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ABSTRACT A number of trinucleotide sequences in DNA can form compact and stable hairpin loops that may have
significance for DNA replication and transcription. The conformational analysis of these motifs is important for an under-
standing of the function and design of nucleic acid structures. Extensive conformational searches have been performed on
three experimentally known trinucleotide hairpin loops (AGC, AAA, and GCA) closed by a four-base-pair stem. An implicit
solvation model based on the generalized Born method has been employed during energy minimization and conformational
search. In addition, energy-minimized conformers were evaluated using a finite-difference Poisson-Boltzmann approach. For
all three loop sequences, conformations close to experiment were found as lowest-energy structures among several
thousand alternative energy minima. The inclusion of reaction-field contributions was found to be important for a realistic
conformer ranking. Most generated hairpin loop structures within �5 kcal mol�1 of the lowest-energy structure have a similar
topology. Structures within �10 kcal mol�1 could be classified into about five structural families representing distinct
arrangements of loop nucleotides. Although a large number of backbone torsion angle combinations were compatible with
each structural class, some specific patterns could be identified. Harmonic mode analysis was used to account for differences
in conformational flexibility of low-energy sub-states. Class-specific differences in the pattern of atomic fluctuations along the
sequence were observed; however, inclusion of conformational entropy contributions did not change ranking of structural
classes. For an additional loop sequence (AAG) with no available experimental structure, the approach suggests a lowest-
energy loop topology overall similar to the other three loop sequences but closed by a different non-canonical base-pairing
scheme.

INTRODUCTION

Hairpin loop structures in RNA or DNA consist of a base-
paired stem structure and a loop sequence with unpaired or
non-Watson-Crick-paired nucleotides. These common
structural motifs can be of functional importance as ligand
recognition elements or folding initiation sites. In DNA, a
number of trinucleotide sequences at the center of palin-
dromic sequences can form stable and compact hairpin
structures (Hirao et al., 1992, 1994; Sandusky et al., 1995;
Yu et al., 1995; Zhu et al., 1995; Chou et al., 1996, 1999a,b;
Aslani et al., 1996; Yoshizawa et al., 1997). Formation of
hairpin loops in DNA may have biological significance
during DNA replication and transcription (Astell et al.,
1985; Glucksmann-Kuis et al., 1992, 1996; Zhu et al.,
1996). It has been proposed that hairpin formation of triplet
repeat sequences during DNA replication could play a role
for the expansion of such repeats associated with several
genetic diseases (Gacy et al., 1995; Chen et al., 1995; Mitas
et al., 1995). Such DNA structures may also be interesting
drug targets because their overall shape and groove geom-
etry significantly differ from regular double-stranded DNA.
The most stable trinucleotide hairpins are formed by the

GNA motif (G, guanine; A, adenine; N, guanine, adenine, or
cytosine) (Hirao et al., 1994; Yoshizawa et al., 1997). How-
ever, some other sequences such as AAA, AGC, and AAG
can also form hairpin structures albeit with a melting tran-
sition at lower temperatures than for the GNA motifs (Yo-
shizawa et al., 1997). NMR spectroscopic studies have
revealed similar compact folding topologies for the three
loop sequences GCA, AAA, and AGC (Hirao et al., 1994;
Zhu et al., 1995; Chou et al., 1996, 1999a).
Due to their small size and the characteristic and well

defined fold, these loop sequences are useful test systems
for energy-based structure prediction and conformational
analysis approaches. Such computational studies can also
be valuable to better understand the energetic origins of
the stability of hairpin structures and why a specific loop
topology is formed and preferred over other possible
conformations.
A prerequisite for energy-based structure prediction is the

ability to sort out realistic structures as those of low or
lowest energy from a large pool of sterically possible struc-
tures. Recent studies have shown that inclusion of solvation
effects in the framework of a continuum solvent description
based on solutions to the Poisson-Boltzmann (PB) equation
can improve conformational search and modeling attempts
on nucleic acids (Zakrzewska et al., 1996; Zacharias and
Sklenar, 1997, 1999; Maier et al., 1999; Ayadi et al., 1999;
Rohs et al., 2000; Zacharias, 2000a). However, the standard
finite-difference method (FDPB) to solve the PB equation is
only of limited usefulness for energy minimization, and
therefore electrostatic solvation contributions can be in-
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cluded only after conformer generation and energy minimi-
zation (with a simpler, for example, distance-dependent
dielectric treatment of electrostatic interactions). The gen-
eralized Born (GB) method (Still et al., 1990; Hawkins et
al., 1996; Qui et al., 1997; Jayaram et al., 1998; Srinivasan
et al., 1998, 1999) allows one to calculate electrostatic
interactions and solvation based on effective Born solvation
radii for each atom that are calculated from the distribution
of all atoms in the molecule. This approach allows a prin-
cipally less accurate but more rapid calculation of electro-
static solvation than the FDPB approach and in addition
rapid calculation of gradients useful for energy minimiza-
tion and molecular dynamics. Several recent molecular dy-
namics simulation studies on nucleic acids have shown that
the GB approach can lead to trajectories that largely resem-
ble the molecular motions observed in simulations with
explicit solvent and ions (Williams and Hall, 1999; Tsui and
Case, 2000). In the present study, the GB method has been
used during extensive conformational search and energy-
minimization studies on DNA hairpin loop structures and
compared with energetic evaluation based on the FDPB
method and simpler electrostatic treatments. In addition, the
conformational flexibility (conformational entropy) around
resulting low-energy minima was calculated based on a
harmonic mode treatment and used for the evaluation of the
generated conformers. The approach has been successful in
identifying conformations close to the corresponding known
experimental structures for all three loop sequences as low-
est-energy structures among more than 3000 alternative
energy-minimized loop conformations. The comparison
with alternative structures allows us to draw some conclu-
sions about structural requirements for loop closure and the
interactions that stabilize the native hairpin loop structure
compared with other structural classes. Conformational
searches with the same approach have also been used to
suggest a low-energy structure for the AAG-loop sequence.
Biochemical and thermodynamic studies indicate that this
loop sequence may also form a stable loop (Yoshizawa et
al., 1997) for which no experimental structure is presently
available.

MATERIALS AND METHODS

Energy minimization

Energy minimization calculations have been carried out using a modified
version of the Jumna (junction minimization of nucleic acids) program
(Lavery et al., 1995) and the Amber4.1 force field (Cornell et al., 1995). In
Jumna, each nucleic acid strand is considered as a chain of 3�-monophos-
phate nucleotides that are placed in space using helicoidal coordinates.
These are three translational variables (Xdisp, Ydisp, and Rise) and three
rotational variables (Inclination, Tip, and Twist) obeying the Cambridge
convention for nucleic acids (Dickerson et al., 1989). In addition, single-
bond torsion and valence angles are used to describe the internal nucleotide
flexibility. Except for the connection between each nucleotide all bond
lengths are assumed to be fixed at their optimum values. The energy
function for energy minimization and harmonic mode calculations consists

of pairwise additive nonbonded Coulomb (�ECoul) and Lennard Jones
(�ELJ) terms (no cutoff) and valence angle and dihedral angle contributions
(�EAT).
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During energy minimization, electrostatic reaction-field contributions were
calculated using a GB model (Still et al., 1990; last term in Eq. 1) added
to the Jumna program. In the GB model, electrostatic solvation or reaction-
field contributions (�EreGB) due to differences in the assigned dielectric
constant for the molecule and surrounding solvent are calculated from the
charge and atom distribution in the molecule. For calculating the so-called
effective Born radii, 	ij, the pairwise descreening approximation described
by Hawkins et al. (1996) was used with the following atom radii (in Å):
RH 
 1.2, RO 
 1.5, RN 
 1.6, RC 
 1.7, and RP 
 2.0, with a radius
offset of�0.12. The screening factors were 0.8 (for H), 0.83 (O), 0.76 (N),
0.76 (C), and 0.86 (P), respectively. These parameters were found to give
a very reasonable correlation to reaction-field energies calculated with a
finite-difference solution of the Poisson equation using the UHBD program
(Madura et al., 1995) and the same set of atomic radii. In the FDPB
calculations, a 1.4-Å water probe was used to define the molecular surface
of the molecules. A comparison of reaction-field energies using the GB and
FDPB (�ErePB) approaches for�60 low-energy hairpin loop structures (all
AAA-loop conformers from a conformational search that are within 15
kcal mol�1 of the lowest-energy conformer) is shown in Fig. 1. Surface-
area-dependent nonpolar solvation contributions (�GSAS) were evaluated
from the accessible surface area (with 
 
 0.0055 kcal �mol�1 Å�2; Sitkoff
et al., 1994). This term was found to vary very little even between very

FIGURE 1 Calculated reaction field energies for low-energy DNA hair-
pin AAA-loops (within �15 kcal mol�1 of the lowest-energy structure)
using either the FDPB approach (ErePB, x axis) or the GB method (EreGB,
y axis).
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different loop conformers (��0.3 kcal mol�1) and was therefore calcu-
lated only for the final energy-minimized structures. The total energy of a
conformer (�EtotPB/�EtotGB) is given as a sum of Coulomb (�ECoul),
Lennard-Jones (�ELJ), valence and torsion angle (�ETA), electrostatic
solvation (�ErePB/�EreGB), and nonpolar solvation (�ESAS) contributions.

Harmonic mode calculations and estimation of
conformational entropies

Harmonic mode calculations were performed essentially as described in
Zacharias and Sklenar (2000) and Zacharias (2000b). Briefly, the matrix of
second derivatives of the potential energy for a hairpin structure was
calculated numerically at an energy minimum using a finite-difference
scheme (Levitt et al., 1985). The harmonic modes are the eigenvectors of
this matrix. Within the harmonic approximation, the equilibrium confor-
mational distribution around one energy minimum is given by the second
moment (variance and covariance) of the conformational variables and
associated multi-variant Gaussian distribution. Thermodynamic quantities
can be calculated by integration over this Gaussian distribution. Backbone
torsion angle variances and covariances, �ij, were obtained by deforming
each structure in eigenvector direction and summing over each harmonic
mode contribution (excited by 1⁄2kT, where T is room temperature and k is
the Boltzmann constant). Within this approach conformational entropies
are given by (Karplus and Kushick, 1981)

Stor � 1
2 k ln��2��n�� (2)

� � det�Matrix��ij�� (3)

�ij � �
k

��tori,k 
 �torj,k� (4)

In Eq. 4, the summation of the covariance of calculated torsion angle
deformations (�tori,k � �torj,k) goes over all harmonic modes (k).

Conformational search

Conformational searches started from two model-built structures (7 nucle-
otides, 5�-ACAGCGT, loop sequence in bold), one with the central G
stacked on the 5�-stem and in the other case stacked on the 3�-stem
sequence. For the systematic search starting from the two structures,
various combinations of backbone torsion angle window constraints were
generated for each of the three loop nucleotides. Because the number of
required energy minimizations increases very rapidly with the number of
backbone torsion angles included explicitly for generating combinations of
constraints, only a subset of the most flexible nucleic backbone torsion
angles 	, 
, and � could be considered. For each loop nucleotide, 	 was
constrained to one of two windows, (�70°;�50°) or (60°; 120°), 
 to (50°;
�70°) or (170°; �170°), and � to (�70°; �50°) or (170°; �170°),
corresponding to the most common ranges of these three backbone torsion
angles in DNA (Saenger, 1984), respectively. In addition, for the central
loop nucleotide, two window constraints for the � torsion angle were added
corresponding to the C3�-endo (70°; 90°] and C2�-endo regimes (140°;
160°), respectively. With the two start conformations and the resulting
2048 combinations of window constraints applied during energy minimi-
zation (200 steps), a total of 4096 different conformations were generated
(during this phase the backbone stem sequence was constrained to stay
reasonably close to B-form geometry). Subsequently, the structures were
relaxed using (unconstrained) energy minimization resulting in �3100
different energy minima. The B-DNA stems of the 500 lowest-energy
structures of the two searches were extended to form the full GTA-
CAGCGTAC sequence, and the structures were again energy minimized.
In molecular dynamics simulations of double-stranded nucleic acids using
the GB continuum model, inclusion of salt effects was necessary to prevent

strand dissociation (Tsui and Case, 2000). Although salt effects have not
been considered during loop structure generation, no strand dissociation
was observed during the final relaxation step, presumably because the stem
start structure was close to B-form in a base-paired geometry for all
generated conformers.
The protocol took �2 days of computer time on a SGI R12000 Octane

workstation. The resulting conformers served as start structures for the
GCA-, AAA-, and AAG-loop sequences (with the same stem sequence).
The 100 lowest-energy structures of each loop sequence were evaluated
using the FDPB model, sorted according to their energy, and further
classified according to the helical placement of the loop nucleotides and
backbone torsion angle pattern. Harmonic mode calculations were per-
formed on some of the low-energy structures to get an impression of the
conformational flexibility around the calculated energy minimum. It
should be emphasized that although �85% of the 4096 start structures
resulted in unique energy minima, the present conformational search still
does not cover all possible energy minima for the hairpin loop because not
all principally possible torsion angle combination have been explicitly
considered. However, additional searches using random variations of the
helicoidal coordinates or the MCSYM conformational generator (Major et
al., 1991; Gautheret et al., 1993) to obtain additional start structures for
energy minimization did not yield new structures of lower energy than the
above searches and were not considered further.

RESULTS

Comparison of calculated low-energy and
experimental structures

The conformational searches on trinucleotide DNA hairpin
loops with a four-base-pair stem resulted in more than 3000
different (energy-minimized) backbone topologies forming
a closed loop. The generated structures were ranked accord-
ing to the FDPB continuum approach because this model
allows a principally more accurate definition of the mole-
cule/solvent boundary than the GB model for calculating
reaction field energies. The total energy (�EtotPB) of only a
fraction of all conformers from the searches on the three
loop sequences, AGC, AAA, and GCA, was within 10 kcal
mol�1 of the total energy of the lowest-energy conformation
(�100 conformers). For each loop sequence, the majority of
these low-energy structures have a similar helical or topo-
logical arrangement of the loop nucleotides in the follow-
ing, termed class 1. Structures within this family are similar
to the corresponding experimentally determined structures
for all three loop sequences (Fig. 2). It is characterized by a
stacking of the central loop nucleotide mainly on the first
nucleotide or the 3�-side of the B-DNA stem with the
central loop base facing toward the DNA major groove.
Among the many backbone torsion angle combinations
compatible with the class 1 hairpin topology, the FDPB
model selected for all three loop sequences a lowest-energy
backbone torsion angle pattern (structure 2171) that is close
to the pattern reported for the experimental loop structures
(Zhu et al., 1995; Chou et al., 1996, 1999a; see also Table
3). For example, in case of the AAA-loop for which the
experimental stem sequence is identical to the sequence
used in the present study the all-atom root mean square
deviation between experimental and calculated structure
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(2171) is �1.4 Å. Energy minimization of the experimental
structure (first structure in Protein Data Bank (PDB) entry:
1bjh) results in a structure identical to 2171 (note that all
published NMR structures in PDB entry 1bjh have the same
basic backbone torsion angle pattern).
The reaction-field energies calculated with the GB model

for various hairpin loop conformers show a very reasonable
correlation to the FDPB method (Fig. 1), and for both
models similar class 1 conformers are predicted to be of
lowest energy (Table 1). However, with the GB model for
all three loop sequences, conformer 1387 was selected as
the lowest-energy structure. The backbone torsion angle
pattern for this structure slightly deviates from the experi-
mentally defined pattern (Table 3) based on NMR spectros-
copy (mainly due to a BII state at the first loop nucleotide).
The effect of small GB parameter changes (offset and

screening factors; see legend of Fig. 3) that still result in
reasonable correlation with FDPB reaction-field energies on
conformer ranking was tested for the AAA-loop sequence.
The alternative set of parameters affected the relative rank-

ing by �1 kcal mol�1 for most conformers (Fig. 3), and
conformer 1387 was still selected as lowest-energy con-
former followed by several other class 1 structures. In the
present study, the GB model has been used to approximately
reproduce electrostatic solvation energies obtained with the
more accurate FDPB method. More drastic changes in GB
parameters that result in a loss of correlation between GB
and FDPB approaches can affect conformer ranking more
strongly (not shown).

Classification of calculated hairpin
loop structures

Conformers within �10 kcal mol�1 of the lowest-energy
structures have been classified into five classes for the three
loop sequences according to the helical arrangement of the
loop nucleotides. Although low-energy loop structures are
dominated by class 1 for all three sequences (all low-energy
loop structures with �3.5 kcal mol�1 of the lowest-energy

FIGURE 2 Comparison of lowest-en-
ergy hairpin loop structures (in stereo)
from conformational searches (conformer
2171; solid line) and corresponding ex-
perimental structures based on NMR
spectroscopy (dashed line). (A) GTA-
CAAAGTAC-loop sequence (loop nucle-
otides in bold, PDB entry of the experi-
mental structure: first structure of 1bjh).
(B) GTACGCAGTAC-loop sequence
(PDB entry of experimental structure:
first structure of 1zhu). For the GCA-
loop, only part of the experimental struc-
ture with the same sequence as used in the
calculations is shown. For clarity, hydro-
gen atoms have been omitted.

Conformational Search on Trinucleotide Loops 2353

Biophysical Journal 80(5) 2350–2363



form belong to class 1), the analysis of higher-energy to-
pologies is of interest because it may give insights as to why
the class 1 topology is energetically preferred and what
other loop arrangements may be energetically feasible upon
interaction with other nucleic acids or proteins. Within the
above energy range, similar structural families were found

for all three loop sequences. The classification for the AAA-
hairpin loop is shown in Figs. 4 and 5.
In the case of the AAA-loop, two class 1 sub-forms could

be distinguished that showed the same basic stacking pat-
tern (central loop nucleotides stacks on the 3�-end of the
stem and points toward the major groove; Fig. 4) but small

TABLE 1 Ranking of hairpin loop conformers

Rank Class Number �EtotPB �EtotGB �ECoul �ELJ �EAT �ErePB �EreGB �ESAS �Esalt T�Svi

GTACAAAGTAC*
1 1a 2171 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �10.3 0.0
2 1a 1933 0.2 1.2 21.3 2.1 �0.8 �22.5 �21.5 0.2 �10.4 0.1
3 1a 1387 0.5 �2.6 27.6 1.5 �1.2 �27.4 �30.6 0.0 �10.5 �0.2
4 1a 1147 1.1 0.4 2.4 0.2 0.7 �2.1 �2.9 �0.1 �10.7 0.9
5 1a 1131 1.2 0.6 14.5 0.0 0.8 �14.1 �14.7 0.0 �10.5 0.7
6 1a 1419 2.9 �0.5 31.1 �3.8 3.8 �28.0 �31.4 �0.1 �10.6 1.2
7 1a 2604 3.3 �0.8 31.5 0.3 0.2 �28.6 �32.7 �0.1 �10.6 0.2
8 1b 2084 3.5 0.2 37.9 �0.5 �0.9 �32.8 �36.4 �0.1 �10.8 1.0
9 2 3417 3.6 5.8 9.0 8.4 0.1 �14.3 �12.1 0.4 �10.4 �0.9
15 1c 2175 4.9 4.7 12.0 2.4 4.4 �13.9 �14.2 0.1 �10.5 0.9
21 3 2155 5.7 0.4 38.3 �3.3 0.2 �29.1 �34.6 0.1 �10.5 0.8
43 5 3881 8.4 7.2 57.1 1.8 5.6 �56.5 �57.6 0.2 �10.7 �0.7
53 4 1967 10.3 4.9 21.1 �0.4 7.7 �17.4 �23.1 �0.3 �10.6 0.6

GTACGCAGTAC
1 1a 2171 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �10.3 0.0
2 1a 1933 0.8 4.0 29.6 4.5 �0.3 �33.1 �29.9 0.1 �10.7 0.1
3 1a 1387 1.2 �1.6 27.1 2.2 0.3 �28.1 �31.0 �0.2 �10.5 �1.1
4 1a 1131 1.7 1.0 14.1 �0.2 0.9 �13.0 �13.7 �0.1 �10.4 �0.1
5 1a 1147 1.9 0.7 3.0 0.2 0.7 �1.9 �3.1 0.0 �10.4 0.2
6 1a 1899 2.7 3.1 17.8 3.7 1.8 �20.7 �20.3 0.0 �10.6 �1.2
7 2 3417 3.2 5.9 6.7 10.0 0.9 �14.5 �11.9 0.1 �10.4 �1.7
8 1a 2172 5.3 2.2 41.0 0.5 1.9 �37.9 �41.0 �0.2 �10.8 �0.4
9 1a 1915 5.5 3.1 40.2 5.0 2.0 �41.7 �44.1 0.0 �10.8 �1.9
12 1b 2084 6.3 4.0 50.6 1.2 1.5 �47.1 �49.4 0.0 �10.9 �0.4
19 3 2155 7.1 2.1 37.0 �1.9 0.8 �28.6 �33.6 �0.2 �10.5 0.4
52 6 1451 10.9 7.7 75.4 5.4 2.4 �72.4 �75.7 0.2 �10.9 �0.9
63 5 3881 11.2 8.8 59.2 4.3 6.3 �59.2 �61.3 0.4 �10.8 �1.0

GTACAGCGTAC
1 1a 2171 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 �10.5 0.0
2 1a 1147 0.8 0.1 �2.8 1.1 1.1 1.4 0.7 0.0 �10.6 0.6
3 1a 1387 1.5 �1.1 23.1 4.2 �0.6 �25.1 �27.7 �0.1 �10.6 0.9
4 1a 1933 1.7 2.5 4.0 5.2 �1.2 �6.4 �5.5 0.0 �10.7 1.0
5 1a 2604 2.0 �0.4 24.5 2.5 0.7 �25.6 �28.0 �0.1 �10.7 1.4
6 1a 2027 2.3 0.7 17.5 2.8 0.7 �18.6 �20.2 0.0 �10.8 1.3
7 1a 1963 3.5 3.8 3.4 1.8 2.5 �4.2 �4.0 0.0 �10.7 0.1
8 1a 2491 4.5 3.6 16.5 5.8 �0.1 �17.7 �18.6 0.0 �10.8 0.2
9 1a 2316 4.5 4.9 2.2 4.6 4.0 �6.4 �6.0 0.1 �10.7 0.9
10 1a 1003 4.9 4.5 �0.8 3.2 3.4 �0.9 �1.3 0.0 �10.6 0.2
18 3 2155 7.0 1.6 27.7 1.7 �0.6 �21.6 �27.0 �0.1 �10.5 0.5
24 2 3289 8.0 5.8 22.2 0.9 3.3 �18.3 �20.5 �0.1 �10.6 0.9
46 1b 1459 11.2 5.5 37.8 6.1 �0.4 �32.5 �38.2 0.1 �10.9 �0.3
74 5 3881 13.2 9.4 59.2 5.2 5.1 �56.5 �60.2 0.2 �10.8 �0.1
80 4 1967 15.4 5.8 �0.7 2.0 5.1 9.3 �0.3 �0.3 �10.7 �0.3

Column 1 indicates the ranking of DNA hairpin loop structures obtained from conformational searches. Classification and numbering of conformers are
given in columns 2 and 3, respectively. The total energy (�EtotPB/�EtotGB) is a sum of Coulomb (�ECoul), Lennard Jones (�ELJ), electrostatic reaction field
(�ErePB/�EreGB), valence � torsion angle (�ETA), and surface-area-dependent nonpolar solvation (�ESAS) contributions and is given with respect to the
lowest-energy conformer (first rows). Only the energies of the 9 or 10 lowest-energy conformers and lowest-energy class 2–5 conformers for each loop
sequence are given. Salt dependencies are calculated as the change in electrostatic energy upon addition of 150 mM monovalent salt and solving the
nonlinear FDPB (Sharp and Honig, 1990). Differences in conformational entropy (last column) are obtained from a harmonic mode analysis (T: room
temperature, see Materials and Methods) and are not included in the total energies (columns 4 and 5).
*Loop nucleotides are in bold.
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differences in the arrangement of the non-canonical loop
closing base pair formed by the first and third loop nucle-
otides, respectively. Class 1b differs from 1a by a slightly
tilted first loop nucleotide with respect to the stem sequence
and an increased stacking interaction of the central loop
base with the third loop nucleotide (Fig. 4).
Other classes for which at least one member was found

within �10 kcal mol�1 of the lowest-energy structures are,
for example, characterized by a central loop base pointing
away from the major groove and partially stacked on the
third loop nucleotide (and this one stacked on the 5�-end of
the helical stem). This class 2 arrangement is reminiscent of
the loop topology of GNRA tetraloops in RNA (Heus and
Pardi, 1991; Jucker and Pardi, 1995), which is also called
type III tetraloop topology (van Dongen et al., 1997). This
class also includes some conformers with the central loop
base moved toward the DNA minor groove (reminiscent of
type II in the tetraloop nomenclature of van Dongen et al.,
1997). The present calculations predict the class 2 topology
to be energetically less stable than the class 1 form by �3
kcal mol�1 (for all three loop sequences). In class 3–5
conformers, the first and second loop bases form a contin-
uous stack with the 3�-end of the helical stem pointing
toward the DNA major groove. In class 3 and 4, the third
loop nucleotide is placed in the DNA minor groove in two

perpendicular orientations with respect to the minor groove
floor (Fig. 5). In contrast, in class 5 structures, the third
nucleotide points toward the major groove (Fig. 5). Re-
cently, Chou et al. (1999b) observed for pyrimidine-rich trinu-
cleotide loops (sequence TCC) a topology with the first loop
nucleotide located in the DNAminor groove and the other loop
nucleotide partially stacked. Such an arrangement was found to
be of considerably higher energy for the present loop se-
quences (�12 kcal mol�1 with respect to the lowest-energy
class 1 structure, not shown), indicating that a purin nucleotide
at the first loop position might be incompatible with this
experimentally observed pyrimidine-rich loop topology.
Additional class 1 sub-forms have been observed in case

of the AAA- and GCA-loop sequence, respectively, that
differ from 1a by an alternative pairing scheme of the
non-canonical A:A or G:A closing base pair (termed 1c).
For the GCA-loop, this alternative pairing scheme is illus-
trated in Fig. 6. The energy of these 1c GCA- and AAA-
loop forms is, however, considerably higher than the energy
of the lowest-energy 1a forms (Table 1).
For an understanding of hairpin loop formation in nucleic

acids it is interesting to compare the backbone torsion angle
pattern observed for the various classes of conformers com-
patible with a closed hairpin loop (Fig. 7). For example, all
low-energy class 1 conformers show a shift of the �, from
the standard trans state toward �gauche, and � torsion
angles, from �gauche to �gauche, respectively, at the
central loop nucleotides (Fig. 7). This is also seen in the
experimental GCA-, AAA-, and AGC-loop structures (Zhu
et al., 1995; Chou et al., 1996, 1999a). The conformers are
more variable in the pattern for the 	, �, and 
 torsion
angles of the loop and flanking nucleotides. Conformers
belonging to class 1b show a characteristic shift of the �
torsion angle toward the C3�-endo regime at the first loop
nucleotide not seen for the class 1a forms. Interestingly, for
class 2, no characteristic flips in �, �, and � (compared with
the standard B-DNA values) can be seen. However, in this
case either the 	 or � torsion angles between the first and
second loop nucleotide shift toward the trans or gauche (	)
or �gauche (�) regimes, respectively, to form the loop.
The calculated salt dependence of the electrostatic ener-

gies showed little variation among low-energy conformers.
Conformers of the subclass 1b appeared to be slightly more
stabilized by the addition of salt than, for example, con-
formers of the 1a type. This could be related to the finding
that 1b conformers appeared to be stabilized by a more
favorable reaction-field contribution but destabilized by a
less favorable Coulomb contribution compared with 1a con-
formers (Table 1). The other classes of conformers are less
favorable than class 1a due to a combination of electrostatic
and packing interactions. Because most low-energy con-
formers are compact structures, the surface-area-dependent
nonpolar solvation term did not vary significantly. It is
interesting that differences in Coulomb contributions for
each conformer are largely compensated by reaction-field

FIGURE 3 Dependence of AAA-hairpin loop conformer ranking on GB
parameters. Hairpin loop conformers (�80 low-energy structures) were
energy minimized using either GB parameters as described in Materials
and Methods (GB set I with a radius offset 
 �0.12 and screening factors
fs(H) 
 0.8, fs(O) 
 0.83, fs(N) 
 0.76, fs(C) 
 0.76, and fs(P) 
 0.86)
or GB set II (radius offset 
 �0.13 and fs(H) 
 0.82, fs(O) 
 0.84,
fs(N) 
 0.77, fs(C) 
 0.77, and fs(P) 
 0.86). Conformer ranking is given
with respect to the lowest-energy conformer (1387) obtained with the GB
model (without surface area term).
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contributions (Table 1) resulting in relatively small total
energy differences. Neglecting electrostatic solvation could
therefore result in unrealistically large energy differences
between conformers.
As demonstrated for the AAA-loop sequence (Table 2),

energetic ranking with a simpler treatment of electrostatic
interactions using a distance-dependent or constant effective
dielectric constant can result in a substantial reordering of

low-energy conformers. In these cases, structures of lowest
energy do belong to classes other than class 1 and are in
disagreement with experimental structures. Interestingly,
the ranking obtained with a constant effective dielectric
constant (�eff 
 4.0) shows some agreement with the FDPB
ranking for a number of conformers. However, there are
conformers outside the range of low-energy conformers
given in Table 1 that include deformations in the stem

FIGURE 4 Superposition of three to four confor-
mations (represented by different line types, in
stereo) of the AAA-hairpin loop belonging to class
1a, 1b, or 2 with representative conformers found
within �5 kcal mol�1 of the lowest-energy (class
1a) conformation. For clarity, hydrogen atoms have
been omitted.
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region with contacts between bases and phosphate groups
that are ranked better than class 1 conformers when using a
uniform constant permittivity (e.g., conformer 2828).

Harmonic mode analysis of loop structures

Although solvent entropy effects are implicitly included in
the continuum solvent model, the energetic evaluation of

the generated conformers does not include possible differ-
ences in conformational flexibilities of the energy-mini-
mized structures. However, the preference for a given con-
formational sub-state (energy minimum) is determined by
both the energy and conformational flexibility. The har-
monic mode method was used to get an estimate of the
conformational flexibility (or vibrational entropy contribu-
tion) of the low-energy structures and its influence on the

FIGURE 5 Superposition of three to four conforma-
tions (in stereo) of class 3–5 (AAA)-hairpin loops found
within �5–10 kcal mol�1 of the lowest-energy struc-
ture. For clarity, hydrogen atoms have been omitted.
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conformer ranking. The conformational entropy was calcu-
lated based on the backbone torsion angle (co)variances
obtained from a harmonic mode analysis. Contributions to
the conformational entropy due to fluctuations in bond
length or bond angles have not been considered. These hard
degrees of freedom may make a substantial contribution to
the total conformational entropy within one sub-state; how-
ever, it is assumed in the present study that these contribu-
tions depend to a much lesser degree on the hairpin confor-
mation than the softer torsion angle fluctuations. For the
compact low-energy structures (in Table 1) the free energy
differences attributed to conformational entropy differences
between the sub-states were found to be on the order of 1–2
kcal mol�1. On average, inclusion of these contributions
seems to lower the free energy differences between the
various conformers. However, no general rule such as that
higher-energy conformers are always more flexible than
lower-energy conformers was found (Table 1). Although
conformational entropy contributions of 1–2 kcal mol�1 can
in principle significantly affect conformational equilibrium
at room temperature, in the present case it does not change
the ranking of the classes of low-energy hairpin loop struc-
tures (Table 1). Fig. 8 indicates that the pattern of atomic
position fluctuations along the loop sequence can vary be-

tween the different low-energy structures depending on the
number of contacts made by each nucleotide with other
parts of the structure. Conformers of the same class show
qualitatively similar atomic fluctuation patterns along the
sequence (compare Fig. 8, A and B) whereas for conformers
belonging to different classes there are also qualitative
differences in the calculated atomic position variances.

Low-energy conformations for the
AAG-hairpin loop

The AAG-loop sequence may also form a hairpin structure,
although of lower stability compared with, for example,
GNA-loops (Yoshizawa et al., 1997). A conformational
search on this sequence for which no experimental structure
is available indicates a lowest-energy backbone torsion an-
gle pattern that slightly differs from the one found for the
other three loop sequences (Table 3). However, the stacking
arrangement for the lowest-energy conformers appears to be
similar to the GCA-, AAA-, and AGC-loops. The closing
A:G base pair (see Fig. 9) contains a hydrogen bond be-
tween the nitrogen, N3, atom of the adenine (first loop
nucleotide) and the hydrogen atom, HN1, of the third loop

FIGURE 6 Comparison of two
pairing schemes found for the G:A
loop closing base pair (bold line;
dashed line: central cytosine loop nu-
cleotide) in the case of the conforma-
tional search on the GCA-hairpin
loops. The (stereo) view is along the
helical axis of the stem helix. For
clarity, the stem helix is not shown. In
the case of the form with the lower
calculated energy (A) termed class 1a
(see Table 1) the closing base pair
forms a sheared G:A base pair. The
higher-energy class 1c conformers (B)
are characterized by a hydrogen bond
between the guanine H1N2 and the
adenine N4.
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nucleotide (G). Additional contacts (distance � 2.3 Å) are
made between the adenine HC2 atom and the guanine O6
atom and between the sugar O�4 atom of the first loop nucleo-
tide and the amino group of the last loop nucleotide (G).

DISCUSSION

The development and improvement of methods for a real-
istic conformational analysis and structure prediction of
nucleic acids is important for a better understanding of the
mechanism of structure formation and energetic origins of
conformational preferences. Ultimately, such methods
could be very valuable for the design of stable structural
motifs and ligands that interfere with the biological function
of DNA or RNA molecules. Preferably, computational stud-
ies on nucleic acids should include surrounding water mol-
ecules and ions explicitly. However, such approaches pres-
ently do not allow systematic conformational searches on
structural motifs in nucleic acids because the energetic
evaluation of each generated conformer requires the equil-
ibration of an explicit solvent and ion atmosphere, which is
beyond current computational capabilities. Continuum

(mean-field) solvent models offer an attractive alternative to
approximately include solvation effects during energy min-
imization and conformational search. In contrast to several
previous systematic search studies (Maier et al., 1999;
Zacharias and Sklenar, 1997, 1999) the present approach
includes electrostatic solvation effects during energy
minimization and in addition accounts for the conforma-
tional flexibility of generated conformers within a harmonic
approximation.
By using the GB solvation model it has been possible to

select realistic hairpin loop conformations as those of lowest
energy out of a large set of sterically possible conformers
for three sequences with experimentally known structures.
This is an important result because it is a prerequisite to use
approaches such as the present force-field-based modeling
attempt for structure prediction on small nonhelical motifs
in DNA and RNA. Molecular dynamics simulations on
nucleic acids have also shown that the GB solvation model
results in trajectories that are similar to explicit solvent
simulations (Tsui and Case, 2000; Williams and Hall, 1999,
2000a,b). However, MD simulations even in the nanosec-
ond regime usually cover only conformations close to the
start structure. In the present study a variety of conforma-
tions have been considered that span different helical topol-
ogies of loop nucleotides.
Although the reaction-field energies calculated by the GB

method showed overall a very reasonable correlation to
those calculated with the principally more accurate FDPB
approach, residual differences between the two methods
lead to some reordering of the conformer ranking (within
each class) when applying the latter approach to the final
structures. The ranking obtained with the FDPB approach
appeared to be in slightly better agreement with the exper-

FIGURE 7 Backbone torsion angle distribution around the hairpin loop
for three to five representative AAA-hairpin loop conformations (repre-
sented by different line types) belonging to class 1a, 1b, 2, 4, and 5. The
nucleotide number is given with respect to the central loop nucleotide (0).

TABLE 2 Ranking of AAA-hairpin loops using
pairwise electrostatics

Rank Class Structure �EtotPB �E�
4.0 �E�
4r �E�sigmo

1 1a 2171 0.0 0.0 0.0 0.0
2 1a 1933 0.2 5.1 4.6 4.0
3 1a 1387 0.5 4.2 2.3 0.1
5 1a 1131 1.2 3.7 3.2 2.8
8 1b 2084 3.5 4.7 2.2 1.8
9 2 3417 3.6 5.4 3.8 6.7
21 3 2155 5.7 1.6 �3.5 �1.5
29 6 1451 9.4 10.6 �11.0 8.6
43 5 3881 8.4 13.4 9.5 12.2
53 4 1967 10.3 10.5 9.4 7.8
56 3 2515 11.1 13.4 �1.9 �3.5

�200 2828 26.7 �3.2 �6.8 �5.4

�E�
4.0, �E�
4r, �E�sigmo 
 total energy (see Materials and Methods)
without reaction field contribution and using an effective dielectric con-
stant of either � 
 4.0, � 
 4r or a sigmoidal distance-dependent function
(Lavery et al., 1995): �(r)
 �wat (�wat � �o) {(sr)2 � 2(sr)� 2} exp(�sr),
�wat 
 78.0, s 
 0.365, �o 
 2.0. Phosphate group charges were scaled by
0.5. These parameters were found to yield reasonable energy-minimized
structures. Structure ranking is given according to the FDPB model.
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imental result than the ranking obtained using the GB
method. Similar to observations in previous conformational
search studies on nucleic acids, the inclusion of electrostatic
solvation contributions significantly improves conforma-
tional searches on DNA hairpin structures compared with
simpler treatments of electrostatic interactions.
The number of hairpin loop conformations explicitly

considered in the present study is considerably larger than in
previous studies (Erie et al., 1993; Maier et al., 1999). In
these studies, possible loop conformations are generated by
combining a set of fixed (rigid) nucleotide conformations. A
loop closing condition composed of distance and angle
conditions between atoms of the helical stem and loop
nucleotides is then used to select a given combination of
nucleotide conformations. The number of discrete nucleo-
tide conformations and the loop closing conditions can limit
the number of accepted conformers so that important loop
conformations might be overlooked. For example, only

eight structures out of a large set of conformer combinations
were found for the AAA trinucleotide loop to fulfill a set of
distance and angle criteria to form a hairpin loop (Erie et al.,
1993) compared with several thousand in the present study.
The use of torsion angle window constraints during struc-
ture generation allows an adjustment of the backbone to
form a closed loop during energy minimization. It shows
that many backbone torsion angle combinations can result
in similar helical arrangements of nucleotides. This can
complicate conformational searches and energy-based
structure prediction approaches. For example, the lowest-
energy structures of the present searches belong to class 1a.
However, the generated pool of structures does not contain
only low-energy class 1a conformers but also many ener-
getically quite unfavorable class 1a structures. For a correct
ranking of the various structural families it is therefore
critical not only to generate many different classes or clus-
ters of conformers but also to generate many different
conformers within one class to identify low-energy back-
bone torsion angle combinations.
A possible solution to this problem is to split the confor-

mational search into one for globally distinct helical or
topological arrangements of nucleotides and a subsequent
efficient search for the best possible backbone combination
for each arrangement. The generation of globally distinct
structures could, for example, be achieved by using a con-
formational generator based on rigid substructures such as
the MCSYM program (Major et al., 1991; Gautheret et al.,
1993).
Most present systematic conformational search studies

consider only the energy of generated conformations (Maier
et al., 1999; Zacharias and Sklenar, 1999; Ayadi et al.,
1999). Depending on the model energy function, this may at

FIGURE 8 Comparison of calculated heavy atom position fluctuations
for five AAA-loop sub-states based on harmonic mode analysis: (A) class
1a conformer 1147; (B) class 1a conformer 1387; (C) class 1b conformer
2084; (D) class 2 conformer 3417; (E) class 3 conformer 2155.

TABLE 3 Backbone torsion angles (in degrees) for
low-energy loop structures

N Structure 	 � 
 � � �

AAA loop*
A�1 Exp. �68 172 62 143 �176 �126

2171 �66 165 56 138 �166 �127
1387 �69 168 52 133 �90† 177†

A0 Exp. �81 159 80 147 �147 97
2171 �71 175 57 146 �101 78
1387 �88 146 43 143 �86† 86

A�1 Exp. 88 �142 �173 146 177 �91
2171 77 �178 �175 153 180 �95
1387 72 �173 �177 151 �159† �78

AAG-loop
A�1 1131 �63 169 54 142 �161 �141
A0 1131 �66 170 54 146 �91 74
G�1 1131 �99 168 59 146 �159 �81
G�2 1131 �93 60 179 87 �173 �87

*Numbering is with respect to central nucleotide. Experimental (Exp.) data
are from Chou et al. (1996).
†Significant differences between torsion angles in calculated and experi-
mental structures.
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least in principle include solvent entropy effects; however,
possible differences in the conformational flexibility of
generated conformers around a stable state are often ne-
glected. In the present study the harmonic mode method was
used to estimate conformational flexibilities of the gener-
ated sub-states. An advantage of the harmonic mode method
is that it is relatively rapid (�5 min computer time) and that
it does not depend on an appropriate sampling to achieve
convergence such as Monte Carlo or molecular dynamics
simulations. However, anharmonic effects of the potential
energy surface around a stable state are not included. Nev-
ertheless, a recent comparison of harmonic mode calcula-
tions and molecular dynamics simulations on regular RNA
indicated that the calculated directions of largest mobility
can be quite similar (Zacharias, 2000b). Even if flexibility is
accounted for using the present harmonic approximation,
the ranking for the three loop sequences does not change,
and the free energy gap between the lowest-energy class 1
structure and other structural classes remains at �2–4 kcal
mol�1. This difference is considerably larger than the ther-
mal energy at room temperature and suggests that other than
class 1 conformations are represented by less than 5%. The
relatively small influence of conformational flexibility on
sub-state ranking might be due to the fact that in the present
case all low-energy structures have a relatively compact
fold that overall limits conformational fluctuations.
Based on the successful conformational search on the

three loop sequences with experimentally known structures
a search was also performed on the AAG-loop sequence for

which no experimental structure is available. In a compar-
ison of all possible DNA trinucleotide loop sequences,
Yoshizawa et al. (1997) found for this sequence a higher
than average melting temperature, suggesting the possibility
of loop formation. The calculated structure of lowest energy
is similar to a class 1 type, but the lowest-energy backbone
torsion angle pattern differs from the other loop sequences
of the present study, and the loop closing A:G base pair
differs from the sheared G:A base pair found for the GCA-
loop.
It should be emphasized that with the present approach it

is possible to calculate an energetic ranking of various
hairpin loop conformations. However, it is not possible to
get an estimate of the absolute stability of a given hairpin
loop (or free energy of formation) because this requires
calculation of the free energy of the unfolded (single-strand-
ed) state. It is difficult to calculate an accurate stability of
the unfolded state because it requires a summation over a
very large number of sterically possible states. Even esti-
mates based on a dominant state approximation are compli-
cated by the fact that it is, for example, not clear if the
unfolded state is dominated by stacked or at least partially
stacked conformers or completely unstacked nucleotides.
The development of efficient conformational analysis

approaches with a realistic energetic ranking may also have
important implications for studies of ligand binding to nu-
cleic acids and in turn for the rational design of inhibitors
for DNA and RNA function. Several structural studies on
RNA-ligand complexes indicate that the RNA conformation

FIGURE 9 Structure of lowest-energy
structure obtained from the conforma-
tional search on the GTACAAGGTAC-
loop sequence. (A) Stereo view into the
major groove; (B) Stereo view along the
helical axis of the stem; for clarity, only
the loop closing A:G base pair (solid
line) and the central nucleotide (dashed
line) are shown.

Conformational Search on Trinucleotide Loops 2361

Biophysical Journal 80(5) 2350–2363



can change significantly upon complex formation (Patel,
1999; Cusack, 1999). A prerequisite for modeling of RNA-
ligand complexes is therefore not only a reasonable treat-
ment of intermolecular interactions including solvent effects
but also to properly account for RNA conformational adap-
tation and change in conformational flexibility. It is
straightforward to apply the present approach to complexes
of ligands and nucleic acid structural motifs by applying
conformational searches in the absence and presence of
putative ligands.
The calculated low-energy hairpin loop structures can be

downloaded at http://www.imb-jena.de/www_tbp (see in-
structions in http://www.imb-jena.de/www_tbp/structures.
html).
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