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Abstract

The paramyxo- and pneumoviruses are members of the order Mononegavirales, a group of viruses
with non-segmented, negative strand RNA genomes. The polymerases of these viruses are multi-
functional complexes, capable of transcribing subgenomic capped and polyadenylated mRNAs
and replicating the genome. Although there is no native structure available for any complete
paramyxo- or pneumovirus polymerase, functional and structural studies of a fragment of a
pneumovirus polymerase protein and mutation analyses and resistance profiling of small-molecule
inhibitors have generated a wealth of mechanistic information. This review integrates these data
with the structure of a related polymerase, identifying similarities, differences, gaps in knowledge,
and avenues for antiviral drug development.
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Paramyxo- and pneumovirus taxonomy and genome organization

The families Paramyxoviridae and Pneumoviridae are members of the order
Mononegavirales, the non-segmented, negative strand RNA viruses (nsNSVs). Until 20186,
they were classified as two subfamilies within the same family, but distinctions between
them, and similarities between the pneumoviruses and filoviruses (another family within the
nsNSVs) warranted their separation (1). The paramyxovirus and pneumovirus families
collectively include a number of major human pathogens, as well as viruses infecting other
mammals, birds, fish and reptiles. The paramyxovirus family consists of seven genera. The
best-studied representative of this family in terms of polymerase activity is Sendai virus, but
some information is also available for the parainfluenza viruses (PI1V) 1-5, measles,
rinderpest, mumps, and Newcastle disease viruses. The pneumovirus family includes two
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genera, with respiratory syncytial virus (RSV) and human metapneumovirus (HMPV) being
the most extensively investigated representatives of each.

The paramyxo- and pneumoviruses differ in the number of genes they possess, but their
genome structures and mechanisms of gene expression and genome replication are very
similar (Figure 1) (2). Their genomes are approximately 15 kb in length and encode between
six and ten mMRNAs. The genes are arranged in the same orientation along the genome, and
are delineated with conserved elements, known as gene startand gene end sequences, which
flank each of the genes. At the 3" and 5” ends of the genome are short extragenic regions, a 3
" leader region, of ~ 50 nt and a 5” trailer region, of variable length. The genome is
transcribed into subgenomic, capped and polyadenylated mRNAs that correspond to each
gene, and replicated to yield a genomic-length, positive sense antigenome, which in turn acts
as a template for genome RNA synthesis. The accidental generation of bi- and multicistronic
MRNAs was demonstrated, but para- and pneumoviruses lack a mechanism to translate
downstream open reading frames of multicistronic mRNAs. Transcription and replication
take place in the cytoplasm of the host cell and are performed by the viral polymerase
complex without involvement of nuclear enzymes. Transcription is initiated at a single
promoter within the 3" leader region. The polymerase generates subgenomic mRNAS by
responding to the gene startand gene end signals on the genome: at a gene start signal it
initiates RNA synthesis, it then modifies the 5° end of the RNA to add a methylated cap, and
elongates the mRNA and when it reaches the gene end'signal it polyadenylates and releases
it. Having released the transcript, the polymerase by default remains attached to the template
and scans to locate the next gene startsignal, where it reinitiates RNA synthesis (Figure 1).
To replicate the genome, the polymerase again initiates at the /eader promoter, but in this
case it is highly processive and disregards the gene junction signals to generate a positive
sense antigenome RNA. The antigenome subsequently acts as a template for the polymerase
to synthesize progeny genome RNAs. The replication products differ from mRNAs by being
encapsidated along their length with nucleoprotein (N) as they are synthesized. Thus the
RNA template for the polymerase is encased within N protein at all times of infection, and
in fact only encapsidated genomic and antigenomic RNA can serve as template for the
polymerase complex (Figure 1).

Paramyxo- and pneumovirus polymerase structure and enzymatic activities

Overview of the nsNSV polymerase structure

The polymerase of the paramyxo- and pneumoviruses is a multi-functional complex, with
RNA dependent RNA polymerase (RdRp) activity, and enzymatic activities that add and
methylate the MRNA caps. It consists of a complex of two proteins, the large polymerase
subunit (L) and a phosphoprotein (P) (3, 4). The L proteins contain the catalytic domains
required for RNA synthesis, cap addition, and cap methylation. They are over 2,000 amino
acids in length and approximately 250 kDa in molecular weight. The P proteins are co-
factors that assist polymerase expression and association with the nucleocapsid template (3,
5-7). The P proteins are highly divergent in size and sequence, whereas the L proteins are
more conserved. There is no high-resolution structure available for a complete L protein of
any paramyxo- or pneumovirus. However, in 2015, the structure of almost the entire L
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protein of another nsSNSV, vesicular stomatitis virus (VSV) was solved in complex with a
fragment of P by cryo-EM to 3.8 Angstrom, allowing construction of a near-atomic model of
the protein (8). The VSV L structure is shown in Figure 2. It resembles a doughnut-ring in
shape, which is comprised of the N-terminal portion of the protein, associated with globular
appendages that are formed by the C-terminal portion. Specific functions could be ascribed
to the VSV L domains by alignment with other enzymes and detailed mutational analysis.
The doughnut-ring (shown in blue) is responsible for RNA polymerization. It resembles a
right-hand structure with a palm and connecting finger and thumb sub-domains, similar to
that of other polymerases (8, 9). This domain has two channels, which are likely to be the
template and NTP entry channels, based on analogy with other RdRps (8, 10). The domain
responsible for adding the guanosine cap is shown in green. In the reconstructed
conformation of the L protein, which likely represents a pre-initiation state, the capping
domain is folded over the polymerization domain creating a cage-like structure, and a loop
protrudes into the polymerization active site. By analogy with other RdRps, this loop is
likely a priming loop that functions to prevent hairpin formation of the template and position
the initiating NTP to enable de novo initiation of RNA synthesis (11-15). The
methyltransferase domain (shown in orange) is adjacent to the capping domain. Because the
latter is folded over the polymerization domain, there is no obvious exit channel for the
nascent strand, leading to the conclusion that there must be a significant reorganization of
the polymerase that swings the capping domain away from the polymerization domain and
probably into closer proximity to the methyltransferase domain. This is supported by
negative stain electron microscopy studies that showed that the lobes can adopt different
conformations (8, 16). The remaining globular domains, a connector, and C-terminal
domains may be involved in structural reconfiguration and methyltransferase function.

Relationship of the VSV L protein structure with those of the paramyxo and
pneumoviruses

Although there are no complete L structures available for the paramyxo- and pneumoviruses,
all nsNSV L proteins share six regions of strong amino acid similarity, known as conserved
regions | to VI (17), that correspond to regions within the RdRp, capping, and
methyltransferase domains (Figure 2). This shared overall organization allows meaningful
alignment of the paramyxo- and pneumovirus L proteins with that of VSV. The Sendai virus
L protein, in particular, has been subjected to extensive mutation analysis, using a variety of
assays to examine P protein and template binding, leader RNA synthesis, mMRNA
transcription and genome replication (18-24). Additional information is available from more
focused mutation analysis of other viruses, and from experiments with a small molecule
inhibitor of RSV capping (25). Thus, the VSV L structure provides a framework for
integrating this information and drawing conclusions regarding the structure-function
relationships of paramyxo- and pneumovirus polymerases. In addition, the structure of a C-
terminal fragment of the HMPV L protein in the presence or absence of substrate has been
resolved by X-ray crystallography and analyzed by mutation analysis (26), which provides
further information regarding the spatial organization of the methyltransferase and C-
terminal domain that helps inform our understanding of the paramyxo- and pneumovirus
polymerases.
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RNA synthesis

RNA synthesis is believed to follow the “two-metal-ion” mechanism of catalysis proposed
by Steitz (27, 28). This is indicated by the fact that conserved regions Il and 11 of nsNSV L
proteins possess a set of conserved motifs (A to D) found in all RdRps (9, 29). The functions
of these motifs has been reviewed extensively previously (29). Motif A is involved in Mg?*
coordination and possibly sugar selection. In poliovirus it is a p-turn, a-helix followed by a
longer a-helix. This motif contains a conserved aspartate residue that is thought to play a
role in coordinating the divalent cation during nucleotidyl transfer. Motif B is thought to be
involved in selection of ribose versus deoxyribose. In HIV reverse transcriptase, this motif is
a p-strand, loop, a-helix. Motif C is a p-strand, turn, p-strand that contains a GDN motif,
analogous to GDD found in other polymerases, at the turn. The aspartate residue in motif C
is in close proximity to the aspartate of motif A and is thought to be involved in coordinating
the second divalent cation required for catalysis. Motif D is part of the palm core. The
locations of these motifs in the VSV L protein are indicated in gold in Figure 3A.
Substitutions in residues flanking the aspartate and aromatic residue of motif A and the loop
and a-helix of motif B inhibited all Sendai virus RNA synthesis (24, 30), and several studies
with paramyxo- and pneumovirus polymerases have confirmed that the GDN motif is
essential for phosphodiester bond formation (31-35). The priming loop has not been
subjected to mutation analysis, but substitutions in the adjacent residues also inhibited all
Sendai virus RNA synthesis activity (19). However, MeV and canine distemper virus
adaptation to growth in the presence of a pan-morbillivirus polymerase inhibitor has yielded
substitutions in these typically fully sequence conserved adjacent residues that did not affect
polymerase function in cell culture but mediated robust viral escape from inhibition (36, 37).
In the VSV L protein structure, the N-terminal domain of the protein forms a buttress to the
polymerization domain. This region of the protein is overall less well conserved than that of
the remainder of the polymerization domain. For many paramyxoviruses, the N-terminal
region of L has also been shown to interact with the respective P protein (18, 38-43)(44),
and as the P proteins are highly variable, this might account for the relatively low level of
conservation in this part of L. Nonetheless, the N terminal domain contains some stretches
of amino acid similarity and identity which make up conserved region | (17), which lies
within the polymerization cavity and adjacent to the template entry channel. Substitutions
close to this region have been shown to inhibit all Sendai virus RNA synthesis as have
substitutions in a loop in conserved region 1, which also flanks this channel (18, 24) (Figure
3A and B). These data indicate that the template entry channel and the core RNA
polymerization domain are probably highly similar between Sendai virus and VSV, and thus
many aspects of this structure are likely shared by all paramyxo- and pneumoviruses.

Cap addition and methylation

The capping mechanism of VSV has been shown to occur by a mechanism that is
biochemically distinct from the conventional capping mechanism used by eukaryotes, DNA,
and dsRNA viruses (45). It occurs through a RNA:GDP polyribonucleotidyltransferase
(PRNTase), rather than guanylyltransferase activity. Beginning with GTP and
triphosphorylated RNA substrates, the polymerase converts GTP to GDP through a
guanosine 5" triphosphatase activity, and a histidine within the capping domain becomes
covalently bound to mono-phosphorylated RNA (pRNA). Nucleophilic attack of the 5" a-
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phosphate of pRNA by the B-phosphate of GDP results in formation and release of capped
GpppRNA from the L protein (45-48). The VSV cap is methylated at the guanine N-7 and
ribose 2"-O positions using S-adenosyl methionine as a substrate. In VSV, this occurs
through a distinctive mechanism, in which the ribose 2"-O methylation precedes that of
guanine N-7 (49-51). The final product is an mRNA with a cap 1 structure, equivalent to
that of cellular mMRNAs. The motifs on the VSV polymerase required for cap addition and
methylation are well defined. Cap addition depends on a number of residues within
conserved region V, which cluster close to the histidine required to generate the covalent
attachment to RNA (8, 52, 53). While we have a good understanding of which specific
residues are involved in the different steps of cap formation (53), to date no single amino
acid substitution has been identified that completely inhibits the GTPase activity. Both
methylation reactions involve motifs in conserved region VI, a single S-adenosyl methionine
binding site, conferred by a GxGxG motif (49), and methylase activity conferred by a K-D-
K-E catalytic tetrad (54). In the three-dimensional structure, these motifs are in close
proximity to each other and the domain has strong similarity with other enzymes that
perform similar reactions (8, 55, 56).

Relatively little is known regarding the capping reaction in paramyxo- and pneumoviruses.
In large part this is due to the lack of a trans-capping assay, used to study VSV PRNTase
activity in isolation from other polymerase activities, for any paramyxo- or pneumovirus
polymerase. Regarding paramyxovirus capping activity, one paper presents data suggesting
alternatively that rinderpest virus L protein forms phosphoamide bond with GMP, consistent
with a host cell-like guanylyltransferase (rather than PRNTase) mechanism for capping (57).
It remains puzzling, however, that residues essential for the PRNTase reaction in VSV are
conserved in all paramyxoviruses including rinderpest virus (52, 53). Furthermore,
substitutions in conserved region V of Sendai virus in a stretch of amino acids immediately
N-terminal to a conserved glycine, shown in VSV to be required for formation of the L-
pRNA intermediate (53), inhibit transcription without blocking replication (19), which is
consistent with the notion that residues in this region are involved a role in capping (Figure
4). In the case of the pneumoviruses, it has been shown that RSV polymerase transfers GDP,
rather than GMP, to the 5” end of the RNA, consistent with the polymerase having a
PRNTase activity (58). Confirmation that capping activity is located within the same domain
in RSV as in VSV comes from work with small molecule inhibitors of RSV. A series of
compounds was identified that inhibited production of full-length mRNAs, but instead
resulted in accumulation of short ~50 nt RNAs containing a 5™ triphosphate, most likely
generated as a consequence of capping failure (25). Resistance to these inhibitors mapped to
three residues surrounding essential capping motifs (8, 25). Thus, the preponderance of data
is consistent with the paramyxo- and pneumoviruses having a PRNTase activity similar to
that of VSV and other rhabdoviruses, but more extensive analysis is required to fully
characterize their capping domains and the reactions that they perform.

The methyltransferase activity of the paramyxo- and pneumaoviruses is much better
characterized. The methylation reactions are performed by conserved region V1 of the
paramyxo- and pneumoviruses, which contain the GXGxG and K-D-K-E motifs. L
fragments containing conserved region VI of Sendai virus, rinderpest virus and HMPV are
able to methylate RNAs provided in #rans (26, 59) (60), and substitutions in conserved
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region VI of Sendai virus inhibit cap methylation (20, 22, 23). The structure of the C-
terminus of the HMPV L protein, containing conserved region VI and the C-terminal
domain was recently resolved to 2.2 Angstroms in the presence and absence of S-adenosyl
methionine and NTPs, and the enzymatic properties of this region were analyzed using
biochemical assays (26). The crystal structure predicted that the C-terminal domain of
HMPV L folds over the active site cleft of the methyltransferase domain in conserved region
VI and creates a substrate binding pocket that presumably accommodates the nucleotide that
is being methylated (Figure 5). This region of the C-terminal domain contains a K-K-G
motif, that is conserved in paramyxo- and pneumoviruses and has been shown to be required
for mRNA production by parainfluenza virus type 2 (42). This motif positions the nucleotide
close to the K-D-K-E catalytic motif. A single S-adenosyl methionine binding pocket was
identified capable of adopting an open or closed conformation, which would allow uptake of
the S-adenosyl methionine substrate and release of the S-adenosyl homocysteine by-product
for both methylation reactions. Finally, this fragment of the HMPV L protein was shown to
have NTPase activity, which might contribute to the elusive GTPase activity required for cap
addition, but so far the exact site that performs this activity is not known. Although the
active sites for methylation are similar between the viruses, there are some differences
compared to VSV. Whereas methylation events by VSV polymerase are obligatorily
sequential (50), this does not seem to apply to some paramyxo- and pneumoviruses. For
example, Newcastle disease virus and RSV mRNAs have been described that lack 2 O
methylation (58, 61), the Sendai virus L fragment described above performed guanosine N7
methylation exclusively (59), and although the fragment containing wild type HMPV L
sequence performed 2° O and N7 methylations in sequential order, some variants were more
inhibited in 2° O methylation than N7, /n fofo indicating that this order is not obligatory
(26). In further contrast to VSV L, the HMPV L fragment could methylate uncapped RNA
(26). Finally, the HMPV structure contains a hydrophobic nucleoside binding pocket that is
not apparent in the VSV L structure (26). Although the function of this pocket is not known
at present, it was speculated that it may accommodate the guanosine cap of the RNA to
allow methylation at the 2" O ribose site. However, substitutions in this pocket did not
interfere with either N7 or 2° O methylation and it is not well conserved beyond the
pneumoviruses.

Integrating polymerase structure with different events in transcription and

replication

Promoter recognition and access by the polymerase

In the paramyxoviruses and pneumoviruses, both transcription and replication are initiated at
the 3" promoter, but the organization of the N-RNA template and the promoters are distinct
(62). As noted above, the template for the polymerase is not naked RNA, but rather is
encased along its length with nucleoprotein (N). Therefore, before the polymerase can form
a complex with the promoter RNA, it needs to locate the promoter and displace the N
protein to unveil the RNA and allow it to enter the template channel. The mechanism by
which promoter recognition occurs is apparently different for the paramyxo- versus
pneumoviruses. The paramyxovirus promoters are bipartite, with one element located at the
3" end of the leader region and the second internally between positions 77 and 96, depending
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on the virus (63-69). The two promoter elements must be in the correct phase relative to the
N protein surrounding them to be functional, and so they must be positioned appropriately
relative to one another. Mapping of the two elements onto the N-RNA structure indicates
that they are positioned on the same face of the helix (66, 67, 70). Together, these data
suggest that both promoter elements are contacted simultaneously during initial interactions
of the polymerase with the template. Whether polymerase loading onto the RNP involves
specific interactions between L and/or P and/or other factors and the exposed RNA bases is
not known. However, the initial contact between the polymerase complex and the bipartite
promoter, rather than the 3" end of the N-RNA, appears to be the key factor that allows the
paramyxovirus polymerase to locate its binding site in the promoter, since studies with
Sendai virus have shown that the bipartite promoter does not need to be at the 3" end of the
RNA to be functional. Provided that the promoter is intact, it can even be recognized even if
it is displaced 100 nucleotides from the 3" terminus by heterologous sequence (70), although
the exact mechanism by which this occurs is not known.

In contrast to the bipartite promoter of the paramyxoviruses, the pneumovirus promoter is a
monopartite promoter in which all the signals required for RNA replication are contained
within the first 36 nt of the template RNA (71). Also in contrast to the paramyxoviruses,
there is no requirement for the pneumovirus RNA to be in a particular phase with respect to
N protein (72), and whereas the paramyxovirus promoter shows some tolerance to be
recognized when located internally, the pneumovirus promoter can only be placed up to 6
additional nucleotides downstream from the 3" end (73). Thus, the 3" end of the
pneumovirus template appears to play a more restrictive role in aiding the polymerase to
locate the promoter, and the N protein, while present and almost certainly important, seems
less critical for positioning the bases of the promoter to contact with the polymerase.

Structures of a variety of nsNSV N proteins were solved and all share an overall
organization of the core structure into N-terminal (NTD) and C-terminal (CTD) folding
domains (74-78). When assembled into the corresponding polymeric nucleocapsids, a linear
alignment creates a groove between the string of parallel core domains that harbors the
genomic or antigenomic RNA. Having contacted the promoter, the polymerase complex
therefore needs to unveil the RNA in order to route it through the template channel of the
RdRp domain. While the molecular mechanism of RNA release is not fully understood yet,
alternative hypotheses have been proposed recently. Based on insight gained from the crystal
structure of RSV N, a hinge-like movement was suggested upon binding of the RSV P
protein to the N-protein NTD, resulting in reorientation of the CTD and opening of the RNA
groove (76). This model is supported by the recent comparison of parainfluenza virus 5
(PI1V5)-derived N ring assemblies (78) with monomeric N of the related Nipah virus (79),
which revealed a more open conformation between the NTD and CTD in monomeric N than
in the PIV5 N assembly. These distinct N conformations were thought to resemble different
stages of CTD rotation relative to NTD, allowing RNA encapsidation and release (78).
Alternatively, a cryo-EM reconstruction of mumps virus nucleocapsids suggested that a
more conservative local conformational change induced by interaction of the polymerase
complex with an NTD a-helix adjacent to the RNA groove is sufficient to release the RNA
(80), eliminating the request of the first model for deep-seated conformational changes in the
highly stable N protein core when assembled in the nucleocapsid. Independent of the
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mechanism of local RNA release from the nucleocapsid, however, the N protein chain must
be routed over the surface of the P-L polymerase complex while the RNA strand is directed
through the template channel (81), followed by reuniting of the RNA strand and N protein
core as the polymerase advances along the template.

Initiation of transcription and replication

The 3" promoter elements of the paramyxo- and pneumoviruses show similarity to one
another, being highly pyrimidine-rich, particularly with uracil residues, in each case (Figure
6). However, there are differences in initiation site selection and the mechanism of initiation.
Studies with RSV have shown that two initiation sites are present in the promoter: a
replication initiation site at position 1U and a transcription initiation site at position 3C (62,
82). The promoter sequence of HMPV is similar to that of RSV, suggesting that it follows a
similar initiation mechanism. How the polymerase accurately initiates from two sites on the
promoter is not clear, but experiments with templates containing substitutions or a deletion
at position 1 of the promoter indicated that the initiating ATP, and possibly the second NTP,
CTP, is selected independently of the template (83, 84). These findings suggest the
possibility that initiation with GTP at position 3 is the default, and that initiation at position
1 occurs when the polymerase is preloaded with ATP and CTP.

In VSV, RNA synthesis initiation occurs opposite position 1 of the promoter only, and,
unlike the situation with RSV, this initiation opposite position 1 is templated (85). Whether
the paramyxoviruses have two initiation sites within the promoter, similar to RSV, or a
single initiation site at position 1, similar to VSV, is not known. However, promoter
sequences are more consistent with a model in which the only initiation site on the promoter
is at position 1, since RARps have a preference to initiate with purine (29). Because
paramyxoviruses feature G residues at positions 2, 3 and in some cases position 4 of their
promoters (Figure 6), it is unlikely that the polymerase initiates opposite any of these
positions. Furthermore, primer extension analysis of abortive RNAs from the Sendai virus
promoter failed to detect an internal initiation site (86). These and other data support that in
the paramyxoviruses, both transcription and RNA replication are initiated from position 1
(62). However, a conserved feature between the paramyxovirus and pneumovirus families is
polymerase initiation from position 1 with pppApC, suggesting that ATP and CTP might
play an important role in positioning the 3" end of the template appropriately for 3" terminal
initiation (83).

Also the interactions between the template, incoming NTPs, and polymerase are not well
understood for any nsNSV, but a model can be proposed based on the promoter sequences
discussed above. Inspection of VSV, pneumovirus, and paramyxovirus promoters suggests
alignment of the uridine tract if the pneumovirus sequences overhang by two nucleotides at
the 3" end (Figure 6). Thus, we propose that the uridine (or pyrimidine) tract plays an
identical role in paramyxo- and pneumoviruses, namely positioning the RNA to locate the
polymerase active site opposite positions 3 and 4 in case of the pneumoviruses, and positions
1 and 2 in case of the paramyxoviruses. In the case of the pneumoviruses, the polymerase
could recruit GTP and initiate directly opposite position 3 if ATP and CTP are not bound, or
ratchet back towards the 3" end should they be bound. For the paramyxoviruses, ATP and
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CTP might help stabilize interactions to allow the polymerase to initiate opposite position 1
with high efficiency.

As noted above, a key polymerase determinant in initiation of de novo RNA synthesis is a
priming loop, which in the VSV polymerase structure appears to protrude from the capping
domain into the polymerization active site (8). Priming loops typically contain an aromatic
residue that forms stacking interactions with the incoming NTP (11, 12, 15). In influenza
virus, a conserved aromatic residue was shown to be required for de novo initiation of
replication, but not primer mediated initiation of transcription (15). There is little primary
sequence conservation of the region of the paramyxo- and pneumovirus L proteins that
corresponds to the VSV priming loop, but in the pneumoviruses and most (although not all)
paramyxoviruses a conserved tyrosine residue, corresponding to a tryptophan in VSV, is
positioned at the tip of the priming loop and close to the polymerization active site. This
residue presents as a strong candidate for priming loop activity since an aromatic side chain
is required, although it remains unclear what the counterpart is in some paramyxoviruses. It
is also unclear how the pneumovirus priming loop manages to enable two different initiation
events.

Having initiated RNA synthesis, the polymerase must undergo significant reorganization,
creating exit channels for the template and nascent RNA transcript (8). This reorganization
likely opens a channel for the RNA template, such that it exits on the same face at it enters
to allow easy repackaging into the nucleocapsid structure, as is the case for bunyavirus,
another virus with an encapsidated RNA genome (10, 87). The transcript RNA presumably
exits following movement of the capping domain. Substitutions on the exterior of the Sendai
virus capping domain (in conserved regions IV and V) and in the methyltransferase domain
inhibit RNA synthesis without affecting L protein accumulation or P binding (19, 20)(23).
As these regions of the polymerase are distant from the RNA synthesis active site (Figure 7)
and would not be expected to be directly involved in RNA synthesis, these substitutions
might be preventing the domains from undergoing the necessary structural rearrangement
required for continued RNA synthesis. This hypothesis is consistent with the fact that some
Sendai virus L variants had a temperature sensitive phenotype, suggesting altered protein
organization or interactions (20).

Transcription reinitiation at the gene start signals

After initiation of RNA synthesis at the 3" promoter element, the polymerase is non-
processive, unless in replicase mode, and releases the RNA transcript stochastically, usually
before the end of the leader region (82, 86, 88-91). Having released the RNA, the
polymerase scans the template to locate the gene start signal for the first gene and reinitiates
RNA synthesis, again using a de novo initiation mechanism (82, 86). Re-initiation also
occurs at each of the remaining gene start signals on the genome. Since these signals share
strong similarity throughout each viral genome, the mechanism of re-initiation is likely to be
identical at each gene (2, 82, 86). However, the re-initiation events differ from the inaugural
initiation at the 3" end of the template, since during gene start re-initiation the template is
threaded through both the entry and exit channels. As noted above, there is no obvious
template exit channel in the existing VSV polymerase structure, and so we can only
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speculate as to the structure of the polymerase during re-initiation. The structural differences
between the polymerase initiating at the promoter versus the gene start signals might only be
slight, as release of the initial transcript might allow the capping domain and priming loop to
refold back into place on the polymerization domain. Notably, the gene start signals of the
paramyxo- and pneumoviruses show strong similarities to their promoters (62) and the
initiating NTP is the same in the gene startsignals as at the promoter: ATP for the
paramyxoviruses, and GTP (the NTP required for position 3 initiation within the leader) for
the pneumoviruses. These observations suggest that the polymerase makes similar contacts
with the gene start signal and initiating NTP as with the promoter, except that perhaps the
changes incurred by the formation of the template exit channel result in slightly different
optimal initiation sequences at the promoter versus the internal gene start signals.

Capping, methylation and elongation of the mRNA

Having re-initiated RNA synthesis at the gene start signal, the polymerase caps and
methylates the nascent mRNA as it is being extruded from the active site. The proximity of
the capping domain to the polymerization active site could allow an RNA exit channel to be
formed that positions the 5" end of the RNA in the capping active site. In VSV, capping and
methylation occur within 31 nt (92) and capping is necessary for the RNA to be efficiently
elongated beyond 40 nt (93)(94). This restriction also appears to apply to RSV, based on
studies with the putative capping inhibitor described above, which caused accumulation of
abortive transcripts approximately 40-50 nt in length (25). In VSV, the sequence at the 5
end of the mRNA transcripts is important for efficient capping and methylation (95)(50).
Similarly, fragments of the Sendai virus and HMPV L proteins could methylate a capped
RNA in frans, but required a specific RNA sequence for this activity (26, 59), which
suggests specific interactions between the 5” end of the nascent mMRNA transcript and the
polymerase. The differences between the gene start and promoter sequences could account
for why mRNA are elongated, capped, and methylated, whereas RNAs synthesized from the
promoter are not. When substitutions were made in the RSV /eader promoter to increase its
similarity to a gene start signal, the RNA was elongated more efficiently (82). It is not
known, however, whether this more efficient elongation was due to cap addition or to the
sequence favoring polymerase processivity. Once the polymerase has capped the mRNA, it
can continue elongation until the end of the gene. In the P/V gene of the paramyxoviruses,
the polymerase can perform transcriptional editing to yield mRNA transcripts containing
additional inserted nucleotides (and thus altered open reading frames), to expand the coding
capacity of the gene (96-99). This is thought to occur through a mechanism of controlled
polymerase backsliding triggered by a sequence in the RNA template (99, 100).

Polyadenylation and release of the mRNA

When the polymerase reaches a gene end'signal, it polyadenylates and releases the mRNA.
The gene end signals for the paramyxo- and pneumoviruses are 10-13 nt in length. Most
notably, they contain a U-tract of 4 to 5 nucleotides, and it is believed that reiterative
stuttering on the U tract creates the ~ 300-400 nt poly A tail through non-templated
backsliding resembling in principle the mRNA editing process. The mRNA is released from
the polymerase following polyadenylation by an unknown mechanism. Little is known about
the interactions between the polymerase, the RNA template, and the transcript that enable
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reiterative stuttering and mRNA release. The stuttering occurs through repeated slippage of
the transcript relative to the template within the polymerase active site, but it is not clear
what precipitates mRNA release after 300-400 adenylate additions. Two variants of the RSV
polymerase have been described that show a reduced ability to recognize the gene end'signal
and instead create multi-cistronic mMRNAs (101, 102). Mapping of these amino acid
substitutions onto the VSV L protein indicates that they lie close to one another on the
exterior of the capping domain, suggesting that this domain might also be involved in
mRNA release (Figure 8).

Negotiation of the intergenic region

The nature of the intergenic regions located between the gene end signal of an upstream
gene and the gene start signal of the next gene varies between paramyxo- and
pneumovirueses. In the former, they are either a highly conserved trinucleotide or variable in
length and sequence (2). In the latter, they are variable and in the case of RSV, one of the
gene junctions is even overlapping, such that the gene start signal of the downstream gene
lies upstream of the gene end signal for the preceding gene (103). Having released the
MRNA of the upstream gene, the polymerase scans the gene junctions to locate the next
gene startsignal (104, 105). As noted above, this can reasonably only occur with the
template RNA continuously threaded through the polymerase active site and the N proteins
encapsidated the template being displaced as the polymerase moves along, since the
polymerase is not able to initiate at internal gene start signals independently of initiation at
the 3" leader promoter. Interestingly, in some paramyxoviruses the gene start signals must be
in correct phase relative to the N protein (81). A possible explanation put forward suggests
that the polymerase might receive signals from the N proteins being displaced in addition to
the sequence motifs within the RNA (81).

Encapsidation and commitment to replication

The ability of the polymerase to be fully processive in replicase mode and to continue
through the leader, the first gene, and all remaining gene end signals without triggering
polyadenylation and strand release depends on concurrent encapsidation of the replication
product with N protein (71, 86, 106). N is maintained in soluble monomeric form through
interaction with P in NO-P complexes (107). As P also interacts with L, it is thought that this
dual binding specificity is instrumental for the nascent RNA to become associated with N
protein as it is being synthesized (107). Biochemically studies have indicated that the L and
N proteins do not interact directly with each other. However, the Moyer group identified
several amino acid substitutions in the Sendai virus L protein that inhibited replication
without significantly inhibiting transcription (20, 24). Mapping of these residues onto the
VSV L protein structure shows that four of the five sets of mutated residues lie on the same
face of the L protein, within conserved regions Il and 1V, and thus span the capping and
polymerization domains (Figure 9). Conceivably, these residues are located close to the
transcript exit site, and it is therefore tantalizing to speculate that this face of the polymerase
might represent an N or N-P binding site, guiding correct delivery of N proteins to the
nascent replication product for co-transcriptional encapsidation.
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Antiviral strategies targeting pneumo- and paramyxovirus polymerase

activity

Therapeutic targeting of the pneumo- and paramyxovirus polymerase machinery has
emerged as a promising antiviral approach for four major reasons: i) each of the different
enzymatic functions carried out by the polymerase complex is essential for successful virus
replication; ii) because the polymerase complexes act both as replicase and transcriptase of
the viral genome, interference with polymerase activity not only affects the synthesis of
progeny viral genomes but also reduces the expression of viral proteins counteracting the
host antiviral response, which are among the first and often most abundantly expressed after
infection. This two-pronged effect has high potential for antiviral synergies, since a virus
population with pharmaceutically retarded growth rate will encounter a potent host innate
immune response that cannot be contained through interfering viral proteins (37); iii) while
several enzymatic activities carried out by the polymerase complex such as mRNA capping,
methylation, and polyadenylation are also found in mammalian cells, the structural
organization of the host cell protein complexes involved and the viral machinery are starkly
distinct as discussed above, reducing the risk of undesirable cross-inhibition; and iv) further
contributing to a low potential for off-target effects, mammalian cells lack signature
activities of the viral polymerase complex, RNA synthesis based on RNA templates and
PRNTase activity for mRNA capping as opposed to host cell guanylyltransferase activity.

Multiple catalytic centers present in the L protein and a number of essential protein-protein
interactions between viral proteins such as L and P and P-L and the encapsidated RNP
template and viral polymerase components and mandatory host co-factors such as the human
translation elongation factor eEF1A (108) provide a multitude of candidate druggable targets
for small-molecule inhibition. A frequent problem especially of allosteric polymerase
blockers is a narrow indication spectrum, however, restricting potent antiviral activity to a
specific family member or pathogens of a single genus within the family (109, 110).

Host-directed antiviral therapy, targeting host factors required for virus replication rather
than viral proteins directly, has enjoyed a renaissance in the past decade due to its promise to
broaden the indication range, since host factors such as effectors of cellular signaling
pathways (111, 112) or polymerase cofactors such as eEF1A (113, 114) are recruited by a
variety of viral pathogens. However, the benefits of host-directed antivirals — the expanded
indication range and, in addition, a lowered frequency of viral escape from inhibition — are
typically offset by unacceptable side effects resulting from pharmaceutical interference with
key cellular components. While it may be possible to generate pathogen target-specificity,
for instance through blockage of host factor-viral protein-protein interfaces (PPI), small-
molecule inhibition of PPI formation is challenging per se (115) and a major advantage of
the host-directed approach, expanding the indication spectrum, would likely be lost through
this strategy. We therefore believe that the clinical application of host-directed antivirals may
likely remain limited to some very specific indications such as chemokine co-receptor
targeting for antiretroviral therapy (116). However, widespread use for the treatment of
seasonal virus infections may remain elusive, especially when considering a predominantly
pediatric patient population as envisioned for anti-pneumo- and anti-paramyxovirus
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therapeutics (110, 117). Rather, allosteric and competitive inhibitors of the polymerase
complex hold in our opinion the highest promise to best combine two key elements of the
desirable drug profile, potent antiviral activity and high tolerability, despite the likely
restriction to a narrow indication range. Combination therapies, for instance consisting of a
nucleoside analog and an allosteric polymerase inhibitor, may address possible resistance
issues experienced with virus-directed monotherapies and even allow to further reduce dose
levels of each individual drug if synergistic effects are achieved.

In the following, we will discuss strategies and druggable target candidates for pneumo- and
paramyxovirus polymerase inhibition by example of a panel of RSV polymerase blockers
that have completed advanced development and were tested in clinical trials.

Inhibitors of RSV polymerase activity

Nucleoside analogs

The clinical potential of nucleoside analogs that feature atypical bases and compete with
natural nucleotides for incorporation into the nascent strand is best illustrated by their game-
changing role in modern antiretroviral therapy (118). In fact, the current standard of care for
treatment of inexperienced HIV patients still consists of a backbone of two distinct
nucleoside analogs that are combined with a non-nucleoside reverse transcriptase blocker or
a protease or integrase inhibitor (119). The canonical mechanism of inhibition of nucleoside
analogs is through chain termination after intracellular conversion to the corresponding
nucleotide through the cellular phosphorylation machinery and incorporation by the
advancing polymerase (120-123).

Unlike the structurally diverse spectrum of distinct nucleoside inhibitors available for
antiretroviral therapy, only one nucleoside variant, ribavirin, is licensed for the treatment of
RSV infection to date and a second substrate analog, ALS-8176, was advanced to phase Il
clinical trials. Of these, only ALS-8176 acts as a chain terminator, while the mechanism of
antiviral activity of ribavirin, showing a broadened indication spectrum that spans in
addition to RSV a variety of paramyxovirus family members, hepatitis C virus and others, is
still controversially discussed (124). Chain termination was proposed (125, 126) but potency
of ribavirin against hepatitis C polymerase is low in vitro, strongly arguing against direct
inhibition of the polymerase complex (127, 128). According to an alternative hypothesis, the
compound may rather permit continued polymerization after incorporation into a newly
synthesized strand, but subsequently supports equally efficient base-pairing with either
cytosine or uracil (129). The resulting hypermutagenesis of the viral genome ultimately
interrupts the replication cycle through error catastrophe (130, 131). Independent of the
molecular mechanism of activity, however, the drug was essentially abandoned for RSV
treatment due to limited efficacy combined with the induction of strong adverse effects. In
particular hemolytic anemia is a hallmark for ribavirin toxicity, since the compound is
efficiently phosphorylated to the nucleotide form, but cannot be reconverted to the inactive
and membrane-permeable nucleoside in erythrocytes, due to lack of the required
phosphatase activity (132). As a consequence, ribavirin accumulates to intracellular
concentrations of up to 100-fold that of serum levels in red blood cells.

Virus Res. Author manuscript; available in PMC 2018 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fearns and Plemper

Page 14

The second nucleoside analog currently under consideration for RSV treatment, ALS-8176,
was well tolerated in a phase 1l clinical trial and significantly reduced RSV burden when
adult volunteers were treated at the onset of infection (133). In contrast to the unclear
mechanism of action of ribavirin, cytidine analogs of the ALS-8176 class immediately
blocked polymerase activity in /n vitro assays of RSV RdRp function, consistent with chain
termination as the underlying molecular basis for inhibition (134). Resistance profiles of
ALS-8176 were determined experimentally through viral adaptation and identified four
point mutations in the L protein (M628L, A789V, L7951, and 1796V) that in combination
mediate robust escape from inhibition (134). Three of these substitutions are positioned in
immediate linear proximity to the highly conserved GDN motif (residues 810 to 813) that is
considered to form the catalytic center for phosphodiester bond formation (35, 135). This
finding was underscored by localization of the residues in a 3D-homology model of RSV L
that was generated based on the electron density maps released for related VSV L (8). This
model positioned all four residues as lining the substrate channel walls in close proximity to
the GDN catalytic center (136). Remarkably, residues in the corresponding microdomain
were implicated in mediating morbillivirus resistance to inhibition by a novel class of
allosteric RdRp inhibitors (36, 37), spotlighting the pneumo- and paramyxovirus polymerase
substrate entry channel as a promising druggable target not only for nucleoside analog
blockers but equally allosteric inhibitors. It remains to be evaluated whether allosteric
inhibitors binding to this target plug the channel and thus prevent substrate entry into the
catalytic center, and whether analogs of the morbillivirus inhibitor class can be engineered
with high affinity for the RSV L target.

Non-nucleoside RSV polymerase inhibitors in clinical trials

To date, only one structural class of allosteric RSV RdRp inhibitors was advanced to clinical
testing. The clinical candidate of this class, RSV604 (137), is orally bioavailable and
reduced viral load and disease symptoms in some stem cell transplant recipients with RSV
disease, but only in those patients in which drug plasma concentrations reached ECqg
concentrations (138). Mechanistic characterization revealed that the compound blocks de
novo synthesis of viral RNA but does not interfere with synthesis from assembled viral
ribonucleocapsid complexes (139), arguing against direct inhibition of the viral P-L
polymerase complex. This finding was consistent with resistance profiling of RSV604,
which identified escape mutations exclusively in the viral N protein (137), and label-free
positive target identification studies through surface plasmon resonance that suggested direct
docking of the compound to the N protein (139). Mapping of resistance sites (N105D,
K107N, 1129L, and L139I) onto a crystal structure of RSV N (76) positioned all resistance
sites into a poorly sequence conserved B-hairpin region and adjacent a-helix located at the
distal end of the NTD. This end was suggested to serve as a docking site for the P-L
polymerase complex to the assembled N-RNA, supposedly allowing polymerase access to
the RNA template by inducing the hinge movement of the CTD relative to the NTD upon P-
L binding as discussed above as a possible mechanism for template RNA unveiling (76).
Subsequently solved co-crystal structures of the N NTD domain with a C-terminal portion of
the viral P protein revealed that the a-helix carrying resistance residues 129 and 139 forms
part of a hydrophobic pocket that transiently accommodates the C-terminal most
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phenylalanine residue of the P protein, as the P-L polymerase complex advances along the
ribonucleoprotein template (140).

While this P-N interface represents an attractive target for small-molecule inhibition due to
the transient nature of the interaction and the low binding affinity (Kp values are in the 50
UM range), direct competition of RSV604 with P docking into the pocket is unlikely,
considering that the compound only prevents de novo RNP assembly but not transcription
from preassembled N:RNA complexes (137). A possible explanation may be that the drug
binding site is only accessible in N monomers, but not after incorporation of N into
nucleocapsids, thus demanding preloading of viral genomes with the drug during replication
and N-RNA assembly for efficient inhibition. Alternatively, although buoyed by a
structurally attractive hypothesis, we lack at present experimental confirmation that the
identified escape mutations mediate primary resistance to RSV604. The actual drug binding
site could be physically distinct from the NTD region carrying the resistance mutations and
escape be mediated through long-range structural effects. Independent of the molecular
mechanisms of inhibition and viral escape, however, RSV604 has established fundamental
proof-of-concept for the feasibility of successful therapeutic targeting of an nsSNSV N
protein.

We believe that the recent advances in the structural and mechanistic understanding of the
pneumo- and paramyxovirus polymerase complex provides groundbreaking new opportunity
for the development of much needed next generation antivirals. For instance, an
appropriately designed drug screening campaign can directly target the low-affinity P-
N:RNA interface, having high potential for successful structure-informed hit discovery.
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ABBREVIATIONS

nsNSV non-segmented negative strand RNA virus
RSV respiratory syncytial virus

HMPV human metapneumovirus

VSV vesicular stomatitis virus

PIV parainfluenza virus

MeV measles virus

L large polymerase subunit

P phosphoprotein

N nucleoprotein
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RdRp RNA dependent RNA polymerase

PRNTase RNA:GDP polyribonucleotidyl transferase

NTD N-terminal domain
CTD C-terminal domain
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HIGHLIGHTS

Paramyxoviruses and pneumoviruses are non-segmented negative strand RNA
viruses

Their polymerases can transcribe and replicate the viral genome
Residues essential for different steps in these processes have been identified
These residues can be mapped onto the structure of a related polymerase

Small molecule inhibitors that target the polymerase complex are described
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Figure 1. Schematic diagram showing the typical paramyxovirus or pneumovirus genome
organization

The genes are shown as blue rectangles with gene startand gene end signals indicated with
black and white rectangles, respectively. The /eader (/e) and trailer (tr) regions at the 3" and
5" ends of the genome, respectively, are indicated. The promoters at the 3" ends of the
genome and antigenome are shown with green arrows. The products of transcription and
genome replication are represented below and above the genome, respectively. Transcription
yields a short uncapped and non-polyadenylated RNA complementary to the leader, and
mRNAs with 5” caps and 3" poly A tails, corresponding to each of the genes. Replication
yields antigenome and genome RNAs that are encapsidated with N protein (grey circles).
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Figure 2. Structure of an nsNSV polymerase
(A) Linear representation of the VSV L protein, indicating the positions of conserved

regions I-VI relative to the different domains. (B) Views of the VSV L protein structure
(PDB 5a22) (8). The domains identified by Liang et al are as follows: RARP (blue), capping
(green), connector domain (yellow), methyltransferase domain (orange) and C-terminal
domain (red).

Virus Res. Author manuscript; available in PMC 2018 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fearns and Plemper Page 27

Figure 3. The RdRp domain
(A) In the left panel, the RdRp active site within the VSV L protein is shown, with the

motifs A-D and the putative priming loop colored gold. The right panel shows the same
image with residues that correspond to inhibitory substitutions in Sendai virus L shown in
magenta. (B) A wider view of the image shown in panel A, from the perspective of looking
through the template entry site. Corresponding amino acids were made by aligning Sendai
and measles virus L protein sequences and referring to the alignment presented by Liang et
al (8).
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Figure 4. The capping domain
The capping domain of the VSV L protein is shown with residues essential for capping

activity indicated in gold. Residues that correspond to positions of capping inhibitor
resistance mutations are shown in red; residues that correspond to substitutions that inhibit
Sendai virus transcription, but not replication, are shown in magenta.
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Figure 5. The methyltransferase domain
The methyltransferase and C-terminal domain of the HMPV L protein (PDB 4UCI) is

shown, with domains colored as in Figure 2. Residues that are required for methyltransferase
activity are shown in magenta with the K-D-K-E residues in a lighter shade. S-adenosyl
methionine is shown in black, and GTP (which represents the RNA substrate) in grey.
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Sendai virus UGGUUUGUUCUCU
ASPV UGGUUUGUUCUUC
MeV UGGUUUGUUUCAA
Hendra virus UGGCUUGUUCCCU
NDV UGGUUUGUCUCUU
FDLV UGGGUUGUUCCCC
MuV UGGUUCCCCUUUU

\ \

\

\ \

\

w W W w w Ww W

HMPV 37 UGCGCUUUUUUUGUU
RSV 37 UGCGCUUUUUUACGC

Figure 6. Comparison of paramyxo- and pneumovirus promoters
The sequences at the 3" end of the representative paramyxo- and pneumovirus /eader

promoters are shown, with uracil residues colored in red. The sequences are aligned with the
likely initiation site in the paramyxovirus promoters (position 1) opposite the dominant
initiation site in the pneumovirus promoters (position 3) to illustrate the alignment of uracil
residues in most of the promoters. Abbreviations are Atlantic salmon paramyxovirus
(ASPV), Newcastle disease virus (NDV), Fer de Lance virus (FDLV), measles virus (MeV),
and mumps virus (MuV).
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Figure 7. Substitutions that may inhibit polymerase rearrangement
The VSV L protein with RARP, capping and methyltransferase domains is shown. The RdRp

is in pale blue with the active site (viewed through the template entry channel) and putative
priming loop colored gold. The capping domain is colored green and the methyltransferase
in orange. Residues corresponding to substitutions that inhibit both transcription and

replication in Sendai virus, that are distant from the RdRp active site are shown in magenta.
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Figure 8. Substitutions that inhibit transcription termination at the gene end signal
The VSV L protein is shown, colored as in Figure 2. Residues corresponding to substitutions

in RSV L protein that inhibit MRNA release at a gene end signal are shown as magenta
spheres.
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Figure 9. Substitutions that inhibit RNA replication specifically
The VSV L protein is shown, colored as in Figure 2. Residues corresponding to substitutions

in Sendai virus L protein that inhibit replication, but not transcription, are shown in magenta.
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