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Introduction
Proteins play a vital role in supporting life. They are macromolecules resulting from the combination, 
through peptide bonds, of these 20 amino acids: alanine, arginine, aspartate, asparagine, cysteine, 
phenylalanine, glycine, glutamate, glutamine, histidine, isoleucine, leucine, lysine, methionine, proline, 
serine, tyrosine, threonine, tryptophan, and valine. Considering a linear combination between these 20 
amino acids, the number of possible variations is 20n, in which n is the amount of amino acid residues in 
the protein (as the amino acids lose some atoms when forming the peptide bond, it is common to call 
them amino acid residues, since they are part of a polypeptide chain). For example, for a protein with 100 
amino acid residues, the number of possible combinations will equal 20100 = 1.27 × 10130. In comparison, 
the estimated total number of atoms in the Universe is 9 × 1078 (Villanueva, 2009). Each organism, animal 
or vegetable, has thousands of different proteins. Among their various functions: structural, transport, 
protection, defense, control and regulation of expression, catalysis, movement, and storage stand out 
as some examples. For a better understanding of the relationship between the aminoacid sequence in a 
protein, its three dimensional structure, and its function, came the proposition for analyses of the proteic 
nanoenvironment. It is also known as a proteic district or functional region, and it is where biologicaly 
functional elements are located.
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The hypothesis that motivated the work of the Embrapa Digital Agriculture Computational Biology 
Research Group (CBRG) in Campinas (SP), during the 2010s, was an approach that assumed the 
existence of a “sign”, or that is, a variation in the values of the physico-chemical and structural 
descriptors that distinguish a specific site (or a protein substructure). This is where a certain element of 
secondary structure (or an active site, an interface, etc.) is inserted in the framework of a whole protein. 
Understanding how the subordinate structural elements to the biologically functional structure are 
formed and later maintained will open the way for us to understand how proteins assume their final 
structure and, consequently, their function. In our work we use STING_RDB, a unique database in the 
world, produced and maintained by the Embrapa CBRG, which gathers in a single repository more than 
1300 physicochemical and structural descriptors of all amino acid residues for each chain of all protein 
structures deposited in the PDB (Protein Data Bank – a world public repository where all macromolecular 
structures deciphered so far were deposited).

Based on the obtained results, we conclude that a given nanoenvironment can be described not by 
a single descriptor, but by a set of descriptors, and that this set of descriptors varies according to the 
element of the protein structure selected from a hierarchically superior one. This differentiates a given 
nanoenvironment from the rest of the protein and even from other nanoenvironments in the same 
protein. The knowledge acquired from the study of different nanoenvironments allows specialists in 
different areas, such as experts in plant improvement, in search of new pesticides, or researchers in search 
of more sustainable fuels, to advance their work with greater molecular introspection and use of more 
precise and refined tools, working at the most fundamental level (molecular-atomic) of all biologically 
relevant processes for medicine, agriculture, livestock, etc.

Protein nanoenvironments and their characteristics
The local structural environment of proteins, here called the nanoenvironment (Neshich et al., 2015), 
characterizes the functional purpose of different protein districts, also known as “structural sites” in 
proteins. It is therefore suggested that the local environment at each protein point and/or region 
reflects not only its structural role, but also its contribution in providing the necessary characteristics 
for the functional purpose of each protein. For example, protein-protein communication is performed 
via protein interfaces: amino acid residues at the same site have some particular characteristics that not 
only differentiate them from other residues on the free surface of the protein, but also allow specific and 
selective binding between proteins and the realization of their biochemical function (Moraes et al., 
2014). Similarly, the function of an enzyme is normally related to the activity of its catalytic amino acid 
residues (Catalytic Site Residues – CSR). These very peculiar residues are inserted in a very specific 
nanoenvironment, also defined by the contribution of the CSRs themselves. Consequently, the enzymatic 
function can be described by the characteristics of the CSRs and their surroundings (Salim, 2015). Based 
on these considerations, and assuming that the local nanoenvironment defines the protein function, this 
is a concept that can be used to obtain specific metrics to quantify and describe other nanoenvironments.

The exploration of nanoenvironments properties of can be done through a method that is both self-
explanatory and intuitive. Suppose it is possible to insert an imaginary probe anywhere in a protein 
structure and obtain as a result, a diagnosis describing the characteristics of the environment in which 
the probe is inserted. This type of physical intervention cannot be carried-out, and therefore the 
probe needs to be replaced by calculating values, metrics, and forces that we want to quantify at each 
particular site/point. This approach resembles the GRID method for calculating molecular interaction 
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fields in drug development (Goodford, 1985; Von Itzstein et al., 1993), but with a different focus. Its 
advantage is that any amino acid residue, or any of its main or side chain atoms, can serve as the center 
for the probe. With this selected point, the interactions of all forces can be estimated, cataloged, and 
stored in an appropriate relational database – in our case, the STING_RDB (Oliveira, 2007). Once stored, 
the attributes and their respective values can be mapped back to the protein structure, the protein 
sequence, or even the nucleotide sequence of the gene that encodes that protein, and can be used for 
visual inspection or statistical and/or numerical analyses. Our hypothesis is that any specific environment 
(the nanoenvironment) has a precise tuning of the specific physicochemical and structural writers for 
the performance of its function and, thus, can be identified and classified accordingly. For example, 
interfaces for protein contacts, which are specific areas of the protein occupying part of their surface, 
can be expected to have characteristics sufficiently different from the amino acid residues found in free 
surface areas (Moraes et al., 2014). In fact, we consider such an assumption to be part of the biological 
requirements for performing a specific function: in this example, the function is actually a kind of 
“communication” between very specific protein partners. Therefore, a nanoenvironment is accurately 
characterized by its physicochemical and/or structural descriptors and their corresponding values, 
making it possible to distinguish it from the rest of the protein structure. It is also possible to predict the 
coordinates of these districts in other proteins (homologous or not) that have not yet been chemically 
and functionally characterized through computational techniques and machine learning statistics.

Among the most studied protein nanoenvironments, ten stand out, as follows:

1) Protein interfaces: These are intersections of protein surfaces, where the two proteins approach 
and touch, building a macromolecule homo or heterocomplex (Moraes et al., 2014).

2) Antibody and antigen interfaces: as in case 1, but the two proteins in question are an antibody 
and an antigen (Viart et al., 2016).

3) Protein surface hot spots: locations delimited from the surface area of the protein, obligatorily 
located at its interface, and with identified hydrophobic amino acids prone to interact with 
similar residues from the complementary interface of the other protein (Pereira, 2012).

4) Interfaces between proteins and DNA: as in case 1, but with the two molecules in question 
being a protein and a DNA molecule.

5) Interfaces between proteins and ligands: as in case 1, here the two molecules in question are a 
protein and a ligand (Borro et al., 2016).

6) Interfaces between proteins and membranes.

7) Amino acid residues from catalytic sites: identifying the amino acid residues that form the 
enzymes catalytic site, determining their function (Salim, 2015).

8) Allosteric sites: usually located on the protein surface. When occupied by a particular molecule, 
they control the speed of a chemical reaction that the protein performs, using, as a rule, its set 
of CSRs as part of its function.

9) Secondary structure elements: physicochemical and structural characterization of α-helices 
(Mazoni et al., 2018), β-sheets and turns.

10) The depth of range of local sensing between amino acids: a measure often used to delimit 
the distance over which atoms, with their charges (and other characteristics), still exert some 
influence in remote locations, but within the aforementioned limit (Silveira et al., 2009).
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Items: 1 to 6 describe the interfaces in general; 7 and 8 describe chemical activity of proteins; and 9 and 
10 describe structural characteristics of proteins in general.

List of physicochemical and structural descriptors 
that characterize specific nanoenvironments
Currently, the Blue Star STING (BSS) (Neshich et al., 2006) has 32 independent physicochemical and 
structural protein descriptor types or classes (Table 1) (Neshich et al., 2005), and a total of 1,307 variations 
of these descriptors are pre-calculated (using different parameterizations) and stored in the STING_RDB 
database (Oliveira, 2007). On May 18, 2020, the STING_RDB had 151,711 structures, with 467,038 
chains and 95,148,233 amino acid residues. For each, 1,307 parameters were pre-calculated, totaling 
12 x 109 records in the database. Among these, some were chosen to be used in the nanoenvironment 
characterization and in the composition of their dictionary, considering only those that are more likely 
to be associated with pattern recognition processes in the selected proteins. For an adequate definition 
of the catalytic residues nanoenvironment and which is generally valid also for the other mentioned 
nanoenvironments, based on the physicochemical and structural descriptors, the descriptors referring to 
the conservation of amino acids were initially discarded, since these parameters are a measure of a set of 
homologous proteins and do not reflect any feature present in the protein structure (Salim, 2015).

Table 1. List of the 32 physicochemical descriptors classes and Blue Star STING structures. 

Blue Star STING Descriptor Classes

1. ResBoxes 17. Hot spots 

2. Intra-chain atomic contacts [ITC] 18. Sequence conservation [HSSP] 

3. The inter-chain atomic contacts [IFC] 19. Sequence conservation [SH2Qs] 

4. ITC contacts energy 20. Solvent accessibility 

5. IFC contacts energy 21. Dihedral angles 

6. Interface area [IF] 22. Pockets/cavities 

7. Water contacting [WC] 23. Electrostatic potential 

8. Ligand pocket forming [LP] 24. Hydrophobicity 

9. Surface forming [SF] residues 25. Curvature 

10. Prosite 26. Distance from the N-/C-terminal 

11. ProTherm 27. Density 

12. Secondary structure indicator [PDB] 28. Sponge 

13. Secondary structure indicator [DSSP] 29. Order of cross presence 

14. Secondary structure [STRIDE] 30. Order of cross link 

15. Multiple occupancy 31. Rotamers 

16. Temperature factor 32. Space clash 
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Contributions

What does knowledge about protein nanoenvironments entail?
The protein’s structure defines its functionality. However, how this is performed and which structural 
features contribute to their function remains to be fully deciphered. To answer this question, it is 
necessary to consider the structural elements (also called protein districts or nanoenvironments) rather 
than considering the structure as a whole. These elements, on the other hand, must be understood based 
on the physicochemical and structural characteristics from the amino acid residue properties, which 
interact with each other and create a new hierarchical structural element. Only by considering these 
elements in the structural hierarchy can we understand that the functionality of proteins can be broken 
down into communication elements, such as interfaces, constructive elements, secondary structure, 
and elements of chemical activity. The latter normally give rise to the functionality and specificity of the 
protein as a whole. Following this reasoning, each element in the structural hierarchy has its distinctive 
local characteristic and, consequently, its local function. It is clear that a general and detailed knowledge 
about protein nanoenvironments is, basically, a dictionary with which we can construct complex 
expressions to describe the structural-functional protein relationships.

A dictionary of nanoenvironment descriptors will impact 
the variety of research aimed at innovation in areas 
such as agriculture, medicine, and biology in general 
A compilation of the results of work done since 1998 – when the STING platform was launched in the 
US as an integral part of platforms offered for protein structural analysis at the Brookhaven National 
Laboratory, the headquarters of the Protein Structures Database (PDB) – it resulted in a website called: 
“Dictionary of Internal Protein Nanoenvironments” (DIPN)1.

Figures 1 to 3 show the general interface of the new CBRG offered by Embrapa Digital Agriculture. It is 
an introductory page, with a general description of the purpose of this platform with detailed elements 
listed in a functional order.

Figure 1 shows the entry page of the Dictionary of Internal Protein Nanoenvironments (DIPN) platform, 
indicating the purpose of this product, the options for access, the site organization logistics, and the list 
of the ten most studied protein nanoenvironments.

In Figure 2 we have a Dictionary of Internal Protein Nanoenvironments (DIPN) platform page showing six 
of the ten available nanoenvironments, with a short description and access to details of the entry of each 
option: a) protein-DNA interfaces, b) protein interfaces-membrane, c) elements of secondary structure.

Figure 3 presents a Dictionary of Internal Protein Nanoenvironments (DIPN) platform page showing three 
more of the ten available nanoenvironments, with a short description and access to details of each entry 
option: a) residues from the catalytic site, b) allosteric sites, and c) depth of local sensing range between 
amino acids.

1 Available at: https://www.proteinnanoenvironments.cnptia.embrapa.br/index.html
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Figure 1. Dictionary of Internal Protein Nanoenvironments (DIPN) platform entry page.
Source: Embrapa (2020).

Figure 2. Dictionary of Internal Protein Nanoenvironments (DIPN) platform page. 
Source: Embrapa (2020).
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Figure 3. Dictionary of Internal Protein Nanoenvironments (DIPN) platform page. 
Source: Embrapa (2020).

In Figure 4, the user can see the presentation details of one of the nanoenvironments: protein interfaces. 
The purpose of DIPN is to provide the user with information that indicates which are the most relevant 
descriptors that, with their specificity and broad coverage, describe the nanoenvironment selected for 
analysis. At the bottom of Figure 4 there is a table with the ten descriptors of the most relevant protein 
interfaces. These are: 1) main-chain main-chain hydrogen bonds; 2) spongicity (in a sliding window 
mode); 3) contact density between amino acids (centered on the last heavy atom of the amino acid side 
chain); 4) electrostatic potential on the protein surface; 5) hydrophobicity (on the relative scale);
6) structural pockets (cavity type); 7) atomic density on the surface; 8) element of the secondary structure 
present (α-helix); 9) curvature from α-carbon; and 10) the order of cross-linking (starting from the 
last heaviest atom in the side chain). These descriptors can be understood as main requirements that 
demand their inclusion so that a set of amino acids, not necessarily contiguous in the primary sequence, 
build a set that can be considered apt to form an interface with another protein. Then, the platform 
informs which statistical classification method was used to obtain this ranking of the importance of 
the descriptors (in this case: Support Vector Machine and Random Forest), and also informs with what 
precision and coverage the conclusions were reached. In this case, 0.95 and 0.78, respectively. On that 
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same page, you will find a variety of additional information, such as links to the doctoral thesis that 
generated the results and publications describing pertinent work to the subject (in Figure 5 we are 
illustrating the abstract of this publication). Lastly, there is a link so that the user can access the software if 
one wants to generate new data for a set of proteins for biological interest.

In Figure 4, we have the Dictionary of Internal Protein Nanoenvironments (DIPN) platform page showing 
user options once the protein interfaces item is selected. At the top of this figure, there is an indication of 
relevant publications to the subject and a list of software. Next, an abstract of the main publication can be 
seen describing our work with the nanoenvironment of protein interfaces, with a corresponding pointer 
to the original publication. On the upper right side, there is an icon with the title: MRND (Most Relevant 
Nanoenvironment Descriptors). By hovering over this icon, a window is opened with information 
indicated in the icon’s title.

In Figure 6, we present the available items for accessing the software page which helps the user to 
prepare a list of descriptors for a set of proteins of interest. In Figure 7 we have the two main options 
for preparing protein interface data: LDA methodology (linear models for inferring the list of the most 
relevant descriptors of protein interfaces) and SHI option, an alternative methodology that determines 
the hydrophobicity index on the surface protein, an accurate interface indicator. The user can find a 
tutorial to find details about the software, datamart description for defining benchmarks and description 
of the complexes used in the training of the method using both homo and heteroprotein complexes. In 
Figures 1 to 7 we show only the most crucial entries of the DIPN platform. 

The platform is complex and requires the knowledge of a trained computer biologist to process the 
data for a set of selected proteins. However, molecular biology specialists interested in knowing which 
descriptors are most relevant for each nanoenvironment listed in the DIPN platform can do so in a 
reasonable time, with minimal training, and know which characteristics of these nanoenvironments 

Figure 4. Dictionary of Internal Protein Nanoenvironments 
(DIPN) platform page showing user choices. 
Source: Embrapa (2020).
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Figure 5. Page in the Dictionary of Internal Protein 
Nanoenvironments (DIPN) platform, with option for a 
quick view of the publication´s abstract. In this case, an 
article published in a renowned journal in the field of 
computational biology about nanoenvironment.
 Source: Embrapa (2020).

are crucial. Thus, there are candidates that cannot perform modifications, for example in attempts that 
require site-directed mutations in the proteins of interest. The algorithm options for using or even 
accessing the source code are provided in order to offer a complete work environment, including for 
those computational biologists who wish to adapt the algorithms to their own requirements. This 
allows the sharing of work already carried out by Embrapa, and may be modified by colleagues in other 
laboratories for specific purposes.

Final considerations
With a dictionary of descriptors of the main protein nanoenvironments, a reality is built that guides 
researchers and enables advancement in areas aiming to intensify innovation in agriculture, medicine, and 
biology in general. It is understood that a compilation of the essential descriptors of the 10 most studied 
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protein nanoenvironments may provide an optimized condition for the most accurate, effective, and 
effective design of new drugs, pesticides, vaccines, inhibitors, catalysts, and antibodies. We can use as an 
example, the applicability of the content presented in this chapter and mention some of the technologies 
which the CBRG of Embrapa Digital Agriculture managed to file. This resulted in the application for 
four patents over the years, focusing mainly on understanding, learning, and in the analysis of protein 
nanoenvironments which were crucial to the solution of some biologically relevant demands. The research 
group also focused on a path to the necessary impacts in the field for producers who needs to use the 
technology in order to avoid losses and improve its effectiveness. Some of them are listed below:

Fungicide: a method for designing a new fungicide by computationally designing new compounds with 
potential inhibitory function on the endopolygalacturonase enzyme, involved in invasion processes in 
plant cells. (Neshich et al., 2013a)

Biodiesel: method for predicting mutants that increase the surface hydrophobicity index of proteins. 
(Neshich et al., 2013b)

Figure 6. Dictionary of Internal Protein platform page of Nanoenvironments (DIPN), with access to software 
that ranks protein interface nanoenvironment descriptors, catalytic residues, and secondary structure 
elements of the most relevant proteins. 
Source: Screen captured from the DIPN platform (available at: https://www.proteinnanoenvironments.cnptia.embrapa.br/index.html)
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Figure 7. Page of the Dictionary of Internal Protein Nanoenvironments (DIPN) platform, with options for users who want to rank the most relevant protein 
interfaces descriptors by using a set of proteins of interest for a biological problem that requires their engagement.

Insecticide: computational design for new alpha-amylase inhibitors. (Neshich et al., 2013c)

Bactericide: identification of therapeutic targets for computational design of drugs against bacteria 
possessing the pilt protein. (Neshich et al., 2012)
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These four technologies reflect the strong interdependence between the demands of modern agriculture 
and knowledge, calling for an innovative, interdisciplinary, and molecular approach, interconnected 
with mathematics, computation, and statistics for advances in the increasingly complex needs of the 
productive sector. The example of the CBRG at Embrapa Digital Agriculture is a manifestation of national 
possibilities for the potential of technological development at the highest and most competitive level. 
The research carried out by the CBRG at Embrapa Digital Agriculture drew the attention of international 
collaborators and colleagues from the most renowned universities, such as Oxford, Cambridge, MIT, 
followed by companies with great digital impact, such as Microsoft Research and companies in the field 
of agricultural pesticides, such as Bayer and BASF. Half a hundred publications in scientific journals with 
an average impact factor of 3, and several with impact factors above 11. There were hundreds of lectures 
and seminars, international courses, and workshops, as well as international meeting organized here in 
national territory with the participation of several Nobel Prize-winning scientists. Fifty software packages 
were published and made available for the scientific community, as well as dozens of databases in the 
field of computational structural biology, including the STING_RDB. Twenty-six projects were approved 
(90%) by external sources to Embrapa, with funding approaching 4 million dollars and total deliverables 
approaching 500 million. This entire library of results and professional awards was a stepping-stone for us 
to transform our acquired knowledge into something applicable to the production chain and developing 
these solutions into products for national and international markets. Therefore, the platform called 
Dictionary of Internal Protein Nanoenvironments was developed while considering the applications from 
our knowledge, but with patience and determination to stay on the path that requires time, learning, and 
basic science, since scientific applications do not exist without the former.
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