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Identification of Phenazine-Based MEMO1 Small-Molecule
Inhibitors: Virtual Screening, Fluorescence Polarization
Validation, and Inhibition of Breast Cancer Migration

Courtney L. Labrecque,”” Cassidy N. Hilton,” Justin Airas,” Alexis Blake,”
Kristen J. Rubenstein,”” Carol A. Parish,*™ and Julie A. Pollock*™

Phosphorylation-dependent protein—protein interactions play a
significant role in biological signaling pathways; therefore, small
molecules that are capable of influencing these interactions can
be valuable research tools and have potential as pharmaceutical
agents. MEMO1 (mediator of ErbB2-cell driven motility) is a
phosphotyrosine-binding protein that interacts with a variety of
protein partners and has been found to be upregulated in
breast cancer patients. Herein, we report the first small-
molecule inhibitors of MEMOT1 interactions identified through a

Introduction

Reversible phosphorylation is one of the most common
regulatory mechanisms of protein function within a cell that
enables dynamic and coordinated regulation of many aspects
of cellular physiology such as cell differentiation, apoptosis, and
proliferation. Normal cells are capable of maintaining the critical
balance of phosphorylation whereas diseased cells, for example,
cancerous cells, have abnormal phosphorylation statuses.
Although the phosphorylation status of a particular protein is
dependent on the enzymes that add and remove the
phosphate group (kinases and phosphatases, respectively),
there are additional proteins that bind to phosphorylated
residues to keep them in active or inactive states. These
phosphorylation dependent protein-protein interactions (PPls)
contribute to highly complex signaling cascades, and inappro-
priate or sustained PPls can result in many diseases including
cancer. Consequently, chemical modulators of these interac-
tions are crucial for the study of protein function in disease and
have promise as therapeutics. The development of PPl inhib-
itors can be highly challenging due to their inherently diverse
interfaces and large surface area. However, despite these
obstacles, in recent years, there has been much progress in
developing PPI inhibitors for interactions governed by phos-
phorylation; for example, inhibitors of the phosphotyrosine
(pTyr)-binding Src homology 2 (SH2) domains have been
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virtual screening platform and validated in a competitive
fluorescence polarization assay. Initial structure-activity rela-
tionships have been investigated for these phenazine-core
inhibitors and the binding sites have been postulated using
molecular dynamics simulations. The most potent biochemical
inhibitor is capable of disrupting the large protein interface
with a K| of 2.7 um. In addition, the most promising phenazine
core compounds slow the migration of breast cancer cell lines
in a scratch assay.

developed and extensively investigated, and efforts have been
made towards identifying small-molecule regulators of the
phosphoserine/phosphothreonine (pSer/pThr)-binding family of
14-3-3 proteins.”?

MEMO1 (mediator of ErbB2-driven cell motility) has been
identified as a new class of pTyr-binding proteins that is
upregulated in greater that 40% of primary human breast
tumors and has been correlated with poor prognosis.”!
Originally identified in complex with the activated receptor
tyrosine protein kinase ErbB2, MEMO1 was linked to cell
migration.”? In addition to interaction with ErbB2, MEMO1 has
been found in complexes with estrogen receptor (ER), fibroblast
growth factor receptor 1 (FGFR1), sphingosine-1-phosphate
receptor 1 (S1PR1), insulin receptor substrate 1 (IRS1), insulin-
like growth factor receptor (IGF1R), and cofilin, many of which
play a role in tumorigenesis.”! Knockdown of MEMOT1 protein
levels using small interfering RNA (siRNA) resulted in slowed
breast cancer tumor xenograft growth in mice.""!

Previously, we examined the biophysical interaction of
MEMO1 with a phosphorylated peptide corresponding to the
ErbB2 tail using computational methods and fluorescence
polarization; we identified five amino acid residues, Trp16,
Tyr54, Asp189, Arg196, and Arg198 on MEMO1 that were
essential for interaction with the ErbB2-derived peptide.””’ Here,
we have expanded our work to identify small-molecule
inhibitors of the interaction. First, we virtually screened targeted
libraries for PPIs, kinases, and peptidomimetics and narrowed
down to 128 commercially available compounds that were
examined in a competitive fluorescence polarization assay for
their ability to disrupt a preformed MEMO1 and ErbB2-peptide
complex. Fluorescence polarization is a commonly employed
technique for the screening of inhibitors of PPls and has
successfully identified multiple lead compounds for a variety of
interactions.!” This technique has advantages because it is a
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competitive binding assay and is amenable to high throughput
screening.”

Our lead compound exhibited a K, of approximately 20 pm
and contained a phenazine core structure. We performed initial
structure-activity relationship (SAR) studies using an additional
22 commercially available compounds with the phenazine core
identifying the most potent derivative to have a K, of less than
3 um. The best phenazine molecules were able to inhibit
migration of SKBR3 and T47D breast cancer cell lines.

Results and Discussion
Computational screening

In order to identify potential small-molecule binders of MEMOT1,
we used a targeted virtual screening platform. We selected
virtual libraries from Otava Chemicals and Life Chemicals that
focused on three types of interactions: kinases (Otava Janus
Kinase 2, Proto-oncogene tyrosine-protein kinase ABL1, Fibro-
blast growth factor receptor 1 tyrosine kinase, and Aurora B
kinase; Life Chemicals Kinase and Kinase similarity), protein-
protein interactions (Otava iPPI Bayesian, iPPI Tree, and SH2
domain; Life Chemicals PPl rule of four, PPl MLM, and PPI
PubMed), and peptidomimetics (Otava Beta-turn peptidomi-
metic and Alpha-helix peptidomimetic; Life Chemicals Peptido-
mimetic) due to our knowledge of MEMOT1 interaction with
ErbB2 which is dependent on a phosphorylated tyrosine, is a
large PPI, and can be recapitulated using a truncated peptide.

More than 70000 compounds were screened using the
HTVS, SP, and XP docking algorithms available in Glide,® with

A 50 B

Average K Value / um

0 50 100
Initial Screened Compounds

C
03 03
= z 5 ==
502 Hf*—‘*n\ 802
3 3 ™
o1 201 :
Ob——v—3—+—5  O0——5
8 7 6 5 4 3 8 7 6 5 4

log [Compound 5]/ M log [Compound 21]/ M

ligands scoring in the top 10% advancing to the next, more
stringently evaluated level. (More details can be found in the
Experimental Section). Using this computational screen, each
library returned approximately 0.1% of its total unique ligands.

Primary biochemical screening

Unfortunately, not all of the top scoring ligands from the virtual
screen were readily commercially available so we purchased a
subset of 128 compounds with a variety of chemical structures
from Otava Chemicals and Life Chemicals. Each compound’s
ability to compete with the binding of a phosphorylated ErbB2
peptide to MEMO1 was assessed in a fluorescence polarization
assay. Briefly, a fluorescein-labeled peptide corresponding to
the ErbB2 tail was preincubated with purified MEMO?1 and serial
dilutions of the compounds (0-500 um) were added; the
anisotropy was measured and K, values calculated for each
compound (Table S1 in the Supporting Information). As seen in
Figure 1, four compounds were able to disrupt the interaction
of MEMO1 and the ErbB2 peptide with K values less than
500 pum. These results amounted to a 3% biochemical hit rate
from the 128 compounds identified from the virtual screen. We
observed large variation in the K, values for compounds 5, 69,
and 91 between experiments and attribute that to incomplete
disruption of the PPl and potential non-specific binding of these
molecules.”

To avoid any promiscuous chemotypes that might fail in
future studies, we subjected all of the tested compounds to
two publicly available in silico filters to identify Pan-Assay
INterference compoundS (PAINS).”’ In the first screen (http://
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Figure 1. Initial biochemical screening of compounds. A) Results of all compounds screened in competitive fluorescence polarization assay. K values presented
as mean =+ standard deviation from at least three replicates. B) Structures of compounds with K| values less than 500 pm. C) Representative competitive
isotherms for compounds with K; values less than 500 um. Inhibitor concentration were diluted twofold from 500 to 0.12 um for use in the assay.
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www.cbligand.org/PAINS/), compounds 5 and 91 along with six
other structures were identified as potential PAINS due to
protein reactivity; they exhibited minimal inhibition in our
system (Figure 1C) but were not further considered. We believe
that the potential PAINS activity of compounds 5 and 91 may
contribute to non-specific binding, as discussed above, resulting
in the large variation in inhibition between experiments. One
compound that was not a positive hit had an aggregation
warning in the second screen (http://zinc15.docking.org/pat-
terns/home/). It is not surprising that many of the screened
compounds were not identified as typical PAINS because both
Otava Chemicals and Life Chemicals filter their structures within
the targeted libraries that we examined using similar require-
ments.

Of particular interest to us was compound 21, 3-amino-
phenazin-2-ol, that disrupts the interaction with a K, of 20.9+
5.9 um. Interestingly, phenazine-core compounds, some of
which are natural metabolites of bacteria, have been identified
to have diverse biological activities including anticancer, anti-
biotic, antifungal, and biofilm dispersion properties."® In 2013,
Gao et al. reported the synthesis of novel phenazine derivatives
with apoptotic activity in a variety of cancer cell lines; the exact
mechanism of action was not determined."" In addition,
derivatives of 2,3-diaminophenazine were determined to slow

Table 1. MEMO1/ErbB2 interaction inhibition of substituted phenazine

compounds.

N R

XX

NZ R?
Compound R' R? K, [um]®
21 NH, OH 209+59
142 NH, NH, 2.73+0.56
138 NH, H 151+109
129 H H > 500
145 CH, H >500
135 CHO H > 500
132 COOH H >500
133 CONHCy H > 500
136 CONHTol H > 500
140 CON(CH,), H >500
149 NHAc NHACc >500
134 NCS H > 500

[a] Values are the mean =+ standard deviation of at least three separate
fluorescence polarization experiments.

Table 2. MEMO1/ErbB2 interaction
phenazine compounds.
N

-
N

inhibition of charged substituted

Compound R' R? K [um]®
146 H H 119+46
139 CH,CH; CH,CH; >500

130 CH,CH,OH H 83.7+£41.5

lung carcinoma and colorectal cancer cell line proliferation
through inhibition of human tyrosine kinase.'”? Some literature
suggest that phenazines are capable of intercalating DNA and
may have general toxicity.™

In order to evaluate the necessity of the phenazine core for
inhibition of the MEMO1-ErbB2 peptide interaction, we pur-
chased an additional 22 commercially available compounds
containing this core from Otava Chemicals and screened them
using our competitive fluorescence polarization assay. As seen
in Tables 1 and 3 and S2, as well as Figure S1, eight of the 22
phenazine compounds disrupted the interaction with a K| of
less than 200 um; the 36% biochemical hit rate of this small
library of compounds lead us to believe that this structure has
promise for MEMO1 PPl inhibition. Replacement of the
phenazine core with naphthalene (2,3-diaminonaphthalene and
3-amino-2-naphthol) resulted in no inhibition (Figure S2).

Initial structure-activity relationships

Although our library of phenazines is not comprehensive, we
can make some initial SAR correlations. There appears to be a
requirement for a hydrogen-bond participant specifically a
nitrogen in the R' position (Table 1, compounds 21, 142, 138
vs. compound 129). In addition, a hydroxyl in the R? position is
good (Table 1, compound 21) but an amine increased the
activity by approximately tenfold (Table 1, compound 142).
Replacement of the R? hydrogen bond participant with a
hydrogen markedly decreased activity (Table 1, compound
138). Replacement of the nitrogen in the R' position with an
electron-withdrawing aldehyde (Table 1, compound 135), car-
boxylic acid (Table 1, compound 132), or amide (Table 1,
compounds 133, 136, 140, 149) diminished activity altogether.
Addition of an ethyl group on one of the nitrogens in the
phenazine ring retained some activity if one of the hydrogens
of the NH, was replaced with an ethanol (Table 2, compound
130). Restricting the R' and R? positions into a five-membered
ring such as a benzimidazole (Table 3, compounds 144 and
141) afforded very good inhibition as did the triazole (Table 3,
compound 147). Replacement of amines with nitro groups or
methoxy (Table S2) removed all inhibitory potential.

Table 3. MEMO1/ErbB2 interaction inhibition of benzimidazole- and
triazole-substituted phenazine compounds.

R
Compound X R' R? K, [um]®
144 C H CH; 9.50+4.73
137 C H CF, >500
PhOCO
o e

141 c ¢ J H 8214250

PhOCG  OCOPh
147 N CH,CONH, N/A 5.50+2.69

[a] Values are the mean =+ standard deviation of at least three separate
fluorescence polarization experiments.

[a] Values are the mean =+ standard deviation of at least three separate
fluorescence polarization experiments.
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Our previous mutagenesis and computational work®™ sug-
gested that MEMO1 contains at least one well-defined binding
pocket that is a broad, shallow trough that extends from the
vestigial binding site originally identified by Qiu et al." across
the backbone of the protein to a region containing residues
Leu232, Lys237, His240, and Arg246 (Figure S2). In our previous
studies the ErbB2-derived peptide containing a phosphorylated
tyrosine was shown to bind in the vestigial pocket of the
binding site by interaction with residues Trp16, Tyr54, Asp189,
Arg196, and Arg198.”' In order to examine the SAR further, we
docked the five phenazine compounds that showed the
strongest experimental activities (compounds 21, 141, 142, 144,
and 147; Tables 1 and 3) onto MEMO1 using Glide.® The top
poses for four of the five compounds clustered into the same
binding pocket-near the ErbB2-peptide binding site and
containing Trp16, Tyr54, Asp189, Arg196, and Arg198 residues.
Interestingly the top docked pose for compound 141 bound in
the same site but shifted towards the other side of the binding
trough. This structural shift may be due to the increased size of
compound 141 relative to the other compounds and suggests
that the relatively large binding cleft that runs across the face
of the protein may allow both small and large ligands and
proteins to bind favorably, in a variety of orientations (Fig-
ure S3). Other high scoring docked poses placed the ligands
throughout the binding trough.

As a secondary screen for compound binding, we utilized
differential scanning fluorimetry.®™ As seen in TableS3,
compounds 21, 142, and 147 decrease the melting temperature
of MEMO1 protein by 2-3°C. Although not as common as

stabilization of protein structure, decreased stability of proteins
after specific ligand binding has been observed in certain
systems '

Molecular dynamics simulations

In order to develop a fuller atomistic understanding of the
interaction of the phenazine compounds with MEMO1, we
performed a series of computational studies to explore the
specific intermolecular interactions and the overall energetics.
We performed molecular dynamics (MD) simulations and MM-
GBSA analysis using compounds 142, 147, and 129. In support
of our biochemical results, compound 129 resulted in structural
and energetic instability as well as ligand dissociation in all
seeds; trajectory visualization revealed ten short-lived and
unstable binding poses occurring across all seeds and no
hydrogen bonds were found with an occurrence over 1%.
Alternatively, compounds 142 and 147, that exhibited biochem-
ical inhibition, showed significantly better MM-GBSA binding
energies as well as long-lived binding poses with well-defined
ni-stacking and hydrogen bonding networks. For instance, as
shown in Figure 2, the average MM-GBSA binding energy for
compounds 142 and 147 was —11.86 and —18.79 kcal/mol,
respectively, while the binding energy for compound 129 was
—7.56 kcal/mol. During the MD simulations, compounds 142
and 147 spend considerable time in the main binding pocket,
and if we filter on those frames the MM-GBSA binding energies
are —15.07 and —21.40 kcal/mol, respectively. It is important to

C Ligand MEMO1 Complex Avg AAG
142 (all frames) -11.86
142 (binding groove) -15.07
147 (all frames) -18.79
147 (optimal binding) -21.40
129 (all frames) -7.56

Figure 2. MEMO1 binding to phenazines. A) Compound 147 bound to the MEMO1 decamer peptide region. The most energetically favorable frame showing
residues Trp16 and His131 contributing m-stacking interactions with the phenazine core of compound 147. The COM distances between these residues and
compound 147 are 3.73 and 3.71 A, respectively. The potential for st-stacking with His12 and Tyr54 is noted as well, with COM distances of 4.25 and 4.72 A.
The Gly51 backbone amine donates a hydrogen bond to the phenazine body nitrogen (25.18 % occurrence in all frames sampling decamer binding-site
interactions). Shorter-lived hydrogen bonds include His12 donating a hydrogen bond to the amide substituent oxygen atom (2.57 %), and His131 and the
Asp127 backbone accepting hydrogen bonds from the amide substituent NH, group (1.75 and 0.11 %, respectively). Compound 147 also binds in other areas
of the binding groove, as demonstrated in Figure S4. B) Compound 142 bound to the right side of the binding groove. The most energetically favorable frame
showing Arg246 contributing a t—cation interaction with compound 142 (3.84 A). Trajectory visualization suggests that His240 contributes a nt-stacking
interaction with compound 142 (COM distance =5.28 A in this frame) Hydrogen bond donation from the amine substituents to Glu163 is shown, and
hydrogen bond analysis reveals that these interactions dominate this pose. In (A) and (B) all noted hydrogen bonds occur within 3 A. Per-residue free-energy
decomposition analysis supports the importance of the noted interactions. C) MMGBA energies and associated standard errors for various compounds binding

to MEMO1. All energetic values are in kcal/mol.
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note that the absolute values for the binding energy calculated
from these methods cannot be directly compared to our
experimental dissociation constants. However, the binding
trends provide preliminary context for the inhibitory activity.
The MD trajectories provide atomistic insight into the inter-
actions between MEMO1 and compounds 142 and 147 (Fig-
ure 2). For instance, our MD trajectories and energetic analyses
suggest that compound 142 prefers to interact with the right-
hand side of the binding groove (orientation relative to the
image in Figure S1) forming m—cation interactions with Arg246
and possible m-stacking interactions with His240. In addition,
throughout the simulation (90%), the R' and R? NH, arms are
positioned for hydrogen donor interactions with Glu163. Other
significant MEMO1 residue-compound 142 interactions include
Ser233, Leu236, Lys237, and Asn241. When compound 147 is
bound to the ErbB2-peptide binding region (left-hand side of
the groove), m-stacking with Trp16 and His131 dominate the
interactions, with hydrogen bonding occurring with residues
His12, Gly51, and Asp127. In addition, Tyr54 is often positioned
for additional m-stacking interactions. When compound 147
binds to the right-hand side of the groove, binding is weaker,
and we see interactions with the same residues as for
compound 142 above (Leu236, His240, Lys237, His247, Arg246).
It is noteworthy that in our previous work, we saw strong
interactions between the phosphorylated tyrosine in the ErbB2-
peptide and Trp16 and Tyr54.F' Specific hydrogen bonding
interactions and percent occurrences for compound 147 in the
right side of the binding groove can be found in Figure S4.

In addition to hydrogen bonding, m-stacking is playing a
significant role in the binding affinities of these phenazine-
based compounds. Based on the experimental affinities shown
above, and our atomistic exploration of the molecular dynamics
trajectories for compounds 129, 142 and 147, it appears that
the electron donating capabilities of the NH, and triazole
groups on compounds 142 and 147, respectively, are increasing
the electron density of the phenazine ring and correspondingly
increasing the capacity for favorable m-stacking interactions
with aromatic residues in MEMO1. Enhancement of the
phenazine electron density is not possible with compound 129
where R'=R*=H, and for this compound we see significantly
diminished binding (Table 1). Further evidence for the impor-
tance of phenazine substituent electronic effects and corre-

sponding m-stacking is demonstrated with the diminished
binding observed when the amines of R' and R* are replaced
with electron-withdrawing groups such as NO, (Table S2).

Breast cancer cellular studies

Our next step was to examine if disruption of MEMOI1
interaction would result in cellular consequences. Previous
studies have shown that knockdown of MEMOT1 resulted in
decreased migration of breast cancer cell lines including T47D,
SKBR3, and MDA-MB-231 cells.®™? We were able to recapitulate
these results in our lab using a wound-healing assay;""” knock-
down of MEMOT1 using siRNA resulted in impaired cellular
migration in T47D and SKBR3 cells. Therefore, we employed this
assay to evaluate phenazine compounds with the most
promising biochemical inhibition (compounds 21, 130, 138,
141, 142, 144, and 147). As seen in Table 4, decreased cellular
migration in comparison to the DMSO vehicle was observed in
both cell lines after treatment with 100 uM compound. Some
decreased wound healing could be attributed to the general or
specific toxicity of the compounds as measured through a
viability assay (Table 4). The compounds exhibited more toxicity
in T47D cells than in SKBR3 cells; although the reasons are
unknown. However, on observation of the cells after 24 hours
of treatment, they did not appear to be unhealthy (Figures 3A,
B, S6 and S7). Dose dependent slowed migration was observed
in T47D cells for compound 142 (Figure 3C). SKBR3 and T47D
cells are derived from two different kinds of breast cancer with
different receptor expression levels. SKBR3 cells represent a
HER2 + tumor subtype with overexpression of ErbB2 and low
levels of ER and PR, while T47D cells represent a luminal A
subtype with overexpression of ER and PR and low level of
ErbB2."¥ As MEMOT1 has been observed to influence both ErbB2
signaling® and ER signaling,“? it is consistent that our data
show phenotypic activity in both cell lines. Differences between
the viability and migration of the cell types could be linked to
levels of MEMO1 protein or to the presence of different binding
partners.

Table 4. Cellular consequences of treatment with phenazine compounds and their physicochemical properties.

Compound ECs, T47D [um]® % Migration T47D®  ECs, SKBR3 [um]® % Migration SKBR3' MW [Da] ~ HBD”  HBA®  logP”  logs®?
21 95+30 62+18 67+15 43415 211.23 25 3.75 1.187 —2.37
130 161+12 47 £14 337+60 39+19 269.35 3 3.75 2.806 —3.73
138 69+20 41+14 >500 34+£17 195.22 1.5 3 1.851 —2.62
141 > 500 3717 >500 50+23 664.67 0 11.25 5.877 —-7.32
142 46+13 24+14 >500 44422 210.24 3 4 1.022 —2.32
144 33+8 74+23 >500 35+27 234.26 1 35 2.465 —3.75
147 39+12 69+35 >500 42423 278.27 2 6.5 0.237 —1.66
0.2% DMSO - 86+15 - 64+13 - - - - -

[a] Cell viability after 24 h of compound treatment. Data represent mean =+ standard deviation of three experiments. [b] Percentage of relative cellular wound
closure after treatment for 24 h with 100 um of the indicated compounds. Data represent mean =+ standard deviation of four experiments. Representative
images can be found in Figures 3A, B and S6. [c] Percentage of relative cellular wound closure after treatment for 48 h with 100 um of the indicated
compounds. Data represent mean =+ standard deviation of four experiments. Representative images can be found in Figure S7. [d] Number of hydrogen bond
donors. [e] Number of hydrogen bond acceptors. [f] The predicted octanol/water partition coefficient. [g] The predicted aqueous solubility.
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Figure 3. T47D wound-healing assay. A) Images of cells at 0 and 24 h after
treatment with 100 pm of compound 142. B) Images of vehicle-treated
(0.2% DMSO) cells at 0 and 24 h. C) Migration of cells over 24 h at the
indicated concentrations of compound 142. Data represents mean +
standard error mean of four experiments. Statistical differences were
calculated with the Student t test versus vehicle treated cells.

Conclusions

Previously, we developed a fluorescence polarization assay for
the characterization of MEMO1 and peptide-binding partners.”
Here, we have expanded the utility of the fluorescence polar-
ization assay to biochemically identify small-molecule inhibitors
of the MEMO1-ErbB2 derived peptide interaction. Beginning
with a virtual screening platform, we identified a core
phenazine structure with inhibitory potential. Through limited
SAR, we have determined the necessity of appended electron-
donating groups on the phenazine core with the ability to form
productive hydrogen bond and m-stacking interactions with
MEMOT1. Interestingly, our MD simulations of two phenazine
inhibitors provide two distinct potential binding sites within the
MEMO1-protein interaction trough. More detailed molecular
studies will reveal the exact binding mode and could contribute
to the design of more potent inhibitors. The inhibitory activity
of our best compounds (2-8 um) is modest; however, they
provide a starting point for additional optimization. PPIs are
typically difficult to target with small molecules and initial
screening efforts, similar to ours, have provided lead com-
pounds with comparable potencies."”

To our knowledge, these compounds are the first small
molecules targeting the MEMO1 PPI interface. They will be
invaluable tools for investigating the role of MEMO1 in
biological contexts. Indeed, we observe that similar to MEMO1
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knockdown in breast cancer cell lines, the phenazine com-
pounds slow cellular migration in a scratch assay.

The importance of MEMO1 as a scaffolding protein for
phosphorylation-dependent protein-protein interactions within
breast cancer is clear; however, its role in other biological
processes is continuing to be discovered. For example, high
levels of MEMO1 have been correlated with colorectal cancer,
and its function has been linked to neuroinflammation and
neuronal development.” In addition to the protein scaffolding
function, MEMO1 has been shown to be a redox protein and
has been linked to metal homeostasis and consequently
conditions such as premature aging, kidney disease, and bone
demineralization.”” All previous studies have utilized genetic
manipulation and knockdown experimentation to investigate
MEMO?1 function. The phenazine compounds identified here
will provide additional tools for manipulation of MEMO1
activity.

Experimental Section

General information

The chemical databases used for the virtual screening were
obtained from LifeChemicals and Otava Chemicals. Compounds
identified from the virtual screening as potential inhibitors that
were commercially and readily available were purchased from the
respective companies. 2,3-diaminonaphthalene was purchased
from Oakwood chemicals and 3-amino-2-naphthol was purchased
from VWR. The N-terminal fluorescein labeled-peptide correspond-
ing to the ErbB2 tail (1217Phe-Asp-Asn-Leu-Tyr-pTyr-Trp-Asp-GIn-
Asp1226-NH,, FL-pYD10) used for fluorescence polarization studies
was custom synthesized by Genscript. Recombinant MEMO1 used
in the fluorescence polarization assay was prepared as described
previously.” All statistical analysis and graphing was carried out in
GraphPad Prism 8.

Computational studies

Ligand retrieval and preparation: Three-dimensional ligand struc-
tures were obtained from structure data files (SDF) provided by
LifeChemicals and Otava Chemicals. Schrodinger’'s LigPrep was
used to optimize ligand structures. Within LigPrep, Epik®? was used
to produce all possible ligand protonation states at a pH of 7+2.
All ligands were desalted, and possible tautomers were sampled.
Additionally, up to 32 stereoisomers were generated for each
ligand, and the specified chiralities of each molecule were retained.

Protein retrieval and preparation: The crystal structure of MEMO1
was obtained from the Protein Data Bank (PDB ID: 3BCZ). Chain A
was selected, and its glycerol ligand was removed. Schrédinger’s
Protein Preparation Wizard®® was used to optimize the protein.
These optimizations include the conversion of selenomethionine
residues in the experimental structure to methionine residues, as
well as the assignment of bond orders using the CCD database and
the addition of missing hydrogen atoms. Prediction of likely side
chain protonation states within a pH range of 742 was conducted
using Epik. Hydrogen bonds were optimized while sampling water
orientations using PROPKA at a pH of 7, and restrained minimiza-
tion was then performed using the OPLS3 force field.?*!

SiteMap and receptor grid generation: Schrodinger's SiteMap
program™® was used to predict and score potential ligand binding
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sites. Potential binding sites are assigned separate Site Scores
(Sscore) and Drugability Scores (Dscore) based on properties such
as the volume, hydrophobicity, hydrophilicity, and H-bonding
ability of the site. Binding sites with a Sscore of at least 0.8 and a
Dscore of at least 0.83 are likely to allow ligand binding to occur.”
With all parameters set to default, three potential binding sites
were identified. One of these sites (Site #1) returned scores
suggestive of good binding. Schrédinger’'s Receptor Grid Gener-
ation was then used to generate a 30x40x20 A receptor grid
encompassing this binding site. A ligand size cutoff of 20 A was
applied. All other parameters were kept at their default values. The
resultant receptor grid was used for all subsequent ligand docking.

Ligand docking: Using Schrédinger's Glide Docking program,®®
each prepared ligand library was docked into the binding site
encompassed by the receptor grid. Glide assigns a GlideScore to
each ligand based on their predicted polar and nonpolar
interactions within the receptor grid. Default parameters were used
in conjunction with the HTVS, SP, and XP docking algorithms in a
successive fashion. These algorithms score each ligand based on its
predicted chemical interactions within the specified binding site.
While HTVS will dock any ligand that may reasonably be expected
to bind, XP more stringently considers hydrogen bonding and the
hydrophobic enclosure of lipophilic ligand atoms. After each
docking round, ligands scoring in the top 10% were then run
through the next, more stringent algorithm.

Molecular dynamics simulations with AMBER18: AMBER Unre-
strained Molecular Dynamics®®” simulations were used to study the
dynamics of the ligand-protein complex. Initial structures were
taken from the top scoring Glide pose for compounds 129, 142,
and 147 docked to MEMOT1. To diversify the set of initial structures,
we also utilized lower scoring Glide poses still within the binding
groove. The ff14SB force field*® was applied to the protein. The
GAFF force field and AM1-BCC charges were applied to all ligands
using antechamber. All models were explicitly solvated in a unit cell
with TIP3P water molecules® and neutralized with CI~ and Na™*
ions using tleap. The AMBER18 GPU-accelerated pmemd code was
used to run all simulations.*® Each ligand-protein complex was
minimized, heated, equilibrated, and subjected to unrestrained MD
simulations. All structures were subjected to a seven-step minimiza-
tion process involving 1000 steps of the steepest descent
minimization followed by 4000 steps of conjugate gradient
minimization. This minimization approach optimized the structure
and reduced the possibility of clashes created by hydrogen atoms,
ions, and/ water molecules. A 12.0 A cutoff was used so that only
non-bonded atoms within a 12.0 A radius could contribute to the
non-bonded energy term of a specific atom. A restraint weight of
10.0 kcal/mol/A was used on all non-hydrogen atoms in the system.
This restraint was successfully lowered over seven steps of
minimization (5.0—2.0—1.0—0.5—0.1—0.0 kcal/mol/A) until the
restraints were removed altogether and the atoms were allowed to
minimize freely. After minimization, each molecular system was
heated and assigned a random initial velocity. During heating, the
system started at step 0 at a temperature of 10.0 K and increased
linearly until it reached 300 K. After the solvent reached the target
temperature, the solute was equilibrated within the system. During
the seven stages of equilibration, the restraint was slowly reduced
every 500 ps. The restraint weight during equilibration is lowered
identically to the restraint weight during the minimization step.
Upon completion of the equilibration, unrestrained molecular
dynamics was performed on each system for 1000 ns using four
different, randomly selected seeds (initial velocities). Dynamical
information was obtained from the MD trajectories using cpptraj.
RMSD values from the initial structure and hydrogen bonding
analysis provided information about conformational flexibility and
important intra- and inter-molecular interactions. Binding free
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energies were computed every 0.1 ns using MM-GBSA.®" Trajectory
visualization was conducted using UCSF Chimera.®

Calculation of physicochemical properties: Octanol/water partition
coefficients and predicted solubilities, along with molecular proper-
ties such as molecular weight, and number of hydrogen bond
donors and acceptors were calculated using Schrodinger’s QikProp
program.”® These and other absorption, distribution, metabolism
and excretion (ADME) values were used to evaluate the suitability
of our highest scoring drug candidates.

Biological evaluation

Fluorescence polarization competitive assay: Twofold serial
dilutions of the compounds (0-500 uM) were made in sodium
phosphate buffer (50 mM, pH 6.4). MEMO1 and labeled phosphory-
lated peptide (FL-pYD10) were mixed in a separate tube along with
sodium phosphate buffer and incubated at room temperature for
10 min. The preformed MEMO1 and FL-pYD10 complex was added
to the serial dilutions of the compounds to a final concentration of
2.5 uM MEMO1 and 50 nM FL-pYD10. The combined mixture of
compound, MEMO1, and FL-pYD10 was incubated for an additional
10 min at room temperature. Each dilution was pipetted in
triplicate into a black 384-well plate (20 uL to each well). 1% DMSO
solution served as the plate blank. All samples were plated and
spun down at 58 x g for 30s. Fluorescence measurements were
taken using a SpectraMax i3 plate reader (Molecular Devices) with a
fixed excitation (485 nm) and emission (525 nm). The Z’ factor was
calculated for each compound based on the following equation (o},
and o; are the standard deviations of the emission anisotropy for
the bound and free probe, respectively, and U, and U; are the
means of the emission anisotropy of the bound and free probes,

respectively):"?

) 30b =+ 30f

ST ™
All Z’ values were found to be between 0.70 and 0.91, indicating
excellent assay performance.

Millipolarization (mP) was calculated using the Softmax Pro
software from parallel and perpendicular intensities (Q,, and Quer
respectively). The G factor was determined as described previously
to be 1.4

Qpara - Goperp

mP =1000 X ——~—
Qpara + GOperp (2)

mP was subsequently converted to units of anisotropy (A):

2(15m)
3 mP

1000

A= (3)

The K, for each compound was determined from the fit (EC;,) of the
anisotropy vs. log[inhibitor] curve and the concentration (50 nM)
and Kj (532 nM) of FL-pYD10 using GraphPad Prism 8:

logECs, = |09(10I09K’*(H%)> @)

Background anisotropy of compounds 21, 129-150 was measured
in the presence of 50 nM FL-pYD10 (Figure S7).
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Protein thermal stability by differential scanning fluorimetry. As
previously described,®'¥ purified protein (0.3 mg/mL), compound
(50 uM), and SYPRO Orange protein stain (1:500 relative dilution)
were combined to a final volume of 100 pL. Each sample was
loaded in triplicate into a 96-well, clear PCR plate (25 pL per well),
and the plate was sealed. The samples were then heated from 15 to
95°C at a rate of 0.5°C/min in a Bio-Rad RT-PCR machine. SYPRO
Orange fluorescence was monitored, and the midpoint of the plot
of the first derivative of fluorescence versus temperature was used
to determine the melting temperature (T,,).

Cell culture: SKBR3 and T47D cell lines were obtained from the
American Type Culture Collection (ATCC). SKBR3 cells were cultured
in McCoy’'s 5A medium (GenClone) containing L-glutamine and
sodium bicarbonate, while T47D cells were cultured in RPMI-1640
medium (GenClone) containing L-glutamine. Both types of media
were supplemented with heat-inactivated 10% fetal Bovine Serum
(Invitrogen), 100 U/mL Penicillin and 100 ug/mL streptomycin
(GenClone). Cells were grown at 37 °C under 5% CO,.

Cell viability assay: SKBR3 and T47D cells were seeded at 5000 cells
per well in a 96-well plates in growth medium. After 2-4 days, the
cells were given fresh media and treated with the inhibitors at
various concentrations (3.9-500 uM) or control (0.2% DMSO) for
24 h at 37°C. Cells were incubated for 2 h at 37 °C after addition of
0.15 mg/mL resazurin in PBS (pH 7.4). Fluorescence was subse-
quently measured (1.,=570 nm, A.,,=585 nm) using a SpectroMax
i3 plate reader (Molecular Devices). The data were background
corrected using a “no cell” control.

Wound-healing migration assay: The general procedure from
Liang, et. al. was followed."”” Briefly, SKBR3 or T47D cells were
seeded to 90% confluence in a 24-well plate. The cells were
scratched with a p10 micropipette tip, rinsed with 1x PBS (pH 7.4),
and treated with 500 pL compound-containing medium or 500 uL
control medium with 0.2% DMSO. The compound-containing
media was prepared by diluting each compound to the indicated
final concentrations in the respective growth media. For knock-
down experiments, siRNA for MEMO1 was purchased from Origene
and transfected into the cells using Lipofectamine 3000 (Invitrogen)
following the manufacturer’s protocol. Photographs of the scratch
were captured at 0, 1, 4, 8, 12, 24, and 48 h time points at the same
location for each well. Growth media and DMSO diluted in growth
media were used as controls. The photographs were analyzed using
the NIS-elements D ver. 5.11 software to measure the area not
covered by cells.
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