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Folding rate dependence on the chain length for RNA-like
heteropolymers
Oxana V Galzitskaya and Alexei V Finkelstein
Background: Computer experiments and analytical estimates have shown that
protein and RNA chains can reach their most stable folds without an exhaustive
search over all their possible conformations. Protein-like chain folding proceeds
via a specific nucleus and under conditions optimal for the fastest folding of
these chains the dependence of the folding time (t) on the chain length (L) is in
accord with the power law t ~ Lb (b is a constant).
Results: Using Monte-Carlo folding simulations for a simple model of RNA
secondary structure formation, we estimate the RNA chain length dependence
of the time necessary to reach the lowest energy fold. Our results are
compatible with a relatively weak power dependence of the folding time on the
chain length, t ~ Lb. Such dependencies have been observed for different
folding conditions, both for random sequences (here, b > 5) and for sequences
edited to stabilize their lowest energy folds (for extremely edited sequences,
b < 2). Although folding transitions in RNA chains are not an all-or-none type in
terms of thermodynamics, they proceed via a folding nucleus in terms of
kinetics. The peculiarity (compared with protein folding) is that the RNA critical
nucleus is big and non-specific.
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Conclusions: We have obtained a general scaling for the dependence of the
RNA secondary structure on the chain length. The obtained power dependence
is very weak compared with an exponential dependence for an exhaustive sorting.

Introduction
Computer experiments with protein-like and RNA-like
heteropolymers have shown that these biopolymers can
reach their lowest energy fold without an exhaustive search
over all their conformations [1–13]. Moreover, for proteinlike model chains it has been shown that, at least under
conditions optimal for the fastest folding, their folding time
t depends on their length L according to the power law, t ~
Lb, where b is a constant [6,13]. It has been shown that
small proteins [14,15] and protein-like model chains
[6,9–11,13] fold by a nucleation-and-growth mechanism in
terms of kinetics and undergo an all-or-none transition in
terms of thermodynamics [12,16]. On the contrary, it has
been shown that tRNA molecules do not undergo an all-ornone transition in terms of thermodynamics [8,17]. In this
work we consider a simple model of RNA secondary-structure formation to study the folding rate dependence on the
chain length in a wide range of ambient conditions, such as
temperature and solvent quality, and to elucidate the
kinetic and thermodynamic peculiarities of RNA secondary structure folding (some preliminary results have
been reported previously [5,7]).
The main difference between RNA and protein molecules is that a ‘link’ (an RNA fragment of ~10 nucleotides)
in the RNA secondary structure usually interacts with only

one partner at a time, whereas a link in the protein globule
has many partners.
How does this change RNA folding compared with protein
folding?

For RNA we shall only consider folding of the secondary
structure. This is a reasonable simplification because, as a
rule, the RNA secondary structure folds before packing into
the tertiary structure and its folding can therefore be considered independently of the three dimensional structure
formation [8,17–19].
The theoretical investigation of RNA secondary structure
folding has an important technical advantage over studies
of protein folding: here, we have conventional algorithms
for quick calculations of the most stable structure [20,21]
and the free energy for the chain [22]. Thermodynamics of
RNA chains can therefore be investigated in a much wider
range of chain lengths, sequences and folding conditions
than for protein-like models.
Model and methods

We use a simplified model of RNA secondary structure [5].
The RNA chain is represented as a sequence of links that
can stick together to form ‘pairs’ (Figure 1a), which model
the double helices. The links stand for RNA fragments
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Figure 1

[20–22] for thermodynamic calculations of this RNA
secondary structure model.
All the features neglected in our model (tertiary interactions, pseudo-knotting, overlapping of secondary structure
fragments, etc.) are those that make a true RNA more
similar to a protein globule. By having two extreme
models (that of the RNA secondary structure and that of
the protein globule), a stereoscopic view on folding events
can be obtained.
A general form for the free energy parameters

All kinetic and thermodynamic properties of the RNA secondary structure in our model are determined by the values
of Ψij /RT (for 1 ≤ i < j ≤ L, where L is the number of chain
links), where Ψij is the free energy of formation of pair (i,j ),
R is the gas constant, and T is the temperature. The term Ψ
includes the free energy of ‘sticking’ (i.e. contact between
links; the solvent effects are included) as well as the
entropic effects connected with loop formation. It is convenient to represent the values Ψij /RT in a general form [5]:
Ψij /RT = εij /RT + ϕ

RNA secondary structure. (a) One of the many possible secondary
structures of an RNA chain. Bold lines show the ‘links’ (RNA
fragments). The links form ‘pairs’ (RNA double helices; shown by
hatched lines). In the secondary structure shown, all the links except
1 and 6 form pairs. (b) Elementary movements of a chain and the
corresponding changes in free energy. Ψij is the free energy of
‘sticking’ links i and j. (c) A forbidden structure: a pseudo-knot.

of ∼10 nucleotides, so that their pairing is stabilized by a
few complementary nucleotide pairs. This will allow us
to use a statistical treatment of their interactions. It is
assumed that these fragments do not overlap and that
each link can interact with only one other link at a time.
This simplification corresponds to a description of a long
RNA secondary structure at a medium resolution (such a
resolution usually reads as ‘one double helix binds chain
regions around nucleotides 60 and 840, another around 70
and 500 ... ’). Ψij is the free energy of pairing of links i
and j (Figure 1b). The value Ψij is assumed to be independent of the Ψi′j′ values for other pairings. This is also
an approximation, because alternative folds in a true
RNA can involve combinations between base pairings
formed by adjacent chain fragments as well as by additional stacking of adjacent helical regions in a continuous
helix. Another simplification is that we do not consider
pseudo-knots (Figure 1c). Although they exist in real
RNA structures, their number is always very small [23].
The advantage of neglecting them is that when the formation of pseudo-knots is not considered, one can strictly
divide the secondary and the tertiary structure of RNA
[24] and apply strict dynamic programming algorithms

1≤i<j≤L

(1)

where 〈εij 〉 ≡ 0, ϕ (= 〈Ψij 〉/RT) is the mean sticking
strength, and 〈 〉 indicates an averaging over all the pairs
(i,j ). Such a form of presentation of the Ψij values is convenient for distinguishing the effects connected with the
chemical heterogeneity of the monomers from those connected with the mean sticking strength ϕ (determined by
the solvent quality and flexibility of the chain) and with
the temperature T. This allows us to investigate the range
of parameters ϕ and T for a given set of specific interaction
energies εij determined by the RNA sequence.
Statistical mechanics of RNA-like chains

The free energy of an unfolded chain (i.e. of the chain
without any secondary structure) is taken as zero. The free
energy of a chain with secondary structure σ is:

∑␦


ij

Ψij
(2)
(i < j )
Here, the sum is taken over all the possible pairs (i, j );
δσij = 1 if the pair (i, j ) is present in the secondary structure
σ and, if the pair is not, δσij = 0 ; each link can enter only
one pair; pseudo-knots are forbidden, hence δσij ×⋅ δσi′j′ ≡ 0
when i < i′ < j < j′ or i′ < i < j′ < j in any allowed structure
σ (Figure 1c). The partition function for the RNA chain is:
Fσ{Ψ} =

Z=

∑ exp(−F





/ RT) =

∑ ∏ exp(−(Ψ

ij



(i < j )

) )

/ RT . ␦ij

(3)

The sum is taken over all the allowed (i.e. without
pseudo-knots) secondary structures, and the product is
taken over all the pairs (i, j ), where 1 ≤ i < j ≤ L). Such a
partition function can be calculated recursively for any set
of Ψij within the time proportional to L3 [22].
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We take the ‘native’ structure as the secondary structure
with the lowest free energy among those with the maximal
possible number of pairs (Nσ = L/2). The free energy of
the native structure is:
FN{Ψ} = min (Fσ{Ψ})


(4)

N = L/ 2

The algorithm to find this structure [5] is based on the
ideas of Nussinov and Jacobson [20].
The thermodynamic probability of the native structure is
calculated according to the Boltzmann equation:
wN = exp(–FN /RT)/Z

(5)

The native structure is thermodynamically stable when
wN > 0.5.
The average energy of the RNA secondary structure and the
average number of pairs in this structure are calculated as:
E=

∑

(i < j )

N=

∑

pij εij

(6)

pij

(7)

(i < j )

the average secondary structure content is:
θ = N/ (L/2)

(8)

Here, the sums are taken over all the residue pairs
(1 ≤ i < j ≤ L); εij is the energy of pair (i, j ); pij is the probability that residues i and j form pair (i, j ). This probability
is computed as:
pij = exp(–Ψij /RT) Zi+1, j–1 Z*j+1,i–1/Z

(9)

where Zi+1, j–1 is the partition function of secondary structures formed in the chain region between the links i and j;
Z*j+1,i–1 is the partition function of secondary structures
formed in the chain regions outside this pair; and Z (which
is equal to Z1,N) is the total chain partition function (see
Equation 3). The Zij values are computed recursively
(Zi+1,i and Zi,i are equal to unity) at propagation from shortrange to long-range (i,j ) pairs and stored in computer
memory; the Z*ji values are also computed recursively
[22,25] at back propagation.
Generation of random and edited chains

To investigate the dependence of folding time on the
chain length, we considered chains with 4–100 links.
Every ‘nucleotide sequence’ is presented as a matrix of
specific interaction energies εij (1 ≤ i < j ≤ L, εij = εji).
For a random sequence, the values εij are generated with
a Gaussian distribution having the mean characteristics
〈εij 〉 = 0 and 〈εij 2 〉1/2 = 1, where 1 is the energy unit. In this
study the same unit is also the temperature (or, more
correctly, RT) unit.
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The Gaussian distribution for pairing energies is certainly
a simplification. But if a random pairing of fragments with
10 nucleotides gives 2–3 complementary base pairings on
average, ∼50% of the fragment pairings are bound by two
or three AT or GC pairs, 20% by one or four such pairs,
etc. (i.e. the energy distribution will have a roughly a
quasi-Gaussian form).
Furthermore, we edited the random sequences to make
their native folds more stable. To this end we singled out
the native structure of a random sequence and added some
negative energy ∆ to all the εij values that contribute to the
native structure energy. We did ‘weakly’, ‘moderately’ and
‘strongly’ edited offsprings (sequences where ∆ is added to
each εij value contributing to the native structure energy)
of a random sequence using ∆ = –0.5, –1.0 and –2.0 energy
units, respectively. Such editing can be interpreted as a
stabilization of the native double helices by introducing
additional complementary base pairs. It is known that
native RNA double helices include a greater number of
complementary nucleotide pairs than expected by chance
[26]. –∆ is a quantitative measure of the degree of editing,
which changes from zero for random chains to infinity for
ideally designed sequences; the ideally designed
sequences correspond to the Go model [27], where εij = 1
for the native contacts and εij = 0 for all the other contacts.
Investigation of folding kinetics

Folding simulations were done as in [5], using the
Metropolis scheme [28] of the Monte-Carlo method. The
elementary movements include only the formation of a
new pair and the decay of the existing pair. The Metropolis criterion [28] is used to accept or reject the movements
[5]. The movements are repeated until the native structure is reached or the computation time limit (107 MonteCarlo steps) is exceeded. A folding simulation always
begins from the unfolded chain.
In all the kinetics experiments we are interested in the
‘first passage time’, the time spent to reach the native
structure for the first time. The characteristic Monte-Carlo
first passage time, t1/2, for a given chain and given conditions (temperature T and mean ‘sticking’ strength ϕ) is
determined as the number of Monte-Carlo steps required
to complete 50% of Monte-Carlo runs [5]. Thus, t1/2 can be
determined even when 50% of runs fail to converge within
the computation time limit. The characteristic t1/2 has a
meaning and can be determined computationally independently of the thermodynamic stability of the native structure. When the native structure is thermodynamically
stable, t1/2 coincides with the experimentally observable
native state folding time.
Statistical analysis of the results

To estimate both the characteristic t1/2 and an error in this
estimate for a given chain and given conditions (ϕ,T), we
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Table 1

D = –2) 40-link chain under
Characteristic first passage times and the native state Boltzmann probabilities for a strongly edited (∆
different temperatures and mean sticking strengths.
T–1
1.5

2

ϕ

Pt

Bp

5

107

10–7

> 107

2.5

3

3.5

Bp

Pt

Bp

Pt

Bp

Pt

Bp

27000

10–2

920

2

840

20

1620

50

10–5

3500

0.1

740

7

880

36

1980

67

260000

10–3

1000

1

800

18

1500

50

4000

80

11500

10–2

700*

5

1000

33

25000

66

6000

86

3

2500

0.3

760

14

1200†

50

4000

80

10500

90

2.5

1500

2

900

30

2000

65

7000

85

20000

94

800

8

1500

45

2500

76

8000

90

28000

96

1000

20

2000

60

5500

85

17000

90

45500

98

4.5
4
3.5

2
1.5

Pt

T, temperature (in energy units); ϕ, mean sticking strength (in energy units); Pt, passage time (in Monte-Carlo steps); Bp, Boltzmann probabilities
(%). *The minimum of t1/2opt; †the minimum of t1/2stab. The region where the native state thermodynamic probability exceeds 50% is shown in bold.

performed two sets of 25 Monte-Carlo runs for each chain
and (ϕ,T) point. For each set of runs, t1/2 was determined
as the number of Monte-Carlo steps sufficient to come to
the native state in 13 of 25 runs. Having t1/2′ and t1/2′′ for
these two sets, we obtain the estimate of the characteristic
folding time and the error in this estimate as:
t1/20 ± δt1/2 = (t1/2′ + t1/2′′)/2 ± t1/2′ – t1/2′′/2

(10)

Having four sequences (n = 4) of each chain length and
degree of editing, and two characteristic times (t1/2′ and
t1/2′′; i = 2) for each sequence at a given (ϕ,T) point, we
—
can calculate f(t) — the average value of each folding
time-dependent function f in the (ϕ,T) point — as well as
the error in this average estimate, ∆f(t), as:
4

–18

f(t) =
4

∆f(t) = [

–17

2

∑ ∑f

n=1 i=1

i,n (t)

2

∑∑

n=1 i=1

(fi,n (t) – f(t) )2]1/2

(11)

Because the logarithm of the reaction [29], rather than the
reaction time itself, is usually important in kinetic analysis, in this work we consider f(t) = ln(t) and also
f(t) = ln[ln(t)].
To analyze the first passage time on the chain length
dependence, we made a linear interpolation of experimental points in different coordinate axes. To obtain the
best approximation of experimental points yr(r = 1,2 ..., ν)
by a theoretical dependence y(xr) = a + bxr (where a and b
values are the fitting coefficients), the value:


χ2 =

∑

r=1

[(a + bxr – yr)2/∆yr2]

(12)

(where ∆yr is an error in the estimate of yr) must be minimized over a and b [30]. In this way the coefficients a
and b are obtained and, furthermore, the quality of
approximation is estimated from a comparison of the
obtained χ2 value with the one tabulated for a random
distribution of χ2 values [30]. The tabulated χ2 values
depend on the number of degrees of freedom, which is
ν – 2 because we have ν experimental points and two
adjustable parameters.

Results and discussion
In the computer experiments we investigate the dependence of the first passage time on the chain length; this is
done under conditions of the fastest achievement of the
native state (the corresponding value is called t1/2opt) and
under conditions of the most rapid folding to the thermodynamically stable native state (this value is called
t1/2stab). Using our preliminary estimates of (ϕ,T) conditions appropriate for the fast folding and for the native
state stability [5,7], we have done a further scan over
(ϕ,T) coordinates to determine t1/2opt and t1/2stab for each
chain. Table 1 illustrates this search for one of the chains.
The longer the chains, the longer the folding times and
the less edited the chain, the longer it takes to fold. Thus,
a reliable estimate of t1/2opt for random sequences was
obtained only for short chains (L = 4–20) and a reliable
estimate of t1/2stab was obtained only for L = 4–12. For the
same reason, the values t1/2opt and t1/2stab were not
obtained for very long chains with weakly and moderately
edited sequences. A body of computer simulation results
can be found in Tables 2–5 of [7]. The times t1/2opt and
t1/2stab coincide for the extremely edited chains: their
fastest folding occurs in a wide (ϕ,T) region, where the
native folds are thermodynamically stable.
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Figure 2

Figure 3
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2

3
In(L)

4

Random chains (–∆ = 0)
Weakly edited chains (–∆ = 0.5)
Moderately edited chains (–∆ = 1)
Strongly edited chains (–∆ = 2)
Go model (–∆ = ∝)

5
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Dependence of the characteristic first passage time t1/2 (measured as
the number of Monte-Carlo steps) on the number of chain links L in the
coordinates ln(t1/2) versus ln(L). In these coordinates the dependence
t = ALb is a straight line: ln(t) = ln(A) + b.ln(L). Errors are shown by
vertical bars (when larger than symbol size) for L ≥ 30 only, to avoid
overloading the figure. (a) First passage time t1/2opt, corresponding to
the fastest folding conditions. (b) First passage time t1/2stab,
corresponding to conditions of the most rapid folding of the
thermodynamically stable native structure. For the Go model, the
dashed curve for the lowest set of data points represent the best fit of a
dependence ln(t) = ln(A) + b⋅×ln(L) + c/ln(L). See the text for more details.
.

In this study we examine two main possible functional
dependencies of the folding time t1/2 on the chain length
L: t1/2 = ALb and t1/2 = exp(ALb), where A and b are constants. The aim is to elucidate the quality of these approximations. The dependence t1/2 = A⋅×exp(bL) has been also
investigated in [7] and it has been shown that it does not
fit the experimental data. The results obtained are presented in Figures 2 and 3 in coordinates linearizing these
functional dependencies: ln(t1/2) versus ln(L) and
ln[ln(t1/2)] versus ln(L). The best fitted parameters of the
linear interpolations — the values of ln(A) and b — are

0

1

2

3
In(L)

Random chains (–∆ = 0)
Weakly edited chains (–∆ = 0.5)
Moderately edited chains (–∆ = 1)
Strongly edited chains (–∆ = 2)
Go model (–∆ = ∝)

4

5

Folding & Design

Dependence of the characteristic first passage time t1/2 on the number
of chain links L in the coordinates ln[ln(t1/2)] versus ln(L). The
dependence t = exp(ALb) is a straight line; ln[ln(t)] = ln(A) + b.ln(L).
.

presented in Table 2 together with the correlation coefficients C and the error functions χ2 for each of the tested
functional dependencies.
One can see in Figures 2 and 3 that the experimental
points obtained in computer simulations fit rather well by
the straight lines in all the examined cases. It is noteworthy that the approximation t1/2 = exp(ALb), which we suggested earlier, [5] becomes worse than the approximation
t1/2 = ALb only when the examined chain lengths L varied
by more than an order of magnitude. The correlation coefficients are very high for both the tested dependencies: on
average they are 0.974 for the dependence t = exp(ALb)
and 0.996 for the dependence t = ALb. Thus, from Figures
2 and 3 or the correlation coefficients given in Table 2 it
can be concluded that both examined dependencies are
good but that shown in Figure 2 is better. To rule out one
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Table 2
Parameters of the best fitted approximations presented in Figures 2 and 3.
t1/2opt

t1/2stab

Approximation

–∆ = 0 –∆ = 0.5 –∆ = 1 –∆ = 2

–∆ = ∞

–∆ = 0 ∆ = 0.5 –∆ = 1 –∆ = 2

–∆ = ∞

t = ALb

ln(A)

–5.51

–3.19

–2.12

–1.36

–0.77

–14.72

–5.40

–4.15

–2.33

–0.77

b

5.23

3.72

2.84

2.14

1.69

12.48

5.45

4.12

2.63

1.69

C

0.990

0.997

0.997

0.999

0.999

0.997

0.998

0.993

0.994

0.999

χ2

1.13

1.96

3.52

1.65

51.97*

0.06

0.58

5.51

14.35

51.97*

ν

5

10

13

13

13

3

6

10

13

Σχ2 = 8.3, Σ(ν – 2) = 33, p = 1
t = exp(ALb) ln(A)

Σχ2 = 20.5, Σ(ν – 2) = 24, p = 0.7

p = 3 × 10–7

13
p = 3 × 10–7

–0.36

0.38

0.61

0.33

0.01

–1.96

–0.18

0.06

0.14

0.01

b

0.94

0.53

0.39

0.40

0.44

2.11

0.82

0.62

0.48

0.44

C

0.988

0.976

0.958

0.977

0.968

0.975

0.978

0.964

0.987

0.968

χ2

1.56

14.44

22.87

30.15

3645

0.53

5.43

14.32

23.91

3645

ν

5

10

13

13

13

3

6

10

13

13

Σ

χ2

= 69.0, Σ(ν – 2) = 33, p = 2 ×

10–4

p=0

Σ

χ2

= 44.2, Σ(ν – 2) = 24, p = 7 ×

10–3

p=0

ALb ⋅× exp(c/ln(L)),

C, the standard correlation coefficient between the experimental and
the fitted values; χ2, the sum of quadratic deviations of the fitted
approximations from the experimental values; ν, the number of
experimental points; ν – 2, the number of degrees of freedom; p, the
probability that the given χ2 value is due to a random deviation.

*See the text for fitting of dependence t1/2 =
which
gives χ2 = 13.56, p = 0.3 and b = 1.53. Random (–∆ = 0), weakly
(–∆ = 0.5), moderately (–∆ = 1), strongly (–∆ = 2) and ideally (–∆ = ∞)
edited sequences.

of the two dependencies, a measure of accuracy of the
tested dependencies more sensitive than the correlation
coefficient must be used.

show that the algebraic term Lb is the main term in the
RNA secondary structure folding time scaling, as long as
the RNA length L does not exceed hundreds of links.

To this end, we employed the χ2 criterion (see Statistical
analysis of the results), which is commonly used [30] to test
the probabilities of hypotheses. The χ2 values obtained for
the random, weakly, moderately and strongly edited
sequences (Table 2) are quite compatible with a hypothesis that the observed deviation of the experimental points
from the dependence t1/2 = ALb is obtained by chance. The
corresponding probabilities are very high, 1.0 for t1/2opt and
0.7 for t1/2stab. At the same time, the χ2 deviations from the
dependence t1/2 = exp(ALb) are significant for these
sequences: the observed χ2 values can be obtained by
chance with a probability of only 2 × 10–4 for t1/2opt and
7 × 10–3 for t1/2stab. Thus, the t1/2 = exp(ALb) functional
dependence can be ruled out and the dependence
t1/2 = ALb is basically valid.

The above consideration is illustrated by the results
obtained for the extremely edited sequences (the ‘Go
model’). Here, the observed χ2 deviations are big because
the errors in the folding time estimates are very small; the
small errors allow estimates of the dependence of t1/2
on L to be more precise. The observed χ2 deviations
(Table 2) rule out the dependence t1/2 = exp(ALb) completely, but a significant χ2 value observed for the tested
dependence t1/2 = ALb shows that this dependence is also
only approximately valid.

Certainly, the results of folding simulations presented in
Figures 2 and 3 cannot rule out a composed scaling dependence like t1/2 = ALb×⋅exp(αLβ) where α and/or β are sufficiently small. In particular, no scaling over L when L < 103
can rule out a multiplier exp(0.001L), although this multiplier will dominate when L >> 103. This is a usual
problem with the scaling of experimental results, including those of computer simulations (cf. [6]). Actually, one
can only test some a priori hypotheses to see if they fit the
experiment, rather than withdraw a scaling law directly
from the experiment. The presented results, however,

The dependence t1/2 = ALb×⋅exp[c/ln(L)], where c is a constant (we tried a more or less arbitrary form with the same
algebraic asymptotics at L→∞ because a rough estimate of
the Go model shows that the power b is between 1 and 2
at L→∞), gives a reasonable fit at ln(A) = 0.09, b = 1.53
and c = –1.15: the resulting χ2 = 13.56 (for the same 13
points). In other words, the probability of a random deviation is reasonably high, p = 0.3. It is noteworthy, however,
that this complication of the t1/2 scaling dependence on L
results in a very small modification of the corresponding
curve in Figure 2.
Thus, we see that the dependence t1/2 = ALb gives a good
(although not absolutely precise) description of the first
passage time dependence on the chain length, both for
the most rapid folding (t1/2opt ) and for the fastest folding to
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Figure 4

Figure 5
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the thermodynamically stable native state (t1/2stab). An
additional significant property of the dependence t1/2 ~ Lb
is that all the interpolated lines intersect the axis
ln(t1/2) = 0 in the region where ln(L) is close to unity.
Thus, the found dependence appears as t1/2 ≈ (L/2)b,
which corresponds to a natural requirement that a chain of
two links must fold in one step.
Figure 4 shows the dependence of the power b on the
editing parameter ∆. It is noteworthy that b < 3 for
strongly edited sequences. Thus, the kinetic search of the
native state is done faster for these chains than by
dynamic programming algorithms.
It is also noteworthy that the power values b observed for
the random and for the extremely edited RNA-like chains
in the region of their fastest folding (5.5 and 1.7, respectively) are approximately one unit less than the power
values observed in the same region for the random and for
the extremely edited protein-like chains (6 and 2.7,
respectively [6]).
Thus, computer simulations show that the RNA-like and
the protein-like [6] model chains have similar power
scaling laws (t ~ Lb) for the folding time dependence on
the chain length in the region of the most rapid folding of
these chains. Outside these regions, however, the scaling
laws for the protein-like and the RNA-like chains may be
different. In particular, for the border of the native structure stability we obtained t1/2stab ~ Lb for the RNA-like
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The dependence of the power-law exponent b on the degree of
editing, –∆. –∆ = 0 corresponds to the random chains and –∆ = ∞
corresponds to the ideal editing of chains (the Go model). For this
model, b = 1.7 both for t1/2opt and t1/2stab.
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Temperature (T) dependencies for a 70-link chain with a strongly
edited (–∆ = 2) sequence at ϕ = 3 (this ϕ value corresponds to the
most rapid folding time of this chain to its native structure). The
temperature dependence of (a) the average secondary structure
energy (E) and (b) the average secondary structure content θ, the
native state thermodynamic probability wN, and the characteristic first
passage time t1/2. The values wN, θ and E are calculated using
Equations 5–8. ∆T is the width of the transition, ∆E is the energy
difference between the native and the unfolded states, Tm is the
midpoint of secondary structure melting, Topt is the optimal
temperature for the fast kinetics.

chains, although an analytical estimate of the protein
folding time [9] is proportional to exp(L2/3) and for other
ambient conditions it can also scale as exp(L1/2) [8,13,15].
Moreover, thermodynamics of folding transitions are quite
different for RNA-like and protein-like chains. The all-ornone transitions with a very low content of intermediate
states are typical for globular proteins [16] and their
models [12], but not for the RNA-like heteropolymers
[25]. The temperature dependence of the RNA secondary
structure energy (Figure 5a) does not satisfy the Van’t
Hoff criterion [29] of an all-or-none transition,
∆E⋅×∆T = 4RTm2, where Tm is the transition temperature,
∆T is the transition width and ∆E is the energy change:
the observed ∆T is much greater than 4RTm2/∆E, which
means that there is a high population of folding intermediates [16]. Figure 5b shows that the decrease in the native
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Actually, we did not expect to find any nucleation phenomena in the RNA secondary structure formation. In
proteins and protein models, each link can have many
simultaneous interactions, which leads to the surface
tension and the consequent determination of the nucleus.
In the examined RNA model, each link can interact with
only one other link at a time; hence, here one pairing has
no particular effect on pairing of adjacent links. To our
surprise, however, we found a kind of critical folding
nucleus in RNA folding.
The critical folding nucleus is a structure corresponding to
the transition state (i.e. to the free energy maximum) on
the folding pathway. If the transition state exists on the
folding pathway, and if the molecule is in the transition
state, then the molecule can take one of two pathways,
both going downhill in free energy but in the opposite
directions (cf. [11]). One pathway leads to the native state;
following this downhill route, the molecule rapidly
achieves its native structure. The other pathway leads to
the denatured state(s); if the molecule takes this route, it
comes to the denatured state and can then come to the
native structure only after a long time, in the same way as
a molecule starting from the unfolded state. In addition, a
molecule can spend some time wandering at the top of the
free energy barrier. One will find the critical folding
nucleus if one chooses a structure distinguished by such
bifurcated kinetics or a by a very broad spectrum of the
folding times.
Assuming that the transition state exists, one can determine its overall characteristics (mean energy E# and mean
Figure 6
The distribution of the folding times (in Monte-Carlo steps) obtained in
50 independent runs at the point of the fastest folding (ϕ = –0.5 and
T–1 = 1.5) for the 20-link chain with a random sequence. The
simulations begin with four different starting conformations: (a) the
nucleus with N# = 8 native pairings; (b) the same nucleus minus one
pairing; (c) the same nucleus plus one native pairing; and (d) the
unfolded chain.
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Thus, folding thermodynamics are absolutely different for
the RNA-like and protein-like chains, although their phenomenological folding kinetics (at least, in the region of
the most rapid folding) are rather similar. Does the similar
folding kinetics mean a similarity of their folding mechanisms? In particular, is the ‘nucleation-and-growth’ mechanism, which is typical for proteins [11,14,31], valid for
RNA secondary structure folding?
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state probability wN is much faster than the overall
decrease in the secondary structure content θ. It is also
noteworthy that the fastest achievement of the native
state corresponds to a temperature where wN is rather low,
while θ is close to unity.
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number of pairings N#) in the (ϕ,T) point of the fastest
folding: these characteristics coincide with the equilibrium characteristics (ED and ND) of the denatured state
[4,32]. Within the frame of the transition state theory [29],
the folding time (t1/2) is proportional to exp[(F# –
FD)/RT], where F# = E# + N#ϕT – TS# is the free energy
of the transition state and FD = ED + NDϕT – TSD is the
free energy of the denatured state (S# and SD are conformational entropies of these states). Because ∂t1/2/∂T ~
t1/2(ED – E#)/T2 and ∂t1/2/∂ϕ ~ t1/2(N# – ND), E# = ED and
N# = ND at the (ϕ,T) point where t1/2 reaches its minimum
(where t1/2 = t1/2opt [4]). The native state probability wN is
very small at this point (see Figure 5b), so the denatured
state is predominant here and the ED and ND values virtually coincide with the E and N values calculated (see
Equation 6–7) for the chain at this point.

Figure 7

In this way the values E# and N# corresponding to the
t1/2 = t1/2opt point have been computed for each of the
investigated chains. If the folding nucleus exists, they
must characterize its energy and the secondary structure
content. In all the examined cases, the E# and N# values
turned out to be rather close to the EN and NN = L/2
values characterizing the native state (see Figure 5). This
means that the critical nucleus (if it exists) is very big: its
secondary structure content is ≥ 80% and this value grows
with the chain length and the degree of editing (results
not shown). At the same time the native state probability
wN decreases with the chain length, but grows with the
degree of editing [5–7].

(b) 30

Now one had to prove that such a big fragment of the native
RNA structure indeed works like a critical nucleus, in other
words the folding kinetics starting from this fragment are
indeed bifurcated.
To find a candidate structure for the role of the critical
nucleus, we determined the N# and E# values for the
given chains as described above and examined all the possible structures with N# native pairs whose summary
energy is close to E#. We did 50 folding simulations starting from each candidate structure at the (ϕ,T) point corresponding to the fastest folding of the chain. Typical
distributions of these folding times (Figures 6a and 7a) are
very broad and bifurcated: they vary from a few steps up
to the times typical for folding from the completely
unfolded state (cf. Figures 6d and 7b). Such a distribution
of the folding times confirms the nucleation mechanism of
the native secondary structure folding in the RNA-like
chains, although the ‘nuclei’ in this case are much bigger
than thought before and, in particular, than those
observed in the protein-like chains [11]. A bifurcated
picture is more pronounced for random sequences
(Figure 6) than for edited ones (Figure 7); this pattern virtually does not depend on the chain length. When the
folding simulation starts with the critical nucleus minus
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The distribution of the folding times (in Monte-Carlo steps) obtained in
50 independent runs at the point of the fastest folding (ϕ = 0.5 and
T–1 = 2) for the for 70-link chain with a weakly edited sequence. The
simulations begin with: (a) the nucleus with N# = 29 native pairings
and (b) the unfolded state. When folding starts from the nucleus, the
folding time spectrum is 300 times wider than that corresponding to
folding from the unfolded state.

(Figure 6b) or plus (Figure 6c) one native pairing, the twophase distribution of folding times remains essentially the
same, with some decrease or increase, respectively, in the
number of fast achievements of the native structure.
When we did kinetic simulations starting from the randomly chosen candidates with N# native pairings whose
energy was different from E#, we observed essentially the
same two-phase distribution of folding times as seen in
Figures 6 and 7. This shows that folding nuclei in the
RNA-like chains are non-specific, and big, unlike those in
the protein-like chains, which are specific, and small [11].
Analysing the results of simulations, we can suggest that
the main reason for fast folding starting from the nucleus
is that the nucleus divides the remaining RNA chain into
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short independent branches, which achieve the native
state independently of each other. Thus, one big and complicated problem converts into many small and simple
ones, which are solved rapidly. The nucleation mechanism in kinetics is usually conjugated with the first-order
(or all-or-none) transition in thermodynamics [33], but in
the RNA-like chains nucleation kinetics exists in the
absence of any all-or-none thermodynamics.
Conclusions

Protein-like and RNA-like models are rather different.
The protein-like models consider many-particle interactions, whereas RNA-like models consider only pairings of
links. The consequence is that the thermodynamics of
folding are different for the protein-like and the RNA-like
chains. Their folding kinetics have many common features, however: for any chain there are temperature and
solvent conditions under which the chain can fold to its
native (the lowest energy) fold much faster than by an
exhaustive search over all its conformations [2,4–6];
editing of the random sequences, which makes their
native folds more stable, results in an acceleration of
achievement of their native folds [4–6]; strong long-range
native contacts speed up folding [34,35]; the chains have
the same power scaling law t ~ Lb for their folding time
dependence on the chain length, at least at the point of the
fastest folding; and the chains fold via a folding nucleus,
although it is small and specific for the protein-like chains
and large and non-specific for the RNA-like chains.
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