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Abstract

Biopolymer folding is an expeditious process taking place within timescales incommensurably shorter than ergodic
times. Furthermore, its robustness suggests that the process must depend on a relatively coarse level of resolution of
conformation space. To account for these features while focusing on the RNA context, we derive a variational
principle formulated within an adiabatic approximation obtained by integrating out fast-relaxing molecular motions.
Folding pathways are generated by means of a stochastic process which begets a least effort principle reflecting a
stepwise minimization of the conformational entropy cost for each folding event with concurrent maximization of the
base pairing. This economy of the process is found to have kinetic consequences if we treat base-pairing contact

Ž .patterns BPPs adiabatically, that is, as quasi-equilibrium states: the probability distribution of overall folding
timespans associated to the process resolved at the BPP level is maximized at the brachistochrone or overall
least-time pathway for functionally-competent RNAs. In turn, this pathway is shown to yield all the phylogenetically-
conserved structural features of the active conformation within biologically-relevant timescales. Q 1998 Elsevier
Science B.V. All rights reserved.
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1. Motivations for a variational treatment within
an adiabatic approximation

ŽThe folding of natural biopolymers RNA, pro-
.teins under in vitro solvent conditions is an expe-
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ditious, efficient and reproducible process which
represents the search in conformation space per-
formed by a biopolymer chain that forms intra-
molecular contacts at the expense of losing con-
formational freedom. The difficulty in finding the-
oretical underpinnings of such phenomena is due
to the fact that folding is neither an energetic-
ally-downhill process nor the result of an exhaus-
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tive random exploration of conformation possibil-
w xities 1]4 , the extreme cases which would make

the problem far more tractable. On the other
hand, the robustness of the process suggests that
a simplification might be plausible: the folding
process cannot depend on atomic-level detail but
must be definable at a coarser level of resolution,
as the present work reveals.

Such a framework calls for an action principle
which should single out folding pathways resolved
within a description of conformation space com-

w xpatible with the means of detection 2,3,6 . If we
focus on RNA, the detection of folding events
along a folding pathway is essentially rooted in

w xRNA]DNA hybridization techniques 6 which
can only resolve structure at the level of base

Ž .pairing contact patterns BPPs . It is precisely at
this level of resolution that a central problem
arises. Obviously, to assume that the exploration
of conformation space is dictated by a sequence
of BPP transitions governed by an action princi-

w xple 5 implies first of all that an adiabatic approx-
imation to folding dynamics holds in this context.
Thus, in the spirit of the Born]Oppenheimer
approximation in molecular physics, treating BPPs
as quasi-equilibrium states implies the existence
of slow and enslaving folding degrees of freedom:
If we rely on known estimates of mean relaxation

w xparameters 7]9 , there appears to exist a separa-
tion of timescales between folding events resolved

Ž y4 3 . w xas BPP transitions 10 ]10 s 1]14 on one
hand, and relaxation timescales for torsional di-

Ž y 12 y 7 .hedral motions 10 ]10 s , puckering
Ž y10 y7 .10 ]10 s , rotation about glycosidic bonds
Ž y11 . y15 .10 s and vibrations 10 s on the other
hand. However, there are caveats when handling
this information: spectroscopic measurements of
timescales have been performed mostly for indi-

Ž .vidual nucleotides the RNA monomeric units ,
and often under in vacuo conditions.

Is the adiabatic assumption a valid one? If so,
then fast microscopic motion could be integrated
out as entropy, each BPP would represent indeed
a state of quasiequilibrium, and forward and
backward activation barriers associated to BPP
transitions could be evaluated, respectively, tak-
ing into account either the conformational en-
tropy loss or the enthalpy loss associated to intra-

w xchain contact formation 1 . This is indeed the
picture we have adopted in this work for natural

Ž .functional RNAs ribozymes , and it reproduces
the biologically-active BPP, as probed experimen-

w xtally 6 and confirmed by phylogenetic analysis
w x15 . Specifically, the core question we address is
whether a ¨ariational principle may be formulated
so that it singles out a folding pathway whose destiny
BPP is biologically actï e and has been inferred
independently by phylogenetic analysis.

This work is organized as follows: Section 2
deals with the formulation of the least action
principle. In Section 3 we show that catalytically-
competent RNA species, the so-called ribozymes
w x13 , actually fold according to the least action
principle formulated in Section 2. Section 4 is
devoted to a detailed characterization of the fold-
ing pathways which are extremals of the action.
Particular attention is paid to showing that the
catalytically-competent BPP already inferred by
phylogenetic analysis is actually identical to the
destiny BPP of the folding pathway singled out by
the action or path functional formulated in Sec-
tion 2.

2. The formulation of the variational principle

This section deals with natural RNAs in aque-
ous solution which search in vitro for their native
conformations under renaturation conditions. We
examine folding pathways, generated by realizing
a stochastic process whereby the preferred fold-
ing step at each stage of the process is chosen
following the tenet of sequential or stepwise
minimization of conformational entropy loss
Ž . w xSMEL 16 . Thus, the optimal or most favored
pathway is the one in which the RNA chain seeks
to maximize with each folding event the number
of contacts forming an intramolecular helix while

Žminimizing the kinetic barrier or loss in confor-
w x.mational entropy 16,17 associated to the loop

closure that leads to helix formation. This implies
a choice based on local features of the free en-
ergy landscape, reflecting a maximum economy by
minimization of the loss in conformational free-
dom with each favored folding step.

For an arbitrary RNA sequence, the local
minimization of the mean escape time by under-
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taking the transition that entails the lowest bar-
rier does not necessarily imply that the overall
time involved in the favored folding pathway will
be the minimum possible. However, the results
expounded in the next section for RNA se-
quences which are products of natural selection
support the fact that the preferred pathway gener-
ated in a SMEL-based simulation is indeed the
brachistochrone, or minimum o¨erall time trajec-
tory. Thus, the results reveal a variational princi-
ple which governs pathways followed by natural
biopolymers with random coil and active confor-
mation as fixed endpoints: the pathway yU that
carries the highest statistical weight is actually a
minimum of the functional

y1biŽ . w xV y s e fnÝ i
Ž .b gB yi

ssum of mean escape times along

Ž .pathway y 1

Ž .Here B y is the collection of kinetic barriers to
be surmounted along pathway y up to the point
when the active conformation is reached; ff106

sy1 is the rate constant for base pair formation
w x1,16 once the nucleation step leading to intra-
chain helix formation has taken place and n isi
the number of base pairs in the ith intramolecu-
lar helix whose formation or dismantling } de-
pending on the nature of the ith step } entails
surmounting activation barrier b . The collectioni
Ž .B y is finite since a coarse-grained resolution of

Ž .conformation space has been assumed vide infra .
Ž .Thus, each term in the sum on Eq. 1 is the

reciprocal of the unimolecular rate constant for
w xan elementary folding event 1,16,18 . The func-

Ž .tional V y gives the total timespan for the over-
all transition along pathway y from the random
coil to the biologically-active folding.

We shall start by specifying the degree of coarse
graining of conformation space X. The RNA
chain folds intramolecularly by base-pair associa-
tion of complementary residues or nucleotides
forming antiparallel stems with a concurrent loss
in conformational entropy due to loop formation.
In our coarse description two RNA conforma-
tions are regarded as equivalent if they share the

same BPP. This equivalence relation determines
a partition Z of X in mutually-disjoint equiva-
lence classes. By BPP we not only mean sec-
ondary structure, incorporating all planar motifs
resulting from hairpin, bulge or internal loops,
but we also incorporate the pseudoknot motif
w x19 . A pseudoknot forms when the residues in a
hairpin loop engage in base pairing with residues
outside the hairpin, forming an additional stem
and loop region.

A stochastic process j , whose realizations are
coarse-grained folding pathways, has been de-
fined assigning transition probabilities between
elements of Z. To implement the process at the
computational level, we first make use of current

w xcombinatorial algorithms 20,21 to predict all
plausible BPPs. Such algorithms incorporate the
pseudoknot as a tertiary interaction motif and
consider only base pairing, and stacking as
stabilizing interactions in intramolecular struc-
ture. The stochastic process is determined by the
activation energy barriers required to produce or
dismantle stabilizing interactions. Thus, at each
instant, the partially-folded chain undergoes a
series of disjoint elementary events with transi-
tion probabilities dictated by the unimolecular
rates of the events. The stochastic process is
Markovian since the choice of the set of disjoint
events at each stage of folding is independent of
the history that led to that particular stage of the
process.

The process is mechanistically constructed as
follows: For each time tgI, we define a map

Ž . � Ž .4 Ž .t ª J x,t s j: 1 F j F n x,t , where J x,t s
collection of elementary events representing con-
formational changes which are feasible at time t
given that the initial conformation x has been

Ž .chosen at time ts0, and n x,t snumber of
possible elementary events at time t. The time t

Ž .at which an event belonging to J x,t could actu-
ally begin to materialize is equal to the sum of
the mean escape times for the events previously
chosen, with x as the starting conformation. As-
sociated to each event, there is a unimolecular

Ž .rate constant k x,t srate constant for the jthj
w xevent 16 which may take place at time t for a

process that starts with conformation x. The mean
time for an elementary refolding event is the
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reciprocal of its unimolecular rate constant. Thus,
for a fixed time interval I, the only elementary
events allowed are elementary refolding events

Ž .y1 < <that satisfy: k x,t F I .j
wWe now introduce a random variable rg 0,

nŽ x,t . Ž .xÝ k x,t , uniformly distributed over the in-js1 j
terval. Let rU be a particular realization of r
arising in a simulation of the process, then there
exists an index jU such that

j)y1 j)
)Ž . Ž .k x ,t - r F k x ,t ,Ý Ýj j

js0 js0

Ž Ž . .k x ,t s0 for any x ,t0

Ž .2

U U Ž .This implies that the event j s j x,t is chosen
at time t for the folding process that starts at

U Ž .conformation x. The map tª j x,t for fixed
initial condition x constitutes a realization of the
Markov process which determines the folding
pathway j . In turn, the probability that the jU-x
event is chosen at time t is:

Ž . Ž .k x ,t rÝ k x ,t .j) j9g J Ž x ,t . j9

At this point, we must emphasize that the fold-
ing pathway generated through the stochastic
process thus described is resolved at the level of
transitions between BPPs because such a coarse
description is essentially compatible with the adi-
abatic approximation, and this is precisely why we
can actually compute transition rates.

Explicit values of the unimolecular rate con-
stants require an updated compilation of the
thermodynamic parameters at renaturation con-

w xditions 20,21 . These parameters are used to gen-
erate the set of kinetic barriers associated to the
formation and dismantling of stabilizing interac-
tions, the elementary events in our context of
interest. Thus, the activation energy barrier for
the rate-determining step in the formation of a
stabilizing interaction is known to be yTDS ,loop
where DS indicates the loss of conformationalloop
entropy associated to closing a loop. Such a loop
might be of any of four admissible classes: bulge,
hairpin, internal or pseudoknotted. For a fixed

number L of unpaired bases in the loop, we shall
assume the kinetic barrier to be the same for any

w xof the four possible types of loops 21 . This
assumption is warranted since the loss in confor-
mational entropy is due to two overlapping effects
of different magnitude: The excluded volume ef-

Ž .fect, meaningful for relatively large L LG100
and the orientational effect that tends to favor
the exposure 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 a
fixed L. The reader should observe in this regard
that an early compilation of thermodynamic

w xparameters 20 reveals differences in the free
energies for different types of loops of the same
size. This compilation has been revised and more
recent calorimetric measurements prove to be
insensitive within experimental error to the type
of loop in agreement with our theoretical results
w x21 . On the other hand, the activation energy
barrier associated with dismantling a stem is

Ž .yDG stem , the amount of heat released due to
base-pairing and stacking when forming all con-
tacts in the stem.

For completion we shall display the analytic
expressions for the unimolecular rate constants
w x1,16 . If the jth step or event happens to be a
helix decay process, we obtain:

w x Ž .k s f n exp G rRT 3j h

where n is the number of base pairs in the helix
Ž .formed in the jth step and G is the negativeh

free energy contribution resulting from base pair-
ing and stacking in the helix. Thus, the term yGh
should be regarded as the activation energy for
helix disruption. On the other hand, if the forma-
tion of an admissible stabilizing interaction hap-
pens to be the event designated by the jth step,
the inverse of the mean time for the transition
will be given by:

w x Ž .k s f n exp yDG rRT 4j loop
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where DG fyTDS is the change in freeloop loop
energy due to the closure of the loop concurrent
with helix formation. Now n is the number of
putative base-pairing, contacts that would form if
the elementary event whose rate constant is given

Ž .explicitly by Eq. 4 would take place. Thus, the
collision factor, being itself proportional to the
number of successful collisions, must be propor-
tional to n. The actual estimations of collision
factors and kinetic barriers involved imply that
the elementary rate processes described are not
diffusion-controlled. The dominant role of the
solvent is by far that of offering different dielec-
tric environments to different portions of the
chain, according to the conformation adopted.
Thus, because of the exponential dependence

Ž .given in Eq. 4 , the decisive influence of the
solvent upon the rate stems from determining the
conformational entropy cost associated to a fold-

w xing event 16 .
The folding pathways are generated through

Ž .Monte Carlo MC simulations with each run
representing a realization of the stochastic process
described above. To identify the variational prin-
ciple underlying the search for the active struc-
ture in biologically relevant RNAs, we introduce
the probability distribution P of total timespans
of pathways with random coil and active BPPs as
fixed endpoints. This distribution is computatio-
nally accessible within our coarse-grained repre-
sentation via the following working formula:

Ž .P t Dtsprobability that the overall folding

w xtime lies in the interval t ,tqDt

�sa generated pathway with

Ž . 4tFV y FtqDt r

� 4 Ž .a all generated pathways , 5

where the symbol a denotes cardinal of a set.

3. The variational principle actually holds in the
folding of ribozymes

The results of 10 runs each consisting of 106

Ž .Fig. 1. Probability distribution P t of folding time t for
three ribozymes of group I, sunYL-13, tdL-7 and TtLSU,
obtained using a SMEL-based algorithm after 106 MC steps.
Exact analytic expressions for the entropy loss associated to

Ž Ž . Ž ..loop closure have been used Eqs. 6 , 7 . The only source of
systematic error arises from uncertainty in the calorimetric

w xparameters for enthalpic contributions 20,21 . Within this
uncertainty the distribution obtained for the sunYL-13 and
tdL-7 are identical.

MC steps performed for each RNA species are
displayed in Fig. 1 for three natural RNA species
endowed with functional properties, sun YL-13,
tdL-7 and TtLSU. These species are ribozymes or
catalytically-competent RNAs of the so-called

w xgroup I 15 whose active or functional BPP has
been inferred by phylogenetic analysis. These
species have lengths 386, 405 and 411, respec-
tively. In all cases a distinctive feature becomes

Ž .apparent cf. Fig. 1 : The most probable folding
time is the shortest time. The same conclusion was
actually found to hold for all 87 functional RNA
species of group I, as our kinetically-controlled simu-
lations ha¨e re¨ealed. The results represented by
the time sequence of events are identical for all
runs for each RNA species and show that a
variational principle underlies the folding of those
RNA sequences which are targets of natural se-
lection: the most probable folding pathway is the
brachistochrone trajectory in conformation space.
Thus, in choosing folding steps which entail the
minimal loss in conformational freedom, real
RNA chains fold so as to minimize the functional

Ž .V defined by Eq. 1 .
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4. Describing the brachistochrone folding pathway
for specific ribozymes

4.1. The folding of ribozymes

Prior to identifying the folding pathways corre-
sponding to brachistochrone trajectories, we need
to discuss the kinetics of formation of the pseudo-
knot, a structural motif central to ribozyme func-

Ž .tion see Figs. 2 and 3 . As we shall presently
show using orientational arguments to compute
the entropic cost associated to pseudoknot forma-
tion, this structural motif cannot be planar, it
must form a pocket or ‘hinge-like’ spatial motif
which produces a cavity essential for catalysis.

In order to determine its activation barrier we
first note that the entropy loss associated to clo-
sure of a loop of length L may be computed as
w x16 :

Ž . Ž .DSsymR ln LyRL ln 2, L-18 6

Ž . Ž .DSsymR ln L, LG18 7

Ž .where the first term in the r.h.s. of Eq. 6 , with
mf1.75, is the excluded volume contribution in
good solvent and the second term is the orienta-
tional contribution meaningful for L-18. The
critical loop size depends on the solvent and is

Fig. 2. Spatial representation of a pseudoknot comprising
hairpin loop I followed by loop II. The region to be oriented
concurrently with closure of loop II is displayed by a thin line
between the arrows. The thick line region common to loops I
and II has been already oriented upon formation of loop I and
prevents both loops from being coplanar provided their re-
spective size is below the critical size.

fixed at Ls18 for water. The orientational con-
tribution has been studied only recently and re-
sults from the selective orientation of the charged
phosphate groups towards the outer solvent do-
main defined once the loop of an object of rod-like
dimensions, the RNA chain, has formed. For LG
18, the inner solvent domain may be regarded as
bulk-like since the cluster dimensions allow for
four solvation layers for each phosphate moiety
pointing inwards and therefore, dielectric differ-
ences with the outer domain become so negligible
that no orientational preference holds: there is no
conformational entropy loss in this case. In other
words, the cluster-like solvent domain confined
within the loop of an RNA chain becomes dielec-
trically indistinguishable from the outer bulk sol-
vent as a cluster of at least seven water molecules

w xacross is confined by the loop 16 . This fact,
together with the actual effective dimensions of
the RNA chain have enabled us to determine the
critical loop size beyond which there is no orien-
tational contribution to the entropy loss entailed
by loop closure.

The activation barrier associated to pseudoknot
formation can now be easily determined using
orientational arguments: suppose the generic

Ž .hairpin I has been formed see Fig. 2 and we
need to obtain the activation barrier associated
with forming loop II, and suppose loops I and II
are below critical range. We first observe that
both loops cannot be coplanar since the common

Ž .region thick solid line in Fig. 2 has been already
oriented towards bulk water upon formation of
loop I. Should loop II form coplanarly, this would
affect the hydration self-energy of the phosphates
in the region common to loops I and II by drasti-
cally reducing the dielectric in which the phos-
phates were previously immersed. Thus, the two
loops should form in the non-coplanar manner
suggested by Fig. 2 and the orientational entropy
contribution for loop II should be taken as
yRL ln 2, with L being the number of nu-
cleotides exclusively belonging to loop II in
between the arrows, as indicated in Fig. 2. In the
case that the size of at least one of the loops
comprising the pseudoknot were beyond critical
range, there would be no orientational restriction
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Fig. 3. Secondary structure for the sunYL-13 and tdL-7 group I ribozymes obtained from the SMEL-based sequential algorithms.
Both structures are destinies of the folding pathways singled out by the functional V.

to coplanarity. However, in all known cases of
ribozyme folding, this second situation does not
arise, as indicated in Section 4.2.

An underlying assumption in the previous argu-

ments is that the solvent is pure water. However,
Ž .it is well known that the presence of Mg II ions

play a decisive role in the kinetics of ribozyme
w xfolding 6 , significantly lowering the activation
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barriers associated to pseudoknot and loop for-
mation. This effect must be quantified: It is well

Ž .known that Mg II binds in a ‘weak’ form to
adjacent phosphates of unpaired nucleotides by

w xforming a chelate complex 22 . This fact must be
encompassed within our approach by each pair of
adjacent coordinated phosphates as a single ori-
entational entity. Thus, in computing the folding
pathways we shall adopt the working hypothesis
that the orientational contribution to the kinetic
barrier associated to loop closure is strictly re-
duced by one-half under realistic conditions for
ribozyme folding.

In order to treat the kinetics of pseudoknot
formation, the activation barriers of entropic na-
ture associated to the concurrent loops I and II
Ž .Fig. 2 need to be determined. Since entropic

w xparameters are particularly unreliable 20,21 , we
have determined analytically the entropic con-
tributions for the two concurrent loops below
criticality. Our results expounded in Section 4.2
reveal the role of pseudoknots in determining the
actual bottlenecks in the formation of the cat-
alytic core and the timings of such events are in

w xsolid agreement with kinetic experiments 6 , thus
supporting the accuracy of our kinetic parame-
ters. Other attempts to determine the folding

w xkinetics of pseudoknots have been performed 23 .
However, such attempts are based on a combina-
tion of genetic algorithms and thermodynamic
free energy parametrization, leading to a stepwise
selection of the best fitted structures, simulating
natural selection. Since such results do not allow
for a direct estimation of the entropic contribu-
tions to the kinetic barriers of pseudoknot forma-
tion, an actual comparison with the kinetic exper-
iments on ribozyme folding expounded in

w xZarrinkar 6 is not possible, in contrast with the
treatment presented in this work. Furthermore,
because the entropic contribution has not been
previously obtained analytically, no inference on
the non-coplanarity of the pseudoknot loops has
been hitherto possible. Thus, to the best of the
authors’ knowledge, this is the first time that the
spatial topology of the catalytic core has been
inferred from purely entropic arguments which
are also used to validate the theoretical results
vis-a-vis actual kinetic experiments. Furthermore,

besides the present work, we know of no other
theoretical treatment that might lead to the quan-

Ž .titative estimation of the effect of Mg II ions
upon the kinetics of pseudoknot formation.

4.2. The chronology of e¨ents along the
brachistochrone folding pathway

Making use of a SMEL-based algorithm we
now elucidate the sequence of events which takes
place along the brachistochrone folding pathway
for the specific ribozymes. The kinetically-con-
trolled Monte Carlo simulations are based on the

Ž . Ž .working Eqs. 2 ] 7 . Stopping conditions are in-
troduced so that any metastable folding that sur-
vives 106 MC iterations is assumed to be stable
enough within a biological context so that its

Žcatalytic competence may be examined see below,
w x.and 6 . Accordingly, once such a conformation is

reached, no further search in conformation space
is allowed. Ten runs for each natural RNA species
of the so-called group I have been performed and
the results reveal unambiguously that a single
folding pathway prevails in all runs. Each folding
step is assumed to be reversible, in accord with

Ž . Ž .working Eq. 3 and Eq. 4 . No phylogenetic
constraints are imposed a-priori on the simula-
tions, thus, non-conserved helix formation is in
principle allowed. Comparison with phylogeneti-
cally-inferred structures has been performed only
after the simulations have been carried out in an
independent fashion.

As an illustration, the BPP transitions for the
w xsunYL-13 and tdL-7 are computed 16 . The re-

sults concerning the times of formation of the
different conserved helices are given in Table 1.
On the other hand, Fig. 3 shows the BPPs for
both ribozymes generated in 100 ss106 MC
steps. The structures are identical to the philoge-

w xnetically-inferred ones 15 . We display the results
for both ribozymes and discuss in detail the case
of sunYL-13, since both cases are analogous. It
becomes apparent from inspection of Table 1 that

Ž .the role of Mg II is to reduce the kinetic barriers
and make them compatible with the biologically
relevant timescale and that the P3]P7 pseudo-
knot forms sequentially and cooperatively: The

Ž .involvement of Mg II during completion of pseu-
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Table 1
SMEL pathways for the sunYL-13 and tdL-7 ribozymes
indicating the time of formation of different conserved
domains

MC steps Sun YL-13 tdL-7 Real
time

P9, P7.2 P9 16.0 ms
P2, P7.2, P7.1 20.0 ms

3 y110 P6.a P6.a, P5 10 ms

P8, P5, P4 P8, P9.1 8.0 ms
410 P9.1 P4 10.0 ms
510 P7.1, P9.2 P9.2 22.0 ms

P7 P7 24.0 s
610 P3 P3 24.0 s

doknot formation, that is, in the occurrence of P3,
essentially leads to a reduction of the rate-limit-
ing step to the orientation of 11 phosphate-
chelated complexes.

The sequence of events is described as follows
Ž .cf. Fig. 3 : in the first stage, P9, P7.2 and P6a
form since they involve the closure of the smallest
unstrained loops for which the inner and outer

Ž .domains are differentiated tetraloops . For these
Ž .loops, Mg II coordination reduces the entropic

cost to the orientation of two entities, thus reduc-
ing the kinetic barrier by one-half. In the next
stage, the strained triloops P8 and P5 and the
domains P4 and P9.1 are formed. The formation
of the latter involves the closure of loops of size
seven and nine, respectively, which in the absence
of magnesium would imply a great entropic cost.
Phosphate chelation reduces the number of enti-
ties to be oriented to four and five, respectively,
bringing the mean time of formation to within 10
ms. Even worse, the domains P7.1 and P9.2 in-

Ž .volve closure of size 10 loops. Here Mg II chela-
tion brings the timescale of formation to 22 ms.
The occurrence of P8, P7.1 and P7.2 has a
cooperative effect, shortening the size of the loop
to be closed in order to form P7, the first stem of
the pseudoknot. In this cooperative manner, the
loop to be closed now falls well within critical
range. In spite of this unfavorable conditions, the
P7 stem forms in 24 s because of the assistance of
magnesium ions, which lower the total orientatio-

nal barrier to that of an equivalent loop of 11
orientational units. The formation of P7, the
rate-limiting step of the entire folding process,
would not take place within biologically-relevant

Ž .timescales without Mg II participation. In turn,
the occurrence of P7 easily induces the formation
of P3. The total number of phosphates to be
oriented is reduced to 15. This is so since eight

Ž .phosphates common to P3 and P7 see Fig. 3
have already been oriented. Thus, P3 formation
entails the orientation of six groups overall, in
turn divided into two regions of length three
each, or an overall number of four orientational

Ž .entities once Mg II participation is considered.
The latter becomes a trivial task since its entropic
cost is very low, thus revealing that the pseudo-
knot formation occurs sequentially and coopera-
tively.

Although a body of experimental evidence to
probe RNA folding kinetics is still lacking, recent

w xexperimental work 6 is in accord with the pre-
dicted brachistochrone pathway. The kinetics of

Ž .Mg II -induced folding of the group I Tetrahy-
mena L-21 sca ribozyme has been probed by
hybridization of complementary oligonucleotides.
The formation of the P3]P7 pseudoknot was
found to be the overall rate-limiting step, but,
although P3 and P7 were formed approximately
within the same timescale, it was not possible to
decide experimentally whether the two domains
formed cooperatively, sequentially or indepen-
dently. This issue has now been elucidated in this
work for species of the same family, and the

Ž .specific role of Mg II in lowering the entropic
cost associated to pseudoknot formation has been
quantified and rationalized. Furthermore, the very
same orientational argument that led us to the
derivation of the entropic cost, also reveals that
the pseudoknot cannot be a planar structure, thus
shaping the catalytic pocket in accord with the
fact that catalytic activity has been found to switch
on at the same time at which the domains forming
P3 and P7 become inaccessible to the probes.

5. Conclusion

The results presented in this work support the
fact that catalytically-competent RNA species fold
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following a least action principle which singles
out the brachistochrone or least overall time tra-
jectory as the dominant folding pathway. This
pathway is unambiguously defined within a level
of resolution coarser than the atomic scale, pre-
cisely the level of description at which an adia-
batic approximation holds: each base pairing con-

Ž .tact pattern BPP may be regarded as a quasi-
equilibrium state when focusing on the kinetics of
the folding process.

The validity of the least-action principle under-
lying the search in conformation space is not a
generic feature but actually holds for the very
limited realm of RNA sequences chosen by natu-
ral selection: an adamant advantage of a natu-
rally-selected RNA genotype stems directly from
the fact that folding opportunistically by minimiz-
ing locally the transition time leads to the fastest
route to materialize the phenotype or folded con-
formation. Since it is precisely at the phenotypic
level that natural selection takes place, we may
conclude that the local minimization of transition
times, representing the local maximization in the
economy of the process, becomes the expedient
through which evolutionary pressure may be ap-
plied.

At a mechanistic level, the variational principle
accounts for the expediency of the folding process
and reflects the economy of the process since the
brachistochrone or least overall time pathway in-
volves only the folding steps that entail a minimal
loss of conformational freedom. Furthermore, the
least action folding pathway has been probed by
recent kinetic experiments, and it leads to a desti-
nation structure that contains all phylogeneti-
cally-conserved elements that shape the catalytic
core.
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