
2Bopyia Jomai Vdmne 67 August 1994 812-W4

Stacking-Unstacing of the Dinucloside Monophosphate
Guanylyl-3',5'-Undine Studied with Molecular Dynamics

Jan Norbg* and Lnart Nilsson
KamolinEJa sIrtfie, Cerner for Sucux B=, on Research Park, S-141 57 , Sweden

ABSIRACT Mocuar dynamic simaton were caied out on tw conformatdions of th dinudeoside

guany1yl-3',5'-uridline (GpU) in aqueous soluion with one sockwn counterion. One staked conf in and one with the

C3'-3'-P-0' trsion angle twisted 180° to crate an unstacked confoma We observed a relatively stable

behavior of the smacked cnformato, whch retaiedSed throughout the simulation, whereaste unsackedn
showed major changes 1 the sion and gIkies During the ithe uistacked confomation

ransmed int a more sta form and then back again to an unstacked one. The cluated crlation tirnes for rt

dtfusion from the molecular dynamic simulatons are in agemIent with fluorence and nuear reso-

nance data. As expected, the corelation mes for onal diusion fFe were oberved to be

longer than for thes omtion. The 2'OH group may conite in stablizing the conformao, where te

02'-H -04' hydrogen bond occurred in 82.7% of the simulation.

INTRCHNCTKM
Structural features and internal dynamics of nucleic acids are
important for understanding their physical properties and
biological functions. One very characteristic feature of
nucleic acids is the ability of the bases to stack on top ofeach
other, a phenomenon which has been extensively stdied
using dinucleoside monophosphates as model systems. The
conformation ofdinucleoside monophosphates is determined
by factors such as ionization state, solvation, counterions and
temperature. The base-base stacking resulting from ir-'r m-
teractions between aromatic molecules is mainly stabilized
by London dispersion forces and hydrophobic effects
(Saenger, 1988). The ir-iinteractions have been divided into
four contnbutions to take into account the eletrstatic in-
teractions with the ir-electron density above and below the
planes of the aromatic bases: the van der Waals interions,
the electrstatic interactions between partial atomic charges,
the electrostatic interactions between the charge distributions
associated with the out-of-plane ir-electron density, and the
electostatic interactions between the charge distibutions as-
soiated with the out-of-plane r-electron density and the
partial atomic charges (Hunter, 1993). Conformational
changes and thermodynamics of dinucleoside monophos-
phates have been studied by a variety of experimental and
theoretical methods, rcular dichroism (CD), opical rota-
tory dispersion (ORD), nuclear magnetic resonance (NMR),
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and molecular dynamics (MD). Early oical studies
(Warshaw and Tmoco, 1966) have suggested that adenine,
cytosine and guanine stack but not uracil and that if both
bases of the dinuceoside monophosphate were equally
charged they would become ustacked This is consistent
with a self-association study (Ts'o et al, 1963), where uracil
has the least tendency to stack and the staking ability of
dinucleoside monophosphates decreases in the following or-
der: purine-purine > purine-pyrimidine > pyrimidine-pyri-
midine. Eight types of stking interactions of the nucleic
acid bases are prposed by stoicimetric considerations
(Lysov et al., 1979). CD experments of GpU and 17 GpU
analoges (Guschlbauer et aL, 1972) have shown that GpU
is very lile stacked at room tempemture and neutral pH, but
at low temperature and low pH staing occurs. It has been
shown that stacking occurs upon protonation of the nitrogen
at position 7 of the guanine base (N7) at pH 1, G+pU
(Warshaw and rm, 1966). In contrast the dinucleoside
monophosphate UpG stacks at pH 7 as well as at pH 1 upon
protonation, UpG+. GpU has been extnsively investigated
by nuclear magntic resonance experments (Chachaty et al.,
1977; Ts'o et al., 1969). From proton magnetic resonance
data it has first been concluded that all dinucleoside mono-
phosphates are in a right-handed anti-anti-conformation
(Ts'o et al., 1969) but latersome exceptions have been shown
to exist, for instance GpU and GpC (Chachaty et al., 1977;
Neumann et al., 1979), where it has been quite clearly shown
that the orientation is predominantly syn for the Guo moiety
and anti for the Urd moiety (Chachaty et aL., 1977). At room
temperature and neutral pH an unusual perpendicular struc-
ture of GpU has been proposed (Guschlbur et al., 1971;
Guschlbauer et al., 1972) with Guo in syn and Urd in anti.
This stucture may also involve a hydrogen bond between the
2-amino group ofGuo and the 4-keto group of Urd. The syn
conformation of Guo could also be stabilized by the free
05'H hydroxyl which can form a hydrogen bond 05'H N3
(Saenger, 1988).
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Stacingd-Unstacking Studied with Molecular Dynamics

The overall motion of dinucleoside monophosphates
are in the picosecond to nanosecond range and can be
studied both with NMR and fluorescence anisotropy mea-
surements. In NMR experiments, the relaxation of all pro-
tons of the molecule are governed by the same correlation
time and in a NMR study of GpU the correlation times of
Gp and pU have been determined (Chachaty et al., 1977).
The correlation times have also been determined for the
5'-nucleotides 5'GMP and 5'UMP (Chachaty et al.,
1976). The correlation times for the rotational diffusion
can also be determined from fluorescence anisotropy
measurements knowing the transition moment of the mol-
ecule. In some previous studies molecular dynamics
simulations have been used to verify fluorescence aniso-
tropy measurements (Ichiye and Karplus, 1983; Hu and
Fleming, 1991).

Theoretical studies of stacking interactions between
nucleic acid bases have been made using a multipole ap-
proach (Langlet et al., 1981) and potential energy calcula-
tions of deoxydinucleoside phosphate complexes have been
carried out to examine the low-energy conformations (Poltev
et al., 1981). One theoretical tool that has been used to gain
insight into the dynamic behavior of molecules and to de-
scnibe and predict the structure of biological molecules is
molecular dynamics simulation (Brooks et al., 1988;
McCammon and Harvey, 1987). Relatively long simulations
under realistic solvent conditions have been used to char-
acterize the conformational dynamics of oligopeptides and
protein fragments (Tobias et al., 1991; Soman et al., 1991;
DiCapua et al., 1991; De Loof et al., 1992). Since the start
in 1983 of molecular dynamics (MD) simulations of nucleic
acids in vacuo (Levitt, 1983; Prabhakaran et al., 1983; Tidor
et al., 1983) and with inclusion of explicit solvent (Seibel
et al., 1986; van Gunsteren et al., 1986) investigations of
nucleic acids using MD simulations have increased enor-
mously. In this work, molecular dynamics simulations have
been performed on two different starting conformations of
the dinucleoside monophosphate GpU in aqueous solution.
One simulation was carried out for a stacked conformation
and the other for an extended or unstacked conformation.
The results from the simulations are compared to fluo-
rescence anisotropy measurements for a very similar flu-
orescent compound, the dinucleoside monophosphate
2-aminopurine uracil (2aPU) (R. Rigler and T. Kulinski,
personal communication) and to nuclear magnetic reso-
nance data on GpU (Chachaty et al., 1977). The confor-
mational changes of the backbone torsion angles, the gly-
cosidic angles, and the sugar moieties have been
investigated. Focusing on the correlation times for rota-
tional diffusion for the two conformations it would be
possible to predict the equilibrium relationship of the
stacking-unstacking process. This study is part of a set of
investigations of the dinucleoside monophosphate GpU,
concerned with the effects of various simulation param-
eters including water models, force fields, boundary con-
ditions, and different temperatures.

MATERIALS AND METHODS

Simulation protocol

Ihe CHARMM program (Brooks et al., 1983) with the standard nucleic acid
parameters (Nisson and Karphn, 1986) was used for the energy minimi-
zations and MD simulations. The starting stucture for the dinucleoside
monophosphate guanylyl-3',5'-uridine (GpU) was made from x-ray fiber

diffracon analysis (Arnott et al., 1976). Hydroxy groups have been added
at the 5' and the 3' terminals The united atom model was used for all
hydrogens atached to carbon atoms and all other hydrogens were treated
explicitly. Two different conformations of the GpU were used in the i-

vesation, one stacked conformation and one conformaton with the {
torsion angle (Saenger, 1988) twisted 180" to have it in an extended or

ustacked form (Fig 1) The stacked conformaton was also studied in a

deoxy form, where the hydroxy groups at the C2' position of the sugar were

changed to hydrogens. Each system was made electrically neutral by adding
a sodium coumterion. Initially the counterion was placed along the O-P-O
bisector, 1.48 A from each oxygen atom and 1.57 A from the phosborus
atomlThe systems were first energy minimized with 100 cycles of steepest

descent (SD) and thereafter 3000 cycles of adopted-basis set Newton-
Raphson (ABNR) (Brooks et aL, 1983). The sodium counterion moved
during the miniiztiomn symetrically away fom the oxygen atoms to a

distance of2.23A for the stacked conformation and 2.26A for the extended.
The sohlte (GpU) with the counteron was placed in the center of mass

of a box of water generated fm the TIP3P water model (Jorgensen
et al., 1983). All water molecules which had the oxygen atom closer than
28 A to any heavy atom of the solute molecales were deleted to avoid

overlap between solute and water molecles Periodic boundary condi-
tious were applied using a cubic box with side kngth 25.0 A for the
stacked conformation of GpU and d(GpU), and a rectangular box with
side klgths 28.0, 31.1, and 31.1 A for the unstacked GpU conformation.
The water molelks of the boxes were energy minimized with 100
cycles of SD and 3000 cycles of ABNR, while constrai the solute
and the counterion to their original positions by a harmonic potential with
a force constant of 1.0 kcalFmol-'A-2. Ihe SHAKE algritm (Ryckaert
et aL, 1977; van Gumsteren and Berendsen, 1977) was used to consatain
all the bonds and to allow for a time step of 2 fs durng the mtegration,
for which we used the Veret algorithm (Veriet, 1967). The cdinates
were saved every 50 steps The dielectric constant was set to 1.0 and the
non-bonded interactions were shifted to smoothly approach 0 at 8.5 A
(Brooks et al, 1983). The non-bonded atom-based list was updated every

10 steps with a cut-off of 9.0 A. The temprature of the systems was in-
creased from 100 K to 300 K in increments of 10 K during the first 2 ps.

The MD simulation of the stacked conformation was continued for 998 ps

after the heating period givng a total simulation length of 1.0 ns and the
MD simulation of the unstacked conformation was continued for 1998 ps

and for a total of 2.0 ns. The MD simulation of the deoxy form was car-

red out for 200 ps and has only been analyzed regarding the stacking and
the hydrogen bondig. These MD simulation are carried out for a rela-

tively long time to ensure that the whole conformatonal space has been
covered. All the MD ulation were performed on IBM RISC 6000
workstations.

Radius of gyration

TBe deformaion of the dinucleoside monophosphate during the MD simu-
laions can be monitored by calculation of the radius of gyration The radius
of gyration is defined through

(1)

where m, is the masof the ith atom, r, is the dislance from the ith atom
to the center of mass, and n is the number of atoms m the molecule.
For a uniform sphere of radius r, the radius of gyration (Marshall 1978) is
rG = ()YL. r-.
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FIGURE 1 An illustrai of the confomations
used as sarting shtuctues of the MD simula-

tion The stacked (kft) and the unstacked (righ)

conforation

Ra ~dHusion

Informatio about l diffusioncanbe obtained from the fluofsence
emission ry decay, r(t), which measures the of the
semx-or Legendre Poyomia P2(X):

r(t) = 3QP2[jIA(O) - A(t)D (2)

Where ILA(O) is the on dkipole moment at time 0 and Mtis the

enision dipoec moment at time t of the chronmopn re fluoresceCe

of the molecule comes from the esemsble averae of the

correatio functio (chiye ad Karpbus, 1983) which is estimated by

1 N-m

(P21[LA(O) M(t.JD P21AA(t.) 'A(t. + t0] (3)
-.=1

wheNandm are thek anmberotime spsand inemediate time steps

in the dyna simulaio The nauraly eic acid

bases are only wealy and nomnditio.na is usually

ney totusesome fluoKejobc.p1eTecdinc lemonop

2-amino pwine uail (2 has been studified using flnoreseranmso-

rpy y[Rb Rigler and T. Kulisk (pcsnl omnmum-

tion) This cnmpound comwins the fluorescent 2-amino purine ad is very
similar to the guaeylyl-3',5',umidine (GpU) usd in our

simulations. 'e overll sim between these twom es makes it
possile to compare coeation times for the it diffusion m m-

blcular nmksimu with fl _es anyN _mms ents
The co elai times for the l d have been kuated to
dr atrize the overall motio ofthe dixioside GU.To
evaluate the fluormeenr ankisotropy f romn the molecular dynam m*tae-
toy, on needs to know the cnaos of the traniionm iLA

and 1i for 2-amino purine Pr ry data imftcatat 2-amino

has two trabtion moments at +40 to a vctor betwee the C8 atom and
the averag posit of the Ni and (2 atoms (B. A bins a B. Nord6n,

To estimate the overall motion of the dinueleosidem monp1opat the

correatio time for ir difs can be derined. Wc have cal-

culated the reoientation correlation functions for vectos connecting two
atoms to

C1(t) = (Pj(cos O(T t))), (4)

where O(T, t) is the ange between the vector at a time r and the same vector

at a time t later and P. is the Legendre polymial of order j. When Ct)
decays as a single exponenial the romtional correlation time Tc can be
calclted ui CQ) =A exp(-t/T),whereA isacstant andtis the time.

The rotaiona diffusion corelation times were also stmated the

hydodynmic modeL The diffusion ent D., is reld to
the ional fictional coefficient f,, by the Stokes-Einstein fommua
(Marshall, 1978) D, = kTIf,,,, where k is the Bohtzmam ctant and T is
the temperatue. For a sphe of radius r the relation between the rotaional
friction coefficient, the moecular size and the solubion viscity is f,,, =

8%M,r3. In the case of flrescec d the correlation time of
rotuonal diffusion c is related to the routonal difusi constant by c =

(6)n)-a. The cmrelatim time of 1 iffu T ofa sphere can the

be calculated using = (4ur'3kT), where is the viscity of wat

at300Kandristhe Stokes ffectiveradiu. Inahyko-dya
of non-spherical molecuks it is not possible to use a sine tionl fric-

tiona, coefficient insta two coefficents are used for (Cantor

andSdi , 1980). The rin naMl frict,iona co, ffl nsf. and

the long and the short a and b, ae defined rebtive
to the roinalfionl- cEciet f, of a spher of volme

- p)
and

=

- p

{'3(2 - p2S) fS 4qSd p2-p-2]
whee S and p are defined as folows:

2
_

+_1_ b
S = ,InL p and P =a

(5)

(6)

for a prlate ellipsoid. The rotation of prolate ellipsois about their short
axes b involve great fric The co times for rotation about the

long axs and the shot axs ae defind as

a f c
a i [(= +(J )] SC (7)

where is the cor lain time forrotationofaspere fequivalentivolume

RESULTS AND

aCkbon n and gcOsc angks
The C3'-03'-P-05' bakbon tosion angle of the sacked

confomation of the dinucleoside onophosphat GpU was

twisted 1800 to create the uned coformaion (Fig. 1).
The average of the backbone torsion angles over the last 400
ps are in Table 1 for both MD simltns (except

for the glycosidic angle of the Guo moiety, see Fig. 2, where
the last 350 ps were used due to a major tiin).

Naturally both the backbone trsion angles and the gly-

cosidic angles of the stacked showed average

values close to those of the x-ray fiber diffraction structure

of A-RNA (Amott et al., 1972; Swnger, 1988). In the MD

TABLE 1 B_Icbu amiic anbs_

Angles coxfomatm ronnFrmation A-RNA'

y (Gua) 59.6(9.1) 62.0(8.8) 54.0
8 (Goa) 73.7(73) 68 %(7.2) 82.0
5 -162.5 (10.6) -1623 (9.2) -153.0

-71.5 (9.7) 72.8(12.1) -71.0
ax -67.3(11.1) -1753 (11.1) -6&0
Is 163.3 (11.0) 242.6 (1&6) 178.0
y (Ura) 58.7(7.6) 66.4(7.8) 54.0
8 (Ura) 803 (6.9) 80.0(6.6) 82.0

X (Gua) -1533 (153) -261.8(15.2) -158.0
X (Ura) -144.2(14.3) -121.6(21.9) -158.0
Vahns in the parenthes are the standar d
* From Sacager (1988)
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FIGURE 2 The trajetory of the I (05'-P-
03'-C3) torsinl angle for the staked (a)
and the u (b) conformatio and the
trajectory of the X (04'-C1'-N9-C4) tsional
angle of the gua e moiety for the staked
(c) and theunstkd(d)conformation.
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mulation of the stacked conformation two transitions oc-
curred, one just before 500 ps and the other just after 500 ps
(Fig. 2 a).

These transitions could be followed through some of the
backbone torsion angles: a, 3, e, and {. The 8 and ybackbone
torsion angles showed no tansitions and had the smallest
root-mean-square (RMS) fluctLations during the MD simu-
lation. The dynamical behavior of the backbone torsion and
the glycosidic angles has been plotted in Fig. 3 using the
program Dials and Windows (Ravishanker et al., 1989). The
time evolution, with t = 0 ps at the center of the circle, of
the angles are displayed usig dials with 00 at the top and the
angles increase in the clockwise direcon.

If we look at the MD simulation of the unstacked con-
formation the same behavior was observed concerning the 8
and 'y backbone torsion angles as for the MD simulation of
the stacked conformation. The E torsion angle of the un-

a)

stacked conformation showed no major changes, but the a
torsion angle made one major change from an average of
-6330 during the first 750 ps to an average of -173.r
during the last 1100 ps. The 180° disturbed { torsion angle
showed one transition, which occunred during the period
945-960 ps (Fig. 2 b). The . torsion angle made a couple of
lare tansitions, one at 150 ps and another tansition at 750
ps, to an average of 242.60 the last 400 ps. The glycosidic
angleXdefines the orientation ofthe base relative to the sugar
(Saenger, 1988). The XG. and the Xu. angles of the stacked
and the untacked conformation showed large RMS fluc-
tuations, about 150 in the stacked case and 14-22' in the
unstacked case (Table 1). The XG. angle of the stacked con-
formation did not show any major transition (Fig. 2 c) as
was observed for the unstacked conformation at 1600 ps
(Fig. 2 d). NMR relaxation and CD results have shown that
Guo has a preference for the syn conformation, while the Urd

OC D Y X 4

G O©
FIGURE 3 Time evoluion of the
backbone torsional angles, theglcouQ
s trsional angles (4 and the
mar pucker -sumoaf -hs
angles (40) of the guanylyl-3',5'-
uridine for the stake (a) adthe un- b)
stcked (b) formation.

0
eQ 0 OcD

G Q®3
uQ
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moiety is in the anti orientation (Chachaty et al., 1977;
Guschlbauer et al., 1972). Potential energy calculations
(Yathindra and Sundaralingam, 1973) also led to the con-
clusion that Guo is in the syn conformation. The anti form
of both the Guo and the Urd moiety was observed in the MD
simulation of the stacked conformation, whereas for the un-
stacked conformation the Guo and Urd moieties were in the
syn conformation 18.2% and 10.3% of the MD simulation,
respectively.

Radius of gyration
In the case of the stacked conformation the radius of gyration
(Eq. 1) showed no large changes during the 1.0 ns MD simu-
lation (Fig. 4 a) with an average of 4.02 A and a RMS fluc-
tuation of 0.08 A during the last 400 ps. The radius of gy-
ration of the unstacked conformation fluctuated over an
interval of -1.6 A during the whole 2.0-ns MD simulation
(Fig. 4 b).
The unstacked GpU expanded approximately 0.4 A in the

first 200 ps, followed by a contraction period of 80 ps, where
the radius of gyration decreased to 4.4 A. During this period
the GpU tansformed into a more stacked form. An expan-
sion period started at 580 ps and thereafter two contraction-
expansion periods could be observed, one between 1060 ps
and 1250 ps and the other from 1600 ps to 2000 ps. The last
contraction period depended on a major transition of the gly-
cosidic torsion angle of the guanosine base (Fig. 2 d) and the
final expansion from 1890 ps was caused by the glycosidic
torsion angle of the uridine moiety. The radius of gyration
was also calculated using the formula of a uniform sphere,
to see if a spherical approximation of the stacked confor-
mation could be used. If half the longest intramolecular dis-

tance was used as the radius, we got a radius of gyration of
4.26 A, which is about 0.2 A (6%) larger than the value from
Eq. 3.

Accessible surface area

The concept of solvent accessible surface area was first in-
troduced to estimate the relative changes in the solvent ac-
cessible surface upon folding processes ofpolymers and also
to determine the proportion of buried and exposed atomic
groups (Lee and Richards, 1971). The solvent accessible sur-
face area of nucleic acids was calculated using a spherical
probe of radius r, 1.4 A, corresponding to the average radius
of a water molecule (Alden and Kim, 1979). The accessible
surface area of the stacked starting conformation was 607.2
A2 and fluctuated around the average of 627.1 A2 during the
last 400 ps (Fig. 4 c). On the other hand the unstacked con-
formation showed major changes of the accessible surface
area and this has been plotted as a function of time in
Fig. 4 d. The unstacked starting conformation has an acces-
sible surface area of 735.3 A2. Three minima could be ob-
served in the time dependence of the accessible surface area
of the unstacked conformation, one in the region of 280-580
ps, another around 1180 ps, and the third during the period
from 1600 ps to 2000 ps. The accessible surface area varied
from 646.8 A2 to 770.2 A2 depending on the folding of the
GpU. Te accessible surface area was also calculated for
different atom types, due to the fact that not all the atoms in
the dinucleoside monophosphate simultaneously achieve
their maximal exposure. The exposures of different atom
types are listed in Table 2.
The accessible surface area of the different atom types of

the stacked conformation showed small deviations from the
starting conformation during the last 400 ps. The exposure

FIGURE 4 The radius of gyration
vs. time for the stacked (a) and the
unstacked (b) conformation. The

accessible surface area vs. time for the
stacked (c) and the unstacked (d) con-

formation.
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Stacirg-Urstacking StUdied with Molecular Dynamics

TABLE 2 Accessble f area of variou atom types

Stacked Unstacked Unstacked
Group Staked sarting confmnation* Unstacked starting conformation* conformation*
type conformation 600-1000 ps conformation 380-480 ps 960-1060 ps

(A2) (%) (A) (%) (A) (%) (A) (%) (A) (%)
ALC 113.6 18.7 116.2 18.5 112.4 15.3 88.8 13.4 115.4 15.4
ARC 63.0 10.4 65.4 10.4 96.4 13.1 75.3 11.4 108.9 14.5
AMN 26.6 4.4 32.3 5.2 45.9 6.2 45.4 6.9 44.7 5.9
ARN 39.0 6.4 42.2 6.7 63.5 8.6 56.9 8.6 65.7 8.8
BOX 1043 17.2 104.2 16.6 146.1 19.9 140.1 21.2 144.2 19.2
POX 73.4 12.1 75.6 12.1 61.0 83 69.1 10.5 61.4 8.2
SOX 157.6 26.0 157.9 25.2 167.9 22.8 147.7 22.4 169.2 22.5
ALH 9.4 1.5 11.0 1.8 15.3 2.1 10.4 1.6 14.7 2.0
AMH 10.0 1.7 10.3 1.7 12.7 1.7 12.9 1.9 13.1 1.7
ARH 8.7 1.4 10.0 1.6 13.2 1.8 12.3 1.9 127 1.7
PHO 1.7 0.3 1.8 03 0.8 0.1 1.6 0.2 0.5 0.1

Total 607.2 627.1 7353 660.5 750.5
* Average over the specified period.
ALC, aliphatic carbon; ARC, aromatic carbon; AMN, amino nitrgen; ARN, aromatic ring nitrogen; BOX, base carbonyl oxygen; POX, phosphate oxygen;
SOX sugar oxygen; AM aliphatic hydrogen; AMH, amino hydrogen; ARH, aromatic hydrogen; PHO, phosphate.

ofthe different atom types ofthe unstacked conformation has
been analyzed during the periods of the MD simulation
where the most extreme values of the accessible surface area

occurred. The average accessible surface area was 660.5 A2

between 380 ps and 480 ps and 750.5 A2 from 960 ps to
1060 ps. We observed changes of about 2-3% for the ali-
phatic (ALC) and aromatic carbons (ARC) and for the base
carbonyl (BOX) and phosphate oxygens (POX) by compar-

ing these periods (Table 2). The major differences of the
accessible surface area between the stacked and the un-

stacked conformation were the larger relative exposure ofthe
aliphatic carbons (ALC), the sugar (SOX) and the phosphate
oxygens (POX) for the stacked conformation. The contri-
butions of the accessible surface area from the amino, the
aromatic, and the aliphatic hydrogens were about 1-2% for
both the stacked and the unstacked conformation.

coreLation functo

From the MD simulations the reorientational correlation
functions have been calculated using Eq. 4 for different vec-

1.0-

0.8-

0.6-
I-I

U 0.4-

02-

0.0i
O 100 200

t (ps)
300 400

FIGURE 5 The corelaton function of the vector between the Ni atom
and the N9 atom of the guanine base (top curve) and of the vector between
the 03' atom and the C4' atom of the uridine moiety (bouom cve) in the
stacked confomnaton.

1.0-

0.8-

0.6

02

0.0

0 200 400 600 800
t (ps)

FIGURE 6 The cofrelation funcion of the vector between two atoms of
the urdie moiety the 03' atom and the C4' atom (top curve) and of the
vector between the Ni atom and the N9 atom of the guanine base (bottom
curwe) in the unstaced conformation.

tors to examine the mobility of both the bases and the sugar
moieties of the dinucleoside monophosphate GpU. From the
correlation finction of a vector between two atoms in the
guanine base, the Ni atom and the N9 atom, rotational cor-
relation times of 107 ps for the stacked conformation (Fig. 5)
and of 272 ps for the unstacked form (Fig. 6) have been
determined,
The mobility ofthe sugar moieties have been examined by

placing a vector between the 03' and the C4' atom to cover
possible conformational changes. The correlation time of
rotation for the sugar moiety of the Urd base was 151 ps
for the stacked conformation (Fig. 5) and 264 ps for the
unstacked (Fig. 6).
The calculated correlation function was sensitive to how

the vector was placed in the molecule and that made the
estimated correlation time of rotational diffusion uncertain.
The correlation time for the C2-C8 vector of the Gua base
has been calculated to show the variety ofthese values (Table
3). These effects are depending on the incomplete sampling
of the correlation functions especially for the unstacked
conformation.
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TABLE 3 C elabn imes (Ps) of otatonal difusion

Stacked Extended Exp. GpU
conformation conformation G U

Vector
Nl(Gua)-N9(Gua) 107 272
C2(Gua)C8(Gua) 123 198
03'(Urd)-C4'(Urd) 151 264

Flhuescence 140*
NMR 120k 95t
NMR 116' 92'

Hydrodynamic model
(r0) 52 61-168

Ilntramolecular distance 134 169' 1201
*For 2-amino-pi ur , fom R. Rigler and T. Kulinski
From Chachaty et aL (1977).
For 5'-GMP and 5'-UMP, fom Chachaty et al. (1976).

'Around the short emi b.
IAround the long semiaxis a.

Spin-lattice relaxation studies (Chachaty et al., 1976) have
shown that the correlation times of purine and pyrimidine
5'-nucleotides varies from 91 to 120 ps. From theNMR study
of GpU (Chachaty et al., 1977) rotational correlation times
for Gp of 120 ps and for pU of 95 ps were obtained. The
observed correlation times of UpG were shorter than for
GpU, 90 ps for Up and 92 ps for pG. The rotational corre-
lation time of the dinucleoside monophosphate 2-amino pu-
rine uracil, which has been studied using fluorescence spec-
trscopy measurements (R Rigler and T. Kulinski, personal
communication), was 140 ps. The correlation times calcu-
lated from the MD simulation of the stacked conformation
using different vectors are in the same range as the experi-
mental data, but the correlation times of the unstacked con-
formation are all longer.
The hydrodynamic model has been used to calculate ro-

tational properties of molecules (Cantor and Schimmel,
1980). If we approximated the Stokes effective radius with
the average radius of gyration, which was 4.02 A, we got a
correlation time of rotational diffusion of 52 ps. This value
is too small due to that the radius of gyration is shorter than
the Stokes effective radius, but if we instead used half the
longest intramolecular distance 550 A the correlation time
was 134 ps. The correlation time from the hydrodynamic
model derived from half the longest intramolecular distance

10-

FIGURE 7 The time evolution of the
distance between the Ni atom of uracil
base and the N9 atom of guanine base
for the stacked (a) and the unstacked
(b) confomation.
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of the stacked spherical conformation was in agreement with
experimental data (Table 3). The unstacked conformation
was assumed to have the shape of a prolate ellipsoid with two
semiaxes, a and b. If these semiaxes were approximated with
the longest intramolecular distances, the length a and the
diameter b would be 8.16 A and 4.18 A, respectively. Using
these data and Eqs. 5-7 we calculated the correlation times
for rotation about the a and the b semiaxes to be 120 ps and
169 ps. It is clear that the estimations using the hydrodynamic
model with these molecular dimensions give too low values
for the rotational correlation times compared to the MD
simulation.

Stacing

To investigate the stacking ability of the dinucleoside mono-
phosphate GpU we calculated the distance between the Ni
atom of the uracil base and the N9 atom of the guanine base.
The stacked conformation was very well preserved through
the whole MD simulation of 1.0 ns (Fig. 7 a), where the
average of the N1-N9 distance over the last 400 ps was 439
A with a RMS fluctuation of 0.34 A. No water molecules
were ever observed between the bases of the stacked con-

formation. From the 200 psMD simulation ofthe deoxy form
of GpU we observed that the conformation was remained
stacked all the time.
The MD simulation ofthe unstacked starting conformation

instead showed large fluctuations of the N1-N9 distance
(Fig. 7 b). In this case the distance between the bases was
around 93 A the first 200 ps and thereafter the dinucleoside
monophosphate tansformed nearly into a stacked confor-
mation after another 80 ps. This conformation did not stack
quite as well as the stacked conformation, instead the N1-N9
distanc was 1.7 A larger. This more stacked conformation
was kept until 580 ps and then an unfolding process back to
an unstacked conformation started. At around 950 ps the
distance between the bases was even longer than at the start
of the MD simulation. Between 1080 ps and 1290 ps another
conformational change appeared and thereafter nearly the
same distance between the bases was reached as was used at
the start of the MD simulation. During this very long 2.0-ns
MD simulation the unstacked conformation adopted a lot of
very different conformations. The distnbution ofthe distance
between the Ni atom of the uracil base and the N9 atom of

O 2600 460 600' 800 1I000 0 5600 1000o 1500 201K}
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the guanine base from theMD simulations of the stacked and
the unstacked conformation showed two large peaks and two
smaller (Fig. 8) at 4.4 A, 6.1 A, 7.5 A, and 8.8 K
One model, which has been used to study the stacking-

unstacking equilibrium of dinucleoside monophosphates
is the two-state model (Davis and Tinoco, 1968), in which
there are only two conformations, either the stacked or the
unstacked conformation. At low temperatures the stacked
conformation is favored, but at increasing temperature the
equilibrium is shifted toward the unstacked conforma-
tion. The two conformations, either the ordered stacked
conformation or the disordered unstacked conformation,
are proposed to exist in equilibrium with each other,
Stacked + Unstacke4 with some equilibrium constant
K(T) depending on the temperature (Bloomfield et al.,
1974):

K(T) = Fraction stacked = 4(T) - 0 (8)
Fraction unstacked Os - OT

where 4+(T) represents some measured property of the
molecule at temperature T, for example the rotation of a
molecule, 4, and 4. are the properties of the completely
stacked and unstacked conformations, both at tempera-
ture T. Once the equilibrium constant is known the ther-

150j
10050 ..=

modynamic parameters for the transition from stacked to
unstacked can be calculated using:

-RT lnK = AHl- TAS (9)

where R is the gas constant, AH is the change of the
enthalpy, and AS is the change of the entropy. Experi-
mentally it may be difficult to obtain the properties o and
4%. The validity of the two-state model has been discussed
(Davis and Tinoco, 1968; Bloomfield et al., 1974) and has
also been shown to be satisfied only under certain con-
ditions (Reich and Tinoco, 1980). The two-state model
has been used for calculating thermodynamic parameters
of the stacking-unstacking process of GpU (Davis and
Tinoco, 1968; Guschlbauer et al., 1972; Guschlbauer,
1976), but the absence of detailed knowledge of the struc-
ture of the GpU makes the thermodynamic data based on
the two-state model doubtful. The equilibrium constants
of GpU from melting curves are between 0.26 and 0.37
(Guschlbauer et al., 1972) and about 0.31 from ORD ex-
periment (Davis and Tinoco, 1968). Using this model for
the calculation of the equilibrium constant from the cor-
relation times derived from two vectors of the guanine
base, the N1-N9 vector and the C2-C8 vector, and using
the fluorescence experimental data as 4+(T) (Table 3) gave
equilibrium constants of 4.0 and 3.4, corresponding to
75-80% fraction stacked conformers which should be
compared to 25-35% obtained from the CD and ORD
equilibrium constants. Since the fluorescence anisotropy
measurement is sensitive to the overall shape of the mol-
ecule, rather than to electronic interactions, these results
indicate that there are compact, but not necessarily
stacked conformations, that are populated a significant
amount of time. Such conformations, as seen in the un-
stacked simulation during the period when the bases were
close but not parallel (Figs. 7 b and 9 d), would give short
rotational diffusion times, and still not contribute to the
stacked conformations seen with the other techniques.

Dipok monent
The total dipole moment at time t was calculated according
to

M(t) = E qiri(t)
i=l

(10)

10

N 1-N9 distaince (A)

FIGURE 8 The distnrion. of the Nl-N9 distance the MD simu-

laion for the stacked (gray) and the nted (lind bars) conformation

where qi is the charge of the atom i n is the number of atoms
and r, is the distance from the center of mass to atom i The
total dipole moment of a single nucleotide base is much
smaller than for a stacked dinucleoside monophosphate:
7.5 D for the guanine base and 4.6 D for the uracil base
(Saenger, 1988) compared to the average total dipole mo-
ment of 21.6 D during the last 400 ps for the stacked con-
formation (Fig. 9 a), which also involves the sugar moieties
and the phosphate. The RMS fluctuation was 1.6 D over the
last 400 ps.
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FIGURE 9 The total dixoe moment in Debye (D) of the dimxleoside monophosphate GpU as a function of time for the stacked (c) and the ted
(d) ac nmato and the angle 0 between the nomal vedcois of the guane base and of the uracil base vs. time for the stacked (a) and the unsuwked (b)
conformation

On the other hand, the total dipole moment of the un-
stacked conformation, plotted in Fig. 9 b, fluctuated between
20.9 D and 2.0 D. The total dipole moment increased during
the first 290 ps, but started to decrease from 520 ps until 950
ps. Thereafter the total dipole moment increased again to an
average of 16.1 D (1100-1300 ps) and then followed a de-
creasing period, from 1300 ps to 1780 ps, to as low as 2.0 D
due to the transition of the X torsion angle of the guanosine
moiety (Fig. 2 d). During the last 200 ps a small increase of
the total dipole moment was observed depending on a tran-
sition of the X torsion angle of the uridine moiety. The total
dipole moment from the MD simulation of the unstacked
conformation is smaller than for the MD simulation of the
stacked conformation because of the charge symmetry of the
unstacked conformation, giving a small dipole moment due
to the fact that the positive and negative centers of the net
charge are very close in space.

Angle between normal vectors of the bases

The orientation of the bases relative each other has been
calculated using the angle 0 between the normal vectors of
the bases. The bases are exactly parallel when 0 is 1800. In
the stacked conformation there were no large fluctuations of
the bases relative each other due to the very stable and
stacked setucture with the bases parallel throughout the MD
simulation (Fig. 9 c), resulting in an average angle 0 of
164.90 + 8.90 during the last 400 ps. The angle 0 of the MD
simulation of the unstacked conformation (Fig. 9 d) showed
major changes. We observed that during the stacking period

from 280 ps to 580 ps, the bases were parallel (as in the
stacked case) about 27% of the time. The major changes of
the X torsion angles could directly be seen from the time
evolution of the angle 0.

Confomatonal distributon as a function of
distance and angle between the base planes

The GpU conformaions can be descnrbed by the distance
(Figs. 7 and 8) and the angle (Fig. 9) between the bases. For
the unstacked MD simulation, where the base mobility was
snificant, we have also analyzed the joint probability dis-
tnrbution P(r, 0) (Fig. 10) of finding the bases separated by
a N1-N9 distance r and an angle 0 between the base plane
normals.
The majority of the conformations are found at r = 8-9

A and 0 = 75-1350, with smaller populations of the r =
6-8 A, 0 75-1350 range. It is clear from this analysis
that the bases no longer have any tendency of staying par-
allel at the longer distaces. In the shorter distance range
the bases are also often at an angle, which explains why
the shortest distan dned in the unsbm*ed MD simula-
tion are al lger than those found in the stacked MD simula-
tion (Fig. 7).

Hydrogen bonds

The 2'-hydroxyl group of the nbose moiety plays an im-
portant role in the conformational stability of the oligo- and
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FIGURE 10 C form ational prob-
ability distribution as a function of the
Nl-N9 distance and the angle between
the base plae normals for theu d
MD simulation.
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polynucleotides (Maurizot et al., 1969). This has been ex-
plained by the formation of a hydrogen bond between the
2'-OH group and the 04' atom in the neighboring base
(Saenger, 1988). The existence of this 2'-OH group explains
the differences in conformational stability and physical prop-
erties of RNA and DNA (Bolton and Kearns, 1978). In the
MD simulation of the stacked conformation we have seen
that the hydrogen bond between the 2'-OH group of the Guo
moiety and the 04' atom of the Urd moiety is very important
(Fig. 11).

A hydrogenbond with the H-- X distance shorterthan 1.95
A is defined as strong and between 1.95 and 2.20A as weak.
The 04'-- -02'-H2' hydrogen bond is strong 703% of the
MD simulation and week 12.4%. Other hydrogen bonds have
also been observed in the stacked conformation but only
short times, for instance the 02..H2-N2 bonds, the 04'-
(Urd) . H2-N2 bond, the 05'(Urd) . H2'-02'(Guo) bond
and the 06 .. H3-N3 bond. The 04'-- -02'-H2' hydrogen
bond could of course not be observed in the deoxy form of
the GpU, but still the stacked form was kept. In the MD

5-.

FIGURE 11 The time evoton of the
04 ---H2-02' yd bond of the stacked
confonnfion
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TABLE 4 Sugar pucker properties

Stacked Extended
conformation conformation

Guo Urd Guo Urd Exp.

v ) 41.8 (5.0? 40.4 (5.1) 46.- (5.4) 39. (5.0) 384
Average 41.1 43.2 38.S 42.0'

Pseudorotation phase angle (2) 2.6(17.4) 0.6 (10.8) 29.9 (13.9) 2.6(11.4)
Average 12.1 16.2 4.5 10.5" 13.8

Endoc%-clic torsion angzles
X -3 .8 (12. 12.8 (.3) -9.0 (10.9) 11.3 (.6)

21(6.-21.3 (10.5) -33.2 (6.1) -20.0 (9.) -31.9 (6.2)
E 36.3 (6.4) 397 (5.2) 39.2 (6.6) 3s.9 (5.1)
V -40.4 (6.8) -34.2 (6.2) -46.5 (6.1) -34.5 (6.3)
v. 27.8 (10.8) 13.4 (.3) 35.0 (9.0) 14.3 (.5)

Average endocyclic torsion angles (i
E 4.5 1.1
V. - .3 -26.0 -25.6

w- 3~~~~~~~~~ ~~~~~~~~8.0 39.0 36.9
v. -37.3 -40.5 -35.9

2..0.6 24.6 20.8

Values in the parentheses are standard deviations.
For Guo. from Chachatv et al. (1977).
For Urd. from Chachat,% et al. (1977).

'For A-R-NA. from A.rnott et al. (1969).
For A-RNA from Langridge et al. (1960).
For A-RNA. from Arnott et al. (19-2).

simulation of the unstacked conformation w-eak hN-drogen
bonds. like the OP H2'-02' bond. were observed during
short periods. During the last part of the MD simulation
weak hydrogen bonds. the OP * H2-N2 bond and the
05'(Urd) H'-N2 bonds. w-ere observed due to the transi-
tion of the X torsion angle of the Guo moietv (Fig. 2 d). The
GpU-water interactions will be analvzed elsewhere.

Sugar conformations

The endocvclic torsion angles have been defined as by
Saenger (1988) and analyzed the last 400 ps. The average of
each endocyclic torsion angle of the GpU (Table 4) in both
the MD simulations is in good agreement with the data of the
ribose ring of A-RNA (Amott et al.. 1972).

100-

80-

60-

40 -
FIGLURE 12 The time evolution of the
pseudorotational phase angle 6 for the guano-
sine moietx of the unstacked conformation.
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Ribose puckering has been extensively examined
using vacuo molecular dynamics simulations (Harvey and
Prabhakaran, 1986), showing that different descriptions of
the furanose ring conformation, based on the concept of
pseudorotation, give very similar results. We follow Altona
and Sundaralingam (1972) and describe the sugar confor-
mation with two parameters, the phase angle of pseudo-
rotation, 4), and the degree of pucker, v.:

tan + (v1 += 4) (v- ( )
(lla)=2u2(sin 360 + sin 72) (a

v= 4t (llb)

where u, are the endocyclic torsion angles (Table 4).
The nrbose ring ofA-RNA is in the C3'-endo mode (Arnott

et al., 1972), and in both the MD simulations the N form
(-900 to 900) of the phase angle of pseudorotation predomi-
nates, as is seen in Fig. 3, a and b. In the simulation of the
stacked conformation the sugar puckering mode of the Urd
moiety was all the time between the C2'-exo and the C3'-
endo modes, with 4) fluctuating around an average of 0.60;
the Guo moiety adopted the same modes as the Urd moiety,
and also the C4'-exo mode, giving 17.40 RMS fluctuations
of the 4 angle of the Guo base, compared to 10.80 for the Urd
base. The nbose ring of the Urd moiety in the MD simulation
of the unstacked conformation fluctuated from the C2'-exo
mode over the C4'-exo to a value between the C3'-endo and
the C2'-exo modes. The Guo moiety also showed fluctua-
tions between different modes, the C2'-exo, the C3'-endo,
the C4'-exo and the 04'-endo modes (Fig. 12).
The Guo moiety fluctuated between the C3'-endo and the

C4'-exo modes during the last 400 ps with an average of
29.90. ByNMR (Chachaty et al., 1977) it has been shown that
in the Guo moiety the S form predominates and in the Urd
moiety the N form predominates. The average of v. from
the MD simulation of the stacked and the unstacked con-
formation showed values (Table 4) close to the proposed
values for A-RNA (Arnott et al., 1969; Arnott et al., 1972;
Langridge et al., 1960). The v. angle of the Guo moiety in
both the MD simulations was too large compared with NMR
data (Chachaty et al., 1977), whereas for the Urd moiety it
was too small (Table 4).

CONCLUSIONS
We observed a wide range of different conformations from
the two MD simulations, both stacked and unstacked, the
conformational space of the MD simulation of the unstacked
conformation was probably still not fully covered, even
though it was extended to 2 ns. The softest internal degrees
of freedom for GpU were the sugar pucker, the glycosidic
torsions, and the backbone torsions a, ,B, E, and {. The simu-
lation starting from a stacked conformation remained stacked
throughout, consistent with potential of mean force calcu-
lations ( Norberg and L Nilsson, manuscript in prepara-
tion) indicating a barrier of about 5 kcallmol for the un-

stacking process. The dipole moment of the unstacked
conformation was observed to be smaller than for the stacked
form due to the charge symmetry. The 02'-H2' 04' hy-
drogen bond, which could be observed 82.7% of the MD
simulation, may contnbute to the stability of the stacked con-
formation, but could naturally not be observed in the MD
simulation of the deoxy form of GpU, which nevertheless
also stayed stacked. Rotational diffusion correlation times
for GpU were calculated and found to be similar to experi-
mental values, especially for the stacked conformation, and
by combining them with time resolved fluorescence data a
stacking equilibrium constant around 3-4 was obtained .
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