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Principal torsion angles of collective motions in biomolecules:
A study of a single base opening in DNA duplexes
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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 warrantd&1063-651X98)11607-0

PACS numbdss): 87.10+€, 87.15.By

INTRODUCTION has been extensively investigated by a variety of experimen-
tal techniques at both premeltiig—4] and melting[5] re-
Collective motions in biomolecules play important roles gions. Theoretical methods based on simple mathematical
in biological processe$l]. The resulting conformational models[6] and atomic level lattice dynamics approdah8]
changes are facilitated primarily by a low energy, concertediave been used to study hydrogen bghdbond breaking
displacement of a number of torsion angles of rotatablédynamics and its contribution to the opening and melting in
bonds in the molecular chaia torsion angle is defined as DNA. Analysis of opening pathways using a simplified back-
the angle between tha-B-C plane andB-C-D plane of a  POne geometry has appeari@. The low frequency collec-
four atom chainA-B-C-D). Knowledge of microscopic de- tive motions relevant to opening also have been prgtbéd

tails of the motions may aid in elucidating the underlying Despite these efforts, microscopic details on the pathways of

mechanism of these biological events. Theoretical investigat-’ase Jpair opening remain eluswg. .
Imino proton exchange experiments show that base pairs

tions of such processes, however, are hindered by the com-

. . open one at a timg2]. A single base pair opening event was
plexity and the large number of degrees of freedom InVOIVeddgtected ina 10 Ei]se pairgduplex. '?here?ore itgis likely that
Novel methods need to be developed to overcome this diffi

individual opening events in a long DNA sequence occur at

culty. . . o _ least this distance apart, which can thus be considered ap-

The collective nature of these motions implies a disproroximately as an isolated event. Comparison between the
portionate role of the associated torsion angles. Local'ze%serveq[&4] and our computed opening enthalpy, based on
modes of certain torsions promote particular group motiory widely used set of force field parametgt4], suggests that
while the restoring forces drive the displacement of othetthe low energy pathway likely involves base rotation towards
torsions. We hypothesize that only one or a few of the torthe grooves. This rotation is facilitated by collective motions
sion angles are principal variables that play a major role irof relevant torsion angles at the opening site. Although mo-
the collective motion. The identification of these principal tions in the complementary bases and associated backbones
torsion angles makes it easier to determine the motion pathn a base pair opening event are yet to be determined experi-
way, as the variation of the rest of the local torsion anglesnentally, our study is useful in probing whether a strictly
can be deduced by the geometric constraints along the mdew energy single base displacement is sufficient to facilitate
lecular chain. imino proton exchange and thus correlates with observed

In the present work we test this hypothesis by studying @&ase pair opening processes. Such a correlation will be dis-
low energy single base opening process in DNA duplexescussed in this paper.
Our focus is on the opening of a single base with minimum
structural distortion in the neighboring nucleotides. We ex-
amine to what extent a single base can be opened without THEORETICAL METHODS
displacement of its neighbors. We also demonstrate how the
identification of a principal torsion angle along with helix
geometric constraint can be used to determine the variation Our models of DNA duplexes are atomic-level models
of all the rotatable torsion angles responsible for the openingwith individual atoms connected by chemical bonds. These
Because of the localized nature, the pathway for the abovemodels are from crystal structures of B-form DNA duplexes
discussed opening is likely to be a low energy route thatleposited in the Nucleic Acids Databdde?]. For compari-
might initiate other premelting and melting events in DNA son the canonical B-form DNA, constructed from the fiber
duplexes. diffraction datg13], are also used in this study. A total of 32

The kinetics and thermodynamics of base pair openind-form DNA structures have been considered in this work.

Models of DNA duplexes
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FIG. 1. (&8 Major and minor grooves in a duplex DNA are indicatéo). Torsion angles of the rotatable bonds involved in the opening

¢
of thenth base in a DNA duplex. The torsion angle, for instaricef the four atom chain O5P—03'-C3’ is defined as the angle between
{n €n
the O5-P-03 plane and the P-O3C3’ plane. The standard notations for the backbone torsion anglesrarel)QO5'-P— 03’ —C3’
Oy n Bn ap {ho1

—C4'-C5'-05'—-P — 03'-C3'(n—1). The backbone angles involved in the opening ofritiebase are the principle torsion andle
Xn

and adjustable torsion angles,, 8., 7v..» and{,_;. The glycosidic bond torsion anglg,(04'-C1’' —N9-C8) is also an adjustable

variable that keeps the base in plane.

The atomic motions can lead to the stretch, angle bending Without any adjustment of the other backbone torsion
(change of the angle between two bondmd torsion angle angles, the change it causes unphysical displacement of
deformation in the rotatable bonds. The stretch and angléhe backbone. In this work, the helix is kept rigid except for
bending motion do not contribute to the low energy openinghe section between theh C3' and (\—1)th C3 (Fig. 1).
process, as large deviation in these variables involves signifpisplacement of in thenth base causes the above section to
cantly higher energy than the observe®0 kcal/mol base rotate. This results in the shift of then ¢ 1)th C3 away
pair opening enthalpy3,4,14. Therefore bond length and from its original position, causing a drastic distortion in the
angle bending are assumed fixed in this work. Because oy, — 1)th sugar ring. Hence the adjustment of the other tor-
focus is on the opening of a single base, one can furthegjon angles along this section is necessary so as to move the
assume that only the torsion angles associated with the oPefh—1)th C3 back, close to its original position. This gives
ing in one base are allowed to change, the rest of the helixse 1o a geometric requirement that guides the adjustment of
|ncIL_Jd|ng the base aromatic ring is held rigid. These rotatablgagt of the torsion angles along the opening pathway. These
torsion angles are illustrated in Fig. 1. angles, together witly, can be regarded as adjustable vari-
ables controlled by the helix restoring forces. They can be
determined by a search in the multidimensional torsion angle

As shown in Fig. 1, in order for a base to move freely outspace to find a set of values that gives the least deviation in
of the stacked helix, its effective rotation axis must be perthe (n—1)th C3 coordinates. No energy minimization has
pendicular to the base plane. Our analysis on both single artitken performed along the pathway. These angles have been
multiple torsion angle displacements indicates that onlyfound to change comparably with
{(C3'-03'-P-05) and §(C5'-C4'-C3'-03') torsion An angular grid of 0.5° spacing is used to describe the
angles satisfy this criterion. However, the rotation &f torsion angle search space. Although the use of a finite grid
causes angle bending distortion in C84'-04' or  size gives rise to a finite displacement in the computed new
03'-C3'-C2’'. Hence( is the only energetically feasible position of the C3 atom, the grid size employed here seems
torsion angle to drive base rotation. The variationaflong  to be optimum to yield converged results. A reduction of
with fixed § and €(C4’-C3'-03’-P) enables the base to 50% in grid size results ir<10% change in the computed
rotate toward the major or minor grooves. The base can bepening exteniA .. The tolerance or the upper bound in
kept in plane along this pathway by further adjusting thethe error can be estimated as follows: The maximum error in
glycosidic bond torsion anglg(O4'-C1’'-N9-C8 for for  the computed position of the end atom in each of the torsion
purine and O4-C1’'-N1-C6 for pyrimiding. Because of its set is the average length of a covalent bond multiplied by the
principal role in determining the pathway,can be consid- angular grid spacing=£1.5 Ax0.5°X 7/180°). There are
ered as the reaction coordinate for the single base openirggven torsion linkages connecting the two’G8oms of the
described in this work. nth and (—1)th nucleotides. The maximum value for the

Low energy opening pathway
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cumulative error or tolerance is thenx®.014 A=0.1 A 200 ¢ \
Because of the partial cancellation among these errors, the

| —— Adenine
‘ i ~— Thymine

computed deviation is expected to be smaller than this toler- 100 | \ T Suanine

ance.
The backbone geometric restraint sets a limit on the ex-

tent of { rotation,A {hax. @nd thus the opening extedt{ .

is determined from the maximum allowed deviation of the

(n—1)th C3 position due to the angular grid used in this

study. A natural choice for the maximum allowed deviation —200 1 w

is the tolerance derived above. The energy barrier along the < Minor Groove Major Groove —>

pathway may also limit the extent of base opening. An upper =300 e = 200 106 00 100 200 500  40.0

limit of observed energy of 30 kcal/mol is used along with { (degree)

the geometric restraint to determide ..

0.0

V{keal/mol)

-10.0

FIG. 2. Energy barrier for the opening of adenine, thymine,
guanine, and cytosine bases in the crystal B-DNA duplex
d(CGCGAATTCGCG) [16]. The potential curves are f&5, T8,

The energy profile for the opening is given by the empiri-G2, andC3 bases respectively and terminate at the maximum ex-
cal functional form: tent dictated by the geometric restraint.

Calculation of opening energy

Vi o ing pathway of a base in this duplex is illustrated in Fig. 3.

V:toém?[lJrcos(nd)—y)]+H%ndS[VO(1_e Ao Similar profiles have been found for all the other B-DNA
systems. The energy barrier along the major groove of all the

A B g bases has been found to be less than 30 kcal/mol. Hence the

——<t— (1) major groove opening extent /M js exclusively deter-
mined by the geometric restraint. Further opening exceeds
this constraint and thus most likely involves the cooperative
displacement of neighboring nucleotides, which is consistent
with the observed cooperative nature in DNA melting.

In contrast, a large potential barrier is found along the
minor groove of all bases except for guanines. Thus the mi-
nor groove opening extenh 2l for these bases is prima-

: ._rily determined by the energetic constraint. The high ener
force field [11] parameters have been used for pOtentI"’1|b<'31/rrier arises fror)r/1 a steric glash between each of ?hese bgges

terms other than the H-bond term. Bond stretch_ and anglgnd its complementary base on the opposite strand, which
bending terms are excluded as they do not contribute to thﬁ

low energy opening process. The torsion terms onl includemitS Agmi;;r of these bases t0-410°, as compared to that
gy op gp | Y of ~45° given by the geometric restraint.

those backbone and glycosidic bond torsions that are associ- Guanines are exceptional because their 06-C6 bond is
ated with the opening of a single base. The stacking interac- . . P ) ; .
. L . oriented in such a way that it avoids the close contact with
tions are implicitly included in the nonbonded van der Waals | t b in th . T inor
and electrostatic energy terms. A distance-dependent dieIeH]fe complementary glse ('jnt © mmc;)rbgr(:gve. Mﬁta%
tric constan{1] is used. Our results are relatively insensitiveot gu?nmes IS primarily determined by he geometric re-
to the choice of dielectric constant. straint.

The H-bond terms are based on Morse potential with jm-_ Although the positions of neighboring nucleotides are
xed, surprisingly large amplitudé displacement and thus

plicit hydrogen atom. The Morse parameters in these termr% . o X
are those used to predict H-bond premelting and melting i ase opening can be found for majority of bases in BJ-;PNA

DNA [8]. In principle, the hydrogen bond energy can peduplexes. Ou_r results show that the average vale_g ax
computed by means of the explicit hydrogen atom modelsfor all bases in the crystal B-DNA entries in Nucleic Acids
However, in practice this is complicated by the difficulty in
solving for the dynamics of the hydrogen atoms along base
pair opening pathway and the requirement for more accurate
force parameters and the positions of hydrogen atoms. This
difficulty can be circumvented by using an empirical implicit
hydrogen atom potential that gives reasonable energy for the
hydrogen bonds. This potential, based on a Morse function
of the donor and acceptor separation, has been shown to fi
well with the potential energy obtained froab initio calcu-
lations[15].

—Vol+

nonbonded|

12 rG erij

Fij- Tij
where ¢ denotes a torsion angl¥,,, n, and y are torsion
potential parameters; is the H-bond donor-acceptor dis-
tance, and/,, a, andr are H-bond potential parameters;
and B are nonbonded van der Waals parameterss the
dielectric constantg; andq; are the charges of thih and

jth atoms, and; is the distance between them. AMBER

RESULTS AND DISCUSSION FIG. 3. Displacement of a base in a crystal B-DNA duplex with
respect to the rotation of it§ angle. The numbers in the figure
The potential curves for the opening of bases in one of théndicate the rotation angles in degrees. The posithegative val-
B-DNA duplexes studiefi16] is shown in Fig. 2. The open- ues correspond to rotation towards the méjoinor) groove.
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TABLE I. Energy barrier and maximum opening extent™3 for single base opening towards the major

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

Method System Residue A gmaor Energy barrier Ref.
(deg (kcal/mol)
Vtotal VVdW
This work d(CGCGAATTCGCG) G 28 22.2 17.3
C 31 14.3 9.5
A 29 111 10.3
T 52 10.0 14.0
Fluorescence d(CTGAA*TTCAG), A* 17 [3]
NMR d(CGCAGATCTGCG) GC pair 17-26 13-17 [4]
AT pair 17-21 14 [4]
NMR Oligonucleotides Average 18-29 [17]

Database(NDB) [12] is 35°, while that of the canonical parameters of different force fields, as these parameters are
B-DNA is 54°. For bases with an equilibriuni of  refined based on similar set of experimental data and quan-
~—100°, this corresponds to a displacement of 3.8 and 5.@um chemistry calculations. Therefore the effect of different
A, respectively. This is sufficient to expose the imino protonforce fields on the calculated energy landscape and the po-
to the solvent, which should facilitate imino proton ex- tential barrier is expected to be relatively small. In the minor
change. The displacement completely reduces the stackirgroove, A{Th" is determined by structural clash with
interactions of the base with one of its two neighbors. Ascomplementary base. A small change in potential parameters
shown in Table I, the calculated opening energy barriers arthus has a small effect on its value. In the major groove,
comparable to the observed enthalpies from NMRand A3 is primarily determined by the geometric restraint,

fluorescenc¢3] experiments. which is force field independent. Hendg ™" and A £minor

The amplitude of the base angular motion in DNA hasare expected to be relatively insensitive to the choice of po-
been estimated from the data obtained from NMR and optitential parameters.

cal experiments. The estimated spatial restriction for the base

angular motion in several oligonucleotides is 29° based on

the diffusion in a cone model and 18° based on the over-

damped libration moddl17]. These are comparable to our CONCLUSION

calculated opening extent. Thus our results on both the open- Our study reveals the existence of a principal torsion

ing extent and energy barrier indicate that the single basangle as the reaction coordinate for single base opening. The

opening described here correlates, at least partially, with thientification of this coordinate along with the accompanying

observed premelting base pair opening. geometric requirement on other torsions makes it possible to
As shown in Fig. 2, because of similar energy barrier,determine the microscopic pathway and energetics of this

guanines can be opened towards both the major and the niellective motion. Motions along this pathway may be fur-

nor groove. However, from Table | the energy barrier forther examined by other methods such as normal mode analy-

guanines is substantially higher than that of other basesis. Investigation on multibase motions is also needed in or-

Moreover three out of four bases can only open toward theler to fully explore base pair opening pathways. The

major groove. Hence there is an overall preference for majoproposed hypothesis is likely to find wider applications for

groove opening. various collective motions in other systems and further tests
A relatively small difference can be found in the potential are warranted.
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