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Abstract: A computer programs suite, SIMUFLEX, has been constructed for the calculation of
solution properties of flexible macromolecules modeled as bead-and-connector models of
arbitrary topology. The suite consists mainly of two independent programs, BROWFLEX that
generates the macromolecular trajectory by using the Brownian dynamics technique and
ANAFLEX that analyzes that trajectory to get solution properties of the macromolecule. In this
paper, we describe theoretical aspects about the macromolecular model and the Brownian
dynamics algorithm used and describe some of the numerous properties that can be evaluated.
In order to provide examples of the application of the methodology, we present simulations of
dynamic properties of DNA with length ranging from 10 to 10° base pairs. SIMUFLEX is able to
run simulations with more or less coarse-grained models, thus enabling such multiple-scale

studies.

1. Introduction

Solution properties of macromolecules (hydrodynamic coef-
ficients, intrinsic viscosity, radiation scattering-related quanti-
ties...) shed light about their shape and conformation' and
therefore are a primary source of information to predict their
solution behavior. For example, the determination of such
properties are of fundamental relevance when treating with
biological macromolecules (DNA, proteins...), since their
physiological functions are closely related to the solution
conformations that they can adopt.” A powerful tool that
helps to predict and understand macromolecular structure and
dynamics is computational modeling and simulation.’
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There exist well developed procedures based on bead
modeling*™® or alternative approaches® ™ '? to predict hydro-
dynamic properties of rigid macromolecules and nanopar-
ticles. However, most synthetic polymers and many biologi-
cal macromolecules are flexible and do not present a defined
shape. Therefore, the development of computational proce-
dures to predict the solution behavior of flexible and
semiflexible macromolecules is of great interest. The large
size typical of macromolecules and nanoparticles, and the
long times typical of their dynamics, precludes usually the
use of atomic-level models, and the conformational vari-
ability of flexible entities adds further complexity. Thus, the
prediction of solution properties requires simplified schemes,
based on more or less coarsely grained models. The classical
bead-and-spring model of polymer physics, in which the
model elements represents large pieces (subchains) of the
long polymer chain,'*'* is a very coarse grained model.
Nowadays, the coarse-grained modeling concept is being
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applied with more detail, with models whose elements
represent, for instance, the repeating units - amino acid or
nucleotide residues - of biomacromolecules.'> On the other
hand, useful schemes to build coarse-grained models have
been recently developed.'®'” Because of the widespread
utilization - over the past two decades - of atomistic
molecular dynamics simulations, there are many commercial
and public domain tools for that purpose. However, for
multiscale, coarse-graining simulation, one misses a wide
availability of similar tools. Thus, we have intended'® to
develop computational methodologies where flexible mac-
romolecules are represented at such a coarse-grained level
as bead-and-connector models and to predict their solution
behavior by simulation techniques as Monte Carlo (MC) and
Brownian dynamics (BD).'®

When the simulation of flexible entities is restricted to the
prediction of conformational, equilibrium properties, and
some overall hydrodynamic coefficients, Monte Carlo meth-
ods are applicable. In order to provide a tool for the MC
simulation of quite general flexible bead-and-connector
models, we recently published the public-domain program
MONTEHYDRO, " that implements an importance sampling
Monte Carlo procedure for the generation of random
conformations of flexible structures, which includes the
calculation of overall hydrodynamic properties in the so-
called rigid-body treatment,?* 22 obtained as conformational
averages over the values calculated for instantaneous con-
formations considered as rigid structures.>>

However, to study dynamic aspects of flexible macromol-
ecules in solution, such as relaxation processes and non-
equilibrium behavior, it is necessary to solve the equation
of motion that governs the macromolecular dynamics. This
can be done by using molecular dynamics (MD) or Brownian
dynamics (BD).?* Because of the above-mentioned draw-
backs, MD is not adequate for long time and size scales.
BD is a numerical technique to solve the stochastic equation
of motion that arises from considering the solvent as a
continuum, thus eliminating the solvent degrees of freedom
which allows for reaching longer times in the simulated
physical system. In other words, BD simulations describe
the Brownian motion of a collective of frictional elements,
beads in our model, which can interact with each other
through different potentials.

An essential aspect in the BD simulation is the inclusion
of the so-called hydrodynamic interaction (HI) effect, which
determines the solvent-mediated influence of the motion of
every element of the model on the others. Our group® 2’
was among others®® ** who pioneered the use of BD
simulations including hydrodynamic interaction (HI) effects
to predict dynamic properties of macromolecules in solution.
As it is known from polymer hydrodynamic theory,'*>> and
confirmed by BD simulations,?®*%*” the rigorous inclusion
of the HI effect (avoiding approximations, like that of
conformational preaverage) is essential for the accurate
prediction of hydrodynamic properties results comparable
to experiments. Nevertheless, BD simulations without inclu-
sion of HI sample correctly the configurational space, so that
some authors have proposed that BD could be used as a smart
Monte Carlo method.*® This adds a further utility to BD
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methodologies, providing an efficient way to obtain also
equilibrium conformational properties.

Along our previous works we have been developing a BD
simulation scheme that enables for the calculation of solu-
tion properties of flexible macromolecules with arbitrary
complexity. Our procedures take into account fluctuating
(nonpreaveraged) hydrodynamic interaction as well as the
possibility of including different types of intramolecular
potentials to represent excluded volume conditions (solvent
quality) and electrostatic interactions. That computational
scheme is implemented in a suite of public domain (freely
available from our Web server, see below), named SIMU-
FLEX, which is presented in this paper. The suite consists
mainly of two programs BROWFLEX and ANAFLEX. The
program BROWFLEX generates a Brownian trajectory of a
flexible bead-and-connector model with arbitrary connectiv-
ity, and the program ANAFLEX analyzes that trajectory to
obtain several steady and time-dependent macromolecular
quantities. In this way, many conformational and hydrody-
namic solution properties, from single-valued coefficients to
more complex experiments as well as different time cor-
relation functions, can be straightforwardly evaluated from
the Brownian trajectory. Furthermore, a most interesting
feature of the BD technique is that it allows the simulation
of the behavior of an individual molecule,***® which is of
great importance due to the emergence of single-molecule
experimental techniques.*' At this respect, SIMUFLEX is
an useful tool to study single-molecule behavior of flexible
macromolecules with arbitrary topology. Thus, our contribu-
tion joins those of other groups who have published
Brownian dynamics simulation programs with different scope
or structure*>** and focused on particular macromolecular
systems (for instance the UHBD package*? is appropriate
for studying protein—protein association). On the other hand,
the SIMUFLEX package was devised to treat with a variety
of macromolecular models and physical situations, for
example the presence of external agents, as well as to analyze
easily an amount of macromolecular properties including a
number of commonly employed correlation functions.

In this paper, we first describe some theoretical aspects
of the modeling and BD simulation methodology imple-
mented in SIMUFLEX. Then, we present several examples,
all concerning the dynamics of DNA molecules in solution.
In order to illustrate the multiscale possibilities of SIMU-
FLEX, the examples span a wide range of DNA sizes and
cover both bulk-solution and single-molecule properties.

2. Models and Simulation Methods

In this section we specify the two main features in the
simulated model. The first one corresponds to the mechanical
or energetic features pertaining to the molecule itself and,
eventually, its interaction with external agents (e.g., fields,
walls, etc.). The second group of aspects comprise those
relative to the motion of the molecular model in the viscous
solvent, like viscous drag, hydrodynamic interaction, Brown-
ian motion, etc., which are key factors for the construction
of the simulation algorithm.

2.1. Mechanical Model: The Force Field. The simulation
model is composed by what we generically call elements,
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Figure 1. Pictorial representation of the generalized bead-
and-spring model.

which will be later considered as spheres, or “beads”, for
the description of their hydrodynamic behavior. The N
elements interact in a number of ways, which give rise to a
potential energy that we decompose in several contributions

V(tot) — 2 Vf;otm) + 2 Vg}(ng) + 2 Vthers) +
conn ang tors
z foprair) + 2 ijCHpair) + EVfE) (1)

EVpairs CHpairs i

The terms in eq 1 correspond to each kind of interaction, as
described in the following paragraphs. A schematic overview
of the model is displayed in Figure 1.

Primarily, the elements are joined by connectors, which
describe the topology of the molecule or particle that is being
modeled. A common case is that of linear chains, in which
each element (except the terminal ones) is joined to its two
neighbors. In general, an element may be joined to an
arbitrary number of other elements. The sum extends over
all the pairs of connected elements. Connectors behave
mechanically as springs with an associated potential V(1)
that depends on the instantaneous distance between the two
joined elements, equal to the length of the spring vector, /;
= Iryl = Ir; — ri, where r; is the position vector of the i-th
bead. Among others, BROWFLEX considers the following
spring potential devised in a previous work to simulate
dendrimer molecules**

Lo —
V(mnn) — _lHIZ ln( max ) _

2 e —
1 (lmax + l)(lmax - le)
2Hlmdxleln [ (lmax - l)(lmax + le) (2)

In eq 2 subscripts ij, that should be attached to Vo™, [,
ley, Lnax, and H, are omitted for the sake of legibility. The
equilibrium length [, (V°"(1,) = 0), the maximum elonga-
tion I, and the force constant H are the three parameters
of this general spring potential, which we call “hard-FENE”
because it includes, as particular cases, several commonly
used spring types. When [,,,, — oo (in practice, a sufficiently
large number), it reduces to V" = 1/2H(l — 1,)?, proper
of a Hookean (Fraenkel)** spring that is usually employed,
with a large value of H, to represent stiff connectors with
an equilibrium length /, (the rms fluctuation in spring length,
() — (1) = HI(kgT)*>**® is, for instance 10% of I, for H
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= 100kgT/1%). Furthermore, with I, — e and [, = 0 we
have V" = 1/2HI?, which is the potential associated with
a Gaussian distribution of the spring length, with (*) =
3kzT/H as used in the Rouse model'? of linear polymer chains
composed by Gaussian subchains. The Rouse model with a
linear force and infinite extensibility is inappropriate when
external agents, particularly strong flows, stretch the chain
and the distribution is not Gaussian. For those cases, the most
popular choice is the FENE (finitely extensible, nonlinear
elastic; Warner)*’ spring, whose potential, Vo = —(1/
)HBE, In(1 — %/, is a particular case of eq 2 for [, = 0.
For the spring potential, as for the other pairwise potentials
depending on the distance between elements, the forces
acting on the two elements are F; = —F; = [dV(r)/dr;]r;/
r;;, where the derivative of the potential adopts a long but
immediate expression (omitted) that allows an easy calcula-
tion of the forces.

The angles, o, between two neighbor springs joining
beads i and j, and j and k, may have an associated potential
Vird(oy). A simple and useful potential for the bending
angle is the quadratic form, V(o) = (1/2)Q(0. — 0)%, where
oy is the equilibrium value of the angle, and Q is a bending
force constant. Again, the subscripts ijk are omitted for
brevity, but we recall that there may be specific values of
the parameters for each angle in the model. In order to make
the program applicable to chemical entities (real molecules),
we have also included in SIMUFLEX torsional potentials
associated with hindered internal rotation. If ij, jk, and ki,
are three consecutive bonds, internal rotation around the jk
bond can be represented by a potential Vg,@f‘)(qb,-jk,), where
@i 1s the internal rotation angle. In the program we have
included a variety of V(¢) functions, corresponding to the
most frequent kinds of chemical bonds. The expressions for
the forces associated with bending and internal rotations can
be found in the literature.>**°

The force field includes two other kinds of pairwise
intramolecular potentials. One kind, denoted in eq 1 as
fovm"r) is usually for excluded-volume (EV) interactions,
for which BROWFLEX considers various possibilities,
including the useful and meaningful Lennard-Jones potential

e T

r

where €7, and oy, are the Lennard-Jones parameters, along
with other forms, like hard-spheres, exponential or Gaussian
repulsion, etc. The second kind of pairwise potentials
indicated in eq 1 as Vf-j-CHp”ir) is intended for any other
interaction that would superimpose to the excluded volume
effect. An example is the intramolecular electrostatic interac-
tion between charged elements, which can be properly

described by a screened Coulomb, Debye—Hiickel potential
VACHPAD = (Alr)exp(—kr) “4)

where A is related to the charge of the two elements and the
dielectric constant of the solution, and «, the screening
parameter, is related to the ionic strength of the medium.*®
Again, in eqs 3 and 4 the subscripts ij are omitted, and each
pair may have its own parameters.
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Finally, V®) indicates any interaction between any indi-
vidual element and an external agent (or constrain), since
BD is an adequate technique to simulate macromolecules
in, for example, electric fields**° and in biomembranes.
BROWFLEX includes various useful possibilities like in-
teraction of a charged element with an external electric field;
walls that the element cannot trespass; and anchorage, by
means of a hard spring, of an element to a fixed point. In
the BROWFLEX user guide there is a detail relation of the
forces included in the force field of BROWFLEX and how
they must be used to build the chain model.

2.2. Hydrodynamics and Brownian Dynamics: The
Algorithms. For the generation of Brownian trajectories of
the mechanical molecular model in the viscous solvent,
including hydrodynamic interaction effects, we propose the
use of a procedure, based on the Ermak-McCammon>%4¢ (E-
M) algorithm, proposed by Iniesta and Garcia de la Torre*’
(I-GT). In the E-M algorithm, the final position r; of bead i
after at time step At is calculated starting from its initial
position rY, according to

°+A’iD° F°+AiaD’j0+R+A 0
m/‘:l A ’j:i or, i T (Any;
(5)

where FY is the total force on bead i, Dj is the 3 x 3 ij-
block of the 3N x 3N grand diffusion tensor, D, and R; is a
Gaussian random vector with zero mean and covariance

(RR)=2D,At i,j=1,..,N (6)

If the dynamics takes place in a flowing solvent, we include
in the E-M algorithm the term v?, which is the fluid velocity
in the position of the bead i due to the flow field.

As the E-M is equivalent (without the Brownian drift term)
to the first-order Euler algorithm for ordinary differential
equations, Iniesta and Garcia de la Torre proposed and
algorithm inspired in the second-order Runge—Kutta pro-
cedure. In the I-GT procedure, each step is taken twice, in
a predictor-corrector fashion. First, the predictor step is an
E-M step, taking according to eq 5 that conducts to
preliminary new bead positions r’;. Next, the forces, diffusion
tensors, and their gradients are evaluated at these positions,
and then the step is repeated, from the original initial position,
taking the means of the quantities calculated before and after
the predictor step (indicated with superscript *); thus, the
second corrector step is given by

Ar 1 ’ ’
r,=r +k—T§z(D° F 4D F) +
At—Z[( ) ( )]-I—R’—i—At(v—i—v)
J

(N

Although in the I-GT algorithm each step is taken twice,
which amounts to duplicating the computing time per step,
the time step Ar can be remarkably (over 1 order of
magnitude) longer than in the first-order E-M procedure, so
that the computing time needed to simulate a trajectory of a
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given duration is notably reduced. Several authors have
commented on the advantages of the I-GT procedure.”* >

Fluctuating hydrodynamic interactions between beads can
be accounted for by means of the Rotne-Prague-Yamakawa
tensor,”®>” valid when all elements or beads of the chain
are equal size. Garcia de la Torre and Bloomfield’® extended
that tensor to the case of nonequal elements. Using that HI
tensor, the diffusion tensor that enters in the Brownian
algorithm, Dy, reads

kgT
i 87‘[770rij

+ ruru + 02 + sz(ll _ rt/rt/)]

2 3 2
rij ry ry

®)

where r;; is the distance between beads i and j, and I is the
unit tensor. If beads i and j overlap (r; < 0; + 0;), then

k,T T
a (1 — 21)1 -

— 3 Nty
i 6mn.o 20

32 10

&)

where 0 = 0; = 0; if beads are equal size or 0 = (0; + 0))/2
otherwise.

Using this representation of the HI effect in the diffusion
tensors instead of the original Oseen tensor, the gradient oD,/
or; terms in eqs 5 and 7 vanish and the simulation algorithm
becomes simpler.

The most time-consuming process in BD with HI is the
generation of the random displacement vectors, which require
the calculation of a matrix B that satisfies D = B+B”. For
this purpose, McCammon and co-workers>**® used Cholesky
decomposition, with computing time proportional to N* with

= 3, and Fixman’? proposed an alternative procedure,
based on a Chebyshev polynomial approximation, that has
been implemented by some authors,®°”* with a ~ 2. It is
clear that for sufficiently large N, the Fixman procedure will
be more efficient, although (depending on details of the
numerical implementation) for the moderate N employed in
many instances, the procedure of McCammon may be faster.
BROWFLEX will implement both methods, and a detailed
comparison is to be published separately.

As in most dynamic simulation techniques, the time step
At must be sufficiently small so that the forces do not change
much in the step. When hard springs and other strong
interactions are present in the model, this requires quite short
steps. However, the fluctuations in hydrodynamic interaction
are much slower than those interactions, and during such
short time steps the change in the diffusion tensor is quite
small. Then, in an efficient strategy,“’63 the D tensor is not
calculated at each time step; instead, it is kept fixed for a
block of (say, 5—50) consecutive time steps, during which
the same B is used.

As indicated above, BROWFLEX includes also the
simulation of Brownian dynamics in a flowing solvent, which
allows the prediction of rheological properties and single-
molecule phenomena in flows.>”**** In a homogeneous flow,
the velocity of a fluid element can be written as

VW=G-r, (10

1
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Table 1. Velocity Gradient Tensors for Different Types of Flows
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tensor simple shear uniaxial elongational planar elongational
09 0 & 0 0 £ 0 0
veloc. grad., G 000 0 —¢2 0 00 O
000 0 0 =& 00 —¢

where r; is the position vector of the fluid element, and G is
the velocity gradient tensor that characterizes the flow. Table
1 gives the expressions®>®° of that tensor for three common
type of flows which, among others, are included in our
program.

3. BROWFLEX, the Simulation Program

As commented on above, BROWFLEX is the program
devised to perform both equilibrium and nonequilibrium BD
simulations of bead-and-spring chains with any topology and
with the possibility of selecting among several interaction
potentials associated with connectors, angles, torsions, and
nonbonded beads.

The information required to control the simulation is
organized in several input files having a simple, clear format,
so that long input files that are required in some situations
can be written by other user-supplied ancillary programs.
Thus, as other available software from our lab, BROWFLEX
is a data-file driven program, and it is not necessary to have
any script for running the simulations. The main input data
file just contains the collection of names of both the other
input files and the output files, as appreciated in Figure 2A.
One of the output files will provide a run-time simulation
report and the other one will contain the trajectory, i.e. the
Cartesian coordinates defining the macromolecular confor-
mations along the time.

Three compulsory input files are those containing (i) the
initial conformation (initcfile.txt) that consists just of a list
with the beads Cartesian coordinates; (ii) information on
molecular features as number of beads and their radii,
connectivity, and parameters of the forces (moleculefile.txt);
and (iii) information on simulation features as its duration,
the sample size (number of molecules), the time step value,
and the type of algorithm used (brownfile.txt). In Figure 2,
we show two examples of moleculefile.txt, one for a 12 base
pairs double-helical DNA model (Figure 2B), and another
one for a 471 base pairs bent DNA model (Figure 2C) (point
lines indicate that content is larger but it was omitted to save
space). As appreciated, the molecular file is formed by
several blocks of information that allow for defining indi-
vidually the different components of the model. Thus, we
have a list with the beads hydrodynamic radii, next a list of
bonds where the indices of the two connected beads and the
connector force parameters are supplied, next the list of
bending interactions with the indices of the three beads
involved and the bending force parameters, then a block for
torsions that in this case are not present, and finally the list
of excluded volume interactions with the indices of the pair
of beads not involved in bonds or angles and the excluded
volume force parameters.

4. Analysis of Trajectories and Calculation
of Properties. ANAFLEX, the Analysis
Program

The other program that forms part of the SIMUFLEX suite,
named ANAFLEX, was designed to analyze the trajectories
generated by BROWFLEX. Separating the generation and
the analysis of trajectories has the obvious advantages of
speeding up the trajectory generation and allowing for
analyzing the trajectory in as many ways as desired.

tlog file

(/\) bentDNA471bp-log.txt
!trajectory file

bentDNA471lbp-tra.txt
moleculefile.txt !molecular file
initcfile.txt !initial file

- !no flow file

- 'no electric field
- 'no wall file

- !'no special file
brownfile.txt !brownian file

(E;] 20. !temperature (Celsius)
0.01 !'solvent viscosity
12000. !molecular weight
DNA 20 base pairs 'title
40 !number of beads
3.5E-8 !bead radius
166 'number of connectors
7 10 1 2 1623.9 1.9127E-7 !middle connector
8 10 1 2 1623.9 1.3584E-7
9 10 1 2 1623.9 7.0538E-8
10 11 1 2 1623.9 7.0538E-8
10 12 1 2 1623.9 1.3584E-7
10 13 1 2 1623.9 1.9127E-7
10 29 1 2 1623.9 1.9322E-7
10 30 1 2 1623.9 2.0000E-7
10 31 1 2 1623.9 1.9322E-7
0 !'number of bending angles
0 !number of torsions
0 !number of nonbonded interactions
[(::) 20. !temperature (Celsius)
0.01 !solvent viscosity
2.8E+5 !molecular weight
Bent DNA 471 base pairs title
11 !number of beads
26.7E-8 !bead radius
10 !number of connectors
1 2 1 2 1.580 160.0E-8 !1st connector
10 11 1 2 1.580 160.0E-8 !last connector
9 number of bending angles
1 2 3 1 2 0.000 7.39E-14 !1st angle
5 6 7 1 2 2.356 7.39E-14 !middle angle
9 10 11 1 2 0.000 7.39E-14 !last angle
0 !number of torsions
0 number of nonbonded interactions

Figure 2. Examples of two of the user-supplied input data
files for BROWFLEX: (A) main input file and (B,C) molecular
input files for the 12 base pairs double-helical DNA model
and for the 471 base pairs bent DNA model (point lines
indicate that content is larger but it was omitted to save
space).
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Actually, ANAFLEX analyzes the Brownian trajectories
in a number of ways:

¢ One of the analysis modes consists of the evaluation, as
averages over a trajectory of a molecule simulated at
equilibrium (steady-state) conditions, of overall properties,
either conformational, like the radius of gyration, or hydro-
dynamic coefficients, in the above-mentioned rigid-body
Monte Carlo approach (RBMC),?*"?%%7 such as intrinsic
viscosity or diffusion coefficient.

e In another mode, the trajectories of a number of
molecules can be analyzed obtaining the averages, over the
sample, of the properties as a function of time, thus predicting
the time evolution of bulk solution properties upon the
cessation of external agents (e.g., electrical or flow fields).
Of course, it is possible to follow the evolution of each single
molecule in order to characterize molecular individualism
in single-molecule properties.-!:0%:6?

¢ The equilibrium BD trajectories can be also analyzed to
study the translational, rotational, and internal dynamics of
rigid and flexible particles through the calculation of various
time correlation functions, C(r) = {(F(fo,to + 1)), Where F(to,ty
+ ) is a quantity that depends on macromolecular conforma-
tion at time 7, and at a later time #, + #, averaging over all
possible choices of the initial time #,. Some relevant
correlation functions computed by ANAFLEX are as follows:

Translational Correlation.

Crmns(t) = <[rcm(t0) - I.cm(tO + t)]2>to (11)

That is the Einstein equation for the center of mass (cm)
mean-squared displacement, where the quantity r,, is the
position vector of the center of mass. From a linear fit of
Crans(1), the translational diffusion coefficient can be obtained.

Correlation of Any Interelement Vector, Including
the End-to-End Vector for Linear Topology.

C,'j(t) = <rij(t0) : rij(to + t))zo (12)

In this case, the correlated quantity is the scalar product
of the value of some characteristic vector, ry, defined between
elements i and j of the macromolecular model, at time ¢,
times its value at time #, + . Similar correlations can be
carried out for linear combinations of the r;’s, such as those
involved in the Rouse modes'*"'* of flexible polymer chains.
Thus, the longest relaxation time of the chain can be
computed from the decay of the correlation function of the
first Rouse mode.?®”° For the specific case of a linear chain,
the information on the relaxation time is also contained in
the correlation function of the end-to-end vector ryy.

P, Function of Some Characteristic Vector. The internal
dynamics of a flexible macromolecule can be characterized
by the Brownian reorientation of some unitary vector defined
inside the molecule, u. In such a case, the correlated quantity
will be the angle 0 (indeed its cosine) formed by two
successive orientations of the vector when a time ¢ has
elapsed, i.e. the scalar product of u at two times separated
by r. The correlation functions so defined are the Legendre
polynomials. Particularly, a quite common correlation func-
tion, involved in the time-dependence of various observable
properties (transient electric or flow birefringence and
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deformation, NMR relaxation, etc.)30’7l is the second Leg-
endre polynomial, P,

3 ‘u(r, + 1) — 1
(P = ([u(ty) “(Z‘; 01 _

Hcos 01y, 1, + D), — 1
2

13)

P, decay is usually fitted to a multiexponential in order to
obtain relaxation times associated with macromolecular
internal dynamics. In the case of P,-related electro-optic
properties (birefringence, dichroism...) of rigid macromol-
ecules, theory predicts that a set of up to five reorientational
relaxation times can be found.”*””

DDLS Correlation Function. Another interesting function
based on a second Legendre polynomial is the depolarized
dynamic light scattering correlation function, Cppis 7 (also
related to the electric birefringence decay that is proportional
to the birefringence decay),”®’” from which information on
rigid-body rotation and internal dynamics can be extracted

N—1 N—1
Cpprs(t) = ;2 z 2 <P2[llj(l0) . llj'(to + t)]>’o
N—=1 =1 j=1

(14)

As observed, Cppys is related to P, and the scalar product
u;(to) *uy(fy + ) that is the cosine of the angle subtended by
the connector vector j at instant 7, and the connector vector
J at instant f + f.

DLS Correlation Function. The (polarized) dynamic light
scattering correlation function, Cprg, may allow the simul-
taneous determination of the translational diffusion coefficient
and quantities related to the internal dynamics of flexible

parti cles®®7*7> and the macromolecular global size
1S &
Cprs(t,q) = = 2 z e 1 [rilto) =t (15)
NVist j=1 o

where the modulus of the scattering vector, Iql = (47/4)sin(6/
2), is determined by the wavelength of light, A, and the
scattering angle, 6.

Thus, dynamic coefficients (as translational diffusion
coefficient) and time properties (as relaxation times) can be
obtained by linear, polynomial, or multiexponential fits of
different time correlation functions. Those fits are also carried
out by ANAFLEX. In particular, ANAFLEX uses routines
adapted from the program DISCRETE”®® to make multi-
exponential fits. It is well-known that fitting multiexponential
functions with three or more components is an ill-posed
problem. Simpler situations are those of rigid and symmetric
particles or weakly bending rods. In any case one can hope
to extract the longest or a mean relaxation time.””

As BROWFLEX, the ANAFLEX program is driven by
simple data files. Figure 3 is an example of the only and
simple input file for ANAFLEX. The three first lines are
the names of different output files, then it comes a sequence
of numeric codes or “flags” to inform ANAFLEX about the
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'results file
'log file
!'summary file

bentDNA471bp-res. txt
bentDNA471bp-log.txt
bentDNA471bp-sum. txt

10 !'sampling frequency

2 'topology (linear case)
0 instant prop. (1-yes)

1 fanalysis mode (steady)
1,6 'number of properties

18,21,0,0,0
bentDNA471bp-tra.txt

!code for properties
'trajectory file

Figure 3. Example of the user-supplied input data file for
ANAFLEX.

properties to be calculated and the type of analysis to be
performed, and finally the name of the trajectory file is
supplied.

5. High-Performance Simulation in Multicore
Platforms

In many instances, BD simulation problems are suitable for
high-performance computing in multicore servers or clusters,
because they may involve somehow independent simulations.
The case is trivial when simulation is carried out for each
of a sample of many molecules, as in the above-mentioned
studies of time-dependency of bulk properties or single
molecule behavior. Steady-state averages can be calculated
either from a very long trajectory of one molecule or as mean
values of the averages of the values computed for a number
of molecules, and something similar happens when comput-
ing correlation functions C(¢). One can either obtain C(f) from
a single, very long simulation or determine the function for
a number of independent trajectories, averaging C(¢) for each
time . The multiple trajectories can be made practically
independent, if they are sufficiently long, by changing the
sequence of random numbers - in practice, changing the seed
of the sequential generator. Truly independent trajectories
are those starting from different, initial conformations that
would be generated a priori, for instance by Monte Carlo
procedures, or even with an inexpensive BD simulation
without HI.

In order to take advantage of multicore computers and
clusters (even a computer with two Quad processor has eight
cores), we have set up a scheme to run such multimolecule
simulations, based on two ancillary tools. First, Multi-
BROWFLEX “clones” what would be the files for a single
simulation, producing multiple copies changing either the
seed of the random numbers or the file containing the initial
coordinates. It also generates a batch file for all the execution
that is submitted to a load-balancing manager such as Sun
Grid Engine. The outcome consists of multiple results files,
one for each trajectory. Then, there is another tool, Multi-
ANAFLEX, which is in charge of collecting and reading all
those files, producing the final results as the proper averages
over those of each molecule.

6. Examples: Multiscale Simulations of DNA

In order to demonstrate the usefulness and versatility of the
mechanical model, BD algorithms and other methodologies
implemented in the BROWFLEX suite, we have chosen a
well-known and most relevant macromolecule, DNA, in sizes
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ranging from ~10 through ~10° base pairs. With a conve-
nient, more or less coarse-grained bead-and-connector model,
simulations of the dynamics in such multiple scales are
possible employing the same methodology. Next, we show
how BROWFLEX works by applying it to study the
dynamics of several DNA models, always in experimentally
observable situations.

6.1. A Double-Helical Model. There are macromolecular
solution properties related to the local dynamics and structure
of the molecule. In case of B-DNA this implies the
convenience of modeling the double-helix properly. It is clear
that atomic level simulations are quite expensive in CPU
time. Then a suitable mesoscale model is built by considering
the nucleotides in each strand as repetitive units. That model,
proposed years ago by Horta and Garcia de la Torre,*®!
contains the characteristic double-helix parameters: number
of base pairs, pitch, phase angle, helix diameter, etc. This is
a highly valuable model to represent short fragments of DNA.
Our group has already employed that model, where for
simplicity beads lie only on the outside, in order to study
hydrodynamic properties of double-helical DNA®® (later, in
the spirit of this kind of mesoscale simulations, similar
models have been employed by other workers).®*** If larger
DNA fragments were to be simulated, possible interpenetra-
tion of double helices can be avoided by using the hard-
sphere excluded volume included in our program or alter-
natively some other DNA mode] 5**

In this model, nucleotides are modeled by beads all of
them with the same hydrodynamic radius, o. Then, the
number of beads will be N = 2N,,, where N, is the number
of base pairs (bp). In addition, some degree of flexibility is
incorporated by using hard Hookean, elastic connectors
(Fraenkel springs, defined in paragraph after eq 2). For the
sake of minimizing the amount of interactions but keeping
the double-helical shape and the stiffness at short scale, we
found it adequate to connect each bead i to

1. its first neighbors along its strand (beads i £ 1), which
keeps connectivity and bond equilibrium length.

2. its second neighbors along its strand (beads i & 2),
which accounts for bending interactions.

3. its third neighbors along its strand (beads i £ 3), which
accounts for torsional interactions.

4. its counterpart in the other strand (bead i + N,,), which
accounts for interactions between nucleotides forming the
base pair.

5. the first neighbors of its counterpart in the other strand
(beads i + (N, £ 1)), which is necessary in order to keep
the strands together.

Figure 4 shows this model (in the straight, equilibrium
conformation) displaying all the connectors involving one
of the innermost beads (indeed, these are the connectors
whose data have been kept in Figure 2B).

As described in ref 86, we performed BD simulations by
using program BROWFLEX for double-helical DNA models
representing oligonucleotides with a different number of base
pairs Ny, all of them with the following features: helix radius,
r =10 A, pitch = 3.4 A, phase angle either ¢ = 180° (a
symmetrical helix, Figure 4) or ¢ = 120° (a nonsymmetrical
helix, more akin to the Watson—Crick structure), H =



Downloaded by UNIV DE MURCIA on October 13, 2009 | http://pubs.acs.org
Publication Date (Web): August 24, 2009 | doi: 10.1021/ct900269n

SIMUFLEX: Algorithms for Flexible Molecules

Figure 4. Double-helical model for DNA (A) showing the
connectors supported by one bead and (B) showing only the
connectors between neighbors in each strand.

Table 2. Diffusion Coefficients and Orientational
Relaxation Times of DNA Oligonucleotides Obtained via
Brownian Dynamics Simulations?®

Nip simul. ¢ = 180° simul. ¢ = 120° exptl
Dy x 107(cm? s71)
8 16.3 +1.8 16.7 £ 1.6 15.3
12 1832+ 04 134 +£1.2 13.4
20 10.6 £ 0.3 10.8 £ 0.5 10.9
Tee (NS)
8 3.3+0.2 3.9+0.5 3.2
12 6.1 +£0.7 7.8+0.8 6.4
20 16.7 £ 1.7 19.0+1.3 16.2

2 Comparison to experimental values obtained by Eimer and
Pecora.?”

200ksT/b1, where b, is the equilibrium length of the connector
binding bead i to its first neighbor in its own strand, 7 =
293 K, 5, = 0.01 poise, hydrodynamic bead radius o = 3.5
A, and equilibrium spring length b, = 7.0 A. The trajectories
generated by the Brownian dynamics simulation were
analyzed with program ANAFLEX in order to compute the
translational diffusion coefficient, D,, and the rotational
relaxation time of the end-to-end vector, 7,.. Within the
statistical uncertainty of the simulations, the results for the
two choices of ¢ are identical. Table 2 shows a comparison
between the values of those dynamic properties obtained by
simulation and the experimental values obtained by Eimer
and Pecora.®” As appreciated, the agreement is quite good.
It is noteworthy that D, and 7., are indeed quite close to the
predictions of a rigid-body hydrodynamic calculation, using
the HYDRO-++ program® for the straight equilibrium
conformation, demonstrating, thanks to BD simulations, the
validity of the RBMC treatment for overall properties of quite
stiff molecules. However, the relaxation time for the (P(¢))
function for a vector perpendicular to the helical axis differs
remarkably from the rigid-body prediction. While bending
is scarcely noticeable in such short oligonucleotides, torsion
of the helix, which influences the diffusivity of such
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XX

Figure 5. Sketch of a nearly touching beads model where
each bead embraces a piece of the DNA double helix.

transversal vector, is much more influential (for more details,
see refs 63 and 86).

Mesoscale models, with one, two, or a few elements per
amino acid residue'>®® are now being considered as an
alternative to atomistic simulation to predict dynamics of
natively unfolded (intrinsically disordered) proteins or that
of the folding process. Such models, and the important,
recently demonstrated,® HI effects in protein dynamics, can
be very adequately covered with our methodology.

6.2. A String of Touching Beads. A higher level in the
coarse-graining procedure results from considering the mac-
romolecular chain from a global perspective for which the
precise local structure is not relevant and assuming that its
flexibility is more or less uniformly distributed along its
backbone. These assumptions give rise to the well-known
wormlike chain model (or Kratky—Porod chain). In such a
model, the double-helical structure of B-DNA is not explic-
itly considered. The wormlike chain can be represented with
the generalized bead-and-spring model by setting constant
the connector lengths, as in the case of a freely jointed chain,
and allowing for the bond angles to fluctuate around their
equilibrium values (0° for an actual wormlike chain) with
an amplitude that depends on the flexibility of the chain.
Thus, the model can be used to represent from rigid to
flexible structures just by playing with the bond angle
parameters. In the same way, the model can be used to
represent structures with local bents just by setting the bond
angle located at the bent position to its characteristic value.

A limiting case of the wormlike chain model would be a
string of nearly touching beads each embracing a piece of the
double helix (see Figure 5). This macromolecular representation,
which could be termed as a “fine-grained” model, was initially
suggested by Schellman,”® implemented in Monte Carlo
simulations by Hagerman and Zimm?®* and in Brownian
dynamics simulation by Allison and McCammon,**°" and is
useful in representing short fragments of DNA of a few
hundreds of base pairs. The bead diameter, which is the same
as the connector length, is set to b = 24.5 A. In that way, the
diffusion coefficients of a straight string of beads are practically
identical to those of a cylinder with a diameter of 20 A, which
is the hydrated diameter of DNA deduced from cylindrical
models.”? Then, the contour length of a model chain with N
beads would be L = Nb = 24.5N A. On the other hand, the
length of a double-helical B-DNA related to the number of base
pairs is L = 3.4N,, A so that the relationship between N and
Ny is N = 0.14N},. In the Schellman-Hagerman-Zimm model,
the flexibility of the chain is represented by a bending potential
quadratic in the bending angle, o, subtended by two successive
links between neighbor beads. The bending force constant is
related to the persistence length, P, by Q = kzTP/b. Therefore,



Downloaded by UNIV DE MURCIA on October 13, 2009 | http://pubs.acs.org
Publication Date (Web): August 24, 2009 | doi: 10.1021/ct900269n

2614 J. Chem. Theory Comput., Vol. 5, No. 10, 2009

Figure 6. Nearly touching beads model for a DNA of 207
base pairs.

for a typical P =500 A and a T=293 K, Q0 = 8.24 x 107"
erg. The connector length is kept more or less constant (~10%
in length fluctuation) by using stiff Fraenkel springs with a
spring constant H = 100kzT/b* = 67.4 erg/cm?.

According to the above specifications and values of the
model parameters, a DNA of 207 bp was modeled by 29
touching beads as illustrated in Figure 6. We simulated two
variants of such a DNA molecule: a) an unbent DNA, with
the equilibrium value of all the bond angles equal to zero,
and b) a bent DNA, with the equilibrium value of the bond
angles zero except for the central one that was set to 40°.

This comparison is intended to analyze the effect of such
sharp bents, induced by some special base sequences, in the
diffusivity of short DNA molecules.”**® For both model
chain, BD simulations with HI were carried out by using
BROWFLEX. From the generated trajectories, the transla-
tional diffusion coefficient and the orientational longest
relaxation time of the end-to-end vector coming from both
the correlation function based on depolarized dynamic light
scattering (applicable to electric birefringence decay) and the
correlation function based on the second Legendre polyno-
mial P, were computed by using ANAFLEX. As noted
above, Hagerman and Zimm?? anticipated, other works®7-%4
confirmed that the RBMC treatment (implemented in MON-
TEHYDRO)'? works well for quite stiff semiflexible mac-
romolecules in the prediction of not only translational
diffusion but also overall rotational diffusion. Table 3
demonstrates that the RBMC results are in very good
agreement with those of the BD simulations.
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Table 3. Diffusion Coefficients and Orientational
Relaxation Times of Bent and Unbent DNA Obtained via
Brownian Dynamics and Monte Carlo Simulations

bent unbent
D; x 107 (cm? s™') (RBMC) 2.35 2.33
D; x 107 (cm? s7') (BD) 2.34 2.32
Tee (us) (BD-Py) 2.8 3.2
Tee (us) (BD-DDLS) 25 3.1

6.3. Coarse-Grained Model of the Wormlike Chain. A
cruder coarse-grained representation of the wormlike chain
mentioned above consists of a string of nontouching beads
connected by stiff springs, including a bending potential
between successive connectors that determines the persis-
tence length of the chain (see Figure 7). BD simulations on
this kind of model were presented years ago by Allison and
co-workers?!-76-91:93

The only free parameter of this model is the number of
beads, N. As long as N is large enough the results are
independent of its exact value. Thus, we can assign values
to the parameters of our bead-and-spring chain by previously
choosing a value for N (it is remarkable that a DNA molecule
with 2311 base pairs can be modeled as a chain of only 10
beads).” Then, the connector length is fixed by the relation-
ship b = L/(N — 1). The constant of the stiff springs is set
to H = 100kzT/b?, and the equilibrium bending angle is set
to oy = 0. Finally, the constant of the bending potential, Q,
is chosen to adjust the persistence length, P, or the radius of
gyration, R,, of the real macromolecular chain, and the bead
radius, o, is chosen to adjust its translational diffusion
coefficient, D,. Using the just described parametrization
procedure, we modeled an unbent DNA of 471 bp with N =
21 beads and a bent DNA of 471 bp with both N = 11 and
N = 21 beads. The central bent was set to 45° in order to
reproduce the kind DNA worked out by Stellwagen and co-
workers.”? Figure 8 shows the evolution of the depolarized
dynamic light scattering correlation function for the three
simulated DNA model chains. Those correlation functions
were obtained after analyzing with ANAFLEX the corre-
sponding Brownian trajectories with a duration r = 2000 us
(much longer than the longest relaxation time) generated with
BROWFLEX. As observed, the value of N does not influence
the results. On the other hand, the difference in dynamics of
bent and unbent DNA is easily characterized. That figure is
in agreement with Figure 2(b) in ref 93.

6.4. Single-Molecule Stretching of Long DNA in a
Flow Field. It is well-known that flexible polymer chains
subjected to extensional flows with a rate of strain greater
than a certain critical value experience the so-called “coil-

Figure 7. Bead-and-connector model for a wormlike chain.
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e N=11 bent
e N=21bent
® N=21unbent

C-DDLS (birefringence)

0 2 4 6 8 10 12 14
time (us)

Figure 8. Evolution of the DDLS correlation function for the
three DNA molecules modeled as wormlike chains.

stretch” transition.”® This phenomenon consists of the abrupt
unraveling of the random coil to a stretched conformation.
In an already classical series of single-molecule experiments
carried out with DNA, Chu and co-workers showed that the
coil—stretch transition occurs in a particular manner for each
chain in a given sample.*"*”*® This is called molecular
individualism.®® Brownian dynamics simulation has been
revealed to be an adequate technique to reproduce such a
behavior.' 3240

We show that BROWFLEX is able to reproduce the
experimental results of a sample of DNA molecules as those
employed in one of the pioneering experiments by Chu et
al.*! In that experiment a circular A-DNA with 48.5 x 103
base pairs was converted into a linear chain by thermal
treatment. Then, each macromolecular chain was stained
fluorescently, subjected to elongational flow, and its stretch-
ing behavior was monitored by means of fluorescence
microscopy. According to the authors of that work the stained
DNA employed had a contour length L = 22 um and a radius
of gyration (s*!> = (.73 um (as estimated from the measured
translational diffusion coefficient, D, = 0.47 um?/s). Thus,
assuming a characteristic persistence length for DNA of P
= 0.05 um, the ratio L/P = 440 ensures that DNA is a
flexible chain with random coil equilibrium conformation.
Finally authors inform that the solvent viscosity is 7, = 41
cP and the working temperature is 7 = 22.7 °C. Since we
are interested in reproducing the global conformation and
dynamics of a quite large and flexible DNA chain, we can
use a rough coarse-grained model. The model consists of a
linear chain of N = 20 beads connected by N — 1 = 19
FENE springs that are able to capture both the Gaussian
statistic that appears at low strain rate and the finite
extensibility that plays a role at high strain rate. Thus, each
bead represents a large DNA segment. Taking into account
that L = [,,,,(N — 1), we get a maximum spring length /,,,,
= 1.16 um. Then, by using the experimental radius of
gyration, we get a value for the equilibrium spring length
that, after some fitting refinements, turns out to be b = 0.448
um.

We performed BD simulations of that FENE chain under
elongational flow without EV interactions, which implies
theta conditions, and including fluctuating HI, with a value
of the hydrodynamic parameter h* = 0.25, which corre-
sponds to a hydrodynamic bead radius o = 0.257b.
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A: Experiment B: Simulation
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Figure 9. Time evolution of the extension of individual DNA
molecules subjected to elongational flow. Comparison of
experimental (left graph adapted from ref 41) and simulation
(right graph) results.
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Figure 10. Time evolution of the distribution of the extension
of a sample of DNA molecules. Comparison of experimental
(left graph adapted from ref 41) and simulation (right graph)
results.

One of the optional input files, intended to describe steady
or time-dependent flows (see BROWFLEX user guide), is
used to specify a steady elongational rate £ = 0.86 s~!. That
is the maximum elongational rate employed in ref 41, a value
for which the molecular individualism is more clearly
appreciated. The property monitored in the experiments by
Chu and co-workers was the chain extension along the flow
direction; therefore, we studied also the time evolution of
that chain property. In order to get a good ensemble, we
simulated 1500 molecules. In this study, ANAFLEX works
in the multimolecule mode, supplying the time evolution of
the sample-average and single-molecule properties (the
extension as measured by Chu and co-workers is among the
numerous properties that the program can analyze).

Figure 9 is a comparison of the evolution of the molecular
extension computed from our simulations to that obtained
experimentally.*' The molecular individualism is appreciated
as the particular paths followed by the time evolution of the
chain extension: different chains experience coil—stretch
transition at different times and reach different amount of
extension. As observed, simulation results are in agreement
with experiments as well as with other computer simula-
tions.”” Furthermore, in Figure 10 we compare the time
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evolution of the histogram representing the probability
distribution of the molecular extension obtained from simula-
tions with that reported by Perkins et al. (Figure 1(B) in ref
41). Both histograms series are in excellent agreement.
Initially, when the Hencky strain is small & = 2.5, most of
the chains are close to their coil conformation although some
of them can be stretched, and therefore both histograms are
slightly broad and present a maximum at low extension (~5
um). As time goes by and strain increases, histograms start
to get broader and eventually a peak at a extension corre-
sponding to the fully stretched conformation starts to develop
owing to the increase number of chains that become
stretched. That peak occurs at the same strain value in both
experiment and simulation. Interestingly, at a higher strain
a second peak at half the maximum extension arises. That
second peak corresponds to folded “hairpin” conformations,
which have an extension approximately half of the contour
length. Again, the simulation was able to reproduce the
experimental evidence.

7. Concluding Remarks

We provide a useful tool for the Brownian dynamics
simulation and analysis of flexible and semiflexible bead-
and-spring macromolecular chain models, SIMUFLEX,
which consists of two programs, BROWFLEX and ANAFLEX.
The programs are easy to use and were designed to be quite
general. Thus, BROWFLEX can handle macromolecular
models with any topology and include a number of common
interaction potentials that can be easily extended in future
versions. A key feature of this BD simulation tool is
the inclusion of fluctuating HI, that allows to perform more
realistic simulations. On the other hand, ANAFLEX is quite
simple to employ and contemplates the analysis of a number
of solution properties (in both steady-state and time-
dependent conditions) and time correlation functions, which
can also be extended in future versions. The examples
employed in this paper have tried to show how the programs
work and have in common to correspond to simulations of
DNA dynamics in different scales. Thus, it was shown how
SIMUFLEX is able to produce results comparable to
experiments for different DNA problems that require to
model the DNA chain with a different coarse-grain level.

8. Computer Methods

The SIMUFLEX suite that includes the BROWFLEX and
ANAFLEX programs, as well as MONTEHYDRO and other
related public-domain software, can be freely downloaded
from our Web site at http://leonardo.inf.um.es/macromol.
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