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Abstract

The highly infectious disease COVID-19 caused by
the Betacoronavirus SARS-CoV-2 poses a severe
threat to humanity, and demands for redirection of
scientific efforts and criteria to organized research
projects. The international Covidl9-NMR consor-
tium seeks to provide such new approaches by gath-
ering scientific expertise worldwide. In particular,
making available viral proteins and RNAs will pave
the way to understanding the SARS-CoV-2 molec-
ular components in detail. The research in Covid19-
NMR and the resources provided through the con-
sortium are fully disclosed to accelerate access and
exploitation. NMR investigations of the viral mo-
lecular components are designated to provide the
essential basis for further work, including macro-
molecular interaction studies and high-throughput
drug screening.

Here, we present the extensive catalogue of a holis-
tic SARS-CoV-2 protein preparation approach
based on the consortium’s collective efforts. We
provide protocols for the large-scale production of
more than 80% of all SARS-CoV-2 proteins or es-
sential parts of them. Several of the proteins were
produced in more than one laboratory, demonstrat-
ing the high interoperability between NMR groups
worldwide. For the majority of proteins, we can
produce isotope-labeled samples of HSQC-grade.
Together with several NMR-chemical shift assign-
ments made publicly available on covidl9-
nmr.com, we here provide highly valuable re-
sources for the production of SARS-CoV-2 proteins
in isotope labeled form.

Introduction

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2, SCoV2) is the cause of the early
2020 pandemic coronavirus lung disease 2019
(COVID-19) and belongs to the Betacoronaviruses,
a genus of the Coronaviridae family covering the
o—0 genera (1). The large RNA genome of SCoV2
has an intricate, highly condensed arrangement of
coding sequences (2). Sequences starting with the
main start codon contain an open reading frame 1
(ORF1) which codes for two distinct, large poly-
peptides (pp), whose relative abundance is gov-
erned by the action of an RNA pseudoknot structure
element. Upon RNA folding, this element causes a

-1 frameshift to allow the continuation of transla-
tion, resulting in generation of a 7096 amino acid,
794 kDa polypeptide. If the pseudoknot is not
formed, expression of the first ORF generates a
4405 amino acid, 490 kDa polypeptide. Both the
short and long polypeptides translated from this
ORF (ppla and pplab, respectively) are posttrans-
lationally cleaved by virus-encoded proteases into
functional, non-structural proteins (nsps). ORFla
encodes eleven nsps, and ORF lab additionally the
nsps12-16. The downstream ORFs encode struc-
tural proteins (S, E, M and N) that are essential
components for the synthesis of new virus particles.
In between those, additional proteins (acces-
sory/auxiliary factors) are encoded, for which se-
quences partially overlap (3) and whose identifica-
tion and classification is a matter of ongoing re-
search (4,5). In total, the number of identified pep-
tides or proteins generated from the viral genome is
at least 28 on the evidence level, with an additional
set of smaller proteins or peptides being predicted
with high likelihood.

High-resolution studies of SCoV and SCoV2 pro-
teins have been conducted using all canonical struc-
tural biology approaches, from X-ray crystallog-
raphy on proteases (6) and methyltransferases (7),
over cryo-EM of the RNA polymerase (8,9) to lig-
uid-state (10-17) and solid-state NMR spectroscopy
of transmembrane (TM) proteins (18). These stud-
ies have significantly improved our understanding
on functions of molecular components, and they all
rely on the recombinant production of viral proteins
in high amount and purity.

Apart from structures, purified SCoV2 proteins are
required for experimental and preclinical ap-
proaches designed to understand the basic princi-
ples of the viral life cycle and processes underlying
viral infection and transmission. Approaches range
from studies on immune responses (19), antibody
identification (20), and interactions with other pro-
teins or components of the host cell (21,22). These
examples highlight the importance of broad ap-
proaches for the recombinant production of viral
proteins.

The 2020-founded research consortium Covidl9-
NMR seeks to support the search for anti-viral drugs
using an NMR-based screening approach. This re-
quires the large-scale production of all druggable
proteins and RNAs and their NMR resonance as-
signments. The latter will enable solution structure
determination of viral proteins and RNAs for ra-
tional drug design as well as the fast mapping of



compound binding sites. We have recently pro-
duced and determined secondary structures of
SCoV2 RNA cis-regulatory elements in near com-
pleteness by NMR spectroscopy, validated by
DMS-MaPseq (23), to provide a basis for RNA-ori-
ented fragment screens with NMR.

We here compile a compendium of more than 50
protocols (see SI1-SI23) for the production and pu-
rification of 23 of the 30 SCoV2 proteins or frag-
ments thereof (summarized in Tables 1 and 2). We
defined those 30 proteins as existing or putative
ones to our current knowledge (see later discus-
sion). This compendium has been generated in a co-
ordinated and concerted effort between > 30 labs
worldwide (Table S1), with the aim of providing
pure mg-amounts of SCoV2 proteins. Our protocols
include the rational strategy for construct design (if
applicable guided by available homologue struc-
tures), optimization of expression, solubility, yield,
purity and suitability for follow-up work, with a fo-
cus on uniform stable-isotope labeling.

We also present protocols for a number of acces-
sory as well as the structural E and M proteins that
could only be produced using wheat germ cell-free
protein synthesis (WG-CFPS). In SCoV?2, acces-
sory proteins represent a class of mostly small and
relatively poorly characterized proteins, mainly due
to their difficult behavior in classical expression
systems. They are often found in inclusion bodies,
and difficult to purify in quantities adequate for
structural studies. We thus here exploit cell-free
synthesis, mainly based on previous reports on pro-
duction and purification of viral membrane proteins
in general (24-26). Besides yields compatible with
structural studies, ribosomes in WG extracts further
possess an increased folding capacity (27), favora-
ble for those more complicated proteins.

We exemplify in more detail the optimization of
protein production, isotope labeling and purifica-
tion for proteins with different individual chal-
lenges: the nucleic acid binding domain of nsp3e,
the main protease nsp5, and several auxiliary pro-
teins. For the majority of produced and purified
proteins, we achieve > 95% purity, and provide °N-
HSQC spectra as the ultimate quality measure. We
also provide additional suggestions for challenging
proteins, where our protocols represent a unique re-
source and starting point exploitable by other labs.

Results

In the following, we provide protocols for the puri-
fication of SCoV2 proteins sorted into i) non-struc-
tural proteins and ii) structural proteins together
with accessory ORFs. Table 1 shows an overview
of expression constructs. We use a consequent ter-
minology of those constructs, which is guided by
domains, intrinsically disordered regions (IDRs) or
other particularly relevant sequence features within
them. This study uses the SCoV2 NCBI reference
genome entry NC 045512.2, identical to GenBank
entry MN908947.3 (2) unless denoted differently in
the respective protocols. Any relevant definition of
boundaries can also be found in the SI protocols.
As applicable for a major part of our proteins, we
further define a standard procedure for the purifica-
tion of soluble His-tagged proteins that are obtained
through the sequence of IMAC, TEV/Ulpl Prote-
ase cleavage, Reverse IMAC and Size exclusion
chromatography, eventually with individual altera-
tions, modifications or additional steps. For con-
venient reading, we will thus use the abbreviation
IPRS to avoid redundant protocol description. De-
tails for every protein, including detailed expres-
sion conditions, buffers, incubation times, supple-
ments, storage conditions, yields, and stability can
be found in the respective SI1-SI23 (see also Tables
S1 and S2) and the Tables 1 and 2. Entries in the
tables are linked to the respective protocols for con-
venient download.

Non-structural proteins

We have approached and challenged the recombi-
nant production of a large part of the SCoV2 nsps
(Fig. 1), with great success (Table 2). We excluded
nsp4 and nsp6 (TM proteins), which are little char-
acterized and do not reveal soluble, folded domains
by prediction (28,29). The function of the very short
(13 aa) nspl1 is unknown, and it seems to be a mere
copy of the nsp12 amino-terminal residues, remain-
ing as protease cleavage product of ORFla. Fur-
ther, we left out the RNA-dependent RNA polymer-
ase nspl2 in our initial approach because of its size
(> 100 kDa) and known unsuitability for heterolo-
gous recombinant production in bacteria. Work on
NMR-suitable nsp12 bacterial production is ongo-
ing, while other expert labs have succeeded in puri-
fying nsp12 for cryo-EM applications in different
systems (9,30). For the remainder of nsps, we here
provide protocols for full-length (fl) proteins or rel-
evant fragments of them.

Nspl



Nspl is the very N-terminus of the polyproteins
pplaand pplab and one of the most enigmatic viral
proteins, expressed only in a- and B-CoVs (31). In-
terestingly, nsp1 displays the highest divergence in
sequence and size among different CoVs, justifying
it as genus-specific marker (32). It functions as host
shutoff factor by suppressing innate immune func-
tions as well as host gene expression (33-35). This
suppression is achieved by an interaction of the
nspl C-terminus with the mRNA entry tunnel
within the 40S subunit of the ribosome (35,36).

As summarized in Table 1, fl domain boundaries of
nspl were chosen to contain the first 180 amino ac-
ids, in analogy to its closest homologue from SCoV
(32). In addition, a shorter construct was designed,
encoding only the globular core domain (GD, aa
13-127) suggested by the published SCoV nspl
NMR structure (10). His-tagged fl nspl was puri-
fied using the IPRS approach. Protein quality was
confirmed by the available HSQC spectrum (Fig.
2). Despite the flexible C-terminus, we were able to
accomplish a near-complete backbone assignment
(manuscript submitted).

Interestingly, the nspl GD was found problematic
in our hands despite good expression. We observed
insolubility although buffers were used accordingly
to the homologue SCoV nspl GD (10). Neverthe-
less, using a protocol comparable to the one for fl
nspl, we were able to record an HSQC spectrum
proving a folded protein (Fig. 2).

Nsp2

Nsp2 has been suggested to interact with host fac-
tors involved in intracellular signaling (37,38). The
precise function, however, is insufficiently under-
stood. Despite its potential dispensability for viral
replication in general, it might be a valuable model
to gain insights into virulence, due to its possible
involvement in regulation of global RNA synthesis
(39). We provide here a protocol for the purification
of the C-terminal IDR (CtDR) of nsp2 from resi-
dues 557 to 601, based on disorder predictions
(PrDOS (40)). The His-Trx-tagged peptide was pu-
rified by IPRS. Upon dialysis, two IEC steps were
performed, first anionic, then cationic, with good fi-
nal yields (Table 1). Stability and purity were con-
firmed by an HSQC spectrum (Fig. 2) and a com-
plete backbone assignment (41) (Table 2).

Nsp3

Nsp3, the largest nsp (32), is composed of a pleth-
ora of functionally related, yet independent subu-
nits. After cleavage of nsp3 from the full-length

ORFl-encoded polypeptide chain, it displays a
1945-residue multi-domain protein, with individual
functional entities that are sub-classified from
nsp3a to nsp3e followed by the ectodomain embed-
ded in two transmembrane regions and the very C-
terminal CoV-Y domain. The soluble nsp3a-3e do-
mains are linked by various types of linkers with
crucial roles in the viral life cycle and are located in
the so-called viral cytoplasm, which is separated
from the host cell after budding off the endoplasmic
reticulum and contains the viral RNA (42). Re-
markably, the nsp3c sub-structure comprises three
sub-domains, making nsp3 the most complex
SCoV2 protein. The precise function and eventual
RNA-binding specificities of nsp3 domains are not
yet understood. We here focus on the nsp3 domains
a-e and provide elaborated protocols for additional
constructs carrying relevant linkers or combina-
tions of domains (Table 1). Moreover, we addition-
ally present a convenient protocol for the purifica-
tion of the C-terminal CoV-Y domain.

Nsp3a: The N-terminal portion of nsp3 is
comprised of an ubiquitin-like (Ubl) structured do-
main and a subsequent acidic IDR. Besides its abil-
ity to bind ssRNA (43), nsp3a has been reported to
interact with the nucleocapsid (44.,45), playing a
potential role in virus replication. We here provide
protocols for the purification of both the Ubl (aa 1-
111) as well as fl-nsp3a (aa 1-206), including the
acidic IDR (Table 1). Domain boundaries were de-
fined in resemblance to the published NMR struc-
ture of SCoV nsp3a (43). His-tagged fl nsp3a and
GST-tagged nsp3a Ubl were each purified via the
IPRS approach. Nsp3a Ubl yielded mM sample
concentrations and displays a well dispersed HSQC
spectrum (Fig. 3). Notably, the herein described
protocol also enables to purify fl nsp3a including
the acidic IDR (Tables 1 and 2). Despite the un-
structured IDR overhang, the excellent protein
quality and stability allowed for near-complete
backbone assignment (Fig. 3, assignment letter in
revision).

Nsp3b: Nsp3b is an ADP-ribose phospha-
tase macrodomain and potentially plays a key role
in viral replication. Moreover, the de-ADP ribosy-
lation function of nsp3b protects SCoV2 from anti-
viral host immune response, making nsp3b a prom-
ising drug target (46). As summarized in Table 1,
the domain boundaries of the herein investigated
nsp3b are residues 207-376 of the nsp3 primary se-
quence and were identical to published crystal
structures with PDB entries 6YWM and 6YWL
(unpublished). For purification, we used the IPRS



approach, which yielded pure fl nsp3b (Table 2). Fl
nsp3b displays well-dispersed HSQC spectra mak-
ing this protein an amenable target for NMR-struc-
tural studies. In fact, we recently reported near-to-
complete backbone assignments for nsp3b in its apo
and ADP-ribose bound form (13).

Nsp3c: The SARS unique domain (SUD)
of nsp3c has been described as distinguishing fea-
ture of SCoVs (32). However, similar domains in
more distant CoVs, such as MHV or MERS, have
been reported recently (47,48). Nsp3c comprises
three distinct globular domains, termed SUD-N,
SUD-M and SUD-C, according to their sequential
arrangement: N-terminal (N), middle (M) and C-
terminal (C). SUD-N and SUD-M develop a mac-
rodomain fold similar to nsp3b and are described to
bind G-quadruplexes (49), while SUD-C preferen-
tially binds to purine-containing RNA (50). Do-
main boundaries for SUD-N and -M, as well as for
the tandem domain SUD-NM were defined in anal-
ogy to the SCoV homologue crystal structure (49).
Those for SUD-C and the tandem SUD-MC were
based on NMR solution structures of corresponding
SARS CoV homologues (Table 1) (50). SUD-N,
SUD-C and SUD-NM were purified using GST af-
finity chromatography, whereas SUD-M and SUD-
MC were purified using His affinity chromatog-
raphy. Removal of the tag was achieved by throm-
bin cleavage and final samples of all domains were
prepared subsequent to SEC. Except for SUD-M,
all constructs were highly stable (Table 2). Overall
protein quality allowed for the assignment of back-
bone chemical shifts for the three single domains
(17) as well as good resolved HSQC spectra also for
the tandem domains (Fig. 3).

Nsp3d: Nsp3d comprises the papain-like
protease (PLP®) domain of nsp3 and, hence, one of
the two SCoV?2 proteases that are responsible for
processing the viral polypeptide chain and generat-
ing functional proteins (51). The domain bounda-
ries of PLP™ within nsp3 are set by residues 743 and
1060 (Table 1). The protein is particularly challeng-
ing, as it is prone to misfolding and rapid precipita-
tion. We prepared His-tagged and His-SUMO-
tagged PLP. The His-tagged version mainly re-
mained in the insoluble fraction. Still, mg quantities
could be purified from the soluble fraction, how-
ever, greatly misfolded. Fusion to SUMO signifi-
cantly enhanced protein yield of soluble PLP®. The
His-SUMO-tag allowed simple IMAC purification,
followed by cleavage with Ulpl and isolation of
cleaved PLP™ via a second IMAC. A final purifica-
tion step using gel filtration led to pure PLP* of both

unlabeled and *N-labeled species (Table 2). The
latter has allowed for the acquisition of a promising
amide correlation spectrum (Fig. 3).

Nsp3e: Nsp3e is unique to Betacorona-
viruses and consists of a nucleic acid binding do-
main (NAB) and the so-called group 2-specific
marker (G2M) (52). Structural information is rare;
while the G2M is predicted to be intrinsically dis-
ordered (53), the only available experimental struc-
ture of the nsp3e NAB was solved from SCoV by
the Wiithrich lab using solution NMR (11). We here
used this structure for a sequence-based alignment
to derive reasonable domain boundaries for the
SCoV2 nsp3e NAB (Fig. 5a, b). The high sequence
similarity suggested to use nsp3 residues 1088-
1203 (Table 1). This polypeptide chain was en-
coded in expression vectors comprising His- and
His-GST tags, both cleavable by TEV protease.
Both constructs showed excellent expression, suit-
able for the IPRS protocol (Fig. 5c). Finally, a ho-
mogenous NAB species, as supported by the final
gel of pooled samples (Fig. 5d), was obtained. The
excellent protein quality and stability are supported
by the available HSQC (Fig. 3), and a published
backbone assignment (14).

Nsp3Y: Nsp3Y is the most C-terminal do-
main of nsp3 and exists in all coronaviruses (52,54).
Together, though, with its preceding regions G2M,
TM 1, the ectodomain, TM2, and the Y1-domain it
has evaded structural investigations so far. The pre-
cise function of the CoV-Y domain remains un-
clear, but - together with the Y1- domain, might af-
fect binding to nsp4 (55). We were able to produce
and purify nsp3Y (CoV-Y) comprising amino acids
1638-1945 (Table 1) yielding 12 mg/L with an op-
timized protocol that keeps the protein in a final
NMR buffer containing HEPES and lithium bro-
mide. Although the protein still shows some ten-
dency to aggregate and degrade (Table 2) and de-
spite its relatively large size, the spectral quality is
excellent (Fig. 3). Nsp3 CoV-Y appears suitable for
an NMR backbone assignment carried out at lower
concentrations in a deuterated background (ongo-

ing).

Nsp5

The functional main protease nsp5 (MP®) is a di-
meric cysteine protease (56). Amino acid sequence
and 3D structure of SCoV (PDB 1P9U (57)) and
SCoV2 (PDB 6Y2E (6)) homologues are highly
conserved (Fig. 6a,b). The dimer interface involves
the N-termini of both monomers, which puts con-



siderable constraints on the choice of protein se-
quence for construct design regarding the N-termi-
nus.

We thus designed different constructs differing in
the N-terminus: the native N-terminus (wt), a GS
mutant with the additional N-terminal residues gly-
cine and serine as His-SUMO fusion, and a GHM
mutant with the amino acids glycine, histidine and
methionine located at the N-terminus with His-tag
and TEV cleavage site (Fig. 6¢). Purification of all
proteins via the IPRS approach (Fig. 6d-e) yielded
homogenous and highly pure protein, analyzed by
PAGE (Fig. 6g), mass spectrometry, and 2D
['H,’N]-BEST TROSY spectra (Fig. 6h). Final
yields are summarized in Table 2.

Nsp7 & nsp8

Both nsp7 and nsp8 are auxiliary factors of the pol-
ymerase complex together with the RNA-depend-
ent RNA polymerase nspl2, and have high se-
quence homology with SCoV (100% and 99%, re-
spectively) (58). For nsp7 in complex with nsp8 or
for nsp8 alone, additional functions in RNA synthe-
sis priming have been proposed (59,60). In a recent
study including an RNA-substrate-bound structure
(30), both proteins (with two molecules of nsp8 and
one molecule of nsp7 for each nspl2 RNA poly-
merase) were found to be essential for polymerase
activity in SCoV2. For both fl proteins, a previously
established expression and IPRS purification strat-
egy for the SCoV proteins (61) was successfully
transferred, which resulted in decent yields of rea-
sonably stable proteins (Table 2). Driven by its in-
trinsic oligomeric state, nsp8 showed some ten-
dency towards aggregation, limiting the available
sample concentration. The higher apparent molecu-
lar weight and limited solubility is also reflected in
the success of NMR experiments. While we suc-
ceeded in a complete NMR backbone assignment of
nsp7 (12), the quality of the spectra obtained for
nsp8 is currently limited to the HSQC presented in
Fig. 2.

Nsp9

The 12.4-kDa ssRNA-binding nsp9 is highly con-
served among Betacoronaviruses. It is a crucial part
of the viral replication machinery (62), possibly tar-
geting the 3’-end stem-loop II (s2m) of the genome
(63). Nsp9 adopts a fold similar to oligonucleo-
tide/oligosaccharide-binding proteins (64), and
structural data consistently uncovered nsp9 to be di-
meric in solution (62,64-66). Dimer formation
seems to be a prerequisite for viral replication (62)

and influences RNA-binding (65) despite moderate
affinity for RNA in vitro (66).

Based on the early available crystal structure of
SCoV2 (PDB 6W4B, unpublished), we used the
113 aa full-length sequence of nsp9 for our expres-
sion construct (Table 1). Production of either His-
or His-GST-tagged fl nsp9 yielded high amounts of
soluble protein, both in natural abundance and *C-
, P’N-labeled form. Purification via IPRS approach
enabled us to separate fl nsp9 in different oligomer
states. The earliest eluted fraction represented
higher oligomers and was contaminated with nu-
cleic acids and was not possible to concentrate
above 2 mg/mL. This was different for the subse-
quently eluting dimeric fl nsp9 fraction, which had
a A260/280 ratio of below 0.7 and could be concen-
trated to > 5 mg/mL (Table 2). The excellent protein
quality and stability is supported by the available
HSQC (Fig. 2), and a near-complete backbone as-
signment (manuscript submitted).

Nspl0

The last functional protein encoded by ORFla,
nsplO, is an auxiliary factor for both, the methyl-
transferase/exonuclease nspl4 and the 2’-O-me-
thyltransferase (MTase) nspl6. Whereas it is re-
quired for the MTase activity of nspl16 (7), it con-
fers exonuclease activity to nsp14 in the RNA pol-
ymerase complex in SCoV (67). It contains two un-
usual zinc finger motifs (68), and was initially pro-
posed to comprise RNA-binding properties. We
generated a construct (Table 1) containing an ex-
pression and affinity purification tag on the N-ter-
minus as reported for the SCoV variant (68). Im-
portantly, additional Zn®>" ions present during ex-
pression and purification stabilize the protein sig-
nificantly (15). The yield during isotope-labeling
was high (Table 2), and tests in unlabeled rich me-
dium showed the potential for yields exceeding 100
mg/L. These characteristics facilitated in-depth
NMR analysis and a backbone assignment (15).

Nspl3

Nspl3 is a conserved ATP-dependent helicase that
has been characterized as part of the RN A synthesis
machinery, by binding to nsp12 (69). It represents
an interesting drug target, for which the available
structure (PDB 6ZSL) serves as an excellent basis
(Table 1). The precise molecular function, how-
ever, has remained enigmatic, since it is not clear
whether the RNA unwinding function is required
for making ssRNA accessible for RNA synthesis
(70), or whether it is required for proofreading and



backtracking (69). We obtained pure protein using
a standard expression vector, generating a His-
SUMO-tagged protein. Following Ulpl cleavage,
the protein showed limited protein stability in solu-
tion (Table 2).

Nspl4

Nspl4 contains two domains: an N-terminal exonu-
clease domain, and a C-terminal a MTase domain
(67). The exonuclease domain interacts with nsp10
and provides part of the proofreading function that
supports the high fidelity of the RNA polymerase
complex (71). Several unusual features, such as the
unusual zinc finger motifs, set it apart from other
DEDD-type exonucleases (72), which are related to
both nspl0 binding and catalytic activity. The
MTase domain modifies the N7 of the guanosine
cap of genomic and subgenomic viral RNAs, which
is essential for the translation of viral proteins (36).
The location of this enzymatic activity within the
RNA synthesis machinery ensures that newly syn-
thesized RNA is rapidly capped and thus stabilized.
As a strategy, we used constructs, which allow co-
expression of both nsp14 and nsp10 (pRSFDuet and
pETDuet, respectively). Production of isolated fl
nspl4 was successful, however, with limited yield
and stability (Table 2). Expression of the isolated
MTase domain resulted in soluble protein with 27.5
kDa mass that was amenable to NMR characteriza-
tion (Fig. 2), although only under reducing condi-
tions and in the presence of high (0.4 M) salt con-
centration.

Nspl5

The poly-U-specific endoribonuclease nspl5 was
one of the very first SCoV2 structures deposited in
the PDB [6VWW, (73)]. Its function has been sug-
gested to be related to the removal of U-rich RNA
elements, preventing recognition by the innate im-
mune system (74), even though the precise mecha-
nism remains to be established. The exact role of
the three domains (N-terminal, middle, and C-ter-
minal catalytic domain) also remains to be charac-
terized in more detail (73). Here, the sufficient yield
of fl nsp15 during expression supported purification
of pure protein, which, however, showed limited
stability in solution (Table 2).

Nspl6

The MTase reaction catalyzed by nspl6 is depend-
ent on nspl0 as a cofactor (7). In this reaction, the
2’-OH group of nucleotide +1 in genomic and sub-
genomic viral RNA is methylated, preventing

recognition by the innate immune system. Since
both nsp14 and nsp16 are in principle susceptible to
inhibition by methyltransferase inhibitors, a drug
targeting both enzymes would be highly desirable
(75). Nspl6 is the last protein being encoded by
ORFlab, and only its N-terminus is formed by
cleavage by the MP™ nsp5. Employing a similar
strategy as for nspl4, nspl6 constructs were de-
signed with the possibility of nsp10 co-expression.
Expression of fl nsp16 resulted in good yields, both
when expressed isolated and together with nsp10.
The protein, however, is in either case unstable in
solution, and highly dependent on reducing buffer
conditions (Table 2). The purification procedures of
nspl6 were adapted with minor modifications from
a previous X-ray crystallography study (76).

Structural proteins and accessory ORFs

Besides establishing expression and purification
protocols for the nsps, we also developed protocols
and obtained pure mg quantities of the SCoV2
structural proteins E, M and N, as well as literally
all accessory proteins. With the exception of the rel-
atively well-behaved nucleocapsid (N) protein,
SCoV2 E, M and the remaining accessory proteins
represent a class of mostly small, and relatively
poorly characterized proteins, mainly due to their
difficult behavior in classical expression systems.
We used wheat-germ cell-free protein synthesis
(WG-CFPS) for the successful production, solubil-
ization, purification, and, in part, initial NMR spec-
troscopic investigation of ORF3a, ORF6, ORF7b,
ORF8, ORF9b and ORF14 accessory proteins, as
well as E and M in mg quantities using the highly
efficient translation machinery extracted from
wheat germs (Fig. 7a-d).

ORF3a

Protein from ORF3a in SCoV2 corresponds to ac-
cessory protein 3a in SCoV, with homology of
more than 70 % (Table 1). It has 275 amino acids,
and its structure has recently been determined (77).
The structure of SCoV2 3a displays a dimer, but it
can also form higher oligomers. Each monomer has
three transmembrane (TM) helices and a cytosolic
B-strand rich domain. SCoV2 ORF3a is a cation
channel, and its structure has been solved by elec-
tron microscopy in nanodiscs. In SCoV, 3a is a
structural component and was found in recombinant
virus-like particles (78), but is not explicitly needed
for their formation. The major challenge for NMR



studies of this largest accessory protein is its size,
independent of its employment in solid state or so-
lution NMR spectroscopy.

As most other accessory proteins described in the
following, ORF3a has been produced using WG-
CFPS, and was expressed in soluble form in pres-
ence of Brij-58 (Figure 7c). It co-purified with a
small heat-shock protein of the HSP20 family from
the wheat-germ extract. The here described proto-
col is highly similar for the other cell-free synthe-
sized accessory proteins. Where NMR spectra have
been reported, the protein has been produced in a
’H,"C,"°N uniformly labeled form; otherwise, nat-
ural abundance amino acids were added to the reac-
tion. The proteins were further affinity purified in
one step using Strep-Tactin resin, through the
Strep-tag IT fused to their N- or C-terminus. For
membrane proteins, protein synthesis and also pu-
rification were done in the presence of detergent.
About half a milligram of pure protein was gener-
ally obtained per mIL WG extract, and up to 3 mL
wheat germ extract have been used to prepare NMR
samples.

ORF3b

The ORF3b protein is a putative protein stemming
from a short open reading frame (57 amino acids)
with no homology to existing SCoV proteins (79).
Indeed, ORF3b gene products of SARS-CoV-2 and
SARS-CoV are considerably different, with one of
the distinguishing features being the presence of
premature stop codons, resulting in the expression
of a drastically shortened ORF3b protein (80).
However, the SARS-CoV-2 nucleotide sequence
after the stop codon shows a high similarity to the
SARS-CoV ORF3b. Different C-terminal trunca-
tions seem to play a role in the IFN-Antagonistic
Activity of ORF3b (80). ORF3b is the only protein
which, using WG-CFPS, was not synthetized at all,
1.e. it was neither observed in the total cell-free re-
action nor in supernatant or pellet. This might be
due to the premature stop codon which was not con-
sidered. Constructs of ORF3b thus need to be rede-
signed.

ORF4 (Envelope protein, E)

The SCoV2 envelope (E) protein is a small (75
amino acids), integral membrane protein involved
in several aspects of the virus’ life cycle, such as
assembly, budding, envelope formation, and patho-
genecity, as recently reviewed in (81). Structural
models for SCoV (82) and the transmembrane helix

of SCoV2 (18) E have been established. The struc-
tural models show a pentamer with a transmem-
brane helix. The C-terminal part is polar, with
charged residues interleaved, and is positioned on
the membrane surface in SCoV. E was produced in
a similar manner to ORF3a, using addition of deter-
gent to the cell-free reaction.

ORF5 (Membrane glycoprotein, M)

The M protein is the most abundant protein in the
viral envelope, and is believed to be responsible for
maintaining the virion in its characteristic shape
(83). M is a glycoprotein and aa sequence analyses
predict three domains: a C-terminal endodomain, a
transmembrane domain with three predicted heli-
ces, and a short N-terminal ectodomain. M is essen-
tial for viral particle assembly. Intermolecular inter-
actions with the other structural proteins, N and S
to a lesser extent, but most importantly E (84), seem
to be central for virion envelope formation in coro-
naviruses, as M alone is not sufficient. Evidence has
been presented that M could adopt two confor-
mations, elongated and compact, and that the two
forms fulfill different functions (85). The lack of
more detailed structural information is in part due
to its small size, close association with the viral en-
velope, and a tendency to form insoluble aggregates
when perturbed (85). The M protein is readily pro-
duced using cell-free synthesis in the presence of
detergent; as ORF3a, it co-purified with a small
heat-shock protein of the HSP20 family (Figure
7b). Membrane-reconstitution will likely be neces-
sary to study this protein.

ORF6

The ORF6 protein is incorporated into viral parti-
cles, and is also released from cells (83). Itis a small
protein (61 aa), which has been found to concen-
trate at the endoplasmic reticulum and Golgi appa-
ratus. In a murine coronavirus model, it was shown
that expressing ORF6 increased virulence in mice
(86), and results indicate that ORF6 may serve an
important role in the pathogenesis during SCoV in-
fection (78). Also, it showed to inhibit expression
of certain STATI1-genes critical for the host im-
mune response, and could contribute to the immune
evasion. ORF6 expresses very well in WG-CFPS;
the protein was fully soluble with detergents and
partially soluble without, and was easily purified in
presence of detergent, but less efficiently in absence
thereof. Solution NMR spectra in the presence of
detergent display narrow, but few resonances,
which correspond, in addition to the C-terminal



STREP-tag, to the very C-terminal ORF6 protein
residues.

ORF7a

SCoV?2 protein 7a (121 aa) shows over 85% homol-
ogy with the SCoV protein 7a. While the SCoV2 7a
protein is produced and retained intracellularly,
SCoV protein 7a has also been shown to be a struc-
tural protein incorporated into mature virions (78).
7a is one of the accessory proteins, of which a (par-
tial) structure has been determined at high resolu-
tion for SCoV2 (PDB 6W37). However, the very
N-terminal signal peptide, and the C-terminal mem-
brane anchor, both highly hydrophobic, have not
been determined experimentally yet.

Expression of ORF7a with a GB1 tag (87) was ex-
pected to produce reasonable yields. The IPRS pu-
rification resulted in a highly stable protein, as evi-
denced by the NMR data obtained (Fig. 4).

ORF7b

Protein ORF7b is associated with viral particles in
SARS (78). Protein 7b is one of the shortest ORFs
with 43 residues. It shows a long hydrophobic
stretch, which might correspond to a transmem-
brane segment. It shows over 93% sequence homol-
ogy with a bat coronavirus 7b protein (78). There,
the cysteine residue in the C-terminal part is not
conserved, which might facilitate structural studies.
ORF7b has been synthesized successfully both
from bacteria and by WG-CFPS in the presence of
detergent, and could be purified using a STREP-tag
(Table 2). Due to necessity of solubilizing agent
and its obvious tendency to oligomerize structure
determination, fragment screening, and interaction
studies are challenging. However, we were able to
record a first promising HSQC as shown in Fig. 4.

ORFS8

ORF 8 is believed to be responsible for the
evolution of Betacoronaviruses and their spe-
cies jumps (88) as well as to have a role in de-
pressing the host response (89). ORF 8 (121 aa)
from SCoV?2 does not apparently exist in SCoV on
the protein level, despite the existence of a putative
OREF. The sequences of the two homologues only
show limited identity, with the exception of a small
7 aa segment, where in SCoV the glutamate is re-
placed by an aspartate. It, however, aligns very well
with several coronaviruses endemic to animals, in-

cluding Paguma and Bat (79). The protein com-
prises a hydrophobic peptide at its very N-terminus,
likely corresponding to a signal peptide; the re-
maining part does not show any specific sequence
features. Its structure has been determined (PDB
7JTL), and shows a similar fold to ORF7a (90). In
this study, ORFS has been used both with (fl) and
without signal peptide (AORF8). We first tested
production of ORFS8 in E. coli, but yields were low
because of insolubility. Both ORF8 versions have
then been synthesized in the cell-free system and
were soluble in the presence of detergent. Solution-
NMR spectra, however, indicate that the protein is
either forming oligomers or aggregates.

ORF9a (Nucleocapsid protein, N)

The nucleocapsid protein (N) is important for viral
genome packaging (91). The multifunctional RNA-
binding protein plays crucial roles in the viral life
cycle (92) and its domain architecture is highly con-
served among coronaviruses. It comprises the N-
terminal intrinsically disordered region (IDR1), the
N-terminal RNA-binding globular domain (NTD),
a central serine/arginine (SR)-rich intrinsically dis-
ordered linker region (IDR2), the C-terminal dimer-
ization domain (CTD), and a C-terminal intrinsi-
cally disordered region (IDR3) (93).

N represents a highly promising drug target. We
thus focused our efforts not exclusively on the NTD
and CTD alone, but in addition also provide proto-
cols for IDR-containing constructs within the N-ter-
minal part.

NTD: The NTD is the RNA-binding do-
main of the nucleocapsid (93). It is embedded
within IDRs, functions of which have not yet been
deciphered. Recent experimental and bioinformatic
data indicate an involvement in liquid-liquid phase
separation (94).

For the NTD, several constructs were designed,
also considering the flanking IDRs (Table 1). In
analogy to the available NMR (PDB 6YI3, (95))
and crystal (PDB 6M3M, (93)) structures of the
SCoV2 NTD, boundaries for the NTD and the
NTD-SR domains were designed to span residues
44-180 and 44-212, respectively. In addition, an ex-
tended IDR I-NTD-IDR?2 (residues 1-248) was de-
signed, including the N-terminal disordered region
(IDR1), the NTD domain, and the central disor-
dered linker (IDR2) that comprises the SR region.
His-tagged NTD and NTD-SR were purified using
IMAC. Final samples were achieved after reverse
IMAC of TEV-cleaved protein and yielded approx.
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3 mg/L in °N-labelled minimal medium. High pro-
tein quality and stability is supported by the availa-
ble HSQC spectra (Fig. 4).

The untagged IDR1-NTD-IDR2 was purified by
IEC and yielded high amounts of *C,!”N-labeled
samples of 12 mg/L for further NMR investiga-
tions. The quality of our purification is confirmed
by the available HSQC (Fig. 4), and a near-com-
plete backbone assignment of the two intrinsically
disordered regions was achieved (manuscript sub-
mitted). Notably, despite the structurally and dy-
namically heterogeneous nature of the N protein,
the mentioned N constructs revealed a very good
long-term stability as shown in Table 2.

CTD: Multiple studies on the SCoV2 CTD,
including recent crystal structures (96,97), confirm
the domain as dimeric. Its ability to self-associate
seems to be necessary for viral replication and tran-
scription (91). In addition, the CTD was shown to,
presumably non-specifically, bind ssRNA (97).
Domain boundaries for the CTD were defined to
comprise amino acids 247-364 (Table 1), in anal-
ogy to the NMR structure of the CTD from SCoV
(PDB 2JW8, (98)). Gene expression of His- or His-
GST-tagged CTD yielded high amounts of soluble
protein. Purification was achieved via IPRS. The
CTD eluted as a dimer judged by its retention vol-
ume on the size exclusion column and yielded good
amounts (Table 2). The excellent protein quality
and stability is supported by the available HSQC
spectrum (Fig. 4), and a near-complete backbone
assignment (16).

ORF9b

Protein 9b (97 aa) shows 73% sequence homology
to the SCoV and also to Bat virus (bat-SL-CoV-
ZXC21) 9b protein (79). The structure of SCoV2
ORF9b has been determined at high resolution
(PDB 6Z4U). Still, a significant portion of the
structure was not found to be well ordered. The pro-
tein shows a B-sheet-rich structure and a hydropho-
bic tunnel, in which bound lipid was identified.
How this might relate to membrane binding is not
fully understood at this point. The differences in se-
quence between SCoV and SCoV2 are mainly lo-
cated in the very N-terminus, which was not re-
solved in the structure (PDB 6Z4U). Another spot
of deviating sequence not resolved in the structure
is a solvent-exposed loop, which presents a poten-
tial interacting segment. ORF9b has been synthe-
sized as a dimer (Fig. 7e) using WG-CEFPS, in its
soluble form. Spectra show a well-folded protein,
and assignments are under way (Fig. 7f).

ORF14 (ORF9c)

ORF14 (73 aa) remains - at this point in time - hy-
pothetical. It shows 89% homology with a bat virus
protein (bat-SL-CoVZXC21). It shows a highly hy-
drophobic part in its C-terminal region, comprising
two negatively charged residues, and a charged/po-
lar N-terminus. The C-terminus is likely mediating
membrane interaction. While ORF14 has been syn-
thesized in the WG cell-free system in the presence
of detergent, and solution NMR spectra have been
recorded, they hint at an aggregated protein (Fig.
7e). Membrane-reconstitution of ORF14 revealed
an unstable protein, which had been degraded dur-
ing detergent removal.

ORF10

The ORF10 protein is comprised of 38 aa and is a
hypothetical protein with unknown function (99).
SCoV2 ORF10 displays 52.4% homology to SCoV
ORF9b. The protein sequence is rich in hydropho-
bic residues, rendering expression and purification
challenging. Expression of ORF10 as His-Trx-
tagged or His-SUMO tagged fusion protein was
possible; however, the ORF 10 protein is poorly sol-
uble and shows partial unfolding, even as uncleaved
fusion protein. Analytical size exclusion chroma-
tography hints at oligomerization under the current
conditions.

Discussion

The ongoing SCoV2 pandemic and its manifesta-
tion as the COVID-19 disease call for an urgent pro-
vision of therapeutics that will specifically target
viral proteins and their interactions with each other
and RNAs, which are crucial for viral propagation.
Two “classical” viral targets have been addressed
in comprehensive approaches soon after the out-
break in December 2019: the viral protease nsp5
and the RNA-dependent RNA polymerase (RdRp)
nspl2. While the latter turned out to be a suitable
target using the repurposed compound Remdesivir
(30), nsp5 is undergoing a broad structure-based
screen against a battery of inhibitors in multiple
places (6,100), but with, as of yet, limited outcome
for effective medication. Hence, a comprehensive,
reliable treatment of COVID-19 at any stage after
infection has remained unsuccessful.
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Further viral protein targets will have to be taken
into account in order to provide inhibitors with in-
creased specificity, efficacy, and as preparative
starting points for potential following generations
of (SARS-)CoVs. Availability of those proteins in
recombinant, pure, homogenous and stable form in
milligrams is therefore a prerequisite for follow-up
applications like vaccination, high-throughput
screening campaigns, structure determination and
mapping of viral protein interaction networks. We
here present, for the first time, a near-complete
compendium of SCoV?2 protein purification proto-
cols that enable large amounts of pure proteins.
The Covidl19-NMR consortium was launched by the
motivation of providing NMR assignments of all
SCoV2 proteins and RNA elements, and an enor-
mous progress has been made since the outbreak of
COVID-19 for both components (see Table 2 and
(23)). Consequently, we have put our focus on pro-
ducing proteins in stable-isotope labeled forms for
NMR-based applications, e.g. the site-resolved
mapping of interactions with compounds (101).
Relevant to a broad scientific community, we here
report our protocols to perfectly suite any down-
stream biochemical or biomedical application.

Overall success and protein coverage

As summarized in Table 2, we have successfully
purified 80% of the SCoV2 proteins either in fl, or
providing relevant fragments of the parent protein.
Those include most of the nsps, where all of the
known/predicted soluble domains have been ad-
dressed (Fig. 1). For a very large part, we were able
to obtain protein samples of high purity, homoge-
neity and fold for NMR-based applications. We
would like to point out a number of CoV proteins
that, evidenced by their HSQCs, for the first time
provide access to structural information, e.g. the
PLP® nsp3d and nsp3Y. Particularly for the nsp3
multi-domain protein, we here present soluble sam-
ples of almost the complete cytosolic region with
more than 120 kDa in form of excellent 2D NMR
spectra (Fig. 3), a major part of which fully back-
bone-assigned. We thus enable the exploitation of
the largest and most enigmatic multifunctional
SCoV?2 protein through individual domains in solu-
tion, allowing to study their concerted behavior
with single residue resolution. Similarly, for nsp2,
we provide a promising starting point for studying
the so-far neglected, often uncharacterized and ap-
parently unstructured proteins.

Driven by the fast-spreading COVID-19, we ini-
tially left out proteins that either require advanced
purification procedures (e.g. nspl2 and S) or where
a priori information was limited (nsp4 and nsp6).
This procedure seems justified with the time-saving
approach of our effort in the favor of the less at-
tended proteins. However, we are in the process of
collecting protocols for the missing proteins.

Different complexities and challenges

The compilation of protein production protocols,
initially guided by information from CoV homo-
logues (Table 1), has confronted us with very dif-
ferent levels of complexity. With some prior expec-
tation towards this, we have shared forces to
quickly “work off” the highly conserved soluble
and small proteins and soon put focus into the pro-
cessing of the challenging ones. The difficulties in
studying this second class of proteins is due to their
limited sequence conservation, no prior infor-
mation, large molecular weights, insolubility etc.
The nsp3e NAB represents one example where the
available NMR structure of the SCoV homologue
provided a bona fide template for selecting initial
domain boundaries (Fig. 5). The transfer of infor-
mation derived from SCoV was straightforward;
the transferability included the available protocol
for the production of comparable protein amounts
and quality, given the high sequence identity. In
such cases, we found ourselves merely to adapt pro-
tocols and optimize yields based on slightly differ-
ent expression vectors and E. coli strains.
However, in some cases such transfer was unex-
pectedly not successful, e.g. for the short nspl GD.
Despite intuitive domain boundaries with complete
local sequence identity seen from the SCoV nspl
NMR structure, it took considerable efforts to pu-
rify an analogous nsp1 construct, which is likely re-
lated to the impaired stability and solubility caused
by a number of impacting amino acid exchanges
within the domain’s flexible loops. In line with that,
currently available structures of SCoV2 nspl have
been obtained by crystallography or cryo-EM and
include different buffers. As such, our initial design
was insufficient in terms of taking into account the
parameters mentioned above. However, one needs
to consider those particular differences between the
nspl homologues as one of the most promising tar-
get sites for potential drugs as they appear to be
hotspots in the CoV evolution and will have essen-
tial effects for the molecular networks, both in the
virus and with the host (31,36,102,103).
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A special focus was put on the production of the
SCoV2 main protease nsp5, for which NMR-based
screenings are ongoing. The main protease is criti-
cal in terms of inhibitor design as it appears under
constant selection, and novel mutants remarkably
influence structure and biochemistry of the protein
(104). In the present study, expression of the differ-
ent constructs allowed us to characterize the protein
both in its monomeric as well as dimeric forms.
Comparison of NMR spectra reveals that the con-
structs with additional amino acids (GS and GHM
mutant) display marked structural differences to the
wild type protein, while being structurally similar
among themselves (Fig. 6h). The addition of two
additional residues (GS) interferes with the dimeri-
zation interface, although being similar to its native
N-terminal amino acids (SGFR). We also intro-
duced an active site mutation that replaces cysteine
145 by alanine (105). Intriguingly, this active site
mutation C145A, known to stabilize the dimeriza-
tion of the main protease (106), supports dimer for-
mation of the GS added construct (GS-nsp5
C145A) shown by its 2D NMR spectrum overlay-
ing with the one of wild type nsp5 (SI4). The NMR
results are in line with SEC-MALS analyses (Fig.
6f). Indeed, the additional amino acids at the N-ter-
minus shift the dimerization equilibrium towards
the monomer, whereas the mutation shifts it to-
wards the dimer despite the N-terminal aa addi-
tions. This example underlines the need for a thor-
ough and precise construct design and the detailed
biochemical and NMR-based characterization of
the final sample state. The presence of monomers
vs. dimers will play an essential role for inhibitor
search against SCoV2 proteins as exemplified by
the particularly attractive nsp5 main protease target.

Exploiting non-bacterial expression

As a particular effort within this consortium, we in-
cluded the so-far neglected accessory proteins using
a structural genomics procedure supported by
wheat-germ cell-free protein synthesis. This ap-
proach allowed previously to express a variety of
difficult viral proteins in our hands (22-29,83-87).
Within the workflow we especially highlight the
straightforward solubilization of the membrane
proteins through the addition of detergent to the
cell-free reaction, which allowed to produce soluble
protein in milligram amounts compatible with
NMR studies. While home-made extracts were

used here, very similar extracts are available com-
mercially (Cell-Free Sciences, Japan) and can thus
be implemented by any lab without prior experi-
ence. Also, amajor benefit of the WG-CFPS system
for NMR studies lies in the high efficiency and se-
lectivity of isotopic labeling. In contrast to cell-
based expression systems, only the protein of inter-
est is produced (107), which allows to bypass ex-
tensive purification steps. In fact, a one-step affinity
purification is in most cases sufficient, as shown for
the different ORFs in this study. Samples could be
produced for virtually all proteins, with the excep-
tion of the ORF3b construct used. With new recent
insight into the stop codons present in this ORF,
constructs will be adapted, which shall overcome
the problems of ORF3b production (80).

For two ORFs, 7b and 8, we exploited a paralleled
production strategy, i.e. both in bacteria and via
cell-free synthesis. For those challenging proteins
we were in principle able to obtain pure samples
from either expression system. However, for
ORF7b we found a strict dependency on detergents
for follow-up work from both approaches. ORF8
showed a significantly better solubility when pro-
duced in WG extracts compared to bacteria. This
shows the necessity of parallel routes to take, in par-
ticular for the understudied, biochemically non-
trivial ORFs that might represent yet unexplored,
but highly specific targets to consider in the treat-
ment of COVID-19.

Downstream structural analysis of ORFs produced
with CFPS remains challenging but promising pro-
gress is being made in the light of SCoV2. Some
solution NMR spectra show the expected number of
signals with good resolution (as for example
ORF9D). As expected, however, most proteins, can-
not be straightforward analyzed by solution NMR
in their current form, as they exhibit too large ob-
jects after insertion into micelles and/or by inherent
oligomerization. Cell-free synthesized proteins can
be inserted into membranes through reconstitution
(24,26,108-110). Reconstitution will thus be the
next step for many accessory proteins, but also for
M and E, which were well produced by WG-CFPS.
We will also exploit the straight-forward deuter-
ation in WG-CFPS (110-112) that circumvents pro-
ton back-exchange, rendering denaturation and re-
folding steps obsolete (113). Nevertheless, the
herein presented protocols for the production of
non-nsps by WG-CFPS instantly enable their em-
ployment in binding studies and screening cam-
paigns and thus pose a significant contribution to
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soon-to-come studies on SCoV2 proteins beyond
the classical and convenient drug targets.
Altogether and judged by the ultimate need of ex-
ploiting recombinant SCoV2 proteins in vaccina-
tion and highly paralleled screening campaigns, we
optimized sample amount, homogeneity and long-
term stability of samples. Our freely accessible pro-
tocols and accompanying NMR spectra now offer a
great resource to be exploited for the unambiguous
and reproducible production of SCoV?2 proteins for
the intended applications.

Experimental procedures
Strains, plasmids and cloning

The rationale of construct design for all proteins can
be found within the respective protocols in SI1-23.
For bacterial production, E. coli strains and expres-
sion plasmids are given; for WG-CFPS, template
vectors are listed. Protein coding sequences of in-
terest have been either obtained as commercial, co-
don-optimized genes or, for shorter ORFs and addi-
tional sequences, annealed from oligonucleotides
prior to insertion into the relevant vector. Sub-clon-
ing of inserts, adjustment of boundaries and muta-
tions of genes have been carried out by standard
molecular biology techniques. All expression plas-
mids have been deposited in the AddGene databank
containing information about coding sequences, re-
striction sites, fusion tags and vector backbones.
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Table 1: SCoV2 protein constructs expressed and purified, given with the genomic position and cor-
responding PDBs for construct design.

genol:;;’;f;; o Trivial name Size g e MW };"C“;:' Template  SCoV2
c d
(nt) @ Construct expressed (aa) [kDa] (%) " PDB PDB
2;‘;_‘:910 5 Leader 180 19.8 84
Full-length 180 1-180 19.8 83
Globular Domain (GD) 116 13-127 12.7 85 2GDT 7K7P
nsp2 638 70.5 68
806-2,719
C-terminal IDR (CtDR) 45 557-601 49 55
nsp3
272008554 1,945 217.3 76
a Ub-like (UBI) domain 111 1-111 124 79 2IDY 7KAG
Ub-like (UBI) domain+ 206 1-206 232 58
a
IDR
b Macrodomain 170 207-376 183 74 6VXS 6VXS
c SUD-N 140 409-548 15.4 69 2W2G
c SUD-NM 267 409-675 295 74 2W2G
c SUD-M 125 551-675 139 82 2W2G
c SUD-MC 195 551-745 215 79 2KQV
c SUD-C 64 680-743 73 73 2KAF
d Papain-like protease PLF® 318 743-1,060 36 83 6W9C 6W9C
. NAB 116  1,088-1203 134 87 2K87
v CoV-Y 308 1,638-1,945 34 89
10 0;'58_"150 07 Main protease (MP") 306 33.7 9%
Full-length © 306 1-306 33.7 96 6Y84 6Y84
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nsp7

11,843-12,091 83 92 9
Full-length 83 1-83 92 99 6WIQ 6WIQ
nsp8 198 219 98
12,092-12,685
Full-length 198 1-198 219 97 6WIQ 6WIQ
nsp9 113 12.4 97
12,686-13,024
Full-length 113 1-113 124 97 6W4B 6W4B
nsp10
13,025-13,441 139 148 77
Full-length 139 1-139 14.8 97 6W4H 6W4H
nsp13 .
16.237-18,039 Helicase 601 66.9 100
Full-length 601 1-601 66.9 100 6ZSL 6ZSL
nspl4 Exonuclease/Methyl-
18,040-19,620 transferase 527 598 95
Full-length 527 1-527 59.8 95 SNFY
MTase domain 240 288-527 27.5 95
nsp1s Endonuclease 346 3838 89
19,621-20,658
Full-length 346 1-346 38.8 89 6WO01 6WO01
nsp16 Methyitransferase 298 333 93
20,659-21,552
Full-length 298 1-298 333 93 6W4H 6W4H
ORF3a
25,393-26,220 278 313 2
Full-length 275 1-275 313 72 6XDC 6XDC
ORF4 .
26.245-26,472 Envelope (E) protein 75 84 95
Full-length 75 1-75 84 95 5X29 7K3G
ORF5 Membrane glycoprotein
26,523-27,387 M) 22 251 a1
Full-length 222 1-222 25.1 91
ORF6 61 7.3 69

27,202-27,387
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Full-length 61 1-61 73 60
ORF7a
27,394-27,759 121 13.7 85
Ectodomain (ED) 66 16-81 74 85 IXAK 6W37
ORF7b
27,756-27,887 43 52 85
Full-length 43 1-43 52 85
ORFS
27,894-28,259 121 138 2
ORFS Full-length 121 1-121 138 ) 7ITL 7JTL
AORFS w/o signal 106 16-121 12 41 7ITL 7JTL
ORF9a ,
g Nucleocapsid (N) 419 45.6 o1
IDRI-NTD- IDR2 248 1-248 26.5 90
NTD-SR 169 44212 18.1 ”
NTD 136 44-180 149 03 6YI3 6YI3
CTD 118 247-364 133 96 2TW8 7C22
ORF9b
28,284-28,574 97 108 2
Full-length 97 1-97 108 7 624U 674U
ORF14
28,734-28,952 B 8 na
Full-length 73 1-73 8 n.a
ORF10
29,558-29,674 38 44 29
Full-length 38 1-38 44 29

* Genome position in nt corresponding to SCoV2 NCBI reference genome entry NC_045512 2, identical to GenBank entry MN908947 3 (2).

® Sequence identities to SCoV are calculated from an alignment with corresponding protein sequences based on genome sequence of NCBI Refer-

ence NC_0047183.

¢ Representative PDB that was available at the beginning of construct design, either SCoV or SCoV2.
4 Representative PDB available for SCoV2 (as of December 2020).

¢ additional point mutations in fl-construct have been expressed.

n.a not applicable
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Table 2: Summary of SCoV2 protein production results in Covid19-NMR.

Construct Yields [mg/L]?
expressed or [mg/mL] ® Results Comments BMRB SI
nspl S11
. expression only at > 20°C; after 7 days at
fl 5 NMR assigned 25°C partial proteolysis 50620¢
high expression; mainly insoluble; higher
GD 703 HSQC salt increases stability (>250mM)
nsp2 SI12
CtDR 0.7-1.5 NMR assigned assignment with His-tag shown in (41) to come*
nsp3 SI13
highly stable over weeks; spectrum
UBI 07 HSQC overlays with UBI+IDR
UBIHIDR 2-3 NMR assigned highly stable for > 2 weeks at 25°C 50446°
. . highly stable for > 1 week at 25°C and > 503874
Macrodomain 9 NMR assigned Jweeks at 4°C; 503881
SUD-N 14 NMR assigned highly stable for > 10 days at 25°C; 504484
SUD-NM 17 HSQC stable for > 1 week at 25°C
SUD-M 35 NMR assigned significant ;?rempltatlon dqmg measure- 505164
ment; tendency to dimerize
SUD-MC 12 HSQC stable for > 1 week at 25°C
SUD-C 4.7 NMR assigned stable for > 10 days at 25°C 505174
pIpro 12 HSQC Solubility-tag essential for expression;
tendency to aggregate
. highly stable for > 1 week at 25°C; stable i
NAB 35 NMR assigned for > 5 weeks at 4°C 50334
low temperature (< 25°C) and low concen-
trations (> 0.2 M) favor stability; gradual
Cov-y 12 HSQC degradation at 25°C; lithium bromide in
final buffer supports solubility
nsps SI4
impaired dimerization induced by artificial
i 33 HSQC N-terminal residues
nsp7 SIS
1 17 NMR assigned stable for several days at 35°C; stable for 503374

> 1 month at 4°C
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nsps8 SI6
concentration dependent aggregation; low
i 17 HSQC concentrations favor stability
nsp9 S17
. stable dimer for > 4 month at4°Cand>2 506214
f 4.5 NMR assigned weeks at 25°C: 506224
nsp10 SI8
Zn?* addition during expression and puri-
fl 15 NMR assigned fication increases protein stability; 50392
stable for > 1 week at 25°C.
nsp13 S19
low expression; protein unstable; concen-
i 03 HSQC tration above 20uM not possible
nspl4 S110
. not above 50uM; best storage: with 50%
i 6 pure protein (v/v) glycerol; addition of reducing agents
as fl nsp14; high salt (> 0.4M) for in-
MTase 10 pure protein creased stability; addition of reducing
agents
nsp1s SI111
fl 5 HSQC tendency to aggregate at 25°C
nsplé6 S112
. addition of reducing agents; 5% (v/v)
i 10 pure protein glycerol favorable; highly unstable
ORF3a S113
. addition of detergent during expression
i 0.6 pure protein (0.05% Brij-58); stable protein
E protein SI14
. addition of detergent during expression
i 0.45 pure protein (0.05% Brij-58); stable protein
M protein S115
. addition of detergent during expression
i 0.33 pure protein (0.05% Brij-58); stable protein
ORF6 S116
soluble expression without detergent; sta-
fl 0.27 HSQC ble protein; no expression with STREP-tag

at N-terminus
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ORF7a S117
unpurified protein tends to precipitate dur-
ED 04 HSQC ing refolding, purified protein stable for 4
days at 25°C
ORF7b S118
tendency to oligomerize; solubilizing
i 0.6 HSQC agents needed
addition of detergent during expression
i 0.27 HSQC (0.1 % MNG-3); stable protein
ORFS8 S119
fl 0.62 HSQC tendency to oligomerize
AORF8 0.5 pure protein
N protein S120
IDR1-NTD- . . . - 50618,
IDR2 12 NMR assigned  high salt (> 0.4M) for increased stability 50619
NTD-SR 3 HSQC
NTD 3 HSQC 34511
CTD 2 NMR assigned stable dimer for > 4 month at 4°C and > 3 50518¢
weeks at 30°C
ORF9% S121
Expression without detergent,
i 0.64 HSQC protein is stable
ORF14 S122
addition of detergent during expression
fl 0.43 HSQC (0.05% Brij-58); stable in detergent but
unstable on lipid reconstitution
ORF10 S123
1 2 HSQC tendency to oligomerize; unstable upon

Tag-cleavage

# Yields from bacterial expression represent the minimal protein amount in mg/L independent of the cultivation medium.
® Yields from CFPS represent the minimal protein amount in mg/mL.

¢ covidl 9-nmr BMRB depositions yet to be released.

4 covid] 9-nmr BMRB depositions.
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Figure 1: Genomic organization of proteins and current state of analysis or purification. Boxes rep-
resent the domain boundaries as outlined in the text and in Table 1. Their position corresponds with the
genomic loci. Colors indicate whether the pure proteins were purified (yellow), analyzed by NMR using

only HSQC (lime), or characterized in detail including NMR resonance assignments (green).
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Figure 2. 'H, 'N-correlation spectra of investigated non-structural proteins. Construct names accord-
ing to Table 1 are indicated unless fl-proteins are shown. A representative SDS-PAGE lane with final sam-
ples is included as inset. Spectra for nsp3 constructs are collectively shown in Fig. 3.
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Figure 3. 'H, *N-correlation spectra of investigated constructs from non-structural protein 3. Con-
struct names of sub-domains according to Table 1 are indicated unless fl-domains are shown. A representa-
tive SDS-PAGE lane with final samples is included as inset. Red boxes indicate protein bands of interest.
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Figure 4. "H,”*N-correlation spectra of investigated structural and accessory proteins. Construct
names according to Table 1 are indicated unless fl-proteins are shown. A representative SDS-PAGE lane
with final samples is included as inset.
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Figure 5. Rationale of construct design, expression, and IPRS purification of the nsp3e nucleic acid
binding domain (NAB). (a) NMR structural ensemble of the homologous SCoV nsp3e (11). The domain
boundaries as displayed are given. (b) Sequence alignment of SCoV and SCoV2 regions representing the
nsp3e locus. Arrows indicate the sequence stretch as used for the structure in panel (a). The analogous
region was used for design of the two protein expression constructs shown. (c) Left, SDS-PAGE showing
the expression of nsp3e constructs from panel (b) over four hours at two different temperatures. Middle,
SDS-PAGE showing the subsequent steps of IMAC. Right, SDS-Page showing steps and fractions obtained
before and after TEV/dialysis and reverse IMAC. Boxes highlight the respective sample species of interest
for further usage. (d) SEC profile of nsp3e following steps in panel (c) performed with a Superdex 75
16/600 (GE Healthcare) column in the buffer as denoted in SI3. The arrow indicates the protein peak of
interest containing monomeric and homogenous nsp3e NAB devoid of significant contaminations of nu-
cleic acids as revealed by the excellent 280/260 ratio. Right, SDS gel shows 0.5 pL of the final NMR sample
used for the spectrum in Fig. 3 after concentrating relevant SEC fractions.
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Figure 6. Rationale of construct design, expression, and purification of different nsp5 constructs. (a)
Sequence alignment of SCoV and SCoV?2 full-length nsp5. (b) X-ray structural overlay of the homologous
SCoV (PDB 1P9U, light blue) and SCoV2 nsp5 (PDB 6Y2E, green) in cartoon representation. The catalytic
dyad (H41 and C145) is shown in stick representation (magenta). (c) Schematics of nsp5 expression con-
structs involving purification and solubilization tags (blue), different N-termini and additional aa after
cleavage (green), and nsp5 (magenta). Cleavage sites are indicated by an arrow. (d-e) An exemplary puri-
fication is shown for wtnsp5. IMAC (d) and SEC (e) chromatograms (upper panels) and the corresponding
gels (lower panels). Black bars in the chromatograms indicate pooled fractions. Gel samples are: M: MW
standard; Pellet/Load: pellet/supernatant after cell lysis; FT: IMAC flow-through; Imidazole: eluted frac-
tions with linear imidazole gradient; Eluate: eluted SEC fractions from input (Load). (f) A SDS-PAGE
showing all purified nsp5 constructs. The arrow indicates nsp5. (g) SEC-MALS analysis with ~0.5 pg of
wt nsp5 without additional aa (wtnspS5, black) with GS (GS-nsp5, blue), and with GHM (GHM-nsp5, red))
in NMR buffer on a Superdex 75, 10/300 GL (GE Healthcare) column. Horizontal lines indicate fractions
of monodisperse nsp5 used for MW determination. (h) Exemplary [°N, 'H]-BEST-TROSY spectra meas-
ured at 298K for the dimeric wtnsp5 (upper spectrum), and monomeric GS-nsp5 (lower spectrum). See SI4
for technical details regarding this figure.
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Figure 7. Cell-free protein synthesis of accessory ORFs and structural proteins E and M. (a) Screening
for expression and solubility of different ORFs using small-scale reactions. The total cell-free reaction
(CFS), the pellet after centrifugation, as well as the supernatant (SN) captured on magnetic beads coated
with Strep-Tactin were analyzed. All tested proteins were synthesized, with the exception of ORF3b. MW,
MW standard. (b) Detergent solubilization tests using three different detergents, here at the example of the
M protein, shown by SDS -PAGE and Western Blot. (c) Proteins are purified in a single step using a Strep-
Tactin column. For ORF3a (and also for M), a small heat-shock protein of the HSP20 family is co-purified,
as identified by mass spectrometry (see also * in Panel d). (d) SDS-PAGE of the *H.'*C,"*N-labeled proteins
used as NMR samples. Yields were between 0.2 and 1 mg protein per mL wheat-germ extract used. (e)
SEC profiles for two ORFs. Left, ORF9b migrates as expected for a dimer. Right, OFR14 shows large
assemblies corresponding to approximately 9 protein units and the DDM detergent micelle. (f) 2D [°N,
'H]-BEST-TROSY spectrum of ORF9b, recorded at 900 MHz in 1h at 298 K, on less than 1 mg of protein.
See SI13-19 and ST19-20 for technical and experimental details regarding this figure.
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