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Review Article

Helicases are tiny molecular motors fueled by adenosine 
triphosphate (ATP) hydrolysis that grab one strand of DNA 
or RNA and peel it from its complementary strand. In cells, 
DNA helicases play key roles in DNA replication, recombi-
nation, and repair. Cells need RNA helicases for transcrip-
tion, translation, and RNA splicing. More than 10 years ago, 
several potent antiviral drugs were discovered that inhibit 
an essential herpes simplex virus (HSV) helicase complex, 
and this discovery inspired many others to study helicases 
as drug targets.1,2 Discovering similarly potent and specific 
inhibitors for other helicases has been quite challenging, but 
considerable progress has been made in recent years. This 
review discusses recent progress toward making helicases 
more tractable drug targets. We discuss below data recently 
published or deposited in the PubChem BioAssay,3 com-
mon chemical scaffolds identified as hits in high-throughput 
screens, how hits have been optimized, and novel new high-
throughput assays. Because numerous other reviews on 
helicase biochemistry, helicase assays suitable for screen-
ing, and the role of helicases in biology are available,4–9 we 
will only briefly review key points before discussing inhibi-
tor development in more detail. Throughout this article, 
helicase inhibitors will be identified by a PubChem 
Compound Identification (CID) number, which can be used 
to access a wealth of other data for each compound by 
searching the CID in the PubChem Compound database.10 

A PubChem Assay Identification (AID) number will also be 
noted for assays used to identify or characterize discussed 
helicase inhibitors.3

There are many reasons why helicase inhibitor develop-
ment is challenging. We have encountered two basic problems 
in our efforts to discover hepatitis C virus (HCV) helicase 
inhibitors. First, high-throughput screens using assays moni-
toring helicase-catalyzed nucleic acid duplex separation yield 
few hits, and second, most of the hits act by binding the 
nucleic acid substrate. For example, the Scripps Research 
Institute Molecular Screening Center tested 290,735 com-
pounds in the National Institutes of Health (NIH) small- 
molecule collection using an assay that monitors the ability of 
the HCV helicase to separate duplex DNA (PubChem 
BioAssay AID 1800).11 Only 500 compounds (0.2%) were 
confirmed as hits (AID 1943), the most potent hits were assay 
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artifacts (AID 485301), and the most potent hits did not inhibit 
HCV RNA replication in a cell-based assay (AID 463235). 
Many assay artifacts, or false leads, seen in helicase assays 
that monitor DNA duplex separation, such as the one used for 
HCV helicase, result from a compound’s ability to interact 
with the helicase’s DNA substrate. Such DNA binding com-
pounds are still very difficult to identify in a high-throughput 
format. Solutions to various helicase inhibitor development 
problems include extensive counterscreening, innovative 
assays monitoring helicases in cells or helicase interactions 
with other proteins, and structure-based design. As discussed 
below, all these efforts have led to potent, specific, and some 
drug-like helicase inhibitors.

The goal of this article is to discuss how new helicase 
inhibitors were discovered and optimized in the past few 
years. These small molecules target proteins linked to 
diverse diseases, such as viral infections, bacterial infec-
tions, premature aging, and cancer. Due to space limita-
tions, this is not a comprehensive review of these subjects. 
Rather, we intend to update other helicase articles, such as 
Xu Guang Xi’s review about helicases as antiviral and anti-
cancer drug targets.12 We have chosen to focus on how new 
helicase inhibitors were identified and optimized, common 
screening problems, and the chemistry of common helicase 
inhibitor chemotypes. Numerous other reviews are avail-
able that are focused on either viral helicases7,13 or cancer-
linked helicases.14–16 Many excellent resources also cover 
helicase biochemistry in more detail, but most are focused 
on specific helicases such as the ones encoded by HSV,17–19 
HCV,20–24 flaviviruses,25 or humans.16,26–28

Introduction to Helicase Structure and 
Function

Cells use helicases whenever they need to access DNA or 
RNA, and all life forms encode helicases.4,5 The only excep-
tions are some viruses that replicate in a cell’s nucleus, where 
they might hijack cellular helicases to access or copy genetic 
material.8 DNA helicases separate the two strands of the dou-
ble helix when it is copied, repaired, or transcribed into RNA. 
Cells need RNA helicases for messenger RNA (mRNA) tran-
scription, translation, and to assemble or disassemble RNA-
protein complexes such as the ribosome. Viruses with RNA 
genomes also use helicases to resolve RNA duplexes formed 
after replication. In other words, helicases guard access to our 
genomes. As genome guardians, helicases are linked to a myr-
iad of disorders caused by abnormal gene expression, cell pro-
liferation, and infectious pathogen replication.19,27,29

RNA and DNA helicases are complex molecular motors 
that use ATP to fuel nucleic acid base pair separation and/or 
rearrangement.6,9 On the molecular level, most helicases grab 
one strand of DNA or RNA and move along it to displace its 
complement. Some helicases assemble into oligomeric rings 
(typically hexamers),30,31 which encircle one DNA (or RNA) 

strand,32 whereas non–ring helicases do not form rings but 
rather function as monomers,33 dimers,34 or higher order oligo-
mers.35,36 Ring helicases consist of identical subunits, each of 
which contains a domain that resembles the Escherichia coli 
protein RecA.37 ATP binds at the interface of two RecA-like 
domains such that there are six ATP binding sites on a hexa-
meric ring helicase. Sequential or concerted ATP hydrolysis 
causes a ring helicase to spin down a nucleic acid strand.30 
Non–ring helicases38 consist of two RecA-like domains cova-
lently linked in tandem on the same polypeptide,39 and ATP 
binds between these “motor domains.”40 ATP binding and 
hydrolysis cause a non–ring helicase to expand and contract so 
that the helicase moves along DNA (or RNA) like an inch-
worm.41–43 The above characterization likely oversimplifies 
how helicases function as molecular motors, and exactly how 
these molecular machines assemble is still a subject of consid-
erable research and debate.

Both ring and non–ring helicases must first load on single-
stranded DNA (or RNA) before they can separate a duplex. 
Once loaded on single-stranded DNA (or RNA), most heli-
cases move in either one of two possible directions. Some 
move from the 5′-end to the 3′-end of the strand to which they 
are bound, and others move in a 3′ to 5′ direction.44,45

In addition to movement directionality and oligomeric 
state, helicases are also classified based on their genetic 
similarities. All helicase genes evolved from the same com-
mon ancestor, and helicase proteins share common signa-
ture sequences indicative of family relationships. Helicase 
families are then grouped into superfamilies.46,47 Most 
members of helicase superfamily 1 (SF1)48 and superfamily 
2 (SF2)49 are non–ring helicases, and members of super-
family 3 (SF3) and superfamily 4 (SF4) are typically ring 
helicases.9 HSV and human coronaviruses (CoV)50 encode 
the SF1 helicases that will be discussed below. SF2 helicase 
drug targets to be discussed are the NS3 proteins encoded 
by HCV and related viruses, the cellular DEAD-box pro-
teins,51 and human RecQ-like helicases.52 SF3 helicases dis-
cussed below include viral DNA helicases encoded by 
human papillomaviruses (HPVs)53,54 and polyomaviruses 
(e.g., simian virus 40 [SV40]).31 All SF4 helicases discussed 
below, as targets for new antibiotics, resemble the E. coli 
DnaB hexamer, which unwinds DNA and coordinates lead-
ing and lagging strand DNA replication.55 Many other heli-
cases in other helicase superfamilies (i.e., Rho-like helicases 
in superfamily 5 and the MCM proteins in superfamily 6)9 
and the related AAA+ superfamily47 could someday be 
important drug targets, but they will not be further discussed 
here because specific small molecules that inhibit them 
have not yet been reported in the literature.

Helicases as Drug Targets

The primary motivation to discover potent and specific 
helicase inhibitors is to control the ability of an organism to 
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access genetic material. In theory, one could use helicase 
inhibitors to control any aspect of gene replication or 
expression, but the goal of most present efforts is to find 
helicase inhibitors that simply prevent the replication of 
infectious pathogens or cancer cells. Antibiotics could be 
developed from potent and specific inhibitors of bacterial 
helicases, such as the DnaB55 protein that acts at bacterial 
replication forks, or proteins involved in recombination, 
such as RecBCD.36 Inhibitors of cellular helicases could 
function as antivirals or be used to control cancer cells or 
make them more sensitive to chemotherapy.15

Bacteria-Encoded Helicases

Much of what we know about helicases comes from studies 
performed with proteins first purified from benign E. coli labo-
ratory strains, such as the E. coli helicase that coordinates DNA 
replication, called DnaB.55,56 Inhibitors of E. coli helicases 
could be used, however, to treat pathogenic strains of E. coli, 
which cause more than 100 million gastrointestinal infections 
each year and about 170,000 deaths.57 Like E. coli, other gram-
negative pathogenic bacteria, such as Pseudomonas aerugi-
nosa, encode an SF4 DnaB-like helicase that they use to 
coordinate leading and lagging strand DNA replication. P. 
aeruginosa causes pneumonia, urinary tract infections, and 
sepsis.58 Gram-positive bacteria encode DnaB-like proteins 
that have been targeted to find treatments for Bacillus anthra-
cis, the causative agent of anthrax, and Staphylococcus aureus. 
S. aureus causes many natural and hospital-acquired infec-
tions, which typically respond to current antibiotics.58 
However, new S. aureus drugs are desperately needed because 
of the evolution of methicillin-resistant S. aureus, which is 
resistant to penicillin and other beta-lactam antibiotics.59

The other bacterial helicase targets discussed here are 
the non–ring helicases that form the multifunctional 
RecBCD complex.60 The RecBCD complex prepares DNA 
for homologous recombination and/or repair. RecB and 
RecD are both SF1 helicases, which move in opposite direc-
tions, on complementary strands, to drive the translocation 
of the RecBCD complex along DNA.61 A separate nuclease 
function of RecB degrades both strands of DNA as the com-
plex translocates. Upon reaching a Chi recognition 
sequence, RecB stops cleaving the 3′-strand but continues 
to digest the 5′-strand, leaving an extended 3′ overhang of 
single-stranded DNA (ssDNA).62 RecA binds the 3′ over-
hang and helps it invade a homologous duplex to form a 
DNA crossover to be resolved at a Holliday junction.37 
RecBCD also destroys bacteriophage DNA that lacks Chi 
sites, unless the virus encodes a protective protein.63 Most 
work with RecBCD has been done with the E. coli complex, 
but pathogenic bacteria, such as the ulcer causing 
Helicobacter pylori, encode RecBCD homologues. The H. 
pylori RecBCD homolog, which will be discussed later, is 
called AddAB.64

Virus-Encoded DNA Helicases

As noted above, only helicase inhibitor–based drugs target 
an HSV helicase. HSV is in the family Herpesviridae, mem-
bers of which cause chickenpox/shingles (Varicella zoster), 
cold sores (HSV-1), and genital herpes (HSV-2). HSV-2 
infects 40 to 60 million people worldwide, with 1 to 2 mil-
lion cases each year, and typically spreads through infected 
mucosa.65 All HSV are fully enveloped double-stranded 
DNA viruses, which encode seven proteins needed for DNA 
replication: the origin binding protein UL9, the single-
stranded DNA binding protein ICP8, a heterodimeric poly-
merase (UL30 and UL42), and a heterotrimeric 
helicase-primase complex (UL5, UL8, and UL52). UL52 is 
the primase, and UL5 is the helicase. UL8 coordinates heli-
case-primase activity with the help of ICP8 and assists heli-
case processivity. UL5 is an SF1 helicase, and it unwinds in 
a 5′ to 3′ direction, but only in the presence of UL52.66,67

Papillomaviruses and polyomaviruses encode the other 
viral DNA helicases that are widely studied as drug targets. 
Both families have smaller DNA genomes than the viruses 
in Herpesviridae, and their circular genomes encode few 
proteins other than an SF3 helicase. Host DNA polymerases 
and other replication proteins assemble around the viral 
SF3 helicase to synthesize new viral DNA in the same bidi-
rectional semi-discontinuous manner used by most cellular 
organisms. The prototype polyomavirus, SV40, was acci-
dentally introduced to humans in the polio vaccine, but it 
has not yet been clearly linked to any human disease. SV40 
is closely related to two human polyamaviruses, which 
cause debilitating illnesses in immunocompromised 
patients. One is the BK virus, which is named after the 
transplant patient from whom it was first isolated, and the 
other is the John Cunningham virus (JCV).68 The polyoma-
virus SF3 helicase is the large tumor antigen (TAg), a well-
conserved viral protein transcribed soon after infection.69 
TAg contains an N-terminal J-domain, which stimulates the 
ATPase activity of the Hsp70 chaperone, a central origin–
binding domain, and a C-terminal helicase domain fueled 
by ATP hydrolysis. Like other replicative ring helicases, 
TAg forms two hexamers at the origin of DNA replication 
that move in opposite directions as the replication bubble 
opens and DNA is copied.31

Members of the family Papillomaviridae have a circular 
genome like SV40, but the papillomavirus genome is larger 
and more complex. More than 120 different strains of HPV 
infect more than 440 million people, and they cause about 
250,000 deaths per year. Most HPV strains cause genital 
warts, but several pathogenic variants, such as HPV16, cause 
cervical cancer.70 The HPV helicase is the viral E1 protein, 
which has both site-specific binding activity and unwinding 
activity. Like TAg, E1 is an SF3 ring helicase with many 
functions and domains: a C-terminal helicase/ATPase 
domain, a central origin DNA binding domain, and an 
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N-terminal regulatory domain. The N-terminal E1 region 
contains a nuclear localization signal, a nuclear export signal, 
a conserved cyclin-binding motif, and several phosphoryla-
tion sites. E1 hexamers form at each replication fork at either 
end of a replication bubble. Exactly how the hexamers coor-
dinate their activity either by interacting with each other or 
other proteins at the replication fork is still a subject of inves-
tigation. The internal DNA binding hairpins of each subunit 
form a spiral staircase, and these hairpins pull the DNA 
through the center of the ring one nucleotide at a time, such 
that six ATP molecules are used to move six nucleotides.53

RNA Helicases Needed for Virus Replication

Two classes of RNA helicases have been studied as drug 
targets: helicases encoded by viruses and cellular helicases 
needed for virus replication. The most widely studied viral 
helicase is the nonstructural protein 3 (NS3) encoded by 
HCV. NS3 is an SF2, non–ring, 3′ to 5′ helicase. HCV is the 
only species in the genus Hepacivirus, which is part of the 
family Flaviviridae.71 The genus Flavivirus, as well as its 
numerous important human pathogens such as yellow fever 
virus (YFV), Japanese encephalitis (JEV), West Nile virus, 
and dengue virus, is also part of Flaviviridae.25 All flavivi-
ruses encode NS3 proteins similar in form and function to 
the HCV helicase.25,72–74 NS3 proteins are multifunctional, 
with the N-terminal domain functioning as a protease 
needed for viral polyprotein processing and the C-terminal 
domain functioning as a helicase. HCV and related viruses 
encode the only proteins known that are both proteases and 
helicases. NS3 proteases are active only when combined 
with another viral peptide. The HCV NS3 protease is active 
only when combined with HCV nonstructural protein 4A 
(NS4A),75,76 and NS3 from flaviviruses is activated by non-
structural protein 2B (NS2B).77,78 Unlike HCV NS3, flavi-
virus helicases possess an RNA triphosphatase activity, 
meaning they can cleave the terminal phosphate present at 
the 5′-end of RNA, to prepare the genome for capping.79 
HCV genomes are not capped and HCV translation instead 
begins at an internal ribosome entry site (IRES).80

HCV infects about 1 in 50 people alive today, but most 
HCV patients are unaware of their illness because the virus 
destroys the liver so slowly that it causes few symptoms.81 
After years of infection, most HCV patients develop fibro-
sis, cirrhosis, hepatocellular carcinoma, or liver failure.82 
Effective HCV treatments combine pegylated human inter-
feron, ribavirin, and an inhibitor of the NS3/NS4A prote-
ase.83,84 The flaviviruses are primarily transmitted to 
humans through mosquitoes, and they cause numerous mild 
to fatal diseases. Vaccines are available for both YFV and 
JEV, but currently there are no specific drugs available for 
the treatment of flavivirus diseases.85

Coronaviruses (viruses in the family Coronaviridae) are 
also (+)RNA viruses, but they have genomes more than 

three times the size of HCV. Coronaviruses typically cause 
upper respiratory infections (i.e., the common cold), but 
some species, such as severe acute respiratory syndrome 
coronavirus (SARS-CoV), can cause life-threatening pneu-
monia. Another deadly coronavirus was recently isolated 
from patients in Saudi Arabia.86 The SARS-CoV helicase is 
nonstructural protein nsp13.50 Like NS3 from flaviviruses, 
the SARS-CoV helicase has RNA 5′ triphosphatase 
activity.87

Cellular Helicases as Antiviral Targets

Viruses that enter the nucleus often hijack cellular helicases 
during viral replication. For example, the human cellular 
helicases DDX1, DDX3, DDX24, MDA-5, RNA helicase A 
(RHA), and Werner syndrome protein (WRN) have been 
linked to human immunodeficiency virus (HIV) replication. 
All six are SF2 helicases. RHA was the first cellular heli-
case linked to HIV replication88 and is encapsulated in the 
HIV particle.89 The melanoma differentiation-associated 
gene 5 (MDA-5) helicase was called “RH116” in the study 
linking it to HIV replication.90 A dominant negative heli-
case-defective WRN allele inhibits HIV long terminal 
repeat transactivation and HIV replication.91 DDX3 facili-
tates the export of HIV RNA transcripts from the nucleus 
into the cytoplasm.92 DDX1 restricts HIV-1 Rev function in 
human astrocytes,93,94 and DDX24 helps with HIV packag-
ing.95 Although all the above helicases could serve as anti-
viral drug targets, small-molecule inhibitors have been 
found so far only for DDX3, as will be discussed in more 
detail below.

Cellular Helicases as Targets for Cancer 
Chemotherapy

As reviewed elsewhere in more detail,12,26,96 cells need heli-
cases to evade the effect of drugs that kill cancer cells by dam-
aging cancer cell DNA. For example, topoisomerase inhibitors, 
such as camptothecin, cause DNA strand breaks that need to be 
repaired by homologous recombination for a cell to survive or 
for a tumor cell to duplicate. Many of the human proteins 
needed for recombinational DNA repair resemble the E. coli 
helicase RecQ protein, and helicase inhibitors that target 
human RecQ-like helicases could, in theory, make cancer cells 
more sensitive to chemotherapy.97,98

Human RecQ-like helicases were first discovered when 
some of their genes were found to be linked to various autoso-
mal recessive diseases, such as the premature aging disorder 
Werner syndrome.28 There are five known human RecQ-like 
proteins: RECQ1, WRN, BLM, RecQ4, and RecQ5. Mutations 
in the WRN gene (RECQL2) cause Werner syndrome,99 and 
mutations in the BLM gene (RECQL3) cause Bloom syn-
drome.100 Mutations in the RecQ4 gene (RECQL4) have been 
implicated in Rothmund-Thomson syndrome,101 Rapadilino 
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syndrome,102 and Baller-Gerold syndrome.103 RecQ-like heli-
cases play key roles in DNA replication, recombination, and 
repair; stabilize the replication fork; and are needed for telo-
mere stability.52 As evidence that targeting RecQ-like helicases 
might aid chemotherapy, cells exposed to small hairpin RNA 
(shRNA) targeting WRN are more sensitive to methylselenic 
acid,104 and cells with mutated WRN respond more slowly to 
DNA damage from UV light or chemotherapeutic agents, such 
as the topoisomerase inhibitor camptothecin.105 RecQ5 also 
aids in the recovery of stalled replication forks after camptoth-
ecin treatment.97 The RecQ-like proteins are not the only heli-
cases that could potentially serve as anticancer drug targets. 
Many other helicases are needed to repair genomes, and they 
form complex networks with other key proteins, including 
tumor suppressors105 and oncoproteins.106 Mutations in these 
networks lead to synthetic lethality, suggesting that small- 
molecule inhibitors of such helicases might reproduce the 
same phenotype.16

Another manner in which helicase inhibitors could be 
used to treat cancers would be to halt the activity of a heli-
case needed to express a specific oncogene. Protein synthe-
sis dysregulation is associated with many human cancers, 
and it might result from abnormal activity of RNA helicases 
needed for translation. The best-studied example is the 
RNA helicase eIF4A, which prepares mRNA for ribosome 
binding by unwinding secondary structures in the 5′ untrans-
lated region (UTR). Cells exposed to an eIF4A inhibitor 
show reduced expression of an oncoprotein that has been 
linked to breast cancer, called Mucin 1.106

Below we will discuss small molecules that inhibit the 
above helicases and how they were identified using high-
throughput screening (HTS) techniques. Of course, other 
methods could be used to modulate helicase activity. For 
example, RNA interference is the main technique used to 
demonstrate that a helicase is a potential therapeutic target. 
RNA interference was used to show that HIV replication 
requires both DDX3107 and RNA helicase A,108 that human 
liver cells need the RNA helicase p68 to support HCV rep-
lication,109 and that suppression of the Werner helicase 
makes cells more sensitive to cancer chemotherapy.110–112 
Viral helicases encoded as parts of polyproteins are obvi-
ously more difficult to selectively knock down using small 
interfering RNA (siRNA), but they have been inhibited 
using other biological macromolecules. For example, HCV 
replication has been repressed using therapeutic antibod-
ies113,114 and RNA aptamers directed against the NS3 
helicase.115–117

Typical High-Throughput Assays Used 
to Identify Helicase Inhibitors

Most high-throughput assays used to identify helicase 
inhibitors in compound collections either detect the ability 
of a helicase to separate DNA (or RNA) strands or cleave 

ATP, which fuels helicase movements. ATP hydrolysis 
(ATPase) assays are typically easier to design and execute, 
are less costly, and are simpler to perform in a high-throughput 
format. In addition, numerous commercial kits available, 
designed to monitor protein kinases,118 can be modified to 
detect helicase-catalyzed ATP hydrolysis. Strand separation 
(i.e., unwinding) assays require more sophisticated reagents, 
such as modified oligonucleotides, that are not needed in 
ATPase assays.

Helicase-catalyzed ATP hydrolysis is measured by mon-
itoring either the loss of ATP or the appearance of adenosine 
diphosphate (ADP) or inorganic phosphate (Pi). Most Pi 
assays are based on the Fiske-SubbaRow method119 or more 
sensitive ammonium molybdate reagents that incorporate 
the dye malachite green.120,121 Colorimetric phosphate 
assays can be challenging to perform as screens because 
either ATP must be removed or multiple reagents must be 
added in a precisely timed procedure. Proprietary colori-
metric reagents such as Biomol Green reagent (Enzo Life 
Sciences, Farmingdale, NY) or the CytoPhos reagent 
(Cytoskeleton, Inc., Denver, CO)122 are more amenable to 
HTS. Miyata et al.123 recently reported an interesting new 
variant of these classic phosphate assays that uses the dye 
quinaldine red. A quinaldine red–phosphate complex 
absorbs light where many white assay plates emit when 
excited at 430 nm, so that white plate fluorescence decreases 
when quinaldine red forms a complex with phosphate and 
molybdate. As discussed below, Seguin et al.124 used this 
quinaldine red assay to discover new inhibitors of the SV40 
TAg helicase.

The alternatives to detecting Pi in an ATPase assay are to 
couple ATP hydrolysis to another reaction, detect ATP 
remaining, or detect ADP. The classic coupled ATPase 
assays link ATP hydrolysis to either nicotinamide adenine 
dinucleotide (NADH) reduction via pyruvate kinase and 
lactate dehydrogenase125 or methylthioguanosine (MESG) 
hydrolysis via purine nucleoside phosphorylase.122,126 
Neither coupled assay is particularly useful in HTS because 
many small molecules absorb in the same wavelengths as 
NADH and MESG. There are commercial assays, however, 
that detect ATP and ADP through coupled luminescent reac-
tions (e.g., ADP glo; Promega, Madison, WI) or by using 
ADP sensors. ADP sensors use antibodies bound to a fluo-
rescent ADP analogue, which can be displaced by native 
ADP produced in a helicase-catalyzed reaction. ADP sensor 
assays, commonly referred to as “Transcreener” assays, can 
be monitored with fluorescence intensity, polarization, or 
time-resolved fluorescence resonance energy transfer and 
are available from Bellbrook Labs (Madison, WI) or Cisbio 
BioAssays (Marcoule, France).

With all these possibilities, and only a few published 
studies that directly compare various methods, choosing an 
ATPase-based helicase screen can be challenging. Our labo-
ratory prefers colorimetric ATPase assays for their low cost, 
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precision, and simplicity,127 but other laboratories prefer 
other techniques. For example, Seguin et al.128 compared a 
commercial malachite green–based kit (BioAssays System, 
Hayward, CA) and the ADP Hunter kit (DiscoverRX, 
Freemont, CA) and reported that ADP Hunter kit was more 
sensitive and had a higher signal/background in assays with 
the SV40 helicase.

Helicase unwinding assays are performed as end-point 
assays or as continuous assays. The prototype helicase 
unwinding end-point assay measures the conversion of dou-
ble-stranded DNA to single-stranded DNA using an iso-
tope-labeled oligonucleotide. Such assays can be adapted to 
HTS using GeneClean Glassmilk (MP Biomedicals, Santa 
Ana, CA) and filter plates129 or by using a scintillation prox-
imity assay (SPA), where a radiolabeled oligonucleotide is 
captured with a biotin-labeled oligonucleotide, which then 
binds to a scintillant bead.130 Radioactive helicase end-point 
assays have also been done with a FlashPlate (PerkinElmer, 
Waltham, MA).131,132 Two unwinding end-point assays that 
do not use radioisotopes have been described. One uses 
electrochemiluminescence (ECL) and a substrate made by 
attaching a DNA nucleotide to a ruthenium chelate, which 
is trapped by a biotin-labeled strand and streptavidin-coated 
magnetic beads that are detected by ECL.133 Another uses 
an enzyme-linked immunosorbent assay to detect displace-
ment of a digoxigenin (DIG)–labeled strand from a biotin-
labeled strand in a streptavidin-coated well plate.134

Continuous helicase unwinding assays typically monitor 
changes in Förster resonance energy transfer (FRET) 
between “donor” and “acceptor” chromophores tethered to 
complementary strands of DNA (or RNA).135–138 Continuous 
assays are simpler and often less costly than end-point 
assays, but they are plagued by compound interference 
because many library compounds absorb or emit light at 
wavelengths that overlap those of the fluorophores being 
monitored. As an attempt to minimize compound interfer-
ence, similar assays have been developed that monitor 
either fluorescence polarization139 or time-resolved fluores-
cence instead of fluorescence intensity.140

Our laboratory relies mainly on FRET-based assays in 
which one strand of a helicase substrate is made of a molec-
ular beacon (i.e., an oligonucleotide containing both a 
FRET donor and acceptor that can form a hairpin).141 In 
such a molecular beacon-based helicase assay (MBHA), 
substrate fluorescence decreases when ATP activates the 
helicase. An MBHA has two advantages over other FRET-
based assays. First, no oligonucleotide trap is required in 
the reaction, making it simpler and less costly.11 Second, 
compounds that bind the helicase substrate can be detected 
because they decrease substrate fluorescence in the absence 
of the helicase (or ATP).24,142 As discussed below, DNA 
binding compounds are frequent, nonspecific hits in heli-
case assays, and identifying them early is critical for effi-
cient helicase inhibitor development.

Proof of Concept: HSV Helicase/
Primase Inhibitors

The inspiration for much of the research discussed here 
comes from the fact that helicase inhibitors already have 
been demonstrated to be potent antiviral agents that rival 
many of the drugs used to treat herpes infections.18,19 More 
than 10 years ago, Boehringer Ingelheim1 and Bayer2 discov-
ered anti-HSV drugs that target the UL5/8/52 complex. 
Boehringer Ingelheim identified their inhibitors, typified by 
BILS 22BS (Fig. 1), by screening for compounds that inhibit 
helicase-catalyzed DNA strand separation. These aminothia-
zolylphenyls inhibit primase-catalyzed RNA synthesis and 
helicase-catalyzed ATP hydrolysis in the presence of nucleic 
acids, but they do not inhibit helicase-catalyzed ATP hydroly-
sis in the absence of DNA. Interestingly, the BILS series sta-
bilizes a helicase/primase:DNA complex, possibly preventing 
the primase recycling needed to initiate new Okazaki 
fragments.1

The Bayer compounds, in contrast, were discovered 
using a cell-based high-throughput cell survival assay, not 
intended to find helicase inhibitors per se.2 The initial hit 
from a screen of 420,000 compounds (BAY 38-9489) was 
optimized to a highly potent (IC

50
 = 12 nM) thiazole amide 

derivative called BAY 57-1293 (Fig. 1). Genetic analysis of 
HSV resistant to BAY 57-1293 revealed that mutations in 
UL5 or UL52 confer resistance to BAY 57-1293. BAY 
57-1293 inhibits purified UL5/52-catalyzed ATP hydrolysis 
in the presence of DNA (IC

50
 = 30 nM). In HSV-infected 

guinea pigs143 and rabbits,144 BAY 57-1293 relieves symp-
toms and prevents viral relapse, but resistance mutations are 
common in both clinical and laboratory isolates of HSV-
1.145 Some alleles (e.g., K356T in UL5) confer resistance to 
both BAY 57-1293 and BILS 22 BS. However, some HSV 
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alleles resistant to BAY 57-1293 (e.g., A899T in UL52) are 
still sensitive to BILS 22 BS.146

The first helicase inhibitor to show success in the clinic is 
a herpes primase/helicase inhibitor called ASP2151 (ame-
namevir; Fig. 1). ASP2151 is an oxadiazolylphenyl-containing 
compound that inhibits purified UL5/8/52-catalyzed ATP 
hydrolysis (IC

50
 = 78 nM), primer synthesis (IC

50
 < 30 nM), 

and DNA unwinding (IC
50

 < 100 nM). ASP2151 inhibits 
HSV in cell culture147 and guinea pig models.148 ASP2151 is 
also effective against thymidine kinase–deficient HSV strains 
resistant to acyclovir,149 and resistance to ASP2151 is 1000 
times less common than seen for acyclovir.150 When adminis-
tered to patients with genital herpes, ASP2151 significantly 
reduces the median time for lesion healing.151,152

Inhibitors of Helicase-Catalyzed ATP 
Hydrolysis

The most obvious inhibitors of helicase-catalyzed ATP hydro-
lysis are nucleotide and nucleobase analogues. As reviewed 
previously,8,153 nucleotide analogues have been extensively 
tested as inhibitors of the NS3 helicase, but few inhibit the 
enzyme with IC

50
 values less than 50 µM. More recently, syn-

thesized new ring expanded nucleosides (REN) were tested if 
they inhibited HIV-1 replication by targeting the cellular heli-
case DDX3. The most potent REN, CID 44586781, inhibits 
DDX3-catalyzed RNA unwinding, and it suppresses HIV-1 
replication in T cells and macrophages.154

Other than nucleotides, the most common phamacoph-
ores explored as inhibitors of helicase-catalyzed ATP hydro-
lysis are polyphenols made of two or three linked phenyl 
rings. Biphenyls have been studied as inhibitors of SV40 
TAg,124,128 HPV E1,155 and DDX3,156 and triphenylmeth-
anes have been twice studied as NS3 inhibitors.157,158

Biphenyls were first noted as helicase inhibitors by 
researchers at Boehringer Ingelheim, who optimized this 
chemotype as a lead to treat HPV. As previously 
reviewed,54,159 Boehringer Ingelheim tested its compound 
collection for inhibitors of HPV E1-catalyzed ATP hydroly-
sis, and the most promising screening hit was a biphenysul-
fonacetic acid (CID 515118; Fig. 2A), which inhibited 
HPV6 E1-catalyzed ATP hydrolysis with an IC

50
 value of 2 

µM (Fig. 2A).160 Compound optimization guided the dis-
covery of CID 515164 (Fig. 2A), which inhibits HPV6 E1 
500 times more potently than CID 515118. These biphenyl-
sulfonacetic acids are reversible, but not linear competitive, 
HPV helicase inhibitors, suggesting they bind an allosteric 
site, and they inhibit E1 isolated from some strains dramati-
cally better than E1 isolated from other HPV strains. 
Compound specificity results from the presence of tyrosine 
at position 486 in HPV E1. When another residue is present 
in this position, the compounds bind more weakly. For 
example, they are less active against HPV11 than they are 
against HPV6.155

Another polyphenyl helicase inhibitor was reported in a 
modeling study designed to find compounds that bind the 
RNA binding cleft of DDX3. Using docking, virtual screen-
ing, and tests of the ability of hits to inhibit DDX3-catalyzed 
DNA unwinding or ATP hydrolysis, Radi et al.156 found a 
potent N,N′-diarylurea (CID 29766776; Fig. 2B) DDX3 
helicase inhibitor (IC

50
 = 5 µM), which also inhibits HIV-1 

replication in cell-based assays (IC
50

 = 15 µM) without 
detectable toxicity at 100 µM. CID 29766776 notably 
resembles the potent antibacterial and antifungal triclocar-
ban (CID 7547).

Compounds similar to triclocarban (CID 7547) also 
inhibit SV40 TAg. The Southern Research Specialized 
Biocontainment Screening Center tested compounds in the 
NIH collection for their ability to inhibit SV40 TAg-catalyzed 
ATP hydrolysis (AID 1909). After examining their 2153 hits 
in dose-response assays (AID 1903), compound interference 
counterscreens (AID 2501), and cytotoxicity assays (AID 
2102), as well as examining the common features of the hits, 
the team discovered that Bisphenol A (BPA; CID 6623; Fig. 
2C) inhibits TAg with an IC

50
 value of 41 µM. BPA is used in 

many plastic consumer food containers, and as an estrogen 
receptor agonist, it might present an environmental hazard. 
BPA inhibits TAg-dependent DNA replication (EC

50
 = 6 

µM), but it is cytotoxic at similar concentrations.128 
Remarkably similar chemotypes were also obtained in 
screens of other libraries with a different assay monitoring 
TAg-catalyzed ATP hydrolysis.124 For example, bithionol 
(CID 2406; Fig. 2C) and hexachlorophene (CID 3598), both 
of which are Food and Drug Administration–approved drugs, 
inhibit TAg.124 The bisphenol-like moiety, flexibility of the 
linker group, and the presence of substituents at positions 2 
and 4 on the phenols are all essential features needed for this 
chemotype to inhibit SV40 TAg. Importantly, both bithionol 
and hexachlorophene inhibit SV40 and BKV cell culture, and 
they are less toxic than BPA.124

Unpublished experiments in our laboratory have also 
noted that some of the above biphenyls also inhibit the HCV 
helicase, but biphenyls are not as potent as triphenyl meth-
anes known to inhibit NS3. Triphenylmethanes were first 
noted as NS3 inhibitors when the dye, soluble blue HT, was 
found to dock in the ATP binding site and inhibit NS3 in 
assays with an IC

50
 value of 40 µM. A crystal structure 

(PDB code 2ZJO) of blue HT bound to NS3 shows blue HT 
in the ATP binding site, and it has been used to design CID 
42618092 (Fig. 2D), a more potent triphenylmethane that 
inhibits NS3 helicase and the HCV replicon.157 Mukherjee 
et al.158 found that a similar compound called aurintricar-
boxylic acid (ATA; CID 2259; Fig. 2D) is an even more 
effective HCV helicase inhibitor, with an IC

50
 value of 1.4 

µM. ATA also inhibits human RECQ1-catalyzed DNA 
unwinding (AID 2708) and the BLM helicase (AID 2528).

Like other proteins with P-loop “Walker”-type ATP 
binding sites,161 magnesium forms a bridge needed for ATP 
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to fuel helicase action.121 In theory, this bridge could be 
blocked by metal ion chelators, such as aryl diketoacids 
(ADKs). ADKs inhibit the unwinding activity of SARS-
CoV helicase with IC

50
 values ranging from 5.4 to 13.6 µM. 

Dihydroxychromones, a class of naturally occurring flavo-
noids, are bioisosteres of ADKs with better stability and 
safety. Dihydroxychromones containing arylmethyl groups, 
catechol groups, or both inhibit SARS-CoV helicase-catalyzed 
ATP hydrolysis and DNA unwinding. For example, CID 
45270979, which contains an arylmethyl and a catechol 
moiety on either side of a dihydroxychromone, inhibits 
SARS-CoV helicase-catalyzed DNA unwinding (IC

50
 = 8.1 

µM) but not ATP hydrolysis. When two arylmethyl groups 
are on either side of the pharmacophore (e.g., CID 
56929932), the compound inhibits both Nsp13-catalyzed 
ATP hydrolysis (IC

50
 = 4 µM) and DNA unwinding (IC

50
 = 

11 µM). CID 56929932 also inhibits HCV replication in 
cells (EC

50
 = 4 µM), but its antiviral effect against SARS-

CoV has not yet been reported. Similar compounds with 
only one arylmethyl or catechol group do not inhibit the 
SARS-CoV helicase.162,163

Inhibitors of Helicase-Catalyzed 
Nucleic Acid Separation

The main problem with targeting helicases through their 
ATP binding site is that the motor domains lining the ATP 
binding cleft are highly conserved.46,47,161 Helicase DNA (or 
RNA) binding sites are less similar, so in theory, compounds 
binding in place of nucleic acids might be less promiscuous. 
However, small molecules targeting helicase nucleic acid 
binding sites have been hard to discover. To find compounds 
that directly target unwinding, most teams have focused on 
compounds that inhibit helicase-catalyzed unwinding but 
do not inhibit helicase-catalyzed ATP hydrolysis.23 One 
problem with this approach is that a vast majority of com-
pounds that inhibit unwinding do so by interacting with the 
nucleic acid substrate, not the enzyme itself. Examples 
include ethidium bromide, actinomycin D, 4′,6′-diamidino-
2-phenylindole (DAPI), daunorubicin, distamycin, ellipti-
cine, mitoxantrone, nalidixic acid, or netropsin, many of 
which have been studied as helicase inhibitors since the first 
studies were done with herpes UL9164 and the human RecQ-
like proteins.165

Many DNA binding pharmacophores, such as anthracy-
clines, acridones, tropolones, and amidinoanthracyclines, 
have been optimized as HCV helicase inhibitors, and these 
have been reviewed elsewhere.21,23 The inhibitory effects of 
optimized acridones and tropolones on HCV helicase have 
been recently confirmed in our laboratory.142 
Fluoroquinolone antibiotics, which also bind nucleic acids, 
have also been studied as inhibitors of SV40 TAg166 and the 
HCV helicase.167

Flavones comprise another pharmacophore with nucleic 
acid binding capacity that has been frequently seen in 
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screens for helicase inhibitors. For example, myricetin (CID 
5281672) and related flavones, such as luteolin and morin, 
all inhibit the hexameric replicative helicases, and myrice-
tin inhibits gram-negative bacteria growth, with a minimal 
inhibitory concentration (MIC) as low as 0.25 mg/mL.168 
Myricetin (CID 5281672) and scutellarein (CID 5281697) 
also inhibit SARS-CoV helicase with IC

50
 values of 2.7 µM 

and 0.9 µM, respectively.50,169 However, myricetin is also a 
potent inhibitor of numerous DNA and RNA polymerases 
and telomerases,170 likely due to nonspecific interactions 
with DNA or nucleic acid binding proteins.

Although some of the discussion above suggests that 
helicases function nonspecifically on any duplex structure, 
many helicases are known to act mainly on specific 
sequences or secondary structures such as hairpins, 
G-quadruplexes, or Holliday junctions.171 It might be pos-
sible, therefore, to use small molecules that bind certain 
sequences or mimic DNA structures to target specific heli-
cases needed in a disease pathway. For example, porphyrins 
that mimic a G-quadruplex inhibit the RecQ helicase,172 and 
similar bismuth porphyrin complexes inhibit the SARS 
helicase.173

Optimization of helicase inhibitors that bind nucleic 
acids is challenging because of the lack of HTS assays 
capable of detecting small molecule–DNA interactions. 
Most groups have relied on assays that monitor the ability 
of a small molecule to decrease the fluorescence of DNA 
stained with a fluorescent intercalator (e.g., ethidium bro-
mide174 or thiazole orange175). Such fluorescent intercalator 
displacement (FID) assays, however, do not detect all com-
pounds that interact with DNA. For example, the Scripps 
Research Institute Molecular Screening Center tested 
290,731 compounds in the NIH small-molecule collection 
and found 487 hits (AID 1845), but later Li et al.142 found 
that several of the compounds that did not test positive in 
this ethidium bromide–based FID did, in fact, bind DNA. Li 
et al. therefore developed a different DNA binding assay 
using SYBR green I, which can detect the interaction of a 
wider range of compounds with DNA, but there is still no 
guarantee that all DNA binding compounds will affect the 
fluorescence of a SYBR green I–stained DNA. In our labo-
ratory, we therefore use an MBHA11 to simultaneously 
detect compounds that bind DNA and inhibit helicase 
action.24

Polycyclic Aromatic Polymers as NS3 Inhibitors

Li et al.142 used the MBHA to design specific NS3 inhibitors 
from polycyclic aromatic polymers purified from the yellow 
dye primuline. The basic scaffold of the primuline deriva-
tives is similar to the symmetrical benzothiazole polymers 
(e.g., (BIP)

2
B, CID 247520; Fig. 3) that were first noted to 

inhibit HCV helicase by ViroPharma,176–178 except that they 
are made from benzothiazoles (rather than benzimidazoles) 

that are linked head to tail rather than head to head. The sym-
metrical benzimidazoles inhibit HCV helicase by binding in 
place of RNA,177 but many retain an ability to interact with 
nucleic acids,178 so they are rather promiscuous, inhibiting 
NS3 from flaviviruses, and human DDX3.177

Li et al.142 chose to study primuline because Belon and 
Frick179 found a related dye called thioflavine S to be a hit 
in a small screen.179 To better understand how the dyes exert 
their action, Li et al. purified their active components and 
found that thioflavine S is composed of two major compo-
nents. The related dye primuline is composed of two major 
and four minor components, all of which are 1- to 4-unit-long 
benzothiazole oligomers terminating with a p-aminobenzene 
group.142 Their potency in helicase assays correlates with 
the length of the benzothiazole chain. All are reversible 
helicase inhibitors, and they inhibit NS3h by preventing the 
protein from binding single-stranded DNA or RNA.158 They 
also have three undesirable properties. First, they bind 
nucleic acids, albeit with a lower affinity than with which 
they inhibit NS3h. Second, they displace unrelated proteins 
from single-stranded DNA or RNA. Third, they inhibit the 
NS3 protease even in the absence of the helicase domain, 
suggesting a nonspecific interaction with NS3.127 These 
properties were minimized through synthetic diversifica-
tion. All derivatives were tested for their ability to inhibit 
HCV helicase, to bind DNA, and to displace E. coli single-
stranded DNA binding protein from an oligonucleotide. 
The most potent and specific compounds were tested for 
their ability to either inhibit NS3-catalyzed ATP hydrolysis 
or peptide cleavage.127,180 The rationale for this extensive 
counterscreening effort was that benzothiazoles such as 
those found in primuline could be promiscuous, acting 
nonspecifically. The most potent and specific helicase 
inhibitor synthesized is a 3-Cl benzoyl analogue synthe-
sized from the primuline dimer (CID 50930730; Fig. 3).180 
CID 50930730 inhibits NS3 helicase but does not interact 
with DNA, affect the SSB-DNA interaction, or potently 
inhibit the NS3 ATPase or NS3 protease.

To understand if primuline derivatives reach their target 
in cells, Ndjomou et al.127 exploited the fact that most retain 
fluorescent properties similar to primuline.181 Most of the 
primuline derivatives absorb light near 360 nm and emit 
light near 500 nm. The new compounds stain live cells har-
boring subgenomic HCV replicons, and some derivatives 
decrease the amount of HCV RNA present in a hepatoma 
cell line with an enhanced ability to harbor HCV replicons. 
The primuline derivative that is the most potent HCV anti-
viral is CID 50930749 (Fig. 3).127

Mukherjee et al.158 used a DNA binding assay to find 
other compounds that also prevent HCV from loading on 
DNA. The two most effective compounds they found were 
titan yellow (CID 73217) and the polysulfonated naphtha-
lene suramin (CID 5361) (Fig. 3), which inhibit HCV heli-
case with IC

50s
 of 12 µM and 4 µM, respectively. Both 
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suramin and titan yellow are not specific like the optimized 
primuline derivatives. Suramin and titan yellow also pre-
vent the E. coli single-stranded DNA binding protein from 
binding to DNA158; suramin inhibits the activity of human 
eIF4A182 and human RecQ-like proteins (AID 2549), and it 
prevents the RNA-induced silencing complex from loading 
on RNA.183

Antibacterial Agents Targeting DnaB

Several groups have searched large compound collections 
for inhibitors of the bacterial replicative helicase, DnaB. 
For example, McKay et al.184 tested more than 230,000 
compounds and found a series of triaminotriazines that 

inhibit P. aeruginosa DnaB-catalyzed DNA unwinding 
(AID 261721). The compounds do not prevent gram-nega-
tive bacterial cell growth and are cytotoxic toward HeLa 
cells, but the most potent, CID 4041506 (Fig. 4A), inhibits 
the growth of gram-positive bacteria, such as S. aureus, 
with an MIC of 4 µg/mL.

In a more recent study, Aiello et al.185 tested 78,588 com-
pounds from the Microbiotix (MBX) library for their ability to 
inhibit B. anthracis DnaB, as well as 108,026 compounds in 
the National Screening Laboratory for the Regional Centers 
of Excellence in Biodefense and Emerging Infectious Disease 
(NSRB) collection for the ability to inhibit DNA unwinding 
catalyzed by S. aureus DnaC. The ICCB-Longwood/NSRB 
Screening Facility (Harvard Medical School) has deposited 
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results for assays performed with the S. aureus helicase in the 
PubChem BioAsay (AID 485395). The new DnaB inhibitors 
discovered in these campaigns include coumarins (5 com-
pounds), benzothiazoles (2 compounds), rhodanines (4 com-
pounds), triazines (2 compounds), N-phenylpyrroles (2 
compounds), and three not easily classified compounds. The 
most promising DnaB inhibitor in this set is an aminocouma-
rin (CID 1296013; Fig. 4A) that inhibits growth of a variety of 
gram-positive bacteria (MIC 5 µg/mL).185 This coumarin 
scaffold has since been further optimized, and the optimized 
compound incorporates a biphenyl moiety reminiscent of the 
phamacophore seen in SV40 and HPV inhibitors (CID 
53377571; Fig. 4A).186

New Inhibitors of Human RecQ-like Helicases

Several high-throughput screens using unwinding assays 
have recently focused on finding inhibitors of human RecQ-
like proteins, and as with the DnaB assays noted above, 
much of the data are available on the PubChem BioAssay.

Aggarwal et al.187 first showed that RecQ-like helicase 
inhibitors could be valuable molecular probes when they 
characterized the effects of NSC19630 (CID 227681; Fig. 
4B), which was identified as a potent WRN inhibitor in a 

screen of 2000 compounds from the National Cancer Institute 
Diversity Set. CID 227681 inhibits WRN helicase but does 
not affect the activity of related RECQ1, E. coli RecQ, and 
DnaB under the same conditions. CID 227681 does not 
appear to interact with DNA in FID assays, but when it is 
administered to cells, it induces double-stranded DNA 
(dsDNA) breaks, apoptosis, replication fork stalling, and 
mitotic checkpoint control, and it delays the cells in S-phase. 
These NSC19630-induced cellular phenotypes have all been 
shown to be WRN dependent, suggesting a “dominant nega-
tive” mechanism of action.

More extensive screens have been performed with the 
WRN (AID 651767), RECQ1 (AID 2549), and BLM (AID 
2528) helicases, and data are available in the PubChem 
BioAssay. The NIH Chemical Genomics Center performed 
a quantitative high-throughput screen to measure IC

50
 val-

ues for more than 250,000 compounds in assays with each 
of the three RecQ-like helicases. Hits in these screens 
include compounds such as those discussed above, includ-
ing triphenylmethanes, biphenyls, DNA binding com-
pounds, suramin, and anthracenediones. This project led to 
the development of a potent, selective BLM inhibitor that 
became NIH molecular probe ML216 (CID 49852229; Fig. 
4B). ML216 inhibits BLM with an IC

50
 of 0.97 µM and 
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WRN with an IC
50

 value of 12 µM, but the compound has 
no effect against the related RECQ1 helicase. ML216 (CID 
49852229) treatment sensitizes cells to aphidicolin, and 
ML216 inhibits the proliferation of only cells that express 
BLM.188

New Inhibitors of the SARS-CoV Helicase

Another recent example of a new helicase inhibitor discov-
ered using an unwinding assay-based high-throughput 
screen was identified from the Maybridge Hitfinder chemi-
cal library and is an inhibitor of the SARS-CoV helicase, 
CID 2807230 (Fig. 4C). CID 2807230 blocks the ability of 
nsp13 to unwind double-stranded RNA (IC

50
 = 5.7 µM) and 

dsDNA (IC
50

 = 5.30 µM) but not the ATPase activity. CID 
2807230 inhibits the SARS-CoV replication in cells with-
out apparent toxicity. CID 2807230 also inhibits the WRN 
helicase (AID 651768), but it does not inhibit HCV heli-
case, Dengue helicase, Moloney murine leukemia virus 
reverse transcriptase, or the E. coli DNA polymerase I, 
Klenow fragment polymerase.189

Disrupting Helicase Interactions with 
Key Partners

The best example of an antiviral drug that disrupts a critical 
helicase interaction affects the binding of HPV E1 to the 
HPV E2 protein, which helps load the E1 helicase on the 
HPV origin of replication. E2 is a DNA binding protein that 
regulates viral gene transcription, and E2 helps segregate 
the HPV genome when host cells divide. The impressive 
development of E1-E2 interaction inhibitors has been 
recently reviewed.54,159 Briefly, Boehringer Ingelheim first 
found compounds that prevent inhibitors of E1-E2 binding 
with an SPA using purified E2, E1, and radiolabeled HPV 
DNA. Since E2 binds DNA very tightly, most inhibitors 
reduce the signal in this assay by disrupting the E1-E2 inter-
action.54 Structure-based design and further chemical opti-
mization led to CHEMBL1207308 (Fig. 5A), which is still 
one of the most potent small-molecule helicase inhibitors 
(IC

50
 = 6 nM). Lower molecular weight, less complex 

E1-E2 interaction inhibitors were discovered using a radio-
labeled CHEMBL1207308 analogue and an SPA to screen 
an expanded compound library.54 An intriguing hit in the 
later screen was a racemic mixture with a structure similar 
to repaglinide, a type 2 diabetes drug.190 Chemical optimi-
zation led to CID 11330698 (Fig. 5A), which is a potent 
inhibitor of the E1-E2 interaction (IC

50
 = 20 nM). 

Unfortunately, CID 11330698 is rapidly metabolized and 
lowers glucose levels by 6% when administered to rats at 1 
mg/kg.54

The interaction of the similar SF3 helicase from SV40 
with a key partner has also been exploited to find antiviral 

compounds. The J-domain of SV40 TAg stimulates the 
ATPase of Hsp70, an important heat shock protein that 
helps protect cells from virus-induced stress. By testing 
compound ability to inhibit TAg J-domain–stimulated 
Hsp70-catalyzed ATP hydrolysis, Wright et al.191 found that 
MAL2-11B (CID 5461634; Fig. 5B) inhibits TAg-
stimulated Hsp70 ATPase activity, endogenous TAg ATPase 
activity, and SV40 replication in plaque assays by 4.5-fold 
when tested at 100 µM. MAL2-11B also inhibits BK virus 
DNA replication in human kidney cells by 90% when the 
cells are treated with 15 µM MAL2-11B.

Small molecules have also been reported that disrupt the 
interaction of the NS3 helicase with the NS3 protease and 
an HCV structural protein called “core” (Fig. 5C). HCV 
core is a highly basic protein that helps pack the viral RNA 
genome in the virus capsid. Mousseau et al.192 designed an 
AlphaScreen to detect the interaction between the NS3 heli-
case and HCV core, and they used it to show that core pep-
tides and an indoline alkaloid-type compound (called 
SL201; Fig. 5C) disrupt the core–NS3 helicase interaction. 
SL201 also prevents core from forming dimers, suggesting 
that core dimers must form in order for core to bind NS3. 
SL201 inhibits HCV virus production in cell culture. 

More recently, new compounds were found that bind the 
interface between the NS3 helicase and protease, so that 
they lock the protein in a “closed” conformation where pep-
tides cannot access the NS3 protease active site. The com-
pounds, like the one shown in PDB file 4B75 (Fig. 5C), are 
potent protease inhibitors (IC

50
 = 0.1 µM) and inhibit HCV 

replication (EC
50

 = 0.4 µM) without apparent toxicity in cell 
culture.193 The effects of these new allosteric NS3 inhibitors 
on NS3-catalyzed RNA unwinding or ATP hydrolysis have 
not been reported. However, the compounds have no effect 
on NS3 lacking its helicase domain.

Targeting Biological Functions of 
Helicases

Helicase inhibitors identified using biochemical assays 
often do not exert biological effects because they fail to 
enter cells, or they are unstable if they successfully enter 
cells. To find helicase inhibitors with better pharmacologi-
cal properties, several groups have designed assays that 
depend on active helicase. An in vitro translation assay and 
one example of a cell-based helicase assay suitable for HTS 
are discussed below. They have been used successfully to 
find eIF4A and RecBCD inhibitors.

Since eIF4A is needed for cap-dependent translation, 
eIF4A inhibitors often block translation of capped RNA but 
not translation initiated from an IRES, like the one used to 
initiate HCV polyprotein synthesis. Inhibitors of either 
IRES-mediated or cap-dependent translation can therefore 
be identified using bicistronic reporter vectors, such as one 
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where the cap-dependent reading frame encodes firefly 
luciferase, and the IRES-expressed reading frame encodes 
renilla luciferase. Both enzymes in this system produce 
light but with different substrates, so they can be monitored 
simultaneously in the same assay. Using this system, Novac 
et al.182 screened more than 90,000 compounds, identifying 
many known translation inhibitors and nucleic acid binding 
ligands, as well as helicase inhibitors that do not interact 
with RNA, such as suramin (Fig. 3C). Bordeleau et al.194 

used the same assay to screen marine extracts for natural 
products that inhibit translation and found that hippurista-
nol (CID 9981822; Fig. 6A) selectively inhibits eIF4A’s 
ability to bind RNA. Hippuristanol binds to amino acids 
near two conserved motifs in the C-terminal domain of 
eIF4A.195 Another translation inhibitor, pateamine A (CID 
10053416; Fig. 6A), stimulates the rate at which eIF4A 
cleaves ATP by enhancing the protein’s affinity for RNA.196 
Pateamine A induces eIF4A dimerization, thereby forcing 
eIF4A to engage in RNA binding and preventing it from 
participating in ribosome recruitment needed for transla-
tion.197 Another eIF4A-dependent translation inhibitor, sil-
vestrol (CID 21301152; Fig. 6A), enhances mouse 
lymphoma sensitivity to chemotherapy198 and blocks trans-
lation of the MUC1-C oncoprotein.106

RecBCD also has a biological role that can be exploited 
to identify inhibitors of the helicase complex. RecBCD pre-
vents phages lacking Chi sites in their DNA from infecting 
E. coli. Amundsen et al.199 exploited the ability of RecBCD 
to protect against phage infection in a clever assay to find 
RecBCD inhibitors in 326,100 compounds in the NIH col-
lection (AID 449731). They used T4 phage lacking the pro-
tective gene 2 protein, which caps DNA to prevent RecBCD 
binding. Compounds inhibiting RecBCD therefore allow 
phage to lyse E. coli. To find possible drugs to treat H. 
pylori, the same system was used except that the host lacked 
the E. coli RecBCD gene and instead contained the H. 
pylori RecBCD homolog, called AddAB (AID 435030), 
present. As a counterscreen, they added compounds to E. 
coli without phage, to identify compounds that simply act 
by killing cells (AID 449728). The most active and specific 
new RecBCD inhibitors include nine nitrofurans, one cya-
nothiophene, one modified pyrimidopyridone, and one 
nitrothiazole. Two of the most potent of these RecBCD 
inhibitors are CID 1045135 and CID 2295461 (Fig. 6B). In 
helicase assays, both compounds specifically inhibit 
RecBCD helicase, and CID 1045135 also inhibits the 
RecBCD nuclease.

Future Directions

Despite the recent progress and numerous newly reported 
helicase inhibitors with promising properties, only a few 
highly potent and specific helicase inhibitors have been 
developed, most of which target the HSV and HPV heli-
cases. More work clearly needs to be done before helicase 
inhibitors become a common drug class. Standard in vitro 
helicase assays still yield few hits and are confounded by 
compounds that act nonspecifically or that simply make 
DNA more difficult to separate. Use of the molecular bea-
con-based helicase assays is helpful for identifying inhibi-
tors that exert their effects by interacting with nucleic acids. 
However, improved methods to identify DNA binding 
agents in a high-throughput format are still needed.
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High-resolution structures of the best compounds described 
above bound to their targets would also speed their develop-
ment and the design of more potent and specific inhibitors. 
Co-structures of a helicase-bound inhibitor guided the design 
of a few of the above compounds, notably those that bind the 
HCV NS3 ATP binding site (PDB 2ZJO),157 the NS3 protease-
helicase interface (PDB 2B75),193 and HPV E2 (PDB 1R6N).200 
Similar co-structures with other compounds highlighted above 
should be possible to obtain, too, because many of the proteins 
discussed above have already been crystallized and high-reso-
lution models are already available.

Even though few co-structures exist today, there is still a 
wealth of structural information for most of the targets dis-
cussed here, and these data are underused in many drug dis-
covery programs. Available structures could be used for 
virtual screening, docking, or compound optimization. 
Some of this work has been done already, but due to space 
limitations, we have not discussed it here in much detail. 
Examples of helicase inhibitors discovered through molec-
ular modeling include compounds targeting the nucleic acid 
binding site,201 flavivirus NS3,202 and the human DDX3 
ATP binding site.203,204 Similar work with other targets 
might prove fruitful.

More studies also need to be done to examine the bio-
logical implication of helicase inhibition and whether these 
compounds are reaching their desired targets in cells. 
Monitoring a helicase in a cell is a difficult problem to 
solve, but it is not impossible, as has been demonstrated 
with cell-based RecBCD assays.199 Single-molecule enzy-
mology205 might help in this regard, and it might also open 
up new frontiers for monitoring helicases either in cells or 
in cell-free extracts, which could be useful in screening, tar-
get identification, or compound optimization. Regardless, a 

multidisciplinary approach that combines novel in vitro and 
cell-based screening methods, structural biology, and ratio-
nal design will be needed to design new antibiotics, antivi-
rals, and anticancer drugs that function by targeting DNA or 
RNA helicases.
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