Chapter 2
Biomacromolecular Fragments and Patterns

Lukas Pravda

The function of biomacromolecules such as proteins is intimately connected with
their three-dimensional (3D) structure, and as such it is a reasonable starting point for
structure-based drug design. Since the tertiary structure is more evolutionarily con-
served than the primary sequence, the analysis of 3D structure provides key insights,
not only in terms of classification, but has many implications in biotechnologies and
drug design. On one hand, we can search for novel binding partners of characterized
and validated target proteins; on the other hand, we can infer the function of as-yet
uncharacterized proteins responsible for various diseases.

The question is, which part of a biomacromolecule or biomacromolecular prop-
erties do we want to evaluate? In general, we are mainly interested in the parts
exhibiting biological functions. These are usually small and well-conserved spatial
arrangements of amino acids and/or interacting ligands, such as cofactors; substrates
or products of enzymatic reactions, inhibitors, or messenger molecules. In this book
we collectively refer to these protein substructures as biomacromolecular patterns
or fragments. A pattern can, in principle, take a number of different forms. It may
be amino acids constituting catalytic or binding sites, sequence patterns responsible
for cell signaling [1], allosteric regions [2—4], protein pockets and cavities [5-7],
channel lining residues [8, 9] etc.

One of the first steps in every in silico analysis for not only drug design, is
the detection of these biologically important patterns. There can be many reasons
behind them. We can identify similar binding sites in off-target proteins,' discover
new inhibitors, facilitate the identification of protein-protein interactions, or evaluate
ligand-accessible pathways to the enzyme reaction site to name a few.

1Off-target protein binding implies an undesirable binding of a small molecule with a therapeutic
effect to a protein target other than the primary target for which it was intended. Such binding often
causes unintended side effects.
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2.1 Pattern Examples

2.1.1 Active Site and Their Inhibition — Cyclooxygenase
Inhibitors

The cyclooxygenase enzymes (COX-1 and COX-2) are responsible for the bis-
oxygenation of arachidonic acid to prostaglandins. This process is critical during
inflammation, cancer, but also in kidney development or maintaining gastrointesti-
nal integrity and it is responsible for pain [10]. As such they are primary targets
for a large body of nonsteroidal anti-inflammatory drugs such as aspirin or ibupro-
fen. While COX-1 is expressed constantly in the majority of cells and possesses a
housekeeping function, COX-2 is only induced by inflammatory stimuli. Therefore,
the development of selective inhibitors which can in turn be used for example as
anti-inflammatory and anticancer agents with as few side-effects as possible, is of
great interest. The first structures of COX enzymes were solved some 20 years ago,
revealing the binding pocket and their inhibitors as highlighted in Fig.2.1.

Fig. 2.1 Structure of COX-2 complexed with the indomethacin non-selective inhibitor (PDB ID
4cox). COX-2 is a homodimer, with each unit containing a cyclooxygenase active site and a
peroxidase active site. The peroxidase active site is involved in activating the heme group (red),
which is crucial for further cyclooxygenase reaction. The molecular patterns of the COX-2 inhibitor
(in brown) together with its interacting partners (green or cyan with respect to a protein unit) in
the enzyme active sites are highlighted. The inhibitor is stabilized both by polar and nonpolar
interactions (color figure online)
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Fig. 2.2 HIV-1 protease complexed with the inhibitor darunavir (PDB ID 31zv). The molecular
pattern of a catalytic triad is highlighted in blue. Elbow allosteric regions presumably responsible
for the protein flexibility are shown in red (color figure online)

2.1.2 Allosteric Site — Structural Flexibility of HIV Protease

Inhibition of the HIV-1 protease is considered to be one of the three key avenues
for blocking HIV replication, and therefore prevention of the development of AIDS
[11]. Inhibition of the HIV-1 protease active site with drugs like ritonavir, nelfinavir,
and amprenavir was considered to be an efficient approach. As a consequence of
the drug binding, HIV-1 protease loses its dynamic behavior, which is crucial for its
proteolytic function. However, many drug-resistant variants emerged, so inhibitor
development continues. A number of NMR and MD experiments revealed putative
regions responsible for the enzyme flexibility. As such these allosteric regions can be
rationally targeted by novel allosteric inhibitors, in order to inactivate the enzyme’s
function [12]. Figure 2.2 displays a catalytic triad of the enzyme active sites together
with putative allosteric sites responsible for the enzyme’s flexibility.

2.1.3 Transcription Factor — Zinc Finger Motif

The DNA-binding class of enzymes called zinc fingers (ZnF) is the most abundant
across all biota. The first classical ZnFs denoted as C,H, were extracted from the
Xenopus transcription factor, where they specifically bind DNA and control transcrip-
tion [13]. Besides this, ZnFs are responsible for DNA recognition, the regulation of
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Fig. 2.3 C,H; zinc finger motifs of the transcription factor early growth response protein 1 (Egrl)
(PDB ID 4r2a). The figure on the left depicts the overall cartoon model of a zinc finger motif,
with the residues (two cysteines and two histidines) responsible for zinc ion binding. The zinc ion
is shown as a sphere, while cysteine and histidine are denoted in a ball-and-stick model. In the other
figure, two zinc fingers are bound to the major groove of the DNA strand

apoptosis and lipid binding. This motif is usually defined by a simple primary struc-
ture pattern called a consensus profile. Nevertheless, atypical motifs exist deviating
from the consensus profile X,-C-X;_4-C-X2-H-X3_5-H (X stands for any amino
acid, C is cysteine and H represents histidine in the consensus profile), that recog-
nize specific genomic sites. The X, region is usually further decomposed into the
sequence X3-[FIY]-X5-1-X,, where [FIY] represents either a phenylalanine or tyro-
sine residue, and ¥ denotes a hydrophobic residue. At the 3D level, this sequence has
a simple BB« fold, which is stabilized with a zinc ion coordinated with two histidine
and two cysteine residues as shown in Fig.2.3.

2.2 Pattern Prediction

Over the past few decades a plethora of software tools have been developed for the
detection and extraction of biomacromolecular patterns from protein structures. The
individual tools differ in the level of pattern description, the employed algorithms and
of course their applicability. Drug design usually aims to identify potential binding
sites in target and off-target proteins. These are often located in shallow protrusions
in the protein surface referred to as pockets or clefts, as well as deeply buried in the
protein structure. Therefore, the majority of the software is designed for predicting
suitable pockets in apoproteins and holoproteins (e.g. CASTp [14], Pass [15], Q-
SiteFinder [16], or FTSite [17]). Others may identify accessible pathways for the
small ligands interacting with the proteins (e.g. MOLE 2.0 [18], Caver 3.0 [19]
or MolAxis [20]). These are discussed in more detail in Chap.6 — Detection of
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Channels. Generally, pocket prediction for binding protein inhibitors can be classified
into two groups: geometry-based algorithms and energy-based algorithms.

The geometry-based algorithms involve a couple of approaches. The most popular
group of algorithms involves the projection of the protein structure onto a 3D grid
with a custom spacing. Next, grid points are evaluated, given their position on the
protein and clustered in order to identify putative binding sites. The second approach
covers the protein surface with dummy spheres, checks if they satisfy the given con-
ditions and again, clusters the results. The final group of geometry-based algorithms
utilizes «-shape theory. Here the protein structure is preprocessed using Delaunay
triangulation/Voronoi diagrams and the pocket is identified based on a variety of
filtering criteria.

In comparison to the geometry algorithms, energy-based algorithms instead of cal-
culating favorable distances among sidechain atoms calculate the interaction energy
between dummy spheres and sidechain atoms. These spheres are further clustered
and ranked based on the energies. The top scoring clusters are in turn reported as
favorable ligand binding pockets.

It is hard to define which of the highlighted approaches is the most suitable for
binding site prediction, as they under or overestimate certain characteristics. Usually
the best approach is to try a couple of them and select the most relevant result based
on the consensus between different algorithms. This is the approach taken by the
popular service MetaPocket [21], which is discussed in detail in Chap. 5 — Detection
and Extraction of Fragments.

Below you can find an example of the successful application of this technique in
the life-science domain.

2.2.1 Ubiquitin-Binding Domain Prediction

The family of small regulatory proteins — ubiquitin is responsible for a remarkable
range of functions. Ubiquitin can be covalently attached to a specific substrate protein,
the process is referred to as ubiquitination. Ubiquitination is responsible for the
trafficking of endogenous and retroviral transmembrane proteins. Additionally, it
was shown that the blocking of distinct ubiquitin binding domains (UBDs) in vivo
can influence retroviral budding. Therefore, the successful identification of novel
ubiquitin binding domains can contribute to the design of novel selective drugs.
A database-wide study has been successfully conducted [22] in order to identify
previously undiscovered UBDs. They found the apoptosis-linked gene 2 interacting
protein X (ALIX) to contain a potential new UBD, specifically the central V domain.
These in silico findings were later confirmed experimentally by biophysical affinity
measurements.
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2.2.2 Pattern Detection

In contrast to the prediction of protein structural patterns, there are software tools
and approaches capable of their direct detection. The subtle difference between the
two is rather simple. Prediction strives to make an educated guess as to whether or
not an arrangement of amino acids will have the desired characteristics, while direct
detection only identifies patterns with user-defined properties. For example you can
specify a pattern composition at the atomic, residual or secondary structure level;
restrict inter-atomic distances, or bond connections. This can be particularly useful
for pharmacophore search and for the extraction of more general patterns of interest.

In the following section we review some of the tools used for pattern detection.
RASMOT-3D PRO [23] is a web service performing systematic searches of 3D
structures given a user-defined structural pattern. The pattern exploration is limited
to up to 10 selected protein structures or a non-redundant set of PDB chains. An
estimate of whether or not a found pattern corresponds to the query structure is
made based on the comparison of C, and Cg atoms altogether with the RMSD.?
Another powerful service, which is directly incorporated into the Protein Data Bank
in Europe [24] is PDBeMotif [25]. This web application allows a wide range of
pre-defined search functions; however its customization is limited to the pre-defined
parameters. Another drawback to this approach is the fact that the precomputed
data in the database are stored for individual protein chains, therefore neglecting all
patterns concerned with the interface of chains. In comparison, PatternQuery [26] is
a language and a web-service covering the majority of the former search, taking into
consideration the PDB entry as a whole. The advantage is that by using clear and
highly customizable syntax, all the queries can be accurately tailored according to the
user’s needs, even covering complex patterns. More information on the functionality
of PatternQuery is provided in Chap. 5. Finally, IMAAAGINE [27] is designed for
the identification of patterns up to 8 amino acids (AA) in size with pre-defined
distances, thus completely neglecting the bound ligands. Last but not least, ASSAM
[28] identifies user-defined patterns of up to 12 AAs.

Below you can find an example of a pattern detection protocol successfully applied
in the field of drug design.

2.2.3 Phosphorylation of Drug Binding Pockets

Roughly half of eukaryotic proteins are subject to a post-translational modification —
phosphorylation. This addition of a phosphate group to certain amino acid residues
can greatly influence the properties of a binding site which is subject to drug inhi-

2RMSD is a metric describing the structural difference between two molecules (patterns) in
Angstréms, i.e. how well would two or more structures fit on top of each other. The higher the
RMSD is, the more divergent the structures are. Two molecules with identical conformation (same
atomic positions) have an RMSD equal to 0.
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bition. A recent database-wide survey [29] examined mammalian proteins with the
bound drug ligand. In particular, target-bound ligands together with residues within
12 A of the binding site have been extracted and inspected for phosphorylation. Over
70 % (453) of the proteins exhibited phosphorylation. Almost one third of them (132)
exhibited this phosphorylation in the vicinity of the binding site, and therefore can
alter ligand binding. For 70 out of the 132 examples, it is known whether or not phos-
phorylation alters drug binding. 27 of them exhibited similar effects on activity even
after phosphorylation, in contrast to the other 43, whose effects were the opposite.

For example, cyclin-dependent kinase 2 (CDK?2) is an enzyme catalyzing the
phosphoryl transfer of ATP phosphate group to serine or threonine hydroxyl in a pro-
tein substrate, a process important in cell cycle regulation. In particular, the enzyme
exhibits phosphorylation both at a positive and negative regulatory site [30]. While
the phosphorylation of threonine 160 in the vicinity of the active site activates the
enzyme function [31], the phosphorylation of tyrosine 15 negatively affects substrate
binding [32, 33].

This is just one example of how the database-wide identification, extraction and
analysis of structural patterns can provide a fresh insight into the phosphorylation of
an inhibitor’s binding sites in the context of rational drug design. Using sophisticated
tools like PatternQuery can tremendously simplify the complexities of obtaining
input data for various types of analyses, and therefore enable analyses to be carried
out that were not feasible before.
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