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Abstract

Dynamical changes of RNA secondary structures play an itapbrole in the function of many regulatory RNAs. Such kioet
effects, in particularly in time-variable and externally géged systems are usually investigated by means of exteasty expen-
sive simulations of large sets of individual folding trajees. Here we described the theoretical foundations efreergc approach
that not only allows the direct computation of approximateylation densities but also reduces tffers required to analyse the
folding energy landscapes to a one-time preprocessing Step basic idea is to consider the kinetics on indidividaaldscapes
and to model external triggers and and environmental cliaagemall but discrete changes in the landscapes. A “barlin&g”
macrostates of temporally adjacent landscapes and defie¢sansfer of population densities from “snapshot” to teetnimple-
mented in theBarMap software, this approach makes it feasible to study foldimgpsses at the level of basins, saddle points, and
barriers for many non-stationary scenaria, including terafure changes, co-transcriptional folding, re-foldmgonsequence to
degradation, and mechanically constrained kinetics dseicase of pulling polymers through a pore.
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1. Introduction and virulence genes. Mechanistically, RNA thermometegs re
ulate the transcription of their respective genes by uralecy
Dynamic changes of protein structure play an important roleaemperature-induced structure changes, a widely usedaregu
in their cellular functions. This include in particular theocess  tory strategy in nature [6]. It has been shown repeatedty, fu
of folding itself but also the structureal response to aligeiza-  thermore, that alternative conformations of the same RNA se

tion, chemical modification, ligand binding, and changesmi®  quence can perform completelyfidgirent functions [7, 8, 9].
bient temperature or pH. The investigation of these phemame

plays a central role in protein science in both theory aneéexp
iment. Large-scale Molecular Dynamics (MD) simulations of
(re)folding trajectories constitute the major computaéibap-
proach in this area [1].

Detailed case studies have demonstrated that nature also
ploits the potential of RNA sequences to form multiple alter
native metastable structures. These play a role in paaticul
in regulating gene expression at the level of the mRNA. On
widespread mechanism is the attenuation of transcriptiond
in many bacterial operons related to the bio-synthesis afi@am
acids [2, 3]. Another impressive example is the control afpl o _ ]
mid R1 maintenance ilE. coli, reviewed in [4]. RNA ther- ~ Most kinetic folding algorithms for RNA are some form of
mometers [5] are temperature responsive structural elsmendiscretized Monte Carlo simulations of folding trajecési The

located in the 5-untranslated region of bacterial heatckho directanalysis of the folding energy landscape presenietaes
alternative [17], due to the fact that the lower part of egerg

landscape can be accessdficently by dynamics program-
Email addressesivo@tbi.univie.ac.at (Ivo L. Hofacker), ming [18, 19]. Here, one first constructs a compact reprasent

xtofQtbi.univie.ac.at (Christoph Flamm), tion of the energy landscape in the form of a hierarchicaicstr
heine@informatik.uni-leipzig.de (Christian Heine),

A thorough analysis of the dynamics of RNA folding and
re-folding is thus a necessary prerequisite for a detailed u
derstanding of the functionality of many RNA molecules. In
contrast to protein folding, the secondary structures afeia
acids provide a level of description that isfistient to under-
and the thermodynamics and kinetics of RNA folding [10]
— a least in a useful approximation. Initially, kinetic faid
was used as an attempt to improve RNA structure prediction,
efll, 12, 13, 14, 15]. More recently, the focus has shifted to-
wards understanding the conformational changes and the ass
ciated folding pathways themselves, recently reviewed &).[

O . . ture termedbarrier tree Recently, coarse grained landscapes
mtw@tbi.univie.ac.at (Michael T. Wolfinger), . . f . . .
scheuermann@informatik.uni-leipzig.de (Gerik Scheuermann), hav_e also been used in conjunction with stochastic sampling
studla@bioinf.uni-leipzig.de (Peter F. Stadler) gorithms [20].
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g E Figure 2: Schematics representation of an energy landsuapés associated
° 0 barrier tree. Local minima are labeled with numbers (1-&jidée points with
lowercase letters (a-d). The global minimum is marked witlasterisk.

Figure 1: Move sets for simulations of RNA folding kinetidssacondary struc-
ture level. Adjacent conformationftier by insertion or deletion of a single base

pair, arranging the secondary structures in an undireatephg ondary structures can be interconverted in a single stepe.se
[30] and the references therein. Fig. 1 gives a simple exampl

Barrier trees and related tree structures have been deadalopln [26], two move sets are conS|der§d for RN.A: the S|mple_r
case allows only the opening or closing of a single base pair,

independently for dferent classes of disordered systems, in- . .
cluding spin glasses [21], potential energy surfaces itiemo the more complex app_r_oach allows the sliding on one _end'ep(_)m
folding [22, 23], molecular clusters [24, 25], and RNA sec- of a pair to a new pairing partner. In_both cases ne|ghb0_r|ng
ondary structures [26]. Assuming that the basins of indigld atructu:re]zs dfeé)byfa:ﬁdmg.aﬁtt!)br rhem(évu;g a smfgle bat1§e palr,t
local minima are in quasi-equilibrium, the rates betweétoal ence the siz& ot the neighbornood ot a conformation IS &

cal minima can be calculated during barrier tree constucti most quadratic in sequence length. This small size of thgmei

providing an approximated master equation that can be dolveborhOOds relative to huge set of all conformations is cildoia

explicitly [27]. This observation provides the startingdor the computatignal fegsibility of our approach. . :
the present contribution. We remark in passing that lattice models of protein folding

Often, one is most interested in the re-folding of an RNA inhaVe _the same formal prope_rties _[31]_' The entire machin_ery
response to an external signal. Such a “signal” can be tfeé bin descrlbeq here for RNA folding kinetics can thus be applied
ing of a ligand, a nucleolytic cleavage, the elongation & th also to this class of mo‘?'e's-

RNA during transcription, a change of the environmentaktem _ 1€ Set of conformations, the move set, and the energy func-
perature, or some form of mechanical stress. We show hetre thion together define the energy landscape of our molecule: Co
all these scenaria can be treated within a single cohemmeggr ~ CePtually, this energy landscape is closely relatepdtential
work, namely as a (series of) perturbations of the energy-lan €Nergy surfacef32, 33], which describe the system at the level
scape on which the folding process operates. This obsenvati © SPatial coordinates of individual atoms.

will allows us to develop generic tools that allow thi&ent

evaluation of the re-folding kinetics by connecting thersea  2.2. Level Sets and Barrier Trees

grained tree representations of perturbed landscapegaiblsu
way. Before we proceed to three illustrative applicatioms,
will develop the associated theory in detail in the follog/sec-

A cycleor level setat energy levey can be defined as a max-
imal connected se€ C X such thatf(x) < n for all structures
x € C. Intuitively, one can interpret the level sets as basins

tion. of attraction. When the energy levelis increased, level sets
grow and new level sets emerge. More formally, Agtand
2. Theory B, be two level sets at levels > n’. Then eitherA, C B,
_ or A, n B, = 0. This hierarchical structure is naturally rep-
2.1. Energy Landscapes for RNA Folding resented by a tree. The leafs of this tree areldical minima

The energy landscapef an RNA molecule is, for our pur- of the landscape, i.e., those configuratianghich do not have
poses, defined on the 9¢t of all secondary structures that can neighbors with lower energy. With each Igatal minimumx
be formed by the sequenaen such a way that base pairs obey and each energy level we can thus associate the conneotkd lev
the usual base pairing rules. As usual, we disregard pseudeetX,[X]. For consistency, we se,[x] = 0 if f(x) > n. The
knots. Itis well known that the size of the 9€t grows expo- level sets of two local minima andy thusmergeat the level
nentially with the chain length, see e.g. [28] and the references 7 if X,[X] = X;[§] and X, [x] N X, [y] = 0 for all < 5. The
therein. The Turner energy rules [29] allow us to compute theénterior nodes of the barrier tree correspond to these “ingrg
energyf(x) for each given secondary structwe X, . points”. In the following, we writeéB(X, f, M) for the barrier

This set of discrete conformations is arranged as a graph hiyee of the landscap&( f, M). Fig. 2 shows a simple example.
defining a “move set”, i.e., by specifying which pairs of sec-For further formal details we refer to [17].
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Given an energy-sorted listing of thdowest energy config- level at which their associated macrostates merge in thiéebar
urations of the landscape, the barrier tree can be compnted tree, i.e.,
O(L x D) time and space [26], whel2 = O(n?) is the number o , P 1
of neighbors according to the move set. In the case of RNA  f[%¥] = min{n|ly (), 0 [y @), # 0} - (3)
secondary structures, our model at hand, the energy sasted |

can in turn be computed i3(n® + nL+ LInL) ime O(n* +nL)  jnition of the barrier height as the minimum of the maximal
space usin@®NAsubopt [18]. It is therefore feasible in prac- height of paths connectingahdy, see e.g. [34]. The advantage
tice to compute the barrier tree fqr RNAs of interesting size equ.(3) is that it emphasizes that the saddle hefgkts]
(n ~ 100) with moderate computational resources. can be computed as thrergingof cycles within a flooding
algorithm [26], instead of the (algorithmically infeasblopti-

2.3. Macrostates mization over all paths.

Transition rates between macrostates, represented hére by
local minima that define them, are then given by the Arrhenius

Note that this expression coincides with the more “usuaf” de

Let IT be a partition ofX. The classes dfl can be seen as
a coarse-graining of the configuation space. For our pugyose

it will be of particular interest to consider partitions thare law
consistentvith the energy function in the following sense: f[X 9] - £(9)
Psy = AeXp(_?) 4)
If Qe IIthenQ, := {x € Qf(X) < n} is either empty or a
connected set. whereA is normalization constant. For further details we refer
to [27].

It follows that every level-set is the union of such “lower{sa

of macrostates. In the non-degenerate case, furthermaeh, e 5 5 BarMaps
consistent macrostate has a unique local minimxgrthat may
serve as its representative.

For example, we can associate the conformatienX with
the local minimumy(x) that is reached from by gradient de-
cent. Again, in non-degenerate landscapeis well-defined 1. (X, M) remains the same, only the energy function is per-
and the collection turbed,f — g. This is the case e.g. when temperature or

ionic strength of the system is changed.
. (X, f) remains the same, but the move set changes»
M. This case is of interest when one is interested in the
sensitivity of folding kinetics to changes in the underly-
ing mechanistic models, e.g. to assess the impact of shift
moves [18]
X, f, and M change systematically. Examples are co-
transcriptional folding or for experimental manipulatson
such as pulling an RNA molecule through a pore.

Given alandscape( f, M) we now may ask how the folding
behavior changes if we perturb the landscape. Such perturba
tions can take a wide variety of forms:

I = {y"}(2)zis a local optimurh (1) 5

of the gradient basinof local optima forms a partition oX.

In degenerate landscapes we can break ties e.g. stochgstica
see [17] for further details. Clearly]” is consistent with the
energy function and hence also with the barrier tree. Thalloc
minima of the energy landscape thus act as representafives 03
the macrostates in this case.

2.4. Kinetics on Barrier Trees Our goal is to consider these types changes in a coherent way
in the framework of barrier trees. This will allow us to ap-
proximate the folding dynamics in time-variable landscape
various types. Since we model the dynamics at the level of
macrostates, we need to investitage how the perturbatitireof
landscape translates into changes of the barrier treeshaird t
associated macrostates. In other words, we need to cohstruc
a mapg : I1 — II' from the macrostates o( f, M) to the
macrostates ofX, f, M).

This construction allows us to associate with each local-min
mum not only its “basin” in the barrier tree but also a maatest
that is consistent with the energy function and hence wig¢h th
barrier tree. In particular, we use here tradient basind1”
defined in the previous paragraph.

The dynamics of biopolymer folding, in our discrete picture
is given as a Markov process ofiwith transition rates of the

form From a mathematical point of view, we first of all need a
exp(—M) if xe M map¢ : X — X' : x — X which specifies how the perturbation
px oC RT y (2) H H 1 H H " ”
y otherwise affects an individual conformatiox before it “relaxes” in the

modified landscapes. In the first two cases, this map is krivia
As demonstrated in [27], one can approximate this dynanyics bit coincides with the identity map,: x — X, since the set of
a dynamics on the set of macrostgtesvidedon can argue that conformations does not change.
the process is approximately equilibrated within eachsct#s In the case of co-transcriptional folding it is also quitmsi
I1. A slightly cruder, but computationally much morgieient  ple: When the next nucleotide is appended to a growing chain,
approximation entails an Arrhenius ansatz using the brarge it initial does not interact with the already folded “head” o
to estimate the activation energies. For any two local ménim the molecules, so that is x with an unpaired base appended,
X # ywe define their transition state enerff, ] as the energy X’ = x ++’¢’, where+ denotes concatenation of strings.

3
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Figure 3: Schematic of the bar map between two consecutiséapes. Three
types of events may occur: (i) two (here the two leftmostalaginima in8y_1
merge into one (ii) a new minimum (marked kY appears irtB (i) one to
one correspondence between minima (as for the rightmostmain here).

Denote byr(X, 0) the initial condition, i.e., the population
densities in macrostateoh barrier treés; at time 0. The pop-
ulation density o3, just before the transition 8 is (X, T1).
The initial condition on the next barrier tré@&,, 1 is obtained by
collecting for each macro-staydlie population densities of all
those macrostatesof the previous barrier tre® that map to
y under the barmag. In symbols:

@ T = Y. %)
XPk(R)=Y
Within the time interval Tk, Tk:1] we simply have to solve the
master equation

() = )" pegr()
y

(5)

(6)

with pgy = — X5 P2z and the initial conditions described above.

The situation is a bit more complex in applications such_asNote that the transition matriR = (pgy) is by assumption inde-
pulling macromolecules through pores, or other mechanicglendent of time for each fixed barrier tree. Thus the expensiv

constraints. In the pore case, the RNA structure is composelga

of two independently folding partg1..k] and x[k + ¢ + 1..n],

rt of solving the Master equation, namely the diagonaliza
tion of P, is also independent of the time intervals, and thus

while the interval k + 1,k + {] is located within the pore and 155 the be performed only once for each barrier tree. After

hence inaccessible to base-pairing. In the next step, thard’
is x[1..k — 1]; if k was paired, the base pait k) now has been

these preparatory computations have been performed, the po
lation dynamics for a given schedylg} can be evaluated with

opened because nucleotidés now covered by the pore. The 4 fe\ matrix and vector multiplications. This set the stagge f

other part isx[k + ¢..n] where the first positionk + £ emerges

an in-depth analysis of the interplay of folding dynamicsl an

unpaired from the pore. Note that in the pore case, the gradihanges in the energy landscapes without substantial dampu
ent descent operatgralso needs to be restricted to producingiional costs.

independent structures on both sides of the pore.

In the landscapeX, f’, M’) we have again well-define gra-

dient basins by means of the steepest descent operator
this landscape. The concatenatid(¢(2)) thus maps every lo-

cal minimum of K, f, M) to a local minimum of the perturbed

3. Resaults

3.1. TheBarMap Software
TheBarMap software is implemented as a combination of C

(X', ', M) by first re-interpreting in the new context an than programs and Perl scripts that form a pipeline for simutatin
relaxing it to local minimum of the associated basin. It #ier folding time-dependent energy landscapes. In the first step
fore implies the desired mappig®that maps macrostates of the pipeline, all low-energy structures of a landscape ans-c

(X, f, M) to the macrostates oK(, f’, M’). In other wordsp
maps the leafs of the barrier tr&& X, f, M) to the leafs of the

puted usingRNAsubopt from the Vienna RNA package. Sub-
sequently, they are analyzed by therriers program [26].

barrier treeB(X’, f', M’). We thus refer t@ as the barrier tree  This is done separately for each landscape in the time series

map, orbar mapfor short, Fig. 3.

and yields both a barrier tree and a matrix fiéetive transition

Note that, in general, the bar map is neither injective nor su rates. Théar_map Perl program then computes the barngap

jective: There many be local minima iX{, f’, M’) that are not
the image of any local minimum ofX( f, M), while multiple

between consecutive barrier trees. Folding dynamics oh eac
landscape are computed by ttweeekin program [27]. The fi-

local minima of K, f, M) may be merged into a single mini- nal population on the landscape at time skep 1 is mapped

mum of X/, f/, M’).

2.6. Kinetics on Time-Variable Landscapes

to the the initial population on the landscape at time &te-
ing the barmapy. A helper Perl scriptbarmap_simulator, iS
available that automatically generates the necessesgkin
command lines. In order to plot folding dynamics as shown

The formalism developed in the previous subsections cam Figs. 4 and 5 thereekin trajectory for the time intervals

be exploited to approximate RNA (re)folding kinetics onéim

in which the landscapes is fixed are stitched together ubiag t

variable landscapes. The idea is to first determine a seguenbarmapgy, k > 1. This is accomplished by the finahjoin

of barrier treeqBy} together with barmap8 : Bx-1 — Bi.

script. An accompanying visualization to®@arMapViz [35]

These data have to be determined only once. We are then frean be used to create movies of a barrier tree sequencéis, faci
to choose a sequen¢&} of time points at which the system tating the analysis of the landscape features that aremegpe
proceed from®By to By,1. This allows us to explore the ef- for particular kinetic €ects.

fects of variations in the speed of transcription, the rateger-

Source code for thearriers andtreekin programs, as

ature chances, or the pulling force in manner that is indeperwell as thebar map, barmap_simulator, andbmjoin Perl
dent of the computationally expensive analysis of the gnergprograms is available fromhttp://www.tbi.univie.ac.

landscapes.

at/RNA/Barriers/.
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terminator anti-terminator
high magenta low Figure 5: Co-transcriptional folding of tHe. colileader RNA of the tRNRDE

synthetase operon for twoftirent transcription speeds. For slow transcription
(top) the completely transcribed chain shows a nearly zensity for the ter-
minator structure, and transcription of the full length peproceeds. For fast
transcription, most of the fully elongated molecules fotra terminator struc-
ture. Thermodynamic equilibrium is reached only on venygl¢n 100) time
scales.

Figure 4: Hysteresisfiects in an thermo-sensitive RNA.

In this example, the temperature cycles periodically frandl59C. The RNA
has diterent optimal conformations at 10 (blue) and 59C (red), respectively.
At high temperatures, furthermore, the minimum energycsme is nearly de-
generate, so that an alternative structure (magenta) islgted substantially.
For very fast temperature cycles, the only structural chdhgt is fast enough is
the opening of a GU:GU stack (cyan). These pairs are marktéeisecondary
structure diagrams. by many bacteria to regulate the expression of amino acid

biosynthesis genes [38, 39, 40]. This RNA-based regulatory
o strategy by premature termination of transcription, oftated
3.2. Application 1: A RNA thermometer transcription attenuatiori2], relies on the selective formation
Figure 4 shows the refolding dynamics of an artificial RNA of either of two mutually exclusive RNA secondary structure
thermometer when cycling between a high and low temperatur@he anti-terminator and the terminator) in the nascemn-tra
regime. The sequence was designed using the RNA switch deeript. The terminator structure causes premature tetinina
signer described in [36], taking into account the sequende a of transcription.
structure constraints listed in [37]. This study demoristtéhat We investigated the co-transcriptional folding dynamiés o
in silico design with subsequeitt vivofine-tuning can produce  the eader RNA of the phenylalanine tRNA synthetase operon
temperature-controlled RNA elements witfigiencies com-  from £, co1i [41] under diferent transcription speeds, see
parable to their natural counterparts. For very slow temper rigyre 5. For slow transcription, when the full-length ehai
ture cycles (top), the molecule behaves adiabaticatigegvely  produced after 10° arbitrary time units, the anti-terminator
reaching thermodynamic equilibrium at each time step. Jhe d strycture is formed (green curve top left panel). In confras
namics is therefore determined entirely by the barrierste@®  nder fast transcription conditions (transcription coeted al-
the connecting barmaps. For intermediate cycling freqigsnc ready after~ 10* arbitrary time units), the terminator struc-
(10" - ~10° time units per cycle), the system prefers the high-yre is formed (red curve bottom left panel). Since tramion
temperature structure. The relaxation time increas_es 8 Wi gttenuation operates far from the thermodynamic equilibri
cycling frequency. At even faster cycles, the system ispe@p  the kinetic competition between two small stem-loop struc-
close to the (low temperature) starting conformation, &ific  yres (see blow-up panels on the right) decides whether the
does not have dlicient time to refold before the temperature f|-|ength leader RNA will eventually end up in the termina

drops again. tor or the anti-terminator structure. This competitionlygan
o o _ the folding process is highly sensitive to the speed of trdps
3.3. Application 2: Co-Transcriptional Folding tion. Note, that for very long folding times-(10*) both co-

Under cellular conditions, RNA molecules start to fold be-transcriptional folding scenarious converge, as expetoetthe
fore transcription is completed. This phenomenon is exgpibi thermodynamic equilibrium, which is dominated by the more
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UUUUAGCCUCUUUGAGGUCGCCAUGCGAUUUUUUUUU

5 RNA sequence. In this example we use a slow translocatien rat
E which allows the base pairing pattern on both sides of the por
to almost equilibrate.

0
o568
T
L
1

0.8 4. Discussion

We have introduced here a very generic approach to investi-
gate in detail the dynamic aspects of RNA folding in scenaria
that involve external stimuli aridr changes of environment. By
separating chang@sthe energy landscapes from the dynamics
onthese landscapes it becomes possible to avoid the extensive
simulation of individual trajectories altogether. Instetransi-
tion matrices between macrostates in each fixed landscages a
“barmaps” linking the macrostates of temporally adjacant
scapes are computed in a pre-processing step. The timeecours
0.0 : oo o0 300 400 of the population densities of macrostates are then olutdige

Time [arbitrary units] means of a few matrix and vector operations. This computa-
tional dficiency allows detailed numerical studies of externally

. ) ) e guided kinetic &ects.
Figure 6: Translocation of the artificial RNA  sequence . . . . L
UUUUAGCCUCUUUGAGGUCGCCAUGCGAUUUUUUUU  through a pore with a The examples described in the previous section highlight th
length of Sits The RNA enters the pore with its 3’ end. As more and more of major advantage of thBarMap approach: each energy land-
g‘m‘“”mgm_”tee energy (MFtE) St”UCtU(fe (b'ac")oils Og)ct'“m“tﬁd%e pore. ttrf]‘e scape and its barrier tree, and all the barmaps betweereadjac

rerolds Into alternative structures (green ana red)! mi oint, the e
most likely structure is the open chain (t?lue). Note how tmbpbilﬁy of the Iand_scapes need to be CompUted_omy once. The transitien rat
MFE almost reaches 100% fit 290, when the energy is fully formed, but Matrices between macrostates within a landscape also bave t
alternative structures are inhibited by the pore. be computed and diagonalized only once. The systematic ex-
ploration of the &ects of diferent rates of change in the en-
. vironment can thus be conducted veffi@ently without the

stable terminator structure. _ need to recompute any landscape-specific data. Time sdries o

_Invivo, elongation speed is not constant, but influenced by, jation densities in fact can be obtained using a few lsimp
site-specific pausing of the RNA polymerase and interastionayrix and vector multiplications. THearMap approach is thus
of the nascent RNA with proteins [42]. Th&ect of pause sites  paricularly suitable to study the subtle kinetiteet that arise
can easily be included in our approach. One simply need t§,m the intricate interplay of dierent time scales.
specifying an appropriate elongation speed profile, ireex
plicit list of time-points{Ty} for the transitions from one land-
scape to the next. 5. Methods

o
o
T

Population density
o
»
T

0.2

5.1. RNA Folding

The transport of biopolymeres through narrow pores is a funh’\'ﬂ Sg;f;ur: [g:)?dvlgt:izz vlve8re3 pl:esr;‘r?rrr;ﬁg _t_’j:ggrtr;ﬁe\fenn:_
damental process in life which is often coupled to the dyrami P 9 e 9 ayp

of biopolymere structure formation e.g. the base pair whfol rameters as described in [29].
ing and folding dynamics while an mRNA passes through the o . .
ribosome during translation. Translocation of polymesdsin- -2 Visualization of Barrier Tree Series
dered by an entropic barrier, since the narrow confinement of In order to gain a thorough understanding of tfieets of
the pore #ectively seperates the biopolymer into two indepen-changes in the landscape one needs to comprehend how these
dent sections resulting in an reduction of the chain enteopy  changes fiect the corresponding barrier trees. To this end, we
hence an increase of the free energy of the chain [43]. have developed thgarMapVis tool to create an animations of
For structured nucleic acids, further kinetic barrierssari a sequences of barrier trees and the leaf mappings between ad
since the molecule has to locally unfold while passing tigilou jacent trees [35]. In brieBarMapVis is based on théoresight
the pore [44, 45]. In recent years, the single-molecule-techlayout with tolerancealgorithm [51], a very general attempt
niques of driving biopolymeres through nano-pores usieg-el to solve any @line dynamic graph drawing problem. First, a
tric fields have been used to explore experimentally thecstru directed acyclic supergragb‘ is constructed that contains all
tural and dynamic properties of nucleic acides [46, 47, 88, 4 barrier trees as subgraphs and reflects the topologicakprop
We model the ffect of the pore by allowing only secondary ties of all energy landscapes. The supergrgphs then laid
structures that are unpaired within the pore and contaireise b out in the plane using a modified versionaft [52]. Finally,
pairs crossing from one side of the pore to the other. Figthe layout of the subgraphs is determined by using the layout
ure 6 shows the resulting translocation dynamics for afi@afi ~ the supergraph as a template following static drawing ¢isthe

3.4. Application 3: Re-folding during Pore Translocation



criteria in a way that approximately preserves the mentg maj[1g]
[53] between consecutive barrier trees.

Animations showing the sequence of barrier trees generatqgg]
by BarMapVis for each of the three examples from the Results

section can be found in the web supplement.
[20]
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