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Abstract

Recent studies have highlighted the clinical benefits of regulating phosphodiesterase-3
enzymes. Inhibition of PDE3A has proven to aid in preventing and treating cardiovascular-
related disorders and platelet dysfunction. Hypothermia is a condition that can cause cardiac
arrest. However, there are no suitable inotropic drugs that are effective for use under
hypothermic conditions. Being able to understand the properties and function of the PDE3A
enzyme is therefore essential to the development of new drug inhibitors with exceeding
potency. The challenge remains unresolved due to the scarcity of PDE3A crystal structure
information.

In this study, three models of the PDE3A enzyme were created based on homology modelling.
The aim of creating homology models of the PDE3A enzyme was to visualize and gather further
structural information for future studies related to drug development. The models were
constructed by using known 3D structures of evolutionarily related proteins. The PDB IDs of
the three chosen templates were 1SO2, 1TAZ and 4NPV. The quality of the models was
evaluated using PROCHECK and ERRAT.

The three constructed models were all of high quality and fitted well to their corresponding
templates. However, the 1SO2-based model proved to be the most reliable and therefore
suitable for virtual ligand screening procedure to identify potential binding compounds that can
be used as PDE3A inhibitors. The overview of the active site interactions of the models revealed
that residues Y751, T844, D950, F972, Q975 and F1004 are highly conserved and presumably
essential for enzymatic activity and ligand binding. The structural information of the PDE3A
models is a significant asset for the development of PDE3A drug inhibitors that are suitable for

use under hypothermic conditions.
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1 Introduction

1.1 Context of the study

The enzymatic activity of the phosphodiesterase 3 (PDE) enzymes has an important role in
cardiac function through its effect in hydrolysing cyclic nucleotides (CN). The disintegration
of the CN, cyclic adenosine monophosphate (CAMP), is a crucial step in the signalling pathway
that mediates contraction of the heart the muscle. cCAMP is a secondary signalling transmitter
that exists in multiple places in the body (1). The degradation of the CNs is ascribed by PDEs.
The subfamily of PDE enzymes such as PDE3 is an important group of enzymes, frequently
found in the heart and smooth muscles (2). Drug inhibitors that act as targets for these enzymes
are thought to increase cardiac inotropy and smooth muscle relaxation, which could improve
cardiovascular function. Recent studies have proved that the use of PDE3 inhibitors, such as
milrinone and levosimendan, ameliorates cardiac function during hypothermia and rewarming
of hypothermic patients (3-5).

Temperature management during and after cardiac surgery can have advantageous
neuroprotective effects on both intermediate and long-term outcome. During the temperature
procedure, where the heart is arrested, patients often receive pharmacological treatment (6). In
addition, accidental hypothermia can lead to complications of the heart, causing cardiac arrest
and reduced circulation. Though controlled hypothermia and rewarming are sometimes
necessary for best clinical outcome during surgery, the treatment of accidental hypothermia is
more complicated and often associated with high mortality (7). In hypothermic conditions, the
intracellular pathways modulating CN levels are altered. The major setback under these
conditions often occurs during rewarming, causing victims to experience hypothermia induced
cardiac dysfunction (5, 8, 9). Thus, adrenaline is frequently used to increase heart rate and
contractility in case of cardiac dysfunction. The result is mediated by adrenalin activating beta-
1-adrenergic receptors (ADRB1), which in turn increase the CAMP levels in cardiac myocytes.
Consequently, the heart contracts after a series of phosphorylation of kinase enzymes.
Unfortunately, adrenaline has been found to have reduced effect when used during hypothermic
rewarming to 30 °C due to potential cardiotoxic side-effects (9, 10). There remains few
pharmaceutical alternatives and treatment recommendations (9). Opportunely, further studies
indicate that alternative routes that prevent the breakdown of cAMP may be a better alternative

for treatment. PDE3 inhibitor milrinone used after rewarming from 15°C provided a stroke
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volume and cardiac output within baseline values in treated animals (3). However, existing
PDES3 drug inhibitors are designed for normothermic patients. Therefore, modelling of new
PDE3 inhibiting drugs, specialized to be used under hypothermic conditions may provide a

drastic improvement in the clinical outcome of this patient group.

1.2 Signalling pathway of cyclic nucleotides in the heart

The adenyl and guanine cyclase pathways are controlled by G protein-coupled receptor-
triggered signalling cascade (1). These CNs are synthesized by the stimulation of

G-coupled protein receptors which, are positioned in the cellular transmembrane (TM) of
myocytes. The CNs cAMP and cGMP are secondary signalling molecules that are activated by
the stimulation of adrenergic receptors. The ADRB1 subgroup is most abundant in the heart
(11), and therefore will be mainly discussed in this thesis.

The activation of the ADRBL1 in the cardiac muscle leads to an increase of CAMP. In turn,
CAMP activates protein kinase A (PKA). This enzyme is responsible for the phosphorylation
of various proteins, which leads to a cascade of reactions resulting in the increased influx of
intracellular calcium (L-type calcium channels). In turn, the activated calcium channels mediate
calcium levels in the sarcoplasmic reticulum and contribute to cardiac contractility. There is
also an increase in heart rate and smooth muscle relaxation as a result (12). The concentration
of cAMP levels in the body is regulated by the PDE enzymes, which hydrolyse CAMP to
Adenosine-5"-monophosphate (5"AMP) (13). PDE enzymes break down cAMP and thus

inactivates the reaction cascade.

1.3 Phosphodiesterase enzyme family

PDEs are enzymes that hydrolyse and therefore break phosphodiester bonds. These enzymes
play a role in regulation and signalling involving the adenyl and guanine cyclase system. In all,
there are 21 genes that encode for the human PDE3 enzymes. There are 11 known families of
PDE enzymes (2). The structural variations between these families enable the enzymes to have
a widespread of signalling outcome. Although the enzymes reside in assorted parts of the body,
the differences in structure between families and subfamilies of PDEs, generate substrate-
specific hydroxylation. PDE enzymes have a characteristic property of disintegrating and
eliminating the intracellular concentration of cCAMP and cGMP. PDE1, PDE2, PDE3, PDE10
and PDE11 hydrolyse both cAMP and cyclic guanosine monophosphate (cGMP), while PDE

4, PDE7 and PDES8 are more specific to hydrolysing cCAMP. PDES5, -6 and - 9 are cGMP specific
2



(14). cAMP and cGMP occur through a widespread of places in the body. They are important
secondary signals that mediate functions involving the heart, blood vessels, hormones and
smooth muscle, for example. Being able to inhibit and thus alter the functions of PDE enzymes

is, therefore of great clinical relevance.

1.3.1 Phosphodiesterase inhibitors

In order to make a viable inhibitor drug, one must have a good understanding of the interactions
necessary to form a stable binding complex between the drug and its target molecule (15). CNs
are widely distributed in the body and have many functions depending on their location.
Nevertheless, inhibiting different PDE enzymes will produce different effects depending on
where in the body the inhibition takes place (2). Thus, inhibitors of PDE enzymes must be
specific to their target proteins to increase affinity and decrease side effects.

Examples of drugs that are used to inhibit PDE enzymes are rolipram and milrinone, which are
used to treat asthma and heart failure, and are selective for PDE4 and PDE3, respectively.
Milrinone has proven to be a promising drug supporting hemodynamic function during
hypothermia and rewarming (3). Finally, PDE5 inhibitor drug sildenafil, or otherwise marketed
as Viagra, is used to treat erectile dysfunction. Most selective inhibitors are being developed
mainly to treat cardiovascular and respiratory diseases (16). Table 1 shows an overview of PDE

inhibitors that are frequently used and their mechanism of action (17).



Table 1. Some inhibitors of PDE enzymes and their mechanism of action.

Active ingredient

Indication

Effect

Nonspecific PDE
inhibitors (inhibitors
of PDE3, -4 and -5)

e  Theophylline

e Chronic obstructive pulmonary
disease (COPD)
e  Asthma

e  Hydrolysis of cCAMP is decreased causing

increased CAMP levels:

(@]

(@]

(@]

Inhibits proinflammatory mediators
Deceleration of fibrotic changes in lung
Relaxation of bronchial musculature

PDES5 inhibitors

e Sildenafil
(Viagra)
e  Tadalafil

e  Erectile dysfunction

e Pulmonary hypertension

e  Breakdown of cGMP is decreased causing

increased cGMP levels:

(@]

Smooth muscle relaxation in reaction to
nitric oxide (NO) activation.
Pulmonary vasodilatation

Penile smooth muscle relaxation

PDE4 inhibitors

e  Roflumilast

e  Severe COPD

e  PDE4 inhibition causes increased cCAMP

levels in neutrophils, granulocytes and

bronchial epithelium:

(@]

Inhibition of proinflammatory
mediators

Deceleration of fibrotic changes in the
lung

Relaxation of bronchial musculature

PDES3 inhibitors

e Milrinone
e  Amrinone
e Cilostazol

e Dipyridamole

e  Acute treatment of
decompensated cardiac failure
with cardiogenic shock.

e Intermittent vascular
claudication

e Antiplatelet;
Angina/TIA/Stroke prevention

e  Prevention of coronary stent
restenosis

e  PDE3 inhibition causes increased CAMP in

myocardium, peripheral vessels and

platelets:

o Heart contractility increases

o Smooth muscle relaxation

o Inhibition of platelet aggregation




1.3.2  Common structural properties of PDE enzymes

Each PDE enzyme contains a catalytic domain, a long amino-terminus (N-terminus) that may
contain one or more structured domains and an unstructured carboxyl- terminus (C-terminus)
(2, 18). The function of each region varies between the different PDE families. The primary
sequences of the PDE enzymes all have a common catalytic core. This core is responsible for
enzymatic activity and is therefore most conserved (18). In a study featuring the structure and
ligand interactions of PDEs, it was shown that most PDE enzymes that have been crystallized,
tend to bind to the substrate binding pocket of the PDE catalytic domain (2). The catalytic
domain consists of up to 16 helices and 16 loops that fold to form a substrate binding pocket
(18).The phylogenetic tree of the human PDE families reveals that the PDE3A enzyme family
is closely related to PDE3B and PDE1B (Figure 1) (2).

—— PDE1A 535aa (NP_001003683)
PDE1C 634aa (NP_005011)
— ———— PDE1B 536 aa (NP_000915)
—— PDE3A 1141 aa (NP_000912)
L——— PDE3B 1112 aa (NP_000913)
'EPDE4A 647 aa (NP_006193)

PDE4B 736 aa (NP_002591)
PDE4D 673 aa (NP_006194)
— PDEAC_712aa (NP _000914)

PDE2A 941 aa (NP_002590)
PDE5A 875aa (NP_001074)
PDE11A 934 aa (NP_058649)
I_ PDEG6A 860 aa (NP_000431)
1 PDE6B 854 aa (NP_000274)
PDE6C 858 aa (NP_006195)
PDE10A 779 aa (NP_006652)

PDE9A 593 aa (NP_002597)
—— PDE8A 829aa (NP_002596)
L—— PDESB 885aa (NP_003710)

—:PDE7A 456 aa (NP_002594)
PDE7B 450 aa (NP_06181)

Figure 1. Phylogenetic tree of human PDE families 1to 7. (2).

GAF-PDE




1.4 Phosphodiesterase 3 subfamilies

This enzyme subfamily is often called cGMP inhibited cAMP PDE enzymes because they
hydrolyse both cAMP and cGMP, although they have a higher affinity to cAMP (2). The PDE3
family can be divided into two main groups: PDE3A and PDE3B. There is a 44 amino acid
long insert located within the catalytic core that is unique for the PDE3 isomers (18, 19). This
insert is supposedly positioned between second histidine and the glutamate of the first motif
(AA position 773-816) (18, 20, 21). The active site is known to lay between amino acids 679
and 1141 (21). In the heart, PDE3A is most common (22), however, to our knowledge there is
no crystallized structure of the PDE3A enzyme family at the time of writing this thesis.
Nevertheless, there is a crystal structure of PDE3B (PDB ID: 1SO2) published in the protein
data bank (PDB) database. In order to increase the accessibility and effectiveness of a potential
drug that works on the heart, it is appropriate to use the most abundant subgroup of PDE3 as
the target molecule. Therefore, the focus of discovering a new inotropic drug is directed on
PDE3A subgroup. Nevertheless, the published PDE3B model will act as a major asset in
making a homology model of PDE3A enzyme for this thesis.

1.4.1 Structure of PDE 3A

PDE3A enzyme consists of 1141 amino acids (23). The amino acid sequence of this enzyme is
the longest of all compared to the other crystalized and modelled PDE enzymes in the family
(see Figure 1). Similar to the other PDE enzymes, the PDE3A also has a catalytic core closer
to the C-terminal of the protein (18). The TM domain of the enzyme consists of 6 alpha helices
and binds the PDE3 to the endoplasmic reticulum and other membrane rich regions of the cell
(see Figure 2). The amino acid TM areas of a protein are normally highly conserved and are
bound together by loops that are less conserved (2). According to the visualized figure of
PDE3A in Figure 2, the N-terminal and C-terminal of the enzyme are extracellular, along with
the loops between TM helix 2 and 3, and TM helix 4 and 5. The intracellular region consists of
the largest loop between TM helix 1 and TM helix 2 along with the rest of the remaining loops.
The N-terminal containing the hydrophobic TM loops is responsible for the phosphorylation
and activation of the enzyme by PKA and PKB (14, 19, 24). The catalytic domain of PDE3 is
adjacent to the C-terminal of the protein and is responsible of the hydrolysis of the CN. The

reaction occurs in the substrate-binding pocket, catalysed by divalent metal cations that occupy



adjacent metal-binding regions (23). This is normally a zinc ion site 1, while site 2 prefers

magnesium and/or manganese ions.
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Figure 2. Visualization of the PDE3 enzyme (UniProt protein accession id: PDE3A_HUMAN) generated from
protter (http://wlab.ethz.ch/protter/start/). There are 6 alfa helices in the TM domain.

1.4.2 Ligand binding site

Ligand binding occurs in the catalytic domain of the enzyme. The binding site of the enzyme
is also where the hydrolysis of cAMP (and cGMP) occurs. This area appears to be composed
of the amino acids from D680 to D1105. In this area, it is also common to have 44 amino acid
inserts that start from P773 to C816 (18). There is a total of 16 alpha helices that create three
domains in the catalytic region, which is located in a dim pocket between the three subdomains
(25). Previous mutagenesis studies have shown that the conserved residues Y751, D950 and
F1004 are responsible for binding both substrate and inhibitor (26).

1.4.3 PDE3 inhibitors; mechanism of action

PDE3A is a dual enzyme which is specific for both cAMP and cGMP (14). By hydrolysing
cAMP in the heart, the signal that is responsible for maintaining heart contractions is reduced.
A PDE3 inhibitor acts as a competitive substrate for the PDE enzyme. When the inhibitor is
bound to the PDE3 enzyme, the enzyme will be occupied and therefore unable to hydrolyse
cAMP as a result. This will cause an increase in the concentration of CAMP in myocytes.
Increased inotropic effect on the heart is a consequence, which is not reduced to the same extent

as adrenergic receptor stimulation during hypothermic conditions (3, 27).



1.5 Drug-enzyme interactions and affinity

Interactions among enzyme and substrate, and the strength of the intermolecular forces between
them, will affect ligand affinity and specificity. To make a PDE3A specific inhibitor that can
compete with the natural occurring substrates, it is crucial that the inhibitor has a stronger
affinity for the enzyme, and reasonable binding specificity. Therefore, it is important to have
an overview of the drug-enzyme interactions and affinity before conducting a competitive
inhibitor. Binding stability can also be affected by nearby residues and hydrophilicity in the
environment where the bonding takes place. Strong bonds are often stable and require much
energy to break (28). Covalent bonds are the strongest. There are no covalent bonds occurring
between the PDE3 enzymes and substrate. The only interactions that occur between the enzyme
and substrate are electrostatic ones (29). Interactions with low refractive energy are easier to
manipulate and break (28). High specificity and affinity between an enzyme and its substrate
are a result of the additive effects of multiple interactions between the two molecules. In
general, binding affinity is additive, and several strong interactions between the enzyme and
substrate will be desirable for the most stable complex. Nevertheless, strong bonds that are
stable can also cause the enzyme to become more rigid. An enzyme locked in a specific
conformation may be less effective because this might cause reduced flexibility when making
room for diverse ligand binding (28, 29). Preferably the binding affinity interactions should not

be at the expense of reduced turnover rate.

1.5.1 Electrostatic interactions
e lonic interactions: lonic bonds are non-covalent interactions between two ionized
residues with opposite charges. Amino acids can have a negative, positive and neutral
charge in physiological pH. The possibility of ionic binding occurs when the
components are charged. Positively charged amino acids act as hydrogen bond donors
and the negatively charged amino acids are hydrogen bond acceptors. The amino acids
that are positively charged in physiological pH are arginine (R), lysine (K) and histidine
(H), while those that are negatively charged are aspartic acid (D) and glutamic acid (G).
This interaction is considerably weaker than the covalent bonds but is the driving factor
for ligand binding and affinity. These types of interactions, initially described by
coulomb’s law, is water and pH dependent. The interaction has two components: a

hydrogen bond and an electrostatic interaction. Coulomb’s law describes the



relationship between force, charge and distance, indicating that the interaction depends
on the charge of the atoms on opposite sides; Za and Zg and the distance, as well as
the dielectric constant, Eo (see Figure 3).

ChargeZ, r, Charge Z,

- ARG247

ZZss
2
TaB

Coulomb'slaw : AE =K

Figure 3. Representation of coulomb’s law.

e lon-dipole interactions: The ion-dipole interaction is a result of an interaction between

a partially charged atom and a neighbouring ion with an opposite charge. These kinds
of interactions are also dependent on distance, pH and environmental hydrophobicity.

e Dipole-dipole interactions: Dipole-Dipole interactions occur between molecules that

have permanent dipoles. These molecules are also referred to as polar molecules.

e Hydrogen bonds: These are interactions that occur between two electronegative atoms,

e.g. Nitrogen or Oxygen. The electronegative atoms, in this case, are interacting with
the same H-atom. The H-atom usually is covalently attached to the donor and interacts
electrostatically with the acceptor. Hydrogen bonds are interactions between two

electronegative atoms and one proton.

Figure 4. The electrostatic interactions between hydrogen bond donors and hydrogen bond acceptors.

Figure 4 is a visualization of hydrogen bond interactions between negatively and
positively charged molecules. The electronegative oxygen atom draws on the partially

positive hydrogen protons. Even though these interactions are typically strong, the

9



1.5.2

molecule shares its interactions with water molecules in the area, making hydrogen
bonds affected by the hydrophilicity in the environment. Hydrogen bonds are thus
stronger in an environment with less water molecules such as in the core of a protein
active site.

Van der Waals interactions: these interactions are “electrostatic” interactions between

uncharged groups. The effect is greatest with groups that are most polarizable; usually
methyl groups and methylene groups of hydrophobic side chains such as valine (V) and

leucine (L).

Kinetic parameters that affect binding affinity

Dissociation constant (Kd): The affinity between a ligand and a protein is often

correlated with the bonding strength. A ligand that has a high enzyme affinity is more
attracted to its target molecule and binds effortlessly. This can be explained as the Kd.
A low dissociation constant means that a ligand is strongly bound to its receptor and a
low concentration is needed to occupy the target molecule.

Turnover number (Kcat): Kcat is used as a parameter to assess how many substrate
molecules that are being “turned over” by the enzyme per second. High Kcat is
equivalent to an effective enzyme.

The Michaelis-Menten constant (Km): Km is a description of concentration and rate of

reaction. It is a measure for affinity because it is descriptive of the maximum rate of the
reaction occurring and the substrate concentration that is required to reach Vmax
(maximum reaction rate). Low Km indicates that lower concentrations of substrate is
required to reach maximum rate of reaction and is thus associated with high affinity.

The inhibitor constant (Ki): Similar to Km, Ki is the concentration which is needed to

reach the maximum reaction rate. Ki is therefore a measure of how potent inhibitors are.
Low Ki means low concentration needed to reach maximum reaction rate and therefore
high inhibitor potency.

Km/Kcat: The relationship between Km and Kcat explains the catalytic efficiency of an
enzyme. While a low Km is an indicator of high affinity, high Kcat is equivalent to
effectiveness. The ratio that results in a low Km/Kcat is therefore preferable for the most

effective and potent drug- enzyme reaction.
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1.6 Homology modelling
Homology modelling is a tool that is used to synthetize a model of proteins for which the 3D
structure does not exist. This technique is based on the observation that evolutionary related
proteins share similar sequences and protein structures. Homology modelling provides easy
access to structural and conformational properties of a protein without depending on advanced
and time-consuming methods such as X-ray crystallography and NMR to conduct a 3D
structure. This method requires a known structure to be used as a template(30). While PDE3B
and PDE1 subtype has been crystalized several times, the crystal structure of PDE3A remains
unknown. The function and physiological properties of a protein is dependent on its 3D
structure. The model visualization of the protein structure of the PDE3A enzymes will help
determine and understand its stability, active site and protein-ligand interactions that provide
enzymatic affinity and efficiency.
Because of sequential similarities, the previously crystalized protein variants and their models
can be used as a template to make a model of the PDE3 enzyme. Information about the protein
structure and its active site is crucial for understanding and synthetizing new potential
inhibitors. There are multiple steps to execute homology modelling as shown in Figure 5, the
main steps include:

e Searching for a suitable template

e Aligning and comparing target and template sequence

e Building a homology model

e Refining and validating the models.

11



Identify template

search for suitable crystalized templates

in database (PDB).

Alignment

Target and Template are aligned to
identify corresponding positions.

\ 4

Model build

Constructing a model based on
template homology.

\ 4

Model Refinements

Perfecting the model by using energy
minimizing methods, Monte Carlo
simulations etc.

¥

Model Validation

uncertainty and errors.

Experimental studies to eliminate model

Figure 5. Flow Chart indicating important steps of homology modelling.

1.6.1 Template selection

When choosing a template to perform homology modelling, it is important to choose one that
will provide the most reliable results. It is common to use databases such as PDB to find a
suitable template. The PDB database, provides an overview of all crystallized proteins that have
been published. To create a homology model, a crystallized structure which preferably has as

much sequence similarity as possible with the target protein is chosen as a modelling template
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(30). Although modelling might yield results that deviate and might contain errors, it is a much
easier and time-saving approach. Though a homology model might be less reliable than a 3D
crystal structure, the outcoming model quality can be influenced by how contemplative the
template selecting step is. The PDB database accommodates published 3D structures of proteins
in an active or inactive form. These are also often bound to ligands that they have been
crystalized with. One should therefore carefully appraise when choosing a suitable template for
a homology model. The preferred template should depend on the preferred form of the target
molecule. The most comparable template choice must be the structure that is most similar to
the target protein. High sequence identity and similar binding configuration must be prioritizing
factors when choosing a template to construct a model of high quality. The crystal structures
have also been made using various methods and equipment. Because of this, the templates can
have varying quality. The chosen template structure must have a high resolution. The template
selection step also influences model reliability. Fortunately, there are aids to help investigate
these factors after conducting a model. Template selection is often simplified with database
tools such as the basic local alignment search tool (BLAST) (31) which is also available through
PDB and internal coordinate mechanics (ICM) software (32).

1.6.2 Sequence-structure alignment

Before creating a model, it is important that the target sequences are aligned to the template of
choice (30). The goal of this is to determine sequence identity percent and thus corresponding
positions in the target and template. During this step, one can also adjust the alignment to get
the best result. The rule of thumb is that a sequence identity of over 50% is expected to provide
a reliable model. A sequence identity between 30-50% provides satisfactory results, though
potential errors should be expected and considered to make a reputable model. Optimization is
especially required for the areas in a loop conformation. The target and template might have
vastly different structures when the sequence identity is below 30%. Therefore, a sequence
identity under 30% is known as the twilight zone. This means that one can expect unclear and
inaccurate results due to a lack of sequence similarity between the target and the template (28).
To increase the percent identity, insertions and deletions must be recognized. Insertions include
inserting relevant amino acids to the sequence, while deletion is deleting or replacing irrelevant
residues in the target. The goal is to adjust sequence alignment to conduct a reliable alignment

and increase sequence identity before building a model.
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1.6.3 Model build

After aligning the template and target sequence, a homology model can be conducted. Model
building involves constructing the core areas of a protein based on the template (30). Molsoft
ICM-PRO is one of the widely used homology modelling programs for creating models.
Homology modelling using ICM-PRO is based on the Internal Coordinate Mechanics. Using
this program structure prediction of protein sequences and drug design is possible (33). Molsoft
ICM-PRO is available at http://www.molsoft.com/about.html. Model building consists of

multiple steps involving modelling of core TM domains, loop modelling and side chain
optimization using rigid body superposition (RBS) (30).

1.6.4 Model refinement

After building, a model refinement is implemented in order to ensure energy minimizations.
This involves refining the uncertain parts of the model. Residues that are in unlikely
conformations must be re-evaluated. Large side chains that are adjacent can cause steric clashes.
This makes the model unreliable as sidechain residues naturally will sought the most stable
conformation. A realistic model is therefore a model that has a low and stable calculated energy

of the sidechain residues.

1.6.5 Model evaluation

After model building and refinement, an evaluation is done to ensure the validity of the model.
Despite high sequence identity and low energy, errors in models are often unavoidable. Most
prevalent errors are often associated with side chain packing, uncertain and unaligned loop
regions, and unbeneficial adjustments that have been made. Experimental studies are therefore
necessary for model validation. The stereochemical quality of the model is often analysed using
easily accessible structure analysis servers such as PROCHECK and WHATCHECK (30).
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2 Aim

Understanding the molecular mechanisms of a target molecule is crucial for developing
corresponding active and effective ligands. To our knowledge, there are no published crystal
structures of the PDE3A enzyme at the time of this study. Constructing a structure of the
PDE3A enzyme is the first step to creating drug inhibitors that can be used to treat hypothermic
patients. Therefore, the aim of this study is to conduct three homology models of the
uncrystallised PDE3A enzyme, using existing crystalized structures of PDE enzyme family
members as a template. Subsequently, the models will be evaluated to determine model
accuracy and stability. Furthermore, the objective is to locate the active site residues that are
necessary for inhibitor binding affinity and thus enzymatic activity. Information about the
model may provide an overview of structural and functional information that is required for
optimal enzymatic efficacy. This information is largely relevant for future development of
PDE3A drug inhibitors for hypothermic patients.
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3 Methods

3.1 ICM Homology modelling

The PDE3A enzyme was not crystalized at the time of this study. Therefore, a homology model
was built based on homologous proteins. The steps consisted of finding suitable templates,
alignment of template and query sequence and model building using ICM-PRO. Finally, the

models were refined, evaluated and examined.

3.1.1 Template search

The query sequence of the human PDE3A enzyme was extracted from the UniProt database
(www.uniprot.org). The UniProt accession number Q14432 was used when searching for
possible templates. BLAST was used to find crystalized 3D structures of homologous proteins
with high sequence similarity. The protein-protein BLAST search was conducted directly
through the ICM program. The search was limited to find only crystalized 3D structures
published in the PDB (https://www.rcsb.org/). As a result, a list of structures that could be
potential templates were presented. The structures with the highest sequence identity and
similarity to the PDE3A human enzyme were presented at the top of the list provided by the
BLAST search. The top three crystal structures on the list were chosen as templates for making
a homology model of the PDE3A enzyme. The structures chosen had the PDB ID’s 1S02,
1TAZ and 4NPV. The query sequence of the human PDE3A and the 1SO2, 1TAZ, 4NPV
sequences share 84%, 47% and 47% sequence similarity, respectively. The corresponding
sequence identity between these structures are 69%, 32% and 32%.

The crystal structures of the templates were obtained, and the template sequences were

extracted from the structures and downloaded directly into ICM.
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Table 2. Top 3 results of the BLAST search. These structures were chosen as templates for homology modeling

for PDE3A enzyme.
PDB Structure Title Sequence | Sequence Resolution Primary Citation | PubMed
ID similarity | identity (%) | (A) Author ID
(%)
1S02 Catalytic domain of | 84 69 2,4 Scapin, G., Patel, | 15147193
human S.B., Chung, C,
phosphodiesterase 3B Varnerin, J.P,
in complex with a Edmondson, S.D.,
dihydropyridine Mastracchio, A.,
inhibitor Parmee, E.R,
Singh, S.B., Becker,
JW.,  Van Der
Ploeg, L.H., Tota,
M.R.
1TAZ Catalytic Domain of | 47 34 1,77 Zhang, K.Y.J., | 15260978
Human Card, G.L., Suzuki,
Phosphodiesterase 1B Y., Artis, D.R,
Fong, D., Gillette,
S.,  Hsieh, D,
Neiman, J., West,
B.L., Zhang, C,
Milburn, M.V,
Kim, S.-H,,
Schlessinger, J.,
Bollag, G.
ANPV Crystal structure of 47 34 2,4 Humphrey, JM.,, | _
human PDE1B bound Yang, EX. Am
to inhibitor 7A (6,7,8- Ende, C.W., Amold,
trimethoxy-N- E.P., Head, J.L.,
Jenkinsonb, S,

(pentan-3-yl)

quinazolin-4-amine)

Lebel, L.A,, Liras,
S., Pandit, J,
Samas, B., Vajdos,
S.P,
Evdokimova, A,

F., Simons,

Mansour, M.,
Menniti, F.S.
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3.1.2 Alignment

The protein sequence of 1SO2,1TAZ and 4NPV crystal structures were extracted and
downloaded into Molsoft ICM-PRO to be used as templates for the homology models. Using
the ICM alignment tool, the PDE3A sequence was aligned with the template sequences of
1S02, 1TAZ and 4NPV. The sequence of the PDE3A enzyme consists of 1141 amino acid
residues, while the templates had 363, 322 and 323 residues (catalytic domain) respectively.
Consequently, the alignment of the query sequence to its template was mainly focused on the
catalytic domain of the enzyme. The sequence for the N-terminal of the PDE3A enzyme was
cropped out of the alignments. The remaining sequence consisted of the amino acid residues
roaming from A660-Q114. Thus, the sequence length was reduced from 1141 to 482 amino
acids in this study. The gaps in the alignment were compressed using the ICM inbuilt tool. The

alignments were not further adjusted.
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Figure 6. Sequence alignment of PDE3A with 1SO2 used for the homology modeling. Dark green and green

areas are fully conserved and have identical sequence residues with template. Yellow areas are semi conserved,

and white areas are the non-conserved regions. The red bars symbolize the alfa helical secondary structure

while the purple bars show non conical helices.
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Figure 7. Sequence alignment of PDE3A with 1TAZ used for the homology modeling. Dark green and green areas

are fully conserved and have identical sequence residues with template. Yellow areas are semi conserved, and

white areas are the non-conserved regions. The red bars symbolize the alfa helical secondary structure while the

purple bars show non conical helices.

20



37% pP=18.0
PDE3A HUMAN 1
v4npv_a

PDE3A HUMAN 1
vinpv_a

PDE3A HUMAN 1
vdnpv a

PDE3A HUMAN 1
vidnpv_a

PDE3A HUMAN 1
vinpv_a

PDE3A HUMAN 1
vinpv_a

PDE3A HUMAN 1
vinpv_a

PDE3A HUMAN 1
vinpv_a

PDE3A_ HUMAN 1
vinpv_a

[

6l

119
92

179
115

239
174

299

228 WL

359
288

419
309

479

...................... #..##. . L. . W.F.#F.L. R N H.#.L#
APETMMFLDKPILAPEPLVMDNLDSIMEQLNT DLVENIGRKCGRILSQVSYRLF
7777777777777777777 STAVLNCLKNLDLI I VISLNQAADDHA***LRTIVFELL

® » ® o )

.#.L#%..FKIP...#M.##.ALE.GY..#..PYHN.IHA.DV.. . V###..........
EDMGLFEilKIIIREFMNYFHALEIGIRDI—- RII§§DVLHAVWYLTTQPIPGLST
TRHNLIS IPTVFLMSFLDALETGYGKYKN oI DVTQTVHCFLLR-——————
» ( C

............... G#.H..........o......CLS..... .#EL#A###ARAR#HD

VINDHGSTSDSDSDSGETHGHMGYVEFSKTYNVTDDKYG LSGNIPALELMALYVAAAMID

—————————————— TGMVI———————————————————ILS————EIELLAIIFAAAI D
® I ® (I

Y-H.G.TN.F#4.T....A##YNDRSVLENHH$. .44 .L.M. . .E4N##INL...EF. .4
PGRTNABLVATSAPQAVLENDRSVLEN WNLFMSRPEYNFLINLDHVEBKHF
I ITGTTNAIHIQTKSECAIVI:DRSVLEN ISSVFRL- MQDDEMNIFINLTKDEIVEL
I (IS (IS ® (D (—

R#LVIE##LATDH. .HF..V. . #.. . #..... - ... ... L....##4 . #ADI..P.K.
RFLVIEAILATDLKKHEDFVAKFNGKVNDDVGIDWTNENDRLLVCQOMC IKLADINGBPAKC
RALVIEMVLATDMSC QQVKTMKTALQQ———LERIDKPML———SLLLHMDISHEKQ
s S Ee 5 0000 o NENe =N

.#H. .WT..##.EF#.QGD.EA.LGLP#SP##DR....#A..Q. .FI. #IV.P.#..#.
KELALOWTDGIVNEEYEQGDEEASLGLEISEFMDRSAPQLANLQESEISHIVGBLCNSYD
TKALMEEBFROGDKEAELGLEBFSBLCDRTSTLVAQSQIGEIDFIVERTEFSVLT

e S 0 - P.o...Fto. #een...
SAGLMPGKWVEDSDESGDTDDPEEEEEEAPABNEEETCENNES KKKT KRRKIYCQI TQ
DVA-———=—=————mmm————m EKSVQOB----———---—- pVVSERSTHV---~- K

B N <
HLLONEKMAKKVIEEEQRLAGIENQSLDQTPQSHSSEQIQAIKEEEEEKGKPRGEEIPTQ
RIQENKQKWKERAAS ————————————mmmm e
® ]

KPDQ

Figure 8. Sequence alignment of PDE3A with 4NPV used for the homology modeling. Dark green and green

areas are fully conserved and have identical sequence residues with template. Yellow areas are semi conserved,

and white areas are the non-conserved regions. The red bars symbolize the alfa helical secondary structure

while the purple bars show non conical helices.
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3.1.3 Building PDE3 models

Three homology models of the catalytic domain of the human PDE3A were built based on three
different crystal structures (1SO2, 1TAZ and 4NPV). Two of the three crystal structures (1LTAZ
and 4NPV) that were chosen are made up of the sequence of the same enzyme, but these were
crystalized in differing complexes. The crystal structure 1TAZ is a structure of the catalytic
domain of the human PDE1B. This structure is not bound to an inhibitor unlike the others.
1TAZ crystal structure consists of 365 residues and has a resolution of 1,77 A. The structure
4ANPV is a crystal structure of human PDE1B bound to inhibitor 7A (6,7,8-trimethoxy-N-
(pentan-3-yl) quinazolin-4-amine). The crystal is synthetized at a resolution of 2,40 A and
consists of 369 residues. Finally, the 1SO2 crystal structure is a structure of the catalytic domain
in the human PDE3B in a complex with dihydropyridine inhibitor. The structure of PDE3B
made at 2,40 A resolution by using x-ray diffraction and has a sequence length of 420 residues.
Unlike the other chosen templates with a single chain, the 1SO2 structure consists of 4 chains
(chain A-D). The single chain A was chosen as a template in building the homology model.
The molecules were built with surrounding molecules and active site ligands from the template
included. The resulting models were homology models of the catalytic domain of the PDE3A

enzyme (residue 660-1141) and not the complete enzyme entity.

3.1.4 Refinement of models
The models of the PDE3A enzyme were refined simultaneously as the models were built. The
full model builder feature in ICM refines both sidechains and loops when building and

constructing the homology models.

3.1.5 Evaluation of models

The evaluation of the models was carried out using SAVES meter server software
(https://servicesn.mbi.ucla.edu/SAVES/). In this paper, model reliability was examined using
both PROCHECK and ERRAT. PROCHECK results are presented in a Ramachandran plot.
The purpose of this plot is to visualize and thus evaluate the reliability of the structural
stereochemistry of the models. ERRAT, on the other hand, is used to check the stereochemical
interactions of the models. Finally, the structures and templates were eventually compared to

each other, and a root mean square deviation (RMSD) value was calculated using ICM-PRO.
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3.2 Uncovering active site residues

One of the main aims of this research was to pinpoint some of the active site residues that
contribute to ligand binding. The most reliable model as presumed through the evaluation tests
was further assessed for active site information. The PDE3A model was used as an aid to

identify conserved residues in the catalytic domain that may be essential for ligand binding.
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4 Results and discussion

4.1 Homology modeling

Prior to this study, there was no existing 3D structures of the PDE3A enzyme that had been
published. Recent studies have highlighted the clinical relevance of drugs that can modify the
activity of PDE3A (3, 5). Therefore, the homology modeling approach was chosen for the sake
creating a model to assist future drug development. Structural representations of the PDE3A
enzyme is scarce and thus models act as major asset for further modeling progression and
evolution of PDE3A drug inhibitors that are suitable for hypothermic patients. A 3D structure
of the PDE3A enzyme will also provide information of the ligand binding interactions which
is important for developing drugs with high binding affinity. The homology models of the
PDE3A enzyme are therefore constructed for provisional purposes.

4.1.1 Template search

The crystal structures of the templates that were used to build the homology models of PDE3A
have the PDB IDs 1S02, 1TAZ and 4NPV. The crystal structure of a protein is a better
representation of the real structure and is therefore more suitable as a template compared to a
scientifically produced model. Thus, the search for templates were limited to only find
crystalized structures in the PDB before making the models. The PDE3A models were made
by using the most structurally similar crystal structures that have been published in the PDB.
According to the phylogenic tree of the PDE enzyme families, the PDE3B is the closest relative
to PDE3A, followed by the PDE1B (see Figure 1) Therefore, the templates that were chosen

for the homology models, produce the most accurate results.

4.1.2 Sequence identity, similarity and alignments

The sequence identity of the chosen crystal structures, 1SO2, 17TAZ and 4NPV, were 69%, 34%
and 34% and had a resolution of 2,40A, 1,77A and 2,40A respectively (Table 2). The
composition of the amino acid sequence and the order of the amino acid residues in a
polypeptide is pivotal to the mold of the resulting secondary structure of a protein (28).
Concurrently, models that are constructed based on templates with high sequence similarity, is
accountable to model accuracy (34). The 1SO2-based model has a good sequence identity with
its corresponding template and is therefore most reliable. However, 1TAZ and 4NPV-based

models had a slightly lower sequence identity compared to their corresponding models (< 50%).
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The sequence similarity of the models 1SO2, 1TAZ and 4NPV were 84%, 47% and 47%
respectively (table 2) indicating good resemblance to the templates. The sequence templates
1TAZ and 4NPV share the same sequence identity (34%) and similarity (47%) (compared to
PDE3A sequence), the reason being the fact that they are crystals of identical enzymes. The
difference between them is that 1 TAZ is crystalized while unbound to an inhibitor, while 4ANPV

is crystalized with inhibitor 7A (6,7,8-trimethoxy-N-(pentan-3-yl) quinazolin-4-amine.

Due to limited query coverage of the templates to the entire entity of the PDE3A sequence, the
models conducted represent only the catalytic domain of the PDE3A enzyme. Nevertheless, the
catalytic domain is known to exhibit the active properties of the enzyme, making it the only
part of the enzyme of topic relevance. Also, previous studies have shown that when cropping
the PDE3A enzyme sequence at residue 660, the partial enzyme (catalytic site) remains active
(35).The protein sequence of the PDE3A human enzyme was trimmed at residue A660 to
achieve this. The sequence alignments were automated using ICM and required minimum

alterations.

4.1.3 3D structure of PDE3A

The final models of the PDE3A enzyme are named “1S02-based model”, “1TAZ-based model”
and “4NPV-based model” as shown in Figure 9 (left). These models visualize the secondary
structure elements of the enzyme. The structure consists mainly of alfa helices connected by
loops. These secondary structures are visibly highly similar to the 3D crystal structure of the
templates. This can be seen for all the three models (see Figure 11). The parts without secondary
structures is mainly due to absent template coverage (gaps). The resulting model lacks the N-
terminal phosphorylation site of the PDE3A enzyme, and the TM hydrophobic loops as
mentioned earlier. The constructed homology models contain structural information of the
highly conserved C-terminal with the distinctive 44 amino acid insert and the active binding
site of the PDE3A enzyme.
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4.2 Model Evaluations

421 PROCHECK

According to PROCHECK statistics one can assume to have a model of high quality when over
90% of the residues reside in their most favorable state represented by the Ramachandran plot
(36). Table 3 summarizes the Ramachandran plot statistics. 1TAZ-based model has 90,7%
residues in the most favored regions, 8,2% residues in additionally allowed regions, 1,2%
residues in generously allowed regions and 0,0% residues in disallowed regions. 1SO2-based
model has 89,5% residues in the most favored regions, 10,0% residues in additionally allowed
regions, 0,5% residues in generously allowed regions and 0,0% residues in the disallowed
regions, and finally 4NPV-based model has 86,9% residues in the most favored regions, 11,0%
residues in additionally allowed regions, 1,6% residues in generously allowed regions and 0,5%
residues in disallowed regions. The results show that 1SO2 and 4NPV-based models are close
to the 90% limit (89,5% and 86,9% respectively) and are therefore presumably of satisfactory
quality, while 17TAZ model is of high quality (90,7% in favorable regions). Though 1SO2-
based model had the highest sequence similarity to its template, 1 TAZ-based model is the most
stable according to this diagram. This highlights the fact that high sequence similarity is not the

solely relevant factor associated with model accuracy.

The aim of this study is to compile the information relevant to inhibitor binding. Therefore, it
was most preferable that the templates are bound to inhibitors for high quality models. The
templates bound to inhibitors are 1SO2 and 4NPV while the template structure 1TAZ is
unbound. It is unknown whether the residue stability of 1TAZ-based model is due to using an
unbound enzyme as a model template. In conclusion, according to the results of the

Ramachandran plot, the 17TAZ-based model is the most suitable for use in future studies.
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Figure 9. Left: The secondary structure of the constructed models of PDE3A shown as ribbons. This figure was
generated using ICM. The structure is colored starting from the amino acid residue 660 (red) to residue 1141
(blue). The first model is 1SO2-based, the second model is 1TAZ-based, and the third model is 4ANPV-based.
Right: The Ramachandran plots of all three models generated via PROCHECK. The Ramachandran plot
visualizes the areas in which the residues are most favored. The red areas are the most favored, yellow is the

additionally allowed areas, the generously allowed areas is pale yellow and finally the disallowed areas are
white.
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Table 3. PROCHECK Ramachandran plot summary for 1502, 1TAZ and 4NPV-based models.

Most favoured | Additionally Generously Disallowed
regions allowed regions | allowed regions | regions

1S02-based 89,5 10,0 0,5 0,0

model

1TAZ-based 90,7 8,2 1,2 0,0

model

4ANPV-based 86,9 11,0 1,6 0,5

model

422 ERRAT

The ERRAT test is a validating procedure that assesses the non-bonded interactions between
different atom or molecule types. Errors in a model can lead to inadequate atom distribution.
ERRAT calculates and distinguishes these errors from the correct determined regions and
produces a summarizing score that is reflective of the overall quality factor. Thus high ERRAT
scores corresponds with higher quality (29). In general, an overall quality factor over 50% is
acceptable (37). The 1S02,1TAZ and 4NPV-based models have an ERRAT score of 87,4 %,
85,4% and 79,9% respectively (Figure 10). All the models are therefore within the acceptable
limits and are therefore of good stereochemical quality. According to the ERRAT scores, 1SO2-
based model has the highest overall quality factor, followed by the 1TAZ-based model, and
finally the 4NPV-based model provided the lowest overall quality factor. In conclusion the
1S02- based model of the PDE3A enzyme has the least errors and is thus the model with highest

stereochemical quality.
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Figure 10. ERRAT plots for the1SO2, 1TAZ and 4NPV-based models. The two horizontal lines drawn on the

error axis show the confidence interval of which it is possible to reject regions that exceed error value. An

overall quality value above 95% is expected for high quality models with high resolution (<2.5A) (ERRAT).
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4.2.3 RMSD

The three models were superimposed on their templates to visualize the main structural
differences (see Figure 11). Primarily the main differences can be seen in the unaligned and un-
conserved areas of the catalytic domain. The RMSD value is calculated based on the differences
of C-alpha atoms between the structure and template. 1SO2-based model with the highest
sequence identity of 69% has the lowest RMSD value (0,116A), followed by 1TAZ-based
model with 37% sequence identity (0,124A) and the 4NPV-based model with a sequence
identity of 37% (0,137A) (Table 4). A low calculated RMSD value signifies few structural
differences and is a sign of a good model. Therefore, the results of RMSD compared to sequence
identity are as expected; the homology models with high sequence identity have the lowest
RMSD values. Low RMSD between the models and their corresponding templates indicate
minor structural differences.

The RMSD of the three superimposed models, calculated by ICM-PRO is 0,853 (Table 4). The
figure of the superimposed homology models (Figure 11) show that there are few structural
differences between the three models. The RMSD between the models is considerably low.
These results are credible because the model templates are neighboring family members as
represented in Figure 1. As expected, the aberrant parts correspond to the parts that did not have
sequence coverage (gaps) in the alignments. Overall, the models fit well into the main template

structures regardless.
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Figure 11. Superimposition of the models and their corresponding templates. Top: 1SO2-based model (red),

middle: 1TAZ-based model (green) and 4NPV-based models (yellow). The templates are colored grey.
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Figure 12. The superimposition of the three homology models constructed. 1SO2 is colored in red,1TAZ is

colored in green and 4NPV is colored in yellow for representation.

Table 4. Calculated RMSD for the homology models

1S0O2-based 1TAZ-based 4NPV-based All three
model model model models
superimposed
RMSD (A) 0,116 0,124 0,137 0,853

4.3 Assessing model quality
The 1SO2 template has the highest sequence identity (69%) to the PDE3A sequence as seen in

table 2, but surprisingly the unbound 1TAZ-based model has most stable residue conformations
(90,7%) as viewed in the Ramachandran plot (Figure 9). However, the ERRAT results and the
RMSD values advocate for the 1SO2 model quality. Though the 4NPV-based model is of
satisfactory quality, the model evaluations reveal that 1SO2- and 1TAZ-based models are more
reliable. The high Ramachandran values of the 1TAZ-based model could presumable be a result
of the missing ligand within the model. The absence of a bound ligand acquires more space for
the residues. The residues are therefore presumably not constricted and might result in more
stable conformations. Moreover, since the main interest of this thesis is to access ligand binding
interactions within the active site of the PDE3A enzyme to, it is applicable to use a ligand bound

based model such as the 1SO2-based model. According to model evaluations, 1SO2 is
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consequently be the best model of choice for future studies due to high sequence similarity,
stereochemical quality, low RMSD and stable residue conformations.

4.4 Ligand binding residues of PDE3A

As a result of the model evaluations, the 1SO2-based homology model was used to visualize
the residues in the active site of the PDE3A enzyme within the vicinity of the dihydropyridine
inhibitor. Using this model, a list of active site residues that potentially are associated with
ligand binding was conducted (Table 5).

Figure 13. Active site interactions of the 1SO2-based model. The active site residues are colored red and

numbered. The ligand (dipyridamole) is colored grey. Hydrogen bond interactions are displayed as dotted lines.

Table 5. List of conserved active site residues found in PDE3A model (1SO2-based model).

Residues found in active site of 1SO2-based model

Conserved residues T844, 1.919, D950, 1951, N952, G953, L960, Q963, T965, 1968
M990, L1000, Q1001, E1002, S1003, 11008, V1009

Super conserved residues Y751, H752, P954, H961, W964, F972, F989, F1004, H1007
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Table 5 is an overview of the active site residues that are found to be involved in ligand pocket
interactions. All of the residues that are shown to be in the active site are either conserved or
super conserved. These residues in the model homology model were also perfectly aligned to
the template (1S0O2). Figure 13 is a visual representation of the active site residues and their
positions relative to dipyridamole. The ligand-enzyme interactions of the PDE3A model are
presumably highly similar to PDE3B ligand binding (template) due conserved residue
positions. Mutagenesis studies of the PDE3 interaction sites, revealed that the mutation of
residues Y751, T844, D950, F972, Q975 and F1004 affect both Km and Ki compared to the
wild type(21, 26). These studies highlight the importance of these residues to ligand binding
and enzymatic activity. According to Figure 13, there are hydrogen bond reactions between the
enzyme and ligand (dipyridamole). This indicates that an aqueous environment will affect the
binding affinity of the enzyme. In conclusion, a suggestion for future studies is to further
investigate the interactions between the featured active site residues and a potential inhibitor to

increase binding specificity and affinity.
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5 Conclusion

Three homology models have been made in order to study the ligand binding properties of the
PDE3A enzyme due to the lack of its crystalized 3D structure. The models created are of high
quality and with good sequence similarity to its templates. The 1SO2-based model was found
to be the most reliable according to the model evaluations. By means of this model, the
presumably important amino acids for ligand binding have been elucidated. The highly
conserved residues Y751, T844, D950, F972, Q975 and F1004 are found within the vicinity of
the ligand in both the 1SO2-based model and its template. These findings may be of value to
facilitate PDE3A inhibitor drugs that are effective and specific for use in hypothermic

conditions.
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6 Future studies

Thanks to this research, the first step to the development of PDE3A inhibitors is established. A
homology model of high quality can be used as a guide to generate compounds from e-
molecules that act as candidates for virtual ligand screening. The 1SO2-based model of the
PDE3A enzyme can be used as a template for identification of hit compounds. The compounds
that exhibit high affinity for the active site residues that are essential to enzyme ligand binding
can be further tested as potential candidates of PDE3A enzyme inhibition. During hypothermia
pharmacokinetic processes in the body are often delayed. Thus when the body is rewarmed and
the pharmacokinetic conditions are normalized, there is often a need for dose adjustments of
drugs (8, 9, 36). In order for the future PDE3A inhibitors to be specialized for use under
hypothermic conditions, a short Ty is preferable so that the drug dose can be adjusted after
rapid changes in patient condition. Therefore, the potential PDE3A inhibitors drug candidates
must be checked for putative ADMET properties, subjected molecular dynamics simulations at

temperatures below 30°C, and tested in vitro for short half-life.
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