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Abstract—Prediction of folding nuclei in RNA molecules allows one to look in a new way at the problem of possible RNA
base sequence folding and at problems associated with incorrect RNA folding, as well as at RNA structure stability. We have
chosen a model and energy parameters for description of RNA structure. The algorithm for studying processes including
protein folding/unfolding was successfully applied to calculations on tRNA. Four tRNA molecules were considered whose
structures were obtained in the free state (tRNAP™, tRNAAP tRNA™' and tRNADP®). The calculated ®-values for tRNA
molecules correlate with experimental data showing that nucleotide residues in the D and T hairpin regions are involved in
tRNA structure last, or more exactly, they are not included in the tRNA folding nucleus. High ®-values in the anticodon
hairpin region show that the nucleus of tRNA folding is localized just in that place.
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Despite simple primary structure, RNA molecules
are involved in many biological processes. Spatial struc-
ture and folding of RNA molecules are now the subject of
investigations of many researchers [1, 2]. Our special
interest is attracted by the Kinetics of this process per se
and by the possibility to use nucleotide sequence for pre-
diction of RNA secondary and tertiary structures. The lat-
ter is especially important because it is difficult to crystal-
lize RNA molecules. Functions of RNA molecules are
defined by its spatial structure, whose folding is regulated
by numerous factors making RNA very similar to proteins.

Drawing the analogy between RNA and proteins,
one should note that Levinthal’s paradox is valid for both,
according to which they find the native structure without
looking over all possible conformations of polypeptide
and nucleotide chains [3]. In the course of folding, the
RNA strands, like a protein globule, passes through
numerous intermediate states able to play the key role in
the kinetics of the process.

The primary structure of biologically active RNA is
formed after multiple posttranscriptional modifications
and often differs from the initial transcript. These modi-
fications include nucleotide methylation at the ribose 2'-
hydroxyl group, formation of modified bases such as
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pseudouridyl and dihydrouridyl, and nucleotide excision
or insertion [4].

The tRNA molecules do not differ much in
nucleotide sequence, and their length varies from 74 to 95
nucleotides; for mitochondrial tRNA the length varies
from 50 to 60 nucleotides. The same numbering of
nucleotide residues is generally accepted for tRNA mole-
cules and they are characterized by the presence of con-
servative (identical) sequences localized in the same posi-
tions. There are places where only purine or only pyrimi-
dine bases, called semiconservative, are localized.
Another pronounced feature of tRNA is the presence of
several tens of modified (minor) bases. They are formed
at definite tRNA positions in response to posttranscrip-
tional modifications catalyzed by special enzymes. The
most frequent are ribothymidine (T), pseudouridine (W),
5,6-dihydrouridine (D), inosine (I), etc.

The secondary structure of all tRNA resembles a
“clover leaf” and is formed by [4]:

— dihydrouridylic (D) hairpin containing dihy-
drouridyl residues differing by length in different tRNA;

— thymidyl-pseudouridyl (TW) hairpin with a stable
sequence in the GTYCGA or GTWCAA loop;

— anticodon (AC) hairpin where all tRNA are char-
acterized by the presence of just seven nucleotides in the
loop;
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— acceptor (AA) stem with universal CAA sequence
at its 3’ end;

— variable (V) loop strongly varying in length in dif-
ferent tRNAs.

All paired hairpin regions generate the A form dou-
ble helix.

Tertiary structure is formed due to interaction
between secondary structure elements. Little was known
about this level of RNA organization until crystals were
obtained for investigation by X-ray and NMR analyses.
This made it possible to obtain high resolution structures
of individual RNA molecules such as tRNA, the P4-P6
domain of Tetrahymena ribozyme, etc.

Not all nucleotides play a decisive role in RNA fold-
ing. On one side, this explains how RNA with rather low
homology can form a similar tertiary structure such as
tRNA, group I and II introns, and many others. On the
other side, how can the removal of a single nucleotide
influence the rate of RNA folding? Thus, knowledge of
folding nuclei (folding nucleus is the structured part of
the molecule in a transition state) makes it possible to
reveal structural elements limiting the rate of RNA fold-
ing.

The tRNA molecules play an important and variable
role within cells. However, the main role of tRNA is bind-
ing to its amino acid residue (with involvement of
aminoacyl-tRNA synthetase) and the necessary codon
recognition on mRNA. Now there are just a few experi-
mental works on ®-value determination for tRNA
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AC-loop
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nucleotides [5]. @ is the measure of the involvement of a
residue in transition structure formation [6, 7]. If ® = 1,
this means that contacts that define the native state at the
moment of the transition state have already been formed,
and the given residue is incorporated in the folding nucle-
us. If ® = 0, this means that these contacts are involved at
the last moment of structure folding, after getting over the
free-energy barrier (section “Methods of Investigation™).

The authors of work [5] studied a transition state of
tRNA during its unfolding. Artificially synthesized
tRNAP" was chosen for experiment, and Fersht’s method
for investigation of protein folding [6, 7] was used. The
procedure includes insertion of point mutations into the
studied molecule and detection of amino acid residues (in
the case of RNA this concerns nucleotide residues),
whose replacement influences stability of the transition
state. Depending on the site of disulfide bond introduc-
tion (Fig. 1), it is possible both to destabilize the transi-
tion state by increasing unfolding rate and by native state
stabilization. Accordingly, if a disulfide bridge joins a pair
that is disrupted before or during the transition state in
the course of unfolding, then unfolding rate will be
decreased. A disulfide bond between a pair formed during
unfolding after the transition state has no effect on
unfolding rate. Therefore, several experiments on
tRNAP™ unfolding were carried out to reveal contacts
established at the last moment of folding. This was first
done after introduction of a disulfide bond between
nucleotides Ul and U72 in AA stem (Fig. 1, site 1). Then
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Fig. 1. a) The tRNAP™ molecule with indicated disulfide bonds. Site 1, disulfide bond between nucleotides U1 and U72; site 2, between C11
and C25; site 3, between U16 and C60. b) Detailed figure with introduced disulfide bonds.
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a disulfide bridge was introduced between C11 and C25
nucleotides of D hairpin (Fig. 1, site 2). The last disulfide
bridge joined U16 of D loop and U60 of TW loop (Fig. 1,
site 3). The difference in free energy (AGg_.) between the
folded tRNAP" molecule and the transition state was cal-
culated for each case. Then AGg_, value of the molecule
containing a disulfide bond was compared with AGg_, of
the wild-type molecule (free of this bond). Unfolding was
investigated at 20-35°C, which is below the tRNA melting
temperature. Results of these experiments showed that
AGE_, values do not change after disulfide bond introduc-
tion into the AA stem and D hairpin. In the case of the
disulfide bond between the D and TYW loops the difference
between AGg_, values was about 0.8 kcal/mol. In this case
the tRNAP" containing the disulfide bond was unfolded
in two phases, the first being temperature dependent and
corresponded to melting of tertiary structure, while the
second was temperature independent and indicative of
slight configurational alterations following melting of the
tertiary structure. Based on the obtained data, the authors
concluded that contacts between D and TY loops are
formed last during tRNAP™® folding. This may be due to
strong repulsion between negatively charged phosphate
groups. Moreover, the authors believe that a similar order
of tertiary structure formation can be specific of different
tRNA molecules.

It was supposed for a long time that tRNA folding
(unfolding) is a hierarchical process: secondary structure
is formed first, and only then contacts are formed stabi-
lizing tertiary structure. But it has been recently shown
that tRNA unfolding is not a hierarchical process [8]. It
appears that consecutive unfolding of tertiary structure
followed by unfolding of secondary structure is not cor-
rect for tRNA. On the whole, very often the loss of con-
tacts associated with tertiary structure happens simulta-
neously with breaking base pairs of secondary structure
elements [8]. This result was obtained using the specially
elaborated SHAPE method [8] that provides information
concerning a particular nucleotide, or more exactly, con-
cerning its local environment of different components of
the tRNA molecule. This allows one to trace the process
of RNA molecule unfolding.

The fact that tRNA folding/unfolding is not hierar-
chical makes it possible to use a method and algorithm
elaborated for protein structures for investigation of
tRNA folding. Know-how of theoretical prediction of
tRNA nucleotides important for formation of folding
nucleus would define the most probable kinetic pathway
of folding. This in turn makes it possible to schedule
RNA-engineering works on experimental detection of
nucleus of RNA structure folding. In this work we con-
sider a model of RNA structure and algorithm for predic-
tion of RNA folding nuclei. Analysis of ®-values for four
tRNA molecules whose structures were obtained in the
free state (tRNAP™, tRNA*P, tRNA™e and tRNAD®)
makes it reasonable to suppose that the anticodon hairpin
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is incorporated in the folding nucleus, while nucleotide
residues in the region of D- and T-hairpin loops are the
last to be involved in tRNA structure.

METHODS OF INVESTIGATION

Assignment of coarse-grained structural model.
Methods of structure representation using coarse-grained
model allow one to simulate multiple molecular process-
es including folding or unfolding of different polymer
molecules and describe the free-energy landscape of mol-
ecule folding kinetics. Go potentials [9] are usually used
in these cases. This approach is now more often used for
investigation of protein folding.

We have adapted the coarse-grained RNA model
elaborated in Dokholyan’s group [10] for description of
RNA structure and energy parameters. To simplify calcu-
lations, those authors considered the full-scale atomic
RNA model in which three points correspond to each
nucleotide: P, phosphate group mass center; S, ribose
mass center; B, mass center of the base of the six-mem-
bered ring for both purines and pyrimidines (Fig. 2).

Assignment of energy parameters for hydrogen bond,
stacking, and hydrophobic interactions. The full energy of
interaction in an RNA structure includes the sum of ener-
gies:

Esum = EHB + ESlack + EHydrophobica (1)

where Eyp is energy of hydrogen bonds between
nucleotides, Eg, is energy of the nucleotide stacking
interaction, and Eyyqg.opnonic 1S the energy of hydrophobic
interactions. A hydrogen bond is formed when a hydro-

Fig. 2. Coarse-grained RNA structural model. Globules desig-
nate: B, nucleic base; S, ribose; P, phosphate. Distances vary
depending on the type of nucleic base in the nucleotide. Hydrogen
bonds upon interactions of the bases. Pairing contacts are shown
between bases B,_;:B;,, and B;:B,.
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Table 1. Distances between bases (C, G, U, and A) and sugars (S)

Nucleotide pair and its components din d, d, d s
CG; 520 A 5.46 A 5.62 A 5.74 A
S.G; 7.70 A 8.08 A 8.63A 9.00 A
G 9.74 A 9.74 A 10.53A 10.82 A
AT 5.00 A 5.25A 5.68A 5.84 A
S.U; 9.76 A 9.94 A 10.50 A 10.76 A
AS; 772 A 792 A 8.82A 9.00 A
U;G; 5.10 A 5.65A 6.10 A 6.25 A
S.G; 7.00 A 7.44 A 8.24 A 8.70 A
U;S; 9.50 A 1025 A 10.80 A 11.35A

gen atom (donor) is bound to an electronegative nitrogen
or oxygen atom (acceptor). The bond strength depends
on the atom size and charge. According to the model
described in [10], only (A—U), (G—C), and (U—-G) pairs
are involved in hydrogen bonding; the basic energies of
their hydrogen bonds are ey = —0.5, egg = —1.2, and
egp = —0.5 kcal/mol, respectively. If the distance between
bases B; and B, is within the limits of d,;,-d,,x, then the
hydrogen bond energy is calculated. The hydrogen bond
energy depends on three distances (Table 1) between
bases and sugars B;B;, S;B;, and B,S; (Fig. 2). If all these
distances are within the limits of d, < R < d,,,,, then coef-
ficient 3 is given to the hydrogen bond energy (3egg). In
the case of further reduction of the distance (i.e. in the
case of the interval d, < R < d,), 0.5y (kcal/mol) is
added to each pair (B,B;, or S;B;, or B;S;). Thus, when all
three distances fall within d,;, < R < d,, then Eyz =
0 kcal/mol. When a branched hydrogen bond is formed,
the energy value is divided by two.

Energy of stacking interaction decreases in the order:
purine—purine — pyrimidine—purine — pyrimidine—
pyrimidine [11]. Stacking formation involves quadru-
pole—quadrupole interactions and rather strong dispersion
interaction between nucleotide bases. A certain role is also
played by hydrophobic forces promoting interaction of
bases, thus decreasing their interaction with solvent [11].

In our model the energy of stacking and hydrophobic
interactions is considered as follows:

— if two bases are at distance r < 4.65 A for purines,
r < 4.60 A for pyrimidines, and r < 3.8 A for
purine—pyrimidines as well as for all modified bases, then
FEgiacx = —0.6 kcal/mol;

— if base pairs are closer to each other than 6.5 Abut
no stacking is formed, then the energy of hydrophobic
interactions Eyygropnobic = —0.4 kcal/mol is attributed to
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them. We have calculated average free energy values for
these interactions from work [10].

It should be noted that for noncanonical pairs, ener-
gy of stacking and hydrophobic interactions was also con-
sidered.

Estimation of free energy. The process of consecutive
folding/unfolding of native structure of nucleotide chain
consisting of U nucleotide units is shown in Fig. 3. This
chain has the fully folded native state S,, fully unfolded
state Sy, and multiple intermediate partially unfolded
structures S, including v disordered units and the native-
like globular part of U — v units (v = 0 for native state S,
v = U for fully unfolded state S;, v=1, ..., U— 1 for par-
tially unfolded structures).

Unfolding of nucleotides from the chain is deliberate
exclusion of any nucleotide residue from all interactions
within the molecule. The removed nucleotide residue
acquires the unfolded state entropy except the portion
spent for closing disordered regions of the nucleotide
chain. The other nucleotide residues retain their native
positions. Unfolded regions do not fold into other struc-
tures different from the native one. This results in a net-
work of folding/unfolding pathways having one fully fold-
ed structure, one fully unfolded, and multiple intermedi-
ate structures.

All free energy calculations given in this work con-
cern the point of thermodynamic equilibrium between
native structure S, and random coil Sy

The free energy of an intermediate state of an RNA
molecule is calculated using the equation:

F(Sv) = Esum(sv) — RT [GNfree.nucl + Sloop]' (2)

Total energy FE,.(S,) is taken from all nucleotide
residues of RNA structure S, and is calculated as the sum
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Fig. 3. Scheme of folding and unfolding pathways in native spatial structure S,. S, fully unfolded state in which all U of nucleotide chain units
are unfolded (this figure shows structure of domain P4-P6 from the Tetrahymena thermophila ribozyme first group intron). In each partially
unfolded structure (type S,), v units are unfolded (dotted line), while the other U — v units retain native position and conformation (continu-
ous line). Vertical dotted lines separate microstates with different number v of unfolded units in the chain. The central structure in the bottom
row represents the microstate with v unfolded units forming one closed disordered loop and one unfolded tail; the central structure in central
row is the microstate in which v unfolded units form two closed disordered loops. The pathway networks used in calculations are much more
extensive than in this scheme: they include millions of partially unfolded microstates.

of energies of hydrogen bond, stacking, and hydrophobic
interactions of each of nucleotides described by the
coarse-grained model:

Esum(sv) = EHB + EStack + EHydrophobics (3)

where Eyp is energy of internucleotide hydrogen bonds,
Eg..ox is energy of nucleotide stacking interactions, and
Eqyarophobic 18 €nergy of hydrophobic interactions between
nucleotides. The main designations are as follows: 7,
temperature in Kelvin (350 K); R, universal gas constant;
o, difference in entropy upon transition of one
nucleotide residue from unfolded to structured part of the
molecule in R units; N, Number of nucleotide
residues in unfolded part of the molecule; S, Flory
entropy (cost for locking loops leaving the globule
between residues k and /). The loop entropy is calculated
using the formula:

5
S]oop = — 7 Rln|k — l| (4)

The coefficient 5 occurs due to restrictions upon inte-
gration because we restrict the loop pathway only to the
space z > 0 [12]. We have shown in the course of protein
structure modeling that the term responsible for persist-
ent length does not make a large contribution upon cal-
culation of the loop entropy (persistent length 20 A) [13].
Persistent length for RNA molecules is ~10-20 A [14],
and therefore we ignore this term in this work.

Special attention should be given to calculation of o,
the entropy difference between random coil and native
states of a nucleotide residue that can be calculated if the
RNA structure is at the point of thermodynamic equilib-
rium between native and random coil phases F(S)
F(Sy), ie. Ey,(Sy) and o obey the ratio Eg,,(S))
—RTNy nua0, Where Ny .o 1S the number of nucleotide
residues in the native RNA structure.

Complete analysis of pathways passing through these
“semi-unfolded” structures is carried out using the
dynamic programming technique [13].

Calculation of folding nuclei. For folding nucleus cal-
culations we used the @ analysis method developed by
Fersht for small single-domain proteins [6, 7]. The

BIOCHEMISTRY (Moscow) Vol. 76 No. 2 2011



PREDICTION OF FOLDING NUCLEI IN tRNA MOLECULES

essence of this method is insertion of point mutations and
revealing amino acid residues whose replacement alters
stability of the protein transition state. The AAFy_y; value
is the difference of free energies between the folded and
unfolded states of the wild type protein and mutant,
AAF,_y is the difference between free energies of transi-
tion and denatured states. The value of ratio ® =
AAF,_y/AAF\_y is the measure of the involvement of the
amino acid residue in the transition state structure forma-
tion. If ® = 1, then contacts that define native state at the
moment of the transition state have been already formed;
this means that this residue is incorporated into the fold-
ing nucleus. If ® = 0, then these contacts evolve at the last
moment of protein folding, after overcoming the free
energy barrier. It is very difficult to interpret intermediate
®-values because they depend on many factors. Such val-
ues may show both that these contacts at the moment of
transition state were formed partially, and that weak inter-
actions between pairs could be formed or not at the
moment of the transition state.

®-values for concrete nucleotide residue (®,) are
calculated using the formula:

2A,E(S%) - P(S%)
S*eTS

o, = , 5
n AE, (&)

where summation up is carried out using the ensemble of
transition states constructed by the dynamic program-
ming technique upon construction of a complete fold-
ing/unfolding network, A,E(S¥) is the change in energy of
interactions upon removal of the assigned nucleotide (n)
in transition state S*, the words “nucleotide removal”
mean exclusion of the latter from all interactions (this is
similar to a particular amino acid residue replacement by
glycine in proteins [13]); A, Ey is the change in interaction
energy in the native state in response to the removal of
nucleotide . It is supposed that in the unfolded state the
nucleotides form no contacts, i.e. they are not involved in
any interaction.

To average the values in a set of transition states (S%),
Boltzmann weights are used:

exp(—F (%)/RT)
Sexp(—F (S)/RD)”

P(S§%) = (6)

where (S¥) is the transition state from a set of all struc-
tures in this state.

Modeling conditions: the point of thermodynamic
equilibrium. A completely linear RNA conformation is
initially generated in the model [10] for prediction of
RNA tertiary structure. However, we work with a ready
RNA structure, and its atom coordinates are represented
as a PDB file [15]. First, we calculate energy of hydrogen
bond, stacking, and hydrophobic interactions between
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“grains” describing the RNA structure. Then we simulate
RNA folding and unfolding under conditions of thermo-
dynamic equilibrium when free energies between native
and denatured RNA structure are identical, while the
paths of direct and reverse reaction coincide according to
the principle of detailed equilibrium [16]. Calculation
algorithms have already been elaborated for prediction of
protein unfolding pathways [13].

When we are modeling RNA structure folding and
unfolding at the point of thermodynamic equilibrium by
the dynamic programming technique, we do not consider
incorrectly folded structure, which may be unusual blind
allies or “traps” [13] and influence RNA folding or
unfolding.

Network of folding/unfolding pathways. As men-
tioned above, spatial structure of RNA in native state bor-
rowed from the database of PDB spatial structures is
taken as the basis [15]. The RNA folding/unfolding
process is modeled as reversible unfolding of its native
structure by the dynamic programming technique. We
consider the network of unfolding pathways in which each
pathway is a simplified virtual consecutive RNA unfold-
ing (Fig. 3), i.e. the artificial exclusion of one or another
nucleotide residue from all interactions within the mole-
cule. The removed nucleotide residue acquires the
unfolded state entropy with the exception of the portion
spent for closing disordered chains. The other nucleotide
residues retain their native positions. Unfolded regions do
not fold to another, different from native, structure.

To simplify calculations, we restrict the number of
closed disordered loops protruding from the structure (no
more than two loops), and in calculations of tRNA mol-
ecules we use “units” consisting of two but not of one
nucleotide residue.

RESULTS AND DISCUSSION

Search for folding nuclei. Since experimental data on
folding nuclei were obtained for tRNAP [5], analysis and
all calculations of folding nuclei in this work have been
done for tRNAP® tRNAA, tRNA™< and tRNA®* mol-
ecules whose structures in the free state (i.e. not bound in
any complex) have been obtained by X-ray analysis at dif-
ferent resolution (Table 2).

Most hydrogen bonds are formed between standard
base pairs. In our model only hydrogen bonds for three
base pairs are considered (A—U, G—C, and G—U), while
hydrogen bonds for all the other base pairs are not consid-
ered. For the example of yeast tRNAP™, these are hydro-
gen bonds between D and TW loops: G18 and W55 pair,
G57 with G18 and G19, and simultaneously with W55 [4].

The ®-value profile for unmodified tRNAP™ of E.
coli is shown in Fig. 4. Regions with low ®-values corre-
sponding to loop regions of D and T hairpins as well as
regions with high ®-values corresponding to anticodon
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Table 2. Calculated energy characteristics of tRNA molecules presented in this work
Energy components (kcal/mol) Number of interactions
PDB code Name and origin
(resolution) complete | hydrogen | stacking | hydrophobic | number | number | number of
energy of bonds inter- interactions | of hydro- | of stack- | hydropho-
molecule actions gen ing inter- | bic inter-
bonds actions actions
1EHZ (1.93 A) | yeast tRNAP™ —127.0 —31.4 —58.8 -36.8 22 98 92
IFIR (3.3 A) bovine tRNAD* —102.83 —5.43 —52.2 —45.2 9 87 113
3CW5 (3.1 A) | E. coli tRNAM —116.35 —17.75 —64.2 —34.4 19 107 86
3LOU (3 A) E. coli tRNAP® —116.1 -29.9 —58.2 —28.0 22 97 70
(unmodified)
3TRA (3 A) yeast tRNAAP —115.43 —25.43 —54.0 -36.0 23 90 90

hairpin are clearly seen. These data correlate with exper-
imental results [5] showing that in the case of tRNAP™
destruction the contacts joining loops of D and T hairpins
are broken first, and then disruption of base pairs of D
hairpin secondary structure occurs.

For each tRNA type, structures with the best resolu-
tion were chosen for analysis of folding features of various
tRNA. After calculation of ®-values for four tRNA crys-
tals, we obtained values for each component of interac-
tion energy, number of hydrogen bonds, number of pairs
of stacking and hydrophobic interactions (Table 2), and
®-values for each nucleotide. It is necessary to note that
for tRNAS with resolution 3.3 A we obtained the fewest
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Fig. 4. Graph of E. coli tRNAP'* (PDB: 3L0U, crystalline struc-
ture of unmodified tRNAP™ with resolution 3.0 A). Open circles
designate nucleotides under numbers 29 and 59 corresponding to
D and TY loops. Regions of secondary structure are marked by
bars at the bottom of the figure.

hydrogen bonds, which is indicative of the poor quality of
the structure (Table 2).

Figure 5 shows the ®-value profiles for four struc-
tures: tRNAP* (PDB file: 1EHZ), tRNAP® (1FIR),
tRNA™et (3CWS5), and tRNA*P (3TRA). These struc-
tures were crystallized in the free state, i.e. not bound in
any complex. It is seen on the profile that nucleotide
residues corresponding to D and T loops have the lowest
®d-values compared to different regions of the tRNA mol-
ecule, whereas anticodon helix has the highest ®-values,
which correlates with experimental data [5]. The ®-value
profile for tRNAM is slightly different, but this is due to
poor resolution for this structure (3.3 A).
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Fig. 5. ®-value profiles for tRNA™e, tRNADS, tRNAP, and
tRNA™ structures: 1 EHZ (with resolution 1.93 A), 1FIR (3.3 A),
3TRA (3 A), and 3CWS5 (3.1 A) are corresponding PDB codes of
spatial tRNA structures. Secondary structure regions are marked
by bars at the bottom of the figure.

BIOCHEMISTRY (Moscow) Vol. 76 No. 2 2011



PREDICTION OF FOLDING NUCLEI IN tRNA MOLECULES

—_— WT = AA-stem
— C11 == D-helix
=== C28 == AC-helix
1.0 —— Ga2
= TY_helix
09} ===~ A4 ,

d-values
o
(é)]

0 J
0 10 50 60 70 80

20 30 40
Numbering of nucleotide residues from 5’- to 3'-end

Fig. 6. ®-value profiles for yeast tRNA™ (PDB: 1EHZ). WT,
wild-type line. The line with asterisks shows base removal from
nucleotide No. 11 (cytosine). The fine gray line corresponds to
base removal from nucleotide No. 28 (cytosine). The bold gray
line corresponds to base removal from nucleotide No. 42 (gua-
nine). The dotted line shows base removal from nucleotide No. 64
(adenine). Secondary structure regions are marked by bars at the
bottom of the figure.

Effect of particular nucleotides on localization of fold-
ing nuclei. As shown above, the folding nucleus is the
structured part of the molecule in the transition state, the
rate of formation of which is also able to influence the
folding rate of the whole molecule. To reveal the impor-
tance of certain nucleotides in the folding nucleus, we
removed some nucleotides corresponding to high ®-val-
ues. “To remove” means to excise from the native RNA
structure the base atoms of the chosen nucleotide. We sup-
pose that the pronounced change in the profile will appear
only if the removed base existed in the folding nucleus. It
is well seen on the example of the tRNAP™ molecule
(PDB file: IEHZ) how the ®-value profiles change after
removal of G29 and C41 from the AC helix. Only minor
changes were observed upon removal of base Al1 from the
D loop (Fig. 6). As seen in the figure, the folding nucleus
is mainly localized in the anticodon hairpin region. This is
also true for the E. coli tRNAP" molecule with unmodified
bases (Fig. 7). The change in the ®-value profiles after
removal of bases G30 and C41 from the AC helix is well
seen in the graph (bold black and gray lines). These two
cases show that a slight change in local stability of tRNA
(~1 kcal/mol) is able to significantly change the pathway
and, respectively, the nucleus of tRNA folding.

Theoretical work on searching for folding nuclei for
tRNA molecules is of great interest. There are still very
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Fig. 7. ®-value profiles for unmodified E. coli tRNA™ (PDB:
3L0U). WT, wild-type line. The broken line shows base removal
from nucleotide No. 11 (adenine). The bold black line corre-
sponds to base removal from nucleotide No. 30 (guanine). The
gray line corresponds to base removal from nucleotide No. 41
(cytosine). Secondary structure regions are marked by bars at the
bottom of the figure.

few experimental data on tRNA folding nuclei. We have
successfully applied to tRNA the method of folding
nuclei calculation elaborated for proteins. Theoretically
calculated d-values for four tRNA molecules (tRNAP,
tRNAP, tRNA™® and tRNAY*) correspond to experi-
mental data, indicating that nucleotide residues in the
region of the D and T hairpin loops are not included in
the tRNA folding nucleus. High estimated ®-values in
the region of the anticodon hairpin suggest that there is
localized folding nucleus for the considered tRNA struc-
tures with resolution below 3.1 A.
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