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We present a semiquantitative lattice model of RNA folding, which is able to reproduce complex
folded structures such as multiloops and pseudoknots without relying on the frequently employed ad
hoc generalization of the Jacobson—Stockmayer loop entropy. We derive the model parameters from
the Turner description of simple secondary structural elements and pay particular attention to the
unification of mismatch and coaxial stacking parameters as well as of border and nonlocal loop
parameters, resulting in a reduced, unified parameter set for simple loops of arbitrary type and size.
For elementary structures, the predictive power of the model is comparable to the standard
secondary structure approaches, from which its parameters are derived. For complex structures, our
approach offers a systematic treatment of generic effects of chain connectivity as well as of
excluded volume or attractive interactions between and within all elements of the secondary
structure. We reproduce the native structures of tRNA multiloops and of viral frameshift signal
pseudoknots. © 2010 American Institute of Physics. [doi:10.1063/1.3330906]

I. INTRODUCTION

A quantitative understanding of the folding and opening
processes of the DNA or RNA strands is relevant for many
biological functions such as transcription, replication,1 pro-
teins production (mMRNA and tRNA), in vivo reaction cataly-
sis (ribozymes)2 or gene silencing,3 as well as recent biotech-
nological applications such as DNA microarrays,4 DNA
self—assembly,5 or DNA 0rigami.6 Considerable efforts have
been made to predict the thermodynamic properties, second-
ary, and tertiary structure of RNA molecules using chemical
physics and bioinformatics based approaches (for a review,
see Refs. 7 and 8). Most secondary structure approaches are
based on the nearest-neighbor (NN)-like Turner model,9
which is solved using different computational techniques:
dynamic algorithms exploiting recurrence relations in simpli-
fied partition functions with'" or without''™'® experimentally
determined structural constraints, genetic algorithms,”’18 or
kinetic Monte Carlo (MC) schemes.'”! Several different
strategies have been employed for tertiary structure models:
secondary structure predictions coupled to three-dimensional
(3D) modeling,”** or de novo parameterization of coarse-
grained models based on thermodynamiczé‘_28 or
structural® data, which can be complemented by chemi-
cally determined contact maps.31

The evaluation of the free-energy difference AG=G;
-G, between a folded structure (free energy Gy) and the
corresponding denaturated state (G,), is essential to predict
thermodynamics and native structures of nucleic acids. In
this paper, we follow the tradition of Poland-Sheraga (Ref.
32) to consider polynucleotides as polymers with free-energy
contributions associated to specific local interactions and
conformations (formation of double helical segments, fork-
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ing, and capping) and generic polymer effects (long range
excluded volume interactions, looping entropies).9 In the
case of RNA, secondary structure pre:dictionll_]3’15’33’34 is
based on the Turner model,9 which provides of the order of
650 experimentally determined parameters to describe the
sequence-dependent specific interactions.

However, the generic contributions may not be neglected
and play a major role in the thermodynamics of RNA
folding.m’3 3 There exists a large variety of loop structures
ranging from simple hairpins and internal loops or bulges
[Figs. 1(c), 1(d), and 1(g)] to multibranch loops connected to
at least three stems [Fig. 8(c)] and pseudoknots (Fig. 10)
containing at least two base pairs (i, j and k, [, i<j and
k<1) which do not follow the nesting convention [ <k<I
<jor i<j <k<1* For small loops, standard secondary
structure models'' ™" essentially use tabulated experimental
data. For larger loops, they require a model to account for the
loop length dependence of the nonlocal loop formation free
energy Agoop. For simple structures (such as hairpins, inter-
nal loops, or bulges), Agp,, is well modelized by a
Jacobson—Stockmayer equation

Agioop(n) == T(As100p = kg log 1), (1)
where n is the loop size, —TAs,,, is the entropic nucleation
energy depending on the substructure, and ¢ is an exponent
characteristic of the polymer nature of loops. For simple
loops (hairpin, internal or bulge loops), the Turner model’
takes ¢=1.75 which only accounts for intra-loop excluded
volume interactions.*? Note, however, in the case of small
loops connected with long stems, interactions with the rest of
the chain are not negligible and c~2.1.5* For complex
structures (multibranch loops, pseudoknots), whose substruc-
tures can interact by excluded volume effects, no such uni-
versal and well-parameterized equation exists. Mainly, stan-

© 2010 American Institute of Physics
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FIG. 1. Typical secondary structures: (from left to right) double-strand, single strand, hairpin, internal loop, double-strand with forks, double-strand with
dangles, bulge loop, and nicked double-strand. We use PseudoViewer Web Application (Ref. 36) to draw these structures. Nucleotides colored in blue are

paired, those in yellow are unpaired.

dard programs“‘”’%’34 approximate this free energy by a

generalized Jacobson—Stockmayer equation

AgigenJS(n,h) =kgT(a+bXn+clogn+dXh), (2)

oop

where n is the number of unpaired nucleotides in the loop, &
is the number of branching stems, and a, b, and d are fitted
parameters depending on the kind of substructures. For
multibranch loops, the dependence of Eq. (2) in the central
loop length is often discarded for algorithmic reason (b=0
and ¢=0), although a logarithmic dependence in the loop
size (under the assumption b=0 and ¢=1.76) could be in-
cluded for free-energy minimization.”'""? Heuristically
changing the exponent ¢ in Eq. (1) or (2) has drastic conse-
quences for the predicted melting behavior'® even though
care should be taken to readjust the nucleation penalty.45’46
Note that specific generalized Jacobson—Stockmayer rela-
tions may be required for each class of pseudoknots (for
example, one for H-pseudoknots without interhelix loops,39
another for H-pseudoknots with interhelix loops,47 and so
on). Alternatively, there is a recent proposad48’49 to model
more complex topologies by further generalizing Eq. (2) to
account for the topological genus of the graph representing a
RNA secondary structure.

Being generic polymer effects, looping entropies and ex-
cluded volume interactions between different parts of a chain
molecule can be studied using simple model systems. For
example, exact enumerations of typical core units (loops,
pseudoknots) on cubic or squared lattices have been em-
ployed to estimate the polymeric loop length dependence of
Agloop.50"52 Extensive simulations of simple lattice
models™® have been used to study melting properties of
nucleic acids, such as the plredicted43 change in the order of
the DNA melting transition.

In this work, we follow the logic of Ref. 57 to introduce
sequence-specific local interactions into a generic lattice
model of RNA folding. In particular, we relate the param-
eters of the lattice model to the experimentally determined
parameters of standard secondary structure descriptions, al-
lowing us to reproduce the dominant contributions to the
folding free energy with state-of-the-art accuracy. In addi-
tion, the model accounts for subdominant, yet important,
free-energy contributions due to chain connectivity and ge-
neric polymer interactions by treating an ensemble of coarse-
grain, 3D structures. In spirit, our ansatz is similar to the
Kinefold model'*" but goes beyond the inclusion of con-
nectivity effects. The model strongly relies on the hierarchi-
cal nature of RNA folding and should be viewed as an at-

tempt to extend and systematically improve secondary
structure based descriptions. In particular, we do not try to
resolve the internal structure of secondary structure elements
or to derive or explain the sequence-dependent local param-
eters of the NN model. While these are extremely interesting
questions in themselves, we feel that the predictive power of
more microscopic approacheszé"%_z&58 for large RNA mol-
ecules is quickly lost, if the RNA oligomer thermodynamics
is not reproduced with a precision exceeding the perfor-
mance of standard NN-model.

The paper is structured as follows: In a first part, we
define the lattice model and compare it to the extensively
used Turner model.” After a detailed analysis of gauge free-
doms in the Turner model and a unification of loop and fork-
ing parameters in the secondary structure description, we de-
rive the parameters of the lattice model and outline the
computational techniques used to simulate the model. In a
second part, we first validate the model for simple hairpins
and test its predictive power for more complex conforma-
tions such as multibranched loops and pseudoknots. We find
that it faithfully reproduces the native structures of tRNAs
and viral frameshift signals. As applications, we study the
equilibrium folding pathways of tRNA-phe of yeast, deter-
mine loop destabilizing free energies required as input for
standard secondary structures programs, and study the
tetraloop/tetraloop—receptor,5 as an example for the influ-
ence of a specific tertiary contact on RNA folding.

Il. MODEL AND METHODS

To the best of our knowledge, no convincing lattice
model already studied succeeds in accurately predicting the
thermodynamic properties of the folding of RNA heteropoly-
mers by comparison with experiments. That is why we de-
velop our lattice model with the constraint to not only fully
account for polymeric effects but also to quantitatively de-
scribe the experimental data.

Hence, in Sec. IT A, we present the semiquantitative pa-
rameterization of a simple lattice model.”*”” We compare it
to the Turner model,”® the most widely employed model to
describe nucleic acids chains at the secondary structure level.
We illustrate the definition of the lattice model with several
typical examples. In Sec. I B and II C, we analyze in detail
the loop parameters and explain how we derive the param-
eters of the lattice model from those of the Turner model.
Finally, in Sec. I D, we define the advanced MC techniques
used to simulate the model.
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FIG. 2. (a) Example of a secondary structure for the RNA complex (GCAUCGCA)-(UUGCGAUGC). (b) 2D-projection of possible conformations corre-
sponding to the same secondary structure than the molecule in (a) and definition of the various lattice free-energy contributions.(c) 3D conformation on the
fce lattice. Red dots represent adenosine nucleotides, cyan dots are guanines, yellow dots are uracyles and blue dots are cytosine. Two paired nucleotides

occupy the same lattice site.

A. Definition of the model
1. Interactions in the lattice and the Turner models

In the Turner model, a secondary structure S is viewed
as a succession of stems and loops [see Figs. 1 and 2(a)]. In
contrast, the lattice model provides a coarse-grain descrip-
tion of a 3D conformation C. A nucleic acid strand is mod-
eled as a self-avoiding walk (SAW) on a regular lattice [Figs.
2(b) and 2(c)]. The possible positions of bases are the lattice
sites separated by a distance b. Two bases are allowed to
overlap, if and only if, they can form a Watson—Crick base
pair (antiparallel and complementary) A/T (DNA), A/U
(RNA) or G/C (DNA/RNA), or the antiparallel wobble pair
G/U (RNA). The secondary structure S(C) of an RNA con-
formation in the lattice model is easily defined via these
contacts. In turn, a given secondary structure is represented
by a set {C}s of lattice conformations. In general, there is a
large number ()(S) of conformations per secondary structure.

One can think of each conformation of the lattice model
as representing a large number of microstates of the RNA/
ionic solvent system. As in the Turner model, the Hamil-
tonian of the lattice model is hence a temperature-dependent
free energy and not an energy. Both models are defined on
the same length scale and have, on first sight, nearly identical
parameters. The free energy of a secondary structure S in the
Turner model and of a conformation C in the lattice model
can be decomposed into the sum of NN and nonlocal terms:

» The stacking (or pairing) free energy [Turner model:
AgNn=AhN—TAs\y; lattice model: €(7)=ey—Te;] ac-
counts for the stacked neighboring base pairs and de-
pends on the ten (DNA) or 21 (RNA) different possible
steps.

 The capping (or terminal) free energy [Turner model:
Agierm=ANierm— TAS s lattice model: w(T)=wy—Twg]
accounts for paired ends and depends on the A/T or
G/ C nature (DNA) or on the A/ U, G/C, or G/U nature
(RNA) of the ending base pair.

e The forking (or interfacial, or terminal mismatch) free
energy [Turner model: Agin=AhN—TAsyy; and lat-
tice model: y(T)=ys—Tyy] accounts for interfaces be-

tween paired and unpaired sections in the complex and
depends on the four bases forming the fork.

* The dangling free energy [Turner model: Agis =AhgS,
—TAsﬁgN; lattice model: N(T)=\y—T\g] accounts for an
end paired with a no-end base (by comparison, the cap-
ping free-energy concerns two paired ends) and de-
pends on the three surrounding bases.

* An entropic, nonlocal, loop nucleation free-energy pen-
alty [Turner model: —TAngP; lattice model: o(T)=0y
—Tog], which is assumed to be independent of the loop
composition. For steric reasons, hairpin loops with less
than two nucleotides are excluded.*’

¢ A coaxial stacking free energy [Turner model: Ag,q,x;
lattice model: x(T)=yxy—Txs] accounts for the favor-
able interaction of two double-helix stems stacked end
to end and depends on the corresponding stacked step.

e An intermolecular mixing (or initiation) free energy
(Turner model: Ag;,; lattice model: G,;,) for multi-
strand complexes, which included translational and ro-
tational entropy loss upon association.

e Finally, only for the lattice model, to account for the
rigidity of the double-helix, we introduce a bending
free-energy w(T,V)=xy(V)-Tks(W). W is the angle
where the double-helix is bended. On the face-centered-
cubic (fcc) lattice, there are only four possible angles:
0° (1 possibility), 60° (4), 90° (2), and 120° (4). The
backward possibility W'=180° is excluded. In the ex-
ample configuration of Fig. 2, ¥=60°.

Unpaired nucleotides adjacent to many stems cannot par-
ticipate to more than one NN-stacking (dangling or forking).
Noncanonical interactions such as triplet interactions or trans
Watson—Crick base pairs62 could, in principle, be included in
an analogous fashion in the lattice model. In the Turner
model, the forking and nucleation penalty parameters depend
on the nature of the adjacent loop (hairpin, internal, bulge,
and multibranched). The above list illustrates that there is a
fairly close correspondence between the parameters of the
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lattice model and those of Turner-like descriptions of second-
ary structure free energies. A notable exception are universal
parameters (exponents) accounting for the polymeric nature
of nucleic acid chains,'®*>434363 particular, the Jacobson—
Stockmayer relations [Egs. (1) and (2)] have no equivalent in
the lattice model. Rather, the underlying excluded volume
interactions are treated explicitly via the condition that un-
paired bases cannot occupy the same lattice site. Their con-
sequences for the free energy of a secondary structure are
thus calculated without further approximation. The model
does not limit excluded volume interactions to individual
loops, but fully accounts for their long-range nature (in the
sense of chemical not spatial distance). The only approxima-
tion entering the calculation of the free energy of a secondary
structure is the neglect of the fine structure of the corre-
sponding 3D RNA conformations including the double-
helical nature of RNA stems.

2. Secondary structure entropies in the lattice model

Within the lattice model, the free energy of a secondary
structure S is given by the sum of the interaction free ener-
gies described in Sec. Il A1 and of a conformational en-
tropic free energy —kgT log Q)(S), where Q(S) is the number
of conformations corresponding to S, the position of the first
nucleotide being fixed. To illustrate this point, we present
some typical secondary structures and their corresponding
free energies. In the Turner model, the free energy of a struc-
ture is given relatively to its denaturated state (i.e., it is in
fact a free-energy difference). In the lattice model, we treat
the single strands (i.e., the denatured states) as SAWSs and the
free energy of a conformation is defined within this conven-
tion. Note that the Turner initiation free energies Ag;,i; con-
tain a contribution from the entropy of mixing. We will deal
with the corresponding term for the lattice model in Sec.
IIc.

* Short double-strand [Fig. 1(a)] composed by N base-
pair steps: Turner model: AG;=NAgNn+2Agem
+Agini lattice model: G, =Ne+2w—kgT log(z), where
z is the number of possible nearest-neighbors for a lat-
tice site.

* Single strand [Fig. 1(b)] composed by N steps: Turner
model: AG,,=0; lattice model: G,,=—kzT log(f,u"N°),
where fy,uNNC’ accounts for the total number of SAW
for a N-polymer chain. u is the effective number of
possible NNs and ¢’ =0.16 is a universal exponent.64’65

* Hairpin [Fig. 1(c)] composed by a stem with N base-
pair steps and a loop with M steps: Turner model:
AGj,=NAGNN+Ag e+ Mgl +Ag i, (M); lattice
model:  Gj,=Ne+w+y+o—kgT log((z—2)fyu™M ™).

The number of hairpin conformations is given by the

product of the number of self-avoiding polygons for a

M-polymer chain, f,u™M=, and the number of possi-

bilities to attach a stem to a loop, which is approxi-

mately (z—2). ¢~ 1.76 is a universal exponent.“’64

 Double-strand with an internal bubble [Fig. 1(d)] com-
posed by a loop of 2M steps between two stems of N

J. Chem. Phys. 132, 095101 (2010)

base-pair steps each: Turner model: AG,=2NAg\y
+2Ag 1+ 280N+ Agljgop(ZM )+Agi lattice model:
Gin=2Ne+20+2y+0—kgT log((z—2)*f,u*M(2M) ),
where we have followed the same logic as in the hairpin
case.

e Stem with two terminal forks [Fig. 1(e)] composed of
free ends with one nucleotide: Turner model: AG
=NAgNN+2Ag0+Agini; lattice model: G =Ne+2y
—kgT log(z(z—1)*(z=2)?), where a factor (z—1)(z-2)
accounts for the number of possibilities to place the two
mutually avoiding free ends next to a stem.

* Stem with two dangling ends [Fig. 1(f)] composed by
free ends with one nucleotide: Turner model: AG,,
=NAgf;§N+2Ag$’\I+Agmit; lattice model: G ,=Ne+2\
—kgT log(z(z—1)?), where we have followed the same
logic as for terminal forks.

e Bulge structure [Fig. 1(g)] composed by two stems
(length N) and a loop (length M>1): Turner model:
AGbulge= 2NAg§N+ ZAglerm"' Agi'(?op(M) + Aginit (CoaXial
stacking is neglected for large loops); lattice model:
Gulge=2Ne+2w+ 0+ x—kpT log[fiu™* (M +1)~(z
—2)?], where we have followed the same logic as in the
internal case.

e Nicked structure [Fig. 1(h)] composed by two stems
(length N) connected by a single step: Turner model:
AGnick= 2]\/AggN + 2Agterm + Agcoax + 2Aginit; lattice
model: G,y =2Ne+2w+ x—kpT log[z(z—1)?], where a
factor z(z—1)? approximately accounts for the number
of possibilities to attach three rigid rods consecutively.

Whereas the geometric parameters z, w, f,, and f; depend
on the nature of the lattice (simple cubic, fcc, etc.), ¢ and ¢’
are universal exponents characteristic of the polymer nature
of nucleic acids chains.

In the following, we choose to work on a fcc lattice [z
=12, ©=10.035, f,=1.14, and f;=0.25 (Ref. 66)]. The choice
of the fcc lattice instead of the original simple cubic lattice’’
is motivated by the higher symmetry of the lattice and by the
possibility to describe loops of any lengths (whereas for the
simple cubic lattice, only the (2 X n+2)-loops are allowed).

B. Parameters in the Turner model

Before attacking the lattice model parameterization, we
want to discuss some subtle features of the Turner model. In
Secs. I B 1-1I B 3, we propose a unification of forking, co-
axial and mismatch parameters at the secondary structure
level. Overall, this leads to a drastic decrease in the
number of independent Turner-like models parameters
(~650— ~350). As a last step, in Sec. II B 4, we show that
the Turner model is in fact defined modulo a constant which
does not modify the model predictions. This will turn out to
be useful for the suppression of nonlocal terms in the param-
eterization of the lattice model.
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1. Unification of forking and loop nucleation
entropies

In contrast to forking enthalpies, the available (Turner)
entropy penalties for loop nucleation and forking are loop-
type depended. This causes no harm in their usual context of
application, but is not convenient for our lattice model as the
calculation of free-energy changes associated with a local
structural rearrangement would require a global analysis of
the secondary structure. Moreover, this dependence is sur-
prising from a physical point of view: why should the local
forking free energies be different for large hairpins, internal
loops and fraying ends?

In the following, we show that the Turner secondary
structure free energies can be written in terms of nonspecific
entropic penalties for loop nucleation and forking. An arbi-
trary gauge ¢, does not affect the total entropy penalty for
the hairpin loop, (Asgop(hairpin)—¢l)+(Asf\’,”N(hairpin)+ b)).
Similarly, we can introduce an arbitrary shift between the
nucleation and the total forking penalties for internal
loops without changing the measurable total entropy
penalty: (Asgop(internal)—¢2)+2(As§”N(internal)+¢2/ 2). It
is straightforward to solve ¢; and ¢, for

Asgop(hairpin) - = Asgop(internal) = ¢y = Aspoep, (3)

Asi (hairpin) + ¢, = Aspi(internal) + ¢,/2 = Asx,

(4)

where Asy,,, and Aslf\?ﬁ( are the corresponding nonspecific
parameters. Our working hypothesis implies a correlation be-
tween Asgop(hairpin) + sy (hairpin) = Asjo,+ Asiyy and
Asgop(internal) 12+ Asyn(internal) = Ao/ 2+ Aspr¥. Within
the experimental error the correlation is clearly borne out by
the available parameters [see Fig. 3(a)]. Using least-squared
methods®’ and the version 3.0 of Turner parameters,9 we
have evaluated Askr, As)oop values by fitting Egs. (3) and
(4). The corresponding value of the incomplete gamma func-

tion Q is nearly 1, signature of a good fit.” We find

ASjpop=—9.2 + 2kp=~18.3 + 4 cal mol K. (5)

As indicated above, the enthalpies for the hairpin and the
internal forking energies are equal in the Turner model,
therefore, Ahfoy = AR, Data for Agint at 37 °C are shown
in Table I. Turner has proposed a further reduction in the
number of parameters by noting that, for internal loops, the
forks closing by an AU, UA, GU, or UG base pair and hav-
ing XY as a first mismatch (with X,Y e{A,C,G,U} and
XY #AG, GA, and UU) get the same free energy9 at 37 °C
(idem for forks closing by a GC or CG base pair). This
observation applied to the independently measured hairpin
parameters gives very small Q-values (Q~5 1072 for
AU/UA/GU/ UG closing forks and Q~5 1077 for GC/CG
closing forks), signature of a wrong hypothesis. We have
therefore kept the 96 independent parameters in Table 1.

2. Small versus large forks

Following the arguments in Sec. II B 2, the Turner en-
tropy penalty for the external fork of a fraying end should be
given by Asg’g‘. Figure 3(b) shows a strong correlation,
but an important and unexpected offset (~3.1kgT
=1.9 kcal/mol). To understand the origin of this apparent
failure of our unification scheme, it is necessary to go back
to the actual experiments underlying the Turner forking pa-
rameter and to critically review the assumption made in de-
riving them.

In contrast to the forking parameters for hairpins or in-
ternal loops, the Turner external loop parameters have been
parameterized using experimental data for conformations
with only two single free ends [for an example, see Fig.
1(e)]. There is thus a hidden assumption that in fraying ends,
all nucleotides except the pair adjacent to the double-helical
stem experience identical environments as in a denatured
single stranded chains [a corresponding assumption is not
made for small hairpins or loops, whose entropic cost are not
calculated from Eq. (1), but tabulated]. It seems more likely
that the effect should extend a small distance along the chain
with free energy correction Ag} , relative to the single strand
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TABLE 1. Unified forking free energies Agio in keal/mol (1 kcal/mol= 1.6kz) at 37 °C (error: 0.4 kcal/mol).

J. Chem. Phys. 132, 095101 (2010)

5r—AX-31 5r-CX-31 51-GX-31
3r-UY-51 3r-GY-51 3r-CY-57
Y
¥ A C G U A C G U A C G U
A —-2.1 —-2.2 —-2.6 =2.1 =3.0 =3.0 -35 —-32 2.8 -3.0 -35 —-3.3
C —-2.0 —-2.0 2.7 -2.0 2.8 2.7 —-3.7 2.7 —2.8 —2.6 —-35 —-2.5
G -3.0 —-2.5 2.0 —-1.8 -39 —-33 —3.1 —-2.8 —4.0 —=3.7 —=3.0 -2.9
U —=2.1 —2.1 22 —-2.8 -3.1 -3.0 -32 -3.6 -32 2.8 —-34 —-34
5r—=GX-31 51-UX-31 5r=-UX-31
3r-UY-5/ 31-AY-51 3r-GY-51
Y
¥ A C G U A C G U A C G U
A -1.8 22 —-2.6 -2.1 —-2.2 -2.1 2.8 2.2 2.2 —2.1 —-2.8 2.2
C -2.0 -2.0 =27 -2.0 -2.0 -2.0 -25 -1.9 -2.0 -2.0 2.8 -1.9
G -29 —-2.5 —2.1 -1.9 —-32 =25 -23 -2.0 -2.9 —-2.5 —-2.1 —-2.3
U —-2.1 2.1 2.1 —-2.8 —-2.1 -2.0 -2.2 2.7 -2.2 —-2.0 -2.2 2.7

rapidly decreasing with distance i from the fork. In this case,
the forking energy for long strands would be given by
Agion=27,Agh 4 In  particular, we argue that
Ag (external)=Ag; ., while Agg, should be given by the
nonloop-specific parameter determined in Sec II B 1. Since
we ignore the distance dependence, we propose to set
Ag 1 =Agron—Agfo and Agk =0 for all i>2. Figure 3(b)
suggests Agp , =—3.1+0.8k,T (0=0.98). For the enthalpies,
the corresponding analysis yields AhZ ,=—6.8+6.5kzT (Q
=0.77). With these corrections, forking energies in the
Turner model become independent of the type of the adjacent
loop.

Similar arguments apply to dangling ends. Hence, we
can define AgﬁanglezAgdangle—AgéaHgle and Ag g =0 for all
i>2. Moreover, we could reasonably assume that the correc-
tion Agj,, for the forks is the double than the correction
Agiamgle for one dangle. We note that the numerical value of
the sequence-independent correction term Agﬁangle=—1.6kBT
is consistent with previous observations.

3. Coaxial stacking and mismatches parameters

. . . . . 69-71
Experiments involving coaxial stacking observed a

stabilization of the complexes due to the end-to-end stacking
of two stems. Data are available for structures with or with-
out an intervening mismatch. From these free energies, one
can easily extract the contribution due to coaxial stacking by
subtracting from the total free energy all the other contribu-
tions (stacking, capping, initiation, etc.).” Using our unified

NN NN NN m,’\‘:
NN N-N-N N-N-N Rede
NN NN N-N-N -0
NN NN NN o6
a) b) Q) d)

loop and forking parameters, for coaxial stacking without an
intervening mismatch and no strand extensions beyond the
interface [Fig. 4(a)], we find that Ag,.,, is highly correlated
with the corresponding NN-stacking Agyy and the excess
stability Ageoa—Agin=—2.9*0.6k;T=-TAs? (0=0.99).
Interestingly, a nick stabilizes the helix. For interfaces fol-
lowed by one strand extension [Fig. 4(b)], we find Ag o
—Agl=-23+0.6ksT=-TAs! (0=0.99), and for inter-
faces followed by two strand extensions [Fig. 4(c)], Ageoax
—Agit=—0.8+0.6kzT=—-TAs> (0=0.96). Note that in the
Turner model, contributions for situations with one or two
strand extensions are supposed to be equal. This hypothesis
leads to a smaller Q-value of 0.4. For coaxial stacking cases
with an intervening mismatch [Fig. 4(d)], we observe a cor-
relation between Ag.,. and the forking free energies be-
tween the base pairs at the end of the stems and the
mismatch. The  excess penalty Agcoax—ZAg;‘f{}‘
=2.9+0.4kzT=-TAs" (0=0.97) and does not depend on
possible strand extensions beyond the interface.

For bulge, internal loop mismatches or hairpin loops
with a small number of nucleotides (I nt bulge, or 1 nt
X1 nt, 1 ntX2 nt and 2 ntX2 nt internal loops, or 3 nt
hairpin loops), free energy parameters are different from
larger 1oops.9 The main reason is the nonperturbation of the
double-helix by the mismatched nucleotides, i.e., the two
adjacent stems and the small loop belong to the same double-
helical structure.”””* For the 1 nt bulge [Fig. 4(e)], one finds’
Ag—Agin=6.2kgT=-TAs ,'7. Using Turner data, for the inter-

. NN N-N NN
N-N N-N N
NN NNNN NN NN Ny NN
NN N N, N NN
NN NN NN e
NN
NN N-N NN
e) f) 9) h) i)

FIG. 4. Coaxial stacking and small loops situations: (from left to right) coaxial stacking without an intervening mismatch and without strand extension (a),
with one strand extension (b) and with two strand extensions (c), coaxial stacking with an intervening mismatch (d), Int bulge (e), 1 ntX1 nt loop (f),

1 ntX2 ntloop (g), 2 ntX2 nt loop (h), and 3 nt hairpin loop (i).
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nal mismatches, we observe a correlation between the total
loop free energy Ag and the forking free energies between
the base pairs at the end of the stems and the mismatch (Q
~1 in all cases), and we find that the nucleation penalty is
Ag—2AgRN=10.2+ 1.4ksT=-TAs;;}, for 1 ntX 1 nt [Fig.
4()], 15+ 2kgT=—-TAsy;e, for 1 ntx2 nt [Fig. 4(g)] and
1.1+ 2ksT=-TAspz, for 2 ntXx 2 nt [Fig. 4(h)]. For hair-
pin loops containing three unpaired nucleotides [Fig. 4(i)],
the loop free energy only contains a nucleation penalty term
(forking is not considered) —TAsfoop=6.8kBT.

The total number of possible mismatch parameters is of
the order of 10* In the Turner model, they are derived from
a large set of experimental measured parameters (~280) us-
ing a small set of assumed parameters (~10). The preceding
relations between mismatch parameters and forking param-
eters lead to a drastic reduction in the number of independent
parameters (280 — 4 parameters).

4. Gauge freedom for boundary and initiation terms
in Turner-like models

In the Turner model, the parameterization of stacking
(AgNn), terminal (Agy,) and initiation (Agj,;) free energies
is derived from experimental results on short oligomers.60
However, from melting experiments, it is not possible to
uniquely (i.e., independently) determine the three possible
Agirm (A/U,G/C,G/U) and Ag;i.®"™" In the Turner
gauge, Agi;m(G/C)=0. Tt turns out that a different choice is
more convenient in simulations of lattice models, as it allows
to eliminate nonlocal loop nucleation entropies. In the fol-
lowing, we take a closer look at the underlying gauge free-
dom, i.e., we ask if there exists a set of interrelated constants
Dinier Prves Prounds and Py, by which initiation, nucleation,
boundary and terminal energies may be shifted without af-
fecting predictions of the Turner model for measurable ob-
servables. In particular, we demand that for an arbitrary sec-
ondary structure composed of n; strands forming 7,4, loops
with 7., external boundary terms (terminal, dangling, or
external forking) and nyg,,q inner boundary terms (internal,
hairpin or bulge forking)

AG(I) = (ns - 1)q)init + nboundq)bound + ntermq)term
+ nloopq)nuc’ (6)

be equal to zero.

To find the relation between the various constants, it is
useful to consider a number of simple cases. From the invari-
ance of the association equilibrium of complementary oligo-
mers, it follows immediately that ® ., =—®P;,;/2. Similarly,
the choice of a gauge may neither affect the free energy cost
of the creation of internal bubble in a double-helical domain
(so that ®,,,=—2®Py,nq) nOr the formation of a hairpin in a
single strand (implying ®,,.+Prm+ Prouna=0). These con-
ditions are automatically fulfilled by the choice

q)init = q)nuc = CI)’ (7)
q)bound = q)term =-®/2. (®)

Note, that Eq. (8) is consistent with our suggestion to assign
identical free-energy penalties to terminal and internal fork-
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ing. Using this choice and the topological property that the
number of stems in a secondary structure is equal to 7y,
+n,—1 and to (Mpguna+Merm)/ 2, We find as expected

AG(I) = (ns + Nygop — 1= (nbound + nterm)/z)q) =0. (9)

To prove the topological property, one can first show by
induction on the number of strands and on the number of
stems that 72j,4,=74em—(1,—1). In a second step, one can use
the trivial property that the number of boundary terms is
equal to two times the number of stems.

To summarize, using Egs. (7) and (8), one may shift all
initiation, nucleation and boundary terms in the Turner
model by an arbitray offset of ® and —®/2, respectively,
without affecting predictions for measurable quantities. In
the Turner gauge, this is used to set Agm(G/C)=0, but
alternatively ®=TAs,,, may be used to eliminate the unified
nonlocal loop nucleation entropy introduced above.

C. Parameterization of the lattice model

A first naive parameterization can be obtained by simply
equating corresponding lattice and Turner parameters. How-
ever, since )(S) depends on the lattice nature, thermody-
namic results then also become lattice-nature-dependent.
This is not physically satisfying. Moreover, the resulting pre-
dictions are far from experimental data. For example, for
short hairpins, the two-state character of the melting transi-
tion is not reproduced by the naive parameterization and the
computed melting temperatures are about 45 K smaller than
the experimental results (see Fig. 7). Better results can be
obtained by demanding that the system of interest (RNA and
DNA) and our lattice model show identical behavior on the
secondary structure level. This implies that the parameters in
the lattice model have to be inferred from standard
secondary-structure descriptions9 by equating Turner free en-
ergies to free energies obtained from partition functions for
appropriate groupings of microstates of the lattice model.”’
In the following, before relating the lattice model to DNA/
RNA Turner parameters (Sec. II C 2), it is instructive to con-
sider the adjustment of lattice parameters required by a
change in the underlying lattice (Sec. II C 1).

1. Correspondences between two different lattices

Consider two versions of the lattice model (L; and L,)
on different lattices (simple cubic, fcc, etc.). Walks on the
lattices are characterized by two different sets of constants
{Zi’ﬂi’fs,.afli} (i=1,2) defined in Sec. Il A 2. For a given
lattice i, the conformational entropy difference between a
secondary structure S and the denatured state S is given by
As;=kg 10g[Q,(S)/Q{(Sy)]. The introduction of lattice de-
rived free-energy differences into the Turner model " is deli-
cate for two reasons. First, because Asfoop=k3 log(f./f;,) de-
pends on the chosen lattice. Second, because the effect of
supplanting Asgop by As{oop is different in equivalent formu-
lations of the Turner model, which make use of the various
gauge freedoms discussed in Secs. II B 1 and II B 4.

To obtain a lattice independent behavior, we require that
the free-energy differences between any two secondary struc-
tures be invariant under a change in the employed lattice. For
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example, for the two-state equilibrium between a double-
stranded stem and the two corresponding denatured single
strands, we obtain the condition

Gds(l) - 2655(1) + Gmixl = Gds(z) - 2Gsy(2) + Gmixz-
(10)

From Eq. (10), we obtain relations between the two sets of
parameters,

€= €+ 2kgT log(ui/ 1), (11)

f 1/2 o
w2=w1+kBTlogL% i—z +f, (12)
Sy 1

where CD12=Gmixl —GmixZ. Applied to other typical examples
described before, the same procedure yields

) 1/2 q)
72:7,1+/<BT10g[Z2 (ZJ) 2 (13)
21 -2 Ve) 2
oy =0y +kgT log(f/f;) — P2, (14)

-1 172 o
7\2=)\1+k3T10g[12 (Z—l) ]+J, (15)
71—-1\z 2
—1\2
X2=X| +kBT10g|:é<Z2 ) :|+¢)|2. (16)

0\~

The two sets of parameters are related only via the lattice
constants {z;, u;, fs;» fl,} and ®,=Gjx, — Gpix,- Equation (14)
shows that the loop nucleation parameter o cannot be ne-
glected, since f; is a nonuniversal, lattice-independent quan-
tity. This is a subtle point, but it highlights the importance of
properly accounting for a nonlocal loop nucleation free en-
ergy in tertiary structure description of nucleic acids. In prac-
tice, it is cumbersome to work with o#0, since local
changes in the association of base pairs then need to be ana-
lyzed for a change in the global topological state. Fortu-
nately, the above analysis implies that the lattice model ex-
hibits the same gauge freedom as the Turner model, which
can be exploited to set =0 in a suitable “lattice loop” or
o=0 gauge.

2. Parameterization

To parameterize the lattice model, we need to equate
the free energy contributions to the well-known
NN—parameters.g’60 Given the similar nature of the interac-
tions in the lattice and the NN model, corresponding param-
eters are readily identified. The necessary corrections due to
the conformational entropy of secondary structures in the
lattice model are obtained by grouping and counting the cor-
responding microstates for a number of simple cases.”’ For
example, for the two-state equilibrium between a double-
stranded complex and the two single strands

Gds - ZGm + Gmix = NAg;;N + 2Agterm + Aginit' (17)
Grouping N-dependent and boundary terms, it follows:

€=AgNn — 2kgT log u, (18)
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Ag init — Gm

= Agterm"’ 2 —kgT log(fs_C//Zl/z)’ (19)

where N=10 is the typical strand size used in the NN-
parameterization pI‘OCGSS.57

As mentioned in Sec. II C 1, a gauge freedom exists for
boundary, nucleation and initiation terms in the lattice model.
From now on, we work in the “lattice-loop gauge” defined in
Sec. I C 1. This has the advantage to make the model strictly
local and to avoid an analysis of the secondary structure for
the evaluation of the lattice energy. We iterate, that this
choice does not influence the computation of the thermody-
namic properties. Using the same procedure as for the
double-strand equilibrium in other examples described in
Figs. 1 and 4, we obtain the lattice parameterization

o=0, (20)
Gmix(T) = Aginit(T) + TASloop - kBT IOg fl’ (21)
e(T) = AglN(T) — 2kyT log w. (22)

TA 1/2
o(T) = Agierm(T) — 221000 + kgT log (le_) , (23)
2 N

1/2
AT) = Mg (1)~ 22 k7 log[ (ﬁ> (e~ z)] ,
Z

(24)

TA
)\(T) = Agdanglf:(T) - %E

12/, _
+kBTlog[<ﬁ) (%)} (25)
z G

—-1)?
X(T) = Ageonx(T) — TAsloop + kgT 10g<]@> ,  (26)
ZN°¢

where Agpoi (Agyangle) depends on the size of the fork
(dangle) (see Sec. II B 2) and Ag,,,x depends on the kind of
coaxial stacking (with or without intervening mismatch or
strand extension) (see Sec. II B 3). Generally, the lattice pa-
rameters are given by the corresponding Turner parameters
modified by the entropy of the equivalent microstates in the
lattice model.

For the small bulge, internal or hairpin loops studied in
Sec. II B 3, we use

O'}J(T) =- T(As}) - Asf) + TAS100p

-2\2_,
+ kgT log[ (—Z 0 ) N¢ 3_‘] , (27)
o (T)=- TAsll(;‘l,p + TAS)50p, (28)
UI,Z(T) = - TAS]I(;gP + TASIOOP’ (29)

0'2’2(T) = TAS]Z(;gp + TASloop’ (30)
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FIG. 5. Evolution of the current structure during MC runs at different temperatures for the pseudoknot structure GGCAAACGCGCCAAAGCG (see also Fig.
10). For every conformation, we plot its current number of base pairs N, and its secondary structure group (see color legend). At 7=290 K, the
pseudoknot structure (red) is predominant. At 7=330 K, the current structure fluctuates a lot between the pseudoknot (red), the native hairpins (blue and
cyan), and the misfolded hairpin (green). At 7=370 K, the pseudoknot structure is no more stable and the current structure is mostly the denaturated state.

TAs z=2
o3(T) =- TAS?OOP + %E + kgT 10g<217) , (31)

where 0'117 is the nucleation penalty for the 1 nt bulge, o,
015, and 0, , for the internal mismatch loops, and o for the
3 nt hairpin loop.

AgNns Aginits Agierm» and Ag(liangle are computed with the

version 3.0 of the Turner RNA parameters.” Data for Agiox

at 37 °C are given in Table I and data for AL are extracted
from version 2.3 of the Turner parameters. Asy,,, is given in
Eq. (5). AgZ ., Agﬁang]e, coaxial and small loops contribu-
tions are produced in Secs. II B 2 and II B 3. All these pa-
rameters are given for a salt concentration of 1M and to the
best of our knowledge, no efficient salt correction rule exists
for the RNA parameters. Like in many standard
parameterizations,9’60’79’80 enthalpies and entropies are con-
sidered temperature-independent.

Concerning the bending free energy, we modelize both
the entropic and the enthalpic parts by the base-independent
standard form

k(W) =k(1-cos V), (32)

with K(T)=k,—TK,.
. .8l
Moreover, using a current polymer calculation,” one can
show that

Ig 1+ {cos I)
b 1-{(cos W)’ (33)

Co

where [ is the Kuhn lenght81 (two times the persistence
length) and b the lattice distance between two nucleotides.
For nucleic acids, at 7=300 K and c.,= 300.%

For the fcc lattice

1 + 2&BRDIN2 _ 1 ,~3BK(T)/2

(cos W) = 1+ 4g-PRI2 | 5, ~BR(T) | 4, 3B (34)
Then, with Eq. (33), x=e P72 has to verified
(Bew—Dx* + (coo = x>+ (¢, = 3)x— 1 =0. (35)
If we assume that c,, follows the law
300 K
co(T) = (300 K), (36)

we can numerically solve Eq. (35) and we find that

%,=646 = 3ky K and k,=—9.23+0.01 k;.  (37)

D. Numerical simulation techniques

To sample the canonical ensemble corresponding to the
described lattice model at a given temperature 7, we use
importance sampling MC techniques.83 From a random ini-
tial conformation, successive trial configurations are gener-
ated using the pivot algorithm,84 short segment
transformations® or reptation moves.*® In the pivot algo-
rithm, a trial move consists of randomly picking a nucleotide
along the chain and applying a symmetry operation of the
lattice (reflection and rotation) to the segment between the
chosen nucleotide and the end of the chain. The short seg-
ment transformations modify chain segments between the
two randomly chosen points. There are different classes of
transformation: inversion of the sequence steps, reflection or
interchange of step coordinates. Reptation moves slide local
conformations along the chain. A trial move is accepted ac-
cording to the Metropolis rules.®” An MC step is composed
by one pivot move, one short segment transformation, and
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FIG. 6. (a) Evolution of the radius of gyration R (in lattice distance unit b,
blue dots) and of the opening probability 1—© (red line) as a function of T
for the native hairpin sequence GGCAsGCC. During melting, conforma-
tions change from a native compact structure to a random coil. (b) R;/b as
a function of the stem length ng.,, for the hairpin sequences
GC,GCAAAGUG,C, at low temperatures where only the native structure is
present. R; depends linearly on ng.,, with a slope of 0.294b, characteristic
of rigid rods. Indeed, considered stems are smaller than the persistence
length of nucleic acids (~150 bp) and can be considered as a rigid rod. (c)
Log-log plot of R;/b as a function of the loop size n+1 for the native
structures of the hairpin sequences GGCA,GCC, at low temperatures where

only the native structure is present. We find that approximately R~ bnﬂ)ig

The exponent (0.56) is smaller than the purely self-avoiding loop exponent
(0.593) (Refs. 66 and 88) due to the relative compactification imposed by
the rigid stem. (d) Log-log plot of the mean end-to-end distance R, as a
function of n—1 for denatured state containing n nt at high temperatures,
where only the denatured structure is present. We retrieve the SAW scaling
law R,~ (n—1)°".

one reptation move. Using this algorithm, we are able to
measure global and local, thermodynamic as well as struc-
tural properties of the chain at a given temperature 7. Figure
5 illustrates the evolution of the secondary structure of a
pseudoknot sequence during typical MC runs at different
temperatures. The corresponding correlation times are ~10°
MC steps (with a average acceptance rate for a trial move of
0.27) at 290 K, ~10* MC steps (0.33) at 330 K, and ~10°
MC steps (0.53) at 370 K. Figure 6 shows that we reproduce
the expected polymeric behavior of structural properties such
as the radius of gyration or the end-to-end distance.

By repeating the procedure for several temperatures dis-
tributed over the whole temperature region of interest, we
extract the number of state for all relevant secondary struc-
tures with a multiple histograms reweighting method.®*% At
each temperature T;, we store the histogram N/(S)) of the
visited secondary structures S;

M(Sj) _ Q(Sj)eXp{_ IBi[hlatt(Sj) - Tislatt(Sj)]}
Mot - Zi

1

; (38)

where N;m is the total number of entries in the histogram,
and 7,,(S;) and s1,,(S;) are the enthalpy and the entropy of
S; evaluated with the lattice parameters (Sec. I C 2). For
example, for the hairpin in Fig. 1(c), hy = w,+2€,+ y,+ 0y,
(idem for s,,,). We combine all the histograms to compute
the number of lattice conformations, Q(Sj), of each encoun-
tered secondary structure S; of a given oligonucleotide
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S, N(S)
ETiMO[ exp{= Bl huu(S)) = Tis1a(S)1H z;

0(s) = (39)

where the Z; are defined by the set of implicit equations

. S A(S) )
o 5, \Zr N expl= Bilhau(S) = Tisia S Z,
Xexp{- IBi[h]att(Sj) - Tislalt(sj)]}~ (40)

Note, that we can eliminate the, a priori unknown prefactor
in Q(S), by the constraint that 2(S,) for the denatured, un-
paired single strands equals the known number Q,(N) of
SAWs on the lattice in question. Using this information,
properties such as temperature dependent contact maps can
be computed for an arbitrary temperature without requiring
any additional simulations. In particular, for an arbitrary tem-
perature T, the free-energy difference AG between a second-
ary structure S and the denatured state S, is given by the
sum of the corresponding interaction free energies (stacking,
forking, nucleation,...) and of the conformational free-
energy difference

AG(S,T) = hig(S) = Tls1au(S) + kp log(U(S)/ )] (41)

While, the multiple histograms reweighting method is clas-
sically applied to system characterized by a potential energy
described by one or several order parameters, the originality
of our approach is to construct the histograms relatively to
the secondary structures and not the energy, and to work with
a Hamiltonian depending on the temperature.

Typically in our simulations, the studied temperatures
range is from 273 to 380 K every 5-8 K. For each tempera-
ture, we accumulate the histograms of 5-10 different runs
containing 107 MC steps each. This corresponds to at least
10° independent measurements (by comparison to the corre-
lation times). For a sequence with 20 nucleotides, the mul-
tiple histograms method takes ~2 hours to run on a 2.4 GHz
computer for 13 scanned temperatures and 5 X 107 MC steps
at each temperature. Such conditions of simulation lead to
small statistical errors. For example, typical statistical error
for the free energy of a given secondary structure is 0.05k37T,
reaching to a typical statistical error of 0.2 K for melting
temperatures.

The present algorithm becomes inefficient for sequence
length longer than ~50-70 nts, where chains become
trapped in secondary minima of the free energy landscape.40
Using our trial moves, it is not possible to leave these states
without crossing high free energy barriers due to transition
states containing unstable short stems with high nucleation
free-energy penalties.

lll. RESULTS AND DISCUSSIONS
A. Validation of the model on simple hairpins

Hairpins are among the simplest secondary structures for
nucleic acids. They are composed of a double-stranded stem
closed by a single-stranded loop. Their biological roles are
numerous and important: regulation in transcription and rep-
lication, in vivo nucleic acids protection and stabilization,
mutagenesis facilitation as well as tertiary contact initiation
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FIG. 7. (a) Computed melting temperatures T, (sim), using the lattice model with the naive parameterization (blue) or the correct parameterization (red) or
standard programs: RNAfold (Ref. 13) or DINAmelt (Ref. 12) (black) and Kinefold (Ref. 21) (green), as a function of the experimental melting temperatures
T,,(exp) for ten RNA hairpins experimented by Serra et al. in Ref. 76 (squares) and eight DNA hairpins experimented by Hilbers ef al. in Ref. 77 (triangles).

ar,, =[(T,

W(sim) =T,

(exp))?)]"?=46.7 K for the lattice model data using the naive parameterization, 5.4 K using the correct parameterization, 5.5 K for

RNAtold and 9.3 K for Kinefold. (b) Experimental (full lines) or computed (correct parameterization: dashed lines, naive parameterization: dotted lines)
probability 1 -0 that the hairpin is open for the sequences GGCAUUAGCC (red) and GGGAUAUACCC (black). Experimental data are extracted from Ref.

76 and normalized using the proceeding described in Ref. 78.

in ribozymes.9(L93 Hairpins have been extensively studied

thermodynamically76’77 and mechanically94 % 1o parameter-
ize the NN-model. Testing our model on these simple mol-
ecules is therefore an important step in its validation.

Short hairpins exhibit a two-state transition from the
paired complex to the denatured single strand.* Figure 7(a)
compares experimental melting temperatures for DNA and
RNA hairpins with a two-state melting character to com-
puted values using the lattice model, typical programs using
the full Turner model [DINAMELT (Ref. 12) or the VIEN-
NARNA package (Ref. 13)] and the Kinefold application.”!
The typical deviations from the experiments are approxi-
mately equal to 5 K for the lattice and the full Turner model
and to more than 8 K for the Kinefold model. The excellent
agreement between experimental results and the predictions
of the lattice model is underlined by Fig. 7(b), which shows
temperature-dependent melting curves for two RNA hairpins.
To justify our lengthy derivation of the parameters of the
lattice model, we have also included result for a “naive”
parameterization, which simply identifies interaction free en-
ergies on the lattice with the corresponding NN terms with-
out correcting for the conformational entropy of secondary
structures in the lattice model. Using this naive parameter-
ization, the model predicts a non-two-state transition at tem-
peratures which deviate by more than 40 K from the experi-
mental value.

B. Multibranch loops

Multibranch loops are present in many natural nucleic
acids molecules such as tRNA, and particularly in native
structures of long sequences where the complexity of the
secondary structure involves many interconnected stem-loop
substructures. Figure 8 shows the evolution of the free-
energy difference AG between the native structure and the
denatured state at 7=310 K for three kinds of loops with a
increasing number of connected stems (hairpin, internal, and
multibranch) as a function of the size of the central loop,

computed with the lattice model, standard programs using
the full Turner model (RNAfold and Mfold), Kinefold, and
Viold.

For hairpin and internal loops [Figs. 8(a) and 8(b)], the
lattice and the Turner model (via RNAfold) give similar re-
sults whatever the employed version of Turner parameters.
This confirms our derivation of the lattice forking and loop
nucleation parameters from the corresponding Turner param-
eters. Kinefold and Vfold, which continue to use the older
version 2.3 (Ref. 37) of the Turner parameters, provide rea-
sonable estimates for hairpin and internal loops. We note
however, that some care must be taken when upgrading Ki-
nefold and Vfold to new versions of the Turner parameters.
In both models the free energy is calculated as AG
=AG e~ TAS)00p, Where the employed estimates of the loop
conformational entropy Asy,, (including the nucleation pen-
alty) are computed independently of the Turner parameters
and the employed gauge, and AG,y contains gauge-
dependent stacking parameters (such as association or fork-
ing free energies). Obviously, Asjo,=~= Asloop ch 1og Nigop
in version 2.3 of the Turner parameters where A5100P—6k3 for
internal loops and 4.6k for hairpin loops. However, in the
present version 3.0,” Asgop:O.lkB for internal loops and
6.5ky for hairpin loops, i.e., the corresponding substitution
by an invariant estimate As),,, is bound to lead to much
stronger deviations from the RNAfold estimate.

For multibranch loops [Fig. 8(c)], for lack of theoretical
input, Turner models typically assume a AG independent of
loop size. This is not confirmed by the lattice model, which
predicts that AG can vary by 3—4k,T between Njy,=9 and
Nioop=30 with an even stronger variation for shorter loops.
Interestingly, Kinefold reproduces the absolute magnitudes
of the looping free energies for intermediate loop sizes fairly
well. Not surprisingly, in all three cases we observe c~ 1.5,
i.e., the looping exponent for random walks.

Closer inspection of Figs. 8(a) and 8(b) shows that the
lattice model clearly supports the description of large hair-
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FIG. 8. Free energy AG as a function of the loop size Ny, for three kinds of branch loop and for two versions of the Turner parameters: hairpin (a), internal
(b), and multibranch (c), computed with the lattice model (red circles), the RNAfold model (Ref. 13) (black squares), the Kinefold model (Ref. 21) (green
crosses) and the Vfold model (Ref. 15) (blue triangles) and using version 2.3 (Ref. 37) (first column) or version 3.0 (Ref. 9) (second column) of the Turner
parameters. Data for RNAfold and Kinefold were obtained from their respective web servers. Data for Vfold were computed by adding the contribution of the
canonical and mismatch stacking, and of the conformational entropic free energy extracted from Fig. 3b in Ref. 15.

pins and large internal bubbles via a Jacobson—Stockmayer
equation with ¢=1.76 (Ref. 42) (the deviations for hairpins
with Nyo,,=7 and 9 steps are due to short loop corrections in
the Turner model not accounted for in the lattice model). In
the present example of a multibranch loop [Fig. 8(c)], the
situation is less clear, but the observed effective exponent of
c~2.2 is in good agreement with theoretical predictions for
chains with sterically interacting 100ps.43’63 From simulations
for different kinds of multiloops, we find that Ag,,,, for mul-
tiloop approximately verifies the generalized Jacobson—
Stockmayer equation

Agii® = (7.2 +0.65h + 2.2 log Nigop)kpT

(42)

=(4.4+0.4h + 1.36 log Njo,,) kecal/mol at 37 °C,
(43)
where N, is the loop size and £ is the number of connected

stems. Equation (42) is valid with the unified set of forking
energies defined in Sec. II B 1. However, it is not obvious

that a single asymptotic43 or heuristic'® value of ¢ faithfully
describes arbitrary multiloop geometries. For example, the
effective value of ¢ should depend on the relative size of the
central loop and the surrounding substructures with ¢ again
tending to the self-avoiding loop exponent 1.76 for large
central loops.

For multibranch loops, we test the predictive power of
the lattice model on two tRNA sequences by computing the
sensitivity SE and the specificity SP of the base pairs in the
most stable secondary structure predicted by the lattice
model compared with the experimentally determined native
structure. SE is defined as the ratio between the number of
correctly predicted base pairs and the number of measured
base pairs in the most stable structure; and SP is defined as
the ratio between the number of correctly predicted base
pairs and the number of predicted base pairs. The native
secondary structures of such sequences are very well pre-
dicted, even better than other models (see Table II).

Using the lattice model, we are not limited to predictions

TABLE II. Predictive power (sensitivity SE/specificity SP) of the lattice model and other standard methods

tested on two transfer RNAs at 7=37 °C.

Sequence Lattice model RNAfold” Kinefold" PknotsRG* Nupack?
tRNA-phel of yeast 1/1 0.95/1 0.9/0.83 0.24/0.24 0.95/0.87
tRNA-alal of human 1/0.95 171 1/0.84 0.95/0.95 0.95/0.8

“Reference 13.
"Reference 21.

“Reference 33.
dReference 34.



095101-13 A coarse-grain lattice model of RNA folding

J. Chem. Phys. 132, 095101 (2010)

3

IS

6]
[=]

c
L
@
o
a
@
il
=
s}
2
3]
>
IS

(o2}
(=]

nucleotide position

10 20 30 40 50 60 70 10
nucleotide position

20 30

nucleotide position

40 50 60 70 10

20 30 40 50 60 70
nucleotide position

FIG. 9. Illustration of the equilibrium folding pathway of tRNA-phel of yeast. At different temperatures, we plot the contact map and the more stable
structures. The contact map represents the probability that two nucleotides are paired in a given configuration. The color legend is given at the top of the figure.

of native structures, but we can study the equilibrium folding
pathway of tRNA-phel of yeast. Figure 9 shows the contact
map and the most stable structure at different temperatures.
Around 37 °C, the four native stems present in the experi-
mental native structure are well predicted by the lattice
model. As we increase the temperature, we observe the un-
folding of the molecule. This process is shown to occur in 4
steps characterized by the successive opening of the native
stems. (1) Around 57 °C, stem I opens. At a first sight, it is
surprising that the longest stem (7 bps), which is moreover
coaxially stacked with stem IV, should denature first. The
explanation is found in the analysis of the entropic contribu-
tions. Breaking stem I opens the central multibranched loop
which carries a large entropic penalty. In contrast, the dena-
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FIG. 10. Evolution of the heat capacity Cy, (full lines) for the H-pseudoknot
sequence GGCAAACGCGCCAAAGCG computed with the lattice model
(red) or with the RNAheat program (Ref. 13) (black). The dashed lines
represent the probability for the occurrence of the most important secondary
structures: pseudoknot A (blue), hairpin B (cyan), hairpin C (dark-green),
and random coil D (light-green). The two peaks in the Cy, curve correspond
to the transition between the native pseudoknot (a) and the hairpin (b) and to
the transition between hairpins [(b) and (c)] and the random coil (d).

turation of one of the other stems would only increase the
size of the multibranch loop and increase the entropic pen-
alty [see Eq. (42)]. (2) Around 72 °C, stem IV opens. Stems
IT and IIT are still stabilized by coaxial stacking. (3) Then, at
76 °C, stem II denatures, while the nucleotides in stem III
retain a high contact probability (~0.5). (4) Finally, around
82 °C, the random coil state dominates. Therefore, along the
equilibrium folding pathway, the anticodon loop (stem III) is
the first formed. Then, the T¢C loop (stem II), the D loop
(stem IV) and finally, the acceptor stem (stem I).
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FIG. 11. Free energy AG, as a function of the loop size n of the
H-pseudoknot GGCA,UCGGCCA,CGA (n,=n,=3 bp and [,=l,=n nt)
computed with different models: the lattice model, Gultyaev et al. model
(Ref. 38), Vfold model (Ref. 39), PknotsRG model (Ref. 33), Kinefold
model (Ref. 21), and Nupack model (Ref. 34). The typical error bars for
AG,, is approximately 2k,T5;-c and is mainly due to parameters uncer-
tainty. Data for pknotsRG, Kinefold and Nupack were obtained from their
respective web servers. Data for Gultyaev and Vfold models were computed
following the rules described in Refs. 38 and 39, respectively.
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TABLE III. Predictive power (sensitivity SE/specificity SP) of the lattice model (LM) and other standard methods tested on truncated sequences of viral
frameshift signals (Ref. 103). We give the computed free-energy difference AG between the predicted stablest structure and the H-pseudoknot experimental
native structure described by n,/1,/n,/1, (* presence of an unpaired nucleotide between the two stems).

T

Abbreviation (°C)  Truncated sequences n,/1,/ny/l, SE/SP (LM) AG (kgTs;) RNAfold® Kinefold®  Vfold®  PknotsRG® Nupack®
BChV 25 G1595-C1620 4/1/4/8* 171 0 0/0 0.5/0.57 1/1 171 171
BLV 37 G1604-U1630 6/5/3/4 0.67/1 5.5 0.67/1 0.67/1 0.67/0.86 171 0.67/1
BWYV 25 C1566-G1591 5/2/416 171 0 0.56/1 171 171 171 171
BYDV-NY-RPV 25 G1706-C1732 5/2/417 0.33/0.33 1.9 0/0 0/0 171 0/0 171
CABYV 25 G1494-C1520 5/2/3/8" 0.38/0.38 55 0/0 0/0 0/0 171 171
EIAV 37 G1797-C1831 6/3/4/12 171 0 0.5/0.71 171 171 171 0.9/1
FIV 37 G1893-C1927 5/2/6/11 0.82/1 3.6 0.45/1 171 171 171 171
MMTVgag/pro 37 G2090-U2123 5/1/8/8* 0/0 3.8 0/0 0.92/1 171 171 0.42/0.5
PEMV 25 U2042-C2069 6/2/4/6 0.9/1 0.3 0.6/1 0.9/1 0.9/1 171 0.9/1
PLRV-S 25 G1781-G1806 4/2/4/8 171 0 0.5/1 0.5/0.57 171 171 171
PLRV-W 25 G1676-G1701 4/2/3/9* 0/0 22 0.5/1 0/0 1/0.88 171 171
SRV 1gag/pro 37 G2337-C2373 6/1/6/12 0.83/1 6.8 0/0 171 171 171 1/1

“Reference 13.
"Reference 21.
“Reference 39.
dReference 33.
“Reference 34.

C. Pseudoknots

Pseudoknots are more complex molecules. They are
present in catalytic cores in ribozymes, self-splicing introns
and telomerases, or inducement of ribosomal frame-
shifts.?* "% The presence of base pairs which violate of the
nesting convention complicates the secondary structure pre-
diction by highly increasing the considered configuration
space.

Standard examples are H-type pseudoknots (Fig. 10).

They are composed of two stems S1 and S2 (containing,
respectively, n; and n, base pairs), and of two loops L1 and
L2 (containing, respectively, /; and I, nucleotides). RNA
molecules forming such structures often exhibit a non-two-
state thermal transition'®! between the native H-pseudoknot,
the two corresponding hairpins, the denaturated state or other
intermediate states. Figure 10 illustrates this behavior for an
example studied via the lattice model. Figure 11 shows the
loop-size dependence of AG ,, the free-energy difference be-
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FIG. 12. (a) Two-state transition for the radius of gyration R (in b unit) as a function of the tertiary contact interaction free energy AG,.. The secondary
structure of the studied 7/ Tr; sequence is drawn in the middle. Examples of tertiary structure representation with AG,.=0kgT (left) and —10k,T (right) are also
illustrated. [(b) and (c)] Average distance (in b unit) between all pairs of nucleotides for AG,.=0kzT (b) and —10kgT (c).
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FIG. 13. Entropy difference —AS between the packed and the unpacked
molecules as a function of the linker size n. (Inset) The tetraloop/tetraloop-

receptor interaction AG;™ at the collapse-transition as a function of —AS.

tween the pseudoknotted structure and the coil state, for 7
=n,=3. In the same figure, we have also included results
from other models. To appreciate the excellent overall agree-
ment, it is worthwhile to recall the different methods used to
parameterize the models: The parameters of Gultyaev et
al.,38 of the pknotsRG model,33 and of the Nupack model**
are purely phenomenological and were adjusted to correctly
predict experimentally or phylogenetically known
pseudoknotted secondary structures and to avoid the predic-
tion of spurious pseudoknots in unpseudoknotted test sec-
ondary structures. Vfold* parameters are derived from a
more detailed microscopic lattice model,Sg’47 while
Kinefold'® makes predictions on conformational entropies by
modeling stems as rigid rods and unpaired loops as Gaussian
chains, neglecting excluded volume interactions. For loop
sizes n= 10, all methods yield nearly identical predictions.
For smaller loops, the predictions of the lattice model agree
with those from Refs. 21, 34, and 39 and shows a similar
large difference to the predictions from Refs. 33 and 38. For
large pseudoknots, the lattice model predicts in agreement
with Ref. 38 that the asymptotic behavior follows a
Jocobson—Stockmayer equation with an exponent c¢= 1.8,
very close to the single self-avoiding loop exponent. This
means that there is no significant steric interaction between
L1 and L2. As expected, Kinefold?! predicts a weaker loop
size dependence with c¢=1.5. PknotsRG,33 Vfold,39’47 and
Nupack34 predict larger free-energy penalties for the
pseudoknot formation.

Frameshifting consists in inducing ribosomes to slide
into alternative reading frames to product alternative pro-
teins. This phenomenon is often found in retroviruses and
could be caused by the presence of a pseudoknot down-
stream of the ribosome.'*'% To test the predictive power of
the lattice model on pseudoknots, we study the native struc-
ture of short, experimentally known, pseudoknots inducing
frameshifting. We choose the same set of short truncated
sequences of viral ribosomal frameshift signals taken from
the Pseudobase database'™ than Vfold. We search for their
native structure at 37 °C for animal virus and at 25 °C for
plant virus.

In all cases, the native structure is generated with good
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statistics in our ensemble. Table III compares predicted and
measured structures by computing the sensitivity SE and the
specificity SP. We remark that pknotsRG and Nupack per-
form better in predicting the experimentally observed native
structure than the lattice model, Kinefold or Vfold. However,
the comparison is biased because, the present sequences
were most likely among those used to fit the parameters of
both models. We also note the weaker performance of
pknotsRG and Nupack in the prediction of multiloop struc-
tures (Table II). In particular, Nupack predicts a lowest-
energy state containing a pseudoknot, which is not observed
experimentally.

Among the methods based on physical models for con-
formational entropies, Vfold performs best, followed by our
lattice model and Kinefold.

Taking a closer look at the lattice model, we remark that
it fully predicts four native structures (BChV, BWYV, EIAV,
and PLRV-S), and almost reproduces the correct secondary
structure for three other frameshift signals (FIV, PEMYV, and
SRV 1gag/pro). For these seven sequences, no spurious base
pairs are predicted, while a small number of base pairs are
missing, because they are highly geometrically constrained
in the lattice model. For other sequences, the lattice model
fails partially (BLV, BYDV-NY-RPV, and CABYV) or com-
pletely (MMTVgag/pro and PLRV-W) to predict the native
structure.

One possible reason for these misleading results could
be the omission of stabilizing effects. For CABYV, only the
models including fitted pseudoknot parameters (Nupack and
pknotsRG) well predict its native structure. Unsatisfactory
predictions of the lattice model, Kinefold and Vfold could be
due to neglected weak tertiary interactions (such as base
triples) whose effects could be effectively incorporated in the
fitted parameters of Nupak and pknotsRG. For BLV, almost
all the models fail to predict the native structure meaning the
possible omission of stronger tertiary interactions. For
BYDV-NY-RPV and PLRV-W, while Vfold succeeds, the lat-
tice model and Kinefold fail. This could mean that ingredi-
ents present in Vfold (such as the excluded volume at the
helix-loop junction or the description of the 3D structure of
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RNA helix) and neglected in the lattice model and in Kine-
fold could explain their misleading results for these se-
quences.

Another reason could be the underestimation of the free
energy for very short pseudoknot loops induced by the geo-
metrical constraints imposed by the lattice. This apply for
MMTVgag/pro whose known secondary structure is a
H-pseudoknot with n,=5, n,=8, [,=1, and [,=8. Due to the
geometry of the fcc lattice, constructing conformations on
the lattice describing such a secondary structure would need
the insertion of kinks in S1 or S2. These kinks are lattice
artifacts and are energetically highly unfavorable, preventing
the acceptance of such conformations.

D. Effect of tertiary contacts on RNA folding

To illustrate the advantage of using a 3D structure mod-
eling, we briefly study the effect of tertiary contacts to sta-
bilize a compact native structure. The RNA folding is partly
hierarchical: under typical conditions (temperature and salt
concentration) the single strands first fold into intermediate
states characterized by elements of the double-helical sec-
ondary structure. Then, if the salt concentration is higher
enough, tertiary contacts are formed between secondary sub-
structures and lead to the fully folded tertiary structure.' 1%
Possible tertiary contacts are numerous® and mostly are very
sensitive to the cation salt concentration [especially Mg?*
(Refs. 104 and 106)]. An example of a relevant tertiary con-
tact is the tetraloop/tetraloop-receptor contact present in the
P4-P6 domain of the extensively studied Tetrahymena group
I ribozyme.5 107108 1¢ connects the L5b tetraloop (a GAAA
hairpin loop) to the J6a/b receptor (a UAA/AU internal
loop).”

To be as general as possible, we study the model
tetraloop/tetraloop-receptor (T/Tr) sequence
GGCGA;GCCA,GCGUAACGC,GCGAUCGC (T/Tr,),
where n allows us to vary the size of the linker between the
tetraloop and the receptor (see Fig. 12). We assume that a
tertiary contact is possible when the two structures are close
enough (we arbitrarily choose a distance of b between the
barycenters of the tetraloop and of the general observations
are not affected by this choice). Figure 12(a) shows the com-
paction of the complex as the 7/7r interaction free energy
AG,, increases. The evolution of the radius of gyration is
characteristic of a two-state collapse transition. Figures 12(b)
and 12(c) represent the effect of the compaction on the av-
erage distances between nucleotides. We observe that the
inter-nucleotide distances decrease as the strength of the
T/Tr interaction increases, signature of a general packing of
the molecule. In particular, in the packed structure [Fig.
12(c)], stems are preferentially parallel, in agreement with
experimental observations of the P4-P6 domain of Tetrahy-
mena group | ribozyme.sg’107

For each linker size n, we can estimate the ratio r of
conformations on the lattice, where a T/Tr link can be es-
tablished, i.e., the conformations where the distance between
the tetraloop and the receptor is smaller than b, and which
are considered as packed conformations. Then, we define the
collapse entropy difference between the packed and the un-
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packed structures as —AS=-log r. Figure 13 shows the de-
creasing evolution of —AS as a function of n. This means that
the probability to form a 7/Tr contact is small when the
number of nucleotides between the tetraloop and the receptor
is high. We also remark that the value of AG,. at the
collapse-transition (AG},) is equal to —TAS (see inset of Fig.
13). In other words, the minimum contact energy to get at
least half of the conformations with a 7/Tr contact, is ex-
actly the entropic cost of passing from a unpacked to a
packed structure.

We evaluate the packing of the molecule by computing
the ratio between the volume occupied when AG,.=0
(Vunpacked) and when AG,. is sufficiently strong to get all the
conformations packed (Vpycreq). Figure 14 shows that an im-
portant compaction of the molecule is observed (more than
50% of the original volume). This is compatible with the
experimental observation of compaction of Tetrahymena
group I ribozyme.59

IV. CONCLUSION

To summarize, we have introduced a semiquantitative
lattice model of RNA folding whose parameters are system-
atically derived from experimental data on short molecules
via the Turner secondary structure model.’ Like the latter, we
include the formation free energies of double-helical sec-
tions, forks, dangling ends, etc. via RNA-specific param-
eters, without resolving the internal (helical) structure of the
strands on the level of bases or the sugar-phosphate
backbone®* or atoms.”?® Our results can nevertheless pro-
vide relevant input for methods, which generate atomistic
models for given coarse-grained or secondary structures.”

With the lattice and the Turner models defined on the
same length scale, corresponding parameters are readily
identified. We have shown in detail, how the necessary cor-
rections due to the conformational entropy of secondary
structures in the lattice model are obtained by grouping and
counting the corresponding microstates for simple cases.”’
From a practical point of view, the parameterization and
simulation of the lattice model is greatly facilitated by a
number of simplifications and unifications of the standard
Turner parameters, which we have proposed on general
physical grounds (Sec. II B). In particular, it is possible to
avoid the nonlocal secondary structure analysis of a confor-
mation by (i) unifying the loop-type dependent forking ener-
gies and (ii) suppressing the loop nucleation free-energy pen-
alties for individual loops via a suitable gauge transformation
(Sec. II C 1). Our considerations might already be of interest
on the level of the secondary structure description. They
should equally apply to other attemptsls’21 to integrate inde-
pendently calculated conformational entropy estimates with
the Turner model. We emphasize that parameters and the
predictive power of such models should evolve with the stan-
dard secondary structure description. Simple tests of the in-
ternal coherence of a parameterization scheme are similar
behavior for different versions of the Turner parameter set
and the invariance of model predictions under the various
gauge freedoms of the Turner model.

Contrary to secondary structure approaches, we have no
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free parameters accounting for the conformational entropy of
the folded molecule, for example, in the form of a general-
ized Jacobson—Stockmayer relation Eq. (2). Rather the
coarse-grain representation of the molecule’s 3D structure
allows us to predict the generic (polymer) contributions to
nonlocal loop formation free energy Agq, of arbitrary sec-
ondary structures. In particular, we include the effects of
connectivity (important for pseudoknots) and of excluded
volume interactions within and between all elements of the
secondary structure, a feature which is essential for the sys-
tematic treatment of multiloops. For comparison, Kinefold*!
only includes connectivity effects. Vfold works at higher
spatial resolution, but is limited to a slowly growing number
pseudoknot architectures.™*’

In this paper, we have tested the predictive power of the
lattice model for simple hairpins as well as for complex
structures such as tRNAs or pseudoknots. While specialized
applications achieve a slightly better performance for the
prediction of pseudoknot groundstates, the lattice model pro-
vides a complete statistical mechanical description and
shows a consistent reliability independently of the type of
structure studied. Currently, our main limitation is the com-
putational cost to obtain the density of state for long hetero-
genenous sequences (>80 nts). Using more sophisticated
MC methods, the lattice model should provide an efficient
framework to systematically study nonlocal effects on RNA
folding including spatial confinement'”  or tertiary
interactions.®> At the same time, it remains an interesting
challenge to extend our parameterization scheme to more
detailed representations of the 3D structure of RNA.'52
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