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Abstract
This chapter describes two types of FRET-based fluorescence assays that can be
used to identify and analyze compounds that inhibit the helicase encoded by
the hepatitis C virus (HCV). Both assays use a fluorescently labeled DNA or RNA
oligonucleotide to monitor helicase-catalyzed strand separation, and they differ
from other real-time helicase assays in that they do not require the presence of
other nucleic acids to trap the reaction products. The first assay is a molecular
beacon-based helicase assay (MBHA) that monitors helicase-catalyzed dis-
placement of a hairpin-forming oligonucleotide with a fluorescent moiety on
one end and a quencher on the other. DNA-based MBHAs have been used
extensively for high-throughput screening (HTS), but RNA-based MBHAs are
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typically less useful because of poor signal to background ratios. In the second
assay discussed, the fluorophore and quencher are split between two hairpin-
forming oligonucleotides annealed in tandem to a third oligonucleotide. This
split beacon helicase assay can be used for HTS with either DNA or RNA
oligonucleotides. These assays should be useful to the many labs searching
for HCV helicase inhibitors in order to develop new HCV therapies that are still
desperately needed.

1. Introduction

Specific helicase inhibitors of viral RNA helicases are needed for two
reasons. First, they are valuable chemical probes needed to understand the
roles that RNA helicases play in biology. Second, inhibitors of viral heli-
cases may be valuable as antiviral agents. Most RNA viruses that replicate
outside the cell’s nucleus encode an RNA helicase. If such a virus lacks a
functional helicase, neither can it replicate (Kolykhalov et al., 2000) nor can
it synthesize its RNA genome (Lam and Frick, 2006). RNA helicases
provide medicinal chemists many targets because helicase inhibitors could,
at any one of several clearly defined ligand binding sites (or other critical
motifs), block ATP binding, ATP hydrolysis, RNA binding, strand separa-
tion, or protein translocation. Once a binding site is clearly defined, the
many available RNA helicase crystal structures could be used to rationally
design more potent derivatives.

Interest in helicases as drug targets peaked about 10 years ago when two
classes of compounds targeting a helicase encoded by herpes simplex virus
(HSV) were shown to elicit potent antiviral effects in animal models. These
novel HSV antiviral drugs target a DNA helicase that coordinates DNA
replication and the action of DNA primase (Crute et al., 2002; Katsumata
et al., 2011; Kleymann et al., 2002). Inspired by the success of the HSV
compounds, several teams have led extensive searches for inhibitors of
human helicases (Aggarwal et al., 2011; Yedavalli et al., 2008) and helicases
encoded by important human pathogens (Frick, 2006; Kwong et al., 2005;
Tuteja, 2007). One of the most frequently targeted RNA helicases is the
one encoded by the hepatitis C virus (HCV). The methods discussed in this
chapter were specifically designed for use with HCV helicase but they could
be used with related helicases with relatively minor changes. Medically
relevant RNA helicases related to HCV helicase include enzymes encoded
by the flaviviruses (e.g., Dengue virus, Yellow fever virus, and West Nile
virus) and the human DEAD-box proteins. The procedures below have
been developed and implemented to screen over 290,000 compounds as
part of the National Institutes of Health’s Molecular Libraries Probe
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Production Centers Network (MLPCN). All screening results from this
project are posted regularly on PubChem BioAssay (http://www.ncbi.nlm.
nih.gov/pcassay).

2. The Need for Additional HCV Drug Targets

HCV infects nearly one in every 50 people alive today causing fibrosis,
cirrhosis, and ultimately, liver failure. There are no approved HCV vac-
cines, but there are effective HCV treatments that all use the broad-acting
drugs ribavirin and pegylated recombinant human interferon alpha (INFa).
Current HCV drug combinations have an impressive impact on viral
proliferation, typically curing more than half of patients, but they are
expensive and their considerable side effects make HCV therapy difficult
to tolerate (Edlin, 2011). Development of HCV vaccines and less toxic
HCV drugs has been slow because it was not possible to study wild-type
HCV in the lab until the recent advent of robust cell culture systems and
small animal models (Murray and Rice, 2011). For years, HCV drug
development focused almost entirely on recombinant HCV proteins that
were expressed in model organisms and used to develop assays suitable for
high-throughput screening (HTS). “Hits” in these HTS assays were then
developed by rationally designing better compounds using high-resolution
protein structures of the HCV targets. Eventually, this process led to the
discovery of numerous direct acting antivirals (DAAs), which are now being
developed to replace INFa and ribavirin in HCV therapy. It is hoped that
DAAs will cause fewer side effects because, unlike INFa and ribavirin,
DAAs are not designed to modulate the host response to viruses.

The HCV genome contains a single open reading frame encoding an
approximately 3000 amino acid long polypeptide. Host and viral proteases
cleave the polyprotein into 10 mature HCV proteins. Three HCV proteins
are structural, forming the virus particle, and seven are nonstructural (NS)
proteins. NS3 is the HCV helicase, but it also has several additional impor-
tant functions. Upon translation, NS3 combines with NS2 to form an
autocatalytic protease that cleaves the NS2/NS3 junction. Processed NS3
then contains another protease active site that is activated after newly
translated NS4A binds to the NS3 N-terminal protease domain. This
second HCV protease cleaves itself in cis and other HCV and cellular
proteins in trans. The most advanced HCV DAAs attack this NS3/NS4A
protease. Currently, the most advanced protease inhibitors are the recently
approved drugs Telaprevir (Zeuzem et al., 2011) and Boceprevir (Bacon
et al., 2011). Triple therapy with INFa, ribavirin, and a protease inhibitor
cures up to 88% of patients who have failed prior therapies. There are,
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however, still several problems with this state-of-the-art HCV therapy.
First, the protease inhibitors are only effective when administered with
interferon and ribavirin because of a low resistance barrier. In other
words, single point mutations confer resistance to Telaprevir and Bocepre-
vir. These mutations evolve rapidly and have only relatively minor effects
on HCV fitness or viability (Hiraga et al., 2011). Second, Telaprevir and
Boceprevir are only effective against specific HCV strains and genotypes,
mainly ones common in North America. Third, additional side effects are
associated with the protease inhibitors. Fourth, triple therapy is even more
costly, making the new therapy even less accessible to most patients. New
drugs are therefore still needed to make HCV treatment more accessible and
better tolerated so that it might start to impact the global HCV burden.

It will not likely be possible to decrease HCV therapy cost and toxicity
unless drugs are found to replace, rather than supplement, INFa. To this end,
other DAAs are being tested alone and in combination with protease inhibi-
tors. None of these drug cocktails contain helicase inhibitors, but, in theory,
helicase inhibitors would be particularly attractive additions to DAA cocktails
since they would target the same protein as the protease inhibitors already in
use. Two drugs targeting the same protein could interact synergistically so
that combined they are more effective. The accumulating evidence that
the NS3 helicase and protease depend on one another supports the notion
that helicase and protease inhibitors might act synergistically (Beran et al.,
2007, 2009; Frick et al., 2004).

3. Targeting the NS3 Helicase

HCV helicase was one of the first HCV targets identified with its
activity first characterized shortly after HCV was discovered (Choo et al.,
1989; Kim et al., 1995; Porter et al., 1998; Preugschat et al., 1996; Suzich
et al., 1993). The HCV helicase was also the first RNA helicase crystallized
(Yao et al., 1997) and NS3 has been studied extensively both as a model
helicase and as a drug target ever since. As discussed extensively in other
reviews, tremendous progress has since been made to understand exactly
how the helicase unwinds DNA and RNA in an ATP-fueled reaction
(Frick, 2007; Pyle, 2008; Raney et al., 2010).

Early HCV helicase studies were performed mainly with truncated NS3
lacking the protease domain (referred to here as NS3h) because such
proteins express in Escherichia coli at higher levels than full-length NS3 and
they are more stable. In NS3h proteins, NS3 is truncated at a linker
connecting the helicase to the NS3/NS4A protease by deleting between
166 and 190 amino acids from the NS3 N-terminus. The protease is then
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replaced with an affinity tag, or an affinity tag is fused to the C-terminus of
NS3h. Most early studies used NS3h as a surrogate for full-length NS3, but
more recent studies tend to focus on full-length NS3. Direct comparisons of
NS3h to full-length NS3 have revealed that the protease domains and
NS4A influence the helicase, and vice versa, suggesting that the NS3 helicase
and protease functions do not act independently but instead they are tightly
coordinated (Beran et al., 2007, 2009; Frick et al., 2004). The protocols
below have been used with a variety of recombinant NS3 and NS3h
proteins isolated from a wide array of HCV strains and genotypes (Belon
and Frick, 2009b; Belon et al., 2010). We find that results are most consis-
tent with an NS3h lacking the first 166 NS3 amino acids with a His-tag
attached to the NS3 C-terminus. The NS3h protein we use most often in
screens is the one isolated from the Con1 strain of HCV genotype 1b. The
Con1 strain forms the backbone for many common HCV replicons used to
study HCV replication in cells (Lohmann et al., 1999).

All NS3 and NS3h proteins unwind both RNA and DNA. This robust
DNA helicase activity facilitates in vitro analysis, but it is unusual because
HCV has no DNA stage and related proteins act only on RNA. It has been
speculated that the activity of NS3 on DNA is somehow related to the fact
that HCV infection correlates with high rates of hepatocellular carcinoma.
However, only two indirect lines of evidence link NS3 to a role in liver
cancer. The first is the observation that, when HCV helicase is overexpressed
in human cells, some of the protein has been observed in the nucleus where it
might affect host gene expression or transforms cells to a cancerous phenotype
(Muramatsu et al., 1997). The second is the biochemical observation that
NS3h can catalyze strand exchange reactions, which hints toward a possible
role for NS3 in genetic recombination (Rypma et al., 2009).

Regardless of why NS3h unwinds DNA, DNA has already been used in
many screens for HCV helicase inhibitors. The major concern with such
assays is that compounds inhibiting HCV helicase-catalyzed DNA unwinding
might not inhibit the action of NS3 on its natural RNA substrates. The
procedures below address this concern by first providing a readout as to
whether or not the compound interacts with the DNA substrate and, second,
by using a second assay as a counterscreen that uses an RNA-based substrate.

4. HTS for HCV Helicase Inhibitors

Standard helicase assays and some early HTS assays monitor
helicase action using radioactive oligonucleotides to observe strand dis-
placement (Kyono et al., 1998). In order to avoid using hazardous radio-
isotopes, simplify protocols, and provide real-time readouts, newer helicase

HCV Helicase HTS Assays 467

Author's personal copy



assays often use fluorescently labeled oligonucleotides and Förster
resonance energy transfer (FRET) to monitor strand separation. In most
FRET-based helicase assays, one nucleic acid strand is labeled with a
donor fluorophore and the complementary oligonucleotide is labeled with
an accepter moiety. When a helicase separates the two oligonucleotides
upon ATP addition, donor fluorophore fluorescence increases because it is
separated from the FRET acceptor (Bjornson et al., 1994; Houston
and Kodadek, 1994). FRET-based assays have been used extensively for
HCV assays (Boguszewska-Chachulska et al., 2004; Frick et al., 2007;
Tani et al., 2009), but we have found they are not ideal for HTS
because well-to-well variation in apparent reaction rates and extent
makes hit identification difficult. Rypma et al. demonstrated that some of
this variability stems from the fact that nucleic acid traps added to the
above FRET-based assays to prevent the two labeled strands from
reannealing heavily influence observed reaction rates and their extent
(Rypma et al., 2009).

To help facilitate HTS for HCV helicase inhibitors, our lab developed a
real-time helicase assay that did not require nucleic acid traps to observe
helicase action on duplexes. This second-generation FRET-based helicase
assay uses a helicase substrate made with a molecular beacon (Tyagi and
Kramer, 1996) annealed to a longer DNA oligonucleotide such that a 30

single-stranded region is available for the helicase to load (Belon and Frick,
2008). Using protocols below (Section 6), this molecular beacon-based
helicase assay (MBHA) has been used in mechanistic analyses (Belon and
Frick, 2009b), HTS (Belon and Frick, 2010), and for the analysis of known
HCV helicase inhibitors (Belon et al., 2010).

One serious limitation of the MBHA is that, when the DNA
oligonucleotides are substituted with RNA oligonucleotides, the signal to
background (S/B) ratio decreases to a level where the assay is no longer
appropriate for HTS (Belon and Frick, 2008). Because the natural substrate
for HCV NS3h is most likely RNA, a screen with RNA is needed to
identify compounds that act only when DNA is used as a substrate.
Compounds that inhibit HCV helicase-catalyzed DNA unwinding but
not RNA unwinding might be useful chemical probes to understand if
the HCV helicase action on DNA plays any role in HCV biology.
However, it is also possible that only compounds that inhibit HCV
helicase action on RNA will be effective antivirals. To improve S/B
ratios with RNA, we have recently developed a split beacon assay where
the fluorophore and quenching moieties are present on separate hair-
pin-forming oligonucleotides. Unlike this MBHA, this split beacon
helicase assay (SBHA) performs similarly when HCV helicase acts on
DNA or RNA (Section 7), with Z0 factors in ranges appropriate for HTS
(Zhang et al., 1999).
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5. Expression and Purification of NS3h

Purified full-length NS3 is typically more active than NS3h, and these
differences are most apparent in assays where long stretches of DNA or
RNAmust be unwound to detect activity. However, full-length NS3 is also
notably less stable in solution, losing activity after only a few freeze–thaw
cycles and sometimes even during prolonged storage at !80 "C. In con-
trast, most NS3h proteins we have tested retain activity longer at room
temperature or after repeated freeze–thaw cycles. NS3h proteins with
fusion tags at the N-terminus, such that the fusion partner replaces the
protease domain, generally behave more like full-length NS3 in that they
are initially more active (Frick et al., 2004), but they also lose activity more
rapidly upon prolonged storage. The assays described here have, therefore,
been optimized using an NS3h (isolated from the Con1 strain of HCV
genotype 1b; Heck et al., 2008) with a C-terminal His-tag that has been
purified using the protocol below. NS3h from other HCV genotypes has
also been purified with the below protocol (Lam et al., 2003; Neumann-
Haefelin et al., 2008). Our lab’s method to purify full-length NS3 has been
published elsewhere (Frick et al., 2010).

1. Streak E. coli Rosetta (DE3) cells (EMD Biosciences) harboring the
plasmid pET24-Hel-Con1 (Heck et al., 2008) on LB-agar containing
kanamycin (50 mg/ml) and tetracycline (50 mg/ml) to isolate single colo-
nies. After overnight incubation at 37 "C, inoculate 5 ml of LB broth
containing kanamycin (50 mg/ml) and tetracycline (50 mg/ml) with single
colonies. Shake vigorously at 37 "C until slightly turbid. Transfer culture
to 1 l of LB containing the same antibiotics. Shake vigorously at 37 "C and
periodically monitor OD600. When OD600 is approximately 1.0, add
isopropyl b-D-1-thiogalactopyranoside to a final concentration of 1 mM.
Incubate 2–3 h at room temperature and harvest cells by centrifugation,
wash cells with phosphate buffered saline, and store pellet at !80 "C.

Perform all subsequent steps at 4 "C or with all tubes on ice.
2. Suspend frozen cells in 10 ml 20 mMTris, pH 8, 0.5 MNaCl, and 5 mM

Imidazole (buffer A). Lyse cells using French press or Sonifier Cell
disrupter (Branson). Centrifuge at 10,000 g, discard pellet, and filter
the supernatant through a 0.8-mm glass fiber filter (Fraction I).

3. Load Fraction I onto a 5-ml Ni-NTA column (GE Healthcare) equili-
brated with buffer A. Wash with buffer A containing 40 mM Imidazole.
Elute with buffer A containing an imidazole gradient from 40 to
500 mM Imidazole. NS3h should elute when the imidazole approaches
100 mM. Analyze fractions using 10% SDS-PAGE to identify fractions
containing 53 kDa NS3h protein. Combine fractions containing NS3h
(Fraction II).
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4. Precipitate NS3h from fraction II by slowly adding solid (NH4)2SO4

to 60% saturation (0.361 g/ml). Centrifuge at 12,000 g for 20 min. Dis-
card supernatant. Dissolve pellet in 2 ml storage buffer (20 mMTris, pH 8,
50 mMNaCl, 1 mM EDTA, 0.1 mM DTT, 25% glycerol) (Fraction III).

5. Load Fraction III onto a 100-ml gel filtration column (Sephacryl S-300
HR, GE Healthcare) that has been previously equilibrated with 20 mM
Tris, pH 8, 50 mMNaCl, 1 mM EDTA, and 0.1 mMDTT (GF buffer).
Elute protein with GF buffer by collecting 2 ml fractions at 0.1 ml/min.
Analyze fractions using a 10% SDS-PAGE. Combine fractions contain-
ing NS3h (fraction IV).

6. Load fraction IV on a 1-ml DEAE Sepharose FF column (GE Healthcare)
that has been equilibrated with GF buffer. After washing with GF buffer,
elute with a GF buffer containing a gradient of NaCl from 0 to 500 mM.
NS3h should elute around 150 nM NaCl. Analyze the fractions with a
10% SDS-PAGE, and combine fractions containing NS3h (Fraction V).

7. Dialyze protein with GF buffer (1 l). Protein may be concentrated at this
point by sprinkling dialysis tubing with polyethylene glycol (average
molecular weight>20,000) and allowing liquid to absorb at 4 "C. Let
desired buffer absorb and return bag to GF buffer. After two changes of
GF buffer, dialyze with storage buffer (prepared in step 4).

8. Determine protein concentration from absorbance at 280 nm using
an extinction coefficient calculated from the protein sequence
(51,890M!1 cm!1 for NS3h_1b(Con1)). Store aliquots at!80 "C.

6. The Molecular Beacon-Based Helicase Assay
(MBHA)

The MBHA most commonly used in our laboratory employs a sub-
strate designed to mimic a hairpin-forming region at the 30 end of the HCV
polyprotein reading frame (Fig. 21.1A). The shorter (top) oligonucleotide
in this substrate is modified by attaching a cyanine 5 (Cy5) at the 50 end and
attaching an Iowa black RQ (IAbRQ) to its 30 end. The longer DNA
oligonucleotide is complementary to the shorter strand and also has a 20-
nucleotide long 30 tail. The assay works by monitoring the fluorescence of
the DNA probe before and after the addition of ATP, which is needed to
fuel helicase movement. As the reaction proceeds, the helicase rearranges
the nucleic acids such that the complementary nucleotides near the ends of
the hybridization probe bind, forming a hairpin loop structure (Fig. 21.1A).
The hairpin loop allows the fluorophore and quencher molecule to come
into contact, with the result being a reduction in Cy5 fluorescence. This
drop in fluorescence is plotted versus time to determine both the rate and
extent of the reaction (Fig. 21.1B). For screening, each MBHA needs to be
read only twice, before ATP addition (F0) and at the completion of the
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reaction (F30). The F0/F30 ratio reflects the extent of the reaction. An
inhibitor will cause a decrease in the F0/F30 ratio to a limit of one, where,
by definition, no reaction takes place.

Another important parameter obtained with an MBHA concerns com-
pound interference. Three classes of compounds tend to interfere with the
MBHA. The first interfering class contains fluorescent compounds that
absorb and emit light at wavelengths similar to Cy5. The second quenches
Cy5 fluorescence by absorbing light at the Cy5 excitation or emission
wavelength, and the third class alters substrate fluorescence by binding the
MBHA substrate and changing the orientation of Cy5 relative to IAbRQ.
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Figure 21.1 The molecular beacon-based helicase assay and its use in HTS. (A) A
Cy5-labeled MBHA substrate based on the sequence of the HCV genome. (B) Four
MBHAs performed in the absence of test compounds and four performed with a
saturating concentration (50 mM) of a known HCV helicase inhibitor (primuline).
(C) Reaction extents (F30/F0) for duplicate reactions performed with the same concen-
tration (20 mM) of 125 different test compounds. (D) Average compound interference
and inhibition obtained from the duplicate reactions shown in panel C. All reactions
contained in 25 mM MOPS, pH 6.5, 1.25 mM MgCl2, 5 nM MBHA substrate, 2%
(v/v) DMSO, 12.5 nM NS3h_1b(con1), and 1 mM ATP.
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Simply scanning compound absorbance and fluorescence in the absence of
the MBHA substrate can identify compounds in the first two classes.
Examining the interaction of the compounds and DNA using other assays
can identify compounds in the third class. All such compounds would alter
both F0 and F30 in such a way that they might be misidentified as helicase
inhibitors because they lower the F0/F30 ratio. To identify interfering
compounds, the F0 of each particular compound is compared to the F0 of
DMSO-only controls (F0(!)). A compound with an F0/F0(!) near 1 gener-
ally does not interfere, quenching compounds and DNA-binders have F0/
F0(!)<1, and fluorescent compounds have F0/F0(!)>1.

6.1. MBHA-based high-throughput screens

The following protocol is routinely used in our lab to monitor helicase activity
in either low-volume 96-well microplates or standard 384-well microplates.
The protocol is optimized forNS3h_con(1b), but it can be usedwith otherNS3
proteins by simply changing the amount of NS3h in each assay, using less of
more active helicases and more of less active helicases. We typically use the
yellow dye primuline (MP Biochemicals) as a positive control in these assays.
Belon and Frick previously reported that a similar dye called thioflavine S is a
HCV helicase inhibitor (Belon and Frick, 2010). Thioflavine S is a more
heterogeneous mixture of compounds than is primuline, which we have
since found to give more consistent results in MBHAs. The protocol below is
for 60 ml reactions, but the reaction can be scaled down to conserve reagents.
Precision at low volumes is limited only by sensitivity of the micro plate reader
used and the precision of available liquid handlers. A protocol for 5 ml reactions
suitable for ultra-high-throughput screening (uHTS) performed in 1536-well
plates is available on PubChem BioAssay (AID #1800).

1. Anneal substrate by combining oligonucleotide as shown in Fig. 21.1A
(Integrated DNA Technologies, Coralville, IA) at 50 mM each in
10 mM Tris–HCl, pH 8.0. Heat to 95 "C, and cool slowly to room
temperature. Store concentrated substrate in the dark at !20 "C.

2. Prepare 0.5 M 3-(N-morpholino)propanesulfonic acid (MOPS) adjust-
ing pH to 6.5 with NaOH. Also prepare 25 mM MOPS, pH 6.5,
25 mM MgCl2, 10 mM ATP, 1 mM Primuline (MP Biochemicals) in
dimethyl sulfoxide (DMSO), and NS3h dilution buffer (25 mM
MOPS, pH 6.5, 1 mM DTT, 0.2% Tween20, 0.1 mg/mL BSA).

3. Dilute the Cy5-MBHA substrate to 100 nM in 25 mM MOPS.
4. Dilute NS3h to 250 nM in NS3h dilution buffer.
5. Assemble enough reaction mixture for the desired number of assays.

For each assay, combine 3 ml of 0.5 M MOPS, 3 ml of 25 mM MgCl2,
3 ml of 100 nMCy5-MBHA substrate, 3 ml of 250 nMNS3h, and 39 ml
of nuclease free water.
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6. Dispense 51 ml of the reaction mix to each well of a polystyrene white
low-volume 96-well microplate (Corning) at 23 "C. Add 3 ml of
DMSO or compounds dissolved in DMSO. (Note: The assay tolerates
up to 35% DMSO, so more or less DMSO can be added depending on
compound solubility.)

7. Read Cy5 fluorescence (Ex 643 Em 667) of each well.
8. Add 6 ml of 10 mM ATP, and read fluorescence until values in negative

control reactions remain constant (typically 20–30 min) (Fig. 21.1B).
Record endpoint (F30). Note: After ATP addition each reaction will
contain 25 mMMOPS, pH 6.5, 1.25 mMMgCl2, 0.05 mM DTT, 5%
DMSO, 0.01% Tween20, 5 mg/mL BSA, 5 nM MBHA substrate,
12.5 nM NS3h, and 1 mM ATP.

9. Calculate F0/F30 ratios for each reaction. Figure 21.1C shows results of
duplicate MBHAs that were performed with a library of 150 known or
suspected HCV helicase inhibitors and DNA binding compounds that
we use to evaluate HCV helicase assays in our lab. The duplicate assays
are plotted against each other to evaluate reproducibility. Dotted lines
mark average F0/F30 ratios for negative controls (DMSO only) and
positive control reactions (50 mM primuline).

10. Calculate percent inhibition by normalizing F0/F30 ratios for each
reaction to the ratio obtained with positive (#) and negative (!)
controls (Eq. 21.1):

Inhibition %$ %&
F0=F30$ %! F0 !$ %=F30 !$ %

! "

F0 #$ %=F30 #$ %
! "

! F0 !$ %=F30 !$ %
! "'100: $21:1%

11. Calculate compound interference by calculating the ratio of F0 for each
compound and F0 for the negative controls (F0/F0(!)). Figure 21.1D
shows the average percent inhibition and interference ratio values of
the duplicate assays performed with our helicase inhibitor library,
where all library compounds were tested at 10 mM.

6.2. Examining effects of inhibitors on the kinetics of DNA
strand separation

Once a compound is identified to influence the MBHA, the next step we
take is to examine the apparent affinity of the compound for the MBHA
substrate and the apparent affinity of the compound for the unwinding
complex. Affinity of the compound for the substrate is estimated by first
examining the effect of compound concentration on substrate fluorescence
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before ATP is added (if there is an effect, direct DNA binding is measured
with another assay). The apparent affinity of the compound for the unwind-
ing complex is estimated from effect of the compound on the initial rates of
unwinding reactions. Both parameters can be estimated from time courses
obtained in the presence of various compound concentrations, by first
calculating the average fluorescence of the substrate during the time before
and after ATP is added, and then fitting data obtained after ATP addition to
a rate equation. There are many commercially available software packages,
including some supplied with more sophisticated plate readers, which will
fit kinetic readouts directly to first order rate equations. However, the
protocol below uses the program Graphpad Prism (La Jolla, CA) software
because it can be used with data exported from any reader. As demonstrated
with primuline (Fig. 21.2), the protocol below fits time course data to
calculate F0 and initial velocities (Fig. 21.2A), export the values, and fit
them directly to a dose response equation (Fig. 21.2B).

1. Add 2 mM solutions of each inhibitor to the first tube in an eight-tube
strip and serially dilute the compound 1:2 into DMSO in remaining tubes.
This creates an eight-step 1:2 dilution series beginning at 2 mM. To a
second eight-tube strip, add DMSO to four tubes and a positive control
inhibitor (e.g., 1 mM primuline in DMSO) to the other four tubes.

2. Assemble MBHA reactions as described above, except add diluted com-
pounds and positive/negative control series instead of the chemical library.

3. Perform the assay using a microplate reader equipped with a reagent
dispenser capable of precisely adding the 6 ml of ATP to each well
needed to start the reaction. Collect fluorescence data as rapidly as the
plate reader allows for (2 min before ATP injection, and then until
fluorescence no longer changes in the negative control reactions.

4. Export time course data to Prism, and fit fluorescence time courses to the
following Prism nonlinear regression equation series that calculates F0
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Figure 21.2 Effect of various primuline concentrations on a HCV helicase-catalyzed
MBHA. (A) MBHAs were performed with the indicated concentration of the known
helicase inhibitor primuline. Solid lines show nonlinear regression fits described in text.
(B) Secondary plot of initial velocities (triangles) and F0s (circles) fit to a dose response
equation as described in text. Dotted line indicates the IC50 value determined by
nonlinear regression.
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and uses the calculated F0 as a starting fluorescence that decays according
to a first order rate constant (Fig. 21.2A).

Y1 &F0
Y2 &AMP exp !K' X!START$ %$ %$ %# F0!AMP$ %

Y & IF X < START$ %;Y1;Y2) *

In the above equations,X is time, Y is observed fluorescence, Y1 is the data
before ATP injection, Y2 is data collected after ATP injection, START is the
time that ATP was added, AMP is reaction amplitude, and K is a first order
rate constant describing the loss of fluorescence. Constrain “START” to the
time ATP was added, and AMP, F0, and K so they remain greater than zero.
Set initial estimates for F0, AMP, andK to Ymax, Ymin, and the 1/value ofX at
Ymid, respectively. When entering this equation, set Prism to calculate initial
velocities for each reaction by defining a “V ” under “transforms to report” as
K'AMP. While setting parameters for nonlinear regression, set Prism to
output F0, V, and AMP to a summary table and plot each on an XY graph.
Notes: if a program other than Prism is used to fit reaction time courses,
calculate initial rates for each reaction by multiplying observed first order rate
constant by the reaction amplitudes. If Prism or another nonlinear regression
software is not available, estimates of initial velocities can be obtained from
the slopes of the initial linear phase of each reaction time course.

5. Fit plots of initial velocities versus compound concentration to a dose
response equation such as the Prism equation below:

Y &V0!
V0X

h

IC50
h#Xh

# $
;

where X is compound concentration, Y is velocity in the presence of
inhibitor, V0 is velocity in the absence of inhibitor, h is the Hill coeffi-
cient, and IC50 is the concentration of compound that inhibits the
unwinding reaction by 50%. Note: several other dose response equations
are available in Prism, but data must first be transformed to the LOG of
inhibitor concentration.

6. Examine plots of F0’s versus compound concentration. A negative slope
to the F0 graph indicates that the compounds quench the MBHA
substrate fluorescence. Data obtained with compounds that interact
with DNA, or quench by inner filter effects, will sometimes also fit the
equation in step 5 and yield IC50 values that mirror those obtained if
velocities are plotted. Such compounds likely exert their effect by
binding DNA rather than the helicase itself. Compounds that do not
affect F0 in a dose response manner are assumed not to significantly
interfere with the assay (Fig. 21.2B); however, this does not mean that
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they do not interact with the DNA substrate. To identify all potential
DNA binding compounds, we subject all hits to a counterscreen that
monitors DNA binding potential. One such assay monitors a com-
pound’s ability to displace a fluorescent DNA intercalator like ethidium
bromide (Boger and Tse, 2001; Boger et al., 2001).

6.3. Evaluating alternate MBHAs for HTS

The brief protocol below is designed to evaluate the quality of an MBHA or
related assay. When analyzing hits from a helicase HTS, we typically
examine a compound’s behavior in helicase assays that use a variety of
DNA sequences and fluorophores because it is possible that hits might act
only by interacting with certain DNA sequences or the fluorophore used to
monitor the reaction (Belon et al., 2010). One alternate MBHA substrate
we use is shown in Fig. 21.3A, which differs from the one in Fig. 21.1 in
that the bottom strand does not form a hairpin when separated from the top
strand. Figure 21.3A–D show results obtained when the sequence is labeled
with fluorophores with different chemistry. Although primuline inhibits the
observed reactions with all four beacons, S/B varies among the assays.
All but one assay has a Z0 factor in the range appropriate for HTS.

1. Assemble an eight-tube strip containing four tubes of DMSO and four
tubes of a known helicase inhibitor (e.g., 1 mM primuline).

2. Assemble reaction mixtures as described in Section 6.1 and dispense
51 ml into all wells of a low-volume white 96-well plate. Add 3 ml of the
controls from the eight-tube strip to each column.

3. Monitor DNA fluorescence at appropriate wavelength (F0); dispense
6 ml of 10 mM ATP to each well to start the reactions. Continue to
monitor fluorescence of each well until negative control reaction fluo-
rescence no longer changes. Record F30 for each well.

4. Calculate F0/F30 ratios. Plot data versus well number and inspect.
A slope to the negative control data will result if all the reactions have
not gone to completion.

5. Average the ratios for the positive control reactions (M#) and negative
control reaction (M!), and the standard deviation for positive controls
(SD#) and negative controls (SD!).

6. Calculate a Z0 factor (Zhang et al., 1999) from the means and standard
deviations (Eq. 21.2).

Z 0& 1! 3SD##3SD!

M#!M!

# $
: $21:2%

A Z0 value of 1.0 indicates an ideal assay, excellent assays yield values
between 0.5 and 1.0, a value between 0.5 and 0 indicates a marginal assay
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needing improvement, and assays with Z0 factors below 0 are generally not
useful for HTS.

7. An RNA-Based Split Beacon Helicase Assay
(SBHA)

We have performed many of the above assays using substrates where
RNA forms one or both strands of the MBHA substrate. While such assays
provide valuable results when performed carefully under analytical conditions,
their usefulness in HTS is limited. Specifically, the F30/F0 ratios obtained from
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Figure 21.3 Evaluation of alternate fluorophores for use in MBHA-based screens.
Each substrate was labeled with Iowa Black RQ (IAbRQ) and one of the four indicated
fluorophores available from Integrated DNA technologies (Coralville, IA). Each panel
shows results from a single 96-well low-volume plate containing 8 reactions without
DNA (BKG), 44 reactions with 2% DMSO, and 44 reactions containing the HCV
helicase inhibitor primuline at a final concentration of 50 mM in 2% DMSO. Solid lines
show means of positive and negative controls and the dotted lines show three times the
standard deviations.
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negative control reactions (no inhibitors) with RNA substrates is usually two
to four times lower than it is for the same negative control reactions performed
with DNA substrates. As a result, difference is smaller between the positive and
negative controls in RNA assays andZ0 factors are usually only in the marginal
range at best.

To monitor HCV helicase action on RNA in HTS, we instead use an
RNA-based assay where the fluorophore and quencher are split between two
different hairpin-forming oligonucleotides that both anneal to a third strand at
adjacent positions. In this SBHA, the two oligonucleotides that the helicase
must separate for a signal change are made of RNA, while the third oligonu-
cleotide containing the quenching moiety is made of DNA (Fig. 21.4A). In
SBHAs, F0 and F30 signals are similar when either DNA or RNA is used as a
substrate (Fig. 21.4B), but more enzyme is needed with RNA because the
same amount of NS3h unwinds the RNA substrate more slowly. Similar rates
are obtained if five times more NS3h (i.e., 62.5 nM) is added to the reactions
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with RNA SBHA substrate than is added to DNA SBHA substrates
(i.e., 5 nM NS3h). Unlike the MBHA, fluorescence increases when the
helicase unwinds an SBHA substrate, and reaction extent is therefore calcu-
lated as an F30/F0 ratio (rather than an F0/F30 ratio). Reaction extents and Z0

factors are similar for RNA- and DNA-based SBHA (Fig. 21.4C). The
following protocol can be used to perform RNA-based SBHAs.

1. Anneal substrate by combining three oligonucleotides shown in Fig. 21.1A
(Integrated DNA Technologies, Coralville, IA) at 50 mM each in RNAse-
free 10 mM Tris–HCl, pH 8.5. Heat to 95 "C. Cool slowly to room
temperature. Store concentrated substrate in the dark at !20 "C.

2. Assemble reaction mixtures, controls, and inhibitors as described above
for the MBHA (Section 6.1), except that NS3h_1b(Con1) should be
included at 60 nM in each reaction. Add 51 ml of reaction mix and 3 ml
of either control compounds or dilutions of compounds to be tested.

3. MonitorCy5 fluorescence beforeATP addition. Add 6 ml of ATP.Record
final fluorescence (F30) after fluorescence in control reactions no longer
changes. Unlike the MBHA, fluorescence will increase upon ATP addi-
tion. Calculate F30/F0 ratios and normalize data with ratios obtained with
positive and negative control reactions to determine percent inhibition.

4. For kinetic analyses, exported data can be analyzed as discussed in
Section 6.2, except that the data obtained after ATP addition should
be fit a rate equation describing substrate appearance rather than decay.
The following set of equations can be used to fit SBHA data using Prism.

Y1 &F0
Y2&F0#AMP 1! exp !K X!START$ %$ %$ %

Y & IF X < START$ %;Y1;Y2) *

In the above equations, X is time, Y is observed fluorescence, Y1 is the
data before ATP injection, Y2 is data collected after ATP injection, START
is the time that ATP was added, AMP is reaction amplitude, and K is a first
order rate constant describing the gain of fluorescence. Constrain
“START” to the time ATP was added, and AMP, F0, and K so they remain
greater than zero. Set initial estimates for F0, AMP, andK to Ymin, Ymax, and
the 1/the value of X at Ymid, respectively.

8. Discussion

The above protocols are being used to analyze HCV helicase inhibitors
reported by others (Belon et al., 2010), to screen compound libraries for HCV
helicase inhibitors, and to analyze hits (Belon and Frick, 2010). These assays,
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however, are only the first step in the process of finding a compound that
could be used as a molecular probe or as a lead compound for drug discovery.
After identifying compounds that inhibit HCV helicase activity on both
DNA and RNA, we next examine whether or not they can inhibit HCV
replication in cells. The assay most useful in this regard employs an HCV
replicon in which a reporter gene is linked to a marker that can be used to
select cells in which HCV RNA replicates (Hao et al., 2007). Although we
have studied helicase inhibitors that are not active against the HCV replicon
(Belon et al., 2010), our lab now primarily focuses on inhibitors that display
some antiviral potency in HCV replicon-based assay. These compounds are
now being studied using a variety of techniques to elucidate how they inhibit
the unwinding reaction on a molecular level and how they effect HCV
replication in cells. It should be appreciated that many other assays are
available to identify inhibitors of HCV helicase, which have been the subject
of other recent reviews (Belon and Frick, 2009a, 2011). There are also other
resources available that summarize compounds that have been discovered to
inhibit HCV helicase (Belon and Frick, 2009a, 2011; Borowski et al., 2000;
Briguglio et al., 2011; Lemon et al., 2010) and compounds that target other
helicases (Frick, 2003; Frick and Lam, 2006; Kwong et al., 2005).
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