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In vitro RNA folding: the principle of sequential minimization of
entropy loss at work
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Abstract

We introduce the principle of sequential minimization of entropy loss (SMEL) in the context of biopolymer folding in
vitro. This principle asserts that at each stage in the dominant folding pathway, the conformational entropy loss, denoted
AS)4p associated with loop closure is minimized while the number n of effective contacts is maximized to the extent that at
each stage the chosen event is the one that minimizes the number Q =n""' exp(—ASloop/R). This principle is compatible
with thermodynamic control exerted sequentially, that is, at every stage of the folding process. Moreover, the validity of the
SMEL will be shown to be tantamount to assume kinetic control whenever folding is subject to time constraints. Because of
the exponential dependence, the applicability of the SMEL principle is contingent upon a rigorous and reliable derivation of
the contribution AS,, .. This derivation is carried out in this work for RNA by taking into account the orientational
restrictions associated to the self energy of charged phosphate moieties within a loop. The predictive potential of the
principle thus derived is tested by showing that the theory reproduces the consensus biologically competent secondary
structures of specific ribozymes and explains how the structures emerge.
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1. Introduction and, in plain terms, asserts that folding proceeds at
each stage by minimizing the loss of conformational

The principle of sequential minimization of en- freedom while forming as many new favorable inter-
tropy loss (SMEL) is essentially a least-action ap- actions as possible. While this tenet of *‘maximal
proach in the spirit of Helmholtz’s minimum princi- economy of means’’ is intuitively obvious, it does
ples in thermodynamics [1,2]. The SMEL principle is not necessarily conform to existing algorithms for
related to the context of biopolymer folding in vitro structure prediction rooted in free energy minimiza-

tion. To cast the principle in proper terms, one
should emphasize that the enthalpy loss associated
* Corresponding author. with contact formation and the entropic contribution
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are not piaced on equal fooiing: SMEL conirol im-
plies that each event along the folding pathway is
chosen so that the conformational entropy loss, de-
noted AS,,,,, associated to loop closure is mini-
mized and the number, n, of effective contacts is
maximized so that the quantity Q=n"! exp-
(—AS,,0p,/R) is minimized at each stage in the
folding process. This requirement is justifiable: equi-
librium thermodynamics cannot dictate a sequence of
events in a time-constrained situation unless the con-
tributions to the thermodynamic potential represent
themselves kinetic parameters [3].

The SMEL principle has been anticipated in the
context of RNA secondary structure formation under
stringent time constraints [3-5]. This fact can be
readily shown as follows:

The unimolecular rate constant k of formation of
an intramolecular stem [5,6] is

k= fnexp(—B/RT) = fnexp(AS,,,/R) (1
where f=10° s™! is the rate constant for base pair

formation within a disrupted helix [6,7], n is the
number of contacts or base pairs stacked in the
helical stem, T is the absolute temperature and B is
the activation energy barrier for closure of the loop
associated to stem formation. Since the closure of the
loop is the rate-determining step in the formation of
an intramolecular stem [4-6], we have B = AG,,,
= —TAS,,,,, and Eq. 1 follows. Thus, the choice of
an intramolecular folding event becomes dictated by
the minimization of the quantity Q whenever the
timespan of each consecutive elementary unimolec-
ular step is minimized. In other words, the SMEL
principle holds whenever RNA folding is subject to
kinetic control.

A direct and useful application of the SMEL
principle for RNA folding prediction has been lack-
ing since it is dependent upon a proper derivation of
the entropic contribution for any size loop. The
unreliability of the compilation of thermodynamic
parameters [8] for conformational entropy loss, espe-
cially outside the excluded volume regime [9], makes
the SMEL principle particularly unsuitable given the
exponential dependence of Q on the entropic term.
Accordingly we shall obtain the entropic contribu-
tion that corrects or supersedes, depending on the
loop size, the excluded volume effects. We shall
show (Section 2) that a paramount effect hitherto

ignored is introduced by the orieniational consiraints
associated to the self energy of the charged phos-
phate moieties within an unstrained loop. As a con-
clusion, the operational version of the SMEL princi-
ple will be applied to predict catalytically competent

folding of specific ribozymes.

2. Entropy and the self energy of polar moieties

Loop closure is paramount amongst folding events
that a flexible polymer chain undergoes. From a
thermodynamic perspective, the entropic contribution
—TAS,,,, is a positive term in the free energy
change for loop closure. Thus, the loop closure
becomes feasible only if sufficient contacts are made
so that the enthalpic loss is smaller than minus the
entropic contribution: AH < —TAS,,,, where the
enthalpy change AH accounts for the heat released
upon formation of the contacts.

Despite this simple scenario, the thermodynamics
of a folding event involving loop closure could only
be calculated rather crudely and for moderately large
loops, where the effects of discrete solvent organiza-
tion inside the loop may be neglected [8,9]). Thus, in
the Jacobson—Stockmayer approximation, one as-
sumes an unrestricted Gaussian coil of length N =
size of the loop. This gives the well-known result [9}:

ASpep= = (3/2)RIn N+ R1n[(3/21)"" 0]
(2)

where [ is the effective length of a monomer and v
is the effective contact volume within which two
monomers are assumed to have made contact [9]. In
a good solvent, where excluded volume effects are to
be taken into account, the logarithmic dependence on
N must be corrected to —uRIn N, with pu=1.75
(9]

At this point one can pose the question: Why can
we not extrapolate these results for small loops? The
answer is obviously no, since discrete solvent struc-
ture effects will become apparent, changing the situa-
tion in a qualitative way. In this section we offer a
quantitative approach to encompass such effects. The
discussion is first casted in general terms and subse-
quently specialized for RNA.

Let us assume that the solvent is water or a polar
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species and that the polymer chain is able to selec-
tively orient its charged or polar moieties whenever
the solvent offers more than one distinctive dielectric
environment. These requirements are fulfilled by
RNA or proteins under in vitro renaturation condi-
tions [9]. Provided the number of solvent molecules
confined by the polymer rod inside the loop is
sufficiently small, two distinctive domains are
formed: the inner domain, of cluster-like dimensions,
and the outer bulk-like domain. The outer domain is
a distinctively better dielectric and thus charges or
polar moieties would, if at all feasible, tend to orient
themselves towards the outer domain, where they
can be better solvated.

There is a critical size loop beyond which both
domains are indistinguishable. Thus, above the criti-
cal loop size, the confined water must be indistin-
guishable from the bulk. Given specific dimensions
of the polymer rod and admitting a maximum of four
solvation layers per polar moiety, it becomes
straightforward to calculate the critical size N =N,
beyond which the domain boundaries break down. It
suffices to take a planar loop such that the inner
domain of confined solvent molecules is at least
seven molecules across for any pair of opposite
points on the chain. Thus, in the particular case of a
circular loop, its critical size would be the one for
which the inner domain is seven solvent molecules
in diameter. If the solvent is water, this is a cross
section of a 28-molecule cluster which should be
considered bulk for most thermodynamic implica-
tions [10].

The separation of environments produced as a
loop of size N <N, is formed must have conspicu-
ous entropic effects on polymer chains that are able
to selectively orient their polar groups. Thus, if we
assume two distinctive orientations for each residue,
we obtain the following reduction of conformational
Cntropy:

AS,e, = RIN(Q' /) = RIn(2Y~ % /2M)

loop
= —RN,In2 (3)

where () is the number of conformations with the
ends of the loop constrained to be in contact with
one another, {} is the total number of available
conformations, M is the total length of the chain and

N, is the number of polar or charged groups which

are able to orient themselves in the loop. While
non-polar residues may have two distinctive orienta-
tions (pointing inwards or outwards), polar residues
will invariably point outwards, and this fact drasti-
cally reduces the number of available conformations
once a loop is formed. Since in general the number
of polar side chains is proportional to the total
number of residues, the orientational effect as esti-
mated with Eq. 3 must be far more dominant (linear
in N versus logarithmic in N) for small loops than
the well-studied excluded-volume effect. The linear
dependence of orientational effects on the size of the
loop appears to be a consideration of paramount
importance in theories that attempt to infer the fold-
ing events taking place in the initial stages of the
search for the native conformation.

That proteins might exhibit this drastic entropy
reductions upon loop closure is not unexpected be-
cause it is well established since Kauzmann’s semi-
nal observations [9] that polar groups always point to
the bulk solvent in the native conformation. The
situation is similar in RNA, since the charges are in
this case located on the phosphate moieties of the
backbone itself and thus are susceptible in unstrained
loops (N > 4) of orienting themselves towards the
bulk, minimizing the self energy. Two pieces of
evidence support this picture: (a) For small un-
strained loops (N = 5-12), the indirectly measured
[8] free energy associated to loop formation is pro-
portional to N, and not to In N, as it would be the
case for a chain with excluded volume [9]. (b) There
is a strong kinetic evidence suggesting a substantial
orientational contribution to AS, . Taking into ac-
count orientational effects, a straightforward compu-
tation of the unimolecular rate constant for the for-
mation of a hairpin with loop size N <N, gives (cf.

(3-5]):
k=fnexp(—B/RT)= fnexp(TAS,,,,/RT)
=10°s""n27" (4)

In this computation, it has been rightly assumed
that the rate-determining step in the formation of the
hairpin is loop closure, which should be regarded as
the nucleation event in intrachain helix formation (cf.
Section 1). Thus, for a loop of size 5-12, Eq. 4
brings the mean time of formation of the hairpin
precisely into the millisecond range, in good agree-
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ment with kinetic experiments as well as computa-
tions [3-5].

The estimation of the critical size N, for RNA
follows readily from a simple computation incorpo-
rating molecular dimensions and regarding the
molecule as a rod of sectional radius equal to the
mean phosphate—base distance [9] Thus, assuming a
phosphate—base dlstance of 104, a phosphate—phos-
phate distance of 5.9 A and a diameter corresponding
to seven water molecules across for the critical loop,
we obtain a critical size N, = 17. This computation
leaves us with the following working equations:

ASloop(lv) = —M’R ]n( N/L) + ASloop(l‘)
— RN In2 (5a)

valid for 5<N<N, with L>N, L>N, and
AS,,.,(L), the entropy loss for closure of a loop of
size L, known with good degree of confidence [9].
Above the critical size we get

ASloc'p(lv) = —uR ln( N/L) + ASloop( L) (Sb)

valid for N> N, and L > N.

Reliable measurements for tri- and tetra-loops
[8,9], together with Egs. 5a and 5b, respectively
taking into account orientational effects as well as
excluded-volume effects for sizes below criticality,
or incorporating only excluded volume for sizes
above criticality, allow us to implement the SMEL
principle within the full range of folding events in
RNA.

3. Results and discussion

A SMEL-based predictive algorithm requires the
minimization of the quantity Q at each stage of the
folding process using the working Eqgs. 5a and 5b.
This requires solving the combinatorial problem of
searching for all Watson—Crick (W—C) complemen-
tary regions with antiparallel orientation and follow-
ing the pathway that allows for the maximization in
the number of W—C contacts with a minimal loss of
conformational freedom for each step. Given these
considerations, the dominant folding pathway is the
one initiated by the folding event that minimizes Q
when starting from a random coil. Thus, the initial
stages of folding favor short-range (N < N,) and
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Fig. 1. Secondary structure for the sunYL-13 and the tdL-7 group
I ribozyme as obtained from the SMEL-based sequential algo-
rithm.

moderately-long-range interactions (N > N,). Since
the latter are dominated by the slowly growing term
proportional to In N, loops involving solely ex-
cluded-volume effects have a high probability of
occurring even if N is larger than N, by one order
of magnitude.

By contrast, medium-range interactions in the
proximity of the critical size (N =N,, N <N,) and
very-long-range interactions (N > N,;) become ex-
cruciatingly difficult at any stage, as direct inspec-
tion of Eqgs. 5a and 5b reveals. However, the contacts
that result from such interactions may form at later
stages, induced by short- and moderately-long-range
interactions that may form first, shortening the loop
that needs to be formed. The following two examples
illustrate this point.

Fig. 1 displays the secondary structures for the
sunYL-13 and tdL-7 ribozyme [11], as obtained by
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Table 1
Sequence of events dictated by the SMEL principle for the most
economic folding of the sunYL-13 and tdL-7 ribozymes

sunYL-13 ribozyme:
[P4] [P6a, P7.2, P9]— [P3] - {P7] [P7.1, P8, P9.1, P9.2] [P5]

tdL-7 ribozyme:
P4l (P2, P7.1, P7.2, P9] [P6a] — [P3] — [P7] [P8, P9.1, P9.2] [P5]

making use of the SMEL-based algorithm. Internal
open reading frames have been deleted to facilitate
the analysis. Phylogenetically conserved paired re-
gions are denoted which are known to be required
for RNA catalysis within group I introns, the generic
family to which both species belong.

The sequence of events determined by SMEL
control and followed when a random coil is adopted
as the starting point is displayed in Table 1. Interac-
tions which occur within the same stage of SMEL
folding are grouped in square brackets. The arrows
indicate that an interaction occurring at a certain
stage has induced an interaction which takes place at
the next stage. Thus, the arrow indicates that an
interaction of an initially unfavorable range becomes
more feasible once a loop within the purported loop
of the former interaction is closed first.

We shall discuss the SMEL folding for sunYL-13
and simply present the results for the tdL-7 as the
discussion is entirely analogous. In the first stage P4
forms (Q = 4.0) since this event requires closure of
an N =18 loop, for which the inner and outer
domains are undistinguishable and thus the associ-
ated entropy loss does not contain the costly orienta-
tional contribution. In the next stage P6a, P7.2 and
P9 form since they involve closure of the smallest
unstrained loops for which inner and outer solvent
domains are differentiated (tetraloops). The occur-
rence of P4, P6a and P7.2 brings P3 well into the
favorable moderately-long-range interaction with Q
= 8.2. Starting from a random coil, P3 would have
been a long-range interaction with Q =~ 18.8 and
thus, highly improbable. In turn, the formation of P3
induces the formation of P7 (Q = 8.8), which now
involves closure of two internal loops belonging to
the moderately long range domain with Q = 4.4 and
Q = 4.2, respectively. Obviously, if an n-interaction
entails closure of two loops, A and B, the quantity Q

becomes: Q = n” 'exp[- (A5, (A) +
AS,(B)/R]. The next stage of SMEL folding
entails closure of moderately-short-range loops P7.1,
P8, P9.1, P9.2. where inner and outer solvent do-
mains are clearly different and Q lies in the range
Q = 18.8-19.2. In the final stage, the most unfavor-
able P5 forms. This interaction involves closure of a
strained tri-loop (Q = 18.0) and also of a loop which
requires the orientation of ten phosphate groups to-
wards the outer solvent domain. Applying Eq. 5a. we
obtain O = 19.8 for this event.

These examples illustrate a physically intuitive
principle at work. The principle demands from each
folding event the maximum effectiveness, that is, the
maximization of the number of contacts at the ex-
pense of the minimal loss of conformational free-
dom.
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