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Abstract

We present CGeNArateWeb, a new web tool for the three-dimensional simulation of naked DNA and protein-bound chromatin fibers. The
server allows the user to obtain a dynamic representation of long segments of linear, circular, or protein-DNA segments thanks to a Langevin
dynamics coarse-grained (CG) model working with a machine-learning (ML) fitted C1’-resolution Hamiltonian. The CG trajectories can be back-
mapped to atomistic resolution using another ML algorithm trained on a large database of molecular dynamics (MD) simulations. The method
allows the user to get structural and dynamic information on large (kilobase range) portions of both protein-bound and free DNA, to transform
conceptual cartoons into structural and dynamical models. Trajectories are analyzed using an extensive set of nucleic acid-specific analysis
tools, and the results are displayed using a powerful and flexible graphic interface. The web tool uses state-of-the-art technologies such as
(i) Docker components orchestrated by Docker Swarm, with containers deployed on demand for computations, (i) WebGL-programmed NGL
molecular viewer and the JavaScript plotly library for interactive plots, and (iii) noSQL-MongoDB for storage. The server is accessible at https:
//mmb.irbbarcelona.org/CGNAWY/. The web tool is free and open to all users, and there are no login requirements.
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Introduction dynamical information on biological macromolecules is still
Obtaining dynamic information on structural systems has be-  very challenging. On one hand, experimental techniques use
come the new frontier in the post-AlphaFold era. Obtaining experimental setups designed to reduce flexibility, as a very
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flexible structure will not provide net images, densities, or
clear NMR signals. On the other hand, information-based
techniques learn using multiple sequence alignments (MSAs)
and structural information; i.e. they need to infer flexibility by
fragmenting MSAs to provide alternative structures [1], which
very often have little physical sense [2], and by construction,
never define a Boltzmann ensemble of the macromolecular
system. In this context, simulation techniques appear as the
only alternative to provide information of macromolecular
dynamics at the atomistic level under physiological-like con-
ditions. Despite recent advances in accuracy and speed [3-5],
traditional MD is still limited by the size of the system and the
timescale of the process to study. Such scale problems arise
from the large number of particles that need to be consid-
ered, as well as by the small (femtosecond range) integration
time step. In this context, coarse-graining (CG) models, where
many atoms are considered together as a single heavy bead
and solvent is simplified as a continuum, emerge as an ex-
citing approach to extend the range of applicability of MD
simulations.

DNA is probably one of the most complex macromolecule
to study, and a textbook example of a multiscale system mov-
ing from nanometers to meters in space scale and from pi-
coseconds to hours in the timescale. Techniques such as X-ray
crystallography, NMR spectroscopy, or atomistic MD, which
provide good representations of small and rigid DNA frag-
ments, are useless to study long segments, especially in the con-
text of chromatin, where DNA is intimately bound to effector
proteins. Recently (see [6] and references therein), a variety of
techniques based on sequencing (MNAseq, CHIPseq, ATAC-
seq, chromosome conformation capture, etc.) have emerged as
the main source of low-resolution data, providing information
on the accessibility of chromatin, its intra- and intermolecular
contacts, and the region of protein-DNA interactions. How-
ever, transforming this low-resolution data into structures re-
quires the use of CG models (see [7-15] and recent review
in [4]). Currently, most of the available CG methods are cre-
ated to study medium-size systems, neglect sequence variabil-
ity in DNA properties, or cannot easily incorporate proteins
and other effectors in the simulation. Furthermore, CG meth-
ods are implemented in expert-oriented simulation packages,
requiring dedicated hardware and specialized analysis pack-
ages. The net result is that, currently, the typical “wet-lab”
bioscientist lacking this expertise is unable to transform the
experimental information on chromatin into structural mod-
els.

We present CGeNArateWeb (CGNAW), a new web tool in-
corporating an extended version of our ML-trained sequence-
dependent C1’-based CG model of duplex DNA [7, 16] able
to deal with short-time response dynamic representation of
Kb segments of DNA, both naked (linear and circular) and
protein bound. In addition to the CGeNArate [7] simula-
tion engine, the server incorporates a modified version of
the ML method GLIMPS [7, 16], which transforms CG sam-
plings into atomistic ensembles that can be downloaded for
in situ analysis or subjected to a set of DNA-adapted anal-
ysis tools incorporated in the server. CGNAW democratizes
the use of MD techniques and fills the gap between atom-
istic and chromatin simulations. The tool is freely accessi-
ble at https://mmb.irbbarcelona.org/CGNAW/. A source code
useful to perform simulations of naked DNA longer than
those accessible from the server can be downloaded from
https://github.com/mmb-irb/cgenarate-materials/tree/main.

Materials and methods

Simulation engine

The CGeNArate method represents the DNA geometry with
one bead per nucleotide located at the C1’' position and
a polynomial expansion of the intramolecular DNA energy
[15, 17], which accounts for short-range intrastrand dis-
tance (i — i £ 1) and angle (i — i & 2) term and inter-
strand distance-dependent terms (i — j, j + 1,...,j + 5).
The parameters in the equations are determined by fitting
variance/covariance matrices derived from MD simulations
of all unique tetramers of DNA [17] and our local database of
PARMBSCI1 [18, 19] atomistic trajectories of DNA duplexes
[20]. The CGeNArate Hamiltonian includes also a Lennard
Jones and a Debye-Hiickel term to account for remote in-
teractions, which facilitates the incorporation of interacting
particles. The (mostly) local nature of the Hamiltonian fa-
cilitates parallelization in the stand-alone version, within the
OPENMP protocol, which grants a very good scalability of
the calculation. Finally, to achieve the ultra-fast sampling re-
quired for a server, the current implementation considers ef-
fector proteins as dummy particles whose interactions are
projected into the DNA beads, and the internal dynamics of
bound segments of DNA are kept constrained using Lagrange
multipliers.

Back-mapping procedure

A modification of the GLIMPS algorithm [7, 16] is used to re-
constitute atomistic coordinates of the DNA from C1’ beads,
while the PDB structure is used to reconstitute protein
atoms. GLIMPS uses an ML-powered two-step approach, first
transforming CG coordinates to an atomistic representation
of the sugar—phosphate backbone in 10-mer segments, and
then in a second pass generating coordinates for the specific
base pairs. As discussed elsewhere, the back-mapping method
was trained using our PARMBSC1-BigNAsim library of MD
simulations [20] and is able to capture with impressive accu-
racy not only the global DNA shape but also fine details at the
base-pair step level and even the backbone geometry [7].

Computational efficiency

The stand-alone version of CGeNArate, which can be down-
loaded through github, is capable of simulating 1ns of dy-
namics of a 1kb DNA duplex within 50s, using a single Zen-
0do3 core. With an OPENMP parallel version, the time is re-
duced to 8s in 16 cores. Current web implementation, how-
ever, is restricted to 500 bp due to the inherent limitations of
web-based visualization tools, which struggle with rendering
larger datasets efficiently in a browser environment. Simula-
tion time is restricted to 200 ns to provide results within a rea-
sonable waiting time. Further versions implementing the par-
allelized version would allow reaching the multi-microsecond
timescale with the fast response expected for a web interface.
Longer simulations, e.g. those required to explore circulariza-
tion propensities, could require downloading the source code
(see above). Note that the sampling obtained with a CG model
with implicit solvent is at least 10 times larger than that ex-
pected from an atomistic resolution with explicit solvent sim-
ulation [7]. The computational cost of back-mapping the CG
simulation into the atomistic level is around 2 s per frame for
a 500-bp sequence (20 000 atoms).
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Figure 1. Structural and dynamical characteristics of a 100-nt linear DNA, simulated for 100 ns: (A) Bending distributions for 5- and 10-bp windows and
the whole fiber, also separated by directional contributions. (B) Major groove depth showing binding pockets of around 6 A. (C) End-to-end distance
visualization for the most bent structure on top and most extended structure on the bottom, showing also the interactive distance—frame-structure

interface.

Technology

CGNAW is a web portal implemented with Slim PHP micro-
framework (https://www.slimframework.com/) following a
model-view—controller architectural pattern, supported by
a MongoDB noSQL database (https://www.mongodb.org).
NGL molecular viewer [21] is used to visualize 3D structures
and trajectories, and the plotly JavaScript package (https:
/Iplot.ly/) for modern data visualization was chosen to dis-
play all the analysis plots. Jobs are queued using SGE man-
ager (http://gridscheduler.sourceforge.net/), and served in an
on-demand processing model performed by Docker contain-
ers automatically deployed in a Docker Swarm stack for multi-
tiered applications.

Input information

Starting from a DNA sequence, CGNAW offers the possibil-
ity to study three systems: naked linear DNA, circular DNA,
and protein-bound DNA (see above). The user should select
the desired level of resolution in the output (CG or atom-
istic) and the operations to be performed with the ensem-
ble (up to 500 structures, collected from the total simula-
tion time, of up to 100 ns), flexibility analyses, etc. (see ex-
amples below). Depending on the type of DNA considered
(naked, protein-bound, or circular), additional input parame-
ters are needed. For example, the linking number is required
for circular DNAs, and the PDB IDs of the proteins bound

to DNA need to be specified when simulating DNA-protein
complexes. Note that in the present version PDB entry is not
universal, but structure should be retrieved from a continu-
ously extended list of PDB curated complexes. The server of-
fers the user the possibility to place the protein(s) at specific
site(s) or scan the DNA to find the places where deforming
the DNA to adopt the bioactive conformation is easier. This
is computed by determining the elastic energy required to de-
form the DNA from the equilibrium to the protein-bound con-
formation as described elsewhere [22, 23].

Upon selecting the submit button, the user receives a URL
address where they will find all the results of the simulation
once it is completed.

Output information

CGNAW results are divided into two main sections: (i) sum-
mary, which contains information about all the input param-
eters chosen for the job process, together with an NGL visual-
ization of the generated structure and trajectory, and (ii) tra-
jectory flexibility analysis, which contains a set of flexibility
analyses done on the generated trajectory. The list of analy-
ses varies depending on the selected method and resolution,
and all together provide a full description of DNA flexibil-
ity. The inventory of analyses performed within the server in-
cludes helical parameters, stiffness energy constants, distance
contact maps (for DNA and proteins), end-to-end distances,
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Figure 2. Structural impact of overtwisting in DNA, comparing +3 and O ALk for a 92-bp sequence. (A) Final structures of the simulations, left ALk =
+3; right, ALk = 0. (B) Minimum distances for nucleotide—nucleotide contacts: top, ALk = +3; bottom, ALk = 0. (C) Writhe and helical values for the
ALk = +3 simulation, showing recovery of helical turns from 12 (+3) to canonical 9 (+0). (D) Helical values for the ALk = 0 simulation, stable at 9.

DNA bending, persistence length, elastic energies, and virtual
DNA footprinting, among others. Results are presented in a
very intuitive and friendly interface, exploiting interactivity
when possible (see section below). A guided tour for each anal-
ysis tool helps the user to get started navigating through the
analysis section.

Each of the results sections offers the possibility to down-
load the specific analysis raw data in a compressed file for
further analysis or as a starting point for atomistic MD
simulations using local tools, standard packages such as
CURVES [24], or our DNA-specific BioExcel Building Blocks
workflows [25-27]. Access to the web server is free. Sample
inputs and outputs are supplied to ease the process of getting
familiar with the tool and its possibilities.

Results

The server includes a few examples of potential use of the tool
to represent DNA ensembles (Figs 1-3) for both for naked and
protein-bound DNA.

One example is the study of the dynamics of long pieces
of DNA (100-mer in the example), for which the user can
explore the general structural and dynamical characteristics,
the groove geometries (to explore possible binding pockets),
persistence lengths, and end-to-end distances to evaluate the
circularization propensity of different sequences (Fig. 1). Here
the server offers an interactive interface that displays the struc-
ture together with an end-to-end distance plot and an evalu-
ation of the persistence length for rigid and flexible duplexes.
Navigating through the top slider, the user can easily have a
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Figure 3. Structural results for a DNA fiber with four bound proteins: (A) Solvent accessible surface area computed for the final structure in the
simulation. The DNA fragments where proteins are placed are highlighted with gray-shaded regions, correlating with decreased accessibility. (B)
Interactive protein—protein contact evolution, showing the lowest distance between the chosen proteins, and the structure with most probable
cross-talk between the proteins. (C) Distortion impact of the binding proteins toward the DNA. The top graph shows the helical parameter roll per base
pair step, one of the best internal descriptors of DNA wrapping. The bottom graph shows DNA bending along the sequence, also identifying DNA

wrapping with the more highly bent regions of the duplex.

3D view of the generated ensemble, from the most extended
to the most bent structures (Fig. 1) for both duplexes.

A second example demonstrates the potential of CGNAW
to study the dynamics of DNA mini-circles under different
linking numbers. This is reflected in the predicted shapes,
as well as the evolution of writhe and twist values, follow-
ing trends from atomistic simulations [28]. Long-range con-
tacts illustrate how the simulation is able to spontaneously
detect superhelical formation resulting from a change in link-
ing number and the tendency of DNA to recover its natural
twist (Fig. 2).

A third example refers to the simulation of protein-DNA
complexes, where we show how our simple method is able
to provide abundant information on the nature of large chro-
matin fiber containing several bound proteins. The method
is able to detect regions of DNA protected to degradation
(shown as those with reduced Solvent accessible surface area
(SASA)), providing information useful to rationalize footprint-
ing experiments. The server is also able to detect the regions
of large distortion in the duplex, the DNA-mediated protein—
protein contacts, with the possibility to dynamically select the
snapshot(s) with the highest probability of protein cross-talk
or the end-to-end distance in the fiber (Fig. 3). Very interest-
ingly, by playing with the protein—protein contacts, the user
can explore the impact that dimerization domains might have
on the system or the impact that the presence of rigid or flex-
ible linkers might have in determining the structure of the
global chromatin fiber.

Discussion

DNA is one of the most complex macromolecules and one
of the few research fields where scientists with very different
background, from experimental molecular biologists to theo-
retical physicists, converge. Molecular biologists often rely on
very coarse data, coming in most cases from low-resolution
biophysical or sequencing experiments. However, in order to
derive testable hypothesis, this qualitative information should
be transformed into structural models. Theoreticians have de-
rived simulation tools that could be useful to derive struc-
tural and dynamical information, but the methods are compu-
tationally demanding and require large supercomputers and
deep knowledge on simulation techniques and associated
software. CGNAW aims to fill the gap between molecular bi-
ologists interested in understanding the properties of DNAs
and protein—-DNA complexes and molecular simulation tech-
niques. We show that the server, which implements a very sim-
ple CG simulation engine providing C1’ resolution trajecto-
ries (mappable at the atomistic level), is able to provide the
end user, at little computational cost and without any need
for specific knowledge on simulation, information that can be
of direct interest for molecular biologists.
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