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Abstract

The conformational transition pathway of sugar puckering between the C20-endo and C30-endo conformations of

deoxyadenosine (dA) is reported using the stochastic difference equation (SDE) algorithm, which approximates long-

time pathways. The south pucker is favored over the north by 0.34� 0.2 kcal/mol, and the free energy barrier is about

2.2� 0.2 kcal/mol above the global minimum. The transition occurs through the east barrier, with significant decrease

in puckering amplitude near the barrier. These results are consistent with prior studies on sugars in nucleic acids and

indicate that the SDE has potential for large nucleic acid and nucleic acid/protein systems.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

Molecular dynamics (MD) and Brownian dy-
namics (BD) simulations have become important

resources for revealing detailed insights into the

structure and function of complex systems on

range of spatial scales [1,2]. Recent coupled

quantum mechanical/molecular mechanical (QM/

MM) simulations also offer impressive details of

chemical reactions [3]. Since standard MD simu-

lations are still limited to timescales of a few
nanoseconds, there has been growing interest in

developing novel methods that capture large-scale
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conformational rearrangements, such as subdo-

main motions in DNA polymerases and chromatin

condensation.
If the initial and final states are known, bio-

molecular systems can be treated with microscopic

coupled QM/MM methods (e.g., EVB method [3]),

or �steered� or targeted (see [2], and references

therein) – subjected to time-dependent external

forces along certain degrees of freedom or along a

local free-energy gradient – to study chemical re-

actions, probe molecular details of experiments,
study folding/unfolding events, or generate in-

sights into disallowable configurational states as

well as conclusions regarding common pathways

[4,5]. Targeted dynamics methods, however, em-

ploy large biasing potentials (�kBT ) to capture

large-scale conformational transitions, and the
ed.
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resulting pathways cannot be related to known

statistical ensembles at room temperature.

The stochastic difference equation (SDE) algo-

rithm of Elber et al. [6] provides a numerically

stable solution at arbitrary timesteps by a suitable

path approximation. This advantage makes it
possible to study dynamic processes at extended

timescales. SDE is based on optimization of a

classical action and is thus useful in the investi-

gation of processes where reactant and product

states are known. The SDE and its variants have

been used to follow dynamics of biological pro-

cesses on timescales varying from milliseconds to

microseconds including, hemoglobin�s R to T
transition, C peptide�s folding, ion permeation

through a gramicidin ion channel, cyclodextrin

glycosyltransferase�s mechanism, protein A�s fold-
ing pathways, and the kinetics of cytochrome C�s
folding (see citations in [7]). In this work, we de-

velop and apply SDE for the first time to a nucleic

acid system, namely the conformational transition

pathway of sugar repuckering in a deoxyadenosine
(dA) nucleoside.

It is now well established that the deoxyribose

sugar plays an important role in the structure of

nucleic acids. The overall conformation of a nu-

cleoside can be described by the glycosyl torsion
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Fig. 1. Schematic representation of the deoxyadenosine nucleoside.
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they do not affect the overall conformation of a nucleoside.
angle (v), backbone torsion (c), and phase angle of

pseudorotation (p), which effectively defines the

sugar conformation based on a wave-like motion

from a chosen mean plane defined by five ring

atoms (m0 to m4) (see Fig. 1 and Eq. (3)). Theoret-

ically, the pseudorotation angle can vary between
0� and 360�, but is usually limited to the physio-

logical subrange from )20� to 200�. The sugar

pucker conformational space for standard DNA is

characterized by two energy minima at C30-endo

and C20-endo conformations, also called north and

south ranges, centering around p ¼ 18� and

p ¼ 162�, respectively. These are characteristics of

A-form and B-forms of DNA, respectively. The
associated value of glycosyl torsion is A-DNA-

like, or v ¼ 201:1� in C30-endo, and B-DNA-like

with v ¼ 258:1� in the C20-endo conformation.

There have been many theoretical studies of

sugars in nucleic acids. In the late 1970s, Levitt

and Warshel pioneered, with Lifson and Warshel�s
newly developed Cartesian coordinate consistent

force-field approach [8], a rigorous adiabatic
mapping to investigate the variation of energy

along the pseudorotation path. Their energy

barrier of 0.6 kcal/mol between C20-endo and C30-

endo deoxyribose conformations [9] implies fre-

quent interconversion at room temperature, as
'
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observed in dynamics simulations [10,11] and de-

viating from an assumption of high energy barrier

[12]. Olson and Sussman�s [13] statistical analysis

estimated the barrier to be 2–5 kcal/mol. Olson�s
[14] later molecular mechanics calculation that did

not allow full structure relaxation stressed the
gauche effect as an important factor in reproduc-

ing the properties of deoxyribose in solution

and refined the estimate to about 2 kcal/mol [14].

Indeed, subsequent studies produced lower values

(1.5 kcal/mol, Harvey and Prabhakaran [10]).

Methods that do not reflect the sugar in its am-

bient solvent environment produce other values,

typically higher (>4 kcal/mol, Foloppe and
MacKerell [15], by high-level ab initio quantum

mechanical calculations; 3.2 kcal/mol, Schlick

et al. [16], by energy minimization; and 1–2 kcal/

mol, Nilsson and Karplus [17], also by energy

minimization).

Our motivation for this work is an application

of the SDE method to a large DNA polymerase

complex (DNA bound to primer/template) system
to study polymerase mechanisms [18]. Though the

SDE algorithm is implemented in the MOIL

software [19] and available to the public, a nucleic

acid force field (AMBER) had to be incorporated

and carefully tested. Results of our study of the

dynamics and energetics of the sugar ring in nu-

cleosides suggest that the C20-endo conformation

of deoxyadenosine is thermodynamically favored
over the C30-endo conformation. The transition

occurs through an east pseudorotation energy

barrier with a decrease in the amplitude of the

furanose ring as it passes over the barrier. The

free energy barrier for the transition is 2.2� 0.2

kcal/mol. Results are in agreement and further

confirm the previous estimates on nucleosides

[9,10,14,17,20]. Though, of course the barrier
between the two minima of deoxyadenosine C20-

endo and C30-endo states is not more than few

kcal/mol, and thus even standard MD can be

used to sample the sugar conformational space

and generate an ensemble for reliable estimation

of thermodynamic free energies, our current study

on the free nucleoside serves as the benchmark

for future work on applying SDE with the AM-
BER nucleic acid force field to protein/DNA

systems.
2. Methods

2.1. The SDE method

The SDE algorithm developed by Elber et al.
[21] is based on the formulation of molecular dy-

namics as a boundary value problem. For specified

coordinates of initial (Y1) and final conformation

(Y2), (mass-weighted) coordinates (Y ) are solved as

a function of the trajectory length l. A search is

made for a trajectory that makes the action (S)
stationary, where the action is expressed as

S ¼
Z ~YY2

~YY1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðE � UÞ

p
dl: ð1Þ

Here E is the total energy, U is the potential

energy, and dl is a length element. The (fixed)

endpoints ~YY1 and ~YY2 are coordinates of dA�s C20-

endo and C30-endo conformations, respectively.

SDE uses a discretized version of the action

S ffi
P

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðE � UÞ

p
Dli;iþ1 to define the classical

trajectory. According to the principle of least

action, a stationary point of S exists (S need not be
a minimum or maximum); a trajectory that makes

S stationary also solves the classical equations of

motion. Such a trajectory is computed by opti-

mizing the gradient norm given by the following

target function TG:

TG ¼
X
i

oS=oYi
Dli;iþ1

� �2

Dli;iþ1 þ k
X
i

Dli;iþ1ð � hDliÞ2;

ð2Þ

where the variables Yi from 0 to N þ 1 are all the

structures along the path, and the parameter k
defines the coupling strength of a restraint that

maintains the structures equally distributed along

the trajectory ðhDli ¼ 1=ðN þ 1Þ
P

Dli;iþ1Þ. For

sufficiently small steps, Dli;iþ1, the exact classical
trajectory is recovered. TG is minimized subject to

additional constraints to keep the rigid body

translations and rotations constant [22]. Two ma-

jor assumptions in the application of the SDE

method are the use of the implicit Born solvation

model [23–25] and the filtering of high-frequency

motions [21]. The former can be alleviated using

greater computer time, but the filtering makes
SDE applicable to long-time trajectories.
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Note that the trajectories are parameterized as a

function of length and not time according to recent

formulations [21]. For a comparison of the for-

mulations and their evaluation, see [6]. An over-

view of the SDE method and its computational

efficiency are provided elsewhere [6,21].
2.2. Sugar conformation description

The sugar puckering pseudorotation angles (p)
and puckering amplitude (mmax) used to describe

the conformational state of the sugar are deter-

mined following the work of Rao, Westhof, and

Sundraligam (RWS) [26]. In the original work [27],
Altona and Sundraligam (AS) calculate the fura-

nose puckering phase angle p from the following

formula:

p ¼ tan�1 ðm4 þ m1Þ þ ðm3 þ m0Þ
2m2ðsin 36�þ sin 72�Þ

� �
: ð3Þ

Here, the mi are the five endocyclic torsion angles:

m0, C40–O40–C10–C20; m1, O40–C10–C20–C30; m2,
C10–C20–C30–C40; m3, C20–C30–C40–O40; and m4,
C30–C40–O40–C10. The sugar puckering amplitude
(mmax) measures the extent of deviations of torsion

angles from zero and is described as follows:

mmax ¼ m2= cos p: ð4Þ

However, in the AS method, the value of mmax

depends on the choice of origin atom (i.e., O40

atom opposite m2). To overcome this shortcoming,
Rao et al. (RWS) describe a better formulation

based on an approximate Fourier analysis which

treats all the endocyclic torsions equally [10,26], as

follows:

A ¼ 2

5

X4

j¼0

mj
4pj
5

� �
;

B ¼ � 2

5

X4

j¼0

mj
4pj
5

� �
;

m2max ¼ ðA2 þ B2Þ; ð5Þ

p ¼ tan�1 B
A

� �
: ð6Þ
From experimental structures, typical C30-endo

state lies in the N (north) range of pseudorota-

tional values, �1�6 p6 34�, and the C20-endo is in

the S (south) range, 137�6 p6 194�. Here, we use

the term C30-endo and C20-endo to denote these
ranges rather than a localized set of specifically

puckered states.
2.3. Preparation of C20-endo and C30-endo states of

deoxyadenosine

Since the stochastic difference equation algo-

rithm is based on a boundary value formulation,
the coordinates of the initial and final states must

be specified. The published Cartesian coordinates

for the deoxyadenosine in C20-endo and C30-endo

energy minima computed at MP2/6-31G* level of

theory were obtained [15]. Ten molecular dynam-

ics simulations of 1 ns each at 300 K were

performed starting from these structures corre-

sponding to north and south energy minima. The
molecular dynamics module in MOIL [19] was

used to perform these computations. The force

field in MOIL is AMBER parm99.dat parameter

set [28]. The equations of motion were integrated

using the Velocity Verlet Verlet algorithm with a

timestep of 1 fs. All van der Waals and electro-

static cutoffs were considered (i.e., no cutoffs were

applied), and the nonbonded list was updated ev-
ery 10 steps. The dielectric constant was set to

unity, and 1–4 scaling factors were set as 2 and 8

for electrostatic and Lennard–Jones interactions,

respectively, following MOIL protocols. Solvation

effects were modeled implicitly using Gibbs–Born

solvation scheme [23] as done in MOIL. The

temperature was maintained at the desired value

using velocity scaling. The glycosyl torsion v was
harmonically constrained with the force constant

of 30 kcal/mol to be A-DNA-like ðv ¼ 201:1�Þ and
B-DNA-like ðv ¼ 258:1�Þ in all simulations start-

ing from north, and south energy minima, re-

spectively, to mimic conditions in a polynucleotide

chain. The dihedral angle c was harmonically

constrained at a value of 50� corresponding the

gauche ðgþÞ conformation predominantly ob-
served in A- and B-forms of DNA. The ensemble

of structures generated from the different MD runs
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was used to compute multiple SDE trajectories, as

described below.

2.4. SDE trajectories

In total, 50 trajectories were computed between
the north and south energy minima. Structures in

C20-endo and C30-endo conformations were ran-

domly selected from the ensemble generated above

such that none of the coordinates were repeated.

The parm99.dat version of the AMBER force field

was used [28] with the solvent effects modeled im-

plicitly using surface generalized Born model [23].

The AMBER force field had to be converted into
format suitable for MOIL [19]. Prior to generating

SDE trajectories, the force field was tested by per-
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Given the coordinates of deoxyadenosine C20-

endo and C30-endo conformations, minimum en-

ergy paths were calculated and used as initial
guesses for the SDE trajectories. The minimum

energy paths were generated using the self-penalty

walk (SPW) functional [22] with 101 grid points.

The SPW minimizes the energies in the structures

along the path generated by simple linear interpo-

lation of Cartesian coordinates and provides a rea-

sonable initial guess path. The pathswere optimized

for 10 000 steps. At the end of these minimum en-
ergy path calculations, the RMS distance between

sequential structures was of the order of 0.1–0.2 �AA.
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SPW calculations were further refined by the

SDE formalism. The total energy of the system, E,
was estimated from the standard initial-value

molecular dynamics simulations that were equili-

brated at room temperature. Both C30-endo and

C20-endo conformations of deoxyadenosine were
used to estimate the energy E. The target function
TG (or the path) was optimized by using five cycles

of 2000 simulated annealing steps. The typical

value of the gradient of the target function, TG,
normalized to the number of degrees of freedom,

was 3.5 amu kcal/mol/�AA. The simulated annealing

temperatures varied linearly from 300 to 0.1 K

during each cycle. The trajectories used in the
analyses are described in the next section.
Fig. 3. A �free energy� plot �kBT ln P ½p� as a function of the

pseudorotation angle, p. PðpÞ is the probability distribution of

sugar pucker phase angle averaged over 50 trajectories con-

necting the C20- and C30-endo sugar conformations. The sugar

pucker pseudorotation values and amplitudes were calculated

based on Rao et al. [26] convention; see Eqs. (6) and (8) in text.
3. Results

The trajectories were analyzed for the torsional

degrees of freedom v, c, and p which effectively

characterize the overall conformation of deoxya-

denosine. The histograms in Fig. 2 depict the

probability distributions of v, c, and p collected

over 50 trajectories. Clearly, the probability dis-

tributions for the glycosyl angle v and backbone
torsion c are unimodal while that for the pseudo-

rotation phase angle p is bimodal. Therefore, we

express the potential of mean force ðW ðpÞÞ as a

function of p as follows:

W ðpÞ ¼ �kBT ln PðpÞ; ð7Þ

where kB is the Boltzmann constant, T is the

temperature, and P ðpÞ is the probability distribu-

tion of phase angle of pseudorotation. The free

energy plot �kBT ln P ðpÞ in units of kcal/mol is

shown in Fig. 3. (The choice of p as the reaction

coordinate is also supported by previous quantum

mechanical studies [29–31], which suggested that

there is no energy barrier separating low and high
anti v values.) The value of c is well within the

range from 0� to 120� with a mean value around

53� corresponding to gþ conformation found pre-

dominantly in experimentally observed A- and B-

DNA structures. We note that no assumption of

equilibrium conditions nor of reaction coordinate

was made in the path calculations.
As Fig. 3 suggests, the transition between de-

oxyadenosine C20-endo and C30-endo conforma-

tions occurs through the east pseudorotation

barrier with the highest energy barrier corre-
sponding to the O40-endo conformation (p in the

range from 72� to 108�). The free energy difference

(DG) corresponding to the transition from state

C20-endo to state O40-endo is calculated as follows:

DG ¼ �kBT ln

Z p¼108�

p¼62�

ðO40-endoÞ

P ðpÞdp

2
64

� ln

Z p¼190�

p¼134�
ðC20-endoÞ

P ðpÞdp

3
5: ð8Þ

The highest observed energy barrier for the tran-

sition is 2.2� 0.2 kcal/mol above the global mini-

mum. Our estimate of energy barrier falls well

within the range calculated by other theoretical

studies, given each method�s approximations

[9,10,14,17,20].

The deoxyadenosine south conformation is

more stable than the north by a free energy dif-
ference of 0.34� 0.2 kcal/mol. The conformational

free energy difference between C20-endo and C30-
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endo conformations was computed using Eq. (8)

except that the integration limits �20�6 p6 34�.
This estimate of energy difference is consistent with

experimental and theoretical measurements
[10,28,32].

The puckering amplitude mmax decreases while

passing over the east energy barrier (p in range

from 72� to 108�) (Fig. 4). The average value of the
amplitude, hmmaxi, in the O40-endo region is 12�,
suggesting that the puckering transition occurs

through a high-energy planar intermediates. There

is significant flattening of the ring around the
barrier region. This result is in concordance with

the results of Foloppe and MacKerell [15] who

observed an amplitude of 18.1� in the O40-endo

state. The strain associated with the flattening of

the furanose ring is believed to be the major con-

tributor to the east energy barrier. As is well

known, the west barrier (p ¼ 270�) is highly un-

favorable due to steric interactions between C10

and C40 substituents of the sugar ring.
4. Discussion

The conformational transition pathway of a de-

oxyadenosine nucleoside was investigated using
the stochastic difference equation algorithm applied

for first time to a nucleic acid system. The MOIL

software was used to perform all the calculations

using the AMBER version parm99 force field for

nucleic acids, which we carefully incorporated and

tested. The conformational free energy difference
and free energy barrier between the C20-endo and

C30-endo conformations of deoxyadenosine were

determined from histogram analyses of 50 trajec-

tories connecting the two states using SDE. As ex-

pected, the transition between the two predominant

conformations was found to occur via the east en-

ergy barrier (O40-endo conformation) with a de-

crease in the amplitude of furanose ring going over
the east energy barrier. Our results are in good

agreement with other theoretical studies as well as

experiments that suggest a relatively low barrier

that implies frequent interconversion.

Clearly, the behavior of the free nucleoside will

be different from that in DNA, but we expect

qualitative features of the free energy energy sur-

face to be maintained. The SDE method we have
used is based on a different physical approach and

different approximations than used in prior studies

of nucleic acid systems. Our benchmark compu-

tation shows that SDE has potential for large

protein/DNA systems. Of course, the challenge of

convergence of the free energy for a large system

(due to large system size and large barriers) will

have to be overcome. The present calculations are
fast (e.g., generation of a single SDE trajectory

takes 1 h of CPU time, and umbrella sampling to

compute the free energy from a single optimal path

takes about 2 h of CPU time, on an SGI Ori-

gin2000 300 MHz R120000 processor), but several

months of computing time will be required for a

macromolecular system of order of 50 000 atoms.
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