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Abstract The protocol of conformational analysis
applied here to ribonucleotide oligomers combines
conformational search in the space of torsion angles
and energy minimization using the AMBER4.1 force
field with a continuum treatment of electrostatic solute-
solvent interactions. RNA fragments with 5-GGGCG-
NNAGCCU-3" sequences commonly fold into hairpins
with four-membered loops. The combinatorial search for
acceptable conformations using the MC-SYM program
was restricted to loop nucleotides and yielded roughly
1500 structures being compatible with a double-stranded
stem. After energy minimization by the JUMNA pro-
gram (without applying any experimental constraints),
these structures converged into an ensemble of 74 differ-
ent conformers including 26 structures which contained
the sheared G-A base pair observed in experimental
studies of GNRA tetraloops. Energetic analysis shows
that inclusion of solvent electrostatic effects is critically
important for the selection of conformers that agree with
experimentally determined structures. The continuum
model accounts for solvent polarization by means of the
electrostatic reaction field. In the case of GNRA loop
sequences, the contributions of the reaction field shift
relative stabilities towards conformations showing most
of the structural features derived from NMR studies. The
agreement of computed conformations with the experi-
mental structures of GAAA, GCAA, and GAGA tetra-
loops suggests that the continuum treatment of the
solvent represents a definitive improvement over methods
using simple damping models in electrostatic energy cal-
culations. Application of the procedure described here to
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Introduction

Understanding RNA structure is important owing to the
variety of biological functions fulfilled by different
classes of these molecules. The currently available
information on RNA 3D structures is, however, quite
limited (Uhlenbeck et al. 1997). Crystallization and
X-ray crystallography have been successful only for
tRNAs, small oligonucleotides (e.g. Perbandt et al. 1998)
as well as recently for the hammerhead ribozyme (Pley
et al. 1994; Scott et al. 1995), the catalytic domain of a
group I intron (Cate et al. 1996), and a hepatitis delta
virus ribozyme (Ferré-D’Amaré et al. 1998). In the last
few years, substantial progress was made by combining
NMR spectroscopic methods and distance constraint
calculations or restrained molecular dynamics in the
determination of the structure of small RNA fragments.
The structures obtained for a variety of hairpins, bulges,
internal loops, and pseudoknots (Moore 1993; Shen et al.
1995; Feigon et al. 1996) revealed many ways in which
nucleotides can be involved in hydrogen bonding inter-
actions (for an updated review, see also Schuster et al.



1997). The remarkable intrinsic stability of certain
classes of structural motifs and their reoccurrance in
many RNA structures indicate that they play an im-
portant role in tertiary folding and in the biological
functions of RNA molecules (Michel and Westhof 1990;
Murphy and Cech 1994). The emerging ‘“‘tool-kit” of
RNA structural motifs will help to understand better the
relationships between sequences, structures, and func-
tions of RNA molecules. It can be also expected to
substantially aid model building of RNA 3D structures.
For this purpose, however, the database of RNA struc-
tural motifs needs to be expanded and should also in-
clude data on the relative stabilities of alternative
structures as functions of their nucleotide sequences.
Since investigations by crystallography or NMR are of-
ten costly and/or very time consuming, a computational
approach to this task would be helpful in the sense that it
extends reliably the experimental data set. In addition,
information on suboptimal conformations is highly de-
sirable for the discussion of molecular interactions. It can
be easily obtained only by constrained computational
optimization. In the present study we have developed
and explored a force field based method for the confor-
mational analysis of oligoribonucleotide structures.

The use of conformational search methods for pre-
dicting molecular structures of biological interest is
presently hampered by several problems and, hence, the
results obtained by such techniques are met with some
scepticism. The difficulties in treating large molecular
systems are twofold. Firstly, the numbers of states which
must be considered in complete conformational analysis
are enormous. This problem is closely related to global
minimization of a cost function on a high-dimensional
multi-minima landscape. The progress achieved in this
field is documented, in particular, by successful applica-
tions to searching the conformational space of oligopep-
tides (Scheraga 1993). The problem to find optimal
solutions in large search spaces can be considerably sim-
plified by using the empirical knowledge on conforma-
tional preferences in similar systems. Nevertheless, one
commonly ends up with large sets of different structures,
among which only a few are relevant for the biologically
relevant conformation or the thermodynamic ground
state. Secondly, the apparently even more serious diffi-
culty is the evaluation of the relative stability of the con-
formers found by the search procedure. Thus, the choice
of the force field is of critical importance for application of
conformational searches as predictive tools. Predicted
stabilities of different nucleic acid conformers in solution
depend, in particular, on the description of solvent-in-
duced electrostatic interactions. In their modeling study
on NUUN tetraloops, Kajava and Riiterjans (1993) have
stated that ““it is impossible to choose properly the most
probable 3D structure on the basis of the value of calcu-
lated energy”. The authors, however, have adopted in
their calculations the common practice of describing di-
electric damping by a simple linear distance dependence of
the dielectric constant, which is inappropriate for a real-
istic treatment of electrostatic solute-solvent interactions.
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In the present study, conformational search and en-
ergy minimization are combined with calculations of
solvation energies which are based on a continuum
treatment of the solvent. The solvent is characterized by
its dielectric permittivity constant. The energy of an
unsolvated conformer is defined by the sum of defor-
mation energies of bond and torsion angles and the pair-
wise additive Lennard-Jones and Coulomb electrostatic
contributions. The transfer of the solute from vacuum to
water results in a polarization of the dielectric medium.
Interaction with the charges of the solute can be de-
scribed by the so-called reaction field (RF), which con-
tributes to the electrostatic energy of the system (Elcock
et al. 1997). Salt-dependent solvent contributions, en-
tropic effects related to reordering of water molecules at
the solute-solvent interface, and van der Waals interac-
tions between solute and water are neglected in this
approach. In a recent study of DNA bulge conformers
(Zacharias and Sklenar 1997) these contributions were
found to have only small effects on the relative stability
of different conformations of the DNA bulge molecule.
One may argue, however, that such effects are generally
not negligible. Studies on the stacking interactions and
the stability of short single-stranded RNA fragments in
explicit solvent simulations have indeed shown that the
strict enthalpic ranking of the conformers is not suffi-
cient to account for the observed stacking probabilities
(Norberg and Nilsson 1998). In the case of the especially
stable tetraloops the magnitude of entropic contribu-
tions can, nevertheless, be expected to lie within the
uncertainty range of the force field parameters, for ex-
ample of the charges used in this study. Thus, as a first
step at least, it seems to be justified to focus on the major
contributions to the electrostatic energy which are due to
interactions of solute charges with the aqueous solvent.

Our protocol for conformational analysis starts with
a search of the conformational space of the four nucle-
otides forming the loop by using the program MC-SYM
(macromolecular conformations by symbolic program-
ming) (Major et al. 1991; Gautheret et al. 1993). All
conformers with distances between the 3’- and 5-ends
that roughly fit into the backbone of the closing base
pair of the double-stranded stem were selected. Subse-
quently they are passed over to the JUMNA (junction
minimization of nucleic acids) program (Lavery et al.
1995) for chain closure and energy minimization with
the AMBER4.1 (assisted model building with energy
refinement) force field (Pearlman et al. 1991; Weiner
et al. 1984, 1986). The results are finally corrected by
adding the RF contributions of the solvent to the in-
tramolecular energy in vacuum. The RF energy was
calculated with the field integrated electrostatic ap-
proach (FIESTA) (Sklenar et al. 1990), which uses an
analytical virtual source technique for solving the Pois-
son equation and is less demanding than numerical finite
difference (FD) methods (Gilson et al. 1988; Davis et al.
1991). A similar approach (using anti-dipoles for solving
the boundary problem) has been proposed by Davis
(1994).
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Oligoribonucleotides of chain length 12 and 5'-
GGGCGNRAGCCU-3" sequences (Fig. 1; N stands for
any base and R for purine, either G or A) were chosen as
test cases for the method. RNA fragments with such
sequences are known to fold into hairpins with four-
membered loops. Loops containing the tetranucleotide
sequences GNRA, UNCG, and CUUG belong to the
most frequently occurring hairpins in native RNAs and
are referred to as especially stable tetraloops (Wolters
1992). Conservation during evolution and thermody-
namic stability of these tetraloops indicate that they may
play an important role in RNA folding and as recogni-
tion sites in intra- and intermolecular interactions. The
GAAA, GCAA, and GAGA loops are the most
abundant members of the GNRA family and they have
been extensively studied by a variety of biochemical and
biophysical methods (Groebe and Uhlenbeck 1989;
Woese et al. 1990; Antao et al. 1991). The solution
structures of these tetraloops have been determined
using NMR spectroscopy (Heus and Pardi 1991; Orita
et al. 1993; Jucker et al. 1996). They are represented by
an ensemble of refined conformers which fulfill the
constraints derived from the NMR experiments and
share, as the most prominent structural feature, a
sheared G-A base pair closing the loop.

In the present study, these structures served as a
reference for comparison with the predictions of con-
formational search and energy evaluation. The results
obtained for GNRA tetraloops show that the confor-
mations with lowest energies, which were selected from
74 alternative structures by using an energy criterion in
the final step of the search procedure, are in good
agreement with the NMR data. In an energy range of
2 kcal/mol above the ground state, only one conformer
was found which does not form the sheared G-A base
pair closing the loop. There is also a strong resemblance
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Fig. 1 Secondary structure of the GNRA tetraloops

between the backbone torsion angles of the selected
conformers and the conformational fluctuations ob-
served in a 200 ps molecular dynamics simulations of the
5-GGGCGCAAGCCU-3" hairpin which started from
one of the NMR-derived structures for this RNA mol-
ecules (Zichi 1995).

Methods
Conformational search

In our protocol of conformational search we used the
program MC-SYM to generate starting structures for
the three tetraloop sequences GAAA, GCAA, and
GCUA. The combinatorial search of the conformational
space was restricted to the four nucleotides in the loop,
while the stem region was assumed to adopt a structure
close to the standard A-form double helix. This limita-
tion was necessary because of the amount of computa-
tion time needed for the combinatorial search
procedure. All the tetranucleotide conformers, which
roughly fit to the closing base pair of the stem, were
joined to a double-stranded helix structure and subse-
quently passed to the JUMNA program for chain clo-
sure and energy minimization.

Energy minimization

The JUMNA algorithm was specifically designed to
build, manipulate, and optimize nucleic acid structures.
Special features of JUMNA arise from breaking down
each nucleic acid strand into a series of 3’-monophos-
phate nucleotides. This enables use of helical coordi-
nates (three translations and three rotations) for
positioning the bases of individual nucleotides in space,
in conjunction with internal coordinates (dihedral and
valence angles) for describing the internal flexibility of
each nucleotide (Sklenar et al. 1986). Bond lengths are
assumed to be fixed at their optimum value, and the
junction between successive nucleotides are closed using
harmonic distance constraints during energy minimiza-
tion. In this way, not only a considerable reduction in
the number of variables, compared to the use of Carte-
sian coordinates, but also versatile control over local
and global characteristics of the structure are achieved.
In the present study, such features of the JUMNA
concept turned out to be very useful in order to relax the
starting structures provided by MC-SYM to structures
with a well-defined local minimum of the conforma-
tional energy. Both the standard force field of JUMNA
termed FLEX (Lavery et al. 1986) and the AMBER4.1
force field were used to minimize the energy of the full
set of starting structures for the three sequences studied.
From the structures obtained, a subset of 74 conformers
having the lowest conformational energies was selected
and used for the final round of conformational analysis.



This subset contains 26 conformers with a G-A base pair
closing the loop. The conformational energies calculated
at this stage of the procedure did not take into account
the electrostatic RF contributions. They do not show
any clear preference for conformers that are close to the
structures derived from the NMR experiments. We fi-
nally carried out one further step of conformational
searching. Since representation of nucleic acid structures
in JUMNA is independent of the associated sequences,
it was simple to use the whole subset of the low-energy
conformers as starting structures for all the 16 GNNA
sequences. In this step, the AMBER4.1 force field was
used for energy minimization and the RF contributions
were calculated and added to the energies for all the final
structures obtained for each of the sequences.

Evaluation of energies

The force field model of molecular mechanics describes
the internal energy of a molecule by pairwise additive
Coulomb-type electrostatic and 6-12 dependent Len-
nard-Jones potential terms complemented by harmonic
bond length stretching and valence angle deformation
terms, and cosine dihedral barriers. Within JUMNA,
fixed bond lengths are assumed so that the bond length
stretching term is not relevant. Both the FLEX and the
AMBER force fields calculate internal energies under
pseudo-vacuum conditions. In order to account for the
dielectric damping induced by the solvent, a distance-
dependent dielectric function &(R) can be introduced in
the electrostatic term. In contrast to the often used linear
dependence, we have preferred a sigmoidal function
based on the Hingerty model (Hingerty et al. 1985). The
formulation of this function allows variation of both the
plateau value of the dielectric reached at long distances
(D) and the slope of the sigmoidal segment of the
function (S):

&(R) = D — (D — 1)/2[(RS)* + 2RS + 2] exp(—RS)

The values D=78 and S = 0.356 were found to be most
appropriate for modeling RNA molecules in solution.
This damping is combined with a reduction of all
phosphate net charges to —0.25¢ in order to mimic the
effect of counter-ions. The use of electrostatic damping
(ED) is, however, only a crude model. In the case of
highly charged nucleic acids it is therefore not sur-
prising that such a simple approach cannot be used for
estimating the relative stability of different conformers.
For this purpose, we have replaced the electrostatic
term of the AMBER force field with a continuum
treatment of solvent-induced electrostatic interactions.
In this approach the most important term is the RF
potential, which describes the interactions of the solute
charges with the polarized aqueous medium and adds
to the Coulomb potential. Compared to this term, salt-
dependent solvent contributions calculated by a com-
plete Poisson—Boltzmann treatment turned out to have
only minor effects on the relative stability of the con-
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formers. The same is true for the entropic contributions
related to reordering of solvent molecules at the sol-
vent-solute interface and van der Waals interactions
between solute and water. This has been shown in a
study on the stability of bulge conformers in DNA
(Zacharias and Sklenar 1997). For the sake of sim-
plicity, the current study therefore has been confined to
the calculation of the RF contribution based on the
Poisson equation

Ve(r)VO(r) = —4n Z qio(r — ;)
i1

in which ¢; are the atomic charges of the solute and ®(r)
is the potential. The function &(r) describes the change of
the dielectric permittivity from the solute (&g ue) to the
solvent (g) at the solute/solvent interface. With gy =
1, this leads to a RF potential defined as follows:

i(r) = O(r) = 3 g/t —xi
- /df’P(r’)v’(l/lr—r’l)

solvent

where P(r) describes the polarization of the solvent by
the solute charges. This potential can be redefined in
terms of virtual sources, which are located exclusively
within the volume defined by the solute surface enve-
lope:

1
Dp(r) =— /dr’P(r’)V’(1/|r—r'|)
g
solute
N
—(e=1) ai/lr - rill
i=1
where the wvirtual polarization is defined by

P(r)=(e—1)V®(r)/4n. This representation is the starting
point for FIESTA which introduces a series expansion
in terms of spherical harmonics and other limited ap-
proximations in order to calculate the polarization P(r)
analytically. The accuracy of this technique is compa-
rable to the numerical FD method, but it is computa-
tionally less demanding and can be applied to a large
number of structures. High computational speed of the
procedure results from two technical improvements: (1)
the virtual polarization of chemically bound atoms (with
fixed geometry) is taken from a pre-calculated library
and (2) the solvent-induced interactions between more
distant atoms are described by point dipoles which are
derived from a fast converging iteration. The computa-
tional time of FIESTA increases with the square of the
number of atoms. For a 12-nucleotide long RNA
structure the CPU time on a MIPS R10000 processor is
1.4 s, which is several hundred times faster than a con-
ventional FD calculation.

The final expression that has been used to calculate
the molecular energy in solution is:
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1
E= EZ qir(r;) + > (qiij/Rij — Ayj/R + Bz‘j/R}f)
1 2
+§Z Vi(1 £ cos(Nsts)) + ZKa(O'a —a))

The partial charges g,, the Lennard-Jones parameters A4
and By, and the parameters V, N, and K, defining the
distortion energy associated with torsion angle 7, and
valence angle o, respectively, were taken from the
AMBERA4.1 parametrization; R is the distance between
atoms 7 and j.

Ideally, the solvent treatment by FIESTA should be
integrated into the energy minimization procedure. This,
however, requires an analytical calculation of the cor-
responding force components, a problem that has not
been completely solved yet. Accordingly, we had to
confine this study to “‘single point” corrections.

Results
Conformational search

The program MC-SYM has been used for searching the
conformational space of three tetraloop sequences,
GAAA, GCAA, and GCUA, consisting of 30 confor-
mations per nucleotide with distinct sugar puckers and
different backbone and glycosidic torsion angles. In each
case, 30*=810 000 conformations were tested by the
MC-SYM program. A simple distance criterion for the
5’- and 3’-ends of the loop yielded 1435 GAAA, 1459
GCAA, and 1457 GCUA loop structures which roughly
fit to the backbone of the closing base pair in a double-
stranded stem. The fact that the MC-SYM search led to
almost the same number of acceptable conformers for
each of the three sequences implies that in this case
the results are largely sequence independent. It justifies
the usage of these structures also as starting points for the
other 13 tetraloop structures of the GNRA and GNYA
families by simple replacement of the corresponding
bases. The structures obtained were joined to the stem
and subsequently passed to the JUMNA program (La-

Table 1 Lowest energy conformers of the GNRA tetraloops®

very et al. 1995) for chain closure and energy minimiza-
tion, using both the FLEX (Lavery et al. 1986) and the
AMBERA4.1 force fields in conjunction with a sigmoidal
electrostatic damping model. The results, given by alto-
gether 74 different loop conformations with acceptable
stereochemistry, were used as starting structures for the
final round of conformational and energetic analysis.

GNRA tetraloops

Table 1 shows relative energies for the 10 conformers of
the lowest energies, which were found by energy minimi-
zation and addition of the solvent-induced RF energy for
each of the GNRA molecules. The conformations were
selected by the criterion that their energy, relative to the
conformer with lowest energy, is less than 2 kcal/mol for
at least one of the GNRA sequences. In order to show the
effect of the RF, the energy values calculated using simple
electrostatic damping are given in parentheses. Nine out
of the 10 structures have stacking patterns corresponding
to the NMR data described by Jucker and Pardi (1995),
but show differences in backbone angles. The first and the
last residues in the loops of these structures (in the fol-
lowing termed ‘‘canonical tetraloops™) form a sheared
G5-A8 base pair stacked on top of the four Watson-Crick
base pairs in the stem. All the conformers that share this
and many other structural features with the NMR derived
structures are marked by an asterisk in Table 1. The other
structure (number 576) is distinct at the position AS. In
this conformer, A8 lies in the major groove of the stem and
forms a hydrogen bond with residue G1. Comparing the
calculated energies shows, as the most important result of
our study, that the electrostatic RF contributions stabilize
the canonical tetraloop structures to a significantly larger
amount than the non-canonical conformers, which would
be ranked at the top if only AMBER energies (calculated
with electrostatic damping) were used.

GNYA tetraloops

The results obtained for GNRA tetraloop sequences
encouraged us to extend our study to the GNYA

D GAAA GGAA GCAA GUAA GAGA GGGA GCGA GUGA

404* 0.0 (7.5) 0.6 (16.1) 0.6 (6.7) 0.4 (7.8) 1.9 (5.1) 1.7 (25.5) 1.6 (12.1) 1.1 (17.6)
418* 0.2 (6.3) 1.1 (14.6) 1.0 (6.2) 1.2 (7.2) 2.2 (4.2) 2.2 (24.7) 2.5(11.5) 2.3 (17.6)
419* 0.3 (7.0) 0.0 (14.9) 2.2 (7.6) 1.8 (8.1) 2.1 (5.2) 1.3 (25.0) 2.9 (13.3) 2.9 (18.5)
445+ 0.9 (8.9) 2.0 (17.6) 1.7 (8.8) 2.0 (9.9) 2.9 (6.8) 3.0 (27.8) 3.1(14.3) 2.9 (20.4)
508* 0.7 (5.2) 0.9 (13.0) 1.5 (5.1) 1.8 (5.6) 0.0 (3.5) 0.0 (23.8) 0.0 (10.7) 0.0 (16.8)
576 1.8 (1.5) 1.9 (11.7) 1.0 (0.9) 0.6 (1.6) 52 (2.7) 4.3 (22.4) 4.1 (8.6) 0.9 (12.6)
799* 2.9 (5.1) 2.0 (13.0) 1.9 (4.8) 1.8 (5.4) 1.6 (5.9) 1.1 (25.7) 2.5 (12.7) 1.6 (18.2)
838* 1.4 (9.0) 1.5 (17.4) 1.6 (8.5) 1.5 (9.2) 3.4 (6.9) 2.7 (26.9) 2.8 (13.9) 2.2 (19.0)
851* 0.7 (5.3) 0.3 (13.4) 0.6 (4.9) 0.0 (5.3) 4.2 (4.1) 3.0 (24.1) 3.5(10.3) 2.9 (15.3)
857+ 0.5 (5.2) 0.2 (13.4) 0.0 (4.6) 0.3 (5.0) 3.1(3.3) 1.9 (23.1) 2.3(9.7) 1.7 (14.6)

#The energies (in kcal/mol) are relative to the respective confor-
mers with lowest energies. In addition to the energies including the
RF contributions, the minimized energies calculated by means of
the simple electrostatic damping model are given in parentheses.

Since the structures obtained after energy minimization stay close
to the respective starting structures, the same identifier (ID) can be
used for all sequences. The conformers which are close to the NMR
derived structures are marked by an asterisk



tetraloops (having a pyrimidine at position 7). The data
given in Table 2 show that, in the ranking of AMBER
energies, GNYA tetraloops again prefer one of the non-
canonical conformers, similar to that found for GNRA
tetraloops. In pyrimidine containing loops, the GNCA
and GNUA sequences, respectively, behave differently
with respect to the inclusion of the RF potential. Most
of the canonical tetraloop conformers with GNUA se-
quences become more stable than non-canonical alter-
native structures. Surprisingly, such a clear effect is not
seen in GNCA loops: the non-canonical conformer 576
is found to have the lowest energy. Since GNYA loop
sequences occur very rarely in nature or in RNAs with
stable structures and thus no experimental data are
available on structural level, it is a matter of speculation
whether or not our computational results reflect the
behavior of real systems.

Structural analysis

The most prominent structural features of GNRA
tetraloops derived from NMR studies, and also seen in
the majority of the most stable calculated structures, are:
(1) the sharp bend, a so-called U-turn (Jucker and Pardi
1995), between the first and second nucleotide in the
loop which is associated with a change of the torsion
angle o at G5 from the common —sc range to +ac/+ ap,
(2) the formation of an asymmetric G5-A8 base pair
with a strong hydrogen bond between one of the N2
amino protons of G5 and N7 of A8, (3) an additional
hydrogen bond between the other N2 amino proton of
G5 and a R7pA8 phosphate oxygen, and (4) roughly
coaxial stacking of the N, R, and A bases with the
double-helical part which continues the stack at the 3’-
end of the stem. These structural elements are shared by
all the conformers marked by an asterisk in Table 1.
Other hydrogen bonds located in the NMR derived
structures (Jucker et al. 1996) are found in some of the
calculated conformers. This concerns the hydrogen bond
between the 2’-OH of G5 and N7 of the purines R7,

Table 2 Lowest energy conformers of the GNYA tetraloops®
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which is formed in the conformers 508 and 851 for
GNRA and in conformer 857 for GNGA sequences, and
likewise the hydrogen bond between the 2-OH oxygen
and an amino proton of A7 formed in the conformers

Fig. 2a— Stereo view of the lowest energy conformers (thick lines)
superimposed on the NMR structures having the lowest RMSD to the
respective conformers. For clarity, only the four loop nucleotides and
the first stem base pair of conformer 404 for GAAA (a), conformer
857 for GCAA (b), and conformer 508 for GAGA (c) are shown

ID GACA GGCA GCCA GUCA GAUA GGUA GCUA GUUA
404* 2.4 (6.6) 3.1(19.3) 3.9 (5.0) 3.8 (9.0) 3.3 (9.6) 3.7(11.3) 2.0 (8.2) 1.4 (8.6)
418* 1.6 (4.3) 2.3(16.3) 3.6 (3.4) 3.7 (7.1) 2.6 (1.1) 3.1 (8.6) 1.9 (6.4) 1.7 (6.8)
419% 1.1 (5.0) 0.9 (16.3) 3.5 (4.6) 4.0 (6.5) 1.7 (7.6) 1.8 (8.7) 1.5 (7.2) 2.3 (6.8)
508+ 1.5 (4.3) 1.6 (15.3) 3.1 (3.9) 32 (4.5) 0.0 (7.2) 0.0 (3.5) 0.0 (6.8) 1.6 (6.3)
576 0.0 (0.0) 0.0 (10.8) 0.0 (0.0) 0.0 (0.0) 5.9 (1.7) 5.4 (4.3) 3.9 (0.5) 3.5 (0.9)
610 2.6 (1.9) 2.7 (12.5) 3.6 (3.8) 1.1 (2.0) 7.7 (4.1) 7.3 (6.4) 5.2(5.8) 4.4 (4.5)
797 3.7 (7.1) 1.9 (18.5) 4.5 (5.0 4.6 (8.5) 123 (10.6)  12.5(13.0)  10.3 (8.8) 9.7 (9.9)
799* 2.9 (2.5) 2.7 (13.5) 3.5(2.2) 3.3 (2.8) 2.8 (6.1) 2.8 (8.8) 0.7 (5.1) 0.0 (5.4)
833+ 4.9 (5.1) 4.4 (16.0) 5.7 (4.9) 5.6 (5.4) 4.3 (8.0) 4.3 (10.8) 2.3 (6.9) 1.8 (7.4)
838+ 2.7 (8.0) 2.8 (20.2) 4.4 (6.7) 4.2 (9.9) 3.3 (10.8) 3.6 (12.3) 1.9 (9.5) 1.5 (9.7)
850* 5.5 (10.6) 5.4 (22.4) 7.8 (10.8) 7.6 (13.4) 5.8 (9.6) 5.6 (11.3) 5.2(9.7) 1.7 (9.3)
853* 3.3 (4.2) 2.8 (15.1) 3.9 (3.9) 3.7 (4.4) 2.8 (7.3) 2.9 (9.9) 0.7 (6.2) 0.2 (6.7)

#See Table 1 for explanations
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508, 799, 851, and 857 for GNAA. For the loops with
sequences GAAA, GCAA, and GAGA, the lowest en-
ergy structures are close to the experimental solution
structures determined by NMR. This good agreement is
visualized in Fig. 2 that shows, for the sequences
GAAA, GCAA, and GAGA, the superposition of the
lowest energy conformers (404, 857, and 508, respec-
tively) and the NMR structures having the lowest
RMSD to the respective conformers.

The RMSD ranges, calculated for each of the selected
conformers with respect to the ensemble of NMR de-
rived structures, are given in Table 3. For the purpose of
comparison, Table 4 shows, in addition, the same data
for a set of most stable structures selected using the
simple ED model instead of the RF potential. In this
case, the number of canonical tetraloop conformers is
much smaller and the conformer with lowest energy is
generally a structure that does not agree with the ex-
perimental data. The comparison of both sets of results
indicates that solvent electrostatic effects, described by
the RF, have a significant impact on the stability of
nucleic acid structures in solution.

The differences between individual conformations are
most clearly seen by looking at the torsion angle space
for the backbone structures. Figure 3 shows the devia-
tions of the individual backbone angles from their

common values in A-form helices (shown by open
rectangles) for the nucleotides G5 to G9. Apart from the
U-turn specific change in o for G5 (Quigley and Rich
1976), different combinations of backbone angles are
apparently possible in order to close the loop. The most
abundant change is clearly the o/y flip which occurs at
junctions C4/G5, N6/R7, R7/AS8, and A8/G9 in various
combinations. The change of f on G9 from the normal
trans conformation to the unusual gauche range, which
is evident from the NMR studies (Heus and Pardi 1991),
is only seen in conformer 508. Interestingly, this con-
former, which is compatible with virtually all the struc-
tural features derived from the NMR data, is the most
stable conformer found by our conformational search
procedure (see Table 1). It should also be noted that the
so-called crankshaft transitions of residues A8 and G9,
which has been observed in the 200 ps molecular dy-
namics simulation of the GCAA hairpin (Zichi 1995),
correspond to the o/y flips seen in conformers (799, 851)
and (404, 418, 445), respectively (see Fig. 3).

The only exception to the overall good agreement
concerns the sugar puckers which are exclusively of the
N-type (C3’-endo or C2’-exo) in the calculated struc-
tures, whereas an equilibrium of N- and S-type sugars
for some of the loop nucleotides has been detected by
NMR. Attempts to generate low-energy loop structures,

Table 3 Comparison of low-

energy conformers (selected by =~ GAAA GCAA GAGA

energies including RE) With 1y pr RMSDrange D Exr  RMSDrange 1D FEpr  RMSD range
404* 0.0 1216 857* 0.0 0.6-1.6 508 0.0 0914
418* 02 1216 404* 06  1.0-17 799% 16 LI-LS
419 03 1015 851* 0.6 0817 404* 19 LI-L5
857* 0.5 0816 576 1.0 3539 419¢ 21 LI-15
851 07 LI-18 418* 1.0 10-16 418* 22 LI-14
508 0.7 13-18 508 15 1.0-1.6 445¢ 29 1L1-1.4
45% 09 1216 838* 1.6 0916 857* 31 1316
838* 14 1.0-15 445* 17 1016 838* 34 LILS
576 1.8 3.4-38 799% 19 0.7-16 851* 42 1316
799% 29 1.0-18 419* 22 0816 576 52 3437

# The atoms of nucleotides 4-9 (loop nucleotides and the stem-closing pair) were used in the calculation
of RMSD ranges (A). The calculated energies (Erg) include the electrostatic reaction field (RF)

contributions

Table 4 Comparison of low-

energy conformers (using elec- GAAA GCAA GAGA

trostatic damping in energy ] ] ]

Calculations) with NMR de- 1D EED RMSD range ID EED RMSD range ID EED RMSD range

: a

rived structures 915 0.0  4.1-44 188 0.0 5459 188 00 6062
188 0.6 5.6-5.9 576 0.9 3.5-3.9 600 0.1 4.2-43
175 1.3 5.4-5.6 175 1.6 5.4-59 175 2.0 5.6-5.7
576 1.5 3.4-3.8 600 2.6 3.8-4.5 576 2.7 3.4-3.7
600 3.0 3.84.2 164 2.8 4.0-4.5 613 2.7 2.1-2.6
164 3.1 4.64.9 915 3.0 3.7-3.8 531 2.8 3.1-3.4
171 33 4.6-4.8 171 33 3944 857* 3.3 1.3-1.6
799* 5.1 1.0-1.8 857* 4.6 0.6-1.6 508* 3.5 09-14
508* 5.2 1.3-1.8 799*% 4.8 0.7-1.6 851*% 4.1 1.3-1.6
857 5.2 0.8-1.6 851* 49 0.8-1.7 418% 4.2 1.1-1.4

#In contrast to Table 3, the energies (Egp) were calculated using the simple electrostatic damping (ED)

instead of RF



Fig. 3 Diagrams of the
backbone torsion angles
(degrees) for the lowest en-
ergy conformers of GNRA
tetraloops. The deviations
from common values in
A-form helices (unfilled col-
umns), larger than 30 de-
grees, are shown by filled
columns. The o/y flips oc-
curring at junctions C4/GS5,
N6/R7, R7/A8, and A8/G9
are marked by numbers 1—4
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starting from S-type (C2’-endo) sugar puckers and using molecular dynamics simulation of Zichi, which was

energy minimization, have always reestablished the N-
type sugar pucker (data not shown). Interestingly, in the

started with the A7 ribose in C3’-endo, also no transition
to C2-endo could be observed. This indicates that this



572

Fig. 4 Stereo view of the
non-canonical conformer 576
showing the position of residue
A8 in the major groove of the
stem and its interaction with
base G1

discrepancy to the NMR data could be due to a general
problem of the AMBER force field which was used in
both calculations.

One of the alternatives to the canonical tetraloop
structures (conformer 576) is shown in Fig. 4. In this
case, the nucleotide A8 is turned down into the major
groove of the stem and the adenine base interacts with
the G1 base pair via a hydrogen bond. Such a structure
has not yet been detected experimentally, and thus we
can only conjecture that it is presumably formed in
hairpins with specific loop sequences, such as GNCA,
where this conformer was indeed obtained as the struc-
ture with lowest energy.

Discussion

A force field based conformational analysis without
using experimental constraints has been applied to RNA
hairpins with GNRA and GNYA tetraloop sequences.
The structures are represented by an ensemble of con-
formers that were selected purely on the basis of calcu-
lated energies from a large set of conformations
generated by combinatorial loop search. The objective of
the study was to investigate the capability of a continuum
treatment of solvent electrostatic effects to describe rel-
ative stabilities of different conformers in agreement with
experimental observations in solution. In contrast to the
well-known failure of such predictions done on the basis
of quasi-vacuum force fields (FLEX and AMBERA4.1
with electrostatic damping by a sigmoidal dielectric
function), the inclusion of reaction field contributions
of the solvent result in a selection of low-energy con-
formers in accordance with experimental data.

The most encouraging result is that nine out of 10
lowest energy conformers, being selected from 74 start-
ing structures in the final round of the conformational
search, fit well the experimental data obtained for

GAAA, GCAA, and GAGA hairpins. First, an asym-
metric G5-A8 base pair is formed which stacks on the
closing base pair of the stem. Second, the change of the «
torsion angle for G5 from the common —sc¢ to the un-
usual +ac/+ap range results in a sharp bend, a so-
called U-turn, between the first and second nucleotide in
the loop. Third, the bases of nucleotides N6, R7, and A8
continue the stacking from the 3’-end of the stem.
Structural differences between individual low-energy
conformers indicate that different combinations of
backbone angles are apparently compatible with loop
closure. In particular, an o/y flip at junctions C4/G5, N6/
R7, R7/A8, and A8/G9 is seen in various combinations.
One of the conformers (number 508), having the lowest
energy for GNGA and only slightly higher energies in
the case of GRAA sequences, is consistent with almost
all structural features derived from the NMR data.

RNA hairpins closed by GNYA tetranucleotide se-
quences show remarkable differences compared to the
GNRA tetraloops. For GNCA, the canonical tetraloop
structures are less stabilized by the electrostatic reaction
field of the solvent and hence alternative structures, for
example those locating nucleotide A8 in the major
groove of the stem, are found with higher ranking in the
conformational ensemble.

The results of this study indicate a definitive im-
provement of the molecular mechanics force field, used
in searching the conformational space of a small RNA
structural motif, by including a continuum treatment of
electrostatic solute-solvent interactions.
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