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Removal of DNA-bound proteins by DNA twisting
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We present a simple model of how local torsional stress in DNA can eject a DNA-bound protein. An
estimate of the torque* required to eject a typical DNA-bound protein is made through a two-state model of
the equilibrium between the bound and unbound states of the protein. For the familiar case of a nucleosome
octamer bound to double-stranded DNA, we find this critical torque to~®gT. More weakly bound
proteins and largé~kilobase loops of DNA are shown to be destabilized by smaller torques of only a few
kgT. We then use our model to estimate the maximum raRgg, at which a protein can be removed by a
transient source of twisting. We model twist strain propagation along DNA by simple dissipative dynamics in
order to estimat®,,,,. Given twist pulses of the type expected to be generated by RNA polymerase and DNA
gyrase, we findR,,,,~70 and 450 bp, respectively, for critical torques~e2kgT.
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[. INTRODUCTION SO as to be unable to rotate. The simplest and most obvious
casegFig. 1(a)] is the typical situation of a protein that binds
DNA inside the cell is found predominantly in the form of to some specific shot8—20 bp DNA sequence. Because of
double-stranded B-DNA, which consists of two polynucle-the defined shape of the protein that must interact with the
otide strands wrapped around each other in a right-handdadNA bases, the twist of the bound region is constrained. A
sense. In its relaxed form, the double helix has 10.5 basgather extreme example of this situation is the case of DNA
pairs per right-handed turn, and a contour length of 0.34 nm
per base pair. B-DNA's double-helical structure gives rise to ~—L—
a twist modulus The twist modulus of DNA leads to many

new phenomena including the supercoiling of DNA under oo a
torsional stres$1,2], twist dynamics[3,4], and twist trans- TC DXL (a)

port [5,6]. D
There are many mechanisms known that either constrain

or modify the twisting of DNA in the cell. Constraints on

DNA twisting are generated by any attachment of two points T C T

along the double helix to large cell structur@sg., nuclear Q t

envelope, or DNA-DNA connections that from DNA loops.
One particularly well-known example of the class of cellular
machines that actively change DNA twisting is RNA poly-
merase, which is known to generate positive twistioger- T C o> r\',\’:l (b)
twisting) upstream of transcription, and compensating nega-

tive twisting downstreani7]. A second example of a twist- 8
modifying enzyme is DNA gyrase, a bacterial enzyme that L A
breaks double helix DNA and then passes DNA through it- ot
self, changing DNA linking number by-2 for each cycle of D
the enzyme.

This paper will examine the interplay between twisting of
DNA generated by active DNA-twisting enzymes, and the
stability of proteins that, in their binding to DNA, constrain
DNA twist. Our aim will be to estimate conditions under

which twist-constraining proteins bound to DNA can .be r.e'excess twist is compensated by the protein-binding free energy
moved by torque. Our general appr(_)ach will be to Slmpl_lfyBut for 7= 7* the protein-DNA complex dissociates sin&& can
the treatmenF _Of the DNA conforma_tlons, f?‘”?' to 'afge'Y 19" pe lowered by spreading out the extra twist strain over the remain-
nore the partition of I|_nk|ng n_umber mpo twisting and writh- ing length D. In nucleosomesD is the length of DNA wrapped
ing [1]. Instead we will consider relatively short DNA seg- around the histone corés) DNA-bound protein captures length
ments where DNA twist and linking number will be treated of pNA in a loop. Since the length of the loop is much bigger
essentially interchangeably. (typically 1 Kb) than the protein-DNA interaction region, we expect

Figure 1 shows examples of DNA-protein structuresa lower 7* than above. The lac repressor bound to DNA is an
where DNA twisting is constrained. Torques are imagined tGexample. The heavy arrows {) and (b) signify that the dissoci-
be applied at the left-hand side of the structures shown, anated state of the DNA-protein complex is more favored when
at the right-hand side, the DNA is imagined to be anchored=r*.

FIG. 1. Ejection of DNA-bound proteifoval) by applied torque
7 for different DNA-protein binding geometrie¢a) Length D of
DNA is used up when protein binds; the remaining lengthD
must absorb the imposed twist strain sif2éas its twist fixed to
10.5 bp/turn. Forr<7*, inability of D bp to absorb some of the
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bound to the octamer of histone proteins in the nucleosomevist pulse based on local balance of torques produced by the
where 146 bp of DNA are twist constraing8l. In this case, viscous drag of the medium and the local twist elastic strain.
one can imagine that an applied torque has to be quite large Secs. IlIC and IlID, we present results for two types of
to change the equilibrium in favor of the protein being dis-initial twist perturbations that either conserve linking number
sociated, since the free energy of binding of such proteins i8S is appropriate for RNA polymerase, or change linking
typically 10kgT—20kgT. On the other hand, one might number as in DNA gyrase. Finally, in Sec. Ill E, we use our
imagine the DNA to respond by partially unbinding from the tWist-propagation results to estimate the rafye, for pro-

proteins, possibly leading to gradual transfer of twhsbugh tein removal. Our main result is that pulses of torque gener-
a protein-DNA complex9]. ated by cell machinery will be able to locally remove rela-

Figure Xb) shows a variation of the first case, where atively_weakly bound proteins, but not disrupt strongly bound
DNA loop is formed by interaction of one protefar protein ~ Protein structures such as nucleosomes.
compleX with two (or more DNA sites. There are many
examples known where loops of thousands of bases of DNA II. DRIVING PROTEINS OFF DNA WITH APPLIED

are stabilized in this manner, for example, the bacterial lac- TORQUE
repressor protein complex, and DNA loop-protein complexes ) ) . . ,
formed by other transcription factof40]. DNA loops are In this section, we analyze the stability of a protein which,

also hypothesized to be stabilized by chromosome-folding/nen bound to DNA, constrains DNA twigFig. 1. We
protein complexes such as SMC elemditts]. In all these ~consider a segment of DNA of length the ends of which
cases, one can imagine that the binding of the DNA loot@" Pe subject to a total twi€d. In between the ends, we
could be controlled by either static or transient torsionalSUPPOS€ @ protein may be bound by binding free engrgy
stress. In the case of twisting generated by RNA polymerasé!d€al-gas entropy of the proteins in solution is included in
this would provide an example of transcription-generated?): WWhen bound, we suppose that the protein constrains the

chromosome “remodeling,” and could be part of regulation Wist of @ lengthD of DNA to be the equilibrium DNA

of genes near the transcription Sfg. twisting (constraint of twist to a different value is a straight-
Another situation close to that shown in Figblis the forward generalization .
binding of a double-stranded DNAISDNA) to a surface; The lengthD of DNA with fixed linkage may be the linear

twisting DNA on either side of this binding site could then S€duence of base pairs covered up by the protein when it
drive unbinding. If the binding surface is fixed in spdeeg., ~ °inds to DNA[Fig. @], or, in the case of a protein that can
the nuclear envelope or some other large cell struptime ~ Simultaneously bind two different parts of a single DNA

far end of the DNA need not be constrained in order for thenlecule and form a loopD is the contour length of the
twisting to drive unbinding of the DNA. loop. We note that a loop-forming protein need not necessar-

In Sec. Il of this paper, we estimate the static torque neclly bind both strands of the double helix at each of the two

essary to free a DNA-bound protein that constrains DNADNA binding sites to constrain DNA twist; indeed, two
twist over some contour length, such as a histone octamejngle-strand protein-DNA a_lttachments are sufficient to fix
core wrapped around DNA as in chromatin. We do this byt"€ topology of the intervening DNA.
using a simple two-state model of the equilibrium between a e take the twisting energy of bare DNA to be
protein-DNA complex, and dissociated protein “bare”
DNA. Roughly speaking, dissociation occurs when the re- iz E - S(%
duction in twist elastic energy realized by protein release is keT 2 Jo ds
comparable to the binding free energy. This computation is
analogous to the release of proteins that bind DNA “loops”whereC is the twist persistence length of DNA, which has
expected to occur when the DNA is put under linear tensiorbeen determined to be between 75 and 100 nm from super-
[12]. coiling and micromanipulation experiments,13]. The ex-

In Sec. lll we apply our static results to study how tran-cess local twist angl@(s) is measured relative to the equi-
sient twist-strain perturbations injected at one point along aibrium DNA twisting (i.e., the elastic equilibrium state is

DNA affect proteins bound some distance away. We investidg/ds=0). The total twisting angle along the bare DNA is
gate how the subsequent twist-strain relaxation will affect the

ability of distant proteins to bind to DNA. The dissipating L deo

twist pulse will propagate out from the origin of the strain 0= dsgg- 2
and at each point along the DNA contour that the pulse visits 0

a finite amount of torque will be generated. If a protein is
bound some distance away from the source of the strain, th
raises the question: at a given location on the DNA molecule,

will the twist pulse produce large enough torques to dislodge E _ 392_ 3)

2

, (€

éssuming uniform twisting, the twist energy is simply

a bound protein? keT 2L

In Sec. IllA, we describe the proteins RNA polymerase
and DNA-gyrase, two prominent examples of torque- If our protein is bound, the twisting imposed at the DNA
producing protein machines. In Sec. Il B, we describe theends must be made up by the remaining lerigthD of free
simplest model for the spreading of an initially localized DNA, since a lengthD stuck to the protein has itd6/ds
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fixed at zero. Equilibrium between the bound and unbound 1.2
states is described by the fixed-twist partition function 1
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wheren=0 stands for the protein removed from the DNA o 0.2
and free to move about in the solution ane 1 stands for a 0

the protein complexed with DNA. 0 2 46 81012

In the absence of imposed torquethe binding free en-
ergy p will favor protein attachment to DNA. With external
twist, there is competition between the lower twist energy of
the protein-off state {=0) due to the additional lengtD
released by the dissociated protein, versus the gain of bind-
ing free energyu in the protein-bound statenE&1). The
critical torque valuer* at which these contributions balance
can be roughly estimated from E@t) to be

7 =\2kgTCID, (5)

which, for a u of 20kgT (for a nucleosome and D 0 2 46 81012
— H *
=150bp, glves_a- of about 9(!3T‘ FIG. 2. The probability for a DNA-bound protein to remain
_ The _probab|I|ty for _the protein to be unbound as a func—bounol as applied torquén keT units) is ramped up in a two-state
tion of imposed twist is model of DNA-protein complexa and the corresponding twist-
1 torque distributionb). (a) We consider two cases: a single nucleo-
1+exd — A_E 6) some particle(line-squarg with D=150bp, L=170bp, andu
kgT ' =20kgT and a DNA-bound loop forming proteifine-circle) with
D =1000 bp,L=1500 bp, ang.=20kgT. The larger stored length
where AE=E,,—E and the torqué 7)= —kgTdq In Z(O) of the loop favors dissociation of the complex at lower torques,

Torque kgT

Average Twist

Poi(0) =

is which happens at* ~3kgT. In comparison, the stored lengihis
much smaller for nucleosomes, implying a largérof ~9kgT. In
(1) co each case, the DNA-protein complex becomes unstable in a narrow
——=————[L-DP(O)]. (7) region of widthA 7~ 1kgT. (b) The corresponding twist-torque iso-
keT L(L—D) therms are linear away from* with different slopes above and

. . below 7. Near7*, the sudden step from one linear regime to the
We want to _Calcula_lte the critical torque* requ!re_d to . other corresponds to strong fluctuations between protein-on and
remove a protein that is already bound to DNA. This is easilyygtein-off states. Above* , we recover the twist elasticity of bare

done in the fixed torque ensemble. Thdependent partition pnA. We have used qu~20kgT for loops to demonstrate the
function is reduction in7* for increasing amounts of stored frozen twist. In
practice, the loop formation free energy will be much lowsee

+oo 70 *
E(T):J_w 40 Z(e)exr<k8_-|-)- ®) t:eét())ost?p.that our 7 clearly represents an upper boun@.
The average twistO)=d,In E(7) in this ensemble is related flip-flop in solution. The DNA-surface connection closer to
to the applied torque by the source of torsional stress will unbind at a torque de-
scribed by the above theory.
T In Fig. 2 we show results for two cases where a DNA-
(0)= W[L_Dpon(T)]u (9 binding protein constrains the twist of some region of the

substrate DNA. The square-line curves concern nucleo-
somes, where the DNA that directly contacts the positively

where charged histone octamer surface has its twist frozen. Figure
P.(7)=(y27(L—D)/C) 2(a) (square-ling shows the probability?,(7) for a histone
on octamer to remain bound to the DNA when a torgués
X exf u/kg T+ (L—D)7%/2C(kgT)2)/E (7). applied. In a region of width=1kgT centered around*

~9kgT, the protein occupation probability drops from 1 to
Our theory also applies to the case where torque is applied. This is our estimate for the nucleosome destabilization
to one end of a DNA molecule that is pinned to a surface atorque, and agrees with E¢p). Our calculation was done for
two places separated by a lenddhof DNA, whose twist is DNA~200 bp long with 150 bp in direct contact with the
fixed, even while the end with no applied torque is free tooctamer, in the form of approximately 1.75 turns of the
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double helix around the disk-shaped histone d@k We  evolution of initially localized twist distortions, whergLk
ignore, in our simple model, the protein histadé that acts =0 andALk+0, relevant to the action of RNA polymerase

a ramp for the overhanging DNA to pass over when it com-and gyrase, respectively. In Sec. Il E we use these results to
pletes(or enters its turns over the octameric protein core. numerically obtain estimates fd
The binding free energy of each nucleosome is taken to be

~20kgT (roughly, the enthalpy of nucleosome binding as

measured in physiological 0.4 univalent salt solution A. Actions of DNA-twist-modifying enzymes
[14]).

The dot-line curves of Fig. 2 concern loop-forming pro-
teins. Such proteins can store a lot of DNA with frozen twist  Many of the DNA-processing machines inside cells may
without requiring a largeu since the actual protein-DNA be able to generate initially localized twist “packets.” To
interaction region is only a few to 10 bp in length. For in- consider a concrete example, it is known that RNA poly-
stance, the binding affinity of lac repressor4s10° m™*  merase(RNAP) tracks along the DNA double helix during
[15] and cro repressor is=10'2 m~* [15]. Each protein transcription, producing a net positive linking number
upon binding typically uses up 1000 bp of DNAinthe loop  pyildup ahead of the enzyme, and a balancing net negative
[10]. In comparison to nucleosomes, since much more lengthinking number deficit behind if7]. If we consider a single
D of stored DNA can be released at a lower cpstwe  step of the enzyme, the burst of twisting generated ahead and
expect that the protein-DNA complex will become unstablepehind the RNAP will spread out over the length of DNA
at a lowerr. Indeed, even whep is kept fixed at 2BsT in and eventually settle down to a value consistent with the
Fig. 2a) (dot-line), Poy(7) jumps from 1 to O at around™  molecule boundary conditions. The dynamics of the twist
~3kgT for L=1500 bp andD = 1000 bp. packet is determined by balance of the local elastic strain and

Corresponding to each of the two cases considered abovghe dissipative torque of the surrounding medium.
in Fig. 2(b), we show the associated equilibrium twist-torque  RNAP transcribes the coding strand of DNA into mRNA.
response curvesquare-line for nucleosome and dot-line for Transcription involves processive motion of RNAP. Continu-
loop). Away from 7%, (©) evolves linearly withr. Close to  ous motion for thousands of bp has been obsefd@l If
7, fluctuations of the protein on or off the DN#protein  the polymerase is immobilized on a surface, the DNA will
complex give rise to a steplike torque response with a widthhread through the polymerase thereby undergoing rotation
A7=1kgT. Beyondr*, the protein on or off come off the relative to the fixed transcription machindi6]. In vivo, it
DNA and we recover the twist elasticity of bare DNA. is not known with certainity whether the DNA molecule ro-

The computed critical torque is insensitive toover a  tates relative to the polymerase or vice versa. However, since
wide range of choices fol: a tenfold change ih leads to  the Stokes radius of RNAP is~10 nm, it has considerable
<10% shiftup in7*. The twist-torque response curves showdrag in water. Moreover, the nascent mRNA and, in some
a more pronounced dependence on the total DNA lengthgases the translation machinery attached to the mRNA, in-
reflecting a change in the distribution of twist with increasingcreases the molecule’s effective hydrodynamic radius,
L. For the same tenfold jump ib, the two segments of the thereby suggesting thain vivo too, the DNA must rotate
response curve merge with one another approaching the limielative to the transcribing RNAP complex.
of uniform distribution of twist over a linear segment of  The step size for RNAP is thought to bel bp so that the
DNA. The critical torquer*, on the other hand, is still well end of the DNA molecule is rotated by a fullz2in 10.5
described by Eq(5) for long DNA segments so that only steps. One turn is transcribed in 0.1 s or, in other words,
small corrections ta™* are needed wheh— oo, ~100 bp are transcribed in 1 s. For every radian transcribed,
1.7 NTP’s are hydrolyzed so that a torque=efLOkgT per
radian may well be generatg@t present, only the force-
generating capability of RNA polymerase is precisely known

The previous section presented an equilibrium calculatio17]). Since RNA polymerase melts DNA locally during
that gives an estimate for the torque at which release of &anscription, some of the torque generated by processive
protein that constrains DNA twisting becomes thermody-transcription goes into locally opening the double helix. Re-
namically favorable. We now consider the dynamical prob-cent micromechanical experiments have shown that direct
lem of propagation of twist along a DNA to address theapplication of unwinding torque- 2kgT is sufficient to sepa-
guestion of whether it is feasible faransienttorque pulses rate the two strandgl8-21].
injected at one point into dsDNA to remove proteins at a As the DNA threads through the polymerasee Fig.
second, distant point. 3(a)], base pairs near the entrance to the RNAP complex are

In this section, we study the spreading dynamics of such alightly overtwisted[7]. Since the net linking number does
twist packet and use the result to estimate the range to whichot change during transcriptiofthe sugar-phosphate back-
sufficient torque is propagated that a bound protein can bbone remains intagt a compensating undertwisted region
knocked off DNA. In Sec. Il A we discuss twist distortions develops where the DNA exits the transcribing RNAP mol-
introduced by two DNA-modifying protein “machines,” ecule. Since the polymerase transcribes processively, it will
RNA polymerase, and DNA gyrase. Then, in Sec. Il B, weinject a twist strain with every step along the DNA. Because
describe the model for twist propagation along a DNA. Inthe time to complete one step4g0.1 s while the character-
Secs. IlIC and Il1D, we examine simple solutions for time istic time for twist strain decay is=10 °s (see beloy, we

max-

1. RNA polymerase

Ill. DYNAMICS OF DNA TWISTING
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can consider the evolution of each individual pulse in isola-
tion.

e
Q\,\’\\\z’\’,\’: cee 2. DNA gyrase
The topoisomerase DNA gyrase uses stored en@gp)

0
to change the linking number of closed dsDNA by2 per
s 8 enzyme cycle. Gyrase, found in bacterial cells, is thought to
- i - be present in order to untwist the double helix so that open-
ing of the double helix for initiation of transcription is made

energetically more favorable. The linking number change
caused by a single gyrase step initially generates twist strain

T
localized to a region a few tens of bp in length. As for the
S ;o case of RNAP, the initial twist distribution will then relax to
- o

- S —

. its final state. The total energy expended per cycle of gyrase
is ~24kgT (two ATPs are hydrolyzed indicating that the
torque imparted to the DNA molecule can be as large as

The structural mechanism by which gyrase catalyzes the
+ + . Eﬂptology—changingfrgiltfot\ion is nott)_ug.derstoodt. It is th(()ju%htt
at a sequence o -gyrase binding events is needed to
_/.,./\//}//\/:}C\l complete the reaction. It has been propoE2#] that after
gyrase binds to the DNA, it first waits for a DNA conforma-
<:|_so-> . tional fluctuation that bends a segment of the polymer over
" vee itself in such a manner that a part of the DNA gets stuck to a

Mf-\’ temporarily open domain or gate of gyrase multimer; then a

second fluctuation similarly constrains another DNA seg-

ment. This segment is then allowed to spontaneously disso-

© +6, ciate from the gyrase followed by the closing of the gate

‘ — thereby preventing thermally driven unbinding of first
S S

-

=0 trapped segment. Next, gyrase introduces two nicks into the
DNA to which it is bound and passes the closed trapped
-6, =S segment through the double-nicked DNA. This is followed
T by resealing of the breaks. Then the writhe introduced by
gyrase gets converted into twist and propagates out through
the first bent region of the DNA. The initial state that we will
S consider is, therefore, one where the DNA twist angle
“steps” by 4 over a few tens of base pairs. Below, we
assume full interconversion of writhe into twist once either
of these enzymes catalyzes one reaction step.

Thus, RNA polymerase is likely able to produce large
torques in DNA(i.e., more than enough to denaturg While
DNA gyrase is likely generating much lower peak torques,

FIG. 3. Initial twist perturbations introduced by two eXampleS of near to thew 2kBT threshold for Separa“ng DNA Strands
protein Wrenches, in absence of DNA SUperCOm@RNA p0|y- However’ gyrase expends up to thce the total Stored energy

merase. Attachment of RNARWCIE) to DNA deforms DNA pro- as does RNA polymerase per reaction E(i@, two ATPs vs.
ducing twist strain. The strair(s,0), confined tes, bp, consists of  gne ATP, respectively

increasing overtwist as we approach from the left, peaking at strain

amplituded, and then undertwisting back to its equilibrium value: B. Spreading of twist distortions
6(s,0)=0. Joint production of under twisting and overtwisting
meansALK =0, always. Sincer(s,t) is proportional to strain gra-

dient, two domains of oppositely directed torques arise. Arrow in-"" . .
dicates direction of motion of RNARb) DNA Gyrase. In this gions both upstream and downstream from the point where it

model of gyrase, the DNA starts off withk=6 (six +'s, ignoring 1S inserted. This spreading of a twist pa_cket is governed b_y
the rest of the moleculeWhen gyrasécircle) binds, two twists are the local bgla_nce_ of torque produced by m'FernaI elastic strain
taken out near the binding site-’s more spread out near gyrase and the dissipative torque that the medium exerts on the
Without the time to adjust to the new equilibrium twist fok=4,  twisted part of DNA. Followind 3], consider DNA to be an
the DNA is under-rotated by- 6, near the gyrase and over-rotated, €lastic cylinder so that the internal elastic torque at posgion
by the same amount, close to the other émHere twist rate is still due to a given twist strain is proportional to the strairs.dt
consistent withLk=6). The strain switches from under-rotation to 6(S,t) is the excessangle, in excess of B-DNA twist, be-
over-rotation in a region of widtk, bp. For both RNA polymerase tween a base pair and its nearest neighbor at positimd

and DNA gyrase, our dynamics will quickly forget the exact shapetime t then the net torque exerted on a short segment of DNA
of the initial condition. of lengthAs by internal elastic restoring forces is

(b)

O (A
i

An initially localized twist distortion in dsDNA will
spread along the length of DNA and induce twisting in re-
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920 Spreading of an angle pulse
A Tinterna= kBTCEZAS (10 We consider a simple case of the dissipative spreading of

a twist distortion consisting of a small region of a DNA
while the torque exerted by the drag force on the same crossiolecule that has its twisting shifted from the relaxed
section is B-DNA structure. The base pairs can be brought back into
register after the protein either unbinds from the DNA or
releases the distortion into the polymer without necessarily
coming off the DNA. We imagine that the starting pulse has
a Gaussian shagé€ig. 3a)]

Here { is the rotational drag coefficient per length of the
cylindrical dsDNA. The rotational drag coefficient per length 0(s,0)= 006752/233_ (13)
for a cylinder of radiusa is {g=4mna? [3], where7 is the
viscosity of the surrounding fluid.

In equilibrium, A Tiema™ A Tviscous  Which gives the
equation of motion for twist:

00
A Tyiscous™ gRE As. (11

This initial condition has the portion of the molecule of
width sy centered around=0 twisted by abou#,. DNA-
binding proteins routinely apply sufficient force to the
double helix to pullsy= 10 bp regions out of joint by=1 rad.

(12) The elastic torque is justg T Co6/ds, and thus the initial
condition has opposite elastic torques on opposite sides of
s=0. Therefore, this simple initial condition is roughly ap-

ghe tWi.St tra?spcci)_g cqefficientt igt:CgBT/ gRH D t?]asf the plicable to the initial twist pulse introduced by a RNAP step.
imensions of a diffusion constant, and Et) has the form Jhe initial elastic torques have maximum amplitude

oLa dlffusmg Tqua.thnt,. bu;lnotg thafc thti dyggxlcsdc.iescr:‘be +0.7&kgTC6Hy/sq. For one step of RNA polymerase, we con-
above are deterministic. Fiugging in the radiusaot — giger an initial state witlsg=10 nm (30 bp and 6,=1 rad,
=1 nm, the twist persistence length= 100 nm, the viscos- giving peak torques- 10k T

. _ 73 . .

ity of Wa“?r 7=10 _Pas, and assuming room temperature, Given the initial condition(13), the angle time evolution
we obtain a twist transport coefficient ofD~3 generated by Eq12) is just

x10"8m?/s. In base pair units, this is about 2.5 '
X 10 bp?/s. Therefore, in a few microseconds, a twist pulse

30 Da20
gt s

spreads about a kilobase along a double helix. 0(s.t)= foSo extl — s2/(2[ 2+ 2Dt 14
We can estimate the typical rang&, ., to which we ex- (st Vss+ 2Dt A (2lsy Di- (4

pect the decaying twist strain to spread and produce torques
7 large enough to destabilize a protein-DNA complex byThe corresponding elastic torque in the DNA is
Rmax™~ Vks TC6pSo/ 7, wheres, is the length over which the
disturbance is initially spread ané, is the starting strain 90 kgTCl,S,
magnitude. From Sec. Il, a~5kgT is what is needed to kBTCa—zz—yzsexp[—sz/(Z[ngr 2Dt])}.
take apart a protein-DNA complex. If we takig~1 rad, C S [sp+2Dt]
~100nm, y~1 rad andsy~1 mm, we get arR~10 nm.

We have ignored the three-dimensional shape of the DNA
molecule in arriving at Eq(12). Other authors have con-
structed theories including writhe dynami¢23,24], and

(15

Figure 4a) shows a plot of Eq(14) for different fixed
times, given our proposed RNA polymerase pulse initial con-

considered effects of permanent bends in dsOBjaboth of ~ dition, with $o=30 bp (10 nm, f,=1rad,C=100nm, and
these effects will play a role in the propagation of twist over? — 310~ m®/s. We note thazt the energy stored in the ini-
long distances along DNA. Below, we analyze the dynamicdial twist distortion 'S\/;kBTCQOM'SO:A'AkBT'_a fraction of

of temporary twist perturbations in shdgt most a few per- the total energy released in an RNAP reaction step.
sistence lengthsDNA segments for which we can ignore the ~ The width increases ast while the height falls off as
contribution of writhe(the 3D conformation of the DNA  1/\t. In Fig. 4(b) we plot the torquer(s,t) =kgTCa6/Js at

molecule to its global topology. fixed times. The torque drops off as the pulse spreads, on a
short time scale=1 nm. In Sec. Il E we will discuss how we
C. Dynamics of twist packet with ALk =0 estimateR,,y, the maximum distance to which the torque

) . ] . . ~can propagate with sufficient amplitude to destabilize a
Twist strains with netALk=0 arise during the transcrip- pound protein, from our torque calculation.

tion of DNA by RNA polymerase, or in general, by any
DNA-binding protein that locally distorts the double helix
locally, without introducing breaks in the sugar-phosphate
backbone. As a model of these kinds of distortions, we con- Twist strains may arise from a topology-changing event,
sider initial conditions wher@= 0 far away from the region such as the action of DNA gyrase, which changes the linking
where the twist is initially distorted. We consider the interior number of DNA. We consider this topology change to be
of a DNA sufficiently long that boundary conditions do not concentrated in DNA twisting, so that the DNA twist angle
need to be specified. jumps from— 6, to + 6, over a contour length of abosy:

D. Dynamics of twist packet with (ALk #0)
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W 10 number change of-2 corresponds t@,=2. Figure 3b)
g 1 (@ ) sketches this initial condition. The elastic energy of this ini-
508 e 5 tial state is kgTCO3/\msy~22kgT (for sy=300bp, C
£ 06 f 0 =300 bp, again less than the total stored energy released in
S 0.4 5 the enzyme catalytic cycle.
% 0.2 e 5 The initial twist state given above has a simple time evo-

' lution:

0 -10

120 60 0 60 120 120 60 O 60 120
s (base pairs) s (base pairs) B(s.t)= [( 2 ) 1/2 1 fs dxexp[ x2/(2[52
)= Vo T - 0

] 6 7] sj+2Dt ) -«
8 4 @] 5 (d
5 2 '@4 +2Dt])}—1l. (17)
-:>—§ 0 e 3
T 2 4
@ -4 e 2 // | The elastic torque is also easily computed to be
g 1 \

8

0 a0 kgTC6y
-1500 -500 500 1500 -1500 -500 500 1500 ke TC— = (V2/mr) ———22_ exp! — s2/(2[ s2+ 2DtY.
s (base pairs) s (base pairs) B Js ( )\/sg—i— 2Dt p{ ( [ 0 ])}

18
FIG. 4. Dynamical twist and torque dissipation fidt k=0 (a) (18
and(b) ano_IALks_éO (c) a_nd(d), respectively. The mol_ecule is 1000 Figures 4c) and 4d) show 6(s,t) and 7(s,t) for the param-
bp long with twist persistence leng®=300 bp. Twist transport etersf,= 27 ands,= 300 bp, suitable to describe DNA gy-

coefficient D=2.5x 10bp?/s. (a) Initial Gaussian angle pulse - . ok w "
(solid-thin; s;=30bp andf,=1rad decays symmetrically about rase. The initially confined twist "step broadertrs\/f.

the origin. By 0.5 ns(dashed the pulse can deliver a torque of ) .
3kgT no farther than 59 bp. Beyond 1.9 itsolid-thick), strain E. How far from a twist pulse source can a protein
pulse amplitude can no longer generate3kgT anywhere on the be removed from DNA?

DNA. Strain eventually decays to zero throughout the molecb)e. To understand what biological implications of propagat-

Torque_ produced by angle_pulge as a function of position alonqng twist are, we compute, in this section, the maximum
DNA ('n. bp_) fo.r t=0ns (.S°“d'th'n)’ 0.5 ns.(daShe.w’ and 1.9 ns distanceR,,,, to which twist can spread out and still produce
(solid-thick; 7 is proportional to the strain gradient(s,0) has torque levels sufficient to dislodge bound proteins. We are

I f isti isti igh . - . . . A
fc?r:i e Z?:Jjgfo Owitl;lnsl: ;tl(vizti‘giﬂ.)r irldkgvse rr:\;v('jggﬁ é;lgtht)e interested in the distant production of torsion similar in mag-
' T ! Jitude to, for instance, the equilibrium torque needed to

torque front has simultaneously broadened and lost amplitude, fi ; L
ing the range to which=3ksT can be delivered to 59 bp. By ~ Straighten out a looped domain in the DNA-8kgT) or,

=1.9ns, torque front amplitude has everywhere slipped betow P€rhaps, torques large enough to remove the histone core
=3kgT. (c) At t=0 (solid-thin), the steplike strain on DNA starts Proteins from the nucleosome=@kpT). We solve forRpqx
from under-rotated by, =2 rad on the left to over-rotated byr2 ~ from Eq. (15 or Eq.(18) with 7 set to, for instance, k&T.
on the right, in a regiors,=300 bp. Byt=100 ns(dashed, the It must be noted that to obtalR,,, we compare an equi-
traveling strain has broadened but also lost amplitude, being able tdbrium torque estimate with dynamical torqu#5) or (18).
deliver a torque of BgT~ 280 bp away from the origin. After300  We, therefore, assume that the bound structure is able to
ns (solid-thick) from the start, the strain cannot generat8kgT of  equilibrate on the time scale of the pulse dwell timesat
torsion anywhere on the moleculel) Torque corresponding )  =R,,. For tightly bound structures, it is possible that even
att=0 (solid-thin), 100(dashed, and 300 ngsolid-thick. Initially,  very large transient torques Bt,,, will not be able to effect
the torque is Gaussian with peak-ebkgT and width~300 bp. By  ynbinding since the torque will not persist there long enough
100 ns(dashed the applied torque=3kgT as far as 280 bp from  for dissociation to occur. OuR,, estimates are, therefore,
th_e orig_in, in either direction. At=300 ns(solid-thick), the  am- upper bounds.
plitude is everywhere belowk3T (dashedl In Fig. 4b) and 4d), we plot the induced torque front
generated by propagating twist fal k=0 andALk= —2,
1 0 A respectively. The startind\Lk=0 and ALk=—2 pulses
o2n fﬁwdxexp[[—(erx) 12sg] have peak torques-6.0kgT and ~5kgT. Since the twist
0 evolution is dissipative, these torques present upper bounds
to how much torsion the twist pulses can later generate. For
. (16) both RNAP and gyrase, these torques are insufficient to dis-
rupt nucleosome structure. We therefore considgg, for
the lower threshold* ~3kgT, our estimate of the torque
This expression may be written in terms of error functions,needed to open DNA loops. Since melting DNA requires
but keeping it in this integral form makes it more clearly atorques~2kgT, we also consider how far propagating twist
solution of Eq.(12). For the case of DNA gyrase, the linking can produce sustained torques large enough to open single-

0(s,0)= 0,

—exd —(s—x)%/2s3]}—1
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greater spread the pulse cannot deliver torques larger than
[ _ - v 3kgT any farther than at=0. As a result, the torque pulse

\ [Fig. 4(d)] producesr<7* in an ever-shrinking interval

1 around the origin. On the other hand, wheh=2kgT, Ryax

I is unimodal. At the start, torques 7* are produced up to
1

I

I
an
o

\

|

w
o
o

~400 bp away. As the strain relaxes through the molecule,
Rmaxincreases to a maximum ef450 bp in 300 ns and then
rapidly falls to O in another 700 ns.

0 N L . For angle pulse evolutionALk=0), R, Satisfies

2 -1 01 2 3
log 10 (Time (ns)) In Rmax_(

—
n
(o]

Rmax in base pairs

2
max

(r*(s§+ 2Dt)%?
2(s5+2Dt)|

Cysg ) (20)
FIG. 5. Rhax VS logyg (t in ng) for critical torquer =3kgT when . . . .

ALK=0 (solicifin andA LK 0 (solic-thick and* — 2k.T when TS 1S Used 0 pIOR against logo (time in ng for *
ALk=0 (dashed-thinandALk= — 2 (dashed-thick All parameter :,3kBT (F'g' 5, solid-thin gn_d T =2kgT (Fig. 5, dasheq-
choices as in Fig. 4. For RNAP7t=3kgT), the strain(s,  thin). For 7*=3KkgT, Rpais initially ~55 bp, reaching its
=300bp, 6,=1 rad initially builds up a torque=7* up to 57 bp peak of~60 bp in about 0.5 ns, th_ereafter decaying to O in
but as it spreads and loses height it cannot create such torqué§iother 0.5 ns. For the lower melting torqi,s,=65 bp at
beyond 59 bp. The pulse need®.5 ms to generate torque this far. t=0, rises to=72 bp in~1.7 ns and, in another 2 ns, falls to
In ~2 ns, torque is below* at all points on the DNA so that Rpa—=0bp.
Rmax=0. When7* =2kgT, Ry att=0 is 65 bp, peaking at 72.3 Our results indicate that, with no barriers to the twist re-
bp in 1.7 ns and decaying to 0 in anothe2 ns. Gyrase(r* laxation considered here, RNA polymerase will generate
=3kgT, 5o=300bp, §,=2 rad) at first generates torsica 7* up  transient twist pulses that decay below the levels necessary
to ~300 bp, asymmetrically about the origin. Bur it takes only to alter even loosely bound proteins ovel ns time scales.
another 200 ns for the maximum torque pulse height to slip belowrhis is probably too short for even weakly bound proteins to
7™ =3kgT, i.e., Rma=0. For 7* =2KkgT, initial Ry, is ~400 bp.  respond. On the other hand, we find that DNA gyrase may be
With increasing pulse widtR,,, begins to rise eventually reaching gple to remove weakly bound proteins with torque pulses
a maximum of~450 bp in~300 ns. In the next 700 ns, the torque lasting up to~100 ns, and acting up to roughly 300 bp away.
envelope becomes flatter, tending to push torque farther, but not fagthis difference stems from the larger and more extended

enough to offset the rapid loss of pulse amplitude, the net effect iiia| angle pulse, and of course the larger initial stored en-
being a steady decreaseRy,,. It takes longer folR,,,—0 when ergy, associated with the cycle of DNA gyrase.

ALK=-2 vs ALk=0 because of the greater starting amplitude
and spread of the gyrase induced strain compared to RNA poly-

merase. For fixed Lk, the peakR. is larger forr* =2kgT than IV. CONCLUSION
3kgT as expected from our scaling relation ff,,, (see text

In this paper we have considered the stability of DNA-
protein complexes in the presence of torsional stress. Our
equilibrium calculations have the simple result that the char-
acteristic torque, associated with removal of a protein that
allows contour lengtD of DNA to absorb twisting strain, is
™ ~kgTuC/D, whereu is the free energy difference as-
sociated with the protein-DNA interactions holding the com-
plex together. This formula is the torque analog of the char-
acteristic force needed to open a protein-DNA complé,

1/2 ~ u/D [12]. Strongly bound compact structures such as the
(199  nucleosome(u~20kgT, D~50nm require large torques
~10kgT to disrupt them. On the other hand, more weakly
bound structures, or DNA loops with larde values, likely

We plot Eq.(19) as a function of log, (time in ng for the  will require torques in the rangek3T to 3kgT.
unlooping (Fig. 5, solid-thick and melting torquesFig. 5, Torques in the fewkgT range may be applied by RNA
dashed-thick The starting Gaussian pulse can delivér  polymerase and DNA gyrase, according to experimental data
=3kgT~300 bp away. As the strain spreads out, the torqueand rough theoretical estimat§,23,16,17. Thus, torques
pulse broadens; ir=100 nsR,,. falls to 280 bp. Thereafter, applied by RNA polymerase and gyrase to an anchored DNA
in just another 200 nsR, =0, indicating that the torque segment can reach those necessary to open relatively weakly
amplitude is<3kgT at all points on the DNA. As the pulse bound DNA-protein complexes. On the other hand, nucleo-
broadens, its outer envelope becomes more horizontal, asomes should be relatively stable to the direct effect of the
lowing larger torques to be delivered farther but, at the saméorques applied by these enzymes.
time, the traveling pulse loses strength, thus tending to re- These torques are close to those needed to disrupt DNA
duceR,,.«. For 7* =3kgT, Ry Steadily declines with time secondary structure. Double-stranded DNA is now known to
indicating that pulse height dissipates so fast that even withhe unstable against such strong torques, and converts to

stranded “bubbles” in the DNA. Since the binding affinity of
single-stranded DNA may be lower than dsDNA for a given
protein, formation of single-stranded domains in DNA may
locally destabilize bound proteins.

For ALk= —2, the strain-induced torque profile is Gauss-
ian [Fig. 4(d)], yielding an exact expression f&,,, as a
function of the critical torque™ and time:

( 265C? )
In|—s————

Rmax= (S5+2D1)*2
max= (S ) w7 2(s5+ 2Dt)
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“melted” forms for left-handed(unwinding torques larger polymerase over-1000 bp distances even on linear DNA
than XgT, and for overwinding torques larger thakg  [6]. If such a steady state of torsional stress occurs, the
[18,19,21,2% This raises the interesting question of the in- “equilibrium” theory is best applied.
terplay between torque-generated denaturation and protein We have not considered the complete dynamics of linking
dissociation; one can easily imagine the unbinding of a pronumber, including the interconversion of twist to wriffast].
tein in response to local DNA melting. The coupling of DNA This is complicated since the subsequent relaxation of writhe
melting to protein dissociation could be described using armust take into account hydrodynamic interactions. We have
elaboration of the equilibrium model of the present paper. simplified the problem by considering only sh6#1000 bp
It is important to realize that our equilibrium theory ap- regions of DNA for which the writhing in the dynamics can
plies most strictly to equilibrium experiments, i.e., where theplausibly be ignored. However, on lar¢iew kb) molecules,
time scale for the experiment greatly exceeds the on and othe twist relaxation time will become long enough for writh-
times for the DNA-protein complex. Particularly in the caseing to occur[23].
of large structures such as nucleosomes, there may be large Enzyme-driven twist propagation has been proposed as a
free-energy barriers to overcome to transit between boungossible chromatin “remodeling” mechanism for a class of
and unbound statd26]. recently discovered, highly conserved, ATP-consuming pro-
We have also analyzed the dynamics of spreading ofeins[27]. These enzymes facilitaie vivo transcription of
single twist pulses and steps according to the simple dynangenes, by allowing regulatory proteins to bind to DNA do-
ics used to describe twist relaxation of short DNA segmentgnains that are otherwise inaccessible because they are con-
in free solution[3]. The small diameter of the DNA double fined to the nucleosome. Increasing access to bound regions
helix results in rapid spreading of twist pulses. In turn, thisof the DNA could involve(a) sliding or linearly displacing
makes an initial torque pulse spread and decay rapidly. Ththe histone protein core along the DNé) creating a large
result is that single pulses of torque injected by enzymes catfansient DNA loop by partially unbinding a segment of the
affect bound proteins only at shqr®<100 bp distances. wrapped DNA from the nucleosome, thereby exposing the
Our dynamical model supposes that any net linking numiooped DNA, (c) temporarily ejecting the histone from the
ber injected into the DNA is eventually removed, e.g., at freechromatin fiber, o(d) first disassembling and later reassem-
ends of a linear DNA. In the case where one has a smalpling the histone octamer.
circular or otherwise topologically constrained domain, tor-  Currently, transient unbinding of a large region of nucleo-
sional stress will of course build up cumulatively with eachsome surface-bound DNA is the favored way of thinking
enzyme cycle. Usually a steady state will be reached, defineabout remodeling-enzyme facilitated gene regulatjon
in the test tube by the enzyme stall point,inrvivo by the ~ Since remodeling activity generates torque, it has been sug-
action of counteracting enzyme@.g., topoisomerase |, gested that this may be used to drive twist strain through the
which allows linking number to be removed from a point DNA, and causing the elastic twist energy of deformed DNA
along a dsDNA by generation of a transient break in ongo tear bound regions off the nucleosome surface. The bind-
DNA strand. In the case where an appreciable steady-statég energy per length of DNA bound to the nucleosome is
torque is reached, our pulse-propagation model should not be 0.1%gT/bp (assuming that 146 bp of DNA has binding
used, and instead the “equilibrium” theory will be relevant. enthalpy u=20kgT) [14,28. Our equilibrium estimate for
Some enzymes may inject twist strain continuously intothe torque needed to unbind a pinned domain of DMA,
DNA over some timge.g., RNAB. It is then possible that =~ 2kgTC(u/D), whereC=100 nm is the twist persistence
far away from the strain source, approximately steady-statiength, predicts that remodeling complexes have to produce
torques may build up cumulatively. For instance, if the en-sustained torques:9kgT to unbind a region of the surface-
zyme cycle time is comparable to the typical propagatiorbound DNA. Since the torque depends only on the binding
time of the twist pulse then successively injected twist straingnergy per unit length of DNA, disrupting the initial DNA-
can ramp up the torque through small increments. For thaistone contacts, even in the presence of thermally induced
simple twist propagation considered here, this is not relevantynpinning of contacts near the DNA overhangs, requires as
since the RNAP/gyrase cycle timeés0.1 9 are long relative  much torque as disrupting later contacts. Therefore, the nu-
to twist propagation times on few kb scalé®call that a cleosome will be stable in the presence of gradually in-
twist pulse spreads over 1 kb 110 °s). However, we note  creased torque, until a threshold torque is reached, at which
that Nelson has suggested that intrinsic bends may greatlyoint the histones will dissociate. Of course, the large total
slow the propagation of twist along long DNAs, perhaps tou~20kgT suggests that an even larger torque barrier must
the point that a steady-state torque may be applied by RNAe overcome for histone removal to occur.

[1] A. V. Vologodskii, Topology and Physics of Circular DNA [4] S. A. Allison and J. M. Schurr, Chem. Phy&l, 35 (1979.

(CRC Press, Boca Raton, FL, 1992 [5] C. Levinthal and H. R. Crane, Proc. Natl. Acad. Sci. U.S.A.
[2] J. F. Marko and E. D. Siggia, Phys. Rev5g, 2912(1995. 42, 436 (1956.
[3] M. D. Barkley and B. H. Zimm, J. Chem. Phyg0, 2991 [6] P. Nelson, Proc. Natl. Acad. Sci. U.S.86, 14342(1999.
(1979. [7] L. F. Liu and J. C. Wang, Proc. Natl. Acad. Sci. U.S&4,

061909-9



ABHIJIT SARKAR AND JOHN F. MARKO PHYSICAL REVIEW E64 061909

7024(1987; J. C. Wang and A. S. Lynch, Curr. Opin. Genet. [18] T. Strick, V. Croquette, and D. Bensimon, Proc. Natl. Acad.

Dev. 3, 746 (1993. Sci. U.S.A.95, 10579(1998.
[8] K. Luger, A. W. Mader, R. K. Richmond, D. F. Sargent, T. J. [19] S. Cocco and R. Monasson, Phys. Rev. L8%.5178(1999.
Richmond, NaturéLondon 389, 251(1997). [20] J. F. Leger, G. Romano, A. Sarkar, J. Robert, L. Bordieu, D.
[9] A. Flaus and T. Owen-Hughes, Curr. Opin. Genet. 0dy148 Chatenay, and J. F. Marko, Phys. Rev. L88, 1066(1999.
(2002). [21] A. Sarkar, J. F. Leger, D. Chatenay, and J. F. Marko, Phys.
[10] R. Schleif, Annu. Rev. Biochen&1, 199(1992. Rev. E63, 51903(2001).

[11] T. Hirano, Annu. Rev. Biochen69, 115 (2000.

[12] J. F. Marko and E. D. Siggia, Biophys. a3, 2173(1997.

[13] T. Strick, J. Allemand, D. Bensimon, and V. Croquette, Bio-
phys. J.74, 2016(1998.

[14] R. W. Cotton and B. A. Hamkalo, Nucleic Acids Re%.445
(1982); H. Ausio, N. Borochov, D. Seger, and H. Eiseberg, J.
Mol. Biol. 176, 77 (19843; 177, 373(1984bh.

[15] W. T. Hsieh, P. A. Whitson, K. S. Matthews, and R. D. Wells,

[22] S. C. Kampranis, A. D. Bates, and A. Maxwell, Proc. Natl.
Acad. Sci. U.S.A. 96, 8414 (1999; see also http://
www.cid.csic.es/homes/roca/ and references therein.

[23] J. F. Marko, Phys. Rev. B7, 2134(1998.

[24] R. Kamien, Eur. Phys. J. B, 1 (1998; C. Woglemuth, T.
Powers, and R. Goldstein, Phys. Rev. L&#, 1623(2000.

[25] J. F. Allemand, S. Bensimon, R. Lavery, and V. Croquette,

J. Biol. Chem.262, 14 583 (1987; L. Finzi and J. Gelles, Proc. Natl. Acad. Sci. U.S.A05, 14 152(1998.
Science267, 378 (1995: J. G. Kim, Y. Takeda, B. W. Mat- [26] Y. Cui and C. Bustamante, Proc. Natl. Acad. Sci. U.9&.
thews, and W. F. Anderson, J. Mol. Bidl96, 149 (1987). 127 (2009'
[16] Y. Hirada, O. Ohara, A. Takatsuki, H. Itoh, N. Shimamoto, and[27] M. Vignali, A. H. Hasssan, K. E. Neely, and J. L. Workman,
K. Kinoshita, Jr., NaturéLondon 409, 113 (2001). Mol. Cell. Biol. 20, 1899 (2000; R. E. Kingston and G. J.
[17] H. Yin, M. D. Wang, K. Svovoda, R. Landick, S. Block, and J. Narlikar, Genes DeVl3, 2339(1999.
Gelles, Scienc@70, 1653(1995. [28] K. Polach and J. Widom, J. Mol. BioR54, 130 (1995.

061909-10



