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Abstract 25 

The SARS-CoV-2 nucleocapsid (N) protein plays critical roles in viral genome replication 26 

and virion assembly. Although the N protein is extensively phosphorylated within its central 27 

Ser/Arg-rich region by glycogen synthase kinase-3 (GSK-3), the functional significance and 28 

dynamic regulation of its phosphorylation state during the viral life cycle remain 29 

incompletely understood. Here, we show that N phosphorylation is essential for productive 30 

SARS-CoV-2 infection. Mechanistically, phosphorylation was dispensable for viral RNA 31 

replication, but was required for the interaction of N with the viral nonstructural protein 3 32 

(nsp3), a double-membrane vesicle (DMV)-associated protein involved in nascent viral 33 

RNA export. This interaction promoted the recruitment of N to DMVs for viral RNA 34 

packaging. In contrast, mature virions predominantly contained dephosphorylated N, 35 

indicating that N undergoes a phosphorylation-to-dephosphorylation transition during virion 36 

morphogenesis. Consistently, dephosphorylated N preferentially interacted with the viral 37 

membrane (M) protein and accumulated in the ERGIC, the site of virion assembly, 38 

suggesting that N dephosphorylation promotes the transition from DMV-associated RNA 39 

packaging to ERGIC-associated virion assembly. We further identified protein phosphatase 40 

1 (PP1) as the principal host phosphatase that directly catalyzes N dephosphorylation. 41 

Genetic depletion or pharmacological inhibition of PP1 markedly impaired both SARS-CoV-42 

2 trVLP and authentic SARS-CoV-2 infection. Mechanistically, PP1 recognized N through 43 

a conserved RVxF motif within the N-terminal region of N, and disruption of this interaction 44 

abolished efficient N dephosphorylation and severely compromised viral infection. Together, 45 

our findings define a phosphorylation-dephosphorylation switch that coordinates distinct 46 

functions of the SARS-CoV-2 N protein during infection and identify the PP1-N axis as a 47 

potential antiviral target. 48 
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Introduction  52 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), an enveloped RNA 53 

virus, is the causative agent of COVID-19 (1-3). Although significant advancements in 54 

diagnosis, prevention, and treatment have been made, our understanding of the molecular 55 

mechanisms governing the SARS-CoV-2 life cycle remains incomplete. Moreover, the high 56 

mutation rate of the virus contributes to the ongoing emergence of new variants, posing 57 

continual challenges for global public health and antiviral development (4-7). Elucidating 58 

the molecular processes essential to virus infection is therefore critical for the development 59 

of broad-spectrum antivirals, as well as for preparing for future coronavirus outbreaks (8, 60 

9). 61 

SARS-CoV-2 belongs to the betacoronavirus family and has a positive-sense, single-62 

stranded RNA genome of approximately 30 kb. The 5′-proximal two-thirds of the genome 63 

encodes two polyproteins (pp1a and pp1ab), which are proteolytically processed into 16 64 

nonstructural proteins (nsps) responsible for viral RNA synthesis (10). Among these, nsp3 65 

and nsp4 play critical roles in remodeling host membranes to generate double-membrane 66 

vesicles (DMVs), which serve as platforms for viral genome replication by the nsp7/8/12 67 

polymerase complex (11-15). The remaining portion of the genome encodes accessory 68 

proteins and four structural proteins: spike (S), envelope (E), membrane (M), and 69 

nucleocapsid (N) that mediate virion assembly and host cell interactions. After genome 70 

replication in the DMVs, the newly synthesized viral RNA genome is exported from the 71 

DMVs through nsp3-associated membrane pores into the cytosol, where it is packaged by 72 

the N protein to form ribonucleoprotein complexes (RNPs) (11, 12, 16-18). These RNPs 73 

are subsequently transported to the endoplasmic reticulum-Golgi intermediate 74 

compartment (ERGIC), where interactions between the N protein in RNPs and the M 75 

protein drive virion assembly and egress (17, 19, 20). Although the replication steps of 76 

SARS-CoV-2 have been extensively studied, the molecular mechanisms orchestrating the 77 

spatial and temporal coordination of RNA packaging and virion assembly remain poorly 78 

defined. 79 
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The SARS-CoV-2 N protein is a structurally heterogeneous, multi-domain protein with 80 

two conserved, independently folded domains: the N-terminal domain (NTD) and the C-81 

terminal domain (CTD). These domains are linked by an intrinsically disordered region 82 

(IDR) called the central linking region (LKR), which includes a Ser/Arg (SR)-rich region with 83 

multiple phosphorylation sites that are extensively modified upon viral entry into host cells 84 

(21-26). Glycogen synthase kinase-3 (GSK-3) is a key mediator of this phosphorylation, 85 

often requiring priming phosphorylation at specific residues (e.g., Ser-188 and Ser-206) by 86 

SR protein kinases (SRPKs) to facilitate hierarchical GSK-3-mediated phosphorylation. 87 

Inhibition or depletion of GSK-3 or SRPKs has been shown to reduce N protein 88 

phosphorylation and suppress SARS-CoV and SARS-CoV-2 infection, implicating these 89 

kinases as potential antiviral targets (21, 27, 28). 90 

Notably, the N protein exists in two major phosphorylation states during the viral life 91 

cycle: it is predominantly phosphorylated within infected cells but appears largely 92 

dephosphorylated within mature virions (28, 29). This observation suggests that reversible 93 

phosphorylation may serve as a regulatory mechanism for distinct functional roles of the N 94 

protein at different stages of the viral cycle. However, the specific contributions of the 95 

phosphorylated versus dephosphorylated states of N and the mechanisms driving their 96 

temporal transition remain largely unknown.  97 

In this study, we delineate a dynamic phosphorylation-dephosphorylation cycle that 98 

temporally regulates N protein function during SARS-CoV-2 infection. We show that 99 

phosphorylation of the N protein is dispensable for genome replication but is essential for 100 

its interaction with nsp3 and its recruitment to the DMVs, where it packages nascent viral 101 

RNA into ribonucleoprotein (RNP) complexes. As infection progresses, N undergoes 102 

dephosphorylation catalyzed by protein phosphatase 1 (PP1), which facilitates its release 103 

from the DMVs and subsequent accumulation at the ERGIC. At this site, the 104 

dephosphorylated form of N interacts with the M protein to drive virion assembly. Notably, 105 

chemical inhibition or genetic depletion of PP1 significantly reduces viral infectivity. 106 

Together, our findings support a model in which phosphorylation directs N protein to DMVs 107 

for RNA packaging into RNP, while subsequent dephosphorylation enables its transition to 108 
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virion assembly. This phosphorylation cycle of N constitutes a critical regulatory switch in 109 

the SARS-CoV-2 life cycle and represents a potential target for antiviral intervention. 110 
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Results 111 

Phosphorylation of the N protein is required for SARS-CoV-2 infection 112 

The SARS-CoV-2 N protein is extensively phosphorylated within a Ser/Arg-rich region 113 

in its central linker domain (21-26). This modification is proposed to involve priming by SR 114 

protein kinases (SRPKs) at Ser-188 and Ser-206, followed by sequential phosphorylation 115 

by GSK-3 (Fig. 1A) (21, 27). To investigate the functional role of N phosphorylation during 116 

infection, we generated alanine substitution mutants at these two sites. Phos-tag assay, 117 

which detects phosphorylation through zinc ion-mediated binding to phosphorylated 118 

residues that retards electrophoretic mobility (30, 31), was used to assess phosphorylation 119 

status. As shown in Fig. 1B, single mutations at Ser-188 or Ser-206 (NS188A or NS206A) 120 

partially reduced N phosphorylation, while the double mutant (NS188A/S206A, hereafter N2A) 121 

completely abolished it (Fig. 1B, upper panel, lane 4). We therefore used the N2A mutant 122 

to dissect the role of N phosphorylation in the viral life cycle. 123 

To this end, we employed an N-based trans-complementation system in which a 124 

modified SARS-CoV-2 genome, with the N gene replaced by GFP (SARS-CoV-2 N/GFP), 125 

was transfected into Caco-2 cells stably expressing N via lentiviral transduction (Caco-2-126 

N). This system produces transcription- and replication-competent virus-like particles 127 

(trVLP) capable of completing the full viral life cycle in Caco-2-N cells (32, 33). To assess 128 

the impact of N phosphorylation, we transduced Caco-2 cells with WT N or 129 

phosphorylation-defective mutants (NS188A, NS206A, or N2A), then infected them with SARS-130 

CoV-2 trVLP (MOI=0.01). GFP expression and progeny virus production were evaluated 131 

at 20 h post-infection (hpi) (Fig. 1C). The S188A and S206A mutations markedly reduced 132 

GFP-positive cells from 49.6% (WT N) to 18% and 12%, respectively, while the N2A mutant 133 

nearly abolished GFP expression (0.39%) (Fig.1D and 1E). Consistently, viral titer was 134 

reduced by 5-to 10-fold in cells expressing the NS188A or NS206A mutant, and were 135 

undetectable in cells expressing N2A mutant (Fig.1F). Collectively, these results 136 

demonstrate that N phosphorylation is essential for productive SARS-CoV-2 infection. 137 

 138 
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N protein phosphorylation is dispensable for viral genome replication but required 139 

for its interaction with nsp3 140 

To assess whether N protein phosphorylation influences viral RNA replication, we used 141 

a SARS-CoV-2 replicon system (34-36). The replicon encodes a BSD-2A-Gluc reporter in 142 

place of the spike, E, and M genes, and carries a stop codon (TAA) in place of the N gene 143 

start codon (ATG) (SARS-CoV-2 BSD-2A-GlucN replicon) (Fig. 2A). Caco-2 cells 144 

expressing either WT N or the phosphorylation-deficient N2A mutant were transfected with 145 

the SARS-CoV-2 BSD-2A-GlucN replicon RNA, and cell culture medium was collected at 146 

12, 36, and 60 h post-transfection (hpt). At 12 and 36 hs, cells were washed and 147 

replenished with fresh medium, which was also collected. Gluc activity in all samples was 148 

measured to evaluate viral RNA replication (Fig. 2B). As a negative control, we used a 149 

repliconSAA with mutated RNA-dependent RNA polymerase (nsp12) catalytic residues 150 

(759-761aa, SDD to SAA), rendering it inactive (15). Although WT N enhanced replicon 151 

replication by approximately fivefold compared with control cells, comparable Gluc activity 152 

was observed between WT N- and N2A-expressing cells, indicating that the replication-153 

promoting function of N is independent of its phosphorylation state (Fig. 2B). 154 

Having shown that N protein phosphorylation is dispensable for viral genome 155 

replication, we next investigated its role in post-replication events. Viral RNA replication 156 

occurs within double-membrane vesicles (DMVs), and nascent RNA is subsequently 157 

exported through a channel formed by nsp3 (11, 12, 16). Previous studies have shown that 158 

N interacts with the Ubl1 domain of nsp3, suggesting a potential role for this interaction in 159 

recruiting N to DMVs during viral RNA packaging (37-39). To determine whether N 160 

phosphorylation affects this interaction, we co-transfected HEK293T cells with HA-tagged 161 

nsp31-206 (amino acids 1-206, containing the Ubl1 and HVR domains) and either N-Flag or 162 

N2A-Flag. Co-immunoprecipitation assays revealed that WT N-Flag efficiently interacted 163 

with nsp3, whereas the interaction with N2A-Flag mutant failed to do so (Fig. 2C-D), 164 

indicating that N phosphorylation is required for the N-nsp3 interaction.  165 

GSK-3, including the GSK-3 and GSK-3isoforms, has previously been implicated 166 

in N phosphorylation (21, 27, 28). To determine whether GSK-3-mediated phosphorylation 167 
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regulates the N-nsp3 interaction, we generated HEK293T knockout cells lacking GSK-3, 168 

GSK-3, or both isoforms using CRISPR/Cas9. Deletion of either GSK-3 or GSK-3 alone 169 

had little effect on the N-nsp3 interaction (Fig. 2E, lanes 3-5). In contrast, simultaneous 170 

knockout of both isoforms markedly impaired N binding to nsp3 (Fig. 2E, lanes 1-2), 171 

suggesting that GSK-3 and GSK-3 redundantly phosphorylate N to promote its 172 

interaction with nsp3. Consistent with this observation, individual loss of GSK-3 or GSK-173 

3 in Caco-2-N cells had minimal effects on SARS-CoV-2 trVLP infection, whereas double 174 

knockout of both isoforms substantially impaired infection (Fig. S1A-B). To further validate 175 

these findings, we examined the subcellular localization of N and nsp3 by confocal 176 

microscopy. WT N showed strong co-localization with nsp3 (r=0.68), whereas N2A 177 

displayed minimal spatial overlap with nsp3 (r=−0.15) (Fig. 2F). Together, these results 178 

demonstrate that N phosphorylation is dispensable for viral RNA replication but is essential 179 

for the interaction of N with nsp3 and its recruitment to DMVs. 180 

N protein switches from phosphorylated to dephosphorylated state to coordinate 181 

relocation to the ERGIC for virion assembly 182 

Previous studies have suggested that the N protein incorporated into SARS-CoV-2 183 

virions is primarily dephosphorylated (28, 29). Consistent with this, we purified authentic 184 

SARS-CoV-2 virions as well as SARS-CoV-2 trVLPs (parental strain and the Alpha, 185 

Gamma, Delta variants) to analyze the phosphorylation status of the N protein. WT N and 186 

N2A, transfected into cells, served as controls representing phosphorylated and 187 

dephosphorylated forms, respectively. In both virion types, N was predominantly 188 

dephosphorylated (Fig. 3A, lanes 1-2; Fig.S2), consistent with the N2A migration pattern 189 

(Fig. 3A, lane 3). These findings suggest that while N protein requires phosphorylation to 190 

interact with nsp3 and package nascent viral RNA at DMVs, it is subsequently 191 

dephosphorylated prior to incorporation into virions. These findings indicate that although 192 

N protein requires phosphorylation to interact with nsp3 and package nascent viral RNA at 193 

DMVs, N is largely dephosphorylated in mature virions, implying a phosphorylation-to-194 

dephosphorylation transition after RNA encapsidation and before virion assembly. 195 
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To determine when this transition occurs, we infected Caco-2-N cells with SARS-CoV-196 

2 trVLPs and monitored N phosphorylation dynamics over time. During the first 6 hours 197 

post-infection, N remained predominantly phosphorylated (Fig. 3B, lanes 4-5). By 12 198 

hours, spike protein became detectable, coinciding with the appearance of 199 

dephosphorylated N. As infection progressed, an increasing proportion of N transitioned to 200 

the dephosphorylated state, and by 21 hours, the dephosphorylated form of N became 201 

dominant (Fig. 3B, lanes 6-10). 202 

We observed a similar pattern in Caco-2-N cells infected with authentic SARS-CoV-2. 203 

Spike became detectable around 8 hs post-infection and was accompanied by a gradual 204 

transition of N toward dephosphorylated form (Fig. 3C, lanes 7-9 vs. 5-6). To determine if 205 

this transition occurs in cells without N overexpression, we infected Caco-2 cells with 206 

SARS-CoV-2. Spike and N proteins were first detected at 8 hours post-infection, with N 207 

already primarily dephosphorylated, a state that persisted throughout later infection stages 208 

(Fig. 3D, lanes 7-9 vs. 5-6). A similar pattern was also observed in SARS-CoV-2-infected 209 

Calu-3 cells (Fig. S3), indicating that the progressive dephosphorylation of N during 210 

infection is not cell type-specific. 211 

Since virion assembly occurs at the ERGIC (17, 19), we next assessed the 212 

phosphorylation state of N in this compartment in ERGIC fractions purified from SARS-213 

CoV-2 infected Caco-2-N (Fig. 3E). The identity and purity of ERGIC fractions were 214 

confirmed by enrichment of the ERGIC marker ERGIC53 and the absence of 215 

contamination by Golgi (GM130) or autophagosome (ATG9A) markers (40). N in the 216 

ERGIC was predominantly dephosphorylated, and spike protein was also present, 217 

indicating active virion assembly at this site (Fig. 3F). We further investigated whether N 218 

dephosphorylation facilitates interaction with the membrane (M) protein, a key structural 219 

component that bridges RNP and other viral structural proteins during assembly (19, 20). 220 

Co-immunoprecipitation assays reveals that the unphosphorylated N2A mutant strongly 221 

interacted with M, whereas WT N, which remains mostly phosphorylated, exhibited limited 222 

binding (Fig. 3G). This suggests that N dephosphorylation is required for efficient 223 

engagement with M, a critical step in virion assembly. 224 
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Together, these findings support a model in which phosphorylated N associates with 225 

DMV via binding with nsp3 to package nascent viral RNA into RNPs. After RNP formation, 226 

N undergoes dephosphorylation, facilitating its release from DMVs and recruitment to the 227 

ERGIC, where it interacts with M protein and other structural proteins to drive virion 228 

assembly. 229 

PP1 specifically and directly catalyzes N protein dephosphorylation 230 

Given that N protein undergoes dephosphorylation prior to virion assembly, we next 231 

sought to identify the phosphatase responsible for this process. As N is phosphorylated on 232 

serine/threonine residues (Fig. 1A), we hypothesized that a serine/threonine (S/T) 233 

phosphatase would mediate this step and be functionally important for SARS-CoV-2 234 

infection (Fig. 4A). The human genome encodes 30 such phosphatases: 10 from the 235 

phosphoprotein phosphatase (PPP) family and 20 from the metal-dependent protein 236 

phosphatase (PPM) family (Fig. 4B) (41). 237 

To identify the phosphatase responsible for N dephosphorylation, we reasoned that 238 

such an enzyme would be functionally important for productive viral infection. We therefore 239 

performed a focused CRISPR/Cas9 screen in Caco-2-N cells targeting all 30 240 

serine/threonine phosphatases, with two sgRNAs per gene. ACE2 knockout was included 241 

as a positive control, as ACE2 is required for viral entry (42, 43). Cells were infected with 242 

SARS-CoV-2 trVLP, and GFP expression was measured as a readout of infection efficiency 243 

(Fig. 4C). As expected, ACE2 deletion reduced trVLP infection by approximately 75%. 244 

Knockout of several phosphatases, including PPM1F, PP1, PP2A, PP2B, PP4, and PP6, 245 

partially reduced infection. Notably, PP1 knockout reduced infection by approximately 60% 246 

(Fig. 4C), identifying PP1 as a leading candidate phosphatase required for efficient SARS-247 

CoV-2 infection. 248 

To determine whether PP1 dephosphorylates the N protein, we overexpressed PP1 249 

and additional phosphatases (PPM1F, PP2A, PP2B, PP4, and PP6) in HEK293T cells (Fig. 250 

4D). Among these, only PP1 overexpression significantly shifted N from its phosphorylated 251 

to dephosphorylated form (Fig. 4D, lane 4). This effect depended on PP1 catalytic activity, 252 

as WT PP1 promoted dose-dependent N dephosphorylation, whereas catalytic mutants 253 
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targeting conserved residues, D64N and H248K (44), failed to do so (Fig. 4E, lanes 5-9 254 

vs. 2-3). To further test whether PP1 directly catalyzes N dephosphorylation, we purified 255 

recombinant WT PP1 and its catalytically inactive H248K mutant from E. coli (Fig. S4A-D), 256 

and immunoprecipitated N and N2A proteins expressed in HEK293 cells (Fig. S4E-F). In 257 

vitro dephosphorylation assays showed that WT PP1, but not the inactive H248K mutant, 258 

directly catalyzed dose-dependent dephosphorylation of N (Fig. 4F, lanes 2-6 vs. 7). 259 

Together, these genetic and biochemical results identify PP1 as the principal phosphatase 260 

that directly catalyzes N dephosphorylation and support a model in which PP1-catalyzed 261 

N dephosphorylation promotes the transition of N toward a virion assembly-competent 262 

state. 263 

PP1 is required for efficient SARS-CoV-2 infection 264 

Having established the biochemical role of PP1 in catalyzing N protein 265 

dephosphorylation, we next examined its functional importance during viral infection. PP1 266 

was depleted in Caco-2-N cells using two independent siRNAs, followed by infection with 267 

SARS-CoV-2 trVLP. Infection efficiency was quantified by GFP expression, and progeny 268 

virus production was measured by titration of culture supernatants (Fig. 5A-B). PP1 269 

knockdown markedly reduced trVLP infection, with GFP-positive cells decreasing from 37% 270 

in control cells (non-targeting siRNA control) to 3% or less in PP1-depleted cells (Fig. 5C). 271 

Consistently, progeny virus production was reduced by approximately 116-fold (Fig. 5D). 272 

To validate these findings with authentic virus, PP1 was depleted in parental Caco-2 cells, 273 

which were then infected with SARS-CoV-2 (nCoV-SH01 strain) (Fig. 5E). In line with the 274 

trVLP results, PP1 knockdown significantly impaired authentic SARS-CoV-2 infection, 275 

reducing the percentage of infected cells from 82% to 35% (Fig. 5F-G).  276 

We further tested whether pharmacological inhibition of PP1 suppresses viral infection. 277 

Treatment with okadaic acid, a phosphatase inhibitor targeting PP1 (45), inhibited both 278 

SARS-CoV-2 trVLP infection (IC50=35.2 nM; CC50=404.6 nM) and authentic SARS-CoV-2 279 

infection (IC50=77.3 nM; CC50= 384.1 nM) in a dose-dependent manner, with antiviral 280 

activity observed at concentrations well below those causing cytotoxicity (Fig. 5H-J). 281 

Together, these genetic and pharmacological results demonstrate that PP1 activity is 282 
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required for efficient SARS-CoV-2 infection and support PP1-mediated N 283 

dephosphorylation as a potential antiviral target. 284 

PP1-mediated dephosphorylation of N via an RVxF motif is essential for SARS-CoV-285 

2 infection 286 

Having established the essential role of host PP1 in N protein dephosphorylation and 287 

viral infection (Fig. 5), we next investigated how PP1 recognizes the N protein. PP1 288 

commonly interacts with substrate or regulatory proteins through a conserved RVxF-289 

binding motif (46, 47), which anchors the phosphatase to its targets/ which docks into a 290 

hydrophobic pocket on the phosphatase surface (Fig. 6A-B). Sequence analysis identified 291 

a putative RVxF motif (RITF, residues 14-17) within the N-terminal domain of SARS-CoV-292 

2 N (Fig.6B). AlphaFold-based structural modeling predicted that this motif directly 293 

engages the deep hydrophobic RVxF-binding pocket of PP1comprised of residues Ile169, 294 

Leu243, Phe257, Arg261, Val264, Leu266, Met283, Leu289, Cys291, and Phe293 295 

(48)(Fig.6A), suggesting a potential docking interface required for N dephosphorylation 296 

(49). To validate this model, we introduced I15A and F17A mutations into the RITF motif 297 

(NI15A/F17A) to disrupt PP1 docking. Co-immunoprecipitation assays in HEK293T cells co-298 

expressing PP1 and either WT N or NI15A/F17A mutant demonstrated that the I15A/F17A 299 

mutation substantially weakened the interaction between N and PP1 (Fig. 6D, lane 1 vs. 300 

2). Consistently, Phos-tag analysis revealed that NI15A/F17A protein was much less efficiently 301 

dephosphorylated by PP1 (Fig. 6E, lane 4 vs.5), underscoring the functional requirement 302 

of the RVxF motif for substrate recognition and catalysis. 303 

To determine the impact of this interaction on viral infection, we employed the trVLP 304 

system to compare viral growth kinetics in parental Caco-2 cells, Caco-2-N and Caco-2-305 

NI15A/F17A cells. Cells were infected with trVLP, and viral titers in the supernatants were 306 

measured over time. While trVLPs efficiently propagated in Caco-2-N cells, viral production 307 

was reduced by approximately 30- to 80-fold in Caco-2-NI15A/F17A cells (Fig. 6F). Together, 308 

these results demonstrate that the interaction between PP1 and N via the RVxF motif is 309 

required for efficient N dephosphorylation and is functionally important for productive 310 

SARS-CoV-2 infection.  311 
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Discussion 312 

In this study, we define a phosphorylation-dephosphorylation switch in the SARS-CoV-313 

2 N protein that orchestrates the transition from viral RNA packaging to virion assembly. 314 

We demonstrate that while N phosphorylation is dispensable for genome replication, it is 315 

essential for N interaction with nsp3 at double-membrane vesicles (DMVs), facilitating 316 

ribonucleoprotein (RNP) formation. Subsequently, dephosphorylation of N enables its 317 

release from DMVs and recruitment to ERGIC, where it interacts with the membrane (M) 318 

protein and other structural proteins to drive virion assembly. Importantly, we identify PP1 319 

as the primary host phosphatase responsible for N dephosphorylation, and show that this 320 

process is essential for productive infection (Fig. 7). 321 

Through a combination of CRISPR/Cas9 screening, siRNA knockdown, and 322 

overexpression of phosphatase isoforms, we establish that PP1 mediates N 323 

dephosphorylation. Mechanistically, we show that N harbors a conserved RVxF-like motif 324 

(RITF, residues 14-17) that mediates direct interaction with PP1. Nearly 90% of PP1-325 

interacting proteins bind through such RVxF motifs, which anchor the catalytic subunit to 326 

regulatory or substrate proteins via a hydrophobic groove distant from the active site. 327 

Structural modeling supports that the RITF motif in N docks into this canonical RVxF-328 

binding pocket on PP1, allowing N to serve as a direct substrate. Mutation of this motif 329 

(I15A/F17A) disrupts PP1 binding, abrogates N dephosphorylation, and significantly 330 

impairs viral particle production, underscoring the importance of this interaction for infection. 331 

While most known PP1 holoenzymes involve catalytic subunits paired with regulatory 332 

partners (47, 50-54), our findings, consistent with recent studies on other viral or host 333 

substrates (52, 55, 56), suggest that N may serve dually as a substrate and targeting 334 

module, engaging PP1 directly via the RVxF motif without the need for a regulatory scaffold. 335 

This represents a potentially underappreciated mode of PP1 substrate recognition 336 

exploited by SARS-CoV-2. 337 

Although we observed that N dephosphorylation occurs after RNP formation and 338 

coincides with ERGIC localization, the upstream signals triggering this process remain 339 

elusive. It is unclear how PP1 selectively targets N after RNA packaging is complete. One 340 
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possibility is that compartmentalization, such as the relocalization of N to the ERGIC, 341 

serves as a spatial cue for PP1 access. Alternatively, conformational changes upon RNP 342 

formation may expose the RVxF motif or phospho-sites, enabling PP1 engagement. Co-343 

factors, including viral or host proteins associated with the assembly site, may also 344 

modulate PP1 recruitment or activity. Further investigation is needed to define the precise 345 

timing and regulation of this critical post-translational switch. 346 

From a therapeutic perspective, our findings highlight the potential of host-directed 347 

antiviral strategies targeting PP1-mediated dephosphorylation. Compared to direct-acting 348 

antivirals (DAAs), which face challenges such as resistance due to viral mutations (e.g., in 349 

RdRp or Mpro) (57-61), host-targeted interventions may offer greater durability. Inhibiting 350 

PP1 selectively and at tolerable levels could impair a virus-critical process largely 351 

conserved across coronavirus variants, potentially providing broad-spectrum antiviral 352 

effects. Nonetheless, as PP1 is a central regulator of many cellular processes, future work 353 

must identify strategies that achieve antiviral efficacy while minimizing toxicity. This could 354 

involve disrupting specific PP1-N interactions or targeting unique conformational states, 355 

such as the RVxF interface, as suggested by our structural data. 356 

Beyond its structural role, the SARS-CoV-2 N protein is known to modulate host 357 

antiviral pathways (62, 63). It interacts with key host factors such as G3BP1, inhibits stress 358 

granule formation (64, 65), antagonizes PKR activation (66, 67), and dampens interferon 359 

signaling (63, 68-70). Many of these functions involve protein-protein interactions and 360 

subcellular localization that may be modulated by N’s phosphorylation state. Given our 361 

findings, it will be important to investigate whether phosphorylation also governs N’s roles 362 

in immune evasion, RNA trafficking, or condensate dynamics. These studies could reveal 363 

additional targets for antiviral intervention and enhance understanding of N as a 364 

multifunctional virulence factor. 365 

Finally, the SR-rich region of N, where most phosphorylation sites reside, is a 366 

mutational hotspot in SARS-CoV-2 variants of concern (VOCs) (31, 71). Mutations such as 367 

R203K and G204R, found in Alpha and Omicron lineages, may alter phosphorylation 368 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.06.01.000255. This version posted June 1, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



15 

 

patterns and impact the N-PP1 axis described here. Future work should assess how these 369 

mutations affect N phosphorylation, virion assembly, and fitness, and whether they 370 

modulate sensitivity to PP1 inhibition. Such insights could inform therapeutic strategies 371 

against evolving variants. 372 

In conclusion, we propose a model in which N phosphorylation promotes RNA 373 

packaging at viral replication sites, whereas PP1-mediated dephosphorylation enables the 374 

subsequent transition of N toward the virion assembly machinery. This phosphorylation-375 

dephosphorylation switch coordinates the spatial and temporal functions of N during the 376 

SARS-CoV-2 life cycle and reveals a host-dependent regulatory step that may be exploited 377 

for antiviral intervention.  378 
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Materials and Methods 379 

Cell culture and SARS-CoV-2 virus. HEK293T, Caco-2 and Calu-3 cells were cultured in 380 

Dulbecco’s modified Eagle medium (DMEM; Gibco, NY, USA), supplemented with 10% 381 

fetal bovine serum (FBS), 10 mM HEPES, 1 mM sodium pyruvate, 1× non-essential amino 382 

acids, and 50 IU/ml penicillin-streptomycin. Cells were maintained in a humidified incubator 383 

at 37°C with 5% CO2. The SARS-CoV-2 Wuhan-Hu-1 strain (GenBank accession no. 384 

MN908947) and nCoV-SH01 (GenBank accession no. MT121215) were propagated in 385 

Vero E6 cells. All viral infection experiments were conducted in a biosafety level 3 (BSL-3) 386 

facility. 387 

Plasmid construction and transfection. The lentiCRISPRv2 vector (Addgene, 78852) 388 

was digested with BsaI (NEB, R3733), and annealed sgRNA oligonucleotides were ligated 389 

into the backbone using T4 DNA ligase (NEB, M0202). sgRNA target sequences are listed 390 

in Table S1. Human PPM1F, PP1, PP2A, and PP2B genes were cloned into pLVX-IRES-391 

zsGreen with a C-terminal HA tag. PP4C and PP6C were cloned into the same vector with 392 

an N-terminal HA tag. The SARS-CoV-2 N gene with a C-terminal Flag tag, the M gene 393 

with an N-terminal HA tag, and nsp3 (1-206aa) were also cloned into pLVX-IRES-zsGreen. 394 

Plasmids were assembled using 2×MultiF Seamless Assembly Mix (Abclonal, RK21020), 395 

and all constructs were verified by Sanger sequencing. Transfections were performed 396 

using linear polyethylenimine hydrochloride (Polysciences, 49553-93-7) in Opti-MEM 397 

medium (Thermo Fisher, 11058021) according to the manufacturer’s instructions. 398 

SARS-CoV-2 trVLP production and infection. SARS-CoV-2 trVLPs were produced in 399 

Caco-2 cells expressing SARS-CoV-2 nucleocapsid protein (Caco-2-N) reported in 400 

previous study(32, 33).  401 

TCID50 assay. The infectivity of SARS-CoV-2 trVLPs was determined by the 50% tissue 402 

culture infectious dose (TCID50) endpoint dilution assay (33). Briefly, 1.5 × 104 Caco-2-N 403 

cells were seeded into 96-well plates one day prior to infection. trVLP-containing 404 

supernatants were serially diluted 10-fold in DMEM supplemented with 10% FBS, and 100 405 

μL of each dilution was added to cells in octuplicate wells (final volume, 200 μL per well). 406 
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After incubation at 37 °C for 24 h, GFP-positive wells were scored by fluorescence 407 

microscopy. TCID50 values were calculated using the Reed-Muench method (72). 408 

Construction, in vitro transcription, electroporation and reporter assay of the SARS-409 

CoV-2 replicon. The cDNA fragments of the SARS-CoV-2 BSD-2A-Gluc N replicon was 410 

constructed based on the Wuhan-Hu-1 sequence (MN908947), with the S, ORF3a, E, and 411 

M genes replaced by the BSD-2A-Gluc reporter cassette. Replicon cDNA fragments were 412 

synthesized by GenScript as six overlapping fragments with ~300-bp overlaps and 413 

assembled into pGFCS by transformation-associated recombination cloning as previously 414 

described (73). The assembled replicon plasmid was recovered from yeast and 415 

transformed into E. coli EPI300 for amplification. For in vitro transcription, the pGFCS-416 

SARS-CoV-2 BSD-2A-Gluc N replicon plasmid was linearized with NotI and used as the 417 

template for RNA synthesis with the mMESSAGE mMACHINE T7 Transcription Kit 418 

(Thermo Fisher Scientific). For electroporation, 20 μg replicon RNA and 20 μg N mRNA 419 

were mixed with 8 × 106 Caco-2, Caco-2-N, or Caco-2-N2A cells in 0.4 mL Opti-MEM and 420 

electroporated in a 4-mm cuvette using a Gene Pulser apparatus (Bio-Rad) with a single 421 

pulse at 270 V and 950 μF. At the indicated time points, Gaussia luciferase activity in culture 422 

supernatants was measured using the Renilla Luciferase Assay System (E2820, Promega). 423 

Co-immunoprecipitation and western blotting. HEK293T cells were lysed in NP-40 424 

buffer, and clarified lysates were incubated with anti-Flag M2 or HA-nanobody magnetic 425 

beads. Bound proteins were eluted, separated by SDS-PAGE, and analyzed by 426 

immunoblotting. Detailed procedures were as described previously (74). 427 

Phos-tag SDS-PAGE and immunoblotting assay. Zn2+-Phos-tag SDS-PAGE was 428 

performed as previously described (21). Cells were lysed in NP-40 lysis buffer 429 

supplemented with 1 mM DTT, protease inhibitor cocktail (P8340, Sigma-Aldrich), and 430 

phosphatase inhibitor (B15001, Bimake). Lysates were clarified by centrifugation at 13,000 431 

rpm for 15 min at 4°C, and proteins were precipitated with 10% trichloroacetic acid at 4°C 432 

for 30 min. After centrifugation, pellets were resuspended in 1× Phos-tag SDS-PAGE 433 

loading buffer (65 mM Tris-HCl pH 6.8, 2% LDS, 100 mM DTT, 10% glycerol, 0.01% 434 
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bromophenol blue, and 6 M urea). Samples were resolved on 8% polyacrylamide gels 435 

containing 50 µM Phos-tag Acrylamide (AAL-107, Wako Chemicals) and 100 µM ZnCl2. 436 

Gels were washed four times for 10 min each in transfer buffer containing 10 mM EDTA, 437 

followed by equilibration in EDTA-free transfer buffer. Proteins were then transferred to 438 

PVDF membranes and analyzed by immunoblotting. 439 

ERGIC isolation. ERGIC fractions were isolated with modifications to a previously 440 

described protocol (40). Approximately 8×107 Caco-2-N cells were harvested, and all 441 

subsequent steps were performed at 4°C. Cells were pelleted at 500 ×g for 5 min, washed 442 

with PBS, and resuspended in HB1 buffer (20 mM HEPES-KOH, pH 7.2, 400 mM sucrose, 443 

1 mM EDTA) containing 0.3 mM DTT, phosphatase inhibitors (B15001, Bimake) and 444 

protease inhibitors (P8340, Sigma). Cells were disrupted by passage through a 22G needle 445 

until ~80% lysis, as assessed by trypan blue staining. The lysate was sequentially 446 

centrifuged at 1,000 × g for 10 min, 3,000 × g for 10 min, and 25,000 × g for 20 min. The 447 

25,000 × g pellet was resuspended in 0.75 mL 1.25 M sucrose buffer, overlaid with 0.5 mL 448 

1.1 M and 0.5 mL 0.25 M sucrose solutions, and centrifuged at 120,000 × g for 2 h in a 449 

TLS-55 rotor. The membrane pellet was resuspended in 19% OptiPrep and loaded onto a 450 

step gradient containing 22.5%, 19%, 16%, 12%, 8%, and 5% OptiPrep. Gradients were 451 

centrifuged at 150,000 × g for 3 h in a TLS-55 rotor. Six fractions were collected, pelleted 452 

at 100,000 × g for 40 min, resuspended in 100 µL PBS, and stored at -80°C until analysis. 453 

Immunofluorescence. Cells were fixed, permeabilized, and blocked, followed by 454 

incubation with primary antibodies against Flag and nsp3 and Alexa Fluor-conjugated 455 

secondary antibodies. Nuclei were stained with DAPI, and images were acquired on a 456 

Leica SP8 STED confocal microscope. Procedures were performed as described 457 

previously (74). 458 

Protein expression and purification. Codon-optimized PP1 and PP1H248K (Tsingke 459 

Biotechnology) were cloned into pET28a(+) with an N-terminal 6×His tag and expressed 460 

in E. coli BL21(DE3)/pGRO7 as described previously (75). Cultures were grown in LB 461 

medium at 30°C to an OD600 of 0.5, induced with 2 g/L L-arabinose and 0.1 mM IPTG, and 462 
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expressed at 10°C for 20 h. Cells were then resuspended in fresh LB and incubated at 463 

10°C for 2 h to improve protein folding. Cells were lysed by high-pressure homogenization, 464 

and proteins were purified by Ni-NTA affinity chromatography followed by size-exclusion 465 

chromatography in Tris-based buffer containing NaCl and MnCl2. For purification of N and 466 

N2A proteins, the SARS-CoV-2 N gene (Wuhan-Hu-1, MN908947) was cloned into pLVX-467 

IRES-mCherry with a C-terminal Flag tag and expressed in HEK293T cells. At 48 h post-468 

transfection, cells were lysed, and proteins were affinity-purified using anti-Flag M2 beads 469 

and eluted with 3×Flag peptide. Purified proteins were stored at -80°C until use. 470 

Generation of knockout cell lines. Detailed sgRNA sequences used for generating 471 

knockout cell lines are listed in Table 1, and the standard CRISPR/Cas9 protocol was 472 

followed as previously described (76). 473 

Lentivirus production and transduction. VSV-G-pseudotyped lentiviruses were 474 

produced in HEK293T cells using standard third-generation packaging plasmids, as 475 

previously described (77). Viral supernatants were collected, filtered through a 0.45-µm 476 

membrane, aliquoted, and stored at -80°C. Target cells were transduced with lentivirus in 477 

the presence of 10 µg/mL polybrene. 478 

Preparation of SARS-CoV-2 viral particles. trVLPs or authentic SARS-CoV-2 particles 479 

were precipitated with 10% PEG8000 at 4°C overnight, collected by centrifugation at 480 

10,000 × g for 30 min at 4°C, and resuspended in PBS. For phosphorylation analysis, 481 

trVLPs were further precipitated with 10% TCA, and the pellets were resuspended in Phos-482 

tag SDS-PAGE loading buffer. Samples were subsequently analyzed by Phos-tag SDS-483 

PAGE followed by western blotting. 484 

PP1 knockdown by siRNA. Two siRNAs targeting PP1 (siRNA1: 485 

CAGUCAGCCUAUCCUACUATT; siRNA2: GCGAAUUAUGCGACCAACUGATT) and a 486 

scrambled control were purchased from Tsingke Biotechnology. Cells were transfected with 487 

50 nM siRNA using Lipofectamine RNAiMAX (Invitrogen). At 68 h post-transfection, cells 488 

were harvested for knockdown validation by immunoblotting.  489 

In vitro dephosphorylation assay. The assay was performed as previously described 490 
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(78). Briefly, 30 µg of N protein was incubated with increasing amounts (0.3-3 µg) of PP1 491 

or its catalytically inactive mutant (PP1H248K) in PP1 reaction buffer (50 mM Tris-HCl, pH 492 

7.4; 1 mM MnCl2; 2 mM DTT) at 30°C for 30 min. Reactions were terminated by 10% TCA 493 

precipitation, and pellets were resuspended in Phos-tag SDS-PAGE loading buffer and 494 

analyzed by Phos-tag SDS-PAGE followed by immunoblotting. 495 

Statistics analysis. One-way analysis of variance (ANOVA) with Tukey’s honestly 496 

significant difference (HSD) test was used to test for statistical significance of the 497 

differences between the different group parameters. P values of less than 0.05 were 498 

considered statistically significant.  499 
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Figures and Figure legends 688 

 689 

 

Figure 1. Phosphorylation of the SARS-CoV-2 N protein is critical for viral infection. (A) 

Schematic of the SARS-CoV-2 N protein and the amino acid sequence of the SR-rich region is shown 

with two GSK-3 consensus motifs (green and red). Arrows indicate phosphorylation sites targeted by 

SR protein kinases (SRPKs) and GSK-3, with Ser188 and Ser206 are indicated as priming 

phosphorylation sites. (B) Phosphorylation status of WT N, single mutants (S188A, S206A), or the 

double mutant (N2A, S188A/S206A) was analyzed by Phos-tag SDS-PAGE (upper panel) and 

conventional SDS-PAGE (lower panel). (C) Schematic of the N-based trans-complementation system. 

A SARS-CoV-2 trVLP genome with the N gene replaced by GFP is transfected into Caco-2 cells stably 

expressing N protein (Caco-2-N). Infection is measured by GFP expression, and progeny virus is 

quantified by titration. (D-F) Caco-2 cells expressing WT or mutant N (NS188A, NS206A, or N2A) were 

infected with SARS-CoV-2 trVLPs (MOI=0.01). At 20h post-infection (hpi), cells were analyzed as 

follows: (D) Representative fluorescence images of GFP expression at 20 hpi. Scale bar, 400 m. (E) 

Quantification of GFP-positive cells by flow cytometry. (F)  Progeny virus production measured by 

TCID50 assay. Data represent mean ± SD (n=3 biological replicates); ***p < 0.001 versus WT N (one-

way ANOVA with Dunnett’s post hoc test). LOD, limit of detection. 
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Figure 2. N protein phosphorylation is dispensable for viral genome replication but required 

for interaction with nsp3. (A) Schematic of the SARS-CoV-2 BSD-2A-GlucN replicon contains a 

BSD-2A-Gluc reporter replacing the spike (S), ORF3a, envelope (E), and membrane (M) genes. The 

start codon (ATG) of the N gene is mutated to a stop codon (TAA). (B) Caco-2 cells stably expressing 

Flag-tagged N, N2A mutant, or GFP (8 million cells per condition) were transfected with the replicon 

RNA (20g per condition). Cell culture supernatants were collected at 12, 36, and 60 hpt, with fresh 

medium replacement at 12 and 36 hpt. An inactive polymerase mutant replicon (repliconSAA) served 

as a negative control. Gluc activity (relative light units, RLU) is shown for each group. Data are mean 

± SD (n=3); *p<0.05 vs. GFP at 36 hpt; ns, not significant (one-way ANOVA with Tukey’s post-test). 

(C) Domain organization of nsp3, showing the ubiquitin-like domain 1 (Ubl1), hypervariable region 

(HVR), and papain-like protease domain (PLpro). (D) HEK293T cells (1 million cells per condition) 

were co-transfected with 3g of HA-tagged nsp31-206 (containing Ubl1 and HVR domains) and either 

WT N-Flag (0.5g) or N2A-Flag (1g), or transfected individually as controls. At 48 hpt, cells were lysed 

with and subjected to anti-HA immunoprecipitation and immunoblotting. (E) HEK293T cells lacking 

GSK-3 (GSK-3 KO), GSK-3 (GSK-3 KO), both isoforms (DKO), or non-targeting sgRNA control 

(NTC) (1 million cells per condition) were transfected with plasmids encoding HA-nsp31-206 (3g) and 

N-Flag (0.5g), or transfected individually as controls. At 48 hpt, cell lysates were subjected to anti-

HA immunoprecipitation and immunoblotting as in (D). (F) Caco-2-N-Flag or Caco-2-N2A-Flag were 

infected with SARS-CoV-2 trVLP (MOI=0.01). At 18 hpi, cells were fixed and stained with antibodies 

against nsp3 and Flag (for N), along with DAPI. Representative confocal images and Pearson’s 

correlation coefficient quantification are shown. Each data point representing an individual cell (right 

panel). Scale bar, 20 m. ***p < 0.001 by unpaired t-test. 
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Figure 3. Temporal and spatial dynamics of SARS-CoV-2 N protein phosphorylation during 

virion assembly. (A) SARS-CoV-2 trVLPs and authentic SARS-CoV-2 virions were purified from 

Caco-2-N-Flag and Caco-2 cells, respectively, and the phosphorylation status of N in purified virions 

was analyzed by Phos-tag SDS-PAGE and immunoblotting. Whole-cell lysates from Caco-2-N-Flag 

and Caco-2-N2A-Flag cells were included as phosphorylation-state controls. (B-D) Time-course 

analysis of N phosphorylation during trVLP or authentic virus infection. Cells harvested at the indicated 

time points and analyzed by Phos-tag SDS-PAGE or conventional SDS-PAGE followed by 

immunoblotting. (B) Caco-2-N cells were infected with SARS-CoV-2 trVLPs (MOI=0.01). (C) Caco-2- 
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N cells were infected with SARS-CoV-2 (nCoV-SH01 strain, MOI=0.04). (D) Parental Caco-2 cells 

were infected with SARS-CoV-2 (nCoV-SH01 strain, MOI=0.04). (E) Caco-2-N-Flag cells (8×107) were 

infected with trVLP (MOIௗ=ௗ0.01) and harvested at 16 hpt. ERGIC-enriched fractions were isolated by 

sucrose-gradient centrifugation followed by OptiPrep density-gradient purification. (F) OptiPrep 

fractions were analyzed by immunoblotting for ERGIC53, GM130, and ATG9A to assess organelle 

enrichment. The phosphorylation status of N protein in each fraction was evaluated by Phos-tag SDS-

PAGE followed by immunoblotting. (G) HEK293T cells (1.8ௗ×ௗ106 per condition) were co-transfected 

with plasmids expressing HA-tagged SARS-CoV-2 M protein (5g) and either N-Flag (1g) or N2A-

Flag (2g) or transfected individually as controls. After 48h, cells were lysed in NP-40 buffer and cell 

lysates were subjected to immunoprecipitation using Anti-Flag nanobody beads, followed by 

immunoblotting. The phosphorylation status of N protein was assessed by Phos-tag SDS-PAGE and 

immunoblotting. 
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Figure 4. PP1 specifically and directly catalyzes dephosphorylation of the SARS-CoV-2 N 

protein. (A) Schematic of the rationale for identifying a host serine/threonine phosphatase responsible 

for N dephosphorylation. (B) Phylogenetic tree of 30 human S/T phosphatases targeted in the focused 

CRISPR/Cas9 screen. (C) Caco-2-N cells were transduced by lentivirus expressing Cas9 and sgRNA 

targeting the S/T phosphatases (two sgRNAs per gene) and cells were then infected with SARS-CoV-

2 trVLP (MOI=0.01). After 24h, cells were collected to analyze the GFP expression. ACE2 sgRNAs 

served as positive controls. Data are presented as mean ± SD (n=3 biological replicates per sgRNA). 

(D) HEK293T cells were transfected with plasmids expressing N-Flag and individual HA-tagged 

phosphatase candidate. N2A-Flag was transfected as the control. After 48 hours, cell lysates were 

analyzed by Phos-tag SDS-PAGE or conventional SDS-PAGE followed by immunoblotting. (E) 

HEK293T cells were co-transfected with plasmids expressing N-Flag (0.5g) with increasing amounts 

of WT PP1 (0.12g, 0.25g, 0.5g, 1g and 2g) or catalytically inactive PP1 mutants (D64N or 

H248K, 2g, respectively). Cell lysates were analyzed by phos-tag SDS-PAGE or conventional SDS-

PAGE followed by immunoblotting. N2A protein was included as the control. (F) Increasing doses of 

purified His-tagged WT PP1 (0.3g, 1.2g, 2.1g and 3g) or H248K mutant (3g) were incubated 

with 30 µg of immunoprecipitated N protein in PP1 buffer and samples were resolved by Phos-tag or 

conventional SDS-PAGE followed by immunoblotting. N2A protein was included as the control. 
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Figure 5. PP1 is required for efficient SARS-CoV-2 infection. (A) Schematic of the siRNA 

knockdown and infection workflow. Caco-2-N cells or parental Caco-2 cells (6ௗ×ௗ105 each) were 

transfected with siRNAs targeting PP1. At 48 hpt, cells were infected with SARS-CoV-2 trVLP 

(MOI=0.01) or authentic SARS-CoV-2 (nCoV-SH01 strain, MOI=0.005) followed by analysis at 20 hpi. 

(B, E) Immunoblot analysis confirming knockdown efficiency of PP1 in Caco-2-N cells (B) and parental 

Caco-2 cells (E). Actin served as a loading control. (C, D) Quantification of SARS-CoV-2 trVLP 

infection by flow cytometry (C) and progeny virus titration (D). (F) Representative immunofluorescence 

images of authentic SARS-CoV-2-infected Caco-2 cells stained for N protein (green) and nuclei (DAPI, 

blue). Scale bar, 200 m. (G) Quantification of N-positive cells shown in (F). (H-I) Caco-2-N and Vero 

E6 cells were pretreated with increasing concentrations of okadaic acid (OA) for 90 minutes. Following 

pretreatment, Caco-2-N cells were infected with SARS-CoV-2 trVLP (MOI=0.01), and Vero E6 cells 

were infected with authentic SARS-CoV-2 (MOI=0.01). At 20 hours post-infection (hpi), infection 

efficiency was quantified by flow cytometry, and cell viability was measured in parallel. (J) Summary 

of IC50 (inhibitory concentration 50%) and CC50 (cytotoxic concentration 50%) values of OA against 

SARS-CoV-2 trVLP and authentic SARS-CoV-2 infection. Data represent mean ± SD from three 

biological replicates. ***p < 0.001; ns, not significant (one-way ANOVA with Dunnett’s post hoc test vs. 

NTC). LOD, limit of detection. 
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Figure 6. The RVxF motif in the SARS-CoV-2 N protein mediates PP1 interaction, 

dephosphorylation and viral infection. (A) AlphaFold-based structural model showing the predicted 

interaction between the N RVxF motif (Green) and the RVxF-binding pocket of PP1(yellow). (B) 

Sequence logo of the conserved RVxF-binding motif from known PP1-interacting proteins. (C) 

Schematic of the SARS-CoV-2 N protein domain organization and the predicted RVxF motif (RITF, 

residues 14-17). (D) HEK293T cells (2.6 million per condition) were co-transfected with 3g of cDNA 

encoding PP1-HA and 1g of cDNA expressing either N-Flag or NI15A/F17A-Flag mutant. At 48 h post-

transfection, cell lysates were subjected to immunoprecipitation followed by immunoblotting analysis. 

(E) HEK293T cells (2.6 million per condition) were transfected with 1g of cDNA encoding WT or 

NI15A/F17A mutant, together with 3g of cDNA encoding WT, PP1H248K-HA or PP1D64N-HA. N2A-Flag was 

included as a dephosphorylated control. At 48 hpt, cell lysates were analyzed by Phos-tag SDS-PAGE 

or conventional SDS-PAGE followed by immunoblotting. (F) Growth kinetics of SARS-CoV-2 trVLPs 

in Caco-2, Caco-2-N and Caco-2-NI15A/F17A cells, determined by TCID50 assay. Data represent mean 

± SD from three biological replicates. *p < 0.05; ***p < 0.01;***p < 0.001; ns, not significant (one-way 

ANOVA with Dunnett’s post hoc test). 
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Figure 7. Schematic model illustrating the dynamic phosphorylation cycle of the SARS-CoV-2 

nucleocapsid (N) protein during the viral life cycle. Upon entry and translation of the viral genome, 

newly synthesized N is phosphorylated by GSK-3 within the central Ser/Arg-rich region, enabling its 

interaction with nsp3 and recruitment to DMVs for nascent viral RNA packaging. After RNA packaging, 

PP1 catalyzes N dephosphorylation, promoting its transition from DMVs to the ERGIC, where 

dephosphorylated N interacts with M to drive virion assembly. PP1 depletion or pharmacological 

inhibition by okadaic acid (OA) disrupts this process and impairs infectious virus production. 
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Supplemental Figure S1. Combined knockout of GSK-3 and GSK-3 impairs SARS-CoV-2 

trVLP infection in Caco-2-N cells. (A) Caco-2-N cells were transduced with lentiCRISPR-packaged 

lentiviruses targeting GSK-3, GSK-3, both isoforms, ACE2, or a non-targeting control (NTC). Cell 

lysates were analyzed by immunoblotting to assess the expression of GSK-3, GSK-3, and ACE2. 

Actin served as a loading control. (B) SARS-CoV-2 trVLP (MOI=0.01) infection in the indicated 

knockout cells was quantified by flow cytometry based on GFP expression at 20 hpi. Data represent 

mean ± SD from three biological replicates. ***p < 0.001, **p < 0.01; ns, not significant by one-way 

ANOVA with Dunnett’s test versus NTC. 
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Supplemental Figure S2. N protein incorporated into SARS-CoV-2 trVLPs is predominantly 

dephosphorylated. (A) Schematic of trVLP purification and N phosphorylation analysis. (B) 

Representative fluorescence images of Caco-2-N-Flag cells infected with parental, Alpha, Gamma, or 

Delta trVLPs. GFP indicates trVLP infection, and nuclei were stained with DAPI. Scale bar, 200ௗm. 

(C) Phosphorylation status of N in purified trVLP particles and corresponding cell lysates, analyzed by 

Phos-tag SDS-PAGE and immunoblotting. WT N and phospho-deficient N2A expressed in cells served 

as phosphorylated and dephosphorylated controls, respectively. Representative blots are shown from 

three independent experiments. 
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Supplemental Figure S3. N protein undergoes progressive dephosphorylation during SARS-

CoV-2 infection in Calu-3 cells. (A) Schematic overview of the experimental workflow for time-course 

analysis of N phosphorylation during SARS-CoV-2 infection in Calu-3 cells. (B) Calu-3 cells were 

infected with authentic SARS-CoV-2 and harvested at the indicated time points. Cell lysates were 

analyzed by Phos-tag SDS-PAGE and conventional SDS-PAGE followed by immunoblotting to assess 

N phosphorylation status and viral protein expression. 
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Supplemental Figure S4. Purification of recombinant PP1 and N proteins. (A) Schematic 

workflow for purification of recombinant His-tagged PP1 and catalytic mutants. (B-C) SDS-PAGE 

analysis of Ni-NTA purification steps for PP1 (B) and PP1 (H248K) (C). Samples from the indicated 

purification steps were visualized by Coomassie Brilliant Blue staining. (D) Selected fractions of the 

eluted samples were pooled and concentrated using Amicon Ultra centrifugal filters (10ௗkDa MWCO), 

followed by SDS-PAGE and Coomassie or Western blot analysis. (E) Schematic workflow for 

purification of Flag-tagged N and N2A proteins from HEK293T cells. (F) SDS-PAGE analysis of Flag-

purified N and N2A proteins. Flow-through (FT), bead-bound (Beads), and eluted fractions (Elute) were 

visualized by Coomassie Brilliant Blue staining. 
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Supplemental Table 702 

Table S1. sgRNA sequences used for CRISPR-Cas9-mediated phosphatase gene knockout. 703 
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