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Abstract

Coronavirus macrodomains have been described as important virulence factors which compromise
type-I interferon (IFN) signaling, but their precise mechanism of action remains unclear and robust
tools for interactome studies are still missing. Using reverse genetics, we generated and characterized
recombinant SARS-CoV-2 (rALFA) encoding an ALFA-tag upstream of Macl to enable targeted
analysis during viral replication. Infection assays and immunofluorescence staining (IF) were
performed in comparison to recombinant SARS-CoV-2 without replicase modifications (rWT) and a
variant lacking Macl (rAMacl). All recombinant variants proved replication competent. Preserved
lytic infection was confirmed for rALFA with identical plaque morphology compared to rtWT and
rAMacl. On Vero E6 cells the recombinant viruses reached comparably high titres (mean PFU/ml
rWT: 3.11 x10¢, rAMacl: 1.20 x107, rALFA: 7.55 x10¢), on Calu-3 cells titres reached at 72 hpi (mean
PFU/ml rWT: 8.89 x107, rAMacl: 9.33 x105, rALFA: 2.28 x107) were comparable for rtWT and rALFA
yet significantly lower for rAMacl. Immunofluorescence staining confirmed robust expression and
cytoplasmic localization of the tagged nsp3. ALFA-tagging allowed for specific, super resolved IF
images of Macl by anti-ALFA nanobodies in rALFA infected A549 cells. In conclusion, the tagged
SARS-CoV-2 represents a versatile tool for functional studies of nsp3 interactions and dynamics of
subcellular trafficking during infection, prospectively enabling validation of new therapeutic
approaches.

Keywords: SARS-CoV-2; replicase; macrodomain; non-structural protein 3; immunofluorescence
imaging; reverse genetics; affinity tagging

1. Introduction

The periodic outbreaks of highly pathogenic and rapidly spreading coronaviruses (CoV) remain
a major concern for global health, especially since their zoonotic origin makes emergence of
previously unknown CoVs likely. This highlights the need for a better understanding of the immune-
evasive nature of these CoVs, to guide the development of new treatment options in the future. Since
efficient evasion of the innate immune response seems to be a hallmark of CoV infection [1,2]
therapeutic targeting of the underlying molecular mechanism could lead to potent antiviral drugs.
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During the COVID-19 pandemic, novel virulence factors for SARS-CoV-2 came into focus. One
of them was the conserved MacroD-like macrodomain (Macl), which is part of the non-structural
protein 3 (nsp3) encoded by SARS-CoV-2 open reading frame 1 (ORF1). [3,4]. The large nsp3 is a
component of pore complexes within the membrane of double membrane vesicles (DMVs), which
are formed after viral infection from the ER-Golgi intermediate compartment (ERGIC) and serve as
viral replication organelles [5,6]. Furthermore, nsp3 has been reported to suppress the antiviral
interferon (IFN) response triggered by viral replication intermediates upon host recognition [4,6].
Although the exact mechanism remains unclear, there is increasing evidence that Macl can directly
interfere with cellular IFN signaling, presumably by reverting poly-ADP-ribose polymerase (PARP)-
mediated ADP-ribosylation by the host, which has been reported for SARS-CoV-2 and other
coronaviruses (e.g. SARS-CoV and MHYV) in vivo [3,7,8]. Thus, pharmacological targeting of viral
macrodomains has received increasing attention in recent years.

Although there have already been some efforts to identify potential interactors of the viral
macrodomain of SARS-CoV-2, these studies mostly used either (virus free) ectopic expression
systems, (cell-free) biochemical pulldowns, enzyme assays or in silico models [4,9-14]. However, only
few potential interactors have been postulated and they lack verification in physiologically more
relevant test systems. Also, most of these studies are limited the lack of (commercially) available
detection reagents for Macl/nsp3, i.e. polyclonal antibodies or nanobodies. Thus, there are still no
powerful detection tools for robust Macl detection available.

Reverse genetics approaches offer excellent tools for dissecting viral protein function through
the generation of genetically modified viruses that can be studied under physiologically relevant
infection conditions [15,16]. However, inserting epitope tags into the coronavirus replicase complex,
particularly within nsp3, is technically challenging due to the large genome size, complex secondary
structures, and the critical functional requirements of replicase components for CoV viability [17].

Here we report a reverse genetic approach for epitope-tagging of SARS-CoV-2 Macl by specific
and highly affine nanobodies, providing a versatile tool to study coronavirus pathogenesis and
identify therapeutic targets.

2. Materials and Methods

2.1. Cells and Maintenance

Vero E6 cells (ATCC® CRL-1586), CaLu-3 cells (Cytion, 305032), A549-A/T cells [18] and HEK-
293T-Ace-2-TMPRSS2 (BEI resources, NR-55293) were maintained under standard conditions in
DMEM (Gibco, Life Technologies), supplemented with 10 % (Vero E6 and CaLu-3), 5% (A549-A/T)
or 3% (HEK-293T-Ace-2-TMPRSS2 cells) foetal calf serum (Biochrom), 100 U/l penicillin, 100 ug/1
streptomycin (Invitrogen, Life Technologies)) 1 mM non-essential amino acids (Gibco, Life
Technologies) and L-Glutamin. 2mM (Pan-Biotech). For A549-A/T cells, medium was additionally
supplemented with Blasticidin (10 pug/ml, Invivogen) and Puromycin (0.5 pg/ml, Invitrogen).

2.2. Generation and Rescue of Recombinant SARS-CoV-2

The recombinant SARS-CoV-2 without replicase modifications (rWT) was generated based on a
cDNA clone [19] as previously described [20]. Both the recombinant SARS-CoV-2 with ALFA-tag in
nsp3 (rALFA) and the variant with deleted Macl in nsp3 (rAMacl) were generated based on the
cDNA clone using the CLEVER method [21]. All PCRs for generating the required cDNA fragments
CLEVER 1-5 and linker (Table 1) were generated using a proofreading polymerase (Q5, NEB).

Primers “CLEVER MacNalfa fwd (5'-
agagatggaacttacaccagttgttcagactattccatctagattagaagaagaattaagaagaagattaactgaaccagaagtgaatagttttagt
ggttatttaaaacttactgacaatgta-3") and CLEVER MacNalfa rev(5'-

ctattcacttctggttcagttaatcttcttcttaattcttcttctaatctagatggaatagtctgaacaactggtgtaagttccatctet  -3")”  were
used for insertion of the ALFA-tag immediately upstream of Macl in nsp3 (fragments CLEVER 1a
ALFA and CLEVER 1b ALFA), and primers “CLEVER del Mac fwd (5'-
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aggttcaacctcaattagagatggaacttacaccagttgttcagactattagtgaaaagcaagttgaacaaaagatcgctgagattcctaaagagg
aagttaagccatttataactga-3") and “CLEVER del Mac rev (5'-
aacttcctctttaggaatctcagcegatcttttgttcaacttgcettticactaatagtctgaacaactggtgtaagttccatctctaattgaggttgaacctca
acaattgt -3")” were used for the depletion of Macl (fragments CLEVER 1a and CLEVER 1b). Details
on the CLEVER primers can be found in Table 1.

For virus rescue, the purified and sequenced cDNA fragments were transfected in equimolar
ratios together with a linker fragment in HEK-293-Ace-2-TMPRSS2 cells as described [20]. Briefly,
DNA was diluted in reduced-serum medium (Opti-MEM, Gibco) and combined with Lipofectamine
2000 (Invitrogen) as recommended by the manufacturer for transfection. Fresh medium was added
4-6 hours after transfection. Cells were incubated for 2-4 days before a transfer to Vero E6 cells
(passage 0 of the recombinant SARS-CoV-2) was performed. To verify viral growth, cultures were
monitored for CPE every other day and RT-qPCR [22]-and/or luciferase reporter assay [19] were
performed. Virus stocks were produced in Vero E6 cells (T75 flasks).

For virus quantification, plaque assay was performed by infecting Vero E6 cells seeded to either
6-well or 24-well plates (both Sarstedt) with serial viral dilutions and a 1.2% Avicel overlay as
described [23]. Sequence integrity of recombinant viruses was verified by whole genome amplicon
sequencing (DeepChek Assay whole genome SARS-CoV-2 genotyping, ABL) on an Illumina platform
(iSeq 100, Numina).

Table 1. List of oligonucleotides (primers) used for generation of cDNA-fragments.

Primer name Sequence (5-3") Fragment
CLEVERT cgttacataacttacggtaaat CLEVER
fwd & 58 &8 la
CLEVER del aacttcctctttaggaatctcagcgatcttttgttcaacttgcttttcactaatagtctgaacaactggtgtaagtt CLEVER

Mac rev ccatctctaattgaggttgaacctcaacaattgt la
CLEVER del aggttcaacctcaattagagatggaacttacaccagttgttcagactattagtgaaaagcaagttgaacaaa CLEVER
Mac fwd agatcgctgagattcctaaagaggaagttaagcecatttataactga 1b
CLEVER
MacNalfa agagatggaacttacaccagttgttcagactattccatctagattagaagaagaattaagaagaagattaac CLEVER
fwd tgaaccagaagtgaatagttttagtggttatttaaaacttactgacaatgta 1b ALFA
CLEVER ctattcacttctggttcagttaatcttcttcttaattcttcttctaatctagatggaatagtctgaacaactggtgta CLEVER
MacNalfa rev agttccatctct la ALFA
CLEVER1 cagttaaatcccatttaaaagat CLEVER
rev gcag 8atg 1b
CL]?V\VISR 2 ccttgtagtgtttgtcttagtge CLEVER 2
LEVER 2
¢ I‘ZV tgttccaattactacagtagctcc CLEVER 2
LEVER
¢ fwd 3 tataactcaaatgaatcttaagtatgccattagtgcaaagaatagagctcgcaccgtagetggtg ~ CLEVER 3
LEVER 3
¢ rov atcaccaatcaaagttgaatctgcatcagagacaaagtcattaagatctgagtcgacaagcagcg  CLEVER 3
CLE‘XSR 4 tacagctgttttaagacagtggttgectacgggtacgctgcttgtegactcagatcttaatgactttgte  CLEVER 4
LEVER 4
¢ I'ZV gcggecgecagacatgataag CLEVER 4
LEVER
¢ fwd > atgtctgataatggaccccaaaatca CLEVER 5
CLEVER 5
rov tactcaagctttaagatacattgatgagt CLEVER 5
CLEVER link .
fwd aggccacgcggagtacgatcgagtgtacagtgaacaatgctagggagagetgec linker
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CLEVER link

cagccgagtgacagecacac linker
rev gecgagtgacag

2.3. SARS-CoV-2 Replication Kinetics and Immunofluorescence Imaging

For replication kinetics, cells were seeded to 96-well plates (TPP) and infected with the
recombinant viruses at indicated MOlIs. After 1h adsorption at 37°C, fresh medium was added cells
were incubated at 37°C and used for further analysis by luciferase assay or titration by plaque assay
at indicated time points.

For immunofluorescence analysis, cells were grown on cover slips to 80% confluency and
infected with recombinant viruses at MOI = 1. After 20h of incubation at 37° C, virus inactivation and
fixation of cells was performed using formaline (4% in PBS). Fixated cells were washed three times
with 50 mM ammonium chloride (NH4Cl) and incubated for 5 min in fresh NH4Cl solution at room
temperature (RT) to mask free aldehyde groups. Cells were then washed again in PBS (Thermo
Fisher) prior to permeabilization in PBS containing 0.1% saponin (Fluka, PBS-sap) for 10 min at RT.
Details on primary detection reagents and secondary antibodies as well as their dilutions are listed
in Tables 2 and 3. First, cells were blocked in PBS-sap supplemented with 3% bovine serum albumin
(Sigma Aldrich. PBS-sap-BSA) for 30 min at RT. After blocking, cells were incubated with primary
antibody diluted in PBS-sap-BSA solution at 4 °C for 1 h in the dark. Then, cells were washed three
times with PBS-sap-BSA prior to incubation with secondary antibodies solution at 4 °C for 1 h in the
dark. After three washes with PBS-sap-BSA and once with PBS, cell nuclei were stained for 20 min at
RT with DAPI (invitrogen) diluted in PBS. After washing twice with PBS and ultra pure H:0,
coverslips (Marienfeld) were mounted cell-side down onto a glass slide (Epredia) with mounting
medium (invitrogen) and allowed to solidify for 1 h in the dark. Slides were stored at 4 °C in the dark
until imaging.

Table 2. List of primary detection reagents.

. . Catalogue . Dilut Speci Fluoroph
Primary antibody/nanobody number Supplier Target ion  es ore
11 1 Rabbi
SARS-CoV-2 Nsp3 Antibody ggoges e mspS(full g5, Rabbi
Signaling  length) t
SARS-CoV-2 Nsp3 Polyclonal Antibody Vab-012SX %rlf)?:}:: Macl 1:500*RE":":’1 /
FluoTag-X2 anti-ALFA, Clone: [1G5], NAT-N1502- . ) Came Alexa
Monoclonal nanobody AF647-L Biozol  ALFA-tag 1:100 lus Fluor 647
Spike Antibody 5D4 [24] na BNITM  Spike  1:10 MZ“S /
Table 3. List of secondary antibodies.
. Catalogue . Dilutio Specie
Secondary antibody number Supplier Target Fluorophore
Donkey anti-Mouse IgG A-21200 life . Mouse 1:400 Donke Alexa Fluor
(H+L) technologies  IgG y 488
Goat anti-Rabbit IgG life Rabbit Alexa Fluor
A-11 1:4
(H+L)* 036 technologies  IgG 00 Goat 568

A super resolution spinning-disk microscope (Visitron) equipped with a CSU-W1 SoRa Optic
(2.8x, Yokogawa) and a 100x or 40x oil immersion objective was used for visualization. The technical
setup included one-fold binning, gain 2 and output 50%. Laser settings were: 405 nm at 250 ms
exposure time and 50% laser power, 488 nm at 400 ms and 30% power, 561 nm at 400 ms and 30%
power and 647 nm at 400 ms and 30% power. Images were captured using a sSCMOS camera (Orca-
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Flash 4.0, C13440-20CU Hamamatsu) and acquired with VisiView software by Visitron. Background
correction and further image analysis was performed in FIJI (Image] v1.53f51).

2.4. Statistics

Replication kinetics assay data were log transformed and statistically tested with GraphPad
Prism version 9.2.0 (GraphPad Software, Boston, Massachusetts USA). A significance niveau (o) of
5% was applied.

3. Results

3.1. Generation and Characterization of a Recombinant ALFA-tagged SARS-CoV-2

Using reverse genetics, we successfully generated recombinant SARS-CoV-2 variants: a virus
without replicase modifications (rWT) [20], a variant lacking the Macl domain (rAMacl), and a
variant encoding an SRLEEELRRRLTE (ALFA)-tag upstream of Macl within nsp3 (rALFA), as
illustrated in the schematic overview (Figure 1a). The location of the tag allows for indirect (epitope)
tagging of Mac1 (Figure 1b).

= &/! t o]
N o ey ) ALFA-tag
CX=7 > - .

Macl i)

\ P Cytoplasm
-
= DMV membrane
=
Lumen

Figure 1. Immuno-targeting strategies for the Macl domain of nsp3 of SARS-CoV-2. (A) Schematic overview of
the recombinant SARS-CoV-2 used in this study (B) Cartoon of the architecture of nsp3 as expressed by the
recombinant SARS-CoV-2 with tagged Macl (rALFA). Shown are the Collabfold structure of Macl (orange
surface model) as fusion protein with ALFA-tag (red ribbon model) as part of the nsp3 multidomain protein and
the X-ray structures of an anti-ALFA nanobody (Nb, pink ribbon model, PDB: 5VNV) as well as a rabbit IgG Fab
(green ribbon model, PDB: 4HBC). ADPR: ADP-ribose. CDR: complementary determining region. Ubl1/2:
Ubiquitin-like domain 1/2, HVR: hyper variable region, Mac2/3: macrodomain 2/3, DPUP: Domain Preceding
Ubl2 and PL2pr, PLPw: papain-like protease, NAB: nucleic acid binding domain, f2M: 3-coronavirus-specific
marker, TM1/2: transmembrane domain 1/2, 3Ecto: nsp3 ectodomain, AH1: amphipathic helix 1, Y+ CoV-Y:

conserved nidovirus (Y) and CoV-specific domain, DMV: double membrane vesicle.
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3.1.2. Growth Characteristics of Recombinant SARS-CoV-2.

The newly generated recombinant variants rALFA and rAMacl were successfully rescued and
proved replication competent as the previously generated rfWT [20]. On Vero E6 cells, we observed a
pronounced cytopathic effect (CPE) for all viruses, thus sustained lytic infection for rALFA is evident
with similar plaque morphology compared to rtWT and rAMacl (Figure 2A).

Replication kinetics on Vero E6 cells revealed comparable growth with high titres reached by all
three variants. Notably, the tagged variant rALFA demonstrated robust replication capacity with
mean peak titres (7.55 x 106 [range 1.33 x 106-2.00 x 107] PFU/ml) comparable to those of rtWT (3.11
[range 1.33 x 106-6.67 x 106] PFU/ml) and rAMacl (1.20 x 107 [range 2.67 x 106-2.00 x 107] PFU/ml)
(Figure 2B). Interestingly, we observed an advantage for rALFA compared to rWT on Vero E6 cells
48 hpi (mean titres rWT 8.88 x 10° [range 6.67 x 10°-1.33 x 10°] PFU/ml, rALFA 2.89 x 107 [range 6.67 x
106-6.67 x 107] PFU/ml) (Figure 2B).

A

’—‘ ns
§ 8- 5 |—| |—| 8+ } rALFA
'8
E 3

& 6 ; a ‘35 & 1 6 » % 4 rAMact
2
2 44 4+ %
- 1 1 :
3 2 {_ 2
£

0 T T T T 0 ) 1 T T

0 24 48 72 0 24 48 72
hours post infection (hpi) hours post infection (hpi)

Figure 2. Infection characteristics. (A) Preserved lytic infection in all recombinant SARS-CoV-2 demonstrated by
representative images of plaques. (B) Viral titres reached by recombinant SARS-CoV-2 on infected Vero E6 and
Calu-3 cell cultures after the indicated hours post infection (hpi). Data are shown as mean + SD (n=3) and were
tested by two-way ANOVA with Tukey correction for multiple comparisons. *p < 0.05, **p < 0.01, ns: not
significant.

Next, we assessed replication on Calu-3 cells, which, given their largely intact immune system,
represent a more complex and physiologically relevant model. Again, at 72 hpi, rWT and rALFA
reached high titres (mean 8.89 x 107 [range 2.00x 107 -2.00 x 108] PFU/ml for rtWT and 2.28 x 107 PFU/ml
[range 4.00x 105-6.67 x 107] for rALFA), indicating that the ALFA tag does not impair viral replication.
In contrast, rAMacl titres were strongly reduced (9.33 x 105 [range 1.33x 105 -2.00x 10¢] PFU/ml) on
the human epithelial cells. Luciferase reporter assays demonstrated comparable reporter signals for
all three recombinant viruses on both cell lines, with rALFA and rAMacl infection inducing reporter
translation more efficiently as tWT on Vero cells (Figure S1). These findings demonstrate that while
rAMacl production of infectious progeny is restricted in Calu-3 cells, the inserted ALFA-tag within
nsp3 does not compromise viral fitness, indicating that the Mac1 activity is not affected.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.2. IF studies of A549 Cells Infected with Recombinant SARS-CoV-2.

3.2.1. Specific Imaging of Macl in rWT-Infected Cells Using Directly Targeted Antibodies

Figure 3 shows IF data of A549 cells, which were infected with the recombinant SARS-CoV-2
variants. Of note, all 3 viruses, i.e. rWT, rAMacl and rALFA were able to infect A549 cells at the
chosen MOI resulting in sufficiently high infection rate for robust imaging (>50% Spike positive).

To test for different immuno-staining strategies for Macl, we first chose the classical approach
using a directly targeted Macl antibody. Indeed, Macl staining was successful in A549 cells infected
with tWT (Figure 3A), while exhibiting only minimal background in the rAMac1 control (Figure 3B),
thereby showing antibody specificity and viability of direct Macl imaging in SARS-CoV-2 infected
cells.

3.2.2. N-Terminal ALFA-Tagging Enables Super Resolved Visualization of Macl in rALFA-Infected
Cells

Next, we applied the non-canonical, indirect approach for Macl targeting. As proof of concept,
A549 cells infected with rALFA were co-stained with both anti-ALFA nanobody and anti-Macl
antibody (control) (Figure 3C). At super resolution (SoRa mode), anti-Mac1 staining overlapped with
the ALFA signals that were consistently absent for the other viruses (rfWT and rAMacl) (Figure 3C),
which was also the case for anti-ALFA co-staining with an anti-nsp3 antibody (Figure S2).
Interestingly, ALFA staining exhibited a halo shape comprising Macl/nsp3 signals, which appeared
as individual foci, providing insights into DMV membrane structure (Figures 3C and Figure S2).

WT

rAMac1

rALFA

Figure 3. Macl IF data of SARS-CoV-2 infected A549 cells. (A-C) A549 cells were infected with recombinant
viruses (A) rtWT, (B) rAMacl or (C) rALFA. Fixated samples were co-stained with DAPI (blue) and against Macl
(green), Spike (yellow) as well as ALFA (magenta) and imaged at 100x resolution or in SoRa mode (280x). DAPI,
Macl and ALFA channels were also merged (white). Scale bar: 20 pum.
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Taken together, the IF data demonstrate i) specific and robust imaging of Macl by (non-
canonical) ALFA-tagging, allowing for ii) super resolved co-localization studies at the Macl/DMV
interface.

4. Discussion

Despite the recognized importance of the nsp3 encoded macrodomain Macl as a crucial
virulence factor for SARS-CoV-2 [25,26], the physiological substrates and interaction partners of this
domain remain largely unknown. The limited availability of suitable tools for comprehensive
interactome analysis has hampered progress in understanding Mac1 function and, consequently, the
development of targeted therapeutics.

To address this gap, we present a novel strategy engineering a fully infectious recombinant
ALFA tagged SARS-CoV-2, which enables high-resolution intracellular imaging of ALFA-tagged
Macl in infected cells while providing a robust platform for antiviral drug discovery. Importantly,
this approach is not restricted to a model system and could also be used for in vivo studies.

In comparative replication kinetics the tagged virus reveals retained biological properties,
supporting its suitability for therapeutic applications. First, the ALFA-tag does not significantly
impair viral growth characteristics, ensuring that drug efficacy studies will reflect authentic infection.
Second, peak viral titres of the tagged virus remained within the same order of magnitude compared
to the recombinant wild-type SARS-CoV-2 without nsp3 modifications, confirming that potential
therapeutic compounds can be evaluated against a virus system that maintains the fundamental
replication machinery. Third, the contrasting phenotype observed with our virus lacking the
macrodomain, particularly the reduced replication efficiency in interferon competent cells that is in
line with previously reported findings [27], validates Macl as a viable therapeutic target, while
suggesting that our tagging approach preserves the biological relevance essential for drug screening
applications.

Our approach can provide a significant advancement for antiviral drug development, offering
advantages over previous approaches for studying nsp3 function and identifying therapeutic targets.
While earlier investigations have employed affinity-tagged nsp3 [6,9,10], these studies relied
primarily on overexpression systems that may not accurately reflect the physiological context of viral
infection or provide suitable platforms for compound screening. While it has been shown that the
CoV replicase may tolerate reporter genes as fusion proteins or as replacements for dispensable
proteins [28], our work presents the first recombinant SARS-CoV-2 with internally epitope-labeled
full-length nsp3 that can be directly employed in drug discovery workflows.

Several technical innovations distinguish our approach and enhance its utility for therapeutic
development. First, we utilized ALFA-tags, which offer substantial advantages for drug discovery
applications over conventional affinity epitopes such as HA and FLAG tags that have been used for
nsp3 labeling [6] [9,10] These advantages include higher specificity for interaction partner
identification, superior biological and chemical stability under screening conditions, and reduced
background signal that improves assay reliability [29]. Second, we strategically introduced the
affinity tag in close proximity to the Macl domain within nsp3, enabling direct monitoring of
therapeutic compound effects on Macl function and interactions while maintaining full viral
replication competence for phenotypic screening.

The enhanced imaging and interaction analysis capabilities afforded by our system open new
avenues for innovative therapeutic discovery. The high-resolution visualization of Macl/nsp3
dynamics could provide a powerful tool for screening compounds that disrupt critical virus-host
interactions or alter Macl subcellular localization. These capabilities, combined with the preserved
viral fitness, establish rALFA as an invaluable resource for developing next-generation antivirals
targeting the viral macrodomain or nsp3.

Comparative analysis across different experimental conditions confirmed the system's
suitability for drug discovery applications, as no substantial alterations in Macl/nsp3 staining
patterns were observed between rALFA and rWT-infected cells. This preservation of subcellular
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localization will help therapeutic screening that reflect genuine nsp3/Macl biology, while providing
high sensitivity for detecting compound-induced changes in protein distribution or interaction
patterns.

5. Limitations

The Mac1 antibody used for validation of ALFA-Macl imaging exhibited minimal, yet readable
cross-reactivity as seen in rAMacl infected cells. However, the cumulative evidence for the ALFA
nanobody co-staining with either nsp3 or Mac1 antibodies suggests that signal overlaps were in good
agreement, mitigating specificity concerns for the latter.

6. Conclusions

We report on a recombinant SARS-CoV-2 employing an internally ALFA-tagged nsp3 with full
infectious capability and no evidence of compromised replicase function due to tagging. The
preserved viral fitness establishes rALFA as a powerful platform for functional nsp3 studies that can
be directly exploited for drug candidate testing. In particular, the improved imaging and interaction
analysis capabilities can provide new impulses for therapeutic target discovery and the development
of novel antiviral strategies.
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Abbreviations

The following abbreviations are used in this manuscript:

MDPI Multidisciplinary Digital Publishing Institute
DOA]J Directory of open access journals

3Ecto Nsp3 ectodomain

ADPR ADP-ribose

AH1 Amphipathic helix 1

ALFA SRLEEELRRRLTE peptide

ANOVA Analysis of variance

BSA Bovine serum albumin

CDR Complementary determining regions

CoV Coronavirus

COVID19 Coronavirus disease 2019
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CPE Cytophatic effect

DAPI 4',6-Diamidin-2-phenylindol
DMV Double membrane vesicle
DPUP Domain Preceding Ubl2 and PL2pr
ERGIC ER-Golgi intermediate compartment
FLAG DYKDDDDK peptide

HA hemagglutinin

hpi Hours post infection

HVR Hyper variable region

IF Immuno-fluorescence

IFN interferon

IgG Immunoglobulin G

Mac Macrodomain

MHV Murine hepatitis virus

NAB Nucleic acid binding domain
Nb Nanobody

NH.Cl Ammonium chloride

nsp3 Non-structural protein 3

ORF Open reading frame

PARP Poly-ADPR-polymerase

PBS Phosphate buffered saline
PDB Protein data bank

PFU Plaque forming units

PLPro Papain like protease

RLU Relative light unit

RT Room temperature

sap saponin

SARS Severe acute respiratory syndrome
SD Standard deviation

p2M [B-coronavirus-specific marker
™ Transmembrane domain

Ubl Ubiquitin-like domain
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