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Abstract

Purpose: To investigate the substructure and molecular dynamics change in the phase-l drug
metabolizing enzyme, carbonyl reductase 1 (CBR1), in response to different substrate and inhibitor
configurations, using a molecular dynamics approach.

Methods: CBR1 structure and drug ligands, including 2,3-butanedione, prostaglandin E2 (PGE2),
oracine, mitoxantrone, menadione, rutoside, barbital, and biochanin A, were retrieved and 3D optimized.
Docking runs were performed using template docking into CBR1 active binding site with GSH.
Molecular dynamic (MD) simulation was implemented for 100 ns.

Results: The docking scores were positively correlated with the detected ligand’s affinities. Molecular
dynamics simulation indicated that lower affinity ligands or weaker inhibitors produced less stable CBR1
with higher root mean square deviations (RMSD) of CBR1 backbone a-carbon atoms. Stronger
inhibitors and substrates produced stable CBR1 structures with RMSD similar to or lower than CBR1-
NADP complexes. Very low affinity ligands were unstable and were released from their sites within a
few nanoseconds after commencing the simulation. Two flexible loops, LE92-PHE102 and VAL230-
TYR251, were highly responsive to the nature of CBR1 ligands. Changes in the latter may be
associated with lower CBR1 activity due to loss of stabilization of NADPH by the deviation of this loop’s
residues.

Conclusion: In this work, a model of CBR1 structural changes has been provided that can be used in
the analysis of CBR1 future substrates and inhibitors. Docking followed by MD simulation and analysis
of average backbone a-carbon RMSD and changes in ILE92-PHE102 and VAL230-TYR251 loops can
be used in the model analysis of unknown or new drug candidates to predict their binding efficiencies.
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INTRODUCTION reductases/dehydrogenases. They are required
for detoxification of compounds bearing carbonyl

Carbonyl reductase 1 (CBR1, E.C. 1.1.1.184) is  groups, including a wide range of drugs, toxins,
a member of a large family of short-chain chemicals, and xenobiotics [1]. Besides, CBR1
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shows marked activity toward endogenous
carbonyl substrates such as eicosanoids and
steroids [2]. Carbonyl reductase 1 increases the
toxicity of the anticancer anthracycline
doxorubicin by producing less active and more

toxic alcoholic derivatives. Also, CBR1
overexpression in cancer cells has been
associated with drug resistance against

treatment with anthracycline anticancer drugs [3].
There are two highly homologous isoforms of
CBRs in humans, CBR1 and CBRS.
Furthermore, the catalytic efficiency of CBR1
was much higher than its isoform CBR3 [4].
Therefore, CBR1 is considered as the most
critical CBR in phase-lI metabolism of drugs.

CBR1 has a wide range of substrate specificity.
Yet, the exact molecular basis of this high
specificity is still not well understood. Molecular
dynamics simulation explores protein-ligand
interactions and delivers useful in situ structural
responses that cannot be easily reached by other
techniques. A plausible binding model can be
suggested after comprehensive testing of initial
docking configuration followed by a brief MD
experiment. During docking studies, the ligand is
kept flexible and docked against a fixed protein
geometry [5]. To account for protein flexibility,
MD simulation contributes to the understanding
of the mechanisms underlying substrate
recognition by CBRL1.

To evaluate the interactions of several ligand
configurations with CBR1, several CBR1
substrates and inhibitors with various structures
and biological activities were selected (Figure 1).
The selected drugs and toxins contain carbonyl
moieties and proved to be substrates or inhibitors
for CBR1, including 2,3-butanedione, barbital,
biochanin A, prostaglandin E2 (PGEZ2), oracin,
mitoxantrone, and menadione. 2,3-butanedione
is a diacetyl and is used as flavoring agents in
food, electronic cigarettes, and alcoholic
beverages [6,7].

Barbital was discovered a century ago and was
used as a hypnotic agent [8]. Biochanin A is an
O-methylated isoflavone and was found to inhibit
CBR1 at a level of 2 uM [9]. Prostaglandin E2 is
a substrate for CBR1 with K, value of 0.1 mM
[10]. Oracin an anti-proliferative agent and a
substrate for CBR1 with K, value of 96 pM [11].
Mitoxantrone is a less toxic antineoplastic agent
related to doxorubicin. It has chemical
modifications that prohibit rapid metabolism by
CBR1, resulting in lower -cardiotoxicity [12].
Menadione is a chemical compound with vitamin
K activity with moderate affinity to CBR1 and K,
value of 42 uM [13].

METHODS

Collection, preparation, and optimization of
drug structures

The compounds shown in Figure 1 were
searched, and their 2D structures were
downloaded from the PubChem database. The
2D structure was desalted, cleaned, energy
minimized, and 3D optimized by Ligprep
software. The optimized structures at neutral pH
were saved as SDF files.

CBR1 structure preparation

The protein data bank was searched to retrieve
CBR1 bound to GSH (PDB ID 4Z3D). The
binding coordinates of GSH were used to
conclude the docking sites for the tested drugs.
Water and other crystallographic molecules were
removed. The protein side chains and missing
atoms were corrected. Non-polar hydrogens
were added, and the whole structure was energy
minimized to remove any structure deformities or
clashes before the docking started.
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Figure 1: Structure of drugs used in this study

Docking

The docking strategy, evaluation, validation, and
selection of best configurations were performed
as previously described [20]. The important
benchmarks were the distance of the carbonyl
group from the C4 atom of NADPH and the
proximity of the carbonyl oxygen to TYR193. The
shorter distance between the carbonyl group and
the C4 atom of NADPH ensures efficient hydride
transfer, and tyrosine residue acts as a proton
donor. Molegro Virtual Docker (MVD) 5.5
software was used to dock the drugs into CBR1
active site. MolDock was selected as a scoring
function. The docking template was built on GSH
binding coordinates. A docking space of 15 A
around the template position was used. A
maximum of 10 poses were generated. Docking
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validity was confirmed by the re-docking of GSH.
Complementarity of the docked GSH with its
position in the co-crystallized structure indicated
the efficacy of docking runs.

Molecular dynamics studies of CBR1

Molecular dynamics changes and structure
responses of CBR1 to different ligands were
assessed by MD simulation for 100 ns. YASARA
software (version 14.12.2) was used in all MD
simulations. The force field used was AMBER14.
Long-range electrostatic forces were handled
using Particle-mesh Ewald algorithm [21]. The
enzyme was soaked in a simulation cell with
water density of 0.997 g/mL, and boundaries
were kept at about 10 A around the protein.
Counter ions were added to simulate
physiological conditions. Isothermal (298K) and
isobaric conditions (NPT ensemble) were
maintained throughout the simulation time.
Steepest descent minimization was used to
prime the structure preparation. Time step was
set to 2 fs, and simulation snapshots were
collected every 100 ps. After the end of the
simulation, the average structure file was
generated and used to compare changes in
CBR1.

Other molecular modeling methods

Production of figures and inspection and
handling of molecular structure files were done
using several software packages, including ICM
molsoft, Maestro, Microsoft Excel, and GraphPad
Prism software.

RESULTS

Molecular docking

The docked compounds showed docking scores
ranging from -150 to -550 (Table 1). There was a

positive correlation between the obtained kp,
values and the detected docking score (r = 0.62).

Substrates with higher k;,, are more likely to get
higher docking score. Larger size ligands
showed higher docking scores as well as lower
km values, indicating stronger binding with CBR1.
Mitoxantrone, which is a lower affinity substrate
compared to doxorubicin, showed lower docking
score compared to doxorubicin, oracine, and
PGEZ2. This indicates the validity of the docking
run, which correlates with the previous reports,
indicating the lower affinity of mitoxantrone to
CBR1 when compared to doxorubicin [17]. The
strong inhibitors, biochanin A and rutoside,
showed high docking scores of -532 and -550
respectively. They were associated with their
low Ki values in the low micromolar range (Table
1).

CBR1-drug interactions

During docking runs, a template was generated
from the coordinates of GSH interaction. Figure 2
shows the interactions of selected drugs with
CBR1. The carbonyl groups were efficiently
docked near the catalytic residues, SER139 and
TYR193.

Structural stability of CBR1-drug complexes

The changes in RMSDs of CBR1 a-carbon
atoms during recognition of different compound
configurations were monitored for 100 ns in
several MD simulation runs (Figure 3 and 4). The
average distance of the backbone a-carbon was
calculated by comparing the positions of atoms
during MD simulations. According to the obtained
average RMSD values, the drugs can be
classified into three groups. The first group
comprised drugs with slightly higher RMSD when
compared to Apo-CBR1 and included PGE2 and
rutoside (Figure 3 B). The second group showed
lower RMSD values compared to Apo-CBR1 and
included 2,3-butanedione, barbital, biochanin A,
mitoxantrone, and menadione (Figure 4 A). The
third group had extremely low RMSD value as

Table 1: Substrate and inhibitor potencies of the compounds used in this study and their associated docking

scores and hydrogen bonding

Variable Substrate Inhibitor Reference Docking score H-bond
Km (mM) Ki (mM) energy
2,3- 1.8 - [14] -150 -2.3
Butanedione
PGE2 0.1 - [14] -501 -10.2
Oracine 0.096 -- [15] -372 -1.6
Doxorubicin 0.09 -- [16,17] -499 -15.2
Mitoxantrone 0.2 -- [17] -457 -11.4
Menadione 0.018 -- [11] -237 0
Rutoside - 0.033 [18] -550 -20
Barbital - 18% at 1ImM [19] -245 -2.3
Biochanin A - 0.00203 [9] -532 -9.2
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Figure 2: The docking site and interactions of diacetyl,
mitoxantrone, barbital, PGE2, menadione, and oracine
with CBR1

and menadione

2,3-butanedione, barbital,

(Figure 4 B).

Rutoside and PGE2 showed rapidly stabilized
RMSD within 20 ns with slightly higher RMSD at
the start of the simulation and extended for 85 ns
when compared to CBR1 bound to NADP without
any other substrate (ApoCBR1). ApoCBR1
(CBR1 without substrate) was less stable than
CBR1-PGE2 and CBR1-rutoside due to RMSD
fluctuation during 100 ns simulation (Figure 3B).
The average a-carbon RMSD values were 1.88,
2, and 1.94 A for ApoCBR1, CBR1-PGE2, and
CBR1-rutoside, respectively.

Biochanin A and mitoxantrone showed an
average RMSD change of 1.6 A, which is 0.22 A
lower than ApoCBR1. The Iowest MW
compounds, barbital and 2,3-Butanedione,
showed the lowest average RMSD, which were
1.3 and 1.5 A respectively.

0 20000 40000 60000 80000 100000

Time (ns)

~——2,3-Butanedione ——Barbital Biochanin ——Menadicne

jandin E Ry d —ApoCBR1

0 20000 40000 60000 80000 100000
Time (ns)
ProstaglandinE ——Rotoside —— ApoCBR1

Figure 3: RMSD of the a-carbon atom in the CBR1
structures during 100 ns of MD simulation. (A)
ApoCBR1: CBR1 bound to NADP or CBR1 bound with
different ligands, (B) ApoCBR1: CBR1 bound to NADP
or CBR1 bound with PGE2 or rutoside,
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Figure 4: RMSD of the a-carbon atom in the CBR1
structures during 100 ns of MD simulation. (A)
ApoCBR1: CBR1 bound to NADP or CBR1 bound to
biochanin, menadione or mitoxantrone, (B) ApoCBR1:
CBR1 bound to NADP or CBR1 bound with 2,3-
butanedione or barbital
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Substructure and residual changes in CBR1

Within the CBR1 structure, two regions were the
most responsive for the nature of binding ligands.
The first was the flexible loop - ILE92-PHE102,
while the second region is the VAL230-TYR251
loop (Figure 5 and 6), which contains residues
that are important for binding of NADP as well as
the substrate. Changes in RMSD in these two
regions were dependent on the type of ligand
bound with CBR1, which can be categorized into
three groups. The first group comprised PGE2
and rutoside and showed a marked increase in
RMSD in these two loops compared to ApoCBR1
(Figure 5 B). The second group did not show
marked RMSD changes and comprised
biochanin and mitoxantrone. The third group,
2,3-Butanediol, barbital, and oracine, produced
lower RMSD changes in the two regions.

Instability of binding of low molecular weight
ligands

The low mw ligands as 2,3-butanedione and
menadione showed unstable binding with CBR1.
Molecular dynamics experiments showed that
the compounds were released from the active
site within 10 ns from the start of the simulation.
This was associated with lower RMSD changes
in CBR1.
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-20 30 80 130 180 230 280
resdiue No.

2,3-Butanedione Barhital Biochanin

Menadione —Mitoxaone -Oracin

Prostaglandin E Rotoside ApoCBR1-NDP

RMSD (A}

-20 30 80 130 180 230 280
resdiue No.

Prostaglandin E Rotoside ApoCBR1-NDP

Figure 5: Per-residue RMSD of CBR1 structures
during 100 ns of MD simulation. (A) ApoCBR1: CBR1
bound to NADP or CBR1 bound with different ligands,
(B) ApoCBR1: CBR1 bound to NADP or CBR1 bound
to PGE2 or rutoside
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Figure 6: Per-residue RMSD of CBR1 structures
during 100 ns of MD simulation. (A) ApoCBR1: CBR1
bound to NADP or CBR1 bound to biochanin,
menadione or mitoxantrone, (B) ApoCBR1: CBR1
bound to NADP or CBR1 bound to 2,3-butanedione or
barbital

DISCUSSION

A broad range of compounds, a feature that is
less common in the short-chain
dehydrogenase/reductase family [22]. Molecular
dynamics simulation was used to identify
structural changes in proteins in response to
various interactions with smaller molecules or
cellular components [23-25]. The flexibility of this
technique allows for the identification of
substructure responses in snapshots of time, a
property that helps in understanding various
molecular responses that cannot be easily
identified by other techniques.

Carbonyl reductase 1 can metabolize PGE2,
which is a fever mediator, to yield the less active
PGF2a [13]. It is a medium affinity substrate with
km = 100 uM. PGE2 showed high docking score
equal to -501. The complex between CBR1 and
PGEZ2 was less stable and showed higher RMSD
changes during 100 ns of MD simulation. Also,
PGE2 produced higher RMSD changes in the
flexible loop, ILE92-PHE102, as well as in
VAL230-TYR251 loop. These changes resulted
in an outward deviation of important residues in
the stabilization of NADPH. This may result in the
lower affinity of PGE2.

In this study, two CBR1 inhibitors, rutoside and
biochanin A, were evaluated. The former is a
medium affinity inhibitor at 33 puM concentration,
while the latter is a potent inhibitor at 2 uM levels
[9,26]. Interestingly, biochanin A produced

Trop J Pharm Res, August 2019; 18(8): 1639



Kandeel et al

favorable dynamics profile by stabilizing CBR1,
which showed lower average structure RMSD
and smaller changes in the two CBRL1 flexible
loops. In contrast, the weaker inhibitor, rutoside,
showed less stable CBR1 and higher RMSD
changes.

The poor affinity ligand, 2,3-butanedione (K, =
1.8 mM, [14]), showed unstable binding with
CBR1 that led to complete detachment from the
active site within a few nanoseconds from the
start of MD simulation. This is also supported by
lower RMSD (Figure 3, 4) and lower RMSD in
the VAL230-TYR251 loop.

The VAL230-TYR251 Iloop was the most
responsive element in CBR1 structure, which is
associated with the potency of the binding ligand.
Conservation of this loop conformation in
alignment with NDPH-bound conformation
(ApoCBR1) was associated with stronger ligand
binding pattern. The lower affinity ligands
showed lower RMSD changes in this loop.

CONCLUSION

Molecular docking and MD simulation were used
to develop a model for testing the recognition of
ligands by CBR1. Higher RMSD in VAL230-
TYR251 loop denotes deviation of the NDPH
stabilizing structures that might favor poor CBR1
activity. Stabilization of this loop is associated
with stronger binding ligands. The average
backbone a-carbon RMSD and changes in
ILE92-PHE102 and VAL230-TYR251 loops can
be used in the model analysis of unknown new
drug candidates and can be used as a tool to
predict the potential interactions of existing drugs
with CBR1.
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