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ABSTRACT: Influenza is a global human health threat, and there is an immediate need for new ®
antiviral therapies to circumvent the limitations of vaccination and current small molecule .
therapies. During viral transcription, influenza incorporates the 5’-end of the host cell's mRNA in

a process that requires the influenza endonuclease. On the basis of recently published @
endonuclease crystallized structures, a three-dimensional pharmacophore was developed and used

to virtually screen 450,000 compounds for influenza endonuclease inhibitors. Of 264 compounds s ﬁ
tested in a FRET-based endonuclease-inhibition assay, 16 inhibitors (ICs, < S0 #M) that span S

®
'b 1
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molecular classes novel to this endonuclease were found (6.1% hit rate). To determine
cytotoxicity and antiviral activity, subsequent cellular assays were performed. Two compounds suppress viral replication with

negligible cell toxicity.
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n the United States, influenza causes as many as 40,000

deaths annually.' Worldwide, cases of severe illness can total
between three and five million with as many as half a million
deaths.” Vaccination can be an effective prophylactic in healthy
adults, but there is generally a six-month lag time between the
recognition of a new viral strain and the dissemination of an
effective vaccine.” Small molecule antivirals are an alternative.
Drugs targeting neuraminidase (oseltamivir and zanamivir) and
the M2-ion channel (adamantanes) are in clinical use, although
emerging resistance is threatening their long-term efficacy.*® As
a result, there is an immediate need for novel chemotherapies.

During viral mRNA transcription, influenza is unable to
synthesize a 5-mRNA cap and instead carries out a unique cap-
snatching process. Cap snatching is performed by a
heterotrimeric RNA-dependent RNA polymerase (RdRp)
comprising subunits PA, PB1, and PB2. The process is initiated
when the PB2 subunit binds to the 5’-end of host mRNA.
Bound mRNA is cleaved 10—14 nucleotides downstream by the
N-terminal domain of the PA-subunit (PAy), an endonuclease.
The cleaved 5’-oligonucleotide contains the host cap and is a
primer for viral mRNA synthesis, which is catalyzed by the PB1
subunit, a polymerase.

The PAy endonuclease is an appealing influenza target.” PAy
specific siRNA down-regulates viral mRNA production and
blocks viral production in cell culture.® It is highly conserved in
all influenza A viruses, and PAy inhibitors should have broad
efficacy with reduced occurrence of resistance. Additionally, the
lack of a PAy human counterpart facilitates design of highly
selective, nontoxic inhibitors. Finally, PAy inhibitors target a
different enzyme than currently marketed drugs, creating the
potential for combination therapies; given rapid viral mutation
and adaptation, multidrug therapies may be necessary in the
future.’
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Several classes of PAy inhibitors demonstrating anti-influenza
activity in cell and enzyme-based assays have been published.
These include 2,4-dioxobutanoic acids,'®"" flutimide deriva-
tives,'* a tetramic acid series,"® phenethylphenylphthalimides,"*
green tea catehcins'® liverwort marchantins and perrottetins,'®
4—S5-dihydroxypyrimidines,'” and most recently, a series of 3-
hydroxyquinolin-2(1H)-ones.'® Across classes, endonuclease
inhibition potencies range from mid nanomolar to hundreds of
micromolar. Each class includes two or three oxygen atoms,
with a similar spatial arrangement, that are required for activity.
As hypothesized,13 the spatial constraint originates from
binding to a two metal ion active site and is consistent with
crystal structures of the PAy subunit bound to several different
ligands.lg’20

To discover new PAy inhibitors, we constructed a three-
dimensional pharmacophore model, which avoids the limi-
tations of docking scoring functions that may be exacerbated in
the highly charged dimetal active site. After aligning the alpha-
carbon atoms of nine publically available endonuclease-ligand
complexes,'”*® the metal binding oxygen atoms of the
corresponding ligands were superimposed, and five pharmaco-
phore models were produced. A validation database was
constructed by seeding known inhibitors that were not included
in the pharmacophore models into the roughly 1300 compound
National Cancer Institutes Diversity Set III, which we assumed
was composed of nonbinders. The validation database was
screened using each model, and receiver operating character-
istic (ROC) curves were generated. Models were vetted by
calculating the area under the ROC curve, or AUC, which is
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equivalent to the probability that the model will rank an
inhibitor ahead of a decoy. The best performing pharmaco-
phore model is shown in Figure la and produced an AUC of
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Figure 1. (a) Best performing pharmacophore model. Model volume
is represented by a transparent gray surface. Blue, red, and red/blue
wire frame spheres represent hydrogen bond donors, acceptors, and
acceptors/donors, respectively. Green, red, and blue spheres represent
ring centers, anions, and cations, respectively. Magenta spheres (not a
model element) represent the positions of the active-site metal cations.
(b) Inhibitors included in the model are shown in 2- and 3-
dimensional representations and labeled with their PDB IDs. The 3-
dimensional representations are aligned to the pharmacophore.
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0.899, with a p-value less than 0.01. Pharmacophore develop-
ment and validation were performed with OpenEye software
(OEChem version 3.1.2; OpenEye Scientific Software, Inc.),
under a freely available academic license, as described in the
Supporting Information."**

The best performing pharmacophore was used to screen the
ChemBridge Express Pick screening library. The library was
filtered to remove undesirable compounds, and database size
was reduced from roughly 450,000 compounds to approx-
imately 100,000 compounds. A conformational ensemble of
each compound was generated. Each conformation was aligned
to the pharmacophore and assigned a score based on the extent
of overlap. The highest scoring conformation was used to rank
each compound. Virtual library filtering and screening are
detailed more extensively in the Supporting Information.

Then, 237 compounds with likely metal binding activity were
selected from the virtual screens for experimental character-
ization. Endonuclease inhibition was measured in a FRET-
based assay using a recombinant pHIN1 2009 PAy construct'*
(assay detailed in the Supporting Information). Twenty
compounds produced at least 50% inhibition at 200 uM, of
which, 6 had dose response ICs, values below 50 uM, ranging
from 0.74 to 46 uM. To develop structure—activity relation-
ships around these 6 hits, an additional 27 analogues were
purchased from ChemBridge and assayed for inhibition activity.
Endonuclease inhibition activity of the analogues spanned a
range of ICy, values, from 0.6 uM to greater than 100 pM.
Compounds with an ICy, value less than or equal to 50 uM
were further characterized by measuring their cytotoxicities.
Cytotoxicity was determined in Madin-Darby canine kidney
(MDCK) cells by measuring the CCsy, or the compound
concentration that kills half the population of MDCK cells
(assay detailed in the Supporting Information). Antiviral
activity was determined for nontoxic compounds whose CCjs
values were greater than S0 M. Antiviral activity was taken as
the ICyy, or the compound concentration at which half the
population of PR8 HIN1 infected MDCK cells survive (assay
detailed in the Supporting Information)."*
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In total, 16 of the 264 compounds tested inhibited
endonuclease activity with ICy, values less than or equal to
50 uM. On the basis of their metal binding scaffolds, the
inhibitors can be grouped into S classes: (1) 1,4-disubstituted-
2,4-dioxobutanamides, (2) 1,6-disubstituted-1,3,4,6-hexanete-
trones, (3) catechols, (4) spirodihydronapthalenones, and (S)
trihydroxyphenyl compounds. In the Supporting Information,
the most potent inhibitor from each class is shown aligned to
the pharmacophore and docked to the active site.

The 2,4-dioxobutanamides (Table 1) are similar to the series
of 2,4-dioxobutanoic acids reported by Merck.'>"" Compounds

Table 1. 1,4-Disubstituted-2,4-dioxobutanamides

[0} OH
H
R NF R2

ID RI1 R2 ICso (uM)* CCso ICso (ULM)*

(um)?
1 /©/\ m 0.6£0.1 >50 >S50
2 O/\ 074 100 50

> >

s +0.08

3 O/\ Q:S:@\B 234 >50 ND

“HIN1 endonuclease inhibition. “MDCK cytotoxicity. “Inhibition of
the cytopathic effect in MDCK antiviral inhibition. Averages and
standard errors over 3 independent measurements are reported.

from this series likely b1nd 1n a manner analogous to the 4-
phenyl-2,4-dioxobutanoates'**° but have greater opportunities
for derivatization at the amide R2 position. The series indicates
a preference for smaller groups at R2, which likely reflects
active-site steric requirements, consistent with our docking
results (Figure SS, Supporting Information). While compounds
in this series have good endonuclease inhibition activity, they
exhibit neither cell toxicity nor antiviral activity, suggesting poor
cell permeability. Additionally, internal ligand strain may be an
issue (Figures S3 and S4, Supporting Information).

The 1,6-disubstituted-1,3,4,6-hexanetetrones (Table 2) and
butanamides are closely related, and reflection through the
plane bisecting the butanamide carbon atoms 1 and 2 yields the
hexanetetrone scaffold. The structural similarities imply that,

Table 2. 1,6-Disubstituted-1,3,4,6-hexanetetrones

OH
H

ID Rl R2 ICso (uM)* CCso ICso (LM)*
(um)*
4
/©/\ \©\ 6+1 >50 23+6
HC CH,
S 11.7
>100 >50
Cl cl 0.8

“HIN1 endonuclease inhibition. “MDCK cytotoxicity. “Inhibition of
the cytopathic effect in MDCK antiviral inhibition. Averages and
standard errors over 3 independent measurements are reported.
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like the butanamides, internal ligand strain may penalize
binding. A roughly 2-fold preference for the tolyl substituent
suggests that the R1 and R2 groups may occupy predominantly
apolar-binding pockets, which is consistent with our docking
results (Figure SS, Supporting Information). The most
promising of the two, compound 4, pairs low cell toxicity
with reasonable endonuclease inhibition and antiviral activity.

The catechol compounds (Table 3) are homologous to the
phenethylphenylphthalimides'* and green tea catechins.'’

Table 3. Catechols

ID  Structure ICso (LM)* CCso (UM)?ICso (UM)*
Cl (@]
Cl
6 H 0.7£t0.2  6.8+0.2 ND
ZN
OH
OH
CHs
7 HY 1.930.2  >50 >50
ZN OH
H
HiQ
8 d‘@ WH 2.0£0.2 133 ND
OH
HsC,
9 Hy 21302 >50 >50
N OH
Hg H
OH
HO.
10 ND? ND¢

Nhi(?w 2343

“HINI endonuclease inhibition. "MDCK cytotoxicity. “Inhibition of
the cytopathic effect in MDCK antiviral inhibition. “Solubility issues
hampered cytotoxicity and antiviral assays. Averages and standard
errors over 3 independent measurements are reported.

Compounds 6, 7, 9, and 10 share a similar 3,4-dihydroxy-N-
(phenylmethylidene) benzohydrazide scaffold, while a piper-
azine bridges two substituted phenyl groups in 8. The metal
binding oxygen atoms in this class are preorganized around the
phenyl ring reducing internal ligand strain. Comparing the
benzohydrazide derivatives indicates a preference for smaller
phenylmethylidene substituents, with a roughly 3-fold prefer-
ence for the dichlorinated substituent (6 vs 7). However, both
compounds 6 and 7 have liabilities, with 6 being cytotoxic and
7 lacking cytotoxicity and antiviral activity. Compound 8 is
cytotoxic, and compound 9 lacks antiviral activity and
cytotoxicity. Compound 10 was poorly soluble, and neither
cell toxicity nor antiviral activity could be determined. The
order of magnitude drop in ICy, of compound 10 indicates
both that the active site can accommodate larger molecules
(provided the appropriate metal binding groups are present and
that there is a preference for the smaller compounds in the
series, consistent with structural data.'>?°

Like the catechols, the spirodihydronaphthalenones (Table
4) contain a dihydroxy phenyl metal binding group. Comparing
compounds 11 and 12 shows a roughly 6-fold preference for
the unsubstituted cyclohexyl ring. Both compounds lack
cytotoxicity and antiviral activity.

With the exception of compound 14, which is neither
cytotoxic nor active against virally infected cells, the 2,3,4-
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Table 4. Spirodihydronaphthalenones
ID ICso (uM)* CCso(uM)® ICso (UM)©

11 OH
O, OH
8+2
12 oH
HC OH
466
“HIN1 endonuclease inhibition. “MDCK cytotoxicity. “Inhibition of

the cytopathic effect in MDCK antiviral inhibition. Averages and
standard errors over 3 independent measurements are reported.

Structure

>100 >100

>100 >100

trihydroxyl compounds (Table S) are cytotoxic, despite their
reasonable endonuclease inhibition activity. In contrast,

Table S. Trihydroxyphenyl Compounds

ID  Structure ICso (UM)* CCso (UM)® ICso (UM)©
13
1.5£0.2  18.130.2 ND
14
5+2 >50 >50
15
113 2116 ND
16
OH
144 >100 185
OH

“HIN1 endonuclease inhibition. “MDCK cytotoxicity. “Inhibition of
the cytopathic effect in MDCK antiviral inhibition. Averages and
standard errors over 3 independent measurements are reported.

compound 16, an oxidized analogue of the N-
(phenylmethylidene)benzohydrazide scaffolds (compounds 6,
7,9, and 10 in Table 3), has comparable enzyme inhibition and
antiviral activities with negligible cytotoxicity.

In summary, this letter reported the development and
application of a 3-dimensional structure-guided pharmacophore
that led to the discovery of 16 new endonuclease inhibitors,
spanning S molecular classes with ICs, values less than 50 M.
Ten of these compounds have ICg, values below 10 yM, and
three have IC, values below 1 yM. Each compound was
further characterized by determining toxicity and antiviral
activity in MDCK cells. Two compounds have promising
profiles. Compound 4 is a 1,3,4,6-hexanetetrone that inhibits
the endonuclease with an ICy, of 6 uM, allows infected cell
survival with an ICg, of 23 uM, and shows negligible toxicity.
Similarly, compound 16, a N-(phenylmethylidene)-
benzohydrazide, has negligible cell toxicity, allows infected
cell survival with an ICy, of 18 yM and inhibits endonuclease
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catalysis with an ICs, of 14 uM. The compound classes
reported here should facilitate future discovery and design
efforts.

B ASSOCIATED CONTENT

© Supporting Information

Details describing pharmacophore model development, library
filtering and screening, endonuclease inhibition assays,
cytotoxicity assays, antiviral activity assays, pharmacophore
alignment and docking, and evaluation of dioxobutanamide
internal ligand strain. This material is available free of charge via
the Internet at http://pubs.acs.org.
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