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ABSTRACT

Dendrimers and dendrons offer an excellent platform for developing novel drug delivery
systems and medicines. The rational design and further development of these repetitively
branched systems are restricted by difficulties in scalable synthesis and structural
determination, which can be overcome by judicious use of molecular modelling and molecular
simulations. A major difficulty to utilise in silico studies to design dendrimers lies in the
laborious generation of their structures. Current modelling tools utilise automated assembly of
simpler dendrimers or the inefficient manual assembly of monomer precursors to generate
more complicated dendrimer structures. Herein we describe two novel graphical user
interface (GUI) toolkits written in Python that provide an improved degree of automation for
rapid assembly of dendrimers and generation of their 2D and 3D structures. Our first toolkit
uses the RDkit library, SMILES nomenclature of monomers and SMARTS reaction nomenclature
to generate SMILES and mol files of dendrimers without 3D coordinates. These files are used
for simple graphical representations and storing their structures in databases. The second
toolkit assembles complex topology dendrimers from monomers to construct 3D dendrimer
structures to be used as starting points for simulation using existing and widely available
software and force fields. Both tools were validated for ease-of-use to prototype dendrimer
structure and the second toolkit was especially relevant for dendrimers of high complexity and

size.



INTRODUCTION

Dendrimers and dendrons are a type of hyper-branched macromolecules characterised by a
well-defined three-dimensional branching architecture with a high degree of mono-disperse
molecular weight characteristics emanating from a multifunctional core [1]. They are often
defined by the composition and chemistry of their core, branching (internal monomers) and by
their multivalent terminal groups (surface groups). This results in a wide diversity of different
topologies described in the literature since different core precursor and branching monomers
can be used in their preparation. In particular, the use of different types of monomers can
have dramatic changes in the size, volume, shape, flexibility, physicochemical properties and
available space (interior density) of dendrimers [2, 3]. These features provide an excellent
platform for potential applications of dendrimers for various purposes, for example: enhancing
solubility and delivery of drugs [4-8], optimization of therapeutic agents toxicity [9, 10],
developing sensors [11], diagnostic agents [4] and transfection reagents [12]. The multivalent
surface of dendrimers can also be utilized for passive or active targeting by modification of
terminal groups using small molecules or macromolecules to employ relevant molecular
recognition mechanisms [12-17].

Dendrimers are prepared following a wide range of synthetic routes. Divergent routes
essentially proceed from the core outwards, and convergent routes tend to proceed from
branched end groups to the core. Due to the hyperbranched character of dendrimers, the size
of the structure, complexity and branching increases with each additional generation. The
increase of each generation often results in the doubling the number of end groups with the
possibility that intricate branched structures can be formed. Eventually dendrimers reach a
generation number where end-group crowding results in restricted chemical accessibility self-
interruption of synthesis [18]. The conformation of dendrimers at lower generation numbers

can be different from higher number generation dendrimers and their conformation in



solution is highly dependent on chemical structure and requires analysis on a case-by-case
basis. For example, generations 1 and 3 of equilibrated triazine dendrimers in water assume a
globular-like configuration with a dense core and flexible surface, generation 5 becomes less
spherical but having still dense core, while generations 7 and 9 are porous and open to the
penetration to the solvent [19]. As with most polymers, the behaviour of end groups depends
on the nature of the terminal groups, in some cases the end groups may be flexible [19] or
folded into the interior of the dendrimer [18].

The size and flexibility of structures of many dendrimers prevent the unequivocal
determination of their conformation using common experimental techniques. Currently, there
are only 15 reported structures of dendrimers determined by X-ray crystallography in the
protein data bank (PDB) [20]. There is a significant progress in analysis of dendrimers using
NMR from distinguishing the signals of different generations and signal assignments [21, 22]to
understanding the dynamics and mobility of dendrimers [23]. However, the full three
dimensional structure determination of dendrimers using NMR is still hindered due to the
repetitive nature of monomers in each generation of the dendrimer that leads to ambiguous
assignments of nOe signals. The use of biophysical and physicochemical techniques can
provide information on complexes that dendrimers form with other molecules of interest [24],
however the detailed structural information that can be obtained experimentally remains
limited.

Due to the large variation in chemical structures of monomers that can be used to prepare
dendrimers, it is increasingly difficult to envision their important properties, such as shape,
flexibility and interior flexibility. Molecular modelling and simulations has become a powerful
tool to probe and model molecular structural information. Molecular modelling has been
increasingly used to rationally design dendrimers for biomedical applications with special focus
on studying their structure and dynamic response to environment stimulus (e.g. pH change) as

well as interactions of dendrimers with other molecules [23, 25-28]. Modelling studies of



dendrimers have been conducted using different force fields developed for proteins and small
molecules, including CHARMMI[29], AMBER[30], CVFF[31], Dreiding[32], GROMOS[33],
COMPAS [34] and OPLS[35]. Although these types of molecular modelling studies provide
information that corroborate experimental data, it still remains difficult to generate the three
dimensional models of relevant dendrimers in silico. This is particularly true for larger
generations or for non-regular dendrimers or dendrons with complex structures. Several
molecular modelling tools are suited to build regular dendrimers and hyper-branched
polymers, namely Starmaker (part of Silico toolkit)[36, 37], Dendrimer Building Toolkit[30],
Dendrimer Builder in Materials Studio [38] and HBP builder [39]. However, there are still
opportunities to automate process of generation of the structures of more complex
dendrimers or dendrons. We have previously developed a method to describe dendrimer
structures as a sequence of monomers accompanied by a “connectivity table” [40] for use in
generating structure using XPLOR-NIH software [41]. This method still required the manual
description of the sequence and the “connectivity table” and thus lacked the automation
required for general use. Therefore, there is still a demand for a GUI that allows building
frameworks of dendrimers and dendrons with different chemistries and being able to use
different force fields in a reliable manner.

This manuscript concerns the description of an algorithm presented in a GUI to generate the
sequence of monomers and connectivity tables to be exported to XPLOR to generate topology
files of dendrimers and complete 3D structure to be used in MD simulation packages.
Additionally, we also provide an automated method to generate 2D structure and smiles of
dendrimers for fast prototyping and database management of these macromolecules. Both
tools were shown to provide a faster and easier way to assemble dendrimers in preparation

for further computational studies.



RESULTS AND DISCUSSION

Our approach aims to provide a framework of tools to build dendrimers and dendrons in a
reliable and consistent way using two approaches according to the level of parameterization
and complexity of the dendrimer required. As with other dendrimer building strategies, the
principle is to construct the dendrimer framework from the set of monomers needed to
increase the dendrimer generation number.

We focused on tools written in Python language that allow the design of different chemistry
templates with varying complexity. In cases where parameterization for further MD simulation
of dendrimers is not required and only the assembly is important we provide a GUI to
generate 2D mol files of dendrimers (Toolkit 1). When parameterization is required to further
model the dendrimers, we created a GUI to automate our previously reported method [40].
This new GUI generates the input file containing the sequence of monomers and their
connectivity to be used in XPLOR to generate the pdb and psf files that can then be submitted
to MD simulations (Toolkit 2). This tool is not restricted to build large dendrimers but was also
focused on being able to build complex dendrimer and dendrons frameworks. For example, a
more complex dendrimer may comprise a small number of generations derived from one type
of monomer (e.g. flexible, hydrophobic), which is then followed by another type of monomer
(e.g. rigid, hydrophilic) with variations of multiplicity and length of linear sequences.

Toolkit 1 - Quick generation of 2D mol files. While generating the 3D structure of dendrimers
is a key goal when assembling dendrimers, there are several computational applications that
do not require 3D coordinates. Having a quick and reliable way to generate 2D structure of
dendrimers in silico is useful for various applications including database management for
dendrimers, creation of images, rapid prototyping and in cheminformatics, such as QSAR, data
mining and machine learning models. It is therefore useful to have an automated tool for

building dendrimers without the need for more complex modelling tools and



parameterization. Thus, we developed a GUI using PyQt4 (Figure 1) using the RDKit library in
Python to have a flexible tool to rapidly generate 2D mol files of dendrimers, which include the

smiles, a 2D image and a mol file with no coordinates.
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Figure 1. Graphical user interface for assembling 2D structures of dendrimers showing a way
how to assemble PAMAM dendrimers. The application utilizes mol files of the precursor’s
monomers and information on how these are reacted using SMARTS reaction description. A)
Snapshot of the GUI of the first step in building a dendrimer and requires an entry to load the
core; B) Snapshot of the GUI after adding a reactant and adding relevant information into

entry boxes.



RDKit is an open-source cheminformatics software with a large collection of algorithms
to perform in silico manipulation of molecules. In particular this library has functions to
describe and apply chemical transformations using the SMARTS-based language similar to
Daylight’s Reaction SMILES [42]. This module is commonly used for virtual chemical library
generation to quickly generate big libraries of compounds for virtual high throughput
screening [43]. In order to “synthesize” a new compound, the algorithm requires the smiles of
both reactants and the reaction between both described in SMARTS language. The functional
groups required for the reactions are then mapped onto both precursors and linked
accordingly to the description. For example, a generic peptide bond formation can be
expressed as an amine (-CNH,) reacting with a carboxyl (-COO) and would be described in
SMARTS as [CX4][NH2].[CX3](=0)[0X1]>>[CX4][NX3][CX3](=0), where each reactant is
separated by a “.” and the final product of this reactions is given by the “>>" indicator (in this
case -CNCO-). One of the difficulties observed in using this library to assemble dendrimers is
that all mapped substructures (all functional groups) would react to give rise to all possible
intermediate products which themselves could undergo further reaction. This results in a
massive number of products, expensive computational time and it is difficult to retrieve the
intended product from the pool of compounds that are generated.

To prevent this issue, we followed the same approach in the synthesis of dendrimers
where branch monomers not allowed to react were conjugated with protecting groups (e.g.
ester group of a carboxylic) or with groups that would not be mapped by the SMARTS identifier
(e.g. a triple bond instead of a double). These protected groups do not undergo reaction to
generate side products. Consequently, this allows application of transformation functions
available in the RDKit library (.ReactionFromSmarts; .RunReactants; .ReplaceSubstructure) to
link all mapped monomers that are allowed to react and obtain the product. This is followed
by deprotection of the protecting groups in the newly formed layer, and repetition of the

previous reaction until the desired generation is obtained. Since some functional groups can



react more than once (e.g. amines), multiplicity has to be set to instruct how many times each
group reacts. A specific examples is shown in Figure 2. A standard procedure goes as follows:

1. Click on open file to open a mol file of the monomer of the core. Once the file is loaded
the name of the file is displayed on a text box as well as the smiles of the mol file and
an image of the 2d structure of the input mol file. Alternatively, SMILES can be input
directly in the text box.

2. Click add reagent and open the mol file of the monomer that will be attached to the
core structure. The name of the file, the smiles and the d structure of the input mol file
will be displayed.

3. Add the SMARTS reaction between the core and the branching monomers in the
corresponding text box.

4. Addthe SMARTS reaction for the deprotection reaction of the branching monomers.

5. Add the multiplicity of the reaction and the number of generations intended.

6. Press React all to create the smiles, 2D image of the dendrimer as well as a mol file
without 3D coordinates.

Alternatively, a mol file of the dendrimer can be loaded to perform single modification, such as
change of the terminal group chemistry by pressing the transform button and executing the
SMARTS reaction for this modification. A key limitation of this tool is to achieve the balance
between the use of protecting groups and types of reaction between the core and the
branching monomers. A way to overcome these problems is by creating different layers of the
dendrimer one by one and using it as the backbone input each time. Furthermore, the
generation of more complex dendrimers and dendrons can be challenging, since the mol file
generated does not have 3D coordinates, random generation of coordinates of higher
generations dendrimers leads to entangled branches or monomers and thus not be suited for
3D visualization. Nevertheless, this tool proved to be highly flexible and allowed the rapid

prototyping of differently types and families of dendrimers (Figure 3).
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Figure 2. Example of 2D structure of a dendrimer generated using the RDKit library. Smiles,
SMARTS of the reactions, multiplicity and generation desired were used as the input to
generate different generations of a dendrimer. The application generated the smiles, a mol file

without coordinates and an image.



NH.

Figure 3. Examples of different types of dendrimers generated as 2D mol files using the RDKit

module.

Toolkit 2 - Generation of 3D structures for MD simulations.

We previously reported a method where dendrimers were described as a linear sequence of
monomers and were then assembled through the description of a connectivity table (similar to
the creation of a disulfide bond in linear peptides, Figures 4 and 5) [40]. As shown in Figure 4, a
generation 1 poly-lysine (PLL) dendrimer can be easily described by the core monomer and the
two generations monomers translating into a sequence of “core; generation 0: monomer 1
and 2; generation 1: monomer 1,2,3 and 4” for a total of 7 monomers, lysine amino acids.
However, contrary to a linear sequence, in order for XPLOR to understand how to assemble
the dendrimer sequence, a “connectivity table” has to be provided. In this case of the PLL
dendrimers, the monomer 1 (the core) was attached to the monomer 2 (branch 1) through the
patch reference 1 (peptide bond through the amine group of the alpha carbon) and the
monomer 3 (branch 2) through the patch reference 2 (peptide bond through the amine from

the side chain). Then each of the branch monomers was further connected two times with



another lysine monomer given the same patch reference. This can be repeated until the
intended generation is obtained. Although this can be feasible to describe manually for small
generations it becomes increasingly more difficult and prone to errors for higher generations.
Consequently, in order to automate this process, we developed a python GUI application using
PyQt4 library (Figure 5) that generates a text file containing the sequence and connectivity

table to be used in XPLOR.
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Figure 4. Method description for a dendrimer assembly using a linear sequence of monomers

and describing how they connect to each other through a “connectivity table”.

Our python toolkit allowed a fast generation of the sequence and the “connectivity table” by

using essential information only in an interactive way and resulting in a pdb file with preserved



monomer names . Using a classical example, we firstly demonstrate the use of this toolkit on
the assemble of PAMAM dendrimers (see Figure 5). Since XPLOR requires the topology and
parameters of the monomers, these had to be generated in the first instance. PDB files of
monomers were first generated in Avogadro and used as input on XPLO2D [44] to
automatically generate a generic topology and parameters file. Simultaneously, monomers
were used as input in ParamChem [45] to assign atom types, charges and bonded parameters
of the CHARMM General Force Field (CGenFF). The topology and parameter files were then
modified with the ParamChem data. Furthermore, patch references were manually assigned
for individual connectivity (all functional groups) between monomers with the parameters

given by ParamChem.
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Figure 5. Example for PAMAM G1 dendrimer generation using the GUI application to generate
the sequence and connectivity table and how XPLOR interprets this information to generate

the final 3D structure.

The sequence of monomers and the connectivity table were then created using our toolkit
(Figure 5). The toolkit requires the name of the monomers and patch references, as described
in the topology file, as well as the multiplicity of the monomers. A standard protocol goes as
follows:

1. The first input command requires the name of the first monomer (described as the

core) as given in the topology file and its multiplicity (for example 4 in the case of



PAMAM core) to which individual patch reference names should be provided. Then
press New Layer.

Depending on the multiplicity provided in step 1, new entry boxes will open to match
the multiplicity, each patch reference between the core and the branching monomers
should have individual names since patches between monomers are described
individually in the topology file because atoms are deleted and bonded individually.
After, the name of the branching monomer is provided, which in the case of the
PAMAM dendrimers is the same for all branching points of the core (in this example
named BMA, Figure 5). Since the toolkit recognizes all the branches monomers as the
same name, it will only open a new entry for all of them, asking for the number of
generations they are intended to grow. If different names are provided (e.g. different
monomers used such as in the case of dendrons) it will open entries for each individual
monomer and thus allowing for the versatility of building branched polymers or
dendrons. It is important to note that the original names of the monomers are
preserved in the final output files.

If more than one generation is to be grown then a multiplicity input entry pops up. In
this case, multiplicity of 2 was given for the branching monomers and thus two new
entry boxes appear to provide the patch reference to connecting the next layer.

Again, individual patching references should be given for individual functional group of
the monomers.

The toolkit then produces an input text file for XPLOR containing the normal
instructions for XPLOR to assemble a macromolecule and the sequence of monomers

and how they are connected automatically (see Figure 5).



This protocol showed versatility in types of dendrimers and dendrons that could be built and
the types of force fields to be used as parameterization. In particular, since amino acids were
already described in XPLOR format using the CHARMM 22 FF and peptide dendrimers are
relevant for biomedical applications, we implemented a feature where the caps for the amino
acids (e.g. carboxyl or amine) can be added automatically for the terminal groups. To this, once

|II

the terminal layer is described we provided a “add charmm terminal” button that opens a new
window for an input entry to specify the terminal cap, as described in the topology file.

Overall, this application extended on our previous approach to build dendrimers from
sequence [40] allowing a flexible, fast, easy and reliable way to produce not only dendrimers,
but also other linear or branched polymers such as dendrons. Depending on the practical use
and type of modelling required, there are several ways where the use of this application is
beneficial. Comparing to the original method, we improved the automation by making use of
XPLO2D [41] to generate generic (indiscrimination of atom types) topology and parameters
files with the Engh & Huber ball-park force field [46] (but lacking atom charges) and generation
of the sequence and connectivity table automatically. This has considerably decreased the
time necessary to assemble the dendrimer. Since XPLOR does not require a dedicated
dendrimer force field just to assemble the dendrimer or dendrons, this means that the
assembly can be performed just by updating the charges in the topology file provided by
XPLO2D (generic atom charges) and by manually describing the patch references. A major
advantage of using XPLOR is that during the handle of the simulated annealing protocols it
allows atoms to cross over each other, and thus prevents the formation of entangled branches
and, if specified, it can provide a fully extended dendrimer. Then once the dendrimer is
assembled, the pdb generated can be imported to other software where force field

development can be performed (e.g. MAESTRO, AMBER). On the other hand, the topology and

parameter files of the monomers can be modified with the desired force field (e.g. CHARMM,



OPLS, AMBER) at this early step generate the dendrimer and then use the same files in NAMD

to run MD simulations (Figure 6).
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Figure 6. Schematic protocol making use of the XPLO2D, XPLOR and our application to quickly

and reliably generate dendrimers for MD simulation.

Using this protocol (Figure 6) we were able to apply our scripts and generate the 3D structure
of different classes of polymers (Figure 7). As depicted in figure 7, more complex structures
could be generated including n-acetyl cysteine terminated PAMAM dendrimers [47] or peptide

dendrimers [48] showing the versatility of this tool.
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Figure 7. Different GO and G1 dendrimers generated using our protocol. Even without specific
force field development, different classes of dendrimers can be easily assembled to generate a
pdb file that can then be subsequently used in modelling studies. More complex structures can
be generated including differently terminated structures (N-acetylcysteine terminated PAMAM
dendrimers, bottom left) and peptide dendrimers (bottom right) should be generated using

toolkit 2.

These structures in a pdb can be readily used for further modelling studies and MD simulations
using different software packages, such Desmond [49], NAMD [50] and XPLOR-NIH [41] with
minimal modifications of generated structures and preparation of input files. The same files
can be used in preparation of systems for simulation using AMBER [51]and Gromacs [52],
albeit after generating adequate topologies and parametrization of the monomers and
patches. Some of the examples of simulated systems and results of the simulations using

Desmond and NAMD software are shown in the supplementary information (Figures S1-S6).



Although we focused on dendrimers, this application can be applied to other types of polymers
including linear polymers and dendrons, as long as, a specific defined topology is required. In
many respects our tools have similarity with already available tools for building dendrimers
such as builder in Material Studio [38], Starmaker [36] and DBT [30] tools. These are also able
to generate regular dendrimers but are limited when a molecule is not defined solely by a
same monomer in higher generations of branches, in a case of dendrimers, or if one or more
branches are completely different in cases of dendrons. Dendrimer Builder Tookit (DBT) is a
Perl written graphical user interface that uses the antechamber module of AMBER to assemble
the dendrimer with a main limitation as it can use only a maximum of three types of
monomers to define a core, branches and terminal groups. This prevents building dendrimers
with different building blocks in different generations. Starmaker can be used to overcome
such limitations, however the attachment point has to be defined for each monomer that can
be a complex task without a GUI.

Our toolkit is not suited for the generation of random copolymers, hyperbranched polymers
with random branching and dendrigrafts. These features can be found in molecules builders
available in Material Studio or HBP [39] and therefore those resources should be used instead.
Our toolkit is particularly useful in cases when only resources that are freely available to
academia and industry can be used to generate 3D structures of dendrimers with different
monomers in different generations; or to generate dendrons as it is possible to build a

molecule comprising individual branches that have different structures.

CONCLUSION
Two different GUI applications using a Python were written to rapidly and reliably produce
structures of dendrimers and dendrons. The first toolkit is intended for an easy use and

intuitive way for rapid prototyping of 2D structures for in silico methods in chemoinformatics.



The second toolkit is aimed to further improve and automate our previously published method
making it easier to produce 3D structures of higher dendrimer generations and different types
of branched macromolecules without having to manually write the connectivity table. The
major advantage of both applications is their flexibility for the assembly of monomers to
obtain structures of dendrimers, dendrons or linear polymers with defined topologies for

further molecular modelling studies.

METHODS

Generation of 2D mol files and smiles for fast prototyping and database management. A
python GUI was built using the PyQt4 library to generate 2D mol files of dendrimers. The core
assembly of this application follows the same principles of dendrimers synthesis-wise where
protected monomers (e.g. ester forms of carboxyl groups) are used and subsequently
deprotected for the next layer to be added. This interface takes mol files or smiles to describe
the monomers and interprets them using the RDKit library package [43]. These were then
subsequently reacted by providing the SMARTS reaction description [42] on how to connect
both monomers and how to deprotect the monomers for subsequent layer. Once the SMARTS
reaction description was mapped onto the monomers, it connected all identified groups and in
cases where each group reacted multiple times (e.g. amines), a multiplicity value was
provided. In cases where the modification of terminal groups was required (e.g. change of
amines to carboxyl) the assembled dendrimer could then be imported again as a mol file, and
the mapped groups changed to any other desired group. This application produced 2D mol
files that could then be imported to different modelling software packages (e.g. Avogadro,
Maestro/Desmond, Gabedit) where parameterization and molecular simulations could be
performed. Furthermore, smiles as well as rendered png 2D images of the assembled

dendrimers were produced, which can be used for database management of dendrimers.



Generation of 3D pdb and psf files of dendrimers using an automated tool for generation of
a linear sequence and connectivity table. The assembly of 3D dendrimers followed a similar
protocol previously published by our group [40]. Monomers’ topology and parameter files in
the XPLOR format were automatically generated using XPLO2D [53], and subsequently
manually modified according to the CGenFF by ParamChem [45] or simply by adding charges
calculated using the HF/6-31G* ESP method. For peptide dendrimers, the topology and
parameters were already described in XPLOR format using the CHARMMZ22 force field and
therefore were used without modification. The connection between monomers was described
as patch references by describing the charges, atom types and the angles formed as previously
reported [40].

A GUI application was written in Python using the PyQt4 library to produce the XPLOR
input file containing the sequence and “connectivity table” of the desired dendrimers. The
application takes the name of the core, the core’s multiplicity, the name of the patches to
connect to the core, the name of the branch, multiplicity of the branch monomers as well as
the number of generations to grow. The text file created containing the instructions to XPLOR
with the sequence of monomers and the “connectivity table” was used as input in XPLOR-NIH
similarly to the previously published method [40]. The 3D structure of dendrimers was
obtained as a pdb and psf file, which could be further simulated using Gromacs [52], NAMD

[50] or MAESTRO using DESMOND [49].
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