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Truth is ever to be found in the simplicity, and
not in the multiplicity and confusion of things
----------------



Some RNA history

1935 - Stanley crystallizes TMV
1936 - TMV crystals contain 5% RNA

1944 - DNA is genetic material

1952 - Hershey-Chase experiment
1953 - Structure of DNA

1956 - Frankel-Conrat experiment, TMV RNA is genetic material
By 1959, RNA was identified in many animal viruses

1960s - studies on viral RNA replication begin

Virology Live 2021 = Vincen t Racaniello



Parvovirus N\

+ DNA

l s Hepatitis B virus
! VL / + DNA
Retrovirus M \’/\’\

+ RNA —/» _DNA —» +DNA Adenovirus
l Herpes simplex virus

Reovirus
Poliovirus M W M m Rotavirus

+ RNA —/» —-RNA —/» | + mRNA |<€— i+ RNA
ey 0
W Influenza virus

— RNA 0 VsV

Virology Live 2021 - Vincent Racaniello ©Principles of Virology, ASM Press



ATP,

Virology Live 2021 - Vincent Racaniello

Identification of RNA polymerases
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Identification of RNA polymerases

» Polymerase discovered in (-) strand virus particles

« Sequence alignments (GDD), synthesis of recombinant proteins

« Crystal structures
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RNA and RdRp in the virus particle
« (-) strand RNA genomes: RdRp, RNA coated with protein (nucleocapsid)

= (+) strand RNA genomes: no RdRp, naked (exceptions: retrovirus,

coronavirus)

RT in virus particle
NP on RNA

« dsRNA genomes: RdRp, naked RNA
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Nucleocapsids

Vesicular stomatitis virus nucleocapsid
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A Hairpin loop —_
Bulge loop
\ L
Interior loop 2
L
AN S
Stem—_ p— Multibranched loop
2 5 5 50 S —— - 3 -
2
L2 SL1
sL2 P
Lo
S2
5' 3 7
TAR pA U5 PBS DIS SD ¥ AUG
51
Ly

Virology Live 2021 - Vincent Racaniello ©Principles of Virology, ASM Press



Rules for viral RNA synthesis

5V VVVVVV V'V VYV VYV VYV VIV VN 3

« RNA genome must be copied end to end with no loss of nucleotide

sequence

« Viral mMRNAs must be produced that can be efficiently translated by
cellular protein synthesis machinery
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Universal rules for RNA-directed RNA synthesis

ase
RNA pol
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Direction Of Chain Growth

« RNAsynthesis initiates and terminates at specific sites on the template
« RdRp may initiate synthesis de novo (like cellular DARp) or require a primer
« Otherviral and cell proteins may be required

« RNAs synthesized by template-directed stepwise incorporation of NTPs,
elongated in 5’-3’ direction

« There is some non-templated synthesis
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Two modes of initiation of RNA synthesis

De novo initiation

3'-terminal 3'- N1 N2 5'
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Two-metal mechanism of
polymerase catalysis
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Which is a universal rule about RNA directed RNA synthesis?

RdRp may initiate de novo or require a primer

RNA synthesis initiates randomly on the RNA template
RNA is synthesized in a 3’-5’ direction

RNA synthesis is always template-directed

o0 WP
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Sequence relationships among polymerases

Poliovirus | Gly-Asp-Asp
Reovirus | Gly-Asp-Asp
Birnavirus | Ala-Asp-Asn
Influenza virus | Ser-Asp-Asp
VSV | Gly-Asp-Asn

HIV-1 | Met-Asp-Asp

A

1 100 G F 200 A 300 B h C /D E 400 461
RNA-RNA
RNA-DNA N-term
DNA-DNA C-term
DNA-RNA C-term

Klenow T7 RNAP HIV-1 RT Poliovirus polymerase
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Poliovirus RdRp

Poliovirus | Gly-Asp-Asp
Reovirus | Gly-Asp-Asp

Birnavirus | Ala-Asp-Asn
Influenza virus | Ser-Asp-Asp
VSV | Gly-Asp-Asn

HIV-1 | Met-Asp-Asp
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Poliovirus RdRp

NTP entry
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Structure of UTP bound to poliovirus RdRp

OH
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(+) strand RNA viruses

(+) strand RNA viruses

Flavi- and picornaviruses Alphaviruses (Togaviridae - Sindbis, SFV, Chik)
5'4 (+) strand genome 5'4 (+) strand genome
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Replication % Replication %s.
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Poliovirus
viral genome = mRNA
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Viral (+) strand genome

VPg
5 =/ \VVVVVVVVVV V'V VNV VNV e ArAg3
UTR UTR
Translation, processing
[|< Capsid * Proteases and RNA synthesis H
\4
P P P33
¥ 2apr0
M i \ Yy v i M ¥ 3cpro
avPowew-—wyp3 [ wvypg | 2A | 28] 2¢ | P3| \ &)
A v
VPA@TZS (3AB | 3CDpro |
v vy
BAI3B] 3Cpro | 3Dpol |
VPg

Virology Live 2021 - Vincent Racaniello ©Principles of Virology, ASM Press



Virology Live 2021 - Vincent Racaniello

. 3'
Poliovirus
genome RNA

e  Ga
CAUG ~CCAU ¢

GUAC GGUA @G
A UCC uu

5I
Cleavage
HN
O O)\N
O—P—0O—CH;
|| O
o)
VP
J Cl) OH
P
| uAcC
UA
AU
AU
AU
AU
CG
UGU GAU
A UGGGGUCUC  CCG
c ACCCCAGAG _ GGC
cC GC U
CG
CG
C u
A_G

N

©Principles of Virology, ASM Press



cis-acting RNA element
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Which is a part of the poliovirus replication strategy?

. The production of subgenomic mRNAs
. De novo (without primer) initiation of RNA synthesis

A
B
C. Circularization of template for initiation of RNA synthesis
D. All of the above
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(+) strand RNA viruses

(+) strand RNA viruses

Flavi- and picornaviruses Alphaviruses (Togaviridae - Sindbis, SFV, Chik)
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Togaviridae
viral genome = mRNA
But not all of it is translated!
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RNA polymerase and
accessory proteins

Proteolytic processing
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Coronaviruses
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CoV RNA synthesis
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This mechanism of mRNA synthesis allows for high rates of recombination among CoVs

Virology Live 2021 - Vincent Racaniello



(O Strand RNA viruses

(-) strand RNA viruses
Unimolecular
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VSV
viral genome is not mRNA
3'WWVVVVV VYV VNV VW 5
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When the viral genome is
NOT mRNA, there must be a
switch from mRNA to
genome RNA synthesis
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RNA polymerase binds at 3' end of N gene
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When the viral genome is
NOT mRNA, there must be a
switch from mRNA to
genome RNA synthesis
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Activation of influenza virus RNA polymerase
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Elongation

3!

Polyadenylation
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How are influenza virus and VSV RNA synthesis similar?

A. The switch from mRNA to genome RNA synthesis is controlled by an
RNA binding protein

Polyadenylation occurs at a short stretch of U residues

Viral mMRNAs are shorter than (-) genome RNA

D. All of the above

O w
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dsRNA viruses

Reoviridae: reovirus, rotavirus

Double-stranded RNA viruses

' 3' ()strand Genome RNA
3 Cl5! (+) strand

/mRNA synthesis\‘

\ 5+ (+) strand . 5
3 full-length >
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Translation (MRNA) Replication
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Reovirus
(+) strand not accessible by ribosomes!

L1 L2 L3
3 5 3 5" 3 5'
SONONON 3 ZO000NON 3 20000 3
M1 M2 M3
3 5' 3 5 3 5
SO0NOK 3 SO0NOK 3 SO0NOK 3
S1 52 s3 s4

3 3' 3 5 3
5. () 3 5. o, 3 5. () 3 5. () 3

The viral genome is not mRNA
Where is the switch to genome
synthesis?
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Virion Infectious sub-viral particle Core
(ISVP)
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Release of mMRNA from rotavirus particles

Each dsRNA segment is
attached to RdRp via the
5’-cap
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Origins of diversity among RNA viruses
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» Misincorporation of nucleotides

- Lack of proofreading activity in RNA dependent RNA polymerase: high error
frequencies (1 misincorporation / 103 - 104 nt polymerized)

- Average error frequency: 1in 104 or 105 nucleotides polymerized

- Ina10 kb RNA virus genome, a mutation frequency of 1in 104 results in about
1 mutation per genome
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Nidovirales are an exception

« exoN proteinis a 3’-5’ exonuclease that corrects RNA polymerase errors

- Removal of exoN produces a virus with 15-20 fold increase in mutation
rate

- ExoN may allow faithful replication of large (up to 41 kb) RNA genomes
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Major fidelity checkpoint for poliovirus RdRp

« Determined by how template, primer, NTP
Interact at active site

« NTPfirst binds in a way that does not allow
ribose to interact with Asp-Asn amino acids

« IfNTPis correctly base paired,
conformational change in enzyme occurs
which reorients triphosphate, allows
phosphoryltransfer to occur
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Fidelity control by poliovirus RdRp

« 3Drolsingle amino acid change, G64S, .,
makes fewer errors

« Slows conformational change that occurs
on NTP base pairing, reducing elongation
rate

= Active site

« AAG64isinfingers domain, remote from
active site but change makes enzyme more
dependent on correct NTP base pairing in
active site, increasing fidelity

« Mechanism likely conserved among RdRps
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RNA recombination
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« Exchange of nucleotide sequences among different genomic RNA
molecules (distinct from reassortment)

« Shapes RNA virus world by rearranging genomes and creating new one

« Can be relatively high: 10-20% of poliovirus RNA molecules recombine
in a single replication cycle
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Recombination control by poliovirus RdRp

« 3Drolsingle amino acid change, L420A,;
reduced recombination frequency

« Located in thumb domain, RNA exit channel

« Reduces initiation rate and stability of
elongation complexes, no affect on fidelity
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Next time: Transcription and RNA processing



