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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.
[S1063-651%99)17510-X

PACS numbes): 87.15.He, 87.16-¢e, 87.15.Nn

I. INTRODUCTION AND MOTIVATIONS tively uncorrelated, a reasonable random energy distribution

of substates should apply within each CP basin: Correlations

Most theoretical underpinnings of the expediency of thebecome effective through intrachain contacts and the concur-
that intrachain contact patteri€P’s) or coarsely defined involved in the formation of the structural motif3]. On the

folding patterns may be treated as defining equilibrated Suc_)ther hand, transitions between substates within a CP super-

perbasins in the potential energy surfd®ES. Thus it is basin eventually trigger the intersuperbasin transitions. This

. PR occurs, for example, once a consensus window of “correct”
widely assumed that the thermalization time is incommensug oo state$6] appears among the free residues of the

rably shorter than the relevant folding times. Each SuPerbas'Briginal CP, leading to the formation of a new C£7]
may be resolved into an ensemble of basins, each represent-|, 1o reaim of RNA folding, a drastic separat,ior.l of re-

ing a finer conformational realization of the CP. Whether or|4yation time scales has been implicitly incorporated in

n_ot such fine st_ructure ne_eds_ to bg taken into acgount thost—but not all[7]—predictive algorithmg8], whereby
simulate the folding dynamics is subject to debate, since ththe Cp superbasin is assumed to be equilibrated or thermal-
accuracy of such simulations is not simply determined by thgzed within time scales incommensurably shorter than those
time-scale window under scrutirf—8]. relevant to significant folding events resolved as CP transi-
In this regard, the concept of substate has been introducefbns [2]. Thus an adiabatic ansatz underlies this picture in
based on experimental evidence of the fine structure of th@hich the folding dynamics have been largely assumed to be
PES, which becomes dynamically relevant at very low un-ictated by the possibilities of intrachain base pairing involv-
physiological temperaturels]. On the other hand, recent ing distant nucleotidegunits), according to the so-called
theoretical approaches reveal that a CP in a protein may b&atson-Crick complementarity map. To the best of our
resolved into substates, each of which is defined by the disnowledge, the validity of this ansatz, which disregards the
crete number of torsional isomeric states that the frediner details of the torsional dynamics of the RNA chain, has
residues—that is, those not engaged in the CP—may adop©t hitherto been established and thus becomes the aim of
[3,4]. In simple terms, this means that each CP could béhis work. _ _
regarded as a set of constraints imposed upon certain chain /N order to study this problem, the fine structure of CP
units, specifically those that are engaged in the formation ofUPerbasins needs to be elucidated for the RNA folding pro-

the contacts, including the concurrent loops, while the othefF®SS- ”Ur&fothunateriy, lén”ke in thedca;.se of prottleins, where thhe
remaining units are free to adopt more than one significan?o'ca ed Ramachandran maps detine in a clearcut way the

torsional isomeric state. The multiplicity of each CP basin,zg?e”s ?#::%(Zr(;ngr(])it t&agogggtf t:}?gig;gﬁ'?ﬂgl fcl)lsé)irr?gergl)?o
that is, the number of substate basins contained in it, is sim- . . b
oly given by the number of different sequences of local tc)r_ce55{9:|, the data on the fine conformational structure of CP’s

ional states. Th fixed el s i h in RNA is scant. While in proteins we may visualize local
sional states. 1here are fixed elements in Such SequenCes,qjona| jsomers as basins in the Ramachandran maps that
namely those associated with the units engaged in the Cfefine the local torsional dynamics of the chain, the RNA

itself. ] ] ) backbone is far too compleseven torsional degrees of free-
Obviously, the fine structure of the CP basin depends oRjom in contrast to the two in each protein residteeallow
the level of resolution of local conformations of the chain asfor such a simplified resolution of the CP fine structure or a
significant rotamers. Since free units may adopt a discretgtraightforward computation of the CP degeneracy. For in-
number of local isomeric states and each free unit is effecstance, the numbevi (i) of substates of a protein chain of
length N in a specific CP denotedis readily computed as
M(i)=1II,-; N@i(n), whereq;(n) is the number of Ram-
* Author to whom correspondence should be addressed. achandran basins available to residuavithin CP i. Thus
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gi(n)=1 if nis engagedthat is, not fre¢in CPi and 2 15
<q;(n)<4, otherwise, depending on the type of residue at N TNE0S
contour positiomn. \/ |_v=033
These facts prompt us to resort to a statistical treatment to 10 /\\
deal with the fine resolution of each CP superbasin in the / &
PES for RNA. The reader should note that, in spite of the /
wanton complexity of the RNA backbone, the torsional dy- 5 _\\
namics has almost invariably been considered enslaved or ) \_
subordinated by the adiabatic dynamics resolved as transi- adjabatic
tions between Watson-Crick intrachain patte{@P’s), at 0
least within the time scal€l us to secondsrelevant to fold- 0 1 2 3 4 5
ing [2,7,8]. time [log, (t/10ns)]

In statistical terms, soft torsional degrees of freedom of
the flexible chain may be integrated out as conformational
entropy of the CP state for relatively long time scales. Thus FIG. 1. Plots of the Shannon information entropyelative to
the adiabatic treatment resolves the folding pathway as the CP partition of conformation space for a randomly generated
sequence of elementary or single-step CP transitions, eadtNA sequence of lengtN=20. The letters A, U, G, and C denote
one regarded as an activated process with a single kinetibe four types of units with Watson-Crick complementarity A-U,
barrier, and thermal equilibration within CP basins leads td3-C. The reduced working temperatureTis=|T—T./T[=0.03.
an Arrhenius-type kinetics at the coarse level of resolutionl he thick line plot corresponds to the adiabatic computation and the
[2,3]. This adiabatic treatment hinges upon the hypothesiﬁ“i” lines to semiempirical REM computations with different upper
that CP’s are quasiequilibrium states. As such, it will bePounds for the intra-CP-superbasin dispersions.

subject_to scrutiny in th_|s W(.)r.k’ Whe“? we shall provide ANihe transition state corresponding to thej transition, and
estimation of the semiempirical statistical parameters for

intra-CP-superbasin relaxation that warrants the convention<J;1'I1d'Cates the effective preexponential frequefiBy we get
rrkeatment of CP transitions using unimolecular Arrhenius- T =MaXes in cp superbasin’){f_l exf (E” —E)/RT]},
ike rate constants. (§N)

—f1 F_ .
Il. LOCAL VALIDITY =1 " expl[Ejj —(E) I/RTI}, )
OF THE RANDOM ENERGY MODEL iy (eq)= L exp[EL — (E)— kZRTIRT]. (3

The random energy modéREM) distribution of energy  Equation(3) defines the thermalized transition time and is
levels[5,10] within a superbasin has been successfully intro-alid since the equilibration energy within the CP superbasin
duced to explain the phenomenological recombination kinet; s E(eq.)=<E)i—,ui2/RT (cf. [5,11]). Thus the question
ics of biopolymer-ligand interactiori$,11]: The x-ray struc-  addressed in this work is: How can the statistical micro-
ture of a folded protein is regarded as an average over gcopic parameters;’s be determined so that the adiabatic
statistically large number of substaféq that can exchange approximation becomes a valid projection in the long-time
faster than the observation time scale inherent in x-ray detefimit for the detailed dynamics resolved at the finer substate
mination. Thus it may be assumed that specific folding patievel?
terns may be viewed as superbasins containing a number of To answer this question, we shall first consider a marker
energy levels that are uncorrelated within the same superbgdicating the time range of validity of the adiabatic ansatz
sin. This local randomness implies that the source of corref7]. One such marker is the information entrapyaken with
lation materializes onIy at the level of resolution at which respect to the fixed partition of conformation space in mutu-
structural changes involve changes in the enthalpic contenglly disjoint CP classes. This coarse information entropy is
in turn determined by the contact pattern, and not at the finegn indicator of the spreading in the CP-population dynamics
level of structural detail in different torsional realizations of and serves as a marker of the robustness and expediency of
a CP with the same enthalpic cont¢ht]. This generic idea the folding proces§3,7]. This is so since the CP-population
enables us to statistically characterize the relaxation within @ynarnics may be generated by adiabatica”y integrating the
CP basini by a single parameter: the dispersign of the  underlying torsional motion or, alternatively, incorporating it
Gaussian distribution of energy levels around the thermajn a REM-like model. Thus we may gauge the validity of the
average(E); due to the slightly different energies of tor- adiabatic approximation by comparing both resulting time-
sional isomers, all belonging to the same CP class dependentr plots (cf. Fig. 1).

Thus the adiabatic condition may be given @ér;;<1 The entropyo measures the spreading of the probability
for each CP superbasinand all CP superbasinsin the  distribution vectorP(t)=P4(t),...,Pu(t), where P(t),
J(i)=class of all CP’s connected tdy an elementary step. =1,...M, indicates the probability that a chain is folded into
Here 7; is the mean equilibration time within basirand 7;; the CPj at timet, andM ~O(expN) is the total number o
is the mean first passage time for the transitienj viewed  priori possible CP’s for a fixed RNA sequence of lengjth
within a renormalized bistable potential with minimum well These probabilities should be interpreted in a Gibbsian sense,
energiesE); and(E); . Explicitly, if E{ represents the ex- as we have a statistically large number{0?°- 102 per unit
pected energy of the generic transition s{dt2] for substate  volume of replicas of our system given by actual RNA mol-
transitions within basim, EiT denotes the adiabatic energy of ecules that are folding onto themselves as soon as renatur-

RNA sequence: AGCAUACGAUCUGAGCGUGA
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ation conditions are established or recovered in the envirorfixed L [8,13]. On the other hand, the activation energy bar-
ment. Thus the information entropy associated with the fold+ier associated with dismantling a stem-isAH(stem), the
ing process resolved at the CP level is amount of heat released due to base pairing and stacking
when forming all contacts in the stem.
For completion we shall give the analytic expressions for
o(t)= _.:12 N Pi(D)InP;(t). (4) the adiabatic unimolecular rate constakgs. For clarity of
e notation we shall drop the subindexing, since we shall focus
An adiabatically defined stochastic process governs th€ach time on a specific CP transition. If the transition hap-
flow of probability[2,3]. This process is determined by the Pens to be a helix decay process, we obtain
activation energy barriers required to produce or dismantle k=fnexg G, /RT], @)
interactions that stabilize the CP’s. Thus, at each instant, the
partially folded chain undergoes a series of disjoint elemenwheren is the number of base pairs in the helix formed in the
tary events with transition probabilities dictated by the uni-i— | step,f~10°s !is the fixed effective frequency of suc-
molecular rates of the events. This coarsely resolved stochasessful collisions[2,10,13, and G,, is the (negative free
tic process is Markovian, since the choice of the set ofenergy contribution resulting from stacking of the base pairs
disjoint events at each stage of folding is independent of thén the helix. Thus the essentially enthalpic termG,=
history that led to the particular staft8]. — AH(stem should be regarded as the activation energy for
In order to compute the probability distribution at any helix disruption. On the other hand, if the transition happens
given time and the resulting behavior @fwe first discretize  to be formation of a stabilizing interaction, the inverse of the
timet, coarse-graining it by multiples af, the shortest mean mean time for the transition will be given by
time for a CP transitiont=t"u, u=min;;7;. Then, if U

represents the stochastic transition matrix at the CP level, we k=fnexf —AGjp/RT], ®)
get whereA G0y~ — TA S, is the change in free energy due to
v ) , the closure of the loop concurrent with helix formation.
P(t)=[U]' P(0) with t=t'u, () Thus, the kinetic barrier is in this case due to the cost in

conformational freedom demanded by the need to bring to-

where the matrix elemenftJj; is given by gether the portions of the chain to be engaged in the putative

favorable interaction.
[UTi;=| ki; > Kij |- (6) Working equations(4)—(8) define the adiabatic folding
j"ed) dynamics in a statistical sense. The expeditious nature of the

folding process is monitored through the time dependence of

In Eq. (6), kjj denotes the adiabatic unimolecular rate conthe information entropy, as displayed in Fig. 1. As direct
stant for the CP transition—j, J(i) is the set of CP’s ac- inspection of the thick line plotthe adiabatic computation
cessible fromi through elementary transition steps involving in Fig. 1 reveals, incipient or imperfect helices formed in
surmounting a single kinetic barri¢see below, the factor  structure-nucleation events in the rangex B °-5
[kij /Zr caykij -] represents the probability for the transition x 10~"s are easily dismantleda bubble is more easily
i—] dictated by kinetic control within a time span of the formed than in fully developed structujedhis fragility of
order of 7;; =k;;' incipient structures causes the large CP fluctuations marked

Explicit values of the unimolecular rate constants requireby a largeo in the time range 10'—5x 10 ®s. After all
an updated compilation of the thermodynamic parameters &aphemeral misfoldings have been dismantled, a large plateau
renaturation condition$8]. These parameters are used tostarting at 2.4 10 ®s marks the formation of a relatively
generate the set of kinetic barriers associated with the formatable kinetic intermediate that contains all structural motifs
tion and dismantling of stabilizing interactions, the elemen-that may form noncooperativelyl4]; that is, those motifs
tary events in our context of interest. Thus the activationvhose associated. =L (loop) lies within the favorable
energy barrier[Eff—(E)i] for the rate-determining step in ranges of low conformational entropy cost: <8 (loop)
the formation of a stabilizing— j interaction is—TA Sy, <10[9,10]. At 10" °s, cooperative events lead to other he-
where AS,,,, indicates the loss of conformational entropy lices whose loops have favorable renormalized sizes, while
associated with closing a loop. Such a loop might be of anyheir sizes relative to the random coil are unfavordBléd 4.
of four admissible classes: bulge, hairpin, internal, orOn the other hand, the increase in base-pair stacking beyond
pseudoknotted2,3,8. For a fixed numbelL of unpaired the formation of the kinetic intermediate stabilizes the pat-
bases in the loop, we shall assume the kinetic barrier to b&erns determining its survival. This determines the relatively
the same for any of the four possible types of loops. Thidow fluctuations beyond 10*s.
assumption is warranted, since the loss in conformational In estimating the time range where CP’s may be treated as
entropy is due to two overlapping effects of different mag-quasiequilibrium states, we face the following problem: How
nitude: the excluded volume effect, meaningful for relativelydo we compare the data generated by the adiabatic approxi-
large L (L=100) and the orientational effect that tends tomation in Fig. 1 with a semiempirical REM computation of
favor the exposure of phosphate moieties towards the bultorsional dynamics?
solvent domain for better solvation. Since both effects are The REM computation requires a Gaussian distribution
independent of the type of loop, we may conclude, in relapeaked at the expected enerds); of the densitys;(E) of
tively good agreement with calorimetric measurements, thatorsional substates with energycontained in the generic CP
the kinetic barriers are independent of the type of loop forbasini. Thus we get
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Bi(E)=(2mu;)~ "exd — (E—(E);)*/2u]. ©) pi(maX) =6.8x 10 3 Tc/(T—To)| (E)i, (16)

Then, the conditional probability;(E,t) of finding a WhereT,~318K denotes the denaturation temperatiafe
sample molecule in a substate with enefgygiven that we  [8), andyis estimated at 0.3&f. Fig. 1). Thus a relatively

know that it belongs to CP classt timet, obeys the REM large temperaturd@ gives more latitude in the choice of the
master equation ' dispersion parameters within which the adiabatic ansatz re-

mains valid (alternatively, largeu;’s demand a largd to
reach superbasin equilibration required by the adiabatic an-
3Pi(E,t)/3t=—pi(E,t)f Ki(E',E)dE’ sat). This fact stemming from direct examination of Eq.
(16) reflects the faster thermalization within CP superbasins
that takes place af is raised.
+j Ki(E,E")p;(E’,t)dE’, (10
IIl. RESULTS

where the kinetic kerne;(E,E’) is given by At this point we must compare the adiabatic statistical
N £ dynamics with the rigorous REM computation in order to
Ki(E.ED=gi(BE)fexd —(Ef —E)/RT]. (1D ggpaplish the validity of the formefis-avis our estimation of
the semiempirical microscopic parameterss. For short
time scales 108-10 s, fast-evolving internal degrees of
: L o .~ freedom simulated as yielding uncorrelated substates are not
7ij=1>7; begets a stationary distribution of kinetic barrlersyet enslaved or entrained by CP transitions that evolve
for the -] transition: Using the relationh;j=h;;(E)  (yithin larger time scales of the order o210~ 6~107?'s for
=fexd —(Ej —E)/RT], where h;;(E) is the unimolecular the chain lengthN=20. For this reason, within the range
rate constant for the CP tranSitid}Fﬁj from a substate in CP 1078_ 1@6 S, the level of exp|oration of conformation space
basini with energyE, we obtain a stationary distribution due to uncorrelated or short-range correlated torsional exci-
Hij =Hi;(h;;) of unimolecular rate constants;’s associated tations must be vastly larger than that resulting from an adia-
with the CP transitioni—]j from different substates con- batic process, as shown in Fig. 1. However, as soon as the
tained in CP basim. Thus stabilized kinetic intermediate is form¢i4], the long-range
correlations, coupling distant units in the RNA chain, begin
3 h. 10 to develop. Thus cooperative effects occur upon short-range
[7ij(eq)hy] nucleating interactions. These long-range correlations are in
. turn induced by CP transitions. Thus initial structure-
_ , nucleating steps involving uncorrelated or locally correlated
xexdl - mij(eq)hyJdhy | [7i;(eq)hy;]* motions do not demand as much enslavement of fast-
evolving torsions reflected as substate hopping as coopera-
xexpl — mj(eq)hi] (12 ive events, which entail long-range correlations. For this
reason, we expect the adiabatic approximation to fit the REM
results as soon as long-range correlations governed by CP
transitions occur. This is indeed what takes place, as the
j Hijhijdhy=(hij)~h=q;/7;(eq), (13)  almost perfect coincidence of both the adiabatic and REM
plots beyond 2.4 10 s revealqFig. 1).

Both the adiabatic and the REM-based plots reveal an
almost perfect coincidence with higher than 92% agreement
beyond 3<10 %s. The discrepancy between the adiabatic
and REMa(t) plot rises to an upper bound of 12% within
the range 10'—10 ®s. This is clearly due to the micro-

_ (o 2 scopic origin of fluctuations that becomes apparent at shorter
G =exi — (ui/RT)7. (14 time scales and is therefore only effectively captured by the

At this point, we may construct a CP transition probability REM dynamics. An inspection of Fig. 1 reveals that the
matrix, U(REM), resulting from a REM semiempirical treat- REM dynamics become effectively entrained over the longer

ment of substate dynamics within CP basins: time scales relevant to folding. _ _
Summarizing, the initially large fluctuations and discrep-

ancies observed in both the adiabatic and REM computation
of the Shannon entropy correspond to the formation of non-
cooperative “misfolded” structures, that is, CP’s that are
Thus the validity of the adiabatic ansatz may be probed byphemeral enough so that their lifetimes are comparable with
comparing the time-dependent behavior of the Shannon inthermalization or equilibration times scales within CP super-
formation entropies with respect to the CP partition obtainedasins. Thus substate hopping during these early stages of
respectively from the stochastic processes defined by transfelding becomes important and determines the difference be-
tion matricesU andU(REM). Since the latter matrix is para- tween the adiabatic and REM dynamics. The effect of this
metrically dependent on the famify;}, we need to estab- hopping vanishes as soon as there exists a sharp separation
lish upper boundg;(max) on thew;’s that still warrant the between thermalization and CP transition time scales. This
validity of the adiabatic ansatz. The following fit is shown to requires formation of “better” CP’s with long enough life-
be adequatécf. Fig. 1): times. Most of these CP’s yield a kinetic intermediate made

The stationary probability distribution 9p;(E,t)/dt=0)
within CP basini obtained from Eq(10) for t in the range

Hij(hij) =

and

wherehi’} denotes the most probable valuetgf. The basin
exponentq; is obtained from the adiabatic approximation
q;/7j(ed.)=kj; , whose validity depends on the relative size
of u;. Thus Eq.(13) yields the estimation

[U(REM)]H:J Hijhijdh; . (15
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up of a fairly stable cluster of kinetically related structuresCP are uncorrelated, as dictated by the absence of significant
[7,10]. The existence of such a dynamic intermediate state itong-range interactions that would lower the enthapic content
confirmed by the existence of a plateau sustained within theelow its value for the given CP. This is precisely why we
2-100us time-scale range. can introduce a REM-like description of the fine structure of
As displayed in Fig. 10 does not tend to zero in the the CP superbasin by regarding each energy level as being
long-time dynamics relevant to the folding time-scale frame.associated with a sequence of isomeric states, one for each of
Rather, the coarse entropy decreases asymptotically to a pldre units that are not engaged in the CP. This hierarchical
teau valuesr=2.4 valid forN=20. This reflects the fact that resolution of the basin structure is in the spirit of the generic
folding into a unique structure, reaching a sharply peakegbrinciples put forth by Becker and Karpl{i$6].
probability distribution within biologically relevant time The results of this work reveal that the master equation
scales is not a generic feature of the long-time chain dynamdynamics drawn upon the REM local refinement may be
ics. However, the almost perfect coincidence between theoarse grained to a simpler master equation, since REM ther-
long-time adiabatic and the projected soft-mode torsional bemalization within CP superbasins holds valid for adequate
havior captured by the semiempirical REM model is indeed anergy dispersions in the long-time limit relevant to the fold-
generic feature of RNA folding because it was obtained ir-ing process. Analogous reductions in hierarchical topogra-
respective of natural selection, revealing the inherentlyphies have been generically introdudd®] but without ref-
REM-like structure of the intrabasin soft-mode dynamics ancerence to a local REM-like fine structure or within the RNA
the validity of a quasiequilibrium assumption on base-pairingolding context.

patterns in the long-time limit. The coarsening of torsional RNA dynamics implemented
in this work is semiempirical insofar as it does not follow
IV. DISCUSSION from a systematic application of a projection technique re-

o i quired to rigorously obtain the subordinating or enslaving

~ The vast gap in time scales separating molecular dynamy,qdes from the full torsional dynamidgf. [15]). On the
ics simulations(1 ps to 10 np from meaningful folding  qther hand, our approach is justified because it provides cru-
events(1 us to 100 $imposes a formidable challenge to the ¢j5| jnformation on the way in which the PES topography for
rigorous theoretical underpinnings of such basic properties a3 A torsional dynamics is explored: All torsional states re-
the robustness and expediency of the folding process whegizing a specific CP may be grouped in a single basin that is
viewed from a microscopic perspective. Such difficulties argnermalized in the long-time limit relevant to the folding
all the more apparent as one attempts to elucidate the bear"ﬂﬁlocess. This resolution has been elucidated by adopting the
of the torsional dynamics upon the folding process in theren ansatz.
ang-time limit. T.hus two different coarse grainiljgs pf tor- A more detailed study using projection operator tech-
sional conformation space have been adopted in this workyiques would be required to validate this intuitive assump-
and their validityvis-avis the purported objective has been o Sych a treatment is beyond the scope of this work, as it
tested within relevant time scales. _requires a correct mode-coupling theory and an estimation of

The crudest coarse graining is represented by the adigne torsjonal state energies, followed by a thorough statistical
batic approximation whereby contact pattefes intramo-  gnajysis, in order to single out uncorrelated clusters of en-
lecular base-pairing pattemnare treated as quasiequilibrium gy jevels within a correlated long-range hierarchy. Thus,
states[3,12-14. In spite of its crudeness and limitations, although a rigorous treatment probably represents a daunting
this level of approximation is e_ndowed W|t_h predlct|\_/e value,task, this work provides a heuristic way to coarse grain tor-
as revealed by the computation of dominant folding pathsjonal dynamics so that an essential feature becomes appar-
ways resolved at this coarse level and contrasted with expergnt: The adiabatic simplification whereby CP’s are treated as
mentally probed kinetic bottieneck,14]. Of course, one  gyasiequilibrium states is valid precisely in the time limit
would ideally wish to validate this approach from first prin- inat is relevant to the folding process. Furthermore, this
ciples. This requires incorporating the torsional motion of thecrge level of description implies a sequence of local ther-
chain, at least in the long-time limif.5]. A first step in this  jizations in the PES topography accessible to the system.
direction has been undertaken in this work: The coarse derpjs renormalization of the PES is a generic feature insofar

scription has been refined by resollving each CP superpasgg it is independent of whether or not the RNA chain is a
as a statistical ensemble of basins, each representing Roquct of natural selection.

crudely defined torsional state of the chain, or substate. In

turn, each torsional state is given by specifying the torsional A. F. acknowledges financial support from the Fulbright
isomeric state(rotamej of each uncorrelated unit in the U.S.-Argentina Bilateral Commision, the J. S. Guggenheim
RNA chain. That is, the existence of a statistical ensemble oMemorial Foundation, and the Alexander-von-Humboldt
uncorrelated energy levels stems from the fact that the torStiftung. The kind hospitality of R. S. Berry at the University

sional isomeric states of different free nucleotides within aof Chicago is gratefully acknowledged.
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