arxXiv:1203.3577v1 [cond-mat.soft] 15 Mar 2012

The effect of topology on the structure and free energy landscape of DNA

kissing complexes

Flavio Romano,! Alex Hudson,*B] Jonathan P. K. Doye,*P] Thomas E. Ouldridge,? and Ard A. Louis?
Dphysical and Theoretical Chemistry Laboratory, Department of Chemistry, University of Oxford, South Parks Road, Oxford,
OX1 3QZ, United Kingdom

2Rudolf Peierls Centre for Theoretical Physics, University of Oxford, 1 Keble Road, Oxford, OX1 3NP,

United Kingdom

(Dated: 19 March 2012)

We use a recently developed coarse-grained model for DNAutdykissing complexes formed by hybridization of
complementary hairpin loops. The binding of the loops i®togically constrained because their linking number must
remain constant. By studying systems with linking numbér®-or 1 we show that the average number of interstrand
base pairs is larger when the topology is more favourabléi®right-handed wrapping of strands around each other.
The thermodynamic stability of the kissing complex alsordases when the linking number changes from -1 to 0 to
1. The structures of the kissing complexes typically ineatwo intermolecular helices that coaxially stack with the
hairpin stems at a parallel four-way junction.

I. INTRODUCTION right-handed wrapping of the DNA strands in the intermolec-
ular double helix must be compensated by a region where the
Not only is DNA the genetic information carrier of life, but, 100PS wrap around each other in the opposite sense. Thus,

given the degree of control achieved in the chemistry of BNA €ven when the two loops are fully complementary, topoldgica
— molecule synthesis is fast, reliable and relatively cheap €ffects will restrict the number of bonds that can be formed.

these information-rich building blocks can be exploitedeo ~ Kissing loop interactions are also an important RNA ter-
liably self-assemble two- and three-dimensional stresfo¢  tiary structure mot#? and play key biological roles in pro-
and to build functional nanodevicés. cesses such as the regulatory action of antisense RNAs and

Hairpins probably represent the simplest structure thathe dimerization of viral genomic RNAL They have there-
DNA can form besides the standard double helix. Thesdore been much better characterized for RNA, both in terms
are secondary structure motifs formed by single-strande@f their structur&-2*and mechanical propertiés° than for
DNA molecules that have complementary regions that selfDNA. This structural knowledge has even been exploited in
hybridize. The intramolecular double helix formed from the structural RNA nanotechnology, where kissing loop interac
self-complementary sections is known as stem or neck, whiléons have also been used as a means to join RNA components
the section that connects two of the stem ends is called a loo@/ith a well-defined geomet/2° Although these RNA sys-

In contrast to RNA, which for the most part is single- tems provide an interesting comparison, the kissing loep in
strandedin vivo, so that hairpins are a common structuralteractions typically involve shorter sequences of comelem
elemen® DNA in vivo is mostly in its duplex form. Never- tary bases than for the DNA systems we consider here, and
theless, there are occasions when it is single-strandeti, a§0 topological effects are less significant. Interestintig
examples have been identified where DNA hairpins play d&NMR solution structure of a DNA kissing complex has been
biological role? including in replication, transcription and obtained for sequences analogous to that of a previousty cha
recombinatior® However, hairpin formation can sometimes acterized RNA kissing compleX. Although there are differ-
be an undesired process, and has been implicated in certa@fices in the details of the two structures, they are gegerall
diseased?:11 very similar.

DNA hairpins also play an important role in DNA  The topological effects associated with kissing loop inter
nanotechnologl=18 and can be used as the “fuel” to provide actions have been exploited in DNA nanotechnology, particu
the energy to power autonomous DNA motors, although thejarly to allow the design of autonomous moté?d#:31:320ne
can also be an unwanted secondary structural motif in DNAvay of driving a DNA nanodevice through a cycle is through
designed to be unstructuré?|. the use of complementary single-stranded DNA strands as

In this paper we study “kissing” complexes that can form“fuel”, where the first strand is designed to partially hylize
when the loops of two DNA hairpins are complementary andwith the device to induce a conformational change, and the
partially hybridize. In particular, we focus on the intexpl second then reverses this change by displacing it to form a
between topology and the shape and stability of these coniwaste” duplex. The first example of such a device was DNA
plexes. For example, when two hairpin loops hybridize, thehanotweezers, where the strands induced the device to open

and close®® However, one problem with such a device is the

two strands have to be added sequentially, since, if both are

present at the same time, they will preferentially diretiyy
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restriction on binding between the hairpin loops will effec  The potential energy” can be written as:
tively prevent the duplexes from being formed, even though

the duplexes are more stable. Given that the two strands are

complementary, these hairpins naturally form kissing com- .. p

plexes. While the hairpins are unable to open each other's” — Z (Vbackbone + Vatack + Vexe) +

stems by displacement, the motor can be designed to be a cat- o (1)
alyst for the hybridization. By having a single-stranded®N Z (VB + Veross. stack + Veoax stack + Vexc) -
section that both is partially complementary to one of thie ha other pairs

pins and has a free end, the motor can open the hairpin by dis-

placement, unconstrained by topological effects. A second

and similar, solution is to prepare the fuel strands comgalex The first sum runs over all pairs of nucleotides that are ad-

to partially complementary protective strands that binéito  jacent along a strand (neighbours in our terminology) and

ther end of the fuels but leave a loop region in the middlethe second sum runs over all other pairs. The interaction

unhybridizec®"3? A variety of autonomous motors have been between neighbours consists of a backbone term that is de-
designed based on these principteg? signed to represent the connectivity of a DNA strand, a stack

Here, we investigate the system of fully complementar)}tng term thlat tlsd de5|gnded to mlrlnlg Ztackllng mtera;c:lhor; be-
40 base DNA hairpins studied by Boé al.** using com- ween nucieotiges, and an excluded volume part that pre-

puter simulations of a nucleotide-level coarse-grainedeho vents n_ucleot|d_es frOF“ overla_pplng. The Interaction bgme
of DNA 1234 This recently introduced model provides an ex- non-neighbouring pairs consists of four different termg: (

cellent description of the structural, thermodynamic ared m ‘é hydeogen-b(.)r}dlr.lg“term that n’t1|ml|<(;s dtlrectl(t)lf]we¢tl Wfé;son-
chanical properties of both single-stranded and duplex DNA fick base-painng, .(") a cross-stacking term that acésun
and has now made it feasible to study the free energy Ianprr. stacking Interactions between _r)_ucleotldgs that afer‘f‘fc
scapes of such DNA nanotechnology systems in detail, & eighbours on different strands; (iii) a coaxial stackiagn

previously illustrated for DNA nanotweezeIn particular, atis designed to capture stacking interactions betwean n

we focus on the effects of topology on the free energy I(,md_neighbouring bases; and (iv) an excluded volume term. The

scape for the binding of the hairpin loops, and how the struciUll forms of each of these terms is reported in Ref. 34, with

ture of the resulting kissing complex reflects these topiokdg .theRE)}C'O'] tOf the coa>t<|§1l SgaCk'n.ﬂ ts rmd, Wh'(.:g '3 qe?'tb i
constraints. To further illustrate the role played by theole Inl eH S parametrization will be described in detal
ogy, we also consider kissing complex formation in systemse Sewnere:

of linked hairpins. Features of the model that are particularly important for
the current study are the relative flexibility of singleastded
DNA and its ability to describe the thermodynamics of hair-
pin formation accurately, as well as hybridization in gen-
eral. We are also confident of the general robustness of
the model, based on the wide range of DNA systems on

l. MODEL AND METHODS which we®:3435and other¥’ have tested the model. These so
far include DNA nanotweezefS,“burnt bridges®® and two-
A Model footed®® DNA walkers, as well as processes such as DNA

displacement? overstretchingt and cruciform formatiot?
and the formation of liquid crystalline phas®s.

We use the coarse-grained DNA model developed by
Ouldridgest. al..2%2#In this model, a DNA strand is described
as a polymer of nucleotides that interact via excluded vol
ume repulsion and anisotropic attractive potentials thatim

the Watson-Crick base-pairing, stacking, cross stackiy a

coaxial stacking. The model has been parameterized to-repr{ies’ except lfor Tlhe h)(/jdtr)o?en-bocvdltng tercr:‘n_, fl?r Wh|c|h 'H‘Ert
duce the structural and thermodynamic properties of single, lons are only allowed between vvatson-Lrick compiementary

stranded and double-stranded DNA molecules at the high Salﬁtases. Although this approximation of course precludes the
udy of much of the sequence dependence of properties and

: ) : S
concentrations that are typically used in DNA nanotechgyplo ) S .
applications. Since this model is described in detail in. Réf behaviour, it is not a problem when, as here, we are intateste

we shall repeat here only the fundamental ingredients. in t_hg generic beh_aviour of a system. Secondl)_/, the_ double
helix in our model is symmetrical rather than having differe
Each nucleotide is represented as a rigid body with three insizes for the minor and major grooves. Again this is unlikely

teraction sites, all on the same axis. Although the intéwact to be an issue, unless we are interested in the DNA structure
sites are collinear, we stress that a nucleotide does net poat a quite fine level of detail. Finally, the interactions dav
sess cylindrical symmetry, since the potential also depend been fitted for a single, fairly high, salt concentrationn(redy,

a vector perpendicular to the nucleotide axis to capture th®.5M), where the Debye screening length is short. This is the
effects of the orientation of a base on the interactions. regime relevant to most DNA nanotechnology experiments.

However, we should also note that the model does introduce
a significant level of coarse graining and neglects seveeal f
tures of the DNA structure and interactions. Firstly, alliifo
nucleotides have the same structure and interaction proper



(a - \\ + T\'\ C. DNA Sequences

| We have studied the same 40-base nucleotide sequences as

K in Ref.[18. The two DNA strands are fully complementary,
and so can form a duplex as well as hairpins with a stem of 10
base pairs and a loop of 20 bases. The sequences of the two
strands are, i’ to 3’ direction:

( a gcgttgetge-attttactcttctcccct cg- gcagcaacge
/+ —_ + and

Lk=0 Lk=~1 Lk=+1 gcgtt gct gc- cgaggggagaagagt aaaat - gcagcaacgc

y where the hyphens separate stem and loop regions. All the
(o) /\\/’ results we present are at room temperature, takefl as
{ 296.15 K (23 °C). This compares to a hairpin melting temper-
ature of around50 K. Hence, at the temperature we consider,
the probability of spontaneous hairpin opening is effetiv
FIG. 1. (a) The definitions that we use for the signs assatiate Zero in our simulations.
with the crossing of two curves. Schematic representatidn(®)
the three topological configurations of DNA hairpins andd&d in
this paper and (c) a control system with no topological omgetoic
constraints. The different topological configurations l &re: (i)
Topologically unlinked, linking numbeEk = 0. (i) Topologically
favoured,Lk = —1. (iii) Topologically frustratedl.k = +1. A commonly used property to characterise systems with
respect to their topology is the linking numbérk, a num-
ber that describes how two closed curves are linked in three-
dimensional space. Given the projection of two closed airve
onto any plane, a crossing is taken to be positive (negative)
B. Simulation Methods if the upper curve can be superimposed onto the lower by
a counterclockwise (clockwise) rotation (see Q. 1(a)k- A
cording to this definition, each crossing in the right-hahde
helix formed by dsDNA is negative as the strands in the helix
are antiparallef® The linking numbet.k is then defined as

D. DNA Topology

Throughoutthis work, we use Monte Carlo simulations em-
ploying the Virtual Move algorithm (VMMC) introduced by
Whitelam and coworker& 45 The latter is a modification to
the standard (Metropolis) Monte Carlo algorithm specifical Lk = 1 Z i 2)
designed to promote the collective diffusion of highly mte 2=
acting clusters that would otherwise be suppressed. In our
model DNA strands are effectively clusters of interacting n  where the index runs over the crossings wiih = +1 for

cleotides and that VMMC significantly speeds up samplinga positive crossing and = —1 for a negative crossing. In
particularly when strand diffusion is important, which ieet  more intuitive terms,Lk is the number of times that each
case when studying hybridization processes. curve wraps around the other. For a detailed discussion of

the linking number in the context of nucleic acids we refer th
Because of the presence of large free-energy barriers, weader to Ref. 49.

have used umbrella sampliffgto accurately sample transi-  Although we are considering a system of two unclosed
tions between different states. In practice, this is accombNA strands, because the rate of hairpin opening is nedgigib
plished by adding an additional term to the system Hamiltoin our simulations at the temperature we consider, the hair-
nian designed to flatten the free energy profile along a parpin loops can be effectively considered as closed loops, and
ticular reaction coordinate, and then subsequently uifljas so can exhibit topologically different states (Hig. 1(bJ)he
the result€’ In the present case, the natural choice for the remost experimentally relevant state is that with = 0, as the
action coordinate is the number of base pairs between the twikelihood that two hairpin loops would interlink duringeth
strands. This choice requires a definition of a base paigind, formation process is very low. Since linking number is con-
we define a pair of nucleotides as base paired if the hydrogeserved, in this state any negative crossings of the two imairp
bonding interaction term between them is at 68893 times  loops due to hybridization of the complimentary loops must
the well depth. Of course this choice is somewhat arbitrarype compensated by positive crossings, i.e. sections where t
but changing the threshold does not significantly alter éie r loops wind round each other in the opposite sense. This topo-
sults. logical effect will frustrate the hybridization process.



(a)

(b)

FIG. 2. Typical structures assumed by (a) a single hairpih (&
the topologically unlinked [k = 0) kissing complex. Note that
in (a) it almost looks as if the stem is longer than 10 basespair
because the stacking tends to propagate beyond the end stethe
at this temperature. For (b) the chosen structure has 1siraad
base pairs. To its right is a topological sketch of the coméiian
illustrating that the zero linking number is achieved byaaing
positive and negative crossings. In panels (c)—(e) we shxample
structures for partially formed complexes with a total o62nd 10
base pairs formed between the loops, respectively.

Ill. RESULTS
A. Topologically unlinked complex; Lk =0

Firstly, we consider two hairpins that are topologically un
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FIG. 3. Free energy profile of two complementary hairping e
topologically unlinked (i.eLk = 0) atT = 23 °C at a single strand
concentration 00.336 MM (squares). The free energy profile for
hybridization of the control system (Fill 1(c)) is also péat (cir-

cles). In the inset, the full profiles are plotted, showing targe

(> 30 ksT) free energy difference between the most stable states of
the kissing complex and the control system. The free enexjilgs

have been taken to have the same value when the number of base
pairs is1, assuming the same value for the association barrier.
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FIG. 4. Bonding probability as a function of nucleotide piasi in
the loop for differentViot, the total number of correct base pairs in
the kissing complex. Note that the probability is not cortgliesym-
metric around the centre of the loop sequence because tperity

to form non-native base pairs depends on which native basegre
formed.

formation of the first bond is due to the loss of translatiamal
tropy associated with hybridization, and is dependent an co
centration as well as temperature. Our data were collected
with two strands in a volume @944 nm?, i.e.0.336 mM.

For the hybridization of a duplex in our model, we have pre-
viously shown that, after the barrier for forming the firssba
pair, there is then a linear decrease in the free energy as the
number of base pairs increases (aside from a possible small

linked (Fig.[1(b)(i)) and are free to bind through the comple rise at the end due to the fraying of the ends of the duptex).
mentary loop regions. One of the unbound hairpins is illus-The behaviour seen for the binding of the two hairpin loops
trated in Fig[2(a). The room temperature free energy profilés significantly different from this scenario. After an iait

for bonding is reported in Fif] 3. The jump associated with th roughly linear decrease (up to about 3—4 base pairs), tke lin
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begins to exhibit some positive curvature reaching a mimimu with little free energy cost because it does not lead to asy lo
at 14 base pairs (roughly one and a half helical turns) beforef base pairing. By contrast, the second positive crosséeg n
rising steeply. This curvature is a result of the topololgom-  to the centre of each hairpin loop is associated with a rever-
straint that as the two hairpin loops wind around each other tsal of the direction of wrapping of the two chains around each
form a duplex the linking number must remain constant, andther and is responsible for the inability of the two loops to
this constraint is increasingly felt as the number of base pa hybridize further without significant free energy cost.

increases. The base pairing probability distributions for kissing com

To compare the thermodynamics to a system where topglexes with 6 and 10 base pairs in Fijy. 4 illustrate how this te
logical constraints do not play a role we introduce a controldency to base pair at the extremes of the loops becomes more
system where the hairpin loops have been opened by breakronounced as the number of base pairs is increased and the
ing the backbones between bases 10 and 11 of the first straggistem becomes more topologically constrained. However,
and 30 and 31 of the second strand, as shown in[Fig. 1(c}he ensembles of such structures are still much more diverse
The free-energy profile of the control shows the expected linthan for the fully formed kissing complex. Both the examples
ear decrease in free energy for hybridization in the absenda Fig.[2(d) and (e) only have a single hybridized regionhwit
of topological effects. It is also worth noting that thistm  only the latter being adjacent to one of the hairpin stems.

gains 3&pT more in free energy from hybridization than the  The positive crossings of DNA strands associated with par-
hairpins do from forming the kissing complex. This value isallel four-way junctions have previously been used to off-
roughly the amount of free energy stored in the metastablget the negative crossings associated with hybridization i
kissing complex (the most stable state for this system is theo-called “paranemic crossover” mot¥e3? In this motif
full duplex, since the two sequences are fully complemenhybridization occurs between bubbles (a series of unpaired
tary). In DNA nanotechnology systems where such hairpingases) in two duplexes leading to parallel four way junction
are used as fuels, this would be the amount of free energy that either end of the newly hybridized section (rather than at
is potentially available to do work. just one end as for the hairpin loops). These junctions can ex
It is also interesting to look at the structure of the kiss-actly offset half a turn in each of the helices that result] an
ing complex as hybridization progresses. Fify. 2 shows exso can lead to complete hybridization between topologicall
ample structures with different numbers of base pairs, and iclosed species. These paranemic crossover motifs have been
Fig.[4 the probability that a given base is bound as a functioproposed as an alternative to “sticky” single-strandedsersd
of its position along the loop is depicted for different num- a means for binding together different molecules in DNA nan-
bers of total base pairs. For kissing complexes with a fewotechnology?>® and have been used in making DNA trian-
base pairs there is not a strong thermodynamic preference fgles* and octahedr& Such paranemic crossovers have also
binding at a particular position in the loops, hence theridist been shown to form between negatively supercoiled homol-
bution in Fig.[34 is roughly uniform. The exceptions are theogous duplexes because their zero linking number helps to
first and last bases in the loops for which base-pairing is disalleviate the supercoilingf
favoured, presumably because the more crowded environment|nterestingly, a very similar structure to that depicted in
that would result makes binding at these positions entedigic  Fig.[2(b) has been identified for the inhibitory complex be-
less favourable. tween the antisense RNA CopA and its target messenger RNA
By contrast, for kissing complexes with the most favourableCopT>=2° and has also been suggested for other such com-
number of base pairs\i,,; = 14), there is a very clear pattern plexest® CopA and CopT have small hairpin loops that as-
for bonding. The six bases closest to each stem are invarsociate to form an initial kissing complex, which then pro-
ably base-paired, while the four central bases have viytual gresses to form an “extended” kissing complex, where some
no probability of binding. Therefore, the structure of te e of the base pairs in the hairpin stems are lost in favour of
semble of configurations with 14 base pairs are all very simitwo intermolecular helices that coaxially stack with thstre
lar to that in Fig[#(b). We should also note that this strtestu  of the hairpin stems at a parallel four-way junction likettha
is very different from the typical schematics of kissing com in Fig.[2(a). This progression is dependent on the preseince o
plexes that tend to assume a single hybridized region, nobulges in the hairpin stef&that presumably aid the transfor-
mally between the central regions of the loops. mation by destabilizing the stems. Intriguingly, the numbe
The reason for this well defined pattern of bonding become8f base pairs in the two intermolecular helices is thought to
clear when we examine the structure in more detail. It is simbe 15 with six bases in each of the loops connecting the ends
ply the best way to maximise the base pairing whilst Satisfy.Of these heliceg’8which is extremely similar to the detailed
ing the topological constraints. In particular, the baseipg  Structure of our kissing complexes.
adjacent to each stem continues the two helices formed by Our results for the topologically unlinked system can be
the stems (i.e. there is coaxial stacking) and there is d-paracompared to the experimental results of Ref$. 13[and 14 on
lel four-way junctior? at the coaxial stacking site associatedthe stability of these DNA kissing complexes. 13 re-
with the exchange of strands between the two helices. Impoported a high yeld (nearly 100%) of kissing complexes at a
tantly, as the junction is parallel, the strand exchanggdéa  single strand concentration 8fuM in a buffer of relatively
a crossing with positive sign that helps to counterbalahee t high salt concentration, while Ref.|14 reported that kigsin
negative crossings associated with each region of basagair complexes were not stable for their 21-base loop hairpits bu
between the loops (Fifl] 2(a)). This positive crossing comeat a significantly lower strand concentratidni(;:M) and at



low salt. The relative probabilityp of the system being in a
bound state (one or more interstrand base pairs) compared 1 @
an unbound state interstrand base pairs) can be inferred fro

the data in Figl13. We find ~ 3100. Assuming high di-

lution, this ratio can be extrapolated to a different sintiola
volume v’ simply by dividing® by the ratiov’ /v, wherew

is the original simulation volume. The relative probaket

of bound and unbound states can than be related to the bul
yields £, as described in Ref. 51. Extrapolating our results

to the conditions of Ref. 13 we gt = 73.7 and a bulk

yield f» = 0.89, which is consistent with the experimen- (0)3
tal result that the kissing complexes were significantly enor
stable than the unbound state. By contrast, extrapolating o 25
results to the concentration used in Ref. 14 wedet 0.92
andf., = 0.37, indicating that the kissing complexes are less
stable than the unbound states, which is again consistémt wi « 5
the experimental findings, especially when we take into ac-a
count that our model is fitted to a much higher salt concentra 4,
tion than that used in Ref, 14 and thus is expected to give al

7;

o—o control systemg
o—oLk=-1

20

overestimate for the bulk yield in this case since the etectr 5 =
static penalty for bringing two strands close together \dd 1
larger at the experimental salt concentration. It showdd &k % '5 1'0 75> ‘ éo
pointed out that the sequences we study are quite asymme Number of correct base pairs

rical in GC content, but that our model does not account for

sequence-dependent effects. It is thus possible, depeodin

temperature and salt concentration, that the resultinglingn  FIG. 5. (a) Typical structure and topological sketch of tlgsiag

pattern is actually a single helix between the GC-rich regio complex withLk = —1 and (b) free energy profile associated with

of the loops. the formation with the kissing complex, compared to thatliercon-
trol system in Fig[dL(c). To aid this comparison, the two fe@ergy
profiles were set to have the same value at 1 base pair.

B. Topologically favoured complex; Lk = —1

We next consider topologically linked hairpins. Although helices) and the linking number of1 allow the system to

they are less experimentally relevant than the unlinked,cas have four negative crossings, which is topologically sigfic

bridization. First we consider hairpins with a linking num- frée energy cost associated with the formation of the lase ba
ber of -1 (Fig[(b)(ii)). In this case the linkage has the eam Pairs is due not so much to topological constraints but te geo
sense as the wrapping in duplex DNA and we thus expechetric constraints arising bepause the backbones havatb be
hybridization of the two hairpin loops to be easier than foraround to bridge the two helices.
the unlinked case. The typical structure of the resultirsgki One interesting feature of the structure shown in Eig. 5(a)
ing complex and the free energy profile for hybridization areis that the stems of both hairpins are only nine base pairs in
shown in Fig[k. There is a much lower entropic cost for ini-length because the hairpin loops have displaced one base pai
tial binding as compared to the topologically unlinked syst  from each stem. This then raises the question of whether the
because the two strands are already constrained to be olosefbur-way junction could migrate further and lead to the open
each other due to the linkage. The free energy profile also exng of both hairpins. We note that there are a number of fea-
hibits a much closer to linear decrease with the number & bastures hindering the junction diffusion. Firstly, junctiarigra-
pairs formed than for the unlinked case, and has a minimurtion is easiest when the junction adopts an “open” configura-
at 17 base pairs. tion where there is no stacking across the junctt,rather
The structure of the resulting kissing complex is quite sim-than the parallel stacked configuration typical of the kigsi
ilar to that for the unlinked case in that it also has a palrallecomplex. Secondly, the junction migration is resisted kg th
four-way junction at the point where the two stems end. Theaopology. If the total number of base pairs is to remain con-
reason for this structure is again that the junction provide stant during migration then the number of base pairs in the
positive crossing of the strands without any base pairsgoeinduplex regions of the hybridized hairpin loops must inceeas
lost. The typical structure assumed by the kissing com@ex iHowever, as the linking number must also remain constant,
effectively two parallel helices and a small (2—4 base pairsthis also means that the unfavourable left-handed wrapping
unbound region where the strands bend back on themselvesf the unhybridized sections of the loops must increase. Our
The topological sketch in Fif] 5(a) shows how the two posi-simulations corroborate this picture. We observed thaptie
tive crossings (at the four-way junction and at the end of thesition of the crossover between the end of the two stems is



D. Role of the backbone excluded volume

Here, we consider how the results for kissing complexes
depend on our parametrization of the excluded volume inter-
action between backbone sites. We do this firstly because thi
interaction term will play a key role in determining how e@sy
is for the DNA chains to wrap around each other in the wrong
sense, and hence how many base pairs can be formed between
hairpin loops. But, secondly, in our original parametiiaat
of the model many of the properties to which we fitted are
' relatively insensitive to this interaction, and so it is gibte
that this parameter does not have its optimal value. For exam
ple, in the duplex state, in the high-salt concentrationtiaiv
our DNA model is fitted, the backbone sites are too far away
from each other for their mutual excluded volume to signifi-
cantly affect duplex properties. Other properties sucthas t
single-stranded persistence length played a greaternats i

ol b b
o

L ‘\\ oo Lk = +1 parametrization. The shape of the interaction between-back
_5?_ . oo Lk=-1 bone sites, modelled as a soft repulsion, is also a significan
r “a approximation especially when two strands are close tegeth

E | I\?\ | o We have therefore repeated the calculation of the free en-
A5~ "4"6 § 10 12 14 16 18 ergy profile for the complex witik = 0, but where we have

Number of correct base pairs changed the amount of repulsion between backbones by in-
creasing the effective radius,, of the coarse-grained back-
bone site by up to 30%. As shown in F[d. 7, as the repul-

FIG. 6. (a) Typical structure and topological sketch of th&skg  sjon is increased, the average number of base pairs in the
complex withLk = +1 and (b) free energy profile associated with 54 js diminished, and the free energy gain for association
the formation of the kissing complex, compared to thatfor= —1. is significantly lowered. Of course, this change induces a
large change the yield of kissing complexes at this tempera-
ture. Since our model’s predictions for yields using theieri
rather stable, although it occasionally did move one or twonal value ofoy,;, are reasonably in line with the experimental
base pairs down. studies reported in Refs.|13 14, the original paranzeteri
tion appears to be robust. Moreover, that the detailed qpatte
of base pairing is consistent with known structures for RNA
kissing complex&€-2*further corroborates this conclusion.

We also note that at the largest value studied for the range of
the repulsion the typical structure of the complex has alsing
intermolecular helix. Since one could regard the increase i

Finally, we consider topologically linked hairpins with a the range of the repulsion as a very crude way to extrapolate
linking number of +1 (FiglIL(b)(iii)). In this case, the ces the predictions of the model to a lower salt concentratiamth
ings associated with the linkage are of the opposite sigmetb t  the one at which it was parameterized, it is possible thatund
for a duplex, and so hinder base pairing between the loopshose conditions binding between the hairpins’ loops ines|
The effects of this topological frustration are clear frdmet a single intermolecular helix between the GC-rich regions.
free energy profile in Fid:l6. Now, the most stable kissing
complex has only 8 base pairs between the hairpin loops, and
is only a fewkpT more stable than the unhybridized state. In-Iv. CONCLUSIONS
deed, itis likely that for a slightly shorter loops the topgical

frustration would be sufficient to totally inhibit binding. Our simulations of the systems of kissing hairpins consid-

The effects of topology are underlined by the compari-ered experimentally by Boist al.* using a recently intro-
son with the topologically favoured configuration with link duced coarse-grained DNA model clearly illustrate thectéfe
ing numberLk = —1, for which a further 28gT drop in free  of topology (due to the constraint that the linking numbesmu
energy is obtained on forming the kissing complex. Visual in remain constant) on the free energy landscape for the forma-
spection of the structure in FI[d 6(a) indicates a much morgion of a kissing complex. For the unlinked case, this topo-
distorted structure compared to the previous cases. In thisgical frustrations leads to 30% of the bases being ungaire
configuration, there is only a single negative crossingdhtyy  and the binding free energy of the kissing complex is signifi-
enough for one half turn of the double helix), but three pesit  cantly smaller than for a fully formed duplex with equal sila
crossings associated with the strands wrapping in the wronigngth (it is equivalent to the binding of a duplex with ab@ut
sense around each other. or 8 bases).

C. Topologically disfavoured complex; Lk = +1
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ics in our model is consistent with the experimental stgbili
of kissing complexes for 20-base hairpin loops in Refs. k8 an
(after taking into account differences in DNA and salt-con
centration). Furthermore, that similar structures are$ee
systems with similar topological constraints suggestsdha
findings are physically robust.

One of the approximations in the model that we should
particularly consider is the “average base” approximation
namely that that the bases in our model have identical ictera
tion properties, except that hydrogen bonding can only occu

between Watson-Crick base pairs. Although the G-C content
O — 15" 5 of the hairpin loops is close to half, 7 of those G-C base pairs
Number of correct base pairs occur in one half of the loop. The consequences of this spe-
cific sequence might be to make the kissing complex asym-
metrical with a longer intermolecular helix associatedwtfite
FIG. 7. Effect of the backbone excluded volume on the freeggne  G-C rich half, or even to lead to the total loss of the second
profi_les for a kissing complex witik = 0. The original value of more weakly bound helical section. In this regard, it is in-
Tbp 1 0.596 M. teresting to note that the catalyst strand used by Boisi.
to open the kissing complex binds to that half of one of the

The free energy landscapes of the linked hairpins drama{jaIrIOInS that 'S more weakly _bound in the kissing c_omb?ex
ically illustrate how manipulation of the linking numberrca Although different topological states are only strictlylive
increase or decrease this topological frustration. Corthtr defmed_for closed-loop molgcglgs, as we have shown here,

opological effects can be significant for linear DNA due to

the unlinked system, the number of base pairs in the most st . .
y P ong-lived secondary structure that leads to the formatibn

ble kissing complex increases by 3 in the topologically more . . L
favourable caself, — —1) , but decreases by 6 in the topo- internal loops. These topological constraints can inHilgit

logically less favourable cas& — 1). Even though the two bridization and prevent the system reaching the lowest free
sequences are fully complementary, the topological faustr €N'9Y state. DNA nanotechnology takes advantage of these
tion also prevents the stems being opened by a displaceme{ﬁfifec'[t;5 \{vthhen US'H%D:\IA halrp|?s|?sguel fort?litoToTotl}:; mo-
reaction involving the propagation of the intermolecular h ors, but they could aiso potentially be an obstacie o su
lices formed between the loops. It is this inhibition of depl cessful self-assembly of DNA nanostructures. For example

hybridization that underlies the use of hairpins as fuekier if a strand hybrl_dlzes at its two ends to parts of a se<_:ond
tonomous DNA nanodevices. long strand, an internal loop results that will be potehtial

The structure of the kissing complex is also of particular in restricted in its bm_dmg by topolqg|cal gffects, unlesgcq’i
terest, as this information is not straightforward to esttiex- the already hybridized ends unbinds, either due to melting o

perimentally. We found that the kissing complex has a somedisplacement. Therefore, the longer the strands involiaed |
what unusual structure. In particular, rather than havisima a structure, the more likely that topological constraint w

‘i : ! ave a significant effect on the ability of the system to self a
gle hybridized region between the loops, as might have beelﬂ . . .
anticipated, the kissing complex involves two intermolacu semble. This argument suggest that for DNA origaffithe

helices that coaxially stack with the hairpin stems, and in_shor_tness of t_he staple strands (typically having two ozdhr
volves a parallel four-way junction. This structure is faved blnd_lng domalns)_ probably has Fhe effect of reducing the po-
because there is a positive crossing of the strands at tlee juntentlal for topological effects to hinder self-assemblyrtﬁer-_
tion that helps to offset the negative crossings associaitixd more, the excess of staple strands_ means that a topolqglcal!
hybridization, but without any loss of base pairing. By Con_constramed bound strand can be dlsp_la_ced by_one ofthe-equiv
trast, the positive crossing nearer the centre of the losps ialent staple strands from the reservoir in solution.
associated with unhybridized bases. For similar topokigic
reasons, parallel four-way junctions have also been obderv
for paranemic motifs in which bulges in two separate dugexeV. ACKNOWLEDGMENTS
cross hybridize. Furthermore, a structure very similahtat t
reported here has also been identified for an “extended* kiss We would like to thank the Engineering and Physical Sci-
ing complex between messenger and antisense RNA that alggices Research Council for financial support.
involves parallel helices and a four-way junctiyn2®
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