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Abstract

Ribonucleases H (RNases H) are endonucleolytic enzymes, evolutionarily related to retroviral
integrases, DNA transposases, resolvases and numerous nucleases. RNases H cleave RNA in
RNA/DNA hybrids and their activity plays an important role in the replication of prokaryotic and
eukaryotic genomes, as well as in the replication of reverse-transcribing viruses. During reverse
transcription, the RNase H activity of human immunodeficiency virus (HIV) and hepatitis B virus
(HBV) degrades the viral genomic RNA to facilitate the synthesis of viral double-stranded DNA. HIV
and HBV reverse transcriptases contain DNA polymerase and RNase H domains that act in a
coordinated manner to produce double-stranded viral DNA. Although RNase H inhibitors have not
been developed into licensed drugs, recent progress has led to the identification of a number of
small molecules with inhibitory activity at low micromolar or even nanomolar concentrations.
These compounds can be classified into metal-chelating active site inhibitors and allosteric
inhibitors. Among them, a-hydroxytropolones, N-hydroxyixoquinolinediones and N-
hydroxypyridinediones represent chemotypes active against both HIV and HBV RNases H. In this
review we summarize recent developments in the field including the identification of novel RNase H

inhibitors, compounds with dual activity, broad specificity and efforts to decrease their toxicity.
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1. Introduction

Reverse-transcribing viruses include important human pathogens, such as the human
immunodeficiency viruses type 1 and type 2 (HIV-1 and HIV-2, respectively) and the hepatitis B virus
(Menéndez-Arias et al.,, 2017). HIV is the etiological agent of the acquired immunodeficiency
syndrome (AIDS). The number of people living with HIV worldwide is very high with current
estimates ranging between 32.7 and 44 million people (average 37.9 million in 2018). Although the
number of new infections has been steadily declining since the mid-90s, UNAIDS estimates that 1.7
million people got infected in 2018, while the disease was globally responsible for around 770,000

deaths (www.unaids.org). At present, no vaccine or cure is available, although highly active

antiretroviral therapy (HAART) has been highly effective in controlling viral load and preventing the
onset of symptoms and progression to AIDS.

Most of the currently approved anti-HIV drugs are inhibitors of enzymes encoded within the
viral genome: (i) DNA polymerase activity of HIV reverse transcriptase (RT), (ii) strand transfer
activity of HIV integrase (IN), and (iii) the proteolytic activity of HIV protease (Menéndez-Arias,
2013). These drugs block viral replication, integration and maturation, respectively. In addition,

drugs targeting viral entry (e.g. coreceptor antagonists or fusion inhibitors) are used in salvage
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therapies. Despite the success of antiretroviral therapy, acquired and transmitted drug resistance
as well as long-term toxicity pose a major limitation to the long-term efficacy of current therapies,
and research towards exploiting other targets of antiviral intervention is still important for
preparedness against future outcomes of the disease.

Hepatitis B virus (HBV) infection remains an important cause of morbidity and mortality.
According to current estimates, there are more than 250 million people chronically infected with
the virus (Maclachlan and Cowie, 2015; Seto et al., 2018) and twenty to thirty percent of the
chronically infected adults develop cirrhosis and liver cancer (Seto et al., 2018). HBV and associated
liver diseases are responsible for nearly 900,000 deaths each year, mostly from complications
(including cirrhosis and hepatocellular carcinoma) (WHO, 2017). Infection and development of
chronic disease can be prevented by HBV vaccination, which is most effective if given within 24 h
after birth (followed by two to three doses at monthly intervals). However, timely infant
vaccination has not been implemented everywhere and despite progress, universal coverage is very
difficult to achieve (Chang and Nguyen, 2017). On the other hand, available treatments (long-term
nucleos(t)ide-analogue therapies) are safe and well tolerated, achieve potent viral suppression, and
reduce the incidence of liver-related complications (Menéndez-Arias et al., 2014; Levrero et al,,
2018). However, approved treatments act exclusively on viral replication by inhibiting DNA
synthesis catalyzed by the HBV polymerase, and current research focuses on alternative targets for
the development of anti-HBV drugs (Pei et al., 2017).

Approximately 10% of the HIV-infected population worldwide is coinfected with HBV,
although this figure can be higher in several regions of Southeast Asia (Singh et al., 2017). HIV
reverse transcriptase and HBV polymerase inhibitors constitute the backbone of antiviral therapies
against both pathogens. These drugs block viral DNA synthesis during reverse transcription,
although an obligatory step in the process involves the degradation of viral RNA by the associated
ribonuclease H (RNase H) activity of the HIV and HBV polymerases. To date, RNase H remains as an
unexploited target in antiviral intervention, and despite efforts to identify specific inhibitors, none
of those compounds has been approved for clinical use. In this review, we will summarize current
knowledge on the structure and catalytic mechanism of RNases H, and efforts to discover and

develop compounds targeting the RNase H activity of HIV and HBV.



2. RNase H and reverse transcription

RNases H constitute a family of non-sequence-specific endonuclease enzymes that catalyze
the cleavage of RNA in RNA/DNA substrates through a hydrolytic mechanism. Members of the
RNase H family can be found in nearly all organisms, from bacteria to archaea to eukaryotes
(Majorek et al., 2014; Moelling et al., 2017). These enzymes are involved in many processes such as
transposition, replication and repair of DNA, homologous recombination and RNA-mediated gene
silencing.

Soon after the discovery of retroviral RTs, its associated RNase H activity was identified as an
essential component of the enzyme (Mélling et al., 1971). Retroviral RTs contain DNA polymerase
and RNase H activities that during reverse transcription act in a concerted manner to generate
double-stranded DNA from the viral genomic RNA. RNase H cleaves the RNA strand of RNA/DNA
hybrids created when the RT polymerase activity synthesizes DNA using the viral RNA as template.
In addition, the RT’s RNase H activity degrades the primer tRNA during plus-strand DNA synthesis,
and facilitates the generation of polypurine tracts (PPTs) needed for plus-strand DNA synthesis
(reviewed in Menéndez-Arias et al., 2017). RNases H are present in all viral families included in the
order Ortervirales (Retroviridae, Metaviridae, Pseudoviridae, Belpaoviridae and Caulimoviridae)
(Krupovic et al., 2018), as well as in hepadnaviruses (Hepadnaviridae). In all cases, the RNase H
domain of the viral polymerase is encoded at the 3" of the DNA polymerase domain (Menéndez-
Arias et al., 2017; Krupovic et al., 2018).

HIV-1 reverse transcription is outlined in Figure 1. The process involves a series of steps
catalyzed by the viral RT by which the HIV genomic RNA is converted into double-stranded DNA
(provirus) that is then integrated in the host cell’s genome (for recent reviews, see Hughes, 2015;
Menéndez-Arias et al., 2017). RT possesses RNA- and DNA-dependent DNA polymerase and RNase
H activities, both required to complete reverse transcription. First, a cellular transfer RNA (tRNA) is
used as primer to synthesize the minus (=) strand DNA, while the RNase H activity of the RT
degrades the template RNA. After a first strand transfer event, DNA synthesis continues while the
RNA is almost completely degraded leaving uncleaved the polypurine tracts (PPTs). These PPTs are
used as primers to initiate plus (+)-strand DNA synthesis. After removal of the PPTs by the RT’s
RNase H activity, an additional transfer event facilitates completion of the proviral DNA synthesis
with the removal of the tRNA primer, also catalyzed by the RNase H.

Reverse transcription shows remarkable differences in HBV compared to HIV and other

retroviruses (Figure 1) (Hu and Seeger, 2015; Menéndez-Arias et al., 2017). However, in both
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viruses the RNase H activity of the viral polymerase plays a prominent role. In HBV reverse
transcription, the pregenomic RNA (pgRNA) is extensively degraded during minus-strand DNA
synthesis, although the last cleavage occurs away from the capped 5" end, leaving an RNA sequence
(direct repeat 1, or DR1) that is used as primer for plus-strand DNA synthesis (Nassal, 2008; Hu and
Seeger, 2015). The RNA primer can also translocate to the DR2 region at the 5’ end of the minus-
strand DNA, thereby facilitating the circularization of the DNA genome after the corresponding
template switch (rcDNA formation). The conversion of rcDNA into covalently closed circular DNA
(cccDNA) involves a series of biochemical events including the removal of the 18-nt long RNA
primer used in plus-stranded DNA synthesis, but the molecular mechanisms have not been
elucidated and the participation of the viral RNase H is not clear yet (Hu and Seeger, 2015;

Menéndez-Arias et al., 2017).

3. RNase H function and structure

RNases H are among the most abundant proteins on our planet. RNases H bind to RNA/DNA
hybrids in a sequence-nonspecific manner and degrade the RNA strand. Eukaryotic RNase H was
initially discovered in calf thymus lysates, although its role was unknown for a long time (Stein and
Hausen, 1969). Its involvement in DNA replication was later suggested after being found in
Saccharomyces cerevisiae (Karwan and Wintersberger, 1986).

According to their structural features and evolutionary relationships, RNases H have been
classified into two major groups (RNase H1 or HI and RNase H2 or Hll). Arabic numerals have been
traditionally used to designate eukaryotic RNases H (H1 and H2), while Roman numbers were
assigned to prokaryotic enzymes (RNase HI and HIl). Type 1 RNases H are found in eukaryotic,
bacterial and viral proteins, including those associated with RTs (e.g. HIV RT and HBV polymerase).
Type 2 RNases are also found in eukaryotes, as well as in prokaryotes, including archaea. A third
related class (designated RNase HIlI) and related to prokaryotic RNase HIl has also been found in a
few bacteria and archaea (Figiel and Nowotny, 2014).

H1 and H2 enzymes are necessary to maintain genome stability (Amon and Koshland, 2016;
Lima et al., 2016). However, none of them is essential for removal of RNA primers that initiate
lagging strand DNA synthesis (i.e. Okazaki fragments) during DNA replication as initially suggested
by Kogoma and Foster (1998). However, RNase H1 null mice die during embryonic development
because the enzyme plays a critical role in mitochondrial DNA replication (Cerritelli et al., 2003). In

addition, RNases H are important to maintain the cellular dNTP/rNTP concentration ratio
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depending on the cell cycle stage, the tissue or the organisms; and this way, preventing the
incorporation into DNA of the more abundant rNTPs as occurs in many cell types (e.g. human
macrophages, human PBMCs, yeast cells, etc.).

Structural studies have shown that RNases H have a characteristic fold (Katayanagi et al.,
1990; Yang et al.,, 1990) shared by numerous enzymes involved in nucleic acid metabolism, and
clearly distinguished from that observed in most exonucleases and endonucleases (Rice and Baker,
2001). The basic fold is constituted by a five stranded B-sheet (strands ordered as 3-2-1-4-5) where
B-strand 2 runs antiparallel to the others, and B-strands 1, 2 and 3 are longer than strands 4 and 5
(Figure 2). In addition to the central B-sheet, the folds contain a-helices at different positions and
arrangement (Nowotny, 2009; Majorek et al., 2014; Hyjek, et al. 2019). This fold has been found in
many other proteins integrated in a large RNase H-like superfamily. Examples are transposases
(e.g. bacteriophage MuA, E. coli Tn5, and Hermes transposase from Musca domestica), retroviral
INs (e.g. HIV-1 IN catalytic domain), DDE endonucleases (e.g. E. coli RuvC endodeoxyribonuclease,
mitochondrial resolvase Ydc2, poxvirus A22 protein, Piwi/Argonaute domain sequences, the UvrC
excinuclease and phage terminases), and other enzymes related to 3’-5" exonucleases found in
eukaryotic and prokaryotic DNA polymerases (Majorek et al., 2014).

Crystal structures of representative prokaryotic RNases H of each type (HI, HIl and HIll) are
available (Figure 2). All of them are monomeric enzymes. However, they show remarkable
differences in domain structures and substrate specificities. For example, RNases Hlll have long N-
terminal extensions absent in RNases HI and HIl (Chon et al., 2006). The amino acid sequences of
those extensions are similar to those of TATA-box binding proteins (TBPs) and contribute to the
substrate-binding domain of the enzyme. In contrast, E. coli RNase HI and Thermococcus
kodakaraensis RNase HIl have a substrate-binding domain that extends through the central and C-
terminal regions of the molecule (for a review, see Tadokoro and Kanaya, 2009). The structural
diversity found in prokaryotic RNases H is observed even within the same type. Thus, E. coli RNase
HI has a protruding basic domain (Katayanagi et al., 1990; Yang et al., 1990), absent in other HI
enzymes, such as the one found in the archaeon Sulfolobus tokodaii (You et al., 2007).

Human RNase H1 and RNase H domains of retroviral RTs are homologs of E. coli RNase HI
(Figure 3). Their structural relationship to HBV RNase H is also assumed although structural data are
still missing. In humans, as well as in other eukaryotic organisms, there are two types of RNase H
(H1 and H2). RNase H1 is a monomeric enzyme of 32 kDa (Wu et al., 1998), containing an RNase H

domain (spanning residues 136-282) similar to that shown by the E. coli RNase HI (Nowotny et al.,
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2007), while RNase H2 is composed of three different subunits (Jeong et al., 2004, Figiel et al.,
2011) (Figure 3). The human genome contains four RNase H genes: RNASEH1 (encoding for the
monomeric RNase H1), and RNASEH2A, RNASEH2B and RNASEH2C that encode the RNase H2

catalytic subunit A and structural subunits B and C, respectively.

4. Catalytic sites and mechanism of action

RNases H cleave the phosphodiester bonds of RNA in RNA/DNA hybrids, leaving a 3' OH and

a 5' phosphate group on either end of the cleavage site. RNases H1 and H2 have different substrate
specificities. While RNases H2 cleave preferentially at the 5’ end of RNA in chimeric DNA-RNA-
DNA/DNA hybrids and hydrolyzes substrate even when it contains one ribonucleotide, cleavage by
human RNase H1 requires a nucleotide sequence containing at least four rNTPs (Ohtani et al.,
1999).
The active site of most RNases H contains four negatively charged amino acid residues, known as
the DEDD motif. In some enzymes, an additional His residue is present and contributes to their
catalytic efficiency. The conserved negatively charged residues bind either one or two metal ions
that are required for catalysis. Under physiological conditions, the preferred cation is Mg2+,
although Mn?* also supports catalysis, while Ca** inhibits cleavage (Rosta et al., 2014; Nowotny and
Yang, 2006). Reactions occur through the formation of a pentavalent intermediate and inversion of
the phosphate stereo configuration (Steiz and Steitz, 1993; Yang et al., 2006).

Although a classical two-metal-ion catalytic mechanism has been proposed for RNase H, the
guestion of whether one or two ions are used in RNase H catalysis has been a controversial issue in
the field (Klumpp et al., 2003; Yang et al., 2006). A view of the catalytic site of a type 1 RNase H is
shown on Figure 4. Deprotonation of a water molecule generates a nucleophile hydroxide group
that attacks the scissile phosphate on the RNA to complete the hydrolysis reaction. The side chains
of residues forming the DEDD motif and a hydroxyl substituent in the RNA substrate coordinate the

two divalent cations required as cofactors for catalysis.

5. Retroviral RT-associated RNases H

The RNase H domains of HIV-1 and murine leukemia virus (MLV) RTs show a very similar
tertiary folding, although the HIV-1 RNase H domain lacks a positively charged a-helix (known as
helix C) containing the amino acid sequence HGEIYRRR of MLV RT (reviewed in Coté and Roth,

2008). Crystal structures of HIV-1 and xenotropic murine leukemia virus-related virus (XMRV) RTs
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bound to double-stranded DNA have shown that the DNA polymerase and RNase H active sites are
14-18 nucleotides apart from each other (Huang et al., 1998; Nowak et al., 2013). The active sites of
MLV and HIV-1 RNases H contain the four characteristic acidic residues forming the DEDD cluster
found in most RNases H. Thus, Asp443, Glu478, Asp498 and Asp549 in HIV-1 RT are equivalent to
Asp10, Glud8, Asp70 and Aspl134 in E. coli RNase HI, and residues Asp145, Glu186, Asp210 and
Asp274 of human RNase H1 (Figure 5).

Unlike the homologous prokaryotic and eukaryotic type 1 RNases H, RNA/DNA substrates
can interact with the RT in different modes, rendering different cleavage patterns. RNA cleavage
observed during DNA polymerization is determined by the positioning of the 3’ end of the DNA at
the polymerase active site, in a “polymerase-dependent” mode. Alternatively, in the polymerase-
independent mode, the DNA polymerase active site binds preferentially at a 5" end of a recessed
RNA annealed to a DNA strand, promoting cleavage of the RNA strand 13-19 nucleotides away from
the RNA 5’ end (DeStefano et al.,, 1991). In general, polymerase-independent cleavages render
shorter products than polymerase-dependent hydrolysis, but with a larger size heterogeneity
probably due to a stronger tendency of the enzyme to slide after the initial binding event. In
addition, polymerase-independent cleavages can also generate the PPT primer and remove the
extended tRNA and PPT primers to complete reverse transcription (reviewed in Schultz and
Champoux, 2008). Studies carried out with HIV-1 RT have shown that RNase H cleavage proceeds at
a 5 to 10 times slower rate than nucleotide incorporation (DeStefano et al., 1991; Kati et al., 1992;
Li and Johnson, 2016).

RNase H activity and specificity need to be finely coordinated with DNA polymerization since
excessive degradation of the template RNA could lead to DNA synthesis termination due to early
dissociation of the primer from the template strand. On the other hand, reduced RNase H activity
might result in delays in plus-strand DNA synthesis and interfere with specific cleavages leading to
PPT generation (Betancor et al., 2015). The relative contributions of internal and polymerase-
dependent and -independent RNase H cleavages are not known, but they could have some
relevance in the design of appropriate assays for screening candidate RNase H inhibitors (Boyer et

al., 2018).

6. HBV RNase H
The RNase H domain is located at the C-terminal region of the HBV polymerase, spanning

residues 679 to 832. It shows sequence homology with the HIV-1 RT RNase H domain as well as the
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E. coli RNase HI, although sequence identity is reduced to only 23% and 19% respectively, when
considering the catalytic core domains of those enzymes (Schodel et al., 1988; Khudyakov and
Makhov, 1989; Tavis et al., 2013) (Figure 5). Mutagenesis studies carried out with duck and human
HBV polymerase facilitated the identification of the RNase H catalytic acidic residues of the human
HBV polymerase (Asp702, Glu731, Asp750 and Asp790) (Chang et al., 1990; Chen and Marion, 1996;
Tavis et al., 2013). Eliminating RNase H activity by introducing non-conservative substitutions in the
DEDD motif leads to accumulation of long RNA/DNA heteroduplexes and truncation of minus-
strand DNA, while plus-strand DNA is no longer produced, due to the suppression of the second and
third strand transfer reactions. RNase H-inactivating mutations produce large reductions in the
release of infectious virions and in the amounts of accumulated nuclear cccDNA.

Despite of its important role in viral replication, there are no structures available for the HBV
polymerase or its RNase H domain, due in part to difficulties in obtaining sufficient quantities of
active enzymes (Lanford et al., 1997; Jones et al., 2012; Voéros et al.,, 2014). Recombinant
hexahistidine-tagged human HBV RNase H has been expressed and purified (Tavis et al., 2013)
although yields were very low and hardly detectable in Western blots. Nevertheless, active RNase
H could be obtained for four different HBV genotypes (i.e. B, C, D and H). The enzyme has been
used in low-throughput drug screening efforts (Cai et al., 2014; Hu et al., 2013; Lu et al., 2015; Tavis
et al., 2013), although its specific activity was very low. More recently, Villa et al. (2016) reported
an extensive characterization of the HBV RNase H after successful expression and purification of the
enzyme as a fusion protein with a maltose-binding domain at the N-terminus and a hexahistidine
tag at the C-terminal end. The enzyme was monomeric in the presence of Mg?* and ATP, and
required 14 nucleotides for efficient cleavage of RNA/DNA hybrids. Apart from its characteristic
endonuclease activity, the HBV RNase H displayed 3°-5" exonuclease activity, although its catalytic

rate was reduced in comparison with that observed for endonucleolytic cleavages.

7. RNase H activity assays and inhibition

Classical methods to determine RNase H activity monitor DNA oligonucleotide-directed RNA
cleavage by using a *’P-labeled RNA template and a DNA primer (Evans et al., 1991). Hydrolysis
products can be analyzed by phosphorimaging, and products can be quantified accurately using
these methods. An interesting advantage of these methods is that allow the identification of
different cleavage patterns and can be used to monitor sequence specificity with different RNA

templates (Alvarez et al., 2009; Betancor et al., 2015). These methods can be easily adapted to
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assess RNase H inhibition in low-throughput screening campaigns and are still widely used in the
search for HBV RNase H inhibitors (Lomonosova and Tavis, 2017).

The introduction of reliable assays using fluorescently labeled RNAs allowed high-
throughput screening of RNase H inhibitors. The first assay of this kind was developed by Parniak et
al. (2003). It used a 18-nucleotide 3'-fluorescein-labeled RNA substrate annealed to a
complementary 18-nucleotide 5-Dabcyl-modified DNA. The intact duplex had an extremely low
background fluorescent signal and provided a very versatile tool for the identification of inhibitors,
because the reaction products could be quantified using a plate reader equipped with filters for
fluorescein fluorophores 490/528 nm (excitation/emission wavelengths). The protocol proved to
generate results comparable and consistent with the ones obtained with the radiolabeled
substrate, being sustainable and more environmental-friendly. Since then, the protocol has been
widely used and adapted to screen for HIV-1 RNase H inhibitors on both low and high throughput
techniques. Other methods based on the use of fluorophores such as FAM/BHQ1 (Li et al., 2012) or
Cy3/Cy5 (Chung et al., 2013), or different types of molecular beacons (Chen et al., 2008; Liu et al.,
2013) have also been described.

8. HIV RNase H inhibitors: Design and development

Success in the expression and purification of HIV-1 RT facilitated the screening of DNA
polymerase and RNase H inhibitors. lllimaguinone, suramine and one cephalosporine degradation
product were among the first compounds showing some selective inhibitory activity against HIV-1
RNase H (Loya et al., 1990; Hafkemeyer et al., 1991; Andréola et al., 1993). lllimaquinone was found
to be active against retroviral RNases H of HIV-1, HIV-2 and MLV, as well as E. coli RNase HI (Loya
and Hizi, 1993). N-(4-tert-butylbenzoyl)-2-hydroxy-1-naphthaldehyde hydrazine (BBNH) was the
first compound showing some relevant inhibitory effect against HIV-1 RT RNase H (Borkow et al.,
1997) (Figure 6). It showed an ICsg of 3.5 uM in RNase H biochemical assays, although it was also an
inhibitor of the RT DNA polymerase with ICses ranging from 0.8 to 12 uM depending on the
substrate and assay conditions. The compound was also an effective inhibitor of E. coli RNase HI
and MLV RNase H. BBNH became a promising lead due to its expected potential as a multitarget
drug.

Crystallographic studies carried out with a derivative of BBNH, (E)-3,4-dihydroxy-N"-((2-
methoxynaphthalen-1-yl)methylene)benzohydrazide (DHBNH), showed that this compound binds

>50 A away from the RNase H active site, between the RT polymerase active site and the
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polymerase primer grip, in a pocket that overlaps in part with the NNRTI binding site (Himmel et al.,
2006). Contacts with the side-chains of Asp186, Tyrl88, Leu228 and Trp229 facilitate the
interaction of the RT with the inhibitor (PDB file 2I5J). The effects of the drug in the RT RNase H
activity are attributed to alterations in the trajectory of the template-primer so that the RNase H is
unable to cleave the RNA strand in RNA/DNA complexes when the inhibitor is bound to the RT
(Himmel et al., 2006). In addition, N-acyl hydrazone derivatives have also an impact on the stability
of the HIV-1 RT heterodimer that results in a loss of function (Sluis-Cremer et al., 2002).

Very early in antiretroviral drug discovery, the structure of another HIV-1 enzyme, IN,
member of the same polynucleotidyltransferase family, was partially solved (Dyda et al., 1994). HIV-
1 IN catalytic domain showed strong structural similarities with the catalytic domain of RT RNase H,
opening the possibility of designing dual-acting agents, that could target two different viral proteins
at the same time, and in consequence decrease the possibility for selection of drug resistant
variants (Esposito and Tramontano, 2013).

As a new target for antiretroviral therapy, multiple chemical scaffolds, especially the diketo
and B-keto acids were used to develop specific HIV-1 IN inhibitors (Li et al., 2015). While BBNH,
DHBNH, foscarnet and others can be considered allosteric inhibitors of HIV-1 RNase H, diketo acids
might sequester the Mg?* ions required for RNase H activity in a similar way to compounds blocking
the HIV-1 IN strand transfer activity. Thus, 4-[5-(benzoylamino)thien-2-yl]-2,4-dioxobutanoic acid (a
thiophene diketo acid) (Figure 6) inhibited RNase H activity with an IC5q of 3.2 uM, but was devoid
of DNA polymerase inhibitory activity in enzymatic assays (Shaw-Reid et al., 2003). N-hydroxyimides
such as the 2-hydroxyisoquinoline-1,3(2H,4H)dione (Figure 6) showed a similar mechanism of
action, but they also had some inhibitory activity against the RT DNA polymerase (Klumpp et al.,
2003).

Two vyears later, RDS1643 (6-[1-(4-fluorophenyl)methyl-1H-pyrrol-2-yl)]-2,4-dioxo-5-
hexenoic acid ethyl ester) (Figure 6) was identified as the compound able to inhibit HIV-1 RT-
associated RNase H in biochemical assays (ICsq of 13 uM). RDS1643 was also active in cell culture,
showing an ECsp of 14 uM against wild-type HIV-1, and similar values against NNRTI-resistant
mutants containing substitutions Y181C and K103N/Y181C (Tramontano et al., 2005). At the same
time, it was reported that a hydroxylated tropolone isolated from the heartwood of the Western
red cedar and known as B-thujaplicinol (Figure 6) was able to inhibit HIV-1 and HIV-2 RNases H at
submicromolar concentrations (Budihas et al., 2005). Although B-thujaplicinol was a relatively weak

inhibitor of E. coli RNase H (ICsq = 50 uM), it showed an ICsq of 5.7 uM for human RNase H1, limiting
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its development as an efficient antiviral drug. As for diketo acids and N-hydroxyimides, Budihas et
al. proposed that its mechanism of action would involve chelation of active site metal ions in the
RNase H domain of the RT. Crystallographic studies showing B-thujaplicinol bound to the RNase H
active site of HIV-1 RT and an isolated RNase H domain demonstrated that the tropolone forms a
stable complex where the inhibitor binds catalytically essential RNase H active residues and
chelates the Mg®" ions required for catalysis (Himmel et al., 2009) (Figure 7).

Since the discovery of RDS1643, B-thujaplicinol and DHBNH as effective active site and
allosteric RNase H inhibitors, a number of additional chemotypes have been designed and
extensively explored to discover novel RNase H inhibitors with ICsgs in the low micromolar or high
nanomolar range (Tramontano and Di Santo, 2010; Wang et al., 2018a). Despite significant
improvements, the efficacy of those molecules is limited by the shallow, open shape of the HIV
RNase H catalytic groove which provides few contact sites for inhibitors other than interactions
with the two metal ions (Billamboz et al., 2011). In the next section, we will describe major
chemotypes identified in the last decade, and their inhibitory properties, dividing them in three

groups: metal chelators, allosteric inhibitors and natural compounds.

9. Metal-chelating HIV RNase H active site inhibitors: Representative chemotypes and inhibitory
activity

The presence in the HIV-1 RNase H site of the highly conserved and essential DDE maotif,
comprising four carboxylate residues that coordinate two divalent cations, offers the possibility to
target the active site by compounds possessing metal coordinating functions. All of them have a
three oxygen pharmacophore necessary for their metal-chelating activity, which is shared by
approved IN inhibitors. Among them diketo acids, a-hydroxytropolones, and N-
hydroxyisoquinolinediones as well as hydroxylated heterocyclic compounds are probably the most
widely used chemotypes for the design and development of compounds targeting viral RNases H.
Most of the identified leads exhibit dual activity, being also able to inhibit HIV-1 IN, while in several
cases a partial or even total selectivity for HIV-1 RNase H function has been obtained, providing

valuable insights for the optimization of the leads.

9.1. Diketo acids (DKAs)
DKA derivatives were first reported as chelators of the Mg2+ cofactors in the active site of

influenza virus endonuclease (Tomassini et al., 1994), then identified as HIV-1 IN strand transfer
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inhibitors (Wai et al., 2000), and later tested against HIV-1 RNase H (Shaw-Reid et al., 2003, Sluis-
Cremer et al., 2004; Tramontano et al., 2005). Given the high similarity between HIV-1 RNase H and
IN, compounds bearing diketo acid moieties are often inhibitors of both activities of HIV-1. Several
pyrrolyl DKA derivatives, having a quinolinonyl- or a pyrroyl-based scaffold (Figure 8), have been
reported as RNase H inhibitors with dual activity against HIV-1 IN and RT-associated RNase H (Costi
et al., 2014, Costa et al., 2013; Cuzzucoli Crucitti et al., 2015; Di Santo, 2011; Tramontano, 2006;
Tramontano and Di Santo, 2010).

Among the pyrroyl DKAs, several RDS1643 analogues were developed, and studies on the
mode of action of pyrroyl-ester/acid derivatives showed that esters displayed selectivity for HIV-1
RNase-H versus IN, while acid derivatives were more active against HIV-1 IN (Corona et al., 2014a;
Cuzzucoli Crucitti et al., 2015). This difference in activity relies upon the electrostatic neutrality of
the RNase H active site where four catalytic acid residues (Asp443, Glu478, Asp498, and Asp549)
neutralize completely the four positive charges of the two I\/Ig2+ ions. On the other hand, the IN
active site contains only three acidic residues (Asp64, Asp116, and Aspl152) and is positively
charged, allowing the negatively charged acidic compounds to bind more favorably to the HIV-1 IN
in comparison with the RNase H. In particular, RDS1759 (Figure 8) was the first compound that
inhibited HIV-1 replication selectively by blocking the RT-associated RNase H activity (Corona et al.,
2014a). Indeed, RDS1759 bearing a chlorine atom at position 2 of the benzyl group, inhibited the
RNase H activity with an ICsg value of 7.3 uM, showing remarkable selectivity against RNA-
dependent DNA polymerase (RDDP) and IN strand transfer activities (ICsos >50 uM and >100 uM,
respectively). Moreover, NMR and site-directed mutagenesis studies demonstrated the DKA
interactions with highly conserved amino acid residues in the RNase H domain, GIn475, Asn474,
and Tyr501 (Corona et al., 2014a, Corona et al., 2014b). All of those residues are part of the so-
called “RNase H primer grip”, a highly conserved region that interacts with the DNA primer strand
of an RNA:DNA substrate and may play a role in catalysis and RNA cleavage specificity. These
interactions contributed critically to selective RNase H inhibition and effective targeting of HIV
reverse transcription in cells (ECso = 2.1 uM) without significant cytotoxicity.

Selective RNase H DKA inhibitors were reported later as able to block a multi-drug resistant
HIV-1 RT (Schneider et al., 2016). Further studies on the pyrroyl-based scaffold of RD1759 led to the
discovery of compound 6f that showed an ICsq value for RNase H of 1.8 uM (Figure 8) (Cuzzucoli
Crucitti et al., 2015). Interestingly, 6f also inhibited HIV-1 IN strand transfer activity (ICso = 1.2 uM)

and was active against HIV-1 in cell culture, showing an ECsg of 20 uM and a CCso> 50 uM.
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Quinolinonyl DKA derivatives were also characterized among the first HIV-1 IN inhibitors,
with a general structure containing a quinolinone ring, bearing a p-fluorobenzyl group as N
substituent, a DKA group (acid or ester) at position 3, and a variable basic moiety at position 7
(Figure 8) (Costi et al., 2014). These compounds were generally more active against IN, in particular
the acid derivatives. Among them, a rather potent RNase H inhibitor was compound 7b (Figure 8)
that contained a pyrrolidine group in position 7, and showed an ICsg of 5.1 uM in enzymatic assays,
while inhibiting viral replication with an ECso of 14 uM (Costi et al., 2014). Compound 7b also
inhibited HIV-1 IN strand transfer activity with an ICsg or 0.028 uM. Compound 12d (Figure 8) that
contained an N-acetyl piperazine instead of the pyrrolidine in the quinolinone ring also showed
good inhibitory activity in enzymatic and cell-based assays (RNase H ICsqg = 3.3 uM; IN strand
transfer ICso = 0.08 uM; HIV-1 replication ECso = 17 uM). Among this class of inhibitors, no selective

RNase H inhibitor has been reported so far.

9.2. a-hydroxytropolones (aHTs)

As discussed above, B-thujaplicinol (Figure 6) is the most extensively characterized a-
hydroxytropolone and one of the first reported HIV-1 RNase H inhibitors (Budihas et al., 2005). It
inhibited HIV-1 RNase H in biochemical assays with an ICsp of 0.2 UM, but it was ineffective in
reducing virus replication in cell-based assays. Of note, B-thujaplicinol was rather specific for RNase
H inhibition and was found to be a weak inhibitor of the HIV-1 IN strand transfer reaction in the
presence of Mg?* (ICso of 20 uM in biochemical assays) (Semenova et al., 2006). Since then, several
attempts were done to improve its potency and selectivity. Chung et al. (2011) described a series of
14 synthetic analogues of manicol. Among them some compounds were active against HIV-1 RNase
H in the low micromolar range, while showing ECsq values ranging from 4.2 uM (compound 8) to
42.1 uM (compound 2), in HIV-1 replication assays. These compounds had very low cytopathic
effect. Compound 1, shown in Figure 9, exhibited the best profile with an ICso of 0.82 uM (RNase H
activity assays), ECsg of 10.2 uM, CCso > 50 uM, and a selectivity index of 4.9.

9.3. Pyrimidine and hydroxypyridone carboxylic acids

These inhibitors were obtained by following a similar approach to that followed with a-
hydroxytropolones. Thus, the chelating groups containing a DKA moiety were introduced in
hydroxypyrimidine or hydroxypyridone rings (Figure 9). The DKA chain is biologically labile, and a

time-dependent decrease in activity has been reported in solution (Corona et al., 2014a).
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Therefore, more stable chelating groups were explored. Summa et al. (2004) showed that
pyrimidinol carboxylic acids were stable substitutes for a,y-diketo acids obtained as selective
inhibitors of the hepatitis C virus (HCV) NS5B polymerase. Later, these molecules were investigated
as scaffolds for the development of HIV RNase H inhibitors. The best compound of the series,
designated as number 11 (Figure 9) was a potent inhibitor of HIV-1 RNase H with an IC5o of 0.18 uM,
and 288 times less active against human RNase H1 (Kirschberg et al., 2009). Unfortunately, the
compound was unable to inhibit viral replication in cell culture. Given its remarkable potency,
compound 11 interaction with the HIV-1 RNase H domain was later characterized by crystallization
(Lansdon et al., 2011) confirming the Mg** coordination binding mode, and describing additional
contacts between its aromatic moiety and the side chain of His539.

Taking into account that the hydroxypyridone carboxylate core was a good scaffold for the
development of influenza endonuclease inhibitors (Fujishita et al., 2010), as well as the FDA-
approved HIV IN strand transfer inhibitor dolutegravir (Johns et al., 2013), Kankanala et al. (2016)
synthesized a series of N-substituted pyridonecarboxylic acid analogues that were found to be
inhibitors of HIV-1 RNase H. Most of the hydroxypyridone carboxylate derivatives inhibited RNase H
in the low micromolar range (ICso = 0.65-18 uM), but analogues bearing a two-ring or a biaryl
substituent at the N1 position showed enhanced potency, while those lacking any substituent or
having phenyl groups at the same position were inactive (Kankanala et al., 2016). In addition,
the esterification of the carboxylate group abrogated the inhibitory activity. Importantly,
compound 10r, bearing a naphthyl group in N1 (Figure 9) exhibited significant inhibitory activity in
a cell-based antiviral assays with an ECsg of 10 uM. This compound also showed significant RNase H
inhibitory activity in enzymatic assays (ICsp 2.7 uM), and was active in RDDP and IN strand transfer
activity assays (ICsos of 8.5 uM and 23 uM, respectively). An increase in potency of inhibition was
achieved by adding a 4-sulphonamide diphenyl group at position N1. However, compound
10y showed an ICsp of 0.65 uM in RNase H inhibition assays but was not active in viral replication
assays.

The X-ray crystal structure of HIV RT in complex with compound 10y demonstrated that in
addition to the interaction of the pyridone -OH group and the side-chain of His539, the 4-
sulphonamide moiety provided additional contacts with residue Lys540 within the HIV-1 RT RNase

H domain.

9.4. N-hydroxyimide derivatives
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The relatively simple geometry of the N-hydroxyimide derivatives was initially investigated
by Klumpp (2003) who showed that these chemotypes presented oxygen atoms for optimal
interaction with two metal ions bound at a distance of 4-5 A within the RNase H active site, and
therefore explored these structures as scaffolds to design potent RNase H inhibitors. Then, it was
reported that the prototypic N-hydroxyisonquinolinedione (HID) (Figure 9) inhibited HIV-1 RNase H
activity in the low micromolar range (Klumpp, 2003). The loss of activity caused by the substitution
of the OH group by methoxy or amino groups demonstrated a simple pharmacophoric requirement
that could consist on a chelating moiety included in a ring with fixed angles, that could ensure a
stable anchor to the active site, coupled with aromatic substitutions to improve the affinity for the
target.

Since then, the scaffold has been modified in several ways, by introducing substituents and
lateral chains with the aim to improve potency and selectivity. Its chelating properties raised the
possibility of closely exploring related HIV-1 enzyme targets such as the IN’s strand-transfer and
RT’s RDDP activities (Gill et al., 2019). During the last few years, several interesting inhibitors that
targeted preferentially RNase H function were identified. First, the 2-hydroxy-4-
methoxycarbonylisoquinoline-1,3(2H,4H)-dione (Figure 9) was described as a very potent RNase H
inhibitor (ICsg 0.061 uM) that in addition, was active against the viral IN (ICsq = 4.7 uM) and was able
to block HIV-1 replication with an ECsg of 13.4 uM (Billamboz et al., 2011).

Later on, the HID derivative 20i (Figure 9), carrying a biaryl moiety connected to the
chelating core via one atom linker (Vernekar et al., 2015) was found to be active against HIV-1 in
viral replication assays (ECso = 3 uM; CCso > 50 uM), by inhibiting the RT-associated RNase H activity
in the nanomolar range (ICsp = 0.8 uM). Compound 20i was also a good inhibitor of the RT RDDP
activity (ICso = 1.6 uM) but was inactive against the viral IN. The dual inhibition of RDDP and RNase
H activities was later explored (Tang et al., 2017) finding that some 5-arylmethyl HID analogues had
the best selectivity index for RNase H, while among the 6-arylcarboxamide substituted HID
analogues they were the most potent dual inhibitors, able to block both RDDP and RNase H in the
submicromolar range. Unfortunately, no significant reduction in the cytopathic effect was observed
at 10 uM with any of these analogues.

YLC2-155 was a similar derivative that contained a furan structure instead of the biaryl
moiety (Figure 9). This compound inhibited RT DNA polymerase and RNase H activities with ICses od
2.6 and 0.65 uM, respectively (Kirby et al., 2017). Interestingly, a structurally related hydroxy-
thienopyrimidinedione (compound 11d, Figure 9) described by Kankanala et al. (2017), showed
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significant RNase H inhibitory activity at nanomolar concentrations (ICsg = 0.04 uM), and was active
and non-cytotoxic in viral replication assays (ECso=7.4 uM; CCso>100 uM). In extended
biochemical assays compound 11d did not inhibit the RT DNA polymerase, but was found to be a

HIV-1 IN strand transfer inhibitor (ICsp = 2.1 uM), albeit less potent than against the viral RNase H.

9.5. N-hydroxypyrimidinediones

N-hydroxypyrimidinediones (HPD) share with compounds described above their metal-
chelating function and a similar geometry (Figure 10). HPD derivatives were initially designed as
dual inhibitors of HIV RT and IN, in the attempt to unify the chemical properties of NNRTIs and IN
strand transfer inhibitors (Tang et al., 2011). However, lead optimization of RNase H selective
inhibitors produced compounds with improved potency and selectivity, but also molecules
endowed with a dual-acting mode of action (Wu et al., 2016).

So far, compound 45 (Figure 10) has been identified as the most potent dual-inhibitor of
HIV-1 RNase H and IN, with ICsos of 0.029 uM and 0.021 uM, respectively. This compound is also
active in viral replication assays with an ECso of 0.015 uM (Wu et al., 2016). Compound 45 has
a carboxamide and a small alkyl group at positions C5 and C6, respectively. These substitutions in
the pyrimidinedione ring turned the molecule into a potent inhibitor of both RNase H and IN, but it
was unclear if the inhibition of the viral replication could be correlated with the block of both RNase
H and IN. Interestingly, the fact that the compound was also able to inhibit raltegravir-resistant HIV-
1 clones, suggested a promising prospective for its development.

The replacement of the phenyl ring at the C6 position with a cyclohexyl group generated a
new subtype (Tang et al., 2017) that had potent antiviral activity. Some of these derivatives were
active against both HIV-1 RT activities (i.e. RDDP and RNase H). Among them, compound 4f (Figure
10) was identified as an HIV-1 RNase H inhibitor (ICso = 1.7 uM) and was active in viral replication
assays showing an ECsg of 4.1 uM and CCsg values higher than 100 uM. Compound 4f was inactive
against RDDP and IN at concentrations above 10 and 100 uM, respectively. Interestingly, removal of
the OH group on the pyrimidinedione ring (compound 11f) produced a complete reversal of the
activity profile, losing the anti-RNase H effect in favor of anti-RDDP activity, while increasing the
inhibitory potency in HIV-1 replication as well as its cytotoxicity (RNase H ICsqg = >10 uM; RT RDDP
ICs0 = 0.82 uM; IN ICs0 >100 UM, ECso = 0.014 uM and CCso= 29 uM).
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The HPD scaffold was simplified with the objective of finding specific RNase H inhibitors, by
removing the substituents N1 and C3 and introducing at the C6 position a biaryl group using one-
atom flexible linker (Figure 8C) (Tang et al., 2016; Tang et al., 2019; Wang et al., 2018b; Wang et al.,
2018c). The flexible one-atom linker at C6 appeared to profoundly influence the inhibitory activity
both in vitro and in cellular assays:

(i) The -NH- and -O- linkers conferred submicromolar RNase H inhibition. Compound 11i, the best of
this series bearing an methoxy-substituted biaryl group at C6 position (Figure 10) inhibited RNase H
in the submicromolar range (ICso = 0.15 uM) and the RT RDDP activity in the low micromolar range
(ICso = 7.3 uM). Compound 11i also exhibited substantially reduced inhibition in HIV-1 IN strand
transfer assays and had no significant cytotoxicity in cell viability assays (Tang et al., 2016).
Unfortunately, the compound was not active in viral replication.

(ii) The -CH,- linker produced a significant improvement of the scaffold, leading to potent inhibition
of the RNase H and significant antiviral activity (Wang et al., 2018b). Compound 17h (Figure 10)
inhibited the RNase H function in the low nanomolar range (ICso = 0.009 uM) and showed >1,000-
fold selectivity against RT RDDP and IN. Compound 17h was a weak inhibitor of HIV-1 RT RDDP and
IN strand transfer activities with 1Csos above 10 uM in both cases.

(iii) Analogues with a =S— linker had similar potency, but were less selective for RNase H. Compound
13j, the best analogue within the series (Figure 10), inhibited the RNase H with an ICsg of 0.005 uM,
and was also active against RDDP and IN (RDDP ICsq =10 uM; IN IC5o=4.0 uM). The compound
inhibited viral replication with an ECso of 7.7 uM and was not cytotoxic at concentrations as high as
100 uM (Wang et al., 2018c).

Recently, a more rigid version of the HPD scaffold, with a nonflexible linker was developed
in order to investigate reduced rotational freedom (Tang et al.,, 2019). The introduction of the
carbonyl linker led to a series of compounds that retained good inhibitory activity against HIV-1
RNase H, and were effective in antiviral assays. However, they were generally more toxic than the
ones with the methyl linker. Compound 8a (Figure 10), the best of the series, inhibited the RNase H
with an ICso of 0.021 uM, and was poorly active against the IN (ICso =10 uM). However, it was
unable to inhibit RDDP activity at concentrations up to 10 uM. Compound 8a was active against
HIV-1 in cell-based assays, showing an ECso of 4.1 uM. However, it showed relatively high toxicity

(CCs0=22 uM) reducing its potential as a new drug candidate.

9.6. N-hydroxynaphthyridinone (HNO)
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N-hydroxynaphthyridinones (HNO) were reported as the first bicyclic system with
coordinating function able to inhibit HIV-1 RT (Su et al., 2010). Compound MK-1 (Figure 11)
inhibited HIV-1 RNase H activity (ICso = 0.11 uM) and viral replication (ECsg = 2.1 uM) with no signs
of toxicity up to 50 uM. The compound was co-crystallized within the RNase H active site, showing
that its naphthyridine moiety coordinated, together with the carbonyl oxygen of residues Asp443,
Glu4d78 and Asp498, and one of the ions of the catalytic pair. In addition to contacts with the metal
ions, the inhibitor was found to interact with an RT loop containing residues Ala538 and His539. The
scaffold was optimized by removing the carboxylic ester group and substituting a OH at position 4
with a series of biphenyl chains (Williams et al., 2010). A 4-p-aminomethyl-biphenyl analogue,
designated as compound 13 (Figure 11) was found to be potent and selective in biochemical assays
(RNase H ICso = 0.045 uM; RDDP ICsg = 13 uM; IN ICso = 24 uM) and showed antiviral efficacy in
single-cycle viral replication assays (ECsp = 0.19 uM), although with a modest selectivity index (CCsg
= 3.3 uM). Recently, a new series of compounds, specifically designed to bind the RNase H active
site has been developed (Boyer et al., 2018). These compounds were tested using different
substrates, to assess the impact on the different types of cuts performed by HIV-1 RNase H: 5’ end-
directed cleavage, 3’ end-directed cleavage, internal cleavage, PPT cleavage and polymerase-
dependent RNase H activity. Anti-RDDP activity was also tested.

The most potent compound of the series, XZ460 (Figure 11) showed striking similarities with
compound 13, with the 4 amino diphenyl group bound to the naphthyridinone ring with an amino
linker. XZ460 inhibited HIV-1 replication with an ECso of 94 nM, showing a therapeutic index of 26.
The compound was equally effective in inhibiting HIV-1-resistant mutants with altered susceptibility
to IN inhibitors, NNRTIs, and NRTIs. Biochemical studies focusing on its mode of action showed that
XZ460 inhibited all RNase H cleavages, as well as the RT polymerase activity. The same activity was
investigated without two of the four RNase H catalytic carboxylic amino acids (using RTs bearing
substitutions Asp443Ala and Asp539Ala). In the absence of I\/Ig2+ in the RNase H active site, that
prevents XZ460 binding, RDDP activity is not inhibited, suggesting that RDDP inhibition occurs only
when the compound binds RNase H active site. Of note, XZ460 does not inhibit neither E. coli RNase

HI nor human RNase H2, increasing its value as potential candidate for lead optimization.

9.7. N-hydroxypyridopyrimidinones and N-hydroxypyridopyrazinones
The 5-amino substituted pyridopyrimidinone scaffold was initially described in studies

focused on its interaction with the RT-associated RNase H domain, using enzyme kinetics (Beilhartz
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et al., 2014). Compound GSK5750 (Figure 11), that inhibited the HIV-1 RT-associated RNase H
activity in the nanomolar range (ICso = 0.33 pM) cannot access the Mg+ ions in the RNase H active
site when the template-primer is bound. In enzymatic assays GSK5750 has to be included in the
reaction before adding the substrate. GSK5750 dissociates from the RNase H active site more slowly
than B-thujaplicinol. This ability to form a long-lasting complex with HIV-1 RT, may in part neutralize
the obstacle presented by the competing nucleic acid substrate, making the scaffold potentially
interesting for further development.

A series of 5-amino substituted pyridopyrimidinone analogues were later described as novel
scaffolds for obtaining HIV-1 RNase H inhibitors arise from the results of virtual screening
campaigns using libraries of two-metal binding compounds (Velthuisen et al., 2014). As reported for
N-hydroxynaphthyridinones, the best substituent to achieve remarkable anti-RNase H activity was a
diphenyl moiety. Among the synthesized analogues, compound 22 (Figure 11), bearing an
aminomethyl-diphenyl substituent at position 5, showed nanomolar anti-RNase H activity in
enzymatic assays (ICso = 10 nM), while inhibiting HIV-1 replication in single-round replication assays
with an ECso of 0.2 uM. The compound showed some cytotoxicity (CCso = 4 uM), but was active
against the viral IN (ICso = 0.6 uM). The evaluation of its metabolic stability revealed low membrane
permeability and high clearance values.

The pyridopyrimidinone scaffold was further investigated with additional compounds
obtained by replacing the aminomethyl-diphenyl group with a meta-triazole-benzene substituent,
inspired by a series of hydroxy-quinazoline-2,4(1H,3H)-diones previously described as vaccinia virus
and adenovirus replication inhibitors (Gao et al., 2017). Derivative l1A-2 (Figure 11) inhibited HIV-1
and HIV-2 replication, with ECsg values of 0.92 uM and 2.82 uM, respectively and with no toxicity up
to 290 uM. The compound proved to inhibit both HIV-1 RT-associated RNase H and IN strand
transfer activities at 100 UM and 5 pg/ml, respectively, but they failed to block virus replication in
cell-based assays. Recently, Sun et al. (2018) described a series of N-hydroxypyridopyrazinone
derivatives representing a new scaffold variant of the one described above. As suggested by the
presence of the ester function at position 4, compounds of this series had a dual-inhibitor profile.

Compound 7a (Figure 11) inhibited the RNase H with an ICsq of 1.77 uM, showing similar
potency against IN (ICso = 1.18 uM), while other derivatives were more active against one or the
other of the two enzymes, suggesting that it would be possible to modulate the preferential target

activity by changing the aromatic chain in position 5. Unfortunately, none of the compounds was
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active in cell culture at concentrations lower than the toxic ones, that were, for all of them, in the

low micromolar range.

9.8. Dihydroxycoumarins

Dihydroxycoumarins were identified by virtual screening and emerged as a promising
scaffold for the development of HIV-1 RNase H inhibitors when compound F3284-8495 (Figure
12), 7,8-dihydroxy-2-oxo-2H-chromen-4-yl)acetic acid, was co-crystallized within the HIV-1 RNase H
active site (Himmel et al., 2014). The compound coordinated the two metal ions within the active
site, while making additional interactions with His539. When tested under conditions optimal for
RNase H activity (pH 8.0, 10 mM Mg?"), the compound displayed an ICsy value of 1.1 puM, while
when tested under putative physiological conditions (pH 7.4, 1 mM I\/Ig2+) its ICsp value was nearly 5
times higher (4.8 uM), raising questions on the impact of the pH on the protonated state of the
chelating agents. In the same work, the information obtained by the crystal structure was
successfully used to design lead analogues, in which the ethanoic acid substituent was replaced
with a variety of bulkier substituents anticipating that these might establish additional contacts
with the RNase H domain and improve their inhibitory potency. The most effective derivative,
F3385-2590 (Figure 12), bearing a N-m-chlorophenyl piperazine substituent instead of the
carboxylic group, showed a 6-fold increase in inhibitory potency compared to the parent compound
under physiological conditions (ICso = 0.8 uM). F3385-2590 also inhibited the DNA polymerase
activity of the RT but with a lower potency. Docking calculations suggested that F3385-2590
interacts electrostatically with Trp535 or with Asn474 and GIn475, which are conserved residues of
the RNase H “primer grip”, and were known to interact with DKA inhibitors (Corona et al., 2014a).
Despite promising results, no data were provided regarding inhibition of HIV replication in cell
culture assays.

Most recently, a new set of structurally related 4-hydroxy-2H,5H-pyrano(3,2-c)chromene-2,
5-dione derivatives were described as efficient inhibitors of HIV-1 RNase H and IN strand transfer
activities (Esposito et al., 2019). Among them, compound 7 was the most interesting derivative
since it inhibits both activities with similar potency with ICsy values around 6.5 uM for both

enzymes.

9.9. Benzenesulfonamides
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Derivatives of 4-(aryltriazolyl)-benzenesulfonamide emerged as novel scaffolds for RNase H
inhibition as the result of focused screening campaigns using molecules specifically designed as
metalloenzyme inhibitors (Pala et al., 2016). In this case, an interesting approach was used to adapt
the electron density distribution of the inhibitor in order to have, at physiological conditions, a
compound with higher affinity for the Mg?* cofactors within the RNase H active site. The most
active compound (10d) (Figure 12) contains the sulfonamide group that plays a major role in the
interaction with Mg2+. At pH 7.4, the sulfonamide group of the compound would prevalently exist
in a non-deprotonated form. Authors adopted a perfluorinating approach, that consists on the
complete substitution of the hydrogens of an aromatic ring with fluorine atoms, dramatically
increasing the acidity of ring substituents without significantly affecting the steric properties of the
molecule. At pH 7.4 deprotonation of the sulfamoyl group on fluorinated compounds should be
favored, creating a negatively charged inhibitor that should be a better target for the RNase H
active site. Indeed, compound 10d showed at pH 7.4 an ICsq value against RNase H of 6.6 uM, ten
times more potent than the one exhibited by the non-perfluorinated analogue in the same
conditions. Compound 10d was also active against the RDDP activity (ICso = 33.4 uM) but was

inactive against IN at concentrations as high as 100 uM.

9.10. Galloyl derivatives

The last chemotype that emerged as a source of HIV-1 RNase H inhibitors is represented by
galloyl derivatives (Carcelli et al.,, 2017; Gao et al.,, 2019). The galloyl moiety was previously
proposed as part of promising anti-IN compound (Desideri et al., 1998; Jiang et al., 2010). In their
work, Carcelli et al. (2017) combined the galloyl function with the N-acylhydrazone scaffold, that
was already proven to be worthy of optimization for the development of HIV-1 RNase H inhibitors
(Gong et al., 2011), and that had been already investigated by the same group as a versatile source
of chelating inhibitors of the influenza virus PA endonuclease (Carcelli et al., 2014, Carcelli et al.,
2016).

Given the similarities among influenza endonuclease, HIV-1 RNase H and HIV-1 IN, a series
of N-acylhydrazone analogues was synthesized with the aim to identifying dual inhibitors of both
HIV IN and RNase H. Interestingly, several of these compounds inhibit the RT-associated RNase H
function in the low micromolar/high nanomolar range, being inactive against HIV-1 IN (Carcelli et
al.,, 2017). The most potent inhibitor, compound 15 (Figure 12), exhibited an ICsg of 0.9 uM, in

conditions of competition with the substrate, since both inhibitor and substrate were added in
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solution before the enzyme, proving that the compound was not affected by substrate
displacement, as for other classes of active site inhibitors. The inhibitor was not active against HIV-1
IN (IC50 = >100 uM), showing a strong selectivity for the HIV-1 RNase H. Within the same series,
compound 18 bearing a 2,4-dihydroxyphenyl moiety connected to the hydrazone, was slightly less
potent than compound 13 against RNase H (ICsq = 1.7 uM). However, these molecules had a low
selectivity index. At 25 uM, compound 18 showed 55 to 82% inhibition of the HIV-1-induced
cytopathic effect, but also showed some cytotoxicity at that concentration (CCso 61 uM) (Carcelli et
al., 2017). Computational prediction of interactions within the RNase H domain suggested that the
gallic moiety serves as a chelating motif against the metal cations, while the remaining atoms of the
molecules accommodate inside a narrow pocket lined by residues Gly444, Glu449, Arg557, and
Asn474, and the aromatic ring stacked between Arg448 and Arg557.

Recently, Gao et al. (2019) described a new series of galloyl derivatives containing a galloyl
group connected with diversely substituted non-aromatic aliphatic rings (i.e. piperidine and
piperazine). While all of the compounds showed to be inactive against the HIV-1 RDDP activity (ICsq
> 50 uM), they were found to be active against the viral IN strand transfer activity. Compound 11-25
(Figure 12) was the most promising compound with an ICsp of 0.7 uM against RNase H. The
compound was also effective against the viral IN in biochemical assays (>50% inhibition at 1 uM),
thereby showing significant dual inhibitor efficiencies. The predicted binding mode of 1I-25 within
the RNase H active site was found to be similar to that previously reported for B-thujaplicinol.
Under the testing conditions, only one out of the three hydroxyl substituents of the galloyl group is
deprotonated, so that the oxygen anion could interact with Mg?*, Arg557, and His539, while the
phenolic hydroxyl group also shows potential interactions with Mg2+ although in this case via a
water bridge. In addition, the terminal NH, could form an additional hydrogen bond with His539.
Unfortunately, 11-25 did not inhibit viral replication in cell-based assays, probably due in part to its

poor permeability through the cell membrane showed in cell permeability assays.

10. Allosteric RNase H inhibitors

Active site inhibitors are hard to develop due to off-target toxicity and inefficient
competition with nucleic acid substrates. These facts justify alternative strategies to develop new
inhibitors. One possibility is to develop allosteric inhibitors that bind close to the RNase H active site
and modify catalysis by affecting subdomain and/or subunit dynamics. This strategy, however, was

not built starting from a theoretical rational but raised as the direct consequence of experimental
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findings. Indeed, in the first decade of the twenty-first century high-throughput screening became
the most popular approach to find new molecules able to inhibit HIV-1 RNase H function. This
methodology led to the discovery of several classes of inhibitors whose precise mode of action was
initially unknown. Structural methodologies such as co-crystallization and NMR allowed then to
identify their binding sites. In some cases, the inhibitors were found to bind outside the RNase H
active site and to behave in different ways. Allosteric RNase H inhibitors can be classified in three
groups: (i) allosteric selective RNase H inhibitors; (ii) HIV-1 RT p66/p51 interface inhibitors; and (iii)

dual inhibitors of both RT-associated enzyme functions (i.e. DNA polymerase and RNase H).

10.1. Allosteric selective RNase H inhibitors: Hydrazones

As mentioned before, the first report describing allosteric RNase H inhibitors was published
in 2006, when Himmel and colleagues reported the crystal structure of HIV-1 RT bound to the
hydrazone analogue DHBNH, that inhibited the HIV-1 RNase H activity with an ICsg of 0.5 uM, while
being inactive against the RT DNA polymerase activity (Himmel et al., 2006). DHBNH binds the HIV
RT between the DNA polymerase active site and the polymerase primer grip, in a pocket located
>50 A away from the RNase H active site. The new pocket was next to the NNRTI binding site and a
possible access to NNRTI pocket could explain why DHBNH analogues bearing bulkier substituents
could inhibit the RT’s RDDP activity more efficiently, while retaining equivalent RNase H inhibition
ability. However, in that case, a second binding site close to the RNase H active site was not
excluded, since RNase H inhibition was fully retained even in presence of saturated concentrations
of nevirapine that should prevent DHBNH binding. It was hypothesized that DHBNH binding could
alter the positioning of the RNA:DNA hybrid in the RT, possibly modifying the nucleic acid trajectory
towards the RNase H catalytic site.

The same pocket was later described in a co-crystal of HIV-1 RT with the RNase H inhibitor
MK3 (Su et al., 2010). The same compound was also co-crystallized within the RNase H active site of
the HIV-1 RT RNase H isolated domain, p15. MK3 (Figure 13) showed a mode of action that was
I\/Ig2+ dependent. In that case, authors agreed to conclude that this last binding was the most
relevant for the inhibitory activity (Su et al., 2010).

Since then, the search for novel binding sites was pursued by combining biochemical and

computational techniques. In 2011, compound BHMPO3 (Figure 13) was identified as an HIV-1
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RNase H inhibitor (ICsg = 0.4 uM) that was inactive in RDDP activity assays (ICso >10 uM) (Felts et al.,
2011). The binding site of this compound was centered on the p66 residue GIn507, as was later
confirmed by site-directed mutagenesis and NMR studies (Christen et al., 2012; Gong et al., 2011).
NMR studies showed that hydrazone derivatives bind to a site located between the RNase H active
site and the region encompassing a-helices B and D in the RNase H domain, while site-directed
mutagenesis studies revealed that the amino acid substitution A502F conferred resistance to

BHMPO3 (Christen et al., 2012).

10.2. HIV-1 RT p66/p51 interface inhibitors: Catechol-containing thienopyrimidinones

Vinylogous ureas constitute a class of inhibitors identified by high-throughput screening. The
most relevant compound in this class is NSC727447 (2-amino-5,6,7,8-tetrahydro-4H-
cyclohepta[b]thiophene-3-carboxamide), characterized as an HIV-1 RNase H inhibitor with an ICsq of
2 uM, and showing some selectivity against human RNase H1 (ICsp = 10.6 uM) and E. coli RNase H
(IC50>100 uM) (Wendeler et al., 2008).

NSC727447 binding to HIV-1 RT was investigated by protein footprinting and mass
spectrometry, and revealed that p51 thumb residues Cys280 and Lys281, located in a-helix H, were
implicated in the inhibitor binding, supporting the hypothesis that vinylogous ureas could interrupt
catalysis by altering active site geometry. The scaffold was further developed to obtain a selective
RNase H inhibitor, designated as compound 16 (Figure 14), that showed an ICso of 0.86 uM in RNase
H inhibition assays, but without any effect on the enzyme’s RDDP activity (Chung et al., 2010).
Notably, the insertion of the catechol moiety as substituent in the thienopyrimidinone ring
(Masaoka et al., 2013) led to analogues able to inhibit viral replication in cell culture. The best
candidate (compound 24 of that series) showed an ICsg of 0.49 uM in RNase H inhibition assays, and
was effective in viral replication assays (ECso of 1.9 uM; CCso of 11.2 uM; selectivity index of 5.9).
Thermal denaturation studies showed that compound 24 (Figure 14) decreased the RT heterodimer
T. by more than 5° C, destabilizing its structure. Based on the open conformation of
thienopyrimidinones, cycloheptathiophene-3-carboxamides were developed as potential inhibitors
(Corona et al., 2016a). Among them, compound 33 (Figure 14) inhibited the RNase H function with
an ICsp of 0.84 uM, showing >25-fold selectivity for the RNase H activity versus the RDDP function.

Most recently, the scaffold was further investigated by substituting the pyrimidinone ring
with a [1,3]oxazin-4-one, and introducing several ring types (Massari et al., 2019). All the catechol

derivatives characterized by a tricyclic scaffold showed the ability to inhibit also the RDDP activity,

26



perhaps because of a more planar conformation similar to some NNRTIs, conferred dual inhibitory
activity. The analogues bearing a bicyclic scaffold were the compounds showing higher selectivity
for the RNase H. Compound 22 (Figure 14) was the most potent inhibitor of both RNase H and
RDDP functions, with 1Cso of 0.53 uM and 2.90 uM, respectively. Molecular modelling combined
with site-directed mutagenesis studies validated the hypothesis proposing that the compound
binds to the HIV-1 RT p66/p51 interface, although the anti RDDP activity could be also attributed to
the possible binding of compound 22 to the NNRTI pocket. Unfortunately, none of the compounds
inhibited viral replication at concentrations lower than those found to be cytotoxic (CCso values

ranging from 27 to 300 uM).

10.3. Dual inhibitors of RT-associated enzymatic activities DNA polymerase and RNase H

Since the discovery of the first molecules able to block two viral enzymatic functions, the
development of dual inhibitors appeared as a fascinating possibility to develop effective drugs less
susceptible to selection of resistant variants. In this context, the RT is the perfect target since it
possesses two distinct enzymatic functions and catalytic sites that proved to be strongly
interconnected, as well as a large molecular structure with several potential allosteric binding
pockets.

The allosteric dual RNase H/RDDP inhibition property has been described for scaffolds
characterized by a central functionalized core containing moieties able to donate or accept
hydrogen bonds, either linear or made by heterocyclic rings linked to diverse substituted aromatic
portions (Corona et al., 2016b; Corona et al., 2017; Distinto et al., 2013; Meleddu et al., 2014;
Meleddu et al., 2016). The first lead compound of this class, an hydrazoindolin-2-one derivative,
was identified by a ligand-based virtual screening using DHBNH as a first query (Distinto et al.,
2012). It was active against both RT-associated RNase H and RDDP functions in the low micromolar
range (Distinto et al., 2012). The scaffold, then was explored to create a number of variants among
which are the 1,3-diarylpropenones and isatine thiazoline hybrids. The best compound of this type
is EMAC2005 that bears a diphenyl moiety (Figure 14C). EMAC2005 inhibited HIV-1 RNase H and
RDDP activities in the low micromolar range with ICsq values of 6 and 4 uM, respectively. However,
it was unable to inhibit HIV-1 replication (Meleddu et al.,, 2014). The same diphenyl moiety
incorporated onto N-methyl-thiazoline hybrids (e.g. EMAC3056) (Figure 14C) led to a modest (2-
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fold) loss of potency (Meleddu et al., 2015), while other isatin-thiazoline analogues of the same
series showed consistent inhibition of both RT-associated enzymatic activities.

The most potent dual inhibitor RMNC6 (Figure 14C) showed ICsq values of 1.3 uM and 9.8
UM for RNase H and RDDP, respectively, and its binding to RT was investigated by molecular
modelling, and subsequently validated by site-directed mutagenesis experiments (Corona et al.,
2016b). Results led to propose that the compound could bind to two different RT allosteric pockets:
one located in the DNA polymerase domain (partially overlapping the NNRTI pocket) already
described for hydrazones and, the second overlapping the binding pocket centered at GIn500 and
located below the RNase H active site, close to the p66/p51 interface (Corona et al., 2016b) (Figure
14B). Enzymatic studies showed that RMNC6 interferes with efavirenz (an approved NNRTI) in its
binding to the RT DNA polymerase domain, although NNRTI resistance-associated mutations such
as K103N, Y181C and Y188L had a minor impact on RT susceptibility to RMNC6. In addition, RMNC6
efficiently inhibited the polymerase activity of HIV-1 group O RT, naturally resistant to NNRTIs
(Quifiones-Mateu et al., 1997; Menéndez-Arias et al., 2001), confirming that the activity was
unrelated to potential interactions of RMNC6 with the NNRTI binding pocket.

The same pharmacophoric requirements for allosteric dual RNase H/RDDP inhibitors were
applied to the synthesis of pyrazole-carbothioamide analogues endowed with the same dual
site/dual inhibition mode of action, previously described for RMNC6 (Corona et al., 2017).
Compound A15 (Figure 14C), that blocked both RT-associated enzimatic functions, was more
effective against RNase H than against the RT’s RDDP activity (ICsp of 7 uM and 17 uM,
respectively). It was also active in cell culture, but it showed a poor selectivity value (ECsg 25 uM;
CCso 44 uM). Site-directed mutagenesis studies confirmed the dual site inhibition, since
substitutions in the NNRTI binding site (i.e. Val108Ala) and the GIn500 pocket (i.e. Ala502Phe) had a
remarkable impact on the potency of A15, producing increases of around 10-fold in the ICs

obtained in RNase H inhibition assays.

11. Natural products as HIV RNase H inhibitors

Natural extracts have been investigated while searching for innovative chemotypes valuable
against many targets. This approach has been applied to HIV-1 RNase H while searching for natural
extracts with promising characteristics (Kharlamova et al., 2009). Thus, Esposito et al. (2016) have
shown that extracts of Rheum palmatum and Rheum officinale can inhibit the HIV-1 RT-associated

RNase H activity. Among the isolated constituents found in those preparations, sennoside A (Figure
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15) was found to inhibit both RT-associated activities (i.e. DNA polymerase and RNase H).
Interestingly, sennoside A was less potent when tested on mutant HIV-1 RTs containing the single-
amino acid substitutions K103N, Y181C, Y188L, N474A and Q475A, suggesting the involvement of
two RT binding sites for its antiviral activity. Sennoside A inhibited HIV-1 replication with an ECsg of
9 uM in the absence of cytotoxicity. Although this compound was also active against the HIV-1 IN
strand transfer activity, viral DNA production analyzed by qPCR and time-of-addition antiviral assays
showed that sennoside A targets the HIV-1 reverse transcription process, turning this agent into a
promising scaffold for further development of RT dual inhibitors (Esposito et al., 2016).

A different behavior was observed with kuwanon-L (Figure 15), a natural product extracted
from the roots of Morus nigra, exerting its overall antiviral activity through binding to multiple viral
targets (Martini et al., 2017). Indeed, this compound inhibited RNase H with an ICso of 0.57 uM, the
RDDP activity with an ICsg of 0.99 uM, and the IN strand transfer activity with an ICso value of 22
UM. In phenotypic assays, kuwanon-L was found to inhibit HIV-1 replication with an ECsg of 1.9 uM,
having no toxicity at concentrations as high as 20 puM. Interestingly, time-of-addition experiments
showed an unusual profile with a sigmoidal curve, indicating that the compound was losing potency
firstly, but not completely, during the reverse transcription step, then the retained partial inhibition
was completely lost during the integration step, proving that the compound was exerting its
inhibitory activity actually hitting two different viral targets, although the binding mode on HIV-1 RT
was not further investigated.

Further studies showed that Ocimum sanctum L. leaves also contained an HIV-1 RNase H
inhibitor. This compound was a ferulaldehyde bearing a catechol moiety and had an ICsq of 2.4 uM
in enzymatic assays (Sonar et al., 2017). Among the synthetic derivatives of this compound, N-
oleylcaffeamide (18f) (Figure 15) showed the higher inhibitory activity towards both RNase H and
RDDP functions with 1Cso values of 0.68 UM and 2.3 UM, respectively (Sonar et al., 2017). Its effect
on viral replication and eventual cytotoxicity were not determined. Most recently, Onopordum
illyricum L. (Sanna et al., 2018a) and Hypericum scruglii (Sanna et al., 2018b) were also reported to
be promising sources of anti-HIV-1 molecules. Among them, 1,5-dicaffeoylquinic acid from
Onopordum lllyricum L. showed an interesting profile as dual inhibitor of RT-associated RNase H
and IN strand transfer activities (ICso values of 16.9 UM and 0.5 UM, respectively), proving to be not
cytotoxic at concentrations as high as 50 uM.

The analysis of the effect of components of Hypericum scruglii (Sanna et al., 2018b),
revealed that three prenylated phloroglucinols (Figure 15), were able to inhibit HIV-1 replication
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with ECsg values ranging from 3.5 to 8 uM and CCsq values above 50 uM. All of them were able to
inhibit the RT-associated RNase H in the low micromolar range. The most potent molecule was
compound 2 that inhibited the activities of the viral RNase H (ICso = 4.1 uM), the RDDP (ICs¢ = 12.3
uM) and the IN (ICso = 7.4 uM). The same behavior was observed with all the described
phloroglucinols. As reported for sennoside A, despite the anti-IN activity shown by these
compounds, they seem to target reverse transcription in cell culture, without affecting viral

integration.

12. Active site human HBV RNase H inhibitors

Low-throughput screening assays using recombinant human HBV RNase H have allowed the
identification of a number of small molecules showing some inhibitory activity in enzymatic assays,
as well as in viral replicon systems. The active compounds were derivatives of chemotypes known
to be effective also against HIV-1 RNase H, such as a-hydroxytropolones and N-hydroxyimides (N-
hydroxyisoquinolinediones, N-hydroxypyridinediones and napthyridinones (Tavis et al., 2019)
(Figure 16). In general, HBV RNase H inhibitors were also active against human RNase H1, although
some of them were ten times more potent against the viral enzyme.

B-thujaplicinol (Figure 6) and its derivatives, and 2-hydroxyisoquinoline-1,3(2H,4H)-diones
were the small molecules showing the highest selectivity (Cai et al., 2014; Hu et al., 2013; Lu et al.,
2015). Hydroxylated tropolones were found to be effective inhibitors of HBV replication in cell-
based assays with ECsg values in the submicromolar to low micromolar range, with B-thujaplicinol
showing an ECsg of 1.0 uM (Lu et al.,, 2015; Lomonosova et al., 2017). Although some of those
compounds were found to be active against RNases H of HBV genotypes C and D (Lu et al., 2015),
their efficacy was limited by their cytotoxicity. However, quantitative structure-activity
relationships showed that reducing their lipophilicity and avoiding larger substitutions in their
structure could ameliorate the efficacy problems (Lomonosova et al., 2017). Interestingly, among
the N-hydroxyimide derivatives tested in HBV replication assays, the best N-
hydroxyisoquinolinedione derivative, compound 86 (Figure 16), had an ECso of 1.4 uM and a CCsq of
99 uM, while Edwards et al. (2019) have recently identified a more potent N-hydroxypyridinedione
derivative, compound A23, with an ECsq of 0.11 uM and a CCsg of 33 uM resulting in a good
selective index. In addition, in a screening of related compounds using a cell-based HBV replication
assay Huber et al. (2017) have identified two 3’-hydroxypyrimidine-2,4-diones with less potent

inhibitory activity (ECsgs in the range of 5.5-8.0 uM) but low toxicity (CCso >100 puM). While no direct
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experimental evidence of RNase H inhibition by these compounds was provided, other biochemical
studies have shown HBV RNase H inhibition by N-hydroxypyridinediones also blocking the synthesis
of plus-strand DNA and causes the accumulation of RNA/DNA heteroduplexes in viral capsids
(Edwards et al., 2017).

Suppression of HBV replication has been observed in chimeric mice carrying humanized
livers after treatment with N-hydroxypyridinedione or a-hydroxytropolone derivatives (compounds
110 and 208; Figure 16) (Long et al., 2018). These results, that were further confirmed for HBV
genotype A and C isolates using the N-hydroxypyridinedione derivative compound 208, confirmed
that indeed HBV replication can be suppressed in vivo with specific RNase H inhibitors, thereby
further validating the enzyme as a target for antiviral drug development. Pharmacological studies
indicate that HBV RNase H inhibitors of different chemotypes are synergistic with each other as well
as with lamivudine. However, for many HBV RNase H inhibitors, solubility problems, poor
membrane permeability and low stability in hepatocytes still pose an important limitation for their

further development.

13. Perspectives and future developments

During the last twenty years, significant steps have been put forward in the identification of
effective RNase H inhibitors, and here we have analyzed the progresses made on HIV-1 and HBV. As
discussed throughout this review article, HIV-1 RNase H has been the most extensively studied
target and several inhibitors with nanomolar activity in enzymatic assays have been recently
identified. However, there are no molecules in clinical trials, or even under evaluation in animal
models, enlightening the difficulties that still have to be overcome in this research field.

The search for HBV ribonuclease H inhibitors started more recently and took advantage
from the work done on the HIV-1 enzyme, with a successful approach based on repurposing and
optimizing, allowing to identify potent HBV RNase H inhibitors that showed promising results in
animal models.

The most potent RNase H inhibitors identified for both HIV-1 and HBV are active site
chelating molecules containing a ring with fixed angles, that proved to be the best option to achieve
inhibition of the enzymatic function. This approach, in fact, ensures a rigid structural conformation
that allows to retain the chelating moiety in a conformation optimal to coordinate the cations of

the active site. So far, the most potent HIV-1 RNase H inhibitor is the HPD derivative 13j that
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showed an ICsgvalue of 5nM in enzymatic assays (Wang et al., 2018c), but inhibited viral
replication with an ECsg of only 7.7 uM, without having any toxicity at concentrations as high as
100 puM.

On the other hand, the most potent HBV RNase H inhibitor identified so far is compound
A23, an N-hydroxypyridinedione derivative, active in the nanomolar range against viral replication,
with a very high therapeutic index, although absorption-distribution-metabolism-excretion (ADME)
properties of these compounds and their stability should be improved before going into further
progress in their development.

The reasons behind the slow progress in the anti-HIV-1 RNase H field are probably related to
several factors. First, when compounds are reported to have a high potency in biochemical assays,
such as in the low nanomolar range, in most cases there is not a correspondent potency in
inhibiting viral replication, raising some concerns about the reliability of the enzymatic assay. To
optimize the outcome, the assay should, for example, use conditions that reflect better the
physiological ones (Himmel et al., 2014). Second, in the case of active site inhibitors, most of the
currently identified compounds often exhibit, together with increased potency, higher toxicity,
probably related to inhibition of host counterparts (e.g. human RNases H | and H Il), whose activity
is essential for host cell viability (Cerritelli et al., 2003). This selectivity issue should be taken into
account in the very preliminary stage of development of new inhibitors, together with the more
obvious chemical stability ADME profile, to move further into preclinical investigation.

Often the optimization of pharmacokinetic characteristics can play a crucial role in the
progress of molecules through different stages of development, and in this respect HIV-1 and HBV
are two worlds apart. The two viral infections are characterized by striking differences that should
be taken in to account. HBV infection, localized in the liver, could take advantage of the most
advanced techniques of liver-targeting drug delivery (Kang et al., 2016) to enhance the efficacy of
the identified lead compounds, reducing systemic distribution and related higher toxicity. The same
approach cannot be applied to HIV-1 infection, that requires a systemic treatment that needs to hit
cells spread in the host body, even in the compartments most difficult to reach, such as the central
nervous system. Even if some attempts with CD4 specific targeting haven been made, they are
further more difficult and less effective than liver targeting approaches, and mainly consist of
promising monoclonal antibodies to prevent viral attachment (Beccari et al., 2019).

In perspective, a good possibility to optimize HIV-1 RNase H inhibitors came from the

structural information currently available on the HIV-1 RT and on the off-target related proteins,
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that would allow to design inhibitors whose the metal chelation ability could be flanked by
functional groups targeting highly conserved amino acid RT residues that might give selectivity to
the viral RNase H. Same approach could be applied to the allosteric inhibitors that, despite being
less potent in the enzymatic assays, reached the same potency of inhibition of viral replication, and
will have less off-target related toxicity. Structural data envision the presence of a druggable
pocket, close to conserved regions, that should be worth of further exploration.

In the case of HBV, RNase H active site inhibitors are the only chemical class investigated, in
this respect, the lack of structural information suggest that a more classical ligand-based approach
should be applied to better delineate the pharmacophore requirements needed for optimization.

Last promising approach envision the possibility to design dual-acting compounds. Indeed,
as presented in this review, most of the RNase H inhibitors exhibited collateral activity against other
viral-encoded enzymatic functions. This fact, that could represent an issue in the effort to develop
selective inhibitors, could be turned into an advantage, potentially reduces the number of
compounds to be administered to HIV positive patients and, also, could provide a higher barrier to
the selection of drug resistant strains. Therefore, dual RT and dual RT/IN inhibitors are highly
attractive for drug development. Hence, both active site and allosteric inhibitors deserve further
development in the next few years.

Finally, from a pure speculative point of view, given the promising data on HBV RNase H
inhibitors, the development of compounds able to block the two viruses at once seems also a really

appealing possibility to treat HIV-1 /HBV coinfections.
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LEGENDS TO FIGURES

Figure 1. Reverse transcription in HIV and HBV. (A) shows the conversion of single-stranded
genomic RNA (red) to double-stranded proviral DNA (ochre) in HIV-1. RNase H activity is required
for the degradation of template RNA during minus-strand DNA synthesis and removal of tRNA and
PPT primers in the later steps of the reverse transcription process. (B) shows key features of HBV
reverse transcription that lead to the formation of relaxed circular DNA (rcDNA) and double-
stranded linear DNA (dsIDNA). Viral pregenomic (pgRNA) is shown in purple and the DNA resulting
from reverse transcription is shown in blue. The figure has been adapted from Menéndez-Arias et

al. (2017).

Figure 2. Structures of prokaryotic RNases HI, HIl and HIll. The RNase H fold is shown in yellow and
a-helices are depicted in red. Crystal structures have been obtained from Protein Data Bank files
2RN2 (E. coli RNase HI), 303F (Thermotoga maritima RNase HIl) and 2DO0B (Bacillus
stearothermophilus RNase HIll). Images have been prepared using the program PyMOL

(www.pymol.org).

Figure 3. Structures of human RNases H1 and H2 and comparison with the RNase H domain of HIV-
1 RT. The B-sheet structures (including the RNase H fold) are shown in yellow, a-helices in red, and
loops in green. In the HIV-1 RNase H structure, blue cartoons represent the connection and DNA
polymerase domains of the RT. Human RNase H2 has three subunits: the catalytic subunit A (with
the RNase H fold), and subunits B (in grey) and C (in light blue). Crystal structures have been
obtained from Protein Data Bank files 2QK9 (human RNase H1), 1RTD (HIV-1 RT) and 3PUF (human

RNase H2). Images have been prepared using PyMOL (www.pymol.org).

Figure 4. Catalytic site of a type 1 RNase H. Side-chains of conserved catalytic residues forming the
DEDD motif are shown together with the two metal ions and the scissile bond in the RNA substrate.
lonic and hydrogen bonds interactions between the active site residues and the magnesium cations
are shown. The diagram was prepared with PyMOL using the Protein Data Bank coordinates 1ZBL
corresponding to the Bacillus halodurans RNase HIl. Amino acid residue numbering corresponds to
the B. halodurans enzyme, but red numbers between parentheses are those of the closely related

RNase HI of E. coli.

Figure 5. Amino acid sequence alignment of type 1 RNases H. Conserved catalytic residues are

highlighted in yellow. Shown RNase H primary structures were obtained from HBV genotype D
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subtype ayw (isolate France/Tiollais/1979) (UniProtKB reference P03156 (DPOL_HBVD3)), HIV-1 RT
group M subtype B (BH10 strain) (GenBank accession number M15654), E. coli (RNase HlI)
(UniProtkB reference POA7Y4 (RNH_ECOLI)) and human RNase H1 (UniProtkB reference 060930
(RNH1_HUMAN)). Multiple sequence alignments were carried out online using CLUSTAL Omega

(version 1.2.4).

Figure 6. Compounds representing early efforts in the development of HIV-1 RNase H inhibitors.

Pharmacophores with chelating activity are shown in red.

Figure 7. Interactions of B-thujaplicinol at the HIV-1 RT RNase H catalytic site. Catalytic residues of
the DEDD motif and the inhibitor are represented with yellow and blue sticks, respectively (oxygen
atoms are shown in red). Divalent cations A and B and their potential interactions with the active
site and B-thujaplicinol are shown with discontinuous black lines. The diagram was prepared with

PyMOL using coordinates of the Protein Data Bank file 3K2P (Himmel et al., 2009).

Figure 8. Chemical structures of representative diketo acids and ester derivatives active against

HIV-1 RNase H. Chelating groups are shown in red.

Figure 9. Chemical structures of representative a-hydroxytropolones, hydroxypyrimidine and
hydroxypyridone carboxylic acids and N-hydroxymide derivatives, active against HIV-1 RNase H.

Chelating groups are shown in red.

Figure 10. Chemical structures of representative N-hydroxypyrimidinediones active against HIV-1

RNase H. Chelating groups are shown in red.

Figure 11. Chemical structures of representative napthyridinones, hydroxypyridopyrimidinones and

hydroxypyridopyrazinones active against HIV-1 RNase H. Chelating groups are shown in red.

Figure 12. Chemical structures of representative dihydroxycoumarin, benzenesulfonamide and

galloyl derivatives active against HIV-1 RNase H. Chelating groups are shown in red.

Figure 13. Allosteric RNase H inhibitors: Hydrazone binding. (A) Structural superposition of HIV-1
RT (PDB code: 3LP2) (pink) bound to MK3 (magenta) with the HIV-1 RT co-crystallized with DHBNH
(cyan). The RT p66 and p51 and shown in cyan and grey color, respectively. Coordinates were taken
from PDB code 2I5J. (B) Structural superposition of the isolated RNase H domain (p15) (shown in
pink) bound to MK3 (magenta) with the structure of the equivalent domain in the HIV-1 RT

heterodimer bound to the hydrazone BHMPOQ3. In this structure, p66 and p51 subunits are
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represented with cyan and grey cartoons, respectively. Coordinates for the p15/MK3 structure
were taken from PDB file 3LP3, and coordinates for the HIV-1 RT/BHMPO3 complex were obtained
from PDB file 215J. Adapted from Felts et al. (2011).

Figure 14. Allosteric RNase H inhibitors interfering with RT heterodimerization and with dual
activity against RNase H and RDDP. (A) Structures of representative thienopyrimidinones interfering
with HIV-1 RT heterodimerization. (B) HIV-1 RT heterodimeric structure showing the location of
amino acid residues in thienopyrimidinone binding. RT subunits are shown in gray (p66) and green
(p51). Compounds 16 and 24 bind in a hydrophobic pocket next to the RNase H active site, closed
by p51 a-helix H (magenta). Compounds 22 and 33 are reported to interact with adjacent residues
on the GIn500 pocket (blue). (C) Representative allosteric inhibitors with dual activity against HIV-1
RNase H and RDDP.

Figure 15. Structures of HIV-1 RNase H inhibitors derived from natural compounds.

Figure 16. HBV RNase H inhibitors.
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Highlights
.- Ribonuclease H plays a key role in HIV and hepatitis B virus (HBV) replication

.- There are effective RNase H inhibitors active against HIV but none has entered
clinical trials

.- Active inhibitors include metal chelators, and allosteric and natural compounds

.- HBV polymerase/RNase H structure has not been solved and fewer inhibitors are
known

.- Active HBV inhibitors are derivatives of chemotypes effective against HIV



