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Abstract

In coronavirus (CoV) infection, polyproteins (pp1a/pp1ab) are processed into non-structural
proteins (nsps), which largely form the replication/transcription complex (RTC). The polyprotein
processing and complex formation is critical and offers potential therapeutic targets. However,
the interplay of polyprotein processing and RTC-assembly remains poorly understood. In this
work, two key aspects were studied: The order of polyprotein processing by viral main protease
MP and its influence on complex formation with the methyltransferase nsp16. Central to this
investigation was the establishment of an approach to determine rate constants k from
cleavage sites in structured CoV polyprotein based on native mass spectrometry (MS). We
used this approach for a comprehensive analysis of polyprotein processing in four human
CoVs: Severe acute respiratory syndrome CoV 1 and 2 (SARS-CoV-1 and -2), middle east
respiratory syndrome CoV (MERS-CoV), and human CoV-229E (HCoV-229E).

Our sensitive and precise native MS approach provided novel insights into polyprotein
processing of nsp7-11 region revealing both conserved features and species-specific
variations. The experimentally determined rate constants are put into perspective with a

comprehensive analysis of primary sequences and structural models.

Kinetic rate constants were determined for the four cleavage sites, CS7/8, CS8/9, CS9/10, and
CS10/11, in all four viruses. Based on the presence of intact cleavage sites, processing
species were assigned to the cleavage sites, which simplified the multi-reaction to a first-order
reaction. This approach allowed us to extract cleavage site kinetics for each site and compare
them between CoV species. The kinetics of multi-cleavage reaction revealed that the order

and rate of processing are not conserved across species.

Conversion rates at CS7/8 in all four CoVs were substantially slowed down compared to other
cleavage sites. The primary structure that influences MP™ cleavage efficiency could not explain
the different rates alone, suggesting a structural hindrance at CS7/8. AlphaFold prediction
models indicated an a-helical fold at this location, which reduces the cleavage efficiency of
MP_In general, the AlphaFold predictions confirmed the experimental data and could provide
structural rationale, though local confidence scores at the cleavage sites were low, potentially

due to flexible loop regions.

Notably, species-specific differences indicated that cleavage at CS10/11 is not essential.
Binding experiments with SARS-CoV-2 nsp16, SARS-CoV-2 nsp10, and the nsp10-11
processing intermediate of MERS-CoV confirmed that cleavage at CS10/11 is not required for
nsp16+10 complex formation. However, full cleavage at CS9/10 appears necessary for

forming an active methyltransferase complex.



A key advantage of our native MS approach is its ability to capture structural context while
directly detecting processing intermediates and protein-protein interactions. This provides
significant benefits over traditional peptide-based assays. Moreover, cleavage site kinetics
were extracted including protein folding. Our findings offer new mechanistic insights into CoV
polyprotein processing and complex assembly, which may inform future antiviral drug

development strategies targeting these essential viral processes.



Zusammenfassung

Bei der Infektion mit Coronaviren (CoV) werden Polyproteine (ppla/pp1ab) zu Nicht-
Strukturproteinen (nsps) prozessiert, die grofitenteils den Replikations-/Transkriptionskomplex
(RTC) bilden. Die Polyproteinprozessierung und Komplexbildung ist entscheidend und bietet
potenzielle therapeutische Angriffspunkte. Das Zusammenspiel der Polyproteinprozessierung
und des RTC-Zusammenbaus ist jedoch schlecht verstanden. In dieser Arbeit wurden zwei
Schlusselaspekte untersucht: Die Reihenfolge der Polyproteinprozessierung durch die virale
Hauptprotease MP™ und ihr Einfluss auf die Komplexbildung mit der Methyltransferase nsp16.
Aulerdem wurde ein Ansatz zur Bestimmung von Geschwindigkeitskonstanten k von
Schnittstellen in  strukturietem CoV-Polyprotein auf der Grundlage von nativer
Massenspektrometrie (MS) entwickelt. In dieser Studie wird eine umfassende Analyse
Polyproteinverarbeitung in vier humanen CoVs vorgestellt: Schweres akutes
Atemwegssyndrom CoV 1 und 2 (SARS-CoV-1 und 2), mittleres 6stliches Atemwegssyndrom
CoV (MERS-CoV) und human CoV-229E (HCoV-229E).

Unser sensitiver und praziser nativer MS-Ansatz ermdglicht neue Einblicke in die
Polyproteinprozessierung der nsp7-11 Region, wobei sowohl konservierte Merkmale als auch
artspezifische  Variationen  sichtbar ~ wurden. Die  experimentell  ermittelten
Geschwindigkeitskonstanten werden durch eine umfassende Analyse der Primarsequenzen

und Strukturmodelle relativiert.

Die kinetischen Geschwindigkeitskonstanten wurden fir die vier Spaltstellen CS7/8, CS8/9,
CS9/10 und CS10/11 in allen vier Viren bestimmt. Aufgrund des Vorhandenseins intakter
Spaltstellen wurden den Spaltstellen Prozessierungsspezies zugeordnet, wodurch die
Mehrfachreaktion zu einer Reaktion erster Ordnung vereinfacht wurde. Dieser Ansatz
ermoglichte es uns, die Kinetik der Spaltstellen fir jede Stelle zu extrahieren und sie zwischen
den CoV-Spezies zu vergleichen. Die Kinetik der Mehrfachspaltungsreaktion zeigte, dass die
Reihenfolge und die Geschwindigkeit der Verarbeitung bei den verschiedenen Arten nicht
konserviert sind. Die Umwandlungsraten an CS7/8 waren bei allen vier CoVs im Vergleich zu
anderen Schnittstellen erheblich verlangsamt. Die Primarstruktur, die die MP-Spalteffizienz
beeinflusst, konnte die unterschiedlichen Raten nicht allein erklaren, was auf ein strukturelles
Hindernis an CS7/8 hindeutet. AlphaFold-Vorhersagemodelle wiesen auf eine a-Helixfaltung
an dieser Stelle hin, die die Spaltungseffizienz von MP™ verringert. Im Allgemeinen bestatigten
die AlphaFold-Vorhersagen die experimentellen Daten und konnten eine strukturelle Erklarung
liefern, obwohl die lokalen Vertrauenswerte an den Schnittstellen niedrig waren, was

moglicherweise auf flexible Schleifenbereiche zurickzuflhren ist.
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Arten-spezifische Unterschiede wiesen darauf hin, dass die Spaltung an CS10/11 nicht
essenziell ist. Bindungsexperimente mit SARS-CoV-2 nsp16, SARS-CoV-2 nsp10 und dem
nsp10-11-Prozessierungszwischenprodukt von MERS-CoV bestatigten, dass die Spaltung an
CS10/11 fir die Bildung des nsp16+10-Komplexes nicht erforderlich ist. Eine vollstandige
Spaltung an CS9/10 scheint jedoch fir die Bildung eines aktiven Methyltransferase-Komplexes

erforderlich zu sein.

Ein entscheidender Vorteil unseres nativen MS-Ansatzes ist die Fahigkeit, den strukturellen
Kontext zu erfassen und gleichzeitig Prozessierungszwischenprodukte und Protein-Protein-
Interaktionen direkt nachzuweisen. Dies bietet erhebliche Vorteile gegentber herkdmmlichen
peptidbasierten Assays. Dariber hinaus wurden die Kinetiken der Spaltstellen einschlie3lich
der Proteinfaltung extrahiert. Unsere Ergebnisse bieten neue mechanistische Einblicke in die
Prozessierung von CoV-Polyproteinen und den Zusammenbau von Komplexen, die als
Grundlage flr kiinftige Strategien zur Entwicklung antiviraler Medikamente dienen kdnnen, die

auf diese wichtigen viralen Prozesse abzielen.
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1. Introduction

1.1. Coronaviruses

Coronaviruses (CoVs) can infect a wide variety of hosts and cause diseases from respiratory
tract diseases and gastroenteritis to central nervous system diseases. Over the last two
decades, several CoVs transmitted from animals to humans, i.e., zoonotic infections caused

by CoVs, have posed an increasing challenge to public health and the economy.

Until the first appearance of severe acute respiratory syndrome CoV (named herein SARS-
CoV-1 to have a clearer distinction from SARS-CoV-2) in 2002, CoVs were largely regarded
as “virology backwater”. The epidemic caused hundreds of deaths and exhibited fatality rates
from 3-8% in China, and up to 27% in Taiwan'2. Since the emergence of SARS-CoV-1, CoVs
have received increased attention®. This attention has led to the discovery of further human
CoVs such as HCoV-NL63 and HCoV-HKU1 in 2004 and 2005, respectively. SARS-CoV-1
was introduced as a zoonotic infection, likely originating from palm civets. Other CoVs had
already been circulating among humans for a long time. For example HCoV-OC43 and HCoV-
229E have been circulating among humans for at least 60 years*®. In fact, one-third of common
cold infections in humans are caused by human CoVs that are globally spread in the
population: HCoV-229E, HCoV-NL63, HCoV-OC43 and HCoV-HKU1%4. In 2012, another
coronaviral zoonosis occurred causing initially an epidemic outbreak in Saudi Arabia and then
spread over to further countries®’. Middle east respiratory syndrome CoV (MERS-CoV) was
transmitted from dromedary camels, which are now known to be a natural and important
reservoir for MERS-CoVs. Hence, MERS-CoV has not disappeared completely since its initial
outbreak, unlike SARS-CoV-1 which has not been detected since 2005%8. MERS remains a
major public health concern in affected countries due to its high fatality rates, which are

approximately 35% in primary cases and 20% in secondary cases’.

Experts have warned of the pandemic potential of CoVs after SARS and MERS epidemics at
the latest. In December 2019, a novel pneumonia was reported in Wuhan, Hubei Province and
a novel CoV was later identified as the causative virus®'°. Due to this newly emerged CoV
named SARS-CoV-2 the World Health Organization (WHO) declared a public health
emergency of international concern and a pandemic outbreak within four months' "2, To this
day, the exact origin of the virus remains unknown. A laboratory outbreak of a SARS-CoV-like
modified virus is presumed to be unlikely due to several reasons. One of which is that the
receptor binding domain (RBD) in the spike (S) protein was not optimal for human infection.
Furthermore, SARS-CoV-2 utilizes the polybasic furin cleavage site for cell entry. Given that
this feature is unique to SARS-CoV-2 within lineage B and its function was previously unknown,

the rationale for a potential deliberate introduction cannot be readily explained''*. Genetic
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modifications such as reverse-genetic systems usually leave traces that indicate, for example,
a previously used virus backbone. This was not detected'®'®. The RBD domain of CoVs
detected from illegally imported Malayan pangolins showed significant similarity to the RBD in
SARS-CoV-2. However, the similarity of the entire genome is not as high as with the genome
from RaTG13 bat virus.®. Therefore, a zoonotic origin is still the most likely scenario, although
the direct progenitor remains to be identified. However, a laboratory origin could not be entirely

excluded to date'®17:18,

Coronaviral infections in humans usually cause mild colds. However, human CoV infections
can also be severe in the wvulnerable population, i.e., the elderly, children and
immunocompromised patients causing pneumonia, bronchiolitis, and laryngitis'®. Further,
HCoV-NL63 infection is associated with croup in children and HCoV-43 seems to play a role

in chronic demyelinating disease and acute encephalomyelitis'®2".

The majority of human coronaviral infections progress mildly, including now infections of
SARS-CoV-2. However, natural reservoirs in bats and other mammals persist, posing the risk
of recurring cross-species transmission and severe zoonosis'®. Hence, there is a need for
ongoing surveillance as well as basic research to understand the differences in severity of

infection®22,
1.1.1. Coronavirus biology — polyprotein processing & replication

CoVs are enveloped (+)-sense single-strand RNA viruses ((+)ssRNA) and belong to the order
of Nidovirales, which comprises four families: Coronaviridae, Toroviridae, Roniviridae and
Arteviridae. Coronaviridae is further divided into two sub-families, one of which is
Orthocoronavirinae, which in turn can be divided into four genera: Alpha-, Beta-, Gamma-, and
Deltacoronaviruses (a-CoV, B-CoV, y-CoV, and 5-CoV)?%.

Viruses infecting humans and other mammals are categorized to as a-CoV and 3-CoV. CoVs
grouped into y-CoV and 8-CoV genera mostly infect birds. The major part of the replicase
gene, the membrane protein M and the nucleocapsid (N) protein are present in all four genera
and exhibit only a few point mutations and small insertions/deletions. Next to this conserved
part of the genome, Coronaviridae have more variable parts that are utilized for classification.

In particular, each genus shows a characteristic set of accessory proteins??.

Coronaviruses consists of the structural proteins spike (S), envelope (E), nucleocapsid (N),
membrane (M) and the non-structural proteins (nsp) 1-16. Some virions of $-CoV possess
haemagglutinin-esterase as further structural protein. While M and E protein control the
incorporation process of the RNA genome in the viral particles, N proteins main function is to
bind and facilitates packaging®*. A second function of N is the regulation of viral gene

transcription, which is of higher interest in regards to the scope of this review?>?¢. However,
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the biochemical functions of N and its domains are still not fully understood?’. Interspersed
within the ORF for structural proteins are accessory proteins, whose numbers vary among CoV
species. These unique viral proteins, which have no known homologs in other viruses, play
critical roles in modulating the host immune response, inducing apoptosis, and triggering

inflammation2®-2°.

Infection takes place via specific binding of coronavirus S protein to the cellular entry receptors
and further host factors. Several entry receptors were identified for different CoVs: human
aminopeptidase N (HCoV-229E), angiotensin-converting enzyme 2 (ACE2; HCoV-NL63,
SARS-CoV-1 and SARS-CoV-2) and dipeptidyl peptidase 4 (MERS-CoV). Depending on the
expression of these receptors on the different cell types, tropism and pathogenicity are
influenced. In SARS-CoV-2 for example, S protein binds to the cellular receptor ACE2 and
attachment factors such as serine protease TMPRSS2, which then promotes either cellular or
endosomal membrane fusion. Upon membrane fusion and viral uptake of the cell, the
(+)ssRNA genome is released and the two large open reading frames (ORF) are directly
translated as polyprotein 1a (pp1a) and pp1ab. These polyproteins are processed by inherent
proteases generating mature nsps that finally assemble into a large replication/transcription
complex (RTC). Simultaneously with the release of nsps, perinuclear viral replication
organelles are formed that create a protective microenvironment in which RNA replication and
the transcription characteristic of coronaviruses take place. This microenvironment consists of
double membrane vesicles (DMVs) interconnected with folded membranes (CMs) and small
open double membrane spheres (DMSs). Finally, budding of virions most likely takes place at

ER-to-Golgi intermediate compartements®.

The event of polyprotein processing occurs in many (+) ssRNA, several double-stranded RNA
viruses, and all retroviruses. It is a strategy that is regulated locally and timely, and that is
crucial for these viruses®'-32. In the following sections we are interested in how the combination
of in vivo and in vitro techniques has helped to understand the mechanism of polyprotein
processing, particularly in the family of Coronaviridae. The family of Coronaviridae harbors the
members of the largest RNA genomes on average, potentially leading to the most intricately
designed replication systems, and therefore putatively less reliant on interactions with host
proteins. We aim to highlight, which current techniques could contribute to unresolved
molecular mechanisms and, more importantly, how and where these techniques need to

evolve to advance polyprotein research in general and in Coronaviridae in particular.

After viral entry, when the envelope has fused with the endosomal membrane of the cell,
nucleocapsids release the viral genome, which consists of multiple open reading frames
(ORFs). One of which, ORF1a/b, is then directly translated into two polyproteins pp1a and

pp1ab. The two polyprotein versions pp1a and pp1ab are translated by the host ribosome in
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2:1 to 5:1 ratios®*%", respectively. These ratios are a result of the -1 ribosomal frameshift
enabling the ribosome to overcome the termination signal of ORF1a. As a consequence, nsp11
is omitted in pp1ab. The frameshift event is highly conserved®®°. Eventually, two huge
polyproteins are produced, pp1a comprising nsp1-nsp11 (~ 490 kDa) and pp1ab comprising
nsp1-nsp16 (~ 749 kDa). pp1ab is extended by ~ 2700 amino acids compared to pp1a and the
conservation of this extended region is much higher*'. The polyproteins possess two or three
viral proteases. Structure and mechanism of both proteases/protease domains are clarified*?-
45 Depending on the CoV strain, they contain one or two papain-like proteases (PLP®) residing
in the large nsp3 subunit. PLP™® processes nsp1-4. In addition to its processing function, PLP™®
plays a role in inhibiting host innate immune response and is involved in dysregulated
inflammatory responses*®. PLP® is composed of five domains: fingers, palm, thumb, the
ubiquitin-like domain 2 (Ubl2), and a domain preceding Ubl2 and papain-like protease 24748,
The finger domain binds a zinc ion and uniquely connects the two domains of a papain-like
fold*®. Next to PLP™®, pp1a and pp1ab include a chymotrypsin-like protease or main protease
(MP, nsp5) that processes nsp4-16324250, MP™ has a catalytic dyad consisting of Cys145 and
His41. It exhibits a non-canonical substrate specificity, requiring a Q residue at the P1 position,
as defined by the Schechter and Berger nomenclature®’ (Figure S1), and preferring the S, A,
G, or N residues at P1' position. Cleavage efficiency is also influenced by the residues at the
flanking P2 and P2’ positions®2°3. MP™ is active as a dimer and autocleaves itself. However,
the maturation process of MP™ is not well-understood. A recent model suggests that N-terminal
release occurs within immature dimers (cis-activity) and C-terminal release occurs between
two distinct dimers (trans activity)®*. This model is partially consistent with other models
proposed®>%’. Cleavage in trans is more efficient than in cis®®. While cleavage interaction with
host proteins for immune evasion purposes are known for both proteases, no host protein

interactions have been shown to be required in order to conduct polyprotein processing®®-52.

The following section is intended to serve as a reference point for polyprotein processing
research and the formed nsps, highlighting specific techniques used and delineating the known

from the unknown.

Although nsp1 is involved in modulating antiviral host immune response, this protein occurs
only in a- and B- CoVs®3. Furthermore, nsp1 and nsp2 are involved in translational regulation
and potentially shut-down host protein production®. The exact pathway and molecular
mechanism are unknown. However, a recent study suggested a mechanistic framework, in
which the C-terminal domain of nsp1 binds to the mRNA channel of the ribosome and thereby
inhibits translation. Viral mMRNA can escape this mechanism, which seems to be conserved
among B-CoVs®. Importantly, nsp1, nsp4 and nsp6, are involved in the formation of double

membrane vesicles (DMVs) providing a suitable microenvironment for viral replication.
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Moreover, nsp3 possesses membrane domains, associates into a pore structure facilitating
shuttling of RNA in and out of the DMVs. Hereby, the extending crown domains are suggested
to serve as membrane anchors for the soluble replication transcription complex (RTC)324166.67,
Nsp7 and nsp8 are processivity enhancing co-factors for the RNA-dependent RNA polymerase
(RARP) nsp12 facilitating RNA replication®®. The quaternary structure of nsp7 and nsp8
complexes is not conserved and varies within and between a- and B-CoVs, which indicate two
different assembly pathways®. Next to the interface domain that interacts with nsp7 and nsp8,
nsp12 contains two more domains: the RARP domain consisting of the usual polymerase
thumb, finger and palm motifs and the Nidovirus RdRp associated nucleotidyl transferase
domain (NiRAN). This domain is a signature domain for the order of Nidovirales, to which CoVs
belong’. While nsp9, an RNA-binding protein, has been identified as a target of the NiRAN
domain that undergoes nucleotidyl-monophosphate transfer (NMPylation), further research is
needed to fully understand the potential functions of the NiRAN domain. These include the
potential functions as ligase, guanosine triphosphate-dependent 5' nucleotidyl transferase, and
uracil triphosphate-dependent protein primer initiating RNA replication.”®"3. Furthermore, nsp9
is an essential co-factor for nsp12 mediated capping of nascent RNA, though the molecular
mechanism is not completely understood’*. Ultimately, nsp9 carries an N-terminal
posttranslational modification (PTM), and thereby mediates RNA capping, which is essential
for host immune evasion’2756, Another important small nsp from pp1a is nsp10. Nsp10 is a
co-factor for nsp14 and nsp16 enhancing their enzymatic functions. Whereas nsp13 executes
helicase function, nsp14-16 are involved in capping and the proofreading function of the
RTC’-"®. This function is crucial for avoiding too many mutations during replication and is
unique among (+)ssRNA viruses. This proofreading function is not unique to CoVs but is also
shared by other nidoviruses, All such as toroviruses and roniviruses’®®. Thus, most RNA
viruses without proofreading function are naturally limited to < 30 kb, although there are some

exceptions for members of the Flaviviridae®'.

Compared to CoVs, polyprotein processing in most other (+)ssRNA viruses involves fewer
nsps, presumably because they do not carry the information of a complete replication
machinery and rely more on interactions with host proteins as is true for flaviviruses and some
alphaviruses®'®2. Independent of the number of nsps, polyprotein processing is a highly
regulated process, in which one or more polyproteins have to be processed correctly, in a
timely and local fashion. Then the liberated nsps are involved in forming the replication

machinery or facilitating viral replication in a broader sense.

In CoVs, polyprotein processing has mainly been studied in vitro and has improved the
understanding of regulatory processes. Different in vitro techniques have shown partly

contradictory results. While these studies agree on most cleavage site kinetics, they disagree
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on the cleavage sites converted first®3-87. Once the nsps are released, most of them assemble
into the large RTC. The assembly pathway and if or how some nsps are involved in supporting
the complex formation is not clear. As CoV polyprotein processing and RTC assembly are
potentially less reliant on host protein interactions, these processes are predestined for
thorough in vitro analyses. While certain regions have been studied, it is still challenging to
recombinantly express the whole polyprotein of CoVs (~749 kDa)®®. The two internal
proteases autocleave themselves, which makes a controlled initiation of polyprotein
processing challenging®. In addition, there are some nsps in the polyprotein that contain
transmembrane domains, which often places higher demands on the techniques. The role of
the structural N protein during polyprotein processing and RTC assembly is not clear either.
The underlying molecular details of coronaviral replication fidelity are not well known. While
techniques that can provide high-resolution structures are often limited in their ability to capture
dynamics, techniques that can capture dynamics often provide much lower structural
resolution®. Getting the timing right and finding this rare process is often a challenge in in vivo
studies. Polyprotein processing starts a few hours after infection, continues for several hours

and then faints as a study in avian infectious bronchitis virus (IBV) showed®'.
1.1.2. Polyprotein processing in the context of structural biology techniques.

This section highlights available techniques that have been used to study CoV polyprotein
processing over the last 30 years. In addition, current techniques that could contribute to

unresolved molecular mechanisms and the added value they would bring are presented.

Key events in CoV polyprotein processing and RTC assembly have been studied with in vivo
and in vitro techniques, which contribute differently to the understanding of the underlying
mechanism, for example, protease specificity, cleavage site identification and turnover, and
the role of proteoforms. Proteoforms include PTMs such as glycosylation, phosphorylation etc.,
but also sequence variants, splice isoforms and proteolytic processing®2. Processing alone can
give rise to more than 100 potential proteoforms including all possible intermediates in CoVs.
In vitro methods take advantage of the controlled environment and isolation of mechanisms,
which simplifies to pinpoint an effect to a player. /n vivo methods often have higher biological
and physiological relevance but also higher complexity. This complexity of in vivo techniques
is both a strength and a limitation. Due to the complexity of the system, it can be difficult to
isolate complex processes. Thus, validation of in vitro findings can be challenging and vice
versa. The strengths and limitations of in vitro and in vivo approaches will be demonstrated
based on polyprotein processing events and other steps during replication. /n vivo approaches
comprise studies with infected cells. Not all state-of-the-art techniques have been applied to
CoV polyprotein processing or the RTC. If the approach is beneficial, other viruses and even

non-viral examples will also be looked at.
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For the purpose of the review® and this work, the terms in vivo and in vitro are redefined as
follows: in vivo studies observe complex biological interactions and processes in living cells
(in cellulo), be it in cell culture, organoid models or entire organisms mostly in infection context.
Furthermore, methods that obtain their samples from such an in vivo environment and hence
monitor this state are also considered as in vivo. For example, protein samples that are
extracted from infected cells by co-immunoprecipitation and subjected to mass spectrometry
(MS) would also be considered in vivo. Consequently, any technique that mimics natural
conditions and uses recombinant proteins to study specific biochemical processes or
molecular details is considered an in vitro study. Furthermore, the term in situ is used in the

context of microscopy and describes the situation in fixed cells.

1.1.2.1. Discovery and identification of polyproteins and their cleavage sites

Looking at examples in Coronaviridae, polyprotein processing intermediates have been
identified in vivo by immunoprecipitation of lysates from infected cells from mouse hepatitis
virus (MHV), HCoV-229E or IBV8°41%_Denison et al. discovered large polyproteins in MHV
requiring processing at multiple cleavage sites. Furthermore, they detected intermediate
products such as p28 and monitored their degradation. Although infected cells were
synchronized to accumulate polyprotein and intermediates, it was not possible to monitor the
initial cleavage®. Ziebuhr and Sidell et al.®® had validated multiple cleavage sites of
HCoV-229E by performing cleavage assays that revealed different sized intermediates and
demonstrated kinetic differences of cleavage sites at the end of pp1a and the beginning of
pplab. Further studies revealed more precise intermediate products in MHV and first
subcellular localization polyprotein intermediates of HCoV-229E and MHV were shown®":98.101,
Subcellular distribution of specific proteins may point to possible function. Here, they found
nsp7-nsp10 co-localized with the helicase (nsp13) in the cell periphery as well as in perinuclear
regions indicating that viral RNA synthesis happens in replication complexes. Thus, localized
mature nsp7-nsp10 were attributed roles in replication’®'. Mutagenesis performed in multiple
CoVs had often been used to identify cleavage sites and prove their relevance for virus viability.
Later, bioinformatics facilitated the prediction of cleavage sites together with, for example, MP™
cleavage site specificity. Thus, almost all replicase proteins, nsp1-nsp16, could be detected in
SARS-CoV-1 within one in vivo study using immunofluorescence and immunoblots?®:96.102.103,
The above examples show how challenging the discovery and identification of polyproteins
and their cleavage sites has been experimentally. Bioinformatics tools have accelerated this
process and contributed significantly to polyprotein research. Early computational studies
suggested that the two polyproteins, pp1a and pp1ab, contain all the proteins necessary for
viral replication, including the proteinases in IBV and MHV. In addition, potential cleavage sites

were predicted'®%5, Based on these predictions processing activities were tested and
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characterized in vitro in IBV and MHV'%.17 This demonstrated how bioinformatics guided the
experimental work and ongoing applications are defining the evolutionary conservation of CoV
cleavage sites, proteases, and mature proteins'®. More importantly, in silico work is often
shedding light on rather neglected areas. For example, a recent study suggested that genetic

transfer between nidovirus species is more common than previously thought'®.

1.1.2.2. Dissecting cleavage efficiency and order of polyprotein processing

Once cleavage sites were discovered and validated, the focus was on studying cleavage
efficiency and order. Assays based on synthetic peptides with radioactive or fluorescent labels
as substrates were employed in order to demonstrate in vitro polyprotein processing for both
proteases of MHV, HCoV-229E and IBV8%6.98.110 | ooking at MP™ (nsp5), the self-cleavage
sites showed the fasted kinetic rate constants in line with dimer formation being required for
activity. Notably, cleavage site 8/9 (CS8/9) showed hardly any processivity in these assays
due to peptide folding, which may differ from the secondary structure in vivo® 1", Reverse
genetics in MHV showed that disruption of CS8/9 was lethal, which indicated that this site albeit
being suboptimal for MP™ is cleaved in vivo''2. The N-terminal NNE motif at P1'-P3’ of nsp9 is
widely conserved among CoVs and now known to be modified assisting nsp12 in capping of
nascent RNA"2. Fan et al. have shown that synthetic peptides spanning CS8/9 are likely to fold
into a-helices, which hampers the cleavage''. Notably, contrary to expectations from peptide
assays, Krichel et al. showed that the CS8/9 is processed much faster in the full-length, folded
protein'™. Nevertheless, synthetic peptides and recombinantly expressed enzymes were
essential to compare cleavage efficiencies of MP™ in different CoV species, namely HCoV-
229E, MHV and transmissible gastroenteritis virus (TGEV), and to assess conservation of
cleavage sites® ', Later such assays were employed to compare kinetics and to screen for
inhibitors®-111.116.117 " |nvestigating cleavage efficiencies with such assays is advantageous
given their high-throughput nature, but synthetic peptides lack the polyprotein context as

explained above.

Straightforwardly designed Forster resonance energy transfer (FRET)-based experiments
contributed to the understanding of protease substrate specificity and regulation of polyprotein
processing as seen in norovirus and CoV''®-'2', Such FRET-based in vitro systems have been
developed further. For example, Kenward et al.®5 designed a linked protein FRET platform
using tethered FRET pair substrates, in which cleavage site organization is closer to the native
polyprotein than in previously reported FRET systems. This design overcomes the problem of
poor solubility and inner filter effects of former FRET substrate designs, in which kinetic values
largely depended on chemical properties and complicated comparisons. This new platform
allowed the comparison of all eleven cleavage sites in SARS-CoV-2. Using this advanced

FRET assay, they came up with following cleavage order reflecting sheer preference in
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cleavage efficiency of MP°: CS9/10 > CS7/8 > CS8/9 > CS10/118%. Another way of studying
polyprotein processing including the structural cleavage site features is native MS. Native MS
mimics a native-like environment, and thereby allows the analysis of a complex biochemical
reaction with direct evidence of intermediates including subsequent oligomerization. In
SARS-CoV-1, a time-resolved, label-free cleavage assay was performed, showing all
intermediate cleavage products at the same time, allowing postulation of a cleavage order
(CS9/10 > CS8/9 >> CS7/8). Moreover, the subsequent nsp7,+8, heterotetramer formation

was monitored alongside.

1.1.2.3. Structural context in time-resolved cleavage assays

A time-resolved study of in vivo polyprotein processing does not provide such detailed
processing dynamics, but can give information about long lasting intermediates as a study of
polyprotein processing of pp1ab has shown in IBV using in vivo radiolabeling. For example,
they observed a relatively stable intermediate protein of 160 kDa lasting for over 5 hours®'. In
alphaviruses, a similarly conducted in vivo radiolabeling assay was put into context with a
crystal structural model of nsP2-nsP3, which is already half of the polyprotein in alphaviruses,

elucidating structural details and dynamics on polyprotein processing'??.

Due to the large size and intrinsic flexibility of CoV polyproteins, high-resolution structures of
the full pp1a/pp1ab (nsp1-nsp11/nsp1-nsp16) are unavailable. Only the cleavage site peptides
bound to MP™ could be resolved or individual folded domains, which are the nsps connected

through flexible linkers comprising the cleavage sites'.

Structural MS is a toolbox of different MS approaches. Next to native MS, it comprises also
hydrogen-deuterium exchange MS (HDX-MS) and crosslinking MS (XL-MS) (Figure 1). Both
allow the study of structural dynamics and provide local structural information. XL-MS links
residues that are in proximity to each other resulting in linked peptides. HDX-MS gains
structural information from surface labeling by probing the exchange from backbone amide
hydrogen to deuterium. In both approaches, the proteins are labelled or linked and then
proteolytically digested to peptides, which are then detected by MS (Figure 1). XL-MS is
considered a low-resolution technique and provides structural data sufficient to compute 3D
models. By combining derived constraints from XL-MS and integrative structural modeling, it
can elucidate structural models of e.g., large protein complexes up to atomic resolution'®,.
XL-MS always involves covalent reactions of crosslinkers. There are different classes of
crosslinkers depicting different strengths and limitations. The N-hydroxysuccinimide (NHS)
esters are the most widely used mechanism creating stable bonds with primary and secondary
amines such as the free N-terminus and the amino groups from lysine side chains. Mentioned

limitations would be: unexpected reactions with contaminant ammonium ions or unwanted
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reactions with serine and tyrosine residues next to the desired reactions with lysine residues'?®.
Furthermore, NHS esters tend to react preferentially with tyrosine residues and free N-termini
under acidic conditions'. This example gives an insight into aspects that need to be
considered when choosing the crosslinking reagent for XL-MS experiments. Additionally,
chemical labelling can distort the picture of protein structures when the experiments are not
carefully conducted. Compared to XL-MS, HDX-MS provides a less perturbing strategy'?’ by
using HDX, which highly depends on engagement in hydrogen bonding and secondary
structure elements. Thus, it can especially supply local structural information, dynamics and
conformational changes'?®-'3'. Ultimately, this method can identify which and how amino acids
are involved in ligand binding and provides information on conformational changes upon

complex formation3?,
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Figure 1 Structural MS for RNA viruses.

All depicted approaches can be conducted as top-down MS whereby HDX-MS (A) and XL-MS (B) are currently
mainly used as bottom-up techniques. For HDX-MS, the workflow starts with labeling of the natively folded protein
by exchanging hydrogens to deuterium. The labeled protein is either fragmented or digested to peptide level.
Subsequent MS-analyses reveal non-deuterated and partially-deuterated peptides leading to constraints for a 3D
model. A similar principle is used in XL-MS experiments (B). First, the protein complex is labeled, which can be
done in both ways in vitro and in vivo, then the sample is fragmented or digested. Distant constraints can be deduced
from every successful XL-MS experiment bringing up valuable information for computational modeling and the
proposition of a structural model. In vivo XL-MS offers the identification of a protein interaction network (bottom
right) realizing the ability to unravel important virus-host association. (C) Native MS can determine stoichiometries
of protein complexes (blue shaded) or measure whole virus capsids.
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Processing of the recently emerged SARS-CoV-2 nsp7-11 polyprotein was investigated using
integrative computational modelling, incorporating data from pulsed hydrogen-deuterium
exchange MS (HDX MS) and crosslinking-MS (XL-MS)%. Both techniques provide local
structural details, HDX-MS shows local conformational changes based on deuterium
incorporation in peptides. Hereby, exposed residues undergo rapid hydrogen-deuterium
exchange and shielded areas exchange slower. XL-MS links residues that are in proximity to
each other resulting in linked peptides. In both approaches, the proteins are labelled or linked
and then proteolytically digested to peptides. After MS detection, peptides can be assigned to
the protein sequence, and the labeling provides a basis for drawing structural conclusions.
HDX-MS and XL-MS are both bottom-up MS (BU-MS) techniques, in which protein information
is reconstructed from identified peptides. How these techniques work and how they are applied
in viral research has been explained elsewhere in more detail'*3. Ultimately, this study captured
dynamic structural changes upon MP™ cleavage and came up with an integrative full nsp7-11
SARS-CoV-2 polyprotein model explaining the observed kinetics. For the integrative
modelling, they fed the I-TASSER server'* with distance constraints from XL-MS data and
secondary structure information for nsp7-nsp10 resulting in a few different predictions. They
concluded that group B and C models were most consistent with their HDX-MS results showing
CS9/10 exposed and most accessible and CS7/8 folded into an a-helix (Figure 2)%. This study
proposed the cleavage order of polyprotein processing using HDX-MS and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as follows: CS9/10 > CS8/9 >
CS10/11 >> CS7/8%. There are indications that there is a temporal regulation in CoV

polyprotein processing®'%. How and if this is reflected in vivo has yet to be demonstrated.
1.1.3. Current techniques that could advance polyprotein research

This section highlights sophisticated techniques that studied CoV nsps or polyprotein
processing of other viruses- mostly in vivo. Knowledge gaps in CoV polyprotein research and
how these could potentially be addressed by current scientific techniques are illustrated.So far,
in vitro methods have looked at a specific region of the polyprotein, nsp7-10/11, but not the full
polyprotein.®84 The full polyprotein as a large, multidomain protein is extremely difficult to
express. Cell-free systems could solve this problem as e.g. a wheat-germ cell-free expression
system was used to produce soluble norovirus (NoV) polyprotein'¢. Native MS can study high
masses up to megadalton viral capsids'’, so an in vitro assay of full pp1a or pp1ab would in
theory be possible, but recombinant expression of full size pp1a/pp1ab has not yet been
achieved. Although, membrane proteins can be subjected to native MS'®8, these will require
adding detergents or lipids limiting resolution. It however appears realistic to look at nsp7-16
excluding transmembrane protein regions and autocleaving proteases. HDX-MS on the other

hand will not be limited by a membrane environment'®, instead the sheer amount of different
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peptides from the full polyprotein will result in overlaps and likely uninterpretable data. XL-MS
is not limited by this and can even be employed in vivo and in a time-resolved fashion.
Bogdanow et al. applied such approaches to strains of virus-like influenza A showing the
interactome in virions and using pulsed metabolic labelling and quantitative XL-MS on infected
cells™®, Complex formation of mature polymerase co-factors nsp7 and nsp8 were studied with
native MS and compared between a- and B-CoVs. This revealed distinct stoichiometries of
nsp7 and nsp8 interaction and showed that, despite high sequence conservation, the
quaternary structure is not preserved. Whether this has an impact on RTC stoichiometry or
could affect pathogenicity remains to be investigated in vivo®. Beyond CoV polyprotein
processing and nsp complex formation studies, native MS is capable of probing protein-
RNA/DNA interactions. A recent native MS study on Lassa virus showed time-resolved
ribonucleoprotein (RNP) formation revealing the release of the nucleoprotein from its trimeric
storage form via an intermediate bound to a single short RNA. By combining native MS with
HDX-MS and structural modelling, Sanger et al. were able to reveal the interaction site
involving the Z protein, which mediates RNP recruitment to the plasma membrane during the
late stages of infection'. This and the example in Figure 2 highlight the strength of combining
different techniques. After the first identification in vivo, polyprotein processing, cleavage
efficiencies, kinetics and order were investigated in vitro. Molecular details from in vivo
experiments would however be desirable. For example, Emmott et al. used a cell-based FRET
sensor assay to examine the activity of different NoV proteases between different genotypes,
providing a comprehensive view of substrate processing and cleavage efficiency'?. Such a
comprehensive cell-based research comparing different genogroups within one study is yet

missing for CoVs. The large number of nsps certainly poses a particular challenge here.

The NoV viral protease that processes the polyprotein occurs in several proteoforms, but all
NoV protease precursor forms are catalytically active in vitro. A study looking at in vivo
protease activities by using confocal microscopy and FRET labelling showed that these are
determined by both substrate and protease localization™?. Since CoVs have no precursor
proteases like NoVs, such a study would not be feasible and would have to be substrate
dependent. The individual nsps would have to be labeled with fluorophores, which could
influence the cleavage sites or even lead to cleavage failure. Further challenges can be
blinking artifacts from single fluorophores, localization uncertainties and detection

efficiencies'*.
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A SARS-CoV-2 genome and translation of polyproteins pp1a/b
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Figure 2 Genome organization and nsp7-11 polyprotein model of SARS-CoV-2.

(A) Schematic illustration of 30 kilobase SARS-CoV-2 genome showing open reading frames 1a and 1ab giving
rise to polyprotein 1a and 1ab (pp1a/pp1ab). The two viral proteases, papain-like protease (PLP™®) and main
protease (MP™) with autocleavage function, are indicated as scissors. Non-structural protein 7-11 (nsp7-11) is
highlighted because nsp7-11 has been recombinantly expressed and studied as a coherent polyprotein. A model
with a rough arrangement of the nsp domains is shown on the right. The individual nsps are colored as follows:
nsp7 (yellow), nsp8 (green), nsp9 (dark purple), nsp10 (pink), nsp11 (grey). (B) Yadav et al. employed an integrative
structural modelling approach using information from structural MS techniques as constraints resulting in four
structural groups. The best agreement with the pulsed HDX-MS and SDS-PAGE proteolysis results were found for
groups B and C. Secondary structure is colored with 10 s deuterium from HDX-MS analyses. Reprinted from 8,
Copyright © 2022, The American Association for the Advancement of Science
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1.1.3.1. How novel imaging methods could promote polyprotein research

The advent of super-resolution microscopy (SRM), such as STED (stimulated emission
depletion), STORM (Stochastic Optical Reconstruction Microscopy) and PALM (Photo-
Activated Localization Microscopy), has enabled high spatial resolution through the use of
photo-switchable fluorophores'4. Recent advances in STED allow nanoscale localization,
making it possible to monitor viral RNPs during their trafficking along the endosomal pathway
in dendritic cells during influenza virus infection™®. In SARS-CoV-2 infection, the binding
mechanism of the structural spike protein was investigated with STORM in more detail'®,
These studies show what SRM is capable of and could contribute to fill the knowledge gaps in
CoVs, for example how host immune evasion is mediated by some nsps or how N protein is

involved in the RTC template switch during production of subgenomic RNAs®.

In the series of advanced and innovative microscopy techniques, cryogenic electron
microscopy (cryo-EM) has pushed the boundaries of high-resolution imaging enabling
structural resolution of heterogenous samples and larger assemblies. Cryo-EM can resolve
protein structures and assemblies in vitro that could not be captured with X-ray crystallography
or nuclear magnetic resonance (NMR). While X-ray crystallography relies on crystallization of
proteins, which is particularly difficult for flexible and membrane proteins, NMR has a size limit
of ~100 kDa'#". Therefore, cryo-EM promotes viral research and can fill in knowledge gaps. A
challenge is for example solving the surface glycoprotein structures in the fusion state, which
are delicate to stabilize, overall flexible and hence in most cases inaccessible by X-ray
crystallography. In recent years, several prefusion structures became available for example
HIV-1 envelope glycoprotein trimer'#814% SARS-CoV-2 spike protein' or herpes simplex virus
glycoprotein B''. Although cryo-EM can provide high-resolution structural models of flexible
and dynamic proteins, it could not achieve high-resolution reconstruction of the nsp7-10

polyprotein together with MP©152,

Several structure models promoted the understanding of SARS-CoV-2 RTCs. By using
molecular modeling and available structures of all nsps, Perry et al. proposed the most
complete model comprising a stoichiometry of six copies of nsp7, nsp12, nsp13, nsp14, nsp15,
nsp16, twelve copies of nsp8 and nsp10 and two copies of N-protein with leader transcription
regulatory sequence oligo (Figure 3)'%. For this RTC superstructure experimentally resolved
structures were utilized, which had provided insights into the molecular mechanisms in capping
and mRNA synthesis'®*"%, In order to get RTC supercomplex assembly computational
docking was applied around a hexameric nsp15 hub (Figure 3) '%3. However, the model is not
in agreement with the ternary nsp14+16+10 complex'’. While this model is unlikely, a larger

assembly may exist to enable concerted and hence efficient genome replication.
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While in vitro cryo-EM pushes to higher resolution, there is a rising interest in propelling in situ
cryogenic electron tomography (cryo-ET). This allowed characterization of SARS-CoV-2 virion
assembly, structure and the visualization of budding events'®. In CoVs, polyprotein subunits
are low abundant proteins complicating in situ localization with microscopy techniques.
However, polyprotein processing research has utilized immunofluorescence confocal
microscopy or immunolabeling combined with EM localizing subunits from pp1a in several
CoVs. In MHV nsp7, nsp8, nsp9 and nsp10 were localized in the cell periphery by using
immunofluorescence microscopy'®'%°. Cryo-ET of infected cells and immunolabeling found
viral subunits of pp1a at convoluted membranes (precursors of DMVs) in SARS-CoV-1 and
MERS-CoV'%"162_ A further development is the combination of fluorescence microscopy and
cryo-EM, which is called correlative light and electron microscopy (CLEM). CLEM allows to
research rare events by improving target localization by correlating cryo-sections for cryo-EM

using cryo-fluorescence microscopy'.
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Figure 3: DMV pore complex and atomistic model of full RTC.

The left panel shows a model of the complete RTC with an assumed stoichiometry of 6 times nsp7, nsp12, nsp13,
nsp14, nsp15, nsp16, 12 times nsp8 and nsp10 and 2 times N-protein. Reprinted from '%3: Copyright © 2021
Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology.

The right panel: The architecture of the molecular pore is shown, with tomographic images of DMVs induced by
MHYV (A) and SARS-CoV-2 (B). Panel shows the middle slice through the average, suggesting flexible regions near
the prongs (black arrow) (C). Different views of a 3D surface-rendered model of the DMV pore complex probably
consisting of nsp3 is shown. Inner and outer membrane of the DMV is colored in blue and yellow, respectively (D-
F). Reprinted from '63: Copyright © 2020 American Association for the Advancement of Science. No claim to original
U.S. Government Works.

A remarkable cryo-CLEM study revealed six copies of a viral protein, by size most likely nsp3,
spanning both membranes of the DMVs as key sites for viral RNA synthesis export in MHV
and SARS-CoV-2 (Figure 3). Focused ion beam milling of cells and tomographic slicing
increased resolution and allowed a 3D surface-rendered model of the pore complex'®®. Despite

the advances in microscopy techniques studying low abundant molecules remains challenging
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for in vivo methods or in situ approaches. Therefore, capturing the dynamics of low abundant

intermediates in CoV polyprotein processing with cryo-CLEM would still be very challenging.

1.1.3.2. How state-of-the-art mass spectrometry could advance in vivo investigations

Polyprotein processing research has benefited equally from in vitro and in vivo techniques.
Now that the techniques are becoming more complex and often more laborious, it remains
important to continue down this path. For example, in vivo BU-MS can provide a deep host-
interaction network illustrating multiple virally perturbed signaling pathways in a cell. Then
pathways need to be looked at in more detail. On the one hand, this can mean looking more
closely at specific signaling pathways that are mediated and perturbed by a viral protein in
vivo. On the other hand, it can also mean, for example, studying viral-host protein interactions

in vitro.

In vivo BU-MS cannot only provide a general idea of global molecular abundances, it also
allows the investigation of PTMs and protein turnover'®3. By using cell culture systems and
comparing infected to non-infected cells, global perturbations can be quantified with BU-MS.
Through this approach, it was shown that SARS-CoV-2 - unlike SARS-CoV-1 - disrupts the
transforming growth factor-B pathway, a key player in tissue fibrosis'®*. The study provides a
broad overview about host-pathogen interactions of SARS-CoV-2 and highlights biological
relevant pathways for more in-depth studies or as potential drug targets. A recent report details
the use of high-throughput proteomics and metabolomics in SARS-CoV-2, which illustrates
how important this technology is for investigation of pathology'®. A study in NoV showed how
stable isotope labeling by amino acids in cell culture (SILAC)-based quantitative proteomics
can be used to investigate infection and translation inhibition of NoV protease NS6. Emmott
et al. provide a detailed in vivo investigation of NS6 interacting and perturbing eukaryotic
initiation factors'®®. However, in the context of CoV polyprotein processing, the discovery of
individual interactors of nsps or polyprotein intermediates using these approaches is

challenging.

Processed intermediate and mature nsp products represent variants arising from the same
gene and are considered proteoforms. Proteoforms in processing can be indirectly studied by
a new emerging method called N-terminomics. Proteins are often modified at their N-terminus,
for example through acetylation, which can alter their activity or confer distinct properties.
Since N-terminal acetylation usually takes place co-translationally at the ribosome, polyprotein
processing, which is a post-translational event, produces non-acetylated termini. These are
coupled to a bait in N-terminomics, which can then be enriched by affinity purification. A study
in Zika used N-terminomics to show how inhibitors impair Zika virus replication. For example,

first, they observed no reduction of viral RNA levels upon Regorafenib treatment, and then
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they analyzed viral protein synthesis levels. They observed a decrease in structural protein E,
but not in NS1 levels, which are both internal parts of a seven-membered polyprotein. In
Flaviviruses, NS1 is one of seven proteins that are expressed in a polyprotein and
subsequently processed. By using a translation inhibitor and time-dependent measurements,
they could observe a block in NS1 secretion'® %8 Such N-terminomics allow in vivo
investigation and monitoring of nsps and would be ideal for polyprotein processing research in
CoVs.

One of the bottlenecks in in vivo proteomics is the coverage of peptides and in turn proteins.
Thus, emerging microfluidic technologies and improvements in chromatographic separation
are striving to enable deeper coverage of complex in vivo proteomes and corresponding
interactomes. This includes low-input proteomics, low abundant proteins and the detection of
PTMs and potential proteoforms. A common approach is to use tandem mass tag (TMT)-
labelling allowing quantification of detected species across different conditions or in single
cells™-171 A study on SARS-CoV-2 infected cells used TMT-labelling and RNA antisense
purification coupled with MS (RAP-MS), an in vivo technique that identifies proteins interacting
with RNA. Not surprisingly, 10 of 16 mature nsps were found to directly interact with RNA, for
example nsp12 and nsp8'72. Here, it would be interesting to know whether nsp8 alone can bind
RNA or if it only binds RNA within the RTC. This information gets lost in BU-MS, but native MS
could reveal this. At this point, it could be worthwhile to leave the in vivo context and validate
such hypotheses in vitro. Another way to deepen proteome analysis is through in silico

enrichment approaches, for example GO-enrichment on the SARS-CoV-2-host contactome®®,

Top-down MS (TD-MS) techniques such as native MS have been mentioned several times.
TD-MS approaches commonly subject intact denatured proteins to liquid chromatography
(LC)-MS setups allowing PTM characterization and quantification with high-throughput. So far
TD-MS approaches have rarely been applied in viral contexts in contrast to BU-MS
approaches. Given the ‘peptide-to-protein’ inference problem in BU-MS, TD-MS is in general

better suited for studying PTMs and hence polyprotein processing.

First, we want to look at some examples of in vivo TD-MS. Although these studies are outside
a viral context, they highlight the powerful potential of this approach. A study investigated
myofilament and Z-disc protein phosphorylation after acute infarction and found a significant
reduction in three crucial myocardial proteins. Furthermore, they were able to pinpoint
phosphorylation sites by sequencing using multiple fragmentation techniques'’®. In another
example using a single-cell TD-MS proteomics approach, PTMs and isoform expression levels
between individual muscle cells were compared and showed significant heterogeneity at the

proteoform level. Additionally, Melby et al. were able to detect multiple isoforms of myosin
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heavy chain with a mass of ~ 223 kDa'". This highlights the great potential of this technique

to investigate phenotypic heterogeneity and functional diversity.

Using TD-MS in a viral context could mean to investigate PTM levels in CoV-infected cells and
compare the results to BU-MS studies revealing novel and unambiguously identified
proteoforms (i.e. combinations of PTMs). Moreover, detection of the large coronaviral RTC
directly from infected cells would advance CoV research and the development of antiviral
therapeutics. According to the atomistic model of soluble RTC from Perry et al., this complex
would be approximately 4.7 MDa'>3. Compared to the detected ~ 223 kDa myosin heavy chain
this has much higher mass and would therefore pose an instrumental challenge. The study
from Perry et al. neglects the membrane association of the RTC likely through the nsp3 pore.
Furthermore, RTCs produce a nested set of subgenomic and genomic RNAs, which may not
be performed by one unique complex. Hereby, a native MS approach is particularly suited to
reveal the unknown compositions. Currently, there are no examples for detection of such a

large complex directly from infected cells by native TD-MS.

In vitro native TD-MS reduces the complexity of the mass spectra due to less cellular
background and allows a detailed look at, for example, extensively glycosylated S proteins
from SARS-CoV-2. In the S-RBD, eight O-glycoforms were unambiguously identified and their
relative molecular abundance quantified. This proteoform analysis serves as a blueprint for the
investigation of O-glycoform heterogeneity for SARS-CoV-2 S-RBD variants'”®. Later, this
approach was extended to the Omicron variant providing proteoform alterations of
O-glycoforms and suggesting how Omicron escapes immunological protection'. In this way,
it would be possible to monitor intermediates together with their PTMs during the polyprotein
processing. This would require mammalian expression systems, which are more likely to result
in successful expression of the whole polyprotein pp1ab, and protease inhibition. Alternatively,
the whole polyprotein could be extracted from infected cells using immunoprecipitation and
protease inhibitors. Immunoprecipitation would help to obtain a large, biologically relevant
polyprotein with natural PTMs. A time-dependent study could shed light on unknown
modification processes, which would be particularly informative when co-immunoprecipitation
is used. Furthermore, co-immunoprecipitation would allow the retrieval of biologically relevant

interactors.
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1.2. Native mass spectrometry

The principle of a mass spectrometer is to measure the mass-to-charge ratio (m/z) of an
ionized analyte in gaseous form. Therefore, a basic set-up of a mass spectrometer comprises
a sample introduction system, an ion source, a mass analyzer, and a detector, all of which are

operated in vacuo except for the first component.

Over the last two decades native MS has been an emerging field leading to a technique that
is nowadays eminently suitable for the analysis of biomolecular issues. It allows far more than
just molecular mass determination yielding relevant information for structural biology,
protein-protein, protein-ligand interaction, and protein complex stoichiometry. Advances in
sample preparation and various components of the mass spectrometer, such as mass

analyzers, have contributed greatly to this development'’®.
1.2.1. Sample requirements

The most common biological samples are recombinantly expressed proteins. To obtain the
best spectra with high quality and well resolved peaks, the sample should ideally have minimal
levels of non-volatile salts, contaminants and co-expressed proteins. This is particularly
important for complex mixtures. Since protein purification is usually conducted with saline
buffers providing better ionic strength and buffering properties than volatile buffers, buffer
exchange needs to be performed prior to MS measurements. Depending on the stability of the
analyte in MS compatible buffers, buffer exchange can be combined with the last purification
step e.g., size-exclusion chromatography (SEC). Otherwise buffer exchange is commonly
performed by using centrifugal filters, dialysis and desalting columns. For rapid identification
of overexpressed proteins, it is possible to spray from crude cell lysate. However, most
application target protein binding studies, in which co-expressed proteins and other

contaminants could be disruptive'’”.

Native MS compatible buffers should meet requirements such as being non-denaturing,
providing ionic strength and having a suitable pH. Ammonium acetate solution is the most
widely used allowing an adjustable pH range from four to ten and an ionic strength from zero
to several moles per liter providing native-like conditions. However, it should be noted that
ammonium acetate is a solution at neutral pH and buffers the pH at 4.75 £ 1 (acetic acid) and
9.25 + 1 (ammonia)."”® Although non-volatile salts are usually avoided, small quantities of
co-factors or bivalent cations can be tolerated and added, which can be e.g. crucial for
enzymes. Generally, in the presence of non-volatile salts, the smaller the diameter of the
electrospray ionization (ESI) emitter tip, the better the prevention of adduct formation'®.

Membrane proteins require mimicking of the native lipid membrane, which is aimed at by the
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addition of detergents that form micelles or designed systems such as nanodiscs or

bicelles 180-182,

Furthermore, there are alternative buffers that can be used instead of ammonium acetate.
Ammonium bicarbonate provides higher ionic strength, but can lead to unfolding of the protein
at neutral pH due to outgassing of CO, and subsequent foaming upon ESI process'®. Thus,
ammonium bicarbonate should be used carefully or not at all. Triethylammonium acetate was
employed as an additive for charge reduction and Gabelica and Marchand used
trimethylammonium acetate to suppress unspecific cations adducts that were used for
triggering G-quadruplex formation'4-'8._ Triethylammonium bicarbonate can have benefits
when analyzing macromolecular species of similar mass'®’. Zhuang and coworkers compared
alkylammonium acetate buffers with ammonium acetate and concluded that they can be an

alternative with slightly different properties e.g. reducing the charge'®,

Buffer choice and molarity have effects on analyte stability and peak resolution. Another
parameter targeting improved quality of mass spectra is to find the best concentration of your
analyte. In general, the higher the concentration of your analyte, the higher the signal.
However, the higher the concentration, the higher the risk of nonspecific artifacts formation
upon ESI process. Therefore, the sample concentration should be evaluated and the varying

ionization efficiency depending on the proteins should be considered.
1.2.2. Nano-electrospray ionization

The invention of soft ionization technique such as matrix-assisted laser desorption ionization
and ESI have revolutionized the field of mass spectrometry. These techniques opened up the
investigation of a larger variety of compounds including larger biomolecules as both of them

only cause little or no fragmentation-191,

In ESI, the analyte is injected into a mass spectrometer from an electrically conductive emitter
by applying a potential of several kV. ESI can be applied in both positive and negative ion
mode. In this work positive ion mode is used, which is why this mode is considered in the
following. Conventional ESI sample consumption is low and in the range of one and several
hundred pL/min~!, whereas nano-ESI using glass capillaries with diameters below 4 um
resulting in even lower flow rates of 20-50 nl/min. The initial droplet size of nano-ESI is an
order of magnitude smaller than conventional ESI. As a consequence, potential high amounts

of non-volatile salts are less concentrated'?.

The mechanism how an analyte is transferred from solution into gas phase was unraveled
experimentally and computationally via MD smulations'®*'%4, The current is applied and the
ESI source acts as the anode and the mass spectrometer as the cathode. Upon the high

voltage protons are generated at the metal/solution interface inside of the emitter (e.g.,
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2 H,O — 4 H* + 4 e+ O2). A so-called Taylor cone is formed from which charged droplets are
ejected and evaporate rapidly (Figure 4 A). Generated droplets carry a positive charge due to
the presence of excess ions such as H*, NHs" and Na*. These droplets can only carry a certain
maximal number of the same charge depending on size and surface tension. Progressive
evaporation leads to a scenario where the electrostatic forces of like charges (Coulombic
repulsion) are balanced by the force of surface tension. This scenario is called Rayleigh limit
(Equation 1) and the maximum amount of charge (zr) can be predicted depending on surface
tension (y), the electrical permittivity of the vacuum (&), the radius (R) of the droplet and the

elementary charge (e)'92193.195,

Equation 1
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Prediction of the Rayleigh limit can be simplified (Equation 2) by the assumption that the radius
of the protein corresponds to its molecular weight and its density equals the density of the

water'0,

Equation 2

zg = 0.078VM

Droplets at Rayleigh limit yielding a fine mist of droplets via jet fission. Thus, it can be
discriminated between initial droplets with radii of a few micrometers and final droplets with
radii of a few nanometers. During the ESI process, these cycles of evaporation (initial droplets)
and fission (final droplets) are repeated until gaseous ions are obtained that are detectable by
MS192,193_

There are three models that propose different ejection mechanisms depending on the size and
shape of the molecule. The ion evaporation model (IEM), charged ejection model (CEM) and
the charged residue model (CRM) (Figure 4 B). IEM is proposed for low molecular weight
species or inorganic ions. Small solvated ions are pushed out to the surface where the
repulsion of excess droplet charge is pushing them further away, though still connected via a
string of ‘sticky’ molecules. As repulsive forces build, the connecting string breaks, releasing
the ion. Natively folded proteins shrink within the nanodroplet during this process. Continued
evaporation and fission, consistent with the IEM, reduce the charge until the final shell vanishes

and the remaining charge transfers to the analyte (Figure 4 B).
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Figure 4: Molecule ejection models of electrospray ionization (ESI).

The application of a high electric potential triggers the formation of the Taylor Cone at the tip of the gold-coated ESI
capillary. Positively charged droplets are ejected and undergo evaporation and fission cycles. Finally, the dried out,
“naked” analyte reaches the cone and is introduced into the mass spectrometer (A). There are three proposed
models for the generation of intact ES| analytes: IEM for small molecules, CRM for large, globular proteins and
CEM for hydrophobic polymer chains (B).

The CEM model applies to polymer chains and proteins under denaturing conditions. Hereby,
hydrophobic residues are exposed and the unfolded protein migrates to the droplet surface as
its residence within the droplet is unfavorable. Thus, the CEM model comprises protein ejection
with a protein-droplet charge equilibrium. First, only a part of the chain is expelled from the
droplet and then the protein is stepwise ejected into the gas phase. For natively folded, globular
proteins, in which hydrophobic residues are oriented to the interior and thereby making the
protein hydrophilic, an alternative model is proposed (Figure 4 B). The CRM model is the
dominating model for protein ejection into the gas phase in native MS.

33



Soluble-like proteins exhibit rather lower intensities in native MS compared to denatured
proteins. In the case of myoglobin, a native mass spectrum showed nearly two orders of
magnitude lower signal intensities'®. Further, signal degradation increases due to spectral
noise and nonspecific adducts. ESI-MS but especially native MS is susceptible to reduction of
the signal-to-noise ratio, e.g. by sodiation. Instead of simple protonation ([M + zrH]%R), sodium
adducts bind carboxylates on the protein during the end of evaporation and fission cycles

+

raising the following ion species [M + (zr - /) H + iINa]’r", where i= 0, 1, ..., zr. The generation
of ion species plus one or more nonspecific adducts causing heterogeneity of mass spectra

and thereby reducing signal-to-noise ratio'931%,
1.2.3. Protein folding in the gas phase

The basis of native MS is that protein conformations in aquatic environments are preserved
during transfer to the gas phase, allowing biologically relevant protein states to be analyzed.
Aqueous environment stabilize protein folding and reduce coulombic interactions. In the gas
phase, this hydrophobic effect is absent. It would therefore be logical that proteins would
unfold. Surprisingly, early MS analysis of protein-protein interactions, driven by non-covalent
interactions, showed that the proteins must adapt a somewhat protein folding allowing protein-
protein interactions'®” %8, Several studies suggested the successful transfer of specific
solution-phase interactions to gas phase structures and therefore the preservation of non-
covalent interactions of protein complexes. For example, avidin (64 kDa) was shown as a
tetrameric complex with no present trimer or pentamers, and concanavalin A depicted the

known in-solution states: dimer and tetramer'9°9:200,

The question is therefore, to what extent gas-phase structures resemble in-solution structures.
Electron capture dissociation was used to study the unfolding of ubiquitin after transfer to the
gas phase. It was shown that unfolding occurs to different extents over time, depending on salt
bridges and electrostatic interactions that compensate for the loss of hydrophobic
interactions?’. lon mobility spectrometry (IMS) separates ions of the same m/z based on their
conformational shape. Hereby, IMS quantifies ion species by their collision cross section,
which can be directly compared to cross sections from in-solution methods allowing a
quantitative assessment of in-solution and gas phase structures. IMS on ubiquitin showed
similar collision cross section as in solution. Further, ubiquitin unfolding kinetics within the gas
phase require over hundreds of milliseconds to reach a more stable conformation?®2. Thus,
evolution of ion species from solution structure to minimum gas phase structure take longer

than the time in vacuo.

In general, further IMS analyses of standard proteins such as cytochrome ¢, myoglobin and

ubiquitin were in accordance with results from in-solution techniques'’®'%’. There are some
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exceptions, in which proteins depict non-native-like structures i.e. either unfolded or collapsed
upon coulombic repulsion?3-2%5, However, the majority of these studies showed a native-like

folding in the gas phase.

In summary, metastable conformations, which are theoretically close to in-solution structures,
are detected, since ESI experiments last only a few milliseconds'¥72°1202. However, gas phase
structures start to partially unfold due to the lack of hydrophobic forces and collapses can occur
in rare events'¥7293 Thus, it can be concluded that native MS allows the study of proteins and
protein complexes. In-solution conformations are largely preserved and the gas-phase

structure reflects many crucial aspects of the native structure.
1.2.4. Peak analysis

Based on the different nano-ESI models, it follows that shape and folding of the protein affects
the number of charges that will be transferred. Hereby, more elongated proteins will uptake
more charges than globular folded proteins resulting in mass spectra of natively folded proteins
and protein complexes that have unique characteristics. This is because of the larger solvent
exposed surface area?®2". In accordance with the CRM model, globular folded proteins only
carry a number of few charges and the charge state distribution follows a gaussian-like
distribution, in which the highest peak reflects the most abundant charge state'®2%8, For
example, the monomer peak with eleven charges and the dimer peak with 17 charges are the

most abundant peaks in the native mass spectrum of SARS-CoV-2 MP™ (Figure 5).
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Figure 5: Exemplary native mass spectrum of SARS-CoV-2 MP',
Monomer species (burnt orange) and dimer species (light copper) are detected in parallel.

There are several ways to determine the molecular mass from the m/z values given by a mass
spectrum. The three key methods are charge state recognition from isotopic patterns, charge
state recognition from charge state envelope analysis or from adduct ion analysis. The isotopic
approach requires peak resolution, so this approach is often used for peptides?®. If peaks are

mi/z = 1 apart, then the charge is z= 1, if the peaks are m/z = 0.5 apart, then the charge is
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Zz = 2 and so on. Adduct ion analysis requires looking for common ion adducts such as sodium,
potassium, or ammonium ions. Once the charge is determined the mass calculation follows

the same principle (c.f. Equation 3).

In the following the charge state envelope analysis will be explained in more detail as it is the
one that mainly utilized later in this work. First, the peaks representing the same molecular
species with different charges must be identified. The adjacent ion signals of this peak series
have a charge difference of Az = 1. The higher m/z value (m/z); has one fewer charge than
the lower m/z value (m/z) (cf. Figure 5). Thus, number of charges (n) of adjacent peaks can
be expressed as n» = ns + 1. Assuming that all charges are caused by protonation ([M + z*H]**)

leads to the following Equation 3 :

Equation 3

Substituting the expression for the charge relation of adjacent peaks results in the following:

Equation 4

(Z), ~m
).~ ),

The molecular mass can be determined once the charge (ns) of the higher m/z value is

ny =

determined. While the approach to determine the charge n1 is different, the calculation of the

molecular mass is the same for all approaches?®°.

Equation 5:

= m ((Z), =)

While the uptake of adducts can be exploited for charge determination, it can be a challenge
in data analysis since the additional mass needs to be considered in the formula for mass
calculation. Most MS software can handle ion adduction with peak smoothing, peak centering,
and baseline correction. These programs allow peak deconvolution resulting in a spectrum that
depends on mass?'°. Despite newly developed programs such as UniDec?'%, the analysis of
very complex native mass spectra remains a challenge and requires manual inspection of the
spectra. For example, misleading scores (DScore) can occur due to overfitting, it is therefore
advisable to check especially lower Dscores manually?!’. Oftentimes, low abundant ion
species have bad confidence scores. In addition, corresponding adduct peaks, e.g. M + Na*,

and varying peak widths depending on the analyte should be considered accurately. Peaks of
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folded proteins can span several m/z, hence retrieving the intensity from the area under the

curve (AUC) is more precise than considering only peak heights?°®212,

Native MS is a foremost qualitative and semi-quantitative technique. Quantitative analysis
must be carried out carefully, as ion efficiencies can vary, especially when proteins differ
greatly in size and mass?'®. When ionized proteins are similar, ion intensities can be assumed
to be proportional to concentration reflecting the solution phase. Thereby, calculation of relative
binding constants can be determined. Determined dissociation constants (Kp) has been shown
to be similar to other techniques such as isothermal titration calorimetry and equilibrium

thermal denaturation for proteins and nucleotides?'4215,
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1.3. Mass analyzer

To determine the mass of molecules, mass analyzers utilize the m/z of ionized molecules using
different approaches. How species especially proteins are ionized in ESI has been explained
in detail above. This section is intended to provide a brief overview of mass analyzers before

looking at individual ones in more detail below.

In general, a mass analyzer employs a two-step process to determine the mass, namely
separate ions based on their m/z, followed by ion detection. The main principle is that a mass
analyzer selectively isolates ions so that ions of a specific m/z can be detected at a given

time?'6. Common mass analyzers are compared in

Table 1 considering their speed, resolution and the mass range. The different properties are
more or less suitable for certain applications. Typical applications are listed under ‘application’.
Looking at the physical principles of how ions are separated, four different approaches can be
distinguished: electric fields (e.g quadrupole (Q), orbitrap), magnetic fields (e.g. Fourier-
transform ion cyclotron resonance (FT-ICR)), flight time (Time-of-Flight (TOF) analyzer) and
ion-trapping (e.g. ion traps, FT-ICR)?'”

Table 1: Common mass analyzers are compared.
Each type has its unique ion separation principle29218,

Type Resolution Speed Mass Range Application

Quadrupole | Moderate fast Low/moderate  Routine analysis,

quantitative work

TOF High Very fast Wide Proteomics, large

biomolecules

Magnetic Very high Slow Wide Isotopic studies, precise
Sector work
Orbitrap Ultra-high Moderate Moderate Structural elucidation,

complex mixtures

FT-ICR Ultra-high Slow Moderate/wide Detailed molecular

analysis

Qs use oscillating electric fields to stabilize specific ion trajectories and thereby filtering ions of
selected m/z. In the next section, the set-up and working principle of Qs are described in more

detail.

lons with the same charge, but different mass have distinct velocities?'®. Assuming that the ion

was at rest, the velocity (v) of a mass of an ion (m;) after acceleration through an electric field
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(U) can be mathematical described as shown in Equation 6. TOFs utilize the velocities to

separate ions in a drift tube, in which lighter ions travel faster?'°.

Equation 6: Velocity of an ion after acceleration in an electric field.

2ezU

m;

A similar principle is used from magnetic sectors. lons are bent in a magnetic field, in which
heavy ions curve less than lighter ions. So, the degree of curvature depends on m/z. A
magnetic field is also employed in FT-ICR?%. Here, ions are excited into different circular orbits
perpendicular to the magnetic field and then they circulate based on their cyclotron frequency.
Based on the circulating ion, an image current is produced. This signal is translated into a
mass spectrum using FT2%%220 |n Orbitraps, ions oscillate in a static electric field and the

oscillation frequency correlates to m/z?'"?2', Orbitraps are described in more detail in 1.3.2.

Followed by the ion separation, the ion signals need to be detected, amplified and processed.
Common detectors include electron multipliers, Faraday cups, and microchannel plates. These
work in a similar way to electron multipliers?'”. In many systems separation and detection are
two distinct steps for instance in Qs and TOFs2°9222_ |n contrast to Orbitraps, which integrate

both steps seamlessly simplifying the system and improving precision.

Mass analyzers can be combined and sequentially implemented into mass spectrometers.
Instruments for native MS often combine Qs with another mass analyzer such as a TOF
analyzer or an Orbitrap?'®. Since a mass spectrometer equipped with Qs coupled to an Orbitrap
was used in this work, these two will be discussed in the next section as ion separators and

the latter as ion detector.
1.3.1. Quadrupole

A Q comprises four parallel cylindrical rods that are symmetrically arranged around a central
axis and are about 20 cm long. These rods consist of conductive material like stainless steel
and are paired opposite of each other???. The opposing pairs are electrically coupled, so either
a positive or negative potential is applied (cf. Figure 6). The applied potential is a combination
of a direct current (DC) and a radio frequency (RF) generating an oscillating electric field. Thus,
ions entering to the Q travel through the oscillating electric field. Whereas RF voltages alternate
and thereby attract and repel ions, the DC gives a steady force. The combination of both
stabilize the ion trajectory?®®??2, As a mass analyzer, voltages in the Q are applied in a way
that only ions of a specific m/z are stabilized, so that other ions with different m/z are ejected.
Depending on how the voltages are applied, Qs can be used as a mass filter. When DC and

RF is alternated, but the ratio kept constant, ions within a certain range of m/z values are
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transmitted, the others are non-resonant and will be ejected due to unstable trajectories (cf.
Figure 6)%22.

quadrupole rods

ion beam

Figure 6: Representation of a quadrupole scheme.
The ions (yellow) enter the quadrupole and the applied voltages of the electronics rods trigger ion oscillation. Only
ions with a certain m/z-value are stabilized (yellow), unstable or non-resonant ions (red) are ejected.

1.3.2. Orbitrap

Orbitraps consist of three electrodes: two outer electrodes and one central electrode. The
spindle-like central electrode aligns the two outer dielectric electrodes, together they generate
an electric field (Figure 7). First ion packets are injected into the orbitrap tangential to the
central electrode. Two opposing effects, the radial electric field and the tangential velocity,
forces the ions into complex spiral trajectories around the spindle??':223224_|nijtially, ions do not
exhibit well-defined radial motion. However, under appropriate conditions, they tend to stabilize
at a specific radial distance, forming a circular trajectory illustrated as ion rings in Figure 7. At
the same time, they continue to oscillate along the axial direction, which is initiated by the
conical shape of the central electrode. Since ions of different masses oscillate at different
frequencies both axially and radially, orbitraps can detect different ion species??*22%, The outer
electrode detects these oscillations as an image current at a certain time. Image currents and
time information are then amplified and converted into m/z signals by Fourier transformation.
The dynamic range of an orbitrap spans ca. 3-4 orders of magnitude in a single scan, which
means that ion abundancies differing by a factor of 1,000- 10,000 are reliably detected?2>22¢,
Orbitraps mass analyzer allow high mass resolution and accuracy without the need for a
superconducting magnet, making high-resolution MS more widely available?*'. FT-ICR mass
spectrometers require a lot of space, well-trained personnel and extensive maintenance. The
acquisition and energy costs are also high?®. Instruments optimized for high mass species

even allow the analysis of large biological complexes or even virus particles??7-2%1,

40



Orbitrap lon packets

Analyzer l

. —

Oscillating
ion rings

/

Amplifier

Figure 7: Schematic illustration of Orbitrap mass analyzer.
Nearly circular ion trajectories of three different sized ion species are illustrated in cyan, green and blue. lons are
sent in as ion packets and their oscillation is detected by the outer electrode. Detected signal is then amplified.

1.3.3. Protein complex dissociation

A major advantage of native MS is the ability to detect all species with their stoichiometries in
a complex mixture in parallel. To unambiguously assign oligomers or possible overlapping
peaks of two species, the ability of dissociation is indispensable. Hereby, a specific peak, the
precursor peak, can be isolated and protein complex components can be dissociated by
performing collision induced dissociation (CID). In CID, neutral gas atoms such as N, He, Ar
or Xe collide with the isolated complex transferring kinetic energy, which is partly converted to
vibrational energy or internal energy. After a certain number of accumulating collisions, the
elevated internal energy within the complex expels the subunit. Collisional activation induces
unfolding due to increasingly higher internal energy, and therefore the ejected subunit carries
more charges than the remaining, larger part of the complex'%%232, Hence, the ejected subunit
occurs in the lower m/z region, whereas the residual complex loses charges due to the

repulsion and can be detected at higher m/z.

CID experiments also contain indirect information on protein complex topology. Subunit
dissociation is influenced by three key factors. Firstly, smaller subunits are ejected more readily
than larger ones. Secondly, subunit located at the periphery are more likely to dissociate early
as they generally unfold more easily, although this also depends on their intrinsic structural
stability. Thirdly, the overall interaction surface area contributes to complex stability. Thus,
early subunit ejection may indicate low binding affinities due to small interaction interfaces. For
example, in Figure 8 the heterotetrameric complex nsp7.+8; is isolated and exposed to 75 eV

and 100 eV. Subsequently nsp7 and nsp8 subunits dissociate. Nsp7 is more than two times
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smaller than nsp8 and is ejected first at 75 eV. Thus, nsp7 sits at the periphery and is not
embedded by two nsp8 molecules. When the energy is increased to 100 eV, nsp8 is ejected
in addition to nsp7. Therefore, there are two dissociation pathways, which either indicate
similar binding contribution of nsp7 and nsp8 or indicate different gas-phase conformations of

the heterotetramer'“.

To be able to perform MS" experiments a combined set-up is required that allows at least two-
step mass analysis (MS?). A common set-up is a collision cell upstream of the second mass
analyzer, in which a constant pressure is set and that is filled with neutral gas. The level of
dissociation is usually controlled via an adjustable voltage that accelerates the ions entering
the collision cell. Depending on the speed ions undergo different numbers of collisions with the

inert gas while passing through the collision cell.

In orbitrap-based instruments, collisional activation proceeds in a separate collision cell, a
higher-energy C-trap. Higher-energy C-trap dissociation (HCD) follows the same principle like

CID, though the energy deposition is considered to be higher compared to CID?33:234,
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Figure 8: High-energy C-trap dissociation (HCD) of SARS-CoV-2 heterotetramer nsp72+8..
The precursor ion 14* peak is isolated. (A) Dissociation products detected at a collision voltage of 75 eV are nsp7

and nsp7+82. (B) Upon 100 eV, a second dissociation pathway occurs showing dissociation product ions of nsp8
and nsp72+8 in addition to nsp7 and nsp72+8.
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1.4. AlphaFold

The tertiary structure of proteins is of high interest, given its strong association with function
and its utility in designing therapeutic agents?®. Experimental determination of high-resolution
structures is labor-intensive, which is why the number of protein sequences increases more
rapidly than the number of structures resulting in the so-called sequence-structure-gap. To
address this growing gap, protein structure prediction represents the most efficient alternative
method to time-consuming experimental techniques?®. Considering traditional structure
predictions, it could be distinguished between de novo prediction, homology modeling, and

fold recognition.

Fold recognition, also known as protein threading, identifies structurally resolved proteins that
share the same overall fold with the target protein, and uses them as templates for modeling.
These template proteins are typically not homologous to the protein of unknown structure.
Threading methods are based on the assumption that there exists a finite number of distinct
protein folds. In contrast, homology modeling searches for evolutionarily related proteins
(homologs) with known structures to serve as templates. This approach relies on the principle
that protein structure is more conserved than sequence, meaning that even distantly related
proteins are likely to retain similar three-dimensional structures®’. While homology modeling
and fold recognition require available structures as templates, de novo e.g., ab initio prediction
models are mainly based on first principles. Predicting a protein’s structure solely from its
amino acid sequence, based on physical and chemical principles, demands substantial
computational resources?®. To overcome the computational challenge and to achieve high
quality models, protein threading and de novo modeling are oftentimes combined, e.g. in
Phyre22®®* and |-TASSER'™*240_ For example, I-TASSER combines multiple threading
alignments with ab initio refinement, and allows additional input from experimental
data’34240.241 \With the ongoing advancement of machine learning, existing protein modeling
frameworks have incorporated artificial intelligence (Al) techniques. For example, Rosetta
introduced the Al-driven prediction tool trRosetta?*?, followed by an improved version,
RoseTTAFold??3, which incorporated elements of AlphaFold 2 (AF2)%*. At the same time,
OmegaFold*® and ESMFold*® emerged leveraging language learning models to predict

protein structures.

The release of AF2 was a major breakthrough in predicting protein structure from sequence
with astonishing high accuracy?*’. Consequently, AlphaFold particularly AF2 greatly
contributed in closing the sequence-structure gap?*®. For instance, the coverage with protein

structures for the foldable regions of the human proteome is considered to be completed?*°.
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AF uses neural network attention-based architectures that integrate evolutionary, sequential,
and spatial information to predict protein structures. By using this approach AF2 outperformed
clearly at critical assessment of structure prediction 14 competition. High accuracy of the
predicted models were demonstrated by a reliable predicted local-distance difference test
(pLDDT) and an accurately determined predicted template modelling score (pTM-score)in AF2
and AF3250:2%1,

AF uses both multiple sequence alignment (MSA) representation and pair representation. The
MSA representation captures evolutionary relationships among homologous sequences,
enabling the model to learn how sequence variation relates to structural constraints. The pair
representation builds on this by translating evolutionary signals into spatial relationships,
incorporating geometric and physical features such as distance distributions, torsion angles,

and residue orientation2%0:252,

The key difference between AF2 and AF3 is how the networks, EvoFormer (AF2) and
PairFormer (AF3), refine initial structural predictions. Both architectures use attention
mechanisms including triangle multiplicative updates. In AF3, the pair representation plays a
more central role, enabling improved prediction of structures and interactions while reducing
reliance on deep MSAs?%2. Therefore, AF3 usually performs better in predicting proteins with

few or no homologs and in predicting biomolecular assembilies.

AF is trained on protein structures retrieved from the protein data bank (PDB), which comprises
mostly crystal structures?®3-2%, Therefore, AF is not trained on viral protein structures, since
fewer than 10% of PDB structures are viral proteins. This makes AF3 superior to AF2 for
predicting viral proteins. 2°42%_ However, both are clearly not trained for optimal viral protein

predictions.
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2. Aim and objectives

The aim of this work was to study the kinetics of nsp7-11 polyprotein processing of CoVs and
the potential influence on complex formation of nsp16. A quantitative method was to be
developed by using native MS, allowing for the precise determination of cleavage site kinetics
within their structural context. By examining the coordinated processing in four different CoVs,

insights into the assembly and formation of the RTC were expected to be derived.

Polyprotein processing is a common strategy in RNA viruses and the order of cleavage is
crucial for viral progeny, and has been studied in CoVs in vivo and in vitro3'-3393, While previous
studies have identified polyprotein intermediates in vivo and tracked nsp distribution, detailed
molecular kinetic studies remain challenging in cellular systems®+98.1%_ |n vitro approaches in
a- and B-CoVs have predominantly relied on peptide-based assays that lack structural
context®9%9.110  Although recent MS-based studies of SARS-CoV-1 and -2 have
demonstrated that structural features influence cleavage site kinetics, these studies only
provided semi-quantitative details on polyprotein processing of nsp7-1183''4, Due to the
presumable high degree of flexible motion of the polyprotein, it was not possible to resolve a
high-resolution structure of the polyprotein to date. There is one study investigating nsp7-11
polyprotein processing in SARS-CoV-2 using HDX-MS, which revealed the cleavage order and
structural details of the cleavage sites®®. However, while this approach provided local structural
information, it lacks the ability to directly detect cleavage intermediates and perform
quantitative kinetic analysis. Therefore, a quantitative strategy that integrates structural context

and enables precise monitoring of polyprotein processing would be highly desirable.

Many nsp functions were characterized and most contributed to the assembly of the large
replication machinery'32%". However, the stoichiometry and assembly pathway of RTC were
not well understood. Complex formation between nsp7 and nsp8 has been widely studied,
including during the processing of the nsp7-10 polyprotein in SARS-CoV-1%%14, However, the
interactions involving processing intermediates and mature nsps remained unexplored.
Polyprotein processing is a critical step in nsp maturation, and its intermediates can be
considered as proteoforms, potentially exhibiting distinct functions or serving transient

regulatory roles compared to their fully processed counterparts.

By using native MS, we aimed to directly detect all cleavage intermediates in parallel and to
determine cleavage rate constants, while preserving the structural context of MP™ processing.
Therefore, the first objective was to establish an approach that optimized and streamlined the
workflow of polyprotein processing and enabled the determination of kinetic rates for each
cleavage site using native MS. This involved optimizing the design of protein constructs,

sample preparation, and measurement strategies that were able to monitor fast and slow
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cleavage reactions. Furthermore, multiple processing intermediates generated complex native
MS spectra that required a sophisticated data analysis. The second objective was to establish
a data analysis approach that extracted precise kinetic rate constants from polyprotein

processing, in which multiple reactions occured simultaneously.

Once the novel method was implemented, delivering precise and quantitative analysis of
cleavage site kinetics using native MS, we were interested in deepening the comprehension
of polyprotein processing and underlying regulatory mechanisms. In order to gain a holistic
understanding of polyprotein processing across CoVs, two additional f-CoVs and one a-CoV
were included for comparative analysis. To achieve this, nsp7-11 constructs of SARS-CoV-1
and -2, MERS-CoV, and HCoV-229E were designed, and a protein purification protocol was
established to obtain nsp7-11 with authentic termini. In the subsequent native MS analysis, we
wanted to ensure consistency across species, which is why MP™° was used from a single CoV

species. Given its relevance in the recent pandemic, SARS-CoV-2 MP® was selected.

To investigate the impact of polyprotein processing on complex formation, we performed
in vitro interaction studies using nsp16, a methyltransferase that plays a crucial role in the
proofreading function of the RTC. The objective was to test the binding potential of the
polyprotein by assessing the interaction between processed and unprocessed nsp7-11

polyprotein and nsp16.

Experimental data in conjunction with bioinformatic tools ought to give mechanistic insights
into regulatory aspects of MP® cleavage acitivty. To gain deeper molecular insights into
polyprotein processing, structural models were predicted using AF. These models were then

interpreted alongside the data and sequence alignments.
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3. Results and Discussion

3.1. Polyprotein production
3.1.1. Protein production of coronaviral nsp7-11 constructs

In order to investigate the order and kinetics of nsp7-11 polyprotein processing in SARS-
CoV-2, we started with two protein constructs containing a polyhistidine-tag (Hiss) on either
the N- or the C- terminus (nsp7-11N and nsp7-11C, respectively). Over the course of the
experiments, we recognized potential effects on MP™® cleavage activity of the non-cleavable
Hise-tag. Therefore, we also designed nsp7-11 constructs using an N-terminal Hise-SUMO-tag
strategy to produce untagged nsp7-11 with authentic termini. Four CoV nsp7-11 constructs
were designed: SARS-CoV-2, SARS-CoV-1, HCoV-229E and MERS-CoV.

Protein production for nsp7-11C/nsp7-11N was carried out in a similar way to that for SUMO-
Hise-nsp7-11. In order to obtain nsp7-11 with authentic termini, an additional overnight
cleavage step had to be included. The SUMO-tag was seamlessly removed by using the
SUMO-specific protease ULP-1 (ubiquitin-like-specific protease 1) to produce nsp7-11 with

native termini (Figure 9).

Proteins were lysed, purified, and directly buffer exchanged into the MS-compatible buffer
surrogate ammonium acetate to achieve the best possible polyprotein folding for native MS
measurements (Figure 9 A, B). SDS-PAGE showed nsp7-11 of the four CoVs with Hiss-
SUMO-tag around ~ 75 kDa fitting to the size of 73.36 kDa, 73.42 kDa, 73.34 kDa, and
72.75 kDa for SARS-CoV-2, SARS-CoV-1, HCoV-229E and MERS-CoV, respectively. After
SEC runs, pure nsp7-11 was obtained with cleaved SUMO-tag. In SEC, ULP-1 was eluted
consistently in the range of 17-19 ml, while nsp7-11 was eluted in the range of 10-16 ml

peaking slightly different for the four constructs.

During protein purification samples were taken at each step to ensure proper protein
purification. Elution fractions from immobilized metal (Nickel resin) affinity chromatography
(IMAC) appeared to be pure in SDS-PAGE, so it was checked if an additional IMAC step could
pull out Hise-tagged ULP-1 (Figure S2). While ULP-1 pull-out was successful, the Hise-SUMO-
tag remained in the sample and was visible in native MS (Figure S3). Thus, the subsequent

SEC-step was necessary to achieve pure, tag-free nsp7-11 with authentic termini.

In the end, the complete processing reactions were verified for all constructs (Figure 9 B,
Figure S4) as done in previous studies®2%8, It can be concluded that all constructs were
produced purely without noteworthy contaminants. Constructs were purified using IMAC
followed by SEC, whereby the SUMO-Hises-constructs were digested for 20 h with ULP-1
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between IMAC- and SEC-step. All proteins were then directly buffer exchanged into MS buffer
without freezing the protein.

A Production of SARS-CoV-2 nsp7-11C and nsp7-11N polyprotein
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Figure 9: Graphical description of sample preparation of nsp7-11 polyprotein constructs.

(A) SARS-CoV-2 nsp7-11 with C- and N-terminal Hiss-tag were recombinantly expressed in E. coli. and purified by
IMAC and SEC. Plus, SARS-CoV-2 main protease (MP™) was produced as previously described?®°. Prior to MS
analysis the samples were exchanged into the volatile MS buffer surrogate ammonium acetate to prevent mass
adduct formation. (B) SUMO-Hiss-tagged protein constructs were recombinantly expressed in E. coli and affinity
purified. Samples were also directly exchanged into MS buffer surrogate ammonium acetate. (C) SDS-PAGE shows
nsp7-11 of the four hCoVs before and after cleavage of the SUMO-tag with ULP-1. For comparison with native MS
data, third lane shows nsp7-11 processing products after overnight incubation with MP. (D) SEC was conducted
to obtain pure nsp7-11 for SARS-CoV-2 (blue), SARS-CoV-1 (orange), HCoV-229E (yellow) and MERS-CoV
(green). SEC runs depict absorbance in mAU from a UV-sensor and show nsp7-11 elution from ~ 10-16 ml and
ULP-1 elution from ~17-19 ml.
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3.1.2. Complete processing of nsp7-11 polyprotein

Following successful pure protein production, complete digestion of all polyprotein constructs
was initiated by adding MP™. This allowed to verify the functionality of the polyprotein
processing before moving on to the more complex time-resolved experiments. MP™® of SARS-
CoV-2 was used as chimera and therefore we wanted to validate complete or near to complete
processing. In addition, known and possible new complex formations of nsps were also

analyzed and validated.

First, polyprotein processing of all constructs was successfully performed and cleavage
products were determined experimentally in native-like conditions confirming the four naturally
occurring and conserved cleavage sites: CS7/8, CS8/9, CS9/10 and CS10/11 (Figure 10,
Figure 11). All purified constructs showed pure native mass spectra without noteworthy

contaminants alleviating time-resolved polyprotein processing experiments.

Unprocessed polyproteins of nsp7-11C and nsp7-11N showed pure spectra with no
contaminants. The charge state distribution of unprocessed nsp7-11C showed a weak bimodal
charge state distribution with main charge states from 15+ to 12+ and less abundant charge
states from 18+ to 16+. This is in contrast to the monomodal charge state distribution of

nsp7-11N, which may indicate a different influence of the Hiss-tag on nsp7-11 folding.

The products from nsp7-11C (60.9 kDa) and nsp7-11N (61.1 kDa) differed as expected in the
presence of the Hise-tag in either nsp11-Hiss or Hiss-nsp7, respectively. Furthermore, we
observed the known heterotetrameric protein complex nsp7.+8; (62.2 kDa and 65.1 kDa) for
either construct (Figure 10 B). Hence, the N-terminal Hiss-tag does not impair complex
formation, which indicates proper folding of the proteins. Here upon polyprotein processing,
the formation of the heterotetrameric complex of nsp7:+8; could be shown despite the
heterogenous composition of processing products highlighting the specificity of this complex.
The processing products could also be confirmed by SDS-PAGE, albeit with lower resolution

and without details on non-covalent complexes (Figure S4).

In the nsp7-11N experiments, the Hise-tag at nsp7 sometimes appeared to break off during the
native MS measurements, resulting in more mass species, namely nsp7-Hiss and nsp7, and
in the heterotetramer depicting either one or two nsp7-Hise (Figure 10 B). Interestingly, an
nsp7-Hiss/nsp8 heterodimer was not detected, suggesting that heterodimer stability is reduced
when formed with nsp7-Hiss, thus promoting heterotetramer formation. The higher abundance

of heterotetramer formed with nsp7-Hiss supports this hypothesis.
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Figure 10: Unprocessed and processed nsp7-11C and nsp7-11N polyprotein in native MS.

(A) Native MS spectra of unprocessed polyprotein nsp7-11C (left, 20 uM) and nsp7-11N (right, 10 yuM) are shown.
Samples appear to be pure without any contaminations. (B) Deconvoluted mass spectra of fully processed
nsp7-11C with MP™ (left, 20 uM : 10 uM) and nsp7-11N with MP™ (right, 20 uM : 10 uM) are shown. Heterotetramer
nsp72+82 forms despite the hetergenous composition of processing products, albeit the non-cleavable Hise-tag of
nsp7 appears to break off occasionally.

Native MS of unprocessed tag-free nsp7-11 polyprotein showed predominantly pure samples
for all CoVs tested, consistent with SDS-PAGE (cf. Figure 11, Figure S4). It is interesting to
note that the charge state distribution is similar in SARS-CoV-1 and SARS-CoV-2, with three
to four dominant charge states (16+/15+ to 13+), whereas in MERS-CoV and HCoV-229E the
charge state distribution is broader, with charge states ranging from 16+ to 11+. The lower
charge states in HCoV-229E and MERS-CoV may indicate more compactly folded nsp7-11
conformations (Figure 11 A) The potential presence of different conformational nsp7-11 may
imply that HCoV-229E and MERS-CoV polyprotein processing differs from SARS-CoV-1 and
SARS-CoV-2.

Mature nsps were detected in all CoV tested, although nsp10 was detected in very low
proportions (< 1%) in MERS-CoV and HCoV-229E. MERS-CoV nsp10 occurs mainly still
bound in nsp10-11 or nsp9-11 (Figure 11, Figure S5) Furthermore, heterotetrameric
complexes nsp7,+8; were detected for all CoVs and nsp7.+8 complexes for MERS-CoV and
HCoV-229E were detected as shown in a previous study® underlining the specificity of these

complexes (Figure 11, Figure S4).
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In summary, we used SARS-CoV-2 MP™ to analyze cleavage reactions with two Hiss-tagged
SARS-CoV-2 polyproteins and four tag-free nsp7-11 of four CoVs. The characteristic charge
state distributions of polyproteins imply slight differences in their overall folding. Furthermore,
native MS confirmed that all four cleavage sites (CS7/8, CS8/9, CS9/10 and CS10/11) were
cleaved in each strain despite the usage of chimeric MP™®. After quality assessment and

validation of complete processing, time-resolved experiments were started.
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Figure 11: Native MS of unprocessed and processed nsp7-11 polyprotein.

(A) Representative native mass spectra of unprocessed nsp7-11 polyprotein of four CoV: SARS-CoV-2, SARS-

CoV-1, MERS-CoV and HCoV-229E. Deconvoluted mass spectra of processed nsp7-11 of SARS-CoV-2 (B),

SARS-CoV-1 (C), MERS-CoV (D) and HCoV-229E (E) after overnight (24 h) incubation with MP™© (18 : 3 uM) at 4°C.

Mass spectra were deconvoluted with UniDec.
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3.1.3. Discussion

In total, six different nsp7-11 proteins were produced. Three different nsp7-11 SARS-CoV-2
proteins were produced, two of which contained an uncleavable Hise-tag (nsp7-11C/nsp7-11N)
and one construct was produced with authentic termini. The other three constructs that were
produced were tag-free nsp7-11 from SARS-CoV-1, MERS-CoV, and HCoV-229E. After
protein production, firstly, all nsp7-11 constructs were tested unprocessed using native MS. In
this way, possible distorting contaminant proteins could be detected and were not later
confused with processing products during time-resolved measurements. Furthermore, MP™©

was added and incubated overnight to check fully processed polyproteins.

SEC chromatograms looked similar for MERS-CoV, SARS-CoV-1 and -2 and different for
HCoV-229E. SEC elution profiles can provide information on the heterogeneity of a sample
e.g. aggregation, conformations, but SEC needs to be equipped accordingly e.g., UV
absorbance and light scattering sensors?®®. The SEC chromatograms only depict UV
absorbance, which mainly informs about particle concentration?®°. Therefore, it can only be
speculated if the shoulder peak prior to the nsp7-11 elution peak depicts protein aggregation,
incomplete separation or interaction with other proteins in the sample. While SEC fractions in
SDS-PAGE depicted only a band assigned to nsp7-11 (cf. Figure S6), native MS of
unprocessed nsp7-11 showed low intensity contaminants of tag-free nsp7-11 in SARS-CoV-1,
HCoV-229E and MERS-CoV. It is therefore possible that partially interacting proteins such as
chaperones are eluted together with nsp7-11, reflected as preceding shoulder peak in the SEC
chromatograms. The contaminant proteins detected in native MS match the mass of
chaperones e.g., ~69 kDa to the mass of DNAK (cf. Figure S5 C). This underlines how
sensitive native MS is as SEC fractions of the main peak were taken and SDS-PAGE showed

clean nsp7-11 bands.

A native MS study has shown that a bimodal charge state distribution reflects unfolded and
folded protein states at suboptimal conditions?®'. However, bimodal charge state distributions
do not necessarily mean protein unfolding, but often reflect two distinct conformations in
solution as most proteins adopt more than one conformation??. The weakly bimodal charge
distribution of nsp7-11C either indicates partially unfolded protein conformations or just two
distinct conformations (Figure 10). However, during protein preparation nsp7-11C did not
show significantly higher levels of aggregation or clogging on centrifugal filters or within the
capillary than the other constructs. Thus, it is likely that the more flexible C-terminus of nsp7-11
adopts two distinct conformations in nsp7-11C that are visible in native MS. In contrast to
nsp7-11N, in which the Hiss-tag is linked to the more rigid nsp7 compared to nsp11. There are
a few parameters that define the charge uptake during ESI. The solvent exposed surface area
is likely a key parameter dictating the amount of charges during ESI?®32%4, Therefore, the
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charge states 11+ and 12+ of untagged nsp7-11 in MERS-CoV and HCoV-229E are

noteworthy (cf. Figure 11) indicating more compactly folding of nsp7-11.

In our native MS analysis, three different SARS-CoV-2 constructs were examined, all of which
yielded a similar profile of detected species. Among these, the nsp8 monomer was the most
abundant. Based on prior experiments, nsp8 tended to aggregate when frozen protein samples
were used. This suggests that nsp8 could serve as a useful indicator for evaluating the
condition of the protein and any changes to its structural state and thereby reducing the ability
to form complexes. Therefore, we investigated whether the extended protocol for the SUMO-
Hise-nsp7-11 construct would reduce the formation of heterotetramers, but this does not
appear to be the case (cf. Figure S7). When the relative intensity of these two heterotetramers
(Hise-nsp72+nsp8; and Hise-nsp7+nsp7+nsp8;) is added together, it is approximately equal to
the intensity of the heterotetramer (nsp7,+8;) from processed nsp7-11 with authentic termini.

Heterotetramer formation in nsp7-11C is slightly reduced, though not significantly.

Fully processed nsp7-11N showed nsp7 with and without Hiss-tag, approximately 1/3 to 2/3
ratio. However, spectra with unprocessed nsp7-11N showed no mass species without Hiss-tag.
It is therefore logical to assume that an unintended cleavage of MP™ occurred. Looking at the
sequence of the Hiss-tag (ASRGSHHHHHHGA) there is no Q present, which is a requirement
at P1 for MP™ canonical cleavage. There are reports of M and H occasionally tolerated at P1,
but usually only with very specific P1' partners (A or S)?°2¢6, However, the absence of Q and
the relatively weak resemblance of the Hiss-tag to any known or suspected MP™ sites makes
an unintended MP™ cleavage unlikely. Protease activities during expression and subsequent
unspecific carry over is a possibility. However, native MS of unprocessed nsp7-11N could not
detect any polyprotein species without Hise-tag. Consequently, only the explanation of the gas
phase fragmentation remains. Unintentional gas-phase fragmentation would be conceivable
under harsh HCD conditions, but HCD conditions were gentle with little voltage applied
(15 eV). Additionally, a clean fragmentation of the entire Hise-tag appears to be a rather
unlikely scenario, since even gentle CID/HCD breaks preferentially after P, N or E and rather

not after A%7:268, However, gas phase fragmentation is the more probable explanation.

In the end, six nsp7-11 polyprotein products were successfully produced, showing high quality
and purity as confirmed by SDS-PAGE and native MS. Polyproteins of SARS-CoV-1 and -2
were fully processed by MP©, while those from MERS-CoV and HCoV-229E showed near-
complete processing. The nsp7-11N construct showed two distinct nsp7 species, one of which
lacked the Hisg-tag. The mechanism behind this observation remains unclear. However, the
complex formation appears to be comparable to that of the other constructs. Overall, all

produced polyproteins are suitable for time-resolved polyprotein processing studies. It should
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be noted, however, that native MS spectra of nsp7-11N may be more complex due to the

presence of two nsp7 species.
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3.2. Method establishment

For the time-resolved polyprotein processing experiments MP® was added to nsp7-11. The
polyprotein was always in excess, usually in a six-fold excess relative to the protease. The
functional MP started to cleave immediately and native MS data were acquired over time. We
conducted two different approaches to measure time-resolved polyprotein processing, which
are presented later in this work. The time parameter added another dimension to data analysis,
making it more complex. The complete polyprotein processing already showed at least ten
distinctive nsp species, and the cleavage reaction was expected to produce more species.
Assuming that approximately 15-20 species can occur and that are detected simultaneously,

this results in at least about sixty peaks per spectrum.

Time-resolved measurements of polyprotein processing yielded complex MS spectra at
different time points, resulting in many species and many spectra that had to be deconvoluted.
However, the development of MetaUniDec substantially facilitated high-throughput analysis of
native MS data sets, such as the one presented here?®. Since MetaUniDec allows the
deconvolution of mass species and the extraction of peak intensities in a high-throughput
manner, it seemed to be an ideal tool for analyzing our data. Hence, we first analyzed our data
with MetaUniDec. During data analysis with MetaUniDec we encountered a few problems
analyzing our complex data set with this software, which is why we developed a custom Python
script in the end. The following chapter describes the reasons why a Python script was
developed and it provides a comprehensive overview of the basic principles that were
performed by the custom script. The two main aspects were to extract precise intensities for
the detected mass species and to further process the data so that kinetic rates are determined
for each cleavage sites. For determining kinetic rate constants, an exponential model was fitted

to the data that reveal the cleavage activity at each site over time.
3.2.1. Extraction of exact intensities

MetaUniDec offers automatic peak picking in a high-throughput manner and some subsequent
graph plotting?®®. Therefore, we initially conducted data analysis using UniDec and
MetaUniDec?'?. Here, we describe the challenges we encountered and explain why data

anlysis was ultimately conducted using a customized Python script.

Prior to data analysis using MetaUniDec, single spectra were analyzed using UniDec on a
sample basis. While UniDec deconvoluted low abundant mass species in single spectrum
analysis, MetaUniDec did not deconvolute reliably all of these. For example, UniDec detected
nsp10-11 in MS spectra of SARS-CoV-2 nsp7-11 polyprotein processing at 200 min, 270 min
and 320 min, but not at the first three time points. Thus, especially low-intensity species have

been overlooked in our example, though the peak picking threshold was set to 0.0001. This
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setting enables in theory the software to pick peaks with intensity differences of 10*. In the
case of nsp10-11, the difference to the highest peak of nsp7-11 is approximately 10% (cf.
Table S1). Furthermore, removing noise peaks to facilitate automatic peak picking and peak
assignment by using an intensity threshold of 0.0003 in the data processing window, did not

let the software to detect nsp10-11 peaks.
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Figure 12: MetaUnidec analysis of SARS-CoV-2 nsp7-11 polyprotein with authentic termini.

This analysis shows one representative run of time-resolved measurements without technical replicates at each
time point. (A) Deconvoluted mass spectra (rainbow) show decreasing and increasing relative intensities of mass
species at indicated measured time points. The inset black mass spectrum combines all deconvoluted species that
were detected over the time. (B) These intensities of all mass species were normalized and plotted over time as
line plot. Peak normalization was performed so that the sum of all peaks assigned at each time point is 100%.
(C) Deconvoluted intensities of all mass species are depicted as bar plot.
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To sum up, while UniDec deconvoluted nsp10-11 in spectra of the three last time points,
MetaUniDec did not deconvolute this species at all (cf. Figure 12, Figure S8). Interestingly,
however, Marty and coworkers did not encounter differences in performance when comparing
UniDec to MetaUniDec?°. One possible explanation for this discrepancy could be that because
UniDec failed to detect the species at every time point, MetaUniDec likely omitted it from the
analysis entirely. Additionally, the edge peaks of a respective peak series were sometimes
missed, suggesting that the heterogeneity of the spectra could present a possible limitation for

precise peak deconvolution using UniDec.

Furthermore, the analysis of triplicate measurements with MetaUniDec is possible, but did not
offer calculation of average and standard error or options to fit data with mathematical models.
The latter was especially important for the determination of cleavage rate constants, which is
explained in 3.2.3. As the next step was to further process the extracted intensities, it became
clear that a custom Python script would be the most appropriate solution to process our
complex data sets.Therefore, we established a customized Python script that conducted the
following steps: (1) reading acquired data, (2) deconvoluting peaks at each time point using a
peak list table, (3) multiplication of species intensities based on protein domains, (4)
assignment of substrate species to cleavage sites and normalization, and (5) data fitting to an
exponential model. The steps one and two comprise the extraction of the intensity and are

described in this section. Steps (3) to (5) are described in 3.2.3.

The first part of the script extracts the intensities for the mass species, for which it required two
different inputs: (1) all data files as text files, and (2) a peak list table in comma-separated

values file (CSV) format.

The peak list was generated manually with the support of UniDec and by manual peak
assignment. It included the columns ‘Name’ for the name of the species, 'Charge states’ for
the charge states, and ‘m/z min’ and ‘m/z max’ for defining the peak intervals. The 'Name' and
'Charge States' columns were used to assign unambiguously the extracted AUCs from the
peak intervals to the mass species indicated in 'Name'. The peak intervals specify exactly the
start (m/z min) and the end (m/z max) of the peak as illustrated in Figure 13 A. A table of
representative species in SARS-CoV-2 nsp7-11, nsp7-8 and nsp10-11 is shown in
Figure 13 B. By using the peak list for deconvolution, low intensity species such as nsp10-11
were reliably included into the data analysis. As shown in Figure 13, the AUCs of two clear
peaks of nsp10-11 were extracted and totaled as nsp10-11 species intensity. Thereby, a
species that could not be properly deconvoluted with MetaUniDec, was deconvoluted by using
the peak list in the custom Python script. Thus, our Python script allowed the inclusion of low

species intensities.
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Figure 13: Selected peaks are shown with corresponding peak list and plots of peak intervals.

(A) Peak intervals ‘m/z min’ to ‘m/z max’ are plotted and show exemplary charge states (z) of nsp7-11, nsp7-8 and
nsp10-11 from which the area under the curve (AUC) is extracted. The extracted AUCs are then assigned to the
respective species and totaled as species intensitiies. These species intensities were then further processed. (B) A
respective peak list as shown here, including ‘Name’, ‘charge states’ and peak intervals was generated and fed into
a custom python script.

Furthermore, the two plotted charge states of nsp7-8 show that this species can occur with a
number of sodium adducts. Adduct peaks contribute to species intensities and should be
included as well. However, adduct peaks reduce performance from UniDec?'0211.269 By
cautiously establishing a custom peak list for the polyprotein processing experiments, it is

ensured that intensities of adducts peaks and low abundant peaks are included as well.

After feeding the Python script with the data and the peak list, deconvolution and extraction of
corresponding intensity was performed at each time point. The script extracted the intensity of

each mass species by taking the sum of the AUC for each respective peak of the mass species,
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as defined by the peak intervals. Ultimately, the intensity of each mass species was extracted

at each time point.

Overall, the first part of the customized script compensates for potential inaccuracies and
integrates missing species. In addition, it enables precise control of the extracted intensities
via the peak list, thereby allowing control of deconvolution from mass species. Further
processing of the data using Python is also facilitated. However, during the creation of the peak

list, we identified a few relevant peak overlaps that needed to be corrected.
3.2.2. Peak overlap correction

We detected some substantial peak overlaps that distorted time-resolved polyprotein
processing analysis. There are different approaches to estimate proportional intensities for
each overlapping species. One of them predicts contribution of the overlapping peak based on
expected peak distribution assuming that the respective peak distribution follows a near-
Gaussian pattern?%2’'. A more straightforward approach is to estimate proportional peak
contribution based on adjacent neighboring peaks, which will be explained more in detail in

this section. The implementation into the Python script can be found in 6.3.1.

Representative examples of relevant overlapping peaks in the polyprotein processing of the
untagged SARS-CoV-2 and MERS-CoV nsp7-11 polyproteins are shown in Figure 14 A.
Here, the starting substrate nsp7-11 (z = 15) overlaps with MP™ dimer (z = 17). Furthermore,
there is a peak overlap in the late stage of polyprotein processing when nsp8; dimer appears.
Nsp8, dimer (z=11) also overlaps with MP® dimer (z=17) (Table 2). HCD at m/z 3979
validated both underlying species of the overlapping peak after complete processing of
nsp7-11 (Figure 14 B).

Assuming that nsp7-11 and MP™, dimer have similar ionization patterns, overlapping peaks
from both species are proportional to their respective intensities in adjacent non-overlapping
peaks (Figure 14 A). Thus, the following steps were conducted to estimate the contribution of

each species to the overlapping peak.
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Figure 14: Peak overlap of MP™; with SARS-CoV-2 nsp7-11 polyprotein and nsp8..

(A) Peak distribution of SARS-CoV-2 nsp7-11 polyprotein and MP™®. Representative mass spectrum at 390 min
showing peak overlap between nsp7-11 and MP™ during polyprotein processing at time point 390 min. Peaks
corresponding to nsp7-11 are colored in light blue, while peaks for MP™, dimer are colored in grey. The dotted lines
were manually drawn to highlight the near-gaussian distribution of each peak series. Both peak series exhibit four
peaks, with two similarily dominant peaks. For MP™, the main peaks correspond to charge states z= 17 and z = 16;
for nsp7-11, they correspond to charge states z = 15 and z = 14. The first main peak of each series, z = 17 for MP™©,
and z = 15 for nsp7-11, contributes to the observed overlap. (B) Exemplary HCD spectrum of peak overlap from
nsp82 dimer/MP™2 dimer. Precursor peak m/z 3979 is either nsp82 dimer (green), z =15, or MP™, dimer (grey),
z=17. Upon HCD at 187 eV, homodimers of MP™, and nsp82 dissociate into monomers

Firstly, the adjacent equivalent peaks were identified. Therefore, the adjacent peaks used were
z = 16 for MP™, dimer and z = 14 for nsp7-11, which means the equivalent adjacent peak was
z=j-1o0r z=n-1. Secondly, using the peak intervals as described above, AUC of these
adjacent peaks were extracted and summed in order to calculate ratios. Ratios and
subsequent estimation of peak contribution were calculated for each peak using the following

Equation 7-Equation 8:

Equation 7

1nsp7—11, adjacent

Insp7—11, overlap = I 'Itotal, overlap

nsp7-11, adjacent + IMpro, adjacent

Equation 8

IMpro, adjacent

IMpro, overlap = I 'Itotal, overlap

nsp7-11, adjacent + [Mpro, adjacent

Here, Itotar, overiap IS the total AUC of the overlapping peak at m/z 3979. The calculation of the
contribution of each species to the peak overlap could be generalized expressed in

Equation 9.
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Equation 9

[A, z=1i-1

[A, z=i= '([A, z:i+IB, z:n)

Iy, z=i-1+ Ip, z=n-1

By using this approach, peak AUCs that contributed to the species intensities were corrected
according to their intensity proportionality. This was particularly important for the initial
substrate, nsp7-11. As this species is included for the calculation of each cleavage site, precise
intensity extraction was essential. With the implementation of this approach in the custom
Python script (6.3.1), the initial step, accurately extracting the intensities of each substrate

species, has been completed.

Table 2: Species with overlapping peaks are listed with overlapping charge states.

Construct Species A Charge state Species B Charge state
(2) (2)
SUMO-nsp7-11 nsp7-11 15 Mpre, 17
SARS-CoV-2
SUMO-nsp7-11 nsp7-11 15+ nsp8z 11
SARS-CoV-2
SUMO-nsp7-11 Mpro, 17 nsp8; 11
SARS-CoV-2
SUMO-nsp7-11 nsp7-11 15 Mpro, 17
MERS-CoV
SUMO-nsp7-11 nsp8; 11 MPro, 17
MERS-CoV

3.2.3. Calculation of kinetic rate constants using native MS

In the next step, we wanted to calculate kinetic rates for each cleavage site. By using native
MS, all occurring cleavage products can be detected in parallel and hence be monitored over
time. This allowed us to simplify the complex processing reaction by assigning the intermediate
species to their respective cleavage sites. In this way, conversion rates of the cleavage sites
could be investigated and subsequently rate constants could be determined. The second part
of the custom Python script performed the required data processing, which comprises the three
steps mentioned above: (3) domain correction by factorizing species intensities (6.3.2), (4)
assignment of substrate species to cleavage sites and normalization (6.3.3) and (5) data fitting
to an exponential model and subsequent determination of kinetic rates (6.3.5). These three

steps are explained in more detail in this section.
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Domain correction was conducted to improve the quantitative determination of cleavage site
kinetics as it more accurately reflects the natural occurrence of the species in solution.
Therefore, relative intensities of each intermediate species were multiplied with an individual
factor. The factor depends on the number of domains of the species and compensates the
different ionization efficiencies. This is required, because upon processing these domains
mature to five nsps. Thereby processed nsp7-11 results in five nsps, which are detected by
MS and theoretically result together in five times higher intensities than their original species,
nsp7-11. However, it would be logical for all end products together to have approximately the
same total intensity as the starting product. Therefore, nsp7-11 is multiplied by five as it
comprises five domains. Equation 10 shows a representative multiplication array for untagged
nsp7-11 of SARS-CoV-2.

Equation 10

m= 5" 1nsp7—11 +4- 1nsp7—10 +3- 1nsp7—9 +2- 1nsp7—8 +3- 1nsp9—11 +2- 1nsp9—10 +

2- 1nsp1o—11

After domain correction, the intensities of all assigned species were normalized to 100% at

each time point. This is implemented in the Python script using the following Equation 11.

Equation 11

normalized _ tji
At,ji =
St,j

Here, a,;,; is the intensity for each species /i of repetition j at time point t. s, ; is the sum of
intensities over all species at time t and repetition j. Thus, each intensity of a species is scaled
as a proportion of the total intensitiy per time point. Mean and standard error of the mean were
calculated reflecting the spray variation within the technical replicates. Normalized intensities

are denoted as relative intensities.

Following normalization, substrate species were assigned to the cleavage sites. This was a
necessary step to eventually determine kinetic rates constants for each cleavage site. For this,
the relative intensities of all substrates containing the intact specific cleavage site are summed
for each time point and plotted over time (Figure 15 A). For instance, for CS7/8 the
intermediate species nsp7-11, nsp7-10, nsp7-9 and nsp7-8 contain an intact CS7/8, therefore
all of them are summed for each time point and plotted over time. For CS10/11, substrate
species nsp7-11, nsp7-10 and nsp10-11 contain the intact cleavage site CS10/11 and were
thereby considered. The same principle of assignment was employed for CS8/9 and CS9/10
(Figure 15 B). Then the relative intensities of the substrate species were summed according

to the cleavage sites, and means and errors were calculated from the technical replicates for
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each cleavage site. In this way, the multi-reaction process was simplified to a first-order

reaction.

In the last step, the data were fitted to an exponential model to determine kinetic rate constants.
(Figure 15). Mathematically, first-order kinetics can be described using an exponential
equation or using a logarithmic equation (Equation 12). [4], is the initial concentration and

[A]; the concentration to a specific timepoint t.272

Equation 12: Algebraic expressions of first-order reactions.
First-order kinetics can be expressed either using exponent (1) or using logarithm (2).

D) [l = [Aloe ™™ (2) In[A] () = In[A] (o) — kt

This equation can be applied to native MS data, since ion intensity is assumed to be
proportional to concentration?32’4,  Therefore, the equation was slightly adjusted
(Figure 15 B). In order to determine rate constants k, the data had to be fitted to the equation
in Figure 15 B. For this, we employed the least-square method to find the best fit and to extract
rate constants k, which were calculated based on the slope. To implement this in the custom
Python script, we employed ‘gmodel’ from the model class ‘Imfit’?’>, which allowed to wrap the
pre-defined first-order function as a fitting model. To obtain the fitting parameters from the
script, k and k_error were printed as output. In this way, cleavage site kinetic rate constants
were determined.
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Figure 15: Scheme of two native MS approaches and extraction of cleavage site kinetics.

(A) A home-made Python script was fed with acquired spectra (m/z-spectra) and a peak list defining respective
peak interval for each intermediate species. The AUC was totaled and assigned to mass species at specific time
points by looping over the data. Then, the relative intensities of mass species were plotted over time. (B) In the next
step, the mass species were assigned to their respective cleavage sites, considering only those mass species that
had the respective intact cleavage site, as indicated by the mapped species. The relative intensities assigned in
this way were summed and plotted as intensities of the cleavage sites over time. The data were fitted with the
specified exponential model and kinetic rates were extracted for each cleavage site based on the slope.
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3.2.4. Discussion and summary

The analysis of time-resolved polyprotein processing required handling complex native MS
spectra containing multiple species. The high dynamic range and resolution of Orbitrap
instruments enabled the detection of low-intensity species, which increased the total number
of observable species significantly. However, this complexity posed challenges for data

analysis.

UniDec and MetaUniDec, developed by Marty and coworkers, provide a sophisticated software
for automated deconvolution, including batch processing of large datasets?'%2%%27¢, Despite
their capabilities, the function of automated peak detection in our case failed to fully assign all
species and occasionally missed peaks belonging to a given species. Furthermore, it was not
possible to compute mean and standard errors within MetaUniDec. Collectively, this led us to

opt for a fully integrated approach using a custom Python script.

The deconvolution step, which requires a pre-defined peak list was the primary bottleneck of
our script. Accurate definition of peak intervals was critical at this stage, as the precision of
intensity extraction directly impacts the reliability of subsequent analysis. Once the peak list
was established, data processing proceeded automatically. However, the script could not
inherently detect peak overlaps. These were identified during peak list generation and
addressed using an intensity proportionality approach as described above. For example, at
early time points, the MP™, dimer exhibited low intensity due to its 1:6 molar ratio relative to
nsp7-11. As processing progressed and nsp7-11 decreased, the MP°, dimer contributed
increasingly to the shared peak, eventually becoming the major component. Correcting for
such overlaps was essential, as each cleavage site's quantification depended on the accurate
measurement of nsp7-11 depletion. Similarly, while the nsp8 dimer increased over time, it only

became a significant species after complete processing; prior to that, its intensity is negligible.

While the intensity proportionality approach is straightforward, it may be insufficient for
resolving overlapping species with substantial size differences. The intensity proportionality
approach is based on the assumption that the intensity of an overlapping peak is proportional
to that of a respective neighboring, non-overlapping peak. This assumption relies on similar
ionization efficiencies of the overlapping species A and B, which becomes increasingly invalid
as the size difference between proteins increases. Furthermore, it is important that the
adjacent peak is similarly significant within the A and B peak series. For example, it would be
problematic when the adjacent peak in peak series A would be the main peak for species A,
while the adjacent peak in peak series B is an edge peak. In such a scenario, the assumption
of our approach would no longer be valid. Fortunately, this was not the case in the peak

overlaps we identified, so it was valid to use this rather crude approach. Thus, a quick
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implementation into the custom code was possible. However, employing peak proportion
calculations based on Gaussian distribution fitting models would improve accuracy and would
be a more robust approach considering such scenarios. The assumption of this approach is
that relative intensities of the peaks follow a near-Gaussian distribution and can be therefore
fitted with a Guassian fitting model. This would mean to fit the total peak distribution of the
overlapping species A and B across their charge states. The fitting can then be used to predict
the contribution of the overlapping peak from each species?’%?’”. Considering the entire peak
series in A and B and subsequent Gaussian peak fitting would solve the problem of non-

equivalent adjacent peaks in the proportionality approach.

The second part of the Python script performed factorization based on the domains,
normalization, assigned substrate species to the cleavage sites, fitted the data to an
exponential model, and extracted kinetic rate constants for each cleavage sites. Factorization
based on domains is an approach to approximately compensate for the fact that one nsp7-11
species is processed into five species. Therefore, there is a high probability that the resulting
total ion intensity of the five mature species is higher than that of the original one. In addition,
ionization efficiency is affected by molecular weight and charge states?’®. This suggests that
the intensity of the detected species, which vary in size, is affected differently due to
heterogeneity and ionization efficiencies. Therefore, a reference for quantitation purposes
would be desirable. One possible approach would be to spike a calibrant solution into the
sample, but this would result in more peaks and increase the likelihood of ion

suppression?7%:280,

After the factorisation step, the substrate species were assigned to the corresponding cleavage
sites. This simplifies the multi-reaction to first-order kinetics. This can be easily tested and
validated by plotting the fitted data on a logarithmic scale. If this results in a straight line, this

will provide proof of first-order kinetics?®'.

Ultimately, we developed a custom Python script that performed the entire data analysis
workflow, from peak assignment and deconvolution to plotting species intensities over time,
fitting kinetic models, and extracting rate constants for each cleavage event. A few peak
overlaps were identified in our heterogenous MS spectra. Contribution of the overlapping
species were estimated using an intensity proportionality approach. This approach provided
an approximate estimate of the proportion of each species contributing to the peak overlap. In
this work, using this approach was reasonable as the requirement of using eqivalent adjacent
peaks was fulfilled. However, more accurate and robust approaches such as Gaussian fitting
are available and implementing them would be desirable. In order to apply a Gaussian fitting

model, a more advanced Python code would be required.
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3.3. Polyprotein processing of coronaviruses

3.3.1. In-capillary polyprotein processing of SARS-CoV-2
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Figure 16: Schematic representation of continuous polyprotein processing measurements.

To monitor the fast multi-cleavage reaction at near-physiological temperature (27 °C), a continuous in-capillary
reaction approach was established. In this setup, nsp7-11 (18 uM) was mixed with MP™ (3 uM), and data acquisition
began one minute after mixing. Mass spectra were then acquired continuously for at least 20 minutes.

When enzymatic reactions take place on different time scales and both fast and slow
components are involved, the biggest challenge is to obtain sufficient time points. To address
this, we performed both continuous time-resolved measurements for the faster reactions and
discontinuous time-resolved measurements for the slower ones. The discontinuous approach

will be explained and illustrated in more detail in the next section of this thesis.

The continuous processing approach is particularly well-suited for fast cleavage reactions, as
data acquisition was started one minute after initiation of polyprotein processing. In the
following, spectra were acquired continuously for 20-30 minutes, during which MP™ processed
the polyprotein within the capillary at a near-physiological temperatures (27°C). This approach
enabled time-resolved measurements with sufficient temporal resolution to monitor fast
cleavage events. Tag-free nsp7-11 and nsp7-11C/nsp7-11N were mixed with the same ratio
of nsp7-11 (18 uyM) to MP™ (3 uM).

With the continuous approach, we observed a decrease of intensity of the polyprotein
constructs, nsp7-11C (60,950 Da + 4 Da) or nsp7-11N (61,085 Da £ 1 Da), and an increase of
the cleavage intermediates nsp7-9 (43,462 Da £ 1 Da), nsp7-10C (58,360 Da + 2 Da) or
nsp7-10N (59,774 Da + 3 Da), nsp7-8 (31,103 Da % 1 Da), nsp7-8N (32,512 Da £ 1 Da),
nsp9-10 (27,276.6 Da + 0.1 Da), nsp9-11 (29,866.2 Da + 0.2 Da) and nsp10-11C (17,506 Da
1 1 Da) in the first 20 min of the processing reaction (Figure 17, Table S$2). However, cleavage
intermediate nsp9-10 did not occur in polyprotein processing of nsp7-11N. Nsp7-11C or
nsp7-11N and nsp7-10C or nsp7-10N being the predominant species, suggested that
conversion of CS10/11 is slowed down, which in turn pointed to a negative effect of the Hise-

tag.
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A Native MS - continuous data acquisition
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Figure 17: Comparison of continuous processing of SARS-CoV-2 nsp7-11C and nsp7-11N polyprotein.

18 UM nsp7-11 with N- or C-terminal His6-tag were mixed with 3 uM Mpro at 27°C. (A) Representative mass spectra
of nsp7-11C showing continuous in-capillary processing at 2 min, 14 min and 28 min. (B) Representative mass
spectra of nsp7-11N showing continuous in-capillary processing at 2 min, 14 min and 28 min (C) Decays of
intermediate species of nsp7-11C and nsp7-11N are plotted and dominated by nsp7-11C/nsp7-11N (blue) and
nsp7-10/nsp7-10N species (light blue). Data points were simply connected for enhanced visibility.
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As the Hisg-tag seemed to affect the cleavage efficiency of CS10/11, it was unclear how and
to what extent the N-terminal Hises-tag affected overall processing. Therefore, continuous
polyprotein processing was performed with the tag-free nsp7-11 construct. Fast conversion of
CS10/11 was confirmed as nsp7-11 (59,677 Da + 3 Da) decreased and nsp7-10 (58,366 Da
+ 1 Da) increased immediately. A useful point of comparison is the crossing point at which the
nsp7-10 species becomes the most abundant. In tag-free nsp7-11 and nsp7-11N, this point
occurs after approximately 2.5 minutes, while nsp7-11C takes 10 minutes to reach it. In
addition, cleavage intermediates nsp7-9, nsp7-8, nsp9-11, nsp9-10 and nsp10-11 were
detected in all three constructs (cf. Figure 17, Figure 18, Table S2, Table S3).

Comparing the spectra of the three protein constructs, it is noticeable that peaks of the
intermediate nsp7-8 appeared early in nsp7-11N and nsp7-11 processing. The time course of
the initial substrate nsp7-11 or nsp7-11N respectively and the early dominant intermediate

nsp7-10 were also similar in nsp7-11N and nsp7-11 (cf. Figure 17, Figure 18).

To improve comparability, cleavage site specific rate constants were determined as explained
in 3.2.3. All detected substrates and intermediates comprising a specific cleavage site were

summed up and plotted on a logarithmic scale over time.

As nsp9-11, nsp9-10 and nsp10-11 show low intensities below 2%, the rate constants mainly
depended on the decrease of nsp7-11 and the increase of nsp7-10. Therefore, in the first 20-
30 min, the main conversion was the cleavage of nsp11. The extracted rate constants for
CS9/10, CS8/9, and CS7/8 were very similar, as indicated by their overlapping profiles. The
kinetic rates were close to zero and show minimal increase over time (cf. Figure 18 D). This
allowed us to monitor the relatively faster cleavage reactions of two processing sites in detail,
CS10/11 and CS9/10 (Figure 18, Table 3). Continuous polyprotein processing of the three
constructs showed very similar kinetic rates for CS10/11 in nsp7-11N and tag-free nsp7-11.
This is in contrast to CS10/11 of nsp7-11C, which depicted a three times slower rate
(Figure 18, Table 3).

Table 3: Cleavage sites rate constants of the three SARS-CoV-2 nsp7-11 constructs.

The fitted rate constants in k (min™') for the three constructs nsp7-11C, nsp7-11N and tag-free nsp7-11 are shown.
The standard error of the mean (SEM) is also provided.

Cleavage site

K nsp7-11¢ (min)

K nsp7-11n (mMin)

knsp7-11 (min-1)

at 27°C at 27°C at 27°C
CS10/11 0.0816 + 0.002 0.240 £+ 0.005 0.27 +0.03
CS9/10 0.003 + 0.004 0.005 + 0.001 0.004 + 0.001
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Figure 18: Continuous processing of untagged SARS-CoV-2 nsp7-11 polyprotein.
18 UM nsp7-11 were mixed with 3 uM Mpro at 27°C. (A) Representative mass spectra of nsp7-11 showing
continuous in-capillary processing at 2 min, 14 min and 20 min. (B) Decays of intermediate species of nsp7-11 are
plotted and dominated by nsp7-11 and nsp7-10 species (light blue). Data points were simply connected for
enhanced visibility. (C) Decline of all CS for nsp7-11 were plotted and data points were fitted with an exponential

model.
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In sum, continuous polyprotein processing proved that the Hise-tag affects the speed of the
cleavage, but not its order (Figure 17, Figure 18). Cleavage at CS10/11 is significantly faster
than at CS9/10 across all three nsp7-11 constructs: approximately 48-fold faster for nsp7-11N,
~ 68-fold faster for tag-free nsp7-11, and ~ 14-fold faster for nsp7-11C. This indicates that
CS10/11 is structurally more accessible in all three constructs (Table 3). Overall, the
continuous processing approach worked well for early kinetics and had the advantage that a
cleavage reaction can be studied near physiologically relevant viral propagation temperatures.
However, this approach is time limited due to acidification processes within the capillary’®. In

order to investigate the rate constants k at CS8/9 and CS7/8, longer time scales are required
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3.3.2. Discontinuous processing of SARS-CoV-2 nsp7-11 polyprotein
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Figure 19: Schematic representation of discontinuous polyprotein processing measurements.

To follow the slow processing reactions, a discontinuous approach was performed. In this set-up, nsp7-11 was
mixed with MP™ and incubated on ice (0°C). Mass spectrometry data were acquired in triplicates at selected time
points.

To monitor slower reactions, we acquired native mass spectra in triplicates at discontinuous
time-points from 1 h to 24 h. Over this long period, a more complete picture emerged and
allowed determination of kinetic rate constants for all four cleavage sites. Reactions were
conducted on ice to ensure protein stability. For SARS-CoV-2, nsp7-11C and nsp7-11 were
tested with the discontinuous approach. The Hise-tagged construct was mixed with MP™® at a

ratio of 2:1, while the tag-free construct was mixed at a ratio of 6:1.

Regarding processing of nsp7-11C, intermediate cleavage products such as nsp7-10, nsp7-9,
and nsp9-11 increased at early time-points (> 2 h) and then decreased again. Intermediate
products such as nsp9-10, nsp10-11 and nsp7-8 increased for up to 4 h before decreasing
again (Figure 20). The intermediate nsp7-10 reached its highest intensity after one hour, while
other intermediates such as nsp9-10 only reached their highest intensity after two or more
hours before they were gradually converted into mature nsps. We determined kinetic rates for

the discontinuous nsp7-11C processing as described above.

The fitted rate constants k at discrete time points demonstrate the kinetics of nsp7-11C
processing, with cleavage at CS8/9 and CS10/11 being the fastest at 0.016 min-' £ 0.001 min™!
and 0.018 min"' £ 0.003 min™, respectively. In contrast, the slowest value at CS7/8 is ten times
lower (Table 4, Figure 20 C). In the continuous approach at 27°C, the data points for
nsp7-11N and nsp7-11, as well as nsp7-11C, do not follow exponential decay at t > 15 min
and supposedly at t > 30 min (nsp7-11C) due to reduced substrate availability. For nsp7-11C
in the discontinuous approach, this would hence be expected after 2 h at 0°C in agreement
with our results. This is reflected by the outlier in the data fitting at CS10/11 after 6 h
(Figure 20 C).

71



72

nsp7-11C
o< e 15+
@FU%%: 1h
é‘?ch (m Nl nsp7-11
J nsp91-c1)1 16+ 14+
: N L Llj.. Ill A lh.IA ol i \d WA 1 “miz
4h
nsp9-10 +9
10+ nsp72+82
9 14+ 13+
. i !Al i § la l]’.h 1 y | ’ l [\ | ‘I m/Z
nsp8 o+ 6h
10+ 3+
nsp9 o+ nsp72+82
6+ nsp7 nsp8. 11+ 13+
5+ [“+]§ | 12+ 144110+ | 12+
1 1 , A N ; 1 y Ay T 1 . e 1 > A m/z
2000 2500 3000 3500 4000 4500
C
109
0.51 ]
> 0.4 >10% =
|5 0.3 |5
c C
= 0.2 =103
g o E
> ;<\ ;
0.01 e 10 l , l , :
1 3 4 6 1 2 3 4 5 6
t (h) t(h)
—J—nsp7-11 nsp7-10 nsp7-8 cleavage site 10/11 @ cleavage site 9/10
—f— nsp9-11 nsp7-9 ——nsp9-10 ¥ cleavage site 8/9 cleavage site 7/8
nsp10-11

Figure 20: Discontinuous processing approach of nsp7-11C polyprotein.

(A) Representative native mass spectra after 1 h, 2 h and 6 h. (B) Course of all deconvoluted intermediate species
of the initial polyprotein and intermediates at indicated time points. Data points are connected for better visibility.
(C) Determination of the rate constants k by following the depletion of the substrates corresponding to each
cleavage site. The decay is represented as fitted line. After 24 h, all cleavage sites are processed and hence the
data points, which are devoid of the plotted species, omitted.

As the continuous polyprotein processing experiments indicated slight effects of the Hiss-tag
on the cleavage kinetics at CS10/11 and CS9/10, we additionally performed the discontinuous
approach using untagged nsp7-11, sampling at discrete time points ranging from 0.5 h to 24 h.

Furthermore, the MP® to substrate ratio was reduced from 1:2 to 1:6 to prevent excessive



depletion of nsp7-11, which otherwise could have compromised the accuracy of kinetic rate
determination.
Table 4: Cleavage site kinetics of discontinuous polyprotein processing of nsp7-11C and nsp7-11.

Fitted conversion rates k / min™' and the corresponding standard error (SEM) from SARS-CoV-2 polyprotein
processing.

Cleavage site K nsp7-11c | min"'@ 0°C K nsp7-11 | min“'@ 0°C
CS10/11 0.018 £ 0.003 0.046 £+ 0.004
CS9/10 0.009 £ 0.002 0.026 £ 0.003
CS8/9 0.016 + 0.001 0.029 £ 0.005
CS7/8 0.0017 £ 0.0002 0.009 £ 0.002

Expectedly, the intensity of cleavage intermediate nsp7-10 peaked first. Then processing
quickly led to subsequent cleavage intermediates nsp7-8, nsp7-9, and nsp9-10. At later time
points, when the substrate was depleted also lower populated species like nsp9-11 became
visible (Figure 21 A). Compared to nsp7-11C, similar intermediate cleavage products, i.e.,
nsp7-10 (58366 Da * 1 Da), nsp7-9 (43,460 Da £ 2 Da), nsp7-8 (31,102.3 Da £ 0.3 Da),
nsp9-11 (28,584.7 Da + 0.5 Da), nsp9-10 (27,275.9 Da 0.2 Da), nsp10-11 (16224 Da
+ 1 Da), were observed when processing nsp7-11 polyproteins with native termini (Table S3).
From these, nsp7-10 was the second most prevalent species after 250 min until nsp7-8 took
over at ~300 min. Further species, such as nsp7-9, nsp7-8, nsp9-11, and nsp9-10 were still

increasing after the last measurement point (Figure 21, Figure S9).

During the experiment, we tested whether peaks originated from intermediate product nsp7-8
or nsp7+8 heterodimer. The SARS-CoV-2 precursor ion m/z 3110 did not dissociate into nsp7
and nsp8, meaning < 1% product ion signal intensity compared to precursor ion intensity
originates from the heterodimer (Figure 22). Therefore, nsp7 and nsp8 were still too low

abundant for complexation and only became significantly populated between 6 h and 24 h.

The fitted rate constants k at discrete time points show the kinetics of the processing of the
untagged nsp7-11. CS10/11 is converted 75% faster than the next two cleavage sites, CS8/9
and CS9/10, which have a similar conversion rate. This is notable, because nsp7-11C
processing exhibited a significantly lower rate in CS9/10 compared to CS8/9. This could be an
effect of the Hise-tag. In addition, the examination of nsp7-11 confirmed that CS7/8 has the
clearly slowest rate (Table 4, Figure 21 C). A direct quantitative and temporal comparison of
nsp7-11C and untagged nsp7-11 was not possible because the polyprotein/protease ratio is

different in the experiments. Nevertheless, it was possible to make a qualitative comparison.
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Figure 21: Discontinuous processing approach of SARS-CoV-2 nsp7-11 polyprotein.

19 UM nsp7-11 was mixed with 3.5 uM MP™ at 0°C. (A) Representative mass spectra at different time points. (B)
Course of the individual intermediate species of the polyprotein assigned to the four corresponding cleavage sites
(indicated on the top right). Data points are connected for better visibility. (C) Determination of the rate constants k
by following the depletion of the substrates corresponding to each cleavage site. The decay is represented as fitted
line.

Discontinuous processing of both constructs, nsp7-11C and untagged nsp7-11, showed that
C-terminal cleavage products can be observed early due to more efficient processing at the C-
terminal cleavage sites, suggesting a preferred cleavage order from the C- to the N-terminus.
This is in line to what has been shown previously for SARS-CoV-1%%%, However, deviations
from this order are observed in both constructs. For instance, intermediate species such as

nsp9-11, nsp9-10 and nsp10-11 were detected, whereby nsp7-9, nsp10-11 and nsp9-11
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stayed below < 10% (cf. Figure 20 and Figure 21). Notably, there were no intermediate
species such as nsp8-9, nsp8-10 or nsp8-11 in either nsp7-11C or nsp7-11, suggesting that

CS7/8 cleavage is impaired and occurs at last.

Since CS7/8 and CS9/10 have identical amino acid sequence from P2 to P12, the difference
in cleavage kinetics suggests that other mechanisms than the primary sequence are
responsible for CS7/8 being a less efficient substrate for MP°. However, the two constructs
show a slightly different picture of the cleavage order, which can be derived from the kinetic
rates. While discontinuously sampled nsp7-11C processing suggests the cleavage order
CS10/11 > CS8/9 > CS9/10 > CS7/8, untagged nsp7-11 suggests the cleavage order CS10/11
> CS8/9 = CS9/10 > CS7/8. It is unclear how large the actual negative influence on the kinetic
rates of neighboring cleavage sites, i.e. CS9/10, is. In untagged nsp7-11, CS8/9 appears to be
slightly faster than CS9/10, however this difference is not significant (Table 4). Ultimately, the
Hise-tag appears to hinder processing, implying that the construct with authentic termini could

more closely resemble the in vivo situation.

In conclusion, we conducted the discontinuous approach and analyzed polyprotein processing
of nsp7-11 in SARS-CoV-2. We determined kinetic rates for each cleavage site in two
constructs, nsp7-11C and untagged nsp7-11. Based on the kinetic rates of untagged nsp7-11,
the cleavage order is CS10/11 > CS8/9 = CS9/10 > CS7/8. Intriguingly, rate constants of CS7/8
were converted much more slowly than all other cleavage sites, despite the similar sequence

of CS7/8 and CS9/10, suggesting that structure plays a role in regulating the cleavage order.
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Figure 22: Representative HCD spectra of nsp7-8 or nsp7+8 dimer during SARS-CoV-2 nsp7-11 polyprotein
processing.

The precursor ion at m/z 3112 was isolated. (A) After 360 min, HCD reveals no subunit dissociation demonstrating
that no heterodimer had formed. (B) At a later stage of nsp7-11 processing, subunit dissociation observed,
confirming the cleavage of nsp7-8 intermediate.
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3.3.3. Polyprotein processing of four different hCoVs

After studying nsp7-11 polyprotein processing in SARS-CoV-2 in detail, we extended the
research to take a broader view of the underlying mechanism regulating the order of
processing. Therefore, we performed the discontinuous approach with three more CoV strains
(Figure 23-Figure 25). To ensure comparability, the ratio of nsp7-11 to MP™ was kept at 6:1
for all. We investigated SARS-CoV-1 and MERS-CoV belonging to -CoVs and HCoV-229E
belonging to a-CoVs.

In SARS-CoV-1, early occurring products next to nsp7-10 (58,454 + 2 Da) were nsp7-9
(43,497 £ 2 Da) and nsp7-8 (31,,115.7 £ 0.2 Da) following nsp9-11 (28,635.3 £ 0.8 Da) later
on (Figure 23, Table S4). However, the observed relative intensities of intermediate cleavage
products are largely similar to SARS-CoV-2 nsp7-11, suggesting a similar processing pattern
from C- to N-terminus consistent with previous studies®852%8 This similarity is reflected in the
comparable order of rate constants, although SARS-CoV-1 showed slower cleavage rates at
CS7/8 and faster cleavage rates at CS9/10 compared to SARS-CoV-2 (Figure 26 and
Figure 27). Kinetic rates for SARS-CoV-1 revealed a clear cleavage order from C- to N-

terminus consistent with a previous study?®.

Similar to the observed species in SARS-CoV-1 and 2, the following species were detected in
MERS-CoV: nsp7-9 (43,149 + 1 Da), nsp7-8 (30,931.1 £ 0.2 Da), nsp9-11 (28,741 + 1 Da) and
nsp10-11 (16521.8 + 0.3 Da). It is notable that nsp9-11 is the second dominant species with
40% in MERS-CoV after 5 h (Figure 24, Table S5). In SARS-CoV-2, nsp9-11 reached its peak
at 5 h with ~ 10%. Furthermore, no species such as nsp8-9, nsp8-10 or nsp8-11 could be
found in the three p-CoVs, SARS-COV-1 and -2 and MERS-CoV.

Compared to the three B-CoVs, processing products in HCoV-229E differed. In HCoV-229E
the observed dominant early intermediate was nsp7-9 (42,932 + 2 Da). Intermediate products
such as nsp7-8 (30,908 + 3 Da), nsp7-9 (42,932 + 2 Da), and nsp7-10 (57440.9 £ 0.4 Da) are
also observed, whereas nsp9-10 and nsp9-11 was missing (Figure 25, Table S6). Strikingly,
we observed intermediate products such as nsp8-9 (33,6511 Da), nsp8-9 dimer
(67,300 + 10 Da) and nsp8-11 (49,992 + 16 Da), which did not occur in the other three strains.
Here, nsp8-11 occurred in low intensities of ~ 2% and the intensities of nsp8-9 and nsp8-9

dimer reached up to ~ 7%.
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Figure 23: Discontinuous processing of SARS-CoV-1 nsp7-11 polyprotein.
nsp7-11 (19 uM) was mixed with MP™ (3.5 uM) and measured at discrete time points. Here representative native
mass spectra are shown for every second time point demonstrating the decrease and increase of the initial substrate
nsp7-11 and deriving intermediate species. Early detected products were nsp7-10, nsp7-9 and nsp7-8, whereas
nsp9-11 occured later in time. While nsp7-10, nsp7-9 and nsp9-11 were already decreasing after 395 min, nsp7-8
wa still accumulating. Measured mass species are indicated on the top right.

Protein Exp. Mass (Da)

nsp7-11 30 min nsp8 21885

15+ nsp9-11 28740

[ | | . nsp82 43770

120 min nsp7-11 59657
nsp9-11
10+

1

240 min
I
360 min
nsp8
8+ nsp8,
’ + | l '| | .QLTL [ P " '
1000 2000 3000 4000 5000 mi/z

Figure 24: Discontinuous polyprotein processing of MERS-CoV nsp7-11 polyprotein.

nsp7-11 (19 uM) was mixed with MP™© (3.1 uM) and measured at discrete time points. Here representative native
mass spectra are shown for every second time point demonstrating the decrease and increase of initial substrate
nsp7-11 and deriving intermediate species. Intermediate species detected were similar to those in SARS-CoV-1
and -2. Strikingly, nsp9-11 was dominating the spectrum after five hours, suggesting that MERS-CoV nsp7-11 was
cut ‘in half. Measured mass species are indicated on the top right.

77
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Figure 25: Discontinuous polyprotein processing of HCoV-229E-CoV nsp7-11 polyprotein.

nsp7-11 (17 yM) is mixed with MP™ (3.1 yM) and measured at discrete time points. Here representative native mass
spectra are shown for every second time point demonstrating the decrease and increase of initial substrate nsp7-11
and deriving intermediate species. Nsp7-9 is the first dominating intermediate species following nsp7-8 and
nsp10-11. Measured mass species are indicated on the top right.

Furthermore, in HCoV-229E, nsp7-8 and nsp10-11 increased at later time points, but never
accounted for a significant proportion of the intensity. While some early observed products
from HCoV-229E nsp7-11 resemble those observed in SARS-CoV-1 and -2, nsp7-10 was
essentially absent. It is tempting to state that CS10/11 is hence not addressed first. However,
the lack of populated nsp10-11 in the early phases of the reaction rather suggests that CS9/10
and CS10/11 were processed at similar rates, which is corroborated by the linear fits (cf.
Figure 26, Figure 27).

Considering the relative intensities, MERS-CoV exhibited the most distinct intermediate
distribution, with nsp7-8 and nsp9-11 emerging as dominant species from the onset throughout
the reaction over 500 min (cf. Figure 24 and Figure 26). This unique intermediate pattern
effectively results in MERS-CoV nsp7-11 being processed 'in half' at CS8/9. The data suggests
an early and efficient cleavage at the CS8/9 site, while CS9/10, CS10/11 and CS7/8 all showed
similarly retarded cleavage rates, a pattern distinct from the other three CoVs (Figure 27).
Indeed, the rate constant for CS8/9 cleavage in MERS-CoV (kcss, 0:c) Was approximately twice
as fast as any cleavage site rate constant in the other CoVs (Figure 27Figure 26 B). The other
MERS-CoV cleavage sites were not processed slowest among CoVs tested as the rate
constants of cleavage sites CS7/8 (kcs7ss, 0c) in the other CoVs are two to thirty times slower.
This shows that nsp7-11 processing in MERS-CoV appears to be generally faster than in the
other three CoVs.
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Figure 26: Fits for cleavage site rate constants ko°c and corresponding courses of time-resolved intensities
per species.

Polyprotein processing was performed with nsp7-11 and MP™ with a ratio of approximately 6:1 at 0°C. All
intermediate species containing the specific intact cleavage site were summed in order to monitor the conversion
of the specific cleavage site. (A) Time-resolved courses of the intermediate species that were considered for each
cleavage site are depicted as intensities over time for SARS-CoV-1, HCoV-229E and MERS-CoV. While the
intermediate species observed in SARS-CoV-1/2 and MERS-CoV were largely similar, HCoV-229E displayed a
distinct pattern of intermediates. For example, nsp9—11 and nsp9-10, which were detected in the -CoVs, were
absent in HCoV-229E. Conversely, nsp8—11 and nsp8-9 were present in HCoV-229E but not observed in SARS-
CoV species or MERS-CoV. (B) Summed intensities of substrate and intermediates assigned to the corresponding
cleavage sites are plotted against time and fitted with first order kinetics
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In summary, native MS revealed distinct processing patterns across the four CoVs. SARS-
CoV-1 and SARS-CoV-2 CS10/11 was identified as the dominant early cleavage site, while
HCoV-229E and MERS-CoV exhibited different patterns. Despite identical sequences at
CS7/8 in both SARS species, their rate constant differed by an order of magnitude, suggesting
structural rather than sequence effects on cleavage efficiency. The core residues P2 and P1
L and Q are conserved within CS7/8, 8/9 and 9/10 across all species, yet different rates were
observed particularly at CS8/9 between HCoV-229E and MERS-CoV, indicating that flanking
sequences or structure influence processing. For CS9/10, where the P4 to P3’ positions are
identical across all species, the varying cleavage rates likely result from structural differences.
CS10/11 showed the greatest sequence variability, especially at P2, at which MERS-CoV has
P and HCoV-229E has |, possibly explaining their slower kinetics compared to CS10/11 of
SARS-CoV-1 and -2. These results reveal that C- to N-terminal processing of nsp7-11 is not
conserved among SARS-CoV-1, SARS-CoV-2, HCoV-229E, and MERS-CoV, though delayed
CS7/8 cleavage appears to be a common feature. The non-essential nature of fast CS10/11
cleavage raises the question whether uncleaved intermediates can still function as co-factors

in complex formation.
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Figure 27: Kinetic rates of polyprotein processing of untagged nsp7-11 from all four CoVs.

(A) Relative intensities of respective substrate species were summed for each cleavage site and plotted over time
on a logarithmic scale resulting in a linear fit illustrating first order kinetics of the otherwise exponential fitting model.
The standard error of the mean (SEM) is also provided. (B) Extracted kinetic rates for each cleavage site k in min-!
at 0°C.
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3.3.4. Polyprotein processing of SARS-CoV-2 as prerequisite for nsp16 complex

formation
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Figure 28: Probing binding dynamics of nsp16 and nsp7-11 polyprotein products.

Recombinantly expressed nsp16-Hiss with an MP™-cleavage site was mixed with nsp7-11 with and without MP™.
Thus, the processing states of nsp7-11 were tested for their binding capabilities with methyltransferase (MTase)
nsp16. Furthermore, to determine the dissociation constant (Kp), different concentration ratios of nsp7-11 and Mp™
were tested.

Formation of the RTC requires processing, but whether the RTC incorporates exclusively
mature nsps or also immature processing intermediates remains unknown. The functional RTC
requires association of several proteins, including nsp10 and nsp16283-285, We hypothesize that
nsp16+10 complex formation similarly depends on polyprotein processing, specifically the
cleavage of CS9/10 and to a lesser extent CS10/11 to release nsp10 from the polyprotein. To
test this hypothesis, protein-protein interactions was tested with processed and unprocessed

nsp7-11 using native MS (Figure 28).

Initially, we tested binding of uncleaved SARS-CoV-2 or MERS-CoV nsp7-11 (59674 + 3 Da
and 59658 + 4 Da, respectively) to SARS-CoV-2 nsp16 (33323.27 + 0.14 Da) (Figure 29). For
SARS-CoV-2 nsp7-11, the predominant signal intensities originated from nsp16 monomer,
nsp7-11 monomers and dimers, and low intensities from the nsp7-11+nsp16 complex (~ 2%).
Increased levels (< 5%) of SARS-CoV-2 nsp16 complexed with MERS-CoV nsp7-11 were
observed despite being a chimeric complex. The complexes were validated using HCD
(Figure 30, Figure S10), which notably revealed the Zn?* binding of nsp10%¢. Here, increased
internal energies promoted the migration of zinc ions in the gas phase. This is known to occur

occasionally?®’.

We then initiated processing of nsp7-11 by adding MP™ and incubating with nsp16 overnight.
Native mass spectra were distinct for SARS-CoV-2 and MERS-CoV nsp7-11, although both
showed high levels of complexation between SARS-CoV-2 nsp16 and nsp10 suggesting
specific binding. A heterodimeric complex containing mature nsp10 (nsp16+10, 48,236 £ 1 Da)
was apparent in SARS-CoV-2 (Table S6). Although kcs1o/11, 0:c in MERS-CoV would suggest
complete processing overnight, we observed more than 10% nsp10-11 intermediates and
more than 40% heterodimeric nsp16+10-11 as protein complex. Strikingly, no nsp16 with
mature nsp10 was observed suggesting that nsp16 exclusively binds to nsp7-11 or

nsp10-containing intermediates, which presumingly to protect CS10/11 from further cleavage
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in the complex. Given the moderate sequence similarity between MERS-CoV and SARS-
CoV-2 (70% for nsp10 and 80% for nsp16), the formation of chimeric nsp16+10 complexes

represent an intriguing finding.
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Figure 29: Protein-protein interaction of nsp16 with nsp7-11 polyprotein in native MS.

SARS-CoV-2 nsp16 was probed with processed and unprocessed nsp7-11 of SARS-CoV-2 (A) and MERS-CoV
(B). Concentrations are indicated on the right side. N-terminal Hise-tag of nsp16 contains an MP™ cleavage site. In
order to rule out any artefacts from the Hiss-tag, Hiss-nsp16 was incubated with low concentration of MP™ to cleave
the Hise-tag and obtain nsp16 with authentic termini. Then nsp16 was mixed with the polyprotein. Complexes of
nsp16 are shown in orange. In (A), nsp16 only forms complexes with mature SARS-CoV-2 nsp10 (nsp16+10),
whereas in (B) SARS-CoV-2 nsp16 forms complexes with MERS-CoV nsp7-11 as well as nsp10-11. Nsp7-11 is
colored blue, as well as are its derived products nsp10 or nsp10-11, nsp16 is shown in pink.

82



A MS?with 170 eV of SARS-CoV-2 nsp10/16
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Figure 30: MS?2 of m/z 3712 of nsp16+10 complexes.

(A) Precursor complex nsp16+10 (orange) of SARS-CoV-2 dissociating in nsp16 (pink) and nsp10 (blue) at 170 eV
is shown. Panels show zoom in on dissociation products nsp16 (z= 10 and 11) and nsp10 (z = 2 and 3) carrying
zero to two Zinc ions. (B) The crystal structure of the nsp16+10 complex (PDB: 6W4H) shows the surface
representation of nsp10 (blue) and nsp16 (magenta), with terminal residues highlighted as ribbon and atom models
in red.

To mimic the viral ratio of pp1a to pp1ab, we tested increased proportions of cleaved SARS-
CoV-2 nsp7-11 to nsp16, observing similarly increased proportions of nsp16+10 complex
formation (Figure 31). These experiments yielded a complex dissociation constant Kp of
8 £ 1 uM. In comparison, titration measurements of purified recombinant nsp10 and nsp16
yielded a lower Kp of 1.4 uM#¢. The higher Kp value observed here may result from the
complex mixture of polyprotein cleavage products in our experimental system which could lead
to signal suppression for the complex?®28° Another factor to consider is the method used to
calculate Kp. Thibert et al. fitted the data using the Hill equation, which is well-suited for
capturing potential cooperative binding. However, this approach may be suboptimal in clear

1:1 binding stoichiometry, as it is the case here?362%,
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In summary, nsp16 showed weak binding to immature nsp10 within the polyprotein but strong
binding to mostly mature nsp10. Our results indicate complex formation requires N-terminal
CS9/10 cleavage but not necessarily C-terminal CS10/11 cleavage. Available crystal
structures of nsp16+10 cannot explain this cleavage site preference, as both nsp10 termini are
distant from the nsp16 binding site (Figure 30 B). We conclude that while complete processing

of nsp7-11 is not essential, it greatly enhances CoV methyltransferase nsp16+10 complex

formation.
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Figure 31: Probing the affinity of SARS-CoV-2 nsp16+10 complex at three different concentrations.

Protein complexation of nsp16+10 was investigated at three different concentrations as indicated in the panels. (A)
Representative native mass spectra show nsp16+10 complex in orange, nsp16 in magenta and nsp10 in blue.
Further nsps are nsp9 (dark blue), nsp7 (yellow), nsp8 (dark green), nsp7+8 heterodimer (light green) and
heterotetramer nsp72+82 (red). (B) The average relative intensity of each species from triplet measurements of the
three tested ratios is depicted as barplot. (C) The relative intensity of each species is shown in triplcate
measurements at a ratio of 5 yM:15 pM.
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3.3.5. AlphaFold predictions of nsp7-11 of four hCoVs

To investigate how protein sequence and structure relate to the conversion rates of the four
substrates, we analyzed structural models generated by AF2 and AF325029"-2%(Figure 32-
Figure 34). For each CoV, the polyprotein sequences of nsp7-11 were fed into AF3 using the
standard run. SARS-CoV-2 nsp7-11 was also predicted with AF2.

AF3 and AF2 output files contain pLDDT scores for the top five models, which measure the
per-residue confidence in the local structure prediction and estimate how well the prediction
agree with an experimental structure. To obtain a general overview of all 20 models predicted
by AF3, pLDDT scores per residue were plotted as line plots (Figure 32). The top five models
for each strain were largely similar, with only minor variations in pLDDT across the protein
sequence. For each strain, model 0 was selected, except for MERS-CoV, where model 1 was
chosen due to its slightly higher pLDDT scores in the CS7/8 cleavage site region. Model
selection was guided by a focused evaluation of prediction quality specifically at the cleavage
site regions. The overall folding of the polyprotein was similar in all four CoVs, depicting
nsp7-11 as an elongated structure rather than a compact fold (cf. Figure 33 and Figure S$11-
Figure $14). Interestingly, AF2 predicted SARS-CoV-2 nsp7-11 in a more compact form than
AF3 (Figure 33).
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Figure 32: Local confidence scores of all AF3 models are shown for each CoV.

The predicted scores of the local distance difference test (pLDDT) are plotted against the residue index for the five
nsp7-11 models of SARS-CoV-2 (A), SARS-CoV-1 (B), HCoV-229E (C) and MERS-CoV (D). Polyprotein schemes
indicate approximate polyprotein region and emphasize low pLDDT scores across cleavage sites. The green
dashed line marks a pLDDT score of 90, indicating a highly confident structural prediction. The orange dashed line
corresponds to a pLDDT score of 70, above which the predicted backbone geometry is generally considered
reliable. Regions with pLDDT scores below 50 (red) typically represent either intrinsically flexible regions or areas
of low model confidence.
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The selected AF3 models were subsequently analyzed in more detail. AF3 models with the
best performance showed largely similar predictions of all cleavage sites among the four CoVs.
There were slight differences at CS8/9 and CS9/10, where a short a-helix is predicted in SARS-
CoV-2 and HCoV-229E (cf. Figure 34 B, C). Additionally, short a-helices were predicted at
CS8/9 at P1'-P3' (NNE) in SARS-CoV-2 and HCoV-229E, and at P1-P5 (TVRLQ) in SARS-
CoV-2 (Figure 34). However, AF2 only predicted an a-helix spanning CS7/8 for SARS-CoV-2
(Figure 33).

The local confidence scores are stored in the B-factor column of the output files allowing their
visualization on the structure. The predicted nsp7-11 AF3 models across all four CoVs showed
that the nsp domains nsp7-nsp10 were predicted to be folded proteins with similar local
confidence scores. These were usually above 70, indicating medium to high confidence. The
pLDDT scores at the cleavage sites and nsp11 regions were below 60 indicating rather low
confidence (cf. Figure 32, Figure S11-Figure S14). Consequently, these regoins were
predominantly predicted as disordered regions. An exception was the CS7/8 region, which was
predicted as an a-helical structure across all species. Here, the pLDDT-values fluctuate
between 30-50 representing a low confidence. Although the a-helix shows low confidence
scores, it provides a plausible explanation for the slow kinetic rates of CS7/8 together with our
experimental data. Notably, the AF2 model showed higher confidence scores (> 70) for the
CS7/8 region, while the other three cleavage site regions displayed similarly low confidence
scores (30-50), consistent with the AF3 model (cf. Figure 33, Figure S11, Figure S15,
Table S8).

Next to the pLDDT value, the predicted aligned errors (PAE) are estimating the confidence of
how well two residues of two different domains are placed within the predicted structure. PAE
scores show low confidence considering the spatial organization of the individual domains
pointing to a flexible spatial organization of nsp7-11 domain (Figure $16). Altogether, the
nsp7-11 models resembled beads on a string, with globular nsp domains linked by flexible
cleavage sites, consistent with structures suggested from integrative modelling and previous

SARS-CoV-1 cleavage results?°8295,
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A nsp7-11 SARS-CoV-2 AlphaFold 3 model

CS10/11

B nsp7-11 SARS-CoV-2 AlphaFold 2 model

& CS10/11

pTM = 0.35 L

Figure 33: Structure prediction by AF of SARS-CoV-2 nsp7-11 polyprotein.

Predicted overall folding of nsp7-11 of SARS-CoV-2 with four cleavage sites: CS7/8 (pink), CS8/9 (purple), CS9/10
(cyan) and CS10/11 (green). Two prediction models are depicted, showing the best model from AF3 prediction (A)
and AF2 prediction (B).
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A Comparison of cleavage site 7/8
SARS-CoV-2 SARS-CoV-1 HCoV-229E MERS-CoV

B Comparison of cleavage site 8/9
SARS-CoV-2 SARS-CoV-1 HCoV-229E MERS-CoV

C Comparison of cleavage site 9/10
SARS-CoV-2 SARS-CoV-1 HCoV-229E MERS-CoV

D Comparison of cleavage site 10/11

SARS-CoV-2 SARS-CoV-1 MERS-CoV

Figure 34: Comparison of the four cleavage sites between the four different hCoVs.

Zoom in on each predicted cleavage site region P6 to P6'. (A) Predicted a-helical structure spanning CS7/8 (pale
pink) is shown in comparison. (B) CS8/9 is shown in purple and predicted to be partly a-helical depending on the
CoV species. (C) CS9/10 is depicted in cyan and is predicted to be partly folded as a-helix in SARS-CoV-2. (D)
CS10/11 in green is predicted to be disordered and elongated in all four CoVs.
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3.4. Discussion

In this work, we characterized the nsp7-11 polyprotein processing kinetics of four CoV species
SARS-CoV-1, SARS-CoV-2, HCoV-229E and MERS-CoV. Using native MS, we quantified
multi-reaction kinetics and determined rate constants k for all four contained MP™ cleavage
sites simultaneously. Our analysis revealed both conserved and unique features in nsp7-11

processing reactions.

For fast rates, we used a continuous monitoring approach, where the ongoing enzyme reaction
was performed ‘in-capillary’ at 27°C. For slow rates at 0°C (on ice), we used a discontinuous
approach, with processing reactions performed in a test tube, and sampled discontinuously
over time. The two measurement approaches were the basis for a detailed analysis of MP™-
mediated processing (Figure 15 A). While time-resolved measurements have been done
previously for other samples?®®, having identical starting points was an essential requirement
to extract kinetic data of high quality. After establishing a custom Python script, we used it to
extract rate constants k of CS7/8, CS8/9 CS9/10 and CS10/11.

In the following discussion, the experimental results, the predicted structural models and the
primary structure are assessed and compared to get a comprehensive picture of polyprotein
processing in human CoVs. Furthermore, technical aspects, advances and limitations are also

discussed.
3.4.1. AlphaFold models reveal structural features of polyprotein processing

We predicted in total twenty AF3 models for the four CoVs and selected the best four models
for each strain with a specific focus on the local confidence score at cleavage site regions. We
observed overall low confidences for the cleavage sites considering pLDDT and PAE. AF3 is
a powerful tool, but it has limitations when predicting intrinsically flexible regions or
domains?0%%’. Nsp7-11, as a polyprotein, appears to be inherently built to exhibit a certain
degree of flexibility?®®. Therefore, the low confidence scores in the predictions are not entirely
unexpected. In the following, prediction models are compared to each other and discussed
together with our experimental data. Overall, the models were similar across the four CoV
species, though the spatial arrangement of the protein subdomains were slightly different
between the top models of each CoV species. In the light of our experimentally determined
kinetic rate constants, particular attention was given to the cleavage sites and their surrounding

structural environments.

There were slight differences at CS8/9 and CS9/10, where SARS-CoV-2 was predicted to have
a short a-helix at both sites, while HCoV-229E was predicted to have a short a-helix at CS8/9.
Additionally, short a-helices were predicted at CS8/9 at P1'-P3' (NNE) in SARS-CoV-2 and

HCoV-229E, and at P1-P5 (TVRLQ) in SARS-CoV-2 (Figure 34). In spite of the very low local
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confidence values at the cleavage sites, these predictions were largely in agreement with the
experimental results. For instance, CS9/10 of MERS-CoV appeared to be the most accessible
and the most elongated cleavage site, which matched the observation that the nsp9-11
intermediate species was clearly the most abundant in MERS-CoV compared to the other
strains. Furthermore, CS9/10 was predicted to comprise an a-helix (P1-P5) in SARS-CoV-2,
but not in SARS-CoV-1, which corroborates the significantly faster processing of CS9/10 in
SARS-CoV-1 compared to SARS-CoV-2. However, while CS8/9 in SARS-CoV-2 and SARS-
CoV-1 exhibited similar conversion rates, the models predicted a short a-helix for SARS-CoV-1
but not for SARS-CoV-2. The existence of such a short a-helix would be expected to reduce
conversion at CS8/9 in SARS-CoV-1, yet the kinetic rates were nearly identical for both SARS-
CoV-1 and SARS-CoV-2.

The local confidence scores indicate that the structural predictions of the short a-helices should
be interpreted with caution. Particularly, considering that AF2 model of SARS-CoV-2 nsp7-11
only predicted an a-helix at CS7/8. Nevertheless, apart from the predicted a-helix at CS8/9 in
SARS-CoV-1 and -2, the predictions are consistent with experimental observations and help
to visualize and interpret the observed kinetic rates. These predicted models thus serve as
useful complementary tools for understanding structure-function relationships, particularly
when integrated with the experimental kinetic data. Interestingly, according to the pTM, the
AF2 model performed slightly better than the AF3 model. However, both SARS-CoV-2 nsp7-11
models showed a pTM below 0.35. AF2 structure exhibits a more compact folding similar to
the I-TASSER models from Yadav et al. that included constraints from experimental data®.
Therefore, it is tempting to say that the more compact folding reflects the ‘real’ polyprotein
structure. However, protein structures are not rigid, but rather dynamic, particularly within the
cellular environment®®. A study on AF2 models concluded that low pLDDT scores not
necessarily represent low confident predictions, but rather reflect a high degree of flexibility at
these positions®®. Given the similar pTM scores and the similar pLDDT scores of the AF3 and
AF2 models, none of them can be favored over the other. It is plausible that both structures
represent alternative conformers of the nsp7-11 polyprotein. Given the flexible and dynamic
nature of this region, both AF2 and AF3 approached the limits of their predictive
capabilities?®”201:302_ Additionally, AF performance depends on its training data, which comprise
fewer than 10% viral protein structures?®2%:3%1  AlphaFold Structural Database (AFDB)
contains more than 200 million AF2 predicted structures from UniProtKB2433%3, However, viral
proteins were excluded, probably due to the reason that viral protein strucutres are
underrepresented in PDB?%%2%, Consequently, prediction accuracy is oftentimes low as in our

study.
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A low PAE indicates low confidence in the relative positioning of two residues, which may
reflect intrinsic structural flexibility or insufficient data for accurate prediction. Assuming PAE
scores indicate a flexible spatial organization of the nsp7-11 polyprotein, this would align with
the apparent difficulty in crystallizing nsp7-11, as no crystal structure has been resolved to
date. Additionally, it has not been possible to obtain a high-resolution structure of the full
nsp7-11 using cryo-EM. Only the segment captured at a stalled MP™ cleavage site has been

structurally characterized'®?.

Analysis of the determined conversion rates revealed notable correlations with structural
predictions. The largest variation in conversion rates occurred at CS8/9, CS9/10 and CS10/11,
where AF3 predicted largely disorder in the corresponding linker regions. Across all four
strains, CS7/8 had relatively slow cleavage rates and was predicted a-helical (Figure 34). As
a-helices generally serve as poor protease substrates, a significant structural transition would
be required explaining slower kinetics®%4-3%_ This is further supported by CS7/8 adopting a
disordered conformation when crystallized with MP™, indicating that the structure indeed has to

adapt to the protease binding grove3°73%,

These findings help to explain the observed differences in conversion rates: The disordered
regions at CS8/9, CS9/10, and CS10/11 can rapidly undergo structural changes to
accommodate MP™, while the stable a -helical structure at CS7/8 requires more reorganization
and more time to fit the protease active site. However, our kcs7s, o'c suggest that this a-helical
structure exhibits distinct unfolding dynamics with lower stability in MERS-CoV and higher
stability in SARS-CoV-1. Moreover, nsp8 undergoes partial conformational changes during
processing, which may contribute to the observed delayed cleavage kinetics at its associated

cleavage sites®.

Eventually, despite sequence similarities between CS7/8 and CS9/10, our experimental data
showed reduced constant rates kcs7ss, 0°.c. AF3 models of all four CoVs predicted an a-helix at
CS7/8 and thus providing a logical explanation for reduced kcs7ss,0°c. This is consistent with
other model predictions and data in literature®®’. It can therefore be concluded that the
structural feature of an a-helix most likely leads to a reduced conversion rate for CS7/8. This
suggests that nsp7 and nsp8 are liberated and mature later than expected, acting as co-factors
of nsp12 (RARP). This is likely to be a regulatory aspect of polymerase activity. For instance,
this could ensure that proof-reading and capping functions, for which nsp9 and nsp10 are

required, are available before polymerase processivity ramps up.

The predicted structure of SARS-CoV-2 nsp7-11 offered insights into its interaction with nsp16.
In our experiments, a low-abundant nsp7-11+16 complex was observed, while strong binding
occurred only after nsp10 release. Existing nsp16+10 crystal structures, do not explain this

requirement. Structural alignment of nsp10 from the crystal structure and nsp10 from AF3
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model revealed that the a-helix downstream of CS9/10 in nsp7-11 clashes with the nsp16
interface (cf. Figure 35). This N-terminal region is absent in the crystal structure (6W4H3%) as
it is based on truncated nsp10 (blue). Given the dynamic nature of proteins in solution, a
transient state likely permits weak binding of nsp7-11 to nsp16 prior to nsp10 release, and is

therefore detected with native MS.
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Figure 35: SARS-CoV-2 nsp7-11 AF3 model aligned with crystallized nsp16+10 complex structure.

(A) Predicted model of SARS-CoV-2 nsp7-11 (grey) is aligned with crystallized nsp16+10 complex (blue/magenta,
B6W4H)%09, C- and N-terminal residues of nsp16+10 crystal structure are colored in red. Cleavage site regions of
nsp7-11 (grey) are depicted. Black frame indicates the approximate region zoomed in on in (B) and (C). (B) Zoom
in on aligned nsp10 (turquoise) of nsp7-11 prediction model and nsp16+10 complex (blue/magenta)). Black arrow
indicates the a-helix (turquoise) that clashes with nsp16 interface. (C) Zoom in on N-terminal nsp10 region. Black
arrows highlight the clash of nsp10 (from nsp7-11) and nsp16 (magenta).

3.4.2. Primary structure, polyprotein folding and implications on RTC assembly

While the prediction models provided a reasonable explanation for the reduced kinetic rates at
CS7/8, they could not explain the significant differences at CS10/11. This is particularly
relevant given the predicted elongation and accessibility of CS10/11. Here, a closer
examination of sequences, predicted structures, and our determined conversion rates provided
insights into the cleavage mechanism at each site. In the following, a more detailed look at
CS8/9, CS9/10 and CS10/11 is provided. Additionally, we demonstrated that while complete
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processing of nsp7-11 is not essential, it greatly enhances methyltransferase complex
assembly. Here, we discuss structural implications of our findings and evaluate our approach

against conventional techniques.

Across all tested species, cleavage sites CS7/8, CS8/9, and CS9/10 contained the typical MP™
consensus sequence elements: L at P2 and Q at P1111319-313_ Degpite these primary structure
similarities, their conversion rates varied significantly. For CS7/8, as discussed above, its
secondary structure appeared to be the key factor inhibiting cleavage. At CS9/10, all tested
strains shared sequence conservation from P5 to P2’, and cleavage occurred with relatively
high efficiency (cf. Figure 27, Figure 36). Previous studies demonstrated that residues up to
P6 in CS9/10 interact tightly with MP™, explaining the consistent processing efficiency across
strains at this site. The conversion rates of CS8/9 showed unexpected variability between
strains, exhibiting the highest measured rate in MERS-CoV but slow rates in HCoV-229E. This
variability was particularly surprising given its highly conserved non-canonical sequence,
notably the NNE at P1'-P3' being essential for nsp9 PTMs in CoV transcription®'4. The only
differences among species at CS8/9 specific to HCoV-229E that could explain an altered
interaction with MP™ was a P5 A-to-V substitution, suggesting these substantially inhibit CS8/9
cleavage. MERS-CoV however shares the P5-P1 with SARS-CoV-1 and -2 suggesting that
other flanking residues or structural aspects determine this highest conversion rate. Hence,
our findings indicate that variations in conversion rates likely arise from specific structural

features within or surrounding the cleavage sites, rather than primary structure alone.
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C nsp7 D
1 SKLTDLKCTNMVLMGILSNMNI ASNSKEWAYCVEMHNK INLCDDPETAQELLLALL 586
1 SKMSDVKCTSVVLLSVLQQLRVESSSKLWAQCVQLHNDILLAKDTTEAFEKMVSLL 56
1 SKMSDVKCTSVVLLSVLQQLRVESSSKLWAQCVQLHNDILLAKDTTEAFEKMVSLL 56
1 SKLTDLKCTSVVLLSVLQQLHLEANSRAWAFCVKCHNDILAATDPSEAFEKFVSLF 56
C nsp7 nsp8
57 AFFLSKHSDFGLGDLVDSYFENDS ILQSVASSFVGMPSFVAYETARQEYENAVANG 112
57 SVLLSMQGAVDIINKLCEEMLDNRATLQAIASEFSSLPSYAAFATAQEAYEQAVANG 112
57 SVLLSMQGAVD|IINRLCEEMLDNRATLQAIASEFSSLPSYAAYATAQEAYEQAVANG 112
57 ATLMTFSGNVDLDALASDIFDTPSVLQATLSEFSHLATFAELEAAQKAYQEAMDSG 112
nsp8
113 88 -PQ | | KQLKKAMNVAKAEFDRESSVQKK | NRMAEQAAAAMYKEARAVNRKSKVV 167
113 DS -EVVLKKLKKSLNVAKSEFDRDAAMQRKL EKMADQAMTQMYKQARSEDKRAKVT 167
113 DS -EVVLKKLKKSLNVAKSEFDRDAAMQRKL EKMADQAMTQMY KQARSEDKRAKVT 167
113 DTSPQVLKALQKAVNIAKNAYEKDKAVARKL ERMADQAMTSMYKQARAEDKKAK |V 168
nspd
168 SAMHSLLFGML RRLDMSSVDTII L NMARNGVVPLSY IPATSAARLYVVVPDHDSFVK 223
168 SAMQTMLFTML RKLDNDALNNI INNARDGCVPLNI IPLTTAAKLMVVIPDYNTYKN 223
168 SAMQTMLFTML RKLDNDALNNI INNARDGCVPLNI IPLTTAAKLMVVVPDYGTYKN 223
169 SAMQTMLFGM | KKLDNDVLNGI I SNARNGC IPLSVIPLCASNKLRVVIPDFTVWNQ 224
nsp8
224 MMVDGFVHYAGVVWTLQEVKDNDGKNVHLKDVTKENQE ILVWPLILTCERYV - -- -V 275
224 TCDGTTFTYASALWEIQQVVDADSK IVQLSEISMDNSPNLAWPL | VTALRA -NSAV 278
224 TCDGNTFTYASALWE IQQVVDADSK | VQLSEINMDNSPNLAWPL | VTALRA -NSAV 278
225 VVTYPSLNYAGALWDITV INNVDNE | VKSSDV - VDSNENLTWPLVLECTRASTSAV 279
nsp9
276 KLQNNE IMPGKMKVKATKG -EGD -GG ITSEGNALYNNEGGRAFMYAYVTTKPGMKY 329
279 KLQNNEL SPVALRQMSCAAGTTQTACTDDNALAYYNTTKGGRFVLALLSDLQDLKW 334
279 KLQNNEL SPVALRQMSCAAGTTQTACTDDNALAYYNNSKGGRFVLALLSDHQDL KW 334
280 KLQNNE I KPSGLKTMVVSAGQEQTNCNT -SSLAYYEPVQEGRKMLMALLSDNAYLKW 334
nsp9
330 VKWEHDS - -GVVTVELEPPCRFVIDTPTGPQ I KYLYFVKNLNNLRRGAVLGY IGAT 383
335 ARFPKSDGTGTIYTELEPPCRFVTDTPKGPKVKYLYF | KGLNNLNRGMVLGSLAAT 390
335 ARFPKSDGTGTIYTELEPPCRFVTDTPKGPKVKYLYF IKGLNNLNRGMVLGSLAAT 390
335 ARVEGKDG - -FVYSVELQPPCKFL | AGPKGPE I RYLYFVKNLNNLHRGQVLGHIAAT 388
O DU nsp10 D
384 VRLQAGKQTEFVSNSHLLTHCSFAVDPAAAYLDAVKQGAKPVGNCVKMLTNGSGSG 439
391 VRLQAGNATEVPANSTVLSFCAFAVDAAKAYKDYLASGGQP I TNCVKMLCTHTGTG 446
391 VRLQAGNATEVPANSTVLSFCAFAVDPAKAYKDYLASGGQP I TNCVKMLCTHTGTG 446
389 VRLQAGSNTEFASNSSVLSLVNETVDPQKAYLDFVNAGGAPLTNCVKMLTPKTGTG 444
nsp10
440 QAITCTIDSNTTQDTYGGASVC | YCRAHVAHPTMDGF CQYKGKWVQVP IG-TNDP | 494
447 QAITVTPEANMDQESFGGASCCLYCRCHIDHPNPKGFCDLKGKYVQIPTTCANDPV 502
447 QAITVTPEANMDQESFGGASCCLYCRCHIDHPNPKGFCDLKGKYVQIPTTCANDPV 502
445 |AISVKPESTADQETYGGASVCLYCRAHIEHPDVSGVCKYKGKFVQ I PAQCVRDEPRPV 500

nsp10 T —
495 RFCLENTVCKVCGCWLNHGCTECDRTAI - - - -QSFDNSYLNESGALVPLD 539
503 GFTLKNTVCTVCGMWKGYGCSCDQLREPMLQSADAQSFLNGFAV - - - - - 546
503 GFTLRNTYCTVCGMWKGYGCSCDQL REPLMQSADASTFLNGFAV - - - - - 546
501 GECLSNTPECNVEQYWIGYGCNCDSL RQAALPQSKDSNFLNESGBVLL - - - 546

Figure 36: Multiple sequence alignment (MSA) of the four hCoVs tested.

MSA is colored with Blosum62 Score scheme. Gaps are colored white and residues matching the consensus
sequence are colored dark blue. If the residue does not match the consensus sequence, but the Blosum62 matrix
gives a positive score, it is colored light blue.

The CS10/11 provided particularly valuable insights. CS10/11 showed high-efficiency
cleavage in SARS-CoV-1 and -2, but low efficiency in HCoV-229E and in MERS-CoV. CS10/11
showed relatively low sequence conservation among tested species, with notable substitutions
at the P2 position of the MP™ consensus sequence (Figure 36, Figure S17). In this position,
the typically conserved L is replaced with M in SARS-CoV-1, | in HCoV-229E, and P in MERS-
CoV. A detailed study of MP™ substrate specificity supports our findings, showing that M at
position P2 still permits moderate cleavage efficiency, while other substitutions result in lower
efficiency®'°. In our structural models, CS10/11 occupies a peripheral, exposed position, which

likely enables MP™ substrate recognition despite unfavorable sequence motifs.

It is important to note that all nsp7-11 substrates from the four CoVs (SARS-CoV-2, SARS-
CoV-1, HCoV-229E and MERS-CoV) were cleaved using SARS-CoV-2 MP®, While MP©
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consensus sequences are generally conserved across CoVs and structural superimposition of
Mpr of the four CoVs tested show very similar structures (Figure 37), species-specific
differences in protease-substrate interactions cannot be entirely excluded®!:3'6317  Future
studies using matched species-specific MP®-substrate pairs could further refine our
understanding of these processing kinetics. However, this would further complicate the

assignment of observed differences to specific features in the polyproteins.

Figure 37: Superimposed crystal structures of MP™ from the four hCoVs tested.

Top panel shows MP™ dimers from two sites. Lower panel shows zoom in on catalytic site with the two catalytic
residues marked in red. PDB structures: 6LZE in pink (SARS-CoV-2)3'8, 1Q2W in gold (SARS-CoV-1)3'°, 5WKK in
light blue (MERS-CoV)320, 2ZU2 in light green (HCoV-229E )31,

Nevertheless, the literature provides useful insights into previous approaches using chimeric
MP™ constructs that are worthy of attention. Denison and coworkers investigated MP™ activity
across genogroups using chimeric MHV encoding MP™ from a- and B-CoVs in vivo®?2. Chimeric
MHV using MP™ within the same genogroup lineage showed efficient replication, although viral
fitness was reduced compared to the originating virus. In contrast, engineered chimeric MHV
from a-CoVs showed no viral recovery. The results indicate that a possible difference in timing
and cleavage efficiency of MP™ in a heterologous background could be the reason for reduced
viral recovery®?2, However, it remains unknown to what extent these findings affect in vitro
processing with chimeric MP™ as in vitro experiments usually simplify heterogeneity. Therefore,

additional species-specific processing kinetics would give useful information on the chimeric
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use of MP™ in in vitro cleavage assays. In the end, using SARS-CoV-2 MP™® was important to

achieve better comparability between nsp7-11 substrate of the four CoVs.

There was a rapid conversion of CS10/11 in both SARS-CoV-2 and SARS-CoV-1. However,
this was not observed for MERS-CoV and HCoV-229E, where low kinetic rates were found
instead. The prediction models indicate an elongated structure in the vicinity of CS10/11, with
optimal accessibility for MP™ binding. Importantly, the low efficiency CS10/11 proved non-
essential for formation of the RTC sub-complex nsp16+10-11 (Figure 29). This is consistent
with a low sequence conservation among the four CoVs (Figure 36, Figure $17). In a study
by Yadav et al.?3, HDX-MS experiments revealed that nsp11 shields its adjacent nsp10 region
from deuterium uptake, suggesting it effectively covers this interface in the native structure in
SARS-CoV-2. Subsequently, integrative modeling by using constraints from HDX-MS and
XL-MS data showed an a-helix at CS10/11, which suggests a reduced conversion rate of
CS10/11 in SARS-CoV-2 (cf. Figure 2 B)®3.

In comparision, the findings in this work suggest that CS10/11 cleavage efficiency is neither
conserved across hCoVs nor required for complexation with nsp16. This possibly reflects
CS10/11's origin as a secondary product from the CoV ORF1a/ab RNA frameshift region that
is required for the translation of pp1ab (nsp1-nsp16). Notably, nsp10 is followed by nsp12 in
approximately one-third of the CoV polyprotein that is expressed as pp1ab. Since nsp12
shares the same N-terminus as nsp11, the cleavage sites CS10/11 and CS10/12 are
structurally similar by design. This raises the intriguing possibility that a long-lived nsp10-12
intermediate could exist and form a complex with nsp16, resulting in an nsp10-12+16 super-

complex.

The cleavage order proposed also illustrates the ongoing debate regarding the initial cleavage
site. Based on pulsed HDX-MS and SDS-PAGE, Yadav et al. suggested the following cleavage
order: CS9/10 > CS8/9 > CS10/11 >> CS7/8%%. However, our findings contradict these data
showing a preferred cleavage order with CS10/11 as SARS-CoV-2 fastest cleavage site:
CS10/11 > CS8/9 = CS9/10 >> CS7/8. Next to the cleavage order proposed by structural MS-
techniques, an advanced FRET assay using a linked protein platform suggested a third variant
cleavage order: CS9/10 > CS7/8 > CS8/9 > CS10/11. Collectively, there are three different
biophysical techniques proposing three different cleavage orders of nsp7-11 polyprotein
processing. The study using pulsed HDX-MS and integrative modelling and our study using
native MS employed full-length polyprotein and thereby included polyprotein folding. Both
techniques agree on a slowly converted CS7/8, but not on whether CS9/10 or CS10/11 is
targeted first®3%5, In fact, CS10/11 is claimed to be the fastest cleavage site in this study, but
clearly not in the studies using the novel FRET-platform or using HDX-MS. However, while the

novel FRET-platform provides cleavage site expressed in a linked protein, the cleavage order
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still reflects the preference on cleavage efficiency and primary structure. Furthermore,
compared to HDX-MS that give indirect information of intermediate products, native MS gives

direct evidence by detection of all cleavage products in parallel.

As cleavage of CS10/11 occurs rapidly in SARS-CoV-2 in our work, it could be possible that
the depletion of the polyprotein had progressed already so far that the experimental design of
Yadav et al. missed out the fast cleavage of CS10/11. Especially as they have used a higher
ratio of polyprotein nsp7-11 to MP™® (1:1) and incubated at RT. We have observed a similar
scenario during the processing of nsp7-11C using the discontinuous approach (cf. Figure 20).
Here, the rate of CS10/11 is no longer the fastest due to the depletion of the initial substrate,
nsp7-11. Another interesting aspect is that nsp7-11 was frozen and thawed for the HDX-MS
measurements. A discontinuous polyprotein processing experiment using frozen nsp7-11 from
SARS-CoV-1, under identical conditions, revealed a different cleavage order based on the
kinetic rates, with CS10/11 exhibiting a slower rate likely due to advanced substrate depletion
(Figure $18). These results may be not transferred one to one as polyprotein processing was
conducted in different buffer conditions. However, the negative impact of freezing on the

folding of polyproteins is evident.

Our research illuminates the sophisticated relationship between CoV polyprotein processing
and nsp complex formation. Notably, functional chimeric complexes can even form between
components from different CoV species, such as SARS-CoV-2 and MERS-CoV. Coordinated
processing generates multiple proteoforms with distinct functions, a common viral
strategy'#®32%. The CoV methyltransferase complex demonstrates remarkable flexibility. While
it can bind unprocessed polyprotein nsp7-11, it clearly prefers mature and half-mature products
nsp10 or nsp10-11. The integrative model of Yadav et al. for SARS-CoV-2 nsp7-11 suggests
that nsp9 and nsp10 are in close proximity, which could explain why the polyprotein is a poor
binder of nsp168. Our observation of consistently delayed CS7/8 cleavage across all species

hints at a possible regulatory mechanism for the assembly of CoV polymerase complexes.

This spatiotemporal coordination likely orchestrates the sequential formation of various
functional assemblies. The processivity-enhancing nsp7 and nsp8 subunits would join nsp12
later to form the polymerase complex while nsp9 and nsp10 would become available earlier in
the viral lifecycle. This is particularly interesting considering the critical nsp10-dependent
complexes, including the proofreading nsp14+10, methyltransferase nsp16+10 and the
recently reported ternary complex nsp10+14+1632432° Such regulated processing would
ensure that RNA capping and proof-reading are in place first, potentially allowing the virus to
fine-tune RNA synthesis and modification. The ordered and regulated polyprotein processing

parallels cleavage processes in alphaviruses, another group of enveloped positive-sense RNA
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viruses®?®. In both virus families, timely and precise polyprotein processing is crucial for viral

replication, yet depends on factors beyond sequence accessibility327:328,
3.4.3. Technical novelty, approach and limitations

This section outlines the key advances of the established approach compared to conventional
approaches that are usually based on peptide cleavage assays. Furthermore, the experimental
approach is discussed highlighting the rationale behind key technical choices and addressing
methodological considerations such as ion suppression, dynamic range, and the optimization

of protein concentrations.

A key advantage of our approach was the use of folded polyprotein substrate, presenting
cleavage sites in their native structural context. By using tag-free nsp7-11 with natural amino
acid sequence, we aimed to replicate authentic MP™-polyprotein interaction dynamics. In
contrast, conventional techniques typically use either natural libraries or artificial substrates
such as labelled or unlabeled peptides or short cleavage site sequences expressed between
reporter proteins. These methods offer advantages in throughput and automated readout,
enabling broad sequence space and condition sampling®'®2%3%_ However, in a previous study
it was shown that peptide-based cleavage sites not reflect native structural dynamics,
potentially producing misleading results®®. For example, FRET-based assays of SARS-CoV-1
and MERS-CoV suggested high conversion rates for CS7/8, indicating a different processing
order than in our findings®'332, Thus, our approach offers a detailed and quantifiable
perspective to dynamic reactions and serves as blueprint for multi-cleavage reactions in

general. However, a development regarding higher throughput would be desirable.

Even though the temperature used in our experiments is lower than the typical temperature at
which the catalytic constant k..t is measured, the k-values determined using native MS are
lower than those obtained using peptide-based cleavage assays?®23'3%2, The main reason for
this is that the peptide substrates are usually added in excess, and therefore the enzyme is
always fully occupied. MP™ is part of pp1ab, released by autocleavage and then becomes
active as a dimer resulting in a twofold excess of the substrate in vivo®3. Thus, the competition
of different cleavage sites for the protease active site and similar concentrations of substrate
and enzyme reflect the in vivo situation much better. We therefore conclude that our approach
using native protein sequences in folded nsp7-11 polyprotein better represents authentic

processing reactions.

Native MS enabled characterization of the dynamic landscape of protein species, including
non-covalent complexes33*. However, this approach required using ammonium acetate as a
buffer surrogate and low temperatures to prevent nsp8-mediated complex aggregation33%. Our

in-capillary experiments at a temperature of 27°C showed decreasing reaction rates for

98



CS10/11 over time, likely from natural substrate depletion during the ongoing process.
However, influences from the elevated temperature or in-capillary acidification, which happens
during prolonged nano-ESI3%*, cannot be entirely excluded. Nevertheless, linearization of data
clearly reveals when the assumption of first-order kinetics is no longer valid and k can simply
be extracted from these data points. Undersampling or too little data points is fortunately not
an issue in the continuous approach as spectra were recorded at rates far higher than 10 Hz
at the employed resolution settings of 6250. Additionally, temperature-controlled experiments
could yield Arrhenius plots, providing enthalpic and entropic energies of the reactions®’. To
rule out capillary-based biases, similar multi-cleavage experiments could benefit from
automated LC online-buffer exchange, which would standardize the sampling timepoints and
allow the reaction to be performed in standard buffer systems until the moment of sampling33.
However, this approach would require more complex instrumentation and sample handling.
Direct mass detection of intact protein intermediates enabled both extraction of conversion
rates and comprehensive insights into multi-cleavage reaction kinetics. A complementary
study using XL-MS and HDX-MS examined SARS-CoV-2 polyprotein processing, revealing

novel spatial and dynamical information about MP-nsp7-11 interactions®?.

Considering the detection of both low- and high-abundance species, the question arises
whether the dynamic range limit of the Orbitrap instrument has been reached. Sample
concentration directly impacts the dynamic range of a mass spectrometer for several reasons.
The most abundant ion species can saturate the detector, ion suppression effects increase
especially in complex mixtures and space charge effects become more pronounced?®28°,
Space charge effects occur when the density of ions becomes high enough that repulsive
forces (Coulombic repulsion) between ions significantly affect their behavior. To assess this,
ion intensities for nsp7, nsp10-11, and nsp7-11 were examined (Table S1). Given the
Orbitrap’s wide dynamic range and our observation that ion suppression was evident at
~ 30 uM but not at ~ 20 uM total protein concentration (Figure 31), the concentrations used
(< 25 uM) appear appropriate. Nonetheless, to further minimize potential artifacts from space
charge and ion suppression, particularly near adjacent peaks, slightly lower concentrations

may be advisable.

Orbitrap systems provide a wide range of adjustable settings, allowing optimal tuning for
specific analytes. In this study, polyprotein processing yielded over 15 distinct mass species,
ranging from 1.5 kDa (nsp11) to 67 kDa (MP™,). For these experiments, we were particularly
interested in intermediate species, so Tune settings were optimized for masses in the
~20-70 kDa range. Parameters such as an interior heated capillary temperature of
100-150 °C, 15 eV in the source region, and 25 eV in the HCD cell are not ideal for preserving

protein-protein interactions in smaller dimers, such as the nsp7 dimer (~ 18 kDa). As a result,
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HCD products were observed in MS1 spectra, including dissociated nsp7 (cf. Figure S5 C).
However, the use of the HCD cell was not required during the processing measurements, but
only for the identification of selected peaks such as nsp7-8 polyprotein and nsp7+8
heterodimer. Both the Orbitrap and C-trap have high space charge capacities, but to eliminate
any potential risk of space charge repulsion, it would have been advisable to omit the HCD
cell??:3%, More importantly, this did not affect the extracted cleavage site kinetics, as mature
nsps were excluded from the analysis, and gentler conditions were applied where necessary,

such as during Kp measurements.

In summary, we directly monitored MP°-mediated polyprotein processing, capturing the
structural context of the cleavage sites. This offers an advantage over conventional peptide-
based assays. Cleavage kinetics were extracted using two complementary approaches: one
enabling measurements at near-physiological temperatures, and the other providing detailed
kinetic rate analysis. While the usage of HCD cell could have been omitted from each
measurement, we established a balanced experimental setup optimizing protein
concentrations to support nsp interactions while maintaining suitable sample conditions with

respect to dynamic range and ion suppression.
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4. Summary and outlook

In this work, we analyzed CoV polyprotein processing across four human CoV species,
revealing dynamic intermediate products, cleavage site conversion rates, and the
interconnection between processing and complex formation. A sensitive and precise native
MS approach was established, providing novel insights into processing kinetics of CoVs, and
enabling determination of kinetic rate constants for the four cleavge sites, including the
structural context of the nsp7-11 polyprotein. Processing kinetics of the four human CoVs
demonstrated both conserved features and species-specific variations in nsp7-11 processing
(Figure 38, Figure 39). We established that while complete processing enhances nsp16+10
complex formation, it is not essential, and showed that functional complexes can form even

between divergent human CoVs.

The structural analysis of cleavage sites was performed using AF models, sequence
alignments and the kinetic rates constants, and revealed, how their structural environment
contributed to processing efficiency. Cleavage rates were low at CS7/8 in all four CoVs
species. Together with the AF models, this finding suggested that an a-helix was a structural
hindrance and was likely a regulatory secondary structure that controlled the delayed release
of nsp7 and nsp8. In conjunction with our kinetic data, the AF models provided further insights
into the structural context of the cleavage sites, thereby enhancing our understanding of

polyprotein processing.

Our methodology demonstrated that native MS is a versatile tool for investigating enzyme
kinetics. Assets over conventional techniques are consideration of structural context and label-
free substrates that are cheap to produce. A further advantage is the direct feedback on
complex formation and stoichiometric ratios in one experiment. This improved mechanistic
understanding of CoV polyprotein processing and complex formation may inform future

antiviral drug development strategies targeting these essential viral processes.

There are a few experiments that could be realized quickly from here onwards and would
significantly contribute to unravel the role of processing intermediates. Binding experiments
with processed and unprocessed nsp7-11 and nsp16 suggested a potential regulatory role for
the intermediates. A logical next step would be to investigate nsp16 complex formation in a
time-resolved manner using the method established here. It is possible that processing
intermediates would also interact with nsp16, given the observed interaction between nsp7-11
and nsp16, albeit at a low level. Testing the activity of a potential intermediate+nsp16 complex
might reveal whether processing intermediates have regulatory roles beyond serving as
precursors to mature nsps. Thus, further nsps such as the RARP nsp12 or the helicase nsp13

could also be tested in time-resolved binding experiments to reveal the possible functions of
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the processing intermediates. However, protein production protocols would need to be

established for these nsps.

Our novel approach showed promise in advancing drug development strategies through its
unique ability to provide a quantitative analysis of the kinetics of viral polyprotein processing.
While the current approach had proven effective, several methodological enhancements could
have further increased its impact and applicability. Two main areas for development have been
identified: streamlining the native MS measurement process and optimizing protein purification

workflows.

For this work, native MS measurements were conducted manually, limiting the number of
samples that could be screened. These labor-intensive experiments would have benefitted
from an automated nano-ESI platform, enabling high-throughput screening of various ratios
using both continuous and discontinuous approaches. Additionally, such automation would
have improved reproducibility®*°34'. Higher-throughput measurements would result in
significantly larger datasets that would required efficient analysis. Our custom Python script,
tailored to our specific scientific question, required manual peak list creation for each new
construct and at least a control check for each measurement to validate the peak list.
Additionally, the script did not inherently detect overlapping peaks. Therefore, a software would
be needed that offers a peak-picking algorithm capable of automatically deconvoluting mass
species, identifying overlapping peaks, and accurately resolving them using a peak distribution
fitting model. MetaUniDec offered some of these features. However, for applications similar to
this study, the software would have needed to be improved, for example, an enhanced control

over peak picking and additional features for more in-depth data processing and export.
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A Method establishment
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Figure 38: Graphical summary of the method establishment.

(A) A custom Python script was developed to import MS data, deconvolute peaks, and extract kinetic cleavage rate
constants for four cleavage sites: CS7/8, CS8/9, CS9/10, and CS10/11. The resulting data were fitted using the
specified exponential model. (B) To capture both rapid and slow cleavage events, two complementary
measurement strategies were employed. Data from both approaches were processed uniformly using the
developed Python script. (C) A major advantage of monitoring polyprotein processing with native MS is the
simultaneous detection of all cleavage products. This is enabled by the broad mass detection range. For example,
low-molecular weight species such as nsp11 (1.3 kDa) can be detected alongside larger complexes like the
nsp72+82 tetramer (62.2 kDa).

The second development would aim for an optimized protein purification protocol. Although
the polyproteins could be expressed in high yields, the samples showed a tendency to
aggregate and behaved unpredictably when frozen®®®. As a result, samples had to be freshly
prepared, significantly reducing efficiency. To address this, our group recently developed an
elegant, streamlined protocol for handling low-yield or difficult proteins®*?. The so-called fast-
track method saves time and enables the analysis of proteins that do not tolerate buffer
exchange. Such rapid protocols are furthermore important if many nsps or partial polyproteins
are to be provided at the same time to follow RTC assembly. If expression of the
transmembrane devoid nsp7-16 is successful in mammalian cells or cell-free expression,

yields will likely be low, so fewer purification steps will minimize losses. Therefore, it appears
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realistic to look at processing of larger polyprotein constructs in vitro in the near future. This
would enable the study of polyprotein processing and subsequent RTC assembly in real time.
Combination with minimal RNA substrates could even be feasible, hence enabling precision
biochemistry of a concerted set of enzymatic reactions driven viral replication. To achieve this,
constructs should be designed with an MP™ cleavage site so that the purification tag is cleaved
off during the processing reaction, enabling the investigation of nsp samples with authentic
termini. It is still unclear whether the individual intermediates have an altered function during
processing or whether the processing to mature nsps is merely a temporal regulation to ‘switch
on’ the function of the liberated nsps. Native MS experiments designed in this way could

provide valuable insights into the key stages of the RTC assembly pathway.

This work suggested that the order of cleavage is not conserved among CoVs. Studying the
cleavage kinetics of nsp7-11 in more a- and $-CoVs, as well as in y- and 6-CoVs might have
revealed greater diversity or shared features. Significant divergence exists among CoV genera
in the replicase gene, but structural insights remain limited in these genera344345, However,
interest appears to be increasing, as a recent study underscores showing genus-specific
characteristics in the IBV nsp12 structure within the RTC3*. Advancing our understanding of
CoV replication across genera is essential for future outbreak preparedness, as y-CoVs have
demonstrated the capacity for cross-species transmission®*. Therefore, applying our method

to y- and 6-CoVs would enhance our understanding of polyprotein processing in CoVs.

Further in vitro work should focus on the RTC assembly pathway and stoichiometry, as this
remains poorly understood despite its critical importance for viral replication. Current debates
surrounding RTC assembly center on the roles of PTMs, heterogeneous stoichiometry, and
how different stoichiometric configurations relate to distinct functional states. Understanding
this heterogeneity is crucial because different proteoforms and structural assemblies likely
serve specialized functions within the replication machinery. Mapping the relationship between
specific structural configurations and their corresponding functions would enhance our ability
to identify targetable conformations. This knowledge would enable the rational design of small
molecules that selectively disrupt essential RTC functions by targeting specific structural

states, rather than attempting broad inhibition of the entire complex.

While the nsp7-11 polyprotein region of SARS-CoV-2 had been studied extensively in vitro,
the next logical steps should either return to in vivo validation of these findings or investigate
larger polyprotein constructs that better recapitulate the full complexity of viral polyprotein
processing. The next section discusses further polyprotein processing experiments that can

be performed with existing technologies and that go beyond native MS.
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A Polyprotein processing is not conserved among CoVs
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Figure 39: Graphical summary of polyprotein processing and nsp16 binding studies.
(A) Comparative analysis of the four human CoVs: SARS-CoV-2, SARS-CoV-1, HCoV-229E, and MERS-CoV
revealed distinctive processing patterns, suggesting that processing is not strictly evolutionarily conserved.
However, certain features, such as the delayed cleavage of CS7/8, appear to be conserved. These observations
support the hypothesis that polyprotein processing plays a critical regulatory role, particularly in the temporal control
of nsp maturation. (B) As all processing reactions were carried out using SARS-CoV-2 MP™, species-specific effects

cannot be excluded. Therefore, we propose a cleavage order only for SARS-CoV-2. In this context, MP™ appears

to cleave preferentially from the C-terminus to the N-terminus, with CS9/10 and CS8/9 being processed at
comparable rates. (C) Interaction binding studies with methyltransferase nsp16 demonstrated strong interaction
upon release of nsp10. Nonetheless, binding was also observed with the nsp7-11 polyprotein, including a chimeric
nsp7-11+16 complex between MERS-CoV and SARS-CoV-2.
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A complementary in vivo technique for this work could be N-terminomics. Intermediates of the
polyprotein processing could be monitored based on the N-terminal modifications and
analyzed to resolve the cleavage order of nsp7-11, providing insight into all the other cleavage
sites in pp1a and pp1ab. However, rapid kinetics and low abundance of intermediate species
may be a challenge requiring precise timing and optimal enrichment methods. Here, further

improvements in enrichment and analytical depth may be needed.

In the following paragraphs, a dream destination is described for investigating polyprotein
processing using in vivo native TD-MS. It is a hybrid approach that combines complementary
novel methods from MS. Here, important aspects include optimized sample preparation,
advancements in mass analyzer technology to enhance dynamic range, and the use of
enrichment and separation methods. Additionally, labeling techniques such as fast
photochemical oxidation of proteins (FPOP) play a crucial role in enabling detailed structural

analysis.

For in vivo TD-MS, the dynamic range problem is currently limiting, which means that low
abundant species such as polyprotein intermediates are difficult to detect. Considering the
investigation of SARS-CoV-2, a human cell line would be employed, which means a high
dynamic range proteome of 108 to 10'2.3*° To address this, a suitable protocol needs to be
established to pull nsps or polyprotein containing species from infected cells in a fast fashion
by using antibodies. This would allow looking at species present in vivo with native TD-MS,

and would likely bring along natural RNA substrates and co-factors (Figure 40 A).

Lysates would need to be inactivated as sophisticated MS systems are usually not situated in
Biosafety level 3 (Figure 40 A)*°. Furthermore, the electrospray ionization employed
generates aerosols, which have to be avoided with infectious material. Most standard
inactivation procedures would interfere with the native structure, however UV-C will less affect

proteins and is suited for SARS-CoV-2 lysates3®'.

In the future, considering the analysis of mammalian or human lysates this would require an
experimental set-up, in which the complex mixture is separated to overcome dynamic range
limitations. A presorting of infected and non-infected cells by using fluorescence-activated cell
sorter (FACS) would enrich the polyprotein as it occurs only in the infected cells®%2. Separation
could also be achieved by a combination of advanced separation techniques such as capillary-
electrophoresis (CE) and ion mobility coupled to MS (Figure 40 B)3%3. CE with its low flow-
rates lends itself as online chromatography system that preserves folding and interactions such
as recently shown for an online nanoflow ion-exchange chromatography?®33%. Furthermore,

advances in dynamic range capacities of mass detectors would be promoting.
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A desirable native TD-MS approach for the analysis of polyprotein processing or the RTC
would be a set-up, in which a surface labeling could be employed on demand, so that local
structural information and conformational changes can be monitored. An online FPOP system
would be a good option, as it covalently labels amino acid side chains using hydroxyl radicals
while maintaining the native conformation. Furthermore, surface labelling could be
conveniently performed on demand by simply switching the laser on and off (Figure 40 D)%
In order to be able to fragment reliably down to peptide level an Omnitrap platform would be
suitable to conduct multiple-stage fragmentation in MS" 3%:3%7(Figure 40 C). The Omnitrap
platform provides a range of fragmentation techniques, allowing users to tailor their choice to
the experimental design and scientific objectives, given the distinct characteristics of each

method38,

An alternative approach to deduce structure from such high complexity samples, is using
native MS setups for online purification. When protein complex ions enter the gas phase, they
become isolated precluding re-equilibration between states as observed in solution separation
techniques. Mass or shape selected ions can then be soft-landed and subjected to cryo-EM3%°

or subjected to X-ray diffraction on the fly360-361,

With these future technologies, it will be possible to resolve transient states of the RTC and
relevant PTMs in great molecular detail. Furthermore, heterogenous complexes with distinct
functions can be detected and structurally investigated. Improved resolution in cryo-ET and
computational modelling will help to put these findings into the right cellular context. In the
future, highly complementary structural biology techniques, such as structural mass

spectrometry, will continue to be essential for understanding dynamic molecular mechanisms.
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A Sample preparation for native top down MS
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Figure 40: Graphical overview of an advanced native top-down MS (nTD-MS) platform for polyprotein

processing analysis.

(A) Infected cell lysates are UV-C treated to inactivate viruses. Polyprotein intermediates and products are enriched
via antibody or affinity purification. (B) Samples are introduced into an nTD-MS-optimized system with capillary
electrophoresis for gentle separation prior to ionization. lon mobility and quadrupole filtering (not shown) enable
further gas-phase separation. (C) Fragmentation occurs in the Omnitrap system using MS? methods with different
characteristics: ExD cleaves peptide backbones while preserving inter-subunit interfaces; CID disrupts weaker
bonds, often causing subunit dissociation; UVPD generates extensive backbone fragmentation. An exemplary MS?
could be CID followed by UVPD on an isolated fragment. (D) An optional UV laser enables hydroxyl (OH) -radical
labeling during electrospray, highlighting solvent-accessible regions. Combined, the platform could deliver deep

sequence coverage and structural insights for computational modeling (structure shown from PDB: 7RE2362),
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5. Methods

5.1. Protein production
5.1.1. Protein constructs

Gene sequences for nsp7-11C and nsp7-11N were taken from “Severe acute respiratory
syndrome coronavirus 2 isolate Wuhan-Hu-1" as published in January 2020 (replaced by NCBI
LOCUS NC_045512) and commercially synthesized (GenScript). The synthetic gene
sequence for nsp7-11C/nsp7-11N with suitable overhangs were cloned with Type IIS
restriction enzymes into either pASK35+ and pASK33+ (IBA life sciences), generating a

plasmid with C- and N-terminal Hise-tag, respectively.

Gene sequences for SARS-CoV-1, MERS-CoV and HCoV-229E were taken from the following
NCBI LOCI: R1A_SARS, NC _038294.1 and R1A_MERS1. Genes were commercially
synthesized and sub-cloned via restriction enzymes Ncol/Xhol into the vector pET-28a (+). All
constructs contain a Hiss-Strep2-SUMO-tag and are called SUMO- Hisg-tagged for simplicity.

Sequences of all constructs used are provided (Table 5).

The plasmid for nsp16 was synthesized as full-length nsp16 with N-terminal Hise-tag in
pET22b (+) vector (Table 5). The Hise-tag is followed by a short linker SAVLQ enabling

cleavage of viral protease MP™.

The plasmid for SARS-CoV-2 MP® in PGEX-6p-1 was generously provided by Prof. Rolf
Hilgenfeld.

Table 5: Amino acid sequences of protein constructs and their theoretical mass (in Da).
The constructs that have a cleavable tag are shown with their authentic sequences. All of them are expressed with
an N-terminal Sumo-Strep2-His6-tag that is listed once for all.

Protein Sequence Theoretical
Mass (in Da)

nsp7-11C | SKMSDVKCTSVVLLSVLQQLRVESSSKLWAQCVQLHNDILLAKDTTE | 60,824
AFEKMVSLLSVLLSMQGAVDINKLCEEMLDNRATLQAIASEFSSLPSY
AAFATAQEAYEQAVANGDSEVVLKKLKKSLNVAKSEFDRDAAMQRKL
EKMADQAMTQMYKQARSEDKRAKVTSAMQTMLFTMLRKLDNDALN
NIINNARDGCVPLNIIPLTTAAKLMVVIPDYNTYKNTCDGTTFTYASALW
EIQQVVDADSKIVQLSEISMDNSPNLAWPLIVTALRANSAVKLQNNELS
PVALRQMSCAAGTTQTACTDDNALAYYNTTKGGRFVLALLSDLQDLK
WARFPKSDGTGTIYTELEPPCRFVTDTPKGPKVKYLYFIKGLNNLNRG
MVLGSLAATVRLQAGNATEVPANSTVLSFCAFAVDAAKAYKDYLASG
GQPITNCVKMLCTHTGTGQAITVTPEANMDQESFGGASCCLYCRCHI
DHPNPKGFCDLKGKYVQIPTTCANDPVGFTLKNTVCTVCGMWKGYG
CSCDQLREPMLQSADAQSFLNGFAVSARGSHHHHHH

nsp7-11N | ASRGSHHHHHHGASKMSDVKCTSVVLLSVLQQLRVESSSKLWAQCV | 60,953
QLHNDILLAKDTTEAFEKMVSLLSVLLSMQGAVDINKLCEEMLDNRAT
LQAIASEFSSLPSYAAFATAQEAYEQAVANGDSEVVLKKLKKSLNVAK
SEFDRDAAMQRKLEKMADQAMTQMYKQARSEDKRAKVTSAMQTML
FTMLRKLDNDALNNIINNARDGCVPLNIIPLTTAAKLMVVIPDYNTYKNT
CDGTTFTYASALWEIQQVVDADSKIVQLSEISMDNSPNLAWPLIVTAL
RANSAVKLQNNELSPVALRQMSCAAGTTQTACTDDNALAYYNTTKG
GRFVLALLSDLQDLKWARFPKSDGTGTIYTELEPPCRFVTDTPKGPKV
KYLYFIKGLNNLNRGMVLGSLAATVRLQAGNATEVPANSTVLSFCAFA
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Sumo-
Strep2-
His6-tag

nsp7-11
SARS-
CoV-2

nsp7-11
SARS-
CoV-1

nsp7-11
MERS-
CoV

nsp7-11
HCoV-
229E

VDAAKAYKDYLASGGQPITNCVKMLCTHTGTGQAITVTPEANMDQES
FGGASCCLYCRCHIDHPNPKGFCDLKGKYVQIPTTCANDPVGFTLKN
TVCTVCGMWKGYGCSCDQLREPMLQSADAQSFLNGFAV
MGSSHHHHHHSSGWSHPQFEKGGMSDSEVNQEAKPEVKPEVKPET
HINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRI
QADQTPEDLDMEDNDIIEAHREQIGG

SKMSDVKCTSVVLLSVLQQLRVESSSKLWAQCVQLHNDILLAKDTTE
AFE
KMVSLLSVLLSMQGAVDINKLCEEMLDNRATLQAIASEFSSLPSYAAF
ATAQEAYEQAVANGDSEVVLKKLKKSLNVAKSEFDRDAAMQRKLEK
MADQAMTQMYKQARSEDKRAKVTSAMQTMLFTMLRKLDNDALNNII
NNARDGCVPLNIIPLTTAAKLMVVIPDYNTYKNTCDGTTFTYASALWEI
QQVVDADSKIVQLSEISMDNSPNLAWPLIVTALRANSAVKLQNNELSP
VALRQMSCAAGTTQTACTDDNALAYYNTTKGGRFVLALLSDLQDLKW
ARFPKSDGTGTIYTELEPPCRFVTDTPKGPKVKYLYFIKGLNNLNRGM
VLGSLAATVRLQAGNATEVPANSTVLSFCAFAVDAAKAYKDYLASGG
QPITNCVKMLCTHTGTGQAITVTPEANMDQESFGGASCCLYCRCHID
HPNPKGFCDLKGKYVQIPTTCANDPVGFTLKNTVCTVCGMWKGYGC
SCDQLREPMLQSADAQSFLNGFAV

SKMSDVKCTSVVLLSVLQQLRVESSSKLWAQCVQLHNDILLAKDTTE
AFEKMVSLLSVLLSMQGAVDINRLCEEMLDNRATLQAIASEFSSLPSY
AAYATAQEAYEQAVANGDSEVVLKKLKKSLNVAKSEFDRDAAMQRKL
EKMADQAMTQMYKQARSEDKRAKVTSAMQTMLFTMLRKLDNDALN
NIINNARDGCVPLNIPLTTAAKLMVVVPDYGTYKNTCDGNTFTYASAL
WEIQQVVDADSKIVQLSEINMDNSPNLAWPLIVTALRANSAVKLQNNE
LSPVALRQMSCAAGTTQTACTDDNALAYYNNSKGGRFVLALLSDHQ
DLKWARFPKSDGTGTIYTELEPPCRFVTDTPKGPKVKYLYFIKGLNNL
NRGMVLGSLAATVRLQAGNATEVPANSTVLSFCAFAVDPAKAYKDYL
ASGGQPITNCVKMLCTHTGTGQAITVTPEANMDQESFGGASCCLYCR
CHIDHPNPKGFCDLKGKYVQIPTTCANDPVGFTLRNTVCTVCGMWKG
YGCSCDQLREPLMQSADASTFLNGFAV

SKLTDLKCTSVVLLSVLQQLHLEANSRAWAFCVKCHNDILAATDPSEA
FEKFVSLFATLMTFSGNVDLDALASDIFDTPSVLQATLSEFSHLATFAE
LEAAQKAYQEAMDSGDTSPQVLKALQKAVNIAKNAYEKDKAVARKLE
RMADQAMTSMYKQARAEDKKAKIVSAMQTMLFGMIKKLDNDVLNGII
SNARNGCIPLSVIPLCASNKLRVVIPDFTVWNQVVTYPSLNYAGALWD
ITVINNVDNEIVKSSDVVDSNENLTWPLVLECTRASTSAVKLQNNEIKP
SGLKTMVVSAGQEQTNCNTSSLAYYEPVQGRKMLMALLSDNAYLKW
ARVEGKDGFVSVELQPPCKFLIAGPKGPEIRYLYFVKNLNNLHRGQVL
GHIAATVRLQAGSNTEFASNSSVLSLVNFTVDPQKAYLDFVNAGGAPL
TNCVKMLTPKTGTGIAISVKPESTADQETYGGASVCLYCRAHIEHPDV
SGVCKYKGKFVQIPAQCVRDPVGFCLSNTPCNVCQYWIGYGCNCDS
LRQAALPQSKDSNFLNESGVLL

SKLTDLKCTNVVLMGILSNMNIASNSKEWAYCVEMHNKINLCDDPETA
QELLLALLAFFLSKHSDFGLGDLVDSYFENDSILQSVASSFVGMPSFV
AYETARQEYENAVANGSSPQIIKQLKKAMNVAKAEFDRESSVQKKINR
MAEQAAAAMYKEARAVNRKSKVVSAMHSLLFGMLRRLDMSSVDTILN
MARNGVVPLSVIPATSAARLVVVVPDHDSFVKMMVDGFVHYAGVVW
TLQEVKDNDGKNVHLKDVTKENQEILVWPLILTCERVVKLQNNEIMPG
KMKVKATKGEGDGGITSEGNALYNNEGGRAFMYAYVTTKPGMKYVK
WEHDSGVVTVELEPPCRFVIDTPTGPQIKYLYFVKNLNNLRRGAVLGY
IGATVRLQAGKQTEFVSNSHLLTHCSFAVDPAAAYLDAVKQGAKPVG
NCVKMLTNGSGSGQAITCTIDSNTTQDTYGGASVCIYCRAHVAHPTM
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DGFCQYKGKWVQVPIGTNDPIRFCLENTVCKVCGCWLNHGCTCDRT
AIQSFDNSYLNESGALVPLD

nsp16 MHHHHHHSAVLQSSQAWQPGVAMPNLYKMQRMLLEKCDLQNYGDS | 34,776
ATLPKGIMMNVAKYTQLCQYLNTLTLAVPYNMRVIHFGAGSDKGVAP
GTAVLRQWLPTGTLLVDSDLNDFVSDADSTLIGDCATVHTANKWDLII
SDMYDPKTKNVTKENDSKEGFFTYICGFIQQKLALGGSVAIKITEHSW
NADLYKLMGHFAWWTAFVTNVNASSSEAFLIGCNYLGKPREQIDGYV
MHANYIFWRNTNPIQLSSYSLFDMSKFPLKLRGTAVMSLKEGQINDMI
LSLLSKGRLIIRENNRVVISSDVLVNN

Mpro SGFRKMAFPSGKVEGCMVQVTCGTTTLNGLWLDDVVYCPRHVICTS | 33,669
SARS- EDMLNPNYEDLLIRKSNHNFLVQAGNVQLRVIGHSMQNCVLKLKVDT
CoV-2 ANPKTPKYKFVRIQPGQTFSVLACYNGSPSGVYQCAMRPNFTIKGSF

oVv- LNGSCGSVGFNIDYDCVSFCYMHHMELPTGVHAGTDLEGNFYGPFV

DRQTAQAAGTDTTITVNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVA
MKYNYEPLTQDHVDILGPLSAQTGIAVLDMCASLKELLOQNGMNGRTIL
GSALLEDEFTPFDVVRQCSGVTFQ

5.1.2. Expression and purification

For expression and purification of nsp7-11 (either nsp7-11C, nsp7-11N or SUMO-Hise-tagged
constructs), transformed BL21 Rosetta2 (Merck Millipore) were grown to ODego 0.4-0.6 in 2xYT
medium and then induced either with 50 uM anhydrotetracycline or with 500 uM isopropyl! 3-D-
1-thiogalactopyranoside (IPTG) for 16 h at 20°C. Cells were harvested using at 4,000 x g for
10 min at 4°C. Subsequently, cell pellets were washed in 40 mM phosphate buffer, 300 mM
NaCl (pH 8,0) and stored at -20°C.

Lysis was performed in the same way for all protein constructs. Lysis buffer (40 mM phosphate,
300 mM NacCl, 15 mM imidazole (pH 8,0), 0.2 mg/ml lysozyme and cOmplete™, EDTA-free
protease inhibitor) was added to the thawing pellet and sonication was performed for 2-3 min
using the Micro tip, 70% power, on 1 s, off 5 s (Branson digital sonifier SFX 15). Subsequently,
the lysate was centrifuged at 20,000 x g for 40 min at 4°C. After centrifugation the supernatant
(crude extract (CE) sample for SDS-PAGE) was collected and the pellet was discarded.
Nsp7-11N and nsp7-11C and SUMO-Hise-tagged nsp7-11 proteins were purified via Ni-NTA
affinity chromatography (PureCube Ni-NTA Agarose, Cube Biotech) and Superdex10/300
(Cytiva) size exclusion chromatography (SEC)?%8. Whereby, the SUMO-Hiss-tagged constructs
were incubated with an in-house made SUMO-protease (0.1 mg protease per 1 mg target

protein) and dialyzed overnight followed by SEC.

For nsp16 expression, the plasmid was transformed in BL21 Rosetta2. Cells were grown until
an ODegoo of 0.4-0.6, cooled on ice and induced with 0.5 mM IPTG and then incubated overnight
at 20°C. Nsp16 was purified via Ni-NTA affinity chromatography (PureCube Ni-NTA Agarose,
Cube Biotech) and Superdex10/300 (Cytiva) size exclusion chromatography.

MPr was transformed in BL21 and expression culture was induced with 0.5 mM IPTG between
an ODego of 0.4-0.6. Expression culture was incubated overnight and harvested as described

above. MP® was purified using Ni-NTA (HisPur™ Ni-NTA Resin) affinity chromatography and
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Superdex10/300 (Cytiva) size exclusion chromatography. To cleave the Hiss-tag from MP™, it
was transferred into Slide-A-Lyzer dialysis cassette (Thermo Fisher) with MWCO 10,000 and
digested overnight in PreScission protease cleavage buffer (50 mM Tris HCI, 100 mM NacCl,
1 mM EDTA, 1 mM DTT, pH 8.0). PreScission protease was pulled out using GST sepharose
beads to obtain pure MP™. Nsp16 and MP™ were flash-frozen and stored at -80°C.
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5.2. Preparations for native mass spectrometry
5.2.1. Buffer exchange

Freshly purified samples were exchanged into a structure preserving MS compatible buffer
surrogate ammonium acetate at 300 mM AmAc (99.99% purity, Sigma-Aldrich), 1 mM DTT,
pH 8.0. To adjust the pH without introducing salts, Ammonium hydroxide (extra pure, 25%
solution in water; Thermo Fisher Scientific) and acetic acid (100%, extra pure, Roth) were

used.

MPwas exchanged into the buffer surrogate by applying two cycles of centrifugal gel filtration
(Biospin mini columns, 6000 MWCO, Bio-Rad). nsp16 and nsp7-11 were exchanged by six
rounds of dilution and concentration in centrifugal filter units (Amicon Ultra, 10 K MWCO, Merck

Millipore). Below is a detailed description of the buffer exchange device protocols.
Micro Bio-Spin 6 Columns (Bio-rad)

The column was prepared by resuspending the gel matrix and removing the tip. The packaging
buffer was then removed by gravity drainage followed by centrifugation at 1,000 x g for 2 min
at 4°C. Subsequently, 500 ul of MS buffer was added, briefly drained by gravity, and
centrifuged for 1 min at 1,000 x g at 4 °C. This step was repeated three additional times.
Depending on the sample concentration, 20-75 pl of the sample was loaded onto the column.

Elution was performed by centrifugation at 1,000 x g for 4 min at 4 °C.

The eluted sample was applied to a new column that was prepared as described above to

ensure quantitative desalting.
Amicon® Ultra Centrifugal Filter (Merck Millipore Solutions)

The filter membrane was equilibrated with 400 pl of MS buffer by centrifugation at 13,000 x g
for approximately 7 min. A 50 yl sample was then applied, followed by the addition of 350 pl of
MS buffer. The sample was concentrated to 50 pl by centrifugation at 13,000 x g for 7-12 min
at 4 °C. An additional 350 ul of MS buffer was added and the process was repeated. This step
was performed four to five times to ensure effective desalting. Samples were recovered by

inverting the filter tube and centrifuging for 1 min at 1,000 x g into a new collection tube.
5.2.2. Production of home-made nano-ESI capillaries

Gold-coated capillaries were employed to introduce the prepared sample into the mass
spectrometer during native MS experiments. A micropipette puller (P-1000, Sutter Instruments)
was used to produce nano-ESI capillaries in a two-step program from borosilicate capillaries
(1.2 mm and 0.68 mm outer and inner diameter, respectively, World Precision Instruments)

using a squared-box filament (2.5 mm x 2.5 mm). Capillaries were gold-coated by using a
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sputter coater (CCU-010, Safematic, 5.0 x 1072 mbar, 30.0 mA, 120 s, three runs to vacuum

limit 3.0 x 1072 mbar argon). Capillaries were opened using tweezers under a microscope.
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5.3. Native mass spectrometry

For the processing experiments, native MS was performed on a Q Exactive UHMR Orbitrap
from Thermo Scientific. Positive ion mode was used by applying capillary voltages of
1.2-1.7 kV, 100-150°C capillary temperature, 15 eV in-source disociation and 25 eV in HCD

cell. Trapping gas pressure optimization was setto 5 or 7.

For the time-resolved polyprotein processing measurements the ion transfer m/z optimization
were adapted as follows: Inj. FI. RF Ampl. to 300, Bent. FI. RF Ampl. to 940, Trans. MP and
HCD-cell RF Ampl. to 900 and C-Trap Ampl. to 2750. Tandem MS was always conducted by

stepwise increase of the HCD voltage of 10-20 V. Detector optimization was set to “low m/z”.

For the nsp16 interaction studies standard settings of ion transfer m/z optimization were used

either in “low m/z” or “high m/z” mode.

Setting the trapping gas pressure to a specific value does not define an exact pressure.
Pressure reading can vary from instrument to instrument. Therefore, pressure readings of high

vacuum (HV) and ultra-high vacuum (UHV) are indicated below.
5.3.1. Continuous polyprotein processing

For the continuous approach, MP™ was added to a final concentration of approximately 3 uM
to nsp7-11/nsp7-11C/nsp7-11N (final concentration 18 uM), then the sample was briefly mixed
by pipetting before transferring 1-2 pL to the capillary. Data acquisition was started 1 min after
mixing. At least three replicates were conducted. The temperature of the capillary housing was
27°C and the temperature of the interior heated capillary was 150°C. Representative pressure

readings from the conducted experiments are shown in the Table 6.

Table 6: Pressure readings during continuous polyprotein processing experiments.
Pressures of HV and UHV are listed.

Construct HV (mbar) UHV (mbar)
nsp7-11N 3.01x107° 2.06 x 10710
nsp7-11C 3.01x107° 1.99 x 10710
nsp7-11 3.31x107° 2.25x 10710

5.3.2. Discontinuous polyprotein processing

For the discontinuous approach, the final concentrations of nsp7-11/nsp7-11C and MP™ are
given in Table 7. The mixture was incubated on ice and triplicate measurements were taken

at selected time points.
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Table 7: Final concentrations of discontinuous processing experiments.

construct strain nsp7-11 concentration MP concentration
nsp7-11 SARS-CoV-1 19 uM 3.5 uM
nsp7-11 SARS-CoV-2 19 uM 3.5 uM
nsp7-11C SARS-CoV-2 20 uM 10 uM
nsp7-11 MERS-CoV 19 uM 3.1 uM
nsp7-11 HCoV-229E 17 uM 3.1 uM

The temperature of the capillary housing was 27 °C and the temperature of the interior heated
capillary was set to 100 °C for polyprotein processing of untagged nsp7-11 and set to 150 °C
for polyprotein processing of nsp7-11C. Instrument pressure readings are indicated in the

following Table 8.

Table 8: Pressure readings during discontinuous polyprotein processing experiments.
Pressures of high vacuum HV and UHV are listed.

Construct strain HV (mbar) UHV (mbar)
nsp7-11 SARS-CoV-1 3.30 x 107° 2.48 x 10710
nsp7-11C SARS-CoV-2 3.01 x107° 2.04 x 10710
nsp7-11 SARS-CoV-2 3.32x107° 2.52x 10710
nsp7-11 MERS-CoV 3.27 x 107° 2.35x 10710
nsp7-11 HCoV-229E 3.27 x 107° 2.33x 10710

5.3.3. Binding studies of nsp7-11 and nsp16

Interaction studies of nsp7-11 of SARS-CoV-2 and MERS-CoV with authentic termini and
nsp16 with cleaved and uncleaved Hiss-tag were conducted on the Q Exactive UHMR Orbitrap.

Here, fresh and frozen protein were used.

For SARS-CoV-2, interaction studies were conducted with the following final concentrations:
nsp7-11 with three different concentrations, 5 yM, 15 pM, 25 yM were mixed with 5 uyM
nsp16-Hiss and 3 uM MP™ and incubated overnight. Due to the MP™ cleavage site nsp16 was
obtained with natural termini. For the Kp determination, the ion transfer m/z optimization was
set to “low m/Z’, capillary temperature of the mass spectrometer was set to 100 °C, in-source
dissociation was set to 10 eV and HCD cell was set to 15 eV, providing optimized conditions
for accurately representing molar proportions. Pressure readings for HV and UHV are shown
in Table 9.

Untagged nsp7-11 (15 uM) was mixed with 5 yM nsp16-Hiss. To exclude any artefacts caused
by the Hises-tag, nsp16-Hiss was also incubated with a low concentration of MP™ (1:10).

Hise-tag-free nsp16 was mixed with nsp7-11 at the same final concentration ratios (5 yM and
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15 uM, respectively) prior to the measurements. Furthermore, the ion transfer m/z optimization
was set to “high m/zZ’ to investigate the potential binding between unprocessed nsp7-11 and

nsp16, which would correspond to a complex exceeding 90 kDa.

To study binding interactions in MERS-CoV, nsp7-11 was mixed to 5 yM nsp16-Hisg in two
different final concentrations, 5 yM and 15 uM. Nsp16-Hiss was incubated with MP™ at a ration
of 10:1 to cleave the Hise-tag. The interaction between nsp7-11 (15 uM) and nsp16 (5 uM) was
then tested. Interior capillary temperature of the mass spectrometer was set to 100 °C, in-
source dissociation was set to 35 eV and HCD cell was set to 15eV. Tandem MS was
performed by incrementally increase the HCD voltage by 12.5 eV or 25 eV. Pressure readings
for HV and UHV are shown in Table 9.

Table 9: Representative HV and UHV pressure values of the interaction binding studies.

experiment strain HV (mbar) UHV (mbar)

Ko determination SARS-CoV-2 3.32x107° 3.03 x 10710
Testing nsp7-11 and nsp16 SARS-CoV-2 3.30 x 1077 3.03 x 10710
Testing nsp7-11 and nsp16 MERS-CoV 3.27 x 1077 2.33x 10710

117



5.4. Data Analysis
5.4.1. Spectra analysis

Peak assignment and mass analysis was performed using UniDec 7.0.22"°, MetaUniDec
7.0.2?%° and mMass 5.5.0%%3. The mMass software was used to extract the m/z values of the
peak envelope and to calculate the average measured mass and the associated standard error

for each protein species.

MetaUniDec was used with the standard settings unless otherwise indicated. As acquired data
were sharp with little adducts no additional data processing parameters were used. UniDec
Run parameters were used in standard mode, whereby some nearby points were smoothed
and none artifacts were suppressed. Peak selection threshold was set to 0.001 and
normalization was set to “Sum”, which normalizes as such that all peaks of a timepoint are
100%. The plots generated by MetaUniDec were saved as SVG files and edited in Adobe

llustrator.
5.4.2. SDS-PAGE

SDS-Page was performed with a 4%-12% gradient acrylamide Bis-tris gel with XT MES
running buffer (Bio-Rad Laboratories). Both constructs nsp7-11C and nsp7-11N were mixed
at 36 uM with 14 yM MP™ and incubated at 4°C. Aliquots were withdrawn at indicated time
points and mixed with XT sample buffers to quench the reaction. Polyprotein nsp7-11 (54 uM)
of the four CoVs SARS-CoV-2, SARS-CoV-1, MERS-CoV and HCoV-229E were mixed with
9 uM MPr and incubated overnight at 4°C. SUMO-Hise-tagged nsp7-11, tag-cleaved nsp7-11
with authentic termini and processed nsp7-11 of the four CoVs were run on a 4%-12% gradient

acrylamide Bis-tris gel with XT MES running buffer (Bio-Rad Laboratories).

To analyze protein purification using SDS-PAGE, samples were taken and mixed with either
XT sample buffer or a custom gel-loading buffer. (250 mM Tris-HCI (pH 6,8), 10% SDS, 30%

glycerol, 10 mM 2-mercaptoethanol, 0.02% bromophenol blue).
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5.5. Bioinformatic tools
5.5.1. AlphaFold

Polyprotein sequences of nsp7-11C and nsp7-11N and sequences of all intermediates were
submitted to AF2 standard run (20 cycles). All models were examined with UCSF ChimeraX
and best models were picked for comparison®4. Here, the best model for nsp7-11C was
selected. pLDDT scores were displayed by using the B-factor column of the PDB-output file.

Set color key thresholds in ChimeraX were 50 to 90.

Polyprotein sequences of nsp7-11 of the four CoVs were run with standard settings from AF3
server®®'. The best models were selected according to the overall and local confidence scores
pTM and pLDDT. For the model selection, the confidence of the cleavage site areas was
particularly decisive for the model selection. Thus, plotted pLDDT scores against the residues
index were utilized. Furthermore, pLDDT scores were displayed by using the B-factor column
of the output files. Regions with pLDDT scores higher than 70 are expected to be well

predicted.
5.5.2. Multiple Sequence Alignment

Polyprotein sequences of nsp7-11 region from the four CoVs (Table 5) were submitted to
Clustal Omega for alignment®®°. The job was submitted in default mode and loaded into Jalview
for visualization®®¢. Amino acids were colored on a gradient from white to blue: gaps are white,
residues matching the consensus sequence were colored dark blue, and non-matching

residues with a positive BLOSUM62 substitution score were colored light blug367358,
5.5.3. ConSurf Server

To obtain reliable estimates of evolutionary conservation, the SARS-CoV-2 nsp7-11 sequence
was submitted to the server®®®-372 using the ConSeq method3”3. Homologous sequences were
identified in the UniRef90 database using the HMMER algorithm with an E-value cutoff of
0.0001. Redundant sequences were filtered using a CD-HIT cutoff of 95% maximum pairwise
identity. A total of 150 homologs were selected for MSA using MAFFT. Conservation scores
were calculated using the Bayesian method, and mapped onto the nsp7-11 region of SARS-

CoV-2. Scores range from 1 (variable) to 9 (highly conserved).

119



5.6. Data analysis with Python
5.6.1. Data analysis of time-resolved polyprotein processing

Native mass spectra were investigated, and deconvolution was supported by UniDec*" using
version 7.0.2. Deconvoluted peaks and peak intervals were checked and m/z ranges were
noted to feed into a home-made Python script. The analysis was performed using Python
version 3.12.1, with the following package versions: NumPy (2.2.2), pandas (2.2.3), Matplotlib
(3.10.0), and LMFIT (1.3.2). Every peak interval was checked before the AUC of the detected
mass species was taken and assigned, which is here called intensity. The initial substrate
includes five domains, resulting in five mature proteins. Thus, species intensities were
normalized by using a multiplication factor corresponding to the domains or units depending
on intermediate species or mature nsps. The multiplication array was adapted depending on
the species that were detected. Equation 13-Equation 18 show the multiplication arrays for

all constructs.

Equation 13: Multiplication array for SARS-CoV-2 and SARS-CoV-1 nsp7-11 with authentic termini

m=5- Insp7—11 +4- Insp7—10 +3- Insp7—9 +2- [nsp7—8 +3- Insp9—11 +2- Insp9—10 +

2 Insp10—11

Equation 14: Multiplication array for MERS-CoV nsp7-11 with authentic termini

m=5- Insp7—11 +4- Insp7—10 +3- [nsp7—9 +2- Insp7—8 +3- Insp9—11 +
2- Insp10—11
Equation 15: Multiplication array for HCoV-229E nsp7-11 with authentic termini.
m=5- Insp7—11 +4- Insp7—10 +3- Insp7—9 +2- [nsp7—8 +2- Insp8—9 +4- Insp8—92 +

2 Inspo—10+ 2 Inspro—11 + 4 Insps—11

In polyprotein processing of the Hiss-tagged constructs nsp7-11N and nsp7-11C, nsp11 could
not be detected. For nsp7-11C and nsp7-11N, this may be due to slightly higher HV and UHV
pressures (cf. Table 6). Therefore, nsp11 domain was not considered in the multiplication

arrays.

Equation 16: Multiplication array for SARS-CoV-2 nsp7-11N in the continuous polyprotein processing
experiments.

m= 4- Insp7—11N +4- 1nsp7—10 +2- 1nsp7—8N + 2- 1nsp7—8N + 2 'Insp9—116 +

2- Insp9—10 +2- Insp82 +2- Insp72 + Insp7N + [nsps + Insp9 + [nsplo

Equation 17: Multiplication array for SARS-CoV-2 nsp7-11C in the continuous polyprotein processing
experiments.

m= 4- 1nsp7—116 +4- 1nsp7—10 +3- 1nsp7—9 +2- 1nsp7—8 +2- 1nsp9—116 +2- 1nsp9—10 +
[nsp10—11C +2- Inspsz +2- Insp72 + Insp7 + Insp8 + [nsp9 + [nsplo
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Equation 18: Multiplication array for SARS-CoV-2 nsp7-11 with authentic termini in the continuous
polyprotein processing experiments.

m=5- Insp7—11 +4- Insp7—10 +3- Insp7—9 +2- Insp7—8 +3- Insp9—11 +2- Insp9—10 +

2- InsplO—llC +2- Inspsz +2- Insp7z + Insp7 + Insps + Insp9 + Insplo + Inspll

To correct for spray variation, the ratio of each individual species to the sum of all species was
taken. As example, the ratio of untagged nsp7-11 from SARS-CoV-2 including the

multiplication:

Equation 19

5- [nsp7—11

Tatio 7-11 —
nsp 5- [nsp7—11 +4- Insp7—10 +3- Insp7—9 +2x [nsp7—8 +3- Insp9—11 +2- Insp9—10

+ 2+ Inspro-11
For the continuous polyprotein processing approach, the calculation of this ratio was as

follows:

Equation 20

5- [nsp7—11

Tatio 7-11 —
nsp 5- Insp7—11 +4- Insp7—10 +3- Insp7—9 +2- Insp7—8 +2- Insp9—11 +2- Insp9—10 +
2- [nsp10—11 +2- Insp82 +2- Insp72 + [nsp7 + [nsps + Insp9 + [nsplo

Then the normalized intensities of the replicates were averaged. The standard error of the
mean was also calculated. The fitted rates for the cleavage sites were calculated using the
normalized intensities, with the species containing the intact cleavage site summed to the
corresponding cleavage site. For SARS-CoV-2, SARS-CoV-1 and MERS-CoV this is done as
described in Equation 21-Equation 25:

Equation 21: Species included into CS10/11 calculations for SARS-CoV-2, SARS-CoV-1 and MERS-CoV.
Loji1 = Insp7-11 F Inspo-11 + Insp1ro-11
Equation 22: Species included into CS9/10 calculations for SARS-CoV-2, SARS-CoV-1 and MERS-CoV.
lyj10 = Insp7-11 + Insp7-10 T Inspo-11 + Inspo-10
Equation 23: Species included into CS9/10 calculations for MERS-CoV.
ly10 = Insp7-11 + Insp7—10 + Inspo-11

Equation 24: Species included into CS8/9 calculations for SARS-CoV-2, SARS-CoV-1 and MERS-CoV.

Ig)9 = Insp7-11 + Insp7-10 + Insp7—9

121



Equation 25: Species included into CS7/8 calculations for SARS-CoV-2, SARS-CoV-1 and MERS-CoV.
17/8 = Insp7—11 + Insp7—10 + Insp7—9 + Insp7—8

Since other mass species were detected in the polyprotein processing of nsp7-11 from

HCoV-229E, these species were assigned to the cleavage sites accordingly:
Equation 26: Species included into CS10/11 calculations for HCoV-229E.
Loj11 = Insp7-11 + Insps—11 + Insp1o-11
Equation 27: Species included into CS9/10 calculations for HCoV-229E.
ly/10 = Insp7-11 + Insp7-10 + Insps-11
Equation 28: Species included into CS8/9 calculations for HCoV-229E.
18/9 = 1nsp7—11 + 1nsp7—10 + 1nsp7—9 + 1nsp8—9 + 1nsp8—9d + Insp8—11
Equation 29: Species included into CS7/8 calculations for HCoV-229E.
[7/8 = [nsp7—11 + [nsp7—10 + [nsp7—9 + [nsp7—8

The calculated time-dependent intensities for a given cleavage site were fitted to a first-order

kinetics formula:

Equation 30: Exponential model used for fitting the data.

Irie(t) = Ae™™*
Rate constants k for each cleavage were extracted from the fit.
5.6.2. Quantification and plotting of nsp16 binding experiment data

Native MS spectra were viewed and analyzed using UniDec®* and mMass3®3. Peak intensities
were extracted and bar plots generated using basic components of the custom Python script
(6.3). Peak selection and peak interval verification followed previously established protocols.
Normalization was performed without applying the multiplication array. Domain correction was
not required, as only unprocessed or fully processed polyprotein species were analyzed.
Intensities were exported as CSV files and further processed in Microsoft Excel. The method
for determining the dissociation constant (Kp) is detailed in the following section. Error bars

represent the standard error calculated from triplicates.
5.6.3. Kp calculations

Affinities of protein-protein interactions were calculated based on the law of mass action. One
binding pocket was considered for the calculation of the Kps of nsp16+10 complex,

nsp10 + nsp16 = [nsp10+ nsp16]. The dissociation kinetics is described Equation 31.
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Equation 31:

_ [nsp10] - [nsp16]
D™ [nsp10 + nsp16]

Nsp10 or nsp16 is the concentration of the protein without a ligand. Molar fractions can be
calculated by using the signal intensities of the species and the known molar concentration of
nsp10 ([nsp10]o) and nsp16 ([nsp16]o) that were introduced to the mass spectrometer. AUC
was extracted for each peak, assigned to the corresponding species, and normalized to obtain

relative signal intensity. Then, molar fractions were calculated using Equation 32-

Equation 34.
Equation 32
[nspl6] = [nspl6], - Insp16
Equation 33
[nsp10] = [nsp10], — [nsp16], - [nsp10+nsp16
Equation 34

[nspl6 + nspl10] = [nspl6], - Insp10+nsp16

The Gaussian error propagation rule was used to determine the standard deviation for the Kp-
values. Kp-values were calculated for each sample having different ratios. Since the replicate

number was the same for each determined Kp, the values were simply averaged.
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5.7. Data visualization

Protein structures were either retrieved from the Protein Data Bank (PBD)%* at

https://www.rcsb.org/ or modeled using AF2 or 3%%%1, Protein structures were viewed and

adjusted using ChimeraX 1.9 (Resource for Biocomputing, Visualization, and Informatics at

UC San Francisco)®"%378,
MSA was viewed and visualized with Jalview?3¢.

Mass spectra were copied from the spectrum window of Thermo Xcalibur Qual Browser. Mass
spectra extracts were saved as svg. or pdf. Using Unidec?'® or an in-house made software
MSéanger®” .

All figures were prepared or modified using Adobe lllustrator 2025.

5.8. Data Availability

The MS data generated in this study have been deposited in the PRIDE database:
http://proteomecentral.proteomexchange.org/cgi/GetDataset?|D=PXD049009. PRIDE is a

partner repository for the ProteomeXchange Consortium®783®. The corresponding extracted
scans are also available in Zenodo under https://doi.org/10.5281/zenodo.15488266%°, and for
an earlier version under https://doi.org/10.1101/2024.01.06.5744668%*.

5.9. Code Availability

Customized python scripts were coded to analyze the data as described in 5.6. Python code
is available in Zenodo: https://doi.org/10.5281/zenodo.154882663, and
https://doi.org/10.1101/2024.01.06.574466534.
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6. Supplementary Material

6.1. Supplementary figures
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Figure S1: Schechter and Berger nomenclature.
The nomenclature is illustrated using the sequence of cleavage site between nsp7 and nsp8.
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Figure S2: SDS-PAGE depicting steps in protein purification of nsp7-11 SARS-CoV-2.

Indicated letters show P = pellet, CE = crude extract or supernatant, FT = flow-through after binding to Ni-agarose
resin, W = washing step with 50 mM imidazole (after third column volume wash step), E1-E6= elution one to six
with 300 mM imidazole and 10 min incubation at 4°C. Last lane, shows pooled fraction after overnight digestion
with Sumo-protease Ulp-1. SDS-PAGE shows the expressed Sumo-Strep-2-Hise-tag nsp7-11 construct of SARS-
CoV-2 (~ 73.4 kDa) around 75 kDa. After overnight digestion the Sumo-Strep-2-Hises-tag is cleaved off, reducing
the mass by approximately the tag ~14 kDa.
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Figure S3: Sample preparation of SARS-CoV-2 nsp7-11 with pulling out ULP-1.
(A) A schematic overview of the sample preparation workflow is shown. SUMO-Hiss-tagged nsp7-11 is first lysed
and purified via affinity chromatography. Subsequently, ULP-1 protease is added to cleave the SUMO-Hiss-tag,

yielding nsp7-11 with authentic N- and C-termini.

ULP-1 is then removed by a second round of affinity

chromatography, during which nsp7-11 is collected in the flow-through and subsequently subjected to buffer
exchange into a MS-compatible buffer surrogate. (B) Representative spectrum shows nsp7-11 with authentic
termini produced using SUMO-protease ULP-1, which is completely pulled out. However, SUMO-Hiss-tag is clearly

visible and is not successfully pulled out.

(I Hise
IMpre nsp7-11C

L minutes [ hours
1.5 11.2040/1 2 5 20

245—

140—

75— 7-11-Hiss 7-11-Miso

60— W - 710 -

45— - - -—T-9

35——.“..3—%‘"’ ‘-—

25—"= —

= iiaseRss) o
75— =2 g -

10— . ——— ] "

- -----..-11 H|$s

75
60—
45—-
35—
25—
20—

15

105 9.

245—
140—

< + His TR
Mpre nsp7-11N
[ minutes | hours (), ]
L4 11 2040 1 2 5 20 (¢ H°C
—— i -
1 Hise-
“es —Hiss-7-10 !b
- —Hise-7-9 -
-
-
—
—
Ed

Figure S4: Monitoring polyprotein processing of SARS-CoV-2 in purification buffer.

SDS-PAGE of nsp7-11C (A) processing and nsp7-11N (B) processing showing protein marker ladder (L) and
controls (C) of MP™ and nsp7-11C or nsp7-11N. Both constructs nsp7-11C and nsp7-11N were mixed at 36 yM with
14 yM MP™ and incubated at 4°C. Aliquots were withdrawn at indicated time points.
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Figure S5: Complete polyprotein processing of nsp7-11 with authentic termini.

Mpre was added with a final concentration of ~3 uM to nsp7-11 of ~18 uM. Native MS spectra of four hCoVs: SARS-
CoV-2 (A), SARS-COV-1 (B), HCoV-229E (C) and MERS-CoV (D) show complete or near complete processing of
nsp7-11. All hCoVs show known heterotetramer complexes of nsp72+82 and the known heterotrimers nsp72+8 in
MERS-CoV and HCoV-229E.
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Figure S6: SDS-PAGE depicting steps in protein purification.

Protein purification of nsp7-11 HCoV-229E (A) and MERS-CoV (B) show a successful complete cleavage of the
SUMO-Hise-tag. Indicated letters show P = pellet, CE = crude extract or supernatant, FT = flow-through after binding
to Ni-agarose resin, W = washing step with 50 mM imidazole (after third column volume wash step), E1/E4= elution
fractions with 300 mM imidazole and 10 min incubation at 4°C. B4 to C6 show SEC fractions after overnight
digestion with ULP-1 the SUMO-protease that is cleaving of the SUMO-Hiss-tag. SEC fraction are eluted after 9.6 ml
(B4), after 11.2 ml (C1), after 12.4 ml (C4), after 13.2 ml (C6) and after 18 ml (D7), respectively.
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Figure S7: Quantitative comparison of heterotetrametric nsp7:+82
Relative intensity of nsp72+82 of the three constructs nsp7-11C, nsp7-11N and nsp7-11 with authentic termini
showing no significantly reduced complex formation within the three constructs.
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Figure S8: Unidec detection of low intensity species nsp10-11.

(A) nsp10-11 peaks detected by UniDec are shown with three charge states in native mass spectrum. (B) The
deconvoluted nsp10-11 signal is displayed in the mass spectrum, highlighting its low intensity relative to other
detected species.
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Figure S9: Discontinuous tag-free nsp7-11 polyprotein processing of SARS-CoV-2.
(A) shows relative intensities of all detected intermediates over the time. (B) shows the intermediate species below
a relative intensity of 15% over the time. Error bars are standard error.
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Figure S10: MS? of nsp7-11+16 and nsp16+10-11 complexes in MERS-CoV.

(A) Precursor peak m/z 4896 is the chimeric complex of MERS-CoV nsp7-11+SARS-CoV-2 nsp16. Dissociation of
the complex is shown at 187 eV. (B) In processed MERS-CoV nsp7-11, nsp10-11 interacts with SARS-CoV-2
nsp16. Precursor peak m/z 3836, 13+ of nsp16+10-11 (orange) is dissociating at 167 eV. Nsp10 can bind up to two
Zn?* giving rise to the observed fine structure as indicated. Some Zn?* remains with nsp16 upon nsp10 dissociation
resulting in a double peak
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A Representative nsp7-11 model of SARS-CoV-2 colored by pLDDT values

B Local cleavage sites confidence scores SARS-CoV-2

CS7/8 CS8/9 CS9/10

Figure S11: Local confidence scores of SARS-CoV-2 AF3 model presented on the structure.

pLDDT scores are depicted showing the overall folding (A) and the close-ups from the cleavage sites (B). The
predicted template modeling (pTM) score is 0.33 and has thereby low confidence that the prediction of the folding
would resemble the true strucutre. pTM scores above 0.5 are probably close to the real structure.
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A Representative nsp7-11 model of SARS-CoV-1 colored by pLDDT values

50 100

B Local cleavage sites confidence scores of SARS-CoV-1
CS7/8 CS8/9 CS9/10 CSs10/11

g Y ~— & ﬁ

Figure S12: Local confidence scores of SARS-CoV-1 AF3 model presented on the structure.

Overview of model folding is illustrated with and without surface whereby cleavage sites are always shown as ribbon
with residue sidechains (A). Zoom in on the cleavage site regions are shown in (B). pTM-score is low with 0.32
asserting low accuracy of the entire structure.

A Representative nsp7-11 model of HCoV-229E colored by pLDDT values

B Local cleavage sites confidence scores HCoV-229E
CS7/8 CS8/9 CcSs910 cs10M11

Figure S13: Local confidence scores of HCoV-229E AF3 model presented on the structure.

Overview of model folding is illustrated with and without surface whereby cleavage sites are always shown as ribbon
with residue sidechains (A). Zoom in on the cleavage site regions are shown in (B). pTM-score is low with 0.39
asserting low accuracy of the entire structure.

131



A Representative nsp7-11 model of MERS-CoV colored by pLDDT values

B Local cleavage sites confidence scores MERS-CoV
Ccss/9 CS9M0 CS10/11

Figure S14: Local confidence scores of MERS-CoV AF3 model presented on the structure.
Overview of model folding is illustrated with and without surface whereby cleavage sites are always shown as ribbon
with residue sidechains (A). Zoom in on the cleavage site regions are shown in (B). pTM-score is low with 0.37

asserting low accuracy of the entire structure.
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Figure S15: Local confidence scores of SARS-CoV-2 AF2 model presented on the structure.
SARS-CoV-2 nsp7-11 prediction model was colored by B-factor by using palette blue, white, red with ranges set
from 50 to 90.
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Figure S16: Global confidence plots for the selected models.

Predicted aligned errors (PAE) in A are depicted as heatmaps showing higher errors (yellowish-green) around the
cleavage site regions and lower errors (blueish) for the indivdual nsp domains. The four panels show PAE plots for
SARS-CoV-2 (A), SARS-CoV-1 (B), HCoV-229E (C) and MERS-CoV (D).

133



Variable

-/

=)

11
BxusEviE-E a8 vEoor
eeeeebebbe bbbbbbbeeb
f fff fs £ sss S

21
RVESSSKLWA

ebeeeeeebbdb
£

31

41
B8 ol - axBRTERr=
bbbebeeebe bbeeeeebbe
s £ff sf £ s

U'lh
=

ebbebbbbbb eeceeeceebee

£

61 7T
KMVSLLSVLL [SMmocavDEN[] Lceemifnfa

bbeebbeecee

O
=

81
Tf)araseErs srpsSvaaraf]

bbebbbeebb ebbbbbebee

101 111

NoEave@afjd nepsevviirk

beeebeebee eeeceeebbee
S f

121

Lx kLB vEE]s
beebbebbee
f sf

s f £
B ]
131 141

ebeeeeebee ebeebbeebb
£ £ £ fss s s

151 161

ToffivEiof¥ise DrxRaAKvVTSAM

eebbeebeee eeeeebbebb
s £ sf £ £ £ £

171

B ufr rffin®
bbbbbbbbee
S S s £

181 191

Lpsparnniz wxfroecvgn

beeeebeebb eebeeebbeb
S £ £

201 211

NIffjurTaax EMvVIeDffyT

bbbbbbbbee bebbbeececece

221

[ xEdeD cli Tl

beebeeeebb

241

AsaLWezf] ovvbaf]skfv

bbbbbbbebb ebeeeeeeeb

0
0
Hh
H

251 261

271

291

ofsetfnE BRlirawuflvr acf@nsfvkE MLSEVAL roMEcancET

ebeebeeeee eebbbbbbbe

|l’ll

301 311

orafThPRlar B¥y~nTTfcar

eeeeeceeebe bbeeeceeccee

beeeebbbeb
£

321
FVLISLLSDLQ

bbbbbbeeee
s

351 361

EpfcrvrBr BxlerKvxy[E]

eeebebeeee eeeeebebbb

371

B xusiEng

bbeebeebee

eeeeebeeebdb eeebbeeeee

ffff £

331 341

pEkarrr[§§ pecTER:fTER

eeeeeebbeb
£ fs

B CEEE
381

ebebbebeee

5702 GREAT E|
bbbbbbbbbb bebeeeececee

£ S f ss s £f £ f s s f f£fff ff
(. —
401 411 421 431 441

Ge¥lstvisr cafjavbaaxa

eeeebebbbb bbbbeeeeceb
£ S S

Fh
H

fiovrasfeo B:iEREvVENEc TacErEol:H

beebbeeecee
S f

ebeebbebbb
£

eeeeeeebbe

fs
—

451 461

HrBeanuofe B (TN

beeebeeeceee eeeebbbbbb

471

c R[:E8H P N3

bebbbebeee

481 491

<EEXBE B v {3: B cALH

eeebebeeee bebeeebecece
f s f sf f f

f f f ffss s s sf s £
G
501 511 521

BvcrroxBRlv ErvfdevRcy

ebebbbeeeb bebbebecee
f £ s s £

The conservation scale:

B2: 456780

Average Conserved

531 541

Gl=Eof:RER] D310 s[N-FsE EcEav

ebebeebeee
fs s f

134

ebebeebeeb
f £

beeeece
s f £

Figure S17: ConSurf Server output for SARS-CoV-2 nsp7-11 reveals patterns of residue conservation.
The region is annotated with colored bars: nsp7 (yellow), nsp8 (forest green), nsp9 (purple), nsp10 (magenta), and
nsp11 (gray). ConSurf calculates evolutionary conservation scores per residue using a deep multiple sequence
alignment (MSA). Here, an MSA of 150 homologous sequences was generated using MAFFT (Multiple Alignment
using Fast Fourier Transform), and conservation scores were computed with a Bayesian approach. Notably, most
cleavage sites are highly conserved, with scores of 8 or 9, except for CS10/11, which shows specific variability at
the P2 position.
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Figure S$18: Discontinuous polyprotein processing of frozen SARS-CoV-1 nsp7-11.

Processing conditions were the same as in discontinuous processing with nsp7-11 directly used after purification
with 18 pM of nsp7-11 were mixed with 3 uM of MP™. (A) Relative intensity of intermediate species is plotted over
time and low intensity species are shown in a smaller panel on the right. (B) Data points were fitted with an
exponential model and kinetic rates were extracted. Errors bars are standard errors.
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6.2. Supplementary

tables

Table S1: High and low intensity species in two representative measurements.
Examples of two selected low intensity species and the highest intensity species are shown.

miz species intensity measurement
3979 nsp7-11 3.64 x 10° SARS-CoV-2, 120 min
2318 nsp10-11 8.22 x 103 SARS-CoV-2,120 min
2704.9 nsp10-11 5.96 x 103 SARS-CoV-2, 120 min
1348.6 nsp11 1.41 x 102 SARS-CoV-2, 120 min
3983 nsp7-11 1.41 x 107 SARS-CoV-1, 60 min
2322 nsp10-11 6.66 x 10* SARS-CoV-1, 60 min
2709 nsp10-11 2.59 x 10* SARS-CoV-1, 60 min
3247.7 nsp10-11 2.47 x 10* SARS-CoV-1 60 min
1854 nsp7 2.00 x 103 SARS-CoV-1, 60 min

Table S2: Measured mass species of nsp7-11C and nsp7-11N processing.
Measured masses were averaged and standard error is given.

Name Theoretical Mass Measured mass
(in Da) (in Da)
nsp7 9,239.8 9,239.0 £ 0.1
nsp7N 10,649.3 10,648.6 + 1
nsp9 12,378.2 12,378.3+0.2
nsp10+2 Zn?* 14,919.9 14,915.7 £ 0.2
nsp10-11+2 Zn?* 17,509.7 17,506 + 1
nsp72 18,479.6 18,479.8 + 0.2
nsp8 21,881.1 21,880.4 + 0.1
nsp9-10+2 Zn?* 27,280.1 27,276.6 + 0.1
nsp9-11+2 Zn?* 29,869.8 29,866.2 £ 0.2
nsp7-8 31,102.9 31,103 £ 1
nsp7+8 31,120.9 31,120 £ 1
nsp7-8N 32,512.3 32,512 £ 1
nsp7N+8 32,530.4 32,530+1.2
jpro 33,668.5 33,796 £ 1
nsp7-9 43,463.1 43,462 + 1
nsp8. 43,762.2 43,762 + 2
nsp7-10C+2 Zn?* 58,365.0 58,360 £ 2
nsp7-10N+2 Zn?* 59,774.7 59,774 + 3
nsp7-11C+2 Zn? 60,954.7 60,950 £ 4
nsp7-11N+2 Zn?* 61,082.9 61,085 + 1
nsp72+8; 62,241.8 62,244 + 5
nsp7N+7C +8; 63,651.3 63,655+ 3
nsp7N2+8; 65,024.6 65,061 £ 3
Mpre, 67,337.0 67,598 £ 1
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Table S3: Measured masses of SARS-CoV-2 nsps and their complexes.
Masses were determined from representative native mass spectra. Uncertainty was computed as standard error.
Masses are reported in Daltons (Da).

Virus strain Protein Theoretical Mass Measured Mass
(Da) (Da)
SARS-CoV-2 nsp11 1325.6 1325.654 + 0.001
SARS-CoV-2 nsp11+Na* 1349.4 1347.63 + 0.01
SARS-CoV-2 nsp7 9239.8 9239.1+£0.2
SARS-CoV-2 nsp9 12378.2 12377.6 £ 0.2
SARS-CoV-2 nsp10+2 Zn?* 14789.9 14916.3 £ 0.2
SARS-CoV-2 nsp10-11+2 Zn?* 16228.3 16224 + 1
SARS-CoV-2 nsp8 21881.1 21880.7 £ 0.2
SARS-CoV-2  nsp9-10+2 Zn?* 27280.1 27275.9+0.2
SARS-CoV-2  nsp9-11+2 Zn?* 28588.5 28584.7 £ 0.5
SARS-CoV-2 nsp7-8 31102.9 31102.3+£0.3
SARS-CoV-2 nsp7+8 31120.9 31102.7 £ 0.3
SARS-CoV-2 nsp7-9 43463.1 43460 + 2
SARS-CoV-2 nsp8: 43762.2 43761 £ 2
SARS-CoV-2  nsp7-10+2 Zn?* 58235 58366 * 1
SARS-CoV-2  nsp7-11+2 Zn?* 59543.4 59677 £ 3
SARS-CoV-2 nsp72+8; 62241.6 62244 + 2

Table S4: Measured masses of SARS-CoV-1 nsps and their complexes determined by native MS.
Masses were determined from representative mass spectra. Uncertainty was computed as standard error. Masses
are reported in Daltons (Da).

Virus strain Protein Theoretical Mass Measured Mass
(Da) (Da)

SARS-CoV-1 nsp7 9267.8 9267.3+0.2
SARS-CoV-1 nsp9 12401.2 12400.8 £ 0.3
SARS-CoV-1 nsp10+2 Zn?* 14844 14970.4 £ 0.3
SARS-CoV-1  nsp10-11+2 Zn?* 16125.4 16233.1 £ 0.5
SARS-CoV-1 nsp7: 18535.7 18535 £ 1
SARS-CoV-1 nsp8 21866 21865.7 £ 0.3
SARS-CoV-1 nsp9-10+2 Zn?* 27227 1 27353 £ 3
SARS-CoV-1 nsp9-11+2 Zn?* 28508.5 28635.3 £ 0.8
SARS-CoV-1 nsp7-8 31115.9 31115.7 £ 0.2
SARS-CoV-1 nsp7-9 43499 43497 £ 2
SARS-CoV-1 nsp8: 437321 43731 £ 1
SARS-CoV-1 nsp7-10+2 Zn?* 58325 58454 + 2
SARS-CoV-1 nsp7-11+2 Zn?* 59606.3 59753 £ 4
SARS-CoV-1 nsp72+8; 62267.7 62264 £ 4
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Table S5: Measured masses of MERS-CoV nsps and their complexes.
Masses were determined from representative native mass spectra. Uncertainty was computed as standard error.
Masses are reported in Daltons (Da).

Virus strain Protein Theoretical Measured Mass
Mass (Da) (Da)
MERS-CoV nsp11 1522.7 1522.80 + 0.01
MERS-CoV nsp11+Na* 1545.7 1543.79 = 0.01
MERS-CoV nsp7 9063.4 9063.2+£0.7
MERS-CoV nsp9 12236.2 122352+ 0.4
MERS-CoV nsp10+2 Zn?* 15020.9 15018 + 2
MERS-CoV  nsp10-11+2 Zn?* 16525.6 16521.8 £ 0.3
MERS-CoV nsp8 21886.2 218854 £ 0.2
MERS-CoV nsp9-11+2 Zn?* 28743.8 28741 + 1
MERS-CoV nsp7-8 30931.5 30931.1+£0.2
MERS-CoV nsp7.8 40012.9 40011 £ 1
MERS-CoV nsp7-9 43149.7 43149 £ 1
MERS-CoV nsp8; 43772.4 43770.2+ 0.5
MERS-CoV nsp7-11+2 Zn?* 59527.3 59654 + 1
MERS-CoV nsp7282 61899.4 61898 + 4

Table S6: Measured masses of HCoV-229E nsps and their complexes determined by native MS.
Masses were determined from representative mass spectra. Uncertainty was computed as standard error. Masses
are reported in Daltons (Da).

Virus strain Protein Theoretical Mass Measured Mass
(Da)
HCoV-229E nsp11 1841.0 1841.92 + 0.03
HCoV-229E nsp7 9300.6 9299.8+£0.8
HCoV-229E nsp9 12045.9 120455+ 0.2
HCoV-229E nsp10+2 Zn?* 14525.4 14521 £ 1
HCoV-229E  nsp10-11+2 Zn?* 16348.3 16345+ 6
HCoV-229E nsp72 18601.3 18600.5+ 0.3
HCoV-229E nsp8 21623.1 21622.9+0.3
HCoV-229E nsp8: 24091.7 43248 + 1
HCoV-229E nsp7-8 30905.7 30908 + 3
HCoV-229E nsp8-9 33651 33651 £ 1
HCoV-229E nsp7.8 40224 .4 40224 + 4
HCoV-229E nsp7-9 42933.6 42932 + 2
HCoV-229E nsp8-11+2 Zn?* 49981.3 49992 + 16
HCoV-229E nsp7-10+2 Zn?* 57440.9 574409+ 0.4
HCoV-229E nsp7-11+2 Zn?* 59263.9 59256 + 25
HCoV-229E nsp8-9; 67302 67296 10
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Table S7: Measured mass of SARS-CoV-2 and MERS-CoV nsp7-11 and their complexes with SARS-CoV-2
nsp16 determined by native MS.

Masses were determined from representative mass spectra. Uncertainty was computed as standard error. Masses
are reported in Daltons (Da).

Virus strain Protein Theoretical Measured Mass
Mass (Da) Uncertainty (Da)
SARS-CoV-2 nsp7 9239.8 9239.25+0.23
SARS-CoV-2 nsp9 12378.2 12377.55+0.12
SARS-CoV-2 nsp10+2 Zn?* 14920.7 14918 £ 4
SARS-CoV-2 nsp7; 18479.6 18478 + 1
SARS-CoV-2 nsp8 21881.1 21881.04 £ 0.12
SARS-CoV-2 nsp9; 24756.4 24755.3+ 0.6
SARS-CoV-2 nsp7-8/nsp7+8 31120.9 31111 £ 10
SARS-CoV-2 nsp16 33323.3 33323.27 £ 0.14
SARS-CoV-2 nsp16-Hiss 34644.8 34774 £ 1
SARS-CoV-2 nsp16+10+2 Zn?* 48224.0 48236 + 1
SARS-CoV-2 nsp7-11+2 Zn?* 59674.2 59674 £ 3
SARS-CoV-2 nsp72+8; 62241.6 62251 +8
SARS-CoV-2 nsp7-11+2 Zn**+16 92997.5 93008 £ 6
MERS-CoV nsp9 12236.2 12235.93 + 0.24
MERS-CoV nsp10-11+2 Zn?* 16526.4 16522 + 1
MERS-CoV nsp7; 18126.8 18126.01 + 0.34
MERS-CoV nsp8 21886.2 21886.22 £ 0.13
MERS-CoV nsp7+8 30949.6 30949.87 £ 0.43
MERS-CoV nsp16 33323.3 33322 £ 1
MERS-CoV nsp16-Hiss 34644.8 34775 £ 1
MERS-CoV nsp7.8 40012.9 40014 + 1
MERS-CoV nsp16+10-11+2 Zn?* 49849.7 49848 + 2
MERS-CoV nsp7-11+2 Zn?* 59658.0 59658 + 4
MERS-CoV nsp7.82 61899.4 61898 +7
MERS-CoV nsp7 9063.4 9062.88 £ 0.20
MERS-CoV nsp7-11+2 Zn?*+16 92981.4 93001 £ 22
MERS-CoV nsp7-11+2 Zn?*+16- 94302.8 94449 +7

HiSs

Table S8: Local confidence score of SARS-CoV-2 nsp7-11 AF2 prediction model.
Cleavage area is here defined as 5 residues before and after the corresponding cleavage sites LQ/A/S/N.
Confidence scores from AF2 for the cleavage area were averaged.

Cleavage area Residues Average confidence score
CS7/8 77-89 73.5
CS8/9 275-287 34.9
CS9/10 388-400 39.6
CS10/11 527-539 40.9
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6.3. Custom Python script

# %%

import numpy as np

import pandas as pd

import glob

import matplotlib.pyplot as plt
import sys

from numpy import log as 1ln
from lmfit import Model

import os

def exp_decay(x,a,k):
return a*np.exp(-k*x)

def get_lengths_of_sublists(list_of_lists):
# Use list comprehension to get the lengths of each sublist

return [len(sublist) for sublist in list_of_ lists]

def make_list_ species(peaks, species_list):

Create a list of species with their charge states.

Args:
- peaks: DataFrame containing peak information

- species_list: List of species names

Returns:

- list: List of species with charge states
list = []

for i in range(len(species_list)):

charge_states_species = peaks.query("Name==""+str(species_list[i])+""'")['charge
states'].values
for j in range(len(charge_states_species)):
list = np.append(list, str(species_list[i]+'_ '+str(charge_states_species[j])))

return list

# %%
plt.close('all")
fgc = @0 # Figure counter

# path to save plots

path_to_save = 'C:/Users/kischa/Nextcloud/Corona/revision_polyprotein_processing/Sumo-
nsp711_SARSCOV2//20240912_sars2_processing/20240912_ sars2_corrected_peaks_figure/'
path = 'C:/Users/kischa/Nextcloud/Corona/revision_polyprotein_processing/Sumo-

nsp711_SARSCOV2/'
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files_1 = glob.glob(path + '20240912_sars2_processing/*.txt")
peaks_1 = pd.read_excel(path + 'sumo_nsp711_SARSCOV2_masslist.xlsx', sheet_name='Tabellel')

peaks_1['charge states'] = peaks_1['charge states'].astype(int)
species_list_all 1 = peaks_l.Name.tolist()

# Create species peak lists
species_peak_list_1 = make_list_species(peaks_1l, species_list all 1)

6.3.1. Extraction of intensities and peak overlap correction

# %% [markdown]
# # Intensity Proportionality Approach to estimate intensity of overlapping peak nsp711 15+
and Mpro dimer 17+

# %% [markdown]
# # lgda function edit and uses "corrected" intensities for nsp711 and mpro

# %%
def lgda(files, species_peak_list, df_1, fgc, peaks_l, species_list):

Args:

- files: List of file paths

- species_peak_list: List of species with charge states
- df: DataFrame for storing data

- fgc: Not used in the function

- peaks: DataFrame containing peak information

- species_list: List of species names

Returns:
- df: Updated DataFrame with data
- fgc: Not used in the function
- time: Time values
- df_final result: Final DataFrame with LGDA results
# Loop over files
# Sum the intensities in the gates
for i in range(len(files)):
df_spec = pd.read_csv(str(files[i]), skiprows=7, delimiter='\t")
for j in range(len(species_peak_list)):
strl = species_peak_list[j]
str2 = ' '
where = strl.find(str2)
# Extract gate information from peaks DataFrame

gate_low = peaks_l.query("Name=="'"+str(species_peak_list[j][:where])+"' and
“charge states =="+str(species_peak_list[j][(where+1):]))['m/z min'].values[0O]
gate_high = peaks_l.query("Name==""+str(species_peak_list[j][:where])+""' and

“charge states =="+str(species_peak_list[j][(where+1):]))['m/z max'].values[@]
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# Sum the intensities within the gate

sum_intensity = df_spec.query(f"{gate_low} < Mass <
{gate_high}")[ 'Intensity'].sum()

min_t = int(files[i][-12:-9]) # Time

digest = files[i][-5:-4] # Experiment cycle

# Create a temporary DataFrame to store the data
df_temp = pd.DataFrame({'species': str(species_peak_list[j][:where]), 'charge
state': str(species_peak_list[j][(where+l1):]),
'digest': digest, 'time': min_t, 'intensity':
sum_intensity}, index=[0])
df_1 = pd.concat([df_1, df_temp])

df_1 = df_l.sort_values(by=['digest', 'time', 'charge state'])
df_1 = df_l.reset_index(drop=True)
df_1['charge state'] = df_1['charge state'].astype(float, errors='raise')

# Step 1: Filter adjacent peaks
df_1 = df_l.drop_duplicates()

df_711 = df_1[(df_1['species'] == "nsp7-11") & (df_1['charge state'] == 14)] # Filter
the dataframe for nsp7-11 with charge state 14
df_mprod = df_1[(df_1['species'] == "Mprod") & (df_1['charge state'] == 16)] # Filter

the dataframe for Mprod with charge state 16

# Step 2: Merge data on 'time' and 'digest' to align intensities of the adjacent peaks
df_tint = pd.merge(df_711, df mprod, on=['time', 'digest'], suffixes=('_nsp7_11',

' Mprod')) # This results in a DataFrame with combined adjacent peaks per time and digest
# Step 3: Calculate the sum of intensities for adjacent peaks
df_tint['intensity total'] = df_tint['intensity nsp7_11'] + df_tint['intensity Mprod']

# Step 4: Calculate the intensity ratios for each species at each time and digest

df_tint['ratio_nsp7_11'] = df_tint['intensity_nsp7_11'] / df_tint['intensity total'] #
This gives the proportional contribution of each adjacent peak

df_tint['ratio_Mprod'] = df_tint['intensity_Mprod'] / df_tint['intensity_total']

# Step 5: Identify the overlapping peak (nsp7-11 15+ and Mprod 17+) in testdf

# Filter the overlapping peak data in testdf

df_1[(df_1['species'] == "nsp7-11") & (df_1['charge state'] == 15)]
overlap_df.merge(df_tint[['time', 'digest', 'ratio_nsp7_11",

overlap_df

overlap_df

"ratio_Mprod']], on=['time', 'digest'], how='left")

# Step 6: Calculate corrected intensities for the overlapping peak

overlap_df['intensity nsp7_11 corrected'] = overlap_df['intensity'] *
overlap_df['ratio _nsp7_11'"]

overlap_df['intensity Mprod_corrected'] = overlap_df['intensity'] *

overlap_df['ratio Mprod']
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# Step 7: Update the original dataframe with the corrected intensities for nsp7-11 15+
# Ensure that all relevant columns have consistent data types

df_1['charge state'] = df_1['charge state'].astype(float)

df_1['time'] = df_1['time'].astype(float)

overlap_df['charge state'] = overlap_df['charge state'].astype(float)
overlap_df['time'] = overlap_df['time'].astype(float)

# Update the intensity of nsp7-11 15+ in the main DataFrame and Mprod 17+
for idx, row in overlap_df.iterrows():
# Update the intensity for nsp7-11 15+

df_1.loc[

(df_1['species'] == "nsp7-11") &

(df_1[ 'charge state'] == 15) &

(df_1["time'] == row['time']) &

(df_1['digest'] == row['digest']),

'intensity’

] = row['intensity _nsp7_11 corrected']

# Create a new row dictionary for Mprod 16+ with corrected intensity
df_1.loc[
(df_1['species'] == "Mprod") &
(df_1['charge state'] == 17) &
(df_1['time'] == row['time']) &
(df_1['digest'] == row['digest']),
"intensity’

] = row[ 'intensity_Mprod_corrected']

# Plot Individual Runs of selected species
df_final_result = pd.DataFrame(columns=['species', 'repetiton', 'time', 'intensity'])
repetition = ['A', 'B', 'C']

for j in range(len(species_list)):
for i in range(len(repetition)):

# Query the data based on species and repetition

time = df_l.query("species == ""+str(species_list[j])+"' and digest ==
""+str(repetition[i])+""'")["time"].unique()
intensity = df_l.query("species == '"+str(species_list[j])+"' and digest ==

""+str(repetition[i])+""'").groupby ([ 'time'])['intensity'].mean()
# Create a temporary DataFrame to store the data
df_temp = pd.DataFrame({'species': str(species_list[j]), 'repetiton':
repetition[i], 'time': time, 'intensity': intensity})
df_final_result = pd.concat([df_final_result, df_temp])
df_final_result = df_final_result.reset_index(drop=True)

return df_1, fgc, time, df_final_result

df_1 = pd.DataFrame(columns=['species', 'charge state', 'digest', 'time', 'intensity'])
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df_1, fgc_1, time_1, df_fr_1 = lgda(files_1, species_peak_list_1, df_1, fgc, peaks_1,
species_list_all 1)

# %%

peaks_1.Name.unique()

array(['nsp10-11', 'nsp7-10', 'nsp7-11', 'nsp7-8', 'nsp7-8t', 'nsp7-9',
'nsp7d', 'nsp7m', 'nsp8d', 'nsp8m', 'nsp9-10', 'nsp9-11', 'nspSm',
'nspll', 'nspl@', 'Mprod'], dtype=object)

6.3.2. Domain correction

# %%

# domain correction using a multiplication array

mutliplication_ar = np.array([2,4,5,2,0,3,0,0,0,0,2,3,0,0,0,0])
v_1 = np.stack((peaks_l.Name.unique(),mutliplication_ar))

df _fr_1['multiplication_factor'] = "'

for i in range (df_fr_l.shape[0]):
for j in range (v_l.shape[1]):
if df_fr_l.species.iloc[i] == v_1[0,j]: df_fr_1['multiplication_factor'].iloc[i] =
v_1[1,3]

# normalization of df considering species domains
df_fr_1['m_intensity'] = df_fr_l.intensity*df_fr_l.multiplication_factor
df_fr_1['m_intensity'] = pd.to_numeric(df_fr_1['m_intensity'], errors='coerce')

6.3.3. Assignment of substrate species and normalization

# assigning substrate species to their cleavage sites
sp_list = ['nsp7-11','nsp7-10', 'nsp7-9', 'nsp7-8', 'nsp9-10', 'nsple-11', 'nsp9-11']

species_list_10 11 = ['nsp7-11','nsple-11', 'nsp9-11"]
species_list 9 10 = ['nsp7-11','nsp7-10', 'nsp9-10"', 'nsp9-11"]
species_list 8 9 = ['nsp7-11','nsp7-10", 'nsp7-9']

species_list_7_8 ["'nsp7-11", 'nsp7-10"', 'nsp7-9', 'nsp7-8"]

cs_species_all = [species_list_10_11,species_list 9 _10,species_list 8 9,species_list_7_8]
cs_name_list = ['cs_10_11','cs_9 10','cs_8 9','cs_7_8"]

# %%

def data_analysis(df_fr_1, species_list, normalization=None, error='standard error'):

Function for data analysis.

Parameters:

- df_fr (DataFrame): DataFrame containing the data.
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- species_list (list): List of species names.
- normalization (str, optional): Normalization method. Default is None.
- error (str, optional): Error calculation method. Default is 'standard error'.

Returns:
- ar_mean (array): Array containing the mean values for each species.

- ar_err (array): Array containing the error values for each species.

lenl = len(df_fr_l.query("species == + str(species_list[0]) +

and repetiton ==

str(df_fr_l.repetiton.unique()[0]) +
"'"Y.groupby ([ 'time'])['m_intensity'].mean())
len2 = len(df_fr_l.repetiton.unique())
len3 = len(species_list)

arl = np.zeros((lenl, len2, len3))

# Populate arl array with mean intensity values
for j in range(len(df_fr_l.repetiton.unique())):
for i in range(len(species_list)):

arl[:, j, i] = df_fr_l.query("species == and

+ str(species_list[i]) +
repetiton == +
str(df_fr_l.repetiton.unique()[j]) +
"'"Y.groupby ([ "time'])[ 'm_intensity'].mean()
#print(arl)
sf = df_fr_l.query("repetiton ==

""+str(df_fr_l.repetiton.unique()[j])+""'").groupby ([ 'time",

"repetiton'])['m_intensity'].sum()
arl[:, j, i] = arl[:, j, i]/sf # Normalization: All species considered are 100%

#at each time point per replicate

ar_mean = np.mean(arl, axis=1) # Calculate the mean values

ar_err = np.std(arl, axis=1) / np.sqrt(arl.shape[1]) # Calculate the error as the

standard error

return ar_mean, ar_err

# Perform data analysis for different combinations of normalization and error methods

ar_mean_l nl_errl, ar_err_l nl_errl = data_analysis(df_fr_1, sp_list)

# %%

def data_analysis2(df_fr_1, species_list,cs_species_all):

Function for data analysis.

Parameters:
- df_fr (DataFrame): DataFrame containing the data.
- species_list (list): List of species names.

145



- normalization (str, optional): Normalization method. Default is None.
- error (str, optional): Error calculation method. Default is 'standard error'.

Returns:
- ar_mean (array): Array containing the mean values for each species.
- ar_err (array): Array containing the error values for each species.
df_fr_1 = df_fr_1l.drop_duplicates()

lenl = len(df_fr_l.query("species == '" + str(species_list[@]) +

and repetiton ==

str(df_fr_l.repetiton.unique()[0]) +
"'"Y.groupby ([ 'time'])['m_intensity'].mean())
len2 = len(df_fr_l.repetiton.unique())
len3 = len(species_list)

arl = np.zeros((lenl, len2, len3))

# Populate arl array with mean intensity values
for j in range(len(df_fr_l.repetiton.unique())):
for i in range(len(species_list)):

arl[:, j, i] = df_fr_l.query("species == and

+ str(species_list[i]) +
repetiton == +
str(df_fr_l.repetiton.unique()[j]) +

).groupby ([ 'time'])['m_intensity'].mean()

sf = df_fr_l.query("repetiton ==

""+str(df_fr_l.repetiton.unique()[j])+""'").groupby ([ 'time",
"repetiton'])['m_intensity'].sum()

arl[:, j, i] = arl[:, j, i]/sf

ar_mean = np.mean(arl, axis=1) # Calculate the mean values

ar_err = np.std(arl, axis=1) / np.sqrt(arl.shape[1]) # Calculate the error as the

standard error

len@ = len(cs_species_all)

len(df_fr_1l.query("species == + str(species_list[0]) +

lenl

and repetiton ==

str(df_fr_l.repetiton.unique()[0]) +
"'"Y.groupby ([ 'time'])['m_intensity'].mean())
len2 = len(df_fr_l.repetiton.unique())

len3 = max(get_lengths_of_sublists(cs_species_all))

cs_ar = np.zeros((leno,lenl,len2,1en3))

for 1 in range(lend):
len_m = get_lengths_of_sublists(cs_species_all)[1]

146



for j in range(len(df_fr_l.repetiton.unique())):
for i in range(len_m):

cs_ar[l,:, j, i] = df_fr_l.query("species == + str(cs_species_all[1][i])

+ "' and repetiton == "" +
str(df_fr_l.repetiton.unique()[j]) +
"'"Y.groupby ([ "time'])[ 'm_intensity'].mean()
sf = df_fr_1l.query("repetiton ==

""+str(df_fr_l.repetiton.unique()[j])+""'").groupby([ 'time",
"repetiton'])['m_intensity'].sum()

cs_ar[l,:, j, i] = cs_ar[l,:, j, i]/sf

cs_ar = np.sum(cs_ar,axis=-1)
cs_mean = np.mean(cs_ar, axis=-1) # Calculate the mean values
cs_err = np.std(cs_ar, axis=-1) / np.sqrt(arl.shape[1l]) # Calculate the error as the

standard error
return ar_mean, ar_err, cs_mean, cs_err

ar_mean_l, ar_err_1l, cs_mean_l, cs_err_l = data_analysis2(df_fr_1, sp_list, cs_species_all)

6.3.4. Plotting of species intensities over time

# %%

##### two different lists of colors - one for species to match the colors in the paper -
the other for cs

colors_sp = ['#4783B4', '#72caf5', '#7fe@al', '#ffcb3a', '#dble2b', '#f09980', '#cc615f"',
'#24435c', '#164e29']

colors_cs = [ '#74C439', '#24B3AA','#462778','#d2alca’]

x1lbl= 't (min)'

# %%
def plot_data_long(ar_mean, ar_err, df_1, sp_list, colors_mix, xlbl):

path_to_plot3 = path_to_save

# Set the font properties globally
plt.rcParams['font.family'] = 'Arial’
plt.rcParams['font.size'] = 12

# Set the thickness of axes

plt.rcParams['axes.linewidth'] = 1.0

fig, axl = plt.subplots(figsize=(6, 4), dpi=300)
low_intensity_found = False # Flag to check if low-intensity species are found

for i in range(len(sp_list)):

# Plot all species on the main plot
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axl.errorbar(df_l.time.unique(), ar_mean[:, i], ar_err[:, i], color=colors_mix[i],
label=sp_list[i],
capsize=5, 1lw=2)

if np.max(ar_mean[:, i]) < 0.2 * np.max(ar_mean):
# If it's a low-intensity species, set the flag to True

low_intensity_found = True

axl.set_xlabel(x1lbl)
axl.set_ylabel('rel. intensity')

#ax1.legend(frameon=False, loc='upper center', bbox_to_anchor=(0.5, -0.15), ncol=4)
axl.legend(frameon=False, loc='lower center', ncol=4)
plt.savefig(path_to_plot3 +'20240912 species_int_nsp711_SARS2.svg')

if not low_intensity_found:
# If no low-intensity species were found, display a message in the interpreter
print("No Low-Intensity Species Found.")
else:
# Create a new figure and axis for the low-intensity species
fig low_intensity, ax_low_intensity = plt.subplots(figsize=(6, 4), dpi=300)
ax_low_intensity.set_xlabel(x1lbl) # Set the x-axis label for the low-intensity
plot
ax_low_intensity.set_ylabel('rel. intensity') # Set the y-axis label for the low-
intensity plot

for i in range(len(sp_list)):
if np.max(ar_mean[:, i]) < 0.2 * np.max(ar_mean):
# If it's a low-intensity species, plot it on the low-intensity plot
ax_low_intensity.errorbar(df_l.time.unique(), ar_mean[:, i], ar_err[:, i],
color=colors_mix[i], label=sp_list[i],
capsize=5, lw=2)

ax_low_intensity.legend(frameon=False, loc='lower center', ncol=4) # Add a
legend to the low-intensity plot
plt.savefig(path_to_plot3 + '20240912_species_int_nsp711_SARS2_low.svg')
plt.show() # Display either the low-intensity plot or nothing

# plot data

plot_data_long(ar_mean_1l, ar_err_1, df_1, sp_list, colors_sp, xlbl)

6.3.5. Data fitting and plotting of cleavage site kinetics

# %%

def plot_data_cs(ar_mean, ar_err, df_fr, cs_species_all,cs_name_list, colors, x1bl):

Function to plot the data.

Parameters:
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- ar_mean (array): Array containing the mean values for each species.
- ar_err (array): Array containing the error values for each species.
- df_fr (DataFrame): DataFrame containing the data.

- sp_list (list): List of species names.

- colors (list): List of colors for each species.

- normalization (str): Normalization value.

- error (str): Error value.

- x1bl (str): Label for the x-axis.

fig, axl = plt.subplots(figsize=(6, 4), dpi = 300) # Create a new figure and axis

ins = @ # Variable to track if an inset axis is created

[N

for i in range(len(cs_species_all)):

+

plt.figure()

if np.max(ar_mean[i, :]) < 0.2 * np.max(ar_mean):

if ins ==
ins = 1
# Create an inset axis for small values
left, bottom, width, height = [0.523, 0.6, 0.23, 0.25]
ax2 = fig.add_axes([left, bottom, width, height])

# Plot the data with error bars on the appropriate axis
ax2.errorbar(df_fr.time.unique(), ar_mean[i, :], ar_err[i, :], color=colors[i],
label=cs_name_list[i],
capsize=5, fmt = 'o',marker = None)
else:
axl.errorbar(df_fr.time.unique(), ar_mean[i, :], ar_err[i, :], color=colors[i],
label=cs_name_list[i],

capsize=5,fmt = 'o',marker = None)

gmodel = Model(exp_decay)

result =gmodel.fit( ar_mean[i, :],x=df_fr.time.unique(),k=-0.01,a=7e7)
a = result.best_values['a']

k

k_error = result.params['k'].stderr # get the standard error for k

result.best_values['k']
print('Fitting parameters: species:', cs_name_list[i],' a=', a, ' k=", k,
'k_error=", k_error)

axl.plot(df_fr.time.unique(),result.best_fit,color=colors[i])

axl.set_xlabel(xlbl) # Set the x-axis label for the main plot

axl.set_ylabel('rel. intensity') # Set the y-axis label for the main plot

axl.legend(frameon=False, loc = 'lower center', ncol =4) # Add a legend to the main
plot
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if ins ==

ax2.set_xlabel(xlbl, fontsize=7) # Set the x-axis label for the inset plot

ax2.set_ylabel('rel. intensity', fontsize=7) # Set the y-axis label for the inset
plot

ax2.tick_params(labelsize=7) # Set the tick label size for the inset plot

ax2.yaxis.get_offset_text().set_fontsize(7) # Set the font size of the offset text
for the inset plot

ax2.legend(frameon=False, prop={'size': 6}) # Add a legend to the inset plot

# %%
plot_data_cs(cs_mean_l, cs_err_1, df_1,cs_species_all,cs_name_list, colors_cs, 't (min)")
plt.savefig( path_to_save + '20240912_cs_fit_nsp711_SARS2.svg')

plot_data_cs(cs_mean_l, cs_err_1, df_1,cs_species_all,cs_name_list, colors_cs, 't (min)")
plt.yscale('log")

ytick_values = [10**i for i in range(-1, 1)] # define y-scale

plt.yticks(ytick_values, [str(val) for val in ytick_values]) # Set the y-tick values and
labels

plt.savefig(path_to_save + '20240912 cs_fit_log nsp711 SARS2.svg')
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6.4. Hazardous substances according to the GHS

Substance (CAS) Hazard Hazard Precautionary statements
pictogram statements
2-mercaptoethanol H301 + P273
(60-24-2) H331 Avoid release to the environment.
Toxic if P280
swallowed | Wear protective gloves/protective
or if clothing/eye protection/face
inhaled. protection.
H310 P301 + P310
Fatal in IF SWALLOWED: Immediately
contact call a POISON CENTER/doctor.
with skin. P302 + P352 + P310
H315 IF ON SKIN: Wash with plenty of
Causes water. Immediately call a
skin POISON CENTER/doctor.
irritation. P304 + P340 + P311
H317 IF INHALED: Remove person to
May cause | fresh air and keep comfortable for
an allergic | breathing. Call a POISON
skin CENTER/doctor.
reaction. P305 + P351 + P338
H318 IF IN EYES: Rinse cautiously
dap" Causes with water for several minutes.
=< . .
serious eye | Remove contact lenses, if
damage. present and easy to do. Continue
H361d rinsing.
Suspected
of
damaging
the unborn
child.
H373
May cause
damage to
organs
(Liver,
Heart)
through
prolonged
or repeated
exposure if
swallowed.
H410
Very toxic
to aquatic
life with
long lasting
effects.
3-(Morpholin-4-yl)propane- H315 P261
1-sulfonic acid Causes Avoid breathing
skin dust/fume/gas/mist/vapours/spray
irritation. P264
H319
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Causes
serious eye
irritation
H335

May cause
respiratory
irritation

Wash skin thoroughly after
handling

P271

Use only outdoors or in a well-
ventilated area.

P280

Wear protective gloves/protective
clothing/eye protection/face
protection.

P302+P352

IF ON SKIN: Wash with sopa and
water

P304+P340

IF INHALED: Remove victim to
fresh air and keep at rest in
position comfortable for the
breathing

P305+P351+P338

IF IN EYES: Rinse cautiously
with water for several minutes.
Remove contact lenses, if
present and easy to do. Continue
rinsing.

P312

Call a POISON Center or
doctor/physician if you feel unwell
P332+P313

If skin irritation occurs. Get
medical advice/attention

P362

Take off contaminated clothes
P403+P233

Store in a well-ventilated place.
Keep container tightly closed
P405

Store locked up

acetic acid
(64-19-7)

SOV

H226
Flammable
liquid and
vapor.
H314
Causes
severe skin
burns and
eye
damage

P210

Keep away from heat, hot
surfaces, sparks, open flames,
and other ignition sources. No
smoking.

P280

Wear protective gloves/protective
clothing/eye protection/face
protection.

P303+P361+P353

IF ON SKIN (or hair): Take off
immediately all contaminated
clothing. Rinse skin with water.
P305+P351+P338+P310

IF IN EYES: Rinse cautiously
with water for several minutes.
Remove contact lenses, if
present and easy to do. Continue
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rinsing. Immediately call a poison
center/doctor.

ammonium acetate

Not a hazardous substance or mixture according to

(631-61-8) Regulation (EC) No 1272/2008.
ammonium hydroxide H314 P261
solution Causes Avoid breathing
(1336-21-6) severe skin | dust/fume/gas/mist/vapors/spray.
burns and P271
eye Use only outdoors or in a well-
damage. ventilated area.
H335 P273
May cause | Avoid release to the environment.
respiratory | P280
irritation. Wear protective gloves/protective
H410 clothing/eye protection/face
Very toxic protection.
to aquatic P303+P361+P353
life with IF ON SKIN (or hair): Take off
long lasting | immediately all contaminated
effects. clothing. Rinse skin with water.
P305+P351+P338
IF IN EYES: Rinse cautiously
with water for several minutes.
Remove contact lenses, if
present and easy to do. Continue
rinsing.
ampicillin H317 May | P261 Avoid breathing dust.
cause an P272 Contaminated work clothing
allergic skin | should not be allowed out of the
reaction. workplace.
H334 May | P280 Wear protective gloves.
cause P284 Wear respiratory protection.
allergy or P302 + P352 IF ON SKIN: Wash
asthma with plenty of water.
symptoms | P333 + P313 If skin irritation or
or rash occurs: Get medical advice/
breathing attention
difficulties
if inhaled
anhydrotetracycline H302 P202 Do not handle until all
Harmful if safety precautions have been
swallowed. | read and
H360D understood.
May P280 Wear protective gloves/
damage protective clothing/ eye
the unborn | protection/ face
child protection.

P308 + P313 IF exposed or
concerned: Get medical advice/
attention.

P405 Store locked up

Blauer Jonas

This substance or mixture has not been classified as
hazardous according to the Globally Harmonized System
(GHS) of Classification and Labeling of Chemicals.
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bromophenol blue

Not a hazardous substance or mixture according to

(115-39-9) Regulation (EC) No 1272/2008.
cesium iodide H361fd P201
(7789-17-5) Suspected | Obtain special instructions before
of use.
damaging P202
fertility. Do not handle until all safety
Suspected | precautions have been read and
of understood.
damaging | P273
the unborn | Avoid release to the environment.
child. P280
H400 Wear protective gloves/protective
Very toxic clothing/eye protection/face
to aquatic protection.
life. P308 + P313
IF exposed or concerned: Get
medical advice/attention.
P391
Collect spillage.
cOmplete™ EDTA-free H314 P260 Do not breathe dust.
Protease Inhibitor Cocktail Causes P280 Wear protective gloves/
severe skin | protective clothing/ eye
burns and protection/ face protection/
eye hearing protection.
damage Response:
P301 + P330 + P331 IF
SWALLOWED: Rinse mouth. Do
NOT induce vomiting.
P303 + P361 + P353 IF ON SKIN
(or hair): Take off immedi-
ately all contaminated clothing.
Rinse skin with water.
P304 + P340 + P310 IF
INHALED: Remove person to
fresh
air and keep comfortable for
breathing. Immediately call a
POISON CENTER/ doctor.
P305 + P351 + P338 + P310 IF
IN EYES: Rinse cautiously
with water for several minutes.
Remove contact lenses, if pre-
sent and easy to do. Continue
rinsing. Immediately call a
POISON CENTER/ doctor.
chloramphenicol H318 P202 Do not handle until all
Causes safety precautions have been
serious eye | read and
damage. understood.
H351 P280 Wear protective gloves/
Suspected | protective clothing/ eye
of causing | protection/ face
cancer. protection.
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H361fd

P305 + P351 + P338 IF IN EYES:

Suspected | Rinse cautiously with water for
of several minutes.
damaging Remove contact lenses, if
fertility. present and easy to do. Continue
Suspected | rinsing.
of P308 + P313 IF exposed or
damaging concerned: Get medical advice/
the attention.
unborn P405 Store locked up.
child P501 Dispose of contents/
container to an approved waste
disposal
plant.
dithiothreitol, DTT H302 P264
(3483-12-3) Harmful if Wash skin thoroughly after
swallowed. | handling.
H315 P270
Causes Do not eat, drink or smoke when
skin using this product.
irritation. P280
H318 Wear protective gloves/eye
Causes protection/face protection.
serious eye | P301 + P312
damage. IF SWALLOWED: Call a POISON
CENTER/doctor if you feel
unwell.
P302 + P352
IF ON SKIN: Wash with plenty of
water.
P305 + P351 + P338
IF IN EYES: Rinse cautiously
with water for several minutes.
Remove contact lenses, if
present and easy to do. Continue
rinsing.
ethanol H225 P210 Keep away from heat, hot
Highly surfaces, sparks, open flames
flammable | and
liquid and other ignition sources. No
vapor. smoking.
H319 P233 Keep container tightly
Causes closed.
serious eye | P240 Ground and bond container
irritation. and receiving equipment.

P241 Use explosion-proof
electrical/ ventilating/ lighting/
equipment.

P242 Use non-sparking tools.
P305 + P351 + P338 IF IN EYES:
Rinse cautiously with water for
several minutes.

Remove contact lenses, if
present and easy to do. Continue
rinsing
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ethylenediaminetetraacetic H319 P264
acid, EDTA Causes Wash skin thoroughly after
(60-00-4) serious eye | handling.
irritation. P280
Wear eye protection/face
protection.
P305 + P351 + P338
IF IN EYES: Rinse cautiously
with water for several minutes.
Remove contact lenses, if
present and easy to do. Continue
rinsing.
P337 + P313
If eye irritation persists: Get
medical advice/attention.
glycerol Not a hazardous substance or mixture according to
(56-81-5) Regulation (EC) No 1272/2008.
guanidine hydrochloride H302 + P261
(50-01-1) H332 Avoid breathing dust.
Harmful if P264
swallowed | Wash skin thoroughly after
or if handling.
inhaled. P301 + P312
H315 IF SWALLOWED: Call a POISON
Causes CENTER/doctor if you feel
skin unwell.
irritation. P302 + P352
H319 IF ON SKIN: Wash with plenty of
Causes water.
serious eye | P304 + P340 + P312
irritation IF INHALED: Remove person to
fresh air and keep comfortable for
breathing. Call a POISON
CENTER/doctor if you feel
unwell.
P305 + P351 + P338
IF IN EYES: Rinse cautiously
with water for several minutes.
Remove contact lenses, if
present and easy to do. Continue
rinsing.
hydrochloric acid H225 P234 Keep only in original
Highly packaging.
flammable | P261 Avoid breathing mist or
liquid and vapors.
vapor. P271 Use only outdoors or in a
H319 well-ventilated area.
Causes P280 Wear protective gloves/
serious eye | protective clothing/ eye
irritation. protection/ face
protection.

P303 + P361 + P353 IF ON SKIN
(or hair): Take off immediately all
contaminated
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clothing. Rinse skin with water.
P305 + P351 + P338 IF IN EYES:
Rinse cautiously with water for
several minutes.

Remove contact lenses, if
present and easy to do. Continue
rinsing

Imidazole H302 P260 Do not breathe dust.
Harmful if P280 Wear protective gloves/
swallowed. | protective clothing/ eye
H314 protection/ face
Causes protection.
severe skin | P301 + P312 IF SWALLOWED:
burns and Call a POISON CENTER/ doctor
eye if you feel
damage. unwell.

H360D P303 + P361 + P353 IF ON SKIN
May (or hair): Take off immediately all
damage contaminated
the unborn | clothing. Rinse skin with water.
child P304 + P340 + P310 IF
INHALED: Remove person to
fresh air and keep comfortable
for breathing. Immediately call a
POISON CENTER/ doctor.
P305 + P351 + P338 IF IN EYES:
Rinse cautiously with water for
several minutes.
Remove contact lenses, if
present and easy to do. Continue
rinsing

isopropyl-p-D-1- H319 P281

thiogalactopyranosid, Causes Use personal protective

IPTG serious eye | equipment as required.

(367-93-1) irritation. P305 + P351 + P338
H351 IF IN EYES: Rinse cautiously
Suspected | with water for several minutes.
of causing Remove contact lenses, if
cancer. present and easy to do. Continue

rinsing

kanamycin monosulfat H360 May | P201 Obtain special instructions
damage before use.
fertility or P202 Do not handle until all
the unborn | safety precautions have been
child. read and

understood.

P280 Wear protective gloves/
protective clothing/ eye
protection/ face

protection.

P308 + P313 IF exposed or
concerned: Get medical advice/
attention.

P405 Store locked up.
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P501 Dispose of contents/
container to an approved waste

disposal
plant.
phenylmethylsulfonyl H301 P260
fluoride, PMSF Toxic if Do not breathe dusts or mists.
(329-98-6) swallowed. | P270
H314 Do not eat, drink or smoke when
Causes using this product.
severe skin | P280
burns and | Wear protective gloves/protective
eye clothing/eye protection/face
damage. protection.

<

P303 + P361 + P353

IF ON SKIN (or hair): Take off
immediately all contaminated
clothing. Rinse skin with water.
P304 + P340 + P310

IF INHALED: Remove person to
fresh air and keep comfortable for
breathing. Immediately call a
POISON CENTER/doctor.

P305 + P351 + P338

IF IN EYES: Rinse cautiously
with water for several minutes.
Remove contact lenses, if
present and easy to do. Continue
rinsing

phosohate buffered saline

Not a hazardous substance or mixture according to
Regulation (EC) No 1272/2008.

PureCube 100 Ni-INDIGO
Agarose resin

Not a hazardous substance or mixture according to
Regulation (EC) No 1272/2008.

sodium chloride, NaCl
(7647-14-5)

Not a hazardous substance or mixture according to
Regulation (EC) No 1272/2008.

sodium dodecyl sulfate, H228 P210
SDS Flammable | Keep away from heat, hot
(151-21-3) solid. surfaces, sparks, open flames
H302 + and other ignition sources. No
H332 smoking.
Harmful if P273
swallowed | Avoid release to the environment.
orif P280
inhaled. Wear protective gloves/protective
H315 clothing/eye protection/face
Causes protection.
skin P301 + P312
irritation. IF SWALLOWED: Call a POISON
H318 CENTER/doctor if you feel
Causes unwell.
serious eye | P304 + P340 + P312
damage.
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H335

IF INHALED: Remove person to

May cause | fresh air and keep comfortable for
respiratory | breathing. Call a POISON
irritation. CENTER/doctor if you feel
H412 unwell.
Harmfulto | P305 + P351 + P338
aquatic life | IF IN EYES: Rinse cautiously
with long with water for several minutes.
lasting Remove contact lenses, if
effects. present and easy to do. Continue
rinsing.

sodium hydroxide H290 May | P234 Keep only in original
be packaging.
corrosive to | P260 Do not breathe dust.
metals. P280 Wear protective gloves/
H314 protective clothing/ eye
Causes protection/ face
severe skin | protection.
burns and | P303 + P361 + P353 IF ON SKIN
eye (or hair): Take off immediately all
damage contaminated

clothing. Rinse skin with water.
P304 + P340 + P310 IF
INHALED: Remove person to
fresh air and keep comfortable
for breathing. Immediately call a
POISON CENTER/ doctor.

P305 + P351 + P338 IF IN EYES:
Rinse cautiously with water for
several minutes.

Remove contact lenses, if
present and easy to do. Continue
rinsing.
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