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Abstract

Introduction—The Herpesviridae are responsible for debilitating acute and chronic infections,
and some members of this family are associated with human cancers. Conventional anti-
herpesviral therapy targets the viral DNA polymerase and has been extremely successful;
however, the emergence of drug-resistant virus strains, especially in neonates and
immunocompromised patients, underscores the need for continued development of anti-herpes
drugs. In this article, we explore an alternative target for antiviral therapy, the HSV helicase/
primase complex.

Areas covered—This review addresses the current state of knowledge of HSV DNA replication
and the important roles played by the herpesvirus helicase—primase complex. In the last 10 years
several helicase/primase inhibitors (HPIs) have been described, and in this article, we discuss and
contrast these new agents with established inhibitors.

Expert opinion—The outstanding safety profile of existing nucleoside analogues for a-
herpesvirus infection make the development of new therapeutic agents a challenge. Currently used
nucleoside analogues exhibit few side effects and have low occurrence of clinically relevant
resistance. For HCMV, however, existing drugs have significant toxicity issues and the frequency
of drug resistance is high, and no antiviral therapies are available for EBV and KSHV. The
development of new anti-herpesvirus drugs is thus well worth pursuing especially for
immunocompromised patients and those who develop drug-resistant infections. Although the HPIs
are promising, limitations to their development into a successful drug strategy remain.
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1. Introduction

The human herpesviruses are responsible for lifelong debilitating and congenital infections,
and some members of this family are associated with human cancers. The herpesvirus
family comprises of three major classes: a,  and v, that diverge in tissue tropism and many
aspects of their interactions with their hosts. The human a-herpesviruses include human
herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) and varicella-zoster virus (VZV). HSV
infections are one of the most widespread infectious diseases in the world, affecting between
60 and 95% of the population [1]. HSV-1 and -2 are associated with a wide range of clinical
manifestations including cold sores, genital lesions, kerititis, corneal blindness and very
rarely, encephalitis. VZV causes chickenpox and shingles, but can also be associated with
viral encephalitis and a painful condition known as postherpetic neuralgia. HSV-1 and -2
infections are also believed to be cofactors in increased HIV infection rates thus contributing
to the HIV epidemic [2]. The human B-herpesviruses include cytomegalovirus (HCMV),
HHV-6 and -7. HCMV is associated with mononucleosis and rare complications such as
pneumonia, CNS disease and hepatitis in immunocompetent individuals; however, in
immunocompromised hosts these complications are more prevalent. CMV frequently
invades the eye, and CMV retinitis is a major problem. HCMV can cause significant
morbidity and mortality especially in patients who receive a hematopoetic stem cell
transplant or a solid organ transplant. In transplant patients, viral infection can lead to graft-
versus-host disease as well as adverse effects on the host immune system. Furthermore,
HCMYV infection during pregnancy is an important cause of neonatal infection with
significant morbidity in infants. HHV-6 is associated with fever, skin rashes, graft-versus-
host disease, pneumonitis, encephalitis and meningitis. HHV-7 so far has not been linked to
any disease; however, in immunocompromised individuals, it may act as an opportunistic
agent. The y-herpesviruses include Epstein—Barr virus (EBV) and Kaposi's sarcoma
associated herpesvirus (KSHYV). These viruses are associated with diseases including
mononucleosis and also malignancies such as B-cell lymphomas, nasopharyngeal carcinoma
and Kaposi's Sarcoma. Kaposi's Sarcoma is now recognized as one of the most common
cancers in many sub-Saharan African countries [3]. Thus, the human herpesviruses are
associated with significant disease, underscoring the need for safe and effective antiviral
strategies. Despite differences between the three classes of human herpesviruses, the
mechanisms by which they replicate their DNA during productive (‘lytic’) infection are
largely conserved. Viral enzymes involved in DNA replication have provided a rich store of
useful targets for antiviral therapy.

2. Currently used anti-herpesvirus drugs

The survival of all organisms including viruses depends on their ability to produce an exact
copy of their genetic material. Currently, the primary target of clinically used anti-herpes
drugs is the viral polymerase (Pol). For the a-herpesviruses, these include the nucleoside
prodrugs acyclovir, penciclovir and their orally bioavailable pre-prodrugs valaciclovir and
famciclovir, along with the pyrophosphate analogue foscarnet [4]. The nucleoside prodrug
ganciclovir is the primary treatment for CMV infection in immunocompromised individuals
[5]. For all of the nucleoside prodrugs the active form is the nucleoside triphosphate. These
Pol inhibitors have proven extremely effective against HSV-1 and -2; however, they are not
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as effective against VZV as they are against HSV-1 and -2, necessitating higher and more
frequent dosing [6,7]. Although clinically significant resistance to these agents is relatively
rare in immunocompetent individuals, drug resistance is much more likely in
immunocompromised patients [8-10]. Thus, drug-resistant clinical isolates are likely to be
more problematic in transplant patients undergoing immunosuppressive therapy, especially
when infection occurs in the body at a site that is not easily accessed by the immune system
such as during herpes keratitis and encephalitis or in neonates who lack a mature immune
system.

Foscarnet (phosphonoformic acid) inhibits herpes DNA replication by binding in the
pyrophosphate binding site of the herpes Pol and blocking polymerization of additional
dNTPs. The nucleoside analogues take advantage of the promiscuity of the herpes Pol such
that the Pol incorporates the analogues and chain termination ensues either immediately
(acyclovir) or shortly thereafter (penciclovir, ganciclovir). Acyclovir uses a particularly
clever mechanism to prevent its removal after incorporation — once the Pol has incorporated
acyclovir, the enzyme binds the next correct dNTP to form an E-DNA-dNTP complex
where the DNA is locked in the Pol active site but the bound dNTP cannot be incorporated
due to the lack of a 3’-OH on the acyclovir [11].

Nucleoside analogues (acyclovir, penciclovir and their orally bioavailable pre-prodrugs
valaciclovir and famciclovir) are particularly effective against HSV-1 and -2 for two key
reasons: i) the drugs have a truly remarkable safety record and ii) although drug resistance
has been reported, especially in immune-compromised individuals [12-14], the number of
cases is not high [8]. The extraordinary safety of the nucleoside analogues results from
several features. The nucleosides themselves are nontoxic; they are only poorly converted to
the triphosphate in cells that are not infected by a herpesvirus because cells do not efficiently
convert these nucleosides into the nucleoside monophosphate. Furthermore, even if
converted to the triphosphate these analogues are relatively poor inhibitors of cellular DNA
Pols [15]. The unique ability of these nucleoside analogues to avoid clinically relevant
resistance issues results from resistant viruses being relatively non-pathogenic [8].
Additionally, in those cases where resistance does occur, foscarnet often proves effective.
These nucleoside analogues have thus proven extraordinarily effective against HSV-1 and -2
infection. A bicyclic nucleoside analogue (FV-100) has been described with highly specific
antiviral activity against VZV [16]. Its mechanism of action is not clear but it appears to rely
on the VZV thymidine kinase. No toxicity was found in Phase | human trials [17], and a
Phase Il clinical trial comparing FVV-100 to valacyclovir in the treatment of shingles is
underway [18].

Another nucleoside analogue, ganciclovir is licensed to treat HCMV; however, in contrast to
the outstanding safety profile of the nucleoside analogues for treating -herpesviruses,
ganciclovir has the opposite profile [19]. It is cytotoxic due to severe effects of even small
amounts of ganciclovir triphosphate on DNA replication. Remarkably, once incorporated
into on cellular DNA the ganciclovir can poison cellular DNA replication in S-phases
following treatment [19]. Consequently, up to 10% of the patients taking ganciclovir for
CMV infection must stop treatment. Furthermore, resistance to ganciclovir develops very
frequently [20], presumably aided by the fact that CMV-infections generally occur in
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immunocompromised individuals. The human y-herpesviruses (EBV and KSHV) are also
responsible for complications in immunocompromised patients. EBV and KSHV are
associated with serious complications in immunosuppressed patients causing EBV-
associated post-transplant lymphoproliferative disorders and KSHV-associated Kaposi
sarcoma, primary effusion lymphoma and some cases of Castleman disease. Current
treatment for these disorders is to discontinue or reduce immunosuppressive therapy [21],
although valganciclovir was recently shown to decrease KSHV replication [22]. At this
time, however, no effective anti-herpesvirus therapies are available for the y-herpesviruses
EBV and KSHYV or the -herpesviruses HHV-6 and -7.

In this article, we will explore an alternative target for anti-herpesviral therapy, the viral
helicase/primase (H/P) complex. This enzyme complex, like the Pol, is common to all
members of the herpesvirus family suggesting that it may be possible to develop broad-
spectrum, anti-herpes therapies. As will be described in greater detail below, several
compounds have been described that inhibit the helicase/primase (HPIs) from the a-
herpesviruses. To date, however, none of the new HPIs have been shown to be effective
against the helicase—primase complexes from B- or y-herpesviruses.

3. Overview of lytic HSV-1 infection

The earliest steps in HSV-1 infection involve attachment to cell surface heparan sulfate (HS)
followed by fusion of the lipid envelope with the plasma membrane of the host cells [23].
Following entry, viral capsids translocate along microtubules [24] to the nuclear pores where
they dock and eject their genomes into the nucleus [25]. A combination of viral and cellular
transcription factors are recruited to viral genomes resulting in a highly regulated cascade of
gene expression consisting of three well-defined kinetic classes of genes: immediate early,
early and late. Viral gene expression, DNA replication and encapsidation occur within
globular domains in the nucleus termed replication compartments [26-28]. The products of
DNA replication are longer-than-unit length concatemers consisting of tandem repeats of the
viral genome [29]. Concatemer production is an essential step for the generation of progeny
virus as the packaging machinery must recognize longer-than-unit-length concatemers
during the encapsidation step. Although it was previously thought that linear virion DNA
circularized in infected cells and that concatemers were generated by rolling circle
replication [30], this model has never been directly confirmed. Several lines of evidence
suggest that HSV DNA replication may require DNA recombination [31,32]. The larger-
than-unit-length viral genomes are cleaved into unit-length fragments and packaged into
preformed procapsids [33,34]. The HCMV terminase, the enzyme responsible for cleavage,
has been exploited as a target leading to clinical trials of the inhibitor Letermovir [35,36].
DNA-containing capsids exit the nucleus by budding through the nuclear membrane to the
cytoplasm where they acquire their final envelope and mature glycoproteins by a series of
envelopment and de-envelopment steps [37].

4. Overview of HSV DNA replication

The genome of HSV is large and structurally complex containing three origins of DNA
replication; oriL is located in the UL sequence [38], and two copies of oriSare located in the
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two inverted repeats of the ¢ sequence [39]. OriL and OriS contain an A-/T-rich region
surrounded by recognition sites for the origin-binding protein, UL9 [38]. The HSV-1
genome encodes seven essential trans-acting replication proteins and several additional non-
essential replication proteins [40,41]. These essential genes encode three core replication
modalities including a single strand DNA binding protein (known as ICP8 or UL29), a two
subunit DNA Pol (UL30 and UL42), and a three subunit H/P complex (UL5, UL8 and
UL52). In addition to the six core replication proteins that are shared among all human and
animal herpesviruses, HSV and the other a-herpesviruses also encode an origin binding
protein (UL9) believed to function during initiation of viral DNA synthesis.

4.1 HSV DNA replication occurs in two phases

The first step involves an UL9-dependent step presumed to occur at one of the three
replication origins. The analysis of temperature-sensitive (ts) mutants has revealed that UL9
is indispensable early in HSV-1 infection but does not appear to be required late in infection,
once DNA synthesis has initiated [42,43]. Thus, the second phase appears to be independent
of UL9 and has been proposed to occur by rolling circle replication or by a recombination-
dependent mode of DNA replication analogous to the replication program of the
bacteriophages T4 and lambda.

4.2 DNA replication and recombination may be linked

Recombination is a frequent event between two co-infecting HSV genomes not only in the
laboratory [44-46], but also in animal infection models and in human populations [47-49].
Recombination may thus contribute to genetic diversity in the herpesviruses. Several lines of
evidence support the notion that DNA replication and recombination are linked [50-52].
Viral DNA replication results in the accumulation of head-to-tail concatemers that are
highly branched, with X- and Y-junctions [53-56]. Furthermore, pulsed-field gel
electrophoresis (PFGE) suggests that HSV DNA replication products adopt a complex,
perhaps branched, structure which cannot enter the gel, even after digestion with a
restriction enzyme which recognizes a single site within the HSV genome [57-59]. Genomic
inversions are detectable as soon as newly replicated DNA is detected, also supporting
linkage between recombination and replication [58-60]. Alternatively, the large amount of
recombination may reflect a high requirement for recombinatorial DNA repair during herpes
replication (e.g., double-strand DNA break repair). It is also possible that this
recombinatorial DNA repair simultaneously serves to repair DNA damage as well as initiate
the synthesis of new DNA strands.

4.3 Relationship between HSV DNA replication and repair

The structure of the viral genomes that enter the nucleus at the outset of infection might be
expected to induce a cellular DNA damage response: not only does the incoming linear
genome contain double strand ends which resemble double strand breaks, but packaged viral
genomes also contain nicks and gaps [32]. HSV has evolved a complex relationship with
cellular pathways involved in DNA repair, activating some pathways and inactivating others
[31,61-65].
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4.4 Initiation of HSV DNA replication

Viral DNA synthesis initiates at one of the three viral origins of replication with UL9 and
ICP8 acting in conjunction to distort the AT rich origin spacer region. Distortion at the
origins is thought to promote the loading of the HSV-1 H/P complex that unwinds duplex
DNA at the replication fork and generates short RNA primers to initiate both leading and
lagging strand DNA synthesis. The HSV-1 H/P is a heterotrimer consisting of the UL5, UL8
and UL52 gene products that are essential for viral DNA replication in cell culture [66-70].
Active primase is required for the recruitment of HSV DNA Pol to viral foci in infected cells
[71]. This may indicate that Pol can be recruited only to a replication fork that already
contains a RNA primer-template. Alternatively, however, Pol may recognize a
conformational change in the viral scaffold induced by an active primase subunit capable of
binding DNA and/or other protein—protein interactions. The HSV Pol is tethered at the
replication fork by protein—protein interactions, not protein—nucleic acid interactions [72].

4.5 Leading and lagging strand DNA synthesis

Once the HSV Pol and its accessory protein are recruited to the replication fork, it is thought
that leading- and lagging-strand DNA synthesis occur in a coordinated fashion analogous to
other cellular and viral systems [73]. Okazaki fragments during herpes replication have not
been demonstrated in vivo. However, model replication systems using only purified herpes
proteins and a minicircle template resulted in the production of Okazaki fragments around
400 nucleotides long [74].

5. HSV H/P

The three-component HSV-1 H/P complex (UL5, UL52 and UL8) exhibits 5’ — 3’ helicase,
primase and ssDNA-dependent NTPase activities. The UL5 subunit (99 kDal) contains
seven motifs that are conserved in helicase super family I (Figure 1) [68]. All seven helicase
motifs are essential for viral growth and DNA synthesis in infected cells and for leading
strand synthesis in an in vitro assay [75]. Consistent with its putative role as the elongation
helicase, UL5 is needed continuously during DNA replication [69,70]. The UL52 subunit
(114 kDal) contains two conserved regions shared with other known primases: a signature
DID motif required for catalytic activity [76,77] and a putative zinc-binding domain
associated with DNA binding in prokaryotic and eukaryotic primases (Figure 1) [71,72,78].
While a subcomplex containing UL5 and UL52 exhibits NTPase, helicase and primase
activities [79-81], neither subunit by itself exhibit either helicase or primase activity (see
below). The ULS8 subunit (80 kDal) has no known catalytic functions but can facilitate
nuclear uptake of the complex and modulates the enzymatic functions of the UL5 and UL52
subcomplex [81-85]. ULS8 increases the rate of primer synthesis by the UL5/UL52
subcomplex by increasing the rate of primer initiation [86]. Interactions of UL8 with other
components of the HSV replication machinery including UL9, ICP8 and the UL30 DNA Pol
suggest that it may play a role integrating activities at the fork [87-90].

5.1 Replication fork dynamics

In most well-studied DNA replication systems, replicative helicases play central roles not
only in the assembly of the replisome but also in the regulation of replication fork dynamics

Expert Opin Ther Targets. Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Weller and Kuchta

Page 7

such as processivity and coordination of leading-and lagging-strand synthesis [91].
Interactions between the replicative helicase and its partner proteins are essential for all
aspects of replisome dynamics, and potential interaction partners have been identified by
their ability to stimulate helicase activity in vitro. One major class of helicase interaction
partners is the primases. During DNA synthesis, leading- and lagging-strand Pols must be
coordinated, and the primase must be regulated to synthesize primers on the lagging strand
and even on the leading strand both during initiation of replication and in the event of the
stalling of the leading strand Pol [90-92]. Primase activity is often stimulated by associating
with its cognate helicase, and the processivity of many helicases is stimulated by the
presence of primase [93]. In some replication systems such as E. coli and T4, the primase is
an independent protein; whereas, in the case of T7, the primase and helicase are encoded on
a single polypeptide. In the case of the herpesviruses, the catalytic cores for the helicase and
primase reside on different subunits of the same complex (UL5 and UL52); however, UL5
and UL52 exhibit a remarkably complex interdependence. For instance, UL5 and UL52
must be co-translated to generate a functional complex: if UL52 is expressed without UL5, it
is insoluble, and if ULS5 is expressed without UL52, it is inactive [79]. Although one can
generate a soluble UL5/UL8 complex, it still lacks any enzymatic activity [86]. In addition,
mutations in the putative zinc finger at the C-terminus of UL52 influence not only primase
but also ATPase, helicase and DNA-binding activities of the UL5/UL52 subcomplex
[72,75,78,94,95]. It is possible that UL5 and UL52 may share a DNA-binding site created by
interaction between the two subunits. Alternatively, UL52 binding to DNA through the zinc
finger may be necessary for loading UL5 onto DNA. In a recent series of kinetic and photo-
crosslinking studies in which the UL5, UL52 and ULS8 subunits were expressed in various
pair-wise combinations it was shown UL52 likely contains the entire primase active site but
also contributes to helicase activity. Furthermore, it appears that UL5 contacts DNA and
contributes amino acids needed for the initiation of primer synthesis [86], thereby
confirming a complex interdependence between the UL5 and UL52 subunits. This complex
inter-relationship between the two subunits and H/P activity suggests that it should be
possible to inhibit these activities with ligands that bind to either UL5 or UL52.

5.2 Stoichiometry of H/P at the fork

Most replicative helicases form hexameric rings that encircle one or both strands of the
substrate DNA during unwinding. These include both viral initiator proteins such as
papillomavirus E1, SV40 large T-antigen and T7gp4 as well as the E. coli DnaB and
eukaryotic mem proteins [88]. Interestingly, the HSV H/P is unlikely to form a hexamer as
UL5 is a member of the SF1 helicase superfamily generally thought to exist as monomers in
solution. Consistent with this, the HSV H/P behaves as a single heterotrimer by gel filtration
[80]. However, in the presence of forked DNA and AMP-PNP or ATP, higher-order
complexes can form [96]. Furthermore, two or more H/P heterotrimers are needed in order
to observe efficient primase activity [96]. In these experiments, primase exhibited a
cooperative dependence on protein concentration while helicase activity did not. DNA-
dependent multimerization is reminiscent of the behavior of other SF1 family helicases that
unwind dsDNA only if two or more helicase polypeptides are present [97-99]. In the case of
the SF1 UvrD helicase, unwinding in vitro appears to require at least a dimeric UvrD
complex in which one subunit binds the sSDNA/dsDNA junction, while the second subunit
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binds the ssSDNA tail [98]. In other SF1 helicases, direct protein—protein interactions
between the helicase protomers are unnecessary to achieve enhanced unwinding. Although
helicase activity per se did not appear to exhibit cooperative behavior, it remains possible
that the presence of two or more H/P complexes enhances the processivity of the H/P
complex. Interestingly, this also provides a simple mechanism for generating a two-Pol
replisome at the replication fork (Figure 2A and B).

5.3 H/P interactions with DNA Pol

The interaction of the replicative helicase with the DNA Pol is one of the most critical
among the several protein—protein interactions within the replisome. Coordination of
leading-and lagging-strand DNA synthesis requires communication between the replicative
helicases, the leading- and lagging-strand Pols and the primase. For example, during
lagging-strand synthesis, primase and Pol must be coupled to effectively produce an
Okazaki fragment. Conversely, during leading-strand synthesis, coupled activity between
helicase and Pol activity are expected to be critical. In some cases such as T7, the replicative
helicase interacts directly with the DNA Pol [100] while in E. coli, the interaction is indirect
as the helicase and the Pol interaction is mediated by the tau subunit of the clamp loader
[102]. Interactions and communication between helicases, Pols and primases act to regulate
the rate and processivity of DNA synthesis [92]. Several lines of evidence indicate
functional interactions between the HSV H/P and the HSV Pol. The recruitment of the HSV
Pol (UL30/UL42) complex to prereplicative sites requires an active primase [71]. This
implies that conformational changes that occur in an active H/P complex and/or the RNA
primer itself are required for HSV Pol to be recruited to prereplicative sites. The UL8
subunit of H/P interacts directly with the catalytic subunit of HSV Pol (UL30), thus
providing a mechanism for direct binding of the two complexes [102].

6. HSV helicase—primase as a target for antiviral therapy

6.1 Spectrum of activities of HPIs

In the last 10 years, the HSV H/P has emerged as an excellent target for antiviral therapy as
several classes of inhibitors of the UL5/UL8/UL52 helicase—primase complex have been
reported. The new inhibitors are chemically diverse and include thiazole, thiazoleamide,
thiazoleurea and thiazolylphenyl derivatives (Figure 3). High throughput screening assays
against helicase activity resulted in the identification of T157602, a 2-aminothiazole
compound [103]. T157602 also inhibits primase activity with an 1C50 similar to that for
helicase inhibition, consistent with the interdependence of the two activities. A
thiazolylphenyl-containing compound, BILS 179 BS, was also discovered in a high
throughput screen against the helicase and inhibits helicase, primase and ATPase activities
[104]. BILS 179 BS reduced recurrent skin lesions in mice and was effective against HSV-2
genital disease in a mouse model [104] and was more effective than acyclovir in these
studies. Structural analogues of BILS 179 BS (BILS 45 BS and BILS 22 BS) were also
effective against acyclovirresistant virus [105,106]. While they showed efficacy in animal
studies, the clinical development of these compounds has been discontinued. Another class
of HPIs are the thiazoleamide compounds discovered using a cell-based virus replication
assay [107]. One example of this class of compounds, BAY 57-1293, showed almost 200-
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fold greater potency against HSV than acyclovir in vitro with an 1C50 of 0.02 pM;
furthermore, it showed superior in vivo activities in guinea pig and mouse models when
compared with valacyclovir [107-109]. BAY 57-1293, now known as AIC316 or Pritelivir,
is undergoing a second clinical efficacy trial in which it will be compared with Valacyclovir
in reducing genital HSV shedding [110]. Pritelivir is effective against HSV-1 and -2 but not
other human herpesviruses. A newer compound ASP2151, an oxadiazolephenyl derivative,
was designed based on the 2-aminothiazole compound (T157602) described by Spector et al.
[103]. ASP2151 (Amenamevir, Figure 3) inhibits the single-stranded DNA-dependent
ATPase, helicase and primase activities associated with the HSV-1 helicase—primase
complex and exhibits antiviral activity against HSV-1, HSV-2 and VZV [111]. In mice oral
ASP2151 was more effective than oral valacyclovir at reducing intradermal HSV-1 titers
and for treating herpes simplex keratitis [112,113]. A Phase |1 study showed that ASP2151
was a safe and effective treatment for genital HSV infection [114,115]; however, another
recent Phase | clinical trial was discontinued because of adverse events [116]. Thus, the
future of this drug as a potential herpes treatment remains unclear.

6.2 Resistant mutations have been mapped to both UL5 and UL52 subunits

The specificity of these new HPIs is indicated by the ability to select drug-resistant mutants.
The relative ease with which the virus becomes resistant to all HPIs suggests that they may
preexist in clinical isolates [106], as is the case with acyclovir resistance. In fact, mutations
resistant to BAY-57-1293 have now been confirmed using PCR analysis in clinical isolates
that had never been exposed to the drug [117]. Mutations in both the UL5 and UL52
subunits have been reported which are resistant to all of the new H/P inhibitors; however, by
a large margin, most of these mutations have been mapped to UL5. The first reported
resistant mutations were found in the UL5 gene of HSV-1 and included residues Gly352,
Met355 and Lys356 Figure 4A [104,107,108]. Since then a number of other resistant
mutations in UL5 have been reported against BAY 57-1293, BILS 179 BS and ASP2151,
and interestingly they all appear to map to the same region of the UL5 protein which is just
downstream of motif IV of the helicase subunit (Figure 4A, [104,107,108]). These results
suggest that these inhibitors likely act through specific interactions with the UL5 protein and
employ similar mechanisms. Some resistant mutants show wild type levels of pathogenicity
in mice compared to the parent strain, while others appear to be attenuated [103,106,118].
Three isolates resistant to BILS 22BS, a potent analog of BILS 45 BS, all exhibited
pathogenicity similar to the wild type HSV-1 KOS from which they were derived [106], and
T157602-resistant mutants did not significantly impair their growth [103]. T157602-
resistance mutants contain a single amino acid substitution and show resistance to both
helicase and primase inhibition, consistent with the UL5/UL52 complex containing a single
binding site for the drug. On the other hand several mutations resistant to BAY57-1293
including Asn342Arg, Gly352Arg and Met355Thr showed attenuated in vitro growth, and
several exhibited decreased in vivo pathogenicity compared with parent strains [118].

6.2.1 UL5 mutations resistant to HPIs map near motif IV—As described above,
ULD5 contains seven predicted helicase motifs that have been shown to be essential in cell
culture for viral growth [69] and in vitro for helicase and ATPase activity (Figure 1) [75].
Single point mutations in these motifs have been expressed in insect cells infected with
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recombinant baculovirus, and UL5/UL52 complexes analyzed for helicase and ATPase
activity. Mutants in motifs I and Il are severely compromised for ATPase and helicase
activities [75]. Interestingly, mutants in motifs 111, IV, V and VI exhibit only a 3 — 6-fold
decrease in sSDNA stimulated ATPase activity but have no helicase activity. That these
mutants can hydrolyze ATP but exhibit no helicase activity indicate they uncouple the
favorable G of ATP hydrolysis from the unfavorable G of DNA unwinding. Although the
three-dimensional structure of UL5 is not known, structures have been solved for several
other SF1 family helicases. The conserved motifs in one prototype SF1 helicase, Rep, lie
along the interface between two RecA like domains [119]. These results may indicate that
mutations in motifs I11, IV, V and VI are unable to carry out conformational changes
required for DNA unwinding [75]. Interestingly, most of the HPI mutations in UL5 are
located just downstream of motif IV (Figure 4A), suggesting that this region may be part of
a conformationally active region of the protein. Biswas et al. have suggested that mutations
such as Asn342Lys result in the steric or allosteric modification of the HPI binding pocket
conferring resistance to the inhibitor [118]. The observation that this mutant exhibits slower
growth and reduced virulence may also suggest that the mutation interferes with helicase—
primase activity [118]; however, this has not been demonstrated directly.

6.2.2 UL52 mutations resistant to HPIs—In contrast to the many drug resistance
mutations associated with the UL5 gene, only a few mutations have been found in UL52
[107]. A single mutation in UL52 (Ala899Thr, HSV-1) confers resistance to BAY 57-1293
(Figure 4B); however, this mutant remains sensitive to BILS 22 BS [121]. This again
suggests that the BILS compounds may have different binding sites and/or mechanisms than
BAY 57-1293. One ASP2151 resistant mutant has been isolated and found to contain an
Arg367His substitution [122]. This ASP2151-resistant mutant showed attenuated growth in
tissue culture and reduced pathogenicity in vivo compared with the parent strain [121]. All
of the resistance mutants were still susceptible to nucleoside analogue antiviral compounds.
Interestingly, to date there have been no reports of UL52 mutants resistant to the
thioazolphenyl derivatives such as the BILS-series suggesting that those agents do not
directly interact with this subunit. Further experiments will be needed, however, to more
precisely understand the mechanism of action of this interesting class of drugs.

6.3 Mechanism of action

Although the mechanism of action of these compounds against helicase and primase has not
been determined, they all inhibit helicase, DNA-dependent ATPase and primase activities
[104,109]. The fact that several of these compounds show a concomitant inhibition of
helicase, primase and DNA-dependent ATPase activities [103,104] further demonstrates the
complex interdependence of UL5 and UL52 subunits. The rapid isolation of UL5 mutants
resistant to all known HPIs suggest that these compounds likely bind directly to the UL5
protein [104-106]. It was reported that T157602 does not function by blocking binding of
the nucleotide cofactor or the DNA substrate [103]. Both T157602 and one of the BILS
compounds (BILS 103 BS) were shown to stabilize the interaction between the HSV
helicase—primase enzyme and DNA [104]. Pre-formed enzyme-DNA complexes were more
resistant to NaCl-induced disruption leading to the suggestion that these compounds may
increase the affinity of enzyme to its substrate and that this prevents the enzyme from
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translocating along DNA [103,104]. Since both primase and helicase activity require
movement along the DNA, this would provide a simple mechanism for simultaneously
inhibiting both activities even though the catalytic cores for each activity reside on different
subunits. On the other hand, UL52 mutants resistant to HPIs are relatively rare and have
only been observed following growth of virus in the presence of BAY57-1293 and ASP2151
[120,121] and not with the BILS compounds. BAY57-1293 and ASP2151 may thus act by a
different mechanism from the BILS compounds and/or their binding site may also include
the primase subunit, UL52 [121,122]. Furthermore, mutants resistant to these two
compounds map to different parts of the UL52 protein (Figure 4B), suggesting that they bind
to different portions of the protein. Additional work is clearly needed to elucidate the precise
inhibitory mechanisms of these compounds.

7. Conclusion

Of the many viral gene products encoded by herpesviruses, the most successful target for
antiviral therapy has been the DNA Pol. Although acyclovir and related nucleoside
analogues are widely used to combat HSV, VZV and HCMV, there are many reasons to
pursue the development of additional strategies including the emergence of drug resistant
mutants and the lack of effective treatment options for HCMV, EBV and other p- and vy-
herpesviruses. In addition to providing alternate methods for controlling drug resistant
variants of HSV, compounds that inhibit viral DNA replication provide novel tools for
elucidating the mechanism of DNA replication [62,72,124,125].

8. Expert opinion

8.1 Challenges for the development of new therapies to combat herpesvirus infections

Although there is a clinical need, the outstanding safety profile of existing nucleoside
analogues for a-herpesvirus infection will make it difficult to develop new anti-herpesvirus
drugs. Nucleoside analogues exhibit few side effects, negligible occurrence of resistance in
immunocompetent patients and are relatively inexpensive due to their lack of patent
protection. These generate a substantial financial barrier to developing new drugs given the
generally massive cost of drug development. On the other hand, for those cases where
resistance to currently available drugs proves problematic, new drugs would clearly be
advantageous. Additionally, new drugs might prove more effective than acyclovir,
penciclovir and foscarnet for treating herpes encephalitis, a disease for which significant
mortality and debilitating long-term effects remain major problems. In this last indication,
however, these outcomes largely result from the non-specific initial symptoms and
consequent delayed treatment.

For CMV infection, treatments other than ganciclovir are clearly needed. The primary
limitation for developing new CMV treatments is the relatively small number of cases that
occur, and these are primarily immunocompromised transplant patients or neonates. HIV-
infected individuals had at one time provided a relatively large market for anti-CMV
treatments; however, the remarkable success of new HIV therapies has largely eliminated
opportunistic infections such as CMV. Better treatments for EBV and KSHV associated
disorders are also needed; however, the markets for these indications may also be relatively
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small. Thus, although better treatments for HSV-associated encephalitis, VZV-infections
and disorders associated with - and y-herpesvirus infection are clearly needed, the cost of
developing new treatments, the relatively small markets and the success of existing drugs to
combat herpesvirus infections has significantly dampened enthusiasm for herpesvirus
programs at most pharmaceutical companies.

8.2 Limitations of current HPIs

In this article, we have outlined the current state of research for developing inhibitors of the
helicase—primase complex. Although several promising compounds have been identified and
two have undergone clinical trials, several questions remain about whether they will
eventually have a major impact as a new treatment strategy. Although all herpesviruses
encode a helicase—primase complex leading to hopes that HPIs would be broad spectrum
and inhibit herpesviruses for which no good treatment options are available, the new HPIs
have only been effective against the a-herpesviruses. Another potential limitation is that
resistance may prove problematic, since resistant mutants pre-exist in clinical and laboratory
isolates [117]; however, it should be noted that mutants resistant to nucleoside analogues
also pre-exist in viral populations. Although BAY 57-1293 (AI316)-resistant isolates
resulted in reduced viral growth in cell culture and in some cases reduced pathogenicity
[118,125], other resistant isolates did not significantly impair viral growth [103,106]. If
resistance mutants to particular drugs are associated with reduced viral fitness, this would
diminish the likelihood of clinically important drug resistance, as is the case with many but
not all acyclovir-resistant viruses. The mechanism of action of the various HPI inhibitors is
unknown, necessitating detailed biochemical analysis; however, there seems to be little
appetite for this type of analysis in the pharmaceutical industry. Lastly, the lack of structural
information about the helicase—primase complex complicates efforts to use docking and
rational drug design to improve existing compounds. In summary, developing HPIs into
effective drugs to combat herpesvirus infections will require substantial work.

On the other hand, several points argue for continuing these studies. The initial Phase | and
Il trials of AIC316 (BAY 57-1293) are very promising [110,126], and it is possible that
ASP2151 will undergo additional modifications resulting in safer and more effective
compounds. New therapies will be useful in combating herpes isolates that have developed
resistance to the DNA Pol inhibitors. Analogous to the multidrug approaches used to
treating HIV, HPIs could be particular efficacious in combination with Pol inhibitors.
Eventually HPI inhibitors may be discovered that have broad spectrum efficacy against all
three families of herpesviruses. And lastly, inhibitors to H/P such as BAY-1293 have
already been useful in the laboratory as a means to inhibit HSV DNA replication without
inhibiting the Pol [62,72,123,124]. Thus, the eventual goals for development of effective
HPI inhibitors should be to i) identify compounds that are more broad spectrum against all
sub-families of herpesviruses, ii) determine more precisely the mechanism of action of the
current HPIs and iii) better understand the consequence of the drug resistance mutants. It is
promising that many of the HPI resistant mutants show reduced pathogenicity and inability
to generate stable infection as is seen with Pol inhibitors.
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8.3 Other potential targets for anti-herpesvirus therapy

In addition to HSV Pol and the H/P targets that inhibit viral DNA replication, other targets
can be considered. Viral and cellular proteins required for viral gene expression, capsid
assembly and encapsidation may provide exploitable targets such as immediate-early and
early gene transactivators, encapsidation proteins such as the portal and the HCMV UL97
kinase. As mentioned above a compound that targets the HCMV terminase is undergoing
clinical trials [35,36]. In addition, two other conserved viral proteins have recently been
shown to play essential and novel roles in the HSV-1 life cycle. The HSV-1 alkaline
nuclease, UL12, well conserved in all herpesviruses, has been shown to stimulate single
strand annealing in HSV-infected cells [31] and is essential for virus production [128].
Another essential HSV protein, UL32, is required for genome encapsidation [27]. UL12 and
UL32 are thus potential targets for future drug development. Furthermore, as we learn more
about the roles of viral glycoproteins needed for attachment and penetration, it may be
possible to develop drugs that can inhibit those important steps. Future drug discovery
efforts are expected to combine bioinformatics, structural biology and high throughput
screening. Another potentially promising strategy involves targeting essential cellular
proteins which are required for viral processes such as gene expression, DNA replication
and recombination, capsid assembly and packaging and viral egress [128]. One advantage of
this strategy is that antiviral agents could be active against multiple viruses since it is
becoming increasingly clear that the same cellular proteins are often required for replication
of several different viruses. Another potential advantage is that it likely would be much
more difficult for the virus to become resistant to drugs that target cellular proteins. One
concern of course in developing agents that target cellular proteins would be possible
cellular toxicity. Clearly herpesviruses offer a wide array of druggable targets although
substantial hurdles remain in exploiting them.
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Figure 1. Domain structure of the three subunits of the HSV helicase/primase (UL5, UL8 and
UL52)
The conserved motifs of UL5 are shown as seven black boxes shared within superfamily 1

members. Two conserved UL52 domains are shown: the LVFDID catalytic domain (608 —
630) and putative zinc binding domain at the C-terminus (residues 998 — 1028). UL8 is a
751 aa protein with no known functional motifs.
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Figure 2. HSV replication fork and model for model for coordinated leading- and lagging-strand
DNA synthesis

A. An HSV-1 replication fork would be expected to contain the helicase—primase complex
(UL5/UL52/ULS) at the fork: UL5 would be expected to unwind duplex DNA ahead of the
fork, and UL52 would be expected to lay down RNA primers that the two-subunit DNA
polymerase (UL30/UL42) extends. The HSV-1 Pol also carries out leading-strand synthesis.
ICP8 (UL29, SSB) presumably binds to sSDNA generated during HSV DNA synthesis. B.
Coupled leading- and lagging-strand synthesis was recently reconstituted in vitro and
requires HSV polymerase, helicase—primase and ICP8 [74]. In this model, coupled leading-
and lagging-strand DNA synthesis requires two heterotrimers of helicase/primase and two
molecules of the DNA polymerase. The leading- and lagging-strand polymerase molecules
are proposed to communicate with each other through interactions between UL30 and the
helicase—primase. A replication loop is formed in the lagging-strand to align it with the
leading-strand. The lagging-strand DNA polymerase initiates Okazaki fragment synthesis
using RNA primers (hatched bars).

Expert Opin Ther Targets. Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Weller and Kuchta Page 24

cl oS CHg
N o N i
» o™
HoN ’ N s O
4<s |
CH

3

T157602 Bay 57-1293 (AIC316, priteliver)
H i Q
H
N N N
N [e) S=
z I\ N (¢}
/ o) H2N~(/ )

O—N 5

ASP2151 (amenamevir) BILS 22 BS

Figure 3. Structures of HPIs
T157602 (1,3-thiazol-2-amine); BAY 57-1293 (AIC316 or Pritelivir) N-methyl-N-(4-

methyl-5-sulfamoyl-1, 3-thiazol-2-yl)-2-[4-(pyridin-2-yl)phenyl]acetamide); ASP2151
(Amenamevir) - N-(2,6-dimethylphenyl)-N-(2-{[4-(1,2,4-0xadiazol-3-yl)phenyl]amino}-2-
oxoethyl)etrahydro-2-H-thiopyran-4-carboxamide 1,1-dioxide; BILS 22 BS N-(2-{[4-(2-
amino-1,3-thiazol-4-yl)phenyl]amino}-2-oxoethyl)-N-benzylbenzamide.
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Figure 4.
A. UL5 amino acid substitutions in HSV-1 mutants resistant to HPIs. Several HPI-resistant

mutations have been mapped to the UL5 gene. The amino acid substitutions are shown for
mutants resistant to T157602, BAY 57-1293, BILS 22BS or ASP2151
[104,107,108,119,122]. B. UL52 Amino acid substitutions in HSV mutants resistant to

HPIs. Arg367His was found in a ASP2151-resistant mutant [122] and A899T was found in a
BAY 57-1293-resistant mutant [121]
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