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ABSTRACT

Cancer therapeutic drugs have evolved over time in correlation with the
understanding of the biological mechanisms which they affect. Many anti-cancer leads
have been found in natural sources. The African potato, Hypoxis hemerocallidea, is
widely used in South African as a medicinal plant for the treatment of cancer and other
diseases. Extracts from the corms of this plant contain the major biologically active
component hypoxoside. Hypoxoside is hydrolyzed to the anti-cancer agent rooperol
((1,5-bis(3’,4’-dihydroxyphenyl) pent-1-en-4-yne) which has been shown to inhibit
cancer cell lines. In a Phase I clinical trial, lung cancer patients showed promising anti-
cancer activity results, with one patient cancer free after 5 years. Rooperol is metabolized
into biologically inactive forms with glucuronic acid and sulfates groups. Analogues of
rooperol have been synthesized with the goal of increasing metabolic stability while
preserving anti-cancer activity. Rooperol has been seen to inhibit microtubule formation
as well as inhibit mitogen-activated protein kinase p38a which is known to influence
control of the cell cycle, inflammation, and cancer.

The goal of this research was to investigate the ability of rooperol and analogues
to inhibit p38a. The study used in vitro ELISA and luminescent ADP assay to quantify
kinase activity. Then in silico docking studies were done to compare analogues and
rooperol in binding to p38a. With this docking information in correlation with

cytotoxicity to identify possible anti-cancer or anti-inflammatory compounds.
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I. BACKGROUND

Natural Product Anticancer Agents

For the greatest efficacy in complex biological systems, a drug candidate needs to
overcome the barriers of diffusion, membranes, and metabolism *. The advantages of
natural products are that evolutionary pressure has created molecules formidable for use
in biological systems 2. Plants are adept in the creation of secondary metabolites,
molecules created for variety of uses such as communication, deterrents, and attractants®.
Many of these volatile molecules overcome the barriers of diffusion and are highly
selective in purpose; qualities highly desirable for possible drug candidates #. Natural
products have been in use since ancient times, as seen with Dioscorides’ list of herbs and
their uses in 500 BC, and through the longtime dependence of tribal medicine on key
plants. Through the initial focus on plants used in tribal medicine, sources have
broadened to marine organisms and microorganisms?®.

Sourcing natural products from plants, marine life, and microorganisms, with
various environment stimuli gives rise to large array of structures and targets with which
these molecules interact?. In addition to the specificity, natural products have been shown
to be less toxic to normal cells and have alternative modes of promoting cell death °.
Over 40% of cancer drugs approved by the FDA are either natural products or derived
from natural products and synthesis®. In the World Health Organization list of essential
medicines for cancer treatment 11 are natural products or natural product derivatives ’.
Some examples of effective anti-cancer natural products include paclitaxel and
irinotecan, both of which have been used to treat multiple cancers including breast,

ovarian, lung, bladder, and colon cancers®.



Some examples of natural products with varying cellular targets include
vincristine, paclitaxel, irinotecan and homoharringtonine. Vincristine is derived from the
leaves of the Madagascar periwinkle, and interferes the assembly of the mitotic spindle®.
Paclitaxel is derived from the bark of the Pacific yew, and affects the assembly of beta-
tubulin in microtubules ®. Irinotecan is derived from Chinese ornamental tree and inhibits
topoisomerase | °. Homoharringtonine is isolated from the Japanese plum-yew and
inhibits protein translation by binding to the A- site in ribosomes .

Finding a drug which interacts and specifically targets cancer cells both in vitro
and in vivo may still have issues when translated to clinical use. First there are side
effects, both general and specific, and secondly an issue with resistance. Cancer cells
with dynamic altering of the genome have an increased variety between cells within a
tumor, this variety may affect those cells susceptible to drug interaction, but not affect

those with genetic variants that make them less susceptible'®.

Rooperol

In South Africa, the African potato, Hypoxis hemerocallidea, is widely used in
traditional medicine and has been used to treat a variety of ailments including cardiac
diseases, parasites, cancer, and testicular tumorstt. The corms of this plant, an
underground rootstock, have been tested, and the major biologically active component
found in the corms is the bis-glycoside hypoxoside seen in Figure 1 *2. The hydrolyzed

product of hypoxoside is rooperol ((1,5-bis(3’,4’-dihydroxyphenyl) pent-1-en-4-yne)*2.



Hypoxoside

A

Figure 1. African Potato and Conversion of Hypoxoside to Rooperol. Source: Drawing by Dr.
Tanza Crouch®?; the conversion of hypoxoside to rooperol.

Both hypoxoside and rooperol were tested for in vitro activity against cancer cell
lines and only the latter showed anticancer properties!*. This trend is also seen in
cytotoxic concentration, as it takes only 2-10 pg of rooperol to show toxicity while it
takes over 100 ug/pL to see hypoxoside toxicity *°. This variance is a key factor in the
search for possible tumor selective cytotoxic drugs*®. Rooperol was screened against 60
human cancer cell lines and was found to inhibit the growth of all cell lines, but
especially a non-small-cell lung cancer line, which was 14-fold more sensitive to
rooperol than the mean cytotoxicity of the other cell lines tested?®.

In vitro testing found that hypoxoside is converted to cytotoxic rooperol via the
enzyme B-glucosidase 7. The research found that metabolites found in urine, consisting
of glucuronides and sulphates, were non-toxic to melanoma cells at high concentration®.
When these metabolites were supplemented with B-glucuronidase the melanoma cells

showed inhibition at low concentrations %17, This correlation of a non-toxic prodrug



conversion to a potent cytostatic drug found local to the cancer gave promising results
towards a therapeutic application. In addition, the results left an opportunity for a prodrug
analogue with decreased metabolism but the same efficacy to be the focus of research.

In a Phase | clinical trial, advanced lung-cancer patients were orally dosed with
corm extracts. This study found patients’ blood contained only phase II metabolites of
rooperol with the addition of glucuronic acid and sulphate groups onto the catechols °.
Results of the study found that one patient was cancer free after five years °. It is
proposed that tumor with high B-glucuronidase activity convert the glucuronide Phase 11
metabolites to rooperol . The selectivity of rooperol for stem-like cancer cells is a
critical factor to its possible use, as it can be used for adjunct therapy for combatting
recurrence successfully*®,

The potential targets of rooperol are found to regulate the cell cycle at G1/S phase
and can be related to the combination of sterols as well as hypoxoside found in the
extracts from the plants 4. Rooperol was found to target different protein structures
within the cell including microtubule formation and mitogen-activated protein kinase
p38a (Dr. Mooberry UTHSCSA unpublished). In addition, Li et al. found rooperol to

directly interact at the D recognition site on p38a'®.

Mitogen-Activated Protein Kinases (MAPK)

Mitogen-activated protein kinases (MAPK) are a highly conserved family of
protein kinases and are involved in a wide assortment of cellular processes such as
cellular growth, replication, differentiation, and apoptosis. These pathways are intricate

multi-step interwoven highways from initial signal to response 2% 2, MAPK pathways are



organized into a three-tier system where a signal causes a cascade of phosphorylation
from a MAPK kinase kinase (MAPKKK/MAP3K), to a MAPK kinase

(MAPKK/MAP2K) to MAPK as seen in Figure 2.
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Figure 2. MAPK pathway. The upstream and downstream interactions of the MAPK pathway
from signal to response. Source: Porras et al., 2011 (20).

MAPKSs have a two lobe structure, and at the interface of the two lobes is where
the majority of interactions occur including the ATP binding site ?2. The known sites of
interaction for p38a include the DFG, ED, CD, Docking groove, A-loop regulatory site,

DEF, and Lipid Binding Sites shown in Figure 3 21224 |t is through many of these

allosteric sites that the specificity is derived as both upstream MAPKK and downstream

substrates react with these sites?2.
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Figure 3: Docking Sites on P38a. Adapted with permission from reference 23: Patricia Gomez-
Gutierrez; Jaime Rubio-Martinez; Juan J. Perez; J. Chem. Inf. Model. 2017, 57, 2566-2574.
Copyright 2017 American Chemical Society.

The p38a kinase pathway is of interest due to the pathway’s activation in response
to stress 2°. The response to stressors has been found to be linked to inflammation, control
of the cell cycle, and cancer 2527, P38a. is activated by various stress stimuli, through
various upstream MAPKKSs. These upstream MAPKKSs can phosphorylate hydroxyl
groups of serine/threonine and tyrosine residues, but MAPKK specifically activates a few
MAPKSs 2. The specific action of MAPKK denotes more than the phosphorylated side
chain is involved in the specificity of interactions. P38a recognizes a variety of different
proteins based on its structure outside of the conserved ATP binding site 2> 2°. These sites
function in either regulatory or recognition capacity towards other proteins including

transcription factors and downstream kinases 2.



One of the downstream substrates of p38a is activating transcription factor 2
(ATF2). This factor forms homodimers that bind a CRE-like recognition sequence, and
has been known to be essential in embryonic development as well as the regulation of
apoptosis 332, Molecular dynamics run with p38a identified other druggable sites,
which include three novel sites near the lobe interface *3. Most of the drug candidates
under research inhibit MAPKSs at the ATP binding site. In contrast, rooperol interacts
with p38a near Cys119 at the docking recognition site (DRS) *°.

The DRS site has been described in the literature as the KIM, kinase interaction
motif, a docking site in the C-terminal lobe of 13-16 conserved residues®*. The KIM
motif has a consensus sequence (R/K)z2-3-X2-6-Pa-X-®g (Where @ is any hydrophobic)
and is found on many regulatory proteins of MAPKSs. The binding groove site is

encompassed by six different pockets to compliment the sequence with two electrostatic,

Wy & YL, and four hydrophobic, ®a, ®s, L & Dy seen in Figure 4.

Figure 4: DRS/KIM Binding Site. Binding site of p38a structure (1A9U), showing total binding
site in purple, and with labeled pockets Wy (light blue), ¥\ (dark blue), @a (red orange),
®g(orange), O (yellow) and @y (gold).

Rooperol Analogues

With the catechol groups of rooperol undergoing significant Phase 11 metabolism,

a strategy to synthesize rooperol and create analogues with greater metabolic stability



was employed 3. These molecules retain the backbone structure while replacing different

substituents at the catechol moiety seen in Figure 5.
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Figure 5: Rooperol Analogue Overview. Rooperol is shown with catechol groups in

parentheses, where the variation occurs. Below a sampling of catechol replacements that are
found in the analogues.

These analogues have been preliminarily tested in cell viability assays and results
show varying cytotoxicity levels (Dr. Du & Dr. Kerwin unpublished). In addition, the
metabolic stability of rooperol has been tested via in vitro metabolism assays. With
cytotoxicity, metabolic stability, and the inhibition of p38a these analogues can be

grouped into anti-cancer candidates, and possible anti-inflammatory drugs.



Research Aims

The goal of this project was to characterize the inhibition of p38a by rooperol and
rooperol analogues. Analogues with increased inhibition were noted and compared to
metabolic stability and cytotoxicity data. The results were used to investigate the
relationship of p38a to cytotoxicity in relation to its anticancer activity. Secondly, the
results of inhibition along with metabolic stability could identify a product which could
be a metabolically stable drug for the treatment of other pathway related phenotypes such
as inflammation %,

To test these analogues, an in vitro inhibition assay was done to quantify rooperol
and each analogue’s ability to inhibit p38a. The reactions was done in a system of p38a
and ATF2. ATF2 was chosen for use with p38a as the full folded protein gives better
insight into the allosteric effect of interaction at the docking site on the kinase . An
applicable kinase assay was used to test the activity of p38a. Assays include two types:
measurement of ADP, or the measurement of phosphorylated protein. Many of these
assay techniques, such as radioactive phosphoprotein measurement, required training for
use, as well as specific instrumentation which favored the use of an assay with non-
radioactive measurement techniques. This led to the choice of two assays used, an
enzyme-linked immunosorbent assay (ELISA) measuring the amount of phosphorylated
ATF2 as well as an ADP-Glo™ Assay measuring the ADP produced *’. The
phosphorylation of ATF2 correlated to the activity of the kinase and inversely relate to

kinase inhibition.



1. EXPERIMENTAL

Enzyme-Linked Immunosorbent Assay
Introduction

To determine the effect rooperol and other analogues would have on kinase
activity a screening method was selected. Two products can be quantified from a kinase
reaction: phosphorylated protein and ADP. With a high-throughput method, multiple
compounds could be tested in one experiment. Additionally, non-radioactive techniques
were selected with greater priority. With these two constraints, an ELISA was chosen to
quantify phosphorylated protein. From previous work the location and inhibition of
rooperol with p38a is known, but analogues have yet to be determined.

An enzyme-linked immunosorbent assay (ELISA) is used primarily to elucidate
detection of proteins, antibodies, hormones, and other molecules. The ELISA works by
immobilizing an antigen to the surface of a plate, which is detected by an antibody
binding reaction. This antibody is conjugated to an enzyme and binds to the antigen with
high specificity. The detection of this binding interaction is measured by a
spectrophotometric molecule produced by the conjugate enzyme reaction. For the
system: the antigen was ATF2, p38a was used to phosphorylate ATF2, and the antibody
was anti-phospho-ATF2 linked to horseradish peroxidase. The binding of the antibody to
the antigen is dependent on the phosphorylation of ATF2, therefore the amount of
binding was correlated to the activity of p38a. With rooperol or an analogue added to
solution, correlation between activity influenced by the drug and control activity can be

compared.
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For this system buffers were made with sodium chloride from VWR, potassium
chloride from Sigma Fisher, sodium phosphate dibasic heptahydrate from EM science,
potassium phosphate monobasic from Sigma Aldrich, Tween 20 from Acros Organic,
HEPES from ThermoFisher, magnesium chloride from OmniPure, DL- dithiothreitol
(DTT) (99%) from Sigma Aldrich, sodium orthovanadate from Sigma Aldrich and bovine
serum albumin (BSA) from Sigma Life Sciences (98%) and all aqueous solutions were
prepared with water from a Thermo Scientific Barnstead MicroPure Water Purification
System. The immobilized protein, ATF2 and the kinase which phosphorylates it, p38a.,
were provided by the Dalby Lab at UT Austin. Lamba phosphatase was acquired from
New England Biolabs. The detection antibody, phospho-ATF2-HRP was acquired from
Santa Cruz Biotechnology, and the detection reagent TMB, two bottle TMB and H202
reagents, was acquired from BD Bio sciences. The plates used for this study were
Immulon 2HB 96-well flat bottom clear microtiter plates. The plates were read using a
BioRad iMark Microplate reader set to 450nM absorbance.

Procedures

The ELISA was run according to the methods used by Bauer et al.*® then shifted
to Gottert et al.>” with a few modifications. ATF2 was prepared in sterile PBS buffer (137
mM NaCl, 2.7 mM KCI, 10 mM NazHPOQOg4, 1.8 mM KH2POs, pH 7.4) and incubated in
the plate while shaken overnight at 4 °C. The following day, the plate was washed 3
times with wash buffer (PBS), then blocked with blocking buffer (PBS, 0.1% Tween 20,
0.25% BSA) for 12 mins and washed 3 times with wash buffer. The kinase was prepared
in HEPES buffer (100 mM HEPES pH 6.8, 10 mM MgCl2, 4 mM DTT, 0.1 mM NazVOg,

1.4 uM ATP), and incubated in the plate for 1 hour. After incubation, the plate was

11



washed 3 times with wash buffer then antibody solution (blocking buffer with 1:60000
dilution of antibody) put into the plate and incubated for 1 hour. The plate was then
washed 3 times with PBST (PBS buffer, 0.1% Tween-20) and then drained. The TMB
reagent was then added and reaction allowed to proceed for 5 minutes creating a blue
color, then 25 uL of 1M sulfuric acid was added to each well stopping the reaction and
turning the color to a bright yellow. The plate was then read for absorbance at 450 nm,

and the data plotted in Excel.

ADP-Glo™ Assay
Overview

Kinase activity measurement has long been dependent on radioactive and methods
for detection®, using *?P in radioactive ATP to denote the removal of y-phosphate on
ATP. A non-radioactive route was determined due to the necessary training for safety and
equipment needed for radioactive assays. The ADP-Glo™ Assay is a hon-radioactive
assay developed by Promega to quantify the amount of ADP produced in a kinase
reaction. The assay works as it creates a detectible luminescence proportional to ADP
which can be correlated to the activity of the kinase. The assay uses a two-step process to
remove excess ATP and measure ADP found after the kinase reaction seen in Figure 6.
The process proceeds as follows: the kinase reaction is run, producing ADP, ADP-Glo™
reagent is added removing excess ATP, Kinase detection reagent is added and turns
remaining ADP to ATP and produces light. In the experimental system, kinase reaction is

run with two model kinase and substrate systems, hexokinase and glucose as well as

12



protein kinase A and basic myelin protein. Following the model systems, the reaction will
be run with p38a and ATF2.
Materials

For this system buffer was made with Tris Ultra-Pure purchased from VWR,
magnesium chloride from OmniPure, bovine serum albumin from Sigma Life Sciences
(98%) , and optionally DL- dithiothreitol (99%) from Sigma Aldrich, and dimethyl
sulfoxide (ACS grade, 99.9%) from Sigma Aldrich. Protein kinase A and basic myelin
protein were purchased from Sigma Life Science, hexokinase purchased from VWR, and
p38a and ATF2 were provided by the Kevin Dalby Lab at UT Austin. Rooperol was
synthesized in the Kerwin Lab, as well as CAPA and CAPE analogues. All agueous
solutions were prepared with water from a Thermo Scientific Barnstead MicroPure Water
Purification System. Instruments included a VWR Analogue Vortex Mixer, Molecular
Devices M3 Spectra Max plate reader, as well as a BioRad ChemiDoc XRS+. ADP-
Glo™T™ kit was acquired from Promega, and included Ultrapure 10 mM ATP, Ultrapure
10 mM ADP, 1 mL of ADP-Glo™ solution, and 2 mL of Kinase Detection solution. The
composition of the Kinase Detection solution contains a luciferase-luciferin enzyme
which converts ATP to light.
Procedure

The procedure for the kinase reactions followed the manufacturer’s protocol as
well as that of Zegoutzi et al.*® with some modifications. The ADP-Glo™ Assay was
purchased from Promega, and used with Reaction Buffer A (40 mM Tris pH 7.5, 20 mM
MgClz, 0.1 mg/mL BSA). Stocks of ultrapure ATP and ADP were diluted from 10 mM

provided stock to 500 uM. Second, a Percent ADP Conversion curve was created by

13



pipetting the 500 uM solutions in various ratios to show theoretical production by the
kinase seen in Table 1; 0% solution contained ATP, 50% contained 10 uL ATP & 10uL
ADP, and 100% contained ADP. Substrate solution was created to include 500 uM ATP,

and appropriate concentration of substrate.

Table 1. Volumes of ATP and ADP for Percentage Conversion Curve. The volumes of ADP
and ATP combined to create percentage ADP solutions. Both ADP and ATP sources are the same
concentration.

ADP % 0 1 2 3 4 5 | 10| 20 | 40 | 60 | 80 | 100

ADP (uL) | - 2 4 6 8 5|2 | 4|8 12|16 | 20

ATP(uL) | 20 | 198 | 196 | 194 | 192 |95 |18 |16 |12 | 8 | 4 -

Enzymes were diluted to various concentrations and placed into wells with their
appropriate substrates and left for one hour to incubate. After incubation ADP-Glo™
reagent was added and incubated 40 min, after which Kinase Detection reagent is added
and allowed to incubate 60 min. Luminescence is read at 30 mins and 60 min incubation

of Kinase Detection reagent.

Molecular Docking
Overview

Molecular docking is a computational procedure that tries to predict the non-
covalent binding of a macromolecule and a small molecule ligand. Starting with two
unbound structures, the program calculates force field interactions and results in a
predicted binding energy and binding conformation. To further elucidate the interactions

of rooperol and analogues with p38a , as well as help support synthesis efforts, a

14



docking of all the analogues was performed on p38a and docking rooperol on various
p38a structures was done. Autodock Vina functions by determining a bound
conformation preference and free energy. This is accomplished via an empirical scoring
function to evaluate conformation and binding energy between molecules, and applies a
stochastic sampling for optimization.
Materials

p38a files were downloaded from the Protein Databank (rcsb.org) and p38a
structures used included 1LEW?*, 2Y80%, 20ZA*?, 20NL*, 20KR*3, 2LGC*. Software
used included Autodock Tools from MGL Tools*® 1.5.7, Autodock Vina* 1.1.2, and
UCSF Chimera*” 1.14 and ChemDraw Prime 17.1 ®Perkin Elmer Informatics.
Procedure

Rooperol and other drugs were drawn using ChemDraw and made into a 3D file
via SMILES line structure building in Chimera. The structure was then minimized in
Chimera via GAFF force field, Antechamber*® charge calculation to the nonstandard
structures, and AM1-BCC bond charge correlation, and saved as mol2 files. The routine
for minimization was run using structure minimization in Chimera selecting: default
minimize structure settings with adjusting the conjugate gradient steps to 1000, accepting
add hydrogen for docking default settings, assigning charges via AM1-BCC with adding
labels showing charges to nonstandard residues, and selecting the overall net charge of
the molecule. For better comparison of the various analogues and p38a files using
Chimera all of the p38a structures were overlaid with 1LEW using the Chimera mm
command and saved in the orientation such that the same box could be used for all the

proteins. In AutoDock Tools, the PDB file of the protein was prepared by removing water

15



molecules, adding polar hydrogens, removing non-bonded atoms, and removing any
ligands or replicate protein chains. Specifically, 1LEW at the C terminus had residue
changed as it included a non-bonded oxygen. After selecting the protein as
macromolecule for grid, it was saved as a PDBQT file, then the grid box size and location
was determined to cover the area in which docking will take place using the Grid Box
function in AutoDock Tools. The ligand molecule is prepared by assigning which bonds
are rotatable and non-rotatable in AutoDock Tools and saved as a PDBQT file. A run file
was created using a text editor and denoted the ligand and protein files, the box center
location (33.33, 44.973, 20.025), dimensions (18.0, 20.0, 28.0), and exhaustiveness 32.
Then invoking the program via the command line, the docking was run with AutoDock
Vina and the created two resulting files, a PDBQT and OUT. The PDBQT file gives
locations and poses of the results of the run, and the OUT file shows the pose, affinity
and RMSD values. The resulting interaction was viewed by opening both the protein and
the resulting PDBQT files with poses of the ligand. The affinity value in kcal/mol
denotes a binding energy, and the RMSD, root mean square deviation, denotes changes in

the poses compared to the most favorable energy pose.
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1. RESULTS AND DISCUSSION

ELISA

The initial work done for ELISAs involved optimization plates which focused on
establishing conditions which would be appropriate for determination of small changes in
enzyme activity due to drug inhibition. For assay to be used the following conditions
needed to be met: low standard deviations of replicates (<10%), a high signal to noise
ratio, and reproducibility. The first experiments focused on determining the substrate
range, by varying the amount of ATF2 incubated within the well to the absorbance found
at 450 nm. Following the Bauer et al.*® protocol a variation of 100 ug/mL to 0.781 ug/mL
was tested in replicate. In efforts to conserve protein, the points with the lower
concentration were considered for use, and 12.5 ug/mL met the criteria of smallest
standard deviations and appropriate signal-to-background ratio and was selected as seen
in Figure 6. The issues present from the initial plates were the lack of variation between

the ATF2 incubated with kinase and without kinase, or signal to noise.
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ELISA ATF2 Optimization Data
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Figure 6. Signal to Noise Optimization ATF2 Concentration. ELISA assay run with ATF2 and
p38a showing the signal produced by the assay, and variance between background (gray) and
signal (blue and orange).

To address this signal to noise and possibly get greater sensitivity a lower
antibody concentration was tested for use. A plate ran with 1:300K, 1:60K, and no
antibody was run, and results found the 1:300K signal was not above background, and
therefore 1:60K should continue to be used. Without a signal with a low antibody ratio,
further probing to address signal to noise between ATF2 incubated with and without
kinase prompted another possible solution an increase in blocking time.

A plate with increased blocking time showed an improved signal to background
but exhibited high standard deviation of replicates. As multiple plates had failed to reach
criteria for use, the thought was to eliminate the possible phosphorylation on ATF2 which
could be causing the issue. To test variation of phosphorylated and unphosphorylated
ATF2 a general phosphatase was acquired, lambda protein phosphatase. Two different

plate conditions were tested to probe possible phosphorylation state of ATF2. First the
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antigen was bound to the plate, the surface blocked before the phosphatase was used to
remove the phosphates possibly present. Secondly, the phosphatase was allowed to react
with ATF2 in solution, then the solution was allowed to bind to the plate. Results of the
phosphatase incubation before attachment to the plate showed a linear correlation of
signal to concentration of ATF2 as shown in Figure 7. This signal present when
phosphatase was used confirmed the direct correlated to ATF2, which was not
phosphorylated, and at best a signal to noise ratio of 2, and as such another protocol

would be tested.

Signal Phosphatase Without Kinase
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Figure 7. Signal to Noise Optimization Phosphatase Incubation. Plate signal produced with by
ATF2 alone when incubated with phosphatase and no kinase is present.

After further reading, the methods of Gottert et al. 37 was used for its protocols,

with variances in washing technique and buffers. The results of the new protocol showed
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a positive correlation in signal to increased concentration of ATF2 with a difference in
phosphorylated and unphosphorylated protein seen in Figure 8, but despite promising
results the lack of low standard deviation of replicates caused the issue of kinase

dependence to remain.

Gottert Protocol

0.500 I
1
Kinase
0.400 y=0.0351x+0.1049
R?=0.8411
B 0.300
o L
(=]
=
(v
-E e
[=]
3 0.200
< I T Buffer
<[ y = 0.0257x+0.0035
. . R?=0.9991
0.100 | ]-
0.000 &=
0.0 20 40 6.0 8.0 10.0 12.0

Concentration ATF2 (ng/mL)

Figure 8. Signal to Noise Optimization Goettert Protocol. Initial run with ATF2 and p38a
using Goettert protocol to observe possible changes due to washing protocol.

The final experiment run was a kinase dependence assay seen in Figure 9, which
with constant ATF2 concentration saw no correlation to kinase concentration. With large
standard deviation of replicates and no correlation to kinase concentration. From this
point the technique was determined to be not cost or time effective as it had not reach

criterion for high throughput assay needed for kinase inhibition testing.
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Absorbance with Kinase Variation
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Figure 9. Kinase Dependence ELISA. Kinase concentration curve was run using Goettert
Protocol with ATF2, and p38a. Results shows the lack of kinase dependence found in signal.

ADP-Glo™ Conversion Curve

In switching to a new technique, the goal was to find an assay more universal to
measure the activity of various kinases. As such, the focus shifted away from
measurement of a specific phosphorylated protein to the production of ADP. A
luminescence method was chosen that measures the ADP produced after the kinase
reaction with signal produced by luciferase. With this assay high throughput screening
criteria were needed for use in further drug inhibition assays such as replicability, low
standard deviation of replicates <0.1, and a large signal to noise ratio. In optimization of
this assay, luminescence measured by various ratios of ADP:ATP, and the luminescence
observed from kinase reactions carried out over varying concentrations was measured
and compared. Taken together, these data were a step-in preparation to quantify the

enzyme kinetics for further use with rooperol and measurement of inhibition.
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The first step of the technique involved running an ADP conversion curve. This
was done to understand the bounds of luminescence signal which could be produced from
varying percentages of ADP and to ensure a linear correlation of luminescence signal and
percent ADP of various ratios of ADP:ATP at a fixed combined ADP + ATP
concentration. Successful generation of this conversion curve would then enable
measurement of the approximate activity of the kinase. The bounds of the ADP
conversion curve were as follows: if the enzyme did not function no ADP (0%) would be
produced and only ATP would reside in solution; if the enzyme reaction ran to
completion only ADP (100%) would reside in solution. We initially selected a relatively
high (500 uM) concentration of ATP for these conversion curves, since if rooperol acts as
a DRS-directed inhibitor the inhibition would be independent of ATP concentration. We
also limited the volume of the ATP/ADP mixture (5 uL) for these curves and the
subsequent kinase reactions in order to minimize use of the expensive ADP-Glo™
reagents.

Once a curve was produced with a linear correlation seen in Figure 10, with a
signal to noise and acceptable standard deviation of replicates the following step was
determination of the enzyme concentration which would be used for the inhibition
studies. After testing kinase concentration for activity, the results showed a large
difference in the range of luminescence between the ADP Conversion curve and the
enzyme concentration curve (data not shown). In an attempt to limit the variability in
luminescence data for these curves, the samples for both curves were prepared and

assayed simultaneously on the same microtiter plate.
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ADP Conversion Curve
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Figure 10: ADP Conversion Curve with ADP-Glo™ Assay: The ADP curve run at 500uM of
both ATP and ADP made into corresponding solutions, read at 30 mins incubation of detection
reagent.

After experiments were done with both curves on the same plate, it was
discovered that the ADP conversion curves had issues with large deviations within
various ADP percentages. With the large deviations the linear correlation of signal to
percentage was unreliable, and therefore the enzyme activity was not quantified. Initially
the wells used within the plate were adjusted, skipping both a row and column when
pipetting to avoid signal from adjacent wells. With multiple replicates retaining the same
issue, it was hypothesized that the ADP-Glo™ reagent was not adequately removing the
ATP, and therefore higher signals were seen. After testing two different aliquots of the
ADP-Glo™ reagents it was observed that the signal to noise ratio decreased over time

and action was then taken to acquire new reagent and to aliquot it for future use.
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ADP-Glo™ Hexokinase

After establishing bounds with an ADP percentage curve next was to determine
appropriate enzyme concentration. In efforts to cover a variety of kinases, an initial
model hexokinase was used for its high activity and inexpensive substrate. To begin
hexokinase solutions were made over a range of concentrations from 200 pUnits/pL to
0.25 pU/uL. After two experiments converting this range, a 10-fold range was
determined for use, from 0.1 pU/pL to 100 pU/uL, and DDT was added to prepare for
p38a buffer conditions. As the various experiments were run, an issue of replicability and
precision appeared within both curves but most prominently with the ADP Conversion
curve. In efforts to address the replicability, an experiment was repeated seven times.

Data from the replicate experiments showed a consensus of enzyme activity, but
the ADP conversion curves between replicates varied significantly as shown in Figure 11
A & B. In the last replicate of the experiment, the plate was pipetted skipping rows and
columns between each well with solution, this addressed a portion of the variance but did
not reach the precision and accuracy levels desired for the experiment. After various
issues with replicability, precision, and reagents but with progress being made, it was
determined that this portion of the project would be handed off to another lab member for

further optimization and then subsequent use for testing.
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ADP Conversion Curve Replicates
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Figure 11: Hexokinase Enzyme Curve and ADP Conversion Curve
The graphs show three replicate plates labeled by number, with both the corresponding A) ADP
Percentage Curve and B) HK Enzyme Concentration Curve
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Molecular Docking Inhibition Studies
Rooperol

The initial focus of molecular docking was to gain a better understanding of
location, pose, and binding energy of rooperol binding to p38a. With the previous work
of Li et al.'® that demonstrated rooperol inhibition of p38a at the DRS, and the selective
DRS inhibition of other structurally similar natural products, this led us to focus on DRS
site for initial dockings. The secondary focus was to compare those quantities between
rooperol and various analogues. With this information efforts could be focused for
synthesis of selected analogues for in vitro work, and a better grasp of binding
interactions and properties which could improve future drug candidates.

First docking session was done with rooperol and the p38a structure 1LEW, and
viewing the results it was discovered the location of binding was the ATP binding site,
and rooperol bound with a relative high binding energy, labeled in Vina output as
affinity, of -6.1 kcal/mol. This was an informative result as the energy for ATP site could
be compared to any allosteric site noting any with an equal or greater affinity for
rooperol. Docking was done using AutoDock Vina, which involves a protein and ligand
files as well as a box in which docking will be performed. This box is denoted by
dimensions and an origin and denotes the space in which the ligand will be placed to
simulate docking. As the docking is stochastic, it can be carried out with varying levels of
exhaustiveness to increase the number of positions and interactions being sampled and
ensure identification of the most favorable pose.

We next shifted to our focus to docking rooperol to the portion of the DRS near

Cys119 following the Li et al.'® probe results. Docking was carried out with varying the
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exhaustiveness values, and since there was little differences in the poses, an
exhaustiveness value of 32 was selected for all docking studies. With multiple dockings
of rooperol at this portion of the DRS on 1LEW the highest binding energy hovered
around -4.0 kcal per mole, and the pose remained centered around the ®a & ®g pockets.
These results would suggest that rooperol is an ATP competitive inhibitor; however, we
realized that we had not explored rooperol’s interaction with the entire DRS. Subsequent
docking was performed with an increased box size adjusted to encompass the entire DRS.
After docking rooperol to this box which encompassed the entire DRS, the results
showed predicted binding energy that was -2.0 kcal/mol more favorable than that
predicted for rooperol binding to the ATP binding site. In these results, rooperol is bound
further removed from Cys 119 within the DRS, moving into pockets ®u, Yu, & YL as

shown in Figure 12.

Rooperol Run 5

Highest Affinity

-7.0 keal/mol 4 Rooperol Run 4
{ Highest Affinity

-4.9 kcal/mol

Figure 12. Initial Rooperol Docking Results. Two docking results varying box coverage from
around Cys 119 (rooperol poses in cyan) to a larger box encompassing the entire DRS (rooperol
poses in pink).
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Additionally, within run 5 we see a secondary positioning of one rooperol
structure into an electrophilic pocket created by Glu163, backbone of Leul64, and
Lys165. This pocket, which we will referred to as W, is shown in pink in Figure 13 and
is also occupied in further docking results. A sequence alignment was performed to

observe the conservation of these residues of the entire site and new pocket and can be

found in the appendix.

Figure 13. DRS Site with Wt Pocket. The surface of the DRS of p38a (1ILEW) with novel
pocket Wr (pink) and previously identified pockets, Wu (light blue), W. (dark blue), ®a (red
orange), ®g(orange), @ (yellow) and Dy (gold).

To explore the possible binding modes that may influence where in the DRS
rooperol could bind, various p38a structures with peptide/protein ligands bound to the
DRS were acquired in which the ligand binding modes varied. As described in Peti and
Page, the proteins binding to p38a have directionality of binding within the DRS in either

a N—C or C—N direction within the pocket. We selected two pairs of structures in
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which the ligands were bound in opposite directions: ILEW (N—C) and 20ZA (C—N)
both mouse structures, 2Y80 (N—C) and 20KR (C—N) both human structures. In
addition, a third pair of mixed binders 3GT1 and 20NL, one mouse and one human, from
were tested. The mouse and human sequences of the protein vary by 3 residues, all of
which are outside the DRS site and shown in the appendix. Initial set up work for the
various structures found it difficult to encompass the DRS within the box, therefore all
the various p38a structures were oriented to the same coordinates as 1LEW, and a
standard box was created with a set location and size to cover the DRS on all the proteins.
In comparison of the docking results employing 1LEW and 20ZA structures, the
rooperol poses with the highest binding energy were -7.1 kcal/mol, and -6.5 kcal/mol
respectively. More prominent in the comparison is the lack of Wt pocket involvement in
any poses for rooperol binding with 20ZA. This variance was thought to be correlated to
original DRS-interacting protein ligand binding mode: in 1LEW the protein binds in a
N—C direction, or left to right within the image shown in Figure 14, having the ¥ site
being a more accessible surface as the ligand samples the left portion of the pocket. In
contrast, the C—N binding mode of 20ZA, has a greater pocket accessibility for binding
on the right of the image in Figure 14, and is inaccessible to interact with the ¥t pocket.
This variation in rooperol binding modes may be an important component for selective
inhibition of N—C binding ligands versus C—N binding ligands due to the dependence
of unstructured nature of the N-terminal end of peptides on the conformational changes in

their binding site on p38a as discussed in Garai et al.*.
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Figure 14. Rooperol docked on p38a structures 1LEW and 20ZA nine resulting poses of
rooperol on the respective structures of p38a are shown in cyan in each frame, with the DRS
surface colored red for LLEW and magenta for 20ZA.

In comparing the rooperol docking results using the 2Y80 and 20KR p38a
structures as seen in Figure 15, the highest binding energy rooperol poses were -7.0
kcal/mol and -6.5 kcal/mol respectively, and the same pose binding pocket variance
occurs with this second set of protein structures. The structure 2Y80 with N—C ligand
binding direction results in rooperol interactions with the upper Wt pocket, while the
20KR structure in which the ligand binds in the C—N direction does not have any
predicted rooperol interactions with the Wt as a pocket. However, in this case multiple
docking poses have rooperol interacting with two electronegative residues at top of the
DRS. Thus, in this structure from a C—N bound ligand, the right-hand side of the DRS in
Figure 15 is more open to accommodate the unstructured N-terminal peptide region,
allowing rooperol to interact with the p38a ASP 161, which stabilizes intra-peptide

hydrogen bond staples in C—N peptides as described in Garai et al.*.
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Figure 15. Rooperol docked on p38a structures 2Y80 and 20KR. Results from Autodock
Vina showing nine rooperol poses of predicted binding on the respective structures, labeled in top
left, of p38a. The docking site residues in proximity of rooperol poses are colored to denote
different surface interactions

Finally, in comparing the docking results with the p38a structures 3TG1 and
20NL, which are complexes with mixed direction binders, respective highest binding
energy rooperol poses were -6.5 kcal/mol and -6.6 kcal/mol. In both these particular
structures, the DRS has spread out and the pockets have more distance between them, this
may be a results of the mixed binding nature of the structures as it improves initial
sampling of the ligand but not a predicted higher binding energy for rooperol. In the
docking with 3GT1, two predicted rooperol poses interact with ASP 161, which indicates
that interactions with rooperol for this structure are more similar to that of p38a with
N—C binding ligands, although W7 is not directly engaged in this case. In contrast,
results from docking on 20NL indicates a rooperol poses similar to those observed in
docking to p38a structures of C—N binding ligands as seen in Figure 16. Again, the
sampling of rooperol structures to this ASP 161 may more aptly be able to block inter-

protein hydrogen bonds to block that interaction.
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Figure 16. Rooperol docked on p38a structures 3GT1 and 20NL. Results from Autodock
Vina showing nine rooperol poses of predicted binding on the respective structures, labeled in top
left, of p38a. The docking site residues in proximity of rooperol poses are colored to denote
different surface interactions

From the mixed binder results, it is hypothesized that 3 interactions influence the
binding of rooperol to p38a, and therefore affect inhibition. These interactions include:
the accessibility of @ and ®y pockets and the surface between them, the area between
the two W pockets at ARG 136, and the interaction with ASP 161. The availability of
these pockets and areas is optimized in structures from with N—C binding ligands, leads
us to believe as each interaction in combination makes rooperol effective, and focus on
specific interactions could improve specificity of inhibition.

In order to further explore the poses of rooperol, docking was also done on a few
other structures 5UQJ, 2LGC and 1A9U. 5UQJ is a high resolution structure which has
superseded the initial crystal of p38a, and 2LGC is an NMR derived structure, with
1A9U being crystalized with a known ATP inhibitor SB203580 bound. With these
structures the DRS binding site is unoccupied, and docking studies on these were carried
out to see if the rooperol would recognize the shape of the DRS as it exists before protein
ligand binding.

With the initial two structures, 5U0J and 2LGC, the highest binding energy

rooperol poses were -7.3 kcal/mol and -6.7kcal/mol. In both structures the highest
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binding energy pose was the singular pose which interacts with the ¥t pocket, and in the
case of 5UQJ, an additional “pocket above as seen in Figure 17. It is hypothesized that
another location could be tested after the results seen with 5UQJ, as there may be an

upper location for rooperol to bind, which interacts with W1 and ®g above the DRS.

T

Figure 17. Rooperol docked on p38a structures 5UOJ and 2LGC Results from Autodock
Vina showing nine rooperol poses of predicted binding on the respective structures, labeled in top
left, of p38a. The docking site residues in proximity of rooperol poses are colored to denote
different surface interactions

Lastly, the structure 1A9U was tested, in which p38a was bound to ATP inhibitor
SB203580 seen in Figure 18. With a highest predicted binding energy of -7.2 kcal/mol,
the interaction of rooperol with this structure is comparable to many of the p38a
structures which rooperol binds into ¥ pocket. Due to the similar poses, lack of
interaction with W, but favorable binding energy it is believed that the binding of an
ATP competitive inhibitor must have a cooperative effect influencing the DRS site and
make it higher binding energy site for rooperol. This hypothesis could support a model in
which rooperol binds to the ATP binding site, which increases the binding energy for the
DRS. Once a second rooperol binds to the DRS, the rooperol in ATP site can be

released, while allosteric inhibition of p38a is retained. This is supported by results of Li

et al.!® with an observed the increase of adduction of their probe to the DRS site in the
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presence of SB203580, and a second ATP competitive inhibitor, denoting a possible

cross-talk of the DRS and ATP binding sites.

Figure 18. Rooperol docked on p38a structure 1A9U nine resulting poses of
rooperol on the structure of p38a in which the ATP competitive inhibitor
SB203580 is bound in the crystal structure 1A9U.

Analogues

The promising results of rooperol in the Phase I clinical trial made rooperol a
target for anti-cancer drug research and prompted the focus to understand mechanism and
improving results via synthesis of analogues. As such the Kerwin Lab has focused efforts
on synthesis of analogues and has created a number of rooperol analogues for further
screening. ILEW was the chosen p38a protein structure due to its reliability in
orientation of the box to cover the entire DRS, as well as its use in initial rooperol
docking with ATP-binding site. The box center was placed at (33.33, 44.973, 20.025),
with dimensions (18.0, 20.0, 28.0), and was used as it covered all the DRS residue
surfaces described by Peti & Page*. All the analogues found in the Kerwin Lab
inventory were viewed for possible use and drawn using ChemDraw Prime. In the

process of conversion to a 3D file in Chimera, only a subset of these were successfully
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minimized and chosen for docking. When minimization was performed with analogues
with TBSO groups, the Silicon atoms did not retain the correct molecular geometry and
attempts to fix the issue were unsuccessful. The naming scheme for analogues denotes
the alkene-proximal catechol, R, and then alkyne-proximal catechol, R’ as seen in Figure
19. As an example, rooperol is named AOAQ, as the catechol moiety (3,4-
dihydroxyphenyl) is denoted as AQ. The subsequent catechol analogue groups are shown
in Figure 19 with their identifier label in the center of the aromatic ring.

Rooperol Analogues
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Figure 19: Rooperol Analogue Scheme. Rooperol is shown labeling the alkene catechol, R, and
the alkyne catechol, R’, with initial substituents, A0, on each side. Below the various analogue
catechol replacements labeled in the center of the aromatic ring by their identifier.
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Rooperol and all analogues were docked onto 1LEW with the box location and
size as denoted above. After all the docking was run the highest binding energy pose of
each analogue was selected and combined for visual representation and compiled
affinities was can be found in Table 2.

Table 2. Predicted binding affinities of rooperol and analogues docked onto 1LEW

Analogue  Affinity Analogue  Affinity Analogue Affinity
(kcal/mol) (kcal/mol) (kcal/mol)
D1D1 -1.7 AOAO0 -7.1 A1A0 -6.9
A0C5 -7.6 AOA3 -7.1 BOAO -6.9
C5C5 -75 A0B2 -7.1 BOB3 -6.9
D1A0 -7.5 AO0C4 -7.1 B2B2 -6.9
BOD1 -1.4 BOA2 -7.1 A4B0 -6.8
C5A0 -1.4 B0C4 -7.1 BOB4 -6.8
AOD1 -7.3 B1B1 -7.1 BOC3 -6.8
A2A0 -7.3 C3C3 -7.1 BOC5 -6.8
A3A3 -7.3 C4A0 -7.1 B1BO -6.8
BOC2 -7.3 D1B0 -7.1 C2B0 -6.8
B3A0 -7.3 AOA2 -7.0 C4C4 -6.8
B3B3 -7.3 AO0BO -7.0 B0B1 -6.7
cacz2 -7.3 AOB1 -7.0 BOB2 -6.7
AOA4 -7.2 AOB4 -7.0 B2B0 -6.7
AOB3 -7.2 A2A2 -7.0 B3B0 -6.7
A0C2 -7.2 A3A0 -7.0 B4B0 -6.7
AOC3 -7.2 A3B0 -7.0 C4B0 -6.7
A4A0 -7.2 BOA3 -7.0 AlAl -6.6
A4A4 -7.2 B4B4 -7.0 A2B0 -6.6
B1A0 -7.2 C3A0 -7.0 BOAl -6.6
B2A0 -7.2 C3B0 -7.0 BOBO -6.5
B4A0 -7.2 C5B0 -7.0 BOA4 -6.5
C2A0 -7.2 AOA1 -6.9 A1BO -6.4

With the previous understanding of binding direction, the top scoring analogue
D1D1, was viewed with a focus on the pocket interactions found at the location of the
DRS closest to where the N-terminal end of the protein ligand binds nearest the two
electrophilic pockets. Within the docked structure, the orientation of the D1D1 analogue

alkene 1H-3-indolyl group, shows the hydrogen in the indole to be positioned at the
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bottom of the W pocket as seen in Figure 20. In addition, there is an interaction between
this indole NH and the guanidine side chain of ARG 136: the N-H bond is nearly
perpendicular to the guanidine plane, with the indole hydrogen located 2.810A above the
guanidine nitrogen. In addition, the aromatic ring of the 1H-3-indoyl group is positioned
over the @y pocket. On the other end of the molecule the alkyne 1H-3-indoyl group also
is positioned 2.666A from the backbone carbonyl of ASP 161 and the aromatic ring of
the indole directly positioned in the @ pocket.

The ability of this analogue to interact with both ®y and @, pockets and orient
both 1H-3-indoyl groups to additionally be involved in electrostatic interactions are likely

reasons why D1D! exhibited the highest predicted binding energy of the analogues tested.

Figure 20. Rooperol Analogue D1D1 docked on 1LEW. Analogue D1D1 docking at the DRS
site with interactions with ARG136 and ASP 161, and the ®y, and @, pockets shown.

Upon this observation and the knowledge of structure 1LEW being bound to an
N—C ligand, it was hypothesized that the docking of all the analogues on 1LEW may
favor access and interactions at pockets W, Wu, and @y, corresponding to the N-terminal

side of N->C bound ligands. The higher binding energy analogues would observe a
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similar interaction as seen with the D1D1 results. Figure 21 shows the top 6 highest

predicted binding energy analogues which all have interaction at @, and ¥ pockets.

Analogue Affinity
-7.7 keal/mol
-7.6 kcal/mol
-7.5 keal/mol ‘
-7.5 kcal/mol
-7 .4 kcal/mol

-7 .4 kcal/mol

Figure 21. Highest predicted binding energy rooperol analogues docked on 1LEW. The top 6
highest binding energy scores were selected, and those poses shown in DRS pocket of p38a. Each
analogue carbon chain is differently colored as shown in table, and atoms of oxygen red, nitrogen
blue and hydrogen white.

With first observation, all the highest binding energy analogues have an
interaction at the @ pocket with the aromatic ring of the molecule centered above the
pocket. Secondly, all analogues have an interaction with one of the two electrostatic
pockets, ¥ or Wu. Lastly, some of the analogues have an interaction with ®y pocket,
orienting the aromatic ring over the pocket. Focus was primarily given to the electrostatic
sites, as they had the most variability between the analogues. After looking at the top six
scoring analogues models D1D1, AOC5, C5C5, D1AO0, BOD1, and C5A0, all of the

models except one, BOD1, had a catechol within a close distance of an electrostatic
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interaction with ARG 136 as seen in Figure 22. The exception, BOD1, had the aromatic
ring of its indole group near ARG 136, and did not fit the trend. The next point of focus
was the interaction with the two hydrophobic pockets, ®y and ®.. It was observed that
analogues with greater binding energy interacted with both of the above pockets and

oriented their aromatic rings towards these pockets.

Figure 22. Highest predicted binding energy rooperol analogues’
interaction with ARG 136. Top six highest predicted binding energy
analogues shown in the left electrophilic ¥, and Wy end of the pocket.
Distances between ARG 136 and analogue atoms labeled.

To further understand analogues for potential ability to be used for anti-cancer
therapy, an in vitro cell assay was done to measure 1Csg values for rooperol and
analogues. Five analogues and rooperol were tested by Du Lab Texas State University

using a fluorescence cell survival assay as seen in Table 3.
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Table 3. Cytotoxicity and highest predicted affinity data of tested
rooperol and analogues. Cytotoxicity data provided by Du Lab at
Texas State, docking results acquired using AutoDock Vina.

Compound  1Cso HelLa cells Affinity

(UM) (kcal/mol)
AO/A0 18+ 3 -7.1
Al/Al 33.2+0.7 -6.6
A4/A4 77+10 -1.2
B4/B4 >500 -7.0
C5/C5 112+ 3 -1.5
C5/A0 388 -1.4

Initial observation of the predicted binding energy and cytotoxicity data shows
that the two are not directly related. This may indicate that p38a inhibition is not related
to the mechanism of cytotoxicity against the HeLa cancer cell line. However, more
definitive evidence for p38a’s role, or lack thereof, in the anticancer effects of rooperol
and analogs will require experimental evaluation of p38a kinase inhibition and its
possible correlation with the cytotoxicity of these analogues against an array of cancer
cell lines.

Despite the overall lack of correlation between docking results and cytotoxicity
for this limited set of compounds, there are two pairs of interesting results. The two
compounds with lowest I1Cso values, AOAO (rooperol) and A1A1, are near the mean and
lower end of predicted binding energy data. Secondly the two compounds with high
predicted binding affinities C5C5 and C5A0, display very different 1Csq values. Most
clearly is that the B4B4 analogue, has the highest ICso value. Each of these analogues
were compared with pose of highest analogue and ICsp value. Initially the outlier, B4B4

binds pose binds in the W1 and W, pockets seen in Figure 23.
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Figure 23. Cytotoxicity tested rooperol analogues resulting pose within DRS pocket.
Selecting analogues tested in cell cytotoxicity assay, the highest predicted binding energy pose
docked into p38a shown.

After seeing B4B4 as the outlier, further analysis focused on ¥ pocket
interactions, and the results showed an increase in electrostatic interactions to ARG 136

over the various analogues as seen in Figure 24.
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Figure 24. Cytotoxicity tested rooperol analogues pose interaction with ARG 136. The results
of docking studies onto p38a of those analogues tested for cytotoxicity. Atoms in analogues and
ARG 136 are shown colored by heteroatom, nitrogen atoms colored blue, oxygen colored red and
hydrogen white. Each analogue has carbons colored varied.

While this gave an initial correlation to cytotoxicity results, it did not fully
describe the interaction with the DRS, or mechanism of cytotoxicity. With the previous
work on pockets, it is believed the combination of more electrostatic interactions,
positioning to block both pockets @y and @ better captures the DRS binding energy and
inhibition. Through the poses of the various analogues and a clearer picture of the
binding interaction on p38a, a more focused approach can be taken for synthesis of

analogues which can achieve interaction at these points and possibly increase inhibition.
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IV. CONCLUSION

The goal of this project was to characterize the inhibition of p38a by rooperol
and rooperol analogues, and to identify analogues with greater inhibition for further
potential use. We discovered through an ELISA and ADP-Glo techniques that the
measurement of p38a activity was better identified by measuring the production of ADP
rather than phosphorylated protein due to antibody non-specific binding issues. Initial in
vitro work with the ADP-Glo™ technique made strides in honing the ADP Percent
Conversion curve, and initial enzyme concentrations, for measurement of kinase activity
and was handed off to be further improved. Molecular docking was done and found
interesting results, including the specificity of DRS pocket interactions that are
influenced by protein binding direction, selectivity of rooperol pocket binding due to
ligand direction, and cytotoxicity and rooperol orientation relationships which could

provide insight onto specific pocket binding interactions.

p38a DRS pocket structure

The results from docking rooperol in ATP binding and the DRS site showed a
more favorable predicted binding energy for the DRS. Subsequent docking of rooperol to
various p38a structures at DRS found an importance on the direction of protein ligand
binding in correlation to the affinities and poses of rooperol. The side of the pocket
nearest to the N-terminus of the ligand had more pocket accessibility and rooperol bound
more readily to the space. The key interactions were identified as ARG 136, near the two
electrophilic pockets, and the occupation of both hydrophobic ®y and ®. pockets. Lastly,
binding with non-ligand bound protein crystal structures showed continued influence of

the accessibility of pockets. Lastly, the structure bound to SB203580 an ADP inhibitor,
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found an increase binding energy as compared to other dockings, noting the cross-talk

affect observed in in vitro studies in Li et al..

p38a and rooperol analogues

Overall docking of rooperol analogues showed that those analogues greater
binding energy had interactions with ®y and ®_ pockets, and one of the two electrophilic
pockets. Furthermore, the analogue with the highest predicted binding energy, D1D1
interacted with W, ®u, and ®L. In addition to the pockets, the occupation of the space
between the two hydrophobic pockets ®u, and @, and electrophilic interactions with

ARG136 and ASP 161 were noted for possible key interactions for specific binding.

p38a and cytotoxicity tested rooperol analogues

Results of cytotoxicity testing with various analogues did not correlate to
predicted affinities. Upon observation of binding poses of cytotoxic analogues, the
binding within the W, site with the greater interaction with ARG 136, showed similar
ranking but did not fully encompass the interaction with additional contributions of
binding of the ®y, and ®. pockets but further work still must be done to understand

cytotoxicity.

Future work
In continuation of this project, further docking studies using a dynamic program
which could simulate dynamic docking, in addition to further in vitro testing of analogues

with use of the ADP-Glo™ assay can be done.
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D - Recognition Site pocket structure

81 108
1LEW| ENVIG LMGADLNNIVKCQKLTDDHVQFLIYQILRGLK
156 309

LAVNEDCELKIL AQYHDPDDEPVA

Figure 1A. DRS of 1LEW. The location of the DRS on 1LEW, the full structure of p38a
with DRS colored red and boxed, that box expanded, with those residues below
highlighted in the sequence.
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SP| Q16539 | MK14_HUMAN
SP|P47811|MK14_MOUSE

SP|Q16539|MK14_HUMAN
SP|P47811|MK14_MOUSE

SP| Q16539 |MK14_HUMAN
SP|P47811|MK14_MOUSE

SP| Q16539 |MK14_HUMAN
SP|P47811|MK14_MOUSE

SP| Q16539 |MK14_HUMAN
SP|P47811|MK14_MOUSE

SP|Q16539|MK14_HUMAN
SP|P47811|MK14_MOUSE

MSQERPTFYRQELNKTIWEVPERYQNLSPVGSGAYGSVCAAFDTKTGLRVAVKKLSRPFQ

MSQERPTFYRQELNKTIWEVPERYQNLSPVGSGAYGSVCAAFDTKTGHRVAVKKLSRPFQ
B e e e T E e e

SITHAKRTYRELRLLKHMKHENVIGLLDVFTPARSLEEFNDVYLVTHLMGADLNNIVKCQ

SITHAKRTYRELRLLKHMKHENVIGLLDVFTPARSLEEFNDVYLVTHLMGADLNNIVKCQ
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Fdkckkkdkckkkkdkckkdkkkkkdkkkk ko kkkdkdkkkkkdkkkkkkkkdhkk kR kkkk kR k kR kkk

QALAHAYFAQYHDPDDEPVADPYDQSFESRDLLIDEWKSLTYDEVISFVPPPLDQEEMES
QALAHAYFAQYHDPDDEPVADPYDQSFESRDLLIDEWKSLTYDEVISFVPPPLDQEEMES

sk sk 5k sk sk ok 5k sk sk sk ok ok R ok sk sk sk ok R sk sk sk sk ok ok ok sk sk sk ok R ok sk sk sk ok ok ok kok ok ok ok ok kR ok sk ok ok skok Rk kR kR R ok

60
60

120
120

180
180

240
240

300
300

360
360

Figure 2A. Sequence Alignment of p38a in mouse and human. The p38a sequence of
human and mouse noting only three residues vary between the sequence outside of DRS
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sp|P32485|HOG]_YEAST -~ MTTNEEFIRTQIFGTVFEITNRYNDLNPVGMGAFGLVCSATDTLTSQP 48
sp|Q17446|PMK1 CAEEL MFPQTTMDHILHPTPREGYYVVELNRSVWVVENYYINLTPIGTGAYGTVCARECTRSGTR 60
tr|E1JIV6|ELJIV6 DROME ~  ———————— MSVSITKKFYKLDINRTEWEIPDIYQDLOPVGSGAYGQVSKAVVRGTNMH 50
splQ16539|MK14 HUMAN -~ MSQERPTFYRQELNKT IWEVPERYONLSPVGSGAYGSVCAAFDTKTGLR 49
sp|P47811|MK14 MOUSE ~ ———————m MSQERPTFYRQELNKT IWEVPERYQNLSPVGSGAYGSVCAAFDTKTGHR 49
Sp|Q9DGE2 |MK14A DANRE ~ ————————m MSQKERPTFYRQEVNKT IWEVPVQYQNLSPVGSGAYGSVCSAFDAKTGFK 50
. .. . . . * :* *:* **:* *. * -
sp|P32485|HOG1_YEAST VAIKKIMKPFSTAVLAKRTYRELKLLKHLRHENLICLODIFLSP———————— LEDIYEVT 100
splQ17446| PMK1_CAEFL VAIKKFNRPFQSITHARRTYRELRLLRCMCHENT IDLLDVEFTPN-—-ENVNDIEDVYFVS 117
tT|E1JIV6|ELJIV6 DROME VAIKKLARPFQSAVHAKRTYRELRLLKHMDHENVIGLLDIFHPHPANGSLENFQQVYLVT 110
Sp|0Q16539|MK14 HUMAN VAVKKLSRPFQSIIHAKRTYRELRLLKHMKHENVIGLLDVFTPA-——RSLEEFNDVYLVT 106
sp|P47811|MK14_MOUSE VAVKKLSRPFQSIIHAKRTYRELRLLKHMKHENVIGLLDVFTPA-——RSLEEFNDVYLVT 106
sp|QYDGE2 |MK14A DANRE VAVKKLSRPFQSITHAKRTYRELRLLKHMRHENVIGLLDVFTPA-—-TSLKEFNDVYLVT 107
1’*:**: :*1’_: *:***X**:**: X*X:* * *:* ::*:*:
sp|P32485|HOG1_YEAST ELQGTDLHRLLOTRPLEKQFVOYFLYOILRGLKYVHSAGVIHRDLKPSNILINENCDLKI 160
splQ17446| PMK1_CAEFL MLMGADLSNILKIQRLNDDHIQFLVYQILRGLKY IHSADIIHRDLKPSNIAVNEDCELKI 177
tr|E1JIV6|E1JIV6_ DROME HLMDADLNNIIRMQHLSDDHVQFLVYQILRGLKY THSAGVIHRDLKPSNIAVNEDCELRT 170
splQl6539|MK14 HUMAN HLMGADLNNIVKCQKLTDDHVQFLIYQILRGLKY IHSADI THRDLKPSNLAVNEDCELKI 166
sp|P47811|MK14_MOUSE HLMGADLNNIVKCQKLTDDHVQFLIYQILRGLKY IHSADI ITHRDLKPSNLAVNEDCELKI 166
sp|QIDGE2 |MK14A DANRE HLMGADLNNIVKCOKLTDDHVOFLIYQILRGLKY IHSADIIHRDLKPSNLAVNEDCELKI 167
* .:** Lt : * .:.:*:::*********:***_:*********: :**:*:*:*
Sp|P32485|HOGL YEAST CDEGLARIQDPQMTGYVSTRYYRAPE IMLTWQKYDVEVDIWSAGCIFAEMIEGKPLEPGK 220
splQ17446| PMK1_CAEEL LDEGLARQTDSEMTGYVATRWYRAPE IMLNWMHYTQTVDVWSVGCILAELITGKTLERGS 237
tr|E1JIV6|E1JIV6 DROME LDEGLARPTENEMTGYVATRWYRAPE IMLNWMHY DQTVDIWSVGCIMAELITRRTLEEGT 230
splQ16539|MK14_ HUMAN LDEGLARHTDDEMTGYVATRWYRAPE IMLNWMHYNQTVDIWSVGCIMAELLTGRTLEFEGT 226
sp|P47811|MK14 MOUSE LDEGLARHTDDEMTGYVATRWYRAPE IMLNWMHYNQTVDIWSVGCIMAELLTGRTLEEGT 226
sp|Q9DGE2 |MK14A DANRE LDEGLARHTDDEMTGYVATRWYRAPE IMLNWMHYNVTVDIWSVGCIMAELLTGRTLERGT 227
EE :**9{**:**:*9{******.* :* **:**‘*9{*:**:: **ﬁr*.
sp|P32485|HOG1_YEAST DHVHQFSTITDLLGSPPKDVINTICSENTLKFVTSLPHRDPIPFSERFKTVEPDAVDLLE 280
sp|Q17446|PMK1 CAEEL DHIDQLTRIMSVTGTPDEEFLKKISSEEARNY IRNLPKMTRRDFKRLFAQATPQAIDLLE 297
tr|E1JIV6|E1JIV6 DROME DHIHQLNLIMEMLGTPPAEFLKKISSESARSY IQSLPPMKGRSFKNVFKNANPLAIDLLE 290
splQ16539|MK14 HUMAN DHIDQLKLILRLVGTPGAELLKKISSESARNY IQSLTQMPKMNFANVFIGANPLAVDLLE 286
sp|P47811|MK14_MOUSE DHIDQLKLILRLVGTPGAELLKKISSESARNY IQSLAQMPKMNFANVFIGANPLAVDLLE 286
sp|Q9DGE2 |MK14A_ DANRE DHINQLQQIMRLTGTPPSSLISRMPSHEARTYISSLPQMPKRNFADVFIGANPQAVDLLE 287
1’*:_*: * : *:* L.t : *_.: . * * * * *:****
sp|P32485|HOG1_YEAST KMLVEDPKKRITAADALAHPYSAPYHDPTDEPVADAKFDWHFNDADLEVDTWRVMMYSEL 340
splQ17446| PMK1_CAEFL KMLHLDPDRRPTAKEAMEHEYLAAYHDETDEPIAE-EMDLNDDVRADTIDEWKKIIWEET 356
tr|E1JIV6|ELJIV6 DROME KMLELDAEKRITAEEALSHPYLEKYAEPSVEQTSP-PYDHSFEDMDLPVDKWKELIYKEV 349
Sp|0Q16539|MK14 HUMAN KMLVLDSDKRITAAQALAHAYFAQYHDPDDEPVAD-PYDQSFESRDLLIDEWKSLTYDEV 345
sp|P47811|MK14_MOUSE KMLVLDSDKRITAAQALAHAYFAQYHDPDDEPVAD-PYDQSFESRDLLIDEWKSLTYDEV 345
sp|QYDGE2 |MK14A DANRE KMLVLDTDKRITAAEALAHPYFAQYHDPDDEPEAE-PFDQSFESRELDIEEWKRQTYEEM 346
EE :* .:* * % :*: E 1 * : * * : s *: .*:
sp|P32485|HOG1_YEAST LDFHKIGGSDGQIDISATFDDOVAAATAAAAQAQAQAQAQVOLNMAAHSHNGAGTTGNDH 400
splQ17446| PMK1_CAEFL SDEQKNVAFADEEEDEEKME S——————————————— 377
tr|E1JIV6|E1JIV6 DROME TNEKPPPSYAQVLKDVK———————————— e 366
splQl6539|MK14 HUMAN ISFVPPPLDQEEMES—————————————mmmmmmmmmmmm—m 360
sp|P47811|MK14 MOUSE ISFVPPPLDQEEMES———————ommm 360
sp|Q9DGE2 |MK14A DANRE ISFEPPVEDVDEMES————— oo 361
*
sp|P32485|HOG1_YEAST SDIAGGNKVSDHVAANDT ITDYGNQAIQYANEFQQ 435
SplQ17446|BMK] CAEEL ~ ———mmmmmmm o 377
tr|E1JIVE|E1JIV6 DROME ~  ——— oo 366
splQ16539|MK14 HUMAN ~ ——— e 360
sp|P47811|MK14 MOUSE ~  ————mmmmmmmmmmmmmm 360
SpIQYDGE2 |MK14A DANRE ~ ————=————————mm——mm e 361

Figure 3A. Sequence Alignment of p38a in various organisms. The sequence
alignment below shows the p38a and homologues found in various organisms, and
highlighted are the residues found in the DRS site, and those residues bolded are found
in the novel Wt pocket. The organism listed from top to bottom are c. cerevisiae strain
ATCC 204508/S288c, c. elegans, fruit fly, human, mouse, zebrafish.
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ILEW N-C

Figure 4A. Pocket Shape Variation Due to Peptide Binding Direction. An image of
two examples of DRS pocket variation due to binding direction, above the C to N binder
noting the shifting of resides below the W' pocket which close and create a bridge like
closure of the pocket. Both protein structures, 1ILEW and 20KR have residues shown as
sticks, but only a single surface is shown in each image.
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Rooperol Analogues Docking Results

The results of docking analogues grouped by initial alkene-proximal catechol,
then alkyne-proximal catechol. Only the highest binding energy (found in table as
affinity) predicted pose for each analogue depicted, created with Chimera opening the

results from AutoDock Vina.

W = 7 | Analogue | Affinity
— (kcal/mol)
A0AO0 -7.1

AOAL -6.9

-1.0

Figure 5A. AOA analogues

50



.

_ -
Analogue Affinity
(kcal/mol)

- ‘ A0BO -7.0

A0B2 -7.1

AOB3 -7.2
AOB4 -7.0

Analogue | Affinity
< (kcal/mol)

A0C2 -7.2
AO0C3

Figure 7A. AOC and AOD analogues
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Figure 9A. A2 analogues
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Figure 11A. A4 analogues
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Analogu? Affinity

(kcal/mol)

[ A3A0 7.0

A3A3 -7.3

A4A4
A4B0 -6.8




N Analogue Affinity
(keal/mol)

BOAO -6.9
BOA1 -6.6
BOA2 -7.1

B0OBO

BOB2  -67
BOB3 6.9
BOB4

(kcal/mol)
-6.5

Figure 13A. BOB analogues
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4 _
Analogue | Affinity
(kcal/mol)

B0C2 -7.3
B0OC3 -6.8
B0C4 -7.1
B0OC5 -6.8
BOD1 -7.4

F -
Analogue | Affinity

-
(kcal/mol) ’

B1BO -6.8
B1B1 -7.1

y

——

Figure 15A. B1 analogues
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Figure 16A. B2 analogues

Ly

P

=
’

Analogue | Affinity | ‘“‘\
(kcal/mol)
-7.3

-
/ :

B3A0

vr

Figure 17A. B3 analogues



A (kcal/mol)
/ ‘ g B4A0
, '

B4B0 6 7

- — '

C2A0
C2B0
C2C2

Analogue Affinity
‘ (kcal/m ol)

Figure 19A. C2 analogues



%Analogue Affinity ’
(kcal/mol)

C3A0 -7.0

Figure 20A. C3 analogues

- Analogue | Affinity

. // S J (kcal/mol)

.

Figure 21A. C4 analogues
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Figure 22A. C5 analogues

T— /\
g A > Analogue

Affinity ,
(kcal/mol)

DI1AO

Figure 23A. D1 analogues
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