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Effects of DNA-distorting proteins on DNA elastic response
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Many DNA-binding proteins distort the double helix, and therefore can be studied using single-molecule
experiments to investigate how they modify double-helix polymer elasticity. We study this problem theoreti-
cally using discrete wormlike-chain models to describe the mechanics of protein-DNA composites. We con-
sider the cases of nonspecific and spe¢gaguence-targeteinding. We find that, in general, proteins which
bend DNA can be described in terms of a reduction of bending persistence length as long as the binding
strength is relatively weakwell below the dissociation pointFor strong binding, the force response depends
strongly on the bending stiffness of the DNA-protein complex. Since most DNA-bending proteins will cause
local DNA untwisting, we also show how the constraint of DNA linking number modifies the observed elastic
response. We also show how essentially the same model may be used to describe the binding of proteins and
drugs which stiffen and stretch the double helix.
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[. INTRODUCTION specific proteing11]. The packaging and looping functions
of these proteins probably require their action at arbitrary
The DNA double helix is distorted during its processing locations along DNAN vivo.
inside cells. For example, the millimeter-long DNAs inside  The biochemical study of DNA-protein interactions has
bacterial cells and the centimeter-long ones inside eukaryoteeen focused on characterizing sequence-specific interac-
cells must be folded up just to fit inside the roughly micron-tions, since those can be studied using short, defined DNAs.
size compartments that contain them. Folding and looping oA standard experiment comprises measuring the shift of the
DNA also plays a key role in the reading of DNA sequence,distance moved by a DNA-protein complex on an electro-
such as in the regulation of transcription by distant sequencgshoretic gel, relative to DNA alone. If a protein and its DNA
[1-3], transposition of DNA segmenfd], and activation of target form homogeneous enough complexes, they some-
certain restriction enzymes$). _ times can be crystallized together, leading via x-ray diffrac-
To facilitate packaging and looping processes, there argon, 1o a complete picture of the DNA distortions introduced
many proteins inside ceI.Is whose fgnc'uon is to distort theby the DNA-protein interaction§7]. These techniques are
do{f‘ble hehx. n ?ubacterlée.g'.,E. colp t.here. are gnumber difficult to apply to study non-sequence-specific DNA-
of “architectural” DNA-bending proteins, including IHF, L .
; protein interactions.
HU' and H-NS[6]. ”._”: and HU_ can mtro_duce seveEe be,r?ds An alternate approach to studying non-sequence-specific
into the double heli{7-9], while H-NS is able to “coat” . : ) :
DNA, changing its polymer properties in the procés8]. A |n_teract|ons is to study thelr effects on large DNA moleculeg.
well-studied instance where one of these types of proteinglngle-molecule mqmpulauon provides a way to study this
mediates DNA loop formation is IHF involvement in Vi2 the forcg—extensmn response of DNAm th_e presence of a
\-phage excisiofi7]. given .prote|n[15,1q. The aim of this paper is to anglyze
In eukaryote cells, there exist similar proteins, such as th&tatistical-mechanical models for these kinds of experiments,
DNA-bending protein HMGB1. This protein can generateta!('”g into account changgs in local doyble-hellx structure
severe DNA bends, and is present at a concentration of orféfiven by binding of proteins. Our previous work on this
per every few nucleosomd41]. HMGBL1 is considered to Problem[16] considered a model of “lost length” resulting
play a role in the assembly of nucleoprotein complexes durfrom proteins binding to DNA, which occur when a DNA
ing recombination, transcription, and DNA repair processedoop is formed[17]; here we introduce models for local
[12]. Nucleosomes, the basic genome packaging units of ewshanges in DNA bending, as might be generated by the pro-
karyotes, contain eight complexed “core histone” proteinsteins mentioned above. The phenomena of this paper are also
around which DNA wraps in 1.75 tight turns of bending related to work of Rudnick and Bruinsn{d8] on tension
radius~5 nm[13]. The structural studies mentioned above modification of DNA-bending protein binding, and of Dia-
(see also Ref[14] for a review of DNA-bending proteins mant and Andelmafil9] on proteins which cause coupling
show that the double helix can be severely distorted byf bending modes.
DNA-protein interactions. In Sec. Il, we discuss the basic method of calculation
A feature of the DNA-distorting architectural proteins used, namely, the transfer matrix applied to the orientational
mentioned above is that they are able to bind to DNA in adegrees of freedom of a DNA. We use a discrete transfer
non-sequence-specific manner, i.e., to any DNA sequenceatrix approach based on considering a long DNA to be a
IHF can bind tightly to certain sequences, but it also bindssemiflexible chain of finite-length segments of equilibrium
quite strongly to other DNA sequencés5], while HU, lengthb; in most of the calculations in this paper we will use
H-NS, HMGB1, and histones are classified as non-sequencé~5 nm. This segment length is short enough to provide an
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h/2 proteins, which would be interesting to study using micro-
-— b/2 manipulation te_chniques, include transcription factors
(a) _\ [21,22 and restriction enzymdd4]. In Sec. Il A, we con-

.\ Zw sider long DNAs with such proteins bound with fixed spac-

b / ing, and examine the question of how often such proteins
— must be bound in order for their presence to be detectable in
a force-extension curve. Section IlIB analyzes the case

where the binding locations are random but with a given

4 frequency, again focusing on the question of how often pro-
teins must bind in order for their effect to be evident in the
. polymer elasticity of a long DNA.
(1+o)b Section IV considers the effect of DNA-bending proteins
by +——— on force-extension response, in the case where the DNA link-
_._ ing number is fixed or equivalently, where the double helix is

subject to torsional stress. In some cases, a severe protein-
. , induced DNA bend is known to be accompanied by local
FIG. 1. Geometry of the model for DNA-binding proteins) unwinding [21,23. We show how this unwinding can be

DNA'be.nd'ng protein. A pmte'n.b'nds to a DNA segment and >®studied using number force-extension-twist experiments.
verely distorts it, effectively forcing a permanent bend by an angle

. Thermal bending fluctuations then occur centered around this

permanent bend angle. In this paper, the double helix is divided up ||. DISCRETE MODEL OF DNA-BENDING PROTEINS

into segments of equilibrium length (b) DNA-lengthening pro-

tein. Many proteins and drugs which bind to DNA insert a ligand ~We consider a discrete realization of a semiflexible poly-

between the bases of the double helix, forcing it to lengthen. Hergner, made up of a series of segments. The contour length of

such binding is considered to increase the length of a DNA segmer@ach segment i® and the orientation of each segment is

by an amountb. described by a unit vectdr. Each of the nodes between the
segments also carries a protein occupation degree of freedom

accurate representation of the semiflexible polymer behavios; , which is either 0 for bare DNA or 1 when a protein is

of the double helix. bound. The energy that we consider is expressed as a sum
The discrete-segment model and calculations used heiger the segments,

are similar to those used in calculations of force-induced

conformational change“overstretching” by Storm and N
Nelson[20]. In this work, we use the segment length to set E= 2 E. 1)
the size of protein-binding sites. A discrete model is used to =

describe local changes in DNA properties such as spontane-

ous bending, or bending rigidity, that would be difficult to Each contribution to this sum depends on the orientations at

an(ljllyzse usz?g conUgyum modetls_. hich in chemi Iadjacent segmentsandi —1, and on the occupation variable
n Sec. , we discuss proteins which are in chemical o o4 with them:

equilibrium between DNA-bound and free-solution states,
introducing a source of severe bending disorder along the
double helix. Figure (g) shows the DNA-bending geometry a.~ - ~oa
considered in this paper. We will assume a protein which 'BEi:§|ti_ti*1|2(l_ni)+ 7(ti'ti*1_7’)2_"’“ ni
binds to locally force a bend by an angle our calculations
will often use the parameter cgs=y. The model discussed _ E(f-—l—f ).7 %)
in Sec. Il A will be the most applicable to proteins such as 2 S
HU and HMGBL1.
In Sec. lIB, the action of a locally DNA-stiffening protein _ 1

. : , : where 8= (kgT) -

will be considered. Instead of introducing a bend, a segment The terms in Eq(2) control, respectively, the bending

will have its bending stiffness increased by the model pro-_.. : -
tein, corresponding to the action of H-N0]. Then, in Sec, stiffness of bare DNA4), the bending of protein-bound and

IIC we will discuss the effect of proteins or drugs which bent PNA @), tze E|nd|ng_ frhee e_nerg)f{fof thi DhNA-bendlnl?
lengthen the double helix, for example, via insertion of aProteins (u), and the straightening effect of the externally

ligand between bases. Such binding is considered to increa%%p“ed forcef. The applied tension is thus along thexis.

the length of a DNA segment by an amourlt, as shown in | e contribution of the final term t@E can be written a§
Fig. 1(b). fz-(ry—ro), whererg andry are the two ends of the chain

In Sec. I, we consider the effects of bends at fixed loca-0f segmentsrecall r,=ry+bZF_ ;). We reduce force by
tions along long DNAs. This is relevant to DNA-bending kgT, so that in our formula$ has units of inverse length. At
proteins which bind so strongly to specific sequences thatoom temperaturéthe only temperature considered here
they are essentially always bound to their targets, once they 1 nm ! corresponds to a physical force okgl nm™!
are present, even at low concentrations. Examples of suck4.1 pN.

!
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The dimensionlesa anda’ are dimensionless parameters where\, are the eigenvalues df. We suppose that the ei-
setting the bending stiffness of bare and protein-bound DNAgenvalues are labeled so that>\,>---. Then,
segments. Comparison with the continuum semiflexible
polymer shows thaf=ab is the persistence length of bare Ao\ N
DNA. In this paper, we will use a lattice cutdfffrom 1 to 5 )\_1 ' @)
nm, and therefora will be in the range 10 to 50. Depending
on the rigidity of the DNA-protein complex, one could imag- The largest eigenvalue dominates the free energy, with expo-
ine eithera’>a or a’'<a; we will show results for both nentially small finite-length corrections. Other choices of
cases. For small angular distortions, the protein-bound joingoundary conditionge.g., integration ovel, andty as inde-
bending energy is=(a'/2)(sirf §)(6—y)* where 6 is the  pendent variabléswill not change the form of Eq7). In this
angle between adjacent tangent vectors, aésir’y is the  paper we will consider the thermodynamic limi—oo
harmonic bending elastic constant analogoua.to where the largest eigenvalug dominates Eq(7).

The parametey. is the free-energy difference between a 1o compute the spectrum dtit is convenient to express
protein bound to a site on the DNA and the same protein it ysing the basis of spherical harmonics:

free solution. Note thay includes the binding free energy

and the unbound protein entropy, i.e.= €,+In ¢, wherec R - “n

is the bulk solution protein concentratidin units of the (I,m|T|I’,m’>:f dthI*m(t)J A2t Y (1) T(LE).
inverse molecular volumeand wheree,>0 is the binding (8)
(free) energy. Thus, the choice=0 approximately corre-

sponds to the dissociation point, i.e., concentratidp  The transfer matrix5) is invariant under azimuthal rotations
~e~ b, This neglects a free-energy shift due to the change iff¢, ¢’ — ¢+ dg, P’ + Pg). Thus, it is a function ofp— ¢’,
flexibility of the protein-DNA complex relative to that of and independent ap+ ¢'.

bare double helix. Precise determination of the dissociation In addition, energy(5) is invariant under shifts ofp

INZ=NIn\;+0O

point requires computation of the value gof at which a — ¢’ by 27, as can be seen from E@). Therefore, Eq(5)
blndlng site on an unstretched chain is half OCCUpied. can be expanded using Fourier Compond{@7¢,), where
The partition function inClUding DNA bending and n=0, =1, +2,... . Use ofthis expansion par“a”y diago_

protein-binding fluctuations along the chain is, for fixed ori- nalizes Eq(8):
entations of the boundary segments,

1 1
(I,m|T|I’,m’>=5m,m,J de,m(x)f dx'Pyrm(X")
-1 —1

(3) N ’ ' T
Xf_ d(¢—¢')cogm(e— ") |T(L,t'),
whereE is the total energyl), and where the integrals of "
are over the 4 solid angle of the unit sphere. The cases of )

“bare” and “saturated” protein binding = —« and + o,
respectively may be handled by noting that they correspon
to the cases where respectively only the 0 orn;=1 states

gwhere we have used the invariance of E2). under¢— ¢’
—¢'— ¢. TheP,,, functions are normalized associated Leg-

are included in the sum of E¢3). For these cases the value endre functiongthe polar parts of the_ spherical h_armomcs_
of u is irrelevant since no fluctuations af occur and an overall constant has been omitted for clarity. Equation

The partition function3) has not yet had the orientations (9) 1S diagonal inm, and them=0 block must contain the

- ~ largest eigenvalue.
of the boundary segment andty integrated. If we take The innermostp integral of Eq.(9) was calculated using

periodic boundary conditiong\(=to) and integrate over the aqaptive-grid integration. The outer double integral was cal-
boundary orientation, the partition function takes the form of¢yjated as a sum on @ xM point grid of points covering

a trace of a matrix product: the squarex,x’) integration domain. In practice, cutoffs on
| and M must be chosen. This allows the real symmetric
Z:f A2ty 2(1g,80) = Tr(T), (4 ~ matrix (9) to be computed and diagonalized. The maximum
eigenvaluex; and its derivatives must then be checked to be

unaffected, to the numerical accuracy desired, by increasing

where the transfer matrix is the cutoff value ofl. The computations of Secs. Il and IlI

1 were done usingl =101 and =8. We have verified that the
TE )= exd — BE. 1. 5 m=0 block of Eq.(5) contains the largest eigenvalue.
(ti-1.t) niZ:O H—AE] ® From the energy function of modé?) the thermally av-
eraged end-to-end extension of the chain in the fdme
The partition function follows as direction is
dlnz dlni
Z: )\N y 6 2 . — = = 1
EK (6) z(ry=ro)= ——=N—0r¢ (10
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FIG. 2. Nonspecifically binding DNA-bending protein; binding induces a 90° bendQ). Segment length is=5 nm and bend
modulus isa= 10 (corresponding to bare-DNA persistence length of 50.n@ Force-extension curves for stiff protein-DNA complex
(a’=100) for binding strengthg = —<0 (bare DNA, leftmost curvg —2.30,-1.61,-0.69, 0, 3.00, and 6.91. The DNA straightens out and
the protein unbinds at a characteristic for@®. Protein-binding site occupation correspondingdp The same set of binding strengths. At
high-binding strength, the high stiffness of the DNA-protein complex causes an abrupt unbinding transition, corresponding to the abrupt
extension increase observed in the corresponding curvé®.qt) Force-extension curves for flexible protein-DNA complex € 2) for
binding strengthsu=—< (bare DNA, leftmost curve —3.91-2.30-1.61-0.69, 0, and 3.00. At low-binding strength, the force-
extension curves are similar to those(af, but at high-binding strength no abrupt extension is observed because of the capacity of the
DNA-protein complex to deform(d) Protein-binding site occupation correspondingdp

Below, we will give chain extension as a fraction of the total curves, while Fig. &) shows protein occupations for the
contour lengthL=Nb. Similarly, the total number of pro- binding strengthsu=—, —2.30, —1.61, —0.69, 0, 3.00,
teins bound is and 6.91. Fou = —< [leftmost curve of Fig. @)], the pro-
tein is never bound, and the force response is just that of the
_dInZ N dInky (11) discretized wormlike chain model. As is made more posi-
 dw dm tive, the protein starts to bind, and has the highest occupation
at low force[left part of curves in Fig. @)]. For u<0, the
We will give occupation as a fraction of the total number of protein gradually unbinds as the DNA is straightened out

izzl (n;)

available binding sited. [compare Figs. @ and 2b)], and the force curves shift to
the right of Fig. Za). Although there is a slight distortion of
A. DNA-bending protein the shape of the force-extension curve, in these relatively

The first situation we will describe is where a bendingWeak-binding cases the effect of increasing protein concen-
protein can bind at any segment. We suppose that when t&tion on the force-extension curve can be quite well de-
protein binds, it stiffens the double helix as well as defines &cribed as a decrease in the effective persistence length.
preferred bend angle. In this case, the protein will tend to For largeru>0 [rightmost two curves in Figs.(8) and
unbind under tension, rather than have the protein-DNA2(b)], the effects become much stronger. Now, the protein
composite deform. does not unbind as the DNA is straightened, and one starts to

Figure 2 shows results for the case where the protein inebserve an appreciable reduction in the apparent total con-
duces a 90° bend, i.e.y=0, for a segment lengttb  tour length, corresponding to the straightening of a nearly
=5 nm. The bare DNA bending modulus &=10 (corre-  saturated and, therefore, “zigzag” protein-DNA composite
sponding to a bare DNA persistence length Af=ab fiber. This fiber shows some stretching elasticity, followed by
=50 nm, and the bending modulus of the DNA-proteinan abrupt protein unbinding transition. The force-distance
complex isa’=100. Figure 2a) shows force-extension curve shows a force ‘plateau’ similar to the cooperative pla-
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FIG. 3. Effect of DNA-stiffening protein which binds nonspecifically. Bare-DNA parameters are as in Hig=2 otma=10); when
protein binds, the preferred joint angle stays straight (), but the DNA-protein complex is stiffa’ =100). Results are shown far
= —o (rightmost curves, again corresponding to bare DNROO, 2.30, 3.00, and 4.6() Force-extension curves gradually shift to lower
forces(left) asu is increased due to an increase in effective persistence length; contrast with results for DNA-bending protein with otherwise
the same parameterg €0, Fig. 2. (b) Protein occupation, which gradually increases withThis shows much smoother variation with
force than when occupation is coupled to chain bendlig. 2(b)].

teau observed for the overstretching of bare double-stranded Recent results of Schnuf24] indicate that HU, which is

(dsDNA). A sharp transition is observed in this protein un-thought to bind with less sequence specificity than IHF,

binding model for x=6.91 even without direct protein- causes a large shift of dSDNA force-extension curves which

binding cooperativity; interaction between the binding de-is similar to that of Figs. @) and Zc). Whether sharp un-

grees of freedom is induced by the coupling of binding andbinding transitions at a high force can be observed for large

bending. w (i.e., large concentratigras in the stiff DNA-protein com-
Figures 2c) and 2d) show results for parameters as con- plex case[Figs. 2a) and Zb)], or alternately whether the

sidered abovegd=10b=5 nm,y=0) but for the case where complex can be deformed without dissociatidfigs. 2c)

the protein-DNA complex is flexiblea’ =2). Results are and 2d)], remains to be seen.

shown for binding strengthg.= —«~ (bare DNA, leftmost

curve, —3.91, —2.30, —1.61, —0.69, 0, and 3.00. At low B. DNA-stiffening protein

binding strength the force-extension curves are similar to Another possibility is that when a protein binds, it does

those of Fig. 2a), but at high binding strength no abrupt . ! . X ;
o : i . not bend the double helix, but instead appreciably stiffens it.
extension is observed due to the capacity of the DNA protem\.o examine this case, we consider the slight modification of

complex to deform. There is a shift ja, corresponding to Eq. (2):
protein concentration &, due to the different flexibilities e
and, therefore, free energies of the protein-DNA complexes a. .
in the stiff and flexible cases. Figuréd? shows the protein ﬂEi=§|ti—ti—1|2(1—ﬂi)+
binding as a function of force, and again there is no sharp
unbinding transition. In the strong-binding cases, the protein bf . . .
can only be partially dissociated by high forces, since the — Stttz (12
protein-DNA complex can be straightened with only a frac-
tion of the dissociation free energy.

A number of proteins are good candidates for experiment$n the two binding statesn(=0,1), the segment bending
to study these effects. The non-sequence-specific proteir@asticity is of the same form, but with different bending
HU from E. coliand HMGB1 from eukaryote cells are both constants.
able to bend DNA by>90° over~30 bp. TheE. coli pro- Figure 3 shows results for this model, again for segment
tein IHF also is known to be able to induce90° bends of lengthb=5 nm, bare DNA bending modulus= 10 (again
DNA [7], and Ali et al. indeed have observed effects of the A=ab=50 nm for bare DNA, and a protein-bound modu-
type shown in Fig. @) [15]. It should be noted that IHF is lusa’=100, corresponding to a protein-DNA composite per-
known to bind to different DNA sequences with a wide rangesistence length of 500 nm. This value is taken to illustrate the
of affinities; in the experiments of Alet al. the maximum  effect of a large increase in stiffness caused by protein bind-
number of proteins bound to)XaDNA was about 300, i.e., a ing. Results are shown fqu= —o° (again corresponding to
spacing of about 150 bp. The maximum compaction of DNAbare DNA), 0.00, 2.30, 3.00, and 4.60.
by IHF was therefore less dramatic than that of Fig. 2 where The force-extension curvelgmig. 3@] show a gradual
up to one protein every 15 bfs nm) can be bound. This shift to lower forcedto the lef) as the binding strength is
situation can be described by spacing protein-binding segncreased. This is a result of the increase in chain persistence
ments from “nonbinding” segments using the approach oflength and consequent reduction of the fore&kgT/Aqg
Sec. lll. needed to extend the chain out of a random-coil conforma-

!

a . .
7|ti—ti—1|2—ﬂ>ni
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FIG. 4. Effect of intercalating ligands, which stretch the double helix when they bind. A short segménbm is used, corresponding
to one ligand binding every three base pairs. For bare D&AS0; for ligand-bound DNAa’ =40 corresponding to a slight reduction in
bending stiffness. Results are shown for- —«~ (bare DNA, —1.20, —0.51, 0 (nearKy), 2.3 (about ten time¥,), ando (saturated
binding. No permanent bends result from binding=0). (a) Force-extension curves; increasipgcorrespond to longer total extensions.
(b) Binding fraction as a function of force. Larggr corresponds to larger occupations. Force enhances bindingKgehis enhancement
is the largest.

tion [25] as the DNA-stiffening protein binds. The force con- ber of drugs and proteins insert ligands into the double helix
stant observed after full extension of the protein-DNA com-to accomplish this; familiar examples include the “interca-
plex will likely be larger than that of bare dsDNA. lating” DNA dyes ethidium bromide(EthBr) and YOYO.

Two other differences of the trends with increasing  The binding of such drugs is described by a modification of
relative to the results of the preceding section can be obgq. (12):
served. First, increasing force weakly increases the protein
binding due to a reduction in the larger conformational en- a. . 5
tropy of the non-protein-bound chain by force. Second, even BEi:§|ti_ti*l| (1=m)
for large values ofu, no abrupt changes in protein occupa-
tion occur; the DNA becomes saturated with protein and has
its persistence length shifted up, and increasing force just
weakly increases the degree of saturation.

Amit et al.[10] have carried out single-DNA experiments
that indicate that thé. coli protein H-NS behaves along now, binding at sité changes the bending stiffness frano
these lines. With increasing protein concentration, Aema_al. _a’ and the segment length fromto (1+ a)b.
observed force-extension curve shifts similar to those in Fig. Figure 4 shows results fdr=1 nm, a=50, a’ =40, and
l?’(a)' Fo_r buffe_r with 50-mM KCl, effective persistence a=0.5. This is a model for a drug which can bind every
engths increasing from the bare DNA value of 50 nm to 130 . :
nm were observed over an H-NS concentration range Oﬁ,hree base pairs, and .Wh'Ch wh_en saturated on DNA,
0—4 uM. At higher protein concentrations, even stiffer stretches the double helix to 1.5 times Bsform contour
H-NS-DNA filaments may occur since saturation of the ef_length. Res_ults are shown far=—c (bare DNA, —1.20
fective persistence length was not reached by Aeniil. (see  (Weak binding, —0.51, 0 (near theKq of the drug, 2.3
Fig. 4 of Ref.[10]). (concentration ten times the=0 case, nearly saturated

Another protein known to stiffen the double helix is and for u=+ (saturateyl The bare and saturated cases
RecA, which polymerizes to form a sheath around the doubléeduce to discrete wormlike chains with persistence lengths
helix. RecA+dsDNA has been studied using single-moleculeof 50 and 40 nnisee Fig. 4a)].
techniqueg26,27 which indicate a persistence length of the ~ For caseu=0, at zero force the drug binding sites are
RecA-dsDNA complex~950 nm[27]. The model of this about 60% occupiefFig. 4(b)]. As force is increased, the
section needs the additional feature of strong cooperatiaity occupation fraction is driven higher. The free-energy drive
term in the energy=n;[1—n;_,]) to be realistically applied for this is the mechanical work obtained by extending of the
to cases such as RecA where the protein essentially polymeg#ouble helix via drug binding. In the force-distance curve,
izes along the molecule. In this case, a gradual increase ifie signature of this force-induced binding is a transition
the persistence length with protein concentratiam seen by towards a higher degree of stretching. This transition is
Amit et al. for H-NS[10]) is difficult to observe, since RecA sharper than the gradual stretching transition in the DNA-
binding occurs by a nucleation-and-growth prockf. stiffening casd Sec. II B, Fig. 3, but is much less sharp than
the transitions induced by release of DNA-bending proteins
from stiff DNA-protein complexe$Sec. Il A, Figs. 2a) and
2(b)]. For u=2.3, drug binding is nearly saturated at low

Another case of interest is where molecules bind to thdorce, and is only slightly more concentrated on the DNA as
double helix and stretch it without introducing kinks. A num- force is increased.

!

a' . .
+ 7|ti—ti1|2—ﬂ>ni

bf PO A
—?(1+C¥ni)(ti+ti_1)‘z. (13)

C. DNA-intercalating drugs
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A few single-DNA experiments have been reported where 10" ™
intercalants were used. Saturating concentrations of EthBr L
have been observed to produce results similar to the interme-
diate curves of Fig. @), in studies by Cluzeét al.[28], and
by Hegneret al.[29]. In the study of Husalet al,, 2.5.uM
EthBr was observed to both lengthen and reduce the persis-,
tence length of a single dsDNA in a way similar to that
observed for the intermediate concentration curves of Fig.
4(a). Rather similar experiments have been performed using
YOYO [30], but again at one concentration, and also quite
far from binding equilibrium. Experiments for a series of 0Bl vl il
concentrations have not been reported for any intercalator. A 1072 107! 10° 10! 102
series of curves at different concentrations would allow bet- force (pN)
ter contact with the present model, and would give some
indication whether additional effects such as binding cooper- FIG. 5. Permanent bends (997 0) at regularly spaced posi-
ativity are important. tions along a dsDNA. Bare DNA has segment length5 nm, a
=10 (persistence length 50 nmFrom left to right, the permanent
bend spacings are (bare DNA), 500 nm(1500 bp, 250 nm(750
bp), 100 nm (300 bp, 50 nm (150 bp, and 25 nm(75 bp. For

The model of the preceding section can be adapted to thepacings of 100 nm or less there is a strong effect, but for wider
situation where bends are positioned at specific points alongpacings the force-extension curve is essentially indistinguishable
a DNA. Sequence-specific DNA-bending proteiasy., tran-  from that of bare DNA. For the shortest spacifightmost curve,
scription factors such as TATA-binding protefi@l], or re- 25 nm), the force-extension curve has a distinct shape with a
striction enzymeg14]) generally bind their targets tightly, “knee” corresponding to the straightening of the essentially zigzag
and therefore we will not calculate association-dissociatiorPérmanent bends.
equilibria as in the preceding section. Instead, we will con- _ _ )
sider the situation where DNA-bending proteins are permal€Spectively. The total number of segments in the polymer is
nently bound at specific positions. Our main interest is inN=2;=1M;. Calculation of the extension as a function of
determining the inter-protein separation at which the meforce is as in Eq(10).
chanical effects of the DNA-bending proteins become negli-
gible. A. Detecting widely spaced severe bends along a DNA

We consider a region .Of a Iarg_e molec_ule made ujMof We first consider a long uniform DNA, with periodically
segments of the preceding section, again each of conto%r

. - paced bends, i.eM;=M andN> M. The partition function
lengthb. The energy will be taken to be that bf—1 unbent is just the largest eigenvalue of the transfer matt). Fig-

segments, terminated by one segment with a preferred berlﬁe 5 shows force-extension curves for a series of bend spac-

T IIIIIIII T l’]lllll CrrrTrmT

/L

ion z
it
o

I T

|

extens

Ill. FIXED-LOCATION BENDS

angle: ings compared with uniform DNA. Parameters for the calcu-
al aMt lation match those used above, i.e., segment lertyth
BEM=7(EM-EM—1—7)2+ > E Iti—1_4/? =5 nm (15 bp, straight—se_gment persistence length 10
i=1 (A=50 nm), bend elasticitya’ =100, and bend angle/

M =0 (90°). This situation corresponds to proteins bound ir-
2 {+1_q) -2 (14) reversibly to specific sites th_at are spaced by DNA cpntour
i=1 length Mb. The bend angle is rather severe, but similar to
] ) o ) bends introduced by transcription factors, restriction en-
We imagine that a chain is made up®bf these regions,  zymes, and other sequence-specific DNA-binding proteins
each consisting dfl; — 1 unbent segments and one bent seg{14],
ment, wherg =1, . .. S. Following the approach of the pre- The spacings shown in Fig. 5 are, from left to right,
ceding section, the partition function can be expressed in- o (bare DNA, M =100 (500 nm=1500 bp, M =50 (250
terms of a matrix product as nm=750 bp, M=20 (100 nm=300 bp, M=10 (50 nm
s =150 bp, andM =5 (25 nm=75 bp. As the spacing of the
TMj-1T (15) fixed bends is decreased, the elastic response shifts to larger
=1 0 7 forces, since the permanent bends act to fold up the mol-
) ecule. This effect is weak until the bends are about 300 bp
where the transfer matrices of unbent and bent segments agart, corresponding to one bend per statistical segment
a length (recall that for the semiflexible polymer the statistical
To(f,f’)=ex;{ — S [f- 2+ (T4t 2 segment length is double the persistence lengthe 1500
2 and 750 bp curves of Fig. 5 will be indistinguishable from
that of bare DNA in an experiment. Therefore, the binding of
(16) even strong DNA-bending proteins causes an experimentally
' negligible effect on DNA polymer elasticity unless

f

N

Z=Tr

J

T =exd - 2 @i — 2 D irin.2
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1.O—I T \HIH‘ T T T TT1TIT L R T Curve,p2002(750bp,p:005(300bp,p:01(150bp’

i and p=0.2 (75 bp, rightmost curve Similar to the results

] for regularly spaced DNAs, the effect of random bends is
experimentally undetectable until one reaches roughly one
bend per statistical segmest300 bp. For the closest spac-
05— ] ing of bends(75 bp, there is a slight difference between the
shapes of the curves in the equal- and random-spacing cases,
but for wider spacings, there is little difference between the
results of the two cases.

z/L

extension
T

OO 11 \HIH‘ - IIHHI - IIIIH| I N |V' CONSTRAINT OF DNA LINKlNG NUMBER

107 107! 10° 1o* 10 Many DNA-bending proteins are known to produce DNA
force (pN) unwinding[7,14] in the vicinity of the bend. On purely the-

FIG. 6. Permanent bends (98%=0) at random positions along oretical grounds the expuls_ion of twist from a_sharp bend can
a dsDNA. This calculation is done for a 45-kb molecule, consistingpe, argued o bf a ge“nerlc result ,Of the different bending
of 3000 segments each of lendi5 nm. Bends are inserted ran- "gidities of the “ladder” of base pairs parallel and perpen-
domly into segments with probabilitg; from left to right, p=0  dicular to the base-pair “rungg31]. In the simplest type of
(bare DNA), 0.01, 0.02, 0.05, 0.1, and 0.2. The curves thus correSingle-DNA experiment where only one strand of the double
spond to mean spacings of bends equal to the fixed spacings of Fig€lix is tethered at each end, or where there are “nicks” or
5. As the bend spacing is reduced, the curves essentially shift tgreaks in one strand, untwisting induced by protein binding
larger forces, corresponding to a gradual reduction in effective pewill not lead to any buildup of twisting stress in the DNA
sistence length. As in Fig. 5, this shift is negligible until there is onemolecule, and thus the chain elasticity will have no depen-
permanent bend introduced per 100 ftimird curve from right. dence on the chain twisting.

Alternately, both strands of the double helix can be an-
the bends are less thar2 300 bp apart. For short interbend chored at both ends. In such situations, the topological link-
spacings (Fig. 5, 75 bp, the elastic response becomesing number(Lk) of the two single strands of the double helix
strongly shifted to larger forces. We note that for bendshecomes experimentally controllable. The torsional stress
spaced by less than about 300 bp, the “opening” of the bendand the elasticity of the molecule become dependent on the
protein-DNA complex leads to a cusplike feature near 10 pNdouble-helix linking number set experimentall§2], as ob-
~kgTa'/b, which is the ratio of the work needed to served in experiments of Strigk al.[33,34]. If the double-
straighten the complex to theb lengthening thus obtained. helix linking number is held fixed while allowing DNA-

unwinding proteins to bind, there will be a similar change in

B. Bends with fixed random location the DNA elastic response. .
In this section, we modify the model of the previous sec-

~ We now consider randomly located bends. This is the onlyjons to include the effect of the fixed linking number. We do
finite-N calgulatlon of this paper, and is done for a chaing;g by using an applied torqueelow denoted, in units of
corresponding to a 45-kb DNA, of contour lengtl5 um,  _T) which we use to keep the double-helix linking number
comparable to molecule lengths studied experimentally. Th@yeq. Our approach is a discretized version of the continuum
model is essentially that of the preceding section, but withg|astic analysis of Faiet al.[35], and is also similar to the
My’s resulting from the random assignment of segments tQatistical-mechanical analyses of Moroz and Nel§a6]
be bent or straight. The partition function of this model is 3ng Bouchiat and Mezar®7], but with additional protein-
thus based on a random product of matrices: binding degrees of freedom.
We imagine that each protein that binds to a dsDNA gen-
_ (17) erates an untwisting dd/(27). The appropriate energy in-
cluding torque and linking number contributions is that of
Eq. (1), plus
The matriced; are just those of Eq16), assigned according
to the “random sequence” of bent vs unbent monomers. The
sequence is fixed at the start of the calculation; bent mono-
mers occur with fixed probabilitp.

We set a segment length=5 nm (15 bp, and thus for  The first term is the twist energy; the dimensionless param-
~45000 bp we tak®&l=3000. Straight segments are consid- eterc is the twist modulus, and is related to the continuum
ered to have bending constaat=10, corresponding to twist modulusC=bc for b—0. The variable}; is the twist
straight-DNA thermal persistence lengh=50 nm. Bent distortion of the double helix at segmentand is expressed
segments are taken to have a fixed valueyefO as in the in terms of Euler angles,, ¢;, andy describing the orien-
preceding section, and a bending rigiday=10. Figure 6 tation of segment as[35]
shows results for bent-site probabilip=0 (bare DNA), p
=0.01 (1500 bp on an average between bends, leftmost Q= xi— xi—1+3(¢i— ¢i_1)(cosf;+cosb;_;) (19

Z=Tr

N
I
i=1

> (Qi+0n)%-277A Lk. (18)

N O

011905-8



EFFECTS OF DNA-DISTORTING PROTEINS ON DNA.. ..

to linear order in small differences of the ang(#ss expres-
sion reduces to the continuum result for-0). Here,6; and

¢; are the polar and azimuthal angles descrittingwhile y

PHYSICAL REVIEW @B, 011905 (2003

The torque effective energy{23) can be added to the
bending-stretching enerd®). The transfer matrix for a DNA
subject to binding of proteins which both bend and unwind

is the third Euler angle specifying a segment’s rotation abouthe double helix follows as
its axis. The energetically preferred twist distortion in a seg-
ment is shifted to— ® when a protein is present.

The second term in Eq.18) describes the coupling of
torque to the double-helix linking number. For a thin-ribbon
model of the double helix, the linking number can be brokenThis transfer matrix can again be written in terms of spheri-
into a double-helix twist, and backbone “writhe” contribu- cal harmonic components. The simple fot@ which is di-
tions, A Lk=A Tw+Wr. The writhe measures the chiral agonal in them’s does not occur, due to the appearance of
bending of the backbone, and is zero for an entirely straightthe term proportional tar(¢—¢') in Eq. (23). Therefore,
ened moleculd32]. The total change in the double-helix while still invariant under rotations, Ed24) no longer is
twist away from its equilibrium value of one twist per 10.5 invariant under azimuthal rotations ofr2or under sign re-
bp is just the sum of the individual segment twists, i.e.,  versal. Instead, we obtain, again dropping an overall con-

stant,

TT(fi_l.fi>=n20exp[—ﬁ(EﬁFT,i)]. (24

2mATW= D, ;. (20 1 1 1
[ <Im|T|I’m’>=—,f dXle(X)J dx' Py (X")
m-m’J-1 -1

The writhe is problematic, being a nonlocal function of o
thet,. However, for small distortions away from a straight X sz d(¢—¢')
conformation(i.e., |t;— z|<1) the writhe is[35] i
[p—¢'l

2

F{i(m+m’)(¢’—¢)}
ex >

X sin

)

T(t,t).

(m—m’)(w—

47 Wr=2, (¢— ¢i_1)(2—cosf;—cosb; ;). (21)

(25
This formula restricts our theory to the case where the end-

to-end extension is close to the total molecular length, i.e., t%xcept for the case=0 where Eq(25) reduces to Eq(9)

a sufficiently large force such thi#z. Description of cases we now have complex-valued matrix elements fioem’.

where the molecule is distorted strongly away from a straightrhe transfer matrix is Hermitian and, therefore, has real ei-

configuration (e.g., to form “plectonemic” supercoils or genvalues.

other self-wrapped configurationsequires exact accounting — Extension and protein occupations are still computed

of Wr, and a numerical Monte Carlo calculation. from the maximum eigenvalue &, according to Eqs(10)
Plugging Eqgs(19)—(21) into Eq.(18) allows the twisting  and(11). Now the average linking number can be computed

part of the energy to be written as as well, as a derivative on torque Referring to Eq(18) we

, see that
c (¢;— di_1)(c0sH;+cosb;_1)
Z {5 Xi—Xi-1+ ——— 5 I —=+0n, N dlnn;
i A Lk=A Tw+Wr=-— (26)
27 o1
—féi—di-1txi—xi-1l|- (22)  The intensiveo= A Lk/LK, is therefore
. . . 1 dlnk,
The variablesy; may be integrated out after completion of = bo ar (27)
(O] T

squares, leaving the effective energy associated with the ap-
plied torque, for segmerit

where wy=27/3.5 nm is the spatial rotation rate along the
) unstressed double helix and as befdres the contour length
7_
F =—Inc——+70n— b —db: per segment.
BF=i 2 2c O (hi=di-1) Effects of DNA-bending-and-untwisting proteins on the

force-extension behavior at a fixed linking number are
shown in Fig. 7. The parameters are as in Sec. IhA (

=0b=5 nma=10a’=100). The only new parameter de-

manded by the fixed-linking calculation ®=1, corre-

It should be noted that although here the twist modulus is theponding to untwisting of the double helix by 1 radian when
same for bare and protein-bound DNite., forn;=0 or 1),  a protein bindsthe TATA binding protein generates about

1
X 1—§(cosei+cos¢9i_1) . (23

all that needs to be done is to makdependent om; in Eq.
(23). In this paper, this effect is not considered.

double this unwinding and a=90° bend over its<10 bp
binding size. A relatively low binding free energyu
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FIG. 7. Effects of DNA-bending-and-untwisting proteins on the force-extension behavior at a fixed linking number. DNA and protein
parameters are as in Fig. 2, with al®c=1 corresponding to untwisting of the double helix by 1 radian when a protein binds, and a binding
free energyu=—1.61. (a) Extension vs unwindingfractional linking number change). Dashed curves show bare DNA € —«) and
solid curves show protein effeciuE= —1.61). Higher extensions correspond to a higher fofbg.Protein occupation vs unwinding
corresponding to paig), for u=—1.61. Unwinding the DNA enhances the protein binding, except at very large forces where the proteins
are prevented from binding by the straightening of the DNA. Higher protein occupations correspond to lower(€rCesnparison of
force-extension curves for bare DNkeft, solid), nicked DNA in presence of DNA-bending protein= 0, dashed, result of Fig. 2 fqk
=—1.61), and twist-blocked DNA at=0 in the presence of DNA-bending proteiright, solid. The twist-blocked case is shifted to
slightly higher forces, although the effect is weak since the protein occupation is relatively small.

=—1.61 is used, which would generate binding of aboutcurves are shown in Fig([); binding is suppressed by DNA
one-fifth of the segments by protein in absence of DNA tentension(as in Sec. [l A and is stimulated by DNA unwind-
sion or torque. ing. For sufficient overwinding there is stimulation of protein
This computation differs from that of the previous sec-binding due to the formation of chiral bends correlated with
tions, in that it is accurate only for sufficiently large forces Pound protein.
such that the tangent vector is oriented appreciably along the An interesting feature of the curves in Figayis that the
force direction. At the same time, we have not incorporatedhift of the extension peak to<O at lower forces, but to
structural transitions known to occur for the double helix atc>0 at high forces. At low forces, the chiral fluctuations
high forces and torque$26,39 into the present model. induced by the linking number constraint strongly compact
Therefore, the present calculation is applicable to experimerare DNA; binding of protein relaxes the DNA torsional
only for a sufficiently large force tha(tf- 2>>0_4 (the range _stress anq causes the DNA to stretch qut. The result is a peak
where the corresponding Gaussian approximation is valid fol? €xtension foro<0. Conversely, at high forces, the com-
the simple semiflexible polymée5]), but not for such large  Paction effect of the chiral fluctuations is supressed by ap-
forces and torques that one would expect the double helix tplied tension; binding of protein therefore reduces DNA ex-
denature. The results discussed below are in this range &fNsion. Since protein binding is suppressed dor0 the
applicability. peak extension is observed in tha}t regime a‘F high force.
Figure 7a) shows extension versus unwinditfgactional Figure 7c) shows force-extension curves in the presence
linking number changer). The dashed curves show bare of this DNA-bendmg-unwmdlng proltem. Curves are shown
DNA (u=—), while solid curves are in presence of pro- fOr bare DNA, nicked DNA ¢=0) in presence of DNA-
tein (uw=—1.61). Higher extensions correspond to progresP€nding proteinresult of Fig. 2 foru=—1.61), and twist-
sively higher forces; from bottom to top, Fig(aJ shows blpcked DNA ato:O in the presence of DNA-bending pro-
resuits for forces of 0.259, 0.82 and 2.59 pN. The bare DNA®€IN- The twist-blocked and nicked curves are almost
curves have their peaks at=0, with extension reduced by dentical for this case.
either overwinding or underwinding. In the presence of pro-
tein, the symmetry between overwinding and underwinding
is broken, and the peaks of the extension-linkage curves are This paper has presented discrete semiflexible chain mod-
shifted away fromo=0. Corresponding protein-binding els for proteins or other molecules which deform the double

V. CONCLUSION
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helix with which they bind. The major focus of this paper hasamino acids into protejnof membrane proteins mechani-

been on DNA-bending proteins and, most roughly, we findcally couple RNA polymerase to the cell membrgdd].

that increasing tension favors DNA extension and, conseRNA polymerase is a linear motor capable of moving at tens

quently, unbinding of protein in a manner qualitatively simi- of nm/sec and generating forces of up to 40[@i]. Accord-

lar to that discussed previous]{6]. ing to the estimates of the present paper, this level of force
We have discussed how proteins which bend the doublgeneration is sufficient to dissociate proteins bound to the

helix generate an increase in entropic elastic stiffness whicqouble helix via tension conducted through the DNs is

is well described as a reduction in the effective persistencéiStinct from a contact mechanism where RNA polymerase

length. The experimental signature that can be observed iAr€Ctly pushes proteins off their binding sitéf the disso-
current force-extension experiments is a gradual shift of logiated proteins are transcription enhancers or repressors, o if

force vs extension curves to larger forces as protein concenl€Ir €xit opens up binding sites for regulatory proteins, this
tration is gradually increase(@ig. 2). This effect has already amounts to a possible gene regulation mechanism, with DNA
been observed to some extent in experiments on IHF and HIENSIoN as part of the signal pathway. .

protein by Amit and co-workers. We have also found that the Many extensions of the calculations of this paper are pos-

stiffness of the protein-DNA complex impacts the sharpnesSiPle- First, many proteins bind to DNA with a relatively
of the high-force DNA extension and protein unbinding large binding site that excludes proteins over a range of more

[Figs. 2a) and 2b) vs Figs. Zc) and 2d)]. than a few nanometers>(10 bp). In these cases, the simple
Description of DNA elasticity in terms of an effective @PProach of setting the lattice parametido the binding-site
persistence length has been discussed in the case of Gaussigfe Will start to generate artifacts that will degrade the mod-

distributions of local permanent bends along DNA, in the®l'S description of dsDNA entropic elasticityhere, the
limit of weak disorder that can be treated perturbatively<2 NM value ob used will n120d|fy the semiflexible polymer
[39,40. It is somewhat surprising that the rather severe an@@sticity for forces>kgTA/b*~5 pN at the top of the force
isolated local bends of fixed bend angle studied in this papef@nge considered in this papeA simple solution to this
for either the cases where the bend locations are fluctuatingfoblem is to follow the approach of Sec. il to separate
(Fig. 2 or are fixed(Figs. 5 and B generate rather similar protein-binding vertices with always-bare vertices to build
effects. up whatever length of binding site is desired.

We have also discussed how proteins which bend and _Cooperatlvr[y of protem_bln_dmg has not been d_|scussed_|n
unwind the double helixas HU and IHF are known to glo this paper, but. |s_also easily incorporated. Couplnjg of adja-
will impact DNA force-extension experiments with a fixed €Nt protein-binding degrees of freedom can be included at
DNA linking number. At low force, unwinding stimulates the cost of deferring the initial summation over occupation
protein binding, shifting the peak of the extension vs linking"UmPers[Eq. (5], and therefore doubling the rank of the
number curve in the direction of unwindir{ig. 7). At high transfer matrix. Most _S|mply, binding cooperativity can be
force, this shift can be reversed towards overwinding, sinc&!Séd to tune the width of the extension and protein-
the reduction in DNA extension generated by the bends. UnPinding curvese.g., Fig. 2. The bending flexibilities and

All our results are in the framework of equilibrium statis- SPentaneous bend angles can be made functions of adjacent
tical mechanics. A basic requirement for application of ourProtein occupation numbers, allowing a description of the
results for thermal fluctuation of protein occupati@ecs. I difference between the deformation of DNA generated by
and V) to experiments is that an extension measurement j§°latéd proteins, and complexes of many adjacent proteins
made on a time scale long compared to the “on” and “off” Pound to double helix. . . _
times of the protein. The protein-binding degrees of freedom _ This paper has also not discussed the effect of orientation
of DNA-distorting proteins may fluctuate slowly due to bar- of bends Wlth'underlylng (_10uble'—hellx structure; 'effectlvely,
riers to protein binding and unbinding. Applied tension may'We have considered proteins which bend DNA with no atten-
enhance these barriers, thus the measurement times requild@? to local helix orientation. For the 5-nm binding sites
may vary with tension. For example, a DNA-bending proteinconsmered here and low occupations, this is likely a reason-
might require thermal bending of DNA for its binding, which @bl approximation, but for high protein occupation and es-

will be suppressed if the DNA is straightened out by app"edpecially in cases where there is strong cooperativity of bind-
tension. ing, it would be useful to include phasing of bends with the

In Sec. IIl, we consider an alternative ensemble of esserfouble helix. This can be done by describing DNA base-pair
tially permanent binding of protein, or the case where the offientations a triad of unit vector81], and then defining
time is infinite. To apply this part of the paper to experimem’proteln—gen_erateq bends in terms_of base-pair orientation.
care must be taken to wait for the proteins to bind beforeT,he cost will again be an increase in transfer matrix dimen-
carrying out extension measurements, and one requires inde©"n-
pendent knowledge that the off times are longer than the time
of the experiment. o o . ACKNOWLEDGMENTS
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