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We theoretically predict the rate of transcription (TX) in DNA brush by introducing the concept of TX dipoles that takes into
account the unidirectional motion of enzymes (RNAP) along DNA during transcription as correlated pairs of sources and sinks
in the relevant diffusion equation. Our theory predicts that the TX rates dramatically change upon the inversion of the orientation
of the TX dipoles relative to the substrate because TX dipoles modulate the concentrations of RNAP in the solution. Comparing
our theory with experiments suggests that, in some cases, DNA chain segments are relatively uniformly distributed in the brush,
in contrast to the parabolic profile expected for flexible polymer brushes.

1 Introduction the TX rates of DNA brushes were observed to be sensitive to
the orientations of TX units (that are defined by the unit vec-
The first step in expressing the genetic information encodegor that points from the promoter to the terminator), but not
in the sequence of bases of DNA is transcription by whichto its position along the DNA These experimental results
the complementary sequences of RNA are synthesized by egannot be attributed to the interactions between DNA chain
zymes called RNA polymerase (RNAR) Each transcribed  segments and RNAP alone because the concentration profile
unit (TX unit) is preceded and terminated by two non-codingof RNAP due to these interactions is approximately uniform
regions, a promoter and a terminator. Transcription is initi-on the length scale of a TX unit; reversing the orientation of
ated when RNAP in a solution (nucleoplasm) is bound to theTX units does not change the local concentration of RNAP at
promoters of TX units; the special sequence of the promoterghe promoter location. The directional motion of RNAP along
stabilizes RNAP-DNA complexes against dissociation. TheTX units during transcription may modulate the local concen-
enzymes then move from site to site along the TX units, poly+tration of RNAP and thus TX rate in DNA brush In this
merizing nucleoside triphosphates into a chain of RNA, unt"paper' we introduce the concept of transcription (TX) dipoles
these enzymes reach the terminators, where they unbind anlat takes into account the directional motion of RNAP in the
are released to the solution. The motion of RNAP along DNArelevant diffusion equation. We use this concept to predict
is unidirectionaldue to irreversible steps in the RNA polymer- that the directional motion of RNAP is indeed the physical

ization®™, mechanisms of the observed dependence of TX rates on the
DNA is densely packed in both prokaryotic and eukaryoticorientations of TX units.

cells and the rates at which the code of a TX unit is tran-

scribed (TX rate) are, in part, regulated by the local packing

density of DNA in the vicinity of the TX unit. DNA brushes, 2 Model

in which DNA is end-grafted to a solid substrate (see fig. 1),

are simple synthetic systems that allow quantitative control oR.1  Transcription dipole

the local packing density of DNA to determine how this mod- ) )

ifies the TX rates of DNAS. Experiments on DNA brushes e freata DNA brush in a solution of RNAP, where each DNA
showed that TX rates are limited by the dynamics of binding ofch@in has one TX unit at thg-th chain segment (originating
RNAP to the promoters of TX units; the local concentrations@t the grafted end of the chain), see fig. 1. Above the brush
of RNAP at the positions of the promoters are the key paramt€9ion,z> h, the concentratiop of RNAP is uniform and

eters that determine TX rates in DNA brésh Moreover, this region plays the role of a reservoir of RNAFi{ the dis-
tance from the substrate ahds the height of the brush). In

T Electronic Supplementary Information (ESI) available: [details of any the solutionwithin the brush, the local concentratiop$zt)

supplementary information available should be included here]. See DOlgf RNAP are derived from an effective diffusion equation that
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The first term is due to the fluk(z t) of RNAP in the solution  the same TX unit, at a time before the delay timef tran-

in the brush; this flux includes the contributions of the interac-scription. However, one can use a simple and generic treat-
tions between RNAP and DNA chain segments (see eq. (2)nent for the case in which the TX unit is relatively short.
kon(2) is the rate at which RNAP is bound to the promotersin the asymptotic limit that the lengthhx of TX units tends

of DNA from the solution in the brush (per unit concentration to zero,—kon(2)p(zt) + kot (z,t) — 0, because RNAP that is

of RNAP) andkyst(zt) is the rate at which RNAP is released bound to the promoters is released at the corresponding ter-
from the terminators of DNA to the solution in the brush. With minators (that are infinitesimally close) with negligible travel
the second and third terms, the promoters and terminators dime. When the lengthry is finite (but still smaller than the
DNA are treated as the sinks and sources of RNAP relative t&Kuhn lengthly), the promoters and terminators of TX units
the solution; these terms account for the directional motion otan be treated as the dipoles of sinks and sources of RNAP

RNAP during transcription. that are separated lhyx (the TX dipoles): We expand the un-
The flux of RNAP has the form binding ratekos(z,t) in eg. (1) with respect to the separation
Irx, Koff(Zt) ~ (Kon(z— ltx cosB) p(z— ltx cosO,t — T)) ~
Jat)=-D| Lp e 20| @) en@AEtD) —in(cosh) k(2 p(zt - ), where)
0z 0z is the (local) statistical average of the orientation of the TX

i i . . o dipoles (defined by the unit vector that points from the pro-
The first term is due to (entropically driven) diffusion and oters to the terminators, is the angle between TX dipoles
the second term arises from the interactions between DNA 4 the normal to the substrate. anis the delay time due

chain segments and the RNAP (the derivation is shown ifg transcription. This leads to an approximate diffusion equa-
Supplementary Information). For simplicity, we consider thejon (see also sec. S2 in the Supplementary Information for a
case in which the concentration of RNAP within the solution¢y,ma4) derivation)

in the brush is relatively small; interactions between RNAP
molecules are negligibld® is the diffusion constant of RNAP 0 0
within the solution in the brush regiow.is the second virial 0=-57@~5,"@ ®)
coefficients that account for excluded volume interactions be-
tween the DNA chain segments and the RNARz) is the f[hat Is applicablt_a for steao!y statedp(z ) /ot - 0). Prx(2)
local concentration of the DNA chain segments (see below). is the local density of TX dipoles and has the form
The binding ratén(z) (to promoters) has the forigs, (2), _
whereA is the rate constant for the binding of RNASI03 to the Prx(2) = Ap(@lx5:(2)8 (2) @
promoters andj, (2) is the local concentration of promoters whereA p(z)ltx is the moment of each dipole atgs,(2) is
on the chains at height (see fig. 1). In general, the un- the number of dipoles per unit volume, ad(= (cosf)) is
binding ratekos(z) from terminators does not have a simple the local average projection of DNA chain segments along the
form and depends on the model of DNA brush because of the direction. TX dipoles are directed inwards (‘INg; < 0) or
correlations involved in the fact that RNAP is released fromoutwards (‘OUT’,S; > 0) from the substrate, dependent on
the terminator of a TX unit only when it is be bound to the which end of DNA is end-grafted to the substrate, see fig. 1.
promoter of the same unit beforehand; the unbinding rate oThis orientational order parameter is'ector, not a tensor, in
RNAP from the terminator of a TX unit, depends on the lo- contrast to the situations of force dipofeand liquid crystal$,
cal concentration of RNAP at the position of the promoter ofbecause terminators and promoters are point SOUrgEg)
and sinks—A p(2) that are scalars. The TX dipoles account
, for the correlations due to the causality involved in the binding
A =N IN of RNAP to the promoter of a TX unit and the subsequent
b=, -\t N e unbinding from the terminator of the same unit.
\ [\ \ We solve eq. (3) with two boundary conditions: (i) RNAP
) cannot penetrate the substrate and thus the flux of RNAP is
zero atz =0, J(0) + Prx(0) = 0. (ii) The chemical poten-
tials of RNAP are continuous at the height h of the brush,
| p(h) = poeV®M (see also Supplementary Information). The
TXrate in a DNA brush is defined by the sum of the rapg2)
at which RNAP is bound to a promoter over all of the promot-
ers in the system,

0
.

S

Fig. 1 The geometry of a DNA brush: Each DNA chain in the brush
has one TX unit at the-th chain segment (originating at the grafted
end). The unit vector from the promoter to the terminator of the TX
unit is directed outward from the substrate (left) or inwards, towards h
the substrate (right). R= /0 422 p(2)0e, (2). )
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The forms of the local concentratiodgz) of chain segments, 0.3 ' - - -
the local concentratiorgs, (z) of the TX units, and the orien-
tational order paramet&; (z) depend on the applicable brush L
model for a given situation. The TX rakRdepends on the ori-
entations and positions of TX units via the local orientational
order paramete®, (z) and local concentratiogy, (z) of the TX L --
units.
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We consider the biologically relevant case in which the so-

luti tains hiah trati f salt ions: in thi Fig. 2 Rescaled TX rateBw/(A pola) are shown as a function of
ution contains figh concentration ot sait 1ons, In this casey,, segment indesy/N of TX units with the OUT (orange) and IN

DNA in the brush can be treated as a neutral semiflexiblgye) orientations and for the cases that the local concentrations of

polymer'®*%. We first use a simple model of a DNA brush in pNA chain segments are uniform (the solid curves) and parabolic

which the concentration of DNA chain segments are uniformfunctions (the broken curves) of the distance from the substrate. The

in the brush region (uniform brush¥p(z) = ®g (= No/h)  values ofv/w, Altxla/(Dw), andow/l, used for these calculations

for 0 < z < h, where the heighh of the brush isNI;S;, o are 15, 1.0, and 10, respectively.

is the grafting density (number of chains per unit area) of

DNA in the brushN is the number of chain segments of each

DNA chain, and, is the Kuhn length of double-stranded DNA 02 N T T T
E 5 ig IN

(Ia ~ 100 nm for fully neutralized DNA?). The distribution
functionn(u) (u is the orientation of DNA chain segments) is
determined by minimizing the free energy that has the form

F

NoT = /dQn(u)Iogn(u) - szi o
+%<Do/in /deBijn(Ui)”(Uj)- (6)

000204 06 08
The first term is due to the orientational entropy of the DNA wo/la
chain segments and the second term is due to the (anisotropic ) .
excluded volume interactions between these segments; th g. 3The rescaled TX ratRwj/(A pola) is shown as a function of
. . o ; I fti i I for th T IN
free energy takes into account the semiflexibility of DNA (the e rescaled grafting densiyo I for the OUT (orange) and

. e . . (blue) configurations and for the cases that the local concentrations
inextensibility of DNA and the anisotropic excluded volume ¢ pN chain segments in the brush is uniform (solid curves) and

interactions between DNA chain segmentsy in an exten-  paraholic functions of the distanegbroken curves). The values of
sion of a free energy of the Alexander model for flexible v/w, Alx1./(Dw), andsy/N used for the calculations are5] 1.0,
polymer brushe® 1/ (see also Supplementary Information). and 05, respectively.

Bij = 4—7VTV|ui x Uj|, wherew is the second virial coefficient that

accounts for the excluded volume interactions between DNA

chain segment$14 The integraldQ is over all possible ori-

entationsu of chain segments and the subscripgéd j rep- For uniform DNA brushes, TX rate has the form
resent two interacting chain segments; this treats the excluded
volume interactions among the chain segments near the sub-
strate in the same manner as the rest of the brush. In this
model, the substrate plays a role in breaking the symmetry
of the system; the chain segments of DNA are stretched only
towards the outward normal to the substrate, where the solFhis expression is obtained by using eq. (5), where the local
vent is found. Eq. (6) is effective for relatively small concen- concentration of RNAP is derived from egs. (2) and (4) for the
trations of RNAP in which the chain conformations of DNA case in which the local concentration of DNA chain segments
in the brush are only negligibly modified by interactions be-is ®g (constant). The form of eq. (7) indeed does not depend
tween DNA chain segments and RNAP. We use a variationabn the specific form of the local concentratiang(z) of the
approach?® to derive an approximate form of the orientational TX units (see also Supplementary Information); the TX rate
order paramete$; (defined after eq. (4)) as a function of the in the DNA brush thus does not depend on the posiipaf
grafting density of DNA (see Supplementary Information).  TX units, see also the solid curves in fig. 2.

0.1F 7% T

Rw/(pola)

— —Vv®q _ 7A|sz:|_G/D
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3 Results and Discussion our theory predicts that the concentration of RNAP is smaller
in the solution in the brush region than in the bulk solution (for
Our theory predicts the rescaled TX refev/(Apola) as a  both the OUT and IN configurations). Moreover, for the QOUT
function of the rescaled grafting densityo /I, of DNA as  configuration, the TX rate decreases as the grafting density of
well as the positionsg/N (along DNA chains) and orienta- DNA is increased, see fig. 3, because both TX dipoles and ex-
tions of TX units. This rate also depends on the ratie  cluded volume interactions (between RNAP and DNA chain
of the second virial coefficients and the rescaled rate constasiegments) tend to expel RNAP from the brush. These results
Alrxla/(Dw), where the values of these parameters are of orare indeed in agreement with experiméits
der unity for physiologically relevant salt concentrations (see Experiments show that the TX rate is not very sensitive to
also Table 1 in the Supplementary Information). For relativelythe positionsy of TX units for o ~ 1100um~2 (that is an or-
small grafting densities of DNA, the TX rate increases linearlyder of magnitudes larger than the inverse of square of Kuhn
with increasing the grafting density of DNA, simply becauselength. This is in agreement with the prediction of our the-
the number of TX units increases, see the solid curves in figory for the case of a DNA brush, where the concentration of
3. The TX rate is not very sensitive to the orientation of thechain segments is uniform, see fig. 2. Such a uniform concen-
TX dipoles because, in this limit, the density of the TX dipolestration profile has been predicted for strongly stretched poly-
is too small to modulate the local concentration of RNAP inmer brushes due to the anisotropic excluded volume interac-
the brush region. For larger grafting densities, the TX rate igions between chain segments and/or the inextensibility of the
always smaller for the OUT configuration than for the IN con- polymers®2L However, recent experiments have shown that
figuration. This is because, for the OUT configuration, bothDNA in brushes may not be strongly stretched even for the
the directional motion of RNAP and the excluded volume in-largest grafting density (that is used in the experiments) be-
teractions between RNAP and DNA chain segments (the ossause the excluded volume of DNA chain segments is rel-
motic pressures of the brush) tend to expel RNAP from theatively small®25 For a polymer brush that is moderately
brush region; this decreases the local concentrations of RNABtretched, one expects the local concentration of DNA chain
in the vicinity of the promoters and thus suppresses the TXsegments to be a quadratic function of the distarfcem the
rate in DNA brush. In contrast, for the IN configuration, the substrate (parabolic brusif)?%. For a parabolic brush, the lo-
TX dipoles tend to accumulate RNAP near the substrate andal concentratio®(z) of DNA chain segments and the orien-
thus increase the concentration of RNAP in the brush regiontational order paramet& have the forms
relative to the OUT configuration. This result is in agreement

with experiment$® and thus demonstrates that the directional o) = 30N (1_ 22) ©)
motion of RNAP during transcription plays an important role 2 h h?
in the TX rate in DNA brushes. nmz o

. ) i Si(z) = cot 9

Our theory predicts that for the IN configuration, the TX @ 2N, (ZN ) ©

rate shows a plateau at relatively large grafting densities, when
the ratiov/w of the second virial coefficient is as large as the
rescaled rate constaAtrxl,/(Dw), see fig. 3. This is be-

cause the fluxes of RNAP due to excluded volume mteractlongso

whereh (= Nla(%‘:)m) is the height of the brusk—2(see
also Supplementary Information). The local concentrations
z) of TX units are

between RNAP and DNA chain segments (which tend to ex- 27 /M2 _ 272
pel RNAP from the brush) are as large as localizing effects O%(2) = 30% (10)

of the TX dipoles (that tend to accumulate RNAP near the

substrate). In contrast, when the ratiow is small or nega- for 0 < z< x~*hand zero fory ~*h < z< h, where we used a
tive, TX rate does not show plateau and continues to increasi@ctorx ~* (= sin(32)) ?2-%4(see also Supplmentary Informa-
monotonically with increasing the grafting density of DNA. tion)'. In contrast to uniform brushes, for parabolic brushes,
Experiments (that are performed at physiologically relevanour theory predicts that TX ratis sensitive to the position
salt concentrations for the IN configuration) show that TX ratesy of TX units because the local concentrations of DNA chain
saturates for large grafting densittedhe experimentally rel- segments are not themselves uniform, see the broken curves in
evant ratiov/w is thus positive and somewnhat large for thesefig. 2. This is not the case in the aforementioned experintents
salt concentrations (it is estimated to €l from the dimen-  that use brushes of DNA with the contour length~o700 nm
sion of a DNA chain segment and a T7 RNA. In this case,  (~ 7 Kuhn segments); such DNA brushes show rather uniform
concentration profile, even for the case in which the DNA is

+ This ‘plateau’ is indeed not a saturation, but a relatively broad maximum un
less the ratios/w of the second virial coefficients and the rescaled rate cont Egs. (8) - (10) are applicable for relatively small concentrations of RNAP in
stantA Itxla/(Dw) are fine tuned (see also eq. (7) and fig. 3 in Supplementarywhich the chain conformations of DNA are only negligibly modified by the
Information). excluded interactions between the RNAP and the DNA chain segments.

4|  Journal Name, 2010, [vol] 1-6 This journal is © The Royal Society of Chemistry [year]
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stretched only moderately. This prediction may be tested morperiments on DNA brushés The typical length of TX units
directly by experiments using total internal reflection fluores-in bacterial DNA is about 300 nfrand thus~ 3 times longer
cence 28, The general dependence of TX rate on the graftingthan the Kuhn length of DNA. In such cases, the local density
density of DNA is not sensitive to the brush model, at least, forof TX dipoles has the form

the values of rescaled grafting densityw /1, that is smaller
than unity, see fig. 3. ) Prx(2) = Ap(2)95 (2){z — 2p), (11)

Our results _suggest that the approximation of flexible poly-Wherezp andz are the real space positions of the promoter
mer brushes is not relevant to DNA brushes, even for Somenq terminator sites, respectively. This treatment takes into
cases in which the chains are longer than the Kuhn length angecoynt the fact that the chain may fluctuate significantly in
are only moderately stretched. Indeed, a theory of DNA SOye region between the promoter and terminator; in that case,
lutions predicts that the structures_ of DNA are only slightly ¢ (real-space) distance between the promoter and the termi-
affected by the excluded volume interactions between DNA,¢0r of 4 TX unit may be shorter than the contour leriggh
chain segments even in semidilute concer;tragons when theetween these sites and the orientation of the unit vector from
length of DNA is shorter than a length scald;/d (wherzeé:i the promoter to the terminator may deviate from the tangent
is the effective diameter of DNA chain segments4 nm)™.  yector along the chain at the position of the promoter. Eq.
Thisis in agreement with recent experiments thatuS@um (11 js effective for cases in which the length of TX urlitg
long DNA in solutiong®27 This implies that the conforma- s mych smaller than the entire length of DNA chains. TX
tion of relatively short DNA chains in brushes may not be very ginoles may be thus still useful to approximately treat the di-
different from a single DNA chain that is end-grafted to & sub-rgctional motion of RNAP along TX units that are somewhat
strate even for a relatively large grafting densfty The uni= Jonger than the Kuhn length (but are still shorter than the en-
form congentratlon prqflle that is predicted by comparing oUriire length of a DNA chain). Otherwise, one should use eq.
results with the experiments discussed here may be rationalyy (g treat the directional motion of RNAP. An extension of
ized by taking into account the stiffness of DRA We here  the concept of TX dipoles may provide insight in other active
emphasize that our prediction that the TX rate of a uniformyansport processes,g. the transports of cargos by molecu-
brush is not very sensitive to the positions of TX units alongj,r motors along cytoskeletal filameRs A unique feature of
DNA chains is a generic result that does not depend on thg,e directional motion of RNAP along TX units may be the

specific form of the free energy, see sec. S3B in the Supplepct that the starting and ending positions of the motion are
mentary Information. Measurements of TX rate as a fU”Ct'Orbrescribed in the base sequence of DNA.

of the chain length of DNA may provide further information

about the physical mechanisms that stabilize the uniform con-
centration profile. Acknowledgement
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