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Abstract:

The Hepatitis C virus (HCV) is a major cause of liver failure and hepatocellular carcinoma, with
about 170 million people infected worldwide. Replication of HCV in human cells requires the
action of the HCV non-structural protein 3 (NS3), which exhibits both protease and helicase
activities. Since there are numerous NS3 protease inhibitors but few NS3 helicase inhibitors, the
goal here was to develop specific NS3 helicase inhibitors. During assay development, we
discovered that trace components in the dye mixtures thioflavine S and primuline were potent
inhibitors of the NS3 helicase. Based on the common structure of these components we
designed ML283. The probe candidate is a potent inhibitor of the NS3 helicase enzyme and can
be synthesized in the necessary quantities for further investigation. ML283 is more potent and
specific than other recently reported NS3 helicase inhibitors under the same assay conditions,
allowing a direct comparison. Preliminary experiments indicate that this compound is able to
penetrate cells and inhibit HCV replication with no significant cytotoxicity. Thus the probe would
be a useful tool for the investigation of viral helicases.
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Probe Structure(s) & Characteristics:
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CID/ML# Target IC50/EC50 (uM) | Anti-target IC50/EC50 (uM) | Fold Secondary
Name [SID, AID] Name(s) [SID, AID] Selective | Assay(s) Name:
(% at 10 pM) [SID,
AID]
CID50930730/ | Helicase | 2.6+ 1 uM SYBR Green | >100 yM >38-fold Replicon inhibition:
1b(con1) | [SID114279600, | | stained [SID114279600, 54 +10
ML283 AID 602275] DNA AID TBD] [SID114279600,
AID TBD]
Helicase | 3.9+1 uM 201£119uM 77-fold cell viability: 112 +
2a(JFH1) | [SID114279600, | E. coli SSB [SID114279600, 4
AID 602275] AID TBD] [SID114279600,
AID TBD]

Recommendations for scientific use of the probe:

NS3 is a multifunctional protein encoded by HCV that is both a protease and a helicase. NS3
protease inhibitors are an important new class of antiviral drugs but they generally do not affect
NS3 helicase activity, and few specific NS3 helicase inhibitors have been reported. The goal of
this study is to find chemical probes that more specifically target NS3 helicase. Such
compounds are needed to understand why the virus encodes a helicase, and they might be
useful to design better drugs that could be combined with drugs that inhibit the NS3 protease.

Many of the potent HCV helicase inhibitors already reported in the literature also bind the
helicase nucleic acid substrate. Helicase inhibitors that interact with DNA or RNA could also
inhibit cellular nucleic acid enzymes like RNA polymerase. Starting with a compound that
inhibits HCV helicase, in part, by binding nucleic acids, we have designed a series of
compounds that bind DNA less tightly but still retain an ability to potently inhibit HCV helicase.
These more specific compounds are less likely to disrupt the interaction of unrelated proteins
with DNA or RNA, as is shown by the fact that they are over 50 times less active in assays with
the unrelated E. coli single stranded DNA binding protein than the parent molecule.

In addition to possessing enhanced specificity, the probe reported here is more active than
other recently reported compounds in assays performed under conditions where NS3 helicase
is most active. The probe is also fluorescent, which could be a useful property of a tool
molecule, it appears to enter cells, and it inhibits cell HCV replication. The probe is a less potent
NS3 protease inhibitor than some of its analogues, suggesting they could be used together to
reveal how the NS3 helicase and protease coordinate their actions.
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Virologists could use the compounds reported here to study when, where, and why the NS3
helicase acts in cells. If the probe specifically stains NS3 in cells, it could also be used to
diagnose HCV infection. Biochemists studying how NS3 unwinds RNA and DNA could use the
probe to understand how the protein moves along nucleic acids and disrupts bonds holding the

double helix together. Finally, the probe might be a useful starting point to design a new class of
direct acting antivirals for future use in HCV treatment.
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1 Introduction

The Hepatitis C virus (HCV) is a major cause of liver failure and hepatocellular cancer, with
about 170 million people infected worldwide. The proteins encoded by HCV have all been
intensely studied as drug targets (1). HCV has a small RNA genome that is directly translated
by the infected host cell into a single precursor polyprotein that is processed by enzymatic
cleavage into 10 proteins of diverse function. The nonstructural proteins include p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B, and are responsible for the replication and packaging of the
HCV genome into capsids formed by the structural proteins (core, E1, E2) (2). NS3 is a
multifunctional protein that cleaves viral and host proteins and rearranges nucleic acid duplexes
in a reaction fueled by ATP hydrolysis. Newly approved HCV drugs target the NS3 protease (3,
4), but few specific compounds have been reported that inhibit the NS3 helicase function.
Replication of HCV in human cells requires the action of the NS3 helicase (5), suggesting that
specific helicase inhibitors could be used with the NS3 protease inhibitors as antiviral agents.
Specific NS3 helicase inhibitors would also be valuable reagents to study the precise role that
NS3 and related proteins play in viral replication.

Unlike other helicases that prefer either RNA or DNA, the HCV helicase unwinds DNA/DNA,
RNA/RNA, and RNA/DNA duplexes (6). The HCV NS3 helicase mediates this relatively
promiscuous ATP-dependent “active” duplex unwinding because the interaction between the
enzyme and the DNA or RNA substrate is mediated by phosphate groups and not by the
nucleotide base or sugar moieties (7). In vitro, HCV helicase unwinds DNA more efficiently and
rapidly than RNA (8), but why NS3 prefers DNA remains a mystery since the virus has no DNA
stage and there are still conflicting reports regarding whether NS3 enters the nucleus during the
viral lifecycle. Nevertheless, DNA is typically used as a surrogate for RNA in high throughput
screens (HTS) used to discover and characterize helicase inhibitors. Any compound that binds
DNA to stabilize or disrupt the double helix could therefore influence helicase action, and we
find that most of the reported potent HCV helicase inhibitors seem to exert their action through
the DNA substrate. Some of these compounds might inhibit HCV in cells, but they have limited
utility as chemical probes because their lack of specificity might lead to numerous off-target
effects. As one example, several potent HCV helicase inhibitors have been shown to affect
transcription by cellular RNA polymerase (9). The identification of specific inhibitors of HCV NS3
helicase will therefore add insights into the biology of HCV infection and replication, and would
serve as valuable tools for inhibiting HCV replication in human cells.

At the time of the grant award for this project a few potent inhibitors of NS3 helicase were
known (Table 1.1.), but they either did not inhibit helicase under our assay conditions or were
found to bind DNA, casting doubt on their selectivity for the NS3 enzyme itself (10). For
example, neither the halogenated benzotriazole (CID1694) (11), nor the “nucleotide mimic” (12)
inhibited NS3 helicase in the assays described here. A peptide based inhibitor (13) was a more
potent inhibitor in the assay used here (14) than was previously reported (15), but we later
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found that this arginine-rich peptide binds nucleic acid more tightly than it binds NS3 helicase
(data not shown).

Table 1.1. Inhibitors of NS3 helicase known at the time of grant award
CID Potency ICsp (UM)*
Entry Name Structure NS3 helicase | NS3 helicase (assay
SID : . T
(literature) provider lab)
L)
(o) X
Not N
1 assigned in QU663 N NH 75 >100
PubChem m
X
~
EtO N~ Me
Br
1694 4,56,7- Br N
2 tetetrbromo- N 60 >100
benzotriazole Br N
multiple Br
Not
3 assigned in NS3pep RRGRTGRGRRGLYR 0.7 0.1
PubChem

* 1Cso values unless otherwise noted.
T1Cs value is using the 1b(con1) genotype.

Since there is currently broad interest in investigating NS3 helicase as a target, during the
course of the project several additional compounds were reported to inhibit or bind NS3 helicase
(Table 1.2.). Again, some more recently reported helicase inhibitors such as the
fluoroquinolones (16) and pyrrolo derivatives (17) had no effect on NS3h reactions catalyzed in
vitro by the proteins used here. Only the five previously reported helicase inhibitors that affected
NS3h or HCV replicons used here were, therefore, included in all the assays to provide a direct
comparison for potential probe candidates. The compounds used for comparison included
another nucleotide-mimic CID50904396 (18), an acridone CID46202556 (19), a
triphenylmethane CID3084034 (20) a tropolone CID46913723 (21), and a symmetrical
benzimidazole CID486270 (27).
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Table 1.2. Inhibitors of NS3 helicase disclosed since the time of grant award

CID potency ICso (uM)*
synthesized
entry (S) or structure
NS3
purchased (P) NS3 helicase
SID helicase (assay
(literature) provider
lab)"
3084034 @\NH 29 +16
SO5Na
1 s O Q 12,6
Me
110923084 HoN O O N 177
OH
Me
N
46913723 [ j 24 + 30
NQ ow
2 S 34
N
110923085 19+8
)
Me-N__J N‘M
e
0
46202556 cl 28 + 25
; : T .
I
110923083 OMe N N 25+6
/N
50904396 o) \N] >100
Ki=0.02
_NH i
4 S HN M
110923082 | ~ >100
EtO Nig
486270 HN©_<,N© 7.5+0.1
N
5 s ] Ow_ﬁﬂo N .
N
124349743 @[@‘Q”” 47+16

* ICs values unless otherwise noted.
T Top ICs value is using the 1b(con1) genotype and the bottom value is using the 2a(JFH1)
genotype.

2 Materials and Methods

Material and Methods are provided in Appendix A.
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21 Assays

Details for the assays listed in Table 2.1.1. are provided in Appendix A.

Table 2.1.1 List of Assays and AlDs for this Project

PubChem BioAssay Name AID Assay Type Assay Assay

Format Detection and
Plate Density

Summary of probe development efforts to 1830 N/A N/A N/A

identify benzothiazole inhibitors of non-

structural protein 3 helicase (NS3)

Fluorescence-based biochemical dose 602275 | Enzymatic Biochemical | Fluorescence

response assay to identify inhibitors of the Intensity; 384-

Hepatitis C Virus non-structural protein 3 well

helicase (NS3h_con1) [Primary Screening]

Fluorescence-based biochemical dose 602275 | Enzymatic Biochemical | Fluorescence

response assay to identify inhibitors of the Intensity; 384-

Hepatitis C Virus non-structural protein 3 well

helicase (NS3h_JFH1) [Primary Screening]

Counterscreen for HCV NS3 helicase TBD Binding Biochemical | Fluorescence

inhibitors: Fluorescence-based biochemical Intensity; 96-well

dose response assay for compounds that

cause fluorescent intercalator displacement

(FID) using ethidium bromide. [Confirmatory]

Counterscreen for HCV NS3 helicase TBD Binding Biochemical | Fluorescence

inhibitors: Fluorescence-based biochemical Intensity; 96-well

dose response assay for compounds that

cause fluorescent intercalator displacement

(FID) using SYBR Green |. [Confirmatory]

Counterscreen for HCV NS3 helicase TBD Binding Biochemical | Fluorescence

inhibitors: Fluorescence-based biochemical Polarization;

dose response binding assay for single 384-well

stranded DNA binding protein (SSB) to single

stranded DNA. [Confirmatory]

Fluorescence-based counterscreen assay for | TBD Protease Biochemical | Fluorescence

HCV NS3 helicase inhibitors: biochemical Intensity; 384-

screening assay to identify compounds that well

inhibit the NS3 protease activity [Confirmatory]

Fluorescence-based counterscreen assay for TBD Enzymatic Biochemical | Fluorescence

HCV NS3 helicase inhibitors: biochemical Intensity; 384-

screening assay to identify compounds that well

inhibit ATPase activity [Confirmatory]

Luciferase cell-based assay to determine TBD Protein Expression Cell Lysate | luminescence;

inhibition of HCV RNA replication Assay 96-well

[Confirmatory]

Cell-based assay to determine general TBD Viability Cell Lysate | luminescence;

cytotoxicity [Confirmatory] Assay 96-well

Cellular HCV RNA quantification assay TBD RNA expression Cell Lysate | Fluorescence

[Confirmatory] Assay Intensity; 96-well
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2.2 Probe Chemical Characterization

2.2.1 Probe Chemical Structure, Physical Parameters, and Probe Properties
Physiochemical Parameters: Probe Properties:
Molecular Formula: C,gH,1CIN4O4S;  Purity (LCMS, 214 nm): 93.6%
Molecular Weight: 609.1387 Physical State: yellow solid
: < j CID 50930730 Exact mass: 608.0413

SID 114279600
ML283 ClogP: 5.3

Topological Polar Surface Area: 108
Figure 2.2.1.1. Property summary of probe compound ML283/SID114279600 (CID50930730)
2.2.2 Structure verification and Purity: '"H NMR, "*C NMR, LCMS and HRMS
For probe ML283:

Proton and carbon NMR data for SID114279600 (CID50930730): Detailed analytical methods
and instrumentation are described in section 2.3, entitled “Probe Preparation” under general
experimental and analytical details. The numerical experimental proton and carbon data are
presented below. Associated spectra are included in Appendix B.

SID114279600 (CID50930730) Proton NMR Data: 'H NMR (500 MHz, DMSO) & 10.69 (s, 1H),
8.93 (d, J = 1.8 Hz, 1H), 8.26 (dd, J = 1.8, 8.5 Hz, 1H), 8.18 — 8.15 (m, 3H), 8.08 — 8.01 (m, 3H),
7.97 (d, J = 8.2 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.74 — 7.67 (m, 1H), 7.61 (t, J = 7.9 Hz, 1H),
7.38 (d, J = 8.6 Hz, 1H), 7.19 (s, 1H), 7.09 (s, 1H), 6.99 (s, 1H), 2.71 (s, 3H).

SID114279600 (CID50930730) Carbon NMR Data: '°C NMR (126 MHz, DMSO) & 169.3,
168.6, 164.4, 155.2, 152.2, 142.1, 140.1, 136.5, 135.4, 133.23, 133.17, 132.3, 131.7, 130.5,
130.3, 130.1, 128.1, 128.0, 127.5, 126.6, 125.4, 123.0, 122.6, 121.2, 120.5, 20.3.

LCMS and HRMS data for SID114279600 (CID50930730): Detailed analytical methods and
instrumentation are described in section 2.3, entitled “Probe Preparation” under general
experimental and analytical details. Purity assessment by LCMS at 214 nm for SID114279600
(CID50930730) revealed purity at 214 nm of 93.6 % (retention time = 2.68 minutes). The
experimental LCMS and HRMS spectra are included in Appendix B. HRMS (m/z): calcd for
C28H19C|N304S3 (neutral M+H) 5920226, found 592.0228.

2.2.3 Solubility:
For probe ML283:

Aqueous solubility was measured in a mock assay matrix (25 mM MOPS, 1.25 mM MgCl,, 0.05
mM DTT, 5 yg/mL BSA, 0.01% v/v final [Tween 20] and 5% v/v final [DMSO], pH = 6.5) at room
temperature (23 °C). These modified conditions were chosen to better mimic the environment of
the assay. The solubility of probe SID114279600 (CID50930730) under the assay conditions
was determined to be 29.2 uM at pH 6.5.
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2.2.4 Stability
For probe ML283:

The aqueous stability of ML283 was measured with and without the addition of acetonitrile
cosolvent (Figure 2.2.4.) and found to be 100% at 48 hours in the presence of the cosolvent,
which is not as prone to interference from compound precipitation during the experiment.

Stability =100
in £
1XPBS, pH 7.4/ s 80
1xPBS, pH7.4and | &
50% ACN o 604 -8~ KUC108937A-02
< — KUC108937A-02 (with 50% ACN
(%Remainingat 48 | & 401
hrs, RT) S
o 204
s |
6.44/100 x
= c 1 1 1
0 20 40 60
Time (hrs)

Figure 2.2.4. Effect of cosolvent on the apparent stability of ML283.

2.2.5 Synthetic Route
For probe ML283:

The probe compound SID114279600 (CID50930730) and numerous analogues were
synthesized by the reaction sequence shown in Figure 2.2.5.1. Thus, the isolated, pure dimeric
component from the dye primuline, P2 (CID44251428) was diversified with various acid
chlorides or other activated coupling partners.

o L,

H
+ N
_ NH, NH; o) _ NH,4 o
SO3 s pyridine, 80 °C SO3 S o)
Me s | - Me S /

p N / N

N N

ClD44251428 CID50930730

(isolated from primuline)
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Figure 2.2.5.1. General synthetic route for preparing probe compound SID114279600
(CID50930730) and associated analogues

2.2.6 Submission of Probe and Five Related Analogues to the MLSMR
For probe ML283:

Samples of the probe compound and supporting analogues were shipped to the MLSMR on
December 12, 2011.

Table 2.2.6.1. Probe and analogue submissions to MLSMR (BioFocus DPI) for NS3 helicase
inhibitor discovery

Probe - ML283 (CID50930730)

Probe Source Date
Internal MLS ID Amt
/Analog KU ID (MLSKIIR) CID SID (vendor or (mg) ordered/
ue KU syn) 9 Submitted

;{_"2%% KUC108937A-02 | MLS003882779 | 50930730 | 131341901 KU syn 21.8 12/12/11
A”a';’g“e KUC107956A-02 | MLS003882780 | 49849293 | 131341962 KU syn 21.2 12/12/11
A”a'ggue KUC107965A-03 | MLS003882781 | 49849294 | 131341963 KU syn 23.3 12/12/11
A”a'ggue KUC108938A-02 | MLS003882782 | 50930749 | 131341964 KU syn 21.4 12/12/11
A”a'fg“e KUC108934A-02 | MLS003882783 | 50930737 | 131341965 KU syn 23.0 12/12/11
A”a'gg“e KUC110001N-02 | MLS003882784 | 53356656 | 131341966 KU syn 23.3 12/12/11

Z-T

F
Y@ 7 Y“ o ye)
so3 so3 SO3 4 s o)
Me S, |
p N
N
ML283 CID49849293 CID49849294
CID50930730

CF3

H
|

Cl
+ +
so NHy4 CFs so NH, so NH, g
3 S O 3 S [e) 3 S (o) oM
Me s I Me S I I
) N p N N
N N

CID50930749 CID50930737 CID53356656

Figure 2.2.6.1. Structures of the probe candidate and supporting analogues.

2.3 Probe Preparation

General synthesis and analysis experimental details: All reagents were used as received
from commercial suppliers. The 'H and *C spectra were recorded on a Bruker Avance 400 MHz
or 500 MHz spectrometer. Chemical shifts are reported in parts per million and were referenced
to residual proton solvent signals. Flash column chromatography separations were performed
using the Teledyne Isco CombiFlash Rr using RediSep Rf silica gel columns. TLC was
performed on Analtech UNIPLATE silica gel GHLF plates (gypsum inorganic hard layer with
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fluorescence). TLC plates were developed using iodine vapor. HPLC/MS analysis was carried
out with gradient elution (5% CH3;CN to 100% CH3;CN) on an Agilent 1200 RRLC with a
photodiode array UV detector and an Agilent 6224 TOF mass spectrometer (also used to
produce high resolution mass spectra). Purification was carried out by Mass Directed
Fractionation with gradient elution (a narrow CH3;CN gradient was chosen based on the
retention time of the target from LCMS analysis of the crude sample) on an Agilent 1200
instrument with photodiode array detector, an Agilent 6120 quadrupole mass spectrometer, and
a HTPAL LEAP autosampler. Fractions were triggered using an MS and UV threshold
determined by HPLC/MS analysis of the crude sample. The conditions for HPLC analysis
included the following: Waters BEH C-18, 1.7 ym, 2.1 x 50mm column; 0.6 ml/min flow rate; and
pH 9.8 NH,OH aqueous mobile phase. The conditions for purification included: Waters XBridge
C18 5um, 19 x 150mm column; 20 ml/min flowrate pH 9.8 NH,OH aqueous mobile phase.

The probe compound was synthesized using the following protocols:
For probe ML283:

2'-(4-(3-Chlorobenzamido)phenyl)-6-methyl-[2,6'-bibenzo[d]thiazole]-7-sulfonic acid: To a
solution of P2 (CID44251428) (9.9 mg, 0.022 mmol) in pyridine (1 mL) at 80 °C, was added 3-
chlorobenzoyl chloride (5.8 mg, 0.033 mmol, 1.5 equiv.). The reaction mixture was stirred at 80°
C overnight. The product was isolated via reverse phase preparative HPLC to give a yellow
solid (6.6 mg, 0.011 mmol, 51% yield).

Submitted Probe Analogues:

Analytical data for the five analogues submitted in support of the probe can be found in
Appendix C.

3 Results

31 Assay Development and Screening

To facilitate HCV helicase inhibitor identification, Belon & Frick developed a new helicase assay
that simultaneously identifies compounds that interact with the helicase substrate and
compounds that inhibit helicase action (14). This molecular beacon-based helicase assay
(MBHA) uses a dual-labeled hairpin-forming DNA oligonucleotide annealed to a longer
oligonucleotide, which forms a tail for the helicase to load (Figure 3.1.1.). Once ATP is added,
the helicase displaces the molecular beacon, resulting in a decrease in substrate fluorescence.
By comparing substrate fluorescence before ATP is added (F;), one can identify compounds
that bind the MBHA substrate. At the same time, compounds that inhibit helicase action can be
identified by fluorescence changes in an MBHA before and 30 (or 60) minutes after ATP
addition (F3o/F¢ or Fgo/Fy ratio). In other words, the MBHA can be used as an “internal” counter-
screen to identify compounds that appear to affect unwinding because they interfere with the
assay. The most common types of interfering compounds are those that fluoresce or absorb
light at the same wavelengths as the MBHA Cy5-labeled substrate. Alternatively, other
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compounds may bind the DNA substrate and distort it to change how the quenching moiety on
the beacon is oriented relative to the Cy5 fluorophore.

AATCG

Cye5-GCTCCCC A
HCV JCye5-GCTCCCCAATCGATGAACGGGGAGC- IAbBRQ ATP IAbRQ-CGAGGCC T
3 -TTTTTITRLT T T T TTTCGAGGGGTTAGCTACTTGCCCCTCG \ CAAG
Helicase TTAGC
3" -T,4CGAGGGG T
GCTCCCC A

GTTC

Figure 3.1.1. Schematic drawing of the MBHA mechanism

To identify HCV helicase inhibitors, the MBHA was used to screen the National Cancer Institute
Developmental Therapeutics Program’s Mechanistic Set Library
(http://dtp.nci.nih.gov/branches/dscb/mechanistic_explanation.html). In total, 827 compounds (at
20 pM) were screened using a MBHA with a DNA substrate (Figure 3.1.2. and Appendix D).
When compound interference is plotted versus percent inhibition (Figure 3.1.3.), it is clear that
the maijority of compounds that appeared to inhibit HCV helicase also quenched fluorescence of
the MBHA substrate. Compound interference in the MBHA was evaluated by comparing the
fluorescence of assays containing each compound to the fluorescence of DMSO-only negative
controls before the addition of ATP. Hits were therefore defined as those compounds that did
not interfere with the assays more than 20%, of which twelve were identified. These twelve hits
were then subjected to a counterscreen that was designed to independently identify compounds
that exhibit DNA-binding properties using a modified fluorescent intercalator displacement (FID)
assay (22). The FID counterscreen used ethidium bromide to determine a molecule’s ability to
bind DNA, and is based on the assumption that a DNA binding compound would displace a
fluorescent DNA intercalating agent, leading to an observable decrease in observed
fluorescence. Compounds were tested at 1.5 uM in the presence of the 25 base pair substrate
used in the helicase assays (Figure 3.1.3). Results showed that even at a compound
concentration 13-times lower than that used in the MBHA, most of the hit compounds decreased
the fluorescence of an ethidium bromide-DNA complex by more than 10%, indicative of the
molecule’s ability to bind DNA. The DNA minor groove-binding compound Berenil (EC5,=1.6+0.1
MM) was used a positive control in all FID assays (23).
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827 Compounds
Primary Screen: MBHA (DNA helicase)

50 % inhibition, less than 20% interference

12 Compounds

Counterscreen: FID (DNA Binding)
8% binding

4 compounds
RNA Helicase Assay
IC;, less than 30 pM

1 compound (Thioflavive S)

Figure 3.1.2. Compound attrition of the NCI Mechanistic Set library during screening phases.

Quenching Fluorescent
. Compounds “Compounds‘
A 150 ! B I E——
A
- e
o
—_—t
é 100‘ 87206: 1‘I-di5neth;delliplicine
c 58514: Chromomycin A3
:‘2 50 51143:1%._._??& o
Ie) 71948: Thioflavine S
=
€ 01 —
50 100

Helicase Inhibiton (%)

&
<

05 10 15
Interference (ratio)

Figure 3.1.3. (A) The NCI Mechanistic Set of 827 compounds was screened with an MBHA,
each at 20 pM. Fluorescence was read before and 30 minutes after ATP addition and
compound inhibition was calculated. Hits were defined as compounds inhibiting more than 50%
and interfering less than 20%. (B) The hits from the MBHA primary screen were tested for their
DNA binding capacity with an FID counterscreen at 1.5 yM compound concentration, and
percent binding was calculated. Numbers refer to Cancer Chemotherapy National Service
Center (NSC) numbers.

Four compounds decreased the fluorescence of DNA-bound ethidium bromide less than 8%.
The first, CdCl,, was a known HCV helicase inhibitor that binds in place of the magnesium ion
needed for ATP hydrolysis to fuel unwinding (24). The second, ellipticine, was found to fully
quench DNA-bound ethidium bromide fluorescence at higher concentrations, and the ICsy value
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for ellipticine in MBHAs (5.6+0.8 uM) was similar to its apparent affinity for DNA, suggesting that
it inhibited the helicase by interacting with the substrate. Chromomycin A3 inhibited HCV
helicase catalyzed-DNA unwinding with an ICs, of 0.15 £ 0.03 pM, but had no effect on HCV
helicase catalyzed RNA unwinding (data not shown). This false positive can be explained by the
fact that Chromomycin A3 functionally resembles ethidium bromide as they both represent
fluorescent DNA binding compounds (25). This result also demonstrates that not all DNA
binding compounds will decrease DNA-bound ethidium bromide fluorescence in an ethidium
bromide-based FID assay. The final sample, thioflavine S (CID415676), did not affect DNA-
bound ethidium bromide fluorescence until its concentration exceeded 100 uM, at which point a
20% fluorescence decrease was observed (Figure 3.1.7A). In dose response experiments,
thioflavine S (CID415676) inhibited HCV-helicase catalyzed DNA unwinding with an ICs, of
1614 pM, and it inhibited HCV catalyzed RNA unwinding with an 1Cso of 12+2 yM.

Thioflavine S (CID415676) is not a single compound but rather a heterogeneous dye that is
structurally related to another heterogeneous yellow dye, primuline (CID415713) (24, 26).
Primuline (CID415713) inhibited HCV helicase in MBHAs with similar potency (11£1 pM) as
thioflavine S (CID415676). To better understand how these dyes inhibit HCV helicase, both
mixtures were separated using reverse-phase preparative HPLC or a combination of normal
phase silica gel column chromatography and reverse-phase preparative HPLC.

The structure of commercial samples of thioflavine S (CID415676) is not reported consistently,
or is left intentionally vague, creating confusion over the chemical identity of the screening hit.
For instance, the MSDS (Sigma Aldrich) for thioflavine S describes the compound only as
“‘methylated, sulfonated primuline base.” In the NCI and PubChem online databases, thioflavine
S (CID415676, SID550242, NSC71948) was reported as a mixture of methylated
benzothiazoles, and Packham’s group also reported the same structure (27). To identify the
components of commercially obtained thioflavine S (CID415676) responsible for the observed
activity, we purified the commercial sample (Sigma cat. #T1892) via reverse-phase preparative
HPLC chromatography to obtain two compounds (T1 (CiD44251429) and T2 (CID44251431)),
the structures of which were ascertained using NMR, and LC/MS (Figure 3.1.4.).

& ﬁg S 2ora’

1 (CID44251429), n
2 (CID44251431), n

NH,

=

1 (CID44251427), n
2 (C1D44251428), n
CID44251436),n =2
ClD44251437),n =3

0 P1a (CID44251433), n
1 P2a (CID44251434), n

—~ e~~~

P3
P4
thioflavine S (CID415676) = mixture of T1, T2 and minor components (not isolated)

primluline (CID415713) = mixture of P1, P2 and minor components: P1a, P2a, P3, P4 and others (not isolated)

*All the isolated compounds are ammonium salts except P4.

Figure 3.1.4. Structures of the isolated components of thioflavine S (T) and primuline (P).
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Contrary to our expectation that the isolated compounds would be methylated primuline
derivatives, isolated T1 (ClD44251429) and T2 (CID44251431) were the N, N-diethyl products
of the primuline monomeric and dimeric benzothiazoles. Of these, only T2 (CiD44251431)
manifested inhibitory activity against helicase-catalyzed DNA unwinding (Table 3.1.1).
Encouraged by these results, the dye primuline (CID415713, MP Biomedicals cat. #195454)
was also purchased and purified. Primuline (CID415713) inhibited HCV helicase catalyzed DNA
unwinding with about half the potency as T2 (CID44251431) (Table 3.1.1.).

In total, six compounds were isolated from primuline (CID415713). The two major components,
P1 (CID44251427) and P2 (CID44251428), were separated via reverse-phase preparative
HPLC in 9.2% and 7.6% isolated yield (by weight) for P1 (CID44251427) and P2
(C1D44251428), respectively. In the MBHA, P2 (CID44251428) was equipotent to the primuline
mixture (CID415713), while P1 (ClD44251427) was inactive. That the purified major active
component P2 (CID44251428) did not possess increased potency compared to the mixture
containing the inactive P1 (ClD44251427) was unexpected and hinted that highly potent
components could be present in the primuline mixture in small amounts. The direct isolation of
minor components via reverse-phase preparative HPLC of the dye mixture was not successful.
Hence, the purification procedure was modified, enabling the isolation of four minor
components. Four chromatographic bands enriched with minor components (UV and LC-MS)
were obtained from silica gel chromatography of commercial primuline (CID415713) upon
elution with 20% DCM/MeOH. Subsequent reverse-phase preparative HPLC purification
afforded the relatively minor components P1a (CID44251433), P2a (CID44251434), P3
(ClD44251436) and P4 (ClD44251437), where P3 (CID44251436) and P4 (CID44251437)
represented 0.49% and 0.23% isolated yield (by weight) of the dye, respectively. All purified
compounds were composed of a central benzothiazole oligomer of 1-4 units terminating with a
p-aminobenzene group (Figure 3.1.4.).

In the MBHA, all of the compounds purified from primuline were helicase inhibitors although P1
(CID44251427) and P1a (CID44251433), only partially inhibited unwinding at the highest
concentrations tested (Figure 3.1.5.B). Potency correlated directly with the length of the
benzothiazole chain. For P3 (CID44251436) or P4 (ClD44251437), only about 1 uM of either
was needed to reduce the rate of helicase catalyzed DNA unwinding by 50% (Figure 3.1.5.,
Table 3.1.1.).
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Figure 3.1.5. Effects primuline and its components on HCV helicase catalyzed DNA unwinding.
(A) MBHAs performed at various concentrations of primuline (CID415713). Reactions were
initiated by adding ATP at the indicated time. (B) Initial rates of DNA unwinding in MBHAs
containing indicated concentrations of primuline (CID415713) (*), compound P1 (C1D44251427)
(circles), P2 (CID44251428) (squares), P3 (ClD44251436) (triangles), or P4 (CID44251437)
(diamonds). Data are fit to Eq. 3 (methods). ICs’s listed in Table 3.1.1. are the averages from
three separate titrations with each compound.

These purified compounds resemble molecules known to bind DNA, typically along the minor
groove, such as the cyanine dye known as BEBO (CID11741853) (Figure 3.1.6.),(28, 29) but
unlike many DNA binding benzothiazoles, these helicase inhibitors are not positively charged.
Instead they are anionic, due to the sulfate groups on the terminal benzothiazole rings.

BEBO (CID11741853) SYBR Green | (CID10436340) ethidium bromide (CID14710)
Figure 3.1.6. Structures of representative DNA binding agents

To test if the primuline and thioflavine S components interact with DNA, FID assays were
repeated with each. Again, ethidium-bromide-stained MBHA-substrate (i.e. the same sequence
as that shown in Fig. 3.1.1., but without the Cy5 and IBQ maodifications) florescence was read
before and after compound addition. Far more thioflavine S was needed in this assay to
influence ethidium-bromide-stained DNA fluorescence than known DNA-binding compounds
(Figure 3.1.7A). In contrast to the parent dyes, less of the dye components were needed to
effect ethidium-bromide-stained DNA fluorescence. All compounds, except T1 (CID44251429),
P1 (CID44251427) and P1a (CID44251433), decreased the fluorescence of ethidium-bromide-
bound DNA by at least 10% when present at 100 uM. However, only compounds P3
(CID44251436) and P4 (CID44251437) decreased ethidium-bromide—bound DNA fluorescence
more than 50% at the highest concentration tested (Figure 3.1.7B).

Because P3 (CID44251436) and P4 (ClD44251437) clearly interacted with ethidium-bromide-
stained DNA, we suspected that the other dye components might also bind DNA, but in ways
that do not displace the intercalated ethidium bromide. We therefore examined the effect of
each compound on DNA stained with other dyes, and found that most compounds decreased
the fluorescence of DNA stained with SYBR Green | (CID10436340). The affinity of primuline
(CID415713), thioflavine S (CID415676) and the purified compounds for the MBHA substrate
DNA was therefore estimated using a modified FID assay where ethidium bromide (CID14710)
was replaced with SYBR Green | (CID10436340). Less of each compound was needed to
decrease the fluorescence of SYBR Green | stained DNA, and none of the compounds

Page 16 of 90



appeared to bind DNA more tightly than the potency with which they inhibited the helicase
reaction. As seen in other assays P4 (ClD44251437) bound more tightly than all other
compounds (Figure 3.1.7.C, Table 3.1.1.).
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Fig. 3.1.7. Compound interaction with the partially duplex helicase DNA substrate (A) The ability
of thioflavine S to quench the fluorescence of a ethidium bromide-stained DNA substrate.
Berenil and another known DNA binding compound, ellipiticine, are included for comparison.
Each 50 pyL FID assay contained 25 mM MOPS pH 6.5, 0.16 yM HCV DNA substrate (4 uM
base pairs), 2 uM ethidium bromide, 2% (v/v) DMSO and indicated amounts of each compound.
(B) The ability of thioflavine S, and primuline components P3 (ClD44251436) and P4
(CID44251437) to quench the fluorescence of an ethidium bromide stained DNA substrate. (C)
The ability of thioflavine S, and primuline components P1 (CiD44251427), P3 (ClD44251436)
and P4 (CID44251437) to quench the fluorescence of a SYBR Green I-stained DNA substrate.

In addition to inhibiting the helicase reaction and binding the helicase substrate, the dye
components possess unique properties that make them uniquely useful molecular probes. First
they are fluorescent, and their fluorescence can be used to monitor the compounds both in vitro
and in vivo as is done both with thioflavine S (30) and primuline (31). Second, they inhibit other
NS3 activities, namely the protein’s ability to cleave ATP, the fuel for the helicase reaction, and
the peptides via the protease domain. Though numerous NS3 protease inhibitors have been
developed, none have yet been reported which inhibit both the NS3 protease and the NS3
helicase functions.

The compounds isolated from the two yellow dyes are all fluorescent, absorbing light around
350 nm, and emitting near 420 nm (Figure 3.1.8.). Their extinction coefficient and peak
absorption wavelengths increase as the length of the benzothiazole oligomer increases. Their
relative fluorescence decreases with the length of the benzothiazole chain. None of the
compounds absorbed light near the absorption or emission wavelengths of the Cy5-labeled
MBHA substrate, or the wavelengths where ethidium-bromide-stained DNA, SYBR Green |
(CID10436340) stained DNA, NS3-catalyzed peptide cleavage, or ATP hydrolysis were
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Figure 3.1.8. Absorbance and fluorescence emission spectra of primuline, thioflavine S, and
their individual components.

Compounds can inhibit HCV helicase-catalyzed ATP hydrolysis by competing with either ATP or
the nucleic acid that stimulates ATP hydrolysis. To test if thioflavine S inhibits the ATPase and
examine where thioflavine S might act, initial rates of ATP hydrolysis were measured in the
presence of various concentrations of ATP, RNA and thioflavine S. Thioflavine S did not
compete with ATP (data not shown) but partially compete with RNA (Figure 3.1.9A). More RNA
was needed to stimulate ATP hydrolysis as thioflavine S concentration increased. However,
unlike compounds that bind in place of RNA (or DNA), thioflavine S retained inhibitory potential
even when the protein was saturated with RNA (32). In addition, thioflavine S inhibited HCV
helicase catalyzed ATP hydrolysis even in the absence of RNA, suggesting a direct interaction
between the protein and thioflavine S.

The most potent primuline component, P4 (CID44251437) was then added to NS3 ATPase
assays with and without RNA. P4 (CID44251437) inhibited ATP hydrolysis both in the presence
and absence of RNA (Figure 3.1.9.B), indicating that the compound is not simply sequestering
RNA and preventing activation of ATP hydrolysis. It is also important to note that far more P4
(CID44251437) is needed to inhibit ATP hydrolysis in the absence of RNA, indicating that the
presence of nucleic acid enhances the enzyme’s affinity for the inhibitor (Figure 3.1.9.C). When
ATPase assays were performed with compounds isolated from thioflavine S and primuline
(Table 3.1.1.) the same pattern was observed as previously seen in the MBHAs and FIDs (i.e.
the longer benzothiazole oligomers were always more potent in all assays than the shorter
oligomers).
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Figure 3.1.9. Effects of thioflavine S and the most potent primuline component on HCV helicase
catalyzed ATP hydrolysis. (A) ATPase assays were performed in presence of indicated
concntrations of thioflavine S and poly(U) RNA (measured as yM UMP). ATP was present at 1
mM, the reactions were initiated by rapidly mixing in NS3h, and the amount of phosphate
released was measured after 15 minutes at 26 °C. (B) ATPase assays were performed in
presence of 15 uM (circles) or 1 mM (triangles) poly(U) RNA and various concentrations of P4
(CID44251437) were present as indicated. (C) ATPase assays were performed in the absence
of RNA.

It is not uncommon for helicase inhibitors to inhibit the protein’s ability to hydrolyze ATP since
ATP hydrolysis is needed to fuel unwinding. However, few compounds have been reported that
inhibit the helicase and the protease function of NS3. Surprisingly, P4 (CID44251437) and some
of the other compounds purified from thioflavine S and primuline also inhibited NS3 catalyzed
peptide cleavage (Figure 3.1.10.). The compounds inhibited the protease if they were added
before (Figure 3.1.10.A) or after the protease substrate. The later experiment demonstrates that
inhibition is not simply due to the compound quenching the fluorescence of the protease
reaction product. The potency with which the primuline and thioflavine components inhibited the
NS3 protease mirrored the potency seen in helicase assays (Table 3.1.1.).
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Figure 3.1.10. Effects of primuline and P4 (CID44251437) on NS3 catalyzed peptide cleavage.
Assays were performed at 23 °C using the SensoLyte® 520 HCV Protease Assay Kit (Anaspec)
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with 20 nM of a purified recombinant single chain NS3/NS4A protein (33). (A) Indicated
concentrations of primuline were added before the protease substrate. (B) Indicated
concentrations of P4 (ClID44251437) were added to ongoing reactions 20 minutes after the
reactions were initiated.

Table 3.1.1. Isolated thioflavine S and primuline components for NS3 helicase inhibitor discovery

Compound ID targgtCEStZCSYLRAA?HA cell-based assays antitarget po:]el\?)c y (ICs0, avg,
compound .
CID name* 1b(con1) rep|0|con cell FID (EtBr) ATPase
* (% R
# Lo viability (%
inhibition @ 10 uM) FID
SID 2a(JFH1) @ 10 uM) (SYBR Green ) Protease
415676 24+ 1.3 nd >200
1 P | thioflavine S -16 -2 83+2
16+5 61+37 nd
415713 12+£1.3 73 + 36 nd
2 P primuline 10 98+3
9.6+ 1.1 43+14 nd
44251429 33+24 >100 >200
3 S T 0 99+ 2
85285427 25+21.8 >100 nd
44251431 46+1.6 >100 >200
4 S T2 0 96 +7
85285428 47+06 26+4 nd
44251427 70 + 31 >100 >200
5 S P1 0 104 +4
85285425 2177 >200 nd
56+1.6 >100 >200
44251428 45+ 14 942 95+ 4 >100 >200
6 s P2 95+ 14 55+ 8 85+ 7 nd >200
85285426 7322 112‘+ 4 105‘+ 5 23+4 nd
104178066 58 + 50.7 - - >100 nd
126920288 nd >100 nd
44251436 0.9£0.02 55+ 20 nd
7 S P3 59+ 10 91+6
85285431 0.6+0.3 nd nd
44251437 0.8+0.2 15+£3 nd
g 44251438 S o4 2201 0 04+3 761 43+£10
85285432 05+0.4 4514 83£8 nd nd
99438075 1.2+0.3 14 +3 2+1
9 44251433 S P1a >100 0 88+7 >100 >200
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85285429 48.5+54.4 >100 nd

44251434 7+3.8 >100 >200
10 S P2a 28+5 87 +7

85285430 39+04 32+3 nd

*Denotes whether the compound was synthesized (S) or purchased (P).

*Please refer to Figure 3.1.3. for compound structures. All the isolated compounds are ammonium salts
except P4.

3.2 Dose Response Curves for Probe
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Figure 3.2.1. Dose response curves for probe and two analogues. Effect of
CID50930730/ML283 on standard MBHAs (A) compared with a slightly more active compound
CID49849293 (B) and less active compound CID50930749 (C). MBHAs were performed in the
presence of 16 concentrations of each compound ranging from 100 uM (black), 67 uM (blue), 45
MM (red), 30 uM (green), 20 yM (magenta), 14 yM (light blue), 9 uM (orange), 6 uM (purple), 4
MM (grey), 2.7 uM (pale blue), 1.8 uM (peach), 1.2 uM (dark green), 0.8 uM (pink), 0.5 uM (light
purple), 0.4 uM (light orange), and 0.25 uM (pale magenta). Reactions were initiated after 60
seconds by adding ATP to a final concentration of 1 mM. Data obtained after ATP addition are
fit to a first order decay equation to calculate initial rates in the presence of various
concentrations of each compound. (D) Initial unwinding rates plotted versus compound
concentration. Velocities are fit to a dose response equation as described in Appendix A.

3.3 Scaffold/Moiety Chemical Liabilities

The probe compounds based on an oligiomeric benzothiazole scaffold appeared to be relatively
stable based on our observations from day-to-day handling related to their synthesis, analysis,
dissolution-transfer, lyophilization, and storage. The probe compounds do not contain moieties
that are known or expected to be generally reactive.
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34 SAR Tables

The positive results obtained with the higher-order components P3 (CID44251436) and P4
(CID44251437) isolated from primuline (CID415713) led us to undertake a structure—activity
relationship study based on them. However, difficulties with both isolation of sufficient quantities
from the commercial sources and with fully synthetic approaches necessitated that we consider
more accessible bioisosteric equivalents. Accordingly, we focused on modification of the amino
group at the terminus of P2 (CID44251428), which was available in sufficient quantities to serve
as a starting material. We envisioned that an appropriately rigid linker could substitute for the
third benzothiazole ring of P3. Thus, the terminal amine of P2 (CiID44251428) was acylated to
give amides, reacted with isocyanates or sulfonyl chlorides to give urea analogues and
sulfonamides, respectively (Scheme 3.4.1. and Figure 3.4.1.). Table 3.4.1. illustrates the effect
of various functional groups on substituted phenyl amide derivatives, the most extensively
investigated modification strategy. These included electron-donating or -withdrawing groups as
well as aliphatic substitutions. The unsubstituted benzamide analogue (CID49849280, entry 11)
possessed modest potency in assays employing helicase enzyme from both the 1b(con1) and
2a(JFH1) HCV genotypes (ICso = 10.7 £ 1.5 yM and 4.6 + 1.4 pyM, respectively). Introduction of
a diverse range of para substitution (e.g. NH, (CID49849300), N(CH3), (CID49849284), OCH3;
(CID49849282), CO,CHj; (CID49849290), t-Bu (CID49849299) and Br(CID50930740)) had no
significant effect on the potency of helicase inhibition. Improved analogues were obtained when
Cl (CID49849302), F (CID49849294), CH; (CID49849286) or CF; (ClID49849276) were tested
in the para position. The increased size of alkyl substitution from Me to #-Bu resulted in an ca. 2-
fold activity loss. Altering the Cl position from para to meta (entries 19 and 22, CID49849302
and CID50930730) had no effect on helicase inhibition, although the meta substitution displayed
weaker DNA binding coupled with promising cell-based HCV replicon values. Increasing, the
number of chloro groups as in CID50930737 (entry 23) showed no improvement. The CF;
substituted series possessed an intriguing range of activity. The 4-CF; (CID49849276) analogue
was the most potent compound in the helicase assays (ICso = 1.8 £ 0.4 uM and 2.5 + 1.0 uM, for
1b(con1) and 2a(JFH1) HCV genotypes respectively). Moving the CF; group from the para
position to the ortho or meta position resulted in a loss of inhibitory activity (7-10 fold, entries 24-
26, CID50930748, CID50930755 and CID49849276). Introduction of additional fluorine or CF;
substitution on the derivatives also exhibited no effect on the helicase inhibition when compared
to the 4-CF; (CID49849276) substituted compound (see entries 27-33, CID50930749,
CID50930745, CID50930751, CID50930741, CID50930743, CID50930732 and CID50930733).
In fact, depending on the position of fluorine or CF3; substitution, a significant decrease in
potency was observed. Alternate amide linked moieties to the substituted benzamides were
briefly explored (entries 34-44, Table 3.4.2.). Replacing substituted phenyl with a methyl alkyl
group resulted in complete loss of activity (CID53239937, entry 44). Analogues targeting
improved solubility by replacing the phenyl ring with pyridine ring, produced less potent
analogues (2-5 fold decrease in helicase activity, CID50930756 and CID50930734, entries 40
and 41). Though significantly less potent, these analogues did possess greatly improved
solubility under the assay conditions; for example CID50930756 was soluble at > 100 yM
compared to ML283, which possessed a solubility of 29.2 uM (Table 3.6.1.). N-methylation of
the naphthyl analogue (C1D49849293) also caused a significant drop in activity (5 fold,
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Figure 3.4.1. Structures of derivatives based on the major components in primuline.

CID52914816), which could indicate the loss of a key hydrogen bond interaction. While none of
these analogues possessed improved helicase activity compared to ML283, the solubility of the
3-pyridyl analogue (CID50930756) and nascent potency of the naphthyl analogues
(CID49849293 and CID53308659) provide inspiration for designing future analogue sets.

In an effort to mimic the tetrameric structure of P4 (CID44251437), the more elaborate amide
derivatives CID49849289 and CID49849287 (entries 38 and 39, Table 3.4.2.) were synthesized.
No improvements in potency were observed for these tetrameric analogues over the previous
trimeric analogues. The simple one-step synthesis of the trimeric analogues compared to the
tetrameric analogues prompted us to focus on the former for future studies targeting more
potent inhibitors of helicase function and HCV replication.
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In DNA binding assays, none of the P2 derivatives decreased the fluorescence of DNA-bound
ethidium bromide by more than 10% even at 100 uM. However, like P3 (CID44251436) and P4
(CID44251437), many of the derivatives appeared to bind SYBR-Green-I-stained DNA, and
these ECsp values in SYBR Green-based FID assays are reported. Most of the amide
derivatives were at least 10-fold more potent in the MBHA than the DNA-binding assay. The 3-
Cl analogue (ML283, CID50930730) was chosen for nomination as the probe candidate based
on a combination of helicase assay inhibition (both 1b(con1) and 2a(JFH1) HCV genotypes),
high percentage of cellular HCV replication (54% at 10 uM) coupled with no detectable
cytotoxicity and low DNA binding in the SYBR Green FID assay (ECsq > 100 uM).

Two additional classes of chemical linkers were also explored to mimic the benzothiazole
moiety (Table 3.4.2.). The urea analogues, which were synthesized from P2 (CID44251428) by
reacting it with different isocyanates and the sulfonamide analogues prepared via the
sulfonation of P2 (CID44251428) with sulfonyl chlorides. The p-tolyl urea analogue
CID49849298 (entry 46) has potency in the MBHA and replicon assays approaching that of the
probe candidate, although increased DNA binding was observed (17 yM for CID49849298
compared to >100 uM for ML283). Slightly less potent analogues were achieved via sulfonation
(e.g CID49849295, 2-fold activity drop) compared to ML283.

The other major component isolated from the primuline mixture, P1 (CID44251427) was also
investigated as a substrate for the synthesis of active analogues. Table 3.4.3. summarizes the
derivatives synthesized based on the monomer P1 (CID44251427). None of the compounds
showed significant activity in the replicon assay and only the Fmoc-protected amines
CID53377547 and CID53377543 (entries 56 and 60) and the trifluormethylphenyl analogue
CID53308658 (entry 58) possessed MBHA potency approaching that of ML283. The absence of
replicon activity for this series was the primary motivation to pursue derivatives based on the
equally abundant P2 (CID44251428).

The synthetic diversification strategy of the isolated component P2 (CiD44251428) allowed us
to produce analogues with a diverse range of substitution on the ‘eastern’ portion of the
compounds in quantities > 20 mg in one or two synthetic steps. A strategy capable of
incorporating modifications anywhere in the molecule and which did not depend on the
separation of a complex dye mixture to obtain starting material would be highly advantageous, if
the synthetic manipulations could be minimized. All attempts toward the de novo synthesis of
oligiomeric analogues of P3 (CID44251436) and P4 (CID44251437) were unsuccessful despite
a dedicated effort. Inspired by the success of the amide derivative of P2 (CID44251428) in the
MBHA and replicon assay, a series of simplified analogues were synthesized. Table 3.4.4.
summarizes the structures and activities of these compounds. Though active in the replicon
assay, they were also found to be marginally cytotoxic. The promising results in the
semisynthetic series and increasing complexity of the synthetic route to the target analogues
prompted us to focus on the semisynthetic series.

The SAR campaign to identify ML283 was based on a total of 55 compounds in addition to the
eight isolated dye components. Figure 3.4.2. illustrates the different structural elements
explored in the course of the search for an accessible analogue of P3 (CID44251436) and
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» sulfonic acid necessary for potency

replacement of the third benzothiazole with
amide, urea, thiourea or amine tolerated

o Y@ @ = % "p :;:}S fij%’/@c

ML283
trimeric component of primuline P3 CID50930730

e replacement of the second
benzothiazole with amide or
phenyl ring linker tolerated

p-amino group not necessary for potency
diverse substituted phenyl or benzene fused
polycyclic moieties afforded active analogs

Figure 3.4.2. Summary of the SAR strategy to synthesize analogues based on the hit, P3.

which positions tolerated modification. While the majority of analogues were based on the
derivatization of the primary amine on P2 (CID44251428), this was a highly fruitful site for
diversity, affording analogues across the potency range of 1.8 to > 100 uM in the NS3 helicase
assay. Furthermore, all compounds were well tolerated in the cell viability assay yet varied in
their ability to inhibit the HCV replicon within the range of 0.3 to 64%. All 55 SAR compounds
are novel chemical entities and we have filed a provisional patent application for these
compounds and their application as inhibitors of helicase function and HCV replication. In fact, a
SciFinder substructure search for any carbonyl derivatives of P2 (CID44251428) did not return
any hits (Figure 3.4.3.), indicating the novelty of this derivatization approach. To more fully
assess the novelty of the probe and analogues as inhibitors of the NS3 helicase, we conducted
a SciFinder substructure search on the dimeric primuline component P2 (CID44251428), which
was the starting material for the majority of the analogues. The search results indicated that 116
substances or mixtures contained this substructure, as reported in 88 patents and references.
Of these references and patents, 63 focused on the synthesis or use of the substances as inks
or dyes for textiles, outside of a biological context. The 25 remaining references were largely
focused on utilizing these substances or dye mixtures for the identification of organisms and/or
molecular structures and no instances of using primuline components as helicase enzyme
inhibitors or for the treatment of HCV were found. The full search results are discussed in
Appendix E.

P2 substructure amide derivative substructure

Figure 3.4.3. P2 and amide derivative substructures used in SciFinder searches.
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Table 3.4.1. SAR analysis of primuline P2 amide derivatives for NS3 helicase inhibitor discovery

target potency,

Compound ID MBHA (ICs, cell-based assays antitarget potency
Te avg, M)
" “Q ’ FID (SG) ssB
CID 1b(con1) replicon (% cell %Displaced | %Displaced at
4 *structure, R = inhibition @ ;nablllty at 100 uM 100 uM
10 uM) (/o”%)m SSB
SID 2a(JFH1) ECs (UM)
ECso uM)
49849280 10715 31+13 91
11 H 45+5 88+2
104178051 4614 >100 4+1
49849300 10.3+24 6315 99
12 4-NH, 33+1 93+4
104178052 53+25 55+ 13 3+1
46839370 54 +1 765 53
13 4-NHFmoc 57 + 21 92+4
99222880 58+3.1 6+2 >100
49849284 11.0+6.7 44+ 4 98
14 4-N(Me), 22+2 94 +5
104178064 64+12 >100 4+1
49849286 33+0.3 50 £ 15 96
15 4-methyl 52 +12 87+4
104178060 25+05 >100 5+2
49849299 8.2+1 72+19 80
16 4-t-butyl 51+9 87+4
104178062 50+0.7 166 32+7
49849282 10.0+2.6 35+10 92
17 4-methoxy 64 +4 855
104178055 54+1.4 >100 2+1
49849290 9.7+4.6 28+ 10 91
18 4-CO,CH3 401 101+8
104178057 24+06 >100 2+05
49849302 34+03 67 £ 17 80
19 4-chloro 42+9 84+6
104178059 23+05 31+15 46 + 52
50930740 52+4 70+9 91
20 4-bromo 7+18 1135
114279591 74+3 30+13 27+6
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49849294 52+0.6 35+ 15 88
21 4-fluoro 505 94 +£2

104178054 3.0+0.8 >100 14+4

50930730 261 41+ 11 47
22 3-chloro 54 +10 112+ 4

114279600 3.9+ 1 >100 >100

50930737 371 67 +12 53
23 3,4-dichloro 43 +15 1147

114279601 4541 30+ 32 > 100

50930748 1411 30+ 15 92
24 2-trifluoromethyl 03+9 112 +£1

114279599 243+9 >100 13+2

50930755 19.7 £12 46 + 10 23
25 3-trifluoromethyl 41+8 1213

114279602 15.9 + 2 >100 >100

49849276 1.8+0.4 699 80
26 4-trifluoromethyl 44 £ 12 90+4

104178061 25+1.0 29+9 41£2

50930749 222+4 43 +13 73
27 3,5-di(trifluoromethyl) 60+4 1225

114279597 287+5 86 + 210 367

50930745 16.8 + 6 66 + 40 96
28 t .ﬁ'ﬂuom' ?r; | 5547 12242

114279594 riluoromethy 54.1+19.7 64 + 34 13+1

50930751 9.2+3 49 + 27 63
29 . .ﬁ'ﬂuoro' f’h | 48+ 18 122 £ 1

114279595 riflouromethy 8.1+2 >100 71+13

50930741 6.4+2 35+ 26 69
30 t .fl'ﬂ“°r°' f’h | 39+4 132+ 14

114279603 riiourometny 6.7 £1 >100 12+8

50930743 17.4 £17 66 + 18 92
31 t .?I'ﬂuoro' ?h | 48+4 12942

114279596 rilouromethy 13.0+2 28 +28 101

50930732 2847 48 +17 23
32 t .fl'ﬂuoro' fh | 51+9 113+ 1

114279605 rilouromethy 15.8+£2.2 >100 >100

50930733 19.0+15 35+ 21 95
33 t .?I'f'“°r°' ?h | 61+ 14 118 + 4

114279604 rilouromethy 16.6 £2 >100 14+2
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*Denotes whether the compound was synthesized (S) or purchased (P).

*See Figure 3.4.1. for general compound structure.
* All the compounds are ammonium salts.

Table 3.4.2. SAR analysis of additional P2 derivatives for NS3 helicase inhibitor discovery

target
R potency, ) antitarget potency (ICs,
Compound ID S\/©/ MBHA (ICeo, cell-based assays avg, uM)
Me ] avg, uM)
%@r” eplicon FID (SG) SSB
CID 1b(con1) ep(o/co cell %Displaced | %Displaced
# inhibition | viability (% |_@ 100 yM_| @ 100 uM
*structure, R = @ 10 pM) SSB
SID 2a(JFH1) @ 10 uM) ECso (MM) ECay (uM)
27407 64 +7 83
" 49849293 3.6+0.0 61+ 10 87 +4 63 £+ 11 78
104178063 23+06 1+£33 99 £ 11 36 + 25 22+4
123050377 4407 25+ 36 28+9
52914816 e OO 14.4 £0.04 35+23 105
35 24 + 32 101+9
123050378 135+0.6 >100 9+2
53308659 O 45404 80+3 94
36 9+8 103+5
124767864 O 3.9+0.3 30+4 9+2
50930738 N 36+ 1 59 + 17 nd
A
37 )(©:o> 15 + 11 114 +13
114279598 o 6.4+3 46 + 36 nd
49849289 H N\>—®7NH2 55+2.1 59+4 95
38 2N s 374 85+2
104178067 o 3512 68 + 25 +
49849287 N 29 + 31 nd nd
46897855 H \>—QNHFmOC 4024 449 95+3 67+5 95
39 %/ s n N
99350539 : >100 42+5 90+4 nd nd
104178065 1.9+0.9 22+4 5% 1
50930756 AN 22142 15+ 10 48
40 / 51422 113+6
114279592 48 + 40 >100 >100
50930734 SN 52 + 20 19+7 63
41 Z 59 +13 117 +5
114279593 52 + 25 >100 55 + 20
53239937 NHFmoc 44+03 53 + 25 59
42 48+ 18 102+6
124349740 46+0.3 56 + 4008 57 + 16
53312458 11.0+16 92+4 102
43 J@ 64 + 25 1098
124771944 13507 27+3 5% 1
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53255450 H >100 48+5 89
44 5 26 + 21 102+ 9
124391240 o) >100 >100 17+4
53356772 H H 41413 46 +2 95
N N
45 5NN \© 18456 | 108+4
125258858 o) 6.0+ 1.9 >100 61
49849298 HoH 53+0.9 90+ 9 %
46 5NN \Q 43+9 93+ 1
104178053 o Me 40+19 18+6 10+3
53255447 %H H 5133 84 + 22 91
47 hig O\ 7+ 39 99+7
124391241 0 CF, 40+13 18 £13 15+3
53356770 HoH 78422 58+ 3 100
48 =N \©\ 1725 93 2
125258856 S F 99+3.4 7447 11+2
53356653 HoH 36+0.9 74+ 4 94
49 =Ny \©\ 35+ 28 98 + 1
125258665 o a 44+04 842 51
53356656 %H N 48+2 55+ 6 95
50 \lg \©\ 21+ 10 99+9
125258667 OMe 6.4+25 73+13 441
53356771 H H 93+38 76+9 98
N N
51 50N \@ 9+9 98+ 10
125258857 S 9.6 +3.1 30+3 7+1
49849295 y OMe 244+22 69 %4 98
52 4N 44+5 75+3
104178056 N 13.4+7.2 42+6 10+2
53255448 y CFs 32.0+ 16 57 +20 nd
53 N, 714 10146
124391237 N 35.0 + 6.1 82 + 34 nd

*Denotes whether the compound was synthesized (S) or purchased (P).
*See Figure 3.4.1. for general compound structure.

* All the compounds are ammonium salts except entries 35, 38, 43 and 52.
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Table 3.4.3. SAR analysis of P1 derivatives for NS3 helicase inhibitor discovery

target
potency, i antitarget potency (ICso,
Compound ID SOH MBHA (ICso, cell-based assays avg, uM)
avg, M)
Me S < FID (SG) SsB
. B
cID . N/> < > 1b(con1) re‘z'o'/‘:"” cell viability /ngﬂ'gge %Displaced
* _ 0,
# structure, R = inhibition (/"“%)10 uM @100 M
10 uM) SSB
SID 2a(JFH1 @ ECso (UM
a(PH1) © M) | Ecy (um)
53255449 " CFs >100 9+6 nd
54 s N 11+ 14 102£9
124391238 z >100 >100 nd
53255452 NH, 69 + 26 1746 nd
H
55 S %Nm/©/ 21+ 29 103 £ 6
124391239 0 64 2.2 >100 nd
53377547 " NHFmoc 12+ 3.7 44 +2 93
56 S N 3110 108 £ 2
125300032 z 12 >100 27+5
53377551 HWKQ 81.4 22 1842 84
57 S ¥ I 19+ 42 115+3
125300033 % 79.2 >100 57 +13
(e}
CF3
53308658 H p/ 10.4£1.9 41£2 86
N
58 s| w 4+8 977
124767865 %N © 147 £29 >100 2316
NH,
53377553 H )(©/ 30+3.8 21 94
N
59 s| n 42+26 112+5
125300037 2N o 26 >100 17+5
[e]
NHFmoc
53377543 H m)ij( 2505 22 n/a
60 s| w 14+ 26 113+5
125300038 e ° 1.9 >100 743
[¢]
53377554 H >100 25+5 61
61 S H A 73150 119 £ 11
N [O2Ne]
125300035 % >100 >100 >100
O
H H
53377548 NTN 44 £ 12 17 £2 96
62 s %H)(Q/ o \© 64+90 | 113:4
125300034 X 32 >100 20 + 4
H H
53377546 NTN 29+6.9 374 93
63 s %H 7\/© s \© 132 106 + 3
125300036 T 29 >100 23+5
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*Denotes whether the compound was synthesized (S) or purchased (P).
*See Figure 3.4.1. for general compound structure.
* All the compounds are ammonium salts.

Table 3.4.4. SAR analysis of selected fully synthetic analogues for NS3 helicase inhibitor discovery

target
potency, ) antitarget potency (ICso,
Compound ID MBHA (ICs, cell-based assays avg, M)
avg, uM)
complete structure replicon FID (SG) SSB
CID * 1b(con1) p(o'/ cell %Displaced | %Displaced
# LA viability (% | @ 100 uM @ 100 uM
inhibition @ 10 uM) SSB
SID 2a(JFH1 10 uM EC M
a( ) @ [ ) 50 (H ) EC50 (UM)
49795072 s >100 nd nd
Me s NH B
64 s @@NH ' 80£17 | 40, 40
103162420 N B
>100 nd nd
49795073 H)(@:”» 60 +6.1 nd nd
65 S| we s Sw‘(“ T o 90+ 35 28+5
103162421 \(:[,f < 5 75+ 32.6 nd nd

*Denotes whether the compound was synthesized (S) or purchased (P).

3.5 Cellular Activity

Two cell-based assays have been completed to characterize CID50930730/ML283 and most
analogues, as reported in the SAR tables. These assays were: 1) a Renilla luciferase reporter
assay to examine the ability of compounds to inhibit replication of a HCV Renilla luciferase
subgenomic replicon and 2) a Firefly luciferase-based viability assay that measures the effect of
compounds on cell viability. Both assays were conducted on HCV replicon containing cells
treated with compounds at 10 yM. The activity for the probe compound in both cell-based
assays is described in detail in Section 3.4, SAR Tables, and detailed assay descriptions are
given in Section 3.1.

The HCV replicon chosen (Figure 3.5.1.A) was derived from the same HCV strain (conft,
genotype 1b) as the NS3 protein used for screening and enzyme assays, and was a variant of
the replicon first reported by Lohmann et al. (34) with two cell culture adaptive mutations
(E1202G and S2204I) (35, 36). This subgenomic replicon also had a Renilla luciferase gene
fused to the 5’-end of the neomycin phosphotransferase gene used for selection, so that the
cellular levels of Renilla luciferase correlated directly with the amount of HCV RNA present in
cells (37). After replicon transfection and selection, cells were treated in parallel in two triplicate
sets. One set of cells was used for Renilla luciferase assays and the other set was used to
determine cell viability using a firefly luciferase-based assay and all compounds were tested at
10 uM.
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CID50930730/ML283 and many of its close analogues showed some modest activity against
the HCV replicon, but effects varied depending on the batch of cells used and the passage
number of stably transfected replicon cells. We observed also that cell-based experiments with
CID50930730/ML283 are difficult due to its limited solubility in PBS and cell culture media (see
below) and because of its ability to aggregate at higher concentration in the absence of non-
ionic detergents (e.g. Tween20). This observation has limited our efforts to study the dose
dependent efficacy of CID50930730/ML283 because typically no more than 10 pM of
CID50930730/ML283 can be administrated before it begins to appear to aggregate in the
culture (Figure 3.5.1.A). Experiments with other, more soluble analogues yielded more
reproducible concentration response curves. For example, CID50930749 showed a
concentration-dependent inhibition of replicon luciferase activity with 5 £ 2 yM needed to reduce
replicon-encoded luciferase by 50%. Even at the highest concentration tested (50 uM)
CID50930749 was not toxic to Huh7.5 cells (Figure 3.5.1.C). In the same system, the most
potent comparison helicase inhibitor (the symmetrical benzimidazole CID486270, had a ICsy of
8 + 4 uM but it decreased cell viability with a CCsy of 87 £ 40 yM (Figure 3.5.1.D). An approved
HCV drug, telaprevir, inhibited the replicon with an ICsy of 0.62 £ 0.05 yM and reduced cell
viability with a CCs, value of 28 + 5 uM (Figure 3.5.1.E).

A 5NTR[ ruc [ Neo |emcvimes|  NS3  [wsw|Ns4B] Nssa | NssB | 3NTR

= C s = E s
S & 4 Cell Viability 3 s
21001 T 2100 555 2100+ 2100+ ‘
% = ‘ £ Cell Viabilty S x| CellViabiity
£ £ £ £ L E2
2 & 50 | & 504 N\ ¢ 501 | 5«@; |
HCV Repli = ! . > 2 =
H
° 2] 3\ 5] uci o 3 .
< e < b Kalw < I < O L
01 1 10 100 01 1 10 100 01 1 10 100 01 1 10 100
ML283 (uM) CID50930749 (uM) CID486270 (uM) Telaprevir (uM)

Figure 3.5.1. Effect of ML283, CID50930749, CID486270, and Telaprevir on Huh7.5 hepatoma
cells harboring a stably transfected subgenomic rLuc HCV replicon. (A) Schematic genome map
of the HCV replicon used in this project. Percent Renilla luciferase remaining (circles) after 72
hours exposure of replicon containing cells to ML283 (B) CID50930749 (C), CID486270 (D), or
telaprevir (E) when grown in media containing 0.5% DMSO. Cell viability was measured with the
Cell Titer-Glo luminescent cell viability kit (Promega) and is also expressed compared to DMSO
controls.

To further examine the anti-HCV activity of CID50930730/ML283 in cells containing HCV
replicons, we examined the effect of CID50930730/ML283 and CID50930749 exposure on HCV
RNA levels. Assays with the probe CID50930730/ML283 were again confounded by its poor
solubility in cell culture media, as evidenced by the fact that concentration dependent reduction
of HCV RNA was reversed after the concentration of CID50930730/ML283 exceeded 12 pM. In
contrast, CID50930749 exposure reduced HCV RNA levels in replicon cells in a concentration-
dependent manner (Figure 3.5.2.A). To compare the effect of CID50930749 to that of interferon
a/2b, the current standard of HCV care, cells were exposed to each for ten days. Analysis of
luciferase activity (not shown) and HCV RNA (Figure 3.5.2.B) during, and at the end of
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treatment, showed that CID50930749 reduced HCV content in a time-dependent fashion. In
repeated experiments CID50930749 led to a 16-fold decrease in HCV replicon RNA content.
This was about one-quarter of the effect seen with interferon.

A B DMSO
1 £] T
— 1 - —
[ E ML283 [) CID50930749
o o 01 13-fold
- -
< 16-fold <
Z Reduction Z 001
S 3
g T 0001 INFa.
0.14 59-fold
CID50930749 1 1
—r T 0.0001-¥ T T
0 20 40 60 0 5 10
Compound (uM) Days

Figure 3.5.2. Effect of ML283, CID50930749, and interferon on cellular HCV RNA levels (A)
Amount of HCV RNA remaining in cells exposed to indicated amounts of ML283 or
CID50930749. RNA was measured using 1 ug of total RNA with specific Tag-man probes and
quantitative reverse transcriptase PCR (qRT-PCR). (B) Time-dependent clearance of HCV RNA
in cells exposed to 10 uM of CID50930749 (triangles) or 100 units of interferon (circles). RNA
levels are expressed relative to RNA levels observed in cells grown in the presence of media
and 0.5% DMSO. All assays were performed in triplicate, and error bars mark standard
deviations.

More extensive cell based assays have been completed with CID50930749, which again was
the probe analogue that was most active in cells (In vitro, CID50930749 was less potent and
less specific than CID50930730/ML283). For example, CID50930749 was used to investigate
how probe treatment might affect the cellular location of HCV replication complexes. In replicon
containing Huh7.5 cells, HCV replication occurs in a membranous web associated with the
rough endoplasmic reticulum (38). Clear differences in such complexes were observed when
mock-treated (DMSO only) cells were compared with cells treated with CID50930749, primuline,
or interferon-a/2b. Like interferon, CID50930749 treatment reduced the number of replication
complexes (Figure 3.5.3.). In both cases, only reticular staining of NS5A and no replication
complexes were seen. However, mock-treated cells and primuline-treated cells showed no
apparent differences in HCV replication complexes. These results support the anti-HCV activity
of CID50930749.
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C: Primuline D:CID50930749

Figure 3.5.3. Effect of CID50930749 on the cellular location of HCV Replication complexes
seen in the replicon-containing Huh7.5/Con1sg-Rluc cells. After 72 hours of mock treatment
with 0.5% DMSO (A), 100 units of interferon (B), 10 uM primuline (CID415713) (C) or 10 uM of
CID50930749 (D), cells were fixed, permeabilized, and stained with 9E10 a-NS5A antibody
(obtained from Charles Rice, Rockefeller University) and Alexa 546 secondary antibody. Scale
bar =10 pm.

Since CID50930749 is fluorescent, it can be directly observed in cells as shown in Fig. 3.5.4..
HCV-replicon-bearing Huh7.5 cells were treated with CID50930749 for 72 hours and cells were
fixed, permeabilized, and stained for NS5A. Cells were imaged for CID50930749 localization
and compared with the antibody stained NS5A replication complexes. NS5A and CID50930749
do not appear to co-localize, but since the viral target of CID50930749 is HCV helicase, ongoing
experiments aim to look at co-localization of CID50930749 with viral helicase using specific anti-
helicase mAb and higher resolution imaging. Interestingly, CID50930749 showed a diffused and
dotted cytoplasmic staining patterns in replicon cells and no evidence of CID50930749 getting in
the nucleus was observed.

A:CID50930749 C: Overlay

Figure 3.5.4. CID50930749 location in cells. Huh7.5/Con1sg-Rluc cells were treated with
CID50930749 for 72 hours, permeabilized and stained with 9E10 a-NS5A antibody and Alexa
546 secondary antibody. (A) Localization of CID50930749 fluorescence observed when the
cells are excited at 350 nm. (B) NS5A localization observed when the same cells were excited
to observe the NS5A replication complexes. (C) Overlay of the images with CID50930749
colored green and NS5A complexes colored red. Scale bar: 10um.
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The data above show that cellular experiments with the probe compound, which is a more
potent and specific helicase inhibitor, might be possible if administered with a compatible
excipient. Once a system is found to deliver the probe to cells, the probe and less specific
analogues such as CID50930749 could serve as a powerful tools to yield insights into when and
where the helicase acts in an infected cell, or to test the hypothesis that the helicase activity on
RNA or DNA is needed for HCV replication. Furthermore, if our ongoing experiments at
investigating direct interaction of HCV helicase and these fluorescent probes in cell are
successful, the probe could then be used to directly monitor virus morphogenesis and egress in
real time using live cell imaging. Preliminary work with CID50930730/ML283 shows that, like
CID50930749, CID50930730/ML283 enters cells and specifically stains certain cellular
structures (Figure 3.5.5.).

CID50930737 CID49849293

Figure 3.5.5. Use of fluorescence microscopy to visualize CID50930730/ML283 in cells. (A)
Cells exposed to ML283 show specific cell staining, and the compound appears to stains
cytoplasmic structures, with faint or no staining of nucleus. No staining was observed on
coverslip. Similar specific cell staining is seen with CID50930737 (B) and CID49849293 (C).

3.6 Profiling Assays

The probe ML283 and a series of analogues were screened for solubility under conditions
similar to those used in the MBHAs (Table 3.6.1., MOPS buffer). Analogues targeting improved
solubility by replacing the phenyl ring with pyridine ring, produced less potent analogues (2-5
fold decrease in helicase activity, CID50930756 and CID50930734, entries 40 and 41, Table
3.4.2.). Though significantly less potent, these analogues did possess greatly improved
solubility under the assay conditions; for example CID50930756 was soluble at > 100 uM
compared to ML283, which possessed a solubility of 29.2 uM (Table 3.6.1). Future SAR efforts
will focus on combining the solubility enhancing structural elements in analogues which retain
potency for the NS3 helicase. To exclude the possibility that compound aggregation was the
source for the observed helicase inhibition, the solubility of the probe candidate and several
analogues was measured in @ mock assay medium containing BSA, detergent (Tween 20) and
DMSO (Table 3.6.1., assay matrix). These data demonstrate that the probe is sufficiently
soluble (29.2 uM) to fully account for the observed helicase inhibition.
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Table 3.6.1. Comparison of solubility and potency for ML283 and selected analogues

Solubility
CID (M) NS3 potency, ICso (UM)
Structure* 't\)/lucf)fzg |1—|t()-](|clz(<;)ans19) ATPase
SID assay Helicase Protease
matrix” 2a(JFH1)
50930730 H 0.39 26+1 747
N cl
SOsH s o
Me IS |
) N
N
114279600 ML283 29.2 3.9+1 >100
49849293 E 45 27407 30+6
SOH s o
Me S I
104178063 K N 37 23406 >100
NH,
49849300 H 7‘/CJ/ 424 10+£2 194£30
N
SOzH s )
Me s I
104178052 3 N 53+25 39+ 17
H F
49849294 N\(@ 0.4 5.2+0.6 67430
oo
Me
104178054 \C[%_GK 129.4 3.0+08 89 + 47
N
H OMe
49849282 NWKQ/ 2.8 10+3 507
SOH s\,/©/ o
Me |
104178055 \©:S/>_©, N nd 5.4+1.4 83 + 44
N
H COgMe
49849290 N\(@ 2.7 9.7+46 nd
SO4H S\(@ o
Me
104178057 \CES)_@/N nd 24+06 >100
N
H CF3
49849276 Nj‘/@/ 1.1 18204 24+5
SOzH s o
Me S I
104178061 ) N nd 25+1.0 541
N
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t-Bu
49849299 Ep 5.4 8.2£0.99 | 15021
SOzH s o
Me S l
104178062 p N nd 5.0£0.7 56 + 23
N
49849289 H N 0.3 55+2.1 >200
N S
SO;H s o
Me S ]
) N
104178067 N nd 35%1.2 71
H Br
50930740 N)(Q/ 0.8 52+4 5044
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# Measured in MOPS buffer (25 mM MOPS, 1.25 mM MgCl, and 2% v/v final [DMSO], pH 6.5)
® Measured in 25 mM MOPS, 1.25 mM MgCl,, 0.05 mM DTT, 5 pg/mL BSA, 0.01% v/v final [Tween 20] and 5% v/v final [DMSO],

pH 6.5

* All the compounds are ammonium salts except CID49849289

Another physical property of the probe and all its analogues that has been examined is their
optical properties. Compared to P4 (CiD44251437), CID50930730/ML283 has a sharper
absorbance peak centered at 360 nm (Figure 3.6.1.A). When excited at 350112 nm,
CID50930730/ML283 is also more fluorescent than P4 (CID44251437).

Absorbance
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— CID49849294
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Figure 3.6.1. Spectra of CID50930730/ML283 and some analogues. (A) Absorbance of 20 uM
aliquots of the indicated compounds. (B) Fluorescence emission spectra of compounds when
excited at 350 £ 12 nm.

To uncover other off-target effects, the probe has been analyzed for its ability to influence the
interaction of an unrelated nucleic-acid-binding-protein with DNA. The protein chosen was the
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single-stranded DNA binding protein (SSB) encoded by E. coli. SSB has been widely studied
because of its ability to coordinate DNA replication and recombination and is commercially
available (New England Biolabs). We designed a fluorescence polarization-based assay to
monitor the binding of SSB to single-stranded DNA (Figure 3.6.2.A). In the SSB assay, the
polarization of a Cy5-labeled oligonucleotide is monitored. Oligonucleotide polarization
increases when SSB is added to the assay. SSB increased the fluorescence polarization of
Cy5-dT15, with abour 20 nM SSB needed to saturate the oligonucleotide with a K5 of 9.6 + 2
nM in the presence of 5 nM Cy5-dT15. DNA-binding compounds like P4 (CID44251437) cause
SSB to fall from the DNA. The probe and its analogues were added to this assay each in a 16
point 1.5-fold dilution series starting at 100 uM, in order to calculate an ICs, value for each.
Clear differences are apparent with CID50930730/ML283 displacing far less SSB than all other
compounds tested (Figure 3.6.2.B). Concentration response curves reveal that about 67-times
more CID50930730/ML283 (IC5,=200 uM) is needed to displace the same amount of SSB from
DNA than is needed to inhibit HCV helicase in an MBHA (Figure 3.6.2.C). These assays further
support the notion that CID50930730/ML283 is more specific than P4 (ClD44251437), or any
other analogue, with regard to its ability to inhibit NS3 helicase. All data using this
counterscreen are reported in the SAR tables.

A E. coli SSB B c . i cow
— d e ¢
@y o Prefer NS3h 030 s o .
3' - TTTTTPITTTIT-CyS £ 1e .+ ‘ S TN raVa
s c =100 . i
HighPolarization oS ot P
< by o 1: CID50930730ML 283 3: CID49849290
Compound = B P T ¢ 4 NS¥SSB=67 NSHSSB=02
oo 10 4 = W, oF L ,.
o~ Ii__..--'tr + i gl ‘i »
7] 20 TOE, o PreferSSB o.i0 L LT o0 g 8
3 -TTITTTTITITITTIIT-CyS A 1) T e i DTS
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@ ! 10 100 2 CID49649276 4: CID53255450
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Figure 3.6.2. Effect of compounds on the polarization of a Cy5-dT15-E. coli single-
stranded DNA binding protein (SSB) complex. (A) FP based assay to monitor SSB binding to
Cy5-dT15. (B) Ability of various primuline derivatives to inhibit HCV helicase (x-axis) and
decrease polarization of a Cy5-dT15-SSB complex. The dotted line shows where hypothetical
compounds that inhibit both assays with the same potency would lie on the plot. (C) Structures
of the four compounds with the most extreme properties are shown on the right, along with the
ratios of ICsy values obtained in the two different assays.

We have also analyzed the ability of most of the compounds in Table 3.6.1. to inhibit NS3
catalyzed ATP hydrolysis and peptide cleavage. IC5, values for each assay are reported in
Table 3.1.1. and Table 3.6.1.. Importantly, the probe (CID50930730/ML283) maintains an ability
to inhibit the ATP hydrolysis that fuels unwinding, but it is a 50-fold less potent protease inhibitor
than P4 (CID44251437).

The pharmacokinetic (PK) properties of the probe (CID50930730/ML283) were profiled using a
standard panel of assays (Table 3.6.2). The most striking result is the solubility variation
depending on the buffer system used. While the aqueous solubility is low in the PBS--based
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solvent system, in both the detergent-containing (Tween 20) assay matrix and the proprietary
Prisma HT buffer system the compound is readily soluble. The unknown identity of the
components in the Prisma HT buffer system complicates further speculation into the solubility
discrepancy. The solubility results have inspired us to pursue improving compound solubility
through formulation with other solubilizing agents and these experiments are currently in
progress. The low solubility and permeability of the probe (CID50930730/ML283) were not
surprising for a polycyclic aromatic compound of molecular weight 592 g/mol. Encouragingly,
the probe (CID50930730/ML283) was highly stable under the various conditions screened and
possessed no detectable hepatic toxicity. Analogues possessing improved solubility and
PAMPA properties will be the aim of future efforts.

Table 3.6.2. Summary of in vitro ADME properties of ML283 CID50930730

Aqueous PAMPA Plasma Protein Binding Plasma Hepatic Hepatic
Solubility Pe (% Bound) Stability* Microsome Toxicity'
(ng/mLy? (x10°® cm/s)° Human Stability®
(@ pH (@ Donor pH) Mouse/ LC50 (uM)
5.0/6.2/7.4) "'1‘":\‘/'3/“ "’:°L,:A5/e 1:1 Human/
15lHM 1(;lpM Plasma:PBS Mouse
0(5.0)
36.7/>60/>60 0.22 (6.2) %g'g %%%’ 96.7/95.0 83.6/83.1 >50
0(7.4) : :

% in aqueous buffer (phosphate-free), pH’s 5.0/6.2/7.4 @ RT (23-25°C)

® in aqueous buffer (plON),; Donor compartment pH’s 5.0/6.2/7.4; Acceptor compartment pH 7.4 @ RT
¢ in aqueous buffer (pION),; Donor compartment pH 7.4; Acceptor compartment pH 7.4 @ RT

9 % remaining at 3 hr @ 37°C

® % remaining at 1 hr @ 37°C

" towards Fa2N-4 immortalized human hepatocytes

4 Discussion

4.1 Comparison to existing art and how the new probe is an improvement

One of the challenges in developing chemical probes that target helicases is that potent
helicase inhibitors often exert their actions by binding nucleic acid helicase substrates. Such
compounds lack specificity because they can inhibit any protein that needs to access the
genetic material. We attempted to discover more specific helicase inhibitors that do not target
nucleic acids using high throughput helicase and DNA-binding assays, but even the most
promising compounds, which were purified from the most active library sample, interacted with
the DNA substrate in the absence of protein. We have, nevertheless, been able to engineer
potent analogues that interact with DNA less tightly yet still retain an ability to inhibit helicase
catalyzed nucleic acid strand rearrangements. Some of these compounds retain the important
ability to inhibit HCV replication in cells, and could therefore prove useful for antiviral drug
development.

To discover helicase inhibitors that do not bind nucleic acids, we screened a compound library
using a helicase assay that simultaneously detects a compound’s ability to interact with the
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helicase substrate and its ability to interfere with the movement of HCV helicase through DNA.
The results of the screen confirmed that most library samples that block helicase movements
also interact with the helicase substrate. We confirmed that most of the newly uncovered HCV
helicase inhibitors interact with DNA using a DNA binding assay (Figure 3.1.3.). The binding
assay was based on a FID assay (22) that monitors fluorescence changes that occur when a
compound interacts with DNA stained with ethidium bromide. The most active sample in the
screened library that least affected the fluorescence of ethidium bromide-stained DNA was the
yellow dye thioflavine S (CID415676), and potent benzothiazole oligomers were purified from
this dye and its relative, primuline (CID415713). When the most active benzothiazole oligomers
purified from primuline (CID415713) were found to interact with SYBR Green | stained DNA, we
learned that the ethidium bromide-based FID failed to detect the interaction of thioflavine S
(CID415713) with DNA. A more sensitive SYBR Green | assay was therefore developed and
used to chemically optimize the probe by aiding the design of the more specific P2 derivatives.
The observation that DNA-interactions escaped detection in the ethidium bromide-based FID
reinforces the notion that care needs to be taken when using FID assays because DNA-binding
compounds might not displace the bound intercalator. There is likewise still some uncertainty as
to whether or not the derivatives that failed to influence the florescence of SYBR Green-stained
DNA interact with nucleic acids. Preliminary results using isothermal titration calorimetry support
the relative affinities reported here, but more extensive DNA- and RNA-binding experiments
clearly need to be done with these compounds.

’-% 14
2 ] CID50930730/ML283 + P4 (CID44251437)
: + Y +
> + + +
2 P oy $+ + T
3 N + 7 + 3
g 0'1-5 +: f#’# + +@+ + o+
[} ] + +4 n +
& + o Bt o o + 4+ ®
L2 S
T .
+

£ 0.01 Tl ®
< * *

+ . + +

0 50 100

DNA Binding (%@100uM)

Figure 4.1.1. Comparative effects of benzothiazoles in HCV helicase assays. Potency of each
compound tested in the study in MBHAs is plotted against percent ethidium bromide DNA
fluorescence quenched (FID) at 100 uM. Filled circles mark CID50930730/ML283 and P4
(CID44251437). Open Circles mark published helicase inhibitors used for comparison.

The most potent benzothiazoles were notably more effective than the recently reported helicase
inhibitors used for comparison, two of which appeared to function primarily by interacting with
the DNA substrate (CID3084034 and CID46913723). CID50930730/ML283 was nearly as
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potent as P4, and it eliminated the HCV replicon without apparent toxicity similar to both P3
(CID44251436) and P4 (ClD44251437). Also like P4 (CID44251437), CID50930730/ML283
inhibited HCV helicase catalyzed RNA unwinding and ATP hydrolysis (data not shown).

Table 4.1.1. Activity of reference inhibitors under comparison assays

. a DNA Binding
qﬁl(lggrfi) (ethidium Cell Based Assays
(s (M) bromide)® y NS3 NS3
CID so (M ECso (UM) ATPase® | protease
helicase® DNA Binding replicon (% | cell viability | [Cso (UM) ICs0 (UM
2a(JFH1) (SYBR Green I)** | inhibition @ (% @ 10
ICs0 (UM) ECso (UM) 10 uM) UM)
50904396 >100 >100
>100 >100 817 31+4 >200 >100
46202556 28 +25 >100
516 >100 73149 79+4 >200 85+ 62
3084034 29+16 4+2
1717 1722 23+2 73+5 >200 72 +£27
46913723 24 + 30 31+9
18:8 723 14 46 +13 69+3 >200 >100
486270 7.5+0.1 nd
510 14+ 10 96 +4 31+ 11 >200 49 + 17

®Helicase (MBHA), DNA binding (FID), ATP hydrolysis, and protease were monitored in the presence of 8 different concentrations of
each compound (2-fold dilution series starting at 100 uM). ICs, values were determined from dose-response curves. Dissociation
constants were calculated with equation 5. All values are means + standard deviations from three independents titrations with inhibitor.
ND, not determined.

®Average (+SD) percent bound at 100 uM is reported for compounds that did not decrease the fluorescence of SYBR Green | stained
DNA more than 50% at the highest concentration tested.
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Figure 4.1.2. Dose response curves for helicase inhibitors used for comparison. MBHAs were
performed in the presence of the indicated concentrations of each compound. Reactions were
initiated after 210 seconds by adding ATP to a final concentration of 1 mM. Data obtained after
ATP addition are fit to a first order decay equation to calculate initial rates in the presence of
various concentrations of each compound. ICs, values in Table 4.1.1 are calculated by fitting
initial rates to Eq. 3 (Methods).

The compounds reported here are more potent and specific than other recently reported HCV
helicase inhibitors (Table 4.1.1., Figure 4.1.2.). Only CID3084034 and CID486270 inhibited
MBHAs with a potency similar to ML283, although the precise effects of CID3084034 and
CID46913723 on HCV helicase action were difficult to assess because both interfered with the
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MBHA. In cells, some of comparison compounds inhibited the replicon like the probe and its
analogues. Only CID46202556 was more effective than the probe analogue that was most
active in cells (CID50930749). None of the comparison helicase inhibitors were particularly toxic
at 10 yM except for CID50904396.

We have also not been able to reproduce all of the results previously reported for the
comparison helicase inhibitors. For example, the nucleotide mimic CID50904396, which had
been reported to have a K; of 20 nM (18) had almost no detectable effect on the MBHA at 5,000
times higher concentration (Table 4.1.1.). While it had some antiviral activity, the activity was
coupled with notable toxicity at 10 uM (Table 4.1.1.). The acridone CID46202556 was about 17-
times less potent in our helicase assay than it was in a previously reported assay, but yet it still
was one of the most effective compounds in eliminating the HCV replicon. Similarly, although its
interaction with the helicase substrate obscured effects in our MBHA, the triphenylmethane
CID3084034 displayed no inhibition at its previously reported ICsy of 12 puM, although the
compound did not appear as cytotoxic as had been reported (20). CID46913723 had antiviral
activity as previously reported, but again, compound interference in the MBHA made its effect
on the helicase in vitro difficult to judge (21).

To test if our different results were due to different assay conditions, we have repeated helicase
assays with the above inhibitor using a helicase assay that did not rely on molecular beacons.
Using the same assay that was designed by Boguszewska-Chachulska et al. (39) we found that
all four comparison compounds were about 5 times more potent, but they were still 5-10 times
less potent than the probe or its most potent analogues. Interestingly, we found that the activity
for the acridone (CID46202556) was pH dependent and it only inhibited unwinding above pH 7.
Also the nucleotide mimic (CID50904396) only appears to inhibit the reaction when MgCl, was
substituted with MnCl,. The effect of all four comparative compounds is enhanced when
reaction temperatures are increased from 23 °C to 37 °C where the DNA is less stable and
more easily unwound by the helicase. In contrast, temperature does not seem to affect the 1Csg
of the probe or its more potent analogues.

In conclusion, we have found that the commercial dyes thioflavine S (CID415676) and primuline
(CID415713) contain potent compounds for the inhibition of the NS3 helicase of HCV. We show
here that minor components of primuline (CID415713) inhibit both the HCV helicase and HCV
replicon replication. The antiviral potential of these trimeric and tetrameric benzothiazoles
inspired the derivatization of the more abundant dimeric constituent. Several derivatives were
found to be close in potency to the isolated trimer or tetramer in the MBHA and to possess
improved DNA-binding profiles. Importantly, the antiviral potential of this class of helicase
inhibitors does not appear to depend entirely on either their ability to inhibit HCV helicase or
bind DNA. We speculate that the ability to inhibit HCV replication results from a compound’s
ability to enter Huh7.5 cells, which can be monitored by examining compound fluorescence
when they are administered to cells. In cell culture, both thioflavine S (CID415676) and
primuline (CID415713) do not stain Huh7.5 cells, but preliminary data suggest that some of the
derivatives enter cells. As described below, effects of the most potent replicon inhibitors of HCV
replication (e.g. ML283) are presently being examined in more detail. The results of these
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studies will be used to inform additional chemistry efforts toward helicase inhibitors, which is an
ongoing concern of our laboratories.

4.2 Mechanism of Action Studies

Experiments geared towards understanding how the probe inhibits the helicase reaction in vitro
and how the probe disrupts cellular HCV replication are presently in progress in our
laboratories.

Biochemical assays are being performed similar to the ones done with primuline, thioflavine S,
and other helicase inhibitors (32). Briefly, steady state kinetics is being used to test if the probe
competes with other known NS3 ligands like ATP, RNA, the NS4A peptide, and a variety of NS3
protease inhibitors. Intrinsic protein fluorescence and the fluorescence of the probe itself are
being used to examine the direct interaction of the protein and probe, with Férster resonance
energy transfer being used to estimate atomic distances. Some of the more soluble analogues
are being used with isothermal titration calorimetry to better understand the thermodynamics
explaining interaction between the probe, NS3 and nucleic acids.

Cellular experiments in progress include more detailed studies of the kinetics of HCV inhibition
using both HCV replicons and cells infected with the JFH1 strain virus, which is uniquely
capable of replication in cell culture. We are also examining methods to best deliver the probe in
the cells to yield a more potent and reproducible antiviral effect. The probe and its more potent
analogues are also being added to cells with HCV protease inhibitors and other drugs in clinical
trials to examine for synergistic and antagonistic effects that might occur when helicase
inhibitors are combined with other direct acting antivirals.

4.3 Planned Future Studies

The obvious next experiment to be done with this probe would be to test its effect on the
replication of authentic HCV. All the work here was done using purified, recombinant HCV
proteins and modified HCV subgenomic replicons. Such systems are HTS compatible, but they
fail to recapitulate the complete HCV lifecycle. Future studies should therefore involve HCV
capable of replicating in cell culture (47). We suspect that the probe will be more effective with
authentic HCV because the helicase has been recently shown to interact with the HCV
structural protein, core, which is not present in subgenomic replicons (48). The fact that the
probe analogue most active in cells, CID50930749, is less selective than the probe raises the
interesting possibility that the antiviral effect seen with other helicase inhibitors is not due to a
direct attack on NS3h but rather a non-specific attack on related helicase or nucleic acid binding
proteins. This is an interesting hypothesis that could be rigorously tested using C/ID50930749,
the probe, and some of the other compounds reported here. Since probe solubility might still
limit its use in such studies, future efforts will also be devoted to synthesizing and testing more
soluble analogues.

In other studies, the probe and analogues will also be tested against RNA helicases encoded by
other organisms, as well as a panel of ATPase and proteases. If the probe lacks specificity in
such experiments, more analogues will be designed to enhance specificity. Planned future
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studies that could enhance specificity include more detailed structural studies using X-ray
crystallography, followed by structure-based design of more specific derivatives of the probe.
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Appendix A: Details for the Material and Methods for the assays listed in Table 2.1.1.

Materials. Thioflavine S and primuline were purchased from Sigma (Cat. #T1892) and MP
Biomedicals (Cat #195454), respectively. The Mechanistic Diversity Library was obtained from
the National Cancer Institute (NCI, http://dtp.cancer.gov/repositories.html). All other reagents
were purchased from commercial suppliers and used as received. All oligonucleotides were
purchased from Integrated DNA Technologies (IDT, Coralville, IA). The partially DNA substrates
used in MBHAs consisted of a helicase substrate forming 25 base pairs and consists of a 45-
mer bottom strand 5-GCT CCC CGT TCA TCG ATT GGG GAG C(T)20-3'and the 25-mer HCV
top strand 5’-Cy5-GCT CCC CAA TCG ATG AAC GGG GAG C-IBRQ-3'. The 19-base pair RNA
substrate used in MBHAs consisted of a 39 nucleotide long bottom strand 5-AGU GCC UUG
ACG AUA CAG C(U)20-3" and the 24 nucleotide long top strand 5-Tye665-AGU GCG CUG
UAU CGU CAA GGC ACU-IBRQSp-3’. Underlined areas denote hairpin-forming regions. DNA
and RNA substrates were annealed and purified as described previously (14).

The cloning, expression, and purification of His-tagged recombinant HCV NS3 protein has been
described previously (33, 40-42).

Helicase Assays [AIDs: TBD]. All assays were performed with helicase isolated from two
different HCV genotypes (i.e. NS3h_1b(con1) and NS3h_2a(JFH1)). The genotype 1b is the
basis for most HCV replicons (34) and genotype 2a(JFH1) is a unique strain capable of
replicating in cell culture (43). All Molecular Beacon-based Helicase Assay (MBHAs) were
performed as described before.(14, 42) For screening the NCI library, MBHAs contained 25 mM
MOPS pH 6.5, 1.25 mM MgCI2, 5.0 nM MBHA substrate, 12.5 nM NS3h_1b(con1), 0.05 mM
DTT, 0.005 mg/mL BSA, 0.001% Tween20 with 20 uM each test compound (2% v/v final
DMSO). In each flat black 384-well plate, 56 compounds were tested, in triplicate, along with 3
negative controls (DMSO only), 3 positive controls (500 nM dT20), and 2 wells with no enzyme.
Fluorescence was read before ATP (F0) addition and 30 minutes after ATP was added to 1 mM
(F30) using a Tecan Infinite M200 fluorescence microplate reader with excitation and emission
wavelengths set to 643 and 670 nm, respectively. Percent inhibition was calculated with
equation 1, and compound interference in the MBHA was calculated with equation 2.

ey FCO)
Inhibition (%) = L% £ 109
1— F)y
F)s (Equation 1)
Interference (ratio) = Feq
FGo (Equation 2)

In equations 1 & 2, Fc¢y is the fluorescence of the reactions containing the test compound before
adding ATP, Fcjy is the fluorescence of the test compound reaction 30 minutes after adding
ATP. F(-)o is the average of 3 DMSO-only negative control reactions before adding ATP and F(-
)30 is the average of three DMSO-only reactions 30 minutes after adding ATP.
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To monitor helicase reaction kinetics and to calculate ICsy values, MBHAs were performed in a
volume of 60 pL in white 72 area 96-well plates and measured in a Thermo Varioskan Multimode
reader (Thermo Scientific) using the 643 nm excitation wavelength and 667 emission
wavelengths. Reactions were performed by first incubating all components except for ATP for
two minutes, then initiated by injecting in 1/10 volume of ATP such that the final concentration of
all components was as noted above. Initial reaction velocities were calculated by fitting first
order decay equation to data obtained after ATP addition and calculating an initial velocity from
the resulting amplitude and rate constant. The concentration at which a compound causes a
50% reduction in reaction velocity (ICso) was calculated by fitting compound concentration to
initial velocity using equation 3:

v, = S -
1[[11)
1C50

where vy is the velocity observed in DMSO-only controls, h is the Hillslope coefficient, [l] is the
concentration of test compound.

(Equation 3)

Table A.1. Critical reagents for the helicase assays

Reagent Resource Catalogue Number
NS3h_1b(con1) helicase Frick Lab N/A
NS3 2a(JFH1) helicase Frick Lab N/A
5'-Cy5- Integrated DNA N/A
GCTCCCCAATCGATGAACGGGGAGC- technologies
IBRQ-3’
5-GCT CCC CGT TCATCG ATT GGG Integrated DNA N/A
GAG C(T)20-3 technologies

DNA Binding Assays [AlIDs: TBD]. Fluorescent intercalator displacement (FID) assays (22)
were used to measure the ability of a compound to bind the MBHA substrate. The concentration
at which half the ethidium bromide is displaced (ECs), were determined using the different
conditions as above to more closely mimic the conditions of a standard helicase assay. Each 60
WL reaction contained 25 mM MOPS pH 6.5, 0.32 yM MBHA DNA substrate (lacking Cy5 and
IBQ-RQ modifications), 2 yM ethidium bromide, and various concentrations of test compound.
Fluorescence of ethidium bromide was monitored using excitation and emission wavelengths of
545 and 595 nm, respectively, on a Cary Eclipse fluorescence spectrophotometer in white 96-
well plates. The amount of ethidium bromide-DNA complex fluorescence was used to estimate
the ability of compounds to bind DNA, and therefore displace the fluorescent intercalator
(ethidium bromide).

Binding(%) =(1—FC‘—F(+)jx 100

F(-)-F(+ (Equation 4)
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In equation 4, Fc is the fluorescence in the presence of the compound, F(-) is the average
DMSO-only negative controls, and F(+) is the average positive controls (100 uM berenil). ECs
values were from a normalized dose response curve.

A modified FID assay in which ethidium bromide was replaced with SYBR Green | (Invitrogen)
was used to estimate a compound affinity for the MBHA substrate. Reactions were performed
as described above except that the DNA substrate was present at 0.64 uM, ethidium bromide
was absent and SYBR Green | was present at 0.68 uM. Data were normalized as described
above and fit to dose response equation using GraphPad Prism software. Titrations with each
compound were performed in triplicate and ECsy values from three independent titrations are
reported * standard deviations. Average percent bound at 100 uM is reported for compounds
that did not decrease the fluorescence of SYBR green stained DNA more than 50% at the
highest concentration tested.

Table A.2. Critical reagents for the DNA binding assays

Reagent Resource Catalogue Number
Ethidium bromide Alfa Aesar L07482
SYBR Green | Invitrogen S-7585
5-GCT CCC CAATCG ATG | Integrated DNA Technologies N/A
AAC GGG GAG C-¥
5-GCT CCC CGT TCATCG | Integrated DNA Technologies N/A
ATT GGG GAG C(T)20-3

ATP Hydrolysis Assays [AlIDs: TBD]. A modified “malachite green” assay was used to
measure ATP hydrolysis(44). Reactions were 30 yL and contained 25 mM MOPS pH 6.5, 1.25
mM MgCl,, and 1 mM ATP.. The colorimetric reagent was prepared fresh by mixing 3 volumes
0.045% (w/v) malachite green, 1 volume 4.2% ammonium molybdate in 4N HCI, and 0.05
volume of 20% Tween 20. For SAR profiling, reactions were performed in 10% DMSO with 8
concentrations of each compound ranging from 200 uM to 1.6 yM in the absence of RNA with
100 nM of NS3h_1b(Con1). Reactions were initiated by adding ATP, incubated for 30 minutes
at 23 °C, and terminated by adding 200 pl of the malachite green reagent, followed by 30 uL of
35% sodium citrate. The color was allowed to develop for 30 minutes and absorbance at 630
nm was read. Percent inhibition was calculated by normalizing the data to reactions without
enzyme (100% inhibition) and reactions with DMSO only (0% inhibition).

Table A.3. Critical reagents for the ATP hydrolysis assays

Reagent Resource Catalogue Number
NS3 1b(con1) helicase Frick Lab N/A
Poly(U)RNA Sigma-Aldrich P9528-100MG
Malachite green ACROS 41349-0250

NS3 Protease Assay [AIDs: TBD]. All protease assays were carried out using the AnaSpec
Enzolyte 520 Protease Assay Kit according to the manufacturer’s protocol (AnaSpec, San Jose,
CA). Each assay contained either the test compound, DMSO as a negative control or 20 uM of
the HCV protease inhibitor. Assays were carried out in a total volume of 20 pL in black 384-well
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plates with fluorescence measured using a BMG FLUOstar Omega fluorescence
spectrophotometer. The protease enzyme used was 10 nM of “single chain” NS3-NS4A (scNS3-
4A), where the portion of NS4A needed for protease activation tethered to its N-terminus of NS3
(33). ICso values were calculated from slopes of the initial reaction phases fit to compound
concentration as determined with equation 3 (above).

Table A.4. Critical reagents for the NS3 protease assay

Reagent Resource Catalogue Number
NS3-NS4A (scNS3-4A) Frick Lab N/A
AnaSpec Enzolyte 520 AnaSpec 71145

Protease Assay Kit

E. coli SSB DNA binding Assay [AIDs: TBD]. Assays were performed in 60 pL in 384-well
black microplates. All assays contained 5 nM Cy5-dT15 DNA (5-CyS TT TTT TTT TTT TTT T -
3’), 20 nM E. coli SSB (New England Biolabs), 25 mM MOPS, pH 7.5, 1.25 mM MgCl,, 0.0025
mg/ml BSA, 0.005% (v/v) Tween20, and 0.025 mM DTT. Compounds dissolved in DMSO were
added at the indicated concentration, and Cy5 fluorescence polarization was read using a G-
factor calculated from a well lacking SSB or test compounds. Percent displacement was
calculated by first calculating percent binding as described above for the FID assay then
subtracting percent binding from 100.Dose response curves were fit to the data to calculate ICsq
values.

Table A.5. Critical reagents for the E. coli SSB DNA binding assay

Reagent Resource Catalogue Number
Cy5-dT15 DNA Integrated DNA Technologies Custom synthesis
E. coli SSB New England Biolabs M301A

HCV Subgenomic Replicon Assay [AIDs: TBD]. An HCV Renilla luciferase (HCV RLuc)
reporter construct was used to measure the effect of each compound on cellular HCV RNA
levels. The replicon was a generous gift from Seng-Lai Tan. In HCV RLuc, the HCV internal
ribosome entry site (IRES) drives the translation of the neomycin and Renilla luciferase genes
while the HCV nonstructural proteins (NS3 to NS5B) are translated from the
Encephalomyocarditis virus IRES (37). The plasmid DNA was cleaved with Sca |, purified by
phenol/chloroform extraction followed by ethanol precipitation, and used as template for RNA
transcription using MEGAscript™ T7 RNA transcription kit (Ambion, Austin, TX). The RNA
transcripts were treated with 2 U DNase | (Ambion) at 37 °C for 30 min, purified by acid
phenol/chloroform extraction, followed by isopropanol precipitation, and suspended in
diethylpyrocarbonate-treated water. RNA concentration was determined by spectrophotometry
by measuring the OD260. RNA integrity and size was checked on 1% agarose gel. Transcribed
RNA was stored in aliquots at -80 °C until needed.

Huh7.5 cells RNA were transfected with HCV RNA by electroporation. Briefly, subconfluent
Huh7.5 cells were trypsinized, suspended in complete growth medium, and centrifuged at 1,000
x g for 5 min at 4 °C. The cell pellets were then washed twice with ice-cold phosphate-buffered
saline (PBS) and suspended at 1.75 x 10" cells/mL in ice-cold PBS. Replicon RNA (5 pg) was
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mixed with 0.4 ml of cell suspension and transferred to a 2 mm gap width electroporation
cuvette (Eppendorf AG, Germany) and pulsed with 5 times for 99 psec at 820 V over 1.1 sec
intervals using the ECM 830 electroporator instrument (BTX Harvard Apparatus, Holliston, MA).
After a 5 min recovery period at room temperature, cells transferred to 10 mL complete growth
medium, and seeded into 10 cm diameter cell culture dishes. 24 Hours after transfection, the
medium was replaced with fresh complete DMEM supplemented with 1 mg/mL geneticin
(Invitrogen) and the medium was replaced every three to four days with fresh medium
containing 1 mg/mL geneticin. Geneticin-resistant colonies were selected for a period of two
weeks and expanded in the presence of 250 ug/mL geneticin.

HCV RLuc replicon cells were seeded at a density of 10,000 cells per well in 96-well plates and
incubated for 4-5 h to allow the cells to attach to the plate. The compounds dissolved in dimethyl
sulfoxide (DMSO) were added at a final concentration of 10 yM (DMSO solvent final
concentration was 0.5%) and the cells were incubated for 72 h at 37 °C under 5% CO,
atmosphere. The effects of compounds on HCV replication were then assessed by measuring
the Renilla luciferase activity in compound-treated versus DMSO-treated cells. At the end of the
incubation period, the medium was aspirated and the cells were washed with 1 x PBS. The
Renilla luciferase reporter gene assay was performed using the Renilla luciferase assay kit
(Promega, Madison, WI) according to the manufacturer’s instructions. Briefly, the cells were
lysed by addition of 50 yL of Renilla luciferase lysis buffer (Promega) followed by two cycles of
freeze/thaw. The luciferase activity content of the lysate was measured with a FLUOstar Omega
microplate reader instrument (BMG Labtech, Germany) after injecting 50 pL of luciferase
substrate and reading for 5 s.

Table A.6. Critical reagents for the HCV subgenomic replicon assay

Reagent Resource Catalogue Number
HCV Rluc Seng-Lai Tan N/A
SCA | New England Biolabs R0122S
2 U DNase | Ambion 2238G2
Huh-7.5 cells Rice Lab (Rockefeller U) N/A
DMEM Invitrogen 11995
Geneticin Invitrogen 10131
Renilla luciferase assay kit Promega E2820
MEGAScript RNA Ambion AM1334
transcription kit

Cell Viability Assay [AIDs: TBD]. To assess compound toxicity towards Huh-7.5 cells, cells
were plated and treated as above and cell viability was assessed using the cellTiter-Glo
luminescent cell viability kit (Promega) following the manufacturer’s instructions. Briefly, at the
end of a 72 h incubation period, the medium was aspirated and the cells were washed with 1x
PBS, then an equal volume of growth medium and cellTiter-Glo reagent was added and the
lysis was initiated by mixing on an orbital shaker. The plate was incubated at 23 °C for 30 min
and the luciferase activity was measured for 1 s using the FLUOstar Omega microplate reader
(BMG Labtech).
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Table A.7. Critical reagents for the cell viability assay

Reagent Resource Catalogue Number
Huh-7.5 cells Rice Lab (Rockefeller U) N/A
CellTiter-Glo luminescent cell Promega G7572
viability kit

Cellular HCV RNA quantification Assays [AIDs: TBD]. At the end of the treatment the cells
were washed 2 times with ice cold phosphate buffered-saline and harvested by scraping and
collected by low speed centrifugation at 1000 x g for 5 min at 4 °C. Total RNA was then
extracted using TRizol total RNA extraction kit (Invitrogen) following the manufacturer’s
instructions and suspended in 30 pL of nuclease-free water. RNA concentration was determined
by reading the absorbance at 260 nm and RNA samples were stored in aliquots at -70 °C until
needed. Real time RT-PCR was performed with the TagMan chemistry using 1 ug total RNA
and the qScript™ One-step Fast qRT-PCR kit (Quanta Biosciences, Gaithersburg, MD)
following the manufacturer’s instructions. Reverse transcription was done at 50 °C for 20 min
followed by one cycle at 95 °C for 5 min and 40 cycles at 95 °C, 15 sec and 60 °C for 1 min.
HCV primers and probe target the HCV 5’UTR. The house-keeping gene rRNA was amplified in
parallel for normalization. The expression levels of HCV RNA in each sample were determined
by first calculating the AC+; of each sample which was obtained by subtracting the threshold
cycle (Ct) of each sample including the DMSO-control sample to that of the corresponding
housekeeping gene rRNA. The relative expression level was then determined by the 224
method where AAC+ is the difference between the AC; of each sample to that of the DMSO-
control sample.

Table A.8. Critical reagents for the Cellular HCV RNA quantification assay

Reagent Resource Catalogue Number
TRizol reagent Invitrogen 15596-026
gScript One-Step Fast qRT- Quanta Biosciences 95079-500
PCR kit

Indirect immunofluorescence staining [AIDs: TBD]. Huh-7.5/Rluc cells were plated on cover
slips in a 24 well plate. The next day, compounds were added at a 10 uM concentration and
after 48 h from the first addition, the medium was supplemented with 10 uM compound.
Interferon alpha2a was used as control and 100 U/well was added at same time points as
compounds were added. After 72 h of treatment, Indirect immunofluorescence staining was
performed as described previously (45). Cells were fixed in 1% PFA for 40 min, washed thrice
with 5 mL PBS, permeabilized with 0.05% saponin (Sigma Aldrich) and blocked with 3% BSA
(PAA) in 1 x PBS for 1 h at 37 °C. Subsequently, cells were washed with 2 mL 1 x PBS three
times and added the mouse monoclonal antibody 9E10 against NS5A (a kind gift from Charles
Rice, Rockefeller University) (46) pre-diluted in blocking buffer. Incubated for 1 h at room
temperature. Cells were washed three times with 2 mL 1 x PBS and once with 3% BSA. The
cells were then incubated with Alexa 546 goat F(ab')2 anti-mouse immunoglobulin G (IgG)
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(Invitrogen) for 1 h at room temperature. Cells were washed twice with 1 x PBS and then
mounted on glass slides using ProLong Gold anti-fade reagent (Invitrogen). Appropriate controls
were performed to rule out nonspecific binding of primary antibody and secondary antibody.

Table A.9. Critical reagents for the Indirect immunofluorescence staining assay

Reagent Resource Catalogue Number
Huh-7.5/Rluc cells Frick Lab N/A
Interferon alpha2b PBL Biomedical Laboratories 11105-1

saponin Sigma Aldrich 47036

Mouse monoclonal antibody Charles Rice, Rockfeller N/A
9E10 University
Alexa 546 goat F(ab)2 anti- Invtirogen A-11018
mouse immunoglobulin G
ProLong Gold Invitrogen P36934

Microscopy. Wide-field microscopy was performed with a Nikon Ti-E inverted fluorescence
microscope using a 40 x/NA 1.4 objective. Compounds were imaged using DAPI filter 340/40
band-pass excitation and a 435/50 band pass emission filter. For Alexa 546, a 528/25 nm band
pass excitation filter and 590/60 nm band-pass emission filter were used. Image acquisition was
performed with an Q imaging Rolera camera and the NIS elements basic research imaging
software (Nikon). Images were processed uniformly by using NIH Image J 1.45m image

analysis software.
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Appendix B: NMR Data and LCMS Data for Probe Compound for Probe
CID50930730/ML283:
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Figure B.1. Proton NMR spectrum for SID114279600 (CID50930730)
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Figure B.2. Carbon NMR spectrum for SID114279600 (CID50930730)
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Peak # |RT Height |Height % Area Area % Area Sum % Width
1 2.212 2.37 2.15 4.02 2.42 2.27, 0.025
2 2.459 3.14 2.85 5.12 3.08 2.88] 0.025
3 2.59 1.33 1.21 2.3 1.38 1.3 0.027
4 2.684] 110.25 100] 166.02 100 93.56 0.024

Figure B.3. LCMS purity data at 214 nm for SID114279600 (CID50930730); LCMS retention
time: 2.68; purity at 214 nm = 93.6%.
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Figure B.4. HRMS data for SID114279600 (CID50930730); HRMS (ESI) m/z calcd for
C2sH19CIN30,4S3 ([M+H]), 592.0226, found 592.0228.
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Appendix C: Continuation of Section 2.3, Probe Preparation.

Supporting information for supporting analogues submitted with the probe is detailed below.

H
_ N+H " N Cl
SO, S o)
Me S |
p N
N

ML283
CID50930730

2'-(4-(3-chlorobenzamido)phenyl)-6-methyl-[2,6'-bibenzo[d]thiazole]-7-sulfonic acid. 'H
NMR (500 MHz, DMSO) 6 10.69 (s, 1H), 8.93 (d, J = 1.8 Hz, 1H), 8.26 (dd, J = 1.8, 8.5 Hz, 1H),
8.18 — 8.15 (m, 3H), 8.08 — 8.01 (m, 3H), 7.97 (d, J = 8.2 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.74
—7.67 (m, 1H), 7.61 (t, J = 7.9 Hz, 1H), 7.38 (d, J = 8.6 Hz, 1H), 7.19 (s, 1H), 7.09 (s, 1H), 6.99
(s, 1H), 2.71 (s, 3H). *C NMR (126 MHz, DMSO) & 169.3, 168.6, 164.4, 155.2, 152.2, 142.1,
140.1, 136.5, 135.4, 133.23, 133.17, 132.3, 131.7, 130.5, 130.3, 130.1, 128.1, 128.0, 127.5,
126.6, 125.4, 123.0, 122.6, 121.2, 120.5, 20.3. HRMS (m/z): calcd for C,sH19CIN30,4S; (neutral

M+H) 592.0226; found 592.0228.

ClD49849293

2'-(4-(2-naphthamido)phenyl)-6-methyl-[2,6'-bibenzo[d]thiazole]-7-sulfonic acid. 'H NMR
(500 MHz, DMSOQO) & 10.79 (s, 1H), 8.94 (d, J = 1.8 Hz, 1H), 8.65 (s, 1H), 8.26 (dd, J = 1.8, 8.5
Hz, 1H), 8.20 — 8.16 (m, 3H), 8.15 - 8.02 (m, 6H), 7.91 (d, J = 8.0 Hz, 1H), 7.69 — 7.64 (m, 2H),
7.39 (d, J = 8.5 Hz, 1H), 7.19 (s, 1H), 7.09 (s, 1H), 6.99 (s, 1H), 2.72 (s, 3H). *C NMR (126
MHz, DMSO) & 169.4, 168.6, 165.9, 155.2, 152.2, 142.5, 140.1, 135.4, 134.4, 133.2, 132.3,
132.0, 131.9, 130.3, 130.1, 129.0, 128.2, 128.13, 128.10, 128.0, 127.8, 127.7, 126.9, 125.4,

124.4, 123.0, 122.6, 121.2, 120.4, 20.3. HRMS (m/z): calcd for CsH2oN304S; (neutral M+H)
608.0772; found 608.0760.
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ClD49849294

2'-(4-(4-fluorobenzamido)phenyl)-6-methyl-[2,6'-bibenzo[d]thiazole]-7-sulfonic acid. 'H
NMR (400 MHz, DMSO) & 10.61 (s, 1H), 8.93 (d, J = 1.8 Hz, 1H), 8.26 (dd, J = 1.8, 8.5 Hz, 1H),
8.21 — 8.13 (m, 3H), 8.13 — 8.07 (m, 2H), 8.07 — 8.00 (m, 2H), 7.92 (d, J = 8.0 Hz, 1H), 7.43 —
7.38 (m, 3H), 7.22 (s, 1H), 7.10 (s, 1H), 6.97 (s, 1H), 2.72 (s, 3H). *C NMR (101 MHz, DMSO)
6 169.3, 168.6, 164.7, 163.0, 155.2, 152.2, 142.3, 140.1, 135.4, 133.2, 132.3, 131.04, 131.01,
130.6, 130.5, 130.3, 130.1, 128.1, 127.8, 125.4, 123.0, 122.6, 121.2, 120.4, 115.5, 115.3, 20.3.
HRMS (m/z): calcd for CygH1gFN30,4S3 (neutral M+H) 576.0522; found 576.0509.

Y48
S

CID50930749

2'-(4-(3,5-bis(trifluoromethyl)benzamido)phenyl)-6-methyl-[2,6'-bibenzo[d]thiazole]-7-
sulfonic acid. '"H NMR (500 MHz, DMSO) & 10.96 (s, 1H), 8.94 (d, J = 2.2 Hz, 1H), 8.66 (s,
2H), 8.41 (s, 1H), 8.26 (dd, J = 1.8, 8.5 Hz, 1H), 8.21 (d, J = 8.8 Hz, 2H), 8.16 (d, J = 8.7 Hz,
1H), 8.04 (d, J = 8.8 Hz, 2H), 7.91 (d, J = 8.0 Hz, 1H), 7.38 (d, J = 8.5 Hz, 1H), 7.19 (s, 1H),
7.09 (s, 1H), 6.99 (s, 1H), 2.71 (s, 3H). *C NMR (126 MHz, DMSO) & 169.2, 168.6, 162.9,
155.2, 152.2, 141.6, 140.1, 136.8, 135.4, 133.2, 132.3, 130.9, 130.6, 130.4, 130.3, 130.13,
130.06, 128.7, 128.4, 128.2, 126.4, 125.4, 124.2, 123.1, 122.6, 122.0, 121.2, 120.7, 20.2.
HRMS (m/z): calcd for C3oH1sFsN304S; (neutral M+H) 694.0364; found 694.0340.

m@*@“@
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2'-(4-(3,4-dichlorobenzamido)phenyl)-6-methyl-[2,6'-bibenzo[d]thiazole]-7-sulfonic  acid.
'H NMR (500 MHz, DMSO) 5 10.71 (s, 1H), 8.92 (d, J = 1.8 Hz, 1H), 8.30 — 8.21 (m, 2H), 8.17 —
8.14 (m, 3H), 8.02 (d, J = 8.8 Hz, 2H), 7.98 (dd, J = 2.1, 8.4 Hz, 1H), 7.90 (d, J = 8.0 Hz, 1H),
7.84 (d, J=8.4 Hz, 1H), 7.38 (d, J = 8.6 Hz, 1H), 7.20 (s, 1H), 7.10 (s, 1H), 7.00 (s, 1H), 2.71 (s,
3H). *C NMR (126 MHz, DMSO) & 169.2, 168.6, 163.5, 155.2, 152.2, 141.9, 140.1, 135.4,
134.8, 134.6, 133.2, 132.3, 131.3, 130.8, 130.3, 130.1, 129.7, 128.2, 128.09, 128.06, 125.4,
123.0, 122.6, 121.2, 120.5, 20.3. HRMS (m/z): calcd for CysH1sCloN304S3 (neutral M+H)
625.9836; found 625.9833.

NN
S_O N+H4 \n/
3 S 0
) N
N

CID53356656

2'-(4-(3-(4-methoxyphenyl)ureido)phenyl)-6-methyl-[2,6'-bibenzo[d]thiazole]-7-sulfonic
acid. "H NMR (400 MHz, DMSO) & 9.06 (s, 1H), 8.90 (d, J = 2.3 Hz, 1H), 8.64 (s, 1H), 8.24 (dd,
J=1.8, 8.5Hz, 1H), 8.13 (d, J = 8.9 Hz, 1H), 8.08 (d, J = 8.8 Hz, 2H), 7.91 (d, J = 8.0 Hz, 1H),
7.69 (d, J = 8.8 Hz, 2H), 7.42 — 7.38 (m, 3H), 7.03 (s, br. 3H), 6.91 (d, J = 9.1 Hz, 2H), 3.74 (s,
3H), 2.72 (s, 3H). ®C NMR (126 MHz, DMSO) & 169.5, 168.6, 155.3, 154.7, 152.3, 152.2,
143.4, 140.1, 135.3, 133.1, 132.31, 132.25, 130.1, 128.3, 125.8, 125.3, 122.8, 122.6, 121.1,
120.2, 118.0, 114.0, 55.1, 20.2. HRMS (m/z): calcd for Cy9H23N4,O5S; (neutral M+H) 603.0831;
found 603.0831.
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Appendix D: Description of the outcome for the screen of 827 compounds from the NCI
DTP compound collection.

Compounds are ranked by their ability to inhibit HCV helicase catalyzed DNA unwinding as calculated
from equation 1 (Appendix A). Assay interference was calculated with equation 2 (Appendix A).

NSC# Inhibition (%) Interference (Ratio)

363998 138.7 0.17
175493 136.8 0.57
273829 105.0 0.26
34391 100.6 0.24
69187 99.2 0.22
34931 89.2 0.90
70845 84.4 0.59
154890 794 0.29
640199 76.4 0.70
640506 711 0.91
337766  70.0 0.65
85561 68.8 0.90
71948 67.5 0.91
3053 67.5 0.55
627168  64.3 0.53
44690 61.5 0.66
166454  60.4 0.18
10010 56.7 0.23
208734  56.5 0.56
638352  56.2 0.89
87206 55.6 0.92
526417  55.2 0.86
14229 55.1 1.08
58514 54.9 1.04
622124 542 1.1
51148 53.4 0.94
15200 53.4 0.75
142982  53.1 0.75
136044  47.9 0.33
258812 464 0.64
338259  45.5 0.93
699479 451 0.38
276299 421 0.54
219734 418 0.26
98904 41.2 0.89
93419 38.9 0.91
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265450  38.9 0.54
96932 38.8 0.59
5159 38.6 1.03
181486  38.3 0.50
637993  37.7 0.77
224124  37.7 0.93
245432 374 1.06
623135 36.6 0.87
316157 36.4 0.70
268986  36.0 0.81
24559 36.0 0.91
290205 34.9 1.03
73413 34.8 0.99
146397 343 0.67
70422 33.9 0.85
652174 334 0.87
667467  33.3 0.89
145366  33.1 0.53
329696  32.6 0.81
354844  32.6 0.93
70929 32.1 0.20
13973 31.8 0.28
255109 317 0.77
267229 315 0.49
18805 31.0 0.98
268242  30.6 0.88
14574 30.3 0.85
85700 20.7 0.46
641607 294 1.03
305782 284 0.87
288010  28.3 1.01
305819  28.1 0.99
668270  28.1 0.83
678917 281 0.89
326231 28.0 0.94
18268 27.6 0.61
622732 274 0.92
347466  27.4 0.89
184403 274 0.42
28002 271 1.08
600305 26.6 0.91
603169  26.2 0.22
53908 26.0 0.82
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22992 259 0.86
304421 25.6 0.97
664327  25.5 0.82
635366 255 1.05
351306 254 0.92
119875 251 0.83
19990 25.1 0.96
600300 24.9 0.91
54650 24.7 1.1
243023 242 0.46
619179  23.8 0.44
647613  23.5 0.91
633001 23.2 0.89
68075 23.1 1.02
314622 231 0.70
639828  23.0 1.05
382007 229 0.85
167780  22.8 1.00
106408  22.7 0.94
363182  22.2 1.08
215989 219 0.82
361813  21.8 1.03
610744 215 0.83
49660 21.2 0.93
637680 21.2 0.91
14974 20.9 0.99
632536  20.7 0.84
328166  20.7 1.04
299879  20.5 0.94
632839 204 0.87
681744 204 0.98
7364 20.2 0.86
68093 19.5 0.90
407010 19.4 0.90
382766 19.2 0.90
614928 19.1 0.99
30916 19.0 0.93
529469 18.9 0.89
35489 18.7 1.04
86100 18.6 1.00
339004 18.5 0.89
45575 18.4 0.97
169676 18.3 0.87
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269754 18.3 0.98
670224 17.9 0.88
400978 17.9 1.10
653012 17.7 0.91
45388 17.5 0.95
296961 17.5 0.92
653010 17.5 0.88
336628 17.4 0.90
233872 17.4 1.00
644735 17.3 0.94
363744 17.2 1.04
676561 171 0.96
620277 17.1 0.93
11779 16.8 0.89
403148 16.8 0.94
635441 16.7 0.92
37364 16.5 1.01
274893 16.2 0.88
33006 15.9 0.89
89303 15.8 0.93
125066 15.8 0.79
634658 15.7 0.85
20534 15.7 0.96
635436 15.6 0.89
632841 15.6 0.81
24817 154 0.99
35866 15.3 0.93
18804 15.2 0.97
670140 15.2 0.95
626120 15.1 0.97
269146 15.0 0.89
32982 15.0 0.90
643164 14.9 0.86
145669 14.8 1.14
165563 14.6 0.95
643774 14.6 0.90
662825 145 0.93
664181 14.5 0.84
635121 14.5 0.92
625590 14.3 0.95
118732 14.2 0.89
605756 14.1 0.33
65381 141 0.96
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375294 13.9 0.87
118976 13.9 0.96
330516 13.8 0.92
60309 13.6 0.93
619165 13.6 0.89
47147 13.5 0.40
635824 13.5 0.91
180973 13.5 0.90
603577 13.5 0.93
163088 13.3 0.87
695218 13.3 0.99
172924 13.3 1.01
168415 133 0.95
183359 13.3 0.83
149765  13.2 0.94
46061 13.2 0.93
375575 129 0.93
9856 12.6 0.84
71669 12.4 1.06
667235 123 1.06
224131 12.3 0.86
305222 12.2 1.03
621889 12.2 1.08
330500 12.0 1.04
625483 12.0 0.93
129414 12.0 1.08
3970 11.8 0.95
749 11.7 0.89
697443 11.6 1.01
379531 11.6 0.89
164914 11.5 0.91
97911 11.5 0.95
376248 11.4 0.80
65380 11.3 1.03
607347 1.1 0.95
24113 11.0 0.81
265473 11.0 0.96
138429 10.9 1.09
405158 10.9 1.09
260610 10.7 0.27
323241 10.7 0.90
320846 10.7 0.90
118742 10.6 1.01
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157389 10.6 0.88
640391 10.6 1.09
211500 10.6 0.89
5354 10.6 0.97
349438 10.5 1.01
76455 10.5 0.95
82025 10.4 0.94
19994 10.4 1.05
163501 10.3 0.91
71851 10.2 0.94
680506 10.2 0.92
99027 10.1 0.93
49842 9.9 0.98
633209 9.9 0.87
631160 9.9 0.91
664298 9.8 0.96
77021 9.8 1.00
169543 9.6 1.02
640584 9.6 0.90
261726 9.6 0.96
383468 94 0.98
140377 94 0.93
688795 9.3 1.02
345081 9.2 0.95
624158 9.2 0.90
177365 9.2 0.49
657722 9.1 0.93
126849 9.0 1.02
295156 9.0 0.99
635968 9.0 0.97
1026 9.0 0.90
119686 8.9 1.18
305884 8.9 1.04
265211 8.9 0.82
377 8.8 1.02
636786 8.8 0.91
659174 8.7 0.92
648419 8.6 0.90
72961 8.5 0.98
63878 8.3 0.89
132791 8.2 0.98
651084 8.1 0.95
41809 7.9 0.89
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637578 7.9 0.97
95848 7.7 0.90
624169 7.7 0.96
757 7.7 1.00
154754 7.6 0.91
166381 7.6 0.82
157930 7.6 0.86
603624 7.5 0.92
79688 7.5 0.97
19857 7.4 1.05
115493 7.3 0.94
359463 7.3 0.45
4114 7.2 1.15
109444 7.2 1.01
157004 7.1 1.1
349644 7.1 0.91
352890 7.0 0.94
5200 7.0 1.02
1027 7.0 0.91
175274 7.0 1.09
338720 7.0 0.93
139105 7.0 0.98
635435 6.9 0.96
634928 6.8 0.97
185056 6.8 0.90
658494 6.7 0.95
267033 6.7 1.04
293015 6.7 0.96
310618 6.6 117
111119 6.3 1.16
659999 6.1 0.44
146604 6.1 1.12
174176 6.0 1.04
629738 5.9 0.97
116535 5.9 0.93
4728 5.9 1.07
635326 5.9 1.1
282880 5.8 0.85
657799 5.8 0.98
521777 5.8 0.90
3905 5.7 0.92
10447 5.6 1.06
253272 55 0.97

Page 68 of 90



7521 5.5 0.94
204985 54 1.05
292663 5.1 0.95
373853 5.1 0.92
635321 5.1 1.01
631583 5.1 0.98
311163 5.0 0.29
622190 4.9 1.09
170984 4.7 0.95
78365 4.7 0.98
175296 4.7 0.90
635140 4.6 1.04
39202 4.5 0.91
12825 4.4 0.95
636132 4.4 0.90
320864 4.4 0.80
330515 4.3 0.95
63446 4.3 0.76
634473 4.2 1.01
755 4.2 0.93
349155 4.1 0.98
136037 3.9 1.00
602617 3.9 0.97
1011 3.7 0.87
32065 3.7 1.01
166464 3.7 1.00
407335 3.5 0.88
622116 3.5 0.97
36826 34 0.98
243928 3.4 0.87
196524 3.3 1.02
319726 3.2 1.02
374898 3.2 0.97
658285 3.1 0.90
140911 3.1 0.99
249992 3.0 1.08
98542 29 0.92
267213 2.9 1.05
369317 2.8 0.95
750 2.7 1.07
634224 2.7 1.17
357683 2.7 0.99
105808 2.6 1.14
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168597 2.6 0.98
191392 2.5 1.10
635328 25 0.99
11897 2.5 1.05
606532 2.5 0.99
253995 24 0.78
645567 2.4 1.04
178249 24 0.87
634471 23 1.06
155595 23 1.17
337851 23 0.29
71300 2.2 1.12
66300 22 1.21
620261 2.2 0.99
21548 2.1 0.98
90636 2.1 0.84
48151 2.1 0.98
371846 2.1 0.86
65423 2.0 1.12
329279 1.9 0.94
353648 1.7 0.94
406021 1.7 1.10
18938 1.7 1.06
326397 1.6 1.06
647889 1.6 0.89
175634 1.5 0.93
56544 1.5 0.96
679527 1.5 0.98
22842 1.5 1.10
642033 1.4 0.99
117915 14 1.00
173904 1.4 1.09
306864 1.3 0.86
630374 1.3 0.89
653000 1.2 0.97
671136 1.2 0.90
80756 1.2 0.97
286193 1.1 1.13
278619 1.1 1.15
637916 1.1 0.97
40212 1.1 0.95
302358 1.1 1.05
654259 1.1 0.98
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174280 1.1 0.90
102811 1.0 1.08
604535 1.0 1.08
208913 0.9 1.10
635448 0.8 0.93
629301 0.8 0.91
678932 0.6 1.05
105014 04 0.89
668260 0.4 0.94
85236 0.4 1.20
176655 0.3 1.08
38721 0.3 0.93
153858 0.3 0.95
146268 0.2 1.15
268251 0.2 0.96
1771 0.2 0.98
635437 0.1 0.92
624206 0.1 0.81
107412 0.0 0.83
169600 0.0 0.90
65346 0.0 0.92
284356 0.0 1.10
643031 -0.1 1.08
625487  -0.1 1.01
24819 -0.3 1.12
285116  -0.3 0.90
256927 -0.4 1.02
369318  -0.4 0.95
7210 -0.5 0.97
61805 -0.5 0.95
616232  -0.6 1.02
359892 0.7 0.98
63984 -0.8 1.1
66914 -0.8 0.91
328477 0.8 0.96
603578 -0.8 0.85
159935 -0.8 0.89
33004 -0.9 1.00
226080 -1.0 0.90
646189  -1.0 0.92
106995  -1.1 0.93
650792  -1.2 0.86
76747 -1.2 1.14
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139109  -1.2 1.06
622684  -1.3 1.04
666526  -1.3 0.97
328587 -1.3 0.95
643834 -1.3 0.88
680516  -1.4 0.93
335142 1.5 0.95
1906 -1.6 117
330770 1.6 0.91
688363 -1.6 0.96
92339 -1.6 1.04
676963  -1.7 0.46
191384  -1.8 1.07
607316  -1.8 0.97
116693  -1.8 0.92
682864 -1.8 0.97
664331 -1.8 1.03
154020 -2.0 0.89
681730 -2.0 0.88
56817 -2.0 0.90
622608 -2.1 1.01
292147  -21 1.07
106997  -2.2 0.96
643162  -2.2 1.02
626433  -2.2 0.98
285166  -2.2 0.95
191389  -2.3 1.06
292684 -2.4 1.02
689872  -2.4 1.01
241509 -24 1.01
635975 -24 0.97
679524  -2.5 0.85
670226  -2.6 1.1
632233 -2.7 1.04
240419 2.7 0.94
24818 -2.7 1.07
663996  -2.7 1.08
638504  -2.7 0.90
224117 -2.8 1.01
61811 -2.8 0.91
621094 -2.8 0.98
534 -2.8 1.24
307454  -2.9 1.08
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40666 -2.9 1.09
328426  -3.0 1.00
640637  -3.0 0.86
1620 -3.0 1.06
638646  -3.1 0.76
653558  -3.1 0.98
128734  -3.1 0.91
642040  -3.2 0.90
620050 -3.3 0.96
192965 -34 0.89
7532 -3.4 0.89
262665 -3.4 0.95
623637 -3.5 0.97
627666  -3.6 0.87
646200 -3.7 1.14
281245  -3.7 1.08
637729  -3.8 0.97
675593 -3.8 1.04
313981 -3.8 0.93
63701 -3.8 0.98
643826  -3.8 0.89
95580 -3.8 0.93
18891 -4.0 0.89
284751 -4.0 1.05
673912  -4.0 1.04
403883  -4.0 0.93
54297 -4.0 0.96
269148  -41 0.71
143648  -4.1 0.99
208914  -41 1.09
623093  -4.2 0.87
640624 4.2 1.1
11905 -4.3 0.80
128305 -4.3 0.99
634650 4.4 1.12
651080 -4.4 0.85
624358 -4.4 1.05
4960 -4.5 0.90
662553 4.6 1.02
614826 4.8 1.06
29603 -5.0 0.99
684845 -5.0 0.91
175636  -5.0 0.96
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73495 -5.1 1.01
106296  -5.2 1.23
687849  -5.2 0.93
118735  -5.2 0.96
15623 -5.2 1.06
147340 -5.2 1.01
333856  -5.2 0.95
129943  -5.2 1.13
637731 -5.3 1.07
652287 -54 0.98
671394 -54 0.86
282752 5.5 1.00
76027 -5.5 0.85
658144  -5.5 0.78
697726  -5.6 0.90
202000 5.7 0.99
603719 5.7 1.20
643812  -5.7 0.91
248436  -5.7 0.84
89671 -5.9 1.04
90829 -5.9 1.16
266535 -5.9 0.87
107067  -6.0 0.90
654705 -6.0 1.02
657456  -6.1 0.85
74420 -6.1 1.10
400944  -6.2 0.84
241906  -6.2 0.88
191393 -6.3 1.05
618261 -6.4 0.95
235082 -6.4 1.02
26273 -6.4 0.89
40341 -6.4 1.09
622616  -6.5 0.95
659501 -6.6 1.06
82116 -6.7 1.10
635306 -6.8 0.96
176324  -6.8 1.02
635563 -6.8 0.92
301460 6.9 0.93
667251 -7.0 1.09
80087 -7.0 1.17
645987  -7.0 0.88
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640638 -7.0 0.93
56737 -7.2 1.12
635833 -7.3 0.93
376791 -7.3 1.08
631152  -7.3 0.94
682769  -7.3 0.96
34757 -7.4 0.98
624953  -7.5 0.90
674495 -7.5 0.98
98447 -7.6 1.05
163443  -7.6 0.88
601101 -7.8 0.97
658709 -7.9 0.90
683792 -8.0 0.93
4857 -8.0 1.07
611750  -8.1 0.94
51812 -8.1 0.99
624161 -8.2 1.03
636084  -8.2 1.01
186 -8.3 1.16
740 -8.3 1.1
302979 8.3 0.89
257473 -84 1.08
99016 -8.6 1.10
69852 -8.6 1.06
603108 -8.6 1.03
623059 -8.7 0.94
263500 -8.7 1.18
343513 8.7 0.91
36693 -8.8 0.76
218439 -8.9 0.46
148958  -8.9 0.99
35949 -8.9 1.25
95678 -9.0 0.98
97338 -9.0 0.96
62791 -9.1 0.93
4280 -9.2 1.01
669356  -9.2 1.08
109350 -9.3 0.92
97703 -9.3 1.1
169779 -94 1.12
104801 -9.5 1.00
67690 -9.5 1.16
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673622 -9.6 1.08
643174  -9.6 1.07
59269 -9.7 0.96
31702 -9.7 0.92
126771 -9.7 1.12
65937 -9.8 1.01
265459 -9.8 1.00
627371 -10.1 0.92
327697  -10.2 1.22
349156  -10.2 0.95
690634  -10.3 0.82
625355 -10.4 1.05
621486 -10.4 1.16
689228 -10.4 1.04
640985 -10.5 0.97
620358  -10.5 0.91
7525 -10.5 0.96
80396 -10.6 1.12
664704  -10.6 0.98
623051 -10.9 0.92
605583  -10.9 0.89
9706 -10.9 0.98
637914  -11.0 1.01
407806  -11.1 1.00
642649 -11.2 1.05
642048  -11.3 0.99
145150 -11.3 1.12
292567 -11.3 0.85
353527  -11.3 1.04
627708 -11.4 1.03
329277 114 1.08
672425 -114 0.89
102815 -11.4 0.76
100856  -11.6 0.98
687852  -11.6 0.94
52141 -11.6 0.83
103248 -11.6 0.92
25149 -11.6 0.93
625748 -11.6 0.94
332598 117 0.98
321803  -11.7 1.02
404241 -11.9 1.06
79451 -11.9 0.98
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283162 -12.0 1.08
173905  -12.0 1.1
687330 -121 0.91
173046  -12.2 0.93
47438 -12.2 1.18
643163  -12.3 1.09
2979 -12.5 1.00
616355 -12.6 1.01
168221 -12.6 0.96
4320 -12.6 0.95
1155638  -12.6 1.02
24048 -12.7 1.1
635542  -12.7 0.91
11926 -12.8 1.14
617989  -12.9 0.96
643028 -13.0 0.96
174121 -13.1 0.91
118030  -13.1 0.92
641233  -13.1 0.91
90487 -13.2 1.18
308847  -13.3 1.05
93739 -13.3 0.81
622640 -134 1.10
32946 -13.6 1.07
641250 -13.6 0.95
641245  -13.7 0.89
376265  -13.7 1.02
26045 -13.7 0.92
139490 -13.8 0.95
167410  -13.8 0.87
4644 -13.9 1.32
135996  -14.0 1.07
13966 -14.1 1.13
624947  -14.2 0.86
92510 -14.2 1.00
165897  -14.2 1.20
126728  -14.3 1.03
650573  -14.3 0.86
267461 -14.4 1.01
697923 -144 1.07
686349 -14.4 0.85
657457  -14.5 1.06
634926  -14.5 0.92
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104117  -14.5 1.06
79456 -14.5 0.97
664329 -14.5 1.01
658139 -14.6 1.06
293927  -14.7 1.00
634568  -14.8 0.90
641240 -14.8 0.88
657598 -14.8 0.94
622586  -14.9 0.93
324368  -15.0 0.85
657603  -15.1 0.94
107415  -15.2 0.97
623095 -15.3 0.81
4810 -15.4 1.01
18298 -15.4 0.90
169774  -15.6 0.92
3852 -15.7 1.01
204577  -15.9 0.95
698031 -16.0 0.98
670225 -16.0 1.04
67574 -16.1 0.96
681741 -16.2 0.92
700582  -16.2 0.93
337612  -16.5 0.97
625873 -16.6 1.02
182986  -16.6 1.18
651079  -16.7 1.05
331757  -16.9 0.93
26040 -17.0 0.97
647363  -17.1 0.93
637833  -17.2 0.80
657298  -17.3 1.01
36437 -17.3 0.99
325319 174 0.99
93135 -17.4 0.89
644794  -17.5 0.96
648422  -17.5 1.02
643175  -17.5 0.93
634396  -17.6 0.99
345647  -17.6 0.80
615593  -17.7 0.91
625639  -17.7 1.09
99733 -17.9 1.02
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635312  -18.1 0.93
677392  -18.1 1.00
634863  -18.2 0.99
658350 -18.3 1.00
239375 -18.3 0.90
626734  -18.3 1.02
639754  -18.3 1.14
645033 -18.4 0.96
693053 -18.5 0.93
174163  -18.5 1.00
7833 -18.7 1.07
658388  -18.7 1.09
618332  -18.7 1.03
11930 -18.9 1.10
85998 -19.0 1.10
600681 -19.1 0.95
45383 -19.1 1.05
20514 -19.2 1.06
643001 -19.4 0.96
352876  -19.4 1.08
269142  -19.6 1.07
617570  -19.7 0.70
7530 -19.7 0.98
236657  -19.9 0.91
125176  -20.2 0.90
164909  -20.2 1.04
629713  -20.3 0.90
643148  -20.3 0.98
629971 -20.4 0.96
638634  -20.4 0.86
643351 -20.4 0.89
268965  -20.5 0.94
14975 -20.8 1.03
622589 -21.0 0.94
643186  -21.0 1.04
623527  -21.1 0.98
643910 -21.3 1.06
657446  -21.5 1.00
613009 -21.7 0.94
635544  -21.9 0.82
2186 -22.0 1.01
664286  -22.3 1.18
689857  -22.3 0.87
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65104 -22.3 1.01
640342 -22.4 0.95
658293  -224 1.08
83265 -22.5 0.98
631521 -22.6 0.93
267712 -22.8 1.09
132493  -22.9 1.07
156215  -23.4 1.02
5890 -23.5 0.98
36354 -23.7 1.01
635438  -23.8 1.02
697468  -23.8 0.97
267700 -24.0 1.04
7522 -24.0 0.97
330753  -24.1 0.88
640335 -24.2 0.91
647418  -24.7 1.00
626551 -24.9 0.90
657449 -254 1.00
123115 -25.7 0.96
640499  -25.9 0.91
285223  -26.2 1.01
622627  -26.2 1.09
693632 -26.4 0.98
185065  -26.6 1.1
111041 -26.9 0.97
619907  -27.2 0.86
4170 -27.3 1.09
67580 -27.4 1.12
294961 -28.1 1.06
43321 -28.3 1.07
617540 -28.4 1.11
32992 -28.7 1.04
33410 -28.8 1.16
670229  -28.8 1.17
32944 -28.9 1.02
631529  -28.9 1.06
687667  -29.0 1.00
408120 -294 1.05
113090  -29.5 1.00
623746  -29.6 0.99
211489  -30.1 0.82
636817  -30.3 1.07
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620280  -30.3 1.01
622690  -30.9 1.12
84074 -31.4 1.11
634503 -31.9 0.93
648320 -32.6 1.08
640580 -32.9 1.09
640974  -33.1 0.87
641253  -34.2 0.95
684480 -35.3 1.04
680509  -35.7 0.99
625641 -37.8 1.20
184398  -39.0 1.09
641228  -39.7 0.92
653016  -40.6 1.02
104129  -42.7 0.92
264880  -43.3 1.28
620279  -45.1 117
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Appendix E: Results of SciFinder substructure searches for the ML283 chemotype.

ML283
CID50930730
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amide derivative substructure P2 substructure

While all analogues in the SAR tables are novel chemical entities, similar polycyclic benzothiazole-based
compounds and mixtures have been investigated for over 60 years as potential dyes and stains. A
SciFinder substructure search for any carbonyl derivatives of P2 did not return any hits indicating that the
amide and urea derivatization methods in the SAR tables have not previously been explored. To more fully
access the novelty of the probe and analogues as inhibitors of the NS3 helicase, we conducted a SciFinder
substructure search on the dimeric primuline component P2, which was the starting material for the majority
of the analogues and was isolated from commercial material. The search results indicated that 116
substances or mixtures contained this substructure, as reported in 88 patents and references. Of these
references and patents, 63 focused on the synthesis or use of the substances as inks or dyes for textiles,
outside of a biological context. The 25 remaining references were largely focused on the interaction of
these substances and mixtures with organisms and/or molecular structures. The remaining references,
where these substances were associated with an enzymatic or phenotypic target or evaluated for
therapeutic potential, were the exception and are summarized here (the full bibliography containing 88
entries follows). Most recently, thioflavine S (NSC71948) was singled out from the NCI DTP compound
collection as an inhibitor of HSC70/BAG-1 protein-protein interactions (1 and 5). Independantly, thioflavine
S (NSC71948) was singled out from the NCI DTP compound collection as an inhibitor of the kinase CK2
(6). The dimeric primuline component, P2, was reported to selectively inhibit the triosephosphate isomerase
of the parasite Trypanosoma cruzi (10 and 13). The diazonium dimer of P2, direct yellow 29 and related
analogues were found to inhibit HIV-induced synctia formation and the infectivity of CD+ cells (18). Finally,
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P2 was reported to promote bone growth in the calvarial bone growth assay (20 and 21).

Full SciFinder bibliography:
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