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Principal torsion angles of collective motions in biomolecules:
A study of a single base opening in DNA duplexes

Y. Z. Chen, V. Mohan, and R. H. Griffey
ISIS Pharmaceuticals, 2292 Faraday Avenue, Carlsbad, California 92008

~Received 29 December 1997!

Large amplitude collective motions in biomolecules primarily involve the displacement of a number of
torsion angles of rotatable bonds. This work tests the hypothesis that one or a few of these angles are the
principal variables that act as the reaction coordinate for a particular motion. Our study on a low energy single
base opening in DNA duplexes identified one such coordinate. This torsion angle together with the accompa-
nying geometric requirement on other angles have been used to determine the pathway of the opening process.
The energetics along the pathway has also been analyzed based on widely used molecular mechanics force
field parameters. Our results support the proposed hypothesis and further tests on other collective motions in
different systems are warranted.@S1063-651X~98!11607-0#

PACS number~s!: 87.10.1e, 87.15.By
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INTRODUCTION

Collective motions in biomolecules play important rol
in biological processes@1#. The resulting conformationa
changes are facilitated primarily by a low energy, concer
displacement of a number of torsion angles of rotata
bonds in the molecular chain~a torsion angle is defined a
the angle between theA-B-C plane andB-C-D plane of a
four atom chainA-B-C-D). Knowledge of microscopic de
tails of the motions may aid in elucidating the underlyi
mechanism of these biological events. Theoretical invest
tions of such processes, however, are hindered by the c
plexity and the large number of degrees of freedom involv
Novel methods need to be developed to overcome this d
culty.

The collective nature of these motions implies a disp
portionate role of the associated torsion angles. Locali
modes of certain torsions promote particular group mot
while the restoring forces drive the displacement of ot
torsions. We hypothesize that only one or a few of the t
sion angles are principal variables that play a major role
the collective motion. The identification of these princip
torsion angles makes it easier to determine the motion p
way, as the variation of the rest of the local torsion ang
can be deduced by the geometric constraints along the
lecular chain.

In the present work we test this hypothesis by studyin
low energy single base opening process in DNA duplex
Our focus is on the opening of a single base with minim
structural distortion in the neighboring nucleotides. We e
amine to what extent a single base can be opened wit
displacement of its neighbors. We also demonstrate how
identification of a principal torsion angle along with hel
geometric constraint can be used to determine the varia
of all the rotatable torsion angles responsible for the open
Because of the localized nature, the pathway for the ab
discussed opening is likely to be a low energy route t
might initiate other premelting and melting events in DN
duplexes.

The kinetics and thermodynamics of base pair open
PRE 581063-651X/98/58~1!/909~5!/$15.00
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has been extensively investigated by a variety of experim
tal techniques at both premelting@2–4# and melting@5# re-
gions. Theoretical methods based on simple mathema
models@6# and atomic level lattice dynamics approach@7,8#
have been used to study hydrogen bond~H bond! breaking
dynamics and its contribution to the opening and melting
DNA. Analysis of opening pathways using a simplified bac
bone geometry has appeared@9#. The low frequency collec-
tive motions relevant to opening also have been probed@10#.
Despite these efforts, microscopic details on the pathway
base pair opening remain elusive.

Imino proton exchange experiments show that base p
open one at a time@2#. A single base pair opening event wa
detected in a 10 base pair duplex. Therefore it is likely t
individual opening events in a long DNA sequence occur
least this distance apart, which can thus be considered
proximately as an isolated event. Comparison between
observed@3,4# and our computed opening enthalpy, based
a widely used set of force field parameters@11#, suggests that
the low energy pathway likely involves base rotation towa
the grooves. This rotation is facilitated by collective motio
of relevant torsion angles at the opening site. Although m
tions in the complementary bases and associated backb
in a base pair opening event are yet to be determined exp
mentally, our study is useful in probing whether a stric
low energy single base displacement is sufficient to facilit
imino proton exchange and thus correlates with obser
base pair opening processes. Such a correlation will be
cussed in this paper.

THEORETICAL METHODS

Models of DNA duplexes

Our models of DNA duplexes are atomic-level mode
with individual atoms connected by chemical bonds. The
models are from crystal structures of B-form DNA duplex
deposited in the Nucleic Acids Database@12#. For compari-
son the canonical B-form DNA, constructed from the fib
diffraction data@13#, are also used in this study. A total of 3
B-form DNA structures have been considered in this wor
909 © 1998 The American Physical Society
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FIG. 1. ~a! Major and minor grooves in a duplex DNA are indicated.~b! Torsion angles of the rotatable bonds involved in the open

of thenth base in a DNA duplex. The torsion angle, for instance,z of the four atom chain O58-P2
z

O38-C38 is defined as the angle betwee

the O58-P-O38 plane and the P-O38-C38 plane. The standard notations for the backbone torsion angles are: (n11)O58-P2

zn

O382

en

C38

2

dn

C482

gn

C582

bn

O582

an

P 2

zn21

O38-C38(n21). The backbone angles involved in the opening of thenth base are the principle torsion anglezn

and adjustable torsion anglesan , bn , gn , and zn21. The glycosidic bond torsion anglexn(O48-C182

xn

N9-C8) is also an adjustable
variable that keeps the base in plane.
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The atomic motions can lead to the stretch, angle bend
~change of the angle between two bonds!, and torsion angle
deformation in the rotatable bonds. The stretch and an
bending motion do not contribute to the low energy open
process, as large deviation in these variables involves sig
cantly higher energy than the observed,30 kcal/mol base
pair opening enthalpy@3,4,14#. Therefore bond length an
angle bending are assumed fixed in this work. Because
focus is on the opening of a single base, one can fur
assume that only the torsion angles associated with the o
ing in one base are allowed to change, the rest of the h
including the base aromatic ring is held rigid. These rotata
torsion angles are illustrated in Fig. 1.

Low energy opening pathway

As shown in Fig. 1, in order for a base to move freely o
of the stacked helix, its effective rotation axis must be p
pendicular to the base plane. Our analysis on both single
multiple torsion angle displacements indicates that o
z(C38-O38-P-O58) and d(C58-C48-C38-O38) torsion
angles satisfy this criterion. However, the rotation ofd
causes angle bending distortion in C58-C48-O48 or
O38-C38-C28. Hencez is the only energetically feasibl
torsion angle to drive base rotation. The variation ofz along
with fixed d and e(C48-C38-O38-P) enables the base t
rotate toward the major or minor grooves. The base can
kept in plane along this pathway by further adjusting t
glycosidic bond torsion anglex(O48-C18-N9-C8 for for
purine and O48-C18-N1-C6 for pyrimidine!. Because of its
principal role in determining the pathway,z can be consid-
ered as the reaction coordinate for the single base ope
described in this work.
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Without any adjustment of the other backbone tors
angles, the change inz causes unphysical displacement
the backbone. In this work, the helix is kept rigid except f
the section between thenth C38 and (n21)th C38 ~Fig. 1!.
Displacement ofz in thenth base causes the above section
rotate. This results in the shift of the (n21)th C38 away
from its original position, causing a drastic distortion in th
(n21)th sugar ring. Hence the adjustment of the other t
sion angles along this section is necessary so as to move
(n21)th C38 back, close to its original position. This give
rise to a geometric requirement that guides the adjustmen
rest of the torsion angles along the opening pathway. Th
angles, together withx, can be regarded as adjustable va
ables controlled by the helix restoring forces. They can
determined by a search in the multidimensional torsion an
space to find a set of values that gives the least deviatio
the (n21)th C38 coordinates. No energy minimization ha
been performed along the pathway. These angles have
found to change comparably withz.

An angular grid of 0.5° spacing is used to describe
torsion angle search space. Although the use of a finite
size gives rise to a finite displacement in the computed n
position of the C38 atom, the grid size employed here seem
to be optimum to yield converged results. A reduction
50% in grid size results in,10% change in the compute
opening extentDzmax. The tolerance or the upper bound
the error can be estimated as follows: The maximum erro
the computed position of the end atom in each of the tors
set is the average length of a covalent bond multiplied by
angular grid spacing (51.5 Å30.5°3p/180°). There are
seven torsion linkages connecting the two C38 atoms of the
nth and (n21)th nucleotides. The maximum value for th
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PRE 58 911PRINCIPAL TORSION ANGLES OF COLLECTIVE . . .
cumulative error or tolerance is then 730.014 Å50.1 Å.
Because of the partial cancellation among these errors,
computed deviation is expected to be smaller than this to
ance.

The backbone geometric restraint sets a limit on the
tent ofz rotation,Dzmax, and thus the opening extent.Dzmax
is determined from the maximum allowed deviation of t
(n21)th C38 position due to the angular grid used in th
study. A natural choice for the maximum allowed deviati
is the tolerance derived above. The energy barrier along
pathway may also limit the extent of base opening. An up
limit of observed energy of 30 kcal/mol is used along w
the geometric restraint to determineDzmax.

Calculation of opening energy

The energy profile for the opening is given by the emp
cal functional form:

V5 (
torsions

Vn

2
@11cos~nf2g!#1 (

H bonds
@V0~12e2a~r 2r 0!!2

2V0#1 (
nonbonded

F A

r i j
12

2
B

r i j
6

1
qiqj

er i j
G , ~1!

wheref denotes a torsion angle,Vn , n, andg are torsion
potential parameters;r is the H-bond donor-acceptor dis
tance, andV0, a, andr 0 are H-bond potential parameters;A
and B are nonbonded van der Waals parameters;e is the
dielectric constant,qi and qj are the charges of thei th and
j th atoms, andr i j is the distance between them. AMBE
force field @11# parameters have been used for poten
terms other than the H-bond term. Bond stretch and an
bending terms are excluded as they do not contribute to
low energy opening process. The torsion terms only inclu
those backbone and glycosidic bond torsions that are as
ated with the opening of a single base. The stacking inte
tions are implicitly included in the nonbonded van der Wa
and electrostatic energy terms. A distance-dependent die
tric constant@1# is used. Our results are relatively insensiti
to the choice of dielectric constant.

The H-bond terms are based on Morse potential with
plicit hydrogen atom. The Morse parameters in these te
are those used to predict H-bond premelting and melting
DNA @8#. In principle, the hydrogen bond energy can
computed by means of the explicit hydrogen atom mod
However, in practice this is complicated by the difficulty
solving for the dynamics of the hydrogen atoms along b
pair opening pathway and the requirement for more accu
force parameters and the positions of hydrogen atoms.
difficulty can be circumvented by using an empirical implic
hydrogen atom potential that gives reasonable energy for
hydrogen bonds. This potential, based on a Morse func
of the donor and acceptor separation, has been shown
well with the potential energy obtained fromab initio calcu-
lations @15#.

RESULTS AND DISCUSSION

The potential curves for the opening of bases in one of
B-DNA duplexes studied@16# is shown in Fig. 2. The open
he
r-

-

he
r

-

l
le
e
e
ci-
c-
s
c-

-
s

in

s.

e
te
is

he
n
fit

e

ing pathway of a base in this duplex is illustrated in Fig.
Similar profiles have been found for all the other B-DN
systems. The energy barrier along the major groove of all
bases has been found to be less than 30 kcal/mol. Henc
major groove opening extentDzmax

major is exclusively deter-
mined by the geometric restraint. Further opening exce
this constraint and thus most likely involves the cooperat
displacement of neighboring nucleotides, which is consist
with the observed cooperative nature in DNA melting.

In contrast, a large potential barrier is found along t
minor groove of all bases except for guanines. Thus the
nor groove opening extent,Dzmax

minor, for these bases is prima
rily determined by the energetic constraint. The high ene
barrier arises from a steric clash between each of these b
and its complementary base on the opposite strand, w
limits Dzmax

minor of these bases to 4210°, as compared to tha
of ;45° given by the geometric restraint.

Guanines are exceptional because their O6-C6 bon
oriented in such a way that it avoids the close contact w
the complementary base in the minor groove. ThusDzmax

minor

of guanines is primarily determined by the geometric
straint.

Although the positions of neighboring nucleotides a
fixed, surprisingly large amplitudez displacement and thu
base opening can be found for majority of bases in B-DN
duplexes. Our results show that the average value ofDzmax

major

for all bases in the crystal B-DNA entries in Nucleic Acid

FIG. 2. Energy barrier for the opening of adenine, thymin
guanine, and cytosine bases in the crystal B-DNA dup
d(CGCGAATTCGCG)2 @16#. The potential curves are forA5, T8,
G2, andC3 bases respectively and terminate at the maximum
tent dictated by the geometric restraint.

FIG. 3. Displacement of a base in a crystal B-DNA duplex w
respect to the rotation of itsz angle. The numbers in the figur
indicate the rotation angles in degrees. The positive~negative! val-
ues correspond to rotation towards the major~minor! groove.
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TABLE I. Energy barrier and maximum opening extentDzmax
major for single base opening towards the maj

groove in DNA. For comparison the observed values are also included.

Method System Residue Dzmax
major Energy barrier Ref.

~deg! ~kcal/mol!
Vtotal VVdW

This work d(CGCGAATTCGCG)2 G 28 22.2 17.3
C 31 14.3 9.5
A 29 11.1 10.3
T 52 10.0 14.0

Fluorescence d(CTGAA* TTCAG)2 A* 17 @3#

NMR d(CGCAGATCTGCG)2 GC pair 17-26 13-17 @4#

AT pair 17-21 14 @4#

NMR Oligonucleotides Average 18-29 @17#
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Database~NDB! @12# is 35°, while that of the canonica
B-DNA is 54°. For bases with an equilibriumz of
;2100°, this corresponds to a displacement of 3.8 and
Å, respectively. This is sufficient to expose the imino prot
to the solvent, which should facilitate imino proton e
change. The displacement completely reduces the stac
interactions of the base with one of its two neighbors.
shown in Table I, the calculated opening energy barriers
comparable to the observed enthalpies from NMR@4# and
fluorescence@3# experiments.

The amplitude of the base angular motion in DNA h
been estimated from the data obtained from NMR and o
cal experiments. The estimated spatial restriction for the b
angular motion in several oligonucleotides is 29° based
the diffusion in a cone model and 18° based on the ov
damped libration model@17#. These are comparable to ou
calculated opening extent. Thus our results on both the op
ing extent and energy barrier indicate that the single b
opening described here correlates, at least partially, with
observed premelting base pair opening.

As shown in Fig. 2, because of similar energy barri
guanines can be opened towards both the major and the
nor groove. However, from Table I the energy barrier
guanines is substantially higher than that of other ba
Moreover three out of four bases can only open toward
major groove. Hence there is an overall preference for m
groove opening.

A relatively small difference can be found in the potent
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parameters of different force fields, as these parameters
refined based on similar set of experimental data and qu
tum chemistry calculations. Therefore the effect of differe
force fields on the calculated energy landscape and the
tential barrier is expected to be relatively small. In the min
groove, Dzmax

minor is determined by structural clash wit
complementary base. A small change in potential parame
thus has a small effect on its value. In the major groo
Dzmax

major is primarily determined by the geometric restrain
which is force field independent. HenceDzmax

major andDzmax
minor

are expected to be relatively insensitive to the choice of
tential parameters.

CONCLUSION

Our study reveals the existence of a principal tors
angle as the reaction coordinate for single base opening.
identification of this coordinate along with the accompanyi
geometric requirement on other torsions makes it possibl
determine the microscopic pathway and energetics of
collective motion. Motions along this pathway may be fu
ther examined by other methods such as normal mode an
sis. Investigation on multibase motions is also needed in
der to fully explore base pair opening pathways. T
proposed hypothesis is likely to find wider applications f
various collective motions in other systems and further te
are warranted.
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