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Discretized torsional dynamics and the folding of an RNA chain
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The aim of this work is to implement a discrete coarse codification of local torsional states of the RNA chain
backbone in order to explore the long-time limit dynamics and ultimately obtain a coarse solution to the RNA
folding problem. A discrete representation of the soft-mode dynamics is turned into an algorithm for a rough
structure prediction. The algorithm itself is inherently parallel, as it evaluates concurrent folding possibilities
by pattern recognition, but it may be implemented in a personal computer as a chain of perturbation-
translation-renormalization cycles performed on a binary matrix of local topological constraints. This requires
suitable representational tools and a periodic quenching of the dynamics for system renormalization. A binary
coding of local topological constraints associated with each structural motif is introduced, with each local
topological constraint corresponding to a local torsional state. This treatment enables us to adopt a computation
time step far larger than hydrodynamic drag time scales. Accordingly, the solvent is no longer treated as a
hydrodynamic drag medium. Instead we incorporate its capacity for forming local conformation-dependent
dielectric domains. Each translation of the matrix of local topological constraints~LTM’s ! depends on the
conformation-dependent local dielectric created by a confined solvent. Folding pathways are resolved as
transitions between patterns of locally encoded structural signals which change within the 1 ns–100 ms time
scale range. These coarse folding pathways are generated by a search at regular intervals for structural patterns
in the LTM. Each pattern is recorded as a base-pairing pattern~BPP! matrix, a consensus-evaluation operation
subject to a renormalization feedback loop. Since several mutually conflicting consensus evaluations might
occur at a given time, the need arises for a probabilistic approach appropriate for an ensemble of RNA
molecules. Thus, a statistical dynamics of consensus formation is determined by the time evolution of the base
pairing probability matrix. These dynamics are generated for a functional RNA molecule, a representative of
the so-called group I ribozymes, in order to test the model. The resulting ensemble of conformations is sharply
peaked and the most probable structure features the predominance of all phylogenetically conserved intrachain
helices tantamount to ribozyme function. Furthermore, the magnesium-aided cooperativity that leads to the
shaping of the catalytic core is elucidated. Once the predictive folding algorithm has been implemented, the
validity of the so-called ‘‘adiabatic approximation’’ is tested. This approximation requires that conformational
microstates be lumped up into BPP’s which are treated as quasiequilibrium states, while folding pathways are
coarsely represented as sequences of BPP transitions. To test the validity of this adiabatic ansatz, a computa-
tion of the coarse Shannon information entropys associated to the specific partition of conformation space into
BPP’s is performed taking into account the LTM evolution and contrasted with the adiabatic computation. The
results reveal a subordination of torsional microstate dynamics to BPP transitions within time scales relevant to
folding. This adiabatic entrainment in the long-time limit is thus identified as responsible for the expediency of
the folding process.@S1063-651X~99!11607-6#

PACS number~s!: 87.10.1e, 87.15.He, 87.15.Cc, 87.14.Gg
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I. INTRODUCTION AND OUTLINE

This work is concerned with the theoretical underpinnin
of the expedient by which natural biopolymers reach th
active conformation underin vitro renaturation conditions
within time scales incommensurably shorter than ergodic
thermodynamic times@1–7#. In simple generic terms, ou
aim is to determine the microscopic origin of the expedien
of the folding process. In attempting to address this issue
first note that there exists a vast gap between the time sc
accessible to computer simulations of torsional dynam
(1 – 103 ps) and those relevant to folding even
(1 ms– 102 s) @2,8#. At first sight, this fact by itself would

*Author to whom correspondence should be addressed. Electr
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render ours an impossible task. Nevertheless, we shall s
that this is not so, at least if we focus on the RNA foldin
problem.

In this context,ad hoc simplifications of conformation
space have been theoretically@2# and operationally@6# intro-
duced to understand the folding expediency. These simp
cations hinge upon basic structural tenets.~a! The RNA
chain may be regarded as a torsionally complex flexi
backbone with organic bases attached to it~one per unit or
nucleotide!. ~b! The torsional constraints determined by t
geometry of the RNA backbone make Watson-Crick ba
pairing the ubiquitous motif in intrachain contact patter
~CP’s!. Thus, each CP is actually realized as a base-pai
pattern~BPP!. ~c! Each BPP may be regarded as a qua
equilibrium state@2,4,6–9#, whereby all torsional degrees o
freedom are equilibrated or thermalized within the torsio
constraints imposed by the particular BPP and within ti
ic
2105 © 1999 The American Physical Society
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scales incommensurably shorter than those associated
BPP transitions.

This set of assumptions represents an ‘‘adiabatic ansa
which considerably simplifies the folding problem. Howev
for all that these assumptions have been implicitly adopte
RNA folding algorithms@8#, in the interpretation of kinetic
data on folding pathways@6#, and even in theoretical ap
proaches to the problem@2#, their microscopic foundations
have remained elusive. Thus, we focus on this problem
first simplifying or coarse graining the torsional dynami
which we later resolve even more coarsely as a sequenc
BPP transitions in order to compare with the adiabatic
sults.

A local analysis of the molecular dynamics~MD! of the
RNA backbone@8,9# reveals that a binary orcis-transreso-
lution of the interval@0,2p# of torsional states for each de
gree of freedom is valid within time scales larger th
102 ps. This means that each torsional state of the en
chain could be specified by a binary matrix which we sh
call the local topological constraints matrix~LTM !. The i th
column in the LTM indicates the unit with contour numbei
along the chain, while thej th row indicates thej th degree of
freedom for each unit.

Since each BPP imposes torsional constraints upon th
units engaged in realizing the specified intrachain conta
including the closure of the concurrent loops, the first iss
that a microscopic treatment must deal with is to learn h
to translate an LTM into a BPP. This correspondence is
one-to-one~injective!, as shown below. Since a BPP can a
be described as a matrix~denoted BPM! with its ij entry
equal to 1 if unitsi and j are in contact and 0, otherwise, th
translation operation becomes actually a projection map
one binary matrix space onto another one. Typically, sev
LTM’s project onto a single BPM. This is so since all uni
which are not engaged in the formation of contacts or
closure of the concurrent loops are free to adopt any torsio
isomeric state within the level of resolution adopted.

Given this picture, a microscopic treatment of the foldi
problem requires the following elements:~a! a judicious and
realistic set of rules determining the time evolution of t
LTM, ~b! a means of translating or projecting the LTM ev
lution into the BPP dynamics, and~c! a means of contrasting
the BPP dynamics obtained from the adiabatic ansatz w
the rigorous one obtained by translating or projecting
coarse microscopic motion given by the LTM evolution. O
notices that each translation of the LTM into a BPP int
duces a new set of constraints in the chain which, in t
affect the way new LTM’s will be generated. This bespea
of the existence of a feedback loop or renormalization ope
tion concurrent with the translation operation.

The semiempirical microscopic framework describ
above makes it possible to define a folding algorithm ba
on the long-time limit of torsional dynamics. In contrast wi
previous algorithms which are sequential, this one is inh
ently parallel, since the LTM̃ BPP translation is essentiall
a pattern recognition operation, reflecting the cooperative
ture of the folding process. To warrant the reproducibility
the results expounded in this work, the parallel simulat
must be implemented in a personal computer~PC! operating
within a conventional sequential architecture, naturally m
suitable for the previous sequential algorithms@7#. This dif-
ith
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ficulty is circumvented by realizing the parallel simulation
an iterative sequence of perturbation-translation renormal
tion (p-t-r ) loops, as detailed in Sec. IV. The perturbatio
operation maps one LTM into another according to the
namic flow defined by the rules of LTM evolution over
fixed time interval. This operation is justified since, in ord
to translate the LTM within a conventional sequential fram
work, we need to freeze the LTM in order to recognize t
BPP inscribed in it, whereas, in a parallel computation,
translation, being a block operation, occurs concurrently w
the time evolution of the LTM and the dynamic flow ge
renormalized without any need to freeze it at fixed interv
in time. Thus, ultimately, in order to perform simulations o
a conventional PC, while capturing the essentially coope
tive nature of the folding process, we need to resort to
p-t-r iterative framework.

Following the above discussion, the outline of this work
as follows. In Sec. II, we describe the microscopic sem
empirical foundations of the adiabatic ansatz and introduc
generic means of testing the adiabatic ansatz, contrastin
results with the projection of the torsional dynamics onto
BPP space. In Sec. III, we introduce our semiempirical m
croscopic model or coarse version of torsional dynamics
the parallel folding algorithm based upon this simplificati
of conformation space. Section IV is devoted to an imp
mentation on a conventional sequential computer of the
herently parallel algorithm rooted in the microscopic mod
The implementation requires adopting thep-t-r iterative
framework. Section V reveals the actual predictive power
the algorithm by computing the folding pathway and fun
tionally competent structure of a catalytic RNA species
ribozyme @2#. Finally, in Sec. VI, we compare the sem
empirical microscopic results with those obtained using
adiabatic approximation, thus revealing the validity of t
latter simplified approach within the time scales associa
with detectable folding events.

II. THE ADIABATIC ANSATZ

A. Semiempirical foundations of the adiabatic ansatz

We have shown in recent work specialized for natu
RNA species@2# that the amount of Shannon informatio
2s measured relative to a fixed coarse description of c
formation space reaches its absolute maximum within
perimentally relevant time scales. This result turns the inf
mation content into a good marker of the level
organization achieved by a folding chain. However, the
sult is not generic, and applies to RNA sequences which
targets of natural selection. Moreover, this result has b
obtained making use of an ‘‘adiabatic ansatz,’’ whereby m
croscopic conformations are lumped up or coarsely resol
as contact or base-pairing patterns~BPP’s! treated as quasi
equilibrium states@2,7#, while each elementary BPP trans
tion is regarded as a single activated processes.

This adiabatic approach treats the transition probabi
between two BPP’s as dependent on the kinetic barrier s
rating the respective valleys in the energy landsca
@2,4,6,7#. From a purely combinatorial viewpoint, BPP’s o
an RNA chain folding onto itself are drawn upon the map
Watson-Crick base-pair complementarities (A-U,G-C),
which in turn, is obtained for each sequence made up of
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four units denotedA, U, G, andC @7#.
Since the present work focuses on the microscopic or

of the expediency of the folding process, we do not introdu
the adiabatic ansatz as ana priori assumption. Then, the
following question must be addressed: What is the mic
scopic origin of the expediency of the folding process wh
is revealed and monitored through the time evolution of
information content with respect to the BPP partition? Ob
ously, the answer to this question demands that we go
yond the adiabatic approximation.

In the present work we develop a semiempirical mic
scopic model of folding in which the conformation sof
mode manifoldX for the flexible RNA chain~the Cartesian
product of as many circles as torsional degrees of freed
the chain possesses@8,9#! is coarsely resolved modulo tor
sional conformational isomers as the lattice (Z2)3N-3, where
Z2 represents the field of integers modulo 2~made up of the
two possible residue classes 0 and 1 resulting from the d
sion of an integer by 2, with 11150!, andN is the length of
chain. Thus, each point in the lattice represents a comp
set of torsional isomeric states~cis or trans! which coarsely
represent the chain conformation. The implementation of
model hinges upon the identification of patterns of bina
codified local signals, materialized through its translat
into BPP’s, followed by a renormalization of the proble
according to the latest pattern generated. Ultimately, in or
to actually elucidate the microscopic origin of the organiz
tional expediency already revealed at the BPP level,
long-time torsional dynamics defined on the lattice (Z2)3N-3

will be shown to yield the adiabatic dynamics when pr
jected onto the BPP space.

A major stumbling block in the implementation of a sem
empirical microscopic treatment of long-time torsional d
namics and its bearing on the folding process is due to
parallel nature of the exploration in conformation space. T
concurrence of folding events taking place at the same t
in different portions of the flexible chain precludes a
meaningful isolation of a single ‘‘reaction coordinate.’’ T
address this issue we shall first coarsely identify foldings
elements of (Z2)3N-3, that is, as patterns of 3N-3 locally
encoded binary signals representing sets of 3N-3 torsional
states, each defined within a two-well orcis-trans flipping
activated process.

We must first justify our coarse-graining of the manifo
of soft internal degrees of freedomX upon which folding
pathways are to be drawn. Our first problem becomes ho
coarsely codify the local torsional states and local corre
tions of the flexible chain, and provide an effective dynam
cal picture introducing long-range correlations to account
its long-time behavior. Accordingly, to solve this proble
we shall regard foldings as coarse patterns of locally enco
structural signals modeled as generated by two-state osc
tors or spin flippers. Thus, we introduce a description ba
on a topological representation of the chain backbone. T
is done by providing a binary codification of the soft-mo
or torsional dynamics based on the local conformational
strictions that basically lead to a two-well orcis-transflip-
ping between torsional isomers subject to local and lo
range correlations. Thus, each torsional potential ba
represents a local topological state representing a local
straint. The geometry itself is immaterial within this level
in
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description, since the latitude in the torsional potential bas
~30° to 60°,@9#! yields vast conformational distortions whic
would make the conformations formed unrecognizable
BPP’s.

Our treatment hinges upon a binary codification of loc
topological constraints associated to each structural m
with each local topological constraint corresponding to
coarse local torsional state~local torsional isomer!. Then,
given such a representation, our treatment of the fold
problem consists in identifying folding intermediates by re
ognizing patterns of local torsional states. As previously
dicated, the latter states are defined according to a co
description of the dynamics which identifies the local co
formation state with the basin of attraction for each torsio
degree of freedom, so that each basin corresponds to acis-
trans local torsional isomer~rotamer!. Thus, the entire coars
torsional state of the chain is recorded as a time-depen
33N binary matrix, denoted LTM, of local topological con
straints. The time evolution of the LTM follows elementa
kinetics for local basin transitions subject to renormalizat
as the folding of the chain evolves~see Sec. III!. Once such
kinetics are specified, and the set of local topological c
straints associated with each folding motif is determin
translating an LTM into a BPP becomes straightforward.

For the sake of illustration let us consider a simple e
ample. Suppose we want to identify or recognize a patt
within an LTM which translates into a single intrachain co
tact requiring the closure of a small loop of lengthL (L
5number of unpaired bases in the loop!. That means that if
such a pattern arises at the time of the evaluation of
LTM, an intrachain contact will be recorded in the BPP m
trix. To determine which pattern in the LTM corresponds
the intrachain contact requiring theL-loop closure, we first
note~details are given in Sec. III! that each backbone unit i
visualized as articulated through three torsional variab
two engaged in the orientation of the polar phosphate mo
and one acting as a vertebral torsion determining the fe
bility of a local bending of the chain in the particular dire
tion compatible with loop closure~see Fig. 1!. Thus, the
pattern in the LTM which translates into the contact cons
of a 33L window in which theL vertebral entries@row ~1!#
designate all the same local rotamer needed to bend the c
in order to form theL loop, while the entries in the other tw
rows @~2! and ~3!# designate the local torsional isomers r
quired to orient allL phosphate groups towards the bu
solvent~as opposed to the loop interior! for better solvation.

FIG. 1. Schematic representation of vertebral or row~1! consen-
sus. When the vertebrae are correctly positioned, as in~a!, loop
closure becomes readily feasible, while it is precluded except
large loops@N(loop)@17# if vertebral consensus is not reached,
in situation~b!.
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The latter condition is needed for small loops, as shown
Sec. III. The example illustrates our computational strate
Suppose all local topological constraints associated wit
folding of the chain are fulfilled at some point in time; the
a pattern within the LTM becomes recognizable and is tra
lated into the BPP matrix where the folding pattern is
corded. Thus, the time evolution of the LTM actually repr
sents the changes in local topological constraints, whil
pattern in the LTM represents a set of constraints to be
filled in order to fold the chain in a particular way.

Our treatment enables us to adopt a relatively large c
putation time step of 512 ps, a value far larger than typi
hydrodynamic drag time scales, without sacrificing accur
within our level of description. Accordingly, the solvent ca
no longer be treated as the hydrodynamic drag medium
stead we incorporate its capacity for forming loc
conformation-dependent domains of different dielectric c
stants. Each evaluation of the LTM depends on
conformation-dependent local dielectric domains that
confined solvent will produce. As shown in Sec. IV, the
local solvent environments determine constraints on the
sional freedom due to the orientational demands imposed
the charged phosphate groups of the RNA backbone@4#.

Folding pathways are initially resolved as transitions b
tween patterns of locally encoded structural signals wh
change within the 1/10ms–100 ms time scale range. The
coarse folding pathways are generated by a parallel se
for structural patterns in the LTM. Each pattern is evaluat
translated and finally recorded as a BPP, an operation w
is subject to a renormalization feedback loop. The renorm
ization operation periodically introduces long-range corre
tions on the LTM according to the latest BPP generated
translation. Nucleation and cooperative effects are accou
for by means of the renormalization operation which w
rants the persistence of seeding patterns or kernels upon
cessive LTM evaluations.

In consonance with the first goal, our working strate
may be sketched as follows.~a! First, we introduce an en
semble of 3N-3 locally correlated two-state oscillators o
spin flippers to coarsely simulate torsional isomerizatio
that is, a flipping between the two torsional wells for ea
internal degree of freedom of the RNA backbone. Then,
search for consensus regions of torsional isomers along
chain. By consensus we simply mean regions of the ch
where the local topological constraints associated with
formation of a particular folding of the chain are satisfied.
this way, a consensus window emerges as a pattern of s
tural signals encoded locally along the sequence. The b
latitude in local torsional coordinates, or local correlati
maps of the chain@9#, and the vast structural distorsions
leads to implies that the binary codification cannot be imp
mented at the geometric level. Rather, the spin flippers
meant to mimick changes in the local topological constra
to which the flexible chain is subject in order to reach s
cific structural patterns. ~b! We generate structural pattern
as consensus regions within a matrix, the LTM, of local
pological constraints~LTC’s! of the chain.~c! We evaluate
and translate such patterns into a contact matrix represen
a BPP drawn upon the Watson-Crick map of compati
(A-U, G-C) base-pairing units along the chain evolvin
within the vast time scale range 512 ps–102 s. Thus, the
n
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translation operation is actually a projection, henceforth
notedp, and becomes a pattern recognition and therefor
parallel operation. Each pattern within an LTM emerges w
a certain probability which is effectively computed as t
number of evaluations of the LTM that yield the particul
structural motif associated with the pattern divided by t
total number of evaluations of the same LTM.~d! The trans-
lation operation is subject to a feedback loop, whereb
renormalization operationr readjusts the oscillator period
~or spin-flipping frequencies! according to the latest BPP
translated, and the contour ranges of intrachain interact
and contour distances are renormalized relative to the la
contact pattern~CP! formed. In other words, the renorma
ization operation introduces long-range correlations on
LTM by slowing down or speeding up specific oscillator
depending on whether new interactions are formed or
mantled.~e! Nucleation steps and the cooperativity in th
formation of secondary structure are accounted for by me
of the renormalization operation. Suppose the LTM is eva
ated at a given time and a short consensus window is
tected. Then, the oscillators which generated this initial c
sensus window become endowed with frequencies which
lower than those of the neighboring residues and, con
quently, the consensus region initially formed has a cha
to grow upon successive evaluations of the LTM.

The fact that we characterize folding steps as BPP tra
tions does not imply that any ‘‘adiabatic assumption’’ h
been introduceda priori, in the sense that no enslavement
subordination of the fast-evolving microscopic degrees
freedom to BPP transitions has been imposed. Equivalen
BPP’s are not treateda priori as quasiequilibrium states b
integrating out the relatively fast torsions as conformatio
entropy. Thus, the BPP is generated by a parallel search
consensus windows in the LTM. Defined in this way,
LTM represents a coarse microscopic realization of a B
such that the consensus windows reflect the fulfillment of
LTC’s determined by the BPP. This sketch of the operatio
tenets reveals that, although advantage is taken of the
that there exists a wide separation between character
time scales associated to folding events~typically in the
range 1026– 102 s! and chain torsions~typically in the range
10211– 1027 s!, no adiabatic assumption is introduced.

In this way, a computational strategy is devised to prov
theoretical underpinnings of the folding dynamics emerg
as the evolution of patterns of locally encoded signals wh
coherence reflects both cooperativity and nucleation effe
The key features of our approach are~a! the two-state coarse
codification of local topological constraints of the flexib
chain, ~b! the renormalization of timescales for torsion
isomerizations and their correlation decays relative to
successive stages of folding, thus introducing long-ran
correlations due to large-scale motions,~c! the identification
of structural patterns with consensus regions in which s
cific topological constraints are fulfilled, and~d! the vast
range of time scales 10211– 1022 s covered.

B. The adiabatic approximation in RNA folding dynamics

This section is devoted to determining the expediency
the RNA folding process by determining the time evoluti
of the information content associated with the exploration
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conformation space. Conformations have been resolve
BPP’s, each of which is regarded as a quasiequilibrium s
according to an adiabatic ansatz. In simple terms, this me
that microscopic degrees of freedom are integrated ou
conformational entropy. The partition of conformation spa
X relevant to the computation ofs is the BPP collection, a
family of mutually disjoint classes. The coarse informati
entropy measures the spreading of the probability distri
tion vector P(t)5@P1(t),...,PM(t)#, where Pj (t), j
51,...,M indicates the probability that a chain is folded in
the BPPj at time t, and M is the total number ofa priori
possible BPP’s for a fixed RNA sequence. These proba
ties should be interpreted in a Gibbsian sense, as we ha
statistically large number (;1020– 1023 per unit volume! of
replicas of our system given by actual RNA molecules wh
are folding onto themselves as soon as renaturation co
tions are established or recovered in the environment. T
the information entropy associated with the folding proc
resolved at the BPP level is

s~ t !52 (
j 51,...,M

Pj~ t !ln Pj~ t !. ~1!

A stochastic process governs the flow of probability@4,5#.
This process is determined by the activation energy barr
required to produce or dismantle interactions that stabi
the BPP’s. Thus, at each instant, the partially folded ch
undergoes a series of disjoint elementary events with tra
tion probabilities dictated by the unimolecular rates of t
events. The stochastic process is Markovian since the ch
of the set of disjoint events at each stage of folding is in
pendent of the history that led to that particular stage of
process.

In order to compute the probability distribution at an
given time and the resulting behavior ofs, we first discretize
time t by adopting an elementary time interval lengthu such
that t5t8u, wheret8 is dimensionless andu is the shortest
possible mean BPP transition time. Then, ifU5U(u) repre-
sents the stochastic transition matrix at the BPP level, we

P~ t !5@U~u!# t8P~u!, with t5t8u, ~2!

where the matrix element@U(u)# i j is given by

@U~u!# i j 5@ki j /S j 8PJ~ i !ki j 8#xpi j ~u!. ~3!

In this equation,ki j indicates the unimolecular rate consta
for the BPP transitioni˜ j , J( i ) is the set of BPP’s acces
sible from i through elementary transition steps involvin
surmounting a single kinetic barrier~see below!, the factor
@ki j /( j 8PJ( i )ki j 8# represents the probability for the transitio
i˜ j dictated by kinetic control within a timespan of th
order oft i j 5ki j

21, andpi j (u) is given by

pi j ~u!5E
0

u

Y~ t2t i j !dt, ~4!

with Y(t2t i j ) a Gaussian distribution centered at the me
time t i j for the i˜ j transition with temperature-depende
dispersion. The dispersion parameter will be evaluated
Sec. IV within a realistic physical context.
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Explicit values of the unimolecular rate constants requ
an updated compilation of the thermodynamic parameter
renaturation conditions@7#. These parameters are used
generate the set of kinetic barriers associated with the for
tion and dismantling of stabilizing interactions, the eleme
tary events in our context of interest. Thus, the activat
energy barrier for the rate-determining step in the format
of a stabilizing interaction is known to be2TDSloop, where
DSloop indicates the loss of conformational entropy asso
ated to closing a loop. Such a loop might be of any of fo
admissible classes: bulge, hairpin, internal, or pseudok
ted. For a fixed numberL of unpaired bases in the loop, w
shall assume the kinetic barrier to be the same for any of
four possible types of loops@2,4#. This assumption is war-
ranted since the loss in conformational entropy is due to
overlapping effects of different magnitude: The exclud
volume effect, meaningful for relatively largeL (L>100),
and the orientational effect that tends to favor the expos
of phosphate moieties towards the bulk solvent domain
better solvation. Since both effects are independent of
type of loop, we may conclude, in relatively good agreem
with calorimetric measurements, that the kinetic barriers
independent of the type of loop for fixedL. On the other
hand, the activation energy barrier associated with dism
tling a stem is2DH(stem), the amount of heat released d
to base pairing and stacking when forming all contacts in
stem.

For completion we shall display the analytic expressio
for the unimolecular rate constantsk’s. For clarity we shall
drop the subindexing, since we shall focus each time o
specific BPP transition. If the transition happens to be a h
decay process, we obtain

k5 f n exp@Gh /RT#, ~5!

wheren is the number of base pairs in the helix formed in t
j th step,f '106 s21 is the fixed effective frequency of suc
cessful collisions@2,4# andGh is the ~negative! free energy
contribution resulting from stacking of the base pa
in the helix. Thus, the essentially enthalpic term2Gh
52DH(stem) should be regarded as the activation ene
for helix disruption. On the other hand, if the transition ha
pens to be formation of a stabilizing interaction, the inve
of the mean time for the transition will be given by

k5 f n exp@2DGloop/RT#, ~6!

whereDGloop'2TDSloop is the change in free energy due
the closure of the loop concurrent with helix formation.

Equations ~1!–~6! should be regarded as the workin
equations of the adiabatic approximation. This approxim
tion will be tested in Sec. VI by comparing the adiaba
computation of the information entropy with a more rigoro
computation obtained from a more detailed level of desc
tion of the long-time dynamics of the chain.

III. DISCRETE SIMULATION OF RNA TORSIONAL
DYNAMICS

The vast gap between the time scales accessible to
lecular dynamics computations, typically in the range
ps–10 ns, and those inherent in transitions between con
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pattern BPP’s, typically in the range 1ms– 102 s, suggests
the need for a semiempirical model judiciously simplifyin
the soft-mode or torsional dynamics. Thus, the problem
comes how to incorporate effective internal degrees of fr
dom of the chain whose dynamics translates or projects o
sequences of BPP transitions. The aim of this section i
introduce a matrix where local torsional states of the ch
are codified in a simplified binary fashion, so that patterns
locally encoded structural signals may be recognized
translated as BPP’s.

Since conflicting possibilities may arise yielding differe
evaluations or pattern recognitions, a probabilistic appro
appears to be necessary. A realization of this concept is
troduced in this work and materializes in a semiempiri
model which deals mechanistically with the rich dynam
hierarchy of time scales determined by the different levels
structural resolution of the folding process and their int
play.

Thus, the exploration of conformation space results fr
the parallel occurrence of trails of folding events. The ba
pairing matrix ~BPM! evolving in the 1/10 ns– 102 s time
scale and built upon the map of Watson-Crick~WC! antipar-
allel complementarities is generated by a search for con
sus windows in the LTM which records the phases of 3N
two-state oscillators or spin flippers evolving within a me
period range estimated at 10211s– 1025 s. Each oscillator
represents the flipping between the two potential basins~or
cis-transisomers! for each dihedral torsional degree of fre
dom. The LTM represents a coarse microscopic realiza
of the BPP represented by the BPM such that a conse
window reflects the fulfillment of the local topological con
straints determined by the putative intrachain contact: S
cific dihedral torsions must be in the ‘‘correct state’’ requir
for contact formation. As emphasized in Sec. I, the lo
geometry itself is immaterial since the latitude of the to
sional potential basins~30° to 60°@9#! yields vast conforma-
tional distortions which would make the conformatio
formed unrecognizable if translated as BPP’s.

The local constraints are themselves imposed by
conformation-dependent confined-versus-bulk solvent e
ronments of different dielectric, and by the steric restrictio
determined by loop closure. In this way, a coarse long-ti
torsional dynamics of the chain becomes computationally
cessible. The codification will be taken to be binary sin
each torsional degree of freedom flips between two poten
wells representing two local torsional isomers subject to
cal correlations and constraints. As shown in this section,
computational time step at the typical folding temperature
303 K is 512 ps, a value far larger than the hydrodynam
time scale of 15 ps used in the continuum soft mode anal
@8,10#. Accordingly, the solvent can no longer be treated a
hydrodynamic drag medium: Its capacity to form loc
conformation-dependent dielectric domains must be incor
rated.

To illustrate how our model works, suppose a putat
contact involves WC complementary regions of the ch
which flank the consensus window and requires the clos
of intrachain loops which define different dielectric enviro
ments determined by the confined clusterlike versus bulk
vent. The formation of such environments imposes c
straints on the dihedral torsional states of the units form
-
e-
to
to
n
f
d

h
n-
l

f
-

-

n-

n
us

e-

l
-

e
i-
s
e
c-
e
al
-
e
f
c
is
a
l
o-

e
n
re

l-
-
g

the loop which must be fulfilled if the contact is to be forme
and as such, registered in the BPM: Not only the backb
two-state ‘‘vertebrae’’~see Fig. 1! must be correctly posi-
tioned for the loop to form, but the charged phosphate gro
of the RNA backbone should face the best dielectric en
ronment available for better solvation@4#. Now let us cast
this situation within our the computational context: If all sp
flippers or two-state oscillators are in the ‘‘correct’’ sta
specified above at the time of the reading, a contact is
corded in the BPM. In this way the coarse soft-mode dyna
ics of the chain evolves as a sequence of pattern reco
tions.

These dynamical aspects are incorporated in our com
tations since they determine the way in which the LTM
translated into the BPM by means of a pattern recognition
turn, this parallel operation must be represcribed
technically renormalized—after each BPP transition, sin
consensus evaluation depends on the last BPP gener
Once foldings have formed, the distance between any
specific units is no longer the contour distance along
chain, and the loops which must be closed to form a con
are of different lengths relative to a those formed upon
random coil. These facts imply that the dielectric constrai
are different and thus, the patterns in the LTM are rec
nized differently with each folding step. This sketch reve
that long-range correlations are introduced in the LTM
means of the renormalization operation.

To summarize, the approach put forth in this section m
be best described as a coarse-grained analysis of soft-m
~torsional angular motion! dynamics defined by the recogn
tion of evolving patterns of local dihedral torsional co
straints consistent with a simplified topological model for t
RNA backbone. Long-range intramolecular interactions
then induced by the fulfillment of local constraints to whic
the chain dynamics is subject due to the capacity of the
vent to determine domains of different dielectrics. The ess
tial premise in this analysis is that the local dihedral torsio
within an intrachain loop must be constrained to remain
one potential basin~cis or trans! if the concurrent contact is
to be formed, so that physically, charged phosphates wi
the loop face the highest dielectric environment. Thus,
fact that the solvent defines conformation-dependent die
tric environments is computationally assimilated into the f
that a specified pattern of fulfilled topological constraints
the time of a reading of the LTM gets translated into a BP

This sketch of the operational tenets reveals that, altho
advantage is taken of the fact that there exists a wide s
ration between characteristic time scales associated
folding events~typically in the range 1/10ms– 102 s! and in-
ternal backbone motions, essentially realized as dihedral
sions~typically in the mean range 10211– 1025 s! @9–11#, no
‘‘adiabatic assumption’’ subordinating or enslaving micr
scopic degrees of freedom to BPP transitions is introduc

The basic representational and operational tenets of
computational design for the semiempirical microsco
model sketched above are as follows.

~a! A LTM matrix simultaneously recording the state o
each ‘‘vertebral’’ and phosphate orientation dihedral. Ea
effective torsional state is generated by a two-state oscill
whose period is chosen from Gaussian temperatu
dependent distributions which are different depending
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whether the nucleotide is free or engaged in an intrach
contact and its concurrent loops. A new period is chosen
an individual oscillator after completion of the previous p
riod, thus incorporating thermal fluctuations. The broad la
tude ~up to 30° to 60°@9#! in local torsional coordinates
within local correlation maps of the RNA chain, and the va
structural distorsion it leads to, implies that the binary co
fication cannot be implemented at the geometric lev
Rather, the spin flippers or oscillators are meant to mim
changes in the local topological constraints to which the fl
ible chain is subject in order to reach specific structural p
terns.

~b! A Watson-Crick map~WCM! of antiparallel windows
upon which the BPM’s are built by translation of the info
mation encoded in the LTM.

~c! A built-in internal clock~C!, incorporated in order to
synchronize the LTM generation timing and its reading a
subsequent evaluation at regular intervals. In accord w
Shannon’s information theory, the fixed beat period ofC
must be at most half of the shortest dihedral period.

~d! The folder~F! which evaluates the LTM and identifie
consensus windows. This operation is matched with
WCM to generate BPM’s and ponders the interrelations
between ‘‘vertebral’’ and phosphate-orientation consens
In addition,F may dismantle or relax contact regions in t
BPM whenever a significant consensus bubble arises wi
a previously-formed consensus window.

~e! The operation ofF is feedbacked within a renorma
ization loop into the LTM generator, and the new evaluat
of consensus windows is renormalized or prescribed acc
ing to the last BPM generated.

Taking into account that folding materializes in a statis
cal ensemble of RNA molecules and that conflicting cons
sus evaluations demand a probabilistic approach, we s
adopt an appropriate output representation. The statis
dynamics of consensus search is defined by the time ev
tion of a base-pairing probability matrixB5B(t), represent-
ing the weighted overlap of different consensus evaluatio

The essential operation in our parallel algorithm, the fo
ing operation, lies within a renormalization feedback lo
and consists in the translation of information cast in terms
the state of internal microscopic degrees of freedom int
coarser representation, a BPP defined by a BPM. The la
matrix is, in turn, built upon the WCM. Thus, the algorith
and its underlying semiempirical model identify the BP
class to which an LTM belongs at certain time intervals
cording to a prescribed set of rules. The generation of
LTM is in turn affected by the last BPP transition that h
taken place, since a new set of constraints arises with e
new BPP formed, and the prescription for the evaluation
eration itself is renormalized and thus depends on the
BPP which has occurred. Prior to defining the folding p
cess explicitly within our model, we must specify the ba
representational elements and their interrelationships with
gard to the basic operations.

A. The LTM

This 33N matrix is a coarse representation of a micr
scopic realization of a BPP. Each entry adopts the value
0, representing two significant states of an RNA backbo
torsion localized in a specific nucleotide~nt! or unit. The
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entry values are generated by two-state oscillators, one
each entry, whose periodt is automatically adjusted afte
one whole period has been completed from a fix
T-dependent distributionw(t) according to renormalization
specifications detailed below. Each column in the LTM re
resents a different nt, with thei th column (1< i<N) corre-
sponding to the nt with contour valuei along the chain. Each
of the three rows represents a different reading space
their interrelationships are pondered each time the LTM
translated into the BPM, according to the size of the cons
sus window.

Each entry in the first row, denoted~1!, indicates the di-
hedral spin state for a backbone ‘‘vertebral’’ torsion, as sc
matized in Fig. 1. A consensus window of consecutive sp
in, say, state 1 in row~1! is a necessary condition for closur
of a loop comprised of the sequence of nt’s within the as
ciated contour window. The physical interpretation of th
vertebral consensus as a necessary constraint for loop clo
is schematized in Fig. 1. Notice that vertebral consensu
not directly related to any geometric curvature condition
loop closure, which would make it impossible to have co
sensus subwindows flanked by WC complementary regi
~it would be impossible to satisfy at the same time and in
same region of the chain geometric constraints for loop f
mation involving the whole region and those for any smal
loop involving a subregion!. On the other hand, the possibi
ity of different conflictive consensus evaluations is perfec
compatible with the probabilistic nature of our model. D
pending on the size of the window, the existence of verteb
consensus at the time of a reading with flanking regio
within the WCM may lead to the BPM recording of an in
trachain long-range contact formation between the nt’s fla
ing the consensus window. IfN(loop) indicates the size o
the consensus window, we may state that the necessary
dition becomes sufficient if and only ifN(loop).Nc517
~see Refs.@4,12#!, as shown below.

The entries in the second and third rows, denoted~2! and
~3!, of the LTM ~see Fig. 2! indicate the dihedral spin state
of those backbone torsions engaged in orienting the ne
tively charged phosphate group. Thus, for the sake of c
vention, spin state 1 in rows~2! and ~3! for column i indi-
cates that the phosphate of theith nt faces bulk solvent
whenever this nt is part of an intramolecular loop.

B. The interrelationship among the rows of the LTM

To specify the interrelationships between these differ
reading spaces in consensus evaluation, we first define
intramolecular~i,j! contact withi , j as the WC base pairing
engaging the two nt’s with contour valuesi and j. The oc-
currence of the~i,j! contact is marked by a 1 in theij entry of
the triangular BPM. Suppose the initial BPP corresponds
the random coil, that is, there are no intramolecular conta
andN(loop)5u j 2( i 11)u.17 ~see Ref.@12#!. Then, once a
reading of the LTM takes place, an~i,j! contact will be pro-
duced after evaluation and recorded as such in the new B
if all dihedral ‘‘vertebral’’ spin states for the segment of ro
~1! flanked by entriesi and j are in the correct torsiona
conformation for folding, that is, they are in state 1~see Fig.
1!. The fact that the range of the putative~i,j! interaction
must be larger than 17 to materialize with vertebral cons
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susonly can be justified as follows. Loop closure defines tw
solvent domains, an inner low-dielectric domain confined
the loop of rodlike dimensions and an outer high-dielectric
bulklike domain. If the loop is sufficiently large, encompas
ing more than 17 nt’s, as demonstrated in Ref.@12#, the
dielectric difference between the inner and outer domain
comes negligible: Each charged phosphate group pointin
the inside of the loop admits four water-solvation layers fo
loop of size 17 or larger. However, for smaller loops t
consensus demands are higher and vertebral consensus
longer sufficient: The phosphate groups must be oriented
wards the bulk for better solvation. This argument leads u
qualitatively distinguish rows~2! and ~3! from row ~1!: As
more orientational constraints are associated to loop clos
more consensus is needed for it to materialize, so that f
putative loop smaller or equal to 17, that is,u j 2( i 11)u
<17, consensus windows in rows~1!, ~2!, and ~3!, flanked
by columns i and j becomes the necessary and sufficie
condition.

C. The dihedral frequency distributor „DFD…

In attempting to project dihedral torsions into the BP
space, where the folding process is conventionally record
the time scale limitations of molecular dynamics simulatio
must be circumvented. This explains the need to introd
models, such as the one presented in this work, in wh
activated molecular motions in the ns-to-ms range are con
sidered@9–11#. Thus, faster diffusional-like unhindered to
sions, such as the torsion around the glycosidic sugar-b
bond in an unpaired nt are integrated out as conformatio
entropy of the state defined by the LTM representation. S
motions, well into the ps range, determine the rodlike sh
of the RNA molecule when viewed within the time sca
window between two LTM states. Precisely this interrelati

FIG. 2. ~a! General scheme of the folding machine featuring
basic components: The inherent clock~C!, the dihedral frequency
distributor ~DFD!, the folder~F!, the output displayer~O!, and the
renormalizer~R!. ~b! General scheme of the interrelation betwe
the different representational elements: The dihedral spin state
trix DSSM, the reading instructions manual~RIM!, and the base
pairing matrix~BPM!.
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between shape and time scale justifies the concept of in
and outer solvent domain defined by an intramolecular lo
as put forth in our consensus analysis of the entropic cos
loop closure. Thus, the microscopic mean time range
evant to LTM transitions is 1 ns–1ms, covering the time
scale for internal motions~1 ns–10 ns!, of the order of the
calculated diffusional displacements of flexible hinged d
mains@10#, and, at the other end of the spectrum, the limiti
value ~1/10! to 1 ms for a localized helix-unwinding even
leading to a bubble within a helix@11#.

These considerations lead us to define a temperat
dependent normalized distribution of periodsw5w(t). In
particular, the periods of unhindered dihedral oscillators
assigned from this distribution in such a way that the eff
of thermal fluctuations on the formation of consensus a
thus on structural transitions is incorporated. The distribut
has three Gaussian peaks, each with dispersions25gT,
where the constantg depends on the actual denaturation te
peratureT~denat! and on the consensus interpretation of d
naturation, as shown below. The peaks occur, respectivel
mean periods 10 ps, 10 ns, and 1ms. This distribution allows
us to classify nt’s in two classes: To class I belong all n
with mean dihedral period 10 ps, while class II contains
nt’s whose mean dihedral period is either 10 ns or 1ms. The
first class corresponds to internal dihedral torsions of
RNA chain of the type probed by fluorescence depolarizat
@10#. These torsions occur in free nt’s, that is, unpaired n
not belonging to a loop. Accordingly, the DFD in the foldin
machine establishes a lottery from which periods of dihed
spin oscillators for free nt’s are assigned from within t
period range centered at 10 ps. A new period is assig
from the lottery to each oscillator each time a whole pre
ously assigned period has been completed. The frequenf
51/t of a dihedral spin in any row of the DSSM correspon
ing to a nt not engaged in an intrachain interaction or lo
satisfies the inequality

u f 21210 psu<ut8210 psu, with t8 satisfying

w~t8!5 infimumt$w~t!>1/@3N23#%. ~7!

The condition yielding the extreme periodt8 arises from
the fact that there are at most 3N23 free oscillators in the
chain. At the typical folding temperatureT5303 K, we get
t8'1.02 ps.

The other two peaks in the distribution correspond,
spectively, to mean periods for nt’s engaged in anA-U or
G-C Watson-Crick base pair within a helix, or to nt’s withi
loops. In the latter case the period range covers the en
bimodal distribution. Again, the same considerations ap
with regard to the period assignment to oscillators for clas
nt’s. These rules imply that the nt’s in loops concurren
formed with an intrachain helix adopt the same cadence
the helix nt’s themselves. This is so, since the rate of he
dismantling is exclusively dependent on the size of the he
taken by itself@4,13#, and determined by the formation of
significant consensus bubble among the class II nt’s enga
in the helix. Furthermore, this local limiting event is fairl
independent of concurrent microscopic events in the ass
ated loops.

The mechanistic aspects of period distribution, as p
formed by the DFD, imply that this operation is subject

a-
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renormalization with each BPP transition: A BPP determin
which columns in the LTM correspond to free or class I n
in the chain and which correspond to nt’s engaged in
intrachain interaction, or, equivalently, they belong to cla
II. Thus, since a BPP transition reclassifies the nt’s, it a
dictates the range from which new period assignments
drawn. The period range for a specific nt remains the sam
before the BPP transition if the transition does not alter
class of the nt, and changes if the BPP transition transfers
nt to a different class.

D. The built-in internal clock „C…

In order to satisfy the basic tenets of Shannon’s inform
tion transmission while making all operationsC synchro-
nized, the intrinsic beat period ofC should be taken to rep
resent 1/2t8, one half of the shortest possible period to
assigned to a dihedral spin oscillator. Sincet8 depends on
w(t), it is itself T dependent. The time interval between tw
consecutive readings of the LTMt~read! is taken as constan
and, in order to lower the operational cost, it is fixed at
shortest time that a BPP transition could possibly take. Th
t(read)52333t8'512 ps the shortest time to form the thr
loop, the smallest possible loop, engaging the fastest osc
tors.

E. The folder „F…

The actual translation of the consensus evaluation of
LTM into the BPM is performed by the folder~F!, with the
aid of an updated version of the reading instructions man
~RIM!. An updating takes place with each BPP transiti
marked by a change in the BPM. The folder might form
dismantle~relax! several intrachain helices in parallel an
records in the BPM the consensus evaluation performed
the aid of the RIM, as indicated in the schemes displaye
Fig. 2. The consensus search or evaluation under un
strained conditions, that is, with a RIM defined by the ra
dom coil BPP, has been partially delineated in Sec. III A
helix formation. The flow chart for this parallel operation
displayed in Fig. 3.

On the other hand, helix dismantling materializes and
recorded as such by deletion in the BPM whenever a c
sensus bubble forms among class II nt’s engaged in b
pairing. By ‘‘consensus bubble’’ we mean that in any of t
three rows, a consecutive sequence within the set of dihe
spins of helix nt’s of length 30% of the total helix leng
must be out of phase with the consensus value 1. In o
words, the sequence within the helical region must adopt
state 0 at the time when the reading of the LTM takes pla
Because of the renormalization loop, this transition at
BPM level immediately transfers a new set of constraints
the generation of new LTM’s: The nt’s previously engag
in the helix and in the concurrent loops are reclassified, be
transferred from class II to the higher frequency class I.

Stacking effects@14# reflect themselves mechanistically
the formation of the consensus bubble: The larger the he
the greater the improbability of finding a 30% out-of-pha
subsequence of oscillators from class II. Furthermore, th
considerations enable us to estimate the constantg which
determines the effect of thermal fluctuations on the per
distribution: At the denaturation temperatureT~denat!, every
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helix formed must develop a consensus bubble evaluated
recorded with the next reading of the LTM. Thus, ifs is
‘‘large enough,’’ the period distribution in the helix is broa
enough that consensus cannot be preserved: The pe
range, of the order ofs, is such that a helix consensus cann
survive two consecutive readings. From these considerati
and taking into account our empirical estimate of the de
turation dispersion fixed ats50.6ms, and the typical ex-
perimentalT(denat)5312 K for ribozymes such as the one
studied in this work@14#, we getg'1.2310215s2/K.

F. The renormalizer „R…

The renormalizer has two simultaneous roles: It upda
the RIM by determining contour distancesrelative to the
latest BPP generated and, by readjusting frequencies
places a new set of constraints on the generation of n
LTM’s based on the latest BPP translated. Thus, renorm
ization accounts for long-range correlations that develop
the LTM as a consequence of folding events recorded
BPP transitions.

Thus, we shall focus now on the RIM renormalizatio
The essential aspect of this operation is how to search
consensus in a chain folded already in a specific BPM. Th
generic situations arise.

~a! A putative ~i,j! consensus region contains insid
previously-formed intrachain~k,p! contact, in such a way
that i ,k2n,k,p,p1n, j , wheren is the length of the
preexisting ~k,p! helix. Then, if the numberi j 2 i iBPM
5contour distance between nt’si and j relative to the BPM
determining the last RIM updating5uk2n2( i 11)u1u j
2(p1n11)u<17, consensus must be searched for alo
rows ~1!, ~2!, and ~3! for the regions defined by columnsi
11 to k2n21 andp1n11 to j 21 of the LTM. On the
other hand, if i j 2 i iBPM.17, then consensus should b

FIG. 3. The flow chart of the folding operation as a consen
evaluation after reading the three rows~1!, ~2!, and ~3! of the
DSSM. The following notation has been adopted: ‘‘consens.~1!?’’
and ‘‘consensus~2!& ~3!?’’ refer, respectively, to finding a consen
sus region on row~1! or finding it on rows~2! and ~3! on the
DSSM; ‘‘W-C?’’ refers to finding Watson-Crick complementarit
in the regions flanking the consensus region and ‘‘N>Nc?’’ refers
to deciding whether the sizeN of the consensus region is larger tha
the critical sizeNc .
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searched for only in the entriesi 11 to k2n21 andp1n
11 to j 21 of row ~1!, since no phosphate orientation
required to form the new loop.

~b! A putative~i,j! consensus region is contained within
preexisting loop determined by the~h,k! contact, so thath
, i 2n, i , j , j 1n,k, with n being the length of the pu
tative helix to be formed. Ifik2hiBPM(1)<17, with CP~1!
representing the contact pattern that determined the prev
to the last RIM updating, then the~i,j! contact materialization
is only contingent upon Watson-Crick complementarity
the regions@ i 2n,i # and@ j , j 1n#, and no further consensu
evaluation is required. On the other hand, ifik2hiBPM(1)
.17, then two common regions must be evaluated se
rately, the (i 11) to (j 21) region in all three rows ifu j
2( i 11)u<17 and only in row~1! if u j 2( i 11)u.17 and the
(h11) to (i 2n21) and (j 1n11) to (k21) region, again
in all three rows if u i 2n2(h11)u1uk2( j 1n11)u<17
and only in row~1! if u i 2n2(h11)u1uk2( j 1n11)u,17.

~c! Pseudoknot formation@14#: The putative contact~i,k!
lies in a pseudoknotted position with respect to the preex
ing ~h,j! contact, so thath2r ,h, i 2n, i , j , j 1r ,k,k
1n, with r 5 length of the preexisting~h,j! helix, and n
5 length of the putative~i,k! helix. We shall assume first tha
i j 2hiBPM(1)<17, then two situations may arise dependi
on whetheruk2( i 11)u<17 or .17. In the first case, the
~h,j! and ~i,k! loops cannot be coplanar since the phosph
orientation towards bulk solvent in the common (i 11) to
( j 21) contour region concurrent with formation of the fir
loop precludes the new loop from turning the solvation e
vironment of the common phosphates into a poor lo
dielectric medium. On the other hand, ifuk2( i 11)u.17,
the two loops may be coplanar because the dielectric
dium of the common phosphates is not significantly alte
upon formation of the new loop@9#. In both cases, the regio
common to both loops, from columnsi 11 to j 1r is ex-
cluded from consensus search involved in the formation
the~i,k! contact, and only the columnsj 1r 11 up tok21 of
the LTM are involved with rows~1! to ~3! if uk2( i 11)u
<17 and row~1! only if uk2( i 11)u.17. An illustration of
the ‘‘most difficult’’ case i j 2hiBPM(1)<17, uk2( i 11)u
<17, is shown in Fig. 4, and arises in the formation of t
conservedP3-P7 pseudoknot, the crucial motif in RNA ca
talysis for group I ribozymes@2,14#.

Suppose now thati j 2hiBPM(1).17, then again two situ-
ations arise. Ifuk2( i 11)u<17, the activation of the~i,k!
contact demands that consensus be searched for in all
rows for columnsj 1r 11 up tok and in rows~2! and~3! of
the common region from columnsi 11 to j 21. This pecu-
liarity in consensus search is due to the fact that phosph
common to both loops have not been oriented upon for
tion of the first loop but must be oriented if the new~i,k!
interaction is to materialize. On the other hand, ifuk2( i
11)u.17, no phosphate orientational demands are impo
at all on the DSSM, and only row~1! consensus in the regio
flanked by columnsj 1r andk is involved.

IV. DISCRETIZED TORSIONAL DYNAMICS
ON A PERSONAL COMPUTER

The aim of this section is to actually prescribe the imp
mentation of the translation-renormalization~p-r! loop op-
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erations on a personal computer~PC!, thus introducing an
algorithm for RNA structure prediction rooted in a sem
empirical computation of torsional dynamics. A suitable P
is one roughly matching the following specifications: RAM
256 MB; processor speed: 400 MHz; hard disk memory
GB.

In its original version described in Sec. III, the comput
tion performed by~p-r! loop iteration constitutes a paralle
synchronous algorithm designed to predict the active str
ture of biomolecules reached within times incommensura
shorter than those required for thermodynamic equilibrati
Such computations require a parallel evaluation of conc
rent folding possibilities at regular intervals without any e
fective quenching of the folding dynamics. Each reading,
turn, defines the set of constraints to which the system
subject when undertaking the next folding stage.

A sequential computation on a conventional PC impl
that we would need to quench the LTM every 512 ps,
indicated in Fig. 5, to sequentially perform a translation
pattern recognition. In turn, the recorded pattern determi
via renormalization the starting conditions for the generat
of the new sequence of LTM’s to be read and evaluated o
after another 512 ps have elapsed. As we recall, the LT
evolve in time by having each two-state entry pick frequen
~or period! from a Gaussian distribution determined b
renormalization at every reading time step of 512 ps from
set of three distributions: one for free nt’s one for nt’s e
gaged in secondary structure and one for nt’s engage
tertiary interactions~the pseudoknot motif!. Thus, renormal-
ization assigns a distribution to each state flipper for e
entry of the LTM, and the sequential computer mimics t
dynamics resulting from the fact that a new flipper frequen
is chosen from the same distribution after each period
been completed.

We may sequentially realize the~p-r! loop as a
perturbation-translation-renormalization cycle by quench

FIG. 4. Scheme of the pseudoknot shaping the catalytic cor
the Tt.LSU ribozyme. This pseudoknot engages the conserved
gionsP3 andP7. The first helix to form isP7 as predicted by our
computations, and it facilitates the formation ofP3 by drastically
reducing its consensus demands. That is,P3 may only form within
realistic time scales in a cooperative fashion and within
pseudoknot.



w
-

o

n

er
a

he

d

le

in
i

in

th
in
la

ly

he

pu
a

ntial
ur-
fied
en-

le-

ter-
of
ing

-
u-

y
h
n

a

es

ext

0

us
av-

d the

,
he

o
e
c-
ac
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the LTM dynamics during the last two operations, as sho
in Fig. 5. In this figure, thei th iteration is displayed as pre
paring the LTM for the (i 11)th iteration. The LTM has
been added two modules: a frequencyN-row vector~f ! and a
reading instruction manual. Each entry in the frequency r
may take one of three values11, 0, 21, according to
whether the mean frequency assigned by renormalizatio
the particular unit or residue is 1011, 108, or 106 Hz. The
RIM determines the renormalized distances to be consid
when searching for consensus in regions containing alre
windows of secondary of tertiary structure. Following t
RIM, if a 0- or ~21!-frequency window is found within a
window where consensus is being searched, it must exclu
from the window being examined.

In order to inductively define thei th (p-r) iteration, as
shown in Fig. 5, we shall consider given all three modu
yLTM( i ), f ( i ) and MRIM( i ), where i refers to thei th itera-
tion. TheyLTM( i ) must be perturbed during 512 ps to obta
the yLTM* ( i ) at the end of the time step. This corresponds
real time to a 512 ps progress of the torsional dynamics s
theyLTM* ( i 21)5yLTM( i ) has been translated. TheyLTM* ( i ) is
then ready to be translated into thei BPM. The perturbation
yLTM* ( i ) is determined exclusively by theyLTM( i ) together
with the mean frequencies encoded in the vectorf ( i ). Thus,
the perturbation actually corresponds to the running of
LTM dynamics for 512 ps, until the LTM is quenched aga
for pattern recognition. The pattern recognition or trans
tion, in turn, defines the next vectorf ( i 11) of mean fre-
quencies and the next reading instructions manualMRIM( i
11), both entities being produced by thei th renormalization
operation. This information, together with the previous
perturbedyLTM* ( i )5yLTM( i 11) is all that is needed to now
run the (i 11)th (p-r) interation, which would involve first
perturbing theyLTM( i 11), then translating theyLTM* ( i 11)
and finally reassigning according toi BPM( i 11), mean fre-
quencies and the new RIM. The inductive definition of t
sequential algorithm is now complete.

In practice, an actual bottleneck in the sequential com
tation is the pattern recognition or translation on the LTM,
inherently parallel operation. IfN is not too long (N

FIG. 5. The generic chart of operations for the PC realization
the i th (p-r) loop iteration. The LTM perturbation requires on
sequential computation for each LTM entry following the instru
tions given in Sec. IV. Each renormalization operation takes pl
while the LTM is quenched in the same state, LTM* , in which it
was translated. This operation defines the vectorf ( i 11) of mean
frequencies, and the reading instruction manualMRIM( i 11), to be
used in the (i 11)th (p-r) loop iteration.
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'100– 350) this operation may be accessible to a seque
machine engaged in column-by-column reading with conc
rent memory storage. A state-of-the-art PC as speci
above takes approximately 0.71 ms of real time to sequ
tially translate each LTM into a BPM withN5300, using the
appropriate flow chart from Fig. 3 to detect and store nuc
ation folding events.

The perturbation LTM* of an LTM is the other aspect to
be considered in a sequential computation. In order to de
mine the state of each entry in the LTM once a time step
512 ps has been completed, one must consider the follow
scheme.

~1! Classify units according to whether theiri th mean
frequency value is11, 0, or21. If unit j has been previously
assigned the 0 or21 frequency value, store its actual fre
quencyF( j ) chosen from the respective Gaussian distrib
tion and record the numberQi( j ) of ~p-r! loops that have
taken place since the 0 or21 values have been originall
assigned until thei th pattern recognition is performed. Suc
units are given a different treatment, following instructio
item ~5!. For the remaining or free units, instructions~2!–~4!
are to be followed.

~2! Record the state~1 or 2! of each yLTM* ( i 21)
5yLTM( i ) entry with mean frequency value11, quenched
throughout the (i 21) translation or pattern recognition.

~3! For each unit or columnj during the i th iteration,
consider the Gaussian distribution peaked atf j ( i )
51011Hz. Using this distribution, generate by means of
Monte Carlo simulation as many frequenciesf k , k
51,...,n* as necessary, so that the following inequaliti
hold:

(
k51,...,n* 21

~2p/ f k!,512 ps< (
k51,...,n*

~2p/ f k!. ~8!

~4! Determine the state of the entry at the time of the n
reading as follows. It changes provided

3/2p>F512 ps2 (
k51,...,n* 21

~2p/ f k!G f n* >p/2. ~9a!

It remains the same as in the (i 21)th translation if

F512 ps2 (
k51,...,n* 21

~2p/ f k!G f n* ,p/2 or .3/2p.

~9b!

~5! Suppose entryj has been assigned frequency value
or 21 a numberQi( j ) of ~p-r! loops before thei th loop.
Then, since 2p/F( j ).512 ps, its state to be read in thei th
pattern recognition remains the same if@Qi( j )512 ps#F( j )
,p/2 or .3/2p, and changes otherwise. If a consens
bubble in a secondary or tertiary structure is formed by h
ing 30% of out-of-phase spin flippers at the time of thei th
translation, then the entire consensus units are reassigne
11 frequency value by thei th renormalization operation.

In this way we define the perturbed matrixyLTM* ( i ),
which is quenched during thei th translation-renormalization
as indicated in Fig. 5. This is precisely the matrix fed into t
( i 11) iteration, that is,yLTM* ( i )5yLTM( i 11), which, in

f
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2116 PRE 60FERNÁNDEZ, SALTHÚ, AND CENDRA
turn, must be perturbed according to the reassignmentf ( i
11) of frequencies which took place in thei th iteration.

The lottery for sequential frequency assignment to e
chain unit leading to the perturbation of the LTM accordi
to Eqs.~8! and ~9!, may be implemented in a Monte Car
simulation. In real time, an LTM perturbation following in
structions ~1!–~5! takes 0.60 ms maximum. This upp
bound is found in the case where all residues are free,
therefore, their frequencies are to be chosen from the di
bution with the highest mean frequency. Thus, the most c
servative estimation of the total PC computation tim
involved in the estimated 107(p-r) loop iterations, as re-
quired to satisfactorily penetrate relevant folding times,
1.313104 s.

V. RESULTS

The consensus evaluation on the LTM and subsequ
generation of the BPM onto the Watson-Crick map are
essence parallel operations which may be mimicked on
quential computer routines by freezing the LTM dynam
according to the tenets expounded in Sec. IV. The outpu
the computation is given as a time-dependent base-pa
probability matrixB5B(t) in the form of a triangular matrix
whoseij entry (i , j ) is shaded to the extent of the probab
ity of an ~i,j! contact@see Figs. 6~a!–6~c!#. The B5B(t) is
regarded as an overlap of BPM’s, theM ( i )’s. EachM ( i ) is
weighted according to the number of LTM’s created fro
the same distributionw(t) whose consensus evaluatio
yields M ( i ) at time t:

B~ t !5(
i

p~ i ,t !M ~ i !, p~ i ,t !5Z~ i ,t !/Z~ t !, ~10!

whereZ( i ,t) denotes the number of LTM’s translated in
the BPM M ( i ) at time t, and Z(t) is the total number of
LTM’s generated at timet from the period distributionw(t).
Thus, the time evolution ofB is actually the relevant outpu
we shall focus on not only for structure-prediction purpos
but also to test the adiabatic approximation expounded
Sec. II. It provides the proper statistics on the ensemble
coexisting structures and its time development through
the folding process within the time allotted by biologic
constraints, allowing us to compare the final or destinat
ensemble of BPM’s with the phylogenetically inferred stru
tural information@14,15#.

In order to realistically simulate the folding process
accordance with the basic mechanistic tenets describe
Sec. IV, we need to incorporate effectively the role of t
divalent ion MgII, known to expedite the folding process b
significantly lowering the entropic cost of folding step
@2,14#. It is known that MgII binds weakly to adjacent phos
phates of unpaired nt’s by forming a chelate complex@14#.
This fact can be interpreted within the context of the orie
tational constraints imposed on loop formation by consid
ing two adjacent coordinated phosphates as a single orie
tional rigid entity. In consonance with these facts, we m
infer the effect of the presence of MgII in solution upon the
generation of consensus in the LTM: The MgII ion couples
the two dihedral spins of the same type engaged in the
entation of the two adjacent phosphates that serve as lig
h
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FIG. 6. Three snapshots of the base pairing probability ma
B5B(t) taken, respectively, at~a! 100ms, ~b! 100 ms, and~c! 30 s.
The upper right triangular matrix represents the base pair proba
ties, while the phylogenetically conserved helices are indicated
the lower left triangular matrix.
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for the divalent ion. The situation may be illustrated with t
formation of a three loop: In the presence of the MgII ion,
consensus demands for loop formation engage 31457
spins, three from row~1! and 4 from rows~2! and~3! of the
LTM, as opposed to nine engaged in the absence of MII.
Thus, the time scale for achieving consensus is consider
shortened. The Mg-coupled entity is actually oriented by t
single dihedral spins whose cadence is regulated periodic
from the same distribution from which all dihedrals are p
riodically readjusted.

A scanning of the time-dependent evolution ofB5B(t) is
displayed in Figs. 6~a!–6~c! for the intervening sequenc
~IVS! of tetrahymena, the basic study case for RNA cataly
which in standard notation is referred to as Tt.LSU, one
the most studied self-splicing introns of group I@14,15#. Fig-
ures 6~a!–6~c! display three snapshots ofB(t) taken, respec-
tively, at 100ms, 100 ms, and 30 s. As indicated before, t
ij entry in the upper right triangular matrix (i , j ) is shaded
according to the probability of the~i,j! contact. The lower
left triangular matrix is used to record only those interactio
denoted P1,P2,...,P10, which are phylogenetically con
served as revealed by the sequence homologies found i
eighty seven introns of the group I family@14,15#. A signifi-
cant feature emerging from the three snapshots of the ti
evolving B5B(t) is the fact that the ensemble of coexistin
structures becomes more and more sharply peaked at a
resentative structure endowed with all conserved hel
stems. This trend becomes apparent within the actual t
frame alloted in biological contexts@2#.

We shall focus now on the shaping of theP3-P7
pseudoknot~Fig. 4!, the actual bottleneck in the kinetics o
formation of the catalytic core@2,6,16#. After all peripheral
conserved stemsP4-P6 andP8 have formed within the 100
ms time scale, the formation ofP3 is cooperatively expe
dited by the previous formation ofP7 and complex loop I.
This is so because of the concurrent orientation of the c
mon loop region which facilitates the closure of loop II b
decreasing its consensus demands, as indicated in Fi
Within the preexisting BPM which has remained unalter
since the 100 ms snapshot,P3 formation requires the closur
of a loop of size 17, a prohibitively difficult task even in th
presence of MgII, since the time scale associated with th
single event would be 235ns, exceeding the overall exper
mentally probed folding time scale of 30 s@2,9#. Actually,
P3 must wait untilP7 has formed in 24 s and thereafter
may form cooperatively within theP3-P7 pseudoknot.
Thus,P7 formation is the nucleating event lowering the co
sensus region ofP3 from seventeen to seven unpaired nt
Given the renormalized distancei j 2 i iP757 between nt’si
and j after P7 has formed, we infer thatP3 forms 2718 ns
'3.2ms afterP7 has formed~in the absence of MgII this
step would take 221ns!. Thus, at least resolved up to th
BPM level, the catalytic core is predicted to be shaped
operatively and sequentially within experimental time sca
with P7 formation being the rate-determining step. Furth
more, the role of MgII has been elucidated: Although it ha
tens all folding steps, it becomes particularly crucial in e
pediting the rate-determining step which would n
materialize within relevant time scales in the absence of
divalent ion. These results help clarifying and are fully su
ported by recent kinetic experiments@6#.
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The behavior of all 87 group I introns@15# is entirely
analogous to the representative study case presented in
section. The following essential features appear to be c
mon to the entire family:~a! convergence to a sharpl
peaked ensemble whose dominant folding presents all p
logenetically conserved structural elements@see Fig. 6~c!#
and ~b! the Mg-aided cooperativity leading sequentially
the shaping of the catalytic core withP7 formation acting as
the nucleating event inducingP3 formation.

VI. THE VALIDITY OF THE ADIABATIC
APPROXIMATION

The aim of this section is to determine the time range
validity of the adiabatic ansatz which has been describe
Sec. II and primarily used in most structure-predictive alg
rithms @2,4,7,12–16#. In estimating the time range wher
BPP’s may be treated as quasiequilibrium states we face
following problem: How do we compare the data genera
by the semiempirical computation of discretized torsion
dynamics with the results of the adiabatic approximatio
The information-theoretic approach followed in Sec. II m
only be adopted at the LTM level if we determine the e
pected entropy as

s~p-r!~ t !5^S&~ t !52^ ln p&~ t !

52(
i

p~ i ,t !ln p~ i ,t !, p~ i ,t !5Z~ i ,t !/Z~ t !,

~11!

using the~p-r! loop computation@see Eq.~10!# and contrast
it vis-a-vis the adiabatic computation obtained using work
Eqs.~1!–~6!. The wanton complexity of the adiabatic trans
tional matrix drastically limits our computational capabili
and thus a limit chain sizeN518 has been adopted. This
due to the exhorbitant cost in computing time required
iteratively multiply a matrix of orderM3M , with M;eN.
The results of both computations are given in Fig. 7 for
average over an ensemble sample of 24 randomly gener
sequences of lengthN518.

As direct inspection of Fig. 7 reveals, incipient helic
formed in structure-nucleation events in the ran

FIG. 7. Time dependence of the coarse information entrop
s(t) ands (p-r)(t), both relative to the BPP partition of conforma
tion space for a specific randomly generated sequence of lengN
518. The abscissas indicate time in No.~p-r! loops units. Each
LTM ~p-r! evaluation takes place att(read)'512 ps.
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531029– 531027 s are easily dismantled~a consensus
bubble is more easily formed than in fully developed stru
tures!. This fragility of incipient structures causes the lar
pattern fluctuations marked by a larges in the time range
5310292531027 s, or 10– 103(p-r) loops. A large pla-
teau starting at 531027 s marks the formation of a relativel
stable kinetic intermediate which contains all structural m
tifs which may formnoncooperatively@16#. That is, those
motifs whose associatedN~loop! lies within the favorable
ranges of low conformational entropy cost: 3<N(loop)
<10 @2,12,16#. At 1026 s, cooperative events lead to oth
helices whose loops have favorablerenormalized sizes,
while their sizes relative to the random coil are unfavorab
On the other hand, the increase in class II nt’s beyond
formation of the kinetic intermediate stabilizes the patte
determining the survival of the oscillator phase in conse
tive LTM evaluations. This determines the relatively lo
fluctuations beyond 531027 s.

For short time scales, 1029– 1027 s, fast-evolving internal
degrees of freedom simulated as torsional oscillators are
yet enslavedor entrained by BPP transitions which evolv
within typical time scales 531027– 10 s for the chain length
N518. For this reason, within the range 1029– 1027 s, the
level of exploration of conformation space due to uncor
lated or short-range correlated torsional excitations mus
vastly larger than that resulting from an adiabatic proce
However, as soon as the stabilized kinetic intermediate
formed @16#, the long-range correlations coupling distan
row oscillators in the LTM, begin to develop, as cooperat
effects occur upon short-range nucleating interactions. Th
long-range correlations are, in turn, induced by BPP tra
tions, in consonance with the nature of the renormalizat
operation. Thus, initial structure-nucleating steps involv
uncorrelated or locally correlated motions do not demand
much enslavement of fast-evolving torsions as coopera
events, which entail long-range correlations. For this reas
we expect the adiabatic approximation to fit the rigoro
results as soon as long-range correlations governed by
transitions occur. This is indeed what takes place, as
almost perfect coincidence of both thes ands (p-r)(t) plots
beyond the 100 ns reveal~Fig. 7!. This coincidence of the
two independent computations validates the algorithmic
namics of the~p-r! loop, as it confirms the BPP dependen
of the renormalization operation.

Both the adiabatic and the~p-r!-based plots reveal a
almost perfect coincidence with higher than 98% agreem
beyond 83102 (p-r) interactions'331027 s. The dis-
crepancy betweens(t) and s (p-r)(t) raises to an uppe
bound of 8% within the time scale range 1027– 531027 s.
This is clearly due to the microscopic origin of fluctuatio
which becomes apparent at shorter time scales and is th
fore only effectively captured by the~p-r! dynamics over
(Z2)3N23. An inspection of Fig. 7 reveals that the dynami
become entrained over the longer time scales~ 1

10 ms–1 ms!
relevant to folding.

Summarizing, the initially large fluctuations observed
both computations of the Shannon entropy correspond
noncooperative misfolded structures, most of which are la
dismantled to yield a fairly stable cluster of kinetically r
lated structures@16#. The existence of such a dynamic inte
-
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mediate state is confirmed by the existence of a plateau
tained within the 1

10 ms–5ms time scale range.
As observed in Fig. 7,s does not tend to zero in th

long-time dynamics relevant to the folding time scale fram
Rather, the coarse entropy decreases asymptotically to a
teau values53.4 valid forN518. This reflects the fact tha
folding into a unique structure, reaching a sharply peak
probability distribution within biologically relevant time
scales is not a generic feature of the long-time chain dyn
ics. However, the almost perfect coincidence between
adiabatic and the projected torsional behavior is indee
generic feature of RNA folding because it was obtained
respective of natural selection, revealing the inherently
nary structure of the soft-mode dynamics and the validity
a quasiequilibrium assumption over base-pairing patterns

VII. CONCLUDING REMARKS

The semiempirical microscopic model of soft-mode d
namics and its associated predictive algorithm given in t
work provide theoretical underpinnings to some issues wh
are central to understanding RNA folding as the long-tim
limit of torsional chain dynamics. In this regard, this wo
represents an attempt at elucidating the microscopic origi
the expediency of the RNA folding process. A vast tim
scale gap~1 ps to 1 ms! makes significant folding event
inaccessible to molecular dynamics simulations of soft-mo
~torsional! dynamics. Thus, we introduce a coarse desc
tion of the backbone torsional dynamics based on a bin
‘‘ cis-trans’’ codification of local torsional states of the chain
This coarse states evolve in time, generating patterns w
are recognizable as foldings of the chain. Such patterns
recorded in a base pairing contact matrix which, in tu
imposes new constraints on the time evolution of the coa
torsional states. This model captures the essential soft-m
dynamics of the chain, reproducing and explaining essen
features such as the expediency of the folding process
the cooperative formation of the catalytic core in ribozym
or functionally competent RNA species@14–16#. The main
issues addressed and incorporated in our semiempirical t
ment are as follows.

~a! The parallel nature of folding, demanding a concurre
evaluation of folding possibilities at each stage of the p
cess.

~b! The plethora of time scales inherent in our discretiz
version of torsional dynamics requiring a conformatio
dependent hierarchy free from anya priori adiabatic ansatz
whereby fast torsional motion would be treated as entrai
by folding events.

~c! The role of the solvent which is not present merely
a statistical bath or a hydrodynamic drag term but rather a
set of conformation-dependent solvation environments wh
bear upon the structural development determining differ
conformational constraints@4#.

~d! The role of MgII ions which participate expediting th
folding steps by simplifying the orientational constraints
the RNA backbone@14#.

~e! The meaning and range of validity of the adiaba
approximation, widely used in RNA structure predictio
@7,9,14,15#, in which intrachain base-pairing patterns are
garded as quasiequilibrium states and transitions betw
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patterns are regarded as sequences of Arrhenius-like
vated processes@6,7,9#.

Our theoretical findings have been validatedvis-à-vis ki-
netic experiments probing the favored folding pathways a
phylogenetic inference of biologically competent structu
@6#. Furthermore, following the results expounded in Sec.
we may attribute the expediency of the folding process to
adiabatic entrainment or subordination of the long-time t
i-

.

d

ti-

d
s
,
n
-

sional dynamics to a coarser dynamics involving the reso
tion of conformation space into contact patterns.
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