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Energy-level statistics in the fine conformational resolution of RNA folding dynamics
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This work is aimed at determining the energy-level statistics of the fine resolution of soft-mode dynamics
warranting an adiabatically simplified structural relaxation of a folding biopolymer chain. The parameters
defining the intrabasin structure relaxation are specified for RNA, so that each Watson-Crick base-pairing
pattern may be treated as a quasiequilibrium ensemble of substates or torsional isomers within relevant folding
time scales. The temperature-dependent threshold for energy dispersion associated with the fine structure of
each superbasin is determined so as to warrant the adiabatic entrainment of the torsional dynamics.
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PACS number~s!: 87.15.He, 87.10.1e, 87.15.Nn
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I. INTRODUCTION AND MOTIVATIONS

Most theoretical underpinnings of the expediency of
biopolymer folding process@1–3# hinge upon the assumptio
that intrachain contact patterns~CP’s! or coarsely defined
folding patterns may be treated as defining equilibrated
perbasins in the potential energy surface~PES!. Thus it is
widely assumed that the thermalization time is incommen
rably shorter than the relevant folding times. Each superb
may be resolved into an ensemble of basins, each repre
ing a finer conformational realization of the CP. Whether
not such fine structure needs to be taken into accoun
simulate the folding dynamics is subject to debate, since
accuracy of such simulations is not simply determined by
time-scale window under scrutiny@3–8#.

In this regard, the concept of substate has been introdu
based on experimental evidence of the fine structure of
PES, which becomes dynamically relevant at very low u
physiological temperatures@5#. On the other hand, recen
theoretical approaches reveal that a CP in a protein ma
resolved into substates, each of which is defined by the
crete number of torsional isomeric states that the f
residues—that is, those not engaged in the CP—may a
@3,4#. In simple terms, this means that each CP could
regarded as a set of constraints imposed upon certain c
units, specifically those that are engaged in the formation
the contacts, including the concurrent loops, while the ot
remaining units are free to adopt more than one signific
torsional isomeric state. The multiplicity of each CP bas
that is, the number of substate basins contained in it, is s
ply given by the number of different sequences of local t
sional states. There are fixed elements in such seque
namely those associated with the units engaged in the
itself.

Obviously, the fine structure of the CP basin depends
the level of resolution of local conformations of the chain
significant rotamers. Since free units may adopt a disc
number of local isomeric states and each free unit is ef
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tively uncorrelated, a reasonable random energy distribu
of substates should apply within each CP basin: Correlati
become effective through intrachain contacts and the con
rent local conformational demands imposed upon all resid
involved in the formation of the structural motifs@3#. On the
other hand, transitions between substates within a CP su
basin eventually trigger the intersuperbasin transitions. T
occurs, for example, once a consensus window of ‘‘corre
torsional states@6# appears among the free residues of t
original CP, leading to the formation of a new CP@4,7#.

In the realm of RNA folding, a drastic separation of r
laxation time scales has been implicitly incorporated
most—but not all@7#—predictive algorithms@8#, whereby
the CP superbasin is assumed to be equilibrated or ther
ized within time scales incommensurably shorter than th
relevant to significant folding events resolved as CP tran
tions @2#. Thus an adiabatic ansatz underlies this picture
which the folding dynamics have been largely assumed to
dictated by the possibilities of intrachain base pairing invo
ing distant nucleotides~units!, according to the so-called
Watson-Crick complementarity map. To the best of o
knowledge, the validity of this ansatz, which disregards
finer details of the torsional dynamics of the RNA chain, h
not hitherto been established and thus becomes the aim
this work.

In order to study this problem, the fine structure of C
superbasins needs to be elucidated for the RNA folding p
cess. Unfortunately, unlike in the case of proteins, where
so-called Ramachandran maps define in a clearcut way
small number—two to four—of local torsional isomer
states that each unit may adopt throughout the folding p
cess@9#, the data on the fine conformational structure of CP
in RNA is scant. While in proteins we may visualize loc
torsional isomers as basins in the Ramachandran maps
define the local torsional dynamics of the chain, the RN
backbone is far too complex~seven torsional degrees of free
dom in contrast to the two in each protein residue! to allow
for such a simplified resolution of the CP fine structure o
straightforward computation of the CP degeneracy. For
stance, the numberM ( i ) of substates of a protein chain o
length N in a specific CP denotedi is readily computed as
M ( i )5Pn51,...,Nqi(n), whereqi(n) is the number of Ram-
achandran basins available to residuen within CP i. Thus
5888 © 1999 The American Physical Society
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PRE 60 5889ENERGY-LEVEL STATISTICS IN THE FINE . . .
qi(n)51 if n is engaged~that is, not free! in CP i and 2
<qi(n)<4, otherwise, depending on the type of residue
contour positionn.

These facts prompt us to resort to a statistical treatmen
deal with the fine resolution of each CP superbasin in
PES for RNA. The reader should note that, in spite of
wanton complexity of the RNA backbone, the torsional d
namics has almost invariably been considered enslave
subordinated by the adiabatic dynamics resolved as tra
tions between Watson-Crick intrachain patterns~CP’s!, at
least within the time scale~1 ms to seconds! relevant to fold-
ing @2,7,8#.

In statistical terms, soft torsional degrees of freedom
the flexible chain may be integrated out as conformatio
entropy of the CP state for relatively long time scales. Th
the adiabatic treatment resolves the folding pathway a
sequence of elementary or single-step CP transitions, e
one regarded as an activated process with a single kin
barrier, and thermal equilibration within CP basins leads
an Arrhenius-type kinetics at the coarse level of resolut
@2,3#. This adiabatic treatment hinges upon the hypothe
that CP’s are quasiequilibrium states. As such, it will
subject to scrutiny in this work, where we shall provide
estimation of the semiempirical statistical parameters
intra-CP-superbasin relaxation that warrants the conventi
treatment of CP transitions using unimolecular Arrheni
like rate constants.

II. LOCAL VALIDITY
OF THE RANDOM ENERGY MODEL

The random energy model~REM! distribution of energy
levels@5,10# within a superbasin has been successfully int
duced to explain the phenomenological recombination kin
ics of biopolymer-ligand interactions@5,11#: The x-ray struc-
ture of a folded protein is regarded as an average ov
statistically large number of substates@5# that can exchange
faster than the observation time scale inherent in x-ray de
mination. Thus it may be assumed that specific folding p
terns may be viewed as superbasins containing a numb
energy levels that are uncorrelated within the same supe
sin. This local randomness implies that the source of co
lation materializes only at the level of resolution at whi
structural changes involve changes in the enthalpic cont
in turn determined by the contact pattern, and not at the fi
level of structural detail in different torsional realizations
a CP with the same enthalpic content@11#. This generic idea
enables us to statistically characterize the relaxation with
CP basini by a single parameter: the dispersionm i of the
Gaussian distribution of energy levels around the ther
average^E& i due to the slightly different energies of to
sional isomers, all belonging to the same CP classi.

Thus the adiabatic condition may be given ast i /t i j !1
for each CP superbasini and all CP superbasinsj in the
J( i )5class of all CP’s connected toi by an elementary step
Heret i is the mean equilibration time within basini andt i j
is the mean first passage time for the transitioni→ j viewed
within a renormalized bistable potential with minimum we
energieŝ E& i and ^E& j . Explicitly, if Ei

Þ represents the ex
pected energy of the generic transition state@12# for substate
transitions within basini, Ei j

Þ denotes the adiabatic energy
t
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the transition state corresponding to thei→ j transition, andf
indicates the effective preexponential frequency@3#, we get

t i5max~E’s in CP superbasini !$ f 21 exp@~Ei
Þ2E!/RT#%,

~1!

t i j 5 f 21 exp$@Ei j
Þ2^E& i #/RT#%, ~2!

t i j ~eq.!5 f 21 exp$@Ei j
Þ2~^E& i2m i

2/RT!#/RT#%. ~3!

Equation~3! defines the thermalized transition time and
valid since the equilibration energy within the CP superba
i is E(eq.)i5^E& i2m i

2/RT ~cf. @5,11#!. Thus the question
addressed in this work is: How can the statistical mic
scopic parametersm i ’s be determined so that the adiaba
approximation becomes a valid projection in the long-tim
limit for the detailed dynamics resolved at the finer subst
level?

To answer this question, we shall first consider a mar
indicating the time range of validity of the adiabatic ansa
@7#. One such marker is the information entropys taken with
respect to the fixed partition of conformation space in mu
ally disjoint CP classes. This coarse information entropy
an indicator of the spreading in the CP-population dynam
and serves as a marker of the robustness and expedien
the folding process@3,7#. This is so since the CP-populatio
dynamics may be generated by adiabatically integrating
underlying torsional motion or, alternatively, incorporating
in a REM-like model. Thus we may gauge the validity of th
adiabatic approximation by comparing both resulting tim
dependents plots ~cf. Fig. 1!.

The entropys measures the spreading of the probabil
distribution vectorP(t)5P1(t),...,PM(t), where Pj (t), j
51,...,M , indicates the probability that a chain is folded in
the CPj at timet, andM;O(expN) is the total number ofa
priori possible CP’s for a fixed RNA sequence of lengthN.
These probabilities should be interpreted in a Gibbsian se
as we have a statistically large number (;1020– 1023 per unit
volume! of replicas of our system given by actual RNA mo
ecules that are folding onto themselves as soon as ren

FIG. 1. Plots of the Shannon information entropys relative to
the CP partition of conformation space for a randomly genera
RNA sequence of lengthN520. The letters A, U, G, and C denot
the four types of units with Watson-Crick complementarity A-U
G-C. The reduced working temperature isT85uT2Tc /Tcu50.03.
The thick line plot corresponds to the adiabatic computation and
thin lines to semiempirical REM computations with different upp
bounds for the intra-CP-superbasin dispersions.
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5890 PRE 60FERNÁNDEZ, BURASTERO, SALTHÚ, AND TABLAR
ation conditions are established or recovered in the envi
ment. Thus the information entropy associated with the fo
ing process resolved at the CP level is

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

Pj~ t !ln Pj~ t !. ~4!

An adiabatically defined stochastic process governs
flow of probability @2,3#. This process is determined by th
activation energy barriers required to produce or disma
interactions that stabilize the CP’s. Thus, at each instant,
partially folded chain undergoes a series of disjoint elem
tary events with transition probabilities dictated by the u
molecular rates of the events. This coarsely resolved stoc
tic process is Markovian, since the choice of the set
disjoint events at each stage of folding is independent of
history that led to the particular state@3#.

In order to compute the probability distribution at an
given time and the resulting behavior ofs, we first discretize
time t, coarse-graining it by multiples ofu, the shortest mean
time for a CP transition:t5t8u, u5min(i,j)tij . Then, if U
represents the stochastic transition matrix at the CP level
get

P~ t !5@U# t8P~0! with t5t8u, ~5!

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

@U# i j 5Fki j Y (
j 8PJ~ i !

ki j 8G . ~6!

In Eq. ~6!, ki j denotes the adiabatic unimolecular rate co
stant for the CP transitioni→ j , J( i ) is the set of CP’s ac-
cessible fromi through elementary transition steps involvin
surmounting a single kinetic barrier~see below!, the factor
@ki j /( j 8PJ( i )ki j 8# represents the probability for the transitio
i→ j dictated by kinetic control within a time span of th
order oft i j 5ki j

2 l .
Explicit values of the unimolecular rate constants requ

an updated compilation of the thermodynamic parameter
renaturation conditions@8#. These parameters are used
generate the set of kinetic barriers associated with the for
tion and dismantling of stabilizing interactions, the eleme
tary events in our context of interest. Thus the activat
energy barrier@Ei j

Þ2^E& i # for the rate-determining step i
the formation of a stabilizingi→ j interaction is2TDSloop,
where DSloop indicates the loss of conformational entrop
associated with closing a loop. Such a loop might be of a
of four admissible classes: bulge, hairpin, internal,
pseudoknotted@2,3,8#. For a fixed numberL of unpaired
bases in the loop, we shall assume the kinetic barrier to
the same for any of the four possible types of loops. T
assumption is warranted, since the loss in conformatio
entropy is due to two overlapping effects of different ma
nitude: the excluded volume effect, meaningful for relative
large L (L>100) and the orientational effect that tends
favor the exposure of phosphate moieties towards the b
solvent domain for better solvation. Since both effects
independent of the type of loop, we may conclude, in re
tively good agreement with calorimetric measurements,
the kinetic barriers are independent of the type of loop
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fixed L @8,13#. On the other hand, the activation energy b
rier associated with dismantling a stem is2DH(stem), the
amount of heat released due to base pairing and stac
when forming all contacts in the stem.

For completion we shall give the analytic expressions
the adiabatic unimolecular rate constantski j ’s. For clarity of
notation we shall drop the subindexing, since we shall fo
each time on a specific CP transition. If the transition ha
pens to be a helix decay process, we obtain

k5 f n exp@Gh /RT#, ~7!

wheren is the number of base pairs in the helix formed in t
i→ j step,f '106 s21 is the fixed effective frequency of suc
cessful collisions@2,10,13#, and Gh is the ~negative! free
energy contribution resulting from stacking of the base pa
in the helix. Thus the essentially enthalpic term2Gh5
2DH~stem! should be regarded as the activation energy
helix disruption. On the other hand, if the transition happe
to be formation of a stabilizing interaction, the inverse of t
mean time for the transition will be given by

k5 f n exp@2DGloop/RT#, ~8!

whereDGloop'2TDSloop is the change in free energy due
the closure of the loop concurrent with helix formatio
Thus, the kinetic barrier is in this case due to the cost
conformational freedom demanded by the need to bring
gether the portions of the chain to be engaged in the puta
favorable interaction.

Working equations~4!–~8! define the adiabatic folding
dynamics in a statistical sense. The expeditious nature of
folding process is monitored through the time dependenc
the information entropy, as displayed in Fig. 1. As dire
inspection of the thick line plot~the adiabatic computation!
in Fig. 1 reveals, incipient or imperfect helices formed
structure-nucleation events in the range 531029– 5
31027 s are easily dismantled~a bubble is more easily
formed than in fully developed structures!. This fragility of
incipient structures causes the large CP fluctuations ma
by a larges in the time range 1027– 531026 s. After all
ephemeral misfoldings have been dismantled, a large pla
starting at 2.431026 s marks the formation of a relativel
stable kinetic intermediate that contains all structural mo
that may form noncooperatively@14#; that is, those motifs
whose associatedL5L(loop) lies within the favorable
ranges of low conformational entropy cost: 3<L(loop)
<10 @9,10#. At 1025 s, cooperative events lead to other h
lices whose loops have favorable renormalized sizes, w
their sizes relative to the random coil are unfavorable@3,14#.
On the other hand, the increase in base-pair stacking bey
the formation of the kinetic intermediate stabilizes the p
terns determining its survival. This determines the relativ
low fluctuations beyond 1024 s.

In estimating the time range where CP’s may be treated
quasiequilibrium states, we face the following problem: Ho
do we compare the data generated by the adiabatic app
mation in Fig. 1 with a semiempirical REM computation
torsional dynamics?

The REM computation requires a Gaussian distribut
peaked at the expected energy^E& i of the densityb i(E) of
torsional substates with energyE contained in the generic CP
basini. Thus we get
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b i~E!5~2pm i !
21 exp@2~E2^E& i !

2/2m i
2#. ~9!

Then, the conditional probabilitypi(E,t) of finding a
sample molecule in a substate with energyE, given that we
know that it belongs to CP classi at time t, obeys the REM
master equation

]pi~E,t !/]t52pi~E,t !E Ki~E8,E!dE8

1E Ki~E,E8!pi~E8,t !dE8, ~10!

where the kinetic kernelKi(E,E8) is given by

Ki~E,E8!5b i~E! f exp@2~Ei
Þ2E8!/RT#. ~11!

The stationary probability distribution (]pi(E,t)/]t50)
within CP basini obtained from Eq.~10! for t in the range
t i j >t@t i begets a stationary distribution of kinetic barrie
for the i→ j transition: Using the relationhi j 5hi j (E)
5 f exp@2(Eij

Þ2E)/RT#, where hi j (E) is the unimolecular
rate constant for the CP transitioni→ j from a substate in CP
basin i with energyE, we obtain a stationary distributio
Hi j 5Hi j (hi j ) of unimolecular rate constantshi j ’s associated
with the CP transitioni→ j from different substates con
tained in CP basini. Thus

Hi j ~hi j !5 H E @t i j ~eq.!hi j #
qi

3exp@2t i j ~eq.!hi j #dhi j J 21

@t i j ~eq.!hi j #
qi

3exp@2t i j ~eq.!hi j # ~12!

and

E Hi j hi j dhi j 5^hi j &'hi j* 5qi /t i j ~eq.!, ~13!

wherehi j* denotes the most probable value ofhi j . The basin
exponentqi is obtained from the adiabatic approximatio
qi /t i j (eq.)'ki j , whose validity depends on the relative si
of m i . Thus Eq.~13! yields the estimation

qi5exp@2~m i /RT!2#. ~14!

At this point, we may construct a CP transition probabil
matrix, U~REM!, resulting from a REM semiempirical trea
ment of substate dynamics within CP basins:

@U~REM!# i j 5E Hi j hi j dhi j . ~15!

Thus the validity of the adiabatic ansatz may be probed
comparing the time-dependent behavior of the Shannon
formation entropies with respect to the CP partition obtain
respectively from the stochastic processes defined by tra
tion matricesU andU~REM!. Since the latter matrix is para
metrically dependent on the family$m i%, we need to estab
lish upper boundsm i(max) on them i ’s that still warrant the
validity of the adiabatic ansatz. The following fit is shown
be adequate~cf. Fig. 1!:
y
n-
d
si-

m i~max!56.831023uTc /~T2Tc!ug^E& i , ~16!

whereTc'318 K denotes the denaturation temperature~cf.
@8#!, andg is estimated at 0.33~cf. Fig. 1!. Thus a relatively
large temperatureT gives more latitude in the choice of th
dispersion parameters within which the adiabatic ansatz
mains valid ~alternatively, largem i ’s demand a largeT to
reach superbasin equilibration required by the adiabatic
satz!. This fact stemming from direct examination of E
~16! reflects the faster thermalization within CP superbas
that takes place asT is raised.

III. RESULTS

At this point we must compare the adiabatic statisti
dynamics with the rigorous REM computation in order
establish the validity of the formervis-à-vis our estimation of
the semiempirical microscopic parametersm i ’s. For short
time scales 1028– 1026 s, fast-evolving internal degrees o
freedom simulated as yielding uncorrelated substates are
yet enslaved or entrained by CP transitions that evo
within larger time scales of the order of 231026– 1022 s for
the chain lengthN520. For this reason, within the rang
1028– 1026 s, the level of exploration of conformation spac
due to uncorrelated or short-range correlated torsional e
tations must be vastly larger than that resulting from an ad
batic process, as shown in Fig. 1. However, as soon as
stabilized kinetic intermediate is formed@14#, the long-range
correlations, coupling distant units in the RNA chain, beg
to develop. Thus cooperative effects occur upon short-ra
nucleating interactions. These long-range correlations ar
turn induced by CP transitions. Thus initial structur
nucleating steps involving uncorrelated or locally correla
motions do not demand as much enslavement of f
evolving torsions reflected as substate hopping as coop
tive events, which entail long-range correlations. For t
reason, we expect the adiabatic approximation to fit the R
results as soon as long-range correlations governed by
transitions occur. This is indeed what takes place, as
almost perfect coincidence of both the adiabatic and R
plots beyond 2.431026 s reveals~Fig. 1!.

Both the adiabatic and the REM-based plots reveal
almost perfect coincidence with higher than 92% agreem
beyond 331026 s. The discrepancy between the adiaba
and REMs(t) plot rises to an upper bound of 12% withi
the range 1027– 1026 s. This is clearly due to the micro
scopic origin of fluctuations that becomes apparent at sho
time scales and is therefore only effectively captured by
REM dynamics. An inspection of Fig. 1 reveals that t
REM dynamics become effectively entrained over the lon
time scales relevant to folding.

Summarizing, the initially large fluctuations and discre
ancies observed in both the adiabatic and REM computa
of the Shannon entropy correspond to the formation of n
cooperative ‘‘misfolded’’ structures, that is, CP’s that a
ephemeral enough so that their lifetimes are comparable
thermalization or equilibration times scales within CP sup
basins. Thus substate hopping during these early stage
folding becomes important and determines the difference
tween the adiabatic and REM dynamics. The effect of t
hopping vanishes as soon as there exists a sharp sepa
between thermalization and CP transition time scales. T
requires formation of ‘‘better’’ CP’s with long enough life
times. Most of these CP’s yield a kinetic intermediate ma
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5892 PRE 60FERNÁNDEZ, BURASTERO, SALTHÚ, AND TABLAR
up of a fairly stable cluster of kinetically related structur
@7,10#. The existence of such a dynamic intermediate stat
confirmed by the existence of a plateau sustained within
2–100ms time-scale range.

As displayed in Fig. 1,s does not tend to zero in th
long-time dynamics relevant to the folding time-scale fram
Rather, the coarse entropy decreases asymptotically to a
teau values52.4 valid forN520. This reflects the fact tha
folding into a unique structure, reaching a sharply pea
probability distribution within biologically relevant time
scales is not a generic feature of the long-time chain dyn
ics. However, the almost perfect coincidence between
long-time adiabatic and the projected soft-mode torsional
havior captured by the semiempirical REM model is indee
generic feature of RNA folding because it was obtained
respective of natural selection, revealing the inheren
REM-like structure of the intrabasin soft-mode dynamics a
the validity of a quasiequilibrium assumption on base-pair
patterns in the long-time limit.

IV. DISCUSSION

The vast gap in time scales separating molecular dyn
ics simulations~1 ps to 10 ns! from meaningful folding
events~1 ms to 100 s! imposes a formidable challenge to th
rigorous theoretical underpinnings of such basic propertie
the robustness and expediency of the folding process w
viewed from a microscopic perspective. Such difficulties
all the more apparent as one attempts to elucidate the be
of the torsional dynamics upon the folding process in
long-time limit. Thus two different coarse grainings of to
sional conformation space have been adopted in this w
and their validityvis-à-vis the purported objective has bee
tested within relevant time scales.

The crudest coarse graining is represented by the a
batic approximation whereby contact patterns~or intramo-
lecular base-pairing patterns! are treated as quasiequilibrium
states@3,12–14#. In spite of its crudeness and limitation
this level of approximation is endowed with predictive valu
as revealed by the computation of dominant folding pa
ways resolved at this coarse level and contrasted with exp
mentally probed kinetic bottlenecks@2,14#. Of course, one
would ideally wish to validate this approach from first pri
ciples. This requires incorporating the torsional motion of
chain, at least in the long-time limit@15#. A first step in this
direction has been undertaken in this work: The coarse
scription has been refined by resolving each CP superb
as a statistical ensemble of basins, each representin
crudely defined torsional state of the chain, or substate
turn, each torsional state is given by specifying the torsio
isomeric state~rotamer! of each uncorrelated unit in th
RNA chain. That is, the existence of a statistical ensembl
uncorrelated energy levels stems from the fact that the
sional isomeric states of different free nucleotides within
e
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CP are uncorrelated, as dictated by the absence of signifi
long-range interactions that would lower the enthapic cont
below its value for the given CP. This is precisely why w
can introduce a REM-like description of the fine structure
the CP superbasin by regarding each energy level as b
associated with a sequence of isomeric states, one for ea
the units that are not engaged in the CP. This hierarch
resolution of the basin structure is in the spirit of the gene
principles put forth by Becker and Karplus@16#.

The results of this work reveal that the master equat
dynamics drawn upon the REM local refinement may
coarse grained to a simpler master equation, since REM t
malization within CP superbasins holds valid for adequ
energy dispersions in the long-time limit relevant to the fo
ing process. Analogous reductions in hierarchical topog
phies have been generically introduced@16# but without ref-
erence to a local REM-like fine structure or within the RN
folding context.

The coarsening of torsional RNA dynamics implement
in this work is semiempirical insofar as it does not follo
from a systematic application of a projection technique
quired to rigorously obtain the subordinating or enslavi
modes from the full torsional dynamics~cf. @15#!. On the
other hand, our approach is justified because it provides
cial information on the way in which the PES topography f
RNA torsional dynamics is explored: All torsional states r
alizing a specific CP may be grouped in a single basin tha
thermalized in the long-time limit relevant to the foldin
process. This resolution has been elucidated by adopting
REM ansatz.

A more detailed study using projection operator tec
niques would be required to validate this intuitive assum
tion. Such a treatment is beyond the scope of this work, a
requires a correct mode-coupling theory and an estimatio
the torsional state energies, followed by a thorough statist
analysis, in order to single out uncorrelated clusters of
ergy levels within a correlated long-range hierarchy. Th
although a rigorous treatment probably represents a daun
task, this work provides a heuristic way to coarse grain t
sional dynamics so that an essential feature becomes ap
ent: The adiabatic simplification whereby CP’s are treated
quasiequilibrium states is valid precisely in the time lim
that is relevant to the folding process. Furthermore, t
crude level of description implies a sequence of local th
malizations in the PES topography accessible to the sys
This renormalization of the PES is a generic feature inso
as it is independent of whether or not the RNA chain is
product of natural selection.
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