PHYSICAL REVIEW E VOLUME 60, NUMBER 2 AUGUST 1999

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 constrdifisI'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 patBf# 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 | 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 entrepgssociated 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 procesd.S1063-651X%99)11607-6

PACS numbes): 87.10+e, 87.15.He, 87.15.Cc, 87.14.Gg

I. INTRODUCTION AND OUTLINE render ours an impossible task. Nevertheless, we shall show
that this is not so, at least if we focus on the RNA folding
This work is concerned with the theoretical underpinningsproblem.
of the expedient by which natural biopolymers reach their In this context,ad hoc simplifications of conformation
active conformation undein vitro renaturation conditions space have been theoreticgl®] and operationally6] intro-
within time scales incommensurably shorter than ergodic otluced to understand the folding expediency. These simplifi-
thermodynamic timeg1-7]. In simple generic terms, our cations hinge upon basic structural tenetéa) The RNA
aim is to determine the microscopic origin of the expediencychain may be regarded as a torsionally complex flexible
of the folding process. In attempting to address this issue, wbackbone with organic bases attached ttite per unit or
first note that there exists a vast gap between the time scal@sicleotide. (b) The torsional constraints determined by the
accessible to computer simulations of torsional dynamicgeometry of the RNA backbone make Watson-Crick base
(1-1Fps) and those relevant to folding events pairing the ubiquitous motif in intrachain contact patterns
(1 us—1Gs) [2,8]. At first sight, this fact by itself would (CP’s). Thus, each CP is actually realized as a base-pairing
pattern(BPP. (c) Each BPP may be regarded as a quasi-
equilibrium statd2,4,6—9, whereby all torsional degrees of
* Author to whom correspondence should be addressed. Electronfteedom are equilibrated or thermalized within the torsional
address: arifer@criba.edu.ar constraints imposed by the particular BPP and within time
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scales incommensurably shorter than those associated wititulty is circumvented by realizing the parallel simulation as
BPP transitions. an iterative sequence of perturbation-translation renormaliza-
This set of assumptions represents an “adiabatic ansatz,tion (p-t-r) loops, as detailed in Sec. IV. The perturbation
which considerably simplifies the folding problem. However, operation maps one LTM into another according to the dy-
for all that these assumptions have been implicitly adopted iamic flow defined by the rules of LTM evolution over a
RNA folding algorithms[8], in the interpretation of kinetic fixed time interval. Thig o_peration is j.ustified since: in order
data on folding pathway$6], and even in theoretical ap- O translate the LTM within a conventional sequential frame-
proaches to the problefi2], their microscopic foundations WOrk, we need to freeze the LTM in order to recognize the
have remained elusive. Thus, we focus on this problem bfPPP inscribed in it, whereas, in a parallel computation, the
first simplifying or coarse graining the torsional dynamics ranslation, being a block operation, occurs concurrently with

which we later resolve even more coarsely as a sequence Bte time evolution of the LTM and the dynamic flow gets
BPP transitions in order to compare with the adiabatic refenormalized without any need to freeze it at fixed intervals
sults. in time. Thus, ultimately, in order to perform simulations on

A local analysis of the molecular dynamié§ID) of the 2 conventional PC, while capturing the essentially coopera-

RNA backbong8,9] reveals that a binary aris-transreso- tive nature of the folding process, we need to resort to the
lution of the interval[0,2] of torsional states for each de- P-t-r iterative framework. , , _ ,
gree of freedom is valid within time scales larger than Following the above discussion, the outline of this work is
10 ps. This means that each torsional state of the entir&S follows. In Sec. Il, we describe the microscopic semi-
chain could be specified by a binary matrix which we shall€mpirical foundations of the adiabatic ansatz and introduce a
generic means of testing the adiabatic ansatz, contrasting its
results with the projection of the torsional dynamics onto the
along the chain, while thgth row indicates thgth degree of ~BPP space. In Sec. Ill, we introduce our semiempirical mi-
freedom for each unit. croscopic mode_l or coarse version of t0r5|0n_al d_yna_rr_ucs_and
Since each BPP imposes torsional constraints upon thodB€ Parallel folding algorithm based upon this simplification
units engaged in realizing the specified intrachain contactsc?'c conf_ormanon space. Section IV |s.devoted to an |mplf-:~—
including the closure of the concurrent loops, the first issudentation on a conventional sequential computer of the in-
that a microscopic treatment must deal with is to learn how€"ently parallel algorithm rooted in the microscopic model.
to translate an LTM into a BPP. This correspondence is nof "€ implementation requires adopting tipet-r iterative
one-to-ondinjective), as shown below. Since a BPP can a|soframewor.k. Section V re\(eals the acFuaI predictive power of
be described as a matridenoted BPM with its ij entry the algorithm by computing the folding pathway and _func-
equal to 1 if units andj are in contact and 0, otherwise, the tionally competent structure of a catalytic RNA species, a

translation operation becomes actually a projection map ofe0zyme [2]. Finally, in Sec. VI, we compare the semi-

one binary matrix space onto another one. Typically, severdfMPirical microscopic results with those obtained using the
LTM's project onto a single BPM. This is so since all units adiabatic approximation, thus revealing the validity of the

which are not engaged in the formation of contacts or thdatter simplified approach within the time scales associated

closure of the concurrent loops are free to adopt any torsiondYith detectable folding events.
isomeric state within the level of resolution adopted.

Given this picture, a microscopic treatment of the folding Il. THE ADIABATIC ANSATZ
problem requires the following elements) a judicious and
realistic set of rules determining the time evolution of the
LTM, (b) a means of translating or projecting the LTM evo- We have shown in recent work specialized for natural
lution into the BPP dynamics, ar{d) a means of contrasting RNA species[2] that the amount of Shannon information
the BPP dynamics obtained from the adiabatic ansatz with-o measured relative to a fixed coarse description of con-
the rigorous one obtained by translating or projecting thdormation space reaches its absolute maximum within ex-
coarse microscopic motion given by the LTM evolution. Oneperimentally relevant time scales. This result turns the infor-
notices that each translation of the LTM into a BPP intro-mation content into a good marker of the level of
duces a new set of constraints in the chain which, in turrorganization achieved by a folding chain. However, the re-
affect the way new LTM’s will be generated. This bespeakssult is not generic, and applies to RNA sequences which are
of the existence of a feedback loop or renormalization operatargets of natural selection. Moreover, this result has been
tion concurrent with the translation operation. obtained making use of an “adiabatic ansatz,” whereby mi-

The semiempirical microscopic framework describedcroscopic conformations are lumped up or coarsely resolved
above makes it possible to define a folding algorithm baseds contact or base-pairing patteil@PP’y treated as quasi-
on the long-time limit of torsional dynamics. In contrast with equilibrium state§2,7], while each elementary BPP transi-
previous algorithms which are sequential, this one is inhertion is regarded as a single activated processes.
ently parallel, since the LTM>BPP translation is essentially This adiabatic approach treats the transition probability
a pattern recognition operation, reflecting the cooperative nabetween two BPP’s as dependent on the kinetic barrier sepa-
ture of the folding process. To warrant the reproducibility ofrating the respective valleys in the energy landscape
the results expounded in this work, the parallel simulation2,4,6,7. From a purely combinatorial viewpoint, BPP’s of
must be implemented in a personal compWEE) operating an RNA chain folding onto itself are drawn upon the map of
within a conventional sequential architecture, naturally moréNatson-Crick base-pair complementaritie®\-{J,G-C),
suitable for the previous sequential algorithfii$ This dif-  which in turn, is obtained for each sequence made up of the

call the local topological constraints matiikTM). Theith
column in the LTM indicates the unit with contour number

A. Semiempirical foundations of the adiabatic ansatz
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four units denotedd, U, G, andC [7]. v_v_v_v_v_v_v

Since the present work focuses on the microscopic origin
of the expediency of the folding process, we do not introduce
the adiabatic ansatz as anpriori assumption. Then, the
following question must be addressed: What is the micro-
scopic origin of the expediency of the folding process which
is revealed and monitored through the time evolution of the
information content with respect to the BPP partition? Obvi- —V_V_V_A_V_V—v—— b)
ously, the answer to this question demands that we go be-
yond the adiabatic approximation. FIG. 1. Schematic representation of vertebral or féywconsen-

In the present work we develop a semiempirical micro-SUs: When the vertebr.ae are.correct!y r.)o.sitioned, a@)inloop
scopic model of folding in which the conformation soft- closure becomes readlly_feasmle, while it is pr(_ecluded except for
mode manifoldX for the flexible RNA chain(the Cartesian 279¢ 100pSN(loop)>-17] if vertebral consensus is not reached, as
product of as many circles as torsional degrees of freedorty situation (b).
the chain possess¢8,9]) is coarsely resolved modulo tor-
sional conformational isomers as the lattigg)®N-3, where  description, since the latitude in the torsional potential basins
Z, represents the field of integers modul¢nzade up of the (30° to 60°,[9]) yields vast conformational distortions which
two possible residue classes 0 and 1 resulting from the diviwould make the conformations formed unrecognizable as
sion of an integer by 2, with + 1=0), andN is the length of BPP’s.
chain. Thus, each point in the lattice represents a complete Our treatment hinges upon a binary codification of local
set of torsional isomeric statésis or trans) which coarsely topological constraints associated to each structural moatif,
represent the chain conformation. The implementation of thavith each local topological constraint corresponding to a
model hinges upon the identification of patterns of binarycoarse local torsional statgocal torsional isomer Then,
codified local signals, materialized through its translationgiven such a representation, our treatment of the folding
into BPP’s, followed by a renormalization of the problem problem consists in identifying folding intermediates by rec-
according to the latest pattern generated. Ultimately, in ordepgnizing patterns of local torsional states. As previously in-
to actually elucidate the microscopic origin of the organiza-dicated, the latter states are defined according to a coarse
tional expediency already revealed at the BPP level, thelescription of the dynamics which identifies the local con-
long-time torsional dynamics defined on the lattigg)N-2  formation state with the basin of attraction for each torsional
will be shown to yield the adiabatic dynamics when pro-degree of freedom, so that each basin correspondscts-a
jected onto the BPP space. translocal torsional isome(rotamey. Thus, the entire coarse

A major stumbling block in the implementation of a semi- torsional state of the chain is recorded as a time-dependent
empirical microscopic treatment of long-time torsional dy-3XN binary matrix, denoted LTM, of local topological con-
namics and its bearing on the folding process is due to thstraints. The time evolution of the LTM follows elementary
parallel nature of the exploration in conformation space. Thekinetics for local basin transitions subject to renormalization
concurrence of folding events taking place at the same timas the folding of the chain evolvésee Sec. I)l. Once such
in different portions of the flexible chain precludes anykinetics are specified, and the set of local topological con-
meaningful isolation of a single “reaction coordinate.” To straints associated with each folding motif is determined,
address this issue we shall first coarsely identify foldings asranslating an LTM into a BPP becomes straightforward.
elements of Z,)3N3, that is, as patterns ofN&-3 locally For the sake of illustration let us consider a simple ex-
encoded binary signals representing sets Nf3 torsional ample. Suppose we want to identify or recognize a pattern
states, each defined within a two-well cis-transflipping ~ within an LTM which translates into a single intrachain con-
activated process. tact requiring the closure of a small loop of lendth(L

We must first justify our coarse-graining of the manifold =number of unpaired bases in the Igophat means that if
of soft internal degrees of freedoiX upon which folding such a pattern arises at the time of the evaluation of the
pathways are to be drawn. Our first problem becomes how t&TM, an intrachain contact will be recorded in the BPP ma-
coarsely codify the local torsional states and local correlatrix. To determine which pattern in the LTM corresponds to
tions of the flexible chain, and provide an effective dynami-the intrachain contact requiring theloop closure, we first
cal picture introducing long-range correlations to account fomote (details are given in Sec. )Ithat each backbone unit is
its long-time behavior. Accordingly, to solve this problem visualized as articulated through three torsional variables,
we shall regard foldings as coarse patterns of locally encodeiivo engaged in the orientation of the polar phosphate moiety
structural signals modeled as generated by two-state oscilla&nd one acting as a vertebral torsion determining the feasi-
tors or spin flippers. Thus, we introduce a description basedility of a local bending of the chain in the particular direc-
on a topological representation of the chain backbone. Thifon compatible with loop closurésee Fig. 1 Thus, the
is done by providing a binary codification of the soft-mode pattern in the LTM which translates into the contact consists
or torsional dynamics based on the local conformational reef a 3X L window in which theL vertebral entrie$row (1)]
strictions that basically lead to a two-well ois-transflip-  designate all the same local rotamer needed to bend the chain
ping between torsional isomers subject to local and longin order to form thel loop, while the entries in the other two
range correlations. Thus, each torsional potential basimows [(2) and (3)] designate the local torsional isomers re-
represents a local topological state representing a local comuired to orient allL phosphate groups towards the bulk
straint. The geometry itself is immaterial within this level of solvent(as opposed to the loop interjdior better solvation.

a)
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The latter condition is needed for small loops, as shown irtranslation operation is actually a projection, henceforth de-
Sec. lll. The example illustrates our computational strategynoteds, and becomes a pattern recognition and therefore, a
Suppose all local topological constraints associated with @arallel operation. Each pattern within an LTM emerges with
folding of the chain are fulfilled at some point in time; then a certain probability which is effectively computed as the
a pattern within the LTM becomes recognizable and is transaumber of evaluations of the LTM that yield the particular
lated into the BPP matrix where the folding pattern is re-structural motif associated with the pattern divided by the
corded. Thus, the time evolution of the LTM actually repre-total number of evaluations of the same LT{d) The trans-
sents the changes in local topological constraints, while #ation operation is subject to a feedback loop, whereby a
pattern in the LTM represents a set of constraints to be fulrenormalization operatiop readjusts the oscillator periods
filled in order to fold the chain in a particular way. (or spin-flipping frequencigsaccording to the latest BPP
Our treatment enables us to adopt a relatively large comtranslated, and the contour ranges of intrachain interactions
putation time step of 512 ps, a value far larger than typicabnd contour distances are renormalized relative to the latest
hydrodynamic drag time scales, without sacrificing accuracyontact patter(CP) formed. In other words, the renormal-
within our level of description. Accordingly, the solvent can jzation operation introduces long-range correlations on the
no longer be treated as the hydrodynamic drag medium, intTM by slowing down or speeding up specific oscillators,
stead we incorporate its capacity for forming local gepending on whether new interactions are formed or dis-
conformauon—dependent domains of different dielectric CONfhantled. (6) Nucleation steps and the cooperativity in the
stants. Each evaluation of the LTM depends on theqmation of secondary structure are accounted for by means
conformation-dependent local dielectric domains that the i\« renormalization operation. Suppose the LTM is evalu-

lconflme(? soltvent_wnl prO(t:IU((:je.t AS _shown 'T S_etc. IV’t:]hetseated at a given time and a short consensus window is de-
ocal solvent environments determine constraints on the 1ol oy Then, the oscillators which generated this initial con-
sional freedom due to the orientational demands imposed

%ensus window become endowed with frequencies which are
the charged phosphate groups of the RNA backldne lower than those of the neighboring residues and, conse-

Folding pathways are initially resolved as transitions be'quently, the consensus region initially formed has a chance

tween patterns of locally encoded structural signals Whicq : :
. . 0 grow upon successive evaluations of the LTM.
change within the 1/1s—100 ms time scale range. These The fact that we characterize folding steps as BPP transi-

coarse folding pathwgys are generated by a p.araIIeI sear(ip)ns does not imply that any “adiabatic assumption” has
for structural patterns in the LTM. Each pattern is evaluated een introduced priori, in the sense that no enslavement or

translated and finally recorded as a BPP, an operation whic, bordination of the fast-evolving microscopic degrees of

?S sgbject toa renormali_zation_ feedback loop. The renormali’reedom to BPP transitions has been imposed. Equivalently,
ization operation periodically introduces long-range correla-BPP,S are not treated priori as quasiequilibrium states by

tions on the LTM apcordlng o the Iatest BPP generated b¥ tegrating out the relatively fast torsions as conformational
translation. Nucleation and cooperative effects are accounte tropy. Thus, the BPP is generated by a parallel search for

for by means of the renormalization operation which war- - <ensus windows in the LTM. Defined in this way, an

rants the persistence_ of seeding patterns or kemels upon SYCrm represents a coarse microscopic realization of a BPP
ceslswe LTM evalua'ﬂ[?]ntsh first | Ki rat such that the consensus windows reflect the fulfillment of the
n bconskor;arr:cg wi foll € |rsF_gota, our tvvo(; INg strategy) tcs determined by the BPP. This sketch of the operational
mayble Sf %\IC 3e| as”o ow@l) ‘ ';St’ we ;ntro ucgan ’in €N tenets reveals that, although advantage is taken of the fact
semple of -5 locally correlated two-state OSCIIatorS Of ot thare exists a wide separation between characteristic

spin flippers to coarsely simulate torsional isomerizationstime scales associated to folding evertgpically in the
that is, a flipping between the two torsional wells for eaChrange 105—1(%s) and chain torsiongtypically in the range
internal degree of freedom of the RNA backbone. Then, w 0 1-10"7s), no adiabatic assumption is introduced

search for consensus regions of torsional isomers along the In this way, a computational strategy is devised to provide

cf:}am. tBhy clonsle?susl we sllmply [ne_atn regions ffdthetﬁht?:ﬂweoretical underpinnings of the folding dynamics emerging
where the Jocal topological constraints associated wi %s the evolution of patterns of locally encoded signals whose

formation of a particular folding of the chain are satisfied. Ir]coherence reflects both cooperativity and nucleation effects.

this way, a consensus window emerges as a pattern of strug; e key features of our approach daethe two-state coarse
ltutri?lj'g?r?lf enlc?dre(id Ir?clally arlgirrl]g tthe serqluenclze. -[rhT l'?iron dification of local topological constraints of the flexible
atitude ocal torsional coordinates, or local correlatio chain, (b) the renormalization of timescales for torsional

maps of_the _cha|rﬁ9], and_the vast_;truptural d|stor5|o_ns I isomerizations and their correlation decays relative to the
leads to implies that the binary codification cannot be imple-

mented at the geometric level. Rather, the spin flippers arsuccessive stages of folding, thus introducing long-range
ne g . ) ’ P PPETS argq relations due to large-scale motioKw), the identification
meant to mimick changes in the local topological constraint

Bf structural patterns with consensus regions in which spe-
to which the flexible chain is subject in order to reach spe P 9 P

o ‘cific topological constraints are fulfilled, an@) the vast
cific structural patterns. (b) We generate structural patterns range of time scales 161-10"2s covered.

as consensus regions within a matrix, the LTM, of local to-

pological constraint§LTC’s) of the chain.(c) We evaluate

and translate such patterns into a contact matrix representing
a BPP drawn upon the Watson-Crick map of compatible This section is devoted to determining the expediency of
(A-U, G-C) base-pairing units along the chain evolving the RNA folding process by determining the time evolution
within the vast time scale range 512 ps240 Thus, the of the information content associated with the exploration in

B. The adiabatic approximation in RNA folding dynamics
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conformation space. Conformations have been resolved as Explicit values of the unimolecular rate constants require
BPP’s, each of which is regarded as a quasiequilibrium staten updated compilation of the thermodynamic parameters at
according to an adiabatic ansatz. In simple terms, this meanenaturation condition$7]. These parameters are used to
that microscopic degrees of freedom are integrated out agenerate the set of kinetic barriers associated with the forma-
conformational entropy. The partition of conformation spacetion and dismantling of stabilizing interactions, the elemen-
X relevant to the computation ef is the BPP collection, a tary events in our context of interest. Thus, the activation
family of mutually disjoint classes. The coarse informationenergy barrier for the rate-determining step in the formation
entropy measures the spreading of the probability distribuef a stabilizing interaction is known to be TASy,,, where
tion vector P(t)=[P4(t),...,Pu(t)], where P;(t), ] A S indicates the loss of conformational entropy associ-
=1,...M indicates the probability that a chain is folded into ated to closing a loop. Such a loop might be of any of four
the BPPj at timet, andM is the total number o& priori admissible classes: bulge, hairpin, internal, or pseudoknot-
possible BPP’s for a fixed RNA sequence. These probabilited. For a fixed numbdr of unpaired bases in the loop, we
ties should be interpreted in a Gibbsian sense, as we haveshall assume the kinetic barrier to be the same for any of the
statistically large number~107°— 10?2 per unit volumé of  four possible types of loopE2,4]. This assumption is war-
replicas of our system given by actual RNA molecules whichranted since the loss in conformational entropy is due to two
are folding onto themselves as soon as renaturation condaéverlapping effects of different magnitude: The excluded
tions are established or recovered in the environment. Thusplume effect, meaningful for relatively larde (L=100),
the information entropy associated with the folding processand the orientational effect that tends to favor the exposure
resolved at the BPP level is of phosphate moieties towards the bulk solvent domain for
better solvation. Since both effects are independent of the
type of loop, we may conclude, in relatively good agreement
with calorimetric measurements, that the kinetic barriers are
independent of the type of loop for fixed On the other

A stochastic process governs the flow of probabflityp].  hand, the activation energy barrier associated with disman-
This process is determined by the activation energy barriering a stem is— AH(stem), the amount of heat released due
required to produce or dismantle interactions that stabilizéo base pairing and stacking when forming all contacts in the
the BPP’s. Thus, at each instant, the partially folded chairstem.
undergoes a series of disjoint elementary events with transi- For completion we shall display the analytic expressions
tion probabilities dictated by the unimolecular rates of thefor the unimolecular rate constarits. For clarity we shall
events. The stochastic process is Markovian since the choiayop the subindexing, since we shall focus each time on a
of the set of disjoint events at each stage of folding is indespecific BPP transition. If the transition happens to be a helix
pendent of the history that led to that particular stage of thalecay process, we obtain
process.

In order to compute the probability distribution at any k=fnexd G,/RT], (5
given time and the resulting behavior @f we first discretize
time t by adopting an elementary time interval lengtsuch

o()=— X Pi(0InP(1). (1)
j=1,..M

wheren is the number of base pairs in the helix formed in the

thatt=t'u, wheret’ is dimensionless and is the shortest th step,f~10°s " is the fixed effective frequency of suc-
possible mean BPP transition time. ThenyJi& U (u) repre- cessful collisiond2,4] and Gy, is the (negative free energy

sents the stochastic transition matrix at the BPP level, we gétontribution resulting from stacking of the base pairs
in the helix. Thus, the essentially enthalpic termGy

?) =—AH(stem) should be regarded as the activation energy
for helix disruption. On the other hand, if the transition hap-
pens to be formation of a stabilizing interaction, the inverse
of the mean time for the transition will be given by

P(t)=[U(u)]"P(u), with t=t'u,
where the matrix elemeiity(u) J;; is given by

[UW) Tij=[kij /=7 c iy kij - 1xpij (). ©) k=11 exf — AGyoop/RT], ©)

In this equationk;; indicates the unimolecular rate constant
for the BPP transition—j, J(i) is the set of BPP’s acces-
sible fromi through elementary transition steps involving
surmounting a single kinetic barriésee below, the factor
[Kij /= caqykij -] represents the probability for the transition
i—]j dictated by kinetic control within a timespan of the
order of 7;;=k;; "%, andp;;(u) is given by

whereAGqop~ — TAS,q is the change in free energy due to
the closure of the loop concurrent with helix formation.
Equations (1)—(6) should be regarded as the working
equations of the adiabatic approximation. This approxima-
tion will be tested in Sec. VI by comparing the adiabatic
computation of the information entropy with a more rigorous
computation obtained from a more detailed level of descrip-
" tion of the long-time dynamics of the chain.
pij(u):f Y(t—7j)dt, 4
0 ll. DISCRETE SIMULATION OF RNA TORSIONAL

. . S DYNAMICS
with Y(t—7;;) a Gaussian distribution centered at the mean

time 7; for thei—j transition with temperature-dependent  The vast gap between the time scales accessible to mo-
dispersion. The dispersion parameter will be evaluated itecular dynamics computations, typically in the range 1
Sec. IV within a realistic physical context. ps—10 ns, and those inherent in transitions between contact
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pattern BPP’s, typically in the rangeds—1Gs, suggests the loop which must be fulfilled if the contact is to be formed
the need for a semiempirical model judiciously simplifying and as such, registered in the BPM: Not only the backbone
the soft-mode or torsional dynamics. Thus, the problem betwo-state “vertebrae”(see Fig. 1 must be correctly posi-
comes how to incorporate effective internal degrees of freetioned for the loop to form, but the charged phosphate groups
dom of the chain whose dynamics translates or projects ontof the RNA backbone should face the best dielectric envi-
sequences of BPP transitions. The aim of this section is tbonment available for better solvatig#]. Now let us cast
introduce a matrix where local torsional states of the chairihis situation within our the computational context: If all spin
are codified in a simplified binary fashion, so that patterns oflippers or two-state oscillators are in the “correct” state
locally encoded structural signals may be recognized andpecified above at the time of the reading, a contact is re-
translated as BPP's. corded in the BPM. In this way the coarse soft-mode dynam-
Since conflicting possibilities may arise yielding different ics of the chain evolves as a sequence of pattern recogni-
evaluations or pattern recognitions, a probabilistic approactions.
appears to be necessary. A realization of this concept is in- These dynamical aspects are incorporated in our compu-
troduced in this work and materializes in a semiempiricaltations since they determine the way in which the LTM is
model which deals mechanistically with the rich dynamictranslated into the BPM by means of a pattern recognition. In
hierarchy of time scales determined by the different levels oturn, this parallel operation must be represcribed—
structural resolution of the folding process and their inter-technically renormalized—after each BPP transition, since
play. consensus evaluation depends on the last BPP generated:
Thus, the exploration of conformation space results fromOnce foldings have formed, the distance between any two
the parallel occurrence of trails of folding events. The basespecific units is no longer the contour distance along the
pairing matrix (BPM) evolving in the 1/10ns—f& time  chain, and the loops which must be closed to form a contact
scale and built upon the map of Watson-CrigiC) antipar-  are of different lengths relative to a those formed upon the
allel complementarities is generated by a search for consemandom coil. These facts imply that the dielectric constraints
sus windows in the LTM which records the phases of 3 are different and thus, the patterns in the LTM are recog-
two-state oscillators or spin flippers evolving within a meannized differently with each folding step. This sketch reveals
period range estimated at 18#s—10°s. Each oscillator that long-range correlations are introduced in the LTM by
represents the flipping between the two potential bag@ns means of the renormalization operation.
cis-transisomers for each dihedral torsional degree of free-  To summarize, the approach put forth in this section may
dom. The LTM represents a coarse microscopic realizatiotve best described as a coarse-grained analysis of soft-mode
of the BPP represented by the BPM such that a consensui®rsional angular motigndynamics defined by the recogni-
window reflects the fulfillment of the local topological con- tion of evolving patterns of local dihedral torsional con-
straints determined by the putative intrachain contact: Spestraints consistent with a simplified topological model for the
cific dihedral torsions must be in the “correct state” required RNA backbone. Long-range intramolecular interactions are
for contact formation. As emphasized in Sec. |, the localthen induced by the fulfillment of local constraints to which
geometry itself is immaterial since the latitude of the tor-the chain dynamics is subject due to the capacity of the sol-
sional potential basing0° to 60°[9]) yields vast conforma- vent to determine domains of different dielectrics. The essen-
tional distortions which would make the conformationstial premise in this analysis is that the local dihedral torsions
formed unrecognizable if translated as BPP’s. within an intrachain loop must be constrained to remain in
The local constraints are themselves imposed by thene potential basifcis or trang) if the concurrent contact is
conformation-dependent confined-versus-bulk solvent envito be formed, so that physically, charged phosphates within
ronments of different dielectric, and by the steric restrictionsthe loop face the highest dielectric environment. Thus, the
determined by loop closure. In this way, a coarse long-timdact that the solvent defines conformation-dependent dielec-
torsional dynamics of the chain becomes computationally actric environments is computationally assimilated into the fact
cessible. The codification will be taken to be binary sincethat a specified pattern of fulfilled topological constraints at
each torsional degree of freedom flips between two potentiaghe time of a reading of the LTM gets translated into a BPP.
wells representing two local torsional isomers subject to lo- This sketch of the operational tenets reveals that, although
cal correlations and constraints. As shown in this section, thadvantage is taken of the fact that there exists a wide sepa-
computational time step at the typical folding temperature ofation between characteristic time scales associated with
303 K is 512 ps, a value far larger than the hydrodynamidolding events(typically in the range 1/1@.s—1¢ s) and in-
time scale of 15 ps used in the continuum soft mode analysiternal backbone motions, essentially realized as dihedral tor-
[8,10]. Accordingly, the solvent can no longer be treated as aions(typically in the mean range 168'-10 °s) [9-11], no
hydrodynamic drag medium: Its capacity to form local “adiabatic assumption” subordinating or enslaving micro-
conformation-dependent dielectric domains must be incorpascopic degrees of freedom to BPP transitions is introduced.
rated. The basic representational and operational tenets of the
To illustrate how our model works, suppose a putativecomputational design for the semiempirical microscopic
contact involves WC complementary regions of the chainmodel sketched above are as follows.
which flank the consensus window and requires the closure (a) A LTM matrix simultaneously recording the state of
of intrachain loops which define different dielectric environ- each “vertebral” and phosphate orientation dihedral. Each
ments determined by the confined clusterlike versus bulk soleffective torsional state is generated by a two-state oscillator
vent. The formation of such environments imposes conwhose period is chosen from Gaussian temperature-
straints on the dihedral torsional states of the units forminglependent distributions which are different depending on
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whether the nucleotide is free or engaged in an intrachaientry values are generated by two-state oscillators, one for
contact and its concurrent loops. A new period is chosen foeach entry, whose period is automatically adjusted after
an individual oscillator after completion of the previous pe-one whole period has been completed from a fixed
riod, thus incorporating thermal fluctuations. The broad lati-T-dependent distributiow(r) according to renormalization
tude (up to 30° to 60°[9]) in local torsional coordinates specifications detailed below. Each column in the LTM rep-
within local correlation maps of the RNA chain, and the vastiesents a different nt, with thigh column (1<i<N) corre-
structural distorsion it leads to, implies that the binary codi-ghonding to the nt with contour valu@long the chain. Each
fication cannot be implemented at the geometric levelyt the three rows represents a different reading space and

Rather, the spin flippers or oscillators are meant t0 MiMiGyair interrelationships are pondered each time the LTM is
changes in the local topological constraints to which the ﬂex’[ranslated into the BPM, according to the size of the consen-

E[I;Irené:ham is subject in order to reach specific structural Paty s window.

(b) A Watson-Crick magWCM) of antiparallel windows h EaTh ?ntf)t/ Itn ;Ehe f'LSt rli)t\)/v ’ de‘poteidz), |r:,(’j[[cate_zs the dl-h
upon which the BPM’s are built by translation of the infor- edral spin state for.a backbone “vertebral- torsion, as sche-

mation encoded in the LTM. matized in Fig. 1. A consensus window of consecutive spins
(c) A built-in internal clock(C), incorporated in order to 1N S&, State 1 in rowl) is a necessary con,ditio.n for closure
synchronize the LTM generation timing and its reading and®f @ l0op comprised of the sequence of nt's within the asso-
subsequent evaluation at regular intervals. In accord witt§iated contour window. The physical interpretation of this
Shannon’s information theory, the fixed beat period@f vertebral consensus as a hecessary constraint for loop closure
must be at most half of the shortest dihedral period_ is schematized in Flg 1. Notice that vertebral consensus is
(d) The folder(F) which evaluates the LTM and identifies not directly related to any geometric curvature condition for
consensus windows. This operation is matched with théoop closure, which would make it impossible to have con-
WCM to generate BPM's and ponders the interrelationshigsensus subwindows flanked by WC complementary regions
between “vertebral” and phosphate-orientation consensusit would be impossible to satisfy at the same time and in the
In addition,F may dismantle or relax contact regions in the same region of the chain geometric constraints for loop for-
BPM whenever a significant consensus bubble arises withifnation involving the whole region and those for any smaller
a previously-formed consensus window. loop involving a subregion On the other hand, the possibil-
(e) The operation of is feedbacked within a renormal- ity of different conflictive consensus evaluations is perfectly
ization loop into the LTM generator, and the new evaluationcompatible with the probabilistic nature of our model. De-
of consensus windows is renormalized or prescribed accordending on the size of the window, the existence of vertebral
ing to the last BPM generated. consensus at the time of a reading with flanking regions
Taking into account that folding materializes in a statisti- Within the WCM may lead to the BPM recording of an in-
cal ensemble of RNA molecules and that conflicting consentrachain long-range contact formation between the nt's flank-
sus evaluations demand a probabilistic approach, we shdlld the consensus window. N(loop) indicates the size of
adopt an appropriate output representation. The statisticiie consensus window, we may state that the necessary con-
dynamics of consensus search is defined by the time evol@ition becomes sufficient if and only il(loop)>N.=17
tion of a base-pairing probability matrB=B(t), represent- (see Refs[4,12]), as shown below.
ing the weighted overlap of different consensus evaluations. The entries in the second and third rows, dend&dnd
The essential operation in our parallel algorithm, the fold-(3), of the LTM (see Fig. 2indicate the dihedral spin states
ing operation, lies within a renormalization feedback loopOf those backbone torsions engaged in orienting the nega-
and consists in the translation of information cast in terms ofively charged phosphate group. Thus, for the sake of con-
the state of internal microscopic degrees of freedom into ention, spin state 1 in row&) and (3) for columni indi-
coarser representation, a BPP defined by a BPM. The latt&iates that the phosphate of tith nt faces bulk solvent
matrix is, in turn, built upon the WCM. Thus, the algorithm whenever this nt is part of an intramolecular loop.
and its underlying semiempirical model identify the BPP
class to which an LTM belongs at certain time intervals ac- B. The interrelationship among the rows of the LTM

E?rrl\c/ilmg .to a pre;cnbedd bsethof IruleséPTSe gengranohn OL the To specify the interrelationships between these different
Is In turn affected by the last transition that aSreading spaces in consensus evaluation, we first define an

taken place, since a new set of .colnstraints arises With ea(thramolecular(i,j) contact withi <j as the WC base pairing
new BPP formed, and the prescription for the evaluation Opéngaging the two nt's with contour valuesndj. The oc-

eration itself is renormalized and thus depends on the lagt,once of thei,j) contact is markedypa 1 in theij entry of

BPP which has occurred. Prior to defining the folding Pro-the triangular BPM. Suppose the initial BPP corresponds to

cess epr|C|_tIy within our model, we must sp.emfy _the b.as'cthe random coil, that is, there are no intramolecular contacts,
representational elements and their interrelationships with re; | N(loop)=|j—(i+1)|>17 (see Ref[12]). Then, once a

gard to the basic operations. reading of the LTM takes place, dij) contact will be pro-
duced after evaluation and recorded as such in the new BPM
A.The LTM if all dihedral “vertebral” spin states for the segment of row
This 3X N matrix is a coarse representation of a micro-(1) flanked by entries andj are in the correct torsional
scopic realization of a BPP. Each entry adopts the value 1 atonformation for folding, that is, they are in statéske Fig.
0, representing two significant states of an RNA backbond). The fact that the range of the putatiVig) interaction
torsion localized in a specific nucleotidat) or unit. The  must be larger than 17 to materialize with vertebral consen-
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between shape and time scale justifies the concept of inner
and outer solvent domain defined by an intramolecular loop,
as put forth in our consensus analysis of the entropic cost of
A loop closure. Thus, the microscopic mean time range rel-
evant to LTM transitions is 1 ns—As, covering the time
scale for internal motion§l ns—10 n¥ of the order of the
calculated diffusional displacements of flexible hinged do-
mains[10], and, at the other end of the spectrum, the limiting
value (1/10 to 1 us for a localized helix-unwinding event
leading to a bubble within a helixL.1].
These considerations lead us to define a temperature-

LT™ consensus dependent normalized distribution of periods=w(7). In
R,L parallel operation > BPP particular, the periods of unhindered dihedral oscillators are
B) (m) assigned from this distribution in such a way that the effect

| of thermal fluctuations on the formation of consensus and
thus on structural transitions is incorporated. The distribution
has three Gaussian peaks, each with dispersidsgT,
where the constarg depends on the actual denaturation tem-
peratureT(denaj and on the consensus interpretation of de-
naturation, as shown below. The peaks occur, respectively, at
mean periods 10 ps, 10 ns, ang4. This distribution allows

renormalization (p)

FIG. 2. (a) General scheme of the folding machine featuring its
basic components: The inherent clogR), the dihedral frequency . e ,
distributor (DFD), the folder(F), the output displayefO), and the us to C'aSS'fY nt's in tW_O classes: To.class | belong 6!" nt's
renormalizer(R). (b) General scheme of the interrelation betweenW'th mean dihedral period 10 ps, while class Il contains all

the different representational elements: The dihedral spin state m&L'S Whose mean dihedral period is either 10 ns @is1 The
trix DSSM, the reading instructions manu@IM), and the base first class corresponds to internal dihedral torsions of the

pairing matrix(BPM). RNA chain of the type probed by fluorescence depolarization
[10]. These torsions occur in free nt's, that is, unpaired nt's
susonly can be justified as follows. Loop closure defines twonot belonging to a loop. Accordingly, the DFD in the folding
solvent domains, an inner low-dielectric domain confined bymachine establishes a lottery from which periods of dihedral
the loop of rodlike dimensions and an outer high-dielectric Ofspin oscillators for free nt's are assigned from within the
bulklike domain. If the loop is sufficiently large, encompass-period range centered at 10 ps. A new period is assigned
ing more than 17 nt's, as demonstrated in Réf2], the  from the lottery to each oscillator each time a whole previ-
dielectric difference between the inner and outer domain beguysly assigned period has been completed. The frequiency
comes negligible: Each charged phosphate group pointing te: 1/7 of a dihedral spin in any row of the DSSM correspond-
the inside of the IOOp admits four water-solvation |a.yerS for a|ng to a nt not engaged in an intrachain interaction or |00p
loop of size 17 or larger. However, for smaller loops thesatisfies the inequality
consensus demands are higher and vertebral consensus is no
longer sufficient: The phosphate groups must be oriented to-  |f7*—10 p$<|7'—10 p3, with 7' satisfying
wards the bulk for better solvation. This argument leads us to
qualitatively distinguish row$2) and (3) from row (1): As w(7")=infimum{w(7)=1[3N—-3]}. (7)
more orientational constraints are associated to loop closure
more consensus is needed for it to materialize, so that for
putative loop smaller or equal to 17, that ig,— (i +1)|
<17, consensus windows in row$), (2), and(3), flanked
by columnsi andj becomes the necessary and sufficient
condition.

" The condition yielding the extreme periad arises from
fhe fact that there are at mosN3 3 free oscillators in the
chain. At the typical folding temperature=303 K, we get
7' ~1.02 ps.
The other two peaks in the distribution correspond, re-
spectively, to mean periods for nt's engaged infatJ or
G-C Watson-Crick base pair within a helix, or to nt’s within
loops. In the latter case the period range covers the entire
In attempting to project dihedral torsions into the BPPbimodal distribution. Again, the same considerations apply
space, where the folding process is conventionally recordedyith regard to the period assignment to oscillators for class Il
the time scale limitations of molecular dynamics simulationsnt’s. These rules imply that the nt's in loops concurrently
must be circumvented. This explains the need to introducérmed with an intrachain helix adopt the same cadence as
models, such as the one presented in this work, in whiclthe helix nt's themselves. This is so, since the rate of helix
activated molecular motions in the ns#@-range are con- dismantling is exclusively dependent on the size of the helix
sidered[9-11]. Thus, faster diffusional-like unhindered tor- taken by itselff4,13], and determined by the formation of a
sions, such as the torsion around the glycosidic sugar-basggnificant consensus bubble among the class Il nt's engaged
bond in an unpaired nt are integrated out as conformationah the helix. Furthermore, this local limiting event is fairly
entropy of the state defined by the LTM representation. Sucindependent of concurrent microscopic events in the associ-
motions, well into the ps range, determine the rodlike shapated loops.
of the RNA molecule when viewed within the time scale The mechanistic aspects of period distribution, as per-
window between two LTM states. Precisely this interrelationformed by the DFD, imply that this operation is subject to

C. The dihedral frequency distributor (DFD)
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renormalization with each BPP transition: A BPP determines
which columns in the LTM correspond to free or class | nt's
in the chain and which correspond to nt's engaged in an
intrachain interaction, or, equivalently, they belong to class
Il. Thus, since a BPP transition reclassifies the nt's, it also consens™, Y% Swecr NS N NP | fold
dictates the range from which new period assignments are r
drawn. The period range for a specific nt remains the same as

before the BPP transition if the transition does not alter the No Ne
class of the nt, and changes if the BPP transition transfers the
nt to a different class.

read

yes

consensus

(2)&(3)
?

D. The built-in internal clock (C)

In order to satisfy the basic tenets of Shannon’s informa- No

tion transmission while making all operatiots synchro-
nized, the intrinsic beat period @ should be taken to rep-
resent 1/2', one half of the shortest possible period to be
assigned to a dihedral spin oscillator. Sin€edepends on FIG. 3. The flow chart of the folding operation as a consensus
w(7), itis itself T dependent. The time interval between two evaluation after reading the three rowd), (2), and (3) of the
consecutive readings of the LTMread is taken as constant DSSM. The following notation has been adopted: “cons¢bg”
and, in order to lower the operational cost, it is fixed at theand “consensu$2)&(3)?" refer, respectively, to finding a consen-
shortest time that a BPP transition could possibly take. Thus$Us region on row(1) or finding it on rows(2) and (3) on the
r(read)=2%*37"~512 ps the shortest time to form the three DSSM; “W-C?” refers to finding Watson-Crick complementarity

loop, the smallest possible loop, engaging the fastest oscilld? the regions flanking the consensus region ahtE=N.?" refers
tors.

to deciding whether the siZ¢ of the consensus region is larger than
the critical sizeN,.

E. The folder (F) )
helix formed must develop a consensus bubble evaluated and

Th_e actual trans_lation of the consensus evalua_1tion of theacorded with the next reading of the LTM. Thus,dfis
LTM into the BPM is performed by the folddF), with the  «|3rge enough,” the period distribution in the helix is broad
aid of an updated version of the reading instructions manuadnough that consensus cannot be preserved: The period
(RIM). An updating takes place with each BPP transitionrange, of the order af, is such that a helix consensus cannot
marked by a change in the BPM. The folder might form orgryive two consecutive readings. From these considerations,
dismantle (relax several intrachain helices in parallel and 4 taking into account our empirical estimate of the dena-
recor_ds in the BPM the_ consensus evaluation perf_ormed Wl_tthration dispersion fixed ar=0.6us, and the typical ex-
th_e aid of the RIM, as indicated in the sche_mes displayed iMerimentalT(denat)=312 K for ribozymes such as the ones
Flg.. 2. The consensus §earqh or evaluat!on under uncol,died in this work14], we getg~1.2x 10~ 15/K.
strained conditions, that is, with a RIM defined by the ran-
dom coil BPP, has been partially delineated in Sec. Il A for
helix formation. The flow chart for this parallel operation is
displayed in Fig. 3. The renormalizer has two simultaneous roles: It updates
On the other hand, helix dismantling materializes and ishe RIM by determining contour distanceslative to the
recorded as such by deletion in the BPM whenever a conlatest BPP generated and, by readjusting frequencies, it
sensus bubble forms among class Il nt's engaged in baggaces a new set of constraints on the generation of new
pairing. By “consensus bubble” we mean that in any of theLTM’s based on the latest BPP translated. Thus, renormal-
three rows, a consecutive sequence within the set of dihedrégation accounts for long-range correlations that develop on
spins of helix nt's of length 30% of the total helix length the LTM as a consequence of folding events recorded as
must be out of phase with the consensus value 1. In othd8PP transitions.
words, the sequence within the helical region must adopt the Thus, we shall focus now on the RIM renormalization.
state 0 at the time when the reading of the LTM takes placeThe essential aspect of this operation is how to search for
Because of the renormalization loop, this transition at theconsensus in a chain folded already in a specific BPM. Three
BPM level immediately transfers a new set of constraints folgeneric situations arise.
the generation of new LTM’s: The nt's previously engaged (&) A putative (i,j) consensus region contains inside
in the helix and in the concurrent loops are reclassified, beingreviously-formed intrachairtk,p) contact, in such a way
transferred from class Il to the higher frequency class I.  thati<k—n<k<p<p-+n<j, wheren is the length of the
Stacking effect§14] reflect themselves mechanistically in preexisting (k,p) helix. Then, if the number|j—il|gpym
the formation of the consensus bubble: The larger the helix;=contour distance between ni'sandj relative to the BPM
the greater the improbability of finding a 30% out-of-phasedetermining the last RIM updatimgk—n—(i+21)|+|]
subsequence of oscillators from class Il. Furthermore, these (p+n+1)|<17, consensus must be searched for along
considerations enable us to estimate the conggawhich  rows (1), (2), and(3) for the regions defined by columns
determines the effect of thermal fluctuations on the period+1 to k—n—1 andp+n+1 toj—1 of the LTM. On the
distribution: At the denaturation temperatii@enay, every  other hand, if||j—i|gpy>17, then consensus should be

F. The renormalizer (R)
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searched for only in the entries-1 to k—n—1 andp+n consensus needed

+1 to j—1 of row (1), since no phosphate orientation is after b7

required to form the new loop. P3 ¥ pa,ps, 6.
(b) A putative(i,j) consensus region is contained within a 1

preexisting loop determined by the,k) contact, so thah !

<i—n<i<j<j+n<k, with n being the length of the pu- P1,P2, ...
tative helix to be formed. Ifk—hl|gpy1)=<17, with CR1)
representing the contact pattern that determined the previous
to the last RIM updating, then tHgj) contact materialization

is only contingent upon Watson-Crick complementarity in
the regiongi—n,i] and[j,j+n], and no further consensus

evaluation is required. On the other hand)|k—h|[gpy(1) p3

>17, then two common regions must be evaluated sepa- —'Gﬁggggg_

rately, the (+1) to (j—1) region in all three rows if] [C

—(i+1)|=<17 and only in row(1) if |j—(i+1)|>17 and the e -

(h+1)to(i—n—1) and (+n+1) to (k—1) region, again E:AUCAG<—

in all three rows if|i—n—(h+1)|+|k—(j+n+1)|<17

and only in row(1) if |i —n—(h+1)[+|k—(j+n+1)[<17. FIG. 4. Scheme of the pseudoknot shaping the catalytic core of

(c) Pseudoknot formatiofil4]: The putative contadti,k)  the Tt.LSU ribozyme. This pseudoknot engages the conserved re-
lies in a pseudoknotted position with respect to the preexistgionsP3 andP7. The first helix to form isP7 as predicted by our
ing (h,j) contact, so thah—r <h<i—n<i<j<j+r<k<k  computations, and it facilitates the formation @8 by drastically
+n, with r=Ilength of the preexistingh,j) helix, and n reducing its consensus demands. ThaP,may only form within
= length of the putativéi,k) helix. We shall assume first that realistic time scales in a cooperative fashion and within the
i —hllgpm(1)=<17, then two situations may arise dependingpseudoknot.
on whether|k—(i+1)|<17 or >17. In the first case, the
(h,j) and (i,k) loops cannot be coplanar since the phosphaterations on a personal computé@C), thus introducing an
orientation towards bulk solvent in the commoint+(1) to  algorithm for RNA structure prediction rooted in a semi-
(j—1) contour region concurrent with formation of the first empirical computation of torsional dynamics. A suitable PC
loop precludes the new loop from turning the solvation en4s one roughly matching the following specifications: RAM:
vironment of the common phosphates into a poor low-256 MB; processor speed: 400 MHz; hard disk memory: 6
dielectric medium. On the other hand, |K—(i+1)|>17, GB.
the two loops may be coplanar because the dielectric me- In its original version described in Sec. Ill, the computa-
dium of the common phosphates is not significantly alteredion performed by(7-p) loop iteration constitutes a parallel
upon formation of the new loof®]. In both cases, the region synchronous algorithm designed to predict the active struc-
common to both loops, from columris-1 to j+r is ex-  ture of biomolecules reached within times incommensurably
cluded from consensus search involved in the formation oghorter than those required for thermodynamic equilibration.
the (i,k) contact, and only the columns-r+1 up tok—1 of ~ Such computations require a parallel evaluation of concur-
the LTM are involved with rows1) to (3) if |k—(i+1)] rent folding possibilities at regular intervals without any ef-
<17 and row(1) only if |k—(i+1)|>17. An illustration of  fective quenching of the folding dynamics. Each reading, in
the “most difficult” case ||j—h|gpm)=<17, |k—(i+1)| turn, defines the set of constraints to which the system is
<17, is shown in Fig. 4, and arises in the formation of thesubject when undertaking the next folding stage.
conserved®3-P7 pseudoknot, the crucial motif in RNA ca- A sequential computation on a conventional PC implies
talysis for group | ribozyme§2,14). that we would need to quench the LTM every 512 ps, as

Suppose now thalj —h|lgpme1)>17, then again two situ- indicated in Fig. 5, to sequentially perform a translation or
ations arise. Iffk—(i+1)|<17, the activation of thdi,k) pattern recognition. In turn, the recorded pattern determines
contact demands that consensus be searched for in all thréi@ renormalization the starting conditions for the generation
rows for columng +r+ 1 up tok and in rows(2) and(3) of of the new sequence of LTM’s to be read and evaluated only
the common region from columris-1 to j —1. This pecu- after another 512 ps have elapsed. As we recall, the LTM's
liarity in consensus search is due to the fact that phosphatéyolve in time by having each two-state entry pick frequency
common to both loops have not been oriented upon formalr period from a Gaussian distribution determined by
tion of the first loop but must be oriented if the neik) renormalization at every reading time step of 512 ps from a
interaction is to materialize. On the other hand,|kf- (i set of three distributions: one for free nt's one for nt's en-
+1)|>17, no phosphate orientational demands are impose@@gded in secondary structure and one for nt's engaged in
at all on the DSSM, and only royi) consensus in the region tertiary interactiongthe pseudoknot motif Thus, renormal-

flanked by columng+r andk is involved. ization assigns a distribution to each state flipper for each
entry of the LTM, and the sequential computer mimics the

IV. DISCRETIZED TORSIONAL DYNAMICS dynamics resulting from the fact that a new flipper frequency
ON A PERSONAL COMPUTER is chosen from the same distribution after each period has

been completed.
The aim of this section is to actually prescribe the imple- We may sequentially realize thém-p) loop as a
mentation of the translation-renormalization-p) loop op-  perturbation-translation-renormalization cycle by quenching



PRE 60 DISCRETIZED TORSIONAL DYNAMICS AND THE . .. 2115

real time ~100-350) this operation may be accessible to a sequential
machine engaged in column-by-column reading with concur-
rent memory storage. A state-of-the-art PC as specified
above takes approximately 0.71 ms of real time to sequen-

yem() iy +Mrim(i) T

LTM perturbation 512.0 ps X . . .
tially translate each LTM into a BPM witN =300, using the
A N translation = Y appropriate flow chart from Fig. 3 to detect and store nucle-
Yoru* (1)) +Meni) BPM Y ation folding events.

, renormalization The perturbation LTM of an LTM is the other aspect to
° l l 00ps be considered in a sequential computation. In order to deter-
T | mine the state of each entry in the LTM once a time step of
Yoru(i+ O+ 1) Maw(i1) - 512 ps has been completed, one must consider the following
scheme.
FIG. 5. The generic chart of operations for the PC realization of (1) Classify units according to whether thdith mean
theith (m-p) loop iteration. The LTM perturbation requires one frequency value is-1, 0, or—1. If unitj has been previously
sequential computation for each LTM entry following the instruc- assigned the 0 or-1 frequency value, store its actual fre-
tions given in Sec. IV. Each renormalization operation takes plac?]uencyF(j) chosen from the respective Gaussian distribu-
while the LTM is quenched in the same state, L'TMn which it tion and record the numbed;(j) of (m-p) loops that have
was translated. This operation defines the veéfor-1) of mean 50 place since the 0 orl values have been originally
freq;e.nifs’. inld tt:e r_ead'lng 'nts“u‘t".t'on mariajy (i+1), to be assigned until théth pattern recognition is performed. Such
used in the {(+ 1)th (m-p) loop teration. units are given a different treatment, following instruction

. . . item (5). For the remaining or free units, instructiof®—(4)
the LTM dynamics during the last two operations, as showny e 1o pe followed.

in Fig. 5. In this figure, theth iteration is displayed as pre- (2) Record the state+ or —) of each y’n,(i—1)

Earlng (;ZedLTM fordthle (Jﬂ)th iteration. The I;TM gas =y, tm(i) entry with mean frequency value 1, quenched
een added two modules: a requerN:—yoyv vector(f) and a throughout thei(—1) translation or pattern recognition.

reading instruction manual. Each entry in the frequency row (3) For each unit or columf during theith iteration,

Whether the mean frequency assigned by renormalization ST the Gaussian distrbution peaked _&()
94 1 . . . . .
the particular unit or residue is 40 1%, or 10 Hz. The 10 Hz. Using this distribution, generate by means of a

; . . . onte Carlo simulation as many frequencidg, k
RIM determ|r_1es the renormallze_d dlst_ances to b_e _cons@ere’ﬁl,"_n* as necessary, so that the following inequalities
when searching for consensus in regions containing alreaop{ :

. i - old:
windows of secondary of tertiary structure. Following the
RIM, if a 0- or (—1)-frequency window is found within a
window where consensus is being searched, it must excluded > (2mlf)<512 pss >, (2wlfy). (8
from the window being examined. k=1,.n* -1 k=1,.n*
In order to inductively define theth (ar-p) iteration, as ) )

shown in Fig. 5, we shall consider given all three modules (4) Determine the state of the entry at the time of the next
yim(D), (i) and Mem(i), wherei refers to theith itera-  reading as follows. It changes provided
tion. They, tm (i) must be perturbed during 512 ps to obtain
theyry(i) at the end of the time step. This corresponds in 3/27=
real time to a 512 ps progress of the torsional dynamics since
theyrm(i—1)=y.tm(i) has been translated. Thgp, (i) is _ o o
then ready to be translated into thg,,. The perturbation It remains the same as in the<1)th translation if

yitu(i) is determined exclusively by the (i) together

512 ps- D, (2wlfk)}fn*>7-r/2. (9a)
k=1,.n*-1

with the mean frequencies encoded in the veé{oy. Thus, 512 ps- E (27lf,) |f e <ml2 or >3/2m.

the perturbation actually corresponds to the running of the K=1l.n*—1

LTM dynamics for 512 ps, until the LTM is quenched again (9b)

for pattern recognition. The pattern recognition or transla-

tion, in turn, defines the next vectd(i+1) of mean fre- (5) Suppose entry has been assigned frequency value 0

qguencies and the next reading instructions mamdaly (i or —1 a numberQ;(j) of (7-p) loops before theth loop.
+1), both entities being produced by tith renormalization  Then, since 2r/F(j)>512 ps, its state to be read in thi
operation. This information, together with the previously pattern recognition remains the samd @;(j)512 pgF(j)
perturbedy (i) =y (i +1) is all that is needed to now <m/2 or >3/2w, and changes otherwise. If a consensus
run the (+1)th (7-p) interation, which would involve first bubble in a secondary or tertiary structure is formed by hav-
perturbing they (i +1), then translating thg{,(i +1) ing 30% of out-of-phase spin flippers at the time of tkie
and finally reassigning according tgpy(i+1), mean fre- translation, then the entire consensus units are reassigned the
quencies and the new RIM. The inductive definition of the+1 frequency value by thith renormalization operation.
sequential algorithm is now complete. In this way we define the perturbed matrigry, (i),
In practice, an actual bottleneck in the sequential compuwhich is quenched during théh translation-renormalization,

tation is the pattern recognition or translation on the LTM, anas indicated in Fig. 5. This is precisely the matrix fed into the
inherently parallel operation. IN is not too long \ (i+1) iteration, that is,y;ry(i)=y.rm(i+1), which, in
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turn, must be perturbed according to the reassignméint
+1) of frequencies which took place in tih iteration.

The lottery for sequential frequency assignment to each
chain unit leading to the perturbation of the LTM according
to Egs.(8) and(9), may be implemented in a Monte Carlo
simulation. In real time, an LTM perturbation following in-
structions (1)—(5) takes 0.60 ms maximum. This upper
bound is found in the case where all residues are free, and
therefore, their frequencies are to be chosen from the distri-
bution with the highest mean frequency. Thus, the most con-
servative estimation of the total PC computation time
involved in the estimated 10m-p) loop iterations, as re-
quired to satisfactorily penetrate relevant folding times, is
1.31x10%s.

V. RESULTS

The consensus evaluation on the LTM and subsequent
generation of the BPM onto the Watson-Crick map are in
essence parallel operations which may be mimicked on se-
qguential computer routines by freezing the LTM dynamics
according to the tenets expounded in Sec. IV. The output of
the computation is given as a time-dependent base-pairing
probability matrixB=B(t) in the form of a triangular matrix
whoseij entry (i<j) is shaded to the extent of the probabil-
ity of an (i,j) contact[see Figs. @)—6(c)]. The B=B(t) is
regarded as an overlap of BPM'’s, tMyi)’s. EachM(i) is
weighted according to the number of LTM’s created from
the same distributiorw(7) whose consensus evaluation
yields M (i) at timet:

B(t)z}i: p(i,t)M(i), p(i,t)=2Z(i,t)/Z(t), (10

where Z(i,t) denotes the number of LTM’s translated into
the BPM M(i) at timet, and Z(t) is the total nhumber of
LTM’s generated at timéfrom the period distributionv( 7).
Thus, the time evolution oB is actually the relevant output
we shall focus on not only for structure-prediction purposes
but also to test the adiabatic approximation expounded in
Sec. Il. It provides the proper statistics on the ensemble of
coexisting structures and its time development throughout
the folding process within the time allotted by biological
constraints, allowing us to compare the final or destination
ensemble of BPM’s with the phylogenetically inferred struc-
tural information[14,15.

In order to realistically simulate the folding process in
accordance with the basic mechanistic tenets described in
Sec. IV, we need to incorporate effectively the role of the
divalent ion Mgil, known to expedite the folding process by
significantly lowering the entropic cost of folding steps
[2,14]. It is known that Mgi binds weakly to adjacent phos-
phates of unpaired nt's by forming a chelate comdle4].
This fact can be interpreted within the context of the orien-
tational constraints imposed on loop formation by consider-

ing two adjacent coordinated phosphates as a single orienta-

tional rigid entity. In consonance with these facts, we may FiG. 6. Three snapshots of the base pairing probability matrix
B=B(t) taken, respectively, &g) 100 us, (b) 100 ms, andc) 30 s.

The upper right triangular matrix represents the base pair probabili-
the two dihedral spins of the same type engaged in the orities, while the phylogenetically conserved helices are indicated in

infer the effect of the presence of Mgn solution upon the
generation of consensus in the LTM: The Mgon couples
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for the divalent ion. The situation may be illustrated with the 15
formation of a three loop: In the presence of the IM®n,
consensus demands for loop formation engage437 10 | N=18

spins, three from rowl) and 4 from rowg2) and(3) of the
LTM, as opposed to nine engaged in the absence ofi Mg
Thus, the time scale for achieving consensus is considerably
shortened. The Mg-coupled entity is actually oriented by two
single dihedral spins whose cadence is regulated periodically

adiabatic

5

(n—p) loop

from the same distribution from which all dihedrals are pe- 0 . . T
riodically readjusted. 1 2 3 4 5
A scanning of the time-dependent evolutionBof B(t) is time (log, number of x—p loops)

displayed in Figs. @—6(c) for the intervening sequence

(IVS) of tetrahymena, the basic study case for RNA catalysts FIG. 7. Time dependence of the coarse information entropies
which in standard notation is referred to as Tt.LSU, one ofo(t) ando(,.,(t), both relative to the BPP partition of conforma-
the most studied self-splicing introns of groufil4,15. Fig- tion space for a specific randomly generated sequence of I&hgth
ures Ga)—6(c) display three snapshots B{t) taken, respec- =18. The abscissgs indicate time in Ner-p) loops units. Each
tively, at 100us, 100 ms, and 30 s. As indicated before, thelTM (-p) evaluation takes place a{ready=512 ps.

ij entry in the upper right triangular matrix<j) is shaded ] ) . )
according to the probability of thé,j) contact. The lower The behavior of all 87 group | intronkl5] is entirely
left triangular matrix is used to record only those interactionsnalogous to the representative study case presented in this
denoted P1,P2,...P10, which are phylogenetically con- S€ction. The foIIgwmg e;sennal features appear to be com-
served as revealed by the sequence homologies found in dl1on to the entire family:(a) convergence to a sharply
eighty seven introns of the group | familg4,15. A signifi- peaked.ensemble whose dominant folding presents all phy-
cant feature emerging from the three snapshots of the timdogenetically conserved structural elemeftige Fig. €)]
evolving B=B(t) is the fact that the ensemble of coexisting @1d (b) the Mg-aided cooperativity leading sequentially to
structures becomes more and more sharply peaked at a rép€ shaping of the catalytic core wit7 formation acting as
resentative structure endowed with all conserved helicaih® nucleating event inducinig3 formation.

stems. This trend becomes apparent within the actual time

frame alloted in biological contex{2]. VI. THE VALIDITY OF THE ADIABATIC
We shall focus now on the shaping of tHe3-P7 APPROXIMATION
pseudokno{Fig. 4), the actual bottleneck in the kinetics of . i . _ )
formation of the catalytic corf2,6,16. After all peripheral The aim of this section is to determine the time range of

conserved stemB4-P6 andP8 have formed within the 100 Vvalidity of the adiabatic ansatz which has been described in
ms time scale, the formation d#3 is cooperatively expe- S_ec. Il and primarily used in mc_)st structgre-predictive algo-
dited by the previous formation d#7 and complex loop I. "ithms [2,4,7,12—18 In estimating the time range where
This is so because of the concurrent orientation of the comBPP'S may be treated as quasiequilibrium states we face the
mon loop region which facilitates the closure of loop II by following problem: How do we compare the data generated
decreasing its consensus demands, as indicated in Fig. §Y the semiempirical computation of discretized torsional
Within the preexisting BPM which has remained unaltered?Ynamics with the results of the adiabatic approximation?
since the 100 ms snapsh&3 formation requires the closure The information-theoretic approach. followed in Sec. Il may
of a loop of size 17, a prohibitively difficult task even in the only be adopted at the LTM level if we determine the ex-
presence of Mg, since the time scale associated with thatPeCted entropy as

single event would be ¥ ns, exceeding the overall experi-

mentally probed folding time scale of 30[8,9]. Actually, T(mp(D=(S) (1) = —(Inp)(t)

P3 must wait untilP7 has formed in 24 s and thereafter it

may form cooperatively within theP3-P7 pseudoknot. = —2 p(i,t)Inp(i,t), p(i,t)=2(,t)/Z(1),
Thus,P7 formation is the nucleating event lowering the con- :

sensus region dP3 from seventeen to seven unpaired nt’s. (11

Given the renormalized distangg—i||p;=7 between nt's

andj after P7 has formed, we infer tha®3 forms 2*8ns  using the(-p) loop computatiorjsee Eq(10)] and contrast
~3.2us afterP7 has formedin the absence of Mg this it vis-a-vis the adiabatic computation obtained using working
step would take Z'ng). Thus, at least resolved up to the Egs.(1)—(6). The wanton complexity of the adiabatic transi-
BPM level, the catalytic core is predicted to be shaped cotional matrix drastically limits our computational capability
operatively and sequentially within experimental time scalesand thus a limit chain sizBl=18 has been adopted. This is
with P7 formation being the rate-determining step. Further-due to the exhorbitant cost in computing time required to
more, the role of Mg has been elucidated: Although it has- iteratively multiply a matrix of ordeiM XM, with M~eN.
tens all folding steps, it becomes particularly crucial in ex-The results of both computations are given in Fig. 7 for an
pediting the rate-determining step which would notaverage over an ensemble sample of 24 randomly generated
materialize within relevant time scales in the absence of theequences of lengtN=18.

divalent ion. These results help clarifying and are fully sup- As direct inspection of Fig. 7 reveals, incipient helices
ported by recent kinetic experimerits)]. formed in structure-nucleation events in the range
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5x10 °-5%x10 ’s are easily dismantleda consensus mMediate state is confirmed by the existence of a plateau sus-
bubble is more easily formed than in fully developed struc-tained within theg; us—5 us time scale range. _

tures. This fragility of incipient structures causes the large AS observed in Fig. 7¢ does not tend to zero in the
pattern fluctuations marked by a largein the time range long-time dynamics relevant to the folding time scale frame.
5x10°°~5x10""s, or 10—18(-p) loops. A large pla- Rather, the coarse entropy decreases asymptotically to a pla-
teau starting at % 10~ s marks the formation of a relatively teau valuer=3.4 valid forN=18. This reflects the fact that

stable kinetic intermediate which contains all structural mo—fOIdIng into & unique structure, reaching a sharply peaked

tifs which may formnoncooperativelf16]. That is, those probability distribution within biologically relevant time
motifs whose associateN(loop) lies Withiﬁ the fa\,/orable scales is not a generic feature of the long-time chain dynam-
ranges of low conformationzl entropy cost=8l(loop) ics. However, the almost perfect coincidence between the

<10[2.12.16. At 10- . lead h adiabatic and the projected torsional behavior is indeed a
<10[2,12,14. At S, cooperative events lead to Other gonaric feature of RNA folding because it was obtained ir-
helices whose loops have favorabienormalized sizes,  regpective of natural selection, revealing the inherently bi-
while their sizes relative to the random coil are unfavorablenary structure of the soft-mode dynamics and the validity of

On the other hand, the increase in class Il nt's beyond thg quasiequilibrium assumption over base-pairing patterns.
formation of the kinetic intermediate stabilizes the patterns

determining the survival of the oscillator phase in consecu-
tive LTM evaluations. This determines the relatively low VIl. CONCLUDING REMARKS

fluctuations beyond 510 's. _ 5 _ The semiempirical microscopic model of soft-mode dy-
For short time scales, 16-10" s, fast-evolving internal 2 mies ‘and its associated predictive algorithm given in this
degrees of freedom simulated as torsional oscillators are nQfx provide theoretical underpinnings to some issues which
yet enslavedor entrained by BPP transitions which evolve g.e central to understanding RNA folding as the long-time
within typical time scales 10" "~ 10s for the chain length jimit of torsional chain dynamics. In this regard, this work
N=18. For this reason, within the range 13-10""s, the  represents an attempt at elucidating the microscopic origin of
level of exploration of conformation space due to uncorrethe expediency of the RNA folding process. A vast time
lated or short-range correlated torsional excitations must becale gap(1 ps to 1 m$ makes significant folding events
vastly larger than that resulting from an adiabatic processinaccessible to molecular dynamics simulations of soft-mode
However, as soon as the stabilized kinetic intermediate istorsiona) dynamics. Thus, we introduce a coarse descrip-
formed [16], the long-range correlations coupling distant-tion of the backbone torsional dynamics based on a binary
row oscillators in the LTM, begin to develop, as cooperative* cis-trans’ codification of local torsional states of the chain.
effects occur upon short-range nucleating interactions. Theskhis coarse states evolve in time, generating patterns which
long-range correlations are, in turn, induced by BPP transiare recognizable as foldings of the chain. Such patterns are
tions, in consonance with the nature of the renormalizatiomecorded in a base pairing contact matrix which, in turn,
operation. Thus, initial structure-nucleating steps involvingimposes new constraints on the time evolution of the coarse
uncorrelated or locally correlated motions do not demand agorsional states. This model captures the essential soft-mode
much enslavement of fast-evolving torsions as cooperativelynamics of the chain, reproducing and explaining essential
events, which entail long-range correlations. For this reasorfeatures such as the expediency of the folding process and
we expect the adiabatic approximation to fit the rigorousthe cooperative formation of the catalytic core in ribozymes
results as soon as long-range correlations governed by BR#? functionally competent RNA speci¢$4—16. The main
transitions occur. This is indeed what takes place, as thigsues addressed and incorporated in our semiempirical treat-
almost perfect coincidence of both theand o, (t) plots  ment are as follows.
beyond the 100 ns reve@Fig. 7). This coincidence of the (a) The parallel nature of folding, demanding a concurrent
two independent computations validates the algorithmic dyevaluation of folding possibilities at each stage of the pro-
namics of the(m-p) loop, as it confirms the BPP dependencecess.
of the renormalization operation. (b) The plethora of time scales inherent in our discretized
Both the adiabatic and thémr-p)-based plots reveal an version of torsional dynamics requiring a conformation-
almost perfect coincidence with higher than 98% agreemerdependent hierarchy free from aaypriori adiabatic ansatz
beyond 8<10? (w-p) interactions~3x10 ’s. The dis- whereby fast torsional motion would be treated as entrained
crepancy betweerr(t) and o,.,(t) raises to an upper by folding events.
bound of 8% within the time scale range 176-5x10 ’s. (c) The role of the solvent which is not present merely as
This is clearly due to the microscopic origin of fluctuations a statistical bath or a hydrodynamic drag term but rather as a
which becomes apparent at shorter time scales and is therset of conformation-dependent solvation environments which
fore only effectively captured by thémr-p) dynamics over bear upon the structural development determining different
(Z,)*N~3. An inspection of Fig. 7 reveals that the dynamics conformational constrain{st].
become entrained over the longer time scalgsus—1 m3 (d) The role of Mgl ions which participate expediting the
relevant to folding. folding steps by simplifying the orientational constraints in
Summarizing, the initially large fluctuations observed inthe RNA backbong14].
both computations of the Shannon entropy correspond to (e€) The meaning and range of validity of the adiabatic
noncooperative misfolded structures, most of which are lateapproximation, widely used in RNA structure prediction
dismantled to yield a fairly stable cluster of kinetically re- [7,9,14,13, in which intrachain base-pairing patterns are re-
lated structure$16]. The existence of such a dynamic inter- garded as quasiequilibrium states and transitions between
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patterns are regarded as sequences of Arrhenius-like acBional dynamics to a coarser dynamics involving the resolu-
vated processd$,7,9. tion of conformation space into contact patterns.
Our theoretical findings have been validaigs-a-vis ki-
netic experiments probing the favored folding pathways and
phylogenetic inference of biologically competent structures ACKNOWLEDGMENT
[6]. Furthermore, following the results expounded in Sec. VI,
we may attribute the expediency of the folding process to an This work was produced with the help of the J. S.
adiabatic entrainment or subordination of the long-time tor-Guggenheim Memorial Foundation of New York City.
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