, Equilibrium segmentlength 3.0nm
h Stretchingconstant 5000 kpT /12
C Twistingrigidity constant 3.0x1072 e nm
L, Elasticbendingpersistencéengthof DNA 50nm
0, Angularseparatiorbetweerlinker sggments 90°
To Radiusof woundDNA supercoil 4.8nm
2w, Width of woundDNA supercoil 3.6nm
pi, 1 € I; || Hydrodynamiaadiusof linker bead(setI;) 1.5nm
pi, 1 € I. || Hydrodynamiaadiusof corebead(setl.) 5nm
Kex Excludedvolumeparameter 0.001
o1 Corellinler excludedvolumeparameter 3.0nm
o9 Core/coreexcludedvolumeparameter 2.0nm
At Numericaltime stepfor dynamicssimulation 2.0ps

e Fori+1 € I, theangles{a, 3;,v:} transformfrom the {a;, b;, c;} tothe{a, ;, b, ;,¢c;,,} COOF
dinatesystem.

e Fori € I, theangles(a;, 8", ~;"} transform{a;, b}, ¢} } to {aPNA bPNA ¢PNAY andtheangles

Z’Z

{az,ﬁz,%}transform{aPNA bPNA ¢PNAY o {azﬂ,bzﬂ,czﬂ}

TheadditionaDNA coordinatesysterrassociatedxith eachcorebead {aPNA, bPNA ¢PNAY ‘andtheasso-
ciatedEulerangles{a;", 8", 7"}, arecalculated)asecbntheassumpt|omhatthecorepartlcleproteln/DI\A
comple remainsrigid andtW|st|ng of the DNA thatis wrappedaroundthe coredoesnot contrikute to the

mechanicof the model. Therefore = —+;". Calculationof the vectoraP™* andthe angle§;" is
straightforvard:
aPNA _ _Tit1 T Ti + robi + woc; 3)

lmis1 — 7 + Tobi + woci|

B = cos !(af -aP™). 4)

We calculatex;" from:

. oy for ;- ((a?NA — cos ﬁjaj)/sinﬁj) >0 ©)
o =
i ~la;| fore; - ((@PNA — cos Bfaf)/sin B ) <0,
where DNA + o+
M|—mlhr<% f@@%>} (6)
sin 3;

Thenwesety;" = —a; toensurethatnotorsmnlsmtroducedntotheEuIerrotatlon{aZ, - ;1. Then
the Eulerrotationsareapplledto {a}, b, c;} to obtainbPN4 andePNA.
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Calculation of the Potential

The enegy associatedvith a given polymerstructureis estimatedrom the sumof several elasticenegy
terms,anelectrostatipotential,andanexcludedvolumeterm|3]:

E=FEs+ Er+ Ep+ Ec+ Ey. @)

Thefirst threetermsrepresenelasticcontritutionsfrom stretchingtwisting, andbending respectiely. The
termsE¢s and Ey areusedto modelelectrostatiandexcludedvolumeinteractionsrespectrely.

Stretching

The stretchingpotential, Eg, is a computationatlevice, andits treatments optimizedwith respecto the
time stepof thedynamicssimulation[4], soasto balanceealizeddeviationsfrom thetargetlengthwith the
computationatime step. Es is written as:

Bs=g5 > (i~ 1)’ ®)
i=1
wherel; is thelengthof the segmentconnectingparticles to particles + 1, calculatedas:
||I‘Z'_|_1 —r; +7,b; + woci|| fori eI,
I, = ||I'Z'_|_1 — ’I”Obi_+1 + wocijrl — I'Z” fori+1€el, (9)
|lriv1 — 4] otherwise.

We useanequilibriumsegmentlengthof [, = 3 nm, which correspond$o roughly9 bp persegment.

It hasbeenshavn for the Browniandynamicssimulationof linearandcircular DNA [4] thata choiceof
h = 100k T/I%, wherekp is Boltzmanns constantandT is the absolutetlemperatureresultsin standard
deviationsin sggmentlengthof around10% of /,. The motionsof the relatively large nucleosoméeads
in the presentmodeltendto producegreaterstretchingand compressie forceson the linker DNA than
aretypically foundin supercoiledDNA alone. This meansthat a greatervaluefor the stretchingrigidity
constantis requiredto achieze comparableaccurag. A valueof h = 5000k T/I2 resultsin segment
lengthdeviationsof lessthan2% of the equilibriumsegmentlengthanda meansegmentlengthequalto the
equilibriumsegmentlengthfor time stepsof 2 ps.

Twisting
Thetorsionalrotationaboutthe sggmentconnectingarticles: and(z + 1) is givenby the sumof the Euler
angleswy; + v;, andthetorsionalenegy, E, is calculatedrom:

o M-l
Er = o > (s + ), (10)
o

=1

where( is thetorsionalrigidity constant.
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Bending

The bendingeneny, Ep, is calculatedrom the setof anglesdenotingthe deformationbetweerthe linker

DNA segments.
N— 1

_9 4+ 9 +)2
; 5 > (65 (11)
z:l ze]c
Thebendingconstantg, canbe calculatedrom:
g = LpkgT/l,, (12)

whereL,, is thebendingpersistencéength.

Electrostatics

Representate chagesare assignedo the linker beadsaswell ason the surfaceof the coredisks. The
assignmenof chagesin themodelis basedn adiscreteN -bodypotentialwhich approximateshesolution
to thenonlinearPoisson-Boltzmanaquationin the solventsurroundinghe coreparticle. This procedurds
detailedin Beard& Schlick(2000).A singlechage, g; is assignedo eachlinker bead;anda setof chages
{q*} is assignedo eachcoredisk, wheretheindex k refersto the k** chage onthe coredisk. The position
of thek' chageonthe ;' particleis denotedby {x/*} for j € I..

The chage on a linker beadis calculatedasq, = vl,, wherev is the effective linear chage density
on DNA, calculatedby fitting the tail of the Debye-Hickel potentialfor aninfinitely-long cylinder to the
Gouy-Chapmapotentialin thefarzone[5]. Valuesfor v andx, theinverseDebyelengthfor variouslevels
of monovalentsaltconcentrationarelistedin Table2.

Table2: Electrostatiqggarameterfor DNA.

| Cs [Molar] || v [e/nm] || & [1/nm] ||

0.01 —2.43 0.330
0.02 —2.96 0.467
0.03 —3.39 0.572
0.04 —-3.91 0.660
0.05 —4.15 0.738

Theelectrostaticontritution to the potentialis calculatedasthe superpositiorof thefundamentasolu-
tion to thelinearizedPoisson-Boltzmanaquation:

2 — kT k} Ne Ne kol o=KT{iky ()1}
_ ge " qugke "t cqce i
Fo= Y 2 —4 ¥ z = e | 13
J>it1 ] J>it1 i{jk} i>i+1 Lk=11=1 {ik}{s1}
’.]Ell ie]lajeIc ,JEIC

where x denotesthe inverse Debyelength (salt-dependentk is the dielectric constantof the medium,
and N, is the numberof point chageson eachcoredisk. In equation(13) we have introducedthe notation
ri; = ||lr; —r;| to denotethedistancebetweerthecenterf thei® and;** particles.Similarly, thedistance
betweerthecenterof thei*” particleandthek! chageonparticlej € I, is denotedy r;gjxy =
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andthe distancebetweerthe k** chage on particlei € I, andthel** chage on particlej € I, is denoted
by r(aky iy = IIxe¥ — x|

Thefirst termin equation(13) is dueto linker/linker interactions andthe summationis over all pairs
of linker beads.The summatiorin the secondermis over all linker/corepairsandin thelasttermover all
core/corepairs.

Excluded Volume

It is necessaryo includeanexcludedvolumetermin the calculationof the potentialto avoid the overlapof
positve andnegative chages.Werepresentheexcludedvolumepotential ,Ey, asthesumof Lennard-Jones
potentialsarisingfrom linker/corepair interactionsandfrom core/corepair interactionsas:

N, o 12 o 6
oo = e 2 (8 )" ()
; Lz_:l Ti{jk} Ti{jk}

ie]lajEIc
N, Ng o 12 o 6
koskpT ( 2 ) —( 2 ) : (14)
; ng; T{ik}s} T{ik}s}
ij€l

Thetermsin equation(14) have a shallov minimumof value—ke k5T /4 ataseparatiorbetweerchages
of 21/65, whereo andk., arethe parameterslescribingthe Lennard-Jonemteractions.

The excludedvolume parametergseeTable 1) arechosento ensurethat particlesdo not overlapone
anotherover the courseof a simulation. It is not necessaryo includea linker/linker excludedvolumeterm
becausé¢heelectrostaticepulsionbetweerDNA segmentsprovessuficientto preventoverlap.

Calculation of Forces

Thesystematidorceactingonthei*? particleis obtainedrom the gradientof the potentialenegy function
takenwith respecto the positionof theparticle:

fi=—-Vy,(Es+ Er+Ep+Ec+ Ey) (15)

or
£, =15 + 7 + 8 +£° + 1. (16)

Detailsof the calculationsaregivenbelow.

Stretching
Theforcedueto thestretchingpotentialis expresseds

£ = —h(S; — Si-1), (17)
where

o (lz — lo)ai fori e I
B = { (li — loyaPNA  fori € I, (18)
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Twisting

A changen thepositionof thei'? particleeffectsachangen thetorsions(c;_o +y;_2), (;_1 +7i—1) and
(c; + ;). Thetorsionalforceonthe;* particlecanbeexpresseds:

C
£ = Z_(Xi +& —xi-1—&i-1), (19)

wherethevectorsy; and¢; aregivenby

B (Oﬁil‘:'ﬁ) tan (0;/2) [cos a;jc; — sina;b;] forie I, (20)
. (©5%) tan (6;/2) [COS aje)™ — sin aibPNA] fori € L
and
& = W tan (B;1/2) [cosy;—1c; +siny;_1b;]  fori € I (21)
i (ailt%)_ tan (8;"/2) [cos ;i ePNA 4 Sin’)’;LbZDNA] fori € L.
For theenddisks, xo, {0, x~,&n = 0.
Bending
Theforce dueto the bendingpotentialis expresseds:
£F = —g(A4i — Ai_1 + Bi — Bi_1) (22)

wherethe A; and B; aregivenasfollows:

Bi(aj+1 — a; cos B;) /(I sin ;) fori,i+1el
A; = Bi (ai_+1 — a; cos ﬂz)/(lz sin ﬁz) fori+1€l, (23)
Bi (ai+1 — aPNA (e} ﬁz)/(lz sin ,31) fori e I,

and
Bi—1(a;—1 —ajcos fBi_1)/(l;sinfB;_1) fori,i —1 € I
Bi = ﬁi_l(aP_l\{A — a; Cos ,81_1)/(11 sinﬁi_l) fori—1¢ Ic (24)
B (a] — aPNA cos B;1) /(1 sin B;) fori € I..

For theenddisks, Ag, By, Ay, By = 0.

Electrostatics

The electrostatidorce, f©, actingon beadi is given by a sumof forcesdueto pairwiseinteractionsof the
form:

fc _ qune_ﬂsmn
mn

(25)

(KSmn + 1) [Sm — S"]

2
€Stan Smn

wherefS, representtheforceonbeadi dueto interactionof achagem (locatedon beadi) with chagen
(locatedon anothebead).Thechagesg,,, andg, arethechagesat positionss,, ands,,, respectiely. The
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vectorconnectingoositionrm to positionn is givenby s,,, —s,, ands,,,, = ||s,, — s, is thescalardistance.
Thetotal electrostatidorce actingon a givenbeadis:

£5=>"5 "0, (26)

mei ngi

wherethe notationm € i denoteghat summationoccursover all chagesthatareassociatedvith bead;.
Similarly, the notationn ¢ i denoteshe setof all chagesnotlocatedon bead:. Specifically DNA beads
have only onechage, positionedat the centerof the beadwhile corebeadshave seseralchageslocatedon
thesurfaceof thedisk.

Excluded Volume

Theexcludedvolumeforce, £}, actingon beadi is givenby:

c 13 7
gV _ FexkpT ¥ gj 12( 91 ) —6( a1 ) Citgk} (27)
9 A k=1 Tifjk} Tifjk} Ti{jk}

Jele

foralli € I; and

c 13 7
fZV _ kekaT Z i 12 ( o1 ) —6 < o1 > r{zk}]
91 i k=1 T{ik}j T{ik}j T{ik}j

JEL
c c 7
I k'exk'BT Z NZNZ 19 ( o9 )13 iy ( 09 ) I‘{U}{]l} (28)
o2 k=11=1 T{ik}{j1} T{ik}{j1} T{ig it}

J#i
Jel.

forall i € I-. Wheni is alinker bead(equation(27) the excludedvolumeforce comesrom the summation
interactionshetweenparticles the chageson the suriaceof eachcoredisk. Wheni is a coredisk (equa-
tion (28)), theforcecomedrom all pairwiseinteractionawith linker beadsandwith othercorepatrticles.

Calculation of Torques

Weexpresghesystemati¢orqueactingonbeadi by avectorof torquesactingin eachof thelocalcoordinate
directions,r; = {4, 7, 7¢; }-

Torqueon Linker Beads

The torqueon the linker DNA beadscomesfrom the elastictwisting potentialand actsonly in the a;
direction: o

Ta; = _l_(¢z - ¢i71)a Th; = Oa Te; = 07 (29)

where¢; = «; + +; is thetorsionalrotationaboutthe sgmentconnectingarticle; andi + 1.
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Torqueon Core Particles

Thetorqueactingon coreparticlesactsnot only in the a; direction,but alsoin the directionsof theb; and
c; local coordinatesThetotal torqueactingon a coreparticlecanbewritten asthe sumof severalterms:

T, = TiF + TiT + TiBa (30)

wherer/" is the torqueassociateavith contritutionsto the force f; which arenot appliedat the centerof
massof the particle. Additionaltorquesr! andr® areassociateavith thetorsionalandbendingpotentials.
Ther/" termis expressedn thefixedlaboratoryreferencdrameasfollows:

{rF ha =Y dl x £, (31)
J

wherethe summatioris over all contritutionsf/ to the force actingon the particlei € I.. Thevectord’
connectghe centerof the core particleto the locationof the actionof the force ff For electrostaticand
@(CIudedvolumeforceterms,df is givenby the positionof the chage onthesurfaceof thecore.For elastic
forcesarisingfrom linker stretchingbending,andtwisting, theforceis directedat d{ =r; — Tob; — Ww,C;

ord} = r; — r,b; + w,c;, dependingnwhethertheforcef; arisesfrom interactionwith the proceeding
or preceedingegment.Thetorquecanbe projectedontothelocal frameusing:

Tf; =a;- {TiF}laba Tblj =b; - {TiF}laba 75 =G {TzF}lab- (32)

Theadditionaltorqueassociateavith thetorsionalpotentialis expressedn thelaboratoryframeas:
{r{ o = sloi + il — sloi 1 + i 1Jay —
s(a; + ;) tan(B;"/2) [C?NA sin ;" + bPN cos a;"] +
s(ai—1 + vi-1) tan(8i—1/2) [—Ci_ sin<y;—1 + b; cos ’Yz‘—1] : (33)
whichis convertedto thelocal frameusing

Tao =8 {7 habs T, = bi - {7} hab, 7o = €i {7 hab- (34)

Thetorqueassociateavith the bendingpotential expressedn thelocal frame,is

B [Bi—18in0,
T, = — “(a;_1-¢;
a; g I Sll’lﬁifl ( 7—1 z)
i +
B B; DNA Bi—1 cos b,
T = —— (a; e — ————(a;_1 - ¢
[ ot
B B; DNA Bi1 )
T. = —L —(a; -b;) + = a;_1+b;cos0, —a;_1-a;sinb
ci g _Sinﬁj( 1 z) Slnﬂz‘—l( 2—1 7 o 1—1 7 o)

(35)
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Hydrodynamic I nteractions

For hydrodynamigourposesgore particlesare treatedas spheresandthe rotationalfrictional coeficients
arebeexpresseds:

£ai = fbi = fci = Swndgoreﬂ (36)
whered,r. is thehydrodynamicadiusof thecoreparticle.For thelinker beads¢,, is therotationalfriction
coeficientof DNA andcanbeexpresseds:

fai = 47r7]Ti2LlO> (37)

wherer,, = 1.2 nmis the hydrodynamiaadiusof DNA. Sincerotationoccursonly aboutthe a; axis for
linker beads{,, and¢,, areeffectively infinite.

Trandational hydrodynamics

The movementsof the variouscomponentsf the chromatinsystemarecoupledto oneanothetthroughthe
actionof the viscousmedium. This viscouscouplingis approximatedy incorporatingthe configuration-
dependentydrodynamidriction tensorinto thethe dynamicequationsasoutlinedbelow.

Sincethe beadsusedto representhe core particlesare larger thanthoseusedto representhe linker
DNA (seebelow), the hydrodynamidnteractiontensorfor nonidenticalsulunits, H, given by Garciaand
Bloomfield [6] canbe usedto calculatethe frictional interactiontensor The diffusion tensorusedin the
Browniandynamicsalgorithm(seebelow) is proportionato H:

D = kT H. (38)

For this N-beadsystemH isthe3N x 3N matrixwrittenas:

Hii Hip --- Hiy
Hyy Hy --- Hay
Hy: Hpye --- Hpyn

whereeachH;; isa3 x 3 matrix representingheinteractionbetweerthei** and;* beadsEachH;; can
be calculatedrom [6]:

(% I for i = j (samebead),
NP5
H;; = T 2 4 2 T (40)
( L > [(I + r”;”) + (e 5 p) (11 - r”;”ﬂ for i # j (differentbeads),
8mwnr;; T T 3 T

wherel is the3 x 3 identity matrix, p; is the beadradius,andy is the viscosity of the surroundingfluid.
We usea touching-beadnodelfor the linker DNA, andthussetthe linker beadhydrodynamicradiusto
pi = l,/2 = 1.5 nmfor i € I;. Thecoreparticleis treatedasa sphericabeadfor hydrodynamigurposes.
Yao etal. (1990)measurdhe translationaldiffusion coeficient of a core particle (octamerandwrapped
DNA) to beabout3.9 x 10~! cn? sec!. This allows usto calculatean effective hydrodynamiaadiusof
pi = 5.0 nmfor i € I, particleusingtherelation:

D = k}BT/ﬁﬂ"I]di. (41)
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We remarkthatthe volume of the sphericabeadwith this radiusis nearlyequalto the volumeof a disk of
radius6 nmandwidth 5 nm.

The Browniandynamics(BD) algorithm[7] requiresobtainingthe Choleslky factorizationH = LL”,
wherelL is alowertriangularmatrix. The entriesthe matrix L aregivenby:

1 o\2
(H” — Z;c:ll 112]) if 1= I

b=\ (Hy - Sl tad) [y 00>, (42)
0 if  4<j.

An alternatve to the Cholesly factorizationof H is to computethe randomforce vectorasan expansion
in termsof Chebyshe polynomials[8]. Our recentapplicationof this alternatve shaved reductionin
computationatompleity (roughlyfrom a cubicto quadraticdependencen systemsize),but the benefits
arerealizedon muchlargersystemghanusedhere[9].

Numerical M ethods

A givenconformatiorfor an N-beadsystemis specifiedby thesetof N local coordinatesystems{a}, b7,
c?}, andthe positionvectorr™, wherethe superscript: denoteqjuantitiesassociatedvith the difference
equationsat time nAt (At = time step, andthe vectorr™ € R3V is the collective positionvectorlisting
thethreeCartesiarcomponent®f eachvectorry in turn.

Rotational Transfor mations

To simulationthe dynamicsof the systemwe usea modifiedBD method[7] (seebelown) which involves
translatingandrotatingthe particlesin the systemby discretesteps.Rotationof an orthogonalcoordinate
systemat a constantangularvelocity over a finite time stepinvolves a transformationgovernedby the
following systemof lineardifferentialequations:

éi = wcibi — Wp; C;

bi = Wq;C; — We; 4

éi = Wp;a; — waibi (43)
where{w,, ,wp, , e, } arethethreecomponentsf theangularvelocity.

We definez; = (wq,? + wp, > + we,;2)/? and note that equation(43) hasconstantcoeficients for a
constantateof angularrotationandhasthe exactsolution:

a; (t + At) = 8a (ai (t)a bZ (t)a C; (t); Wa;, Wh;, We; s At)
b; (t + At) =8p (ai (t), b; (t), C; (t); Wa; > Wh; , We; s At)
C; (t + At) = 8¢ (ai (t)7 bz (t)7 C; (t)’ Wa; s Wh;y We; 3 At) (44)

whereAt is thefinite time stepandtherotationoperatorsga,, g, andg., aredefinedasfollows:

ga = > —5—(1 — cos z;At) + Yei gin ziAt| b;(t)

(wp;? + we,;?) cos z; At + waiZ] ai(t) + lwaiwbi
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+ [walwc’ (1 — cos z;At) — -At] ci(t)
Wa;Wh; (wa;2 + we,?) cos z; At + wy,?
g = |—5=(1—coszAt)— At a;(t) + : —— | b;(t)
Wh,; We;
+ [ 222 (1 — cos z;At) + Yai iy z,At] c;(t)
22 2
ge = |24(1 coszAL) + -At] ai(t) + | 2% (1 — cos z,At) — -At] bi()
2 2 2
Wa;” + wp;”) cos z; At + we,
- [( 4 h )Z2 ’ o ] ci(t)- (45)
K3

Brownian Dynamics Algorithm

We modify the second-ordeBD algorithm of Iniestaand Garciade la Torre [10] for translationaland
rotationalmotionsasfollows:

1. A first-orderestimateof the rotationalandtranslationatonfigurationupdateis made.Therotational
updateis calculatedy:

At

AQpT = & (TZ + ’r,"m)
AQyT = g (TIZ + 7';;)
AQ* = ?t (rm+ ), (46)

where {AQp*, AQ” *, AQ%*} denotefinite rotationsof the ith particleaboutits local coordinate
system{a}, b}, ”} The randomtorquesare chosefrom zero-mearGaussiardistributions with

variance
<T721T;Zz) = 2kBT &ai 57lm
<7-sz7-sz) = 2kBT é-b, 6nm
<T7Z4L:i7-7f?i> = 2kgT &c;0nm, 47)

whered,,,, is the Kroneler delta. Using equationg44) and (45) we rotatethe the local coordinate
systemsaccordingo:

afth" = g, (al, bl o'y O /AL Q" /AL QR [AL; At)
bt = g (af, bl o] QAL QT /AL QLT AL At)
T = g (a], b, ey QAL O /AL QL AL At) . (48)

The asterisksuperscriptagain denotesherethe first-orderestimate. The tilde notationis usedto
specify that theseestimatesof the coordinateaxes are madebasedon the rotation stepalone. A
further modification(describedbelow) of the local coordinateaxesis associatedvith thetranslation
stepdueto theconstrainthatthe DNA beadsotateonly aboutthea; axes.
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2. Thefirst-ordertranslationalipdateis givenby:

At

n+1,x n
r T=r" 4+
k‘BT

D" + w". (49)
wherew” denotesrandommove choserfrom aGaussianlistribution with zeromeanandcovariance
structure,

((w”)(wm)T) = 2At D"6m,. (50)

HereD" is the configuration-depert diffusion matrix calculatedor the configuratione™ andé,,.,
is theKroneler delta. Thevectorf™ is the systematidorce at the nth time step.

3. Toenforcetheconstrainthatthelinker DNA beadsarefreeto rotateonly aboutthea; axes,werecom-
putethelocal coordinatesystemsof the particlesafterthe positionvectorr™t1* hasbheencalculated.
Namely for all linker beadswe calculatea; accordingo its definitionin equation(1):

n+1,% n+1,x n+1,x n+1,% .
(riy " — o ) /e = | fori+1el
1
a?'f' ok — r”+1’* _ (bn+1,* 9 _ an+1,* in9 ) + cn+]_,* o I'”+1’*
i+l To\Dj 1 COSU, i+l SMUp) T WeC; i foritlel
||rn—|—1,* _ (bn—|—1,* 0. — an—|—1,* in@ ) + Cn—|—1,* - rn—|—1,*|| c
i+1 To\Djyp1 COSUp —a;4 1" SIMUp) T WoCj g i 51)

We thendefineda; = a?“’* — a"b* Sincewe requireall rotationsabouta; to vanish(for the

)

translatiorstep),the new displacementarecalculated4]:

b} = —(da} - byt )arth (52)
andthenb’?™"* = bI'"'* 4 §b¥. Thenb]™"* is determinedasthe componenbf b’} *"* perpen-
dicularto a't!* (seeFigurel):

m—+1,% m—+1,x n+1,%y _n+1,%
n+lx _ b — (b'; e )a; (53)
1 - n+1,% n+1,% n+1,%y _n+1% "
b’ — (b%; -a;)ay
Finally, c?“’* canbecalculatedrom the crossproduct:
bt = alth* e pl (54)

4. Thefirst-orderestimateof theconfiguratiorattime (n+1) At (givenby the positionvectorr™+1* and
thelocalcoordinatesystemga?*"* b '* ¢I*1*}) yieldsanestimateof theforcesandtorquesact-

ing attheendof then+1 time step. Theseforcesandtorquesdenotedy £ *-* and{ 771+, leni+1’*, (PR
areusedto constructanexplicit second-ordecoordinateupdate:

Thefinite rotationsaregiven by

At

N (R LR
At
n _ =" n n+1,% n
At
A = (R AR E (55)
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andthethepositionupdateis givenby:

rn—l—l — rn + 2kABtTDn(fn + fn—|—1,*) + wn_ (56)

Again,thelocal coordinatesystem®f the DNA beadsarerotatedaccordingo the procedureutlined
in equationg51)-(54).

Setup and M odel Parameters

We chosereasonabl@arametewaluesfrom the literaturewherever possible. Table 1 lists the elasticand
geometrigparametersisedin themodel. The electrostatiparametersliscussed@bove arederved basedn
a detailedanalysisof the solvatedcore particle[11]. A reasonablyacceptedraluefor the twisting enegy
constanis C = 3.0 x 10~'2 erg - nm[12], which correspondso a twisting persistencéengthof about
75 nm. The bendingrigidity constants calculatedrom equation(12) basedon the persistencéength of
DNA which is sethereto be 50 nm, which yieldsg = 6.9 x 10~!3 erg. This valueis consistenwith
recentmeasure®f the non-electrostaticontritution to the bendingrigidity (e.g.,the high-saltlimit of the
persistencéength)[13].

Excludedvolumeparameters, o9, andke, aretheonly free parametersisedin the model. We have
shavn [11] thatthe Debye-Hickel electrostatigqpotentialis accurateat distanceof greaterthan1l nm at
the salt concentratiorof C; = 0.05 M. Thus settingthe core/coreexcludedvolume distanceparameter
o2 = 2 nm, ensureshatthe potentialremainsfairly accurateandthe chagesarenot allowed to overlap.
The linker/coredistanceparameteis setto o; = 3 nm, to accountfor the approximateradiusof double
helicalDNA.
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