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Abstract

Hantaviridae are a family of segmented negative-sense RNA viruses that contains important human
and animal pathogens including Andes orthohantavirus and Hantaan orthohantavirus. Hantaviridae
contain a viral RNA-dependent RNA polymerase that replicates and transcribes the viral genome in the
cytoplasm of infected cells. Here we establish the expression and purification of the polymerase from
the Old World Hantaan orthohantavirus and characterise the structure using single particle cryo electron
microscopy. We determine a series of structures at resolutions between 2.7 and 3.3 A of RNA free
polymerase comprising the core, core and endonuclease, and a full-length polymerase. The full-length
polymerase structure depicts the location of the cap binding and C-terminal domains which are arranged
in a conformation that is incompatible with transcription and in a novel conformation not observed in
previous conformations of cap-snatching viral polymerase. We further describe structures with 5' vVRNA
promoter in the presence and absence of a nucleotide triphosphate. The nucleotide bound structure
mimics a replication pre-initiation complex and the nucleotide stabilises the motif E in a conformation
distinct from those previously observed. We observe motif E in four distinct conformations including -
sheet, two helical arrangements, and an ordered loop. The insights gained here form a starting point
for future detailed mechanistic studies of both the transcription and replication activities of the hantavirus
polymerase and for the development of therapeutic targets.

Introduction
The Hantaviridae are a family of segmented negative-sense RNA viruses (sNSV) from the larger
Bunyavirales order 1. The family can be further separated into the Old World viruses (for example
Hantaan orthohantavirus) and New World viruses (for example Andes orthohantavirus). Unlike most
Bunyavirales which are spread by ticks, Hantaviridae are transmitted by rodent vectors 2. Hantaan
orthohantavirus (HTNV) is an Old World Hantavirus that is found in China, Russia, and South Korea 2.
The virus is spread by Apodemus agrarius (striped field mouse) and causes haemorrhagic fever with
renal syndrome with a case fatality rate of 1-15% 3#. The virus was the cause of many severe illnesses
during the Korean war *.

Hantaviridae have three genome segments termed the small (S), medium (M), and large (L) °.
The S and M segments encode the viral nucleoprotein and surface glycoproteins Gn/Gc, respectively
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8. The L segment encodes the L protein, an approximately 250 kDa polymerase. The polymerase is a
multifunctional enzyme that contains an N-terminal His+ endonuclease 7, a RNA-dependent RNA
polymerase (RdRp), and a presumed cap binding domain (CBD) at the C-terminus 8. The viral
polymerase carries out both transcription (production of viral mMRNA) and replication (production of
genomic RNA). A single copy of the polymerase, many copies of the nucleoprotein, and a single piece
of viral RNA collectively assemble the ribonucleoprotein (RNP) complex ©. In these RNP complexes the
viral RNA is wound around a nucleoprotein scaffold, while both the 5" and 3’ termini of the RNA are
bound by the viral polymerase.

In transcription, the viral polymerase interacts with cytoplasmic host capped mRNA via a poorly
understood mechanism, subsequently cleaving a short capped primer in a process known as cap
snatching 7. This primer is used to initiate transcription. There is evidence that transcription utilises a
prime-realign style mechanism ® and that the transcripts from the M subunit are polyadenylated while L
and S are terminated with a structured RNA 1%, It has been suggested that translation happens in a
coordinated manner with transcription in bunyaviruses ''. Replication is a two step process, where the
viral RNA is first copied to a positive sense complimentary intermediate before this, in turn, is used as
a template to produce identical copies of the original negative sense viral RNA 8. Replication initiation
has been reported to occur from position 3 where it is first extended by three nucleotides before
realignment of the primer to position -1 creating a product with an extra G at the 5’ end °.

The viral polymerase from a limited set of Bunyavirales have recently been determined
including those from Dabie bandavirus (DBV, previously called Severe Fever with Thrombocytopenia
Syndrome virus) (Phenuiviridae family) '2-'4, Lassa and Machupo viruses (Arenaviridae family) 1518,
Rift Valley fever virus (RVFV, Phlebovirus family) '°, La crosse virus (LACV, Peribunyaviridae family)?*-
22 and the recent HTNV core polymerase 3. These structures have detailed many aspects of both
replication and transcription for these viruses in complex with RNA and accessory viral proteins
(reviewed recently in ). The viral polymerase from Bunyavirales viruses is an attractive target for the
development of antiviral therapeutics given its conserved function within and perhaps between families.
To aid development of these therapeutics the structure of the full-length viral polymerase is required in
high resolution.

In this work, we present the full-length structure of the Old World HTNV polymerase revealing
in molecular detail the structural organisation of the previously unobserved flexible endonuclease and
C-terminal domains. Comparison of our models to those previously determined reveals an arrangement
of these domains not previously observed. Determination of structures without RNA, in the presence of
5" vRNA promoter, or in the presence of 5 vVRNA promoter and nucleotide reveals signification
rearrangement of the motif E and observe a non-canonical coordination of the active site catalytic
magnesium. The nucleotide bound polymerase mimics a NTP primed pre-replication initiation state.
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Results/Discussion

Purification and initial characterisation of the Hantaan orthohantavirus RdRp

The gene encoding the full length Hantaan orthohantavirus L protein with an N-terminal OctaHis
tag, a twinStrep, and a TEV-protease site was synthesised and cloned into the pFastbac vector for
expression in SF9 insect cells. Previous studies have shown that polymerases of the Hantaviridae have
a highly active endonuclease. We therefore carried out initial expression experiments with both the
wildtype polymerase and a polymerase with a previously characterised endonuclease mutation (D97A)
which was previously shown to inhibit endonuclease activity ¢72*. Here, we did not observe differences
in the expression, purification, or stability of both proteins (Fig. S1A). We validated the D97A mutant
was unable to cleave an RNA substrate in the presence of magnesium, manganese, or promoter RNA
whereas the wt protein contained potent nuclease activity at micromolar concentrations of manganese
(Fig. S1B-D).

Structure of HTNV polymerase core

We first collected single particle cryogenic electron microscopy (cryo-EM) data of the viral
polymerase in the absence of viral RNA promoters. We observed multiple views of the polymerase and
were able to reconstruct maps to high resolution (Fig. S2A). From this dataset, we were able to
determine the structure of the polymerase in two conformations comprising either only the polymerase
core (residues 226-1600) or with the core and the endonuclease ordered (residues 1-1600) to
resolutions of 2.8 A and 3.24 A, respectively (Fig. 1A/B). In these structures, the C-terminal domains
were not observed.

At the N-terminus of the polymerase we observe the endonuclease domain (residues 1-215)
(Fig. 1A). Linking the endonuclease to the core lobe is a 46 amino acids linker that runs along the fingers
and palm domain (Fig. 1A). The core lobe contains the 5’ RNA termini binding site. Two loops in this
lobe (392-402 and 515-523) are not ordered in the model and these likely contact the 5' RNA. Residues
392-402 appear analogous to the PA-arch of the influenza virus polymerase. The core lobe also
contains motif G (627-RY) that forms part of the polymerase active site. C-terminal to the core lobe are
the fingers and palm domains which contain the remaining motifs A-F (Fig. 1B).

Motif A in the palm domain contains the conserved sequence 972-Dx.KW where the aspartate
residue participates in coordination of an active site divalent cation. Motif B with the motif 1058-QGxsSS
has a role in binding both the incoming nucleotide triphosphate (NTP) and template strand. Found at
the tip of two B-strands, Motif C contains the catalytic aspartic acids 1097-SDD which coordinate the
active site divalent cations. Motif D contributes two conserved lysine’s 1160-KK that line the NTP entry
channel and form part of the scaffold for the palm domain. Motif E is located in a hinge region between
the Palm and Thumb domains and contains the consensus sequence 1170-Ex2S. Motif F is found in
the fingers domain with the sequence 884-KxQxsR...902-RxsE (Fig. 1C). In our RNA free model Motif
F is positioned such that it would block the RNA template entry channel (Fig. 1C).

We observe two insertions in the palm domain insertion 1 (residues 948-963) and insertion 2
(residues 1109-1135) (Fig. 1A). Insertion 1 forms an additional short B-strand on to the palm and
extending motif A. Insertion 2 forms a short helix that packs against insertion 1. Insertions have been
observed in the Palm domain of negative sense RdRp but they are not structurally similar to those
observed here (Fig. S3A) 2.

Linking the finger and palm domains is a stretch of residues termed the prime-realign (PR) loop
2. The PR loop has a consensus sequence in Peribunyaviridae of DEMIS, while in the Hantaviridae the
sequence is EEYIS. In our RNA-free HTNV structures we observed the loop 921-EEYIS in a retracted
conformation (Fig. 1C, Fig. S3B)). This retracted conformation is similar to that observed for LACV
polymerase pre-initiation conformation, RNA-free DBV, or RNA-free Lassa virus polymerase structures
121522 1n the LACV initiation conformation the loop rearranges and packs against the 3’ end of the vVRNA
21

After extensive screening we were able to prepare a polymerase complex in which bases from
the 5" promoter RNA could be observed in the RNA binding site (Fig. S2B). This complex contained
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3'/5' promoter RNA, capped RNA, UTP, and AMP-PNP where the reaction was allowed to proceed at
30 °C for 45 minutes. The sample was modified using NHS-PEG4, a process referred as PEGylation
before grid preparation 2°. In this complex we observe only a short piece of RNA corresponding to bases
2-6 of the 17 nucleotide long 5’ vRNA promoter (Fig. 1D). The RNA is bound in the core lobe of the
polymerase, in a position analogous to the hook position seen in HTNV polymerase and other negative
strand RNA viruses (Fig. S3C/D). From our data we are unable to conclude where the first base is
located or what interactions may form within the RNA of a potential hook type structure. Why we only
observe these five bases and not the full 5' vRNA is not clear.

The binding of even this partial 5' VRNA is enough to cause significant changes to the RdRp
core. Comparing the RNA bound structures with the RNA free models shows a straightening of motif F
when RNA is bound (Fig. S3E). In the bent RNA free conformation, motif F contacts the thumb ring
region while with RNA bound new contacts are formed with the helix of motif G (residues 623-631). The
RNA bound conformation we observe here is similar to that previously observed for LACV polymerase
(Fig. S3F) 2-22_In our RNA free structures motif F is orientated such that the template entry channel is
blocked, whilst binding of the 5’ promoter RNA rearranges motif, opening the channel.

The structural features and rearrangements observed upon the addition of 5" VRNA promoter
to the polymerase core are conserved between our model presented here and those recently reported
with a different piece of 5' VRNA 23,

The structure of the HTNV polymerase C-terminal domains

During our attempts to generate an RNA bound polymerase complex we observed a subset of
particles in which the full-length polymerase had become ordered. This complex was formed by addition
of 5" and 3’ promoter vRNA, a capped RNA primer, and NTP’s and incubated on ice for 1 hour before
pegylation with NHS-PEGa. The full-length polymerase structure determined from this dataset did not
contain RNA, while a small subset of the dataset contained a 5’ RNA promoter and core polymerase
structure identical to that described above. The full-length structure was determined to a resolution of
3.32 A (Fig. S4A).

The HTNV polymerase C-terminal region contains a bipartite midlink domain spanning residues
1601-1704 and 1825-1920 (Fig. 2A/B). The midlink domain has extensive contacts with the N-terminal
endonuclease domain, the CBD, and the C-terminal domain and likely serves as the pivot point as the
CBD and C-terminal domains undergo rearrangement.

The CBD (residues 1704-1825) is formed by five stranded B-sheet with a five-turn helix packing
against the solvent exposed face, while the other face packs against the thumb ring domain of the
polymerase core. Extended from the CBD is a short four stranded B-sheet. Analysis of the CBD
suggests a putative binding site comprising residues Y1710 and Y1725 which would sandwich the cap
of the cleaved mRNA (Fig. 2A inset). The two residues are separated by approximately 8 A, a similar
distance observed between cap-binding domain residues in other cap-snhatching polymerases.
Comparison of the HTNV CBD to the DBV CBD shows a striking similarity with a similar sized central
B-sheet, a helix packing against one face, and a small B-sheet extension (Fig. 2C). Comparison to the
CBD from the LACV and influenza virus shows a similar but larger central B-sheet but no short sheet
extension and additional structural complexities (Fig. 2C). The strong structural homology to other viral
CBD suggests against the viral nucleoprotein acting as a cap binding protein for the viral replication
complex 26 and instead this function is within the viral polymerase as proposed in 827

The C-terminal domain is a small helical domain (residues 1921-2151) that contains a
disordered region from residues 1947-2027 (Fig. 2A inset). An extensive structure homology search of
the C-terminal domain using the Foldseek 28 server found no proteins with a related fold. By analogy to
the DBV C-terminal domain the disordered residues after the C-terminal domain may form the Lariat
domain, that has been reported to interact with the endonuclease domain in DBV '2'4, The close
association of the endonuclease and the C-terminal domain would make this interaction possible.

The HTNV full length conformation
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The global conformation of the polymerase is conserved between the core + endonuclease and
full-length structure; however, we note some interesting differences. Outside of the RdRp active site the
thumb ring (residues 1455-1485) region is now fully ordered in comparison to the core + endonuclease
model. In addition the endonuclease has moved away from the RdRp core in the full-length model to
now form an interface with the midlink domain.

Within the polymerase core, residues 1320-1340 are observed in two different ordered
conformations and are disordered in one model. In the core + endonuclease model these residues form
a plug between the bridge and thumb domains blocking the putative exit channel (Fig. 3A inset). In the
full-length model these resides form an open loop but the channel does not appear to be sufficiently
open to allow the passage of RNA out of the polymerase. In the HTNV elongation conformation these
residues have undergone complete rearrangement opening the channel and allowing a clear path for
the RNA to exit (Fig3A, inset). In the presence of 5' vRNA only residues 1319-1328 are disordered, fully
opening the channel. Previously these residues have been termed the priming loop, however given
their distance from the active site and their described role here we will refer to them as the template exit
loop.

In the full-length conformation, we observe the endonuclease active site oriented towards the
polymerase active site and the putative CBD binding site oriented away from the polymerase (Fig 2A,
Fig. 3A). In this structure, as it is RNA-free, the template entry channel is occluded by motif F (residues
885-909) (Fig. 1C). Comparison of the endonuclease and C-terminal domain arrangement to those
conformations previously determined for members for the Bunyavirales order reveals this conformation
to be distinct (Fig. 3B). Structures including the flexible domains representing pre-initiation, cap
cleavage, elongation conformations have all been reported in the literature with a characteristic position
of the flexible domains reported for each 8. Recent structures reporting the elongation and preinitiation
conformations of the HTNV polymerase did not observe the endonuclease or C-terminal domains 3.

Rearrangement of the polymerase active site upon RNA and nucleotide binding.

An RNA and nucleotide bound sample was generated by a mixing of 573" vRNA promoters,
capped RNA, NTP’s, magnesium, and manganese prior to grid preparation (Fig. S4B). Analysis of this
sample by cryoEM revealed a polymerase core with 5' vVRNA promoter bound as in the previous
structure and with a single nucleotide bound in the active site. The density for the three phosphates is
strong, while the density for the ribose and base is weaker (Fig. S5A). We have modelled the nucleotide
base as an adenosine, due to the size of the sidechain density but it is reasonable to suspect it may be
a mixture of all four nucleotides. In the polymerase active site the NTP is coordinated by the catalytic
magnesium ions (Fig. 4A), which are in turn coordinated by the active site residues D1098/1099, D972,
and E1177. While the aspartate residues participate in canonical interactions with the active site
magnesium ions, E1177 is from motif E. In contrast to the two magnesium ions observed in our model
a single ion was observed in a recent study 23.

In the presence of only the 5" vVRNA we observe Motif E (residues 1166-1186) forming a three
stranded pB-sheet (Fig. 4B). This arrangement is analogous to that recently observed with HTNV
polymerase in complex with a 25 nucleotide 5' VRNA promoter 23, Binding of magnesium and NTP to
the active site causes a complete rearrangement of motif E into an ordered loop, reorienting E1177 into
the active site such that it now coordinates one of the two active site magnesium ions (Fig. 4A/B). This
arrangement is in distinct contrast to the observed in the core + endonuclease conformation (Fig. 4B)
where these residues form a short helix, as was observed for the HTNV polymerase 23. In the RNA free
full-length structure, we observe residues 675-700 have become ordered, forming a two stranded
antiparallel B-sheet which packs against the N-terminal end of motif E, stabilising it into a longer and
more rigid helix that is further retracted from the active site (Fig. 4B). Across these different
arrangements of motif E, E1177 only enters the active site to coordinate a magnesium ion in the
presence of RNA, magnesium, and NTP (Fig. 4B).

The 5’ vVRNA bound B-sheet conformation of motif E is common to all other bunyavirus RdRp
that we could identify in the literature, and we could find no examples of a helix or helix-like secondary
structure at this position 8. The recent HTNV RNA free polymerase core structure has motif E in the
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same helical arrangement that we observe in our full-length structure 2. The elongation and pre-
initiation structures reported elsewhere contain the motif E in the three stranded B-sheet arrangement
we observe here. The position of the NTP, magnesium ions, and active site aspartate residues in our
model are consistent with previous observations of NTP’s in sSNSV RdRp active sites (Fig. S5B).
Modelling of the RNA from the HTNV pre-initiation structure shows the template would be positioned
with the 4" nucleotide from the 3’ end aligned to the nucleotide we observe in the active site (Fig. 4C).
Overlay of the nucleotide into the HTNV elongation model demonstrates how the nucleotide is correctly
positioned for addition onto product (Fig. 4D). Due to steric hinderance extension of the new product
RNA by 1-2 nucleotides would not be able to occur without motif E undergoing a rearrangement into
the three stranded B-sheet conformation, as observed in the elongation models (Fig. 4E). The position
of motif E would not be compatible with transcription initiation as it would block the 3" end of the capped
RNA primer entering the active site.

Comparison of the RNA bound polymerase in the presence or absence of NTP reveals the
template exit channel loop has rearranged upon addition of NTP such that it is retracting but the channel
is still closed (Fig3A, inset). Though the NTP bound complex was formed with the addition of a capped
primer, designed to mimic transcription, given the positioning of the nucleotide we believe this
conformation is likely a NTP primed pre-replication initiation state.

Conclusion

The viral RdRp from negative-sense RNA viruses is central to both transcription and replication of the
viral genome. Here, we present the full-length structure of the Hantaan orthohantavirus L protein in a
conformation not previously observed and in complex with short promoter RNA and an NTP.

An interesting observation is that motif E can switch between B-sheet, two different helical, and
an ordered loop arrangement. The rearrangement of the motif appears to in response to an ordering of
the polymerase, or addition of nucleotide and/or RNA. Motif E, also known as the “primer grip”, is
canonically a B-hairpin at the junction of the palm and thumb domains. Comparison of the motif E from
segmented or non-segmented negative strand RNA viruses and single or double stranded RNA viruses
show a broad conservation of the motif as -strand containing motif (Fig. 4F). This is in good agreement
with previous structural alignments describing strong conservation of the pB-hairpin across diverse virus
species, even with low sequence conservation 2°2°. We have been unable to identify a helical motif E
in any experimental structure of viral polymerase. Interestingly, modelling of the HTNV polymerase
using Alphafold2 predicts a short helix for motif E, though this prediction is much lower confidence that
other regions of the polymerase core.

Using the recent structures of the HTNV polymerase in pre-initiation and elongation states we
propose a molecular model for the internal initiation of HTNV genome replication (Fig. 4E) 2. In this
model the ordered helical arrangement of motif E serves as a decision point from which either
transcription or replication can proceed (Fig. 4E i). Once an NTP enters the active site (Fig. 4E ii) motif
E rearranges such the E1177 coordinates a magnesium and blocks entry of a capped RNA primer. The
3' VRNA can then enter active site where a dinucleotide is then formed internally, (Fig. 4E iii) but further
extension is blocked in the ordered loop conformation. Upon realignment of the 3' vRNA, terminal
initiation proceeds disrupting the ordered loop arrangement of motif E (Fig. 4E iv) into the B-strand
arrangement and allowing elongation to progress (Fig. 4E v). Recent structural data on suggests the 3'
vRNA can overshoot the active site by four nucleotides 23, with functional data suggesting dinucleotide
formation at position 2/3% while previous functional data suggest replication occurs from position 3 to
generate an additional G at the 5’ end °. In our model we do not propose a specific position for internal
initiation, or even if there is one, only that a dinucleotide is the product prior to realignment. In our model
the B-strand conformation is a low energy conformation which once formed will require a resetting
process to the helical arrangement.

Unlike some negative sense viruses, the hantaviridae utilise internal initiation coupled to a
prime-realign mechanism when copying both the negative and positive sense RNA templates. This is
in contrast to the influenza virus which utilise internal initiation with prime-realign only on the positive
sense template 3'.
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Comparison of the full-length HTNV polymerase conformation to influenza virus polymerase
conformations for which cap-snatching, transcription initiation, elongation, termination, replicase, and
encapsidase conformations have been determined 32 does not reveal similarly positioned domains. If
instead we consider not the specific domain position, but the relevance of each domain position, we
can propose three possible roles for this conformation.

The first possibility is that this polymerase represents a newly synthesized polymerase that is
in a conformation ready to bind newly synthesized RNA. This role is similar to that of the encapsidating
influenza polymerase observed during replication **. This is consistent with an absence of RNA in the
structure and closed template entry channel. Secondly, this may be a pre-replication initiation
conformation where the polymerase, in the context of an RNP, is ready to bind magnesium and
nucleotide to being replication. Evidence supporting this is the helical arrangement of motif E held
poised by ordered residues 675-700 which positions E1177 just outside of the active site waiting for
magnesium and nucleotide to enter the active site. The third possibility, is that this represents a pre-
transcription conformation where the CBD is exposed, allowing it to bind to a cellular capped RNA and
initiate transcription. After cap binding, the polymerase would rearrange positioning the endonuclease
to cleave the cap for transcription initiation. Both the second and third models would occur in the context
of a polymerase bound to an RNP, so the 5" vVRNA promoter would likely be bound to the polymerase.

The observations and analysis we have carried out on the HTNV polymerase reveal a complex
and mobile enzyme. We describe the previously unobserved C-terminal domains and how these
domains arrange in relation to the endonuclease and polymerase core domains. The observation of an
NTP in the polymerase active site expands the complex role of motif E in the polymerase activities,
however whether the rearrangement of the motif is specific to the Hantaviridae family or a general
feature of the Bunyavirales order is not yet clear.
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Methods

Protein cloning and purification

The Hantaan Orthohantavirus polymerase (NCBI Reference Sequence: NP_941982.1) with an
N-terminal twin-strep, octaHis-tag and TEV-protease site was synthesised (SynBio) in a pFastbac
plasmid. A baculovirus for recombinant protein expression was generated using standard protocols and
sf9 insect cells were maintained in Sf-900 Il serum-free media (Gibco). 72 hours post infection, cells
were harvested and resuspended in a wash buffer containing 50 mM HEPES, pH 7.5, 500 mM NacCl,
0.05% (w/v) n-Octyl beta-D-thioglucopyranoside, 2 mM dithiothreitol, 10% (v/v) glycerol, one protease
inhibitor tablet (Sigma), 5 mg RNAse, and 2.4 mL of BioLock (IBA). Cells were lysed by sonication and
clarified with centrifugation. The supernatant was then applied to Strep-Tactin Superflow high capacity
(IBA) resin and incubated for 2 hours. The resin was washed with 50 column volumes of a buffer
containing 50 mM HEPES, pH 7.5, 500mM NaCl, 0.05% (w/v) n-Octyl beta-D-thioglucopyranoside, 2
mM dithiothreitol, and 5% (v/v) glycerol. Prior to elution the resin was washed with 10 column volumes
of 50 mM HEPES, pH 7.5, 500mM NaCl, 2mM dithiothreitol (DTT). The polymerase was eluted with 20
mM HEPES, pH7.6, 500 mM NaCl, 1 mM dithiothreitol, 5% (v/v) glycerol, and 50 mM Biotin. The sample
was then concentrated to 0.5 mg/mL.

Mutations were inserted into the wt plasmid using standard cloning techniques. Mutant protein
was expressed and purified as for the wildtype.

Endonuclease activity assays

A Cy5-labelled 27-mer ssRNA substrate (5-
[CY5]GAUGAUGCUAUCACCGCGCUCGUCGUC-3), a 17mer 5 VRNA (5-
pUAGUAGUAGUAUGCUCC-3) and a 19-mer 3" vRNA (5-pUUUAGGGAGUCUACUACUA-3')
promoter template were chemically synthesised (Integrated DNA Technologies). Endonuclease activity
assays were performed by incubating 1 ug RdRp with 100 nM Cy5-27mer ssRNA in 20 mM HEPES,
pH 7.5, 150 mM NaCl, 1 mM DTT, 2 U/ul RNaseOUT (Invitrogen) and as indicated 2 uM 5’ vVRNA, 2 uM
3' vRNA, 5 mM MnClz, and 5 mM MgCl.. Endonuclease assays were incubated for 2 hours at 30°C.
Reactions were stopped by adding RNA loading buffer for a final concentration of 45% formamide and
5 mM Ethylenediaminetetraacetic acid (EDTA) and heating samples to 95°C for 5 minutes. Reaction
products were resolved by 7 M Urea 20% polyacrylamide Tris-borate-EDTA (TBE) gel electrophoresis
(PAGE) in 0.5X TBE buffer. Fluorescence signals were detected in the gel on a Fusion FX7 imager
(Vilber). Intensities of fluorescent signals were quantified using the ImageJ software 3. Uncropped
images are provided in Supplementary file X.

Cryo-EM sample preparation

To inhibit RNA degradation, the D97A mutant was used for all cryo-EM samples. The First
dataset, which generated the RNA free core and core endonuclease structures was prepared directly
from eluted protein without the addition of any components.

The second dataset, that generated the full-length structure, was prepared by mixing 2 uM
polymerase, 4 uM 5" vRNA (5-UAGUAGUAGUAUGCUCC-3'), and MgCl:2 to a final concentration of 5
mM for 10 minutes on ice. To this complex 4 uM 3’ vVRNA (5-UUUAGGGAGUCUACUACUA-3"), 10 uM
12mer capped RNA (5' m’GpppAmAUCUAUAAUAG 3'), and nucleotide triphosphates to (ATP, GTP,
UTP, CTP) a final concertation of 1mM and incubated on ice for a further 30 minutes. The sample was
then pegylated for 15 minutes with 2 mM MS(PEG)4 Methyl-PEG-NHS-Ester (ThermoFisher Scientific)
before grids.

Dataset 3 which generated the 5 only RNA dataset was prepared by combining 2 uM
polymerase, 5 mM MgClz, 5 mM MnClz, 4 uM 5’ vRNA (5'-UAGUAGUAGUAUGCUCC-3'), 3' vRNA (5"-
UUUAGGGAGUCUACUACUA-3'), 10 uM 12mer capped RNA (5' m’GpppAmAUCUAUAAUAG 3'), 1
mM UTP, 1 mM nonhydrolyzable AMP-PNP, and 2 mM MS(PEG)4 Methyl-PEG-NHS-Ester
(ThermoFisher Scientific) at 30 °C for 45 minutes. Grids were prepared without additional modification.
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Dataset 4 which yielded the nucleotide bound structure was prepared by combining 2 uM
polymerase, 5 mM MgClz, 5 mM MnClz, 4 uM 5' vRNA (5-UAGUAGUAGUAUGCUCC-3"), 3' vRNA (5-
UUUAGGGAGUCUACUACUA-3'), 10 uM 12mer capped RNA (5' m’GpppAmAUCUAUAAUAG 3'),
nucleotide triphosphates (ATP, GTP, UTP, CTP) to 1 mM and incubated at 30 °C for 60 minutes. The
NaCl concentration in the sample was decreased to 250 mM. The sample was then pegylated with
MS(PEG)8 Methyl-PEG-NHS-Ester (ThermoFisher Scientific) for 15 minutes prior to grid preparation.

All grids were prepared using a Vitrobot mark IV (FEI) at 100% humidity. Quantifoil Holey
Carbon (R2/1, 200 mesh copper or R2/1 200 mesh gold) grids were glow discharged, before a volume
of 3.5 uL sample at 0.5 mg/ml was applied and blotted for 3.5 seconds before vitrification in liquid
ethane.

Cryo-EM image collection and data processing

Cryo-EM data for all the bunyavirus polymerase sample were collected at the Oxford Particle Imaging
Centre (OPIC), on a 300 kV G3i Titan Krios microscope (Thermo Fisher Scientific) fitted with a
SelectrisX energy filter and Falcon IV direct electron detector. Automated data collection was setup in
EPU 3.1-3.3 and movies were recorded in eer format. Sample were collected using AFIS with a total
dose of ~ 50 e-/A2, a calibrated pixel size of 0.932 A/pix and a 10 eV slit. Sample-specific data collection
parameters are summarized in Table S1.

Cryo-EM data processing

All datasets were processed using the cryosparc V4.0-4.2, following the same initial workflow. The eer
format movies were fractionated in 60 frames without applying an up-sampling factor. Pre-processing
was performed using patch motion correction and patch-CTF estimation with default settings. Corrected
micrographs with poor statistics where manually curated. A first round of blob picking followed by a
round of 2D classification allowed to generate initial templates that were used for template picking. After
2D classification, the good-looking classes were selected. After this step different processing steps led
to the reconstructions and are described for each different dataset.

For the HTNV-Apo dataset three ab-initio models were generated and further refined using
heterogenous refinement. Particles belonging to the good-looking maps were used to train topaz model
36 and pick a new set of particles. These particles were 2D classified and the selected particles were
used to generate three new ab-initio models that were then refined using heterogenous refinement. In
order to recover rare view that could have been classified out during 2D classification, all the particles
picked from blob picker, template picker and topaz picker directly 3D classified using heterogenous
refinement with all the models generated with ab-initio. The previously good-looking maps were
imported twice to help classifying out similar but different conformations. To remove duplicates, particles
with an origin closer than 60 A from each other were discarded. Two good classes were present, one
presenting only the polymerase core and the other presenting an extra density corresponding to the
endonuclease domain. Each of the models were refined using NU-refinement with the per particles CTF
refinement option, leading to a final reconstruction of 2.78 A and 3.24 A respectively.

For the HTNV full length, the selected particles were used to train topaz model and pick a new set of
particles. These particles were 2D classified and the selected particles as well as the particles selected
from blob picker and template picker were pooled together. Particles with an origin closer than 60 A
from each other were discarded. Remaining particles were classified with a heterogenous refinement
using the ab-initio models generated in the HTNV-Apo dataset. Out four good classes, two different
conformations were identified and further processed separately. The three classes representing the
core only were merged and refined using NU-refinement with the per particles defocus refinement
option. Particles were then exported to Relion 3.1.3 for a round of 3D classification without alignment,
50 iterations and T=4. After visual inspection in chimera, particles belonging to the interesting
conformation were re-imported back into cryosparc and refined using local refinement to a resolution of
3.23 A. The second conformation showing the core plus some extra domains was refined using NU-
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refinement. To get more particles representing this conformation, the particles belonging to that class
were used to train a new topaz model and pick a new set of particles that was directly 3D classify using
the previous classes from heterogenous refinement. One class was showing extra density outside the
core. Particles were then exported to Relion 3.1.3 for a round of 3D classification without alignment, 50
iterations and T=4. After visual inspection in chimera, particles belonging to the interesting conformation
were re-imported back into cryosparc and refined using local refinement to a resolution of 3.32 A.

For the HTNV - core - 5' vRNA — NTP - Mg, the selected particles were used to train topaz model and
pick a new set of particles. These particles were 2D classified and the selected particles as well as the
particles selected from blob picker and template picker were pooled together. Particles with an origin
closer than 60 A from each other were discarded. Remaining particles were used to generate four ab-
initio models followed by a heterogenous refinement. After visual inspection in chimera, particles
belonging to the interesting conformation were refined using NU-refinement with the per particles CTF
refinement option, leading to a final reconstruction of 3.23 A.

For the HTNV - core - 5" vRNA, the selected particles were used to train topaz model and pick a new
set of particles. These particles were 2D classified and the selected particles as well as the particles
selected from blob picker and template picker were pooled together. Particles with an origin closer than
60 A from each other were discarded. Remaining particles were classified with a heterogenous
refinement using the ab-initio models generated in the HTNV-Apo dataset. The two good classes
representing the core only were merged and refined using NU-refinement with the per particles defocus
refinement option. Particles were then exported to Relion 3.1.3 for a round of 3D classification without
alignment, 50 iterations and T=4. After visual inspection in chimera, particles belonging to the interesting
conformation were re-imported into cryosparc and refined using local refinement to a resolution of 2.79

A.
Structure determination and model refinement.

The core of the HTNV-Apo (PDB ID: 8P1J) was first modelled by first fitting the individual domains
predicted by Alphafold2 implimented in CollabFold 372 using UCSF ChimeraX *®. In WinCoot 0.9.6, the
restraints module was used to generate restraints at 4.3 A and allow flexible refinement to fit the main
chain into density. Multiple cycles of manual adjustment in WinCoot followed by real refinement in
PHENIX were used to improve model geometry. The final model geometry and map-to-model
comparison was validated using PHENIX MolProbity. The same approach has been used for all the
structures but using HTNV-Apo model as an initial model and the All map and model statistics are
detailed in Extended Data Table 1. Structural analysis and figures were prepared using UCSF
ChimeraX 3.
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Figure 1. The endonuclease and core HTNV polymerase structure. (A) Two orientations of the
HTNV polymerase endonuclease and core model with the domains and regions annotated. Domain
scheme is shown in linear form below. (B) Motif annotation of the polymerase core shown in the same
orientation as in (A). The active site aspartate residues are annotated and shown in atom
representation. (C) Comparison of the HTNV RNA free polymerase (purple) and the LACV polymerase
(PDBID: 70RN), showing how motif F blocks entry of the RNA template in the HTNV structure. (D) The
binding of the bases 2-6 of the 5’ promoter RNA and interacting side chains are shown with atom
representation and annotated.
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Figure 2. The C-terminal domains of HTNV polymerase. (A)The relative positions of the C-terminal
domains from the full-length polymerase are show with key active site residues annotated. Inset images
show a 90° rotation and zoom of the cap binding and C-terminal domains. (B) Scheme detailing the
domain boundaries for HTNV polymerase. Hatched region indicates residues not observed in our

model. (C) CBD for the viral polymerase from DBV (PDBID: 7ALP), LACV (PDBID: 70RJ), and
Influenza virus (PDBID: 6RRY7).
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Figure 3. The global conformation of the HTNV full length polymerase. (A)The full-length
polymerase conformation is shown with flexible domains and the polymerase active site (motif C)
annotated. The endonuclease and CBD sites have been highlighted. Inset images show the
arrangement of the template exit loop (residues 1320-1340) in the full-length model (dashed box), core
+ endonuclease, 5'VRNA/NTP, 5’ vRNA bound, and elongation (PDBID: 8C4V) models. Tunnels within
the polymerase core are shown and annotated. (B) The relative domain positions of the flexible domains
are shown for previously observed polymerase structures. LACV pre-initiation (PDBID: 7ORJ), LACV
cap cleavage (PDBID: 8ASD), Lassa virus elongation (PDBID: 6ZB6) and DBV late elongation (PDBID:
70RN) polymerase structures.
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Figure 4. Nucleotide binding causes motif E to change conformation. (A) Coordination of ATP in
the active with motif C, D, and E and the residues which coordinate the magnesium ions shows in ball
and stick representations. (B) Four HTNV polymerase were aligned and the residues from motif E
(1167-1185) were extracted to show their different arrangements. The position of E1177 is show in stick
orientation. For the RNA free full-length model residues 675-700, which are ordered in the full-length
model, are also shown. (C) Modelling of the HTNV pre-initiation RNA (PDBID: 8C4U) demonstrates that
the 4" base from the 3' end of the template would be correctly positioned above the NTP in the active
site. (D) Alignment of the NTP into the HTNV elongation model (PDBID: 8C4V). (E) Proposed model
describing the movement of RNA and motif E during the early stages of replication. (F) A zoom of motif
E in polymerase from HTNV full length, La Crosse (PDBID: 6Z6B), influenza virus (PDBID: 6RR7),
Ebola virus (PDBID: 7YER), Rotavirus (PDBID: 2R7Q), and SARS-CoV-2 (PDBID: 6YYT) showing a
conservation of a B-strand arrangement.
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Table S1. Cryo-EM collection and refinement parameters
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Figure S1. Endonuclease activity of the HTNV polymerase. (A) SDS-page analysis of the wt and
D97A HTNV viral polymerase preparations. (B) Endonuclease activity assays in the presence or
absence of divalent cations at fixed concentrations alone or in combination. (C) Titration of MnCl2 to

determine the effect on endonuclease activity. (D) Addition of viral RNA promoters to the endonuclease
assay did not affect activity.
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Figure S2. Cryo-EM processing workflow. Processing schemes for the RNA free (A) and 5' RNA only
(B) HTNV cryo-EM datasets.
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Figure S3. The polymerase core and RNA binding to the polymerase RdRp. (A) Insertions into the
palm domain from HTNV (grey) with insertions 1 (yellow) and insertion 2 (red) annotated. The structure
of the LACV polymerase (PDBID: 6Z6G) (blue, green, pink) are shown with the California like insertion
(purple). (B) The position of the prime-realign (PR) loop is shown in the retracted position from HTNV,
DBV (PDBID: 6Y6K), LACV pre-initiation state (PDBID: 6Z6G), and RNA free Lassa virus (PDBID:
6KLC) polymerase are shown. The location of the PR loop and motif F is annotated. (D) The HTNV
vRNA binding site from the 5’ vRNA for HTNV (green) is compared to the 1-25 vRNA bound HTNV
model (purple). (D) The alignment of the register of the 5’ vRNA from HTNV (green), LACV (blue,
PDBID: 70RK), lassa virus (purple, PDBID: 70JL), and DBV (pink, 8AS6) are shown with base numbers
annotated. (E) The position of motif F changes in response to the binding of the 5’ vVRNA promoter. (F)
LACV polymerase (PDBID: 70RK), when the 5’ vRNA promoter is bound, motif F is similarly arranged
to that observed in HTNV. HTNV polymerase (green) and the LACV (yellow, red) are shown.
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Figure S4. Cryo-EM processing workflow. Processing schemes for the Full-length (A) and RNA and
NTP (B) bound HTNV cryo-EM datasets.


https://doi.org/10.1101/2023.06.09.544421
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.09.544421; this version posted June 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

A f Fingers [/
‘ f =
5 : |

Next nucleotide to
be added to product

5" vVRNA/NTP bound

Supplementary figure 5. (A) Density map for the nucleotide in the polymerase active site with
interactions residues annotated. (B) HTNV (grey) and DBV (green) (PDBID: 8ASD) polymerase are
overlaid showing the conservation of the nucleotide binding site in the polymerase active site. The
product and template RNA strands from DBV polymerase are shown in stick representation.
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