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SAMENVATTING

RNA virussen zijn kleine ziekteverwekkers die zich razendsnel kunnen verspreiden en in
korte tijd een epidemie of een pandemie kunnen veroorzaken. Ze zijn daardoor dus van
grote invloed op het openbare leven, het zorgsysteem en de wereldeconomie. Een be-
kend voorbeeld hiervan is de uitbraak van SARS, welke in 2003 plaatsvond. Deze ziekte,
veroorzaakt door het SARS-coronavirus, kostte binnen enkele maanden bijna duizend
mensen het leven en maakte ons op niet mis te verstane wijze duidelijk hoe kwetsbaar
we zijn voor dit soort RNA virusinfecties. Bovendien zorgden de neveneffecten van deze
pandemie voor een economisch verlies dat volgens de Wereldbank ongeveer 0.5% van
de totale wereldeconomie bedroeg.

Gelukkig kon SARS relatief snel en zonder antivirale middelen of vaccins tot staan
worden gebracht. Het is echter de vraag of een combinatie van adembescherming en
quarantaine van patiénten zoals gebruikt voor SARS in de toekomst zal voldoen om
een vergelijkbaar of gevaarlijker virus uit de nidovirus orde onder controle te krijgen.
Helaas moeten we constateren dat onze kennis van deze virussen 9 jaar later nog altijd
zeer beperkt is en dat goedgekeurde antivirale middelen nog steeds niet voorhanden
zijn. Met de resultaten die worden beschreven in dit proefschrift, hoop ik een stukje te
hebben bijgedragen aan de karakterisering van deze virusfamilie en - uiteindelijk - tot
de ontwikkeling van deze antivirale middelen.

De focus van de in dit proefschrift beschreven resultaten ligt op twee enzymtypen, die
van cruciaal belang worden geacht voor de infectiecyclus van nidovirussen: het virale
RNA polymerase' en het virale helicase? enzym. Deze eiwitten zijn het ‘kloppend hart’
van het grote eiwitcomplex van virale niet-structurele eiwitten (ook wel nsps genaamd),
dat zorgt voor de replicatie en transcriptie® van het virale genoom®. Aangezien er weinig
tot niets bekend is over de precieze activiteit van deze enzymen, ligt het voor de hand
dat het vergaren van meer kennis over deze enzymen zou kunnen bijdragen aan het
beter begrijpen van de replicatiecyclus en evolutie van nidovirussen, en aan de ontwik-
keling van antivirale middelen tegen deze pathogenen.

Met het oog op de uitbreiding van deze kennis wordt in hoofdstuk 3 van dit proef-
schrift de isolatie en biochemische analyse beschreven van het SARS-coronavirus RNA
polymerase enzym, nsp12. Deze analyse laat onder andere zien dat met name het

1 RNA polymerase: een enzym dat in staat is om genetisch materiaal te vermenigvuldigen.

2 RNA helicase: een enzym dat is staat is om de structuur in het genetische materiaal te ver-
minderen en zo o.a. de activiteit van het RNA polymerase enzym te bevorderen.

3 Transcriptie: het proces om genetische informatie te ‘vertalen’ naar een informatie vorm
(mRNA) die gebruikt kan worden om meer viraal eiwit te maken en daarmee nieuwe virus-
deeltjes.

4 Genoom: het genetische materiaal van een organisme of virus.
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N-terminale aminozuur® van dit eiwit cruciaal is voor de stabiliteit en activiteit van
nsp12.Verder wordt er beschreven dat de activiteit van nsp12 sterk afhankelijk is van de
sequentie van het template® en dat het kopiéren van dit template niet kan plaatsvinden
in afwezigheid van een primer’. Opmerkelijk genoeg kan, zoals wordt beschreven in
hoofdstuk 4, deze activiteit volledig geremd worden door eenvoudigweg zink ionen
aan de reactie toe te voegen. Biochemische proeven duiden er op dat deze ionen mo-
gelijk werken door het polymerase enzym tot staan te brengen via het verlagen van de
affiniteit van nsp12 voor het template.

In hoofdstuk 5 van dit proefschrift wordt de isolatie beschreven van een tweede
SARS-coronavirus enzym dat RNA polymerase activiteit vertoont, het eiwit nsp8, dat
opmerkelijk genoeg vijf keer kleiner is dan nsp12. Net als voor nsp12 wordt beschreven
dat onnatuurlijke aminozuren in de N-terminus van nsp8 van grote invloed zijn op de
activiteit van dit eiwit. Een directe aanwijzing voor een effect op de stabiliteit van het
eiwit is er echter niet. Wel zijn er aanwijzingen dat het N-terminale domein van nsp8 van
groot belang is voor de complexvorming van nsp8 met nsp7, en dat de aanwezigheid
van nsp7 de RNA bindingsaffiniteit en activiteit van nsp8 als RNA polymerase stimuleert.

In hoofdstuk 6 en 7 wordt vervolgens een zijstap gemaakt naar single-molecule
studies® met een magnetisch pincet®, met als doel een uiterst nauwkeurige meting en
beschrijving van de activiteit van het helicase enzym te verkrijgen. Een beperkende
factor in de nauwkeurigheid van deze metingen komt voort uit de Browniaanse bewe-
gingen van het paramagnetisch kogeltje dat nodig is om de helicase activiteit meetbaar
te maken. Deze Browniaanse bewegingen ontstaan spontaan, doordat snel bewegende
watermoleculen tegen het kogeltje botsen, en kunnen met name een rol gaan spelen
wanneer grote magnetische krachten nodig zijn om ‘handmatig’ de structuur van het
RNA of DNA in de opstelling te beinvloeden. Bij dergelijke krachten kunnen de bewe-
gingen van het kogeltje namelijk zo snel worden, dat ze niet meer met de camera te
volgen zijn. Om de grens waarbij deze problemen optreden te bepalen en het effect
van meetcondities te kunnen voorspellen wordt in hoofdstuk 6 een simulatie van deze
bewegingen beschreven.

Aansluitend wordt deze kennis in hoofdstuk 7 toegepast om de activiteit van een
nidovirus helicase tijdens de ontwinding van een DNA haarspeld structuur te meten.
Opmerkelijk genoeg vinden we dat de helicase activiteit sterk afhankelijk is van de

5 N-terminale aminozuur: het eerste aminozuur van een eiwit.

6  Template: de aangeboden genetische informatie, die in een in vitro experiment gekopieerd
kan worden.

7 Primer: een van tevoren geproduceerd “startmolecuul” voor de te maken nucleinezuur kopie.

8 Single-molecule analyse: de analyse van de activiteit van individuele enzymen.

9 Magnetisch pincet: een instrument dat er voor is ontwikkeld om enkele RNA of DNA mole-
culen te‘vangen’tussen een glazen oppervlak en een klein paramagnetisch kogeltje, en de
veranderingen in dit RNA of DNA te volgen met een camera.
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nucleotidenvolgorde in het template en het nucleoside trifosfaat molecuul’ dat het
helicase enzym gebruikt om energie te generen voor het ontwinden van de haarspeld.
Deze bevindingen suggereren dat de activiteit van dit helicase enzym in vivo veel dyna-
mischer zou kunnen zijn dan tot op heden werd aangenomen.

In hoofdstuk 8 wordt terug gegaan naar de activiteit van nsp8 en wordt beschreven
dat dit enzym in staat is om twee RNA nucleotiden aan elkaar te koppelen in afwezig-
heid van een template. Opmerkelijk genoeg lijkt nsp8 daarbij een voorkeur te hebben
voor een product dat complementair is aan het uiteinde van het te kopiéren genetische
materiaal van het SARS-coronavirus. Daarnaast worden aanwijzingen beschreven waar-
uit blijkt dat nsp8 het 3'-uiteinde van het virale genoom kan verlengen met adenosine
residuen en dat GTP - de nucleotide die complementair is aan het 3'-uiteinde van het
genoom - de herkenning en verlenging van het 3'-uiteinde van het genoom kan stimu-
leren.

Om de hypothese te onderzoeken dat de primer-afhankelijke nsp12 en het de novo
initiérende nsp8 eventueel met elkaar kunnen samenwerken om een SARS-coronavirus
genoom te kopiéren worden in hoofdstuk 8 ook proeven beschreven die deze enzy-
men samenbrengen in één in vitro reactie. Opmerkelijk genoeg worden geen directe
aanwijzingen voor een samenwerking van de twee enzymen gevonden. Wel zijn er aan-
wijzingen dat ze elkaars activiteit juist negatief beinvloeden. Hieruit zou vervolgens
geconcludeerd kunnen worden dat er nog minstens een ander eiwit nodig is om de
twee enzymen te reguleren, zodra ze in elkaars aanwezigheid verkeren.

In hoofdstuk 9 worden tenslotte aanwijzingen beschreven die er op duiden dat
nsp12 ook een exonuclease' activiteit bevat. Met deze activiteit zou nsp12 bijvoor-
beeld fouten uit het zojuist gesynthetiseerde RNA keten kunnen verwijderen om die
vervolgens te corrigeren. Inderdaad blijkt uit andere proeven dat de exonuclease ac-
tiviteit van nsp12 gestimuleerd kan worden door de aanwezigheid van ribavirine, een
mutatie-inducerende nucleotide analoog, en een van te voren aangebrachte mutatie in
de aangeboden primer. Toekomstige experimenten zullen hopelijk bijdragen aan een
verdere ontrafeling van de beschreven eigenschappen en leiden tot het ontdekken van

bruikbare remmers voor nidovirus infecties.

10 Nucleoside trifosfaat: een molecuul dat gebruikt kan worden om nieuw RNA te synthetise-
ren of energie te leveren voor enzymatische reacties.

11 Exonuclease: een enzymactiviteit die er voor zorgt dat het nucleotide dat zich aan het uit-
einde van een RNA of DNA molecuul bevindt wordt verwijderd.
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ABSTRACT

Ribonucleic acid (RNA) is a versatile biopolymer. It is used as one of the main carriers
of information in cells and a common form of information storage among RNA viruses.
But it is much more than that. RNA can also drive catalytic reactions, ferry precursor
molecules for proteins through the cell, regulate gene expression or it can be employed
as a tool to fight pathogens. This first chapter will outline the basics of this intriguing
biological molecule, by introducing the concept of RNA virus replication and provid-
ing a narrative primer for the subsequent experimental chapters, which will pursue a
more in-depth biochemical exploration of the RNA replication machinery of the human
pathogen SARS-coronavirus (SARS-CoV) and its distant relative, equine arteritis virus
(EAV).
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“Anything that happens, happens. Anything that causes something else to happen,
causes something else to happen. Anything that, in happening, causes itself to happen,
happens again.”

Douglas N. Adams, Mostly Harmless, 1992.
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INTRODUCTION

It takes little imagination to see that this ostensible tautology refers to recurring events.
And, though taken from a work of humorous science fiction, it also describes something
quintessentially biological: that so-called self-replicating entities (or selfish entities)
multiply themselves.

On a large scale, bacteria and eukaryotic cells (ranging from meters in nerve cells to a
few micrometers in white blood cells) can indeed be said to be replicating themselves.
But as they do so, they need rely upon a dedicated set of proteins such as polymerases'?
to copy their genetic makeup before they can successfully split up into two daughter
cells. Even the much smaller viruses (hundreds of nanometers, or less, see BOX 1), which
replicate without a division stage and can assemble de novo from viral proteins, require
protein complexes for their replication.

Depending on the virus, these replication complexes usually consist of large numbers
of viral and host proteins. But even if we would strip these pathogens down to their
bare essentials and look at the smallest and simplest viruses (or viroids), such as the
phytopathogenic viroids and the hepatitis delta virus, we find that even their genetic
material needs to resort to at least some components of the molecular facilities of the
host to drive its replication [1,2]. In essence this is also true for the viroids that use the
enzymatic abilities encoded in other viruses, such as in the case of sputnik [3], which
invades the ‘replication factories’ of a significantly larger virus [4].

If we look to even smaller entities, however, we can find that on the scale of small
polymers (tens of nanometers), the parental molecule can be directly responsible for the
formation of its descendants and the mutations that can arise in these descendants. In-
terestingly, it is believed that exactly these two characteristics were also the two crucial
bottlenecks in the process of evolution of life on Earth.

Aninformation-bearing and catalytically active polymer to which these characteristics
are currently ascribed - and which could have made the transition to become the first self-
replicating molecule given existing in vitro evidence and the supportive icy conditions
of the early Earth [5,6,7] -, is ribonucleic acid (RNA). The hypothesis that incorporates it as
the most parsimonious precursor of the last universal common ancestor (LUCA) is called
the 'RNA world'[8,9]. Of course, alternative origin of life hypotheses have been proposed
and exhaustively discussed elsewhere (see, e.g., [10,11,12,13,14]), but, for the illustrative

12 Polymerase: The term polymerase commonly refers to the enzyme or enzyme complex that
copies the genomic content of an organism (i.e., it uses a template). The term can, however,
also be used in a more generic context, and refer to enzymes that simply make polymers from
monomers in a template independent fashion. Such enzymes can make, for example, starch,
cellulose, or polyphosphate.
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purposes of this dissertation and the use of RNA by its viral ‘protagonists; this chapter
will focus on the versatility and limits of RNA in its subsequent paragraphs.

BOX I: Viruses - Viruses are organic agents incapable of reproduction without the
infrastructure and metabolism of a host cell. This characteristic makes them there-
fore obligate symbionts. However, since their discovery in 1898 [4], the definition
of viruses has often been amended due to new discoveries and should certainly
not be regarded as ‘evil’ pathogens. Reoviruses for instance, have been shown to
be crucial in the maturation of eggs of parasitoid wasps [5], whereas retroviruses
have been linked to the evolution of placental mammals [8,9] and the life cycle
and possibly the evolution of the chloroplast using sea slug Elysiachlorotica[12,13].

Presently, viruses are defined as intracellular entities with nucleic acid genomes
that are i) capable of directing their own replication and ii) are not cells themselves
[15]. Viral infections can be host cell-specific, but may in general range from bac-
teria/archea to large multicellular organisms such as higher plants or humans. As
part of an effort to categorise and better understand viruses, the International
Committee on the Taxonomy of Viruses (ICTV) currently recognises six groups of
viruses under the classical Baltimore Classification, including four groups (group
[11-VI) that have RNA genomes. These four are: Ill, dsRNA viruses; IV, positive-strand
ssRNA (+RNA) viruses; V, negative-strand ssRNA (-RNA) viruses; and VI, ssSRNA
reverse-transcribing viruses.

Most notable human and economically important pathogens are found among
the ssRNA groups, where group IV includes severe acute respiratory syndrome
coronavirus (SARS-CoV, coronaviridae), hepatitis C virus (HCV, flaviviridae), po-
liovirus (PV, picornaviridae), yellow fever virus (flaviviridae), chikungunya virus
(togaviridae), and porcine reproductive and respiratory syndrome virus (PRRSV,
arteriviridae); and group V is known for lethal pathogens such as influenza A virus
(orthomyxoviridae), ebola virus (filoviridae), hantavirus (bunyaviridae), measles
virus (paramyxoviridae), and lassa virus (arenaviridae). The best-described member
of group VI is the human immunodeficiency virus (HIV, lentiviridae). Interestingly,
this last group, together with some dsRNA viruses, also includes various viruses
that have mutualistic relationships with their host.
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Figure 1: The basic principles of nucleotides and RNA structures. (A) The core structure of a
nucleotide triphosphate that s the principle component of RNA. Indicated with arrows are the three
phosphate groups (alpha, beta and gamma) that are attached via ester bonds to the 5’ carbon of
the central ribose moiety. The position of the base is indicated with ‘Base’. (B) The base component
of a typical nucleoside triphosphate (nucleotide) can either be adenine, guanine, cytosine or uracil.
Of these four, adenine and uracil can form two hydrogen bonds when brought in close proximity
of each other, while guanine and cytosine can form three. (C) The basic secondary structure of RNA
consists of a double stranded (duplex) region and a single stranded loop. Together these give rise
to various structures, such as, in order by increasing complexity: stem-loop structures (or hairpins),
panhandles and pseudoknots.

The versatility of RNA

RNA is - apart from being much less convenient to work with than deoxyribonucleic acid
(DNA) - a flexible polymer with a very low persistence length’ in single-stranded form
(ssRNA). It consists of covalently linked subunits called nucleotides (nts), which are each
composed of a phosphate group, a pentose sugar ribose and a nitrogenous base' (see
Fig. TA and B). Importantly, the ribose-base component of the nucleotide is the only
part that can freely diffuse across a membrane, since the 5’ phosphates of the nts confer
too much negative charge. On its own, the ribose-base is also referred to the nucleoside
(Fig. 1A).

13 Persistence length: A basic mechanical property of a rod, string or polymer that defines its
stiffness.

14 Nucleotide bases: adenine (A), guanosine (G), uracil (U) or cytocine (C). Alternative bases are,
for instance, ribavirin (R), thymidine (T), ionosine (I), and urazole.
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Crucially, to facilitate the replication of an RNA molecule, the order of the nucleotides
in the parent molecule, the template, must be faithfully copied to the product molecule.
This information is handed down through sequence-specific hydrogen bonds that can
form between the pyrimidines (U or C) and purines (A or G) of the template RNA mol-
ecule and the new, nascent RNA'. These interactions are called the Watson-Crick base
pairs. In addition, so-called stacking energies in the RNA structure provide fine tuning to
these interactions [15].

However, at any time that ssRNA exists in the parent molecule, the base pairs and the
helical structure of the RNA can also favour associations between ssRNA parts within
the RNA molecule that have sequence complementarity. In turn, such intramolecular
interactions can essentially prevent the complete duplication of the then partially
double stranded RNA (dsRNA), but they may also induce the formation of more elabo-
rate secondary structures, such as hairpins, pan-handles and pseudoknots (Fig. 1C). In
addition to the Watson-Crick base pairs, hydrogen bond-derived interactions can also
be established among three or even four nucleotides, thereby allowing for even more
plasticity in the ssRNA. Thus, having all these interactions at its disposal, a ssSRNA may
quite easily acquire such an intricate secondary structure that it can start to specifically
bind metal ions and facilitate the catalysis of various chemical reactions such as RNA-
based RNA cleavage [16,17], peptide bond formation [18,19], and, seemingly paradoxi-
cally in respect of the duplexes in the structure, self-replication in vitro [20,21,22].

Polymerising RNA with RNA

Inside contemporary cells, the non-catalytic form of RNA serves predominantly as mes-
senger molecule. In such functions it is mainly involved in providing ribosomes poised
for protein synthesis with a genetic code (as mRNAs) or amino acids (as aminoacyl-
tRNAs). In addition, it may play a vital role in other processes, such as the initiation of
DNA synthesis [23], and countless regulatory or host-defence mechanisms in roles like
riboswitches, siRNAs, miRNAs, piRNAs, snoRNAs and I-ncRNAs. Catalytic RNA, on the
other hand, can be found in the functional centre of the ribosome and appears here to
be actively involved in peptide bond formation [18,19]. In addition, it can be found in
the active sites of the RNA cleavage enzyme RNaseP [24].

Note though that in the above two examples of catalytically active RNAs, the RNA
always needs to be associated with protein in order to function. It contributes activity to
a complex, but it is not enzymatically active in its own right. However, the catalytically
active form of completely bare RNA, as presented in the RNA world hypothesis, is by no
means an imaginary relic of the past. Even contemporary RNA molecules can be fully

15 Nucleotide hydrogen bonds: a double bond is formed between U::A; a triple bond is formed
between C::G.

19
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Figure 2: Ribozyme and polymerase active sites. (A) The present model for the active site and
transition states of the ribozyme polymerase and ligases. Central to the activity are two aspartic-
bound magnesium ions (grey spheres labelled A and B), of which metal A activates the 3'-hydroxyl
group of the primer (highlighted in light grey) and metal B stabilises the triphosphate backbone
of the incoming nucleotide (shaded in dark grey). The N4 of the cytosine base (attached ribose not
shown) in the top left corner forms a hydrogen bond with the oxygen of the leaving pyrophosphate.
The transition of covalent bonds is indicated with arrows. (B) The interactions within the active site
of an RNA-dependent RNA polymerase during the catalysis of NTP incorporation. As indicated in
figure 2A, two aspartic acid (Asp)-bound magnesium ions are required for activity. The general acid
depicted at the top of the figures helps stabilise and protonate the pyrophosphate group as it is
released. Figures adapted from reference [34].

catalytically active on their own [25]. These molecules, typically referred to as ribonucleic
acid enzymes or ribozymes, can be found in cells or viral genomes as part of self-splicing
introns [26] or the self-cleaving hammerhead ribozyme [16,17]. But, as will be discussed
in more detail below, compared to protein enzymes that usually catalyse many chemical
reactions per second, RNA self-cleavage is relatively slow and only capable of achieving
cleavage rates of approximately 1-100 reactions per minute (min™).

So far, no bare, metabolic RNAs'® have been identified in vivo. However, the RNA-based
RNA ligases that have been presented as support for the principle, were first identified
from a large set of quasispecies'” that had been selected from random oligonucleotides
through in vitro evolution [20,27]. In vitro, these ribozymes can catalyse the formation
of a phosphodiester bond between the 3'-hydroxyl (3'-OH) group of the incoming

16 Metabolic RNA: An RNA that creates rather than destroys a biopolymer and can thus the
basis the basis of self-replicating RNAs.

17 Quasispecies: a group or ‘cloud’ of related, amplifying nucleic acid sequences that are
expected to contain mutations between parent and off-spring molecule. This is opposed to a
species, which maintains, on average, a stable genotype.
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oligonucleotide substrate and the a-phosphate of their own 5’ triphosphate, requiring
initially about 1 min to complete a single reaction cycle.

Fundamentally, this ‘ligase’ reaction is chemically identical to the metal-dependent
condensation reaction that is catalysed by the proteinaceous viral and cellular polymer-
ases (compare Fig. 2A and 2B). However, it is, enzymatically different because it likely
does not require a general acid to facilitate the proton transfer between the two sub-
strates [22,28]. Crucially, it is on both aspects different from the ATP-dependent ligase
reactions performed by cellular or viral enzymes, such as T4 ligase, even though the
name of the reaction (i.e., ligase) may suggest otherwise.

Overall, the ribozyme reaction proceeds in a series of discrete steps: (first) the reac-
tants are aligned to an RNA template by Watson-Crick pairing, (second) the first metal
ion activates the 3'-OH of the primer substrate, (third) the 3'-OH of the primer sub-
strate (P) attacks the 5'-triphosphate of the ribozyme (P?PR), (fourth) the second metal
ion stabilises the developing negative charge on the - and y-phosphates, (fifth) a new
internucleotide linkage is created which thereby extends the RNA primer by the length
of the ribozyme to P**and releases pyrophosphate (pp) [22,29]. The direct reverse reac-
tion, i.e., pyrophosphorolysis, has also been detected, but this process is deemed to be
too inefficient compared to the condensation reaction to significantly compete with it
[29,30]. Practically, the ribozyme reaction thus follows the equation:

PoH - peeR — P 4 pp + H,O (1]

The ‘true’ RNA-based polymerases that incorporate NTPs onto the 3'-OH of a primer'
and thus better resemble polymerases are currently around 189 nt long and were
identified after further in vitro evolution of the ‘ligase’ ribozyme RNA sequences [30,31].
Still, the majority of their reactions does not proceed past an extension of 4-6 nt of the
primer, primarily due the low stability of the primer-template complex (millimolar affin-
ity) and the rate at which the ribozyme itself is hydrolysed in the presence of the high
Mg?**-containing reaction buffer (=200 mM Mg?*) [32]. Currently, the most processive
RNA-based polymerase is called B6.61 - derived from in vitro compartmentalisation (IVC)
procedures to mimic Darwinian selection in cells - and capable of incorporating up to 20
nts in a template-dependent manner over the course of 24 hours [32].

18  Note that this thus replaces P?P R with NTP and P*# with P*Nin Eq. 1
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Figure 3: The genomes of selected ssRNA viruses and the genome organisation of the
largest RNA genome know to date. (A) The mean genome sizes of various RNA viruses arranged
according to genome size reveals that the majority of viruses are constraint within an upper-
limit of ~13 kb. The nidoviruses studies in this thesis are highlighted in grey. Figure adapted from
reference [47]. (B) The genome of SARS-CoV is polycistronic, and protected at the 5’ and 3’ ends
with a cap and polyA tail, respectively. The first two open reading frames (ORF1a, grey; and ORF1b,
light grey) are connected via a ribosomal frame shift that is triggered at a 1:4 ratio by an encoded
pseudoknot structure in the coding region of nsp12. The open reading frames that encode the
spike and nucleocapsid structural proteins are marked with S and N, respectively. (C) Expression of
the first two open reading frames results in the synthesis of two large polyproteins. These proteins
are subsequently cleaved by intrinsic protease activity (indicated by black triangles) to give rise to
16 mature non-structural proteins that concomitantly assemble into a functional RTC.

Limits of ribozymes

Polymerase properties, such as fidelity', reaction rate®, processivity?!, and primer-
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Fidelity: a measure for the consistency with which a polymerase forms Watson-Crick base
pairs when it incorporates a new nucleotide.

Rate: the number of incorporated nts, usually expressed in molarity, per unit of time.
Processivity: the extension of the initial substrate in a template-dependent manner, but
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template complex (PTC) recognition (e.g., expressed as a binding constant, K)) are all
highly interdependent characteristics. Consequently, it is increasingly difficult, if not
impossible, to fully optimise these properties simultaneously for a single ribozyme poly-
merase. And this even holds true when one takes the wide-array of chemical modifica-
tions into account that cellular enzymes can make on RNA's four chemical components
[33].

It is nevertheless likely that, akin to the current biosphere, primordial self-replicating
entities constantly competed with other genotypes for resources. Such a situation would
have strongly favoured faster replication cycles and thus more energetically desirable
chemical constants to allow nucleotide incorporations within seconds rather than
minutes. Additionally, to counter parasitism, specific recognition of the ‘own’ genome
would have evolved as well (e.g., via RNA sequence or structure specificity, although not
necessarily through in cis activity). If we also take into account the rapid and spontane-
ous degradation of RNA molecules in solution, which imposes a significant upper limit
on the life-span of each ribozyme and thereby its maximum size, we arrive at a set of
compelling reasons for why contemporary cells and viruses evolved the more chemi-
cally diverse and stable proteinaceous enzymes: to ensure faithful and rapid duplication
of a large amount of genetic material.

Indeed, where eutectic freezing? can result in the template-dependent formation of
RNA molecules of up to 420 nts in length [7,34] and self-replication only sustains RNAs
that are even shorter [20], the RNA molecules that constitute modern RNA genomes
reach up to 32 kb in length [35]. Such large molecules are found in RNA viruses (Fig.
3A) and they encode so-called RNA-dependent RNA polymerases (RdRps) to catalyse
their replication [35]. Intriguing exceptions are some viroid genomes, however, which
can ‘lure’ the cellular DNA-dependent RNA polymerase (DdRp) Pol Il, an enzyme that is
generally involved in cellular transcription?, into replicating their viral RNA[36].

Replication and transcription complexes

The RdRp is essentially the sole determinant of genome size. However, where optimisa-
tion is no longer possible, some of its functions can be enhanced or supported by other
protein factors. For instance, all genomes above 6 kb encode a helicase® co-factor, likely
to support the polymerase in unwinding the large stretches of dsRNA that - as discussed

expressed as function of the incorporation rate and the dissociation constant.

22 Eutectic freezing: the process of molecular crowding due to physical exclusion from surroun-
ding ice-crystals.

23 Transcription: the process of mMRNA synthesis as it happens on, but is not exclusive to, chro-
mosomal DNA templates, and which results in RNA molecules that can be translated by the
ribosome to yield protein.

24  Helicase: An enzyme that can use the hydrolysis of ATP to unwind a dsRNA
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above - can be found in ssRNA secondary structures and may represent the replicative
intermediate of ssRNA replication [35,37]. Furthermore, although the majority of viral
RNA genomes is shorter than 13 kb, an upper size-limit that is believed to be defined
by the number of mutations that are made by the replication and transcription complex
(RTC)* and the number of mutations that the virus can tolerate [38,39], some have RNA
genomes that are close to three times larger, i.e., the coronaviruses (CoVs). How can they
achieve this, while others do not?

To get to an answer, one first has to appreciate the evolutionarily importance of
RdRp fidelity and how it affects multiple crucial factors: i) all enzymes evolved as highly
interconnected networks that are easily disturbed by amino acid substitutions; ii) the
RNA sequence may fold into secondary structures that are vital recognition signals for
enzymes or genome packaging [40,41,42]; iii) the codon bias of the host determines the
pause rate of translating ribosomes and thus tunes the rate and reliability with which
the polypeptide folds into a functional protein [43]; iv) viral enzymes may initially be ex-
pressed as polyproteins, in which the enzymes subunits are separated by conserved and
highly coordinated cleavage sites to regulate their activity and ensure proper folding
[44]; v) the RNA sequence may force initiating ribosomes to perform leaky scanning or
translating ribosomes to shift reading frame, which together may regulate the molecular
ratios between components of the viral RTC [45].

If one now puts these important factors - and particularly how prone they are to dis-
ruption - next to the observation that the estimated fidelity of most RNA polymerases
is one mutation per every 10,000 copied nucleotides, it is not that remarkable that the
average size of the majority of viral RNA genomes is roughly coinciding with this value.
A substantial body of work also supports this ‘phenomenology’ quantitatively [35,46]:
the RdRp fidelity limits the RNA genome size. Interestingly, additional mutations may
derive from spontaneous mutation, the activity of cellular enzymes, such as the base
deaminating enzyme APOBEC [47,48,49], or homologous recombination events, which
either take place at random [50] or at well-defined sites in the genome such as during
nidovirus discontinuous transcription (see BOX Il) [51].

But why then, to better preserve the status quo or enlarge the coding capacity, does the
average virus not evolve a less error-prone RNA polymerase or an additional subunit to
improve it? Indeed, most DNA-dependent DNA polymerases (DdDp) use a proofreading
mechanism. This is usually an additional enzymatic activity, a 3’-to-5" exonuclease resid-
ing in their N-terminal domain, is able to detect misincorporations and perform metal-
dependent hydrolysis, starting with the last incorporated nucleotide [52,53,54,55]%.

25  RTC: Essentially the RdRp and the collection of associated enzymes and modulating co-factors
that together regulate the RdRp in its function

26 Note, that this does not necessarily imply that this process of error-recognition-and-repair will
result in a correct Watson-Crick base pair; the second incorporation cycle is equally subject to
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However, in the RNA world, things are seemingly never that simple, because the pres-
sures that derive from host-pathogen relations, e.g., host immune responses and other
antiviral phenomena, favour a strategy that allows the virus to achieve a greater genetic

variability and thereby the potential to evade any antiviral attack [39,56,571.

BOX II: Nidovirus discontinuous RNA synthesis - One of the unique features of
the Nidovirales, the order to which the coronaviruses and arteriviruses belong, is
the production of a nested set of subgenomic RNAs via a mechanism involving
a step of discontinuous RNA synthesis. This mechanism involves the synthesis of
five to nine subgenomic mRNAs (sg RNAs), whose sizes differ and which have been
found to contain both identical 5'- and 3'-termini [1,2,3].

To explain the biochemistry of the underlying mechanism, several models have
been proposed over the years [1,6,7]. The most widely supported model proposes
that these differently sized sg RNAs are formed without splicing events in larger,
precursor RNAs, as is typical of cellular mRNA maturation. The exact details of the
mechanism are still a mystery, however, and the contribution of the viral and host
proteins mostly unknown.

In the prevalent model, RNA synthesis initiates with the generation of -RNA
using the +RNA genome as template [1,7]. Although the +RNA genome has a well-
defined length, -RNA synthesis is halted at a one of the many body-TRS (transcrip-
tion-regulating sequence) elements present in the genome and continued at a
downstream leader-TRS. Consequently, this results in a fusion of a body elements
with a common 3’ anti-leader via complementary sequences just upstream (on
the -RNA) of the leader and downstream of the body elements [see for review
reference 7]. Alternatively, -RNA synthesis progresses through the TRS elements
until the end of the +RNA is reached.

Overall, this produces -RNAs of several sizes: full-length genomic antisense
RNA and various subgenomic antisense RNA species [1,7]. Together, these -RNAs
thus form, like the positive-stranded sgRNAs that the virus eventually produces, a
co-terminal nested set. The full-length antisense RNA is used as template for viral
genome duplication - this will either be translated and used in new RTCs or be
inserted into assembling virus particles - while the shorter subgenomic antisense
RNA species will serve as template for positive-stranded sg RNAs synthesis ([see
for review reference 1]). In turn, these sg RNAs are translated by cellular ribosomes
into the viral structural proteins.

the limit of polymerase fidelity as the initial round.
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Going beyond limits, nidoviruses and SARS-coronavirus

Itis theorised that, given the constraints summarised above, no viral RNA genome larger
than ~10 kb can be stably maintained in the absence of additional “error prevention” or
proofreading mechanisms [35,58]. However, the mean size of the CoV genome is ~30
kb of positive-strand RNA (+RNA)?, and that is significantly larger than the average RNA
genome (Fig. 3A). Additionally, phylogenetic analysis has suggested that the mutation
rate among CoV genomes is moderate to low compared to other RNA viruses [59,60].
These observations thus suggest that there must be something special about the
coronavirus replication machinery, the immune responses (or the lack thereof) the virus
‘feels’ during the infection of a host, or the CoV replicative cycle in general that enabled
them to expand their genome beyond the limit imposed on other RNA viruses. A direct
answer is presently unavailable.

So, then, what do we know about these viruses? Based on a similar genomic organisa-
tion and conserved protein domains [35,58], the coronavirus subfamily (Coronavirinae)®®
is unified with the Torovirinae in the Coronaviridea family and the order of Nidovirales.
The viruses that are classified under this order all utilise a unique discontinuous RNA
synthesis mechanism to express their structural genes (see BOX Il). Strikingly, although
CoVs have long been recognised to cause common and more severe respiratory diseases,
including various human diseases, it was not until the sudden emergence of the severe
acute respiratory syndrome CoV (SARS-CoV)? via zoonotic transfer from bats to humans
that they became interesting for worldwide research programs [61,62,63,64]. These
programs now also include their distant relatives the arteriviruses and their prototype
equine arteritis virus (EAV) [62,65,66].

The nidovirus RTC

Similar to other +RNA viruses, the CoV RTC is targeted to cellular membranes [67,68]. It
has been proposed that RNA viruses may benefit from this association, because these
membranes may provide: i) physical support for organization of the RTC; ii) compart-
mentalization and an increase of the local components/products concentration; and
iii) protection of the viral RNA and dsRNA intermediates from host defences [69]. The
membranes that are used to support the RTC vary among viruses, however. Structures
induced by nidoviruses were initially linked to endosome/autophagosome pathways,

27  Positive-strand: upon entry into the host cell, a typical +RNA virus genome serves as mRNA,
thereby allowing the cellular ribosome to engage in translation. -RNA viruses first go through
at least one round of transcription before translation of the viral code can take place. Interes-
tingly, ambisense viruses can encode reading frames in both the minus and plus strand.

28  Coronavirinae: these viruses are since 2009 subdivided in the three genera of Alpha-, Beta-,
and Gammacoronaviruses by the ICTV.

29 By July 2003, when the SARS epidemic had officially disappeared due to increased health and
safety measures, 813 patients had died from SARS. Presently, still no effective drugs exist.
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but are now believed to be derived from the ER [70,71,72,73,74]. Other +RNA viruses
have been shown to recruit their membranes from the ER as well, such as in the case
of PV and Dengue virus, whereas other prefer mitochondria, such brome mosaic virus
(BMV) and carnation ltalian ringspot virus (CIRV) [75,76], or late endosomes, as was
shown for Semliki Forest virus (SFV) [77,78].

Presently, the mechanism behind the formation of the CoV vesicular structures is
mostly elusive, although one step at least appears to be vital. This step involved the
viral transmembrane proteins, which are believed to target the viral RTC to the cellular
membranes [58]. In nidoviruses, these proteins are part of the large set of replicase or
nonstructural proteins (nsps) (e.g., SARS-CoV encodes sixteen mature nsps) that are en-
coded as two large, partially overlapping open reading frames (ORFs) [58,61,79], called
ORF1a and ORF1b. Expression of these two ORFs results in two large polyproteins (Fig.
3B and C), namely polyprotein pp1a and the pplab fusion polyprotein [58,80] (Fig, 3B
and C). The intricate mechanism behind this elegant way of expression is an internal
ribosomal frameshift signal that resides in the nsp12-coding region and it ensures an
asymmetrical production of the nsps encoded in ORF1a and ORF1b (Fig. 3B): a 3-4 fold
overproduction of the proteins upstream of the frameshift (nsp1-11) compared to the
ones encoded downstream of the frameshift (nsp12-16) [45,74,81,82].

To derive the mature nsps, the two polyproteins are processed by at least one papain-
like protease (PLpro) and a 3C-like protease (3CLpro) activity (some nidoviruses contain
2 PLpro or additional protease domains) [79,80,83]. This step also releases the core
enzymes around which the CoV RTC will form: the putative main, primer-dependent
RdRp nsp12 and a second polymerase activity resident in nsp8 [58,84,85]. Interestingly,
in addition to the processing of viral polyproteins, the PLpro enzymes have also been
implicated in negating antiviral responses [86,87,88].

The nidovirus polymerases

The nsp12 structure has not yet been solved, but a model of this SARS-CoV RdRp has
been proposed and used to infer that the CoV polymerase is fundamentally different
from RNA polymerases encoded by viruses like poliovirus (PV) and hepatitis C virus
(HCV) [89]. First of all, the amino acid conservation between CoV polymerases and those
of known structure (e.g., HCV and PV) is less than 10%, whereas the overall sequence
conservation within the CoV subfamily is over 60% and even complete among different
SARS-CoV isolates [89].

The most significant differences with known RdRp structures reside in the N-terminal
domain (amino acid residues 1-375 of the total 932 in SARS-CoV) and it even appears
that the tertiary structure of this domain has no structural equivalence in any other viral
RNA polymerase. In addition, large differences reside in the nucleotide selection pocket,
which may explain the ineffectiveness of wide-spectrum viral replication inhibitors
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against SARS symptoms [89,90,91]. For instance, a resistance to ribavirin® - a widely used
purine analogue in the treatment of, e.g., Lassa virus, respiratory syncytial virus and HCV
infections [92,93,94,95] and an effective inhibitor of the replication of picornaviruses,
orthomyxoviruses [96,97], hantaviruses [98,99], vaccinia virus [100], and reoviruses [101]
in cell culture - was observed in several studies [102,103].

The above features may somehow play a role in achieving the apparent lower muta-
tion rate of the virus and its larger than average genome as well [89]. However, it is
unclear how these features would contribute to these CoV properties or what biochemi-
cal properties they actually constitute. More directly relevant seems the prediction that
the active site of the SARS-CoV nsp12 protein is endowed with a relatively unobstructed
nucleic acid-binding cleft, which implies that, unlike, e.g., the HCV RdRp, the SARS-CoV
RdRp can accommodate and extend a primed template [89]. Until this day, however, it
has not been demonstrated how SARS-CoV nsp12 would actually obtain this primer,
but, interestingly, it was demonstrated that SARS-CoV nsp8 possesses weak, low-fidelity
RdRp activity as well [104]. Not unlike cellular primases and de novo initiating RNA poly-
merases, nsp8 was also described to prefer purines over pyrimidines during initiation
and to synthesise 6-mer oligonucleotides [23,104], which in turn led to the hypothesis
that the two CoV RdRps could cooperate and form something resembling a primase-
RdRp complex.

However, given the unprecedented genome size and moderate mutation rate of CoVs,
the proposed presence of a low-fidelity polymerase during genome replication is rather
counterintuitive. Indeed, a dominant role of such an enzyme could evidently lower
the overall fidelity of CoV RNA synthesis, destabilise the genome and consequently
impair survival of the virus, all effects that appear to contradict some key CoV proper-
ties discussed above. A solution for this disparity may come from the observation that
nsp14 harbours 3'-to-5' exonuclease (ExoN) activity [105] and that CoV mutants lacking
this activity show a 15-fold increase in the accumulation of mutations in their genome
[106,107].

Together, the negative selection for nucleotide analogues by the RTC and the link
between ExoN activity and mutation frequency are indicative of a simple form of
an RNA-based proofreading mechanism. Unfortunately, biochemical data for such
a proofreading mechanism has so far been elusive, has activity of nsp12 never been
convincingly shown, and have no experiments been performed to gain insight into the
molecular interplay between the two RdRps. Presently therefore, the scientific model for
CoV replication and an explanation for the survival of the largest RNA genome known is
still largely obscure.

30 Ribavirin: an analogue of both adenosine and guanosine that increases the error frequency
of the RTC by elevating the number of transition mutations (U=>C and C=>U) and thus pu-
shes the virus towards error catastrophe and extinction.
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Outline of this dissertation

The biochemical and biophysical analysis of viral RNA synthesis is paramount to the
discovery and exploration of new avenues to combating viruses. However, it is also
vital for advances that may lead to a detailed understanding of the viral replication
mechanism or the use of viruses as tools in biochemical studies or vectors for medical
purposes. A wealth of such information is already available for HIV, influenza A, HCV
and PV replication. A much more limited biochemical knowledgebase, and an even
smaller biophysical one, is currently available on the replication of CoVs. Evidently, this
hinders the development of antiviral strategies, but it also clouds our ability to model
the replication cycle of their extraordinary RNA genome to a greater detail and with
more confidence. This thesis will therefore describe a series of experiments that was
performed to seek new insights, models and hypotheses regarding the enzymes that
form the core of the coronavirus RTC.

This thesis will first describe the features of viral RNA polymerases in general in
chapter 2. In it, the similarities and differences between various polymerases will be
comprehensively reviewed, and the impact of accessory proteins and effect of dynamics
on mutation frequencies discussed. Ultimately, this chapter will illustrate the various
strategies that RNA viruses employ to regulate polymerase activity and specificity.

In the next chapter, chapter 3, this thesis will describe the purification of the SARS-CoV
nsp that encompasses the classical viral RdRp domain: nsp12. Additionally, this work will
outline biochemical experiments to demonstrate and investigate its in vitro activity on
primed RNA templates of varying length and sequence composition.

With the knowledge that the SARS-CoV (supposedly) main polymerase can be stably
and reproducibly purified, this thesis will next discuss the inhibiting effect of zinc ions
on the nsp12-RdRp in chapter 4 and offer a comparison with replication complexes that
were isolated from infected cells. Furthermore, this chapter will demonstrate the inhibi-
tory effect of a zinc-ionophore, a compound that elevates the zinc ion concentrations
([Zn?*]) in the cell, on the replication of both SARS-CoV and EAV in cell culture, thereby
confirming the in vitro experiments.

As discussed above, SARS-CoV encodes a second enzyme with polymerase activity:
nsp8. In chapter 5, this dissertation will describe the purification of this enzyme and the
effect of different fusion tags on the oligomerisation modes of the protein. Furthermore,
it will show that different activities, namely de novo or primer-dependent polymerase
activity, are associated with these forms and that its co-factor nsp7 can stimulate nsp8’s
primer-dependent activity in vitro.

As mentioned above, helicases likely evolved to support the RdRp in the replication
of RNA genomes beyond 6 kb in length [35] and, when they are sensitive to stable
structures, helicase likely significantly affect polymerase pausing and thereby RTC fidel-
ity and recombination. Presently, the nidovirus helicases have only been studied using
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biochemical techniques and through mutational analysis of EAV and human coronavirus
229E [108,109,110,111]. To study the activity of nidovirus helicases in more detail, ex-
periments at the single molecule level will be discussed and performed in chapter 6 and
7, respectively.ln chapter 6 this thesis will also expatiate quantitatively upon the prob-
lem of reliable force calibration of single molecule experiments that employ magnetic
tweezers and the limits of these calibrations.

Having seen the nidovirus helicases at work at the single-molecule level and having
established that SARS-CoV encodes two primer-dependent RNA polymerases of which
one can putatively act as primase, various questions remain. One concerns the func-
tional part of the genome that has so far been largely uncharted: the polyA tail. Another
question concerns the fact that SARS-CoV encodes two polymerases capable of primer-
extension: what happens when both proteins are present in the same environment
and are provided with a primed template? Will this reveal a form of intrinsic regulation
between the two enzymes or will they just directly compete with each other? This is
what this thesis will try to answer in chapter 8 by carefully comparing the activities of
SARS-Co nsp8and 12, and assessing the effects of their interactions. In addition, chapter
8 will describe that a distinct polyA polymerase activity is associated with the octameric
form of nsp8. This, together with the observed de novo initiation activity, inspires an
intriguing model in which this enzyme can play a crucial role in +RNA maturation and
-RNA initiation.

Finally, chapter 9 describe a 3'-to-5' exonuclease activity that appears to be as-
sociated with the nsp12 N-terminal domain, whereas chapter 10 will discuss the main
findings described in this thesis and their implications for present models of nidovirus
replication.
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ABSTRACT

All viral RNA polymerases are believed to use the same catalytic mechanism for nucleo-
tide condensation. The protein and RNA elements that are required for these reactions
to take place, however, can vary greatly from polymerase to polymerase and can thus
significantly affect the efficiency and specificity of viral replication and transcription.
Furthermore, the fidelity of nucleotide incorporation, the mechanism employed to
initiate RNA synthesis, and the dynamic shuttling between catalysis in the polymerase
active site and the (meta- or catabolic) activity of other (enzymatic) domains in the poly-
merase amino acid chain all contribute to defining key virus properties such as genomic
architecture, replication speed, immune-escape, evolution and pathogenicity. Here we
will review our current knowledge of what defines RNA polymerase activity and how
their properties orchestrate viral RNA synthesis.
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INTRODUCTION

In both the eukaryotic and prokaryotic cell, genetic information flows constantly from
the original DNA molecule to the DNA copy and from the DNA ‘blueprint’ to the RNA
messenger or regulatory molecule. However, given the abundance of RNA-based viruses
in our ecology, it is likely that some if not most of their exogenous RNA is replicated
and transcribed as well. This process can have profound affects on us. For instance, vari-
ous lines of research have indicated that RNA viruses may have contributed to shaping
eukaryotic evolution [112,113,114,115,116,117]. In addition, RNA viruses can benefit us
more directly, since they can be employed as research tools or gene therapy agents
[118,119,120,121]. Consequently by trying to understand RNA viruses, we may ultimately
discover something more about ourselves and the way life evolved on earth, or how we
can cure certain diseases. However, the double-edged nature of RNA viruses also makes
them cause morbidity and death, and thereby a constant burden on our health systems
and economy [65,122,123,124]. Our primary goal for understanding the replication and
transcription mechanisms of pathogenic RNA viruses is thus the discovery of new ways
to frustrate RNA virus RNA synthesis and to understand how they acquire mutations or
even new genes to escape immune systems and current antiviral drugs.

As we will discuss below, RNA virus replication depends strongly on how their genetic
material exits and enters the host cell and whether it can be directly translated by cellu-
lar ribosomes upon entry. The simplest division that can therefore be made among RNA
viruses is a separation between viruses that use single-stranded RNA (ssRNA) as genetic
material and viruses that use double-stranded RNA (dsRNA). In addition, we can further
divide the ssRNA viruses into viruses that employ positive stranded (+RNA) genomes,
i.e., genomes that can be translated into protein immediately upon entry, and negative
stranded -RNA genome viruses, i.e., viruses whose genomes require transcription before
translation can take place. However, irrespective of the type of viral RNA, the essence of
viral replication, and thus the key of our understanding of this process, lies with RNA-
dependent RNA polymerase (RdRp).

The RdRp domain is the only essential enzymatic domain that is encoded by all RNA
viruses [125,126]. Together with cofactors, which can be virus or host derived (see
below), it can form a dedicated type of complex that uses an ssRNA as template for
the synthesis of a complementary strand in a fashion that is chemically similar to the
replication and transcription of cellular DNA genomes [122,127,128]. However, the fact
that RdRps are capable of both transcription and replication makes them significantly
different from the task-specific cellular DNA-dependent polymerases. Prokaryotic ge-
nomes, for instance, require one DNA-dependent RNA polymerase (DdRp) and five
different DNA-dependent DNA polymerases (DdDps) for these two processes. Moreover,
eukaryotic cells employ five to six different DdRps, namely Pol I-VI, for roles such as
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ribosomal RNA production, or the synthesis of messenger RNAs, small nuclear RNAs,
transfer RNAs or siRNAs [129,130,131], and up to fifteen DdDps and one RNA-dependent
DNA polymerase (RdDp, or RT) for replication. Consequently, compared to this array of
cellular enzymes, RNA virus replication and transcription is very focussed and intricate,
thus making it even more remarkable that RNA virus replication and transcription are so
perfectly tuned to fit each virus’ niche and possibly even more daunting to unravel and
understand it. In this review, we will therefore aim to present a comprehensive overview
of the RdRp structures, co-factors and RNA regulatory elements that make this happen.

The general RNA virus polymerase architecture

There is a wealth of literature detailing the diversity of viral RNA polymerases
[126,132,133,134,135]. This diversity is particularly evident at the amino acid level,
with a number of estimations suggesting a 90% variation across the whole polymerase
coding sequence. In contrast, a stronger conservation can be observed among the
active site motifs, the catalytic pathway, and the RdRp three-dimensional structure
[126,130,136,137,138]. Indeed, structurally, all RdRps resemble the same, cupped right
hand organisation (Fig. 1A and 1B) that consists of the three key subdomains that
are analogously identified as fingers (including fingertips), palm and thumb (Fig. 1A)
[138,139]. This typical polymerase fold is also found among cellular RNA and DNA poly-
merases [140,141]. Between RNA polymerases, significant differences may be observed
in the extremities of thumb and finger subdomains which can in turn give the RdRp a
more open structure (Fig. 1B) or a very closed structure (Fig. 1A). Further differences
exist between RdRps, since additional N-terminal domains or additional subunits may
be present (Fig. 1C-E, see also below).

The most key and conserved structure of RdRps (and polymerases in general) is the
palm subdomain structure, which is composed of a (3-sheet with four anti-parallel
strands and two a-helices (Fig. 1A and B). Inside the palm subdomain, motifs A, B and
C are the most prominent features, but only A and C are conserved among all viruses
and cells [136,138,139,142]. These two motifs are positioned at the junction of the NTP
and template channel (Fig. 2) and constitute together the active site of the RdRp that
coordinates the binding of divalent metal ions and the positioning of the incoming
nucleotide (Fig. 2B and C). Comparative sequence analysis has shown that motif A typi-
cally conforms to a Dx, .D consensus sequence, where ‘x’ represents any non-conserved
residue. The C-terminal aspartate is not strictly conserved in this consensus, however,
as it is also optional in motif C's xDD consensus sequence [143]. The upstream aspar-
tates of both motif A and C on the other hand, are strictly required for activity, which
easily follows from their spatial juxtaposition in the polymerase active site and their
direct involvement in the coordination of the divalent ions that are vital for chemistry
[136,138,139,142] (Fig. 2C).
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On the palm subdomain, motif B generally contributes to the discrimination between
dNTPs and NTPs, and involves at least one key asparagine residue in RdRps [144]. A
complementary role in NTP binding has been proposed for motif F, but current evidence
suggests that this motif is not completely conserved among all viral RNA virus polymer-
ases, most notably those of the corona- and the retroviruses [89,125]. An additional,
particularly prominent motif in the palm domain is motif D. This motif contributes a
conserved histidine or lysine residue to the active site that can function as general acid
and is thus crucial for activity (Fig. 2C). In addition, this motif has been shown to play a
role in controlling the fidelity of nucleotide incorporation and, in particular, the selec-
tion for NTPs over dNTPs. Motif D’s sequence is thus an important discriminating factor
between RNA and DNA polymerases.

Structural differences and processivity

Regarding the overall RdRp structure, the interaction of the thumb and finger subdo-
mains in RdRps from +RNA and dsRNA viruses creates a more ‘closed structure’ that sur-
rounds the template-binding channel and effectively allows the RdRp to fully encircle
any bound template (Fig. 1) [138,139]. An important contributing part to the relatively
closed structure is motif E. This motif is unique among RdRps and it is required to es-
tablish an interaction with the nascent strand. In RdRps that can initiate RNA synthesis
de novo, an additional structure is present to close this site and called the primer-loop
or A1 loop in the hepatitis C virus (HCV) RdRp [145,146]. This structure was shown to
be required for the formation and stabilisation of the first dinucleotide product. In
addition, it may also contribute to de novo RNA synthesis by preventing the template-
binding channel from accommodating duplexed or partially duplexed RNAs [145,147].
Alternatively, it was recently proposed that this loop may also function as an interaction
interface during oligomerisation of the HCV RdRp in order to assist oligomer-dependent
de novo initiation [148].

Itis believed that an additional benefit of the ‘closed structure’is to confer processivity
to the RdRp, particularly since the relatively ‘open structure’ of DdDps requires additional
factors to stabilise template binding. The T7 DNA polymerase gp5, for instance, read-
ily dissociates from the template after the incorporation of a mere pair of nucleotides.
For T7 to achieve processivity and an ~80 fold increase in affinity for the 3'-OH of the
nascent strand, the 12-kDa host protein thioredoxin needs to associate with the poly-
merase thumb domain and close the polymerase structure [128]. Similar observations
have been made for the vaccinia virus DNA polymerase, which needs to associate with a
48-kDa viral protein [149]; the herpes simplex virus polymerase, which recruits a cellular
51-kDa dsDNA binding protein [150]; and the mitochondrial DNA polymerase y, which
associates with a 35-kDa protein [151].

35




36 | Chapter2

A Phi6 (dsRNA virus) B FMDV (+RNAvirus)
‘;;. ?‘g’ Thumb ’\T'. ;
% Rt

E

Figure 1: Structures of viral RdRps and associated proteins. (A) Structure of the compact Phi6
RdRp P2.The palm, fingers and thumb subdomains are indicated in different shades of grey. Image
based on PDB accession 1HIO. (B) Structure of the relatively open FMDV RdRp and the binding of
a ribavirin triphosphate (RTP) molecule to the active site on the palm subdomain. Image based
on PDB accession 2E9R. Coding as in Fig. 1A. (C) Structure of the SARS-CoVnsp([7+8] hexadecamic
protein complex. In this structure, the nsp7 subunits are shaded black, while the nsp8 subunits
are grey. Image based on PDB accession 2AHM. (D) Structure of the HIV-1 RT. The P66 and p51
protein subunits are shaded light grey and dark grey. Image based on PDB accession 3V4l. The
RNase H domain is shown in black. (E) Cryo electron microscopy-based model of the influenza
Aribonucleoprotein complex. This complex consists of the three viral polymerase subunits PA, PB1
and PB2, and an NP-coated viral RNA. Image adapted from Coloma et al.

Although similar in structure to the above DNA polymerases, most viral DNA polymer-
ases, all cellular DNA polymerases and the bacteriophage T4 DdDp obtain their proces-
sivity from binding to a DNA sliding clamp, a multimeric ring structure that requires
ATP for assembly and has a central cavity to accommodate dsDNA [152]. Interestingly, a



RNA virus RNA polymerases

similar structure was found in the analysis of two small SARS-coronavirus non-structural
proteins (nsps) (Fig. 1C), namely the 22-kDa nsp8 and the 10-kDa nsp7 [153]. Together
these subunits were shown to form a hexadecameric ring that is able to bind dsRNA
and dsDNA, and may thus play a role in conferring processivity to the SARS-Cov primer-
dependent RdRp nsp12 [153,154]. It is presently not yet known whether the nsp12 RdRp
lacks the close interlinking of the fingers and thumb domain that is observed in the
structures of other +RNA virus RdRps and would thus require a processivity factor. Fur-
thermore, additional biochemical experiments with nsp8 have shown that this protein is
capable of RNA both de novo and primer extension activity of its own as well [155,156],
suggesting that it is not only a very unique RdRp, but that it may function also quite
differently than was predicted from the first crystal structure.

The mechanism by which processivity is achieved in segmented minus strand RNA
(-RNA) viruses is very different from +RNA virus RdRps and cellular polymerases. Indeed,
processivity for these viruses appears to be attributable to the viral nucleocapsid protein
(NP), which, although the structure of their heterotrimeric RdRp has yet to be com-
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Figure 2: Catalysis in the RdRp active site. (A) Structure of the FMDV RdRp with RTP and RNA
template bound in the template and NTP channel. On the palm subdomain, the aspartates of the
active site are shown as sticks. Image based on PDB accession 2E9R. Coding as in Fig. 1A. (B) Close-
up of Fig. 2A, showing the hybridisation of the RTP with the UMP moiety in the template strand.
Motif A and C aspartates are shown as sticks to illustrate their involvement in the coordination of
the triphosphate group of the RTP molecule. (C) Schematic of the RdRp active site and the role of
motif A and C aspartates in binding two divalent metal ions (marked A and B). These metal ions
neutralise the charge of the triphosphate of the incoming NTP (shaded grey) and coordinate the
formation of the phosphor-diester bond at the 3'-OH of the nascent strand.
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pletely solved [157,158], appears to be able to coat the genome segments and minimise
the secondary structure of the template RNA to stimulate promoter escape [159]. This
notion also appears to be supported by recent cryo-EM models of the viral RdRp (Fig.
1E), which suggest that the enzyme associates with the 25-nt promoter region at the
periphery of an N protein-coated, single stranded genome segment [160].

Additional domains

The functional RdRp domain of most RNA virus polymerases is approximately 600 amino
acids in length, which is roughly the size of the prototypic poliovirus 3D?°' RdRp. How-
ever, the number of amino acids that constitute the total RdRp subunit as produced by
translation of the viral mMRNAs significantly varies among viruses, even among closely
related genera. Frequently, these supplementary amino acids are known to present one
or more additional domains. In the pestivirus polymerase NS5B subunit, for example,
the 720 amino acids also include a small N-terminal domain of still unknown function
[146]. Interestingly, up to 90 residues of this N-terminal domain can be deleted from the
bovine viral diarrhea virus (BVDV) without any loss of RdRp activity, whereas residues
91-106 are involved in RdRp activity and appear to fold as a separate domain that sits on
top of the thumb subdomain [146,161].

Also the related flavivirus NS5 RdRp has an additional N-terminal domain, but this
one enlarges the overall subunit to around 900 amino acids (~103 kDa) and harbours a
2'-0O-methyltransferase (MTase) activity, which the NS5 subunit can use to generate 5’
cap structures on newly synthesised viral genomes [162,163]. Large N-terminal domains
are also present in coronaviruses [89], and although no biochemical experiments have
been performed so far to test their enzymatic functions, protein expression studies have
shown that the N-terminal residues of this domain greatly influence the stability of the
nsp12 RdRp [154]. Interestingly, the enzymatic activity of the polymerase N-terminal
domain can also be used to distinguish RdRps from DNA polymerases, given that the
N-terminal domains of these enzymes typically have 3'—5" exonuclease activity and
proofreading abilities [53,55,164,165,166,167,168,169], and that, in line with the rela-
tively high mutation rate of viral genomes, such abilities have not been found among
RdRps to date [35,47,170].

RNA virus polymerases may also contain additional domains in their C-terminus or in
associated subunits. A prime example of the former is the human immunodeficiency
virus (HIV) RT, which has RNase H activity in the p66 polymerase subunit [171] (Fig. 1D).
This activity is used to internally cleave the RNA strand in the RNA/DNA hybrid molecules
that form during reverse transcription reactions. An example of an RdRp with subunits
that contain different enzymatic activity than the core RdRp subunit the influenza A
heterotrimeric polymerase. This RdARp assembles via head-to-tail interactions between
the viral RdRp subunits PA and PB1 and PB1 and PB2 (Fig. 1E). The RdRp active site is con-
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tributed by the PB1 subunit, whereas endonuclease and cap-binding sites are present in
PA and PB2, respectively [158,172]. Interestingly, even though the PB1 subunit contains
all key RdRp sites, including motifs A-D, it cannot function on its own and requires at
least the PB2 subunit to be soluble [158].

Polymerase dynamics

Apart from combining different enzymatic activities in the same functional protein to
improve, e.g., replicase efficiency or to minimise the coding sequence of the genome,
the integration of multiple enzymes into one protein unit does impose an important
functional consequence on the polymerase dynamics as a whole, particularly when the
two (or more) active sites are positioned opposite each other. A striking demonstration
of these consequences was visualised in fluorescence resonance energy transfer (FRET)
studies of the HIV-1 RT [173,174]. This enzyme needs to catalyse a multi-step process,
including i) RNA-templated minus strand DNA synthesis, ii) primer synthesis through the
cleavage of polypurine RNA templates, iii) DNA-templated plus strand synthesis, and iv)
RNA primer hydrolysis with its RNase H domain to expose the HIV-1 integration sequenc-
es, all in order to convert the single stranded viral RNA genome into a dsDNA molecule
ready for integration into the host cell genome [175]. In line with the juxtapositioning of
the RNase and polymerase active sites, it was demonstrated that the enzyme can orient
itself into an RNA hydrolysis position when RNA is bound or, when it encounters a DNA
primer, in a position that allows the polymerase active site to be active [174].

These observations mean that a dissociation event is required to move the template
strand from one active site to the other. This is in large contrast with the translocation of
the nascent strand between the polymerase and exonuclease sites of DNA polymerases,
given that this process appears to prefer an intramolecular pathway rather than dis-
sociation into free solution and rebinding [52,176]. Interestingly, the HIV-1 RT can also
rapidly swivel between its two binding orientations on the template when polypurine
RNA primers are used to prime DNA synthesis. It was hypothesised that only the pres-
ence of dNTPs would fix it into a polymerase active state [174].

On a smaller level, the polymerase active site is also structurally highly dynamic and
flexible. This was elegantly demonstrated through quantitative analysis of multiple-
quantum NMR data of the ¢6 polymerase p2 and through modelling studies of the
poliovirus 3D?°' [177,178]. For ¢6 polymerase it was found that the RdRp domain displays
essentially two types of motions, namely fast motion (k = 1200-1500 s™') and slow mo-
tions (k = 500-800 s') [178], an observation that was corroborated in 3D simulations.
Further analysis suggested that the fast motions involve residues that are in close prox-
imity to the template tunnel (Fig. 2A) and the C-terminal part of the RdRp, and it was
therefore assumed that particularly these motions contribute to RNA translocation in
RdRps [177,178]. Indeed, the rates coincide well with the assumption that translocation
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is coupled to pyrophosphate release, which takes place at 1200 sin T7 RNA polymerase
[179]. This also predicts that mutations that affect these fast rates have the ability to
greatly impair the processivity of the RdRp.

The slow motions are a completely different story though. Consistent with the general
notion that chemistry is the rate-limiting step in the overall polymerase reaction, as was
shown through pre-steady state kinetic analysis [180], the slow motions chiefly involve
motifs C, D and E of the ¢6 RdRp [178]. In line with this, the 3DP°' simulations displayed
little flexibility in the palm domain, whose residues essentially moved on the time scale
of catalysis [177]. Interestingly, the motion of the residues lining the NTP channel (Fig.
2A) was synchronised with the palm residues and biased towards the active site, sug-
gesting that they actively pump nucleotides towards the catalytic site. Interestingly, the
motions were also exactly anti-correlated with the motions of the nascent RNA-binding
channel, which was able to open by 20 A [177]. These observations do not only suggest
that the translocation mode of the RdRp is passive, given that the average minor groove
distance of an RNA duplexis ~8-11 A [181], but they also imply that during translocation,
no solutes can reach the active site through the NTP channel and that the two processes
are inherently separated in time.

Template recognition

Each polymerase is tailored to function within each virus’ niche and replication cycle.
In essence this principle as well as the flow of replication - and to a certain extent even
the structural elements in the RdRp - are effectively determined by the nature of the
genome. When a +RNA virus infects a cell, it carries with it a linear, single-stranded ge-
nome that has evolved to allow initiation of viral gene expression immediately upon its
release from the virion. +RNA genomes may therefore contain a cap-structure at their 5’
end, a 3’ polyA tail, an internal ribosomal entry site (IRES), internal purine-rich elements
that mimic polyA tails, or a combination of these elements [58,182,183,184]. It is not
until after translation and the proper processing of the set of viral (poly)proteins that
it produces, that a viral RdRp starts viral RNA synthesis [58,134,185,186]. This delay is a
small offer, however, because it allowed +RNA viruses to save space, time and resources
and they need not package an RdRp together with the genome in the virion such as
-RNA viruses. And because no RdRp packaging has to take place, the +RNA virus RdRp
was not required to evolve structural elements to facilitate a stable association with the
genome.

In contrast, the process of RdRp packaging is a vital step in the replication cycle of
viruses with -RNA or dsRNA genomes. This characteristic is dictated by the fact that
these molecules are not suited for immediate translation and need to undergo an initial
round of transcription before viral proteins can be synthesised by the ribosome. For
segmented -RNA viruses, RdRp packaging is achieved through a specific association of
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the heterotrimeric polymerase with the vRNA promoter [187], a partially dsRNA struc-
ture that spontaneously forms when the 5’ en 3’ terminal ends of the -RNA genome
segments hybridise (Fig. 3A) [188,189]. This promoter is also crucial for transcription
initiation, ‘cap-snatching, and the initiation of RNA replication or complementary
RNA (cRNA) synthesis [188,190,191]. Packaging in dsRNA viruses on the other hand, is
achieved by the translocation of single-stranded +RNA segments into a protein shell,
called the polymerase complex [192,193]. This translocation activity is specific for the
5" ends of the genome segments and relies on the purine-dependent 5'—3’ helicase
activity of the packaging/helicase protein [192,194]. Inside the polymerase complex,
multiple polymerase subunits (e.g., protein P2 in the Cystoviridae [193]) then copy the
imported single-stranded genome segments into dsRNAs, recognising and initiating
on conserved 3’ terminal cysteine residues [195]. In the next round of infection, the
complementary strands in these dsRNAs are then used as template for transcription,
whereupon the viral mRNAs are translocated from the protein shell into the cytoplasm
of the infected cell.

Although required at a different stage in the viral infection cycle, faithful recognition
of the genomeis also a prerequisite for the RdRps of +RNA viruses. In most +RNA viruses,
this process is guided by secondary structures in the genomic RNA, the 3'-end of the
viral genome (usually one or more purines) and, in de novo initiating RdRps such as
the flaviviruses, a specific binding site for GTP. Particularly this latter element plays an
important role in assisting the initiation nucleotide at position i at the 3’-end of the viral
genome in attacking the second NTP at position i+1 [40,146,196] (Fig. 3B).

In the replication of the very well studied poliovirus genome, for example, a specific
structure at the 5’ end of the genome serves as a general promoter for both +RNA and
-RNA synthesis [197] (Fig. 3C). This structure is supported by a 5" UTR cloverleaf structure
that serves as binding sites for the cellular poly(rC)-binding protein (PCBP) and viral 3CD-
P polyprotein cleavage intermediate [198,199,200]. Together, these complexes facilitate
circularisation of the genome by binding the C-terminal part of the cellular poly(A) bind-
ing protein (PABP) [201], a factor with affinity for purine-rich elements and of importance
for controlling mRNA stability and translation [202,203]. Although the stoichiometry of
the proteins involved has not been studied in great detail yet and the exact role of PCBP
has been disputed, the general process of RNA structure-guided circularisation likely as-
sists in triggering self-cleavage of the 3CDP™ precursor and activation of the RdRp 3D
on the correct template. In addition, 3D will initiate replication with uridylation of the
viral protein VPg using a back-slide mechanism on the cis-replication element (CRE) resi-
dent inside the 2C coding region as template [197,204,205]. This enzymatic step creates
the protein primer VPg(pUpU®°) that can hybridise to the viral polyA tail and facilitate a
complete duplication of the genomic 3’ end by 3DP'[206,2071. In addition, the protein
primer can bind to the 3’ terminal 5'-AA°" of the negative strand and thus effectively
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prime +RNA synthesis [197,208,209]. A study of the related foot and mouth disease virus
(FMDV) has shown that the terminal uridylate of the VPg(pUpU®") can occupy a similar
position as an RNA primer in the active site of the polymerase during elongation [210].

Crucially, to allow positive-strand synthesis after an initial round of -RNA synthesis, the
poliovirus 5’ cloverleaf structure must refold at the 5'-end of the positive-strand RNA.
This may be achieved through spontaneous unfolding of the ds poliovirus replicative
intermediate at its 5" or, alternatively, via a 5'-specific helicase-driven unwinding event.
Various observations have suggested that the poliovirus 2C protein could carry out this
role, given its putative helicase activity based on bioinformatics analyses, its ATPase
activity and its interaction with the 3’ end of the negative-strand [211,212,213,214].
However, direct evidence for 2C helicase activity remains elusive and other roles for this
protein, such as the anchoring of viral RNAs to membrane-bound replication complexes
(discussed below) through its membrane domain have been proposed as well [215,216].
A third alternative may be presented by the activity of replicating or transcribing
polymerases still present on the (partial) dsRNA replicative intermediate. As has long
been recognised for dsDNA replication and transcription, the activity of a polymerase
on the ds genome induces the formation of negative supercoils (a more closed helical
structure) in front of the polymerase and positive coils (a more open helical structure)
behind the polymerase. Interestingly, these changes in local topology have been shown
to directly influence the accessibility of the ds template to the transcription machinery
[217,218,219], likely due to the fact that a positively coiled template is easier to unwind
than its negatively coiled counterpart. This effect may also be present in relatively long
dsRNA molecules, particularly if their ends are attached to membranes (see below).

Circularisation of the genome is also an important step in the replication of flavivirus-
es. Contrary to picornaviruses, but distantly resembling the interactions in segmented
-RNA viruses, this is achieved through long-range interactions of conserved 5" and 3’
UTR elements, which effectively position the conserved 5'-CU° 3'-terminal sequence
opposite the 5'-terminal end [220,221,222,223]. Biochemical and mutational evidence
have shown that particularly the 3'-terminal 5’-CU°" of the genome is recognised by
the flavivirus RdRp NS5 [224]. However, similar techniques have also demonstrated
that a certain fraction of the genome must remain linear in order to support infectivity,
possibly to allow translation [225]. Interestingly, RdRp recruitment and initiation of RNA
synthesis are believed to take place on a stem-loop/promoter structure in the 5" UTR of
the genome, an interaction that likely evolved to support NS5's role in 5’ capping of the
genome [223,226].

The influence of RdRp confinement
Recognition of the genome is unfortunately not sufficient for effective RNA virus replica-
tion. At later stages in the infection cycle, the RdRp also needs to discriminate between
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Figure 3: Template recognition by RdRps. (A) Structure of the influenza A virus RNA promoter
that forms by spontaneous hybridisation of the terminal ends of each viral genome segment. This
structure coordinates the binding of the influenza RdRp and its role in replication, transcription
and genome segment packaging. (B) Model of de novo RNA synthesis by a flavivirus RdRp. The
RdRp binds to the 3’ end of the viral genome (left panel). Then the template, initiation NTPs, and
an additional GTP form an initiation complex that is stabilised by the closed C-terminal loop. After
the first polymerase reaction, the GTP is released (right panel) by opening of the C-terminal loop
and translocation of the template—-nascent strand duplex. A new NTP can enter the active site via
the NTP channel to start elongation. (C) A model for the circularisation of the poliovirus genome
via PCBP, PABP and the 3CDr™ cleavage intermediate. This protein bridge ensure that the viral
polymerase 3D is brought into close proximity with the 3" end of the viral genome where it can
initiate -RNA synthesis using VPg as protein primer.

strands that are being replicated, strands that are to be translated and strands that will
be committed to packaging in new virions. In -RNA replication - with the exception of
some rhabdo- and paramyxoviruses - this discrimination is accomplished through the
physical separation of the sites of replication and transcription (in the nucleus), and
the sites of translation (cytoplasm) [227]. Genomes of +RNA viruses, however, are both
replicated and translated in the cytoplasm, which would instigate a direct competition
for templates in absence of control mechanisms. Alternatively, they may, in certain
scenarios, benefit from the unwinding activity of the ribosomes to stimulate their
own replication, similar to the enhancement of bacterial transcription by translating
ribosomes [43]. Interestingly though, each +RNA virus replication complex associates
with one or more ensphering membranes, which are, in reference to their morphol-

43




44 | Chapter2

ogy, termed double-membraned vesicles (DMVs), invaginations, spherules, convoluted
membranes (CMs) or the reticulovesicular network (RVN) [68,70,228]. Depending on the
virus, these alterations are induced in mitochondria [75], endosomal vesicles [72], or the
endoplasmatic reticulum [67,68,70,229]

The rearrangements of cellular membranes are dramatic, readily identifiable and
believed to be the result of a specific membrane modification strategy that helps the
virus to confine the localisation of the replicating viral RNAs within the cytoplasm.
Indeed, studies investigating the importance of these membranes showed that drugs
targeted at specific membrane/transport pathways, such as with Brefeldin A, an inhibi-
tor of the cellular secretory pathway [230,231,232], or mutations in or near membrane-
spanning viral proteins can significantly impair the location, shape or activity of the
replicase [71,233,234,235]. It has further been shown that viral RdRps can be anchored
to or stabilised at virus-induced membranes, possibly via protein factors or via a direct
phospholipid interaction [236,237]. RNAs may be anchored to the membranes as well,
particularly the ones that are used for replication. In fact, a recent study of the flock
house virus showed that the ~50 nm spherules that are formed by this virus contain on
average 2-4 replicative intermediates [238].

Various reasons for the formation of these membrane alterations can be envisioned,
including, i) physical support and organisation of the replication complex, ii) tethering
of the viral (-)RNA during strand separation, iii) tethering of the viral RNA to induce
genome topology, iv) compartmentalisation and elevation of the local viral protein con-
centration, v) filtering unwanted interactions with the pool of cellular and viral mRNAs
committed to translation, and vi) protection of the viral RNA from dsRNA-mediated host
defences, such as RNA interference. A putative seventh could be an improved regula-
tion of the RdRp activity. In poliovirus replication, the same 5’-proximal elements that
target the poliovirus RdRp to its correct template may also function as molecular switch
between replication and translation. The viral protease 3C only associates with the 5’
cloverleaf structure as polyprotein cleavage intermediate 3CDP™ (Fig. 3C) and needs to
associate with PABP and PCBP [199]. Interestingly, both 3C and 3CDP* can cleave PABP
and PCBP, and thereby terminate their interactions with the viral genome [239,240].
However, this step would also prevent circularisation of the genome and thereby its rep-
lication. Consequently, the local concentration or the prolonged presence of 3C could
function as molecular switch and transfer a viral genome from a replication process to
translation or packaging, or vice versa [241].

However, proof that the RNA-synthesising activity resides inside the membranous
complexes has not been conclusively demonstrated for all +RNA viruses, and the lack
thereof together with the absence of a detectable connection between the inside of
DMVs with the cytoplasm (and crucially the ribosomes and sites of encapsidation) has
questioned the mechanism and location of nidovirus replication [68].
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Fidelity, repair, and non-templated extension

Overall, a vital requirement for every polymerase is the duplication of the genome with
high fidelity. Many factors can influence this process, however. For instance, the fidelity
of the DNA-dependent DNA synthesis by the HIV-1 RT - this enzymatic phase that takes
place after reverse transcription in order to produce a dsDNA ready for integration in the
host genome - increased 9-fold when the pH of the in vitro reaction was lowered from
pH 8.0 to pH 6.5, as determined using a base substitution reversion assay [242]. Similarly,
nucleotide analogues such as ribavirin have a dramatic impact on the mutation rate
of replication [39,56], as do various divalent metals [180,243], or amino acid mutations
that affect the incorporation rate or structural dynamics of the RdRp [177,244]. However,
even in absence of such factors, the mutation rate of RNA viruses, and the mutation
rate of +RNA viruses in particular, is already several orders of magnitude higher than
the mutation rate of DNA genomes [47,170]. This has important medical consequences,
since few antivirals can remain effective against +RNA viruses when the high mutation
rate facilitates a rapid development of drug resistance.

In spite of their high error frequency, dramatic mutations or deletions can be repaired
in the viral genome. It was shown, for instance, that the RdRp of turnip crinckle virus
(TCV) is able to repair mutations in the 3’ sequence CCUGCCC®" sequence of its genome
using a 3-step process. Paradoxically, the first step in this process is the non-templated
synthesis of an RNA primer, which can then be aligned with the 3’ end and extended
in a primer-dependent fashion [245]. Different repair mechanisms have been observed
for the dengue virus RdRp NS5. This enzyme, which can initiate de novo on the 5’ end
of the genome, was found to correct mutations and deletions in the 3' UTR, provided
they still allowed circularisation and were smaller than 6 nt [246]. Although conclusive
evidence for the mechanism is still elusive, the authors proposed that the viral RdRp
was able to correct these errors through its terminal transferase activity [246]. The use
of terminal transferase activity for repair is of course paradoxical, as it generally entails
the non-templated and thus mostly random addition of nucleotides to the 3’ end of
templates [123,124,125] and would thus create a pool of quasispecies. It is nevertheless
a possibility that this process is, in part, reminiscent of the strategy used by lesion-repair
polymerases, which employ their relaxed fidelity to rescue a stalled replication process,
and that a subsequent selection step would enable the virus to filter back the wild-type
sequence [246]. Additionally, the RdARp may use homologous recombination or template
switching to correct its genome more rapidly.

Terminal transferase activity has been observed for many RdRps and is generally linked
to a specific template or nucleotide substrate [247,248,249]. Poliovirus 3D?° for instance,
is able to catalyse the addition of AMP molecules (i.e., adenylyl transferase, TATase) to
the 3’ end of the genome [247]. Similar activity has been observed for the alphavirus
polymerase [250], suggesting that this activity may be a common feature of RdRp termi-
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nation and polyA-tailing of the genome. However, many other RdRps, particularly those
of dsRNA viruses, do not portray such strict nucleotide specificities under in vitro condi-
tions, such as the pancreatic necrosis virus VP1 polymerase [249]. Furthermore, other
reports have implicated internal or terminal genomic polyU sequences as templates for
polyA-tail synthesis [251,252,253].

Additional polymerases and multimerisation

In prokaryotic and eukaryotic cells, which evolved more sophisticated genetic codes
and a higher number of transcription units than RNA viruses, control over the replica-
tion and transcription machinery is enhanced by delegating activities to distinct core
enzymes, such as primases [23], leading and lagging strand polymerases [254], and
translesion synthesis (TLS) polymerases, which can accommodate damaged DNA in
their active site at a loss of specificity to keep the elongation process going [255,256].
But these enzymes also cooperate to complete their function. During eukaryotic replica-
tion initiation, for instance, a careful interplay of the proliferating cell nuclear antigen
(PCNA) clamp protein, the clamp-loader complex replication factor C (RFC), the mini-
chromosomal maintenance helicase (MCM), and the single-stranded binding protein
replication protein A (RPA), launches a total of three polymerases (i.e., a, §, and €) and
thereby replication. In addition, up to three polymerases may be associated with a single
replicative helicase to allow a rapid exchange between polymerases in order to improve
the overall processivity of the replication process [257].

Such heavily coordinated processes are often not associated with the seemingly singu-
lar viral RdRps, but cooperation and multimerisation have nevertheless been observed
between them. For instance, an oligomerisation-driven stimulation of RdRp activity has
been reported for the primer-dependent poliovirus 3D and the primer-independent
norovirus RdRp [258,259,260]. In fact, some evidence suggests that the poliovirus 3D
may even form lattices at sufficient local concentration. In addition, the HIV RT is effec-
tively a polymerase pair as well, given that it is a complex of the HIV protein p66 and its
cleavage product p51 [261] (Fig. 1D, note the two red palm subdomains). Furthermore,
dimerisation of the HCV RdRp has been demonstrated to stimulate de novo initiation
and the presence of multiple heterotrimeric influenza RdRps may stimulate or even be a
prerequisite for transcription [262,263]. Interestingly, oligomerisation among PV RdRps
has also been shown to be beneficial for replication even if not all RdRps are catalytically
active [258]. Interestingly, such effects could be negated through the introduction of
specific mutations in the N-terminal domain of the polymerases, suggesting that this
domain is important for polymerase crosstalk.

A more extreme case of the presence of multiple polymerase activities within a viral
replication complex and one that may even resemble cellular principles is presented
by the coronaviruses (CoVs). These viruses, which are particularly well known for their
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uniquely large ~30-kb +RNA genomes, encode at least two distinct polymerase activities,
including an RdRp with a canonical, conserved RdRp domain of ~600 amino acids and
a non-canonical, multimeric RdRp [154,155,156]. It has been proposed that these two
enzymes may cooperate during replication or transcription of the genome to improve
the processivity of these reactions. In addition, they may assume roles such as primase
and primer-dependent polymerase akin to the cellular replication complex [154,155],
putatively in order to achieve better control over initiation and elongation. However,
convincing biochemical proof for these concepts has yet to be shown.

Conclusions and outlook

Although RNA replication varies greatly among RNA viruses and many different strate-
gies exist, common principles clearly exist in the RdRp structure and the organisation of
their replication machinery. In addition, it is now also understood that viral RdRps can be
targeted by similar approaches, some of which may affect the fidelity of viral replication
and thereby virus survival. These factors include nucleotide analogues such as ribavirin,
but also amino acids that are located far away from the active site but can nevertheless
influence the dynamics of the RdRp structure [177].

However, in spite of these common principles, ultimately the differences in the func-
tionality of the RdRp and the location of the RdRp during the virus lifecycle specify the
survival-strategy and pathogenicity of each and every virus. For instance, as mentioned
above, some RdRps are able to correct mutations or deletions in the 3’ UTR of the viral
genome and it has been proposed that this activity evolved to counteract host cell
exonucleases. However, other viruses appear to have not evolved this property at all
and instead employ the cellular exonucleases for the production of specific subgenomic
RNAs, which in turn contribute to the pathogenicity of the viruses. Furthermore, whereas
+RNA viruses use membranes to support their replication complexes, -RNA viruses typi-
cally coat their viral RNA templates with viral protein, and dsRNA viruses replicate and
transcribe inside (sub)viral particles.

Consequently, although a daunting amount of information is already available on viral
RdRps and some of that knowledge may be extrapolated to explain and predict func-
tions in other viruses, a specific knowledge of different viral RdRp functions will likely be
important if we aim to target and frustrate viral RdRps with (novel) antiviral therapies.
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ABSTRACT

An RNA-dependent RNA polymerase (RdRp) is the central catalytic subunit of the RNA-
synthesizing machinery of all positive-strand RNA viruses. Usually, RdARp domains are
readily identifiable by comparative sequence analysis, but biochemical confirmation
and characterisation can be hampered by intrinsic protein properties and technical
complications. It is presumed that replication and transcription of the ~30-kb SARS coro-
navirus (SARS-CoV) RNA genome are catalysed by an RdRp domain in the C-terminal
part of nonstructural protein 12 (nsp12), one of sixteen replicase subunits. However,
thus far full-length nsp12 has proven refractory to expression in bacterial systems, which
has hindered both the biochemical characterization of coronavirus RNA synthesis and
RdRp-targeted antiviral drug design. Here, we describe a combined strategy involving
bacterial expression of an nsp12 fusion protein and its in vivo cleavage to generate and
purify stable SARS-CoV nsp12 (106 kDa) with a natural N-terminus and C-terminal hexa-
histidine tag. This recombinant protein possesses robust in vitro RdRp activity, as well
as a significant DNA-dependent activity that may facilitate future inhibitor studies. The
SARS-CoV nsp12 is primer-dependent on both homo- and heteropolymeric templates,
supporting the likeliness of a close enzymatic collaboration with the intriguing RNA
primase activity that was recently proposed for coronavirus nsp8.
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INTRODUCTION

The central enzymatic activity in the life cycle of positive-strand RNA (+RNA) viruses
is the process of RNA-templated RNA synthesis. In mammalian cells, the replication
of +RNA genomes always occurs in the cytoplasm where the viral RNA-synthesising
machinery is commonly associated with (modified) cytoplasmic membranes, which
presumably provide physical support and may serve to protect the complex from host
defense mechanisms [228,235]. The viral enzyme complex contains an RNA-dependent
RNA polymerase (RdRp) as its core catalytic subunit for the production of negative 3
strand RNA (-RNA), new genome molecules, and in many virus groups also subgenomic
(sg) mRNAs [235,264].

Coronaviruses (CoVs) are a family of +RNA viruses that infect a wide range of verte-

brates including humans, as exemplified by Severe Acute Respiratory Syndrome (SARS)
and various respiratory infections caused by less virulent family members [65]. The
group is also known for its exceptionally large polycistronic genome of approximately
30 kilobases, which is 5" capped and 3’ polyadenylated RNA. The 5’-proximal two-thirds
of the CoV genome (open reading frames 1a and 1b) are translated into the viral repli-
case polyproteins ppla and pplab. The 3'-proximal third encodes the viral structural
proteins and several so-called accessory proteins, which can only be expressed follow-
ing the production of a set of four to nine sg mMRNAs [51,265]. It is in particular this
coronavirus hallmark that has attracted attention over the years, since these sg mRNAs
consist of sequences that are noncontiguous in the viral genome: a common 5’ leader
sequence is attached to body segments representing a variable part of the 3'-proximal
genomic region. According to the now widely supported transcription model of Sawicki
and Sawicki [266], the arterivirus and coronavirus sg RNAs derive from a discontinu-
ous step during minus-strand RNA synthesis that is guided by specific RNA signals and
resembles copy-choice RNA recombination [51,265,267]. This mechanism produces
a set of subgenome-length negative-strand templates from which the sg mRNAs are
produced. The unusual genome size of coronaviruses and the complexity of their RNA
synthesis hint at an RdRp that may have special properties, either by itself or in conjunc-
tion with other subunits of the coronavirus replication/transcription complex (RTC).
Coronavirus replication and transcription are driven by the 15 or 16 viral nonstructural
proteins (nsps) encoded in the replicase gene, which include many enzyme activities
that are rare or lacking in other families of +RNA viruses [35,58]. These nsps are produced
during co- and post-translational processing of the pp1a and pp1ab replicase polyprot-
eins by two or three internal viral proteinases [44]. In the years following the 2003 SARS
outbreak, bioinformatics, structural biology, (reverse) genetics and biochemical studies
have all contributed to the in-depth characterisation of coronavirus nsps in general and
those of SARS-coronavirus (SARS-CoV) in particular [35,58,268]. Currently documented
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enzyme activities include proteinases [44], a putative RNA primase [155], a superfamily
1 helicase [109], an exo- and an endoribonuclease [105,269], ssRNA binding proteins
[270,271] and two methyltransferases [272,273]. Following the sequence analysis of
the first coronavirus genomes, more than two decades ago, the putative RdRp domain
of the coronavirus RTC had already been identified by comparative sequence analysis
[84,274]. The C-terminal two thirds of the 932 amino acid subunit now known as nsp12
were confidently aligned with the conserved motifs of well-known RdRps [84,89]. In
view of its unprecedented size among viral RdRp subunits, which commonly consist of
500-600 amino acids, nsp12 may well harbour other functional domains in its as yet
uncharacterized N-terminal domain. Biochemical information on the coronavirus RdRp
has remained scarce thus far though, in particular since full-length nsp12 was refractory
to expression in bacterial systems. Preliminary evidence for the in vitro RdRp activity
of nsp12 came from a study of the SARS-CoV enzyme by Cheng et al. [275]. However,
their experiments, employing a glutathione S-transferase (GST)-nsp12 fusion protein,
were hampered by protein instability, which resulted in the fragmentation of the protein
into three parts. Primer-dependent activity on poly(A) templates was observed in filter
binding assays, but the enzyme biochemistry was not further characterized in detail.

Given its pivotal role in viral replication and the efficacy of polymerase inhibitors used
to combat other virus infections, the SARS-CoV RdRp is widely regarded as an important
and attractive target for the rational design of anti-coronavirus drugs [89,276]. We there-
fore sought to solve the technical issues described above and develop reliable protocols
for stable expression, purification and in vitro activity of the full-length coronavirus
nsp12. In this paper, we describe an expression strategy utilising in vivo cleavage in a
bacterial expression system by ubiquitin carboxyl-terminal hydrolase 1 (Ubp1), which
releases the small N-terminal fusion partner ubiquitin (Ub) and generates a recombinant
nsp12 protein containing its natural N-terminus. This was found to be a critical step on
the road towards purification of a stable recombinant SARS-CoV RdRp. We subsequently
established that full-length nsp12 can readily synthesise RNA in a primer-dependent
fashion on both homo- and heteropolymeric RNA templates and is also efficient at
incorporating deoxy-nucleotides on a DNA template. This work therefore provides a
solid basis for the further biochemical characterisation of the coronavirus nsp12 and the
detailed dissection of its role in viral replication and transcription. Understanding the
enzyme’s properties will be essential for the development of selective coronavirus RdRp
inhibitors and will likely provide novel insights into the intriguing (evolutionary) relation
between the RdRp of nidoviruses and other groups of +RNA viruses.
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RESULTS

Stable expression and purification of full-length SARS-CoV nsp12

A PCR amplicon encoding SARS-CoV nsp12 was first cloned into T7 expression vector
pET26-Ub-CHis,, which provided the 932-aa viral protein with an N-terminal Ub tag (76
amino acids) and a C-terminal hexahistidine tag (Fig. 1A). To avoid the known risk of
T7 RNA polymerase contamination when purifying another RdRp using a T7 promoter-
driven expression system (like E. coli BL21(DE3)), the Ub-nsp12-CHis_ fusion gene was
subsequently transferred to plasmid pASK3, placing it under control of a tetracycline-
inducible promoter. Initially, the protease that was later used to remove the Ub tag
was not co-expressed and the expression of the full-length Ub-tagged nsp12-CHis,

was compared to that of variants containing either maltose binding protein (MBP) or
thioredoxin (Thio) as fusion partner. As shown in Fig. 1B and as also documented in the
previous work of Cheng et al. [275], expression and purification of nsp12 fusion proteins
resulted in the abundant and progressive fragmentation of the protein. Based on their
sizes in SDS-PAGE, the cleavage products likely were the 64- and 39-kDa nsp12 degra-
dation products as found by Cheng et al. when working with their GST-nsp12 fusion
construct [275] (Fig. 1B). Therefore, our results confirmed and extended the previously
reported observations regarding the instability of SARS-CoV nsp12 when expressed in E.
coli as part of a fusion protein.

In studies with the poliovirus (PV) RdRp (3DP?), it was previously shown that N-terminal
foreign sequences, even the addition of a single methionine residue, can have a signifi-
cantimpact on enzyme activity [277,278]. Structural studies subsequently revealed that
a native N-terminus is required for the proper folding of the RdRp’s “fingers” subdomain
and the positioning of the 3DP active site [278]. These findings suggested to us that
N-terminal additions might also hamper the proper folding of the SARS-CoV RdRp
and could thus be the principal cause of its subsequent degradation. We therefore co-
expressed the carboxy-terminal Ub protease Ubp1 [277], which specifically recognises
the cleavage site in our fusion protein that is located between the Ub moiety and the N-
terminus of nsp12 (LRGG | SADAS). Proteolytic cleavage of the fusion protein at this site
liberated an nsp12-CHis, product (Fig. TA), now containing its natural N-terminus. The
expression of the Ubp1 protease was driven by the relatively weak constitutive ADH1
promoter [277]. Hence, to ensure optimal release of nsp12-CHis_ by the protease, induc-
tion of Ub-nsp12-CHis, expression was performed only in the middle or late log-phase of
bacterial growth. Induction at lower densities or on-column cleavages performed with
the cleavable MBP and Thio fusion proteins resulted in significant amounts of degraded
nsp12, which was inactive in RdRp assays (data not shown).

As depicted in Fig. 1B and C, the in vivo cleavage product that we were able to rou-
tinely purify was of the expected 106-kDa size [58] and was found to be stable, even
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after multiple rounds of purification and prolonged storage at -20°C. Non-denaturing
gel filtration yielded a single peak corresponding to a size of about 140 + 10 kDa as
estimated by comparison to a standard curve (Fig. 1E-F). This is different from the cal-
culated mass of 106 kDa, but may be explained by, e.g., a very open or non-globular
structure of the protein. Moreover, unexpected behaviour in gel filtration is not without
precedent for RdRps, as was, e.g., reported for the monomeric ¢6 RdRp P2 [195]. Future
structural studies involving electron microscopy or crystallography will hopefully allow
us to address this question in more detail.

SARS-CoV nsp12is a primer-dependent RdRp

+RNA virus replication may proceed through a variety of scenarios, but essentially viral
RdRps employ only two fundamentally different mechanisms during the first step of
RNA synthesis: initiation can occur either de novo, when the 3’ hydroxyl group of the first
nucleotide essentially is the ‘primer’ to which a second nucleotide is added, or initiation
can depend on an oligonucleotide or protein primer [134]. Imbert et al. [155] recently
showed that the coronavirus nsp8 subunit, a relatively small protein (22 kDa) that forms
a hexadecameric complex with nsp7 [153], can synthesise short oligonucleotides using
polyC templates or templates containing a 3' CCG/U motif. Although the exact role of
nsp8 remains to be studied in much more detail, one of its proposed functions is that of
an 'RNA primase’ [155]. According to this hypothesis, and similar to what has been docu-
mented for cellular DNA polymerases [23], the oligonucleotide products of nsp8 activity
would serve as primers for the viral ‘'main RdRp; i.e., nsp12. Some other observations
were also consistent with the possibility that the SARS-CoV main RdRp belongs to the
class of primer-dependent polymerases. Firstly, modelling of the structure of SARS-CoV
nsp12 residues 400-900 suggested that the central domain of the protein contains a
G motif, a signature present in all primer-dependent RdRps [89]. Secondly, when us-
ing the unstable GST-nsp12 fusion protein in combination with a polyA template and
a polyU primer, Cheng et al. [275] observed a moderate RdRp activity in filter-binding
assays. Convincing evidence for the extension of an RNA primer in vitro, however, was
not documented thus far.

To qualitatively assess the polymerase activity of the nsp12, we monitored the incor-
poration of nucleotides on a well-defined synthetic RNA template, which was predicted
to lack secondary structures that could affect the enzyme’s processivity. This template
(Fig. 2A) consisted of a 20-nucleotide duplex and a 3’ overhang of 10 uridylates, which
could serve as template during extension of the 20-mer primer. As shown in Fig. 2, primer
extension was revealed by both the incorporation of [a-32P]ATP (Fig. 2B) and the exten-
sion of the 32P-labelled primer (Fig. 2C). The use of single-stranded or homopolymeric
(polyU or polyC) templates did not lead to significant incorporation of nucleotides (data
not shown).
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Figure 1: Expression and purification of the SARS-CoV nsp12. (A) Expression of nsp12 was
performed in the presence of the ubiquitin (Ub) protease Ubp1, which removed the N-terminal Ub
fusion partner by cleaving after the LRGG signature that formed the junction between the Ub and
nsp12 moieties. This in vivo cleavage created the native nsp12 amino-terminus with the sequence
SADAS. (B) Western blotting using an nsp12-specific polyclonal antiserum identified a single band
of the expected mass after purification of the in vivo cleaved expression product. Isolation of fusion
proteins with different N-terminal tags resulted in common patterns of degradation. Similar results
were reported by Cheng et al. for a GST-nsp12 fusion protein [260]. (C) Purified nsp12-CHis, was
readily visualised by Coomassie staining as a ~106 kDa protein product, in line with the expected
mass. Inductions in the absence of Ubp1 expression, however, resulted in a mixture of full-length
fusion protein and degradation products, likely as a result of improper folding. No RdRp activity
was observed for these preparations. (D) Gel filtration analysis of purified nsp12 in assay buffer
showed a single peak, corresponding to a globular molecular weight of 140 + 10 kDa, suggesting
that only the monomeric form of nsp12 is present under the conditions used.

Based on sequence alignments of SARS-CoV nsp12 with RdRps of known structure, it
was previously concluded that the canonical aspartic acid residues responsible for the
coordination of the divalent cation in the RdRp’s active site should be nsp12 residues 618,
760 and 761, the latter two amino acids being part of the nidovirus-specific SDD motif
[89,196,279,2801. In other viral RdRps, single or multiple substitutions of the equivalent
residues with alanine or asparagine were shown to change or even abolish polymerase
activity [281,282], depending on the assay conditions used. For the PV 3D for example,
it was found that mutagenesis of the motif C core sequence, changing it from GDD to
GDN, was detrimental in the presence of Mg?*, but not when Mn?* or Fe?* were provided
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as divalent cation [281]. To obtain an active site mutant that could be used as negative
control during further development of our assays, we engineered nsp12 mutant D618A.
As portrayed in Fig. 2B and C, the mutant protein displayed only 8 + 3% residual primer
extension activity in our assays (Fig. 2B-D), thus confirming the nsp12-specific nature of
the RdRp activity described here and supporting the prior hypothesis that this residue is
a key player in the enzyme’s active site. Further or complete knockdown of activity may
be obtained under slightly different assay conditions or in combination with substitu-
tion of other active site residues, which remain to be tested in future studies.

Biochemical determinants of the in vitro activity of the SARS-CoV nsp12

Itis common practice to employ filter binding assays during optimisation of polymerase
activity assays. Although convenient and less time-consuming than gel analysis of
reaction products, these assays merely reveal incorporation of label, but do not provide
direct information on the length and integrity of the products. Therefore, when explor-
ing the effects of different reaction buffer compositions, we consistently quantified and
analysed [a-*?P]ATP incorporation using denaturing 20% acrylamide gels. The standard
assay buffer consisted of 20 mM Tris-HCl (pH 8.0), 10 mM KCl, 1 mM DTT, 6 mM MgCl,, 5%
glycerol, 0.1% Triton-X100 and 50 uM ATP.

First, the influence of reaction temperature on RdRp activity was tested within the
range of 20-37°C. Activity at 37°C was 40% higher than at 30°C, which is more commonly
used in RdRp assays (Fig. 3A) [196,243,263,283]. However, a more detailed analysis re-
vealed that this increase largely stemmed from enhanced initiation of primer extension
rather than elongation, with the latter being decreased by 35% as judged from the
amount of full-length product (primer+10, Fig. 3B). Therefore, all subsequent experi-
ments were performed at 30°C. Contrary to expectations however, the major extension
product never matched the length of the primer plus 10 nucleotides, suggesting that
nsp12 generally terminates before reaching the end of the primed polyU template. The
results obtained with other templates will be discussed below.

Itis well established that nucleic acid polymerases utilise divalent cations, mostly Mg?*,
as cofactors to bind and coordinate the incoming nucleotide during the polymerisation
reaction [279,280]. As shown in Figs. 3C-D, the activity of nsp12 was positively correlated
with the Mg?* concentration and reached its optimum at 6 mM. Higher concentrations
(=20 mM) ultimately abolished activity (data not shown). The SARS-CoV RdRp does not
require Mn?* for RNA synthesis, as previously reported for the nsp9-RdRp of the arteri-
virus equine arteritis virus (EAV), a distant relative in the order of the nidoviruses [196].
In fact, the presence of Mn?" in an RdRp assay utilising a polyU template decreased the
fidelity of the SARS-CoV nsp12 relative to Mg?* and facilitated both transversional and
transitional misincorporations (Fig. 4). The specificity for the nucleotide’s sugar moiety
seemed not affected, however, since dATP was not incorporated when using an RNA
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Figure 2: SARS-CoV nsp12 primer extension assay and active-site mutant. (A) Schematic
showing the structure of the partially double-stranded RNA template with 3’ U, stretch that
served as template for primer extension in the initial nsp12-based nucleotide incorporation assay.
(B) Comparison of the RdRp activity of wild-type nsp12 and a D618A active-site mutant, which
displayed minimal activity after a 60 min incubation at 30°C. (C) A primer extension assay using a
5' 32P-labelled primer and ATP confirmed that wild-type nsp12, in contrast to the D618A mutant,
was able to elongate the 20-mer primer. The slight reduction of input primer in the D618A lane
probably resulted from degradation by RNase activity. The D618A mutant showed 8 + 3% residual
activity (mean of 3 independent experiments). In the loading control (Fig. 2B and C, lower panels)
the two nsp12 variants were visualized by silver staining of an SDS-PAGE gel.

template in the presence of Mn?*. This discriminates the SARS-CoV RdRp from, e.g., its
PV equivalent, for which correct base pairing was more important than the presence of
a 2" hydroxyl group [243].

To establish the importance of pH, we tested SARS-CoV RdRp activity in the pH range
of 6.0-8.5. We clearly observed an increase of nsp12 overall activity with an optimum at
pH 8.0 (Fig. 3E), but differences between pH 7.0 and 8.5 were marginal in terms of both
overall activity and amount of full-length product produced (Fig. 3F). Interestingly, pH
7.5 consistently resulted in a significantly larger amount of initiation product, suggest-
ing that higher pH values stimulate the processivity of the enzyme.

In additional assays, we tested the effect of monovalent cations, bovine serum albu-
min and spermidine (data not shown). No negative influence of potassium or sodium
ions was observed below a concentration of 50 mM. Neutral to slightly negative effects
were found for both BSA (tested for 0-0.1 mg/ml), which is known to stabilise enzymes
and reduce potential side-effects like absorbance to the plastic surface of the reaction
tube used. Finally, addition of spermidine, which binds to the phosphate backbone of
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nucleic acids and is a known stimulator of various polymerases, did not improve activity
in the tested concentration range up to 5 mM.

RNA binding properties of SARS-CoV nsp12

Our combined observations suggested that nsp12 is only active in a primer-dependent
fashion and may thus prefer binding to double-stranded RNA (dsRNA). To determine the
affinity of nsp12 for dsRNA and single-stranded (ssRNA) we performed electrophoretic
mobility shift assays, in which we titrated purified nsp12 in the presence of 0.2 nM 5’
32pP-labelled RNA (Fig. 5). Subsequently, the percentage of bound template and the Hill
equation (see Materials and Methods) were used to derive the enzyme’s dissociation
constants (K ). For dsRNA the K, was calculated at 0.13 + 0.03 uM, whereas the K, for
ssRNA was estimated to be 0.10 + 0.02 uM.

Nsp12 nucleotide incorporation rates

For various viral RdRps, in vitro studies have defined biochemical properties that could
not be determined or were largely obscured in in vivo assays. Furthermore, following the
basic characterisation of individual enzymes, the interplay with templates, co-factors
and other subunits of the viral enzyme complex can be addressed. Ultimately, this
should facilitate the in vitro reconstitution of the holo-enzyme complex and the analysis
of its interactions at each step of viral replication and transcription. After the purification
of active SARS-CoV nsp12 and exploration of the reaction conditions, our subsequent
step towards such a future goal was to evaluate the rate of nucleotide incorporation by
the SARS-CoV RdRp. On a primed U, template we found relatively poor incorporation
rates (1.2 = 0.4 nM/min) and a major product that was 2-3 nucleotides shorter than the
expected full-length product (Fig. 6A), with product sizes displaying a similar Gaussian-
like distribution as depicted in the graphs in Fig. 3. On the other hand, we also observed
minor products that were slightly longer than full-length, suggesting slippage of the
polymerase at the end of the template. We did not detect any terminal transferase activ-
ity on the templates used (data not shown).

Previously, Cheng et al. reported that their unstable GST-nsp12 fusion protein had
limited reverse transcriptase activity [275]. In contrast to these prior results, our nsp12
was not able to efficiently use dATP to extend an RNA primer (Fig. 4A and B) and a similar
result was obtained with a DNA primer (data not shown). To test whether nsp12 was
able to incorporate [a-*?PJdAMP when using DNA templates, we employed a primed
T,, template similar to the RNA templates described above. As shown in Fig. 6B, nsp12
was capable of incorporating dAMP when incubated with a DNA template. On average,
a minor reduction (~20%) in dAMP incorporation was observed in comparison to the
activity on an RNA template. The size distribution of products was more different, and
showed significantly less initiation than on an RNA template (compare Fig. 6A and B).
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Figure 3: Biochemical determinants of SARS-CoV nsp12 activity. (A-B) Tests to determine the
influence of temperature indicated that nsp12 incorporates ATP most efficiently at 37°C, although
this effect mainly stemmed from increased initiation. Based on these results, 30°C was taken as
the standard for subsequent experiments. (C-D) Titration of the Mg?* concentration showed that
activity reaches its maximum at 6 mM. (E-F) The effect of pH on RdRp activity was evident as well,
with lower pHs limiting the activity of the enzyme. All reactions were incubated for 60 min at 30°C,
unless otherwise indicated. Error bars in A, C and E represent standard error of the mean (n = 3).
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Figure 4: Nucleotide incorporation fidelity of nsp12. (A) Experimental set-up of pulse-
chase experiments with different nucleotides and a primed polyU template (see Fig. 2A). The
reactions were initiated with a limiting concentration of [a-*?P]JATP to allow the incorporation of
a first nucleotide and the formation of a stable polymerase-template complex. Subsequently,
after 10 min, different unlabelled nucleotides were added to a final concentration of 50 uM to
allow elongation for another 30 min. (B) SARS-CoV nsp12 allows only limited transversional and
transitional misincorporations. Interestingly, also in the presence of dATP no significant activity
was observed, implying that the SARS-CoV RdRp is capable of discriminating between ATP and
dATP. (C) Pulse-chase experiments in the presence of 6 mM Mn?* show that manganese ions
promote misincorporation of ribonucleotides (both transversions and transitions). The selection
against dATP remained unaltered.

The incorporation rate of nsp12increased dramatically when we doubled the template
length (V,,, =27 = 3 nM/min, Fig. 6C and 7), but we again observed a major product that
was two nucleotides shorter than the expected full-length product. When the primed
poly(U) template was changed to a primed heteromeric (CU), , nsp12 activity increased
further (V(CU”0 =45 + 2 nM/min) and reached a level comparable to that obtained for
other viral RdRps on similar short templates [243]. When the products of the latter reac-
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tions were resolved by denaturing PAGE (Fig. 6D) they were found to be longer than
template length. Similar products that extending beyond unit length have been often
observed when short templates were used for PV 3DP°'[284] and their generation can
be explained by various mechanisms, such as distributive slippage, processive slippage,
template switching or terminal transferase activity [284]. Future research will address

these mechanisms in more detail.
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Figure 5: RNA binding affinity of nsp12. (A) A fixed concentration (0.2 nM) of radiolabelled
dsRNA or ssRNA (data not shown) was titrated with purified nsp12 and the complexes formed
were separated from unbound RNA on a native 8% polyacrylamide gel. (B) Free and bound RNA
were quantified and fit to the Hill equation (see Materials and Methods), resulting in K values of
0.13 + 0.3 uM for dsRNA and 0.10 £ 0.2 uM for ssRNA binding. R? values of these Hill fits were 0.97
and 0.98 for dsRNA and ssRNA, respectively. Error bars represent standard error of the mean (n = 3).
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Discussion

Detailed kinetic and stoichiometric information plays an important role in explaining
the molecular basis of RdRp-catalysed ribonucleotide incorporation, the associated
mutation rate of viral genomes and, consequently, RNA virus evolution. Furthermore,
a comprehensive understanding of the differences between viral RdRps and cellular
polymerases is crucial in the design of specific inhibitors of viral RNA synthesis and their
subsequent mechanistic characterisation and optimisation. Up till now, all of the above
information was particularly limited, if not completely lacking, for the coronavirus RdRp,
due to enzyme insolubility, instability and low purification yields.

This study reports the first successful expression and purification of stable, soluble
SARS-CoV nsp12, thus paving the way for its further biochemical characterisation. Using
a two-step procedure, the protein was purified to near homogeneity, as confirmed by
SDS-PAGE and non-denaturing gel filtration. We found that even a single-step purifi-
cation scheme could produce an enzyme preparation that combined specific activity
with reasonable purity (>80-85%). Of particular importance in our expression protocol
was the co-expression of the Ubp1 protease that mediated the in vivo removal of the
N-terminal Ub tag (Fig. 1A) [277]. Apparently, similar to PV 3D?°'[278], SARS-CoV RdRp
does not tolerate additional amino acids at its N-terminus, likely because they induce
an unstable and largely inactive fold. Because of the observed sensitivity to N-terminal
fusions, it is tempting to speculate that the processing of the pp1ab cleavage generat-
ing the nsp12 N-terminus is of great importance for proper folding and activity in vivo
as well. In line with this notion, it was reported that for the related group 2 coronavirus
MHYV this cleavage site indeed is indispensable for virus replication [285]. It still remains
to be tested whether there is any effect of the carboxy-terminal His-tag on the activity
of the enzyme used in this study.

The SARS-CoV nsp12 is a relatively large protein (932 amino acid residues), e.g., much
larger than the well described RdRps of HCV (591 amino acids) and PV (461 amino acids),
and may have, in addition to the C-terminal RdRp domain, other functional and/or con-
tributing domains in its still uncharacterized N-terminal domain(s). Previously, the PV
and HCV RdRps were demonstrated to bind RNA with K, values of 2-10 uM [286] and ~3
MM [287], respectively. Our data suggest that SARS-CoV nsp12 binds RNA with slightly
higher affinity for both dsRNA and ssRNA (K, ~0.1 uM). The relatively similar affinities
for dsRNA and ssRNA suggest that the lack of de novo initiation may largely be due to a
relatively open structure and the absence of a conserved priming loop in the predicted
thumb subdomain [89]. The latter structural element, a B-hairpin in, e.g., hepatitis C virus
(HCV) NS5B, is present in many known de novo-initiating RNA polymerases. Canonically,
it functions by partly obstructing the template binding cleft and is believed to be es-
sential for association with the single-stranded 3’ end of the template RNA [89,145,288].
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Figure 6: Analysis of nucleotide incorporation by nsp12. (A) Reactions with 0.1 uM nsp12, 1
UM template and 50 uM ATP were followed over time and quenched with 50 mM EDTA at the time
points indicated. Gel analysis showed that, similar to the curves in Fig. 3, the major accumulating
product is the primer (p) extended by seven nucleotides (i.e., p+7) and not the expected full-length
product of n+10. (B) To assess whether nsp12 was capable of DNA-templated incorporation of
dATP, reactions were performed as in Fig. 6A, but now using a DNA template. The time course
illustrates robust [a-*2PJdAMP incorporation, implying that the SARS-CoV RdRp is able to utilise
both RNA and DNA templates. The incorporation of dAMP was 20% lower than that of AMP on an
RNA template. (C) Time courses were additionally performed using an RNA template containing
a U, template region. Similar to the shorter 10-nt template used in Fig. 6A, the major product
here was around two nucleotides shorter than the expected full-length product. (D) Changing
the single-stranded template from U, to a heteromeric (CU), not only increased the nucleotide
incorporation rate by 34%, but also the behaviour of nsp12 on the template. Products of the
expected full-length size (p+20) were observed, but also products longer than the template,
hinting at, e.g., template switching by nsp12. Future research will address this observation in more
detail. In this reaction both 50 uM ATP and GTP were present. The gel image represents the top half
of a 20% denaturing PAGE gel.
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Figure 7: Analysis of the nucleotide incorporation rate of nsp12. Steady-state time courses
were performed with 0.1 uM nsp12 as described in Fig. 6. Experimental data was subsequently fit
to linear regression to obtain NMP incorporation rates. These clearly illustrated an increase of the
incorporation velocity with template length (V,, = 1.2+ 0.4 nM/min andV , = 27 + 3 nM/min) and
from homopolymeric template to copolymeric template (V. ) = 45 £ 2 nM/min). R? values were
0.97,0.99 and 0.99, respectively, and error bars indicate standard error of the mean (n = 3).

Contrary to previous GST-pull downs performed for nsp12 [85] and data obtained for
other RdRps such as the PV 3DP' - which was reported to form multimers and even lat-
tices [286] - we were not able to establish nsp12 multimerisation using non-denaturing
gel filtration. Although this suggests that SARS-CoV RdRp exists predominantly as
monomer under the conditions used here, it is likely that nsp12 binds to various other
viral replicase subunits [289] and cellular co-factors [290] in vivo. The coronavirus holo-
enzyme complex formed in this manner may have more finely tuned characteristics than
documented in this study. Additionally, it remains to be tested whether the C-terminal
hexahistidine tag interferes with multimerisation. Clearly, these and other questions
should be addressed in more detail in future studies.

Upon binding to template and primer, we found nsp12 to have reproducible
nucleotide incorporation rates on the templates tested, but incorporation depended
significantly on the length of the template. Furthermore, on heteromeric templates
the SARS-CoV RdRp also performed better and reached incorporation rates in the
same order (>nM/min) as the model polymerases from PV and HCV, when correcting
for enzyme and template concentrations [243,291]. Additionally, the SARS-CoV nsp12
is also active on a DNA template, which may greatly facilitate further investigations in
view of the superior stability of DNA templates and the fact that various other SARS-CoV
enzymes [108,153,270] have documented affinity for DNA as well. It remains to be tested
whether SARS-CoV nsp12 is also active on a longer single-stranded template, e.g., RNA
templates based on the terminal sequences of the viral genome, and whether it is able
to traverse the RNA secondary structures present in such a molecule. Taken together, our
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data suggests that our present purification scheme and assay are a solid starting point
for further biochemical exploration of the SARS-CoV RdRp and nsp12 targeted inhibitor
development.

Material and methods

Cloning and expression of recombinant SARS-CoV nsp12

The amino acid sequence of SARS-CoV nsp12, residues S4370 to Q5301 of replicase

pplab, is fully conserved among all sequenced SARS-CoV isolates. For our study, 3
the nsp12-coding region was amplified by RT-PCR from the genome of SARS-CoV

Frankfurt-1 (AY291315). During amplification, the ORF1a/1b -1 ribosomal frameshift
near the 5’ end of the gene was corrected in a translationally silent manner. Primers
used for amplification were SAV424 5'-GCGGGTACCCCGCGGTGGATCTGCGGATGCAT
CAA-3" and SAV425 5'-GCGCGATCGGGATCCCTGCAAGACTGTATGT-3', corresponding
to SARS-CoV genome positions 13 327-13 387 and 16 152-16 166, respectively. The
PCR amplicon was digested with Sacll and BamHlI, and ligated into expression vector

PET26-Ub-CHis, [277]. Following confirmation of the nucleotide sequence of the am-
plicon and using the flanking Xbal and Xhol restriction sites, the ubiquitin-nsp12-His,
fusion gene (Ub-nsp12-CHis,) was sub-cloned into vector pASK3 (IBA) and thereby
placed under the control of a tetracycline-inducible promoter. This ruled out the known
risk of potential contamination with T7 RNA polymerase, as it can occur when using
a T7 promoter to drive expression of other RdRps in bacterial expression systems.
Nsp12 active-site mutant D618A, carrying an Asp618Ala substitution, was engineered
via site-directed mutagenesis according to the QuikChange protocol (Stratagene),
using primers SAV526 5'-CCTTATGGGTTGGGCTTATCCAAAATGTG-3' and SAV527
5'-CACATTTTGGATAAGCCCAACCCATAAGGA-3'.

For nsp12 expression, the pASK3-Ub-nsp12-CHis, plasmid was transformed to E. coli
C2523 cells (New England Biolabs) together with the Ubp1 protease expression plasmid
pCG1 [277], unless indicated otherwise for particular experiments. Routinely, 250 ml
of Luria Broth, containing ampicillin (50 pg/ml) and chloramphenicol (34 pg/ml), was
inoculated 1:1000 with 3 ml o/n precultures and cells were grown at 37°C to OD, ,>0.7.
Subsequently, the cells were slowly cooled to room temperature, tetracycline was added
to a final concentration of 200 ng/ml and the cells were further grown at 20°C for another
16 h. Cells were harvested by centrifugation, washed once with ice-cold PBS and stored
at -20°C until protein purification.

SARS-CoV nsp12 expression vectors pKM596-nsp12 (kindly provided by Dr. Isabelle
Imbertand Dr. Bruno Canard) and pET102-Thio-nsp12 (a kind gift of Dr. Susanne Pfefferle
and Dr. Christian Drosten) were used to transform E. coli BL21(DE3) cells and expression
was performed using the auto-induction medium ZYM-5052 [292].
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Purification of SARS-CoV nsp12-His

Cell pellets were thawed on ice, resuspended in binding buffer (20 mM Hepes pH 7.4, 500
mM NacCl, 20 mMimidazole, 10% glycerol, 0.05% Tween-20 and 5 mM 3-mercaptoethanol)
and lysed by sonication. Cell debris was removed by ultra-centrifugation at 20 000 x g
and the cleared supernatant was incubated with Talon beads (Clontech) for 2 h at 4°C.
The beads were washed 3 times with 20 volumes of binding buffer, loaded onto spin
columns and finally the His-tagged protein was eluted with 300 mM imidazole in bind-
ing buffer. The eluate was analysed by SDS-PAGE and typically found to be 80-85% pure.
Subsequently, gel filtration on a Superdex 200 column (GE healthcare) in 20 mM Hepes,
500 mM NaCl, 5% glycerol, 5 mM -mercaptoethanol and 0.1% Tween-20 was used to
improve purity to ~95%. To estimate the molecular mass of nsp12, a standard curve for
hydrodynamic elution was made using chymotrypsinagen A, conalbumin, aldolase and
dextran blue (all purchased from GE Healthcare) as size markers and fitted to a linear
equation (R?=0.99).

After the gel filtration step, the nsp12-containing fractions were pooled, concentrated
with Ultrafree 10kDa filter columns (Millipore) and dialysed overnight against 1000 vol-
umes of dialysis buffer (20 mM Hepes pH 7.4, 100 mM Nacl, 0.1% Triton-X100, T mM DTT
and 50% glycerol) in cellulose tubing (SnakeSkin, Pierce). Protein concentrations were
determined using a Bradford assay and a bovine serum albumin (BSA) standard curve,
and the purified protein was stored at -20°C. When using expression vectors pKM596-
nsp12 and pET102-Thio-nsp12, protein purification procedures were essentially similar
to those described above, except that amylose resin (New England Biolabs) was used
to bind the pMK596-nsp12 product, which was eluted using a buffer containing 10 mM
amylose instead of imidazole.

SDS-PAGE and Western blotting

Cells were lysed in Laemmli’s sample buffer [293], separated on 8% SDS-PAGE-gels
and either electroblotted to PVYDF membrane (GE Healthcare) or stained directly with
Coomassie G-250 according to standard protocols. Prior to incubation with a SARS-CoV
nsp12-specific rabbit antiserum (a gift from Dr. Mark Denison) [294], blot membranes
were blocked with 10% skimmed milk and 0.02% Tween-20 in PBS. Blots were washed
with 0.02% Tween-20 in PBS, incubated with a swine-anti-rabbit horseradish peroxidase
conjugate diluted in 5% skimmed milk, 0.02% Tween-20 and PBS, washed and subjected
to ECL Plus chemoluminescence detection (GE Healthcare).

Preparation of templates

RNA oligonucleotides and their DNA counterparts SAV557R 5’ - GCUAUGUGAGAU-
UAAGUUAU -3’ and SAV481R 5’- UUUUUUUUUUAUAACUUAAUCUCACAUAGC -3/,
SAV555R  5'- UUUUUUUUUUUUUUUUUUUUAUAACUUAAUCUCACAUAGC -3" and
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SAV556R 5'- UCUCUCUCUCUCUCUCUCUCAUAACUUAAUCUCACAUAGC -3' were pur-
chased from Eurogentec, excised as a single band from 7 M urea/15% polyacrylamide
gels, eluted overnight in deionised water and desalted using NAP-10 columns (GE
healthcare). To anneal RNA duplexes, oligonucleotide mixtures in annealing buffer (20
mM Tris-HCl pH 8.0, 50 mM NaCl and 5 mM EDTA) were heat denatured, slowly cooled to
room temperature and subsequently purified from 15% non-denaturing polyacrylamide
gels.

RdRp activity assays

To test the in vitro RdRp activity of SARS-CoV nsp12-CHis,, 0.1 uM of the protein (unless
otherwise indicated) was incubated at 30°C in the presence of 1 uM template, 0.17 uM
[a-*?P]ATP (0.5 pCi/pl; Perkin-Elmer), 50 uM ATP (Roche), 20 mM Tris-HCI (pH 8.0), 10 mM
NacCl, 10 mM KCl, 6 mM MgCl,, 5% glycerol, 0.01% Triton-X100, 1 mM DTT and 0.5 units of
RNaseOUT (Invitrogen). Glycerol and NaCl were introduced with the addition of enzyme

due to their presence in the nsp12 storage buffer. RARp reactions were terminated by
adding an equal volume of 90% formamide, 50 mM EDTA pH 8.0, 0.01% bromophenol
blue and xylene cyanol. Reaction products were analysed on 7 M Urea, 20% polyacryl-
amide gels buffered with 1x TBE (90 mM Tris, 90 mM H,BO, and 2 mM EDTA). Gels were
run for 5 h at 2000 V and analysed using phosphorimaging. Plates were scanned on
a Typhoon variable mode scanner (GE Healthcare) and products were quantified with
ImageQuant TL 7.0 (GE Healthcare). To calculate the amount of [a-*?P]AMP incorporated
from the phosphorimager signal, a 10210~ dilution series of the [a-32P]ATP stock was
spotted in triplicate on Whatman filter and exposed alongside the PAGE gel of interest.
Using the standard curve, phosphorimager counts were converted into the amount of
label incorporation and kinetic traces were fit to a linear function with the Matlab 2008b
Curve Fitting Toolbox (Mathworks).

Electrophoretic mobility shift assays

A dilution series of SARS-CoV RdRp in storage buffer was incubated for 10 min at room
temperature with 0.2 nM of **P-labelled oligonucleotide SAV557R (see above), in the
presence or absence of the complementary oligonucleotide SAV481R. Samples were
then directly loaded on to 8% acrylamide gels containing 5% glycerol and 0.5x TBE and
were run at 100V for 2 h at 4°C. Gels were dried on Whatman filter paper and bands were
quantified by phosphorimaging. Using the Matlab 2008b Curve Fitting Toolbox, the per-
centage of RNA bound was fit to the Hill equation RNA, = b* [nsp12]"/ (K,"+[nsp12]
"), where b is the upper binding limit, [nsp12] is the nsp12 concentration, n is the Hill
coefficient and K, is the enzyme’s dissociation constant.
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ABSTRACT

Increasing the intracellular Zn?** concentration with zinc-ionophores like pyrithione (PT)
can efficiently impair the replication of a variety of RNA viruses, including poliovirus
and influenza virus. For some viruses this effect has been attributed to interference
with viral polyprotein processing. In this study we demonstrate that the combination
of Zn?*" and PT at low concentrations (2 uM Zn?* and 2 uM PT) inhibits the replication of
SARS-coronavirus (SARS-CoV) and equine arteritis virus (EAV) in cell culture. The RNA
synthesis of these two distantly related nidoviruses is catalysed by an RNA-dependent
RNA polymerase (RdRp), which is the core enzyme of their multiprotein replication and
transcription complex (RTC). Using an activity assay for RTCs isolated from cells infected
with SARS-CoV or EAV - thus eliminating the need for PT to transport Zn?* across the
plasma membrane - we show that Zn?** efficiently inhibits the RNA-synthesising activ-
ity of the RTCs of both viruses. Enzymatic studies using recombinant RdRps (SARS-CoV
nsp12 and EAV nsp9) purified from E. coli subsequently revealed that Zn?* directly inhib-
ited the in vitro activity of both nidovirus polymerases. More specifically, Zn?* was found
to block the initiation step of EAV RNA synthesis, whereas in the case of the SARS-CoV
RdRp elongation was inhibited and template binding reduced. By chelating Zn?*" with
MgEDTA, the inhibitory effect of the divalent cation could be reversed, which provides a
novel experimental tool for in vitro studies of the molecular details of nidovirus replica-
tion and transcription.
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INTRODUCTION

Zinc ions are involved in many different cellular processes and have proven crucial for
the proper folding and activity of various cellular enzymes and transcription factors.
Zn?" is probably an important cofactor for numerous viral proteins as well. Neverthe-
less, the intracellular concentration of free Zn?* is maintained at a relatively low level
by metallothioneins, likely due to the fact that Zn?* can serve as intracellular second
messenger and may trigger apoptosis or a decrease in protein synthesis at elevated con-
centrations [295,296,297]. Interestingly, in cell culture studies, high Zn?* concentrations
and the addition of compounds that stimulate cellular import of Zn*, such as hinokitol
(HK), pyrrolidine dithiocarbamate (PDTC) and pyrithione (PT), were found to inhibit the
replication of various RNA viruses, including influenza virus [298], respiratory syncytial
virus [299] and several picornaviruses [300,301,302,303,304,305]. Although these previ-
ous studies provided limited mechanistic information, this suggests that intracellular
Zn*"levels affect a common step in the replicative cycle of these viruses.

In cell culture, PT stimulates Zn?* uptake within minutes and inhibits RNA virus replica-
tion through a mechanism that has only been studied in reasonable detail for picorna-
viruses [305,306]. In vitro studies with purified rhinovirus and poliovirus 3C proteases
revealed that protease activity was inhibited by Zn?*[93,307], which is in line with the
inhibition of polyprotein processing by zinc ions that was observed in cells infected with
human rhinovirus and coxsackievirus B3 [305]. The replication of segmented negative-
strand RNA viruses such as influenza virus, however, does not depend on polyprotein
processing and the effect of PDTC-mediated Zn?*import was therefore hypothesised to
result from inhibition of the viral RNA-dependent RNA polymerase (RdRp) and cellular
cofactors [298]. Moreover, an inhibitory effect of Zn?* on the activity of purified RdRps
from rhinoviruses and hepatitis C virus was noted, but not investigated in any detail
[308,309].

Details on the effect of zinc ions are currently largely unknown for nidoviruses. This
large group of positive-strand RNA (+RNA) viruses includes major pathogens of humans
and livestock, such as severe acute respiratory syndrome coronavirus (SARS-CoV),
other human coronaviruses, the arteriviruses equine arteritis virus (EAV), and porcine
reproductive and respiratory syndrome virus (PRRSV) [35,65]. The common ancestry of
nidoviruses is reflected in their similar genome organisation and expression strategy,
and in the conservation of a number of key enzymatic functions in their large replicase
polyproteins [58]. A hallmark of the corona- and arterivirus replicative cycle is the tran-
scription of a 5'- and 3'-coterminal nested set of subgenomic (sg) mRNAs from which the
viral structural and accessory protein genes are expressed [51,265].

Analogous to picornaviruses [307,310], zinc ions were demonstrated to inhibit certain
proteolytic cleavages in the processing of the coronavirus replicase polyproteins in
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infected cells and cell-free systems [311,312]. In this study we report that the zinc-ion-
ophore pyrithione (PT) in combination with Zn%* is a potent inhibitor of the replication
of SARS-coronavirus (SARS-CoV) and equine arteritis virus (EAV) in cell culture. To assess
whether - besides a possible effect on proteolytic processing - nidovirus RTC subunits
and RNA synthesis are directly affected by Zn?*, we employed in vitro systems for SARS-
CoV and EAV RNA synthesis that are based on membrane-associated RTCs isolated from
infected cells (from here on referred to as RTC assays) [290,313]. In addition, we used in
vitro recombinant RdRp assays to directly study the effect of zinc ions on the RdRps of
SARS-CoV and EAV [154,196].

Using these independent in vitro approaches, we were able to demonstrate that Zn?*
directly impairs nidovirus RNA synthesis, since it had a strong inhibitory effectin both RTC
and RdRp assays. Interestingly, the Zn?**-mediated inhibition could be reversed through
the addition of a Zn?* chelator (MgEDTA). We therefore applied this compound to stop
and restart the in vitro RNA-synthesising activity at will. This convenient tool allowed us
to study various mechanistic aspects of arteri- and coronavirus RNA synthesis in more
detail. Additionally, the zinc-mediated inhibition of nidovirus RNA synthesis described
here may provide an interesting basis to further explore the use of zinc-ionophores in
antiviral therapy.

RESULTS

Zinc and pyrithione inhibit nidovirus replication in vivo
Zinc ions are involved in many different cellular processes, but the concentration of
free Zn?** is maintained at a relatively low level by metallothioneins [295]. Zn?* and
compounds that stimulate import of Zn?* into cells, such as PT, were previously found
to inhibit replication of several picornaviruses, including rhinoviruses, foot-and-mouth
disease virus, coxsackievirus, and mengovirus in cell culture [300,301,302,303,304,305].
To determine whether Zn?* has a similar effect on nidoviruses, we investigated the effect
of PT and Zn?** on the replication of EAV and SARS-CoV in Vero-E6 cells, using reporter
viruses that express green fluorescent proteins (GFP), i.e., EAV-GFP [314] and SARS-
CoV-GFP [315]. EAV-GFP encodes an N-terminal fusion of GFP to the viral nonstructural
protein 2 (nsp2), one of the cleavage products of the replicase polyproteins, and thus
provides a direct readout for translation of the replicase gene. In SARS-CoV-GFP, reporter
expression occurs from sg mRNA 7, following the replacement of two accessory protein-
coding genes (ORFs 7a and 7b) that are dispensable for replication in cell culture.

We first assessed the cytotoxicity of a range of PT concentrations (0-32 puM) in the
presence of 0 to 8 uM ZnOAc,. Treatment with PT of concentrations up to 32 uM in
combination with <4 uM ZnOAc, did not reduce the viability of mock-infected cells
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after 18 h (Fig. 1A), as measured by the colorimetric MTS (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) viability assay. As
elevated Zn?* concentrations are known to inhibit cellular translation, we also used
metabolic labelling with 3*S-methionine to assess the effect of PT and Zn?* on cellular
protein synthesis. Incubation of Vero-E6 cells for 18 h with the combinations of PT and
Zn?* mentioned above, followed by a 2-h metabolic labelling, revealed no change in
overall cellular protein synthesis when the concentration of ZnOAc, was <4 uM (data
not shown).

Using these non-cytotoxic conditions we subsequently tested the effect of PT and
ZnOAc, on EAV-GFP and SARS-CoV-GFP replication. To this end, Vero-E6 cells in 96-well
plates were infected with a multiplicity of infection (m.o.i.) of 4. One hour post infection
(h p.i.), between 0 and 32 uM of PT and 0, 1, or 2 uM ZnOAc, were added to the culture
medium. At 17 h p.i,, a time point at which GFP expression in untreated infected cells
reaches its maximum for both viruses, cells were fixed, and GFP fluorescence was quanti-
fied.

The reporter gene expression of both SARS-CoV-GFP and EAV-GFP was already signifi-
cantly inhibited in a dose-dependent manner by the addition of PT alone (Fig. 1B and
Q). This effect was significantly enhanced when 2 uM of Zn?* was added to the medium.
We found that addition of ZnOAc, alone also reduced virus replication, but only at levels
that were close to the 50% cytotoxicity concentration (CC, ) of ZnOAc, in Vero-E6 cells
(~70 uM, data not shown). This is likely due to the poor solubility of Zn?* in phosphate-
containing medium and the inefficient uptake of Zn?* by cells in the absence of zinc-
ionophores. The combination of 2 uM PT and 2 pM ZnOAc, resulted in a 98 + 1% and
85 + 3% reduction of the GFP signal for EAV-GFP and SARS-CoV-GFP, respectively. No
cytotoxicity was observed for this combination of PT and ZnOAc, concentrations. From
the dose-response curves in Fig. 1, a CC, value of 82 uM was calculated for PT in the
presence of 2 uM zinc. Half maximal inhibitory concentrations (IC, ) of 1.4 uM and 0.5 uM
and selectivity indices of 59 and 164 were calculated for SARS-CoV and EAV, respectively.

Zn* reversibly inhibits the RNA-synthesising activity of isolated nidovirus RTCs

We previously developed assays to study the in vitro RNA-synthesising activity of RTCs
isolated from cells infected with SARS-CoV or EAV [290,313]. In these RTC assays [a-*2P]
CMP is incorporated into both genomic (replication) and sg mRNA (transcription) (Fig.
2). This allowed us to monitor the synthesis of the same viral RNA molecules that can
be detected by hybridisation of RNA from nidovirus-infected cells. A benefit of these
assays is that the activity does not depend on continued protein synthesis and that it
allows us to study viral RNA synthesis independent of other aspects of the viral repli-
cative cycle [290]. To investigate whether the inhibitory effect of PT and zinc ions on
nidovirus replication in cell culture is reflected in a direct effect of Zn?* on viral RNA
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Figure 1: The zinc ionophorepyrithione inhibits nidovirus replication in cell culture. (A)
Cytotoxicity of PT in Vero-E6 cells in the absence (circles) or presence of 2 (squares), 4 (triangles),
or 8 uM (diamonds) ZnOAc, as determined by the MTS assay after 18 hours of exposure. (B) Dose-
response curves showing the effect of PT and Zn?* on the GFP fluorescence in Vero-E6 cells infected
with a GFP-expressing EAV reporter strain at 17 h p.i. Data were normalised to GFP expression
in infected, untreated control cultures (100%). The different Zn?* concentrations added to the
medium were 0 (circles), 1 (triangles), or 2 uM ZnOAc, (squares). (C) Effect of PT and Zn”* on the
GFP fluorescence in Vero-E6 cells infected with a GFP-expressing SARS-CoV reporter strain at 17 h
p.i. Data were normalised to GFP expression in infected untreated control cells (100%). Coding for
different Zn?* concentrations as in Fig. 1B. Error bars indicate the standard deviation (n = 4).
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Figure 2: Inhibition of the in vitro RNA-synthesising activity of isolated RTCs by Zn?*.
Incorporation of [a-*2P]JCMP into viral RNA by EAV (A) and SARS-CoV (B) in RTC assays in the
presence of various Zn?* concentrations, as indicated above each lane.

synthesis, we tested the effect of Zn?* addition on RTC activity. For both EAV (Fig. 2A)
and SARS-CoV (Fig. 2B), a dose-dependent decrease in the amount of RNA synthesised
was observed when ZnOAc, was present. For both viruses, a more than 50% reduction
of overall RNA-synthesis was observed at a Zn?* concentration of 50 uM, while less than
5% activity remained at a Zn?** concentration of 500 uM. Both genome synthesis and sg
mRNA production were equally affected.

To test whether the inhibition of RTC activity by Zn** was reversible, RTC reactions
were started in the presence or absence of 500 pM Zn?*. After 30 min, these reactions
were splitinto two aliquots and magnesium-saturated EDTA (MgEDTA) was added to one
of the tubes to a final concentration of 1 mM (Fig. 3A). We used MgEDTA as Zn?* chelator
in these in vitro assays, because it specifically chelates Zn?* while releasing Mg?*, due to
the higher stability constant of the ZnEDTA complex. Uncomplexed EDTA inhibited RTC
activity in all reactions (data not shown), most likely by chelating the Mg?* that is crucial
for RdRp activity [154,196], whereas MgEDTA had no effects on control reactions with-
out Zn?* (Fig. 3B, compare lane 1 and 2). As shown in Fig. 2, the EAV RTC activity that was
inhibited by Zn?* (Fig. 3B and 3C, lane 3) could be restored by the addition of MgEDTA
(Fig. 3B, lane 4) to a level observed for control reactions without Zn?* (Fig. 3B, lane 1).
Compared to the untreated control, the EAV RTC assay produced approximately 30%
less RNA, which was consistent with the 30% shorter reaction time after the addition of
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Figure 3: Inhibition of nidovirus RTC activity by Zn** can be reversed by chelation. (A)
Schematic representation of the in vitro assays with isolated RTCs, which were initiated with [a-32P]
CTP, either in the absence (sample 1 and 2) or presence of 500 uM Zn?*. After a 30-min incubation
at 30°C, both the untreated and Zn?-treated samples were split into two aliquots, and 1 mM of the
Zn?* chelatorMgEDTA was added to samples 2 and 4. All reactions were subsequently incubated
for another 70 min before termination. (B) Analysis of RNA products synthesised in assays with
EAV RTCs. Numbers above the lanes refer to the sample numbers described under 3A. (C) In vitro
activity assay with SARS-CoV RTCs.

the MgEDTA (100 versus 70 min for lanes 1 and 4, respectively). Surprisingly, SARS-CoV
RTC assays that were consecutively supplemented with Zn** and MgEDTA incorporated
slightly more [0-*?P]ICMP compared to untreated control reactions (Fig. 3C; compare lane
1 and 4). This effect was not due to chelation of the Zn?* already present in the post-
nuclear supernatant (PNS) of SARS-CoV-infected cells, as this increase was not observed
when MgEDTA was added to a control reaction without additional Zn?* (Fig. 3C, lane 2).

Zinc ions affect the in vitro activity of recombinant nidovirus RdRps

To establish whether inhibition of RTC activity might be due to a direct effect of Zn?* on
nidovirus RdRp activity, we tested the effect of Zn?* on the activity of the purified recom-
binant RdRps of SARS-CoV (nsp12) and EAV (nsp9) using previously developed RdRp
assays [154,196]. Using an 18-mer polyU template, the EAV RdRp incorporated [a-32P]
AMP into RNA products of up to 18 nt in length (Fig. 4A). Initiation was de novo, which
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Figure 4: EAV and SARS-CoV RdRp assays with wild-type enzyme and active-site mutants.
(A) The EAV polymerase was incapable of primer extension and required a free 3’ end and poly(U)
residues to initiate. Nucleotide incorporating activity of the wild-type enzyme and D445A mutant
of nsp9 on an 18-mer poly(U) template confirmed the specificity of our assay. (B) SARS-CoV nsp12
RdRp assays were performed with an RNA duplex with a 5" U, overhang as template. The bar
graph shows the nucleotide incorporating activities of wild-type and D618A nsp12. Error bars
represent standard error of the mean (n = 3).

is in line with previous observations and the presence of a conserved priming loop in
the nsp9 sequence [196]. Unlike the EAV RdRp nsp9, the in vitro activity of the SARS-CoV
RdRp nsp12 - which lacks a priming loop- was shown to be strictly primer-dependent
[154]. Thus, to study the RdRp activity of SARS-CoV nsp12, a primed polyU template
was used (Fig. 4B), thereby allowing us to sample [a-*2P]JAMP incorporation as described
previously [154]. As specificity controls, we used the previously described SARS-CoV
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nsp12 mutant D618A [154], which contains an aspartate to alanine substitution in motif
A of the RdRp active site, and EAV nsp9-D445A, in which we engineered an aspartate to
alanine substitution at the corresponding site of EAV nsp9 [89,196]. Both mutant RdRps
showed greatly reduced [a-*2P]JAMP incorporation in our assays (Fig. 4), confirming once
again that the radiolabelled RNA products derived from nidovirus RdRp activity.

Addition of ZnOAc, to RdRp assays resulted in a strong, dose-dependent inhibition of
enzymatic activity for both the EAV and SARS-CoV enzyme (Fig. 5A and B, respectively),
similar to what was observed in RTC assays. In fact, compared to other divalent metal
ions such Co?" and Ca?*, which typically bind to amino acid side chains containing oxy-
gen atoms rather than sulfur groups, Zn?* was the most efficient inhibitor of SARS-CoV
nsp12 RdRp activity (Supplemental Fig. S1). To test whether, as in the RTC assay, the RdRp
inhibition by zinc ions was reversible, RdRp assays were pre-incubated with 6 mM Zn?, a
concentration that consistently gave >95% inhibition. After 30 min, 8 mM MgEDTA was
added to both a control reaction and the reaction inhibited with ZnOAc,, and samples
were incubated for another 30 min (Fig. 5C). As shown in Fig. 5D, the inhibition of EAV
RdRp activity by Zn?* could be reversed by chelation of Zn?* (Fig. 5D; compare lanes 3
and 4). The amount of product synthesised was consistently 60 + 5% of that synthesised
in a 60-min control reaction (Fig. 5D; compare lanes 1 and 4), which was within the ex-
pected range given the shorter reaction time. The inhibition of the SARS-CoV RdRp was
reversible as well. During the 30-min incubation after the addition of MgEDTA, SARS-CoV
nsp12 incorporated 40 + 5% of the label incorporated during a standard 60-min reac-
tion (Fig. 5E). This was slightly lower than the expected yield and may be caused by the
elevated Mg?* concentration, which was shown to be suboptimal for nsp12 activity [154]
and results from the release of Mg?* from MgEDTA upon chelation of Zn?'.

Differential effect of Zn?* on the initiation and elongation phase of nidovirus RNA

synthesis

For EAV, close inspection of the RdRp assays revealed a less pronounced effect of Zn?
on the generation of full-length 18-nt products than on the synthesis of smaller reaction
intermediates (Fig. 5A). This suggested that Zn?* specifically inhibited the initiation step
of EAV RNA synthesis. To test this hypothesis, an RTC assay was incubated for 30 min
with unlabelled CTP (initiation), after which the reaction was split in two. Then, [a-3?P]
CTP was added to both tubes (pulse), 500 uM Zn?* was added to one of the tubes, and
samples were taken at different time points during the reaction (Fig. 6A). Fig. 6B shows
that in the presence of Zn?* [a-*?P]CMP was predominantly incorporated into nascent
RNA molecules that were already past the initiation phase at the moment that Zn?*was
added to the reaction. No new initiation occurred, as was indicated by the smear of short
radiolabelled products that progressively shifted up towards the position of full-length
genomic RNA. This suggested that Zn?* does not affect the elongation phase of EAV
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Figure 5: The activity of the RdRps of EAV and SARS-CoV is reversibly inhibited by Zn?*.
RdRp activity of purified EAV nsp9 (A) and SARS-CoV nsp12 (B) in the presence of various Zn?*
concentrations, as indicated above the lanes. (C) Schematic representation of the experiment to
test whether Zn*-mediated inhibition of RdRp activity could be reversed with MgEDTA. RdRp
reactions, either untreated controls (sample 1 and 2) or reactions containing 6 mM Zn?* (samples
3 and 4) were incubated for 30 min. Both Zn?*"-containing and control samples were split into
two aliquots and 6 mMMMgEDTA was added to sample 2 and 4. All reactions were incubated for
an additional 30 min and then terminated. Reaction products of the RdRp assays with EAV nsp9
and SARS-CoV nsp12 are shown in (D) and (E), respectively. Numbers above the lanes refer to the

sample numbers described under 5C.
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Figure 6:Effect of Zn?* on initiation and elongation in in vitro assays with isolated EAV and
SARS-CoV RTCs. (A) An in vitro RTC assay with isolated EAV RTCs was allowed to initiate with
unlabelled NTPs (initiation). After 30 min, [a-*2P]CTP was added (pulse), the reaction was split into
two equal volumes, and Zn?* was added to a final concentration of 0.5 mM to one of the tubes. At
the time points indicated, samples were taken and incorporation of [a-*2P]CMP into viral RNA was
analysed. (B) Radiolabelled EAV RNA synthesised at the time points indicated above the lanes in
the presence and absence of Zn?*. (C) Radiolabelled RNA synthesised by isolated SARS-CoV RTCs
in reactions terminated after 100 (lane 1) and 40 (lane 2) min. Reaction products of a reaction to
which 500 uM Zn?* was added after 40 min, and that was terminated at t=100 are shown in lane 3.

RNA synthesis and that it specifically inhibits initiation. This also explains the relatively
weak signal intensity of the smaller sg mRNA bands (e.g., compare the relative change
in signal of RNA2 to RNA7) produced in the presence of Zn?*, since multiple initiation
events are required on these short molecules to obtain signal intensities similar to those
resulting from a single initiation event on the long genomic RNA, e.g., 16 times more in
the case of RNA7. In contrast to EAV, the effect of Zn?* on RNA synthesis by SARS-CoV
RTCs was not limited to initiation, but appeared to impair the elongation phase as well,
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given that the addition of Zn?* completely blocked further incorporation of [a-*?P]CMP
when added 40 min after the start of the reaction (Fig. 6C).

In the RdRp assays, the short templates used made it technically impossible to do
experiments similar to those performed with complete RTCs. However, we previously
noticed that at low concentrations of [a->2P]ATP (~0.17 uM) SARS-CoV nsp12 RdRp activ-
ity was restricted to the addition of only a single nucleotide to the primer [154]. EAV
nsp9 mainly produced very short (2-3 ntlong) abortive RNA products and only a fraction
of full length products, as is common for de novo initiating RdRps [196]. This allowed
us to separately study the effect of Zn?* on initiation and elongation by performing an
experiment in which a pulse with a low concentration of [a-*’P]ATP was followed by
a chase in the presence of 50 uM of unlabelled ATP, which increased processivity and
allowed us to study elongation (Fig. 7A and C) as described previously [154]. The results
of these experiments were in agreement with those obtained with isolated RTCs. For
EAV, with initiation and dinucleotide synthesis completely inhibited by the presence of 6
mM Zn?* (Supplemental Fig. S2A), the amount of reaction intermediates shorter than 18
nt diminished with time, while products from templates on which the RdRp had already
initiated were elongated to full-length 18-nt molecules (Fig. 7B, right panel). This was
consistent with the observation that the EAV RdRp remained capable of extending the
synthetic dinucleotide ApA to trinucleotides in the presence of Zn?** (Supplemental Fig.
S2B). Likely due to the absence of reinitiation in the reactions shown in Fig. 7B, the low
processivity of the EAV RdRp, and the substrate competition between the remaining
[a-*?P]JATP and the >200 fold excess of unlabelled ATP, the differences between the 5-
and 30-min time points were small. In the absence of Zn?*, the RdRp continued to initiate
as indicated by the ladder of smaller-sized RNA molecules below the full-length product
(Fig. 7B, left panel) and the time course shown in Supplemental Fig. S2A. In contrast, the
addition of Zn?* to a SARS-CoV RdRp reaction also blocked elongation, since extension
of the radiolabelled primer as observed in the absence of Zn** (Fig. 7D, left panel) no
longer occurred (Fig. 7D, right panel).

Zinc affects SARS-CoV RdRp template binding

To assess whether Zn?* affects the interaction of recombinant SARS-CoV nsp12 with the
template used in our assays, we performed electromobility shift assays (EMSA) in the
presence and absence of Zn?* (Fig. 8A). To measure the binding affinity of the RdRp for
the template, we determined the fraction of bound template at various protein concen-
trations and observed a 3-4 fold reduction in RNA binding when Zn?" was present in the
assay (Fig. 8B). We also assessed whether pre-incubation of the RdRp or RNA with Zn?*
was a requirement for this drop in binding affinity, but found no significant difference
with experiments not involving such a preincubation (data not shown).
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Figure 7:The effect of Zn?* on initiation and elongation activity of purified EAV and SARS-
CoVRdRps. (A) An EAV RdRp reaction was initiated in the presence of [0-*?P]ATP under conditions
that do not allow elongation, i.e., low ATP concentration. After 20 min, the reaction was split into
two equal volumes, and Zn?* was added to one of the tubes. A chase with 50 uM unlabelled ATP,
which allows elongation, was performed on both reactions and samples were taken after 5 and
30 min. (B) EAV RdRp reaction products that accumulated in the presence and absence of Zn?**
(indicated above the lanes) after a 5- and 30-min chase with unlabelled ATP. The length of the
reaction products in nt is indicated next to the gel. (C) A SARS-CoV RdRp reaction was initiated in
the presence of 0.17 uM [a-*2P]ATP, which limits elongation. After 10 min, the reaction was split into
two equal volumes, and Zn?* was added to one of the tubes. A chase with 50 uM unlabelled ATP
was performed on both reactions and samples were taken after 5, 10, 15, and 30 min. (D) SARS-
CoV RdRp reaction products formed at the chase times indicated above the lanes in the presence
and absence of Zn?*. The length of the reaction products in nt is indicated next to the gel (p is the
primer length).
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Figure 8: The effect of Zn?* on SARS-CoV nsp12 template binding. (A) Electrophoretic mobility
shift assay with radiolabelled dsRNA and nsp12 in the presence and absence of Zn?* (indicated
above the lanes). The position of unbound and nsp12-bound RNA in the gel is marked on the left
of the panel. (B) Determination of the nsp12 affinity for RNA in the presence and absence of Zn?".
A fixed amount of RNA was incubated with an increasing amount of nsp12. This revealed a 3-4
fold reduction in the percentage of bound RNA in the presence of zinc ions (grey) relative to the
percentage of bound RNA in the absence of zinc ions (black). Error bars represent standard error
of the mean (n = 3).

No binding was observed when a similar RNA binding assay was performed with
purified EAV RdRp. Likewise, nsp9 did not bind RNA in pull-down experiments with
Talon-beads, His.-tagged nsp9, and radiolabelled EAV genomic RNA or various short
RNA templates including polyU, whereas we were able to detect binding of a control
protein (SARS-CoV nsp8, which has demonstrated RNA and DNA binding activity [153])
using this assay. It presently remains unclear why we are not able to detect the binding
of recombinant EAV nsp9 to an RNA template.

Discussion

Although a variety of compounds have been studied, registered antivirals are currently
still lacking for the effective treatment of SARS and other nidovirus-related diseases
[316]. RdRps are suitable targets for antiviral drug development as their activity is strictly
virus-specific and may be blocked without severely affecting key cellular functions.
Several inhibitors developed against the polymerases of, e.g., human immunodeficiency
virus (HIV) and hepatitis C virus are currently being used in antiviral therapy or clinical
trials [276,317,318]. Therefore, advancing our molecular knowledge of nidovirus RdRps
and the larger enzyme complexes that they are part of, and utilising the potential of
recently developed in vitro RdRp assays [154,196,290,313] could ultimately aid in the
development of effective antiviral strategies.

Zinc ions and zinc-ionophores, such as PT and PDTC, have previously been described
as potent inhibitors of various RNA viruses. We therefore investigated whether PT-
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stimulated import of zinc ions into cells also inhibited the replication of nidoviruses
in cell culture. Using GFP-expressing EAV and SARS-CoV [314,315], we found that the
combination of 2 uM PT and 2 uM Zn?** efficiently inhibited their replication, while
not causing detectable cytoxicity (Fig. 1). Inhibition of replication by PT and Zn?* at
similar concentrations (2-10 uM) was previously observed for several picornaviruses
such as rhinoviruses, foot-and-mouth disease virus, coxsackievirus, and mengovirus
[300,301,302,303,304,305].

The inhibitory effect of Zn?* on the replication of picornaviruses appeared to be due to
interference with viral polyprotein processing. In infections with the coronavirus mouse
hepatitis virus (MHV), Zn?*also interfered with some of the replicase polyproteins cleav-
ages [312], albeit at a much higher concentration (100 uM Zn?*) than used in our stud-
ies. Since impaired replicase processing will indirectly affect viral RNA synthesis in the
infected cell, we used two recently developed in vitro assays to investigate whether Zn?*
also affects nidovirus RNA synthesis directly. Our in vitro studies revealed a strong inhibi-
tory effect of zinc ions on the RNA-synthesising activity of isolated EAV and SARS-CoV
RTCs. Assays with recombinant enzymes subsequently demonstrated that this was likely
due to direct inhibition of RdRp function. The inhibitory effect could be reversed by
chelating the zincions, which provides an interesting experimental (on/off) approach to
study nidovirus RNA synthesis. Addition of Zn?** following initiation of EAV RNA synthesis
had little or no effect on NTP incorporation in molecules whose synthesis had already
been initiated in the absence of Zn?* (Fig. 6 and 7), indicating that Zn?* does not affect
elongation and does not increase the termination frequency, as was previously found
for Mn2?*[313]. Therefore, Zn?* appears to be a specific inhibitor of the initiation phase
of EAV RNA synthesis. In contrast, Zn?* inhibited SARS-CoV RdRp activity also during the
elongation phase of RNA synthesis, probably by directly affecting template binding (Fig.
8).In coronaviruses, zinc ions thus appear to inhibit both the proper proteolytic process-
ing of replicase polyproteins [311,312] and RdRp activity (this study). Contrary to the
RTC assays, millimolar instead of micromolar concentrations of ZnOAc, were required for
a nearly complete inhibition of nucleotide incorporation in RdRp assays.

It has been well established that DNA and RNA polymerases use conserved aspartate
residues in motifs A and C to bind divalent metal ions like Mg*, which subsequently
coordinate incoming nucleotides during the polymerisation reaction [279,280]. Mg?** is
also the divalent metal ion that is required for the in vitro activity of isolated SARS-CoV
and EAV RTCs and recombinant RdRps [154,196,290,313], although de novo initiation
of EAV nsp9 is primarily Mn?*-dependent. Zn?* could not substitute for Mg or Mn?* as
cofactor as it was incapable of supporting the polymerase activity of nidovirus RTCs and
RdRps in the absence of Mg?* (data not shown), as was also reported for the poliovirus
RdRp [243]. Moreover, inhibition of nidovirus RdRp activity by Zn?* was even observed
at low concentrations and in the presence of a more than 25-fold excess of Mg*, sug-
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gesting that either the affinity of the active site for Zn?* is much higher or that Zn?*does
not compete for Mg?*-binding and binds to another zinc(-specific) binding site in the
protein.

Specific protein domains or pockets that contain zinc ions may be involved in protein-
protein interactions, protein-RNA/DNA interactions, or conformational changes in
enzyme structures. Zinc-binding domains commonly consist of at least three conserved
cysteine and/or histidine residues within a stretch of ~10-30 amino acids, such as in
zinc-finger motifs and metalloproteases [92,296,319]. However, in RdRps there are
only few precedents for the presence of zinc-binding pockets, such as those identified
in the crystal structure of the Dengue RdRp [145]. Sequence analysis of the EAV nsp9
amino acid sequence revealed that it lacks patches rich in conserved cysteines and/or
histidines. In contrast, inspection of the SARS-CoV nsp12 amino acid sequence revealed
two such patches, namely H295-C301-C306-H309-C310 and C799-H810-C813-H816. A
crystal structure for nsp12 is presently unavailable, but a predicted structure that rep-
resents the C-terminal two-thirds of the enzyme has been published [89]. Interestingly,
in this model, C799, H810, C813 and H816 are in a spatial arrangement resembling that
of the Zn?* coordinating residues in the Zn2 zinc-binding pocket found in motif E of the
Dengue virus RdRp (see Supplemental Fig. S3). Clearly, an in-depth analysis of nidovirus
RdRps, e.g., through structural analysis and subsequent mutational studies targeting
aforementioned cysteines and histidines, is required to provide further insight into and
a structural basis for the Zn?*-induced inhibitory effects on RdRp activity documented in
this study. Such studies may, however, be complicated when Zn?*" binding proves to be
very transient in nature and not detectable with currently available methods.

In summary, the combination of zincions and the zinc-ionophore PT efficiently inhibits
nidovirus replication in cell culture. This provides an interesting basis for further studies
into the use of zinc-ionophores as antiviral compounds, although systemic effects have
to be considered [320,321] and a water-soluble zinc-ionophore may be better suited,
given the apparent lack of systemic toxicity of such a compound at concentrations that
were effective against tumors in a mouse xenograft model [322]. In vitro, the reversible
inhibition of the RdRp by Zn?** has also provided us with a convenient research tool to
gain more insight into the molecular details of (nido)viral RNA synthesis, and revealed
novel mechanistic differences between the RdRps of SARS-CoV and EAV.

Materials and methods

Cells and viruses

Vero-E6 cells were cultured and infected with SARS-CoV (strain Frankfurt-1; accession nr.
AY291315) or SARS-CoV-GFP as described previously [67]. All procedures involving live
SARS-CoV were performed in the biosafety level 3 facility at Leiden University Medical
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Center. BHK-21 or Vero-E6 cells were cultured and infected with EAV (Bucyrus strain; ac-
cession nr. NC_002532) or EAV-GFP [314] as described elsewhere [313].

Effect of zinc ions on nidovirus replication in cell culture

One day prior to infection, Vero-E6 cells were seeded in transparent or black (low fluo-
rescence) 96-well clusters at 10,000 cells per well. The next day, cells were infected with
SARS-CoV-GFP or EAV-GFP with an m.o.i. of 4, and 1 h p.i. the inoculum was removed
and 100 pl of medium containing 2% fetal calf serum (FCS) was added to each well.
In some experiments 0-32 uM of pyrithione (Sigma) was added in addition to 0-2 uM
ZnOAc,. Infected cells were fixed at 17 h p.i. by aspirating the medium and adding 3%
paraformaldehyde in PBS. After washing with PBS, GFP expression was quantified by
measuring fluorescence with a LB940 Mithras plate reader (Berthold) at 485 nm. To
determine toxicity of ZnOAc, and PT, cells were exposed to 0-32 uM PT and 0-8 uM
ZnOAc,. After 18 h incubation, cell viability was determined with the Cell Titer 96 AQ
MTS assay (Promega). EC, and CC, values were calculated with Graphpad Prism 5 using
the nonlinear regression model.

RNA templates and oligonucleotides

RNA oligonucleotides SAV557R (5'-GCUAUGUGAGAUUAAGUUAU-3),
SAV481R (5"-UVUUUUUUUUAUAACUUAAUCUCACAUAGC-3) and poly(U),,
(5'-UUUUUUUUUUUUUUUUUU-3') were purchased from Eurogentec, purified from 7 M
Urea/15% PAGE gels and desalted through NAP-10 columns (GE healthcare). To anneal
the RNA duplex SAV557R/SAV481R, oligonucleotides were mixed at equimolar ratios in
annealing buffer (20 mM Tris-HCI pH 8.0, 50 mM NaCl and 5 mM EDTA), denatured by
heating to 90°C and allowed to slowly cool to room temperature after which they were
purified from 15% non-denaturing PAGE gels.

In vitro viral RNA synthesis assay with isolated RTCs

SARS-CoV and EAV RTCs were isolated from infected cells and assayed for activity in
vitro as described previously [290,313]. To assess the effect of Zn**, 1 pl of a ZnOAc, stock
solution was added to standard 28-ul reactions, resulting in final Zn** concentrations
of 10-500 uM. When Zn?* had to be chelated in the course of the reaction, magnesium-
saturated EDTA (MgEDTA) was added to a final concentration of T mM. After RNA isola-
tion, the *?P-labelled reaction products were separated on denaturing 1% (SARS-CoV)
or 1.5% (EAV) agarose formaldehyde gels. The incorporation of [a-*?P]JCMP into viral
RNA was quantified by phosphorimaging of the dried gels using a Typhoon scanner (GE
Healthcare) and the ImageQuant TL 7 software (GE Healthcare).
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Expression and purification of nidovirus RdRps

SARS-CoV nspl12 and EAV nsp9 were purified essentially as described elsewhere
[154,196], but with modifications for nsp9. In short, E. coli BL21(DE3) with plasmid
pDEST14-nsp9-CH was grown in auto-induction medium ZYM-5052 [292] for 6 hours
at 37°C and a further 16 hours at 20°C. After lysis in buffer A (20 mM HEPES pH 7.4,
200 mM NacCl, 20 mM imidazole, and 0.05% Tween-20) the supernatant was applied
to a HisTrap column (GE Healthcare). Elution was performed with a gradient of 20-250
mM imidazole in buffer A. The nsp9-containing fraction was further purified by gel
filtration in 20 mM HEPES, 300 mM NaCl and 0.1% Tween-20 on a Superdex 200 col-
umn (GE Healthcare). The fractions containing nsp9-CH were pooled, dialysed against
1000 volumes of buffer B (20 mM HEPES, 100 mM NaCl, 1 mM DTT and 50% glycerol)
and stored at -20°C. RdRps with a D618A (SARS-CoV) or D445A (EAV) mutation were
obtained by site-directed mutagenesis of the wild-type (wt) plasmid pDEST14-nsp9-CH
[196] with oligonucleotides 5'-TACTGCCTTGAAACAGCCCTGGAGAGTTGTGAT-3' and
5'-ATCACAACTCTCCAGGGCTGTTTCAAGGCAGTA-3', and plasmid pASK3-Ub-nsp12-
CHis, with oligonucleotides  5'-CCTTATGGGTTGGGCTTATCCAAAATGTG-3'  and
5'-CACATTTTGGATAAGCCCAACCCATAAGGA-3', as described elsewhere [154]. Mutant
proteins were purified parallel to the wt enzymes.

RdRp assays with purified enzymes

Standard reaction conditions for the RdRp assay with 0.1 uM of purified SARS-CoV nsp12
are described elsewhere [154]. To study the effect of Zn?* in this assay, 0.5 ul of a dilution
series of 0-80 mM ZnOAc, was added to the 5 pl reaction mixture, yielding final Zn**
concentrations of 0-8 mM. The EAV RdRp assay contained 1 uM nsp9, 1 uM RNA template
poly(U),,, 0.17 uM [a-**P]ATP (0.5 uCi/ul; Perkin-Elmer), 50 pM ATP, 20 mM Tris-HCl (pH
8.0), 10 mM NaCl, 10 mM KCl, 1 mM MnCl,, 4 mM MgOAc,, 5% glycerol, 0.1% Triton-
X100, 1 mM DTT and 0.5 units RNaseOUT. ZnOAc, was added to the reaction to give a
final concentration of 0-6 mM. To chelate Zn?** during reactions, MgEDTA was added to
a final concentration of 8 mM. Reactions were terminated after 1 hour and analysed as
described [154].

SARS-CoV nsp12 electrophoretic mobility shift assay

SARS-CoV RdRp was incubated with 0.2 nM 5’ 32P-labelled SAV557R/SAV481R RNA du-
plex, for 10 minutes at 30°C either in presence or absence of 6 mM ZnOAc,. Reactions
were analysed as described previously [154].

87

4




88 | Chapter4

Acknowledgements

This work was supported by the Netherlands Organization for Scientific Research (NWO)
with grants from the Council for Chemical Sciences (NWO-CW grant 700.55.002) and an
NWO Toptalent grant (021.001.037).



Zn?* blocks nidovirus RNA synthesis | 89

CHAPTER 4 - SUPPLEMENTAL INFORMATION

p+10

p+1

Figure S1:Effect of various divalent cations on the RdRp activity of SARS-CoV nsp12. Purified
recombinant SARS-CoV nsp12 was incubated with a primed template, ATP, and [a-*2P]JATP in the
presence of either 6 mM Mg?* only (lane 1), and with increasing concentrations of a second divalent
metal (M), specifically: 2-6 mM Ca** (lane 2-4), 2-6 mM Co?** (lane 5-7), 2-6 mM Zn?** (lane 8-10),
or 2-6 mM Mn?* (lane 11-13). The strongest inhibition was observed for Zn?". For more details on
the SARS-CoV nsp12 RdRp assay, see the main text.
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Figure S2: Effect of Zn** on the dinucleotide extension activity of EAV nsp9. Purified
recombinant EAV nsp9 was incubated with a U'® template in the presence of [a-*2P]ATP, ATP, 4
mM Mg?, T mM Mn?, and 1 pM ApA. (A) Reaction mixtures were split into two aliquots, one of
which was supplemented with 6 mM Zn?*, and samples were taken at the time points (minutes)
indicated above the lanes. In the absence of Zn?*, EAV nsp9 initiates de novo and produces di-
and trinucleotides, indicated with A2 and A3, respectively. A non-specific band, unrelated to
RdRp activity, between A2 and A3 is indicated with an asterisk. In the presence of 6 mM Zn?*,
the synthesis of dinucleotides and trinucleotides was blocked. (B) When performing the assay
described under (A) in the absence of Zn?, a full-length product of 18 nucleotides is formed. This
product is not observed when the assay is performed in the presence of 6 mM Zn?*, but nsp9 was
capable of elongating the provided dinucleotide primer ApA into tri- (ApA*pA) and tetranucleotide
((ApA*pA*pA) products (the asterisk indicates radiolabelled phosphates). Due to the absence of a
5" triphosphate group, these reaction products migrate much slower in the 20% acrylamide and 7
M urea gel used for this analysis. See the main text for additional experimental details on the EAV
nsp9 RdRp assay.



Zn** blocks nidovirus RNA synthesis | 91

A

SARS-Fr1
MHV-A59

B Dengue virus RdRp C SARS-CoV RdRp model

fingers fingers ¢ = (
K x
N

<
g
. ‘ thumb

—
/)‘\1_,-'

¢
s

=

~J

(& ’:' Jacive site’ %
3 &\ c813
2 1\

Figure S3: Putative zinc-binding residues in the predicted structure of SARS-CoV nsp12
and comparison with the structure of the zinc-containing Dengue virus RARp domain. (A)
Sequence alignment of coronavirus RdRps showing conservation of four potential zinc-binding
residues amino acids (C799-H810-C813-H816 in SARS-CoV; indicated with asterisks) in the
C-terminal region of coronavirus nsp12. Black shading indicates complete conservation among
coronaviruses. The coronavirus RdRp sequences were aligned with Muscle 3.6. The aligned
sequences and NCBI accession numbers are the following: mouse hepatitis virus strain A59 (MHV_
A59; NP_068668), human CoV 229E (HCoV_229E; NP_068668), infectious bronchitis virus strain
Beaudette (IBV_B; POC6Y1), bovine coronavirus (BCoV; NP_742138.1), feline coronavirus (FeCoV;
YP_239353.1), and SARS-CoV strain Frankfurt-1 (SARS_Fr1; AAP33696). (B) Crystal structure of the
Dengue virus RdARp domain showing the position of four cysteine and histidine residues that form
Zn**-binding pocket Zn2, located close to motif E (depicted in light grey). A second Zn?*-binding
pocket (Zn1) and the two zinc ions identified in the crystal structure are indicated in light-grey.
(€) Predicted three-dimensional structure model of SARS-CoV nsp12 (Xu et al., Nucl. Acids Res.
31:7117-7130), based on PDB code 105S, rendered with Swiss-PdbViewer 4.01 and POV-Ray 3.6.
The positions of the conserved cysteine and histidine residues indicated in panel A (C799-H810-
C813-H816) close to motif E (depicted in light grey) and RdRp active-site residues (D618, D760
and D761) are indicated. The spatial arrangement of these cysteines and histidines in this model
strikingly resembles the positioning of the metal ion-coordinating residues of Zn-binding pocket
Zn2 in the Dengue virus RdRp domain (see panel B).
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ABSTRACT

Uniquely among RNA viruses, replication of the ~30-kilobase SARS-coronavirus genome
is believed to involve two RNA-dependent RNA polymerase (RdRp) activities. The first is
primer-dependent and associated with the 106-kDa nonstructural protein 12 (nsp12),
whereas the second is catalysed by the 22-kDa nsp8. This latter enzyme is capable of de
novo initiation and has been proposed to operate as a primase. Interestingly, this protein
has only been crystallised together with the 10-kDa nsp7, forming a hexadecameric,
dsRNA-encircling ring structure (i.e., nsp(7+8), consisting of 8 copies of both nsps). To
better understand the implications of these structural characteristics for nsp8-driven
RNA synthesis, we studied the prerequisites for the formation of the nsp(7+8) complex
and its polymerase activity. We found that in particular the exposure of nsp8’s natural N-
terminal residue was paramount for both the protein’s ability to associate with nsp7 and
for boosting its RdRp activity. Moreover, this “improved” recombinant nsp8 was capable
of extending primed RNA templates, a property that had gone unnoticed thus far. The
latter activity is, however, ~20-fold weaker than that of the primer-dependent nsp12-
RdRp at equal monomer concentrations. Finally, site-directed mutagenesis of conserved
D/ExD/E motifs was employed to identify residues crucial for nsp(7+8) RdRp activity.
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INTRODUCTION

In the replicative cycle of RNA viruses, the crucially important process of RNA-templated
RNA synthesis is generally performed by an RNA-synthesizing complex of viral enzymes
[235,264]. Commonly, its core subunit is a single RNA-dependent RNA polymerase
(RdRp) that drives the production of template strands for replication, new genome
molecules, and - in many RNA virus groups - also subgenomic (sg) mRNAs. This ca-
nonical RdRp is structurally conserved among RNA viruses and widely accepted to drive
catalysis of phosphodiester bond formation via a well-established reaction mechanism
involving two metal ions that are coordinated by aspartate residues in its motifs A and
C[89,279,281].

Uniquely among RNA viruses however, current evidence suggests that at least two
RdRp activities are encoded by the genomes of members of the coronavirus (CoV) fam-
ily, the +RNA virus group that infects a wide range of vertebrates and is renowned for its
exceptionally large polycistronic genome of approximately 30 kilobases [65]. Both CoV
RdRps belong to the set of 16 nonstructural proteins (nsps) that are produced through
proteolytic processing of the pp1a and pp1lab replicase precursor polyproteins, which
both derive from translation of the genomic RNA [58,323]. For the Severe Acute Respira-
tory Syndrome-associated coronavirus (SARS-CoV), which emerged in 2003 and caused

worldwide concern due to the ~10% mortality rate associated with infection of humans
[65,324], the two replicase subunits with RdRp activity have been studied in some
detail. The first is the 106-kDa nsp12, which contains the canonical viral RdRp motifs in
its C-terminal part and employs a primer-dependent initiation mechanism [154,325].
The second polymerase, the 22-kDa nsp8, is unique for CoVs and was reported to be
only capable of de novo RNA synthesis on ssRNA templates, albeit with low fidelity [155].
Together, these observations inspired a hypothesis in which nsp8 would serve as an RNA
primase, i.e., would synthesise short oligonucleotide primers for subsequent extension
by the nsp12 “main RdRp”[155].

In spite of this attractive model, however, many questions regarding CoV RNA syn-
thesis remain unanswered thus far. For instance, it is unclear whether the homomeric
form of nsp8, for which in vitro RdRp activity was previously documented [155], actually
occurs in vivo, as nsp8 was also shown to co-crystallise and form a unique hexadecam-
eric ring-structure with the 10-kDa nsp7 subunit, which resides immediately upstream
in the replicase polyprotein precursors (Fig. 1) [153]. In a similar fashion, it is presently
unknown whether the postulated double-stranded RNA (dsRNA) binding channel of this
complex plays a role in the RdRp activity of nsp8 and whether this activity is influenced
by nsp7, particularly given the observed low fidelity and low processivity of nsp8 [155].

To investigate the properties of the nsp7+nsp8 (nsp(7+8)) hexadecamer in more
detail, and seek answers to the above questions, we here generated and purified re-
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Figure 1: SARS-coronavirus genome organization and structure of the nsp7+nsp8
hexadecamer. (A) The coronavirus genome contains two large 5’-proximal ORFs (ORF1a and 1b)
that encode the two replicase polyproteins, whose mature products bring about the formation
of the viral replication and transcription complex. Both polyproteins are cleaved (cleavage sites
indicated with arrow heads) by the proteinase activities of nsp3 (left hand side) and nsp5 (right
hand side), which releases the maturensps. Also indicated are the 5’ cap structure and the 3'polyA
tail (A). (B) The SARS-CoV nsp8 crystal structure (pdb 2AHM) resembles a “golf club-like” shape.
This nsp8 conformation connects to a much larger, hexadecameric structure that is composed
of seven additional nsp8 subunits (light grey) and eight nsp7 subunits (dark grey). The hollow
hexadecameric ring structure has a positively charged channel (darker grey background shading)
that was proposed to mediate RNA binding. The outside of the structure is predominantly
negatively charged (light grey background shading).

combinant forms of SARS-CoV nsp8 and nsp(7+8) that have natural N-terminal residues.
This technical refinement was found to greatly improve nsp8’s ability to associate with
nsp7. Moreover, and in contrast to previous observations [155], exposure of the natural
N-terminus proved crucial for the enzymatic activity of the complex on partially double-
stranded RNA templates, demonstrating that nsp(7+8) is capable of primer-dependent
RdRp activity as well. Site-directed mutagenesis of nsp8 in the context of the nsp(7+8)
complex identified a conserved D/ExD/E motif that is important for catalysis in vitro,
possibly providing a first indication of the location of the presently unknown nsp8 ac-
tive site. Overall, these results define the SARS-CoV nsp(7+8) complex as an intriguing
multimeric RNA polymerase that is capable of primer extension.
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RESULTS

N-terminal processing defines nsp8 multimerisation and nsp(7+8) complex
formation

SARS-CoV nsp7 and nsp8 were previously reported to interact and form a hollow ring
structure that is composed of an intricate nsp8 octamer supported by eight copies of
nsp7 [153,289] (Fig. 1B). Based on the large diameter, positive charge of the hexadecam-
er’s channel and in silico docking, it was proposed to be able to encircle dsRNA (Fig. 1B).
However, the functional significance of the compound interactions between nsp7 and
nsp8 is poorly understood, as are the polymerase activities associated with monomeric
nsp8 or nsp8-containing multimers. So far, strategies for the purification of recombinant
nsp8 have involved the use of affinity tags (e.g., His, or glutathione-S-transferase (GST)
[153,155]) that were fused to one terminus to facilitate protein recovery. Inadvertently
though, such tags or other exogenous sequences may significantly impede the correct
folding of enzymes and thus alter their stability or activity, as exemplified by studies of
the poliovirus (3DP) and SARS-CoV (nsp12) RdRp subunits [154,277,278]. To circumvent
thisissue, we developed a protocol in which SARS-CoV nsp8 was expressed as a ubiquitin
(ub) fusion protein carrying a C-terminal His -tag (ub-nsp8-His), which was subsequently
processed at both termini in two steps. The first step was co-translational and involved

the release of the N-terminal ub fusion partner by the co-expressed ubiquitin carboxyl-
terminal hydrolase 1 (Upb1, Fig. 2A) [154,277]. The second proteolytic step, catalysed by
a recombinant form of the SARS-CoV nsp5 main protease [326], removed the C-terminal
His -tag and was performed either in solution (Fig. 2A and 2B) or when nsp8-His was im-
mobilised to Talon beads. This procedure yielded SARS-CoV nsp8 with its exact natural
N- and C-terminus (replicase residues Ala-3920 and GIn-4117, respectively; Fig. 2A), the
product that is normally liberated by the nsp5-driven autoprocessing of the SARS-CoV
replicase polyproteins [44].

In accordance with the octameric state observed in cross-linking experiments using
glutaraldehyde (Fig. S1) or ethylene glycolbis [153], the hydrodynamic profile of the
untagged nsp8 corresponded to a mass of ~160 kDa (Fig. 2D). To identify and explain
differences with previously published observations, we also produced and characterised
N- and C-terminally tagged forms of nsp8 (Fig. 2C). Importantly, under the same assay
conditions, the N-terminally His_-tagged nsp8 (His-nsp8) that was used in the original
nsp8 RdRp activity study [155] showed a marked difference in multimerisation behav-
iour (Fig. 2D and Fig. S1). On the other hand, little difference was observed between
untagged nsp8 and a C-terminally His_-tagged version of the protein (nsp8-His; Fig. 2E).

To investigate whether nsp7 could influence the change in multimerisation behaviour,
we next added separately purified and C-terminally processed nsp7 to the different nsp8
preparations. Interestingly, we found that nsp8 and nsp8-His could both associate with
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Figure 2: Purification and multimerisation of recombinant SARS-CoV nsp7-8 precursor
and different nsp8 variants. (A) Expression of nsp8 in the presence of the ubiquitin protease
Ubp1 to liberate the natural N-terminal sequence (AIASEF), followed by purification and cleavage
by recombinant SARS-CoV nsp5 main protease to remove the C-terminal His-tag and its
upstream GSSG linker. (B) Eighteen per cent SDS-PAGE analysis of nsp5-treated, purified nsp8-His
demonstrates near-complete release of the C-terminal His -tag within 60 min. The maltose binding
protein (MBP) was added to the reaction to serve as an independent loading control. Asterisks
indicate nonspecific bands. (C) In addition to the tag-less nps8 and nsp8-His, we also produced
the N-terminally His-tagged nsp8 (His-nsp8) used by Imbert et al. [155]. (D) Comparative gel
filtration analysis of nsp8 (22 kDa as a monomer) versus His-nsp8 and (E) nsp8 versus nsp8-His. In
all three cases, nsp8 formed multimers in solution, but the apparent molecular mass of complexes
formed by both nsp8 and nsp8-His was ~2 fold higher than for complexes formed by His-nsp8.
(F) Comparative analysis of nsp8, nsp(7+8), His-nsp8 and nsp7+nsp8-His. Only nsp(7+8) showed
a molecular weight shift to the ~225-kDa size range with a standard deviation of 15-kDa (n = 3).
This size is indicative of hexadecamer formation, whereas the analysis of nsp7+nsp8-His showed
dominant peaks of nsp8-His and nsp7 (which is ~10 kDa as a monomer).
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this protein, in accordance with published data [153], but that His-nsp8 was unable to
do so within the frame of our experimental conditions (Fig. 2F). Consequently, although
various lines of evidence support the observation that nsp7 and nsp8 can form a hexa-
decamer, it now appears that the correct N-terminal processing of nsp8 is a significant
factor in determining the final oligomeric state of the protein.

SARS-CoV nsp7 enhances RNA binding by nsp8

A unique feature of the hexadecameric SARS-CoV nsp(7+8) structure is the fact that
it does not derive from stacking of its protein subunits, but rather from stable inter-
connections of the “golf club-like” nsp8 molecules (Fig. 1B) [153]. The structural support
of the nsp8 octamer by eight copies of nsp7 thus appears to be redundant, in line with
the critical role for the nsp8 N-terminal domain described above. We surmised therefore
that the additional complexity must have evolved to improve nsp8's function and set
out to compare the RNA binding capabilities of the purified nsp8 octamer and nsp(7+8)
hexadecamer.

By analysing the steady-state ribonucleotide-protein (RNP) complexes formed through
binding of nsp8 to 5’ 32P-labelled dsRNA (Fig. 3A), we estimated the nsp8 dissociation
constant (K ) for dsRNA to be ~3.3 uM (Fig. 3F), which is about ~25 fold higher than the
apparent K, of nsp12 under comparable conditions [154]. A comprehensive analysis of

the influence of nsp7 on nsp8-dependent RNA binding required an nsp8 mutant that
was incapable of RNA binding. To this end, we engineered an alanine substitution of
the conserved residue K58, which resides in nsp8’s proposed dsRNA-binding channel
(residues 55-78 [153]). As is evident from the electromobility shift assay in Fig. 3B, this
mutation was sufficient to significantly disrupt RNA binding. As a control, we also per-
formed an aspartate-to-alanine substitution at position 52, which is partially conserved,
yet not expected to participate in RNA backbone binding due to its negative charge and
position just outside the proposed RNA binding channel. Indeed, the D52A mutation
only induced a migratory shift of the dominant RNP signal towards the anode, likely as a
result of the lost negative charge (Fig. 3C).

With the results obtained with these control proteins in mind, we next explored the
contribution of nsp7 to RNA binding by the nsp(7+8) complex. We used a fixed concen-
tration of nsp7 and added either wild-type or mutant nsp8 up to the point where the
nsp7:nsp8 ratio reached equimolarity. No RNA binding was observed in the absence of
nsp8, but upon nsp(7+8) complex formation the amount of bound dsRNA rapidly in-
creased (Fig. 3D). Indicative of successful complex formation, we also observed a shift in
the molecular weight of the major RNP complex formed (Fig. 3D). Western blot analysis
confirmed that both nsp7 and nsp8 were present at this position in the gel (not shown),
but due to the generally unpredictable migration behaviour of proteins and RNPs in
native PAGE, it was not possible to assess whether this band indeed corresponded to the
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Figure 3: SARS-CoV nsp7 stimulates nsp8-dependent RNA binding. (A) Five prime 3*P-labelled
dsRNA was incubated with increasing concentrations (0-5 uM) of wild-type nsp8, (B) nsp8 K58A, (C)
or nsp8 D52A. Clearly, mutation of K58 to alanine significantly reduced the binding affinity of nsp8,
whereas mutation of D52 to alanine did not. We also noted that the change in charge due to the
mutation (up to eightfold in the octamer) resulted in an upward shift of the dominant RNP band,
relative to the dominant RNP in panel 3A (labelled with black 1). (D) Five prime 32P-labelled duplex
RNA was incubated with a fixed concentration of nsp7 (5 uM) and increasing concentrations of
wild-type nsp8 (0-5 pM). Note the migration shift of the dominant ribonucleotide-protein (RNP)
complex in the presence of nsp7 (compare RNPs labelled with black 1 and grey 2). (E) Addition of
an equimolar amount of nsp7 to the nsp8 mutants D52A and K58A stimulated binding of dsRNA.
For reference the 2:1 and 1:1 ratios of wild-type nsp8 and nsp7 are shown in the left panel. Asterisks
indicate nonspecific bands. (F) RNA-binding curves for nsp8 in the absence (grey triangles) or
presence of a fixed (5 uM) concentration of nsp7 (black circles). Lines represent fits to the Hill
equation, while error bars represent standard deviations (n = 3).
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nsp(7+8) hexadecamer. The K, of the nsp(7+8) complex was estimated at ~1.2 uM, about
3-fold lower than that of nsp8 alone (Fig. 3F).

When we next added an equimolar amount of nsp7 to the nsp8 RNA-binding mutant
K58A, we observed a minor increase in the binding affinity for RNA (compare Fig. 3B with
Fig. 3E). Mutant D52A, on the other hand, behaved similar to the wild-type protein (Fig.
3E). Together, these results complement the observation that various positively charged
nsp7 residues line the inside of the nsp8-scaffolded RNA binding channel [153], and they
provide the first direct evidence for a functional role of nsp7 in the SARS-CoV nsp(7+8)
structure.

The nsp(7+8) complex has primer extension activity

Given nsp(7+8)’s ability to bind dsRNA, we wondered whether this protein complex
would also be catalytically active on this type of template and able to incorporate
nucleoside monophosphates (NMPs) into partially double-stranded RNA molecules, i.e.,
primed templates. We therefore examined the ability of nsp8 to extend a 20-nt primer
that was pre-annealed to a heteromeric template with relatively low secondary structure,
to rule out potential adverse effects of hairpins (Fig. 4A). Interestingly and in contrast to
previous observations [155], the nsp(7+8) complex readily extended the primer up to
template length, resulting in the formation of a 40-base pair RNA duplex (Fig. 4B).

The negatively charged and helical polymer heparin is able to occupy the binding
sites of RNA and DNA polymerases, and can thus directly compete with RNA and DNA
templates. To verify that the full-length and longer RNA products were derived from
single nsp(7+8) complexes bound to the template (i.e., from a processive activity), and
not from multiple binding and extension events (i.e., a distributive activity), we per-
formed the primer extension reaction in the presence of heparin to trap any unbound
nsp(7+8). We first tested the concentration required to saturate all nsp(7+8) complexes
in the reaction by titrating 0-100 uM into the reaction (Fig. S2A) and observed that the
incorporation levels were stable above 1 uM (Fig. S2B), suggesting that these reactions
represent single initiation-extension events. We next assessed whether the activity of
nsp8 or nsp(7+8) was distributive or processive by quantifying the incorporated signal
in full-length or longer products in the presence of 1 uM heparin (Fig. 4C). As shown
in Fig. 4D, 66 + 4% (mean + standard deviation) of the nsp8 products were full length
compared to 61 £ 2% of the nsp(7+8) products, suggesting that both enzymes com-
plexes are mostly processive and that nsp7 does not confer additional processivity to
nsp8. Interestingly, both nsp8 and nsp(7+8) are able to extend the RNA primers beyond
template length in the presence of heparin (Fig. 4D and Fig. S2B), suggesting that these
extensions result from terminal transferase activity and not from template switching, as
was previously observed for poliovirus 3D?°' [284].
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Figure 4: The nsp(7+8) complex has primer extension activity. (A) Schematic presentation of
the nsp8 primer extension assay, in which [a-*?PJAMP and GMP are incorporated into a primed
RNA template. (B) Incorporation of [a-*?PJAMP by the nsp(7+8) complex. Samples were taken at
the indicated time points and resolved on a 20% PAGE/7M urea gel. (C) Schematic presentation
of the single-cycle reaction. Template and nsp(7+8) complex were pre-incubated for 10 min
before nucleotides were added. The mixture was then rapidly split into equal aliquots that were
immediately mixed with heparin to trap unbound or released enzyme. (D) Samples were taken
after 60 min and resolved on 20% PAGE/7M Urea.

The nsp(7+8) complex requires a D/ExD/E motif for catalysis

Intrigued by the primer extension activity of the SARS-CoV nsp(7+8) complex described
above, we next designed a set of mutations to verify that the activity indeed was
nsp(7+8) derived and to identify the most critical residues for activity in the complex. We
first tested RNA-binding mutant K58A (Fig. 2) at varying concentrations and observed
a ~95% loss of nucleotide incorporation activity compared to the wild-type protein
(Fig. 5). Other likely candidates for a direct role in RdRp catalysis generally are Mg?**-
coordinating aspartate residues and lysine or histidine residues that can function as
general acid [279]. In canonical RNA polymerases, the aspartates commonly reside in
motifs A and C [84,279], while in DNA-dependent RNA primases they are usually found
in a central D/ExD/E motif [328]. Given the absence of classical RdARp A and C motifs in
the nsp8 sequence [155], we screened an alignment of CoV nsp8 sequences for con-
served D/ExD/E motifs. Interestingly, we found such a motif in both the N-terminal and
the C-terminal domain (Fig. 5A). Subsequent alanine substitution of the N-terminal D/
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Figure 5: Mutagenesis of SARS-CoV nsp8. (A) Alignment of nsp8 sequences from representative
alpha-, beta- and gammacoronaviruses. Fully conserved residues are shaded dark grey, while
partially conserved residues are boxed. The residues targeted by mutagenesis are indicated with
asterisks. Please see Material and Methods for the Genbank accession numbers associated with the
presented sequences. Sequences are presented in the order SARS-CoV, MHV, HCoV OC43, HCoV
NL63, HCoV 229E, Bat-CoV HKUS, IBV, Turkey CoV and BW-CoV. (B) To verify that the observed
extension activity was nsp8-dependent, we tested the incorporation of AMP into the primed U,
template by 1, 5 or 10 uM of wild-type nsp8 or template-binding mutant K58A. Mutation of K58
resulted in a ~95% reduction of AMP incorporation. (C) To assess the importance of the two D/
ExD/E motifs in nsp8, we engineered alanine substitution mutants of these residues and tested
their primer extension activity on the primed UC,  template (see Fig. 4). Reactions were stopped
after 60 min and compared to the activity of the wild-type nsp(7+8) complex on a 20% PAGE/7M
urea gel. The bottom panel shows the nsp8 protein concentration present in each of the reactions.
(D) Quantification of the primer extension activities on the CU,, template of the D/ExD/E alanine
substitution mutants and control substitutions K58A and K127A. Values are normalised to the
protein concentration. Error bars represent standard deviations (n=3).

ExD/E motif, composed of D50 and D52 in SARS-CoV, greatly affected primer extension
activity on the CU,  template as shown in Fig. 5C. Mutation of the downstream domain
(residues D161 and D163 in SARS-CoV), however, had a much smaller effect on poly-
merase activity, suggesting that this C-terminal D/ExD/E motif is not critical for catalysis.
Controls included mutant K58A and a mutant carrying a lysine-to-alanine substitution
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Figure 6: Influence of divalent ions and pH on nsp(7+8) activity. (A) To test the influence of
magnesium ions on nsp(7+8) activity, we performed nsp(7+8) primer extension reactions at
0-10 mM Mg?*. (B) Quantification of the results presented in Fig. 6A, presented as the amount of
NTP incorporated per pM nsp8 monomer. Error bars represent standard deviations (n=3). (C) The
influence of the pH on nsp(7+8) activity was tested for a pH range of 6-11. A clear optimum was
observed around 9.5. (D) Quantification of the results in Fig. 6C, presented as the amount of NTP
incorporated per uM nsp8 monomer. Error bars indicate standard deviations (n=3). (E) Schematic
presentation of the pulse-chase experiment that was used to test the nsp(7+8) nucleotide
incorporation specificity on a primed poly(U) template (see Table 1). The reactions were initiated
with a limiting concentration of [a-*?P]ATP to allow the formation of a stable polymerase-template
complex. Unlabelled nucleotides were used at a final concentration of 50 uM. (F) SARS-CoV nsp(7+8)
allowed only limited transversional and transitional mutations. Use of manganese ions as cofactor
for polymerase activity resulted in a minor, though noticeable loss of fidelity. Lane 1 represents
the input signal to which no unlabelled nucleotides were added. Nucleoside triphosphates are
abbreviated to single letters (i.e., A for ATP, G for GTP, U for UTP, C for CTP, and R for RTP).
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of the non-conserved residue 127. In line with the observation of the U, template and
its conservation in CoVs, the loss of a lysine at position 58 resulted in a near complete
loss of RdRp activity, whereas mutation of K127 positively influenced RNA synthesis (Fig.
5).

Influence of divalent ions and protons on nsp(7+8) activity

As outlined above, magnesium ions are well-known cofactors of nucleic acid polymer-
ases and assist in the coordination and activation of incoming nucleoside triphosphates.
Also the activity of SARS-CoV nsp(7+8) was found to be positively correlated with the
Mg?* concentration, albeit with a broad optimum running from 4-10 mM (Fig. 6A). At
this optimum, nsp(7+8) incorporates ~1 uM NMP into the primed template per uM of
monomeric nsp7 and nsp8 present in the reaction.

Similar to the presence of divalent cations, the pH greatly affects the activity of RdRps
and has been shown to play a role in both catalysis and fidelity [242,279]. To investigate
the influence of the pH on nsp(7+8), we tested the activity of the complexin a pH range
of 6-11. As shown in Fig. 6C, we observed a sharp optimum at pH 9.5, which is consider-
ably higher than the optimum that was previously observed for the SARS-CoV nsp12-
RdRp and the His-nsp8 homomer (pH optimum 7.5 and 8.0, respectively) [154,155].

Interestingly, the primer extension activity of nsp(7+8) did not require manganese
ions as was previously reported for the His-nsp8 homomer [155]. In fact, similar to the
SARS-CoV nsp12-RdRp [154], the addition of Mn?* was found to reduce the fidelity of
nsp(7+8) and induce both transversional and transitional misincorporations in a pulse-
chase experiment (Fig. 6E and 6F). Interestingly, the assay also revealed a discrimination
against the widely used ATP and GTP analogue ribavirin triphosphate (RTP) [56,94].
Whether this may offer an explanation for SARS-CoV's relative resistance to this antiviral
drug [329,330] remains an open question for future research.

N-terminal extensions other than nsp7 frustrate the primer extension activity of
nsp8

The primer-extension and terminal transferase activity documented in Fig. 4 for the
complex containing the untagged nsp8 was not observed by Imbert et al. when they
first purified and analysed His-nsp8 [155]. To investigate whether this difference could
be attributed to complex formation with nsp7 or the removal of the affinity tag, we
performed the primer extension assay with three different recombinant nsp8 versions
of which the gel filtration analysis is documented in Fig. 2. Interestingly, for all three
variants primer-extension activity was observed (Fig. 7A), but the activity was most
pronounced for nsp8-His and the untagged nsp8 (Fig. 7A). To estimate the effect of
nsp7 on the nsp8-driven primer extension activity, we performed a direct comparison
of the two enzyme complexes and found that the activity of nsp8 alone was >2 fold
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lower than when nsp7 and nsp8 were present at equal molarity in the reaction (Fig. 4D
and Fig. 7B). A similar comparison was performed for the de novo activity of nsp8, using
the assay published by Imbert et al. [155] and taking the first dinucleotide (pppGpA)
product as readout. Interestingly, both nsp8 and nsp(7+8) synthesised equal amounts
of the pppGpA dinucleotide (Fig. 7C), suggesting that the effect of nsp8 is limited to the
primer-extension activity of nsp8. In addition, we observed that the de novo initiation
activity of nsp8 was ~2 fold higher than that of His-nsp8 (Fig. 7D).

Our comparative study revealed that the N-terminal His -tag of His-nsp8 greatly influ-
ences the primer-extension activity of nsp8 (Fig. 7A), its multimerisation profile and its
association with nsp7 (Fig. 2). To test if this inhibitory effect was His -tag specific, we
assessed the activity of a ub-nsp8-His fusion protein. At the same time, control reactions
were performed in which we i) followed the activity of this protein as it was being pro-
cessed by a recombinant form of the ubiquitin-cleaving nsp2 protease of equine arteritis
virus [88] or ii) monitored the activity of nsp8-His. As shown in Fig. S3, the presence of
the ub-tag decreased nsp8 activity to a level that was comparable to that of N-terminally
His.-tagged nsp8. Upon cleavage by EAV nsp2, however, a partial recovery of the primer
extension activity was observed (Fig. S3). Unfortunately, we were not able to perform
the same experiment with purified ub-nsp8, since our recombinant nsp5 removed the
N-terminal ub-tag with similar efficiency as the C-terminal His-tag (Fig. 54).

Extrapolating to the situation in the viral ppla and pplab precursor polyproteins,
in which the nsp8 N-terminus is initially fused to nsp7 (Fig. 1A), our observations sug-
gested that nsp8 may thus be inactive in the polyprotein context. This would constitute
a form of regulation of viral enzyme activity that is not without precedent, since also the
poliovirus 3Dpol is inactive as long as it is fused to the 3C protease in the 3CD precur-
sor [331]. To verify this hypothesis, we expressed nsp7-8-His and tested this protein for
RdRp activity. Interestingly, this fusion protein, a potential intermediate of CoV replicase
polyprotein processing and a multimer in solution (Fig. 7E), showed primer extension
activities that were comparable to or higher than the activity of nsp(7+8-His) (Fig. 7F).
The de novo initiation activity of nsp7-8-His was, however, ~2 fold lower than the activity
of nsp8 and nsp(7+8) (Fig. 7D). In conclusion, this result clearly underlines that the two
N-terminal fusion partners other than nsp7 are specifically detrimental to SARS-CoV
nsp8 primer-dependent RdRp activity in vitro. It also demonstrates that nsp8 alone may
be sufficient to act as a primase.

Discussion

The complex replication and transcription process that coronaviruses initiate upon
infection involves up to 16 viral nsps and at least one host factor [51,79,290]. Both
individually as well as in complex with each other, these subunits engage in numerous
protein-protein interactions [85,289] and embody various enzymatic activities, includ-
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Figure 7: Influence of His -tags and nsp7 on the RdRp activity of SARS-CoV nsp8. (A) The UC, |
template (see Fig. 4) was incubated with 1 uM of wild-type nsp8 or either of three nsp8 variants
to investigate the influence of the His_-tag. Samples were taken at the indicated time points and
checked for [a-*?P]JAMP incorporation by 20% PAGE/7M urea analysis. (B) Side-by-side comparison
of the primer-extension activities of nsp8 and nsp(7+8). Shorter incubations are shown to better
demonstrate the difference in activity. (C) De novo activity of nsp8 and nsp(7+8) on template
AFMB131 (see Table 1), using the synthesis of the first dinucleotide pppGpA, as previously
described by Imbertet al. [155], as readout. Nsp8 template binding mutant K58A was used as
negative control. The AMP contaminant present in the used [a-3?P]ATP label is marked as loading
control and size reference. (D) Side-by-side comparison of the de novo initiation activities of nps8,
His-nsp8 and nsp7-8-His. (E) Elution profile of the nsp7-8-His fusion protein relative to nsp8-His. (F)
Primer-extension activities of putative cleavage intermediate nsp7-8 on the U, template (see Fig.
4 and Table 1).

ing proteolytic [44,332], ATPase [108], and 5’ cap modifying reactions [333]. Remarkably
though, the mechanism and enzymes required to catalyse RNA synthesis in the CoV RTC
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remain very poorly understood. Moreover, uniquely among RNA viruses which generally
employ a single RNA polymerase to drive their RNA synthesis [235,264], the polymerase
activity assays and nsp8 mutagenesis documented in this and other studies suggest
that, in addition to the presumed nsp12 “main RdRp’, other polymerase activities could
play a critical role in the synthesis of SARS-CoV RNAs [154,155,285,334].

Following up on the description of an nsp8- and nsp7-containing hexadecameric ring
structure [153] and the nsp8-associated polymerase activity [155], we here demonstrate
that the nsp(7+8) hexadecamer is the most probable conformation of the second SARS-
CoV polymerase, given the near-complete association of nsp7 and nsp8 when mixed 1:1
in solution (Fig. 2F). Significant for our understanding of CoV RNA synthesis, we find that
this complex is capable of binding dsRNA molecules and extending partially double-
stranded RNA templates. This activity is therefore essentially comparable to the activity
reported for the nsp12-RdRp [154].

A direct comparison with the nsp12 activity is difficult, however. In the course of a
one-hour reaction, 0.1 uM monomeric nsp12-RdRp incorporates ~2 uM NMP into a
primed (CU),  template [154]. The nsp(7+8) complex, at a 1 uM concentration of nsp7
and nsp8 monomers, incorporates ~1 uM NMP. Per monomer, the activity difference
is therefore 20-fold, but if we assume that most nsp7 and nsp8 monomers assemble
into hexadecamers and that each hexadecamer contributes only one functional active
site per incorporation event, the difference would be much smaller and only ~2.5 fold.
Presently, however, we do not yet have an estimate for the efficiency and stability of
the nsp(7+8) complex, nor do we know the number of active sites in the complex that
determine its overall activity.

Mutagenesis of nsp8 was performed to identify residues that may contribute to the
catalytic centre of the nsp(7+8) polymerase, while differently tagged nsp8 recombinant
proteins were constructed to explain some striking differences with previous observa-
tions. These efforts resulted in two intriguing observations. First, mutation of the con-
served N-terminal D/ExD/E motif, comprising D50 and D52 in SARS-CoV, abolished RdRp
activity, whereas mutation of the C-terminal motif, including SARS-CoV residues D161
and D163, did not affect polymerase activity (Fig. 5). Given the general importance of
acidic residues for metal-ion coordination in polymerase active sites [89,279,281,328]
and the D/ExD/E consensus sequence in coronaviruses at positions 50-52, we now
postulate that these residues are part of the Mg?*-binding active site in spite of the more
conserved nature of D161 and D163 (Fig. 5), and their position in the nsp(7+8) structure
(see below for further discussion).

Second, the presence of N-terminal extensions other than nsp7, such as ubiquitin
and His, severely affected the primer extension activity of nsp8 (Fig. 7), potentially by
changing its oligomeric state (Fig. 2). However, the relatively strong activity of nsp7-8
(Fig. 7), a potential naturally occurring replicase processing intermediate, implies that
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nsp8'’s activity is unlikely to be directly controlled by an N-terminal cleavage event, as
was observed for, e.g., the poliovirus polymerase [331]. In addition, these observations
suggest that a more diverse array of nsp8-containing RdRps may be involved in CoV
replication and transcription.

Interestingly, our study and the published nsp(7+8) structural data [153] deviate at
four main points. First, we observe that in the published nsp(7+8) crystal structure four
of the eight N-terminal D/ExD/E motifs in the complex reside at the border of partially
unresolved N-terminal nsp8 domains, where the coordinates of up to 49 nsp8 residues
and 5 exogenous amino acids derived from the removed GST fusion partner were not
determined. In light of our own finding that unnatural N-terminal extensions severely
impair nsp8’s RdRp activity (Fig. 5), this suggests that the published crystal structure may
not represent an active conformation of the nsp(7+8) polymerase. Second, we observe
that residues D50 and D52, which are both crucial for nsp(7+8) activity, are residing in an
a-helix in the nsp(7+8) structure (Fig. S5), whereas in canonical primases and polymer-
ases, the catalytic centre is preferentially located on (3-strands or turns [155,328]. Third,
we note that Mg?* was lacking from the published nsp(7+8) crystal structure [153], even
though it is required for nsp(7+8) activity. Fourth and last, we observe that a 1:1 ratio
of nsp7:nsp8 is sufficient to capture all nsp8 in a higher molecular weight complex (Fig.
2F) whereas previously a 2:1 ratio was required [153], potentially due to the additional
N-terminal residues that altered the dynamics of complex formation.

The (functional) implications of these observations are not clear at present, but ad-
ditional structural studies will likely be required to address these issues in detail, and
gain insights that may aid in explaining the in vitro results presented here. Likely, such
experiments will also offer further information regarding the residues that are involved
in nucleotide positioning, Mg?* coordination and RdRp chemistry.

In summary, our results provide important novel insights into the functionality of the
SARS-CoV hexadecameric nsp(7+8) complex and demonstrate its activity as an RNA
polymerase. In addition, our experiments and controls revealed and address a number
of disparities between previous claims and hypotheses [155], and our own observations.
The “primase hypothesis” previously formulated by Imbert and co-workers [155] remains
an intriguing model to explain the initiation of SARS-CoV RNA synthesis and is a topic
that will be addressed in detail elsewhere. Nevertheless, based on the primer exten-
sion activity of nps7+8 on non-structured RNA templates, we can no longer exclude
the possibility that nsp(7+8) may synthesise substantially longer products than mere
oligonucleotide primers in vivo, possibly stimulated by the presence of additional
viral protein factors that could,e.g., provide RNA-unwinding activity. Consequently, it
is now a distinct possibility that CoV RNA synthesis involves structurally different and
functionally separable RNA synthesising complexes (e.g., containing nsp12 or nsp(7+8)),
each possessing their own dedicated RdRp characteristics and function in viral plus or
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minus strand RNA synthesis. It will therefore be crucial to study whether these different
polymerase activities are part of the same enzyme complex and, if so, whether they can
influence each other’s activity or are subject to additional control mechanisms.

Material and methods

Cloning, mutagenesis and expression

For SARS-CoV nsp7-nsp8 expression, the sequence encoding amino acids 3837-4117 of
the SARS-CoV replicase ppla was amplified by reverse transcription-polymerase chain
reaction (RT-PCR) from the genome of SARS-CoV isolate Frankfurt-1 (Genbank accession
number AY291315). The primers used were SAV704 and SAV429 (Table S1). For nsp8
expression, the sequence encoding pp1la residues 3920 to 4117 was amplified by RT-
PCR using SAV428 and SAV429 as primers (Table S1). Both PCR products were digested
with Sacll and BamHI, and ligated into expression vector pASK3-Ub-CHis_ [154]. This
vector was originally derived from the pET26-Ub-CHis vector [277], but drives expres-
sion of N-terminally ubiquitin-tagged and C-terminally His-tagged fusion proteins via a
tetracyclin-inducible promoter, to rule out the potential T7 polymerase contaminations
that are known to cause false positive results when using T7 promoter-driven systems
for recombinant RdRp expression. All described nsp8 mutants were engineered via
site-directed mutagenesis according to the QuikChange protocol (Stratagene) using the
primers listed in Table S2.

For nsp7-8 or nsp8 expression, Escherichia coli C2523 cells (New England Biolabs) were
transformed with the plasmids pASK3-Ub-nsp7-8-CHis, or pASK3-Ub-nsp8-CHis, to-
gether with the Ubp1 protease expression plasmid pCG1 [277]. Routinely, 50 ml of Luria
Broth, containing ampicillin (50 ug/ml) and chloramphenicol (34 pg/ml), was inoculated
1:1000 with o/n precultures, and cells were grown to OD,, >0.8 at 37°C. Subsequently,
the cells were slowly cooled to 20°C, followed by induction with anhydrotetracycline
(Fluka) at a final concentration of 200 ng/ml for 16 h. Expression at 20°C was, however,
only crucial for the preparation of certain nsp8 mutants and similar yields of active wild-
type protein could be obtained by expression at 37°C for 3-4 h. Cells were harvested by
centrifugation and stored at 20°C until protein purification was started.

The expression of SARS-CoV nsp7 with a C-terminal His -tag (nsp7-His) was achieved
from plasmid pDEST14-nsp7-His, according to the protocol previously described for
EAV nsp9 [325]. SARS-CoV nsp5-His, (nsp5-His) was expressed as a self-cleaving maltose
binding protein (MBP)-fusion protein and was purified via its C-terminal His_-tag [326].
The pASK3-His-nsp8 plasmid for expression of the N-terminally His-tagged nsp8 was
kindly provided by Dr. Imbert and Dr. Canard (University of Marseille, France).
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Purification of SARS-CoV nsp8, nsp7-8 and nsp7

Bacterial pellets were thawed on ice, resuspended in buffer A (20 mM Hepes pH 7.4,
10 mM imidazole, 0.05% Tween-20, 5 mM B-mercaptoethanol and EDTA-free protease
inhibitor cocktail (Roche)) containing 500 mM NaCl, and lysed by sonication. The su-
pernatant was cleared by ultracentrifugation at 20,000 g for 30 min and subsequently
incubated with Talon beads (Clontech) for 2 h at 4°C. The beads were washed four times
15 min with 20 volumes of binding buffer. Ultimately, the C-terminally His_-tagged
proteins were eluted with 150 mM imidazole in buffer A containing 150 mM NaCl, or
cleaved off of the column during a 3-h digestion with SARS-CoV nsp5 in the presence of
4 mM MgCl,.

The eluates were analysed by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and typically found to be >90% pure. Elution fractions containing
nsp8-, nsp7-8, or nsp7 were subsequently pooled, dialysed, stored and analysed as
described previously for SARS-CoV nsp12 [154].

Chemical cross-linking

To study SARS-CoV nsp(7+8) complex formation, different nsp8:nsp7 ratios were mixed
in binding buffer (20 mM Hepes pH 7.5, 50 mM NaCl, 5% glycerol, 0.1% Triton X-100, and
1 mM DTT) to give a final reaction volume of 10 pl. The proteins were pre-incubated for
10 min at 20°C, after which cross-linking was initiated through the addition of 0.5 pl
of a freshly prepared 2.5% glutaraldehyde solution. The reactions were incubated for a
further 5 min at 30°C and then terminated with 1 pl 1 M Tris pH 8.0. Analysis of complex
formation was performed on SDS-PAGE gels, which were stained with Coomassie G-250
dye.

Template binding assays

A dilution series of 0-5 uM SARS-CoV nsp8 in storage buffer was incubated for 10 min
at 20°C with 0.2 nM of *P-labelled duplex RNA. Subsequently, samples were directly
loaded onto 8% polyacrylamide gels containing 5% glycerol and 0.5x TGE (25 mM Tris,
190 mM glycine and 10 mM EDTA) buffer and run at 150 V for 1 h at 4°C. Gels were
dried on Whatman filter paper and bands were quantified by phosphorimaging using
a Typhoon variable mode scanner (GE Healthcare) and ImageQuant TL 7.0 software (GE
Healthcare) as described elsewhere [154]. Using the Matlab 2009a Curve Fitting Toolbox,
the percentage of bound RNA was fit to the Hill equation, which is defined as:
RNA,,,..=bx[nsp8I"/ (K + [nsp8]").

Here b is the upper binding limit, [nsp8] the nsp8 concentration, n the Hill coefficient and
K, the dissociation constant.
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Polymerase activity assays
The oligoribonucleotide substrates used for polymerase assays are listed in Table 1 and
were prepared as described previously [154]. Primer-extension assays for nsp8, the
nsp7-8 polyprotein, and the nsp(7+8) complex were essentially performed as described
previously for SARS-CoV nsp12 [154,325]. In each primer-extension reaction, typically 1
UM wild-type or mutant nsp8 was incubated with 4 mM MgCl,, 50 uM GTP, 50 uM ATP,
0.17 uM [a-32P]JATP, TmM DTT, 0.1% Triton X-100, 10 mM KCl and 20 mM Tris (pH 9.5). At
most 10 mM NaCl and 5% glycerol were introduced with the nsp8 storage buffer. Gels
were run and analysed as described previously [154]. To convert the phosphorimager
signal into the amount of [a-*?P]JAMP incorporated, a 10 to 10 dilution series of the
[a-3?P]ATP stock was spotted in triplicate on Whatman filter paper and exposed along-
side the PAGE gel. The amount of incorporated label was ultimately corrected for the
concentration of competing, unlabelled nucleotides present in the reaction mixture.
De novo initiation assays were essentially performed as described by Imbert et al.
[155], with small modifications for optimisation. Briefly, 1 uM wild-type or mutant nsp8
was incubated with 4 mM MgCl, T mM MnCl,, T mM GTP, 5 uM ATP, 0.17 uM [a-**P]ATP
and 1 uM of oligo AFMB131.

Sequence alignment

Alignments of nsp8 sequences were made using Muscle [327]. Sequences used
included the alphacoronaviruses human CoV 229E (NC_002645), human CoV NL63
(NC_005831), and bat CoV HKU8 (NC_010438); the betacoronaviruses SARS-CoV Frank-
furt-1 (AY291315), mouse hepatitis virus A59 (MHV, NC_001849), and human CoV 0C43
(NC_005147); and the gammacoronaviruses beluga whale CoV SW1 (NC010646), turkey
CoV (NC_010800), and avian infectious bronchitis virus (IBV, AJ311317).

Table 1: Oligoribonucleotides used for activity assays

RNA oligo Purpose Sequence

SAV555 ua,, 5'-UVUUUVVUUUUUUUUUUUUUUUAUAACUUAAUCUCACAUAGC-3’
template

SAV556 ), 5'-UCUCUCUCUCUCUCUCUCUCAUAACUUAAUCUCACAUAGC-3'
template

SAV557 primer 5'-GCUAUGUGAGAUUAAGUUAU-3’

AFMB131 de novo 5'-UAUAAUCCAAAA-3’
assay

template
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CHAPTER 5 - SUPPLEMENTAL INFORMATION
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Figure S1:Analysis of nsp8 multimerisation via chemical cross-linking. Cross-linking analysis
of N-terminally His-tagged nsp8 and C-terminally His-tagged nsp8. Increasing concentrations
of nsp8 were incubated in Hepes buffer (pH 7.5) in the presence of 0.12% glutaraldehyde for 5
min. Subsequent SDS-PAGE analysis and staining with Coomassie G-250 dye shows that only the
C-terminally tagged protein with native N-terminus forms higher order multimers, whereas the
N-terminally tagged protein reveals solely mono- and dimers.
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Figure S2:Inhibition of nsp(7+8) activity with heparin. (A) Schematic presentation of the single-
cycle reaction. Template and nsp(7+8) complex were pre-incubated for 10 min before nucleotides
were added. The mixture was then rapidly split into equal aliquots that were immediately mixed
with different concentrations of heparin. (B) Samples were taken after 60 min and resolved on 20%
PAGE/7M Urea.
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Figure S3: Activation of nsp8 RdRp activity by removal of an N-terminal fusion partner. (A)
To study whether the interference by non-nsp7 N-terminal extensions was reversible, we purified
nsp8 with an N-terminal ubiquitin extension. Addition of either purified EAV nsp2 or Ubp1 would
subsequently result in hydrolysis of the fusion protein C-terminal of the LRGG site. (B) Analysis
of ub-nsp8-His cleavage products by SDS-PAGE and Coomassie G-250 staining. Asterisks indicate
unspecific bands (C) Time-course of [a-*2P]JAMP incorporation of ub-nsp8-His, ub-nsp8-His in the
presence of EAV nsp2, or nsp8-His that was in vivo cleaved by Ubp1. Lower panels demonstrate the
stability or cleavage of ub-nsp7-8-his over time through SDS-PAGE analysis. In all reactions, MBP
was added an independent loading control.
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Figure S4: Processing of ub-nsp7-8-His by the SARS-CoV nsp5 main protease. (A) Due to the
presence of the natural nsp7-8 cleavage sites in the ub-nsp7-nsp8-His construct, the polyprotein
could be processed into mature subunits by the SARS-CoV nsp5 main proteinase. The question
mark indicates an unidentified cleavage product. (B) SDS-PAGE analysis followed by Coomassie
G-250 dye staining demonstrates that addition of nsp5 to purified ub-nsp7-nsp8-His results in
cleavage at the sites indicated in Fig. 2C. Asterisk indicates non-specific band. The question mark
indicates an unidentified cleavage product. (C) Western blot analysis of the protein samples used
in Fig. 2D using an anti-His, monoclonal antibody and (D) an anti-nsp8 monoclonal antibody.

Figure S5: Position of (putative) critical residues in the published nsp(7+8) structure. Position
of the critical residues, including D50, D52 in the nsp(7+8) hexadecamer. For reference, the
conserved residues K58A, D62, K72A, and Y149, and the location of the termini are also indicated.
The residues of the different termini are hidden to simplify the image. The nsp7 subunit that is in
direct contact with the three nsp8 subunits is shown in the top left part of the structure.
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Table S1: DNA primers that were used for cloning of nsp8 and nsp7-8

Primer Sequence

SAV704 5'-GCGGGTACCCCGCGGTGGATCTAAAATGTCTGACGTAAAGTGCACA-3'
SAV429 5'-GCGCGATCGGGATCCCTGTAGTTTAACAGCT-3'

SAV428 5'-GCGGGTACCCCGCGGTGGAGCTATTGCTTCAGAAT-3'

Table S2: DNA primers that were used for mutagenesis of nsp8

nsp8 PCR primers Sequence

mutation

D50A SAV574 5'-GCTAAATCTGAGTTTGCCCGTGATGCTGCCATG-3'
SAV575 5'-CATGGCAGCATCACGGGCAAACTCAGATTTAGC-3'

D52A SAV590 5'-TCTGAGTTTGACCGTGCTGCTGCCATGCAACGC-3'
SAV591 5'-GCGTTGCATGGCAGCAGCACGGTCAAACTCAGT-3'

K58A SAV402 5'-GCCATGCAACGCGCTTTGGAAAAGATGG-3'
SAV403 5'-CCATCTTTTCCAAAGCGCGTTGCATGGC-3’

K127A SAV501 5'-GACTACAGCAGCCGCACTCATGGTTGTTG-3'
SAV502 5'-CAACAACCATGAGTGCGGCTGCTGTAGTC-3'

D161A SAV503 5'-CCAGCAAGTTGTTGCTGCGGATAGCAAGA-3'
SAV504 5'-TCTTGCTATCCGCAGCAACAACTTGCTGG-3'

D163A SAV505 5'-AGTTGTTGATGCGGCTAGCAAGATTGTTC-3’

SAV506 5'-GAACAATCTTGCTAGCCGCATCAACAACT-3’
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Abstract

Single-molecule techniques are powerful tools that can be used to study the kinetics and
mechanics of a variety of enzymes and their complexes. Force spectroscopy, for example,
can be used to control the force applied to a single molecule and thereby facilitate the
investigation of real-time nucleic acid-protein interactions. In magnetic tweezers, which
offer straightforward control and compatibility with fluorescence measurements or
parallel tracking modes, force measurement typically relies on the analysis of positional
fluctuations through video microscopy. Significant errors in force estimates, however,
may arise from incorrect spectral analysis of the Brownian motion in the magnetic twee-
zers. Here we investigated physical and analytical optimisation procedures that can be
used to improve the range over which forces can be reliably measured. To systematically
probe the limitations of magnetic tweezers spectral analysis, we have developed a mag-
netic tweezers simulator, whose outcome was validated with experimental data. Using
this simulator, we evaluate methods to correctly perform force experiments and provide
guidelines for correct force calibration under configurations that can be encountered in
typical magnetic tweezers experiments.
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Introduction

Recently, single-molecule techniques such as atomic force microscopy (AFM), tethered-
particle microscopy (TPM), optical tweezers (OT), and magnetic tweezers (MT) have
become more and more frequently applied to further our understanding of biological
processes. For example, they have become invaluable tools for studies of nucleic acid
replication and repair, and have provided information on details of enzyme kinetics such
as translocation times, step sizes and the coupling in the mechano-chemical reaction
cycle. In addition, they have revealed mechanical properties of both nucleic acid poly-
mers, and provided insight into processes such as recombination [335,336,337,338,339].

Compared to other single-molecule techniques that allow manipulation of externally
applied forces, MT are particularly suited for experiments that cover a force range from
femto- up to tens of piconewtons [340,341], need operation at a constant force, or
require parallel measurements when enzyme processivity is limited [342]. Moreover,
MT set-ups are relatively straightforward to construct, and consist primarily of an
inverted microscope, a set of magnets, and a flow cell. In this flow cell, superparamag-
netic beads are physically tethered to a surface via a nucleic acid or protein tether (Fig.
1A) [337,341,343,344], while the magnets positioned above the flow cell create an
external, controllable magnetic field. The gradient of this field supplies a force in the
Z-direction (Fig. 1), whereas rotation of the magnetic field applies torque to the tether
and introduces supercoils [337,345,346]. The ability to apply both force and torque
facilitates experiments aimed at studying the different structural forms of nucleic acids
[337,347,348]. Additionally, this dual mode of manipulation has provided insight into
the force- and torque-dependent properties of, e.g., topoisomerases and chromatin
[339,349,350,351,352].

In the MT, the motions of the bead take place round an equilibrium position due to
Brownian motion, and are constrained by both the applied force and the flexibility of
the nucleic acid tether (Fig. 1B) [337]. The applied force can be computed from the field
configuration and the magnetisation of the beads according to:

F=1V(m-B) [1]

where mis the magnetisation of the bead in the external magnetic field B [341]. How-
ever, practical use of this relationship may be limited due to complexity in the field
configuration or variability in bead size and magnetisation density.

An alternate approach to force calibration is to employ measurements of the Brownian
motion of the bead itself: the variance of the bead motion in x and y is inversely related
to the applied force [337,341]. Depending on the type of instrumentation employed in
the magnetic tweezers, however, this approach has limitations. In particular, the move-
ments of the bead in x and y are typically recorded with a charge-coupled device (CCD)
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Figure 1. Motion of a tethered particle. (A) In a magnetic tweezers set-up a nucleic acid
polymer is tethered by digoxigenin (DIG) and biotin-labelled handles between an antibody-
coated surface and a streptavidin-coated paramagnetic bead. A non-magnetic bead attached
to the surface functions as reference bead during particle tracking in x, y and z to subtract low-
frequency mechanical drifts from the microscope. (B) An illustration of the motions of a tethered
bead in x with the magnetic field lines (black lines) pointing predominantly in the x-direction.
The magnetisation consequently forces the bead to maintain alignment with the field. Such an
alignment with the magnetic field only takes place at large enough forces as discussed elsewhere
[364]. (C) A schematic of the motions of the tethered bead in y with the field lines (black circles)
oriented predominantly perpendicular to the y-direction. In this direction, the beads are able to
freely rotate.

camera. However, finite camera acquisition frequencies may introduce artifacts in vari-
ance measurements due to camera blurring and aliasing, as has been noted elsewhere
[353,354,355]. This may lead to systematic biases, particularly for short constructs such
as nucleic acid hairpins [356] in which the tethered bead-nucleic acid system’s response
time (inversely proportional to the system’s natural frequency) approaches or is shorter
than the time the camera shutter is open. Corrections for these deleterious effects of
camera blurring and aliasing can be implemented by examining the bead’s fluctuations
in the spectral domain [353].
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In theory the approach to accurately measure the bead variance by correction for sys-
tematic acquisition biases can be expected to work successfully up until the point where
the natural frequency of the system approaches the Nyquist frequency of the camera
(fNyq
approach have not been systematically explored for MT experiments, and it is presently

, equal to half the sampling frequency) [353,357]. However, the limitations of this

not documented within which force regime this approach can be reliably applied. A tool
to quantitatively explore the correction limits, chart the effects of MT setup parameters,
and define where trade-offs appear between the magnitude of the calibration error
and the height of the applied force is thus desirable. This would allow users to make
the biases of the system explicit and then optimise conditions for a given application
without the need to extensively test configurations. Particularly experiments in which
the use of small beads is required to minimise low frequency noise or high forces need
to be applied to unwind double-stranded regions in the template (i.e., > 14 pN) would
highly benefit from such carefully investigated guidelines [356,358,359].

Here, we have systematically evaluated the limitations of MT spectral analysis and the
efficacy of camera correction. To do so, we have developed an MT simulator that simu-
lates the Brownian dynamics [360] of a tethered bead molecule in three dimensions,
generating x(t), y(t), and z(t) traces as a function of user-defined parameters. An emu-
lated camera then simulates the sampling effects that are commonly encountered in
real-time measurements, such as blurring and aliasing. Analysis of the simulated camera
output demonstrates that it is in quantitative agreement with experimental data taken
for tethered constructs under known magnetic forces. When deconvolution of the modi-
fied spectrum is used to recover the correct signal at a defined pulling force, our analysis
reveals that accurate measurements (< 10% error) can be conducted in the absence of
camera aliasing and blurring correction until the natural frequency of the tethered bead
system reaches ~50% of f . This limit is raised to ~80% when spectral corrections are
applied, although higher forces can be measured when the error constraint is relaxed. As
the natural frequencies in MT are directly related to bead size, contour length and sample
viscosity, higher forces can alternatively be measured by optimising these parameters
for a given MT setup. By systematically varying these parameters, we explored the upper
limits of force measurements with <10% error. Overall, our analysis gives insight into the
systematic biases in MT experiments and provides general guidelines that can be used
to correctly design MT experiments.

Theoretical background

In an MT, a magnetic force (fmag) is applied on a nucleic acid or protein tether in the

Z-direction. This force is effectively constant over the range of motion explored by the

tether.f_is counteracted by the restoring force originating from the tether, which gives
g

the total potential energy of the system:

123




124

Chapter 6

Ep = Erhether + Emagnet = A(Lexr) - Fmag "z [2]
where A(L_ ) is the energy stored in the nucleic acid as function of the extension of the
tether L_ . In equilibrium, all partial derivatives must be equal to zero and we can thus
write (x, y,2)=(0,0,L )= E’ From this first order condition it follows that:

ext’

P 3]

The tethered bead system is constantly forced out of this equilibrium by Brownian
motion, which creates movements both in the direction of the field (which we take to
be the x-direction) and perpendicular to the field (which we define as the y-direction).
Note that in the x-direction, the orientation of the magnetic bead is constrained by its
alignment with the magnetic field, thus preventing rotation about its axis (Fig 1B). In
the y-direction, conversely, the orientation of the bead is unconstrained, and the bead

will thus align itself with the nucleic acid tether, making L__appear longer by an amount

ext
equal to the radius of the bead (Fig. 1C). When we evaluate the second partial deriva-
tives, the total potential energy around the equilibrium position is given to second order

by [3611:

— — 1 1 1
Ep(r) =E (ro) + T kdx+ —/—— k 6y2+ T k 6z°
— oF
E (r)x - &+ T Wy
’ aLEXt

[4]
where R is the bead radius, and k,, k , k, are the trap stiffness in x, y, and z, respectively.
In the z-direction, the motions of the bead are dependent on the local variation of the
restoring force, which can be calculated from models of polymer elasticity. For a double
stranded nucleic acid tether we here use the z-derivative of the inextensible worm-like
chain (WLC) model as an approximation for the spring constant k The three stiffnesses
in the MT are:

K= ——" [5]

ext
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F
K= —— [6]
4 L +R
oF (Lext) KBT ext 3
kZ = = 2+ 1- [7]
oL, 2L L,

where L,is the persistence length, L the contour length of the nucleic acid tether, K,
the Boltzmann constant, and T the absolute temperature. Note that for simulations of
different tethers, e.g., consisting of ssDNA or protein, other spring constants for the z-
direction may need to be used. With {6x?), the variance of the bead excursions in the
x-direction, the equipartition theorem directly provides an estimation of the force, as
described previously [3371]:

kB TLext

Fo—t—et [8]
(8<)

Experimental parameters

Experimental configuration of magnetic tweezers

We use a MT setup similar to that developed and described by Strick et al. [337] (Fig. 1)
as published elsewhere [362]. Briefly, a CCD camera with a sampling frequency of 120
Hz (TM-6710CL, PULNix America Inc.) was used to track superparamagnetic beads of
2.8 um in diameter (M-280 beads, Life Sciences) tethered to the surface. As magnets,
we used gold-plated (Ni-Cu-Ni-Au), 5 x 5 x 5 mm neodymium-iron-boron (NdFeB) per-
manent magnets (SuperMagnete, Germany). As tether, we used a 7.9 or 3.6 kb dsDNA
construct with multiple biotin and digoxigenin labels at the ends [363]. Flow cells were
made from microscope coverslips with parafilm spacers. Surfaces were passivated with
bovine serum albumin (10 mg/ml), while measurements were performed in phosphate
buffered saline at room temperature. Reference beads were attached to the surface and
imaged simultaneously with measurement beads to correct for mechanical drift. Bead
fluctuations were tracked with an accuracy of ~5 nm.

Simulation of magnetic tweezers data

The simulation of the tethered beads and spectral analysis was performed in LabView
8.6. Typical parameter values are listed in table S1, unless indicated otherwise for specific
simulations.
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Results

In an MT experiment, a DNA or RNA construct tethers a bead to a flow cell surface (Fig.
1A). Due to Brownian motion, this bead is displaced from its equilibrium position, but
constrained by both the applied force (governed by the bead’s internal magnetisation
and the magnetic field) and the flexibility of the nucleic acid tether (Fig. 1B and C). The
Brownian motion of the bead in x is inversely related to the applied force and may thus
be used to determine the force imposed onto the system (Eq. 8). MT experimental data,
however, is typically obtained via image acquisition through a CCD camera, which may
result in erroneous measurement of the force when tracking high frequency Brownian
movements.

To study the adverse effects of image acquisition on force measurements and deter-
mine how well they can be corrected for, we have developed an MT simulator to which
the effects of the camera can be applied. This simulated data was then compared to
experimental traces of uncorrected MT data (Section I). We subsequently examined how
well camera effects due to finite camera acquisition frequencies can be deconvoluted,
and the extent to which this procedure limits the force calibration of MT experiments
(Section II). Furthermore, we investigated the effects of experimental conditions and
how their optimisation could improve the force calibration, and present these findings
as general guidelines for the spectral analysis of MT data (Section IlI).

I: Magnetic tweezers simulations

Equation of motion of the tethered bead

To simulate a tethered bead system, we start with the Einstein-Ornstein-Uhlenbeck
theory of Brownian motion [360], which defines a bead’s movements in a harmonic trap
with the associated Langevin equation:

m-%(@)+y-x()+k-F

therm

(9]

where x (t) is the position of the particle as function of time, m the inertial mass, k the
trap stiffness, F

therm

the thermal force on the particle by random collisions with water
molecules, and y the friction coefficient, which is itself defined as y=6mnR=k,T/D,
with D representing the bead’s diffusion constant, and n the dynamic viscosity. Since the
loss of kinetic energy through friction takes place over a very short time interval,

t

inert =

m /'y (~10° sec), the inertial term is negligible. Defining w as the frequency in
radians per second, the theoretical power spectrum P (w) of the Brownian fluctuations
is given by [353]:
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2yk,T
Pwz|x¥(w)|=—""" [10]
YZ w2+ k2

whose integral can be fit with an arctangent. The radial cut-off frequency of the system
w, is defined as the frequency at which P (w) is half its maximal value:

k kD
w = — = [11]
¢ Y kT

B

We will also frequently refer to the cut-off frequency in Hz, defined as f = w_/ 27, since
this better facilitates comparison with experimental and simulated data. We note thaty
is influenced by R, as discussed in the supplemental text, and that an increase of the ef-
fective R near surfaces lowers the cut-off frequency of the system. Additionally, we note
that at low forces the motion of the bead may change to coupled translation-rotations
due to interactions with the surface [364]. Since we focus our study on high forces, these
effects have been omitted for simplicity.

For our simulation of motion in the MT, we assume that the motion of a tethered bead
is induced by Langevin-force impulses of duration A t, whose effective displacement
(6XLangevin) is drawn from a Gaussian distribution with (5x) = 0 and ((6x)?) = 2DAt as de-
tailed elsewhere for tethered particle motion [365,366]. We can thus write for Ax:

—k xD
M= — At+ (At) [12]

Langevin
k,T

Using Eq. 5-7 we can write three equations of motion in MT:

F -xD
Mx(t)= : Atéx, (4D [13]
Lext kET angevin
Ay (t) i 0 At (A1) [14]
t)= : t OX, (At
y Lext‘l' R kBT Langevin
kBT Lext 3 -zD
Az(t)= . 2+ 1- . Atdx, (At [15]
ZLPLO ( LO ) kBT Langevin

These equations allowed us to simulate a series of tethered bead excursions in x, y, and
z-directions, at user-defined forces and tether parameters (Fig. 2). We typically simulated
traces with a time step At of 0.005 ms, which is small enough to correctly simulate the
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Figure 2. Simulation of a tethered particle. (A) Schematic presentation of simulation and analysis
procedure, showing that the magnetic tweezers simulator consists of three modules: 1) parameter
computation, 2) motion simulation and 3) camera emulation. (B) Simulated traces of Brownian
motion of a tethered bead in three dimensions. The input parameters for these simulations were
1.4 um for the bead radius (R), 7 um for the contour length (L ), 50 nm for the persistence length
(9] and eithera 1 or 10 pN force applied in z. Changing the applied force readily results in different
amplitudes in all three dimensions and a shift of the bead position in z.

Brownian motion under high forces (Fig. S1A, S1C). Shortening At did not significantly
affect the outcomes of the spectral analysis (Fig. S1C).
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Figure 3. Effect of camera integration time on measurement of tethered bead fluctuations.
(A) lllustration of the effect of camera sampling. Lower sampling frequencies combined with long
shutter times result in averaging effects, thereby reducing the observed bead movements (light
grey) relative to the true movements. (B) Simulated trace of a bead’s position in x as function of
time at 10 pN stretching force (dark grey trace). Sampling this simulated trace with an emulated
camera with f, of 120 Hz and shutter time of 8.3 ms clearly reduces the variance in x (light grey
trace). (C) This effect is also evident when the variance in x is analysed with a Gaussian fit to the
histograms of the bead traces (same coding as in Fig. 3B). The simulations shown in this figure were
performed as defined in table S1, using a constant force of 10 pN.

The simulated variances are in agreement with experimental data

To obtain simulated data that was comparable to the experimental data derived from
video microscopy, we emulated the effects of image acquisition by a CCD camera. In
general, a camera samples at a finite camera or acquisition frequency f, and integrates
each sample point over a finite integration time or shutter time W, leading to motion
blur and aliasing (see Section Il for details). To emulate the effects introduced by the
CCD camera, we sampled the x(t), y(t) and z(t) data at a fixed fs and time-averaged each
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Figure 4. Verification of simulator output with experimental data. (A) The output of the
simulations was tested by i) plotting the simulated mean variance in x as function of Fm (squares)
and ii) comparing it to the experimentally obtained variances for DNA-tethered beads against

the applied Fmag (circles). The latter force was computed from beads confirmed to have uniform
magnetisation as described elsewhere [341]. Note, to clearly distinguish the forces computed here
from those forces deduced via analysis of the bead fluctuations (see equation 8), we have labelled
them here as ‘theoretical force’ (B) The output of the simulation was also tested by plotting the
simulated extensions (squares) and experimental extension (circles) against the theoretical force
(see note in A). Both agree well within the entropic regime of the inextensible WLC (<10 pN), as

expected. The fit parameters for the inextensible worm-like chain model are Lo: 2.7 ym and Lp =
51 nm.

sample over a rectangular window of width W. For simplicity, we assume that f, and the
shutter frequency £ (f,= 1/ W) are equal, i.e. f, = f_(see table S1). To ensure that the ob-
served differences between the original and camera-averaged variances did not derive
from a statistical error € of force measurement at low forces, we used sufficiently long
traces for our analysis (see Fig. S1B and supplemental text of chapter 6). As shown in
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Fig. 3, camera averaging resulted in a reduction of the measured variance var (x) of the
bead’s position compared to the true variance var (x) : var (x ) < var (x).

To verify that the time-averaging was implemented correctly in the simulations, we
compared time-averaged data from simulations and experiments by plotting i) the
simulated, time averaged variances against the simulated force (F,.) and ii) the experi-
mentally measured variances against the magnetic force (Fmag). It should be noted that
the latter is only possible when the calculated F (computed using Eq. 1) is known
to be an accurate measure of the force that was applied experimentally, as described
previously for uniform beads in combination with the field configuration specified in
Fig. 1 [341]. As shown in Fig. 4, we find excellent agreement between the simulated
bead variances (Fig. 4A, squares) and the experimental data (Fig. 4A, circles). The force-
extension behaviour of the simulated tethers (Fig. 4B, squares) also agrees well with
the experimentally obtained data (Fig. 4B, circles) within the entropic regime of the
inextensible WLC model (<10 pN), as expected.

Il: Approach to correct for camera blurring and aliasing

Method to correct for effects of camera on measured spectrum
According to the Nyquist theorem, camera sampling with a finite f, can bring about
significant errors when tracking frequencies higher than half f. In general, sampling
Brownian motion with a camera results in two effects. The first is time averaging or mo-
tion blur, and leads to var (x_) being lower than var (x) as mentioned above (Fig. 3B). The
second is aliasing, which results in a contribution to the frequencies of the measured
spectrum by signal components that are higher than f.. This principle is also known as
back-folding, and although it does not affect the power of the spectrum it does change
its shape, and consequently the cut-off frequency of the system.

If we assume that the integration window of the camera is rectangular (Fig. 3A), we

define P (w) , the power spectrum of the moving average window, by:

window

sin (WW/2) 2
()= - [16]

wW/2

window

To retrieve the underlying, correct variance from the incorrect, measured var (x ), we
start with the measured power spectrum P_ iteratively correct it (see Eq. 17-19 below),
and fit the integral of the spectrum with an arctangent until the fitting error reaches
a value below 10*um?/Hz. The correction steps we include are the following: first, we
account for the finite exposure effect of the camera, which increases the power in the
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Figure 5. Means of correcting the camera-sampled fluctuations. (A) Simulation of the power
spectral density of the bead fluctuations in x (t) (dark grey points: without camera emulation;
light grey points: with camera emulation) results in a loss of signal beyond Fryg (here 60 Hz) and
averaging effects over the measured frequencies. (B) The integrated spectra can be fit to an
arctangent to yield the variance in x. As is clear from the inset, the figure shows that the integral to
the corrected power spectrum (dark grey) produces the same result as the fit to the integral of the
original power spectrum (black), whereas the fit to the integral of the camera-sampled spectrum
(light grey) clearly differs from the fit to the integral of the original power spectrum.
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higher frequencies that was lost by camera-based sampling (Fig. 5, compare original
black spectrum to sampled light grey spectrum, and the sampled spectrum to the
corrected dark grey spectrum) by dividing the measured spectrum P _ through the blur
correction term C,, [353]:

sin (WW /2) 2
w) = - [17]

wW/2

C

blur (

Second, we account for potentially back-folded frequency components from the

measured spectrum with the alias correction term C_,_, which is subtracted from the

lias'
measured spectrum (see Eqg. 19 below). Although in principle this correction has to be
performed for an infinite number of terms, the first two anti-aliasing terms (i.e, n = 1
and n = 1) provide sufficient estimation of the alias effects of the camera given the rapid
decay in contribution of higher order terms. Indeed we find that based on the data

presented in Fig. 6, the effect of accounting for the first two terms is ~30% and ~1%,

respectively. We write for C, [353]:
)3 2vk,T (sin(+n-w)W/2) \?
alias (0.)) = n=-1+1 ° [‘I 8]
Viw+n-w)k (W+n-w)W/2

where w is the radial sampling frequency (w = 2rrf)). Additionally, each anti-aliasing term
is itself corrected for blurring through multiplication by a C,, term. Using Eq. 17 and 18,
we can now correct the measured power spectrum and obtain a correctly fitted var (x)
after integration of the spectrum (Fig. 5C), using:

P -C,
m alias

(W)= ——— [19]

coreated C.blur

Performance of camera correction terms in MT simulations

Having validated the MT simulator, we now have a tool to explore the effect of the vari-
ous steps in the correction procedure on computing var(x) fromvar (x_). In particular, we
will systematically apply either no correction, account for blur effects only by iteratively
dividing P_ through Eq. 17, or account for both blur and anti-aliasing using Eq. 19, and
plot the forces and cut-off frequencies obtained through spectral analysis against the
theoretical F and f_that were used as inputs in the simulation. Ideally, the theoretical

133




134

Chapter 6

>

40 T T Ll_l D

z o
2 30f -
)
e
(<)
‘*_5 20} .
8 v
>
@© = i
c 10
<C
v
1 1 1
B 120 T T T
~ 100
: ooy
L
o 80
8 sof ~=-=--- g
1SN yquist
T 40 -
<

20

(@]

—_—
=
3
S
2] Ly
2
5 1
®© I
= 12
o 13
3 osl- S -
0 1<
1
1
0 1 1 1

0 10 20 30 51%
Theoretical force (pN)

Figure 6.Effectiveness of spectral corrections of the fluctuations. (A)Simulated force, and the
force deduced from the transverse fluctuations through spectral analysis. (B) Simulated force and
the cut-off frequency (f) derived from spectral analysis. (C) Deduction of R via spectral analysis
of the fluctuations, plotted as function of the force. The deviation between the measured R as
obtained after spectral analysis and the expected value for R can be used a measure for the extent
to which the spectral analysis yields correct values for the forces. In A-C, the following coding
is employed: input parameters (black line), analysis in the absence of any correction for camera
sampling (squares), analysis with blur correction (black triangles), analysis with blur and the n=-1
alias correction (green triangles), and analysis including the complete correction including blur,
alias n =1, and alias n = -1 corrections (circles). We find that the alias n = 1, and alias n = -1
corrections contribute 30% and 1% to the correction, respectively. Error bars represent SD of 5
complete repeats of data simulation and analysis.
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force and cut-off frequencies should be equal to the values obtained from the analysis.
As an additional test for the correction efficiency, we will also derive R from the spectral
analysis, which follows directly from f_via f = k/(12°nR) (see Eq. 11). This R should be
constant and equal to the bead radius that we define in our simulation. In experimental
situations, the measured R also presents a simple confidence measure, provided that the
true bead radius is known (e.g., provided by the manufacturer).

When we apply no correction to the recorded spectrum, we observe an overestima-
tion of the force due to averaging effects of the camera. Specifically, an error of 10% is
reached at forces of 14 pN for a 2.7 um dsDNA construct, and this error becomes larger
when more force is applied (Fig. 6A, squares). At these forces, the natural frequency of
the system exceeds 32 Hz, or approximately one-fourth of f (Fig. 6B). If we apply the blur
correction only, we observe a systematic underestimation of the force when F > 14 pN
(Fig. 6A, B, triangles). We thus find that applying solely a blur correction to the recorded
spectrum does not provide a more reliable calibration of the force than spectral analysis
without blur correction. However, if we apply the aliasing correction only (i.e., no blur
correction), we find already a >10% overestimation of the force at 1 pN (data not shown).

Fortunately, when we subsequently account for both blur and the n = -7 term of the
anti-alias (Eq. 18), a significant reduction in the error is observed, which thus facilitates
calibration of higher forces with the same confidence (Fig. 6A, triangles). This effect is
apparent in both the correction of the force (Fig. 6A) and the estimation of R, our ad-
ditional control (Fig. 6C). In fact, we can observe in Fig. 6B and 6C that if both blur and
aliasing corrections are taken into account, reliable measurements of the mean applied
force can be performed for cut-off frequencies much closer to fNyq or even beyond fNyq.
When we specifically look at the mean force obtained within <10% error and small
standard deviations, we see that we can correctly measure forces up to ~19 pN, or f,
~46 Hz. Finally, when we account for the n = 7 term in the anti alias as well, we observe
a small additional increase (~1%) in force-measurement confidence (Fig. 6A, circles),
which is in accordance with the rapid decay in contribution of the alias terms. Overall,
we demonstrate that when all camera correction terms are applied, force measurements
can be accurately performed within 10% error for tethered bead systems with cut-off
frequencies less than 47 + 2 Hz (e.g., 20 = 1 pN for a 2.7 um DNA tether). This is close to
80% of f, .

Correction of experimental data

Having explored the spectral correction procedure on simulated data, we next apply
this procedure to experimental MT traces. To this end, we obtained experimental data
for two relatively short DNA construct lengths namely, 7.9 kb (~2.7 um) and 3.6 kb (~1.2
pm). We subsequently analysed x(t) data acquired with these molecules and corrected
P_for both blur and aliasing effects. Since we already confirmed that our MT simulator

135




136

Chapter 6

10'3 1 1 1 1 1
0 05 1 15 2 25 3
B 0wpF——"7F—F—F—
1
10 F I
. B
~ .0
o 10 F 3
e ;
(o] [
L El
10 F E

02
0 02 04 06 08 1 1.2
Extension (um)

Figure 7. Application of spectral corrections to experimental data. (A) Force extension curve
obtained after spectral analysis of tethered bead simulations (squares) or experimental data
(circles) for a dsDNA molecule with a contour length of 2.7 um (~7.9 kbp). Also shown is the fit of
the inextensible worm-like chain model (fit parameters are L = 2.7 ym and Lp =49 nm). Data points
beyond the applicable range of the inextensible WLC model are indicated in dark grey circles. The
natural frequency did not exceed 47 Hz (see Fig. S2). (B) Force extension curve obtained after
spectral analysis of tethered bead simulations (squares) or experimental data (circles) of a dsDNA
molecule with an L, of 1.2 um (~3.6 kbp) show good agreement below cut-off frequencies below
47 Hz (~3 pN). At higher forces, the points between the simulated data, the fit to inextensible
WLC model (black line; parameters are: L, = 1.2 um and Lp =45 nm) and experimental data start
to diverge (indicated with different shades of grey). Both simulated and experimental data were
corrected for blurring and aliasing effects.

was able to correctly reproduce the relation between the force, extension and Brownian
motion of a tethered magnetic bead within the entropic regime of the WLC (Fig. 4), we
simulated data sets specific for the experimental configurations used and were thus
able to assess the efficacy of the spectral analysis of experimental data through direct
comparison.

For the 7.9 kb dsDNA construct, we observe good agreement between the simulated
and experimental data sets below forces of 10 pN (Fig. 7A, compare circles and squares).
We also observe that R obtained from the analysis of the experimental data was within
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the expected error (Fig. S4). At forces higher than 10 pN, deviations can be observed
between the experimental and simulated force-extension data (Fig. 7A, compare circles
and squares). This is, however, in accordance with the inextensible WLC fit model used
for the simulation as demonstrated by the fit to the experimental data (Fig. 7A, black
line). When we analyse the data for the 3.6 kb construct, we find that deviations between
the simulated and experimental data already start to occur at ~3 pN (Fig. 7B, compare
squares with circles). At this force, f_exceeds 47 Hz. As established using the MT simula-
tor, this f_corresponds to the 10% error threshold that is reached by the spectral analysis,
thus explaining the deviation. Additionally, we also observe that at higher forces (i.e.,
>3 pN) significant deviations become apparent between the bead radius obtained via
spectral analysis and the original R (not shown). The 7.9 kb tether remained well below
this threshold over the whole force range used (Fig. S2). This thus demonstrates that we
can correctly measure forces in experimental MT setups, but that we have to be aware
of the limitations of the spectral analysis, as identified using the MT simulator. Addition-
ally, these results reveal that one should be able to measure higher forces with higher
confidence when the L of the tether increases, and, consequently, k_and f, decrease.

lll: Guidelines to spectral analysis

Validation of the correction procedure with experimental data puts us in a position to
explore the limits of our approach and to provide guidelines for optimising tethered
bead calibrations. This is particularly vital when relatively high forces have to be mea-
sured with good accuracy (e.g., errors <10%). When short tethers are not essential for
the experiment, a long L, will generally provide good results, as shown in Fig. 8A. In this
plot, the 10% error limit is presented as a function of L . We readily see that when L > 2
pum and R = 1.4 um, forces of 10 pN can be reliably measured with 10% accuracy without
camera correction procedures (Fig. 8, circles). We can also observe in Fig. 8 that the 10%
limit rises linearly with L .

When high forces have to be achieved for relatively short L , either the application of i)
spectral corrections, ii) the implementation of faster camera frequencies, iii) high viscos-
ity buffers, and iv) larger beads are options to be considered. As shown in Fig. 8A, when
we first apply both the blur and alias correction we can reliably measure forces (error
<10%) that are 1.4-fold higher compared to the situation in which camera corrections
are not implemented (Fig. 8A, compare dark and light circles). More specifically, we can
now measure forces close to 8 pN with 1 um tethers (~3 kb dsDNA, R = 1.4 um). We find
similar differences between uncorrected and corrected forces when beads are used with
a 0.5 um radius (Fig. 8A, triangles).

The accurate measurement of even higher forces can be achieved by increasing the
sampling frequency of the camera (Fig. 8A, grey circles). As an example, we emulated a
sampling frequency of 200 Hz and observed that the 10% error limit was raised to ~12
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Figure 8. Force measurements at a 10% error limit using various experimental parameters.
(A) DNA constructs tethered to beads with a radius of 1.4 um (circles) or a radius of 0.5 um (triangles)
were used to create 10% error plots under varying conditions. Curves are shown for uncorrected
spectral analysis (black), camera-corrected analysis (dark grey), camera-corrected analysis for
traces simulated at a two-fold higher viscosity (light grey), and camera-corrected analysis for traces
sampled at 200 Hz instead of 120 Hz (second light grey curve from left). Indicated by dotted lines
are the range of validity of the inextensible WLC model (<10 pN) and the unzipping force required
to open a typical DNA hairpin. (B) The cut-off frequencies for the tethered bead systems simulated
in A. This illustrates that applying spectral analysis corrections for blurring and aliasing allows one

to measure within 10% error for cut-off frequencies close to 80% of FNyq.

pN for 1 um tethers. This is an improvement of ~1.5 fold relative to the blur and alias
corrected force measurements. The third alternative to improve correct measurement
of higher forces is increasing the viscosity of the calibration buffer (Fig. 8A, circles). In
general, the force that can be accurately measured increases linearly with increasing
viscosity, e.g., doubling the viscosity raises the force limit by a factor of 2, thereby raising
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the 10% error limit to ~15 pN for 1 um tethers. Such higher viscosities are relatively easy
to achieve, since e.g., 25% glycerol raises the viscosity by a factor of ~2 at room tem-
perature. However, higher viscosities may not be suitable to all experiments as they may
change enzyme behaviour and complicate cross-comparisons with the literature. This
may be solved by first performing a magnet and construct calibration at high viscosity,
before the actual experiment is done in a low viscosity buffer following buffer exchange
[367].

The fourth alternative is an increase of bead size. As an example, we used here beads
with a radius of 1.4 or 0.5 pum for our force measurements and can readily see that
increasing the bead radius gives a linear increase of the force limit for the same error
magnitude (Fig. 8A, compare triangles and circles). The range of bead sizes is of course
limited by what manufacturers supply. Furthermore, the use of larger beads may be
less desirable when short tethers are used, since this may change the geometry of the
bead’s behaviour in the magnetic field (e.g., rolling along its attachment) and introduce
interactions of the bead with the surface of the flow cell [364]. Moreover, larger bead
sizes are accompanied by poorer time resolution and increased Brownian motion, since
y is directly related to R (see section I). The choice of R will thus be a trade-off between
the force range and correct experimental design.

Discussion and conclusions

The forces that can be applied to tethered beads depend both on the magnetisation of
the beads and the magnets of the tweezers setup [341]. However, reliable measurement
of the applied forces depends i) on the correcting of experimental frequency specific
artifacts, such as acoustical noise peaks and low frequency drift, and ii) how well cam-
era corrections can be applied to allow measurements near fNyq. As noted elsewhere,
fNyq does not always presents a solid upper limit to spectral analysis since correction
procedures employing varying shutter speeds and oscillating light-sources have been
demonstrated to reconstruct variances beyond f, [353,368]. However, to date these
procedures have not been investigated for MT experiments and we chose to limit our
analysis here to the direct corrections of a single power spectrum as light modulation i)
reduces the overall light intensity and this the signal-to-noise ratio, ii) requires additional
hard- and software, and iii) necessitates several measurements at different modulation
frequencies to build up a spectrum.

We here explored the limits of MT spectral analysis for a wide range of configurations,
varying either the applied force, contour length of the tether, bead size, camera sampling
frequency and the buffer viscosity. We observe that it is crucial (error >10%) to correct
the sampled Brownian spectrum when the natural frequency of the system is about a
quarter of the sampling frequency of the camera. We also find that the spectral correc-
tion should take both blurring and the first order alias into account. When it is required
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for the particular experiment to accurately measure higher forces - or when the natural
frequency exceeds 80% of fNyq, which can simply be calculated from Eq. 11 - we find that
increasing the sampling frequency of the camera gives a good optimisation of the force
range (table S2). Alternatively, bead sizes and buffer viscosities can be increased since
both give linear improvements of the force range within the same error magnitude (Fig.
8B), provided that the tracking error does not exceed the sampling error (see Fig. S3 and
supplemental text). Ultimately, bead sizes obtained through spectral analysis at lower
forces can be used to better calibrate very high forces when the bead size is then treated
as a fixed fitting parameter. Such additional though more intensive procedures can be
likely be used to extent the spectral analysis even closer or beyond f, [353,368].
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Figure S1.Time scales in the simulation. (A) Simulations showing the relaxation times in the
magnetic tweezers for tethered systems of different contour lengths (L,= 16 pm, top curve; L, =7
um, second curve from top; L, = 2.7 um, black curve; L = 1 um, bottom curve) as a function of the
input applied force. The dashed dark grey line indicates the simulation time step employed in the
simulations of magnetic tweezers data, whereas the dashed light grey line indicates the integration
time of the camera. Traces were generated with parameters R = 1.4 um for the bead and L,=50
nm for the persistence length of the tether. (B) Simulations showing the required time durations
for accurate measurement (<10% statistical error; see also supplemental text) of the force in the
magnetic tweezers for tethered systems of different contour lengths as in Fig. STA. The dashed
grey line indicates the overall measurement time by the camera (i.e., 5 min). (C) The simulated bead
variances obtained with different simulation time steps (At = 0.05 ms, dark grey; At =0.01 ms, light
grey; At = 0.005 ms, ultralight grey; theoretical deviations, black line) plotted against the applied
simulated force. Overall, we observe no significant dependence of the simulated variances on the
size of the time step in the range investigated. Only for the highest forces, do we observe that long
simulation time steps lead to a small deviation from the theoretical relation between the force and
the bead displacement (equation 2), see inset. In practice, we employ a time step At = 0.005, which
provides a good approximation to the theoretical curve.
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Figure S3. Limits in the estimation of the force and a 5 nm tracking error. DNA constructs
tethered to beads with a radius of 1.4 um (circles) or a radius of 1 um (triangles) were used to create
10% error plots under varying conditions. Curves are shown for uncorrected spectral analysis,
camera-corrected analysis, camera-corrected analysis for traces simulated at a two-fold higher
viscosity, and camera-corrected analysis for traces sampled at 200 Hz instead of 120 Hz. Coding
as in main Fig. 8. Indicated by the black line is the force that can maximally be measured with 10%
accuracy when the tracking error of the camera is 5 nm. The grey-shaded area represents force
measurements with tracking errors <5 nm.
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Figure S4. Bead radius estimation in the presence or absence of viscosity corrections. (A)
Bead radii extracted from experimental data following spectral analysis, plotted as function of
the extension of the tether. As shown, when the spectral analysis is performed in the absence
(black circles), the estimated bead radius is significantly larger than the bead radius used for
the experiment. When the spectral analysis is performed in the presence (light grey circles) of
viscosity corrections, a much better estimation of the bead radius is obtained. According to the
manufacturer, the beads employed had a radius of ~1.4 um (indicated by the grey dotted line). The
dsDNA tether used had a contour length of 2.7 um. (B) Bead radii extracted from experimental data
following spectral analysis, plotted as function of the applied force. As the results of the spectral
analysis demonstrate, the viscosity correction (black circles) allows us to recover the correct bead
radius at all forces except forces below 0.001 pN. When the spectral analysis is performed in the
absence (light grey circles) of viscosity corrections, however, the estimation of the bead radius
is significantly larger at all forces. This procedure is not only illustrates the necessity of applying
viscosity corrections at low and relatively high forces, it also shows how the bead radius can be
used to check the performance of the spectral analysis. As in Fig. S4A, the beads employed had a
radius of ~1.4 um (indicated by the grey dotted line).
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Sampling time vs. measurement error

Both the time for which we simulate our magnetic tweezers experiments and how long
we sample real data with a CCD camera influence the statistical uncertainty in any force
measurement [369]. How long should we thus measure to get a proper force measure-
ment, assuming we take into account an expected or target force F, a DNA extension LeXr
and a, for example, 10% acceptable statistical error? We assume we measure N points
during time T. Since these points should be independent, they need to be taken at least
one relaxation time T apart, i.e N=T/t. For the x-direction, this relaxation time is

Y 12nR L
T= = F 0 ! [1]

Starting from equation 8 of the main manuscript, the error can be deduced from:

— kB TLeXt

2
(&%) (2]

The associated error propagation can then be described as:

oF T sy ] 2
= + e [3]
F L, (6x%)

In the magnetic tweezers, the DNA extension L depends on the force applied in the z-

direction. Since we measure both L__and the fluctuations of the signal over N sampling
points with a certain standard error o, we obtain:

6Lexr ? 012
= 4
ext NLeXfZ [ ]
and
5(6x2) 2 o?/N
—_— = — =1/N? [5]
(6x%) o?
where

o’ =k, T/k and o’ =k, T/k,
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with k,, T and the stiffnesses as defined in the main text with equations 5 and 7. When
we combine equations 3-5 this subsequently gives:

oF 1 6, 2
- = N - +1 [6]
F N L
ext
Using
6FWLC
k (F)= 7
g s [7]
z F

We obtain:

&F 1 k,T 6F,,c -1 1 "

= +
F VN L2 8z

This relationship allows us to determine the number of independent sample points

N as function of F, given a desired accuracy

OF
- ¢
F
We deduce that:
1 kT 6F,,. -1
N= +1 [9]

82 L 2 Oz

ext
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which can be reexpressed in terms of the sampling time:

1 kBT SF, wic -

82 L 2 62

ext

Substituting T equation 1, we obtain our final expression:

1 12rnR L., k,T 6F . -1
T= +1 [10]
2 F L2 Oz

ext

As a rule of thumb, the first term between brackets expresses the contribution from the
uncertainty in L_ . This term approaches unity for short (<1 micron) tethers at low forces
(<0.1 pN) and N has to be >100 for e = 0.1.

Tracking error

If we measure the bead positions with a certain tracking error 62 and variance 027_ Sam-
pling N points will therefore result in an additive error in force measurements, giving:

kBTLext
Fre— [11]
o+ O'T
Thus,
F -F F o? -1 1
+ -1= T, p [12]
F F o‘’+0° = o’
This thus amounts to a bias €_in the force:
kBTLm(F) I
er=1- — +1 [13]
F-07

Corrections to the bulk viscosity in proximity of the surface

In the proximity of the flow cell surface, the Stokes drag on the tethered bead increases
[370]. This increase becomes significant once the distance z to the surface reaches the
same order of magnitude as the bead’s radius, as described by Happel and Brenner [371].
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If one continues to use the bulk viscosity (1) contribution to the drag mathematically,
the measurement bead radius (R, ) will appear larger than the expected radius R by the
viscosity correction factor Cn:

R =R, Cn [14]
where
9 R 1 R V 45 R ‘o R 1
cn (zR)= 1- + [15]
16 L, 8 L, 256 L, 16 L,

Use of R_in the computation of the system’s cut-off frequency (see equation 11 of the
main text) would lead to an erroneous value. To recover the correct R , we compute:

R 9 R 9 R -
R= =R . - — |<=R,.R, T+ — [16]

C 16 z 16 L

n ext

where we have ignored quadratic and higher-order terms. However, in our bead track-
ing procedure we do not directly observe z (the distance to the surface), but the height
difference (extension) between the tethered bead and a reference bead (Fig. 1A). If we
assume that these have the same radius, we can transform Eq. 16 accordingly and solve
ittoyield R as a function of R_and L_

1 7 7 2
R= —— R.-L,.+ (T R -L)+4L R +1 [17]
2 16 16

Camera integration window

Sampling Brownian motion with a camera results in two effects. The first is time av-
eraging or motion blur, which leads to suppression of the signal. The experimentally
measured variance var (x ) is therefore lower than the true variance that is required for
precise force calibration (Fig. 3B main text). The second is aliasing, which results in a
contribution to the frequencies of the measured spectrum by signals that are higher
than the sampling frequency. This principle is also known as back-folding, and although
it does not affect the power of the spectrum it does change its shape, and consequently
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the cut-off frequency of the system. In the following section, we will discuss how we can
correct for these effects in the spectral domain.

If we assume that the integration window of the camera is rectangular (Fig. 3A main
text), we can define the relation between the measured bead position x_ (t) and the true
bead position x (t) as:

t
X (0= | x(t)H(t-t) 18]

dt
t-w
where H (t) is defined as:

1
— 0<tsW

w
H)= [19]

0 Elsewhere

The power spectrum of the moving average window P (w) is given by:

window

sin (WW /2) 2
W= | ———— [20]

wW/2

window

Convolution of this spectrum with the spectrum of the tethered bead (see main text,
equation 10) yields an expression for the measured variance:

(w) dw [21]

window

1
var (x_ ) = 2— [P (w)P
m



Force calibration in magnetic tweezers | 149

Table S1

Parameter settings Parameter value

Viscosity 0.001 kg/m*s

Force 0.01-10 pN

Bead radius 1.4 um

Contour length 2.7 um

Persistence length 50 nm

Simulation time step 0.005 ms

Sampling frequency 120 Hz

Shutter time 8.33ms

Table S2

Camera Bead radius  Viscosity Sampling Increasein F Relative increase in F

correction (pm) (kg/m*s) frequency (error 10%) (error 10%)
(Hz)

No 0.5 0.001 120 - -

Yes 0.5 0.001 120 1.4 +£0.05° -

Yes 0.5 0.001 200 1.5+0.03° 0.9+0.03°

Yes 1.4 0.001 120 2.8+0.04° 1.0+£0.04°

Yes 0.5 0.002 120 2.0+0.05° 1.0+£0.05°

a: relative to spectral analysis without camera correction
b: relative to spectral analysis with camera correction
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Abstract

RNA helicases are enzymes that are critically involved in the replication and transcription
of RNA viruses. Although most RNA viruses encode so-called superfamily (SF) 1-type
helicases, real-time kinetics data is currently only available on the SF2 type helicase NS3
of the hepatitis C virus. It is therefore unknown whether other viral RNA helicases use
a comparable mechanism to couple ATP hydrolysis to the unwinding double-stranded
helices or employ a different strategy to separate the strands. Here we present a single-
molecule approach to study the unwinding activity of nsp10, the SFl type helicase of the
nidovirus prototype equine arteritis virus (EAV). We find that nsp10 is able to use all four
NTPs for the unwinding of double-stranded templates, but that the use of ATP, GTP and
UTP results in high pause frequencies and a strong sequence-dependency, reminiscent
of a passive unwinding mechanism. Strikingly, the hydrolysis of CTP makes the enzyme
relatively insensitive to the local sequence and less prone to pausing. These results sug-
gest that the mode of chemo-mechanical coupling during duplex unwinding is not a
fixed parameter and dependent on the nucleotide present in the active site.
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Introduction

RNA helicases areimportant agents in the metabolism of nucleicacid and play key roles in
transcription, translation, and replication in eukaryotic cells, bacteria and both DNA and
RNA viruses [372,373]. In addition, RNA helicases have been implicated in the expansion
of viral positive-stranded RNA (+RNA) genomes from a few hundred bases to up to ~31
kilo bases [35,37] and are often strictly required during the RNA virus life cycle, which
makes them valuable targets for antiviral therapy [276,372]. Phylogenetic analysis and
biochemical studies have shown that particularly the superfamily (SF) 1-type helicase
motifs are well-conserved among RNA viruses. Although this type of helicase domain is
believed to be structurally and functionally different from other SF types [373,374,375],
detailed knowledge of the unwinding dynamics of its RNA viral representatives is cur-
rently very limited and mostly based on extrapolation from the well-studied SF2 type
helicase NS3 of the hepatitis C virus (HCV) [376,377,378,379].

SF1 type helicases are encoded by a variety of +RNA viruses [84,374], including lethal
and economically important pathogens such as the severe acute respiratory syndrome
coronavirus (SARS-CoV) and the arterivirus porcine reproductive and respiratory syn-
drome virus (PRRSV) [65,380]. Both viruses belong to the nidovirus order, which consti-
tutes a group a viruses that is unique in that they employ a discontinuous RNA synthesis
process to generate a set of subgenomic mRNAs that is used to express their 3’ encoded
open reading frames (ORFs). Moreover, they encode a complex set of replicative proteins
or non-structural proteins (nsps) to catalyse RNA synthesis [35,58]. Not all enzymatic
functions are crucial for nidoviral RNA replication, but those that are, are all conserved
in equine arteritis virus (EAV). Aided by its more compact genome, inability to infect
humans and robust reverse genetics system, this prototypic arterivirus has become one
of the best-studied nidovirus models [58,381].

Of the conserved enzymatic functions in nidoviruses, the RNA helicase domain is the
most conserved. Like most helicases, this helicase is assumed to couple ATP hydrolysis
to the translocation along one strand of a double helix in order to displace the other
strand [108,110]. Biochemical evidence suggests that the nidovirus helicases have a
strict 5'-to-3’ directionality during unwinding, but it is presently not known how their
translocation is coupled to unwinding. Based on extensive theoretical, structural,
biochemical and single-molecule studies, it is assumed that helicases generally use
either a passive mechanism, in which case the transient fraying of the fork is trapped
by the translocating helicase, or an active mechanism that relies on ATP hydrolysis to
directly destabilise the hydrogen bonds at the fork [382,383,384,385,386,387,388]. As a
consequence, a passive helicase is strongly controlled by the free energy of fork melting
(AG®
the stacking energy [15,389]) and therefore the GC-content of the template. An active

which depends on the sum of the free energy of hydrogen bond formation and

melt’
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helicase on the other hand will be relatively insensitive to the nucleic acid sequence that
it has to unwind [382].

To gain insight into the unwinding dynamics of the nidovirus RNA helicase and the
abilities of SF1 RNA helicases in general, we here show a magnetic tweezers (MT)-based
single molecule assay that allowed us to follow the 5'-to-3’ strand displacement dynam-
ics of EAV nsp10. Specifically, we used nsp10’s ability to unwind RNA and DNA with
equal efficiency and tethered a ~1 kb long DNA hairpin between a paramagnetic bead
and glass-surface, and monitored the nsp10-driven change in the tether's end-to-end
distance. We observed that nsp10 was able to couple hydrolysis of all four RNA nucleo-
tides to the unwinding of this hairpin, but that the unwinding rate and pause frequency
was strongly dependent on the nucleotide used. Furthermore, when we related the un-
winding rate and pauses to the template sequence, we found that nsp10 was sensitive
to the GC-content when hydrolysing ATP, GTP and UTP, but insensitive in the presence
of CTP. These results suggest that this type of viral helicase is able to switch between a
passive and active mode and that the coupling between NTP hydrolysis, translocation
and active fork stabilisation is more flexible than was previously assumed.

Results and discussion

The EAV RNA polymerase nsp9 does not have strand-displacement activity
The EAV replication and transcription complex (RTC) is assumed to be anchored to
cellular membranes, and to consist of a host factor and at least 13 viral non-structural
proteins [313,380]. Similar to many other +RNA viruses, these enzymes include an RNA-
dependent RNA polymerase (RdRp, nsp9) and the RNA helicase (nsp10) [390]. However,
unlike various other well-studied viral RTCs, such as those of poliovirus or HCV, it is not
known whether the RdRp has strand-displacement activity of its own, with the helicase
playing merely a supporting role. To investigate this, we developed an EAV nsp9 assay in
which we could test whether the processivity of this de novo-initiating RdRp [196] could
be frustrated by placing a duplex region downstream of the initiation site in its template.
As was previously shown, EAV nsp9 prefers to initiate RNA synthesis on polyU repeats
in the presence of [a-32P]ATP [196,325]. However, when all nucleotides are present in
the reaction, only low-molecular weight RNA products are formed on polyU., (Fig. STA),
suggesting that polymerisation is inherently limited on this template. To test whether
processivity could be stimulated on heteromeric templates, we designed a template
(denoted Hel11R) with a 3’ 10-nt long polyU initiation site and a downstream 20-nt
long heteromeric region with relatively limited secondary structure. As shown in Fig.
S1A and S1B, nsp9 was able to synthesise significantly longer products on Hel11R, using
either [a-32P]ATP or [a-32P]CTP incorporation as readout. Interestingly, we also observed
that none of the products was of template length (i.e., a 30-mer) and the [a-*?P]CMP
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incorporation signal only appeared in >4-mer products, suggesting that EAV nsp9 was
initiating internally on the 3’ uridine repeat and specifically using the heteromeric
region for extension.

To test the influence of dsRNA structures on the EAV nsp9 activity, we hybridised an
oligonucleotide that was fully complementary to the heteromeric part of the template
(denoted Hel1R). A 5’ polyU tail was added to this template to create a forked substrate
and rule out that high molecular weight products were formed through primer-depen-
dent extension of the hybridised oligonucleotide. Strikingly, all extension activity was
lost in this duplex configuration, whereas initiation products were still present (Fig. S1B
and S1C). Similar results were obtained with a non-tailed, but 5’ 3'dA-blocked comple-
mentary oligo. These results thus lead us to suggest that unlike many other viral RdRps,
EAV nsp9 does not have strand displacement activity of its own and would thus have
to fully rely on the helicase activity of nsp10 or other (cellular) enzymes with helicase
activity during replication.

Biochemical characteristics of EAV nsp10

Previous studies of the EAV RNA helicase nsp10 were performed with maltose binding
protein (MBP)-tagged nsp10 preparations and demonstrated that, like the coronavirus
helicase nsp13 [109], EAV nsp10 was able to unwind both RNA and DNA with a 5'-to-3’
polarity in the presence of ATP [110]. However, these experiments focused only qualita-
tive rather than quantitative kinetic results, which could have potentially masked dif-
ferences in the unwinding efficiency. In addition, MBP is a relatively large tag (42 kDa)
compared to the 51-kDa nsp10 and could have modulated the dynamics of EAV nsp10.
We therefore readdressed the substrate specificity and biochemical characteristics of
EAV nsp10 using purified N-terminally his -tagged EAV nsp10 (Fig. 1A).

Using single cycle assays (Fig. 1B), we tested nsp10’s ability to displace a 5" 3?P-labelled
RNA or DNA oligonucleotide that was part of a dsRNA or dsDNA substrate in the presence
of optimal 4 mM Mg?* and near-saturating 2 mM ATP concentrations (Fig. S2). Aliquots
were taken at various time points and analysed by native PAGE and autoradiography as
exemplified in Fig. 1C. In line with previous observations, the unwinding efficiencies on
DNA and RNA were essentially comparable and burst rates on DNA and RNA templates
(k.. and k

oA ) Obtained from single exponential fits to the single-cycle data revealed
near-identical values: k,,, = 0.015 + 0.007 s and k,,, = 0.016 + 0.004 s (fitted value
+ 95% confidence interval). We next explored the influence of the single-stranded 5’
loading region on the initiation of dsDNA unwinding by varying the length of the 5’
tail from 0 to 20 nt. In line with observations previously made for SARS-CoV nsp13 and
other helicases [391,392], the unwinding rates decreased with a reduction of the tail
length (Fig. 1E) and we found that nsp10 required at least a 10-nt single stranded load-

ing platform to display significant unwinding activity.
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Figure 1: Template requirements of EAV nsp10. (A) SDS-PAGE analysis of purified N-terminally
His.-tagged EAV nsp10. The migration speed of his_-nsp10 was in line with its expected molecular
weight. (B) Schematic of the steps in the single-cycle assay. First, helicase (nsp10) and template
consisting of a 5’ 3?P-labelled release strand (asterisk-labelled grey line) and an unlabelled loading
strand (black line) were allowed to form a complex, before ATP and the unlabelled trap strand
(grey lines) were added to the reaction. Next, samples were taken at time points t and these were
resolved by native PAGE. (C) Example time course of nsp10 helicase activity in the presence of 2 mM
ATP on dsRNA with a 20-mer overhang. Samples were resolved on 15% native PAGE and analysed
by autoradiography. (D) Comparison of nsp10 unwinding activity on dsRNA (light grey triangles)
and dsDNA (black circles) in the presence of 2 mM ATP. Both templates had a 20-mer overhang. The
dsRNA curve was fit with using Eq. 1 with kRNA =0.015 = 0.007 and A = 0.94 + 0.06. For the dsDNA

curve variables were kDNA =0.016 + 0.004 and A = 0.88 * 0.08. (E) To test the dependency of the

EAV nsp10 unwinding activity on its ability to load, the 5’ single-stranded overhang of the loading
strand was varied from a blunt-end (squares), a 5-nt T-tail (lozenges), a 10-nt T-tail (triangles), to a

20-nt T-tail (circles). Km

presence of 2 mM ATP.

was 0.009 + 0.003 and Am 0.99. All experiments were performed in the

Design of magnetic tweezers construct and instrument calibration
To extend our study of EAV nsp10 in more detail and observe its unwinding dynamics
in real-time, we employed our knowledge of its template specificity to design a MT ex-
periment. Given the observation that EAV nsp10 unwinds dsDNA and dsRNA with similar
efficiency, we opted to use a long DNA hairpin tether instead of a short RNA hairpin.
Furthermore, to get insight in the behaviour of this enzyme on a natural sequence, we
partly based this hairpin on the EAV genomic 3’ end.

Our MT setup consisted of a glass flow cell (Fig. 2A) in which the DNA hairpin was
fixed between a paramagnetic bead and the glass surface through a pair of short DNA
handles labelled with biotin and digoxigenin (Fig. 2B). On the 5'-side of the hairpin, a
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LED light source

#0 glass (~80 um)
stretched parafilm

(~50 um)

#1 glass (~170 um)
100x objective
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Figure 2: Magnetic tweezers setup. (A) Experimental setup of magnetic tweezers instrument.
Two magnets are used to exert a force on paramagnetic beads that are tethered to the bottom
surface of a thin flow cell consisting of stretched parafilm sandwiched between #0 glass (top)
and #1 glass (bottom). Figure is not to scale. (B) The streptavidin-coated paramagnetic beads of
1 um in diameter are tethered to the glass surface through a single DNA hairpin and multiple
digoxigenin-anti-dig interactions. Permanent magnets are placed in a vertical alignment to
achieve a sufficiently strong magnetic field to unwind the hairpin. For details about the hairpin
construction, see Fig. S10. (C) Example microscopic field of view with reference beads (REF) and
tethered beads (TETH). (D) Mechanical unfolding of the 1057-nt long DNA hairpin is achieved by
bringing the magnets closer to the top surface of the top glass slide of the flow cell. The hairpin is
fully unfolded at 16-17 pN.

short, T, ssDNA region was created to provide a minimal platform for EAV nsp10 load-
ing, thus minimising the chance of loading multiple active nsp10 molecules onto the
template. Bound tethers were manipulated through a magnetic field created between
two horizontally aligned permanent magnets and the bead (Fig. 2A and 2B).

As discussed elsewhere, the camera acquisition frequency (f, here 100 Hz) limits
the calibration of the applied force [393], while the Brownian motion of the tethered
bead and the intrinsic resolution of the MT instrument essentially limit the resolution at
which the tether length can be measured to ~1 nm [394]. However, this limit can only
be achieved through the use of smaller beads and shorter nucleic acid tethers, which
in turn constrain the force range that can be applied to the tether and the confidence
with which the magnetic field can be calibrated [393]. In an attempt to optimise all
conditions for our experiments, we employed monodisperse 1 um beads so we could
use a calibration of the magnetic field to estimate the applied force within 10% error
[393]. In addition, we used a DNA hairpin with relatively short handles to minimise the
initial tether length, and a stronger magnetic by reducing the magnet gap-size to 0.3
mm and decreasing the non-accessible range of our flow cell (i.e., the distance between
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Figure 3. dsDNA unwinding by EAV nsp10 in the presence of ATP. (A) Analysis of the extension
traces is performed by a dwell time analysis using a fixed 10-bp sliding window in z and a rate
analysis by applying a fixed 0.9-s (90 points) sliding window in t. Pauses identified using either of
these methods are indicated in dark grey. Experiment was performed at 10 pN force and 2 mM
ATP. (B) Velocity and (C) dwell time analysis of the nsp10 activity along the activity trace. Pauses

are indicated in dark grey and the translocation velocity (me) in light grey. (D) Analysis of the
instantaneous unwinding rates of EAV nsp10 at 2 mM ATP shows a pronounced peak around 0 +
3.4 bp/s (mean = sd) for 9 pN (indicated in dark grey) in addition to the unwinding peak centred
around 21 bp/s at 9 pN. The unwinding peak at 12 pN is centred around 31 bp/s. The light grey bar
indicates mes. (E) To measure the translocation rate of EAV nsp10, the helicase was first allowed
to initiate at a constant force of 10 pN. Then the dsDNA template was quickly converted into a
partial ssDNA template by increasing the applied force to 14 pN. At this force, the hairpin forms a

stably folded intermediate. The distance covered by the helicase (AL) and the time required to do
so (At) provide us with a measure of mes, which we estimated at 65+13 nt/s. (F) Mean unwinding
rates as function of the ATP concentration for EAV nsp10 at 9 (circles), 10 (squares), and 12 pN
force (triangles). At all forces investigated, the unwinding rate obeys Michaelis-Menten kinetics
with Km: 0.24-0.26 mM. (G) Unwinding rates at 0.5 (circles) and 2 mM ATP (squares) and maximum
unwinding velocities (Vmax, triangles) obtained from Michaelis-Menten kinetics plotted as function
of the applied magnetic force.
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the top of the tethered bead and bottom of the magnets, a value that would be zero if
we they could physically touch) to 130 um (Fig. 2A and 2B). As shown in Fig. S3 and S4,
these modifications allowed us to apply forces up to 20 + 2 pN and track reference beads
through microscope-based image analysis (Fig. 2C) with a vertical standard deviation of
~1.4 nm and tethered molecules with a resolution of ~3.0 nmin z (Fig. S4).

Single-molecule assay and ATP dependency

Unwinding or mechanical unfolding of the hairpin results in an increase in the distance
between the flow cell surface and the magnetic bead. Additionally, a force that is ap-
plied perpendicular to the fork junction lowers the free energy that the helicase has to
overcome to unwind the duplex with AG, Consequently, at forces where AG, > AG®
the hairpin will spontaneously unfold. To identify the force at which our 1057-bp hairpin
was stable, we first mechanically unfolded the hairpin in absence of helicase (Fig. 2D).
Analysis of the mechanical unfolding demonstrated that the hairpin remained stably
folded up to forces of 12 £ 1 pN (Fig. 2D). In addition, we observed that over 16 £ 2 pN
was required to fully unwind the DNA duplex and that refolding of the hairpin occurred
at 6.4+ 1 pN (Fig. 2D).

When we next added ATP and EAV nsp10 to the flow cell, we observed changes in
bead height. The most common event at 9-14 pN and 2 mM ATP was a steady increase
in extension up to the entire single-stranded length of the tether (Fig. 3A). No rezip-
ping or refolding was observed when the helicase reached this position. Typically, the
instantaneous unwinding rate - computed from the slope of a running window along
the time axis (Fig. 3A and 3B) - and the dwell time of the helicase fluctuated along the
template, and we occasionally observed interruptions or pauses in the extension (Fig. 3).
The latter we defined as those positions in the template where the unwinding rate was
within 0 + 7 bp/s (mean * 2 standard deviations; Fig. 3D, orange area). At lower forces
and reduced ATP concentrations, we also observed a rapid refolding of the hairpin (Fig.
S5), likely because the helicase was more prone to dissociation under these conditions.
To ensure that we were measuring the kinetics of a single nsp10 helicase, we tested
dilutions of the helicase preparations and found consistent behaviour up to the lowest
concentration tested, i.e., 2 nM of helicase monomer (Fig. S5E and S5F).

To investigate whether the nsp10 helicase unwinding rate would ultimately approach
the translocation rate (V, ), we performed an experiment in which the helicase was
first allowed to initiate unwinding at a constant force of ~10 pN. Once helicase activity
was detected, we rapidly increased the applied force to ~14 pN (Fig. 3E), which resulted
in a stably folded intermediate that had opened by ~550 bp relative to the fork junc-
tion of the fully folded hairpin (Fig. 2D). We next recorded the time At that the helicase
required to travel along the created single stranded template with length AL and initiate
a second unwinding event at the new fork (Fig. 3E). The helicase translocation rate was
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obtained from AL / At and found to be ~65 + 13 nt/s. When we now apply this value
to local unwinding rate observed in Fig. 3B, we find that occasionally, the helicase did
indeed approach this rate. In addition, we also observe extension locations where the
unwinding rate appeared to have exceeded the translocation rate. Closer inspection
shows however, that these fast events coincide with abrupt changes in the extension,
which suggest that they are derived from short spontaneous unfolding events of the
hairpin whose rates (typically ~1000 bp/s [395]) got averaged to lower rates by our 0.9
s sliding window.

The direct measurement of the helicase activity on the double-stranded template
gives insight into the coordination between ATP hydrolysis and unwinding. Specifically,
by varying the ATP concentration ([ATP]) we were able to obtain the Michaelis-Menten
constant, K of ATP.This value was ~0.26 mM and independent on the applied force (Fig.
3F). Furthermore and consistent with the reduction of the energy barrier for duplex un-
winding, an increase in the applied force gave a strong linear increase in the unwinding
rate over the force range that could be measured (Fig. 3G). This increase was consistent
among various ATP concentrations and the V__ obtained for the Michaelis-Menten
fits. Interestingly, previous single-molecule studies observed fundamentally different
behaviours for the relation between the unwinding rate and the applied force, including
no force-dependence at all for the SF2 helicase NS3 of HCV [376] and a non-linear de-
pendence for the hexameric helicases of T7 and T4 [383,395]. Comparable dependencies
were found in our dwell time analysis, which used a sliding window of 10 nt over the
extension axis (Fig. S6).

EAV nsp10 is a promiscuous helicase

It is known that some helicases are not strictly specific for ATP hydrolysis when they
unwind a nucleic acid template [373]. For instance, the hexameric T7 helicase can utilise
all dNTPs and NTPs except CTP and GTP in both bulk and single-molecule experiments
[396,397]. Interestingly, we found in our bulk experiments that EAV nsp10 was highly
promiscuous as well, and able to utilise ATP, dATP and CTP with similar efficiency for
unwinding activity (Fig. 4A and 4B). Lower efficiencies were observed when we per-
formed the reaction in the presence of UTP, GTP or ribavirin triphosphate, a ATP and GTP
analogue commonly used to treat viral infections [56].

We next focussed on nsp10’s ability to use the ribonucleotides in our single-molecule
assay. When experiments were conducted in the presence of 2 mM CTP, we essentially
found similar mean unwinding velocities as in the presence of 2 mM ATP (Fig. 4C). In line
with our bulk experiments, lower unwinding velocities were observed in the presence of
UTP and GTP (Fig. 4D). However, processive unwinding was strikingly more often inter-
rupted with pauses (Fig. 4E) and refolding events in the presence of ATP, UTP and GTP
compared to CTP. Although we believe that the latter may be attributed to the helicase
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Figure 4. Use of different NTPs modulates the nsp10 dsDNA unwinding rate. (A) Bulk assays
were performed to test nsp10’s ability to use different nucleotides for dsRNA unwinding. Clearly,
both ATP and dATP could be used with similar efficiency, suggesting that the enzyme does not
discriminate between the sugar moiety on the NTPs. Differences were observed for the other
purines GTP and RTP at an equal concentration of 2 mM. (B) Nsp10 was also able to efficiently
unwind dsRNA in the presence of 2 mM CTP, but showed slightly lower kinetics in the presence
of 2 mM UTP. All 4 traces were taken at 10 pN. (C) Single-molecule unwinding traces of EAV nsp10
in the presence of 2 mM of CTP (dark grey), ATP (black), GTP (light grey) and UTP (ultralightgrey).
Experiments were performed at 10 pN assisting force. (D) Probability densities of the unwinding
velocities of the EAV nsp10 in the presence of 2 mM ATP, CTP, GTP or UTP. and UTP. Experiments
were performed at 10 pN. Dashed lines indicate the centres of the Gaussian fits. (E) On average,
we found that CTP and ATP gave similar mean instantaneous unwinding rates at 10 pN, whereas
unwinding in the presence of GTP and UTP was lower on average, but not significantly. Error bars
represent standard deviations. (F) Analysis of the average number of pauses per unwinding event
at 10 pN demonstrated significant differences between unwinding in the presence of CTP and the
other three nucleotides.

dissociating from the template, the former may also be related to sequence-dependent
pausing and the unwinding mechanism that the helicase uses to separate the strands
(see below).
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Figure 5. EAV nsp10 can switch between passive and active nucleic acid unwinding. (A)
Example of aligned traces taken for unwinding at 10 pN and 2 mM CTP (left panel). Identified pauses
that corresponded to a high GC content in the template (middle panel) and a correspondingly low
AG° . areindicated in grey (right panel). The GC contentand AG®_ were calculated for a running
window of 10 bp. AG®_, was calculated as the sum of the hydrogen bonding energy (dark grey)
and stacking energy (light grey) [15,389]. (B) At certain positions, no pauses were observed in CTP
traces (2" panel), but clearly evident in helicase unwinding events obtained in the presence of ATP
(1t panel), GTP (3 panel) and UTP (4™ panel). We have marked several of these different events
with bars in panels A and B. (C) Unwinding efficiency of nsp10 on dsRNA templates containing a
low (black circles) or high GC (grey triangles) content. Both experiments were performed in the
presence 2 mM ATP. (D) Unwinding velocities were associated with their template position and
corresponding GC-content over a 10-bp window. Unwinding rates were subsequently binned by
their GC-content and fitted with the sum of three Gaussians to extract the mean unwinding rate
and standard deviation (see Fig. S8). All experiments were performed under 10 pN assisting force.

Active and passive unwinding mechanisms

The above results of the fluctuating local unwinding rate and the difference between the
translocation velocity on single-stranded nucleic acid should allow us to define whether
nsp10 was using a passive or active unwinding mechanism in the presence of ATP. Such
an estimate is important for the interpretation of the helicase function, because passive
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helicases are typically involved in replication and allow for a tighter coupling between
the helicase and the replicative polymerase than active helicases [383,388,395,398,399].
In eukaryotic cells, this strategy may facilitate co-ordination between leading and lag-
ging strand synthesis, while active mechanisms appear to be mostly used for processes
that are not strictly dependent on this co-ordination, such as DNA repair [382,400].
Previous single-molecule studies of helicases have attempted to define the helicase
unwinding mechanism by fitting the observed unwinding velocity as a function of
AGomeIt’
helicase step size n per ATP hydrolysis event, and an helicase-fork interaction potential

the helicase forward and backward translocation rates k* and k-, the AG, the

AG,, in order to describe the helicase’s ability to actively destabilise the fork [386]. Cru-
cially, however, the fitting approach may lead to fundamentally different interpretations
of AG, , depending on the assumed step size and the backward translocation rate [382],
and did indeed result in different outcomes for relatively similar enzymes [383,395].

A more robust method is to interpret the helicase unwinding rate as a function of
the sequence of the template, i.e,, the ratio between the velocity at high GC-content
(V) and 0 GC-content (V,)) [382]. Specifically, if we follow Manosas et al. and set the
threshold that separates an active from a passive mechanism at AG,_ = 1 K,T or about
half the averaged AG®
1-bp steps and a negligible backward translocation rate will loose at most 75% of its

e (Fig. 5A), we can predict that an active helicase advancing with
unwinding rate when going from a AT-rich to a GC-rich sequence [382]. Consequently,
Ve !V, will therefore exceed 25% for active helicases, while passive helicases should
have a sequence-dependent unwinding ratio that is much smaller than 25%.

The unwinding mechanism of EAV nsp10 depends on the nucleoside
triphosphate used for hydrolysis

Toinvestigate the sequence dependence of EAV nsp10, we first aligned the helicase traces
to improve the accuracy in relating the unwinding rate to the local GC content. Typically,
we found that we could align the traces by their end point with 1 nm standard deviation
(Fig. S8). We next used the pause probability density as function of the template position
to get an estimate of the average drift and the accuracy of the alignment along the rest
of the template. As shown in Fig. 4B and S8, we were able to identify pauses at GC-rich
positions in the middle of the template with a standard deviation of 8 nm, suggesting
that the error in sequence identification was ~5 nm per 250 nm (approximately 6 bp per
300 bp). This was comparable to the standard deviation of a tethered bead position in
absence of helicase over the course of the longest experiments (Fig. S8).

Strikingly, the side-by-side comparison of the pause probability densities of the heli-
case in the presence of the four NTPs shows that they are not equal Fig. 4B). In general,
we observe that the helicase has a probability to pause upstream of GC-rich sequences.
However, this behaviour is only consistent for helicase unwinding in the presence of
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Figure 6: Pausing by nsp10 depends on two steps and nsp10 can switch between passive and
active unwinding. (A) Similar to HCV NS3 [376], pauses that occur during template unwinding
by EAV nsp10 can be fit with two irreversible kinetics events, one of which may present a NTP-
dependent binding step, while the other may present a NTP-independent structural change in
the enzyme, e.g., in one of the two RNA binding domain. The first is a pseudo first order reaction
involving nucleotide binding (k, [NTP]), while the second is NTP independent (k). (B) Pause
duration histograms of nsp10 pause steps (0.2 s bins) in the presence of 2 mM ATP, CTP, GTP or
UTP can be fitted with the an equation describing the sum of the two kinetic schemes of Fig. 6A
as described previously [376]. Overall, the histograms of ATP, GTP and UTP can be well fit with
k, =15-1.710°M" s and k, = 0.6-0.7 s™. The CTP histogram is best fit with k, = 2.9-3.0 T0*M" s
and k,=0.6-0.7 s, suggesting that the nucleotide-dependent step is discriminating between the
nucleotides.

ATP, UTP and GTP, and not in the presence of CTP (Fig. 4B). Also in our bulk experiments
do we observe that helicase unwinding is more efficient on templates with a lower
GC-content (Fig. 4C). When we next plot the unwinding rate of the helicase as function
of the GC-content, we find that although the helicase loses 90% of its velocity when
hydrolysing ATP, UTP or GTP on a GC-rich sequence, it is relatively insensitive to the tem-
plate sequence when using CTP (Fig. 4D, Fig. S8). Consequently, when we apply the 25%
threshold proposed by Manosas et al., we find that the helicase is effectively unwinding
the template in an active mode in the presence of CTP, while it appears to unwind the
template with a passive mechanism in the presence of the other nucleotides.

This observation appears to be supported by the analysis of the helicase pause
durations in the presence of the different nucleotides (Fig. 6). Interestingly, we found
that not only the unwinding velocity, but also the pause frequency during unwinding
events is dependent on the ATP concentration (Fig. S9). This suggests that similar to
HCV NS3, the exit from an EAV nsp10 pause is also nucleotide dependent. The shapes
of the pause duration histograms are, however, not single exponentials and can be
fit if we assume a kinetic mechanism that involves two steps of which only the first is
nucleotide dependent (Fig. 6A). If we fit our data with such a two-step model, we find
that that all nucleotides have the same nucleotide-independent rate, but that although
the ATP-, GTP- and UTP-dependent pauses have the same rate for nucleotide binding,
the nucleotide-dependent rate CTP rate is ~2 fold higher (Fig. 6B).
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Concluding remarks

The work presented here provides a study of the nucleotide hydrolysis and nucleotide
specificity of the SF1 helicase of EAV nsp10 and the coupling of these events to the
mechanism that this helicase uses for nucleic acid unwinding. Our study indicate that in
the presence of ATP, the most abundant nucleotide in the cell at 1-5 mM [401], nsp10 is
dependent on the applied force and using a passive unwinding mechanism to displace
the two template strands. In the presence of CTP on the other hand, whose intracellular
concentration is ~0.2 mM, nsp10 appeared to unwind the double stranded template
using an active mechanism [402].

Given the significantly higher intracellular ATP at homeostasis it appears likely that
the default unwinding mechanism of EAV nsp10 is passive. Nevertheless, analysis of the
unwinding mechanism of various helicases has so far always assumed that the coupling
between hydrolysis, translocation and unwinding is fixed and either passive or active
[382,383,386]. Here we demonstrate that this need not be the case and that their pairing
may switch depending on the bound nucleotide. Interestingly, it was recently shown
that the hexameric T7 helicase processively unwinds dsDNA in the presence of dTTP,
whereas ATP-based unwinding induces backsliding as a result of the additional 2'-OH
group on the ribose sugar [397]. Structural analysis revealed that this 2'-OH may dis-
place the side-chain of nucleotide-binding residue Y535 and thereby alter the structural
dynamics of the helicase and thus its affinity for the template [397]. Such changes are
certainly not without precedent, as structural dynamics analyses of RNA polymerases
have shown that local perturbations in the structure may induce significant changes
in the overall behaviour of the enzyme and, in polymerases, the fidelity of nucleotide
incorporation [177].

Structural data is presently unavailable for the nidovirus helicases, which makes it
impossible to verify whether amino acid side-chains in the nucleotide-binding pocket
could be repositioned upon CTP binding or whether this may affect the structural dy-
namics of the enzyme. We speculate, however, that such effects could well explain the
switch that we observe here and hypothesise that a similar nucleotide-dependent cou-
pling may be present in the active site of other helicases. Further, if local perturbations
can influence the unwinding mode of the helicase, this would open up the existence
of (co)factors that induce allosteric changes that favour one unwinding mechanism
over the other and are thus able to regulate or frustrate the helicase’s co-operation with
enzymes in, e.g., the replisome or the viral RTC.
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Material and methods

Cloning, expression and purification of EAV nsp10

The coding region for EAV nsp10 in the Bucyrus genome (Genbank accession number
NC_002532) was amplified by PCR from the EAV cDNA clone [403] using primers E779
and E789 (see Table S1). The PCR product was ligated into the Gateway cloning vector
pDONR (Invitrogen) and subsequently subcloned into the T7 driven expression vec-
tor pDEST14 (Invitrogen) according to the manufacturer’s protocol, thereby creating
pDEST14-EAV-His-nsp10.

For expression, BL21(DE3) cells were transformed with pDEST14-EAV-His-nsp10 and
grown on Luria Broth (LB) agar plates containing ampicillin (50 pg/ml). Next, 2000 ml
LB-5052 [292]containing ampicillin (50 pg/ml) was inoculated with 50% of the colonies
on the agar plate and grown to OD,>1.0 at 37°C. Subsequently, the cells harvested and
resuspended in 2000 ml LB containing amplicillin (50 pg/ml) and IPTG (1 mM) and grown
at 37°C for a further 3-4 h. Cells were finally harvested by centrifugation and stored at
20°C until protein purification was started.

For purification, bacterial pellets were thawed on ice, resuspended in buffer A (20 mM
This pH 8.5, 20 mM imidazole, 0.05% Tween-20, 5% glycerol, 5 mM B-mercaptoethanol
and EDTA-free protease inhibitor cocktail (Roche)) containing 500 mM NaCl, and lysed
by sonication. The supernatant was cleared by ultracentrifugation at 20,000 g for 30 min
and subsequently incubated with Talon beads (Clontech) for 2 h at 4°C. The beads were
washed four times 15 min with 20 volumes of binding buffer. Ultimately, the N-terminally
His -tagged helicase was eluted with 150 mM imidazole in buffer A containing 500 mM
NaCl and immediately gelfiltrated with a supradex 200 column (GE Healthcare) in buf-
fer A containing 300 mM NaCl. Nsp10 containing fractions were subsequently pooled,
dialysed, stored and analysed as described previously for SARS-CoV nsp12 [154].

Polymerase and unwinding assays
EAV nsp9 was purified and analysed as described previously [325]. For EAV nsp10 un-
winding assays, a total of 100 nM of purified EAV nsp10 was incubated with 1 nM 5’
32P-labelled RNA or DNA duplex substrate at 22 °C for 10 minutes in reaction buffer (Tris-
HCI pH 7.5, 20 mM NacCl, 0.01 mg/ml BSA, 5% glycerol, 0.01% Triton X100). Prior to the
addition of 2 MgCl, and 2 ATP, unless stated otherwise, the reactions were cooled down
to 15 °C and 1 uM unlabelled release strand added to trap unbound helicase (Fig. 1B).
Samples were taken at the indicated time points and quenched with an equal volume
of quenching buffer (20 mM Tris-HCl pH 8.0, 50 mM EDTA, 60% glycerol, 0.5% SDS and
0.1% bromophenol blue)

After gel electrophoresis on 15% native PAGE gels, the fraction unwound was analysed
via autoradiography. Next, the fraction of unwound nucleic acid was plotted against the
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reaction time and fitted to a single-exponential equation as described previously uning
Eq. 1[391,404]:

F(t) = A(1 -ep(-kt))+ C [Eq. 1]

Here, F(t) is the fraction of template unwound at time t in seconds, A the amount of
unwound product, C the correction for the amount of unwound product present in the
beginning of the reaction, and k the pseudo first order rate constant of nucleic acid
unwinding.

DNA hairpin construction

The hairpin representing the 3’ 990 nt of the EAV genome was amplified by PCR from
the EAV cDNA clone [403] using primers 513 and 514. This product was digested with
Kpnl and Xhol, and hybridised to hairpin oligos 515-518 (see table S1 and Fig. S10) in
annealing buffer (10mM Tris pH 7.9, 50 mM NaCl, 1 mM DTT, and 10 mM MgCl,). After
ligation with T4 DNA ligase (New England Biolabs) in annealing buffer with T mM ATP,
the products were gel purified and labelled with digoxigenin-UMP at their 3’ end using
Klenow polymerase. Final products were cleaned using YM100 columns (Millipore) and
stored at -20 °Cin TE (20 mM Tris-HCl pH 8.0, 10 mM EDTA).

Magnetic tweezers and flow cell configuration

We used a custom built MT setup similar to that developed and described by Strick
et al. [337], albeit it with technical modifications. Briefly, a CCD camera with a acquisi-
tion frequency of 100 Hz (Dalsa) was used to track monodisperse superparamagnetic
beads of 1.0 £ 0.1 um in diameter (MyOne beads, Life Sciences) tethered to the surface
via the hairpin construct (~1.0 um fully unzipped, see Fig. 2D). Focusing of the 100x
oil-immersion objective (Olympus) was achieved with a pifoc (P-726.1CD, Physik Instru-
mente) that was fixed onto a 25-mm thick aluminium base plate and encased in a stage
(Merzhauser).

As magnets, we used two gold-plated (Ni-Cu-Ni-Au), 5 x 5 x 5 mm neodymium-iron-
boron (NdFeB) permanent magnets (SuperMagnete, Germany) that were placed 0.3 mm
apart in an aluminium holder. Flow cells were constructed using a #1 nitrocellulose-
covered microscope coverslip as bottom slide and a #0 coverslip as top slide (VWR
International). As spacer between the two slides we used manually stretched parafilm,
which we found to have an average thickness of 50 + 5 um. Overall, this layout resulted
in a flow cell thickness of ~300 um and a minimal magnet-to-surface distance of ~130
pum (Fig. 2B).
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Magnetic tweezers calibration

To be able to correct for mechanical drift during the MT experiments, 1.0 um polysty-
rene beads (Polysciences) were baked onto the surface by first adsorbing them to the
bottom slide of the flow cell in 10 mM Tris pH 8.0 and 100 mM MgCl, and next fixing
them through baking at 100 °C for 3 min. During measurements, mechanical drift was
minimised by correcting the tethered bead height relative to the 1-um reference bead
every 20 frames. Before use, the inner surfaces of the flow cell were passivated with
bovine serum albumin (BSA, 10 mg/mL). The extension-to-nucleotide conversion was
calibrated as described previously (Fig. S3D) [383,395]. The reference bead fluctuations
could be tracked with a standard deviation of ~1.4 nm in z, and ~0.6 nm in x- and y-
directions (Fig. S4). Tethered MyOne beads could be tracked with a standard deviation
of ~3 nm within the force range of our experiments (Fig. S4). To calibrate the decay of
the magnetic field and the applied magnetic force, a 20.7 kbp dsDNA (~7.0 um) tethered
to MyOne beads was used (Fig. S3). Spectral corrections were performed as described
previously [393].

Single-molecule helicase experiments

Hairpin DNA tethers were prepared by binding 1 ng of hairpin DNA to 2 pl MyOne beads
in 10 pl binding buffer (20 mM Tris-HCI pH 7.5, 5 mM EDTA, 100 mM NacCl, 0.01 mg/ml
BSA and 0.01% Tween-20) at 20 °C for 15 min. Tether-bead complexes were taken up in
a final volume of 100 pl and introduced into the flow cell at 10 ml/min and incubated
for 60 min in absence of the magnetic field. Flow cells were next washed with 0.5 ml
helicase buffer (20 mM Tris-HCI pH 7.5, 20 mM NaCl, 4 mM MgCl,, 0.01% Triton X-100
and 0.01 mg/ml BSA) before the introduction of 2mM ATP and 20 nM helicase in helicase
buffer, unless noted otherwise for specific experiments.

Data analysis

Helicase unwinding events were identified by thresholding the end-to-end change in z
to 2 standard deviations beyond the mean z-position at the beginning of each measure-
ment. To estimate instantaneous helicase unwinding velocities from the end-to-end
measurements, traces were first median filtered at 1 Hz and aligned by the their fully
unwound extension where possible. Slopes were then fitted to the data points in fixed
90-point windows, which were moved by 10 points along the time axis. Pauses and non-
zero velocities were identified by fitting unwinding rate histograms of 2-bp/s-bins with
the sum of three Gaussians (one for negative rates, one for pauses, and one for positive
rates). Pause positions were subsequently extracted by thresholding the velocities at
consecutive time axis windows to 2 standard deviations of the zero velocity peak. Dwell
times were extracted from the traces by moving a 10-bp window along the extension
axis with standard deviation intervals of the fluctuations in the z-position.
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Figure S1. Activity of EAV nsp9 is influenced by dsRNA. (A) Purified EAV nsp9 [325] can
synthesise oligomeric RNA products in the presence of uridine repeats (black line in template
schematic) in the polyU, or the Hel11R template, and 0.17 uM [a-**P]ATP, 50 uM ATP and 100 uM
CTP, GTP and UTP. (B) Similar oligomeric products are formed in the presence of only [a-*2P]ATP,
50 uM ATP and Hel11R (left panel), or [0-*2P]ATP, 50 uM ATP and the partially duplex template
consisting of oligos Hel11R and Hel1R (right panel). (C) When [a-*2P]ATP is replaced with [a-3?P]
CTP RNA products >5-mers are observed only when nsp9 is incubated with the single stranded
Hel11R, but not with the oligo duplex. Together with the results of Fig. S1B, these observations
suggest that the duplex specifically inhibits extension. (D) nsp9 polymerase activity on the Hel11R
template relative to the NaOH degradation of a 5’ 3?p-labelled Hel11R to indicate the expected
RNA product length if nsp9 was initiating RNA synthesis on the terminal 3’ U of the templates. We
note that the size distribution of the smaller 5’ 32P-labelled products should not be compared to
the migration pattern of synthesised RNA products (which contain 5’ triphosphates) due to their
different negative charge and migration velocity in the electric field of the 20% 7M Urea gel.
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Figure S2. Biochemical characteristics of EAV nsp10. (A) Purified nsp10 was incubated with 5’
tailed RNA duplexes and assessed for its ability to displace the 5’ *2P-labelled bottom strand (grey
and labelled with asterisk) in the presence of various concentrations of ATP, 4 mM MgCl, and either
a 20mM Tris-HCl or 20 mMHepes buffer. (B) The ability of nsp10 to unwind dsRNA in the presence
of various concentrations of Mg?*, 2 mM ATP and 20mM Tris-HCl. (C) When Mn?* - required for de
novo RNA synthesis of EAV nsp9 in vitro - was added to helicase reactions containing 2 mM ATP,
the ability of nsp10 to unwind the provided dsRNA template was significantly reduced both in the
presence and absence of nsp9 polymerase. (D) Similar to the effect of Mn?*, the addition of Zn?* or
Co?* could interfere with nsp10’s unwinding efficiency in the presence of 2 mM ATP.
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Figure S3. Force calibration and nm to bp conversion. (A) It is generally feasible to measure
the force exerted by the magnetic field on the DNA molecule by recording the fluctuations of
the bead’s position and analysing these positions used previously discussed spectral analysis
procedures [393]. However, given the short contour length of our 1057-kb hairpin in both the
folded and unfolded configuration, the high cut-off frequency associated with this tethered-bead
system, and the limited acquisition frequency of our camera (100 Hz) we were not able to perform
a reliable direct measurement (i.e., with an error <10%) of the applied magnetic force on these
tethered beads. We therefore calibrated the magnetic field and used the low polydispersity (<10%)
of the MyOne beads to estimate the applied magnetic force. To calibrate the magnetic field in our
flow cell, we tethered 20.7-kb (~7 pm) dsDNA molecules to MyOne beads and measured their
extension as function of the magnet position. The applied magnetic force was then computed
using spectral analysis and plotted against the extension for three tethers (light grey circles). For
reference, a simulated force-extension curve (including spectral analysis of the simulated data) of a
~7 um dsDNA tether is shown (black squares). Error bars depict standard deviation of 5 simulations.
(B) Magnetic field gradient computed for various magnet positions as described previously [405],
using vertical 5x5 mm magnets that were placed 0.3 mm apart and 1 um MyOne paramagnetic
beads. The flow cell thickness is indicated in light grey (C) dsDNA molecules of 21-kb (~7 pm) were
tethered to MyOne beads and we measured their extension as function of the magnet position.
Using the field gradient computed in Fig. S3B, we then plotted the magnetic force against the
measured extension (dark grey circles). For reference, a simulated force-extension curve of a ~7
umds DNA tether is shown (black squares). (D) When the maximum measured change in extension
is known for a particular applied force, the tether’s extension in nm can be converted into the
number unwound base pairs since the maximum end-to-end change is proportional to the full
length of the hairpin, i.e. 1057 bp. Since every unwound bp releases two nucleotides, this gives us
directly the extension per nucleotide change. The relation between the extension-to-nucleotide
conversion and the force is best approximated with a polynomial as described previously as
secondary structures in the ssDNA may lead to deviations from the freely-joined chain (FJC) model
[383].
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Figure S4. Tracking resolution of reference and tethered beads. (A) The left panel shows
an example trace of the displacements of a reference bead in Z. The right panel illustrates the
distribution of these displacements around the tether point ‘0’ A single Gaussian was fit to this
distribution with a standard deviation of 1.4 nm. (B) Distributions of reference bead displacements
in X or (C) Y. Single Gaussians were fit with standard deviations of 0.65 and 0.55 nm, respectively.
(D) The tracking resolution for tethered beads plotted against the magnet position. (E) The tracking
resolution for tethered beads plotted against the applied force.
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Figure S5. Variations in hairpin unwinding behaviour and refolding. (A and B) Although the
helicase activity of EAV nsp10 predominantly resulted in the complete unwinding of the 1057-nt
long hairpin, we also observed (C and D) events in which unwinding was abruptly terminated and
the hairpin refolded (annealing of the hairpin after dissociation of the helicase or helicase back-
sliding) or rezipped (hairpin closing in the wake of the helicase after template switching). All traces
were observed at 2 mM ATP and 10 pN force. (E and F) Although we found that the unwinding
velocity was dependent on the force and ATP concentration (Fig. 3), it was not dependent on the
nsp10 concentration, suggesting that our measurements were performed under single-molecule
conditions.
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trace was taken for ~ 11 minutes and the z-position distribution can be fit with a single Gaussian
distribution with a standard deviation of 11 nm.
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Figure S8. EAV nsp10 unwinding velocity distributions at varying GC-contents. (A) The
unwinding velocities at 2 mM ATP or CTP (B) were binned according to their association with
the template position and that position’s GC-content. To extract the mean unwinding rate, the
unwinding rates were fitted with the sum of three Gaussians. All data was taken at 10 pN force.
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Figure S9. Rezip and pausing frequency of EAV nsp10 in the presence of ATP. (A) The rezipping
frequency per unwinding event is dependent on the ATP concentration and (B) the applied force.
The latter dependency can be fit with a single exponential decay. (C) If we keep the applied force
constant and vary the ATP concentration, we also observe that the pausing frequency is dependent
on [ATP]. This dependency can be fit with a single exponential decay.
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Figure S10. Construction of the 1057-kb DNA hairpin. To assemble the hairpin, the primers
listed in table S1 were used in accordance to the method presented in the Material and Methods

Table S1. Oligos for hairpin construction.

Oligo Purpose

Sequence (5' to 3')

E779 Cloningnsp10fw  CATGCCATGGGCCATCACCATCACCATCACAGTGCCGTGTGCACAGTTGTGG
E789  Cloning nsp10rv GGATCTCGAGTTATTGCTTTTCCCAGCCACAGG
514 Fw PCR primer TGCTGGTACCTACGGCAGCAAAGTCAACC
513 Rv PCR primer AAACGACGGCCAGTGCCAAGCTCCTC
515 Hairpin loop P-TCGAGAAGCGAGCGAAAGCTCGCTTC
516 5'-handle BIO- AACCAAGTCATTCTGAGAATAGTGTATGCGG-CGACCGAGTTGCTCTTGCCTTTTT
TTTTTATGCTCTT-TACAACCGGTTGACTGCTTCAGGGGTCGATCCCGCTTT-
GTAC
5'-handle ACACTATTCACAGAATGACTTGGTT-BIO
complementary
part
517 3’-handle P- AAAGCGGGATCGACCCCTGAAGCAGTCAACCGGTTGTA-AAGAGCATGCCAGATG
GTAAGCCCTCCCGTATCGTAGTTATC-TACACGACGGGGAGTCAGGCAACTATGGATG
AACGA
518  3'-handle TGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATC-CATAGTTGCCTGACTCCCCGT

complementary
part

CGTGTAGATAACTACGATA-CGGGAGGGCTTACCATCTGGC
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Abstract

Despite identification of two virus-encoded RNA-dependent RNA polymerases (RdRps)
genome, many critical steps in coronavirus RNA synthesis remain to be elucidated at
the molecular level. Here, using the SARS-coronavirus model, we describe intriguing
biochemical observations suggesting that the initiation of minus-strand RNA synthesis
and the polyadenylation of both genome-length and subgenomic mRNAs may depend
on a unique platform that involves an interplay of the nsp(7+8) RNA polymerase with
a conserved 3'-terminal signature of the viral genome. Specifically, our in vitro studies
implicate the 3'-terminal GAC®, which can be polyadenylated or used as template for
de novo initiation of minus strand synthesis. We hypothesise that this specificity is partly
achieved through the template-independent formation of a 5'-pppGpU° product that
is complementary to this sequence. Lastly we explore here the intrinsic regulation be-
tween the two SARS-CoV encoded RdRps and the implications thereof for regulation of
their activities.



nsp(7+8) activity on the SARS-CoV 3'end

Introduction

The initiation of RNA synthesis, i.e. the formation of a dinucleotide product through
condensation of the first nucleotide bond, is a crucially important function of the viral
RNA-dependent RNA polymerases (RdRp) during genome replication. Accordingly, ini-
tiation is typically coupled to the recognition of specific cis-acting “promoter elements”
in the 3’ untranslated region (UTR) of the viral genome in order to secure (i) specificity
for the viral promoter in the infected cell, and (ii) negative self-regulation when these
RNA sequences were not faithfully copied in the previous cycle [188,197,406,407,408].
So far, a number of initiation mechanisms have been documented that guide RNA viral
RdRps to accurate duplication of these important RNA sequences, including i) internal
prime-realign initiation [190], ii) de novo initiation directed by the ‘priming loop’ of
the RdRp and RNA structures [139], and iii) protein-primed initiation [206,207,208].
In addition, non-templated initiation of RNA synthesis has been proposed as a fourth
mechanism and is thought to be used by the RdRps of non-segmented negative strand
RNA (-RNA) viruses and the dsRNA rotaviruses. Conclusive biochemical support for the
latter mechanism, however, is presently still lacking [409,410].

In addition to various replication elements, the genomic 3’ UTR contains a polyad-
enylyl (polyA) tail in many positive stranded (+RNA) viruses. Although it is believed that
this structure is chiefly involved in regulating the translational efficacy and stability of
RNA molecules in the cytoplasm of the cell, it may also contribute to viral replication
[183,251,252,411]. In RNA viruses, mRNA polyadenylation is typically based on mecha-
nisms such as i) repeated ‘stuttering’ on a short polyU tract in the viral minus strand
[253,412,413], ii) direct copying of a 20 nt long polyU sequence encoded at the 5’ end
of the minus strand RNA [251,408], or iii) non-templated, terminal extension of the viral
mRNA [247,248,250]. Additionally, whereas cellular polyA tails, are mainly synthesised in
a template-independent manner by nuclear polyA polymerases (PAPs) following the 3’
processing of pre-mRNAs by the nuclear cleavage and polyadenylation specificity factor
(CPSF) [414,415] most viral +RNA genomes appear to be polyadenylated at the site of
viral replication in the cytoplasm.

In contrast to the above examples, it is completely unknown which initiation or poly-
adenylation mechanisms are used during the complex RNA synthesis of coronaviruses
(CoVs). This +RNA virus group infects a wide range of vertebrates and is renowned for
its exceptionally large polycistronic genome of approximately 30 kilobases (Fig. 1A) [65].
Moreover, CoV genome replication must operate in balance with the synthesis of four
to nine sg mRNAs [51,265] - crucial molecules that are 5'-capped and 3'-polyadenylated
like the genome. They are thought to be produced from complementary subgenome-
length -RNA templates that derive from discontinuous negative strand synthesis
[51,265,416,417,418,419,420] and it is likely that the synthesis of sg RNAs utilises the
same initiation and extension signals as those used for anti-genome synthesis and
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Figure 1: SARS-CoVnsp(7+8) has two distinct activities on the SARS-CoV genomic 3’ end. (A)
Conservation of the genomic 3’ residues of the CoV genome. For sequence alignment see Fig. S1.
(B) To test whether nsp(7+8) could use the SARS-CoV genomic 3’ end as template, purified nsp(7+8)
was incubated with [a-*P]ATP as readout, 10 uM ATP, 500 uM GTP, 100 uM of CTP and UTP,and a 111
nt long RNA template that was based on the SARS-CoV genomic 3’ end. As controls, side-directed
mutagenesis was used to introduce mutations in the 3’ end template. Mutations are clustered
based on their effect on nsp(7+8) activity. The AMP contaminant present in the radioactive label is
indicated as internal loading control. (C) To test whether the terminal transferase activity on the 3’
genomic end was specific, mutations were introduced in conserved nsp8 residues. Mutant proteins
were purified using the same protocol used for the wild type enzyme and analysed by SDS-PAGE.
Upper panel shows Coomassie G-250 staining. Lower panel shows Western-blot analysis with a
monoclonal nsp8 antibody. (D) Terminal transferase activity of the nsp8 mutants in the presence
of nsp7 relative to the nsp(7+8) RdRp. Mutation of residues D52A and K58A resulted in a ~80% loss
of terminal transferase activity. The activity of mutant N43A was reduced by ~30%, while mutants
D50A and D64A showed wild type-like activities.

genome polyadenylation. Coronavirus genomes are further characterised by the strict
conservation of a 3’ terminal cytosine just upstream of the polyA tail (Fig. 1A, Fig. S1).
The mechanism and purpose of its conservation are unclear, however, just like it remains
to be elucidated how the previously defined RNA sequences and structures in the 3" end
of the CoV genome minister control over the initiation of viral minus strand synthesis
[334,421,422].



nsp(7+8) activity on the SARS-CoV 3'end

Complicating matters further, current evidence suggests that, uniquely among RNA
viruses, CoV RNA synthesis involves not one, but two viral proteins with RdRp activity
[154,155,156]. Both these proteins belong to the set of 16 CoV nonstructural proteins
(nsps) that are produced through autoproteolytic cleavage of the pp1a and pp1ab pre-
cursor polyproteins [44,58] and co-localise with the membrane-associated viral replica-
tion machinery in infected cell [68,294]. Presently, these enzymes have only been stud-
ied in some detail for the Severe Acute Respiratory Syndrome-associated coronavirus
(SARS-CoV) [154,155,156], which emerged in 2003 and caused worldwide concern due
to the ~10% mortality rate associated with its infection of humans [65,324]. Of the two
CoV RdRps, the first was found to employ a primer-dependent initiation mechanism and
to be residing in the conserved canonical RdRp domain of the 106-kDa nsp12 [154,325].
The second on the other hand, the 22-kDa nsp8, was reported to be capable of de novo
RNA synthesis and primer extension, both alone and in complex with the 10-kDa nsp7,
i.e. nsp(7+8) [155,156].

In spite of identification of the two CoV RdRps, many fundamental questions regarding
CoV RNA synthesis remain unanswered. For instance, it is unclear what viral template is
used by nsp8 for de novo initiation and whether this includes specific RNA signals in the
genomic 3" UTR. In addition, it is unknown whether nsp8'’s de novo activity may be able
to support the primer-dependent activity of nsp12. To investigate the RdRp properties
of nsp8 in more detail and seek answers to these questions, we here studied the activ-
ity of the SARS-CoV nsp(7+8) polymerase and found it capable of both non-templated
dinucleotide synthesis and subsequent extension of these products into ~10-nt long
RNAs using a template representing the 3’ end of the viral genome. Interestingly,
3’-terminal extension of this template with adenylyl moieties was also observed, while
mutation of the 5'-GAC®" signature specific for the 3’ end of the SARS-CoV genome or
amino acid substitutions in SARS-CoV nsp8 could abolish or separate the initiation of
-RNA strand synthesis and +RNA polyadenylation in vitro. Overall, we propose that these
results define the CoV nsp(7+8) complex as a unique RNA polymerase that recognises
genomic 3'-terminal sequences and plays a critical role in both initiation of minus strand
synthesis, the first catalytic step of SARS-CoV replication, as well as the termination of
plus-strand synthesis.

Results

SARS-CoV nsp(7+8) has two activities on genome 3’ end-derived templates

SARS-CoV nsp7 and nsp8 were reported to interact and form the previously crystallised
hollow ring structure that is composed of an intricate nsp8 octamer supported by eight
copies of nsp7 [153,289]. In addition, the nsp(7+8) complex was shown to have RNA
polymerase activity that is catalysed by residues in the nsp8 subunit [155,156]. Previous
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biochemical analysis of recombinant SARS-CoV His-nsp8 revealed the enzyme’s prefer-
ence for de novo initiation on RNA templates containing a 5’-(G/U)CC®" signature [155].
Interestingly, the coronavirus genome contains a fully conserved terminal cytosine as
well (Fig. 1A and S1). Together with the compensating mutations identified in nsp8 after
mutation of the 3’ end of the mouse hepatitis virus genome, this suggests that nsp8 may
interact with the genomic 3’ end during -RNA synthesis [334].

To explore this hypothesis we incubated purified SARS-CoV nsp(7+8) with 111-nt
long transcripts representing the SARS-CoV genomic 3’ end. In addition, point muta-
tions were introduced into this RNA sequence to investigate template-dependence and
the role of the terminal cytosine in template recognition. Compellingly, nsp(7+8) was
readily able to synthesise RNA products of >8 nt in size on templates containing the
wild-type genomic sequence, both in the presence or absence of a polyA, tail (Fig. 1B).
Mutation of the 3'-terminal cytosine to any other nucleoside, however, abolished [a-32P]
AMP incorporation into short RNA products (Fig. 1B). Strikingly though, some residual
[a-*’P]JAMP incorporation was still observable for products beyond template length
when the 3’ cytosine was mutated to adenosine (Fig. 1B). We assumed that this activity
was identical to the terminal transferase activity of nsp(7+8) on primed templates [156]
and further gel analysis of the products from assays using the wild-type, polyA-tailed
template did indeed reveal a classic tailing pattern (Fig. 1D). In addition, the observed
products appeared to be longer on mutant templates than on the wild type 3’ end,
suggesting that the formation of the short RNAs competes with the terminal transferase
activity on the 3' genomic end. Similar results were obtained when we mutated the 3’
terminal 5'-GAC® to 5'-GUC®" (Fig. 1B), whereas a loss of both activities was observed for
all other substitutions in the 3’ terminal 5'-GAC®" sequence (Fig. 1B).

Mutational analysis of SARS-CoV nsp(7+8) identifies positions involved in
terminal transferase activity

To verify that the observed terminal transferase-like activity was nsp(7+8) derived, mu-
tations were engineered in nsp8 via site-directed mutagenesis. Mutant proteins were
purified in parallel with the wild-type protein and analysed by SDS-PAGE, Western blot
and gel filtration (Fig. 1C). When we subsequently investigated the terminal transferase
activity of these enzymes, we found that substitution of aspartate-52 to alanine (D52A)
and lysine-58 to alanine (K58A) significantly impaired the observed activity (Fig. 1D).
Mutation of aspartate-50 and the non-conserved aspartate-64 to alanine (D50A and
D64A) on the other hand did not affect the activity at all, whereas alanine substitution
of the conserved of asparagine-43 resulted in a ~30% loss of activity. In part, these ob-
servations are in line with the importance of D52 for nsp(7+8) primer-extension activity
and the role of K58 in RNA binding [156].
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SARS-CoV nsp(7+8) terminal transferase activity prefers ATP, but requires GTP for
template specificity

As observed in Fig. 1B and described elsewhere [156], activity reminiscent of terminal
transferase activity was observed for SARS-CoV nsp(7+8). To confirm the nature of this
activity, an oligonucleotide mimicking the last 10 nucleotides of the SARS-CoV genome
was first blocked with cordycepin (3'deoxyadenosine triphosphate, 3'dATP) using a
commercially available polyA polymerase and subsequently incubated with purified
SARS-CoV nsp(7+8) and [a-*?P]ATP. As shown in Fig. 2A, *P-labelling of 3'-terminally
blocked template did not occur, whereas tailing was still observed for the unblocked
control substrate (Fig. 2A).

We next explored the nucleotide preference of SARS-CoV nsp(7+8) for 3’ extension
of the SARS-CoV genome and titrated ~30-, ~300- or ~3000-fold excess of either ATP,
GTP, CTP or UTP in a terminal transferase assay containing 0.17 uM [a-*?P] ATP, to as-
sess their ability to compete for incorporation. In line with the preference of poliovirus
3Dr'[247], unlabelled ATP was the most effective competitor of [a-32P] ATP, suggesting
that nsp(7+8) preferentially synthesises polyA tails (Fig. 2B, Fig. S2). At larger excesses,
pyrimidines were also efficiently incorporated into the tails, while semi-efficient GMP
incorporation was observed at a 3000-fold excess over [a-*P]JAMP as was evident from
the'G-jumps’in the tailing pattern (Fig. 2B, Fig. S2). This thus leads us to suggest that the
order of nucleotide preference for nsp(7+8) is ATP>CTP>UTP>GTP.

Following up on the above finding and our observation that mutation of the 3’ se-
quence of the SARS-CoV genome influenced terminal transferase activity (Fig. 1B), we
investigated the relation between the nucleotide substrates present and the template
sequence. Interestingly, when nsp(7+8) was incubated with [a-*?P]JAMP in absence of
other nucleotides, nsp(7+8) preferentially tailed our control oligonucleotide consist-
ing of a polyU tail followed by a 3'-terminal 5'-CCAAAA®" sequence and disregarded
the templates that were based on the genomic 3’ end (Fig. 2C, left panel). This picture
completely changed, however, upon the addition of GTP, which significantly shifted the
tailing preference to the substrates matching the viral 3'-terminal sequence (Fig. 2C,
compare left and middle panel). This shift in template selection also included an equal
preference for the mutant 3’ end oligonucleotides, in the presence of either GTP only
or all four NTPs (Fig. 2C, middle and right panel), suggesting that although GTP plays a
role in template selection, nsp(7+8) likely uses additional template-enzyme contacts for
fine-tuning and to achieve the specificity observed in Fig. 1B.

SARS-CoV nsp(7+8) can synthesise dinucleotides in the absence of an RNA
template

To investigate nsp(7+8)’s activity on the 3’ end during de novo RNA synthesis and to
study in particular the first step leading to dinucleotide formation - which was previ-
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Figure 2. Terminal transferase specificity of SARS-CoVnsp(7+8). (A) No terminal transferase
activity of nsp(7+8) was observed when the 3’ end of an oligoribonucleotide representing the
3" end of the SARS-CoV genome (oligo t3, see Fig. 2C) was blocked with cordycepin (3'dA) and
polyA polymerase. Some residual labelling was visible due to the incomplete blocking of the
oligo. (B) Using [0-*?P]ATP as readout, we tested the competition for other NTPs with the 0.17
UM labelled nucleotide for their use in the terminal transferase activity of nsp(7+8). Ratios were
1:30, 1:300 and 1:3000. For original gel data see Fig. S2. (C) To further explore the requirements
for the nsp(7+8) terminal transferase activity, we reduced the RNA template length and removed
all nucleotides except the [a-*2P]ATP readout. Interestingly, this resulted in a general change in
terminal transferase specificity (left panel) and a preference for the control templates t1 and t2.
The effect could be reversed via the addition of 500 pM GTP alone (middle panel), or through the
addition of 500 uM GTP and 100 pM CTP and UTP (right panel). No unlabelled ATP was added to
prevent competition for the radioactive signal. All reactions were incubated for 30 min at 30 °C and
analysed on 20% 7M Urea PAGE gels.

ously postulated to be pppGpA synthesis [155] - we incubated nsp(7+8) with either
wild-type or mutant 3’ template, [0-32P] ATP and guanosine. This latter component was
added to replace GTP in the reaction and to exclude the incorporation of GMP at the
+2 position. Strikingly, dinucleotide products were observed in all reactions and their
formation appeared to be unabated by mutation of the penultimate 3’ C or substitution
of the upstream A with U (Fig. 3A). The nps(7+8)-dependent terminal transferase activity
was affected, however, in line with the results presented in Fig. 1B. These results there-
fore suggested that nsp(7+8) was able to identify the template correctly under these
conditions and that dinucleotide synthesis had taken place in a template-independent
manner. Indeed, GpA formation was also observed in the absence of an RNA template
(Fig. 3A).
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Figure 3. Initiation of RNA synthesis by SARS-CoVnsp(7+8) requires GTP and is non-templated.
(A) To test whether GTP was used for primer synthesis nsp(7+8), we incubated purified nsp(7+8)
with 111 ntlong SARS-CoV 3’ end templates, 500 uM guanosine and [a-3?P]ATP. The guanosine was
used to better separate the formed dinucleotide from the unincorporated label, distinguish it from
putative pppApA products and prevent nsp(7+8) from forming pppGpG products. Interestingly, a
GpA dinucleotide was also formed in absence of template. Asterisk indicates position of the [a-32P]-
group.The AMP contaminant presentin the radioactive label is indicated as internal loading control.
(B) Control reactions showing that dinculeotides can be efficiently formed using GTP, (C) alpha-S-
GTP or (D) guanosine at the +1 position in absence of template. In addition, these figures show
that the activity is nsp8-specific using nsp8 mutant N43A, D52A and K58A. Reactions contained
0.1, 0.5 or 1 pM of wild-type nsp8, mutant D52A or mutant K58A. Mutation of conserved residues
N43 and K58 to alanine results in a complete loss (<1%) of de novo dinucleotide synthesis in the
presence of GTP. Similar to the terminal transferase assay, the activity of D52A was not significantly
altered in comparison to the wild-type protein. Lower panels show the SDS-PAGE analysis of the
diluted protein stocks of wild-type or mutant nsp8 used in the assay. (E) Synthesis of the pppGpA
dinucleotide product by nsp8 in the presence or absence of RNases A, T1 and T2. No template was
added to these reactions. (F) Comparative analysis of [a-*?P]ATP, (G) [a-*2P]UTP, and (H) [a-*2P]CTP
incorporation at the +2 site under different Mn?* concentrations. The ANP contaminants present in
the radioactive labels are indicated as internal loading controls.

To exclude that this effect was the result of a contamination or the absence of the tri-
phosphate on the guanosine, we performed dinucleotide assays in the presence of GTP,
the non-hydrolysable GTP analogue GTP-alpha-S (guanosine 5'-[alpha-thiotriphosphate];
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ppp[SIG) and guanosine, and compared the de novo activity of wild-type nsp(7+8) and
nsp8 mutants N43A, D52A and K58A. As shown in Fig. 3B and 3C, nsp(7+8) was able to
synthesise equal amounts of pppGpA and ppp[SIGpA dinucleotide products, which not
only confirmed the important role of the guanosine at the +1 position, but also sug-
gested that is was not significantly competing with [a-*?P]ATP for incorporation at the
+2 site. In addition, this result also implied that hydrolysis of the GTP’s triphosphate was
not required to drive the reaction, which is in contrast to its role as energy donor for the
covalent uridylylation of the poliovirus VPg protein primer [206]. Of all nsp8 mutations
tested, K58A had the strongest effect on dinucleotide synthesis in all control reactions,
thus confirming the specificity of the assay (Fig. 3B-D). Mutation D52A was not able to
impair formation of pppGpA, in stark contrast to its role in the terminal transferase assay
(Fig. 1).

To exclude that the observed reactions were templated by inadvertently co-purified
RNAs, we supplemented the template-free dinucleotide reactions with RNase A (Fig. 3E).
Known for its ability to hydrolyse RNA 3’ of C and U residues, this RNase could thus
specifically degrade any RNAs containing sequences that may have templated pppGpA
synthesis. However, the presence of RNase A did clearly not affect the synthesis of a
pppGpA product at all, whereas all product formation was lost in negative control reac-
tions that included RNAse T1 or T2 to cleave ssRNA products 3’ of G or N, respectively
(Fig. 3F). These results thus suggest that dinucleotide synthesis by nsp(7+8) is insensitive
to both the absence of template and the presence of nucleases capable of degrading
all RNA templates complementary to the product. Moreover, together with our other
observations, they provide a strong indication that the observed pppGpA dinucleotide
product was synthesised de novo without the use of an RNA template.

SARS-CoV nsp(7+8) preferentially synthesises a pppGpU dinucleotide

Up to this point, all dinucleotide activity experiments presented in Fig. 3 had been
performed in the presence of Mn?*, given the reported dependence of His-nsp8's de
novo activity on this cation [155]. In light of the effect of Mn?* on the SARS-CoV nsp12
and poliovirus 3D fidelity [154,279], we tested whether the presence of Mn?* had the
ability to alter the nucleotide specificity for nucleotide incorporation at the +2 position.
To this end, we titrated Mn?* in dinucleotide synthesis assays containing either [a-*?P]
AMP, [a-*?P]JUMP or [a-32P]ICMP as readout. Interestingly, the incorporation of both AMP
and CMP required millimolar concentrations of Mn?* in addition to Mg?* (Fig. 3G and
3H), whereas the incorporation of UMP only required Mg?* (Fig. 31). This thus leads us to
suggest that the preferred nsp(7+8) dinucleotide product is pppGpU, which is strikingly
complementary to the 3'-terminal sequence immediately upstream of the polyA tail in
the genome of SARS-CoV and all closely related betacoronaviruses (Fig. S1). In addition,
this result explains the absence of a significant dinucleotide product in the reactions
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presented in Fig. 1B, as these were visualised through [a-*2P]JAMP incorporation rather
than [a-*?P]JUMP.

A two-way regulation of SARS-CoV nsp12 and nsp8 activity

With the previously proposed primase hypothesis in mind [155], we next sought to
investigate whether the products produced by nsp(7+8) under the conditions in Fig. 1
could be extended by nsp12. Unfortunately, however, no change in the position of the
products or product accumulation was observed, both when nsp12 was added after
a preincubation with nsp8 or nsp(7+8) and when nsp12 was present from the start.
Given that three studies have independently shown that SARS-CoV nsp12 and nsp8
are able to interact [85,289,423], we hypothesised that one of the enzymes was able to
modulate the activity of the other and prevent the reaction from progressing. To verify
the existence of such an effect, we designed an experiment to model the hypothesised
nascent strand hand-off between nsp(7+8) and nsp12 (Fig. 4). Specifically, we employed
a primed-template that consisted of a duplex derived from an internal sequence of the
3' UTR of the genome [325] and a single-stranded template sequence with low second-
ary structure (Fig. 4D) on which both enzymes were active (Fig. S3) [154,325].

To minimise the number of potential outcomes of this experiment and simplify inter-
pretation we decided to fix the nsp12 concentration and vary the amount of nsp8 or
nsp(7+8) added to the reaction. As presented in Fig. 4A and 4B, putative outcomes were
likely to be qualitatively similar (multiple were either inhibiting or stimulating), but given
that nsp12 is a stronger polymerase and has a lower RNA binding affinity than nsp8 and
nsp(7+8) [156], we expected the differences in signal to be significant enough to pos-
tulate whether nsp8 inhibited nsp12, nsp12 inhibited nsp8, or whether the inhibition
was reciprocal (Fig. 4A and 4B). In addition, we hoped to achieve further discrimination
between the outcomes by performing a titration experiment under conditions where
nsp8 had gained or lost activity, since this could either negate part of the effect or have
no effect at, depending on whether the influence of the two enzymes was mediated
through the template or via a direct protein-protein interaction (compare Fig. 4B and Q).

Interestingly, when a fixed concentration of 0.1 uM wild-type nsp12 was titrated with
either wild-type nsp8 or the nsp8 template-binding mutant K58A in the presence of an
excess of RNA template and NTPs, we observed a steep drop in the overall polymerase
activity (Fig. 4E and F). The inhibitory effect of K58A was significantly stronger than that
of wild-type nsp8, however, and essentially resulted in a reduction to the lower detec-
tion limits of the assay. A smaller effect on the initial nsp12 activity was observed when
nsp(7+8) was added to the reaction (Fig. 4E panel 3, Fig. S3). To confirm that the highest
concentrations used did not result in competition for template binding, we analysed
the reactions by native PAGE. As shown in Fig. 4G, mutant K58A was unable to bind
substrate and inhibit nsp12 template binding, whereas the presence of wild-type nsp8
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Figure 4: SARS-CoV nsp8 inhibits nsp12-dependent primer-extension activity. (A) Addition
of nsp8 to a model primer-extension reaction by the main SARS-CoV RdRp nsp12 may result in
four potential scenarios: 1) nsp8 has a stimulatory effect on nsp12 (indicated by F in the direction
of RNA synthesis) through binding to nsp12, while we assume that the observed activity is
dependent on nsp12’s interaction with the primer; 2) nsp8 has no effect and is outcompeted by
nsp12 for access to the nascent strand; 3) nsp8 has an inhibitory effect on nsp12 (indicated by F
in the direction antipodal to RNA synthesis) by binding to nsp12, while catalysis is performed by
nsp12; 4) nsp8 is active rather than nsp12, prevent nsp12 from accessing the 3'OH of the nascent
strand and slows down the reaction as a results of its lower activity; 5) nsp8 is active rather than
nsp12 and is stimulated by nsp12 through an allosteric effect, indicated with F in the direction of
RNA synthesis. The dark grey dashed line indicates the basic nsp8 activity level. (B) The addition
of nsp8 to nsp12 results in an overall activity that is one of five hypothetical functions of the nsp8
concentration. The effect indicated by 4* is presented to portray the difference with Fig. 4C. (C)
In theory, the combined activity of nsp12 and nsp8 can also be studied as a function of the nsp8
activity, while keeping the nsp8 concentration constant. (D) RNA template used to study the primer
extension activity of nsp12 and nsp8. (E) Side-by-side comparison of the incorporation activities
of nsp8 alone, nsp12+nsp8, nsp12+nsp(7+8), and nsp12 alone in time. (F) Average change in AMP
incorporation. In the presence of nsp8, we observe a decrease in the total activity (black circles).
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Figure 4 continued

A much stronger decrease in activity was observed when we combined nsp12-RdRp with nsp8
template binding mutant K58A (grey circles). (G) Electromobility shift assays showing that the
presence of nsp8 K58A does not negatively affect nsp12 template binding. In fact, when both nsp8
and nsp12 were present the total amount of bound template was higher. This was particularly
noticeable at the height of the upper nsp8 RNP complex.

resulted in an overall increase in template binding that was not only additive due to the
fact that both enzymes bound RNA, but also evident as a ~2 fold enhanced complex
formation with the largest wild-type nsp8 complex (Fig. 4G). Given that the smaller
migrating nsp8 complex runs at a similar position as the nsp12 enzyme (106 kDa), it is
likely that the smaller complex represents the nsp8 tetramer, while the larger complex
would represent the nsp8 octamer (8x 22 kDa) bound to RNA [153,156].

Increased nsp(7+8) activity overcomes nsp12 inhibition

To further untwine the interplay between both enzymes and differentiate between the
possible interactions of nsp8 and nsp12, we aimed to stimulate the activity of nsp(7+8)
relative to nsp12 (Fig. 4C). Specifically, we hoped to find whether the effect of nsp8 was
interaction- or activity-dependent. Presently, however, no chemical has been identified
that can specifically inhibit or stimulate one SARS-CoV RdRp relative to the other. We
therefore attempted to raise the overall activity level of the assay through the addition
of Mn?* and a reduction of the Mg?*" concentration, thereby stimulating the activity of
both nsp12 and nsp8 (Fig 5A). To negate the effect of these conditions on incorporation
fidelity, we simplified the template to U, . Both enzymes are active on this template as
shown in Fig. S3 and elsewhere [154,156].

As shown in Fig. 5, the more active nsp(7+8) now stimulated the overall incorporation
level of the assay, while the inactive mutant K58A showed an unaltered inhibitory effect
in line with its inability to benefit from the stimulating reaction conditions (Fig. 5C and
D). Lastly and as a further control measure, we also titrated the nsp12 active site mutant
D618A in reactions containing either wild type nsp8 or nsp8 mutant K58A. As shown
in Fig. 5E, nsp12 was able to fully inhibit nsp8 activity and thus essentially behaved as
a permanent ‘brake’ on the nsp8 activity (Fig. 5E). Overall, these results thus lead us to
conclude that on the one hand, nsp8 must be able to exert an influence on nsp12 via a
direct interaction given the effect of the template-binding mutant, but that the interplay
is also regulated by the interplay on the template on the other hand.

Discussion

The complex replication and transcription process that coronaviruses initiate upon in-
fection involves up to sixteen viral nsps and at least one host factor [51,79,290]. In spite
of increased effort to untwine their interactions since the outbreak of SARS in 2003, the
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Figure 5: Stimulated SARS-CoV nsp8 can stimulate nsp12 in a concentration-dependent
manner, whereas inactive nsp12 blocks nsp8 activity. (A) To stimulate the activity of SARS-CoV
nsp8 we reduced the Mg?* concentration from 6 mM Mg?** (black bars) to 4 mM and added TmM
Mn?* (green bars). This also resulted in a larger increase in activity of nsp12, albeit at a previously
observed loss of fidelity. (B) The increase in nsp12-RdRp activity due to Mn?* raised the basal nsp12
activity level in the assay (green arrow). Furthermore, using the higher nsp8 activity we were
now able to explore its corresponding effects as proposed in Fig. 4B and 4C by varying the nsp8
concentration. (C) Fixed amounts of 0.1 uM nsp12-RdRp and 1 uM of U,  template were titrated
with either wild-type nsp8 or nsp8 template-binding mutant K58A. Both nsp8 and nsp(7+8) were
active on this template (see Fig. S3). Clearly, wild type nsp8 now stimulates the total RdRp activity,
whereas the K58A mutant, which cannot benefit from the stimulating reaction conditions, still
inhibits activity. (D) Quantification of the nucleotide incorporation activity relative to the activity
of nsp12 alone (red squares). In absence of nsp12, the nsp8 activity increases 21 + 0.5 fold over the
course of the curve (black triangles), whereas in the presence of nsp12, this increase is only 8 £ 1
fold (n = 3) (black circles). Addition of nsp8 mutant K58A reduces the total AMP incorporation 9 + 1
fold (grey circles). (E) To test whether nsp8-dependent nucleotide incorporation was still observed
in the presence of inactive nsp12, we titrated a fixed amount of nsp12 D618A with either wild type
nsp8 (black circles) or nsp8 mutant K58A (grey circles). In both cases no activity was observed. For
reference, the activity of wild type nsp8 in absence of nsp12 is shown as black triangles.

exact mechanism that these enzymes use to catalyse RNA synthesis in the CoV RTC is still
poorly understood. Moreover, the replication strategy is likely more complex than pro-
posed for other +RNA viruses, since, uniquely among RNA viruses, CoVs employ two viral
RdRps to catalyse CoV RNA synthesis [154,155,156]. The prevailing hypothesis to explain
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this unique strategy suggests that these enzymes are functioning closely together and
form a primase-replicative polymerase pair [155], putatively similar to the eukaryotic
replisome, while one alternative hypothesis suggests that their function is separable
and that their activity may be strictly regulated in space by other viral proteins [156].

Following up on the description of the polymerase activity of nsp8 and nsp(7+8)
[155,156], we here demonstrate that the nsp(7+8) polymerase is capable of recognising
the genomic 3’ end in order to perform two distinct activities: de novo RNA synthesis
and terminal transferase activity (Fig. 1B and 6A). We further show that this enzyme can
preferentially synthesise a pppGpU product (Fig. 3), which is complementary to the 3’
terminal 5'-GAC®" of the SARS-CoV genome and may assist in recognition of the tem-
plate and regulation of the two activities (Fig. 1 and 2). Moreover and significant for our
understanding of CoV RNA synthesis, the recognition of the genomic 3’ end facilitated
the synthesis of 8-14 nt short RNA products (Fig. 1B), which is in line with previous
observations implicating 3’ terminal sequences and their interaction with nsp8 in the
initiation of CoV replication [334,424]. Subsequent mutational analysis of the conserved
3’ terminal 5'-GAC°" signature abolished the synthesis of these RNAs (Fig. 1B), similar to
the observed effect of the mutational analysis of the 3'-terminal 5’-CC®" for rotavirus and
arterivirus RNA synthesis in vitro and in vivo [196,407].

Together, these findings suggest that although nsp(7+8) can initiate nucleotide con-
densation in the absence of an RNA template, it likely prefers an RNA template with a
sequence complementary to the pre-formed dinucleotide to catalyse further incorpora-
tions (Fig. 6A). We assume therefore that the initiation of -RNA synthesis depends on the
correct substrate stoichiometry as well as base pairing and interactions with secondary
structures in the template, as also suggested by Zust et al. [334]. Future experiments
should investigate these steps in more detail. Of particular interest in that regard is the
mutational analysis of the nsp8 subunit presented here. As shown in Fig. 1D, this analysis
revealed that contrary to D50’s involvement in primer-extension [156], this aspartate
was not required for terminal transferase activity. Similarly, the for primer-extension
crucial D52 was not involved in pppGpA formation (Fig. 1D) [156]. These observations
suggest that the various activities noted for nsp(7+8) thus far can be separated in vitro,
which, for instance, opens up avenues to complementation experiments.

In addition, we also investigated the interplay between nsp8 or nsp(7+8) and nsp12
on a primed template, and observed in Fig. 4 and Fig. 5 that nsp8 has an inhibitory effect
on nsp12 activity. Specifically, we found that this effect was dependent on the nsp(7+8)
concentration and activity, suggesting that i) nsp8 is allosterically limiting nsp12 activity
(Fig. 4A, model 3) or ii) preventing it from accessing the 3'-OH of the primer (Fig. 4A.
model 4). In the latter case, the observed activities would become solely nsp8-driven at
the higher concentrations, which in turn would postulate a requirement for additional
factors to induce nsp(7+8)’s dissociation from the primer. Unfortunately, we can pres-
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ently not ascribe a conclusive preference to either model, since the results obtained
with nsp8 mutant K58A suggest that part of the influence must be mediated through
an interaction, whereas the complete inhibitory effect of inactive nsp12 on active nsp8
suggests that the interplay may be organised through the template. Alternatively, it is
a distinct possibility that the regulation between the two enzymes requires both direct
(protein-protein) and indirect (substrate) influences, and possibly even additional viral
proteins.

In summary, our results explain a number of ill-understood observations and touch
upon at least three important questions regarding CoV replication, including the ge-
netic linkage between mutations in the SARS-CoV genomic 3’ end and the nsp8-coding
sequence, and the conservation of the 3’ terminal residue (Fig. S1). In light of the above
two subjects, we demonstrated here that the nsp(7+8) complex can synthesise 8-14 nt
short RNA products on RNA templates representing the 3'-terminal domain of the SARS-
CoV genome and that these templates appeared to stimulate the RdRp activity com-
pared to non-biological sequences in the presence of NTPs (Fig. 1B and 2). These results
make it tempting to envision a mechanism in which these products are utilized by an
elongation complex containing the putative main primer-dependent CoV RdRp, nsp12,
as its key enzyme [155] (Fig. 6B, panel i). This brings us to a third question, however, be-
cause based on the activity of nps(7+8) on non-structured RNA templates [156] (Fig. S3),
we cannot formally exclude the possibility that nsp(7+8) may synthesise substantially
longer products in vivo (Fig. 6B, panel iii), possibly stimulated by the presence of ad-
ditional viral protein factors. Moreover, the observed and apparently complex inhibitory
effect of nsp8 and nsp(7+8) on the nsp12-dependent primer-extension activity (Fig. 4
and 5) asks whether i) additional factors are required to regulate their interaction and
the nascent strand hand-off, possibly even through the release of nsp(7+8) from the
template as proposed by Li et al. [425] (Fig. 6B, panel ii), or ii) that these two enzymes
simply operate in separated complexes that each have their own dedicated RdRp and
function in viral +RNA or -RNA synthesis in the infected cell. It will therefore become
now particularly crucial to study whether these different polymerases associate in vivo
and to what extent they influence each other’s activity there.

Material and methods

Nucleotides and RNA modification enzymes

RNAases RNase A, T1 and T2 were purchased from Ambion. PolyA polymerase was
purchased from USB, cordycepin 5'-triphosphate (3'dATP) from Sigma, and T4 kinase
and Shrimp Alkaline Phosphatase (SAP) from Invitrogen. Radiolabelled nucleotides were
purchased from Perkin-Elmer, marker dinucleotides GpA, GpU and ApA, and all RNA and
DNA oligonucleotides from Eurogentec, nucleotide analog GTP-alpha-S from Jena Bi-
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Figure 6: Models for nsp8 activity and the initiation of negative strand RNA synthesis.
(A)Schematic presentation of the activities on SARS-CoVnsp(7+8). We hypothesise nsp(7+8)
preferentially forms a pppGpU dinucleotide in absence of template that can subsequently be
extended in a template dependent manner (black arrow). Additionally, nsp(7+8) may use the
preformed product to align itself with the genomic end and catalyse the formation of a polyA
tail (dark grey arrow). It is unknown whether in absence of de novo initiation, the dinucleotide
product is release or whether it remains associated with nsp(7+8). (B) Panel i) shows a schematic
presentation of the ‘primase’ hypothesis first proposed by Imbert et al, in which nsp8 or nsp(7+8)
synthesises a primer that can be extended by SARS-CoV nsp12. Based on the data present in Fig. 1,
the initiation site for nsp(7+8) may be on the genomic 3’ end. Panel ii) demonstrates an extension
of the ‘primase’ hypothesis, in which SARS-CoVnsp(7+8) must first release its primer before nsp12
can commence extension of the primer. In panel iii) a model is presented in which no primer-hand
off between nsp(7+8) and nsp12 is required at all and nsp(7+8) is assumed to fully catalyse minus
strand formation.

iii)

osience, whereas guanosine and all standard nucleoside triphosphates were purchased
from Sigma. For T7 transcription, an Ambion MegaShortScript kit was used according to
the manufacturer’s instructions.

Mutagenesis, protein purification and polymerase assays

All described nsp8 mutants were engineered via site-directed mutagenesis according to
the QuikChange protocol (Stratagene) using the primers listed in table S1. All proteins
were expressed and analysed as described previously [156]. SARS-CoV nsp7+8 assays
were essentially performed as described elsewhere [156], with modifications. Specifi-
cally, nsp8 dinucleotide assays were performed either in the presence or absence of 1
UM synthetic oligoribonucleotides as listed in Fig. 2 or the presence or absence of SARS-
CoV genomic 3’ end templates (see section below). Per nsp8 de novo reaction, typically
TuM monomeric nsp8 or nsp8 mutant and TuM monomeric nsp7 was incubated with
4 mM MgCl,, 1 mM MnCL, T mM GTP, 10 uM ATP, 0.17 uM [a-**P]ATP, TmM DTT, 10 mM



196

Chapter 8

KCl and 20 mM Tris (pH 8.0). ATP and GTP were substituted with other nucleotides or
nucleosides as indicated in the main text. Note that we performed the activity assays at
pH 8.0 instead of the for nsp8 optimal pH of 9.5 [156] to better preserve RNA integrity.
For reactions containing guanosine, we compensated for the addition of NaOH that was
used to dissolve guanosine by lowering the pH of the reaction buffer to 6.5 prior to the
addition of guanosine and enzyme.

RNA templates
Oligoribonucleotides for polymerase assays were excised as a single band from 7 M
urea/15% polyacrylamide gels, eluted overnight in deionized water and desalted using
NAP-10 columns (GE healthcare) that were equilibrated with deionized water. To anneal
RNA duplexes, oligonucleotide mixtures in annealing buffer (20 mM Tris-HCI pH 8.0, 50
mM NaCl and 5 mM EDTA) were heat denatured and slowly cooled to room temperature.
Genomic 3’ end templates of SARS-CoV Frankfurt-1 were amplified via pfu-based PCR
(Fermentas) using forward primers containing a T7 promoter region (see table S2). After
the PCR reaction, the cDNA template was digested with Dpnl for 1 hour at 37 °C and
the product purified via gel-extraction. Subsequently, T7 transcriptions were performed
and the RNA products extracted with Trizol (Invitrogen), and glycogen (Roche) co-
precipitation in ethanol.

Sequence alignment

Alignments of the genomic 3’ terminal residues were made using Muscle [327] and
visualized with Weblogo 3.0. Sequences used included the alpha coronaviruses human
CoV 229E (NC_002645), rat CoV (NC_012936), and bat CoV HKU8 (NC_010438); the beta
coronaviruses SARS-CoV (AY291315), mouse hepatitis virus (NC_001849), and human
CoV OC43 (NC_005147); and the gamma coronaviruses beluga whale CoV (NC010646),
bulbul CoV (FJ376620) and avian infectious bronchitis virus (IBV, AJ311317).
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¢.| RAT-CoV  UGAAUGAAGUUGAUCAUGGH AAAAPAAE
o | HCoV-229E CGGUUUCGAUAUGGAUACA SLYLVVV.V.V.A
o | Bat-CoV UAGUUUUGAUAGGGAUUCA SRV
B | MHV-A59 UGGCCAAUUGGAAGAAUCA VYNV
B | SARS-CoV UAGCUUCUUAGGAGAAUGA SLVVVEVVV.
B | HCoV-0C43 UGGCCAAUUGGAAGAAUCA SV L VY.
1| IBV-B GGCUAGUAUAGAGUUAGAG SV V-V VNNV
v| BW-CoV  GACUAUAGGUAAUUGUUAGSVVVVVA
¥

[}

Turkey-CoV GGCTAGTATAGAGTTAGAG ¥V,
| Bulbul-CoV GCUUAAAUGGGGGCAGGGAG SNV

Figure S1.Sequence alignment of genomic 3’ terminal sequences of alpha, beta, gamma
and delta coronavirinae. Sequences used included the alpha coronaviruses Rat Parker CoV
(NC_012936), Human CoV 229E (NC_002645), and Bat CoV HKU8 (NC_010438); the beta
coronaviruses MHV A59 (NC_001849), SARS-CoV Fr-1 (AY291315), and Human CoV 0C43
(NC_005147); the gamma coronaviruses avian infectious bronchitis virus (IBV, AJ311317), Beluga
Whale CoV (NC010646), and Turkey CoV (NC_010800); and the delta coronavirus Bulbul CoV
(FJ376620). The conserved 3’ cytosine is marked with an asterisk.
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Figure S2:Nucleotide competition during terminal transferase activity. A SARS-CoV 3'end
template was incubated with SARS-CoVnsp(7+8) and [a-*?P]ATP (lane 1). In parallel, 5, 50 or 500
UM concentrations of either ATP, GTP, CTP and UTP were added to this mixture to study their
potential to compete with [a-32P]ATP for incorporation into the template RNA. Note that although
the incorporation preference for GTP is lowest, it is effectively incorporated when present in ~3000
fold excess over the [a-32P]ATP as is evident of the ‘G-jumps’in the migration pattern on 20% 7M
Urea PAGE.
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Figure S3: Primer-extension activities on various templates. RdRp reactions containing either
the U20 or the UCT0 template, SARS-CoV polymerases nsp8, nsp(7+8) or nsp12 were resolved by
20% 7M Urea PAGE. Since extension of the UC10 template requires a GTP for position +1 and the
readout of this assay is [a-3?P]ATP, the first visible product is p+2.
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Table S1
nsp8 PCR primers Sequence
mutation
N43A SAV570 5'-TTAAAGAAATCTTTGGCTGTGGCTAAATCTGAG-3'
SAV571 5'-CTCAGATTTAGCCACACCAAAGATTTCTTTAA-3'
D50A SAV574 5'-GCTAAATCTGAGTTTGCCCGTGATGCTGCCATG-3'
SAV575 5'-CATGGCAGCATCACGGGCAAACTCAGATTTAGC-3'
D52A SAV590 5'-TCTGAGTTTGACCGTGCTGCTGCCATGCAACGC-3’
SAV591 5'-GCGTTGCATGGCAGCAGCACGGTCAAACTCAGT-3'
K58A SAV402 5'-GCCATGCAACGCGCTTTGGAAAAGATGG-3'
SAV403 5'-CCATCTTTTCCAAAGCGCGTTGCATGGC-3'
D64A SAV580 5'-TTGGAAAAGATGGCAGCTCAGGCTATGACCCAA-3’
SAV581 5'-TTGGGTCATAGCCTGAGCTGCCATCTTTTCCAA-3’
Table S2
3’ terminal PCR primers Sequence
sequence
---GACpA SAV453 TTTTTTTTTTGTCATTCTCCTAAGAAGCTATTA
SAV209 TAATACGACTCACTATAGGGAGAGCTGCCTATATGGAAGAGC
---GAC SAV212 GTCATTCTCCTAAGAAGCTATTAAAATCACATGGGGATAGC
SAV209 TAATACGACTCACTATAGGGAGAGCTGCCTATATGGAAGAGC
---GAGpA SAV489 TTTTTTTTTTCTCATTCTCCTAAGAAGCTATTA
SAV209 TAATACGACTCACTATAGGGAGAGCTGCCTATATGGAAGAGC
---GAApA SAV483 TTTTTTTTTTTITCATTCTCCTAAGAAGCTATTA
SAV209 TAATACGACTCACTATAGGGAGAGCTGCCTATATGGAAGAGC
---GAUpA SAV490 TTTTTTTTTTATCATTCTCCTAAGAAGCTATTA
SAV209 TAATACGACTCACTATAGGGAGAGCTGCCTATATGGAAGAGC
---GUCpA SAV486 TTTTTTTTTTGACATTCTCCTAAGAAGCTATTA

SAV209

TAATACGACTCACTATAGGGAGAGCTGCCTATATGGAAGAGC
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Abstract

Ribavirin is a purine analogue that can be efficiently incorporated into many viral RNA
genomes. Once present, it induces the accumulation of transition mutations, which
subsequently lead to error catastrophe and the inhibition of virus propagation. Further-
more, these effects may be more pronounced in larger viral RNA genomes. However, in
spite of having RNA genomes that are ~3-fold larger than the typical RNA virus genome,
the inhibitory effect of ribavirin on the replication of coronaviruses like SARS coronavirus
(SARS-CoV) has been shown to be remarkably small. It was therefore hypothesised that
CoVs may encode a rudimentary mechanism to prevent or correct misincorporation,
and thus to avoid error catastrophe. Using in vitro assays and recombinant SARS-CoV
nonstructural protein (nsp) 12, we show here that a 3'-to-5" exonuclease activity is
associated with this coronavirus polymerase. Importantly, this activity was stimulated
by the presence of either ribavirin triphosphate (RTP) or an unpaired residue in the
primer-template duplex, whereas mutations of RdRp motif B and residues in the nsp12
N-terminal domain altered these effects. Overall, these results lead us to suggest that
SARS-CoV nsp12 may indeed be a viral RdRp that is capable of reducing its own error
rate.
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Introduction

The nucleoside ribavirin (1-B-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) is a purine
analogue that can enter cells as nucleotide precursor. Once converted to ribavirin
triphosphate (RTP), it can be incorporated into RNA virus genomes by their cognate
RNA-dependent RNA polymerases (RdRps) with efficiencies similar to those of ATP
and GTP [180,276,320,321,426]. This property derives from the fact that ribavirin's
carboxamide group can rotate and thereby alternate ribavirin's base pairing between
uracil and cytosine. The consequence of this property is that ribavirin monophosphate
(RMP) incorporated into the viral RNA can randomly induce transition mutations (G<=A;
and C<>U in the opposite strand). In turn, this effect increases the overall mutation
frequency of the virus and may thus rapidly result in an inhibition of viral replication
and transcription[39,56,244,427,428,429]. Ribavirin is therefore a widely administered
antiviral drug - alone or in combination with other compounds - for treatment of infec-
tions with viruses as diverse as Lassa virus, respiratory syncytial virus, and hepatitis C
virus [92,93,94,95]. Furthermore, the analogue can effectively inhibit the replication of
picornaviruses, orthomyxoviruses [96,971, hantaviruses [98,99], vaccinia virus [100], and
reoviruses [101] in cell culture.

The sensitivity to ribavirin is highly variable among viruses, however. For example, to
prevent plaque formation on Vero E6 cells, 1-25 pug/ml ribavirin is needed for the inhibi-
tion of the influenza A virus, while 25-100 pg/ml is required to inhibit HIV and other
retroviruses [430]. Interestingly, to prevent cytopathology of severe acute respiratory
syndrome coronavirus (SARS-CoV) on the same cell type, ribavirin concentrations of 0.5-
5 mg/ml are required, a dose range that overlaps with the 50% cytotoxic dose (CD_) for
Vero E6 cell (generally ~0.2-1 mg/ml) [102,103,308,309]. Inhibiting concentrations close
to the cytotoxic concentration (CC, ) of ribavirin on ST cells were also reported for two
related swine CoVs, porcine respiratory CoV (PRCV) and transmissible gastroenteritis
virus (TGEV) [431]. In line with these observations, ribavirin treatment of SARS-CoV-
infected humans did not result in convincing antiviral effects during the 2003 outbreak
[103], and similar findings were reported in mice infected with a mouse-adapted SARS-
CoV strain [432].

With a nonsegmented, positive-stranded RNA (+RNA) genome of ~30 kb, approxi-
mately 3 fold larger than the average +RNA viral genome, SARS-CoV has one of the
largest genomes among RNA viruses [58]. Theoretically, this unprecedented genome
size should thus make it more sensitive to mutagen-induced error catastrophe, provided
that we assume that the fidelity of the SARS-CoV replication and transcription complex
(RTC) is similar to that of other RNA virus replicases. It has therefore been hypothesised
that the surprisingly limited effect of ribavirin on CoV infections must be due to i)
inefficient incorporation of RTP by one of the two SARS-CoV RdRps (i.e., nonstructural
proteins [nsps] 12 and 8) due to structural constraints in the nucleotide selection pocket
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[89,154,156]; ii) negation of erroneous nucleotide incorporation through a correction
mechanism involving a proofreading activity residing in one of the RdRps; iii) proof-
reading through a mechanism involving the nsp14 DEDD-type exonuclease [35,58], a
viral enzyme whose inactivation was previously linked with the accumulation of viral
mutations [105,106,107]; or iv) increased recombination rates between correct genome
segments.

In light of the above hypotheses [35,89], we here document the observation that RTP
and misaligned primer-template duplexes can stimulate a 3'-to-5" exonuclease activity
thatis associated with the SARS-CoV RNA polymerase nsp12. Mutation of the polymerase
motif B altered the efficiency of mismatch recognition, whereas single mutations in the
unique N-terminal domain allowed us to impair exonuclease activity. These results thus
lead us to suggest that SARS-CoV nsp12 possesses 3'-to-5" exonuclease activity that
is stimulated by an ability to recognise the nucleotide analogue RTP and errors in the
template-primer duplex.

Results and discussion

SARS-CoV nsp12 has 3'-to-5' exonuclease activity

Comparative sequence analysis has shown that the conserved, canonical RdRp domain
of CoVs resides in the C-terminal two thirds of the 106-kDa nsp12 protein [274]. Subse-
quent biochemical studies have demonstrated the ability of this replicase subunit to
incorporate nucleotides using both RNA and DNA templates [89,154]. Interestingly, dur-
ing our analysis of the nsp12 primer-extension activity in the presence of ATP [154], we
also noted a weak degradation of 5’ 32P-labelled RNA oligos that was more pronounced
in reactions containing the RdRp active site mutant D618A than in reactions contain-
ing wild-type nsp12. To investigate this activity in more detail and its significance in
view of the hypothesised proofreading ability of CoV RdRps, we purified a recombinant
SARS-CoV nsp12-RdRp as described previously [154] and incubated this enzyme with
5’ 32P-labelled single-stranded DNA (ssDNA) and ssRNA oligonucleotides. Analysis of
the reaction by 20% denaturing PAGE and autoradiography demonstrated that these
nsp12 preparations were indeed able to slowly degrade both DNA and RNA (Fig. 1A
and 1B). Interestingly, we previously observed that nsp12 has polymerase activity on
both templates as well [154]. Given that the 5’ 3?P-labelled substrates were gradually
hydrolysed to increasingly smaller labelled products, we conclude that this exonuclease
activity has a 3’-to-5' directionality.

Although the exonuclease activity for most optimal substrate for the exonuclease
activity of DNA-dependent DNA polymerase (DdDps) is ssDNA, the physiologic relevant
one is a primer-template duplex, whose primer strand must be melted in order to
transfer the 3'-end of the primer to the exonuclease active site [54,433]. To study the
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Figure 1. Nsp12 exonuclease activity has 3'-to-5' directionality on both ssDNA and ssRNA
templates. (A) To investigate the directionality of the SARS-CoV exonuclease activity, 5'*2P-labelled
DNA or (B) RNA oligos were incubated in the presence of 6 mM Mg?* and purified SARS-CoV nsp12.
Samples were stopped at the indicated time points and resolved by 20% PAGE/7M urea gels. (C)
SARS-CoV nsp12 is able to cleave a primer that was annealed to template RNA in the presence of 6
mM Mg?*. A similar activity was observed for RdRp active site mutant D618A. Assays were stopped
after 60 min and resolved with 20% PAGE/7M urea gels.

activity of nsp12 on such a template, we hybridised the 5’ 32P-labelled RNA primer to
a 40-mer template that was partially based on the 3’ untranslated region (UTR) of the
SARS-CoV genome (residues 29512-29532) [154]. As shown in Fig. 1C, both nsp12 and
the polymerase active site mutant D618A both degraded the primer in this 20-mer/40-
mer primer-template configuration, albeit with very limited processivity. In absence of
magnesium ions, no significant exonuclease activity was observed (Fig. 1C).

SARS-CoV nsp12 prefers magnesium ions for activity

To characterise the influence of divalent metal ions on the nsp12 exonuclease activ-
ity, we next substituted the optimal Mg?* concentration for primer extension (6 mM;
[154]) with different concentrations of Mg?* or other divalent metals. As shown in Fig.
S1, nsp12 was able to hydrolyse the 3’ end of ssRNAs under all Mg?* concentrations and
a low mM Mn?" concentrations. The presence of Zn?', in line with its negative effects on
the template binding affinity of SARS-CoV nsp12 [325], or high concentrations of Mn?
significantly reduced nsp12’s exonuclease activity (Fig. S1).

Sequence analysis of the coronavirus nsp12 N-terminal domain identifies
residues involved in exonuclease activity

Presently, the active site residues involved in the exonuclease and proofreading abilities
of viral polymerases have only been identified in DNA virus polymerases [166,434]. Simi-
lar to the Klenow fragment, these polymerases employ a two-metal ion mechanism to
bind an attacking hydroxide ion and stabilise the leaving 3'-OH group [54,168,435,436].
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Typically the exonuclease domain is a ~150-amino acid structure in the DdDp N-
terminus and dependent on motif | residues DxE, motif Il residues Nx, ,F/YD, and motif
Il residues Yx,D for activity [54,169,433,434]. Metal ion coordination in this structure is
performed by the invariant acidic amino acids in the three motifs, whereas the binding
and positioning of the single stranded part of the melded nascent strand requires the
strictly conserved asparagine and aromatic residues (i.e., Phe or Tyr) [54,169,433]. Us-
ing these well-characterised motifs as reference, we scanned the nsp12 sequence for
putative exonuclease active site residues and identified a set of conserved aspartic acid
and asparagine motifs positioned within ~120 amino acids of each other. As shown in
Fig. 2A, these residues are spaced according to conserved Dx,EN, DNx,Dx,YD and Dx,YD
motifs and reside in the N-terminal domain, a domain that is unique for CoVs and pres-
ently without assigned enzymatic function [58,89].

To investigate the involvement of the N-terminal domain in nsp12’s ability to degrade
an annealed RNA primer, we engineered three alanine substitutions in the most con-
served N-terminal nsp12 motif (i.e., motif Il), targeting asparagine-209, aspartate-211
and apartate-218 (i.e., N209, D211 and D218). All mutants were purified side-by-side
using the same expression and purification protocol [154]. When we next examined
the ability of these three mutants to degrade 5’ 32P-labelled RNA, we found that the
exonuclease activity of N209A was impaired by ~50% compared to the wild-type pro-
tein, whereas D211A and D218A demonstrated ~86% and ~72% reduced exonuclease
activities, respectively (Fig. 2B and C).

To test the impact of the mutations on the basic polymerase activity of nsp12, we
assessed their ability to extend the 20-nt primer used above as readout for the exonucle-
ase assay through the incorporation of ATP and GTP, as described previously [154]. As
shown in Fig. 2D and 2E, all mutations had less than wild-type primer extension activity
on this template, suggesting that the C-terminal polymerase domain and the N-terminal
domain are tightly integrated into the nsp12 structure. Such an integration of the two
active sites and a correspondingly reciprocal effect of exonuclease active site mutations
has also been observed for a number of viral DdDps [434,435].

An unpaired residue in the primer-template duplex stimulates SARS-CoV nsp12's
3'-to-5' exonuclease activity.

Together the results presented in Fig. 1 and 2 suggested that nsp12 is able to hydrolyse
RNA molecules with a 3'-to-5" polarity and that this activity involves residues in the N-
terminal domain. To investigate the significance of this activity for the proposed proof-
reading hypothesis, we incubated nsp12 with a primer-template duplex containing an
unpaired residue at position -6-8 of the primer (Fig. 3A, primer 446). As was argued pre-
viously for DdDps [436], the recognition of such internally mismatched residues critically
is important for the overall fidelity of the polymerase reaction, as they can then induce a
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Figure 2. Conserved residues in the coronavirus nsp12 N-terminal domain influence
exonuclease and RdRp activity. (A) Partial alignment of the N-terminal domain of CoV nsp12.
Fully conserved residues are shaded dark grey, while partially conserved residues are boxed.
The residues targeted by mutagenesis are indicated with asterisks. Mutants of aspartic acid and
asparagine residues were chosen based on their conservation among CoV nsp12 proteins and
their relatively similar spacing compared to the exonuclease domains of viral DNA polymerases. (B)
Analysis of the effect of N-terminal domain mutations on SARS-CoV nsp12's ability to degrade a 5’
32P-labelled primer in a dsRNA substrate. (C) Quantitation of the exonuclease activity. Percentages
of degraded input RNA were plotted as function of time and fitted with a single polynomial. Error
bars present standard deviation. (D) Analysis of the primer extension activity of wild-type SARS-
CoV nsp12 and the nsp12 mutants on a heteromeric template. (E) Quantitation of the primer
extension activity of SARS-CoV nsp12 mutants expressed as percentage of activity of the wild-type
protein. Error bars represent standard deviations (n = 3).

global conformational change in the polymerase ground-state, which stalls polymerisa-
tion and allows the single stranded nascent strand to travel to the exonuclease site for
mismatch removal. Indeed, when we incubated wild-type nsp12 with the misaligned
template, we found that the exonuclease activity increased relative to the fully Watson-
Crick base-paired template (Fig. 3B, left panel). In contrast, no significant stimulation of
exonuclease activity was observed for mutant D218 in line with our observations in Fig.
2.
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Figure 3. The 3'-to-5' exonuclease activity of SARS-CoV nsp12 mutants is stimulated by
mutation of conserved residues in nsp12. (A) To study the sensitivity of the nsp12 exonuclease
activity to misalignments in the primer-template duplex, two templates were used. The first
consisted of a perfect primer-duplex (primer 557), while the second used a primer (primer 446)
with an additional adenosine, thus creating a primer-duplex containing an non-Watson-Crick
paired residue at position -6 of the primer. (B) Wild type nsp12 and mutants D218A, S687A and
N691A were incubated with 5’ 32P-labelled primers hybridised to the template. Samples were taken
after 5 and 30 minutes and resolved with 20% PAGE/7M urea gels.

In the RdRp structure, motif B residues are generally involved in nucleotide selection
and the recognition of the primer-template duplex [89,132]. To explore the involvement
of nsp12's motif B residues in exonuclease stimulation, we performed the above assay
with nsp12 mutants containing alanine substitutions at the strictly conserved positions
serine-682 and asparagine-691 (i.e., S682 and N691; Fig. S1). As shown in Fig. 3C, we
observed that mutation S682A failed to degrade the two templates with a significant
difference, suggesting that this residue may be involved in the contact formation be-
tween the RdRp and the primer-template duplex. Mutant N691A on the other hand, was
effectively stimulated by the presence of the mutation and degraded both primers with
similar efficiency as the wild-type enzyme.

Ribavirin triphosphate stimulates exonuclease and re-incorporation activity

As was noted above, the commonly used antiviral drug and nucleotide analogue
ribavirin has been deemed relatively ineffective against SARS-CoV infections [103,432].
One hypothesis to explain this phenomenon suggests that one or both of the SARS-CoV
RdRps may be able to select against RTP incorporation or remove RMP moieties from
the nascent strand [89,156]. To analyse the relevance of the observed SARS-CoV nsp12
exonuclease activity for RTP incorporation, we next incubated wild-type and mutant
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nsp12 enzymes with either ATP or RTP and tested their ability to extend a 20-nt primer
under these conditions. To ensure that only singe extension cycles could be performed,
the RdRp assays were done in the presence of sufficient heparin to trap unbound poly-
merases (Fig. 4A). As outlined in Fig. 4, complex formation and 3'-labelling of the primer
was achieved by incubating nsp12 with the partly double-stranded RNA template and a
limiting concentration of [a-*?P]ATP (Fig. 4B, grey A residue). Next, heparin was added in
addition to a 300-fold excess of non-radioactive ATP or RTP to facilitate further elonga-
tion of the primer (Fig. 4B).

As shown in Fig. 4C, the reference lane of wild-type nsp12, which had not been stimu-
lated by addition of ATP or RTP, yielded the expected 3'-radiolabelled primer (indicated
as’p+1') as well as a minor product that was equal to the primer length (labelled ‘p’) (Fig.
4C, leftmost lane). This radioactive pattern suggested that a small fraction of the wild-
type nsp12 had first hydrolysed the 3’ end of the primer and subsequently extended it by
one nucleotide using the only available substrate in the reaction (i.e., [a-*?P]ATP) before
becoming inactive (Fig. 4C, Fig. S2). We observed significantly less p product in reactions
containing nsp12 mutants D211A and S682A (Fig. 4C), in line with their reduced ability
to attack the 3’ terminal residue of the primer in the exonuclease assays.

In the reactions containing wild-type nsp12, the subsequent addition of an excess
of unlabelled ATP resulted in a distributive extension of the primer up to a dominant
p+18 product (Fig. 4C and 4D), which is in line with previous observations [154]. A more
detailed analysis of the lane profiles confirmed that the spacing between the p, p+1 and
p+2 signals was identical and that the primer signal must have been the result of an ATP
incorporation event (Fig. 4D). No decrease in the p signal was observed upon addition
of an excess of unlabelled ATP, suggesting that the RdRps responsible for this product
had indeed either dissociated from the template or had become inactive. In addition,
this approach allowed us to verify that the p product in the D211A-reaction was indeed
significantly reduced (Fig. 4E).

In contrast to the ATP reactions, the addition of RTP predominantly resulted in an in-
crease of the p and p+1 signals (Fig. 4C). This was particularly evident in the lane profile
analysis, in which the p+1 signal at pixel position 1075 showed a dramatic increase over
the p+1 peak in the ATP reaction. Strikingly, a weak band corresponding to a p-1 signal,
i.e. a product that was shorter than the original RNA primer, was observed as well (Fig.
4C, lower panel), suggesting that the RTP had stimulated the 3’ attack of the primer and
(re)incorporation of the still present [a-*?P]ATP. Lane profile analysis confirmed that ATP
had indeed been incorporated in all these three peaks, whereas RTP had clearly been
used for incorporation in the p+2 product, as was evident from the migration shift of
these bands (Fig. 4D). This result is in line with the 23.2 g/mol molecular weight (MW)
difference between adenosine and ribavirin (MW, =507.2 g/mol; MW___ = 484.0 g/mol).
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Figure 4. Interplay between the SARS-CoV nsp12 polymerase and exonuclease activities.
(A) Schematic of nsp12 primer-extension experiments. Recombinant SARS-CoV nsp12 was first
preincubated with an unlabelled primer-template complex and a low concentration of [a-*?P]ATP
to establish complex formation and 3’ radiolabelling of the primer. Heparin was subsequently
added to a final concentration of 1 pM to trap free polymerase before reactions were split in 3
aliquots. To allow extension, 50 uM non-radioactive ATP or RTP was then added to two of these
samples, followed by a 30-min incubation. (B) Overview of expected radiolabelled products on
the provided template assuming that nsp12 only has polymerase activity. (C) Activity of SARS-CoV
nsp12in the presence of an excess of ATP or RTP. For wild-type nsp12, elevated p-1, primer and p+1
signals are evident in the presence of RTP relative to reactions performed in the presence of ATP.
Interestingly, this behaviour changed upon mutation of conserved nsp12 residues to alanine, most
notably through mutation D211A. Samples were resolved with 20% PAGE/7M urea gels. The lower
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Figure 4 continued

panel is a longer exposure of the upper panel. (D) Lane profile analysis can be used to distinguish
between the incorporation of ATP and RTP in the ATP- and RTP-containing lanes given their
different migration in the 20% PAGE gels. These differences are only visible for the p+2 and longer
products (compare black dashed line [ATP] with dark grey dashed line [RTP]), whereas the p and
p-1 products are all separated with an AMP-like interval (light grey dashed lines), suggesting that
they result from hydrolysis of the 3’ terminal nucleotide of the primer and the (mis)incorporation
of [a-*2P]ATP. (E) The p and p-1 products are significantly reduced compared to the reference
signalin mutant D211A. (F) Normalised distributions of the SARS-CoV nsp12 polymerase activity.

To obtain a better estimate of the effects of ATP and RTP on the overall polymerase
reaction, we calculated the normalised distribution of the primer extension signal
(all products longer than p+1, i.e., p+n with n>1), the initial 3’ labelling (p+1), and all
products that were shorter than any extension of the primer (p+n with n=0 or n<1). As
shown in Fig. 4F, this analysis supported our previous conclusions and showed that only
the wild-type nsp12 and mutant N691 displayed a >2 fold increase of the activity that
required RTP-induced exonuclease active site and a reincorporation of [a-*?P]ATP (Fig. 4F
and Fig. S2).This signal was reduced in all other mutants, in line the significantly impaired
exonuclease activity of the N-terminal domain mutants, and mutant S682A’s inability to
stimulate exonuclease activity in the presence of a template-primer mismatch. Interest-
ingly, all extension signals were affected by the presence of RTP (Fig. 4F), suggesting that
nsp12 is able to discriminate between the ATP and RTP, but that none of the residues
targeted by our mutagenesis is essential for this discrimination during incorporation.

Concluding remarks

With genomes of ~30 kb, CoVs are a unique family of +RNA viruses that have evolved the
largest nonsegmented RNA genomes known to date. In addition to genome replication,
expression of these giant genomes requires the synthesis of subgenomic (sg) mRNAs,
which have a common leader sequence at their 5" end and an identical 3'-terminal seg-
ment [323]. Current evidence suggests that these products are formed during a process
that starts with discontinuous minus-strand RNA (-RNA) synthesis and produces a nested
set of sg-length -RNAs that can be used as template for the production of the sg mRNAs
[51,266,416]. It is believed that as CoVs evolved these features, genome expansion and
the development of a more complex enzymology than other +RNA viruses went hand in
hand.To minimise the number of mutations per replicated genome, these enzymes likely
included proteins capable of performing RNA-based proofreading or some other form
of error prevention [35,58,323,437]. Interestingly, previous deep-sequencing analysis of
the progeny of a SARS-CoV mutant containing an inactivated nsp14 exonuclease do-
main did indeed demonstrate a significantly increased mutation frequency compared
to the-wild type control [106,107]. This virus mutant was therefore denoted as “infidelity
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mutant” and nsp14 was proposed to be a key component of a putative coronavirus
proofreading mechanism. A direct observation of mutation-recognition by nsp14 has
so far not been made, however, and mechanistic information about its possible mode of
action in the viral RTC is still lacking.

Interesting in the light of the proposed proofreading hypothesis, we here describe
that the SARS-CoV polymerase nsp12 has 3'-to-5’ exonuclease activity as well. Further-
more, guided by the well-established of the DdDp exonuclease active site and a model
structure based on comparative sequence analysis between the C-terminal two-thirds
of SARS-CoV nsp12 and many well-studied RdRps [89,166,434], we were able to engineer
nsp12 mutants that could alter its exonuclease activity (Fig. 2) and its ability to recognise
primer-template mismatches (Fig. 3). Together, these observations lead us to suggest
that one of the SARS-CoV RdRps has a proofreading ability that is tightly interwoven
with its polymerase function. It will be of importance to investigate the involvement
of nsp12 in the proposed CoV proofreading mechanism and to test whether it may
function in conjunction with the multifunctional exonuclease-methyltransfase enzyme
nsp14[105,107].

Materials and methods

SARS-CoV nsp12 purification and mutagenesis

All proteins used were expressed and purified as described previously [154]. The nsp12
mutants listed in Table S1 were engineered in the pASK3-Ub-nsp12-CHis, expression
vector [154] via site-directed mutagenesis according to the QuikChange protocol
(Stratagene) and the in Table S1 listed primers.

Polymerase and exonuclease experiments

The oligoribonucleotide substrates used for polymerase assays indicated in Fig. 2 and 4
were prepared as described previously [154]. Primer-extension assays were essentially
performed as described elsewhere [154], using 50 uM ATP (Roche) or RTP (Jena Biosci-
ence) for extension. For exonuclease assays, 0.25 uM of purified nsp12 was typically
incubated with 1 nM of 5’ **P-labelled ssDNA, ssRNA or duplex RNA and 6 mM Mg?* at
20 °C. Reaction times are indicated in the figures, while all reaction buffers contained
TmM DTT, 0.1% Triton X-100, 10 mM KCI, 10 mM NacCl, 5% glycerol and 20 mM Tris (pH
8.0). Gels were dried on Whatman filter paper and bands were quantified by phospho-
rimaging using a Typhoon variable mode scanner (GE Healthcare) and ImageQuant TL
7.0 software (GE Healthcare). Lane profile densities were exported from ImageQuant TL
7.0 and aligned by the p+1 density using Matlab 2009a.
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Sequence alignment
Alignments of nsp12 sequences were made using Muscle [327]. Sequences used in-
cluded the alphacoronaviruses human CoV 229E (NC_002645); the betacoronaviruses
SARS-CoV Frankfurt-1 (AY291315), mouse hepatitis virus A59 (MHV, NC_001849), and
human CoV 0C43 (NC_005147); and the gammacoronavirus avian infectious bronchitis
virus (IBV, AJ311317).
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CHAPTER 9 - SUPPLEMENTAL INFORMATION

Mg?+ Mnll
[M2] __.-‘ __.-‘ __.—‘

(mM)

Pt | - ... ..‘

exonuclease activity

Figure S1: Influence of divalent metal ions on the SARS-CoV nsp12 activity. Wild-type nsp12
was incubated with different concentrations of Mg?, Mn?* and Zn?** and assessed for its ability to
degrade a 5' 32P-labelled ssRNA under these conditions. Samples were resolved by 20%/7M Urea
PAGE after 60 min.
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Figure S2: Schematic presentation of interplay between the SARS-CoV nsp12 primer-
extension and exonuclease activities. (A) In the presence of low concentrations of [a-32P]ATP,
wild type SARS-CoV nsp12 can extend the 3’ end of the primer (short black line) with a radioactively
labelled AMP (indicated in light grey), but also perform a 3'—5" digestion-extension reaction
(indicated in dark grey). Given that only [a-*2P]JAMP was provided during the preincubation, this
canresultin the synthesis of p and p+1 products through the incorporation of [a-3P]JAMP and thus
two radioactive products. (B) Effectively the radiolabelling of p is a misincorporation (indicated as
grey A) and thus results in the replacement of the 3' U with a [a-*?PJAMP in a small population of
the templates. When an excess of ATP is subsequently added, further extension of the primer can
be observed (indicated with green A residues). In the presence of RTP, however, the frequency of
the 3’ exonuclease-extension reactions increases, which results in [a-*2P]JAMP-labelling of the p-1
position.
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Table S1: primers for nsp12 mutagenesis

Mutant Primer Sequence (5'-to-3')
N209A SAV547 GTACTGACATTAGATGCTCAGGATCTTAATGGG
SAV548 CCCATTAAGATCCTGAGCATCTAATGTCAGTAC
D211A SAV549 ACATTAGATAATCAGGCTCTTAATGGGAACTGG
SAV550 CCAGTTCCCATTAAGAGCCTGATTATCTAATGA
D218A SAV551 AATGGGAACTGGTACGCTTTCGGTGATTTCGTA
SAV552 TACGAAATCACCGAAAGCGTACCAGTTCCCATT
S682A SAV618 CAGGTGGAACATCAGCCGGTGATGCTACAACT
SAV619 AGTTGTAGCATCACCGGCTGATGTTCCACCTG
N691A SAV622 ACAACTGCTTATGCTGCTAGTGTCTTTAACATT
SAV623 AATGTTAAAGACACTAGCAGCATAAGCAGTTGT
S795A SAV626 AATAATGTGTTCATGGCTGAGGCAAAATGTTGG

SAV627 CCAACATTTTGCCTCAGCCATGAACACATTATT
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Introduction

Daily, numerous RNA molecules are created inside the eukaryotic cell. In the nucleus
for example, RNAs of several hundred to thousand bases long are synthesised by RNA
polymerases operating at local concentrations of ~1 uM [130,131,438]. However, most
of these RNAs need to be shortened through internal splicing events or extended at
their 3’ end by polyA polymerases before they can become functional [415,439]. RNA
modifications are also made in the cytoplasm, where various protein complexes regu-
late, for instance, i) the stability of miRNAs through the 3’ addition of adenosines [440],
ii) the degradation of miRNAs by synthesising polyU tails on their 3" ends [441], iii) the
efficiency of mRNA translation by restoring or extending their polyA tails [442], or iv)
the turnover of ribosomal and mitochondrial RNAs through their ability to add poly-
adenylyl or heteromeric tails to these molecules [443]. In addition, many enzymes are
also involved in the cleavage of RNA molecules, such as exo- and endonucleases, which
may be involved in RNA metabolism in general, the maturation of Okazaki fragments or
defences against pathogens with RNA genomes [444,445]. Furthermore, motor proteins
such as helicases play a crucial role in regulating the dynamics of nucleic acid substrates
and the molecules that bind them, including some RNA polymerases that need to switch
from initiation to extension, i.e., ‘escape’ their promoter.

Strikingly and unique for RNA pathogens, many of these functions were also predicted
by comparative sequence analysis or found via screening methods in the nidovirus ge-
nomes [58,84,273]. This virus group consists of enveloped positive stranded RNA (+RNA)
viruses and unites the Corona-, Roni- and Arteriviridae based on comparative sequence
analyses, phylogenetic analyses and a similar genome organisation [58,84]. So far, the
existence of a large number of these enzymatic functions has been verified using in vitro
methods, while others were added by accidental discoveries. Together they demonstrate
that nidoviruses encode two different RNA polymerase activities [154,156,196] (chapter
3-5), an RNA helicase [109,110], two separate exonuclease activities [105] (chapter 9), an
endonuclease [269,446], single strand RNA (ssRNA) binding proteins [270,447], and two
methyltransferases [272,273]. Although the identification and characterisation of these
RNA proteins is of medical interest - partly since nidoviruses were the protagonists in a
number of pandemics, including the 2003 outbreak of the lethal severe acute respira-
tory syndrome coronavirus (SARS-CoV) [58,65,437,448] and because the development
of anti-nidoviral strategies greatly depends on our understanding of the function of
these enzymes in the nidovirus replication cycle - they may one day also give us an
answer to the question “What constitutes a nidovirus replicase and why do nidoviruses
need this enzymatic diversity, while other RNA viruses do not?”.
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Nidovirus RNA synthesis, a little background...

All nidovirus replicase enzymes, putatively with the exception of at least one actively
or passively contributing host factor [290,313], are encoded by the nidovirus genome
[58,390]. To accommodate the large number of replicase enzymes, approximately
two-thirds of the nidovirus genome is dedicated to encoding two large polyproteins
that contain all the mature viral replicative enzymes or non-structural proteins (nsps).
Nidovirus genomes are further marked by their polycistronic nature, meaning that they
encompass multiple open reading frames (ORFs). To express these ORFs, which are all
situated downstream of the replicase gene and encode the structural and accessory pro-
teins required for, e.g., virion formation, nidoviruses also employ a unique discontinuous
RNA synthesis process. Quintessentially, this process involves the synthesis and subse-
quent transcription of a nested set of subgenome (sg) -RNA molecules [266,416,449].
These types of -RNA molecules are both 3'- and 5'-co-terminal with each other and the
genome-length -RNA - also referred to as the replicative intermediate when associated
with a complementary genomic +RNA and replicase enzymes -, but by definition shorter
in length as they progressively lack internal ORFs of the genome. Interestingly, various
lines of research have indicated that the replicative intermediate must be derived from
a continuous mode of RNA synthesis, whereas a discontinuous mode, including a strand
transfer step, is required to produce sg -RNAs [265,416,449]. To produce capped and
polyadenylated subgenome and genomic +RNAs, both types of -RNA molecules need
to be transcribed [51,265,449].

In spite of having similar genomic structures, the replicase gene is significantly larger
in CoVs than in arteriviruses (i.e., encoding ~4000 compared to ~6500 amino acids).
Correspondingly, the CoV, torovirus and ronivirus genomes are dramatically larger than
those of arteriviruses and have been found to range up to 31 kb [35]. Regardless of
these size differences, the replication and transcription of the nidoviral genomes has
long been believed to be catalysed by the same conserved viral RNA-dependent RNA
polymerase (RdRp) activity [58,84,196,274]. More recent evidence and the observations
from chapter 4 and 5 suggest, however, that the CoV and arterivirus RdRps are different
and that a second RdRp is involved in CoV RNA synthesis as well [154,155,156]. Whether
this second RdRp is crucial for the replication of these large genomes remains to be
investigated in detail, but initial experiments suggest that the lysine to alanine mutation
at position 58 in nsp8 (i.e., K58A) is lethal for SARS-CoV (Posthuma, Zevenhoven-Dobbe,
te Velthuis and Snijder, unpublished results).

The initial expression of the viral replicase enzymes and the RdRp(s) as large poly-
proteins and their subsequent release from these polyproteins by viral proteases is
vital for nidovirus replication. Furthermore, the maturation of nsps appears to follow a
conserved pattern across the nidovirus order [44,323]. Although various explanations
can be offered to explain this expression strategy, it is presently believed that the above
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process chiefly evolved to establish control over replicase assembly and the activation
of the enzymes that are part of it. Additional fine-tuning of the molecular ratios between
the nidoviral replicase proteins - and thus the regulation of activities in the replication
and transcription complex (RTC) - is likely provided by a ribosomal frameshift signal
encoded inside the RdRp-coding region. During translation, this structure can interact
with and regulate the ribosome and thereby establish a down-regulated expression of
the nsps downstream of the frameshift (including the conserved viral polymerase and
helicase functions) relative to those encoded upstream [45,323]. Whether this structure
also influences (e.g., stalls) the viral polymerase or helicase is presently unknown.

A much overlooked element that is present on all nidoviral mRNAs and required for
efficient translation is the 3’ polyA tail [418]. It is presently unknown at which stage
polyadenylation - which as we described in chapter 8 may be performed by SARS-CoV
nsp(7+8) - is initiated on the 3’ untranslated region (UTR) present in each sg mRNA
and the genome. In fact, it first needs to be established whether the same RdRp that
catalyses +RNA synthesis can also perform this activity - in which case polyadenylation
would be continuous with extension - or whether two different RdRps, in line with poly-
adenylation in eukaryotic cells [415,450], are required to complete +RNA synthesis and
termination. In this light, it is interesting to note that no clear CoV nsp8 homologue is
present in the arterivirus genome, suggesting that both functions may be united in the
arterivirus RdRp nsp9, but physically separated in CoVs. Interestingly, if we observe the
RNA products in Fig. S1 of chapter 7, we may indeed reach the conclusion that EAV nsp9
is able to perform terminal transferase activity as well as copy an RNA template.

The experiments in chapter 8 suggest SARS-CoV nsp8 may initiate -RNA synthesis on
the 3’ terminal cytosine of the genome in addition to polyadenylation. The former activ-
ity would rule out the attachment of a polyU tail at the 5’ ends of the -RNAs. However,
the presence of such a tail was reported for bovine CoV -RNAs in 1991 [451] and not
necessarily excluded in poly(dT) binding experiments of isolated viral dsRNAs [418],
suggesting that -RNAs may become polyU-tailed after the initiation of -RNA synthesis or
that -RNA synthesis is significantly different in vivo (due to additional protein factors or
regulating signals) than could currently be assessed in vitro.

Proofreading

Ranking first in genome size among all other RNA viruses, the large genomes of the
corona, bafini-, toro- and roniviruses are regarded as unique products of +RNA virus
evolution [58,323,437]. As mentioned in chapter 9 and discussed by Gorbalenya et al.
[35], the faithful replication of such gigantic RNA sequences is a precarious undertaking,
particularly if one assumes that their viral polymerases have the same incorporation
fidelity as other viral RdRps (~1 error in every 10 bases). Interestingly, it was argued that
the 3'-to-5' exonuclease function encoded in these large genomes may have facilitated
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nidovirus genome expansion by ‘adding’a new level of error control to the nidoviral RTC
[35,437], an observation that appears to be corroborated by the difference in mutation
frequency between wild-type and nsp14 exonuclease knockout CoVs [106,107].

If we consider just their basic function, replicases are already truly remarkable en-
zymes. Whereas most enzymes either have a relaxed substrate specificity in order to
utilise a wide range of relatively similar substrates or a very strict specificity to select
a single substrate from a pool of (near) homologues, polymerases essentially do both
and are able to adapt their substrate specificity as they translocate along the nucleic
acid template [436]. To appreciate this, one merely has to observe the following: the
free energy difference in solution between the formation of Watson-Crick base pairs and
non-Watson-Crick base pairs is 1-5 kcal/mol (2-8 K,T) [452,453]. That isn't much, since
the incorporation of an NTP already gives us ~11 kcal/mol (~18 K.T). Further, if we use
the above values to calculate the bare error frequency using AAG = RTin(k_/ k) - where
k is the binding constant for correct (k) and incorrect bases (k), T the temperature, and
R molar gas constant - we get an estimate of the basic polymerase error that is around
one misincorporation in every 5-150 bases [436]. If we compare this to the observed
error rate in RNA viruses (~103-10) or eukaryotes (10°-107), it is clear that base pairing
in itself cannot account for the selectivity in the polymerase reaction.

The polymerase is thus able to enhance the free energy differences between correct
and incorrect base incorporations, a value that can be obtained from the relative rate of
incorporating correct and incorrect base pairs, weighted by the concentration of each
base pair [436,454]:

(K"K ) oneet - [COrrect basel

kK )in

relative rate = -
- [incorrect base]

correct

Although these values have been obtained for the well-studied poliovirus RdRp [56,180],
they are currently unknown for the nidovirus polymerases and we are thus unable to put
a quantitative measure on the fidelity of the nidovirus RNA polymerase. In fact, we only
have the qualitative evidence from chapter 9 and the deep-sequencing of passaged
virus genomes by Eckerle et al. [106,107] for arguing that the CoVs encode a mechanism
that has the ability to recognise and correct mismatches in the nascent RNA strand.
Given that two exonucleases have been discovered in the CoV genome and only one
has so far been shown to be capable of recognising mismatches, it is of course tempting
to hypothesise that the nidovirus proofreading mechanism combines both enzymes to
improve the fidelity. However, one might just as well argue that they should work in
separate complexes, if only to achieve a higher overall replication rate and efficiency.
Here, the latter simply follows from the fact that an interplay between nsp12 and nsp14

221




222

Chapter 10

would not only require the canonical transfer of the nascent strand from the polymerase
) [52,436], but it would
also entail a subsequent transfer from E_ to the active site of the dedicated exonuclease
nspl4(E. )
RNA synthesis and likely be far too elaborate and ‘costly’ to support just a three-fold

active site (Ep ) to the exonuclease active site of the RdRp (E

ol exo

. Clearly, such a multi-step correction process would significantly slow down

larger genome. Interestingly, if we analyse the recently published pair-wise interac-
tion studies between the SARS-CoV nsps, we find that nsp14 only binds to SARS-CoV'’s
second polymerase, nsp8, and not to nsp12 [85,289,423]. In turn, this suggests that
each polymerase may have its own exonuclease to improve the overall fidelity of RNA
synthesis that may itself consist of two or more separated processes. However, until we
observe a difference in the relative incorporation rate between a CoV nsp12 £, _mutant
or a wild-type CoV nsp12 in the presence of a wild-type nsp14 relative to wild-type CoV
nsp12 alone, multiple explanations for the observed phenomena are still possible.

Nidovirus RNA products

Regardless of the nidovirus replicase composition and whether it can exist in two or
more molecularly and functionally different entities, the polymerases need to direct the
catalysis of a 3’- and 5'-coterminal nested set of sg mRNAs. Most of these molecules
serve as templates for the translation of only their 5'-proximal ORF, although some
are functionally polycistronic and can thus be translated into more than one protein
[58,390]. As outlined above, it is now understood that the production of these molecules
is orchestrated during -RNA synthesis [265,266,416]. In addition, it is clear that it must
involve both a discontinuous step, which produces sg -RNAs, and at least two continu-
ous processes that yield i) the full-length anti-genome template for replication and ii)
each type of viral mRNAs [51,265,449].

Crucial parameters that influence and ultimately characterise discontinuous RNA syn-
thesis are the pausing/dissociation frequency of the nidovirus RdRps, the base-pairing
interactions between sense and antisense transcription-regulating RNA sequences
(TRSs) [455,456], and various protein factors that may switch the replicase from a contin-
uous to a discontinuous mode or just generally stimulate template switching [457,458].
Furthermore, research into the TRSs in arteri- and coronavirus genomes revealed that
the genomic sequence surrounding the TRS and the proximity of the TRS to the genomic
3’ end might play a role in discontinuous RNA synthesis as well [265,267,422,459,460].
Presently, however, we do not have an estimate of the RdRp processivity, as we lack
knowledge of basic parameters like the nucleotide incorporation rate under single cycle
conditions (in nt/s) and the RdRp dissociation rate (in s). The ratio of these two param-
eters would easily provide us with an estimate of how far a typical nidovirus polymerase
can extend a given RNA molecule before it becomes prone to dissociation, and thus
how processive it will be on average. Furthermore, we could use one or both of these
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relatively simple parameters to screen the influence of other nsps on the polymerase
activity and thereby build up a much wider knowledgebase that could help explain the
interplay and composition of the replicase. Of course, the apparent disparity between the
continuous and discontinuous processes does not necessarily depend on the regulation
of an inherently highly processive RdRp. In fact, the replicase may be able to synthesise
long RNAs just as well by using a non-processive RdRp if the polymerase is frequently
replaced with ‘fresh’ polymerase subunits, putatively in a fashion that resembles the
polymerase turn-over of the DNA replication machinery [461].

A more direct study estimate of the replicase activity may be obtained with single-
molecule force-spectroscopy studies, such as those shown in chapters 6 and 7. These
experiments can provide insight into the sequence and force dependency of the enzyme
under study, and the enzyme’s processivity under various conditions. The data presented
in chapter 7 already provide such information for the EAV helicase nsp10 - a component
of the EAV replicase and involved in discontinuous RNA synthesis [403] - and demon-
strate the effect of co-factors and the local sequence on nsp10’s tendency to pause. It is
tempting to speculate that this information gives us a glimpse of the processivity of the
replicase as well if we assume that the RdRp nsp9 follows in the wake of nsp10. Indeed,
given nsp9’s inability to displace strands downstream of its polymerase direction itself
(chapter 7, Fig. S1) it would be highly dependent on a helicase function and putatively
forced to pause at regular intervals if nsp10 fails to unwind the dsRNA. On the other
hand, the RdRp-helicase tandem may also be envisioned to be more processive and ef-
ficient than each is enzyme is on its own: 1) the helicase can unwind the dsRNA, thereby
allowing the polymerase to use a locally single-stranded template and reach its optimal
incorporation rate, while 2) the helicase can achieve a higher unwinding velocity since
the polymerase may function as a moving roadblock behind the helicase and prevent it
from translocating backwards and away from the unwinding fork [386,399].

Initiation of RNA synthesis and complex formation

As mentioned above, all nidovirus replicase enzymes are initially part of large polyprot-
eins. Interestingly, these polyproteins contain trans-membrane proteins that can associ-
ate the replicase with cellular membranes [58,72,294,390,462,463,464]. Although this
process is often considered to be a strategy that establishes a vital (micro)-environment
for viral RNA synthesis and a protection of viral replication intermediates and triphos-
phate-containing, uncapped RNAs from host defence mechanisms [185,228,235], it is in
theory also a mechanism to control viral anti-host defence enzymes as they i) include
the vital viral proteases required for polyproteins processing and the putative activation
of enzymatic functions [44,88] and ii) may inadvertently disrupt cellular regulatory pro-
cesses that depend on ubiquitination such as organelle biogenesis, ribomsome biosyn-
thesis and cellular transcription [465,466,467]. Furthermore, it allows the polyproteins
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to be a vehicle that not only contributes to the regulation of the RdRp activity and the
assembly of the replicase, it theoretically also enables them to control the initiation of
RNA synthesis and thus assist in regulating the RdRp. | will discuss this in the next two
sections below.

If we assume that a limited multiplicity of infection (MOI) facilitates, on average, only
one infection event per cell, only a single viral genome will be released per cell. Under
such conditions, the initial level of viral protein synthesis will thus be limited and the
starting concentration of viral proteins correspondingly low. Consequently, without any
build-in strategy to ensure that translation is immediately followed by the association
of the newly synthesised viral RdRp with this singular viral genome, the likelihood of
a chance encounter - even if we account for microdomain formation in the crowded
cytoplasm [468,469] - is likely minute. Moreover, given the extensive protein network
that surrounds the ER membrane at cellular homeostasis, it seems improbable that the
effects of a single translational event and the concomitant insertion of the viral trans-
membrane domains would suffice to induce sufficient membrane-pairing and curvature
to, e.g., produce an invagination that could confine the viral genome. Furthermore, the
activities of the viral replicase likely depend on several more protein factors than just
the RdRp [111,457] (chapter 7), so in order to support a rapid initiation of viral RNA syn-
thesis, the viral genome must encode signals that establish a long enough association
with the nascent polyprotein to allow the formation of the most optimal platform for
-RNA synthesis.

Taking the above, the polyprotein-based expression of the viral replicase proteins, and
the conserved membrane-association strategies into consideration, the association of
the viral genome with the RdRp or other replicase proteins may thus be achieved as
follows: i) a direct integration of the transmembrane proteins into the ER membrane
by and near the ER translocon (a protein complex that resides in the ER membrane
and uses the surrounding phospholipids as medium for protein insertion [470,471]),
ii) the production of the viral RdRp and its immediate association with the scaffold of
transmembrane proteins (likely via the polyprotein), iii) and the continued association
of the genome with the site of transmembrane insertion, possibly due to the presence
of multiple translating ribosomes on the genome (i.e., through polysome formation
[472,473]). Interesting though inconclusive in light of point iii is the observation by
Sawicki et al. that -RNA synthesis is four times more sensitive to translation inhibition
than +RNA synthesis [474].

Although association of the RdRp with the membrane scaffold is likely achieved
through the covalent linkage of the RdRp to the membrane-spanning subunits in the
polyproteins, activation of the RdRp may require its release from the polyproteins,
particularly given the importance of the SARS-CoV N-terminal RdRp domains for activ-
ity (chapters 3 and 5). It was therefore intriguing to note that nsp8, which is expressed
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at equal ratio’s with the trans-membrane subunits of the replicase, is able to recognise
the 3’ UTR of the SARS-CoV genome and use it as template for de novo RNA synthesis
(chapter 8).

Initiation, continued...

The low viral protein levels that characterise the early stages of infection may also have
selected for an RdRp initiation mechanism that requires as few cofactors as possible.
This may, for instance, explain why the RdRp subunit of most +RNA viruses studied to
date is sufficient to catalyse the condensation of ribonucleoside triphosphates in vitro
[134,277]. As demonstrated in chapters 3 and 5, both SARS-CoV polymerases nsp12
and nsp(7+8) are active under such conditions, although it is presently not clear how
well this activity reflects the incorporation rate in vivo. Interestingly, the hypothesised
selection for a rapid initiation mechanism may also clarify why SARS-CoV nsp8 initiates
dinucleotide formation in absence of a template, even as part of polyproteins nsp7-8
and nsp7-10 (chapter 5, te Velthuis and Snijder, unpublished observations). Such a
feature may stabilise its binding to the genomic 3’ end and thus facilitate a more rapid
transition from translation to the initiation of -RNA synthesis. In addition, such a system
predicts that nsp8 would function primarily in cis, a hypothesis that is attractively well in
line with in vivo observations for MHV nsp8 [475].

However, among +RNA viruses like the picornaviruses and the flaviviruses, there is
a tendency to use and initiate on RNA structures encoded in the 5" UTR, and not to
utilise a multimeric, additional polymerase like nsp8. Poliovirus 3D, for instance, initi-
ates RNA synthesis by adding uridylyl moieties to the viral protein VPg using an internal
genomic region as template [197], but requires structures in the 5" UTR to coordinate
its association with the polyA tail and the initiation of -RNA synthesis [197,206,207].
Flavivirus initiation by NS5 on the other hand immediately starts -RNA synthesis on a
5" UTR promoter, but then similarly relocates to the 3’ end of the genome to produce a
replicative intermediate [205,223,226].

A factor contributing to the differences between nidoviruses and other +RNA viruses
may be the formation of ribonucleoprotein (RNP) complex that associates with the ends
of the viral genome, a process that is required for proper flavivirus and picornavirus rep-
lication [197,199,223,406]. However, (RNP-based) circularisation of nidovirus genomes
has been postulated as well [476] and, together with a sequence-induced folding of
the genome [459], provides an attractive mechanism that brings together the body and
leader TRSs in order to facilitate strand transfer during discontinuous RNA synthesis.

Presently, there is insufficient evidence to conclude that circularisation of the genome
and 3’ UTR-based initiation of RNA synthesis by nsp8 are mutually exclusive. A further
analysis of the various protein-protein and RNA-protein interactions will, however, be
a daunting, but likely also a highly rewarding task. One can think of in vitro studies in
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which nsp8 RNA synthesis is studied in the presence of both genomic ends and one or
more of the various protein co-factors that were found to interact with nsp8 in pair-wise
protein-protein interaction studies [289,477]. In addition, recent advances in single-
molecule FRET technologies now allow investigators to use multiple FRET pairs, which
can facilitate studies of the interactions of multiple biological molecules at the same
time [439]. Consequently, such an approach would provide a quantitative and real-time
measure of how well RNA synthesis is performed by nsp8 [or nsp(7+8), 7-8 and 7-10) and
whether the dissociation constants and incorporation rates are altered in the presence
of both genomic ends or co-factors like ssRNA binding proteins, the helicase, or the
TRS-unwinding nucleocapsid protein [447].

Finding the replicase in the membrane stacks...

After initiation of -RNA synthesis, nidovirus RNA synthesis is generally assumed to
proceed rapidly, since virus-specific radio-active signals in metabolic labelling experi-
ments can already be detected within minutes [418]. Interestingly, as nidovirus infection
progresses, the membrane-bound complexes also start to induce various membrane
structures, including double membranes, CMs and DMVs [67,68,381,478]. Due to their
characteristic morphology and association with nidovirus infections, they have often
been used as a signature readout for the efficiency of nidovirus infections and putative
sites of replication, and have therefore drawn substantial attention and research invest-
ments [70,479]. Interestingly, the involvement of DMVs in nidovirus replication has also
been subject to much debate ever since electron tomography failed to visualise clear
connections between the inside of SARS-CoV-induced DMVs and the cytosol [68], an
observation that is in contrast with the replication vesicles of most other +RNA viruses
[75,228]. Furthermore, immunolabelling of CoV-infected cells, showed that the viral
nsps, including the second RdRp nsp8, preferentially co-localise with CMs instead of
DMVs, suggesting that CMs may be the actual sites of RNA synthesis [68].

Conclusive evidence that establishes that CMs are the sites of RdRp activity in the
infected cell is presently unavailable, however. For instance, viral dsRNA, putatively
representing the replicative intermediate, has so far been mainly found inside DMVs
[68]. In addition, the RNA-synthesising activity of membrane-associated RTCs isolated
from infected cells has been shown to be insensitive to both nuclease and protease
digestions in absence of detergents, suggesting that active RTCs are protected by their
membranes and, serving as a reality check, that membranes, active RdRps and viral
nucleic acid are associated with one another [290,313].

Several explanations have been offered to justify the above, ostensibly paradoxical
observations for the non-overlapping locations of the viral RNA and the replicase en-
zymes, including analyses made for flaviviruses in which only a fraction of the replicase
proteins was found to be actively contributing to RNA synthesis [68,480]. Still, if we then
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assume that DMVs are indeed sealed and that they give a correct indication of the loca-
tion of active nidovirus RTCs, how do we ratify the impossible diffusion of nucleoside
triphosphates into these vesicles and the possibly even more challenging export of viral
RNAs out of them and into the cytoplasm for translation or packaging? Furthermore,
the increased stability of dsSRNA molecules inside these vesicles seems at odds with the
reported high turnover of negative strands in MHV infections [481].

Concluding remarks

The outbreak of SARS caused significant economical damages and many human casual-
ties [65,448]. However, in the wake of the 2003 pandemic, the efforts to understand CoV
infection and replication increased, and the expansion of our knowledge of nidoviruses
has certainly followed suit. Unfortunately, still many nidovirus secrets remain well hid-
den under wraps and our present understanding of the viral replicase continuous to be
significantly fragmented.

It is likely that future studies will strongly depend on the outcomes of the sustained
development of nidovirus in vitro and surrogate systems. The latter may of course utilise
the fact that membrane modifications can be induced by the membrane nsps alone
and may offer valuable insight into the (micro)-environment that nurtures viral RNA
synthesis in vivo. Indeed, it is presently largely ambiguous what this environment is and
what the RdRp requires to perform all its documented functions in vitro. The studies pre-
sented in chapters 3-5 and 7-9, should therefore be interpreted with caution and only be
regarded as the first steps towards the reconstitution of an active nidoviral replicase in
vitro given that they still require significantly more quantitative analyses and extensive
comparisons with in vivo data.

Of course, the RdRp itself should be part of further future scrutiny as well, if only to
explain the integration of the exonuclease and polymerase activities in SARS-CoV nsp12
and how this affects the fidelity of the virus in cell culture. Lastly, a better understanding
and identification of the nidovirus RNA structures in the 3" and 5’ UTRs will likely become
important as well, because they appear to play a crucial role in various activities of the
viral replicase. Together, the insights that ensue from all these future endeavours will
likely allow us to better comprehend what components the nidovirus replicase is made
of and how they integrate to give the wide array of phenomena that we can see to date.
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