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Looping Dynamics of Linear DNA Molecules and the Effect of DNA
Curvature: A Study by Brownian Dynamics Simulation

Holger Merlitz, Karsten Rippe, Konstantin V. Klenin, and Jérg Langowski
Division Biophysics of Macromolecules, German Cancer Research Center (DKFZ), D-69120 Heidelberg, Germany

ABSTRACT A Brownian dynamics (BD) model described in the accompanying paper (Klenin, K., H. Merlitz, and J.
Langowski. 1998. A Brownian dynamics program for the simulation of linear and circular DNA, and other wormlike chain
polyelectrolytes. Biophys. J. 74:000-000) has been used for computing the end-to-end distance distribution function, the
cyclization probability, and the cyclization kinetics of linear DNA fragments between 120 and 470 basepairs with optional
insertion of DNA bends. Protein-mediated DNA loop formation was modeled by varying the reaction distance for cyclization
between 0 and 10 nm. The low cyclization probability of DNA fragments shorter than the Kuhn length (300 bp) is enhanced
by several orders of magnitude when the cyclization is mediated by a protein bridge of 10 nm diameter, and/or when the DNA
is bent. From the BD trajectories, end-to-end collision frequencies were computed. Typical rates for loop formation of linear
DNAs are 1.3 - 10% s~ (235 bp) and 4.8 - 10?2 s~ ' (470 bp), while the insertion of a 120° degree bend in the center increases
this rate to 3.0 - 10* s~ (235 bp) and 5.5 - 10% s~ (470 bp), respectively. The duration of each encounter is between 0.05
and 0.5 us for these DNAs. The results are discussed in the context of the interaction of transcription activator proteins.

INTRODUCTION

Many examples in transcription, replication, and recombi-can be realized by DNA looping, leading to the initiation of
nation exist where DNA looping has been shown to betranscription. One can classify the systems in which inter-
implicated in the function of DNA-binding proteins, for action through DNA looping plays a role according to the
instance in the action of p53 (Stenger et al., 1994), Ultradistance of the interaction. While in typical upstream ele-
bithorax protein (Beachy et al., 1993), EBNAL protein of ments the distance between the transcription factor binding
Epstein-Barr virus (Frappier et al., 1994; Frappier andsite and the promoter is typically around 100-200 bp, other
O’Donnell, 1991; Su et al., 1991), NtrC (Rippe et al., 1997;cis-acting regulatory regions, called enhancers, may be sev-
Su et al., 1990; Wedel et al., 1990), AraC protein (Schleif,eral thousands of basepairs away from the promoter. As
1992), lac repressor (Knaer et al., 1987), and HU protein outlined in Rippe et al. (1995), the effect of DNA bending
(Haykinson and Johnson, 1993). Numerous other examplesnd finite protein size on the interaction probability is most
have been described in the literature and reviews are givedramatic when the DNA length between the sites is of the
in Bellomy and Record (1990), Hochschild (1990), andorder of 2 persistence lengths (300 bp) or less. For very
Schleif (1992). Loop formation can be facilitated by DNA distant sites, local bending or finite protein size does not
bending as shown for IHF-induced bending (Carmona andhfluence the looping probability. An effect of DNA bend-
Magasanik, 1996; Moitoso de Vargas et al., 1989; Santero éhg for large separation distances is only expected when the
al., 1992) or intrinsic bending of the DNA (Bracco et al., two interacting sites are in a superhelical context, because
1989; Lavigne et al., 1992). the bend defines the position of the end loop of the super-
Protein-protein interactions mediated by DNA looping helix (Klenin et al., 1995; Laundon and Griffith, 1988; Yang
are of particular importance for the transcription initiation et al., 1995).
process. The vast majority of genes in eukaryotes and also Different experimental techniques have been used to
some genes in prokaryotes are controlled by activator prostudy DNA loop formation in vitro and in vivo. The clas-
teins that bind far away from the promoter to DNA se- sical method to measure DNA looping in vitro, cyclization
quences designated as enhancers or upstream elememetics, was pioneered by Shore and Baldwin (1983) and
Physical contact between the transcription machinery at thghore et al. (1981), and has later been applied to many other
promoter and the regulating protein(s) at these sequenceglated problems. In addition, in a variety of systems peri-
odic variations in gene activity with the distance between
activator binding site and promoter, or two repressor sites,
Received for publication 19 June 1997 and in final form 3 November 1997have been reported (Bellomy et al., 1988; Borowiec et al.,
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deal with the most general case, i.e., calculating the probahe interaction is facilitated as compared to interactions free in solution; for
bility of interaction of two ends of DNA fragment at any an unfavorable orientation the interaction will be inhibited. Thusjthe

arbitrary relative orientation and distance—parameters tha1es presented should be considered as averages. For protein-protein
Interactions an unfavorable torsional alignment may redijc&s much as

would be implied by the geometry of the protein bridge— 14_40/q if the length of the intervening DNA is between 60 and 130 bp

and for any type of DNA structure and flexibility for the (Haykinson and Johnson, 1993), and as much as fivefold for a DNA length

sequence between the contacting ends. of 130-200 bp (Law et al., 1993). With longer distances the effect
Enhancing the theoretical description by incorporatingdisappears, and should be hardly noticeable above 800 bp (Rippe et al.,

more. structural detal'ls of the DNA-protein |00p IS Only The simulations were done with chains up to 160 nm length. To obtain
possible by a numerical treatment of the problem. A de'the end-to-end distance distribution for which hydrodynamic interactions
scription of the DNA chain by a model where groups of (HI) can be omitted, simulation times &f,, = 50 ms were reached. The
basepairs are considered as rigid units and their interactiosimulations of the chain dynamics to obtain the first entrance times needed
is given by harmonic bending, twisting, and stretching po_HI, and hence were more time-consuming. I—_|ere_ only s_imulations with
tentials has proven very successful in describing the Struct5‘m: 10 ms were conducted. The autocorre_AIatlon tlmgs with respect to the
. . ! end-to-end distance for the fragments studied were in the order p£10
ture and dynamics of linear and superhelical DNAs. Such %tarting from a random position on the trajectory, the time until the next
model may be used to calculate thermodynamic equilibriunentrance into a sphere with= 10 nm around one end was determined.
structural ensembles through Monte Carlo procedures (Bedis procedure was repeateeB00—1000 times for each trajectory of 10
nar et al., 1994; Gebe et al., 1995; Gebe and Schurr, 1996 to s_ample_ the independent conformations. The_ data_ obtained were
Klenin et al., 1995, 1991: Kremer et al., 1993: Langowski etcategorlzed with respect to the contact Flmes to obtain a discrete functl_on
a where the number of molecules versus time to reach the conformation with
al., 1994; Rybenkov et al., 1997a,b; Vologodskii et al.,; — 19 ym is given.
1992) and also to describe the dynamics of DNA on micro-
to-millisecond time scales by Brownian dynamics (BD)
procedures (Allison et al., 1989, 1990; Chirico and ESULTS
Langowski, 1992, 1994, 1996; Ehrlich et al., 1997; Heath eP
al., 1996). Other types of models, notably elastic-chainThe end-to-end contact probability of DNA chains is shown
models using finite-element or spline function approachesn Fig. 1. An analytical solution has been given by Shimada
(Martino and Olson, 1997; Olson, 1996; Olson et al., 1993;and Yamakawa (1984) for the case when the two chain ends
Schlick and Olson, 1992; Yang et al., 1995; Zhang et al.have to come into direct contact to form a loagaghed
1994) have been used to calculate structural properties afurvein Fig. 1 A). While the agreement between the sim-
large DNAs, but these models, which exclude thermal fluc-ulated and the analytical values is satisfactory. Monte Carlo
tuations, are not adequate for computing thermodynamisimulations reported by Hagerman and Ramadevi (1990)
properties (Langowski et al., 1996). showed better agreement with the Shimada-Yamakawa
By using a BD model we have recently obtained first data(SY) expression. One reason might be that both the Hager-
on the enhancement of intramolecular interaction in DNAman-Ramadevi and the SY work do not take into account
by looping under conditions where the two DNA ends wereexcluded volume. It is well conceivable that for intermedi-
connected by a 10-nm protein bridge and an optional bendte fragment lengths where théactor is near its maximum
was inserted in the chain (Rippe et al., 1995). Here we=xcluded volume effects will lower the cyclization proba-
present an analysis of thkéneticsof the looping process and bility to some extent. At any rate, the deviation between our
an extension of the first calculations to other biologically BD data and the SY expression is small compared to the
interesting cases. difference to the experimental cyclization probabilities re-
ported by Shore et al. (1981Black squaresn Fig. 1 A). It
is clearly seen that our values constitute an upper limit to the
METHODS experimental data; this is because we did not take into
Brownian dynamics model account effects of torsional or axial orientation of the DNA
: I _ ends. As discussed above, torsional orientation effects
The BD model used here is described in the accompanying paper (Klenin . . . .
et al., 1998). The simulations were performed using a statistical segmerﬂ“ght either increase or decreaﬁ@ as colmpared to the
length of 100 nm [i.e., persistence length of 50 nm (Hagerman, 1988)], av@lue computed here; however, the requirement of correct
25°C and in 0.1 M NaCl. The length of the unit segment in the model wasaxial orientation will always lowerj,, (for small rings
3.18 nm, corresponding to a spherical bead encompassing 9.35 bp. 8orrect axial alignment at the ends requires extra bending).
touch?ng-beads chain With this choice of bead diqmgter is known to Fig. 1 B shows the effect of a bound protein and chain
descrlpe the hydrodynamlc dlgmetgr of DNA quantitatively (Hagermanbending on thej-factor. For short fragments the looping
and Zimm, 1981). The simulation time step waAs = 0.2 ns, and the J =0T -
second-order algorithm was used. probability is increased by an order of magnitude by allow-
End-to-end contact probabilities are given in the form of jiactor ~ ing end-to-end contact at a distance of 10 nm instead of
jm(r), which we define here as the concentration of one chain end ing = (. This corresponds to the dimensions of a typical
spherical shell of radius around the other end. The correct torsional protein-protein bridge between two DNA segments, e.g., lac

alignment of the two ends/sites can be important for biologically functional I r tetramer binding tw rator sit Lewis et al
protein-protein contacts, but was not considered here. The concentratior(?p essor tetrame g two operator sites ( H

given byj,, are equivalent to the same concentration of a species free int996) or an enhan?er bridged to the promoter by a contact
solution. If the torsional orientation of the sites on the DNA is favorable, between a transcription factor and the RNA polymerase
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distance (bp) ment atr = 10 nm. The bent fragmentisfactor is more
200 300 400 500 than three orders of magnitude higher. In contrast to the
oo straight fragment wherg, (r = 10 nm) increases by about
S 1 an order of magnitude from 120 to 470 bp, the contact
probability decreases slightly with length for the bent frag-
ment. The difference between the bent and straight cases, as
well as ther = 0 case, becomes smaller with increasing
length and disappears for DNA lengths1000 bp (data not
shown).
The results presented in FigBldemonstrated that DNA
= bending can dramatically increase the interactions between
] proteins that are separated by 100—200 bp as, for example,
between activator proteins bound at upstream elements and
proteins at the promoter. In this context it is noteworthy that
the general transcription factor TBP introduces an 80° bend
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10° e, 210 nm, 120° bending angle 7 into the DNA at a position locatee 30 bp upstream of the
L B ] transcription start (Kim et al., 1993a,b). In order to study
108 L IR . this case in more detail we have conducted simulations on a
Tm 51-nm linear fragment (150 bp) where the position of the
ends would correspond to the transcription start site and the

bl position of an upstream element. Introduction of an 80°
bend~¥s (= 30 bp) away from one end as introduced by
TBP leads to only a 10-fold increase Rjf, whereas the
] same 80° bend located in the center of the fragment in-
E creaseg,, several hundredfold as compared to the unbent
DNA. We conclude that asymmetrically located bends are
T S B N much less effective in promoting interactions by DNA loop-
200 300 400 500 ing, and it appears therefore less likely that the TBP-induced
distance (bp) bend alone plays a dominant role in mediating interactions

FIGURE 1 Local concentratiofy, for linear DNA fragments of 120 (40 with upstream elerrents' ible th . | intrinsi
nm), 150 (50 nm), 240 (80 nm), 350 (120 nm), and 470 (150 nm) basepairs. [OWeVer, it could be possible that additional intrinsic
(A) Local concentratiorj,, at r = 0 determined from the Brownian curvature of the DNA between the two sites is also present.

dynamics simulation (-A—) or calculated according to Shimada and This notion is supported in a recent analysis of the intrinsic
Yamakawa (1984)-¢ -). (I), experimentaj,, values determined by Shore cyrvature observed in the region between the upstream
ft_%_(?grl]é :?r Zo%pszfc(’;f)ﬁ\“;vi;t; c_enotr;H)Ae;j)i,n ;tarn&elgf 22:) element and promoter of 200 eukaryotic sequences, where a
significant increase of curvature has been detected {&cha
and Langowski, in preparation). Therefore, also the syner-
gistic effect of two bends was examined and the correspond-
[e.g., NtrC-RNA polymerase=* holoenzyme (Rippe et al., ing data are presented in Fig. 2. The data show that a TBP
1997)]. bend in conjunction with additional intrinsic DNA curvature
At DNA lengths >350 bp there is no significant differ- could have a much larger effect on the interaction proba-
ence between the curves for= 0 nm and forr = 10 nm.  bility.
At 150 bp we have a 10-fold higher valuerat 10 nm as In Figs. 1 and 2 we have calculatgg for the interaction
compared tad = 0 nm. However, the concentration at this between the two ends of linear DNA. However, the relevant
point is still lower by a factor of 10 than at500 bp, where  situation in vivo is the interaction between two sites located
the maximum ofj,, is located for linear DNAs with no on a longer DNA fragment. To compare the contact prob-
specific bends. In connection with the upstream activatiorability we have determined the dependencg,pbn r for
elements of eukaryotic promoters, the question arises whthe ends of an 80-nm DNA and for two sites separated by 80
these are generally located 100—200 bp away from th@m that were located in the center of a 160-nm DNA (Fig.
promoter if the local concentration at the promoter would be3). Both DNAs had a central 120° bending angle. Signifi-
higher at a separation distance of 500 bp. A possible explacant differences occur only at the short separation distances,
nation for this observation could be that the kinetics of loopi.e.,r < 15 nm. It can be seen from inspection of Fig. 3 that
formation favor shorter separation distances (see belowdtr = 10 nm the value of,, for end-to-end interactions is
and/or that DNA curvature increases the local concentratiotwo times higher (2.9 10 ° M versus 1.5 10 ® M) with
jm- The latter effect was studied by introducing a 120° bendeven larger differences at smaller values of
in the center of the DNA that increases the looping proba- The data presented in Figs. 1-3 reflect the equilibrium
bility dramatically as compared to the straight 120-bp frag-conformation of the DNAs analyzed. However, we can also
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Nioop(t) is the number of samples that have first entrance
times = t. This is equivalent to treating the cyclization
process as an irreversible first-order rate mechanism
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FIGURE 2 Local concentratiofy, atr = 10 nm for a 51 nm+£ 150 bp) Accordingly, we can fit the data obtained from Eq. 1 to

ang linear ‘fragment. The fr_agment has a central DNA bend of_ the magthe single exponential given in Eq. 3. This yields the cy-
nitude that is given on theaxis (—1—). The second curve (B—)ISfor i ati0n rate constark,, and is shown in Fig. 4 for 80- and
a DNA of the same length with an additional bend of 80%s from one orv .
end, which is to mimic the TBP-induced bend. The error bars are smallel160'”m fragments with and without a central 120° DNA
than the size of the symbols. bend. The values obtained fkg,, are given in Table 1. To
obtain the kinetic and equilibrium constants for loop forma-
tion we have to take into account that the dissociation of the
determine the kinetics of DNA loop formation, since the BD
simulations provide us with the dynamical evolution of the
chain. For extracting the first-order rate constant of loop
formation from the trajectory data, we selected a random

starting point on the trajectory and measured fin& en- $1000 ]
trance timei.e., the time until the chain ends met withina 3
distance of 10 nm. As described in the accompanying pape% 800 |
(Klenin et al., 1998), the number of statistically independent E [
configurations with respect to the end-to-end distaigg, 8 600 | ]
is ~5000 for the 80-nm chain and 455 for the 160-nm chain £ [
in a 10-ms trajectory. We therefore collectedN, = 1000 S 400 ]
samples from each trajectory, which is aroudg; for the 2 I
chains studied. The first-order rate constant was then com& , 1
puted by treating cyclization as irreversible and plotting the < 0
0 Py v v b B e b e e e b e Ly .“
"7 70.001 " "0.002" "0.003" "G6.004" "0.605 ' 0.006
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FIGURE 3 Comparison ofy(r) end-to-end interactions to site to site  FIGURE 4 Kinetics of loop formation for = 10 nm. The curves were
interactions. The value adf, as a function of the separation distances fitted to the equation for a irreversible first-order reaction (Eq. 3) from
given for the end-to-end distance of an 80-nm (240 bp) fragmel{—- which the rate constant for loop formatidg,, could be determined (see
and for the two sites separated by 80 nm on a 160-nm fragmeni-—- also Table 1). &) Straight fragments of 80 nm (l—) and 160 nm
Both DNAs had a central 120° bending angle. The error bars are smalle—{]—) length. 8) DNAs with a central 120° DNA bend of 80 nm
than the size of the symbols. (—H—), and 160 nm (-=1—).
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TABLE 1 Parameters for loop formation at r = 10 nm must be employed. We have used our model to comjppte
80 nm, 80 nm, 160 nm, 160 nm, for the hypothetical case where two proteins bridge the two
straight 120° straight 120° chain ends and keep them at a distance of 10 nm. The
jnr (M) 30-10-® 22-10-° 1.0-10-7 45.10-7  Protein bridge in cooperation with an intrinsic DNA bend
Kiq 76-10° 56-10° 25-10% 1.1-10%  increases the loop formation probability for short DNA
Kon (571" 13-10°  3.0-10'  48-10° 5.5-10° fragments (120-250 basepairs) by 3 to 5 orders of magni-
Kotr (57)° 17-100 5410  19-1C°  48-1C  y,de We also showed that an asymmetric 80° bend as
1k, (S)" 77-100*  3.4-10° 21-10% 1.8-10*

1. () 59-10°% 19-107 53-107 20-107 induced by TBP increases the interaction probabit}0O-
In 2k, (s)** 55-107* 23-10° 14-10°% 1.2-10* fold. One can conclude that bent DNA sequences between
upstream hinding elements and promoters are important for

*The equilibrium constant for loop formatio,, was calculated fronj,

(see text). establishing—in cooperation with TBP—the contact between
#The rate constant for loop formatidg,, was determined from Eq. 3. a transcription factor and the transcription complex at the
SThe rate constant for loop dissociati&g, was calculated fronK,, and promoter. The asymmetric bend assumed for the TBP has,
50”' . . o however, a smaller effect on the cyclization probability than a

The average time it takes until the ends contact each other is given bg . . .

1k, ymmetric bend located in the center between the two sites.

IThe average time the ends are within the contact distaneed0 nm is In the context of a longer DNA, one should consider that

given by K. thej,, value for end-to-end interactions will be higher than

**The half-life, i.e., the time it takes un'til 50% of the .mol'ecules have for site-to-site interactions (Fig. 3). The “extra” DNA re-
g;)ki)roached each other to the contact distanee10 nm, is given by In duces the contact probability because it excludes certain
" conformations (in particular those with smg)l Thus theg,,
values here give an upper limit for the local concentration of
site-to-site interactions.
In this work we could give, for the first time, an estimate
i ﬁ)l 4 of the effect of DNA bending and protein/DNA interaction
inear<z=100p ) on the kinetics of loop formation. From the data presented
several important conclusions can be made for the interac-
tion of DNA-bound proteins via looping of the DNA.
For the short straight DNA a relative high value lgf, =

loop also occurs, i.e., the reaction is reversible:

From the values off, that describe the equilibrium confor-
mation for a given DNA fragment we can determine the

equilibrium constant for the reaction shown above accord1 3. 10° found q i
ing to the following rationale: a contact probability pf= : was found as compared to kg, 0r jy. This means

1 would mean that one end is always located within aspherg]at a §hort separatlon.d{stance can be more effective in
of r = 10 nm around the other end. This is equal to a locaPfomoting protein-protein interactions than one would ex-
concentration of,, = 4.0 - 107 M and constitutes the pect .fronj thej,\,,. valu_e, if the proteins would make the
upper limit for the value of,,. Accordingly, the values df, reaction irreversible, i.e., almost every (also .the ;hort) con-
determined for various DNA fragments can be converted@Cts lead to an successful encounter. This might be an

into the probabilityp,, to find the ends within = 10 nm important finding in terms of the location of the upstream
by using the value of 4.010™* M for p = 1. With p,p the activation elements of eukaryotic promoters, which are gen-

equilibrium constant for loop formation was then calculategerally located 100-200 bp away from the promoter.

from Keq = Proo(1 — Pioop) and the off ratek,; for Typical association rates for the DNA binding of eukary-
dissociation fronKe, = k, /.. These values are given in otic transcription factors are in the order of°1® 1P
Table 1. M~1 s (Affolter et al., 1990; Carlsson and Haggblad,

1995; Hoopes et al., 1992). Since the intracellular concen-
tration of these proteins is10 8 to 10 ° M, this corre-
DISCUSSION sponds to a pseudo-first-order constant for the initial rate of

We have measured the distribution and dynamics of th€omplex formation between 16 and 10* s™*. The rate
end-to-end distances of linear DNA chains ranging betweekioop fOr loop formation of the linear DNAs studied here was
120 and 470 bp in length by using a Brownian dynamicsfound to be & 107 to 3- 10" s™*. This shows that the rate
model (Klenin et al., 1998). The data allow us to compute0f loop formation is several orders of magnitude higher than
the Jacobson-Stockmayer factfy, (Jacobson and Stock- the rate of protein binding. Thus, looping is unlikely to
mayer, 1950) for a cyclization reaction where the ends ofepresent a rate-limiting step in the activation process, even
the chain come into direct contaat £ 0) in good agree- if one considers an increase of the protein binding rate by
ment with the analytical treatment by Shimada and Ya-sliding or other mechanisms of facilitated (one- or two-
makawa (Shimada and Yamakawa, 1984) and results frordimensional) diffusion on nonspecific DNA. However,
cyclization experiments (Shore et al., 1981). This indicatesincek,,,, can vary by at least two orders of magnitude for
that the equilibrium conformation of the linear DNAs is different DNA conformations, it might very well be an
described adequately by the model. Beyond the simple casmportant parameter in explaining why the effect of tran-
of a chain closing the circle at = 0, numerical methods scriptional enhancers is often restricted to a certain promoter.
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