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Abstract: Viruses, such as Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), infect
hosts and take advantage of host cellular machinery for genome replication and new virion produc-
tion. Identifying and elucidating host pathways for viral infection is critical for understanding the
development of the viral life cycle and novel therapeutics. The SARS-CoV-2 N protein is critical for
viral RNA (vRNA) genome packaging in new virion formation. Using our quantitative Förster energy
transfer/Mass spectrometry (qFRET/MS) coupled method and immunofluorescence imaging, we
identified three SUMOylation sites of the SARS-CoV-2 N protein. We found that (1) Small Ubiquitin-
like modifier (SUMO) modification in Nucleocapsid (N) protein interaction affinity increased, leading
to enhanced oligomerization of the N protein; (2) one of the identified SUMOylation sites, K65, is
critical for its nuclear translocation. These results suggest that the host human SUMOylation pathway
may be critical for N protein functions in viral replication and pathology in vivo. Thus, blocking
essential host pathways could provide a novel strategy for future anti-viral therapeutics development,
such as for SARS-CoV-2 and other viruses.

Keywords: SARS-CoV-2 N protein; SUMOylation; qFRET; protein interaction dissociation constant
KD; nuclear translocation

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused a global pan-
demic responsible for the upper respiratory disease Coronavirus Disease 2019 (COVID-19).
The rapid development of variants from the original strain with the onset of functional
mutations highlights the need to discover its pathogenesis and a potential new strategy for
anti-viral therapeutics development. The SARS-CoV-2 viral particle comprises the positive-
sense single-strand RNA (~30 kb) genome, which encodes 29 proteins packed around
nucleocapsid (N) proteins. The compacted RNA nucleocapsid complex is enveloped in
a lipid membrane with embedded membrane proteins (M) and envelope proteins (E) [1].
The glycoprotein spike protein (S), exposed outside on the viral particle surface, is found to
have a high affinity for human angiotensin-converting enzyme 2 (hACE2) [2].

The SARS-CoV N protein’s primary function is to package the ~30 kb single-stranded
viral RNA genome (vRNA) into a ribonucleoprotein (RNP) assembly called the capsid,
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and interact with M and E proteins to help viral envelope formation and viral particle
assembly [3–5]. Cryo-electron tomography (CryoET) studies have elucidated the complex
structure of the N protein bound to vRNA and the N protein bound to the M protein.
Recent investigations concluded that the oligomerized N protein compacts RNA into a
structure, which forms a phase-separated condensate within the viral particle that binds to
the M protein. A viral particle’s average diameter was found to be 80 nm and contained
30–35 vRNPs [1,6–8]. These investigators predicted that each vRNP is 15 nm in diameter,
holds 12 copies of the N protein wrap, and is coated with viral RNA, creating a condensate
that encapsulates the genomic vRNA by interacting with the M protein [6,9]. The sub-
domains that enable protein–protein complexes of the N protein oligomers to form dimers
and tetramers enable the complex formation of vRNP, which is ultimately packed within
a virion.

The SARS-CoV N and SARS-CoV-2 N proteins have homology across their sequences
and have been shown to have similar domains and functions [10]. The N protein-identified
domains are the N-terminal domain (NTD from 1–50 aa), followed by the RNA binding
domain (RBD from 51–174 aa), the dimerization domain (247–364 aa), and the C-terminal
domain (CTD from 365–419 aa) [9]. The CTD was reported to interact with the M protein
within the viral envelope and supports the vRNA super structure [6]. A linker region exists
between the RBD and the dimerization domain (174–245 aa). This region is a serine- and
arginine-rich region on the protein that is reported to be phosphorylated [11].

Investigations of N protein subcellular localization in the nucleolus and its interaction
network with the host proteome have found that the functional attributes of the N protein
are more than simply the vRNP complex. Although the coronavirus assembly is localized
at the endoplasmic reticulum–Golgi intermediate compartment membranes, the SARS-CoV
N protein is often found predominantly in the cytoplasm and the nucleus [12,13]. The
SARS-CoV N protein is typically clustered in the nucleolus, a site for ribosome biogenesis,
cell cycle regulation, and apoptosis [14]. The localization of the N protein in the nucleolus
suggests that its role is to prevent host cell proliferation to favor virus RNA synthesis
and assembly [14,15]. The anti-viral response interferon of host cells is inhibited by the
N protein [16]. The N protein mediates the inhibition of interferon antiviral responses by
sequestering activated STAT proteins within the cytosol and preventing IFN signaling from
progressing [17].

The SARS-CoV N protein is reported to depend on post-translational modifications
(PTMs) from the host proteome for its functional RNA binding properties. The PTM
SUMOylation of the SARS-CoV N protein modulates its subcellular localization in cells [18].
A significant discovery that was attributed to the host PTM for viral infection is the increase
in SARS-CoV N protein dimerization after the overexpression of the SUMO1 gene [18]. It
has been demonstrated that N proteins can form superstructures of dimers and tetramers,
and ultimately oligomers, but the mechanism underlying oligomerization has yet to be
determined. The oligomerization of the N protein is a critical factor in viral genome
packaging [6,8]. A recent PTM study on the SARS-CoV-2 N protein has found potential
phosphorylation of serine 197 and threonine 205 [11]. The study observed SARS-CoV-2 N
protein modulation of RNA binding with mutations at 197 and 205 in the S/R-rich region.
The phosphorylation modification is inherent to the protein’s function and infers the virus
progression’s dependence on host PTMs [6,7]. Furthermore, an investigation of N protein
ubiquitination in cells observed lysine 169, 374, and 388 to be ubiquitin-modified. However,
there was no follow-up functional study [19].

Förster resonance energy transfer (FRET) has been widely used in biological and
biomedical research to detect spatial and temporal molecular interactions in vitro and
in vivo [20,21]. FRET assays are highly sensitive and can detect molecules within 1–10 nm.
Several attempts have been made to develop the FRET assay into a quantitative measure-
ment of protein–protein interaction affinity [22–24]. However, progress has been slow due
to complicated procedures or challenges in differentiating the FRET signal from other direct
emission signals from the donor and receptor. We recently developed a quantitative FRET
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(qFRET) analysis based on cross-wavelength correlation coefficiency and its application in
determining protein–protein interaction affinity (KD). This was carried out with FRET ac-
ceptor emission and donor quenching methods [25–27]. This method has been successful in
determining protein interaction affinity and reaction intermediates for several systems [28].

The SUMO modification of target proteins increases the target protein’s affinity to
other cellular proteins and changes the protein subcellular localization [29–32]. In this
study, we use an in vitro qFRET assay for the SUMOylation of the SARS-CoV-2 N protein
coupled with mass spectrometry to identify the sites of SUMO-modified lysine. When
mutated to Arg, one of the modified lysine sites, Lys65, restricted the N protein in the
cytosol, suggesting that SUMOylation may play a critical role in the nuclear translocation of
the N protein. In addition, we found SUMOylated N proteins have a much higher affinity
to interact with each other than un-SUMOylated N proteins, suggesting a gain-of-activity
of SARS-CoV-2 N protein from host PTM. These results suggest that host SUMOylation
may play essential roles in the SARS-CoV-2 life cycle and could be a potential target for
future therapeutic development.

2. Materials and Methods
2.1. Expression and Purification of SUMOylation Enzymes and SARS-CoV-2 N Protein

The in vitro qFRET SUMOylation reaction was completed with the E1, E2, and E3
enzymes in the SUMOylation cascade. The E1 activation enzyme complex, UBA2 and
AOS1, E2 conjugating enzyme UBC9, and E3 ligase PIAS1 were all cloned into the pET28B
vector for expression in BL21(DE3) cells. The FRET pairs CyPet and YPet were N-terminal
tagged to SUMO1 and the substrates, respectively, and cloned into pET28B for expression
in BL21(DE3). The BL21(DE3) cell line with each gene was inoculated at 1:100, grown at
37 ◦C to OD of 0.4 at 600 nm, and then induced overnight at 22 ◦C with 0.25 mM IPTG.
The cells were lysed (Lysis buffer contains 20 mM Tris-HCl (pH 7.5), 0.5 M NaCl, 5 mM
Imidazole) by sonication and centrifuged at 35,000× g. The soluble fraction was purified
by 6×His tag to Ni-NTA beads affinity chromatography through a gravity column. The
bound proteins were washed with Buffer 1 (20 mM Tris-HCl (pH 7.5), 0.3 M NaCl), Buffer
2 (20 mM Tris-HCl (pH 7.5), 1.5 M NaCl, and 0.5% Triton X-100), and Buffer 3 (20 mM
Tris-HCl pH 7.5, 0.5 M NaCl, and 10 mM Imidazole). The proteins were eluted using the
following Elution buffer (20 mM Tris-HCl, 300 mM NaCl, and 450 mM Imidazole) and
dialyzed in 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, and 1 mM DTT.

2.2. In Vitro SUMOylation Assay

The in vitro SUMOylation assay is completed with 6xHisCyPet-SUMO1 500 nM,
6×HisYPet-N protein wildtype 2000 nM, E1 hetero-dimer AOS1/UBA2 at 100 nM, E2
conjugating enzyme UBC9 200 nM, E3 ligase PIAS1 250 nM, and in SUMOylation buffer
(20 mM Tris-HCl (pH 7.5) 50 mM NaCl, 4 mM MgCl2, 1 mM DTT). Functional controls are
implemented for observing non-specific interaction by a negative control reaction without
2 mM adenosine triphosphate (ATP). Each reaction was incubated at 37 ◦C for 60 min and
measured in a 384-well microplate (Grenier, Monroe, NC, USA). The FRET wavelengths,
EmTotal, are 414 nm excitation and 530 nm emission, FlDD, 414 nm excitation and 475 nm
emission, and FLAA, 475 nm excitation and 530 nm emission. The quantitative EmFRET
parameters, α of 0.34 +/− 0.003, and β of 0.003 +/− 0.001 variables, are determined using
the formulation outlined in previous work from Yang et al. [25]. Equation (1) provides
the calculation of EmFRET that quantifies the FRET signal by subtracting free donor and
acceptor emissions from the total fluorescence emission.

EmFRET = (EmTotal) − (α(FLDD) + β(FLAA)) (1)

where FLDD is fluorescence emission of the donor when excited at the donor excitation
wavelength, and FLAA is fluorescence emission of the acceptor when excited at the acceptor
excitation wavelength.
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The specificity of SUMO protein to the SUMOylation target can potentially yield a
false positive FRET response. Thus, parallel functional controls of reactions without ATP
were implemented to observe differences between ATP and no ATP. Samples from each
plus or minusATP/plus or minusE3 reaction were also immunoblotted with anti-SUMO1
monoclonal antibody (Santa Cruze Biotechnology, Santa Cruze, CA, USA).

2.3. Mass Spectrometry Analysis to Determine SUMO-Modified Lysine on N Protein

For the in vitro SUMOylation reactions, the substrate, YPet-SARS-CoV-2 Nucleocapsid
protein, was added at 3000 nM, and CyPet tagged SUMO1 protein were added at 1000 nM.
Activating Enzyme Complex 1 (E1) is at 100 nM, and Conjugating Enzyme 2 (E2) at 100 nM,
E3 ligase at 500 nM in SUMOylation buffer (20 mM Tris-HCl (pH 7.5) 50 mM NaCl, 4 mM
MgCl2, 1 mM DTT) and 2 mM ATP. The reactions took place at 37 ◦C for 4 h. The in-
solution proteolytic digestions were performed with PierceTM Glu-C Protease. Samples
were digested at a 1:100 ratio for substrate-to-enzyme ratio and ran overnight (16 h) at
37 ◦C. Each completed digestion was acidified to a final concentration of 0.1% v/v TFA,
speed vacuumed to dry the product, and then reconstituted to 0.1% v/v TFA for Mass
spectrometry (MS) loading.

2.4. LTQ Orbitrap Xl Loading and Run

Samples consisted of approximately 1 µM of in-solution digested product. For each
proteolytic, enzyme digestion liquid chromatography was performed on a Thermo nLC1200
(Thermo Fisher Scientific Inc., Waltham, MA, USA) in single-pump trapping mode with
a Thermo PepMap RSLC C18 EASY-spray column (2 µm, 100 Å, 75 µm × 25 cm) and a
Pepmap C18 trap column (3 µm, 100 Å, 75 µm × 20 mm). The solvents used were A:
water with 0.1% formic acid and B: 80% acetonitrile with 0.1% formic acid. Samples were
separated at 300 nL/min with a 250 min gradient starting at 3% B increasing to 30% B from
1 to 231 min, then to 85% B at 241 min, holding for 10 min.

Mass spectrometry data were acquired on a Thermo Orbitrap Fusion mass spectrom-
eter (Thermo Fisher Scientific Inc., Waltham, MA, USA) in data-dependent mode. A full
scan was conducted using 60 k resolution in the Orbitrap in positive mode. Precursors for
MS2 were filtered by monoisotopic peak determination for peptides, intensity threshold
5.0 × 103, charge state 2–7, and 60 s dynamic exclusion after 1 analysis with a mass toler-
ance of 10 ppm. Higher-energy C-trap dissociation (HCD) spectra were collected in ion
trap MS2 at 35% energy and isolation window 1.6 m/z.

2.5. Bioinformatic Analysis of MS Data

The LTQ-orbitrap XL raw data were analyzed on Thermofisher Proteome AnalyzerTM

(Thermo Fisher Scientific Inc., Waltham, MA, USA). Each protein’s complete amino acid
sequence was provided as a reference for analysis. The expected SUMOylated lysine
proteolytic products were searched for using both software suites, matched to mass over
charge spectrums within the Thermofisher and tabulated (Table 1) Proteome AnalyzerTM.
Precursor ion peptide tolerances were set at 5 ppm, and MS/MS peptide tolerances were
set at 1 Dalton.

2.6. Validation of SUMOylation Sites of SARS-CoV-2 N Protein Using Engineered
SUMO1 Peptide

To accurately determine the SUMOylation sites using mass spectrometry, we engi-
neered the SUMO1 peptide by changing the T95R for trypsin cleavage to generate smaller
peptides for detection. The cDNA of SUMO1T95R mutant was generated by PCR with
the forward primer (5′-gtcgacatgtctgaccaggaggcaaaacctt-3′) containing the SalI restriction
site and the reverse primer (5′-gcggccgcctaaccccccctttgttcctgata-3′) containing the NotI
restriction site and stop codon. The SUMO T95R mutant construction was generated by
inserting cDNA in pET28b with CyPet labeled in SalI and NotI. The protein expression was
conducted according to the same procedure as above.
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Table 1. The KD values of the single mutant SARS-CoV-2 N protein with and without
SUMOylation modification.

N Protein K61R
Unmodified

K61R
Modified

K65R
Unmodified

K65R
Modified

K347R
Unmodified

K347R
Modified

KD (µM) 0.92 0.64 1.38 1.84 1.98 1.70

Standard Error
(µM) 0.14 0.11 0.44 0.58 0.61 0.37

95 % Confidence
Interval (µM) 0.62 to 1.21 0.41 to 0.87 0.46 to 2.30 0.64 to 3.03 0.71 to 3.21 0.99 to 3.97

R2 0.99 0.98 0.95 0.91 0.97 0.97

n 27 27 27 27 27 27

After the SDS-PAGE gel of the SUMOylation sample, the gel was cut into 1 mm3

cubes. Then, the cubes were destained sequentially with 500 µL 25% and 50% acetonitrile
(ACN) in 50 mM ammonium bicarbonate (pH 7.8). Each cube was sonicated twice for
15 min and the liquid was discarded. A 0.5–1 µL 100% ACN was added, followed by
sonication for 10 min and dried using a Speed-Vac. A 200 µL of the 20 mM DTT in 50 mM
ammonium bicarbonate was added and incubated at 37 ◦C for 1 h. Then, 49 µL of the
500 mM iodoacetamide was added to the sample and incubated for 30 min in the dark at
room temperature. The gel particles were washed with 500 µL 100% ACN twice and dried
with a Speed-Vac. The proteins were then digested in gel with trypsin for 16 h at 37 ◦C with
an enzyme/protein ratio of 1:100. Peptides were extracted from the gel pieces with 25%
ACN/5% acetic acid (HOAc). The extracted peptides were concentrated using a Speed-Vac.
The peptides were desalted by using C18 ZipTip. The peptide solution was then dried by
Speed-Vac and stored at −80 ◦C until analyzed by LC-MS/MS.

The peptides were resuspended with 20 µL water with 0.1% formic acid, separated by
nano-LC, and analyzed by online electrospray tandem mass spectrometry. The experiments
were performed on an EASY-nLC 1200 system (Thermo Scientific Inc., Waltham, MA, USA)
connected to a quadrupole-Orbitrap Fusion Tribrid Mass Spectrometry (Thermo Fisher
Scientific Inc., Waltham, MA, USA) equipped with an EASY-Spray ion source. Five µL
peptide sample was loaded onto the trap column (Thermo Scientific Acclaim PepMap C18,
75 µm × 2 cm) with a flow of 10 µL/min for 3 min and subsequently separated on the
analytical column (Acclaim PepMap C18, 75 µm × 25 cm) with a linear gradient, from 3%
D to 40% D in 55 min. The column was re-equilibrated to initial conditions for 5 min. The
flow rate was maintained at 300 nl/min, and the column temperature was maintained at
45 ◦C. An electrospray voltage of 2.2 kV above the inlet of the mass spectrometer was used.

The Orbitrap Fusion mass spectrometry was operated in the data-dependent mode to
switch automatically between MS and MS/MS acquisition. Survey full-scan MS spectra
(m/z 375–1500) were acquired with a mass resolution of 60 K, followed by fifteen sequential
high energy collisional dissociation (HCD). The AGC target was set to 4 × 105, and the
maximum injection time was 100 ms. The MS/MS acquisition was performed in the ion
trap. The AGC target was set to 3 × 104, and the isolation window was 1.6 m/z. Ions with
charge states 2+, 3+, and 4+ were sequentially fragmented by higher energy collisional
dissociation (HCD) with a normalized collision energy (NCE) of 35%, and the fixed first
mass was set at 100. One micro scan was recorded using the dynamic exclusion of 30 s in
all cases.

The two raw data sets of human samples were processed and analyzed using MaxQuant
(version 2.1.4.0, Max Planck Institute of Biochemistry, Martinsried, Germany), with the N/M1
protein database. In particular, mass tolerances for precursor and fragment ions were 6 and
10 ppm, respectively. The minimum peptide length was 6 amino acids, and the maximum
number of missed cleavages for trypsin was 2. Carbamidomethyl (C) was set as fixed
modifications. Oxidation (M) and acetyl (Protein N-term) were set as variable modifications.
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2.7. Construction and Design of N Protein Lysine to Arginine Mutants

The mass spectrometry results provided a total of four SUMOylated lysine residues.
Among 31 lysine residues on the SARS-CoV-2 N protein, lysine 61, 65, and 347 were found
to be SUMOylated and received reconfirmation in the in vitro reaction. The mutant DNA
templates were constructed through PCR, with point mutations at the lysine to arginine
coding sequences. The primers for the mutations are listed in Table 2. The final Gibson
reaction of bacterial expression pET28B vector SalI and NotI was created for mammalian
expression pCDNA3.1-FLAGtag-Nprotein-YPet. Tabulated PCR primers are shown in
Table 3 for pcDNA3.1.

Table 2. Primers listed for constructing N protein mutants in E. coli.

pET28B Primers

K61Rfor ccagcatggcagagaagacctgaaattt
K61Rrev caggtcttctctgccatgctgggtcag
K65Rfor gaagacctgagatttccgcgcggccag
K65Rrev ctggccgcgcggaaatctcaggtcttc
K347Rfor gatccgaattttcgagatcaggtgatt
K347Rrev aatcacctgatctcgaaaattcggatc

Table 3. List of primers for mutations on N protein in HUH7 cells.

pCDNA3.1 Primers

pcD_Ncwt_61For ctcactcaacatggcagggaagacctt
pcD_Ncwt_61Rev aaggtcttccctgccatgttgagtgag
pcD_Ncwt_65For gaagaccttagattccctcgaggacaa
pcD_Ncwt_65Rev ttgtcctcgagggaatctaaggtcttc
pcD_Ncwt_347For aaagatccaaatttcagagatcaagtcatt
pcD_Ncwt_347Rev aatgacttgatctctgaaatttggatcttt

2.8. In Vitro SUMOylation with qFRET Reporter for N Protein Mutants

The in vitro SUMOylation assay of SARS-CoV-2 N protein mutants was an initial
screening to determine the impact of lysine sites on SUMOylation. The assay was set
up at the same concentration as the optimized conditions, 6×HisCyPet-SUMO1 500 nM,
6×HisYPet-N Protein wildtype and mutants 2000 nM, E1 hetero-dimer AOS1/UBA2 at
100 nM, E2 conjugating enzyme UBC9 200 nM, E3 ligase PIAS1 250 nM, and SUMOylation
buffer of 20 mM Tris-HCl (pH 7.5) 50 mM NaCl, 4 mM MgCl, and 1 mM DTT. Functional
controls were put in place for non-specific interaction, as a negative control reaction without
ATP, and to observe a significant boost in FRET, a control reaction without E3 ligase. Each
reaction was incubated at 37 ◦C for 60 min. Using Equation (1), we determined EmFRET from
the three measured fluorescence emissions, EmTotal, FLDD, and FLAA. The measurements
were taken on Molecular Devices Spectra M3TM, with “Endpoint” settings, and PMT at
constant gain set to “Low”.

2.9. KD Determination of SUMOylated or Not-SUMOylated N Proteins Using qFRET

The evaluation of N protein oligomerization by in vitro qFRET-based KD affinity assay.
The individual N protein wild type and four Lys mutants (K to R) at 61, 65, 347, and
355 were first cloned into the FRET donor and acceptor genes, pET28(b)-CyPet or pET28(b)-
CyPet, respectively, as fusion proteins for the FRET assay. Each N protein was tagged with
the donor or acceptor pair fluorescent proteins, CyPet and YPet, respectively, to implement
the qFRET assay. After expression in Bl21(DE3) and purification using Ni+ beads, each pair
of proteins was SUMOylated in an in vitro SUMOylation assay containing SUMO enzymes
and SUMO1 as follows; 6×His-SUMO1 6 µM, E1 hetero-dimer 6×His-AOS1/UBA2 at
100 nM, 6×His-E2 conjugating enzyme UBC9 200 nM, E3 ligase 6×His-PIAS1 250 nM as
well as 6×HisYPet-N or 6×His-CyPet proteins at 6 µM in a SUMOylation buffer (20 mM
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Tris-HCl (pH 7.5) 50 mM NaCl, 4 mM MgCl2, 1 mM DTT). Negative control, without ATP,
was set up for non-SUMOylated proteins. The SUMOylation reaction was incubated at
37 ◦C for 1 h.

The SUMOylated N proteins were directly used to determine interaction affinities [25,26].
The qFRET-based KD assay contained the donor fusion protein concentration at 0.5 µM, and
the acceptor was titrated from 0 µM to 2.5 µM. The series of titrations were individually
performed to determine the EmFRET values of each YPet-N protein using Equation (1) and
the three wavelengths, EmTotal, FLDD, and FLAA, for each reaction. Again, the measurements
were determined on a Molecular Devices Spectra M3TM, with “Endpoint” settings and PMT
at constant gain set to “Low”. The KD was then determined by fitting the data against
Equation (2) using a nonlinear multi-regression method using Prism5TM(Graphpad Software,
Boston, MA, USA),. Equation (2) is

EmFRET = EmFRETMax ×

 [Acceptor]Total − [Donor]Total −KD +
√(

[Donor]Total + KD − [Acceptor]Total
)2

+ 4×KD × [Acceptor]Total

[Donor]Total + KD − [Acceptor]Total +
√(

[Donor]Total − [Acceptor]Total + KD
)2

+ 4×KD × [Acceptor]Total

. (2)

The constraints for the non-linear regression fit were set to have a donor concentra-
tion at a constant of 500 nM, and the values for KD and EmFRETMax were constrained to
be nonzero.

2.10. SARS-CoV-2 N Protein Aggregation Assay with or without SUMO Modification

All components of the SUMOylation assay (2.5 µM CyPet-SUMO1, 1 µM E1 (Aos1
and Uba2), 1.5 µM E2 Ubc9, 1.5 µM E3 PIAS1 and 1 µM SARS-CoV-2 N protein) were
combined in SUMOylation buffer containing 50 mM Tris-HCl pH 7.4, 1 mM DTT, and
4 mM MgCl2 in a total volume of 200 µL. A concentration of 2 mM ATP was added to
each sample and the mixtures were incubated in an Eppendorf tube at 37 ◦C for 90 min.
Two groups of SUMOylation samples (one has 2 mM ATP, another one without ATP) were
added 50 µL of CHAPS buffer (20 mM HEPES-KOH pH 7.5, 5 mM MgCl2, 0.5 mM EDTA,
0.1 mM PMSF and 0.1% CHAPS) containing 4 mM of disuccinimidyl suberate (dissolved in
DMSO). Incubation took place for 40 min at room temperature to cross-link proteins.

For immunoblot assays of cross-linked N proteins and 250µL of cross-linked SUMOy-
lation, samples were mixed with 50 µL 6×protein loading buffer and heated for 5 min at
90 ◦C. Then, 30 µL of protein samples were loaded on the 7.5% SDS-PAGE. The samples
were separated using a constant 70 V until the protein loading buffer reached the end of
the gel. The samples were then transferred at 25 V for 4 h using a wet transfer system. The
membrane was blocked in blocking buffer (1× TBST, 5% BSA, 0.02% sodium azide) for 1 h
at 4 ◦C, then incubated 1 h at room temperature with room temperature anti-SARS-CoV-2
N antibody (R&D systems, Clone 1035111, MAB10474-SP, 1:400) diluted in blocking buffer.
The membrane was incubated 1 h at room temperature with anti-mouse IgG, HRP (CST,
7076) in blocking after TBST washing 3 times. Images of the results were obtained using
the BioSpectrum® Imaging System (UVP, Upland, CA, USA).

2.11. Cellular Translocation of N Protein

Immunostaining of N protein was used to investigate the dependency of SUMOylation
of N protein on translocation between cytosol and nucleus. Glass coverslips were coated
with L-lysine overnight at 22 ◦C under UV light in a 12-well plate. Post-coating HUH7 cells
were seeded onto the coverslips and grown until 50% confluent. The cells were transfected
with pcDNAD3-Nwt, -N K61R, -K65R, and -K347R plasmids, respectively. After 24 h of
transfection, the cells were washed with DPBS and fixed in 4% paraformaldehyde (PFA)
for 15 min with rocking. After fixing, the PFA was aspirated, and the cells were washed
with DPBS. The cell nucleus was stained with Hoechst 33342 for incubation of 15 min.
After nuclear stain, the cells were washed 4 times with DPBS for 5 min incubation. The
cells were imaged on Olympus BX43 (Evident Scientific, Waltham, MA, USA), and images
were stacked and analyzed using ImageJ software (Version 1.54f, https://imagej.net/ij/
download.html) (accessed on 20 May 2021).

https://imagej.net/ij/download.html
https://imagej.net/ij/download.html
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2.12. Statistical Analysis

The post-analysis was completed on GraphpadPrism7TM, using a one-way ANOVA
with post hoc Tukey test. Samples minus ATP were used as the control group.

The student t-test was performed using GraphPad web server https://www.graphpad.
com/quickcalcs/ttest2/ (accessed on 20 May 2021).

3. Results
3.1. In Vitro qFRET Assay for SUMOylation of SARS-CoV-2 N Protein

We developed an in vitro qFRET-based SUMOylation assay that includes the SUMO
E1 activating enzyme, E2 conjugation enzyme, and E3 ligase. In this assay, the SUMO
peptide was fused with the FRET donor, CyPet, and the substrate SARS-CoV-2 was fused
with the FRET acceptor, YPet (Figure 1A). In the presence of SUMOylation enzymes, E1,
E2, and E3, the CyPet-SUMO1 is conjugated to the YPet-N protein, leading to a FRET
signal (Figure 1B). We validated this assay using a classical Western-blot assay using an
anti-SUMO1 antibody (Figure 1C). The SUMOylation of N protein was catalyzed by the
E1 and E2, but significantly enhanced by E3 ligase, PIAS1, indicated by the disappearance
of free CyPet-SUMO1(Figure 1C). The results suggest that the FRET-based SUMOylation
assay is feasible and efficient.

Figure 1. SUMOylation of SARS-CoV-2 N protein. (A) Diagram of the fluorescence fusion protein
CyPet-SUMO1 and YPet-N for the qFRET-based SUMOylation assay. (B) In vitro SUMOylation assay
with the FRET as a reporter signal. The fusion protein CyPet-SUMO is first bound to E1 activating
enzyme, for the intermediate E1-Cypet-SUMO1 thioester bond at Cys173 to Gly98 on SUMO1. The
SUMO is then transferred to the catalytic Cys-93 of E2 conjugating enzyme. The E3 ligase and target
protein are said to non-covalently interact with the E2-SUMO1 complex. The CyPet-SUMO1 is then
shuttled to a lysine on the target protein, to be covalently bound by an isopeptide bond. (C) The
Western-blot of SUMOylated N protein in the in vitro reaction containing E1, E2 and E3 using a
monoclonal anti-SUMO1 antibody.

3.2. Mass Spectrometry Analysis to Determine SUMO Modified Lysine on SARS-CoV-2 N Protein

We then conducted the SUMOylation assay of the SARS-CoV-2 protein using qFRET to
follow the SUMO peptide conjugation. The observed EmFRET signal for the SUMOylation
of SARS-CoV-2 N protein showed some difference but not a significant increase in EmFRET
without E3, but a significant increase in the presence of E3 (Figure 2A). A t-test analysis was
completed on the triplicate measurements, compared with and without ATP and with and
without E3 ligase. There was also a significant EmFRET signal increase in the presence of E3
ligase, suggesting a robust SUMOylation event mediated by the E3. A one-way ANOVA
was used to analyze the significance between the control group without ATP (-ATP), with
ATP and no E3 ligase, and with ATP and E3 ligase.

https://www.graphpad.com/quickcalcs/ttest2/
https://www.graphpad.com/quickcalcs/ttest2/
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Figure 2. In vitro SUMOylation of SARS-CoV-2 N protein and SUMOylation site identification
using Mass Spectrometry (MS). (A) The in vitro MS sample was measured for qFRET signal before
processing for MS, with and without ATP or E3 PIAS1. (B) The illustration of the location of the three
discovered lysines and a total of 31 lysines on the protein shown as yellow lines. (C) The spectrum
was generated by Thermofisher Proteome DiscovererTM MS spectrum of peptide containing modified
K61. (D) The spectrum of K65 peptide with trypsin cut on SUMO1, GG. (E) The spectrum of K347 was
found in the same peptide, with SUMO1 peptide GG cut with trypsin. p values are p < 0.0001 *** and
no significant difference (NS), n = 3.

We then determined the SUMOylation sites of the SARS-CoV-2 N protein using
mass spectrometry (Thermo Orbitrap Fusion). The identified modified lysine residues are
illustrated in Figure 2B, along with the other 27 lysines found unmodified by the SUMO1.
The first mass spectrometry experiment covered 95% of the N protein. The spectrum of
the identified peptide with Lys61 modification was a large section of N protein7, which
had Lys61 and 65 within it. To validate the SUMOylation sites of SARS-CoV-2 N protein,
we conducted a series of mass spectrometry studies to validate the SUMOylation sites
using an engineered SUMO1 peptide, T95R, as the trypsin would cleave at the C-terminus
of the R and leave a short peptide GG, making the identification of SUMOylation sites
more robust. A Lys residue identified as SUMO1 modification is Lys61, and the identified
peptide from 41–61 matches the expected trypsin cut (Figure 2C). However, Figure 2D has
a similar peptide with lysine-65 holding the SUMO1 modification. The trypsin-cleaved
peptide was like the previous peptide, N protein position −41–65. The N protein peptide
from positions 339–355 showed SUMO1 modification GG residue (Figure 2E). This peptide
matched the trypsin cut pattern at positions 339–355.

The secondary analysis of each lysine site can be performed by evaluating each
site matching the SUMO consensus motif. Based on the SUMO consensus motif of a
hydrophobic residue (Ψ), the modified lysine (K), any amino acid, and either an aspartic
acid or a glutamic acid. Numerous groups have applied the Ψ-K-x-D/E motif to ascertain
the SUMOylation site. Only two servers, GPS-SUMO and JASSA, were used to determine
if these sites matched the SUMO consensus [33,34]. Both servers only pointed to lysine
position 338 as the highest probability, and lysine 61, 65, and 347 all were low probability.
This result did not match the SARS-CoV-1 N protein SUMOylation site and was therefore
not included in this study.
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3.3. qFRET Assay for In Vitro SUMOylation Assay of N Protein Mutants

The results of the in vitro SUMOylation of N protein with qFRET as a reporter resulted
from the conjugation of CyPet-SUMO1 to YPet-N was then performed to show the SUMO1
conjugation (Figure 3A). We observed significant signal from wildtype N protein in the
presence of E3 ligase PIAS1 and ATP, indicating a significant activity of PIAS1 ligase for N
protein SUMOylation (Figure 3A). In comparison with the wildtype N protein, the K61R
and K65R mutants showed a significant drop in the signal without E3. This was nearly
equivalent to the control without ATP, which showed a small signal reduction with E3.
This pattern was the same as observed in the double K61 and K65 mutant without E3
ligase. However, both K61R and K65R still showed significant FRET signals with PIAS1,
indicating SUMOylation occurred at other Lys sites in which PIAS1 might mediate. The
K347R mutant of the N protein also showed significant FRET signals, suggesting other Lys
sites, such as K61 and K65, were still SUMOylated. The one-way ANOVA analysis with
Tukey test showed significant differences when E3 was added across all reactions.
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Figure 3. qFRET assay and Western-blot of in vitro SUMOylation of N protein and its Lys mutants. (A).
SUMOyaltion assay of wildtype and K mutants of N protein using qFRET assay. Comparison of no
ATP (−ATP), with no E3 ligase PIAS1 (−E3), and a complete reaction with ATP and E3 ligase PIAS1
(+ATP+E3). The reactions were performed under the same conditions, and the measurements were
taken on the same instrument, Molecular Devices SpectraMax3TM. One-way ANOVA was performed
on the data sets of −ATP/−E3/+ATP+E3, the −ATP was the control group. Tukey test was used
as the post hoc analysis. p values are p < 0.0001 ***, p < 0.05 *, and no significant difference (NS),
n = 3. (B) In vitro SUMOyaltion assay of N protein was probed with anti-N protein antibody in the
Western-blot analysis. (C) The Western blot of various K-to-R mutants of N protein was probed with
the anti-SUMO1 antibody.

We also confirmed the SUMOylation results from the qFRET assay using the Western-
blot analysis for the N protein SUMOylation (Figure 3B) and its mutants (Figure 3C). The
shifted band corresponding to the SUMOylated N protein only occurred in the presence of
PIAS1 and ATP in the Western-blot using anti-N antibody. This is inconsistent to the results
from the qFRET assay (Figure 3A). In the mutant protein Western-blot assay, no single Lys
mutation interrupted the SUMOylation of the N protein, consistent with the results from
the qFRET assay.
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3.4. KD Determination of SUMOylated or Not SUMOylated N Protein Using qFRET

The SARS-CoV-2 N proteins interact with each other to form oligomers for viral
genome RNA packaging. Thus, protein–protein interaction of the N protein is critical for
its functions in vivo. We, therefore, performed qFRET assays to determine the interaction
affinities of N wildtype and Lys mutant proteins with or without SUMOylation. One
of the advantages of our qFRET technology is that it does not require pure proteins for
KD determination. Therefore, we first conducted the in vitro SUMOyaltion of all N pro-
teins with CyPet-SUMO1 and YPet-N proteins and followed with the KD determinations
without purification.

The EmFRET response from the titration of total acceptor protein and the regressed fit
was plotted in Figure 4. The EmFRET of wildtype N protein from the titration of acceptor
fusion protein YPet-WT N was plotted in points (circle/orange) for unmodified and (dia-
mond/green) for SUMO1 modified N proteins (Figure 4A). We determined a KD value of
wildtype N protein self-interaction after SUMO1 modification to be 0.34 µM and standard
error of 0.07, and 0.82 µM standard error of 0.18 when not SUMO modified (Figure 4B). A
t-test for the KD suggested their difference was statistically significance (p value of 0.016).
This result suggests that SUMO modification of SARS-CoV-2 N protein increases its in-
teraction affinity with itself, and this modification may facilitate the oligomerization of N
protein in the nucleus for viral RNA genome packaging.
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tions using qFRET assay and aggregation assay of N protein with or without SUMO modification.
(A) The binding curve of wildtype of N protein with or without SUMOylation. The EmFRET signal
fit of SUMO modified (Diamond/Green), and unmodified (Circle/Orange). (B) The summary of
binding affinity of Un-SUMOylated and SUMOylated N protein to itself. (C) The aggregation assay
of SARS-CoV-2 N protein with or without the SUMOs modification. The 10 µg of SARS-CoV-2 N
protein was SUMOylated with SUMO1, Aos1/Uba2, Ubc9, and PIAS1 in the presence or absence of
ATP, followed with disuccinimidyl suberate and Immunoblot with anti-N protein antibody. (D) The
Binding curves of the SUMO-modified N protein mutants of (K61R). (E) The binding curves of the
SUMO-modified N protein mutants of (K65R). (F) The binding curves of the SUMO-modified N
protein mutants of (K347R). All plots and the fits were generated on GraphpadPrism5TM.

To validate the idea of SUMOylated SARS-CoV-2 N protein increasing its interaction
affinity with itself, we conducted an aggregation experiment of the N proteins with or
without SUMOylation. The N proteins were SUMOylated in the presence of SUMO1,
Aos1/Uba2, Ubc9, and PIAS1 were SUMOylated in the presence or absence of ATP. The N
proteins were crosslinked using disuccinimidyl suberate and immunoblot using an anti-N
protein antibody. The result shows that SUMOylated N protein had more aggregates than
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the un-SUMOylated N protein (Figure 4C). This result supports the above interpretation
that SUMOylation of the N protein increases its affinity for oligomerization.

We then tried to determine that each Lys residue involved in SUMOylation contributes
to the increase in interaction affinity. The N protein mutants at each Lys residue position,
61, 65, and 347, were mutated to Arg, then expressed and followed by SUMOylation. The
corresponding KD values for both modified and unmodified N mutant proteins, with or
without SUMOylation modification, were determined. The results of the qFRET KD assay
on the N protein mutants are listed in Table 1. The EmFRET values spanned between 0 to
2.5 µM for YPet-N protein with and without SUMOylation. The affinity of the un-modified
N proteins ranged from 0.92 to 1.98 µM, and the range for modified N proteins was 0.64 to
1.84 µM for the three Lys residues (Figure 4D,E). The results show a general increase in the
interaction affinity with SUMOylation modification.

3.5. Nucleus Translocation of N Protein

We then examined the potential role of SUMOylation on each Lys site for its nucleus
translocation of the SARS-CoV-2 N protein using a YPet-N fusion protein method. HUH7
cells were transfected with pcDNA3-N WT or individual 3 Lys mutant N protein plasmids.
The YPet is an imaging marker of fusion protein YPet-N to track the sub-cellular localization
of wildtype or Lys mutant N protein. The representative images from each slide are shown
in Figure 5. The top row was the nuclear stains using Hoechst that provided the location
of the nucleus (Figure 5 Top row). The images in the second row were obtained through
the YPet channel, where we observed the YPet fused N protein and the third row was
overlapped images of Hoechst staining and the YPet image. The YPet-N fluorescence image
showed universal distributions among the whole cells, including cytosol and nucleus, but
with very obvious condensed granules (Figure 5, 1st column). These fluorescent granules
forming within the cell are inherent to the N protein function as oligomers. The N protein
wildtype, or K61R or K347 mutants, were all observed as granules in both the cytosol
and nucleus (Figure 5, 3rd row). Interestingly, N K65R protein was predominant in the
cytosol, suggesting that Lys residue 65 as a SUMOylation site may be essential for its
nucleus localization (Figure 5, 3rd row). This result indicates that SUMOylation of N
protein may play a critical role in its nucleus translocation, viral RNA genome packaging,
and subsequent viral particle assembly.
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4. Discussion

Viruses take advantage of host factors for their infection, replication, virion assembly,
and budding for their amplification and, consequently, pathogenesis. Thus, targeting host
factors as a new strategy for anti-virus therapeutics is very promising [35–39]. Various
viruses have extensively utilized human SUMOylation, including influenza A/B virus, HIV,
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and Ebola viruses [40–42]. We identified the SUMOylation sites of SARS-CoV-2 N protein,
which is critical for viral genome RNA packing and viral–host interactions, using an in vitro
qFRET-MS coupled approach. The N protein is found to crosslink at high concentrations
in the cell but forms oligomers and dimers [3,4,43]. The overall organization of the vRNP
complex formation by the N protein and viral RNA requires non-covalent interaction of
the various forms of N protein. We demonstrated here that the affinity increases and
nucleolus/nucleus localization of SARS-CoV-2 N protein with the SUMO modification may
contribute significantly to its oligomerization and pathogenesis.

We identified and confirmed three SUMOylation sites, K61, 65, and 347, of SARS-CoV-
2 N protein using the in vitro SUMOylation assay in the presence of SUMO E1, E2, and E3
enzymes. The qFRET-based SUMOylation assay, used alternatively was more sensitively
and robustly than immunoblot, and is also used in evaluating covalent modifications
of proteins. We found that the affinity of SARS-CoV-2 N protein with itself increased
significantly from 0.82 ± 0.18 µM to 0.34 ± 0.07 µM. The SARS-CoV N protein was shown
to form dimers and oligomers through its C-terminal 285–422 residues, including Lys
347 [44,45]. There may be other Lys sites in the region in which SUMOylation may also
contribute to dimerization.

Previous studies indicated that the SARS-CoV N protein was predominately localized
in the cytoplasm and only overexpressed N proteins localized in both the cytoplasm and
nucleus [12,13,46]. Our bioinformatics study suggested that the SARS-CoV-2 N protein
contains classical nuclear localization signals (NLS) as monopartite and bipartite motifs,
implying that the N protein has the physicochemical property to translocate in the nu-
cleus [13,46]. Our subcellular localization study of fluorescence protein-tagged N protein
forms bright spots as granules in both cytoplasm and nucleus (Figure 5). We observe
the yellow fluorescence protein-tagged wildtype N protein localized in both the cytosol
and the nucleus, consistent with the previous report of SARS N protein [13]. The nuclear
translocation of the SARS-CoV-2 N protein was abolished with Lys 65 mutation, suggesting
a critical role of SUMOylation in protein nuclear translocation. A previous study using
various truncated N proteins fused with GFP for a subcellular localization study showed
both NLS 2 (aa 257–265) and NLS 3 (aa 369–390) localized to the cytoplasm and nucleo-
lus [14]. SUMOyaltion has been shown to regulate cytoplasm/nuclear translocation either
through the promotion of nuclear import or inhibition of nuclear export through nuclear
localization signals (NLS), recognized by importins, and nuclear export signals (NES),
recognized by exportins, respectively [31,32]. For example, the Ran-GTPase-activating
protein RANGap1 and the MAP kinase ERK5 depend on SUMOyaltion for the nuclear
translocation through their NLS. The transcription factor NFAT1 in T cell activation, once
imported into the nucleus through dephosphorylation by calcineurin, is retained in the
nucleus requires SUMOylation close to its NES [47–50]. Because there is no NES in the
SARS-CoV-2 N protein, SUMOyaltion-dependent nucleus translocation of SARS-CoV-2 N
protein may translocate through its NLS.

The SARS-CoV-2 proteome is relatively new to the scientific community, and the evalu-
ation of protein post-translational modifications can help their impact on protein properties
and viral pathogenesis. Demonstrated here is a versatile method to evaluate the covalent
modification and non-covalent interactions using the same platform. An advantage of the
in vitro evaluation of SUMOylation modifications is that it also provides clues for in vivo
validations. Due to the numerous in-cell lysine modifications, the probability of missing
or false negative classification of a lysine modification is high. Furthermore, the yield of a
modified protein from an in-cell pull-down assay can be challenging and have low yields.
Thus, researchers look to overexpress the SUMOylation within a cellular environment.
However, overexpressed SUMOylation can bring about unwanted consequences to the
cellular proteome. The in vitro qFRET assay used here provided a fluorescent reporter
for SUMOylation and was directly used to identify modified lysine residues. The cov-
erage of the protein identified in MS was up to 95%, and the other 5% is assumed to be
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degraded during the digestion and sample preparation. The high certainty and overall
protein coverage in MS analysis provide confidence in the identified SUMOylation sites.

The reconstitution of SUMOylation reaction with qFRET as a reporter is a robust and
rapid method for identifying SUMOylation events, characterizing enzymatic activity, and
identifying SUMOylation sites [25,51,52]. This method includes the E3 ligase PIAS1 for
its enhanced SUMOylation activity and is coupled with mass spectrometry to provide
insight into identifying multiple SUMOylation sites [53–55]. The qFRET assay utilizes a
FRET-optimized donor fluorescent protein tag, CyPet, on the SUMO1 protein and FRET
optimized acceptor fluorescent protein tag, YPet, on the N-protein [56]. The CyPet-YPet
fluorescent proteins experience the non-radiative FRET phenomenon when within a 10 nm
distance between them, which is applicable for observing SUMO1 attachment. The FRET
phenomenon has been described and applied in various protein–protein interaction studies,
especially to measure molecule distance. FRET efficiency is proportional to the distance of
two fluorophores (r) and the signal decays at a distant dependent rate of r6 between the
two fluorophores [57–59]. We have developed a fluorescence-based method for determining
the covalent attachment of Cypet-SUMO1 to the YPet-N protein. The method demonstrated
here applies a “three cube FRET” fluorescence reporter that extracts the emission of the
FRET signal, EmFRET, from the raw fluorescent signal, EmTotal, at the FRET wavelength.
The extraction applies three different fluorescent measurements (Equation (1)) to extract
the EmFRET response from a FRET reaction. The method filters out cross channel signal
of the unbound donor or acceptor from the FRET wavelength. The relationship found in
Equation (1) determines the contribution of cross-talk from both the acceptor and donor
by applying ratiometric constants alpha (α Equation (2)) and beta (β Equation (2)) to
subtract the cross-talk signal from the EmTotal. The details on the development of the qFRET
method can be found in a previous study on the development of the qFRET signal by
Song et al. (2011) [25]. The method has been applied previously to determine kinetic values
of protein–protein interactions, such as dissociation constant KD and enzymatic constants
kcat/KM, and applied to assess SUMO modification of viral proteins [25,52,59]. These
discoveries could provide new insights for human-SARS-CoV-2 interactions, potentially a
novel strategy for inhibiting host factors as anti-viral therapeutics development.

As the SARS and SARS-CoV-2 N proteins play critical roles in viral genome packaging
and virion formation, our discovery that two critical activities of the N protein, oligomeriza-
tion, and nucleus translocation, may indicate that the human PTM may play critical roles
for the N protein in viral replication and viral RNA genome packaging. This requires future
investigation. The blockage of host–virus interactions has become a promising approach
for developing anti-viral therapeutics. This approach could have a very broad anti-viral
spectrum for many viruses and low drug-resistance development potential as the human
DNA polymerases have much higher fidelity than the viral reverse transcriptase or RNA
polymerases [39]. This anti-viral strategy could be a significant supplement to the current
mRNA vaccine and inhibitors for viral proteins.

Author Contributions: Conceptualization, J.L.; methodology, J.L., R.D., Q.Z. and V.M.; validation,
J.L., R.D., Q.Z. and V.M.; formal analysis, V.M., C.L., R.D., Q.Z. and J.L.; investigation, V.M.; resources,
J.L.; data curation, V.M., R.D., Q.Z. and J.L.; writing—original draft preparation, V.M.; J.L. and V.G.J.R.;
writing—review and editing, J.L.; visualization, V.M., R.D. and Q.Z.; supervision, J.L. and V.G.J.R.;
revison, V.G.J.R.; funding acquisition, J.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was partially funded by the UCR Academic Senate Research Grant and Attaisina
Gift grant to J.L.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data can be available upon request to J.L. at Jiayu.liao@ucr.edu.



Viruses 2023, 15, 1600 15 of 17

Acknowledgments: We appreciate Zhehao Xiong and George Way for their pioneer work in SUMOy-
lation inhibitor for IAV and IBV studies.

Conflicts of Interest: The J.L. laboratory has received research support from Attaisina. J.L., R.D. and
V.M. are inventors on patents and patent applications on using SUMOylation inhibitor for virus
infections and cancer, owned by the University of California at Riverside, outside of the reported
work. The funders had no role in the study’s design; in the collection, analyses, or interpretation of
data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Cubuk, J.; Alston, J.J.; Incicco, J.J.; Singh, S.; Stuchell-Brereton, M.D.; Ward, M.D.; Zimmerman, M.I.; Vithani, N.; Griffith, D.;

Wagoner, J.A.; et al. The SARS-CoV-2 nucleocapsid protein is dynamic, disordered, and phase separates with RNA. Nat. Commun.
2021, 12, 1936. [CrossRef]

2. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.;
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271–280.e278. [CrossRef]

3. He, R.; Leeson, A.; Ballantine, M.; Andonov, A.; Baker, L.; Dobie, F.; Li, Y.; Bastien, N.; Feldmann, H.; Strocher, U.; et al.
Characterization of protein-protein interactions between the nucleocapsid protein and membrane protein of the SARS coronavirus.
Virus Res. 2004, 105, 121–125. [CrossRef]

4. Luo, H.; Chen, J.; Chen, K.; Shen, X.; Jiang, H. Carboxyl terminus of severe acute respiratory syndrome coronavirus nucleocapsid
protein: Self-association analysis and nucleic acid binding characterization. Biochemistry 2006, 45, 11827–11835. [CrossRef]

5. Chang, C.K.; Hou, M.H.; Chang, C.F.; Hsiao, C.D.; Huang, T.H. The SARS coronavirus nucleocapsid protein--forms and functions.
Antivir. Res. 2014, 103, 39–50. [CrossRef]

6. Lu, S.; Ye, Q.; Singh, D.; Cao, Y.; Diedrich, J.K.; Yates, J.R., III; Villa, E.; Cleveland, D.W.; Corbett, K.D. The SARS-CoV-2
nucleocapsid phosphoprotein forms mutually exclusive condensates with RNA and the membrane-associated M protein. Nat.
Commun. 2021, 12, 502. [CrossRef]

7. Carlson, C.R.; Asfaha, J.B.; Ghent, C.M.; Howard, C.J.; Hartooni, N.; Safari, M.; Frankel, A.D.; Morgan, D.O. Phosphoregulation of
Phase Separation by the SARS-CoV-2 N Protein Suggests a Biophysical Basis for its Dual Functions. Mol. Cell 2020, 80, 1092–1103.e1094.
[CrossRef]

8. Savastano, A.; Ibanez de Opakua, A.; Rankovic, M.; Zweckstetter, M. Nucleocapsid protein of SARS-CoV-2 phase separates into
RNA-rich polymerase-containing condensates. Nat. Commun. 2020, 11, 6041. [CrossRef] [PubMed]

9. Yao, H.; Song, Y.; Chen, Y.; Wu, N.; Xu, J.; Sun, C.; Zhang, J.; Weng, T.; Zhang, Z.; Wu, Z.; et al. Molecular Architecture of the
SARS-CoV-2 Virus. Cell 2020, 183, 730–738.e713. [CrossRef]

10. Papa, G.; Mallery, D.L.; Albecka, A.; Welch, L.G.; Cattin-Ortola, J.; Luptak, J.; Paul, D.; McMahon, H.T.; Goodfellow, I.G.;
Carter, A.; et al. Furin cleavage of SARS-CoV-2 Spike promotes but is not essential for infection and cell-cell fusion. PLoS Pathog.
2021, 17, e1009246. [CrossRef] [PubMed]

11. Tung, H.Y.L.; Limtung, P. Mutations in the phosphorylation sites of SARS-CoV-2 encoded nucleocapsid protein and structure
model of sequestration by protein 14-3-3. Biochem. Biophys. Res. Commun. 2020, 532, 134–138. [CrossRef] [PubMed]

12. Surjit, M.; Kumar, R.; Mishra, R.N.; Reddy, M.K.; Chow, V.T.; Lal, S.K. The severe acute respiratory syndrome coronavirus nucleocapsid
protein is phosphorylated and localizes in the cytoplasm by 14-3-3-mediated translocation. J. Virol. 2005, 79, 11476–11486. [CrossRef]
[PubMed]

13. You, J.; Dove, B.K.; Enjuanes, L.; DeDiego, M.L.; Alvarez, E.; Howell, G.; Heinen, P.; Zambon, M.; Hiscox, J.A. Subcellular
localization of the severe acute respiratory syndrome coronavirus nucleocapsid protein. J. Gen. Virol. 2005, 86 Pt 12, 3303–3310.
[CrossRef]

14. Timani, K.A.; Liao, Q.; Ye, L.; Zeng, Y.; Liu, J.; Zheng, Y.; Ye, L.; Yang, X.; Lingbao, K.; Gao, J.; et al. Nuclear/nucleolar localization
properties of C-terminal nucleocapsid protein of SARS coronavirus. Virus Res. 2005, 114, 23–34. [CrossRef] [PubMed]

15. Surjit, M.; Lal, S.K. The SARS-CoV nucleocapsid protein: A protein with multifarious activities. Infect. Genet. Evol. 2008,
8, 397–405. [CrossRef]

16. Kopecky-Bromberg, S.A.; Martinez-Sobrido, L.; Frieman, M.; Baric, R.A.; Palese, P. Severe acute respiratory syndrome coronavirus
open reading frame (ORF) 3b, ORF 6, and nucleocapsid proteins function as interferon antagonists. J. Virol. 2007, 81, 548–557.
[CrossRef] [PubMed]

17. Mu, J.; Fang, Y.; Yang, Q.; Shu, T.; Wang, A.; Huang, M.; Jin, L.; Deng, F.; Qiu, Y.; Zhou, X. SARS-CoV-2 N protein antagonizes
type I interferon signaling by suppressing phosphorylation and nuclear translocation of STAT1 and STAT2. Cell Discov. 2020,
6, 65. [CrossRef]

18. Li, F.Q.; Xiao, H.; Tam, J.P.; Liu, D.X. Sumoylation of the nucleocapsid protein of severe acute respiratory syndrome coronavirus.
FEBS Lett. 2005, 579, 2387–2396. [CrossRef]

19. Sun, Z.; Ren, K.; Zhang, X.; Chen, J.; Jiang, Z.; Jiang, J.; Ji, F.; Ouyang, X.; Li, L. Mass Spectrometry Analysis of Newly
Emerging Coronavirus HCoV-19 Spike Protein and Human ACE2 Reveals Camouflaging Glycans and Unique Post-Translational
Modifications. Engineering 2021, 7, 1441–1451. [CrossRef]

https://doi.org/10.1038/s41467-021-21953-3
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.virusres.2004.05.002
https://doi.org/10.1021/bi0609319
https://doi.org/10.1016/j.antiviral.2013.12.009
https://doi.org/10.1038/s41467-020-20768-y
https://doi.org/10.1016/j.molcel.2020.11.025
https://doi.org/10.1038/s41467-020-19843-1
https://www.ncbi.nlm.nih.gov/pubmed/33247108
https://doi.org/10.1016/j.cell.2020.09.018
https://doi.org/10.1371/journal.ppat.1009246
https://www.ncbi.nlm.nih.gov/pubmed/33493182
https://doi.org/10.1016/j.bbrc.2020.08.024
https://www.ncbi.nlm.nih.gov/pubmed/32829876
https://doi.org/10.1128/JVI.79.17.11476-11486.2005
https://www.ncbi.nlm.nih.gov/pubmed/16103198
https://doi.org/10.1099/vir.0.81076-0
https://doi.org/10.1016/j.virusres.2005.05.007
https://www.ncbi.nlm.nih.gov/pubmed/15992957
https://doi.org/10.1016/j.meegid.2007.07.004
https://doi.org/10.1128/JVI.01782-06
https://www.ncbi.nlm.nih.gov/pubmed/17108024
https://doi.org/10.1038/s41421-020-00208-3
https://doi.org/10.1016/j.febslet.2005.03.039
https://doi.org/10.1016/j.eng.2020.07.014


Viruses 2023, 15, 1600 16 of 17

20. Miyawaki, A. Development of probes for cellular functions using fluorescent proteins and fluorescence resonance energy transfer.
Annu. Rev. Biochem. 2011, 80, 357–373. [CrossRef]

21. Sun, Y.; Wallrabe, H.; Seo, S.A.; Periasamy, A. FRET microscopy in 2010: The legacy of Theodor Forster on the 100th anniversary
of his birth. Chemphyschem 2011, 12, 462–474. [CrossRef] [PubMed]

22. Erickson, M.G.; Alseikhan, B.A.; Peterson, B.Z.; Yue, D.T. Preassociation of calmodulin with voltage-gated Ca(2+) channels
revealed by FRET in single living cells. Neuron 2001, 31, 973–985. [CrossRef]

23. Martin, S.F.; Tatham, M.H.; Hay, R.T.; Samuel, I.D. Quantitative analysis of multi-protein interactions using FRET: Application to
the SUMO pathway. Protein Sci. 2008, 17, 777–784. [CrossRef] [PubMed]

24. Mehta, K.; Hoppe, A.D.; Kainkaryam, R.; Woolf, P.J.; Linderman, J.J. A computational approach to inferring cellular protein-
binding affinities from quantitative fluorescence resonance energy transfer imaging. Proteomics 2009, 9, 5371–5383. [CrossRef]
[PubMed]

25. Song, Y.; Madahar, V.; Liao, J. Development of FRET Assay into Quantitative and High-throughput Screening Technology
Platforms for Protein-Protein Interactions. Ann. Biomed. Eng. 2011, 39, 1224–1234. [CrossRef]

26. Song, Y.; Rodgers, V.G.; Schultz, J.S.; Liao, J. Protein interaction affinity determination by quantitative FRET technology. Biotechnol.
Bioeng. 2012, 109, 2875–2883. [CrossRef]

27. Jiang, L.; Xiong, Z.; Song, Y.; Lu, Y.; Chen, Y.; Schultz, J.S.; Li, J.; Liao, J. Protein-Protein Affinity Determination by Quantitative
FRET Quenching. Sci. Rep. 2019, 9, 2050. [CrossRef]

28. Liao, J.; Madahar, V.; Dang, R.; Jiang, L. Quantitative FRET (qFRET) Technology for the Determination of Protein-Protein
Interaction Affinity in Solution. Molecules 2021, 26, 6339. [CrossRef]

29. Merrill, J.C.; Melhuish, T.A.; Kagey, M.H.; Yang, S.H.; Sharrocks, A.D.; Wotton, D. A role for non-covalent SUMO interaction
motifs in Pc2/CBX4 E3 activity. PLoS ONE 2010, 5, e8794. [CrossRef]

30. Arriagada, G.; Muntean, L.N.; Goff, S.P. SUMO-interacting motifs of human TRIM5alpha are important for antiviral activity.
PLoS Pathog. 2011, 7, e1002019. [CrossRef]

31. Ptak, C.; Wozniak, R.W. SUMO and Nucleocytoplasmic Transport. Adv. Exp. Med. Biol. 2017, 963, 111–126. [CrossRef] [PubMed]
32. Rodriguez, J.A. Interplay between nuclear transport and ubiquitin/SUMO modifications in the regulation of cancer-related

proteins. Semin Cancer Biol. 2014, 27, 11–19. [CrossRef] [PubMed]
33. Zhao, Q.; Xie, Y.; Zheng, Y.; Jiang, S.; Liu, W.; Mu, W.; Liu, Z.; Zhao, Y.; Xue, Y.; Ren, J. GPS-SUMO: A tool for the prediction of

sumoylation sites and SUMO-interaction motifs. Nucleic Acids Res. 2014, 42, W325–W330. [CrossRef]
34. Beauclair, G.; Bridier-Nahmias, A.; Zagury, J.F.; Saib, A.; Zamborlini, A. JASSA: A comprehensive tool for prediction of

SUMOylation sites and SIMs. Bioinformatics 2015, 31, 3483–3491. [CrossRef]
35. Prussia, A.; Thepchatri, P.; Snyder, J.P.; Plemper, R.K. Systematic approaches towards the development of host-directed antiviral

therapeutics. Int. J. Mol. Sci. 2011, 12, 4027–4052. [CrossRef]
36. de Chassey, B.; Meyniel-Schicklin, L.; Aublin-Gex, A.; Andre, P.; Lotteau, V. New horizons for antiviral drug discovery from

virus-host protein interaction networks. Curr. Opin. Virol. 2012, 2, 606–613. [CrossRef]
37. Ma-Lauer, Y.; Lei, J.; Hilgenfeld, R.; von Brunn, A. Virus-host interactomes--antiviral drug discovery. Curr. Opin. Virol. 2012,

2, 614–621. [CrossRef] [PubMed]
38. Prasad, M.; Ranjan, K.; Brar, B.; Shah, I.; Lalmbe, U.; Manimegalai, J.; Vashisht, B.; Gaury, M.; Kumar, P.; Khurana, S.K.; et al.

Virus-Host Interactions: New Insights and Advances in Drug Development Against Viral Pathogens. Curr. Drug Metab. 2017,
18, 942–970. [CrossRef]

39. Liao, J.; Way, G.; Madahar, V. Target Virus or Target Ourselves for COVID-19 Drugs Discovery?-Lessons learned from anti-
influenzas virus therapies. Med. Drug Discov. 2020, 5, 100037. [CrossRef]

40. Wimmer, P.; Schreiner, S.; Dobner, T. Human pathogens and the host cell SUMOylation system. J. Virol. 2012, 86, 642–654.
[CrossRef]

41. Everett, R.D.; Boutell, C.; Hale, B.G. Interplay between viruses and host sumoylation pathways. Nat. Rev. Microbiol. 2013,
11, 400–411. [CrossRef] [PubMed]

42. Lowrey, A.J.; Cramblet, W.; Bentz, G. Viral manipulation of the cellular sumoylation machinery. Cell Commun. Signal. 2017,
15, 27–41. [CrossRef] [PubMed]

43. Narayanan, K.; Kim, K.H.; Makino, S. Characterization of N protein self-association in coronavirus ribonucleoprotein complexes.
Virus Res. 2003, 98, 131–140. [CrossRef]

44. Surjit, M.; Liu, B.; Kumar, P.; Chow, V.T.; Lal, S.K. The nucleocapsid protein of the SARS coronavirus is capable of self-association
through a C-terminal 209 amino acid interaction domain. Biochem. Biophys. Res. Commun. 2004, 317, 1030–1036. [CrossRef]
[PubMed]

45. Yu, I.M.; Gustafson, C.L.; Diao, J.; Burgner, J.W., II; Li, Z.; Zhang, J.; Chen, J. Recombinant severe acute respiratory syndrome
(SARS) coronavirus nucleocapsid protein forms a dimer through its C-terminal domain. J. Biol. Chem. 2005, 280, 23280–23286.
[CrossRef]

46. Rowland, R.R.; Chauhan, V.; Fang, Y.; Pekosz, A.; Kerrigan, M.; Burton, M.D. Intracellular localization of the severe acute
respiratory syndrome coronavirus nucleocapsid protein: Absence of nucleolar accumulation during infection and after expression
as a recombinant protein in vero cells. J. Virol. 2005, 79, 11507–11512. [CrossRef]

https://doi.org/10.1146/annurev-biochem-072909-094736
https://doi.org/10.1002/cphc.201000664
https://www.ncbi.nlm.nih.gov/pubmed/21344587
https://doi.org/10.1016/S0896-6273(01)00438-X
https://doi.org/10.1110/ps.073369608
https://www.ncbi.nlm.nih.gov/pubmed/18359863
https://doi.org/10.1002/pmic.200800494
https://www.ncbi.nlm.nih.gov/pubmed/19834887
https://doi.org/10.1007/s10439-010-0225-x
https://doi.org/10.1002/bit.24564
https://doi.org/10.1038/s41598-018-35535-9
https://doi.org/10.3390/molecules26216339
https://doi.org/10.1371/journal.pone.0008794
https://doi.org/10.1371/journal.ppat.1002019
https://doi.org/10.1007/978-3-319-50044-7_7
https://www.ncbi.nlm.nih.gov/pubmed/28197909
https://doi.org/10.1016/j.semcancer.2014.03.005
https://www.ncbi.nlm.nih.gov/pubmed/24704338
https://doi.org/10.1093/nar/gku383
https://doi.org/10.1093/bioinformatics/btv403
https://doi.org/10.3390/ijms12064027
https://doi.org/10.1016/j.coviro.2012.09.001
https://doi.org/10.1016/j.coviro.2012.09.003
https://www.ncbi.nlm.nih.gov/pubmed/23057872
https://doi.org/10.2174/1389200218666170925115132
https://doi.org/10.1016/j.medidd.2020.100037
https://doi.org/10.1128/JVI.06227-11
https://doi.org/10.1038/nrmicro3015
https://www.ncbi.nlm.nih.gov/pubmed/23624814
https://doi.org/10.1186/s12964-017-0183-0
https://www.ncbi.nlm.nih.gov/pubmed/28705221
https://doi.org/10.1016/j.virusres.2003.08.021
https://doi.org/10.1016/j.bbrc.2004.03.154
https://www.ncbi.nlm.nih.gov/pubmed/15094372
https://doi.org/10.1074/jbc.M501015200
https://doi.org/10.1128/JVI.79.17.11507-11512.2005


Viruses 2023, 15, 1600 17 of 17

47. Matunis, M.J.; Coutavas, E.; Blobel, G. A novel ubiquitin-like modification modulates the partitioning of the Ran-GTPase-
activating protein RanGAP1 between the cytosol and the nuclear pore complex. J. Cell Biol. 1996, 135 Pt 1, 1457–1470. [CrossRef]

48. Erazo, T.; Espinosa-Gil, S.; Dieguez-Martinez, N.; Gomez, N.; Lizcano, J.M. SUMOylation Is Required for ERK5 Nuclear
Translocation and ERK5-Mediated Cancer Cell Proliferation. Int. J. Mol. Sci. 2020, 21, 2203. [CrossRef]

49. Terui, Y.; Saad, N.; Jia, S.; McKeon, F.; Yuan, J. Dual role of sumoylation in the nuclear localization and transcriptional activation
of NFAT1. J. Biol. Chem. 2004, 279, 28257–28265. [CrossRef]

50. Du, J.X.; Bialkowska, A.B.; McConnell, B.B.; Yang, V.W. SUMOylation regulates nuclear localization of Kruppel-like factor 5.
J. Biol. Chem. 2008, 283, 31991–32002. [CrossRef]

51. Liao, J.Y.; Song, Y.; Liu, Y. A new trend to determine biochemical parameters by quantitative FRET assays. Acta Pharmacol. Sin.
2015, 36, 1408–1415. [CrossRef] [PubMed]

52. Way, G.; Xiong, Z.; Wang, G.; Dai, H.; Zheng, S.; Garcia-Sastre, A.; Liao, J. A novel SUMOylation site in the influenza a virus NS1
protein identified with a highly sensitive FRET assay. J. Biotechnol. 2020, 323, 121–127. [CrossRef] [PubMed]

53. Kaci, A.; Keindl, M.; Solheim, M.H.; Njolstad, P.R.; Bjorkhaug, L.; Aukrust, I. The E3 SUMO ligase PIASgamma is a novel
interaction partner regulating the activity of diabetes associated hepatocyte nuclear factor-1alpha. Sci. Rep. 2018, 8, 12780.
[CrossRef] [PubMed]

54. Galanty, Y.; Belotserkovskaya, R.; Coates, J.; Polo, S.; Miller, K.M.; Jackson, S.P. Mammalian SUMO E3-ligases PIAS1 and PIAS4
promote responses to DNA double-strand breaks. Nature 2009, 462, 935–939. [CrossRef]

55. Chanda, A.; Chan, A.; Deng, L.; Kornaga, E.N.; Enwere, E.K.; Morris, D.G.; Bonni, S. Identification of the SUMO E3 ligase PIAS1
as a potential survival biomarker in breast cancer. PLoS ONE 2017, 12, e0177639. [CrossRef] [PubMed]

56. Nguyen, A.W.; Daugherty, P.S. Evolutionary optimization of fluorescent proteins for intracellular FRET. Nat. Biotechnol. 2005,
23, 355–360. [CrossRef]

57. Algar, W.R.; Hildebrandt, N.; Vogel, S.S.; Medintz, I.L. FRET as a biomolecular research tool-understanding its potential while
avoiding pitfalls. Nat. Methods 2019, 16, 815–829. [CrossRef]

58. Chen, T.; He, B.; Tao, J.; He, Y.; Deng, H.; Wang, X.; Zheng, Y. Application of Forster Resonance Energy Transfer (FRET) technique
to elucidate intracellular and In Vivo biofate of nanomedicines. Adv. Drug Deliv. Rev. 2019, 143, 177–205. [CrossRef]

59. Liu, Y.; Song, Y.; Jiang, L.; Liao, J. Quantitative analysis of FRET assay in biology. Front. Biol. 2012, 7, 57–64. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1083/jcb.135.6.1457
https://doi.org/10.3390/ijms21062203
https://doi.org/10.1074/jbc.M403153200
https://doi.org/10.1074/jbc.M803612200
https://doi.org/10.1038/aps.2015.82
https://www.ncbi.nlm.nih.gov/pubmed/26567729
https://doi.org/10.1016/j.jbiotec.2020.08.009
https://www.ncbi.nlm.nih.gov/pubmed/32822681
https://doi.org/10.1038/s41598-018-29448-w
https://www.ncbi.nlm.nih.gov/pubmed/30143652
https://doi.org/10.1038/nature08657
https://doi.org/10.1371/journal.pone.0177639
https://www.ncbi.nlm.nih.gov/pubmed/28493978
https://doi.org/10.1038/nbt1066
https://doi.org/10.1038/s41592-019-0530-8
https://doi.org/10.1016/j.addr.2019.04.009
https://doi.org/10.1007/s11515-011-1164-0

	Introduction 
	Materials and Methods 
	Expression and Purification of SUMOylation Enzymes and SARS-CoV-2 N Protein 
	In Vitro SUMOylation Assay 
	Mass Spectrometry Analysis to Determine SUMO-Modified Lysine on N Protein 
	LTQ Orbitrap Xl Loading and Run 
	Bioinformatic Analysis of MS Data 
	Validation of SUMOylation Sites of SARS-CoV-2 N Protein Using Engineered SUMO1 Peptide 
	Construction and Design of N Protein Lysine to Arginine Mutants 
	In Vitro SUMOylation with qFRET Reporter for N Protein Mutants 
	KD Determination of SUMOylated or Not-SUMOylated N Proteins Using qFRET 
	SARS-CoV-2 N Protein Aggregation Assay with or without SUMO Modification 
	Cellular Translocation of N Protein 
	Statistical Analysis 

	Results 
	In Vitro qFRET Assay for SUMOylation of SARS-CoV-2 N Protein 
	Mass Spectrometry Analysis to Determine SUMO Modified Lysine on SARS-CoV-2 N Protein 
	qFRET Assay for In Vitro SUMOylation Assay of N Protein Mutants 
	KD Determination of SUMOylated or Not SUMOylated N Protein Using qFRET 
	Nucleus Translocation of N Protein 

	Discussion 
	References

