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Segmented negative-sense (SNS) RNA viruses initiate infection
by delivering into cells a suite of genomic RNA segments, each
sheathed by the viral nucleocapsid protein and bound by the RNA-
dependent RNA-polymerase (RdRP). For the orthomyxovirus in-
fluenza and the bunyavirus La Crosse, the 5’ end of the genomic
RNA binds as a hook-like structure proximal to the active site of
the RdRP. Using an in vitro assay for the RNA-dependent RNA-
polymerase (RdRP) of the arenavirus Machupo (MACV), we dem-
onstrate that the 5’ genomic and antigenomic RNAs of both small
and large genome segments stimulate activity in a promoter-specific
manner. Functional probing of the activating RNAs identifies intra-
molecular base-pairing between positions +1 and +7 and a pseudo-
templated 5’ terminal guanine residue as key for activation. Binding
of structured 5 RNAs is a conserved feature of all SNS RNA virus
polymerases, implying that promoter-specific RARP activation ex-
tends beyond the arenaviruses. The 5° RNAs and the RNA binding
pocket itself represent targets for therapeutic intervention.

RNA-dependent RNA polymerase | RNA replication | arenavirus |
segmented negative-sense RNA virus | influenza virus

he large (L) protein of arenaviruses, a family of viruses that

include Lassa, lymphocytic choriomeningitis (LCMV), and
Machupo (MACYV), is the RNA-dependent RNA-polymerase
(RdRP) and the cap-dependent endonuclease that liberate
host cell mRNA-capped primers for mRNA synthesis. The viral
genome comprises two ribonucleoprotein (RNP) segments, each
encoding two genes. The small (S) segment encodes the nucle-
ocapsid protein (NP) that encases the genomic and antigenomic
RNAs, as well as the attachment and membrane fusion glyco-
protein complex (GPC). The large (L) segment encodes the L
protein and a small matrix protein (Z) involved in particle as-
sembly. The ambisense arrangement of the two genes on each
segment necessitates transcription of both the genomic and
antigenomic RNPs by L protein (Fig. 14).

During mRNA synthesis, the cap-dependent endonuclease of L
cleaves host cell cytoplasmic mRNAs to yield short capped pri-
mers for the RARP (1-7). Transcription of the genomic S and L
segments results in the synthesis of the NP and L mRNAs, re-
spectively, translation of which is requisite for viral genome rep-
lication (8-10). During replication, the RARP initiates at position
+2 on the promoter to generate a cytidylyl(5’-3")guanosine 5'-
triphosphate (pppGpC) dinucleotide primer that realigns, facili-
tating base pairing between the C and a G at position +1 of the
template. Subsequent elongation by the RdRP, coupled with
encapsidation of the nascent RNA by NP, results in the synthesis
of antigenomic RNPs with a pseudotemplated pppG residue at
the 5’ terminus (1, 2, 11-14). The antigenomic RNPs are also used
as templates for viral mRNA synthesis, producing the GPC and Z
mRNAs from the S and L segments, respectively. The anti-
genomic RNPs also serve as template for pppGpC primed repli-
cation to produce more genomic RNPs.

All segmented negative-sense (SNS) RNA viruses encode an
RdRP and cap-dependent endonuclease. For the trisegmented
bunyavirales, as exemplified by La Crosse (LACV), those activ-
ities reside within an L protein analogous to that of arenaviruses.
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In the case of influenza A virus, an eight segment-containing
orthomyxovirus, a heterotrimer of three viral proteins PA, PBI,
and PB2, forms the functional equivalent of the arena/bunya L (Fig.
1B). The PA subunit contains the cap-dependent endonuclease
activity that cleaves pre-mRNA cap structures in the nucleus to
prime mRNA synthesis. Atomic structures of the influenza poly-
merase (15-18), and a partial structure of LACV L (19), reveal U-
shaped arrangements with endonuclease and cap-binding domains
flanking a core RARP (Fig. 1 C, Left and Middle). For influenza, the
core is formed by PA-C and PB1 (RdRP) subunits, with solvent-
exposed PB2 (cap-binding) and PA (endonuclease) domains posi-
tioned on either side of a product exit channel (15-17). There are
no atomic-level structures of arenavirus L proteins, but negative-
stain electron microscopy of MACV L supports a similar domain
arrangement (20) (Fig. 1 C, Right).

Binding of the 5’ end of the viral RNA orders the catalytic
residues of the influenza and LACV RdRP. For influenza, the 5’
10 nucleotides of the virion RNA (VRNA) fill a groove between
the PA-C and PB1 subunits (Fig. 1 C, Middle) (16). An analogous
pocket between the N-terminal and core RARP domains of LACV
L binds a similar 5" vRNA (Fig. 1 B and C). Assays of influenza
virus polymerase function in vitro demonstrate that intramolecular
base pairing within the 5’ terminus is required for polymerase
binding and RNA synthesis (21-28). A lack of in vitro assays for
the RdRP activity of LACV or any member of the Bunyavirales
precludes a mechanistic examination of the role of RNA binding.

Significance

Atomic structures of the polymerase-endonuclease complex
of the orthomyxovirus influenza and the orthobunyavirus La
Crosse—two distinct segmented negative-sense (SNS) RNA
viruses—demonstrate that binding of the genomic 5 RNA rear-
ranges the catalytic residues of the RNA-dependent RNA-
polymerase (RdRP). Working with the arenavirus, Machupo, we
demonstrate that 5 RNAs from the genomic and antigenomic
copies of both segments activate the RdRP in conjunction with
a specific promoter. This study builds upon structural studies
with two different SNS RNA viruses to reveal a previously
unappreciated mechanism of RNA-guided promoter-specific
polymerase regulation in SNS RNA viruses. The conservation
of activating RNA elements among the polymerase-endonu-
clease complexes of SNS RNA viruses suggests new avenues for
developing antiviral therapeutics.

Author contributions: J.D.P. and S.P.J.W. designed research; J.D.P. performed research;
J.D.P. and S.P.J.W. analyzed data; and J.D.P. and S.P.J.W. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. J.S.K. is a guest editor invited by the
Editorial Board.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

"To whom correspondence should be addressed. Email: sean_whelan@hms.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1900790116/-/DCSupplemental.

Published online May 9, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1900790116


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1900790116&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sean_whelan@hms.harvard.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900790116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900790116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1900790116

L T

z

1\

BN AS PN AN D

S D £ 5o Bod B oy Bod o TAENK
segmen € [6:3] saZ < [5:3] €O in wBE
> S SAX © spxr ¥ EE
I o atllicon s o atllion: © 22
3 g’ 3'VRNA 3 GCGUGUCACCUAGGAUCCG =
S segment " 5'VRNA 5.GCGCACCGGGGAUCCUAGGC N .
= 200t|
8 55 % “. . " -
———
13nt| SESERES ;;
B 1 ) 500 1000 1500 2000 2209 24 - r g
Arenavirus | {orr] [ori [ eRI TRV
1 185 759 1503 2263
Orthobunyavirus L ﬂ |
saa mAA s A4 aa as
1 195 7131 756 1 760
s e (0] e
o4 mam a as s
[’Endonuclease DPA—C/PA-C like -PB1.'RdRP -PBZIPulalive cap-binding
PB2
PB1-like PA-C-like
) PB1 -
. % Rk tg;% PA-C
X I ' 4
=\ 3' promoter 5"hook
3' promoter P Eg?_:;?gggg:;%gg
ST+ TFOpZLv ~OoanZ
LACV L Flu RdRP @ e 3 o 3

Fig. 1. The 5’ genomic termini regulate the functions of SNS RNA polymerases. (A) The bisegmented ambisense arenavirus genome and the viral ribonucleo-
protein (RNP), showing NP-encapsidated vVRNA (orange) bound by L (light blue) with pseudocomplementary termini (bolded blue and red text, respectively). Viral
ORFs are shown as colored boxes in the genome, and the arrows indicate coding sense. (B) Domain organization of the SNS RdRP. Four conserved regions (CRI to
IV) of the arenavirus L protein are illustrated in colored boxes. The Orthobunyavirus and Influenzavirus domain labels are based on available crystal structures. The
5 vRNA-interacting residues are indicated with arrowheads. (C) Positions of the 5’ VRNA hook-like structures in LACV L (Left, PDB ID code 5AMQ) and influenza A
polymerase (Middle, Flu RdRP, PDB ID code 4WSB). The domains are colored according to the illustration in A. (C, Right) Visualization of purified MACV L by
negative-stain electron microscopy. Three particles resembling the previously described L architecture (20) are shown below the larger micrograph image. (Scale
bar: 100 nm.) (D) Stimulation of in vitro RNA synthesis by the 5" VRNA. (D, Left) Increasing amounts of the 20-nt 5’ vVRNA ligand were added to reactions relative to
the 3’ template ([5":3']). Reactions with catalytically inactive L (SDD) or no added vRNA (—vRNAs) are shown. (D, Middle) Parallel reactions performed using a
minimal activating ligand for RNA synthesis. (D, Right) A reaction performed in the presence of the 13-nt 5’ VRNA, alongside oligoribonucleotide primers end
labeled by T4 polynucleotide kinase (PNK). Products of RNA synthesis were separated on denaturing 20% polyacrylamide-urea gels, visualized, and quantified as
described in Materials and Methods, and % RNA synthesis is depicted in bar graphs. Error bars represent the SD from the mean of three independent experiments.

The conservation of 5’ RNA binding to the polymerase of in-
fluenza and LACV led us to examine how 5 RNA binding in-
fluences the RARP of arenaviruses. Using an in vitro RARP assay
for MACV, we demonstrate that binding of the 5 VRNA and the
5" RNA from the complementary antigenomic strand (cRNA)
stimulates the RARP. Activation depends on intramolecular base-
pairing events in the 5 RNA and stimulates the activity of the
polymerase on the corresponding 3’ VRNA or 3’ cRNA promoter.
The pseudotemplated 5" G residue is also required for activation,
demonstrating that the activating RNA is a product of genome
replication. Conservation of 5 RNA binding among polymerases
of all SNS RNA viruses suggests that similar promoter-specific
regulation may extend beyond the arenaviruses.

Results

Stimulation of the RNA-Dependent RNA Polymerase of Machupo Virus
by an RNA Ligand. Using MACV RdRP expressed and purified
from insect cells (SI Appendix, Fig. S1), we examined whether the 5’
genomic RNA (5" vRNA) impacts RNA synthesis in vitro. The
prime-and-realign mechanism of initiation of arenavirus replication
results in the addition of a nontemplated 5’ terminal residue termed
G0. We used a 20-nt RNA comprising GO and residues 1 to 19 of
the 5' VRNA, which are identical in sequence for the S and L
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segments (Fig. 14 and SI Appendix, Fig. S24). In this assay, purified
L is incubated with a synthetic RNA corresponding to the 19-nt 3’
VRNA S segment promoter (Fig. 14) in the presence of nucleoside
triphosphates supplemented with [o®”P]-GTP and the products
detected by phosphoimage analysis following electrophoresis on a
denaturing 20% polyacrylamide gel (Fig. 1D). Supplementing the
reactions with increasing amounts of the 20-nt 5" VRNA results in a
2.5-fold increase in the accumulation of the 20-nt product of prime-
and-realign synthesis from the S segment 3’ VRNA promoter (Fig. 1
D, Left). Reactions that contain a 10-fold excess of this 5" VRNA
ligand, or that omit the 3’ template, result in the accumulation of
aberrant products (Fig. 1 D, Left). Omission of the 3’ template
RNA results in the accumulation of products that likely originate by
5" pppGpC primed elongation from the 3" CpG terminus of that
RNA (Fig. 1 D, Left). As expected, reactions containing catalytically
inactive RARP, or in which the 5’ and 3’ RNA are omitted, fail to
accumulate detectable products (Fig. 1 D, Left).

To identify a minimal element within the 5" vRNA for acti-
vation of the RARP, we tested a panel of truncated RNAs. As
the activating RNA was progressively truncated from the 3’ end,
we observed an increase in the accumulation of RNA products
up to a maximal eightfold stimulation for a 13-nt RNA compris-
ing residues GO to Ul2 (5 vRNA12) (SI Appendix, Fig. S2).
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Truncation of the 5’ end of the RNA by 3 nt results in a loss of
stimulatory activity, demonstrating the importance of the correct 5’
terminus (SI Appendix, Fig. S2B). The precise length of the stim-
ulatory RNA, however, was not critical as ligands corresponding to
0 to 7 and 0 to 23 retained activating functions (SI Appendix, Fig.
S2B). Differences in activation among the truncated RNAs likely
reflect their ability to adopt specific RNA structures or serve as
templates for pppGpC primed synthesis. To determine whether
the products of RNA synthesis observed in the presence of the
activating 5’ VRNA include significant polymerase extension from
the 5’ vVRNA, we used a 3’ dideoxy-C variant of the 13-nt 5’ vVRNA
(SI Appendix, Fig. S3). The dideoxy 3’ terminus of that 13-nt VRNA
chemically precluded its use for extension yet stimulated RARP
activity to the same extent (SI Appendix, Fig. S3).

The Activating RNA Is Sequence-Specific. The 11-nt RNAs visible in
the influenza and LACV polymerase structures share no obvious
sequence similarity with the 5" RNA of MACV (Fig. 24). Con-
sistent with activation requiring a specific RNA ligand, neither
the influenza nor the LACV 5’ RNAs activated the MACV
RdRP (Fig. 2B). Further support of this RNA specificity is
provided by functional analysis of different MACV sequences.
Full-length S segment sequences cluster in three groups: a con-
served (CONS) 5’ sequence (29-31), sequences with perfect
complementarity (COMP) to the 3’ promoter VRNA, and the S
segment reference (REF) (GenBank accession no. NC_005078)
(Fig. 24). Testing each of those RNAs demonstrated that only
the CONS 5’ RNA stimulates MACV L, underscoring that the
ligand functions in a sequence-specific manner (Fig. 2B).

Activating RNA Stimulates Polymerase on Specific Promoters. The
ambisense nature of gene expression in arenaviruses results in
both genomes (VRNA) and antigenomes (cCRNA) functioning as
templates for mRNA synthesis. The two promoters are related in
sequence, with only two differences over 19 nt (Fig. 24, CONS
and cRNA sequences). Testing each possible permutation of 5’
RNA and 3’ promoter demonstrated that the 5’ VRNA activates
the RARP on the 3’ vVRNA but not the 3’ cRNA promoter (Fig.
2C). Correspondingly, the 5’ cRNA stimulated RARP activity on
the 3’ cRNA and not the 3’ vVRNA promoter (Fig. 2C). This result
demonstrates that the correct 5 RNA is required to stimulate
RdRP activity in a promoter-specific manner.

The S and L 5’ vRNA sequences are identical, but the 3’
VRNA promoters differ. Accordingly, the antigenomic S and L
cRNAs contain identical 3’ promoters but distinct 5° RNAs (S
Appendix, Fig. S44). The S segment specificity elements are at
positions +6 and +8 in both the vVRNA and cRNA (Figs. 14 and
24), and the L segment specificity element is at position +8 (32).
MACYV L effectively initiates on the S and L segment vVRNA and
cRNA promoters (SI Appendix, Fig. S4B) but is preferentially
activated by the presence of template-ligand combinations, with
mismatches at positions +6 and +8 (SI Appendix, Fig. S4A).
Perfectly double-stranded panhandle termini, or those in which
there is only one mismatch, show inhibited or near background (3’
promoter alone) levels of RNA synthesis (SI Appendix, Fig. S4 A
and B). Moreover, activated L has greater activity on the S seg-
ment promoters compared with those of the L segment, with the
highest levels of RNA synthesis attributed to the VRNA promoters
of the S segment (SI Appendix, Fig. S4C). This analysis demon-
strates that specific 5 RNAs dictate optimal synthesis from the
four viral promoters. The relative efficiency of the correct 5" RNA
promoter combinations results in a gradient of activities where S
VRNA > S cRNA > L cRNA = L vRNA (SI Appendix, Fig. S4C).

Terminal Features of the MACV Activating RNA. The activating 5’
RNAs contain a terminal triphosphate GO as a result of the prime-
and-realign mechanism for replication. To determine whether the
phosphorylation status of GO alters the ability of the RNA to
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Fig. 2. Activation of MACV L by the 5’ ligand is sequence-specific. (A, Up-
per) Comparison of the MACV conserved terminal 5’ vVRNA sequence with La
Crosse virus (LACV) and influenza (Flu) RARP atomic structures. (A, Lower)
MACV 5":3' v/cRNA duplexes containing S segment sequences represented in
GenBank. (B) MACV L is specifically activated by a conserved arenavirus se-
quence. In vitro RNA synthesis reactions were performed as in Fig. 1. The gel
labels for the Middle and Right hand panels correspond to the oligo se-
quences shown in A and B, respectively. (C) The 5 vVRNA and 5 cRNA of
MACV mediate activation of L, in a template-dependent manner. In vitro
RNA synthesis reactions were performed with either a 3" VRNA template
(Left) or a 3’ cRNA template (Right). For each template, a 12-nt 5’ vRNA or 5’
cRNA ligand was included. Products of RNA synthesis were visualized and
quantified as in Fig. 1, and the relative changes in RNA accumulation are
shown as bar graphs below the gel images in B and C. Error bars for all
graphs represent the SD from the mean of three independent experiments.

stimulate polymerase activity, we tested hydroxyl-, monophosphate-,
and triphosphate-modified 5° vRNA ligands. All three terminal
chemistries stimulated the RARP (SI Appendix, Fig. S5), with the
strongest activation occurring with a monophosphate 5" vVRNA12.
Deletion of the nontemplated GO disrupted the activation of
MACV L in vitro (SI Appendix, Fig. S5), indicating that the
functionality of the 5’ VRNA12 ligand depends upon the product
of the prime-and-realign genome replication mechanism. Addi-
tion of 3A residues upstream of the GO 5’ terminus (AAA-5")
reduced activation by 50% (SI Appendix, Fig. S5). These results
demonstrate that optimal activation is achieved when the RNA
contains a 5’ terminal, nontemplated GO residue.

RNA Binding Activates the Polymerase. We next examined whether
sequential binding to the 5’ and 3’ vRNAs influences stimulation
(Fig. 34). Stimulation of RdRP activity does not depend upon
sequential RNA binding as preincubation of L with one RNA

Pyle and Whelan
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Fig. 3. The MACV 5 hook ligand functions as a bona fide activator of RNA
synthesis. (A) Activation of MACV L occurs independently of sequential 3’ or 5
VRNA addition. Products of RNA synthesis were visualized and quantified as in
Fig. 1, and the relative changes in RNA accumulation are shown in a bar graph
below the gel image. (B) Temporal analyses of MACV L activity in the absence
(Left, 3’ only) or presence (Right, 3' + 5') of the 5" vVRNA ligand. (Upper graph)
Nonnormalized quantification of RNA product accumulation in the absence
(circles) or presence (triangles) of the 5’ ligand. (Lower graph) The normalized
percent activity of MACV L in the absence (circles) or presence (triangles) of the
5" ligand. All in vitro RNA synthesis reactions were performed as in Figs. 2 and 3
with equimolar concentrations of 3’ promoter and 5’ ligand, except in A, where
either the 5’ (lane 1) or 3’ (lane 3) vVRNAs were omitted from the reactions.

followed by the addition of the second just before NTP supple-
mentation resulted in the same activity irrespective of the order of
addition (Fig. 34). To determine whether the activating RNA alters
the kinetics of RNA synthesis, we measured product accumulation
over time. The 20-nt full-length RNA product was visible by 4 min
post NTP addition in the presence of the activating RNA whereas
similar product levels required 16 min of synthesis in unstimulated
reactions (Fig. 3B). Over the course of a 3-h reaction, we observed
an ~4.8-fold increase in product accumulation in the presence of
the 5’ ligand (Fig. 3B, upper graph). A comparison of the rate of
increase revealed that the relative rates of RNA synthesis are
equivalent, regardless of the presence or absence of the 5’ RNA
(Fig. 3B, lower graph). We interpret this result as demonstrating
that the 5’ VRNA12 ligand activates a pool of otherwise inactive or
low-functioning MACV L, resulting in earlier product detection.

MACV L Activation Requires a Structured Element Within the 5" vRNA.
The 5 RNAs bound to the LACV and influenza polymerase

Pyle and Whelan

form a hook-like structure involving canonical and noncanonical
intramolecular base-pairing events. The 5’ sequences of LACV
and influenza share the 6-nt AU-rich terminal motif (5'-
AGUAGU-3, Fig. 24) but adopt distinct structures with unique
polymerase interactions. If structure within the MACV activat-
ing ligands is important for stimulation of polymerase activity,
their GC-rich sequence would likely adopt a distinct structure.
An mfold secondary structure prediction suggests a base-pairing
interaction between Cl and G7, and G2 and C6 (Fig. 4A4).
Mapping the determinants within the 5’ VRNAI12 ligand for
polymerase activation revealed that substitutions at G0, C1, Cb,
G7, and G10 result in a complete loss of activation (Fig. 4B). The
finding that C1, G7, and C6 substitutions impede polymerase

A
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Fig. 4. Identification of essential residues for a functional activating 5’
VRNA12 ligand. (A) Predicted structure of the terminal 5’ vRNA ligand of
MACV, determined by mfold as described in Materials and Methods. (B)
Adenine/uracil mutagenesis of the MACV 12-nt 5’ vVRNA ligand (5'VRNA12).
In vitro RNA synthesis reactions were performed as in Fig. 2 with equimolar
concentrations of 3’ promoter and 5’ ligand. Products of RNA synthesis
were visualized and quantified as in Fig. 1, and the relative changes in RNA
synthesis are shown in a bar graph below the gel image. (C) Substitution of
predicted base-pairing events restores 5’ ligand functionality. The Left
shows L-synthesized products for substitutions at the C1-G7 predicted
base-pairing site. The Right shows the substitution of positions 1 to
2 and 6 to 7 with A-U to restore the predicted hook-like structure. All se-
quence names correspond to the mutant vRNAs described in S/ Appendix,
Table S2. Products of RNA synthesis were visualized and quantified as in
Fig. 1, and the relative changes in RNA accumulation are shown in bar
graphs below each gel image.
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activation, whereas mutation of G2 is inert, is inconsistent with a
requirement for canonical base pairing between G2 and C6. The
loss of activation following mutation of position GO is consistent
with the finding that its deletion suppresses activation (SI Ap-
pendix, Fig. S5).

For influenza virus, in addition to the bases within the 5 RNA
participating in intramolecular base-pairing interactions, other
residues are involved in direct interactions with the polymerase,
and some residues base pair with the 3’ VRNA template (15).
Whether similar interactions between the MACV 5’ vRNA12 and
polymerase account for the loss of activity associated with C3, A4,
and G10 substitutions is uncertain. The WT MACV 5’ vVRNA12,
however, stimulates RARP activity on a C10A mutant promoter,
which is inconsistent with a canonical base-pairing interaction
between G10 of the activating ligand and C10 of the promoter (S/
Appendix, Fig. S6).

The MACYV 5’ cRNA12 ligand differs from the 5’ vRNA12 at
positions +6 and +8 (Fig. 24), corresponding to the sites that are
mismatched within a 5 and 3’ vVRNA predicted panhandle
structure (Fig. 14). Mutagenesis of this 5 cRNA12 ligand
revealed a nearly identical pattern of critical residues for acti-
vating RNA synthesis on a 3’ cRNA template (SI Appendix, Fig.
S7). The USA mutation, one of the sites differing from the 5’
vRNA12 ligand, results in an increase in the abundance of pre-
maturely terminated products. A comparison of results from
mutational studies of the 5" VRNAI12 and 5 cRNA12 ligands
suggests that both adopt structures that require base pairing
between positions C1 and G7 for activation of the MACV L
protein on the corresponding promoter elements.

Activation Requires a Base-Pairing Interaction Between C1 and G7. To
further test the functional importance of the predicted Cl-
G7 base pairing, we generated a panel of RNAs with restorative
mutations (Fig. 4C). The mutagenesis data above (Fig. 4B) are
incompatible with a canonical base-pairing event between posi-
tions 2 and 6, but we included those positions in this analysis in an
attempt to determine whether they might be involved in non-
canonical interactions. Base switching (G2C-C6G) or transition
mutagenesis (G2A-C6U) resulted in polymerase activation of
~40% and ~60%, respectively (SI Appendix, Fig. S8). The same
results were observed with transversion substitutions (G2U-C6A)
and the G2U mutation alone (SI Appendix, Fig. S8). This result
highlights the importance of C6 and underscores that the identity
of the base at position +2 is not critical for activation.

Point mutations to the predicted C1-G7 interaction disrupt the
activating function of the 5' VRNA12 ligand (Fig. 4B). Restoring the
predicted base-pairing event by swapping the bases (C1G-G7C) or
through introducing transition mutations (CLA-G7U) partially
(~60%) or completely (~120%) restored the activating function of
the 5" VRNAI12 ligand (Fig. 4C). Similar activation was observed
with the same restorative mutations in the 5 cRNAI12 ligand (S7
Appendix, Fig. STC). Activation of L was still apparent following the
introduction of transversion mutations to positions +1 to +2 and +6
to +7 (LAU-6AU), demonstrating that activation is dependent upon
the restored interaction between bases +1 and +7, and to some
extent +2 and +6, independent of purine or pyrimidine placement
within the stem of the hook-like structure (Fig. 4C). The results
likely explain the stimulatory effects of the truncated 5' VRNA
containing residues 0 to 7 (SI Appendix, Fig. S2B). Taken together,
these results provide evidence of a base-pairing interaction between
positions 1 and 7 and demonstrate that the activation of MACV L
requires a structure present at the 5’ terminus of the viral RNAs.

Discussion

The principal finding of our study is that viral RNA ligands ac-
tivate the RARP activity of Machupo virus L. Those RNA ligands
are provided by the 5’ termini of the viral genomic or anti-
genomic RNA or short RNAs that correspond to them. The

10522 | www.pnas.org/cgi/doi/10.1073/pnas.1900790116

RNA ligands activate the polymerase in a promoter-specific
manner such that the 5’ vVRNA ligand activates polymerase for
the 3" VRNA and not 3" cRNA promoter, and the 5 cRNA li-
gand activates only on the 3' cRNA promoter. The activating
ligands require intramolecular base-pairing interactions, imply-
ing that they are structured elements similar to the 5’ hook-like
RNAs that organize the active-site residues of the RARP of in-
fluenza and LACV. Collectively, this work demonstrates that
structured 5" RNA ligands are a conserved activating element for
all SNS virus polymerases and suggests that the structured RNA
as well as its binding site within the polymerase are new targets
for potential therapeutic intervention.

Promoter Specificity. For MACYV, the activating VRNA and cRNA
ligands are predicted to adopt similar structures and share ex-
tensive sequence similarity, yet activate the RARP in a promoter-
dependent manner. This RNA-guided promoter selectivity of the
activated polymerase must involve the two variant positions (6,
8) within the respective 5 RNAs and 3’ promoters (SI Appendix,
Fig. S4). Our earlier work demonstrated that positions 2 to 5 of
the 3’ promoter are required for L binding and that the 5" and 3’
RNAs are bound as single-stranded ligands rather than a duplex
structure (20). The mismatches in base pairing between the
termini at positions 6 and 8 likely play a key role in the ability of
the 5" RNA to adopt a structure—leaving the key 3’ promoter
residues accessible for L binding (Fig. 54). The canonical base-
pairing interaction involving positions C1-G7 of the activating
RNAs, coupled with the mismatches at positions 6 and 8, likely
favors the formation of a structure within the 5’ end, facilitating
strand separation between the promoter and the 5" RNA. Con-
sistent with this, the ability of any given 5’ RNA to stimulate the
polymerase correlates with mismatches at positions +6 and +8.
Elimination of the mismatch at position 6—as seen for the L
segment in both the VRNA and the cRNA—results in a re-
duction of RdRP activity. This implies that position 8 is a key
determinant of the promoter selectivity of the activated RARP.
Structural analysis of the MACV L protein together with the
activating RNAs will be required to fully understand the mech-
anism by which the RNA results in promoter-specific activation.

Functions of the 5’ RNA Structure in Segmented Negative-Strand RNA
Viruses. The demonstration that the RdRP is an RNA-activated
enzyme and that RNAs corresponding to the 5' S and L vRNA
and cRNA dictate distinct levels of activity in both a promoter-
and segment-specific manner reveals a previously unappreciated
aspect of the regulation of gene expression in arenaviruses. The
absence of a distinct cap-primed transcription assay, however,
precludes a determination of whether the activation is required
for segment transcription, replication, or both. A confounding
factor in resolving this question without an in vitro cap-primed
transcription assay is that both vVRNA and cRNA are templates
for transcription and replication. In the Bunyavirales, where only
one segment is ambisense, the lack of any in vitro polymerase
assay precludes testing of whether the 5 RNA activates tran-
scription or replication. Extending from the structural studies of
influenza and LACV, we favor the idea that the RNA activates a
pool of polymerase, making it competent for initiation, and that,
in the absence of the RNA, the active site of the polymerase can
adopt the correct conformation less efficiently. This would imply
that the activated polymerase is more competent for both tran-
scription and replication. Sequencing of influenza virus-infected
cells identified highly abundant short viral RNAs that corre-
spond to the 5" VRNA of each segment (33, 34). Suppression of
specific svRNA levels correlated with a reduction in the corre-
sponding VRNA levels, while having minimal effect on mRNA
and cRNA accumulation (33, 34), perhaps suggesting that the 5’
RNA is required for replication but not cap-primed transcrip-
tion. Binding of the 5" cRNA ligand to the influenza polymerase
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Fig. 5. Model of arenavirus L activation by a 5’ hook structure present in

the terminal genomic (vRNA) and antigenomic (cRNA) RNA segments. (A)
Proposed four-step mechanism of L initiation and activation by the 5" vVRNA
ligand (red). The underlined 3’ vVRNA sequence represents the previously
identified motif for promoter recognition by MACV L (20). (B) A model of
the activated arenavirus RNA synthesis complex. L (light blue) is shown
bound to the 3’ v/cRNA (blue line), which is encapsidated by the viral nu-
cleoprotein (orange circles). The nascent 5" RNA (red line) is shown exiting to
the left of L. The activating 5’ hook (red line) is also illustrated as being
bound by L. The intermediate RNP is depicted as a dashed gray line con-
necting the 3’ RNA and activating 5’ hook functioning in cis.

induces a distinct conformational arrangement of the PB2 cap-
binding subunit associated with a suppression of cap-dependent
endonuclease activity (35). The influenza VRNA segments are
used as templates for mRNA synthesis and replication whereas
the cRNA templates only function for replication. It would be of
interest to determine the relative stimulation of initiation of the
influenza polymerase in the presence of the activating 5’ vVRNA
and 5’ cRNA ligands.

Activating Ligand Is Dependent on a Replicative Initiation. The
finding that GO and C1 are critical for activation of the RARP
links the activating potential of an RNA with the product of
RNA replication. The prime-and-realign model posits that the
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GO and C1 residues are first made as a dinucleotide primer
following internal initiation at the C2 position of the 3’ promoter
(11, 12). In our experiments, single nucleotide substitutions to
GO0 and C1 of the 5" RNA ablate activation of RARP. The C1
substitution can be rescued, however, by substitutions that re-
store base pairing between C1 and G7 of the 5" RNA. Elimi-
nation of GO or its substitution blocked activation linking the
activating ligand to a bona fide replication initiation event. We
observed that position G2 was tolerant of substitution in the
activating RNA. During an infection, position G2 is the first
nucleotide incorporated following realignment of the dinucleo-
tide primer during prime-and-realign replication. The G2 tem-
plating nucleotide—position C2 of the promoter—is required to
permit initiation to generate the pppGpC dinucleotide primer
and thus templates the GO of the activating ligand. This would
ensure that, although the activating ligand can tolerate an al-
ternate nucleotide at position +2, such an RNA is not produced
during a replicative initiation event.

Origins of the Activating 5 RNA Ligand. There are two possible
sources of the 5" RNA: a 5" RNA structure that functions in cis
from the same viral RNP that is being used as template (Fig. 5B),
or short noncoding RNA ligands similar to small viral RNAs
(svRNAs) generated by the heterotrimeric RARP of influenza
virus (33, 34, 36). Evidence from the current study suggests that
L is most efficiently activated when the 3’ and 5" RNAs are pre-
sent at a 1:1 ratio. Although this does not preclude short RNAs
functioning as activators in trans, we interpret this as evidence in
support of a cis preference for such activation. The ability of an
RNA to activate is also dependent upon the presence of the
pseudotemplated G residue that is the product of prime-and-
realign initiation during replication. We posit that, during repli-
cation, the 5’ end of the nascent RNA engages in intramolecular
base pairing that promotes binding of free L, thereby assembling a
preactivated polymerase complex for engagement of the 3’ pro-
moter once it has been synthesized by the elongating polymerase.
The context-dependent activation of L in the presence of corre-
sponding VRNA-VRNA and cRNA-cRNA template-ligand com-
binations implies some degree of selectivity for this mechanism of
RNA synthesis—selectivity that would be diminished in the pres-
ence of abundant svRNAs of both categories at the sites of viral
replication. Despite this, the existence of L-synthesized svRNAs
during arenavirus infections is an open question.

In summary, our study provides evidence in support of a
model whereby arenavirus L proteins associated with genomic or
antigenomic RNA segments are activated through direct in-
teraction with the 5’ viral RNA sequences, in coordination with
their respective 3’ promoter regions. The functionality of these
activating 5’ termini is entirely dependent upon the prime-and-
realign mechanism of arenavirus genome replication. Highly
conserved sequences in both the 3’ and 5’ termini mediate pan-
handle duplex separation and 5’ structure formation for activation
of the arenavirus polymerase. This conservation among SNS virus
polymerases for a structured 5 RNA ligand to activate polymer-
ase raises the tantalizing possibility of pursuing the ligand and its
binding pocket as targets for therapeutic intervention. The high
degree of conservation of terminal sequences among all Mam-
marenavirus members might facilitate development of molecules
to hinder the replication of both Old World and New World
arenaviruses. Support for this idea is strengthened by the recent
demonstration that a similar 5 VRNA can activate the L poly-
merase of Lassa fever virus (37).

Materials and Methods

Protein Expression and Purification. Full-length WT and catalytically inactive
(SDD1328AAA) MACV L (GenBank accession no. AAT40450.1) were expressed
in adherent Spodoptera frugiperda cells (Sf21) via recombinant baculovirus-
mediated protein expression, as described previously (20, 38). The proteins
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were subsequently purified via Ni-affinity and size-exclusion chromatogra-
phy, using HisTrap HP and Superdex 200 columns (GE Healthcare), re-
spectively (S/ Appendix, Fig. S1).

Negative-Stain Electron Microscopy. Purified MACV L at 0.02 mg-mL™" was
applied to carbon-coated copper grids (Ted Pella) and stained with 0.75%
(wt/vol) uranyl formate immediately before imaging. Transmission electron
microscopy images were collected using a Tecnai T12 microscope with a
lanthanum hexaboride filament at 67,000x magnification and a defocus
of —1.5 um, as described previously (20).

MACV L in Vitro RNA Synthesis. Reconstituted assays for MACV L RNA synthesis
were performed as described previously (38), with some modifications.
MACV L was incubated at a final concentration of 0.16 uM in transcription
buffer (50 mM Tris-HCI, pH 7.0, 50 mM NacCl, 10 mM KCl, 5 mM MgCl,, 1 mM
DTT, and 0.1 mg-mL~" BSA) supplemented with 1 mM ATP, UTP, and CTP,
and 0.16 pM (~5 pCi) [a->2P]-GTP (PerkinElmer) and 80 uM GpC dinucleotide
primer (Dharmacon). Reactions included 10 uM chemically synthesized 3’
template and 5’ activator oligos (IDT) except where indicated. The sequences
of the RNA oligos are shown in S/ Appendix, Tables S1 and S2.

Reactions were initiated by preincubation of the vRNAs and GpC primer at
65 °C in double-distilled H,O (ddH,0) for 5 min, followed by cooling on ice
for 3 min. Transcription buffer was added as a 5x concentrate, followed by
addition of purified MACV L. The reactions were then sequentially supplied
with 0.5 L of [a->2P]-GTP (10 pCi-uL™"), followed by the addition of cold NTPs
as a 10x concentrate, bringing the final reaction volumes to 10 pL. Reactions
were incubated at 30 °C for 3 h, terminated with 2x STOP solution (95% vol/vol
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deionized formamide, 20 mM EDTA), and heated to 95 °C for 2 min. Fol-
lowing inactivation, 6 pL of each reaction was separated by electrophoresis
into a 36-cm-long polyacrylamide-urea (7 M) sequencing gel, 70 W for 1.5 h
in 0.5x tris-borate-ethylenediaminetetraacetic acid (TBE). Gels were ex-
posed for 5 h using a phosphor screen (GE Healthcare), and the radiola-
beled RNA products were visualized using a Typhoon FLA 9500 scanner (GE
Healthcare). The relative abundances of full-length RNA products (19 to
21 nt) were quantified using Imagel, accounting for the subtraction of
background noise and normalization among samples within individual ex-
periments. All quantifications are shown with the SD from the mean of
independent experiments.

The 5’ Ligand Folding Predictions. The secondary structure predictions for the
MACV 5’ RNAs were analyzed using the web-based mfold version 2.3 algo-
rithm at unafold.rna.albany.edu, with default parameters for RNA, except
for a folding temperature set to 30 °C (39). The AG values and the number of
predicted folding structures for each 5’ ligand are provided in S/ Appendix,
Table S1.
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