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ABSTRACT: Arthropod-borne (arbo) viruses infect hundreds of millions of people annually. Many arboviruses and
their mosquito vectors circulate in Australia and neighbouring regions. Recent years have shown that explosive outbreaks

accompanied by life-threating symptoms such as encephalitis are unpredictable and increasingly common, particularly due

to the effects of climate change. Two major genera of pathogenic viruses are flaviviruses and alphaviruses. Both require their

own viral proteases to replicate and infect new cells. Viral proteases can be considered the Achilles heel of replication and
are already long-established drug targets in the fight against chronic viral infectious diseases, for example, HIV/AIDS. We
developed a large variety of high-affinity and proteolytically stable peptide inhibitors of flaviviral proteases using innovative

chemical approaches. Our chemical strategies proceed under biocompatible conditions, enabling in situ access to constrained

peptide ligands in presence of proteases and other drug targets. While cyclic and bicyclic peptides offer many advantages over

small molecules used in conventional drug discovery, their limited bioavailability is a major challenge that still needs to be

overcome.
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INTRODUCTION

The presentation at the nineteenth Biennial Conference
of the Australian and New Zealand Associations of von
Humboldt Fellows in Geelong, Victoria, entitled ‘Cyclic
and Bicyclic Peptides as Next-Generation Antiviral Drug
Candidates’ was mainly concerned with SARS-CoV-2 as
the most topical example. This paper is extended to cover
arboviruses, which have received much less attention
during the last couple of years. Over the past decades the
increasing prevalence of arbovirus infections has led to
hundreds of millions of annual cases of disease. Australia
has been largely unaffected in the past, but with the
geographic expansion of mosquito vectors and epidemics
in other parts of Oceania and Southeast Asia, due to climate
change and other factors, this might change soon. It is a
genuine concern, as Australia is a significant reservoir
of relatively unique arboviruses, including Ross River,
Barmah Forest, Murray Valley Encephalitis, and others.
Neglected circulating arboviruses may cause epidemic
outbreaks at any time, as highlighted by numerous Ross
River and Japanese encephalitis virus cases throughout
Australia triggered by the wet La Nifia conditions. The
importance of the existing danger and growing threat of
arboviruses is significant and emphasises the need for basic
research to develop specific antiviral treatments.
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ARBOVIRUSES

The growing threat of arboviruses

Arboviruses are transmitted to humans via biting insects
like mosquitos, ticks, sand flies and midges. They can
cause explosive epidemic outbreaks and are a permanent
global health concern (Gould et al. 2017; Young 2018). For
example, the dengue virus alone is estimated to cause up
to 390 million infections per year (Bhatt et al. 2013) and,
despite a vaccine, 78,000 people are estimated to die each
year from Yellow Fever in Africa (Garske et al. 2014). The
past decades have seen a significant expansion of arbovirus
distribution driven by urbanisation, population growth,
water management, climate change, travel and trade (Young
2018). Over six billion people now live within regions that
common arbovirus vectors, such as Aedes albopictus and
Aedes aegypti, can survive in for at least one month per
year, including most of Australia (Ryan et al. 2019). Recent
outbreaks of Ross River, Barmah Forest and Japanese
encephalitis viruses across Australia underpin that the
Australian population is at risk of arbovirus infections.
Viral evolution can have dramatic consequences and
transform a neglected virus into a global health-threatening
pathogen. For example, a single amino acid mutation in
the E1 glycoprotein of the Chikungunya virus facilitated
its spread into a new mosquito vector, Adedes albopictus,
which consequently triggered its distribution to new
parts of the world (Her et al. 2009). Another more recent
example is the Zika virus. Although known to circulate in
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Figure 1: Viral protease inhibitors in clinical use. All compounds are derived from peptide substrates.

Africa since the 1940s, it has not been considered a health
concern until it spread via Southeast Asia and Polynesia
into Brazil, where it caused an epidemic in 2015-2016
associated with congenital microcephaly (Musso et al.
2019). There is a genuine risk of adaptation to new vectors
and spread to currently non-endemic regions (Gould et al.
2017; Young 2018). This article deals with the two most
important pathogenic arbovirus genera for humans, which
are flaviviruses and alphaviruses.

Flaviviruses

Despite widespread vaccine use, 70,000 cases of Japanese
encephalitis (JEV) and 130,000 cases of Yellow Fever
(YFV) are estimated annually, resulting in a total loss of
approximately 100,000 lives due to the absence of specific
antiviral treatments (Pierson & Diamond 2020). Other
well-characterised flaviviruses that have caused major
epidemic outbreaks in the twenty-first century include
dengue (DENV), West Nile (WNV) and Zika (ZIKV)
viruses (Gould et al. 2017; Pierson & Diamond 2020;
Young 2018). There are many additional flaviviruses
that are far less prominent, for example, Murray Valley
encephalitis (MVEV), Powassan (POWYV), Usutu (USUV),
Ilhéus (ILHV), Wesselsbron (WSLV), Spondweni (SPOV),
Rocio (ROCV), Kunjin (KUNV), Kyasanur forest disease
(KFDV) viruses and many more (Pierson & Diamond
2020). MVEV, JEV and KUNV circulate in Australia.
Australia is in the midst of a JEV outbreak with notified
cases in humans across New South Wales, Victoria,
South Australia, Queensland and the Northern Territory
(Australian Department of Health and Aged Care, health
alerts, Japanese encephalitis virus, 24 February 2023).

Alphaviruses

In contrast to flaviviruses, no alphavirus vaccines are
currently available. Although fatality is generally low,
many alphaviruses can cause severe debilitating arthritic
disease which can become chronic (Zaid et al. 2020).
The explosive outbreaks of Chikungunya (CHIKYV) virus
between 2006 and 2019, with millions of cases, have
caught global attention (Zaid et al. 2020). However, there
are other (re)emerging alphaviruses such as Ross River
(RRV), Barmah Forest (BFV), Sindbis (SINV), O’nyong-

nyong (ONNV), Mayaro (MV), Eastern equine encephalitis
(EEEV), Venezuelan equine encephalitis (VEEV) and
Semliki forest (SFV) viruses that cause disease and can
spread to new regions (Zaid et al. 2020). RRV, BFV and
SINV are endemic to Australia.

PROTEASES

Viral proteases are established drug targets

Drugs are an alternative and/or complementary intervention
to vaccination for viral infection. Many viral pathogens use
the host-cell ribosomal machinery to translate their genome
but employ viral proteases to cleave the polyproteins
into their active constituents (Sharma and Gupta 2017).
Therefore, viral proteases are essential for viral replication
and thus excellent drug targets. Examples, shown in Figure
1, are approved drugs against HIV (Agbowuro et al.
2018), hepatitis C virus (Agbowuro et al. 2018), and the
recently approved SARS-CoV-2 main protease inhibitor
nirmatrelvir (Ullrich et al. 2022a).

The flavivirus protease NS2B-NS3

Flaviviruses have a single-stranded positive-sense RNA
genome, which is translated into a single polyprotein
(Barrows et al. 2018). Proteolytic cleavage is performed
by host proteases and the flavivirus protease NS2B-NS3,
which consists of the serine protease NS3 and the small
cofactor NS2B (Nitsche et al. 2014). A superimposition
of available structures of NS2B-NS3 (Noble et al. 2012;
Noske et al. 2020; Lei et al. 2016; Nitsche et al. 2017) in
their active conformation is shown in Figure 2a.

The alphavirus protease nsP2

Like flaviviruses, alphaviruses have a single-stranded
positive-sense RNA genome (Jose et al. 2009; Schwartz
& Albert 2010). The first open reading frame is translated
into a polyprotein, which is processed by the viral protease,
located on the C-terminus of the non-structural protein
nsP2. Structures of the protease domain of CHIKV and
VEEV reveal that nsP2 is a cysteine protease, is highly
conserved, and comprises two sub-domains (Narwal et al.
2018; Russo et al. 2006). A superimposition of the nsP2
proteases from CHIKV and VEEV are shown in Figure 2b.
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Figure 2: (a) Superimposition of NS2B-NS3 structures of YFV, DENV, WNV and ZIKV. Residues of the catalytic triad are
highlighted. NS2B is green/blue. (b) Superimposition of nsP2 protease structures of CHIKV and VEEV. Both domains and residues
of the catalytic dyad are highlighted.

A pan-genus drug discovery approach

The superimpositions shown in Figure 2 demonstrate that
viral proteases are often structurally conserved within their
respective genus, making it potentially possible for pan-
genus inhibitors to be developed. However, in addition
to the protein structure, it is important to assess further
parameters such as the substrate specificity of each viral
protease to understand the function and mechanism of
action. The pan-genus approach is distinct to typical virus-
specific approaches in conventional drug discovery. While
many of the alphaviruses and flaviviruses are neglected
pathogens because they either affect predominantly
developing nations or are not always associated with high
degree of mortality, together these arboviruses comprise
a group that places extraordinary strain on healthcare
systems. Tackling the problem of all viruses within the
genus may allow us to have compounds ready for the
next outbreak or epidemic. The recent past has shown
that whenever arboviruses (re)emerge, the international
research efforts increase; however, this is often followed
by a rapid decline in attention and funding.

CYCLIC PEPTIDES

Cyclic peptides are privileged structures for protein
binding

Small cyclic peptides (10002000 Da) can deliver
outstanding binding affinities to protein targets (Morrison
2018). Cyclisation and other noncanonical modifications
of peptides can enhance their metabolic stability by greater
resistance towards proteolysis, promote their uptake across
cellmembranes, and decrease the entropic penalty of binding
by locking the peptides in their active conformations.
Bicyclic peptides offer even greater conformational
rigidity, metabolic stability, and antibody-like affinity
and specificity. Furthermore, high-affinity peptides can

be identified for nearly any drug target in fast display
screening approaches (Passioura 2020). Combined with
biocompatible chemistry and genetic code reprogramming
techniques, exceptionally large peptide libraries of highly
modified cyclic peptides can be generated and screened,
which include features such as backbone N-methylation,
side chain modifications or b-stereochemistry. These
modifications render the resulting compounds better
starting points for drug discovery campaigns than peptides
built of canonical amino acids (Passioura et al. 2014).

Cyclic peptides as antiviral agents

Cyclic peptides are increasingly turning into clinically
approved drugs (Vinogradov et al. 2019). Natural cyclic
peptides with noncanonical features are well-known for
their antimicrobial activity (Abdalla & McGaw 2018).
Although cyclic peptides have received
attention as potential antiviral agents (Kadam et al. 2017),
their potential in antiviral therapy and diagnostics remains

increasing

underappreciated (Vilas Boas et al. 2019).

Cyclic and bicyclic peptide inhibitors of flaviviral proteases

While strong cyclic peptide inhibitors of the alphavirus
protease nsP2 remain so far elusive, we were able to
develop a range of cyclic and bicyclic inhibitors of the
flavivirus protease NS2B-NS3, some of which are shown
in Figure 3 (Morewood & Nitsche 2021; Morewood &
Nitsche 2022; Nitsche et al. 2019; Patil et al. 2021; Ullrich
et al. 2022b; Voss et al. 2022). We developed various
unnatural amino acids functionalised with cyanopyridine
which can be directly
incorporated into peptides by standard Fmoc solid-phase

and 1,2-aminothiol groups
peptide synthesis. In addition, we explored bismuth as a
new reagent to generate bicyclic peptides. Cyclisation and
stapling reactions proceed under biocompatible conditions

in presence of the viral proteases of interest. Using these
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Figure 3: Monocyclic and bicyclic ZIKV NS2B-NS3 protease inhibitors with nanomolar affinity.

approaches in small screening campaigns, we were able
to identify various macrocyclic peptide inhibitors of viral
proteases. Bicyclic peptides showed higher affinity (lower
inhibition constant K;) than monocyclic peptides (Figure
3). Our peptides displayed not only high protease affinity
but also promising proteolytic and plasma stability.

CONCLUSION

Arboviruses are already a major health concern and have the
potential to cause epidemics. The variation in the receptor
binding domains makes it difficult to develop broadly
effective vaccines. However, their highly conserved
proteases are a common Achilles heel and thus an attractive
drug target for broad-spectrum antiviral drugs. Cyclic and
bicyclic peptides can achieve extraordinary affinity to viral
proteases. The major current challenge is to translate this
target affinity into antiviral activity in infected cells.
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