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ABSTRACT

In some human cancer cases, the activity of p53 is inhibited by overexpressed Mdm?2.
Mdm?2 acts as an ubiquitin ligase, resulting in p53 ubiquitination and subsequent p53
proteasomal degradation. The disruption of the Mdm?2-p53 interaction using small-
molecule inhibitors is recognized as a promising strategy for anticancer drug design.
Mushrooms are an important source of powerful compounds with antitumor properties.
In this study, we present the first virtual screening of low molecular weight compounds
present in mushroom as potential Mdm2 inhibitors. A re-docking and cross-docking
method was used to validate the virtual screening protocol. The steroids: ganoderic
acids X (Ki=16nM), Y (Ki=22nM) and F (Ki=69nM); 5,6-epoxy-24(R)-methylcholesta-
7,22-dien-3B-ol (Ki=74nM) and polyporenic acid C (Ki=59nM) stand out as the top
ranked potential inhibitors of Mdm2. The docking pose of the most promising
compounds were carefully analysed and the information provided shows several

interesting starting points for further development of Mdm2 inhibitors.
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1. Introduction

The p53 tumor suppressor protein is a short-lived protein, which is stabilized in
response to cellular stress (1). The postranscriptional modification by ubiquitination is
an important mechanism regulating protein activities in cells (2). Ubiquitination of p53
leads to the protein degradation through the ubiquitin proteolysis pathway and can be
accomplished by several proteins including Mdm2 (Human E3 ubiquitin-protein ligase),
COP1, and Pirh2 among others (3,4). The Mdm2-mediated ubiquitination is considered
to be the most important mechanism of regulation of p53 abundance (1-5). Stress
signals lead to p53 stabilization either by induction of covalent modifications in Mdm?2
and p53, or through altered protein—protein interactions. Mdm2 also harbours a post-
ubiquitination function, probably enabling efficient targeting of ubiquitinated p53 to the
proteasome (1). In fact, Mdm2-mediated ubiquitination is responsible for maintaining
low levels of p53 in a normal physiological state of a cell as well as for the rapid
increase of p53 after genotoxic stress (5-7).

In some human cancer cases, the activity of p53 is inhibited by overexpressed Mdm?2
that acts as an ubiquitin ligase, resulting in p53 ubiquitination and subsequent p53
proteasomal degradation (7). The disruption of the Mdm2-p53 interaction using small
molecule inhibitors (SMIs) is recognized as a promising strategy for anticancer drug
design (8). Nutlins and spirooxindoles are examples of SMIs targeting Mdm2, which
bind to its hydrophobic pocket with high affinity and selectivity (9).

Mushrooms are considered an important source of powerful compounds with antitumor
properties. The antitumor properties of wild mushrooms have been extensively studied
by our research group and by others (10-14). Several low molecular weight (LMW)
compounds such as quinones, cerebrosides, isoflavones, catechols, amines,
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triacylglycerols, sesquiterpenes and steroids, have been isolated from mushrooms and
proved to have antitumor properties (15-17). Mushrooms LMW compounds target
processes such as apoptosis, angiogenesis, metastasis, cell cycle regulation, and other
signal transduction cascades. Moreover, different molecular targets have been described
for these compounds including NF-KB transcription factors, protein kinases, aromatase,
sulfatase, matrix metalloproteinases, cyclooxygenase, DNA polymerase (16).
Nevertheless, LMW compounds might have multiple molecular targets.

To understand the antitumor activities of mushrooms, it is important to understand how
LMW present in mushrooms act at a molecular level. In this study, a dataset of 40
LMW compounds isolated from mushrooms, representing different families of chemical
compounds and described as having antitumor properties, were virtually screened to
investigate his potential as Mdm2-p53 interaction inhibitors. Great care was taken in the
validation process to insure the most reliable docking results. The docking tool
AutoDock4 was used and the validation of the crystal structures was carefully

performed using a re-docking and cross-docking approach.

2. Methods

2.1. LMW compounds dataset

The LMW compounds dataset used is composed of 40 compounds isolated from
mushrooms (Figure 1) (15). The 2D structure of the compounds was constructed using
the ACD/ChemSketch Freeware 12.0 software (18). The software VegaZZ 2.3.1 (19)
was then used to: convert all compounds from 2D to 3D, perform energy minimization
and record files in PDB format. Next, AutoDockTools1.5.2 (ADT) (20) was used to:
merge nonpolar hydrogens, add Gasteiger charges, and set up rotatable bonds through
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AutoTors. Finally all compounds were recorded in PDBQT file format, a format
required for AutoDock4 use. The octanol/water partition coefficient (LogP) was

calculated using Open Babel software (21).

2.2. Protein structure preparation

The crystal structures of Mdm?2 were obtained from the Protein Data Bank (PDB): 1T4E
(22), 3LBK (23) and 3JZK (24) (PDB entries). The software AutoDockTools was used
to: extract the co-crystallized ligands from the PDB file, assign polar hydrogens, add
gasteiger charges and save the structures in PDBQT file format required to use
AutoDock4. AutoGrid4 (25,26) was used to create affinity grid maps for all the atoms
present on the crystal structures used. We used ADT to choose the correct parameters
before using AutoGrid4. All affinity grid maps were centred on the active site and

coordinates were selected in order to encompass all the protein active site.

2.3 Virtual Screening using AutoDock4

AutoDock4 (version 4.2) (25,26) with the Lamarckian genetic algorithm was used to
simulate ligand-receptor molecular docking. Docking parameters selected for
AutoDock4 runs were as follows: 50 docking runs, population size of 200, random
starting position and conformation, translation step ranges of 2.0 A, mutation rate of
0.02, crossover rate of 0.8, local search rate of 0.06, and 2.5 million energy evaluations.
Docked conformations were clustered using a tolerance of 2.0 A RMSD (Root Mean
Square Deviation). The entire virtual screening experiment was performed on a cluster
of 8 Intel Dual-Core 2.8 GHz computers using MOLA software (27). Inhibition

constants (Ki) for all ligands were calculated by AutoDock4 as follows: Ki =



exp((AG*1000.)/(Rcal*TK)), where AG is the binding energy, Rcal is 1.98719 and TK
is 298.15. All figures with structure representations were prepared using PyMOL

software (28).

3. Results and discussion

3.1. Structure selection, re-docking and cross-docking validation

The performance of a docking experiment is usually evaluated by re-docking the co-
crystallized ligands into the protein binding site and then analysing the docking score
and pose obtained. If more than one crystal structure is available the docking
experiment can also be evaluated by cross-docking the ligands to different crystal
structures. On this study we started by selecting adequate Mdm?2 crystal structures and
then validating them by performing re-docking and cross-docking (29).

A total of 16 human Mdm?2 crystal structures are currently available at the Protein Data
Dank. As this study evaluates the potential Mdm?2 inhibition activity of LMW
compounds, only structures with co-crystallized SMIs were considered. From the 16
structures, 11 presented co-crystallized peptide inhibitors and only 5 presented co-
crystallized SMIs: 1T4E, 3JZK and 3LBK, 3LBL and 1IRV1 (PDB entries). After
careful structural analysis, three were selected for this study: 1T4E, 3JZK and 3LBK.
Structures 1RV1 and 3LBL were discarded as their crystal structure presents an
asymmetric unit that contains three separate inhibitor-Mdm?2 complexes, with crystal
contacts near the binding site. These crystal contacts may provide a distorted binding
site environment that is probably not equivalent to isolated Mdm2. These structures
were thus considered unsuitable for docking as they could probably render unreliable

docking scores and poses.



The 3 PDB structures used present co-crystallized inhibitors from 3 well-known
families of mdm?2 inhibitors: a benzodiazepine derivative in 1T4E, a imidazo-indole
derivative for 3LBK and a chromenotriazolopyridine derivative for 3JZK (Figure 2). In
order to validate the docking approach for the PDB structures selected, the inhibitors
were re-docked to the respective structure and then cross-docked to the other two PDB
structures selected (29). The docking scores are present as estimated average AG and Ki
values, and compared to experimental AG and Ki values (Table 1). Also the docking
pose is analysed and compared to the experimental binding pose for each inhibitor
(Figure 2), and this alignment is quantified as Root Mean Standard Deviation (RMSD)
values (Table 1).

When comparing estimated and experimental AG values, differences of 0.51, 1.79 and
1.18 Kcal/mol were observed for the benzodiazepine, imidazo-indole and
chromenotriazolopyridine derivatives, respectively (Table 1). These variations fall well
within the residual standard error of 2.18 kcal/mol observed for AutoDock4 (26). This is
a strong indication that AutoDock4 is performing well with the selected Mdm?2 crystal
structures, thus validating them for docking with other LMW compounds. When
calculating Ki values from AG values, the 2.18 kcal/mol residual standard error
translates into an expected difference for Ki of 1.6 orders of magnitude (pKi difference).
In our study, the estimated average Ki calculated by AutoDock4 was about 2 times
lower than experimental Ki for benzodiazepine derivative (difference of 0.37 orders of
magnitude), about 20 times lower for the imidazo-indole derivative (difference of 1.31
orders of magnitude) and about 10 times lower for the chromenotriazolopyridine
derivative (difference of 0.86 orders of magnitude) (Table 1). These values are well

within the 1.6 orders of magnitude difference considered acceptable for AutoDock4.
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Also, although the estimated Ki values obtained were consistently lower than the
experimental Ki values, it is important to note that AutoDock 4 ranked correctly the
inhibitors with the benzodiazepine being the most potent and the
chromenotriazolopyridine derivative the less potent. This trend in ranking is observed
when analysing the results for each individual PDB structure.

The average RMSD between the coordinates of the docked inhibitors on each PDB
structure and the coordinates in their native crystal structure was calculated by aligning
the structures using Pymol software. A near perfect fit was obtained between the
binding mode of the docked inhibitors and the co-crystallized inhibitors, with average
RMSD values of 1.16, 0.4 and 0.5 A, respectively (Figure 2 and Table 1). These values
shows that the difference between the crystal conformation and the predicted docked
conformations of the compounds was very small thus validating further the PDB

structures for molecular docking with the LMW compound dataset.

3.2 Virtual Screening of LMW mushroom compound dataset

Using the selected Mdm?2 structures, a virtual screening of the LMW compounds dataset
(Figure 1) was then performed with AutoDock4, and the results are presented as
estimated AG and estimated Ki (Table 2).

The LMW compounds screened represent different compound families discovered in
mushrooms and presenting anti-tumoral activity, usually in tumoral cell lines (10).
Some of those compounds are specific from each mushroom species (eg. ganoderic
acids, specific from Ganoderma lucidum), but other are common molecules, such as

ergosterol derivatives.



The compounds with best docking scores were ganoderic acids (F, X, Y and W), 5,6-
epoxy-24(R)-methylcholesta-7,22-dien-3B-ol (EMCD) and polyporenic acid C; all
belonging to the steroid family. In fact all the steroids screened scored better than the
other LMW compound families studied (Table 2). This is not surprising because, as can
be observed in Figure 2, Mdm?2 inhibitors must present a large lipophilic skeleton to
interact with the Mdm?2 lipophilic pockets present in the Mdm2-p53 interaction site.
From the steroids analysed, ganoderic acids X (Ki=44 nM), Y (Ki=47 nM) and F
(Ki=59 nM) stand out as potential Mdm?2 inhibitors. These ganoderic acids were
isolated from Ganoderma lucidum and have been shown to exert a cytotoxic effect in
some tumor cell line (30). Furthermore, ganoderic acid X induced apoptosis in human
hepatoma cells, suggesting that the basic lanostane structure is necessary for the
biological activity of purified triterpene (31). Treatment of human hepatoma HuH-7
cells with ganoderic acid X caused immediate inhibition of DNA synthesis as well as
activation of nitrogen-activated protein kinases and cell apoptosis. The apoptotic
molecular events were elucidated and included degradation of chromosomal DNA, a
decrease in the level of Bcl-xL, disruption of mitochondrial membrane, release of
cytocrome c into the cytosol and activation of caspase-3. Calvifio et al. used extracts of
Ganoderma lucidum against interleukin 3-dependent lymphoma cells (DA-1) and
described an increase of p53 and Mdm?2 after 19 h and a reduction of these two proteins
after 24 h (32).

Another promising Mdm?2 inhibitor was EMCD (Ki=106 nM), isolated from Cordyceps
sinensis and that inhibited the proliferation of K562, Jurkat, WM-1341, HL-60 and

RPMI-8226 tumor cell lines (33).



Polyporenic acid C also stands out as a top ranked potential Mdm?2 inhibitors (Ki= 158
nM). It is known as matrix metallo-proteinase (MMPs) inhibitor and it was isolated
from the mushroom Piptoropus betulinus, traditionally used in Czech Republic as a
functional food for the treatment of rectal cancer (13-16). It was also isolated from
Daedalea dickinsii.

We hypothesize that the anti-tumoral activities observed for the top ranked compounds
may result from the disruption of the Mdm2-p53 interaction with the blockage of Mdm?2
mediated targeting of p53 for proteosomal degradation, and consequent increase in p53
levels. Also, the potential Mdm-2 inhibition maybe be synergistically amplified by the
presence of several of the studied compounds, specially the different ganoderic acids, as
they all presented low Ki values. Although an experimental demonstration of Mdm?2
inhibition ability is required, the studied steroids may prove to be a new class of Mdm-2

inhibitors.

3.3 Structural Analysis of the top ranked steroids as Mdm2 inhibitors

The docking poses of the compounds with best docking scores were structurally
analyzed. To better understand the key interactions with Mdm?2, the detailed binding
mode of three compounds representing the steroids with lowest AG: ganoderic acid X,
EMCD and polyporenic acid C are presented in Figure 3.

The docking pose of ganoderic acid X shows that the hydrophobic steroid skeleton is
stabilized by hydrophobic interactions with several residues (LEU54, PHESS, LEUS7,
ILE61, VAL75, PHE91, VAL93 and ILE99), present at the hydrophobic Mdm2 cleft,
that is responsible for interacting with p53. The ganoderic acid X is further stabilized by

the formation of H-bonds between the carbonyl group and GLN24 and between the
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acetyl group and HIS96 (Figure 3a). An important docking conformation feature is the
positioning of all ganoderic acid X polar groups (hydroxyl and acetyl) outwards the
Mdm?2 hydrophobic cleft allowing interactions with the solvent. The ganoderic acid X
docking conformation respects the typical interaction pattern observed for the best
known Mdm?2 inhibitors, with a larger hydrophobic section of the compounds stabilized
by a network of hydrophobic interactions in the Mdm2-p53 interaction site, and a
number of solvent exposed polar groups (see Figure 2). It’s important to note that,
although ganoderic acids X and Y presented the lowest estimated Ki, they present a
high calculated LogP due to the predominant hydrophobic steroid skeleton (Table 2).
This may render these compounds too insoluble for any potential Mdm?2 inhibition.
However ganoderic acid F presents a lower LogP with just a slightly higher estimated
Ki. This profile, with high potential MDM?2 inhibition activity and adequate
hydrophobicity, may render ganoderic acid F more effective as an Mdm?2 inhibitor,
when present in edible mushrooms.

EMCD revealed a similar docking pose to ganoderic acid X, with the hydrophobic
steroid skeleton stabilized by hydrophobic interactions with residues present at the
MDM2-p53 interaction site (LEU54, LEUS7, ILE61, LEU82, PHE86, PHE91, VAL93
and ILE99, TYR100). The epoxy group is stabilized by H-bonds with HIS96 and the
amine group of the peptide bond between GLN18 and ILE19. The calculated LogP was
even higher compared to ganoderic acids, making EMCD even more insoluble.

Finally with polyporenic acid C, the docking conformation shows a steroid skeleton not
as deeply buried in the Mdm2 cleft as the ganoderic acids and EMCD. Because of this it
promotes fewer hydrophobic interactions and is not able to interact to a number of

hydrophobic residues previously observed to interact with ganoderic acids and EMCD
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(Figure 3, yellow residues). One point of notice is that the hydroxyl group of
polyporenic acid C is direct inward to the Mdm?2 cleft, as opposed to ganoderic acid X
were the hydroxyl group is positioned outward towards the solvent. This probably
makes the polyporenic acid C conformation less stable and is probably the reason for
the higher estimated Ki value. On the other hand polyporenic acid C presents a lower
calculated logP of 6.3, making it more water soluble and thus easier to reach Mdm?2 in
the cell when the mushrooms are ingested.

The docking conformations analyzed portraits the main difficulties in developing Mdm?2
inhibitors, were the delicate balance between a predominant hydrophobic character, to
allow Mdm?2 interaction with p53, and hydrophilic traits to promote solvent interaction

is clearly observed.

4. Conclusions

In conclusion we have presented the first virtual screening of LMW mushroom
compounds as potential Mdm?2 inhibitors. The Mdm2 structures used were carefully
analyzed and a method using re-docking and cross-docking was used to validate the
docking protocol used. From the compounds studied a number of steroids standout as
the most promising potential Mdm?2 inhibitors, with estimated Ki in the tenths of
nanomolar range: ganoderic acids, EMCD and polyporenic acid C. The docking pose
was structurally analyzed in detail and the most promising steroid compounds presented

may be regarded as good starting points in the development of new Mdm?2 inhibitors.
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Tables

Table 1. Re-docking and cross-docking results using the selected Mdm?2 crystal structures.

Estimated AG (Kcal/mol) Estimated Experi- pKm Average
Inhibitor Average mental diference ~ RMSD
ITAE 3LBK 3JZK  Average Ki (nM) Ki (nM) *% Hok

Benzodiazepine «
(1T4E) -11.24 -9.38  -10.19 -10.19 34 80 0.37 1.16 A
Imidazo-indole 1693 936+ 980  -10.03 45 916 131 040 A

(3LBK) ’ ’ ’ ’ ’ ’

Chromenotriazolo- g ¢3¢y 927+ 924 170 1230 0.86 0.50 A

pyridine (3JZK)

*re-docking results, **pKm diference = (Estimated pKm — Experimental pKm), ***RMSD: Root Mean Square

Deviation.
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Table 2. Virtual Screening of the LMW mushroom compound database using AutoDock4.

C(;I:gﬁ;lynd Compound Code II?;E 31%;1( 3k]éK szlége (1:(1\31) pKi  LogP
Panepoxydone la -5.20 -5.32 -4.78 -5.10 182670  3.74 -0.31

Cycloepoxydon 1b -5.51 -5.40 -4.88 -5.26 138657 3.86 -1.19

Quinones and Clavi.lactones CA lc -6.76 -6.88 -6.16 -6.60 14526 484  -0.87
hydroquinones ClaV}lactones CB 1d -6.82 -6.98 -6.12 -6.64 13578 4.87 0.04
Clavilactones CD le -6.62 -6.83 -6.42 -6.62 13965 4.85 0.39

490 Quinone 1f -6.87 -7.19 -6.57 -6.88 9107 5.04 1.07

Hydroquinone lg -5.44 -4.94 -4.52 -4.97 228771  3.64 1.00

Isoflavones Genistein 2a -6.8 -7.15 -6.22 -6.72 11796 4.93 1.76
Hispidin 3a -7.75 -7.81 -7.96 -7.84 1792 5.75 0.28

Gerronemins A 3b -7.19 -7.74 -7.66 -7.53 3023 5.52 8.03

Gerronemins B 3¢ -8.44 -8.5 -7.82 -8.25 892 6.05 7.52

Catechols Gerronemins C 3d -6.96 -7.71 -7.36 -7.34 4143 5.38 9.74
Gerronemins D 3e -8.20 -7.87 -7.52 -7.86 1732 5.76 9.20

Gerronemins E 3f -7.71 -8.23 -7.03 -7.66 2441 5.61 8.52

Gerronemins F 3g -7.63 -7.58 -7.08 -7.43 3579 5.45 10.04

Amines and 2-Aminophenoxazin-3-one 4a -6.07 -6.24 -5.61 -5.97 41832 438 0.18
amides Putrescine-1,4-dicinnamide 4b -8.37 -8.11 -7.59 -8.02 1315 5.88 3.9
Sesquiterpenes Iludin S Sa -5.78 -5.63 -5.3 -5.57 82633 4.08 -0.37
Iludin M 5b -6.67 -5.65 -5.68 -6.00 39991 4.40 0.34

EMCD 6a -9.74  -10.68 -8.13 -9.52 106 6.93 9.58

Ergosterol 6b -9.29  -10.18 -8.97 -9.48 112 6.97 9.50
Ergosta-4,6,8(14),22-tetraen-3-one 6¢c -9.16 -10.06 -8.97 -9.40 129 6.89 8.96

Lucidenic acid O 6d 946  -10.07 -8.22 -9.25 166 6.78 1.82

Lucidenic lactone 6¢e -8.26 -8.9 -8.19 -8.45 640 6.19 1.02

Cerevisterol of -8.56 -8.58 -8.17 -8.44 654 6.18 8.18

Lucidumol A 6g -8.79 -9.67 -8.39 -8.95 275 6.56 6.73

Steroids Lucidum.ol B 6}_1 -9.23 -9.57 -9.14 -9.31 149 6.83 8.08
Ganoderiol F 61 -9.46 -8.86 -8.99 -9.10 212 6.67 8.70

Ganodermanondiol 6j -9.33 -9.36 -9.14 -9.28 159 6.80 7.47

Ganodermanontriol 6k -9.27 -9.84 -9.35 -9.49 111 6.95 6.34

Ganoderic acid A 61 -9.05 -11.34 -7.58 -9.32 147 6.83 1.06

Ganoderic acid F 6m -10.4 10.87 -8.31 -9.86 59 7.23 1.69

Ganoderic acid W 6n -9.52 -10.42 -8.64 -9.53 104 6.98 6.33

Ganoderic acid X 60 -10.85 -10.71 -8.54 -10.03 44 7.28 7.20

Ganoderic acid Y 6p -10.55 -10.96 -8.48 -10.00 47 7.35 8.97

Ganoderic acid T 6q -9.25 -10.19 -8.02 -9.15 195 6.71 6.81

Polyporenic acid C 6r -9.86 -9.36 -8.62 -9.28 158 6.80 6.30

Dehydroebriconic acid 6s -8.84 -9.42 -9.04 -9.10 214 6.67 7.65

Fomitellic acid A 6t -8.35 -9.75 -8.72 -8.94 280 6.55 4.97

Fomitellic acid B 6u -8.14 -9.62 -8.64 -8.80 354 6.45 5.70

AG binding energy (Kcal/mol); Ki inhibition constant (nM), Log P octanol/water partition coefficient. 5,6-Epoxy-24(R)-
methylcholesta-7,22-dien-33-ol (EMCD)
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Legends

Figure 1. Chemical structure of the LMW mushroom compounds with anticancer

potential isolated from mushrooms.

Figure 2. Docking conformation of three known Mdm?2 inhibitors. (a) Representation of
the Mdm?2 structure with the co-crystallized benzodiazepine inhibitor (PDB:1T4E).
Superimposition of crystal (sticks and balls representation, green) and docked
conformations (wire representation, yellow) for: (a) the benzodiazepine derivative, (b)
the imidazo-indole derivative and (c) the chromenotriazolo-pyridine derivative.

Superimpositions obtained by aligning the three Mdm?2 structures using Pymol.

Figure 3. Docking conformation of the top ranked LMW mushroom compounds in the
Mdm?2 interaction site: (a) ganoderic acid X, (b) 5,6-epoxy-24(R)-methylcholesta-7,22-
dien-3B-ol and (c) polyporenic acid C. All the compounds are represented in green
sticks and balls representation. Mdm?2 residues from the interaction site interacting with
the compounds are represented in white wire representation. Hydrogen bonds are
represented in traced red (bond distances between 2.8 and 3.2 A), hydrophobic

interactions in traced yellow (bond distances between 3.5 and 4 A).
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