Identification of Small-Molecule Inhibitors of Chikungunya Virus Using High-Throughput Screening
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Abstract High-throughput screening of small molecule libraries
Alphaviruses are arthropod borne (+)-strand RNA viruses that cause a number of human and animal diseases worldwide. Alphavirus infections may result nsP2-specific inhibitors result in continued FRET-excitation of mRuby?2 UCLA’s MSSR has libraries of small-molecule inhibitors and robotics for
in serious human morbidity and mortality, with symptoms including encephalitis, arthritis, rash, and fever. The Old World alphavirus, Chikungunya Virus automated, high-throughput screening
(CHIKV), first identified in West Africa in 1952, has been responsible for a number of disease outbreaks in Africa, Asia, Europe, and the Indian and Pacific " / ucuiil — v . ‘ =
Oceans. In 2013, the first locally-acquired case of CHIKV in the Americas was reported in the Caribbean. Since then, there have been more than 1.7 million "" \/ - e
suspected cases in the Americas, and the outbreak is still spreading. CHIKV infection has a rapid onset, characterized by fever and severe arthralgia, which | '1'§ =
in many cases develops into debilitating, chronic arthritis that persists for several months or even years. There is a pressing need to rapidly develop mRuby2 I et

therapeutic interventions, as there are no vaccines or treatment options available to combat CHIKV infection. The alphavirus nonstructural protein 2
(nsP2) is an attractive anti-viral target, as nsP2 proteolytically processes the nonstructural polyprotein into functional proteins, which is required for viral
replication. The CHIKV nsP2 protease has a defined substrate sequence, and additionally, the availability of the protease’s crystal structure allows for
rational, structure-based drug design. To identify inhibitors of the viral nsP2 protease, we’ve developed a novel FRET-based high throughput assay to
monitor substrate cleavage. This assay was used in March for an initial screen of 40,000 compounds at UCLA’s Molecular Shared Screening Resource
(MSSR) Center. We are currently awaiting production and shipment of small molecule compounds to be used for secondary assessment of the inhibitors’
cell permeability, toxicity, and effectiveness against viral infection. Effective compounds will ultimately be transitioned to animal infection models for in
vivo efficacy analyses. This screening system can be quickly adapted to multiple virus models, and offers a rapid and high-throughput way to find both
specific and broad spectrum anti-viral compounds.
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» No licensed vaccines
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CDC: Countries and territories where cases have been reported
(through October 20, 2015)
 There have been several recent outbreaks (Fig. A)

 More than 1.7 million suspected cases in 45 American countries or
territories since the 2013 outbreak.

e 253 CHIKV related deaths reported in the Americas
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(above) Screening for CHIKV nsP2-Protease inhibitors was done in 384-well plate -ctrl  +Ctrl 5 different candidates from above LS plate

formats, allowing the testing of 320 small-molecule compounds per plate. Fluorescence wa 102 G23 C19 D16 111  L16 P20 wel

ratios of Clover to mRuby2 are measured after 20 hours, and are shown in a color-coded - MBP-nsp2
heat-map. Values were normalized to the negative controls (red, columns 1 and 2). In ERET substrate

this image, compounds resulting in greater than 90% inhibition of cleavage (relative to
the positive controls, columns 23 and 24) are shown bolded and boxed. 37

(right) A major advantage of our FRET assay is that the readout is not transient, but
instead very stable in vitro, and can be used to assess relative cleavage independently of
fluorescence measurements. The above plate was re-read after 10 days, and the Cleavage percentage as calculated by fluorescence ratios (at day = 10)
indicated wells were run on a protein gel and visualized by Coomassie staining to assess 0% 100% 6% 19% 27% 12%  95%

relative abundance of cleavage products.
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Representative results from high-throughput screening

1580  1.500
1501 1.414
1534  1.577
1.553
1540  1.578
1215 1613
1.468  1.584
1399  1.617
1538  1.564
1702 1.657
1500  1.534

1.582

1.588 1.582

1.410
2

1.556 1.532
1.437 1.381

50

Cleavage Products
25

A

E1/E2 (trimer)/
6K

S
=5 Genomic
V:A’VVVVV"%‘]—Q +RNA

5’Cap — Non-structural polyprotein -  Structural polyprotein. — 3'-PolyAAA  Viral RNA

earfy’l late & nsP2 protease 4 Furin

4 4 Ccapsid d Signal Peptidase
nsP123 nsP4 (RARP)

late l 5'Cap—|CP ES| E2/| 6K E1"— 3-polyAAA  SgRNA

112#3_ ' i

cP E3|E2 |6k |E1 = W
VirologyTidbits.blogspot.com | Cheungetal, 2011 k]

Saisawang et al, 2015

(A) Simplified representation of an Alphavirus virion, genome, and proteins.
The virus must process the non-structural polyprotein into mature proteins using the nsP2 protease.

(B) Middle: Crystal structure of the Chikungunya virus nsP2 protease (PDB ID: 3TRK).

(C) Superposition of the 3 currently available alphavirus nsP2 protease active sites.
Tan color ribbon is CHIKV nsP2 (PDB ID: 3TRK), blue ribbon is VEEV nsP2 (PDB ID: 2HWK) and purple ribbon is SINV nsP2 (PDB ID: 4GUA).

HTS identifies over 300 strong inhibitors of CHIKV nsP2-Protease
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(A) The vast majority of the 40,000 0
compounds show no obvious inhibition 5 0.751
(top). The top 1,000 compounds (red 6 N YA R
box) show greater than 50% inhibition g !
of FRET cleavage. Compounds scoring : 0-50 '
greater than 80% inhibition were 1 10000 20000 30000 40000
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screening.
40- 0.00-
(B) The Z’ scoring of the screen, . 30 a5,
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FRET as a biosensor for nsP2 protease activity
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A Clover and mRuby?2 FRET (fluorescence resonance energy transfer) protein was designed using the CHIKV nsP2-substrate sequence as the protein
linker. Excitation of Clover results in FRET-excitation of both Clover and mRuby?2 (left). CHIKV nsP2 protease activity cleaves the linker between the
fluorescent proteins, resulting in loss of FRET-induced excitation of mRuby2. Relative emission ratios of Clover and mRuby2 are used to quantify the
level of nsP2-mediated cleavage.

Summary and Future Directions Three example compounds

» Created a FRET-based assay for measuring activity of CHIKV nsP2-Protease
» High-throughput screening of 40,000 compounds Candidate A

> Identified nearly 300 high-confidence inhibitors of nsP2-mediated cleavage " CHIKV# 72 )k(
* VEEV #7 Y
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. . .. . . . . 1% cleavage
» We previously did a similar screen against another alphavirus, VEEV (Venezuelan Equine Encephalitis
Virus). Many inhibitors identified were in common to both (right).
Candidate B
: . : L « CHIKV #91
» In parallel efforts, we are using the nsP2 crystal structures to explore structure-activity relationships via . VEEV #71
computational analyses. These analyses can highlight key molecular features, and may be used to help
with rational drug design and modifications to current compound candidates, especially when data for
closely-related compound analogues are available (right, red circles)
Candidate C
_ , _ L , * CHIKV # 281
» Currently, we are getting compounds synthesized for follow up studies. This will include assaying e VEEV #11

compounds for cytotoxicity and cell permeability, effectiveness against virus infections in cell culture,
and ultimately move to animal-infection models.
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