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Abstract: ORF6 is responsible for suppressing the immune response of cells infected by the SARS- 

CoV-2 virus. It is also the most toxic protein of SARS-CoV-2, and its actions are associated with the 

viral pathogenicity. Here we study in silico and in vitro the structure of the protein, its interaction 

with RAE1, and the mechanism of action behind its high toxicity. We show both computationally and 

experimentally that SARS-CoV-2 ORF6, embedded in the membranes of the endoplasmic reticulum, 

binds to RAE1 and sequesters it in the cytoplasm, thus depleting its availability in the nucleus and 

impairing nucleocytoplasmic mRNA transport. This negatively affects the cellular genome stability 

by compromising the cell cycle progression into the S-phase and by promoting the accumulation of 

RNA-DNA hybrids. Understanding the multiple ways in which ORF6 affects DNA replication may 

also have important implications for elucidating the pathogenesis of SARS-CoV-2 and developing 

therapeutic strategies to mitigate its deleterious effects on host cells. 

 
Keywords: SARS-CoV-2 ORF6 – RAE1 binding, 3D molecular structure modelling, molecular dynam- 

ics simulations, cell cycle, cyclin E, R-loops, DNA replication stress 

 

 
1. Introduction 

Nearly three years after its outbreak, at the end of 2019, the unprecedented global 

COVID-19 pandemic is starting to subside due to the successful development of vaccines 

and antiviral treatments. Nonetheless, COVID-19 still poses an acute global health emer- 

gency due to its numerous long-lasting adverse health effects on the world’s population. 

The causative agent of the pandemic is the SARS-CoV-2 beta-coronavirus, which is an 

enveloped, positive sense, single-stranded RNA virus [1]. The genome of the virus is ~30 

kb in size and encodes 29 proteins – 4 structural, 16 nonstructural, and 9 accessory proteins 

[2] While latter are not strictly necessary for viral replication and assembly, they play a 

crucial role in immune evasion and viral pathogenesis [3,4]. 

Open reading frame 6 (ORF6) is an accessory protein, uniquely expressed in the 

Sarbecovirus subgenus of the Betacoronaviruses, to which the SARS-CoV and SARS-CoV-2 

viruses belong [5]. Its main function is to antagonize the host cell interferon signaling 

pathways, thus limiting the immune response to the infection [5–9]. SARS-CoV-2 has a high  

degree of similarity with SARS-CoV, however, a limited degree of similarity is observed in 

the accessory proteins with ORF6 having the lowest homology of only 69% [1,10,11]. 

SARS-CoV-2 ORF6 is a 61 amino acids (aa) polypeptide with an amphipathic N- 
terminal portion (aa 1–40) and a highly polar C terminus. It was shown that ORF6 is 

mainly localized in the endoplasmic reticulum (ER) and Golgi apparatus (GA) [12]. Its N- 

terminal aa residues 2–37 form an α-helix embedded in the membrane [13,14]. Similarly to 

the other ORF6 proteins, the SARS-CoV-2 ORF6 function is to limit the immune response 

to the infection. This is achieved by two different mechanisms – on the one hand, it 
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antagonizes STAT1 nuclear translocation [6–8], and on the other, it preventing mRNA 

transport via interaction with the nucleopore complex components nucleoporin 98 (NUP98) 

and ribonucleic acid export 1 (RAE1) [8,9,15,16]. However, the detailed mechanism of 

the pathogenic immune-suppressive action of ORF6 on the host target proteins is not 

yet well understood. Furthermore, ORF6 was shown to significantly contribute to the 

pathogenicity of the virus, having the highest cytotoxicity among the SARS-CoV-2 proteins 

[12]. All this prompts active search for possible inhibitors of this protein. However, despite 

the significant research focus and efforts, ORF6 is one of the dozen proteins of SARS- 

CoV-2, whose 3D structures have not yet been resolved [2], hindering substantially the 

development of inhibitors. 

In this study, we report results from both in silico and in vitro investigations on the 
SARS-CoV-2 ORF6 protein mechanism of action. Our data demonstrate that ORF6 ac- 

complishes its effects by binding the RAE1 protein and sequestering it in the cytoplasm. 

We built a 3D model of the SARS-CoV-2 ORF6 protein embedded in a ER membrane and 

studied its interaction with RAE1 using molecular dynamics (MD) simulations. RAE1 

binds one or more ORF6 molecules very stably, which immobilizes it on the ER membranes 

in the cytoplasm. As a consequence, the concentration of RAE1 in the cell’s nucleus is 

reduced significantly, strongly suppressing mRNA transport from nucleus to the cytoplasm. 

These observations were confirmed experimentally by studying the co-localisation of both 

proteins in ORF6 overexpressing and control cells. Further, we studied the impact of the 

SARS-CoV-2 ORF6 interaction with RAE1 on the host cell, specifically, on DNA replication. 

The effects are manifested in at least two ways – by compromising the cell progression into 

the S-phase, and by promoting the accumulation of RNA–DNA hybrids, which are a major 

source of genome instability. 

2. Results 

2.1. Structure of ORF6 in Water Solvent 

For computational studies of the ORF6–RAE1 interaction the 3D structure of ORF6 
is a prerequisite. The EXCALATE4COV input model of ORF6 is presented in Suppl. Fig. 

S1. It contains four somewhat distorted helices (aa Leu4–Thr10, Leu16-Trp27, Asp30–Leu40 

and Glu46–Glu54), connected by short loops (2–5 aa long). Starting from this structure, we 
performed additional 7.6 µs of folding MD simulation. The secondary structure plot of the 
protein along the MD trajectory is shown in Suppl. Fig. S2. The protein remained primarily 
helical. The distorted helices stabilized and transitioned to very well defined α-helices, 

encompassing Leu4–Val9, Leu16–Val24, Thr31–Ser43 and Glu46–Glu55. The most important 
structural alteration was the change in the helices mutual orientation. The total protein 
solvent accessible surface area (SASA), as well as its decomposition in hydrophobic, polar 
and charged contributions are presented in Suppl. Fig. S3. After an initial jump, the total 
SASA of the protein dropped again to around its initial values and remained stable after the 
2nd µs. However, because of tertiary structure changes, the SASA of the hydrophobic aa 
residues decreased by about 10%, whereas the SASA of the hydrophilic and polar residues 
increased by 7% and 11% respectively. 

A representative conformation of the folded ORF6 for the subsequent simulations was 

selected based on the cluster analysis of the folding trajectory with a cut-off of 3.8 Å. The 

results are presented in Suppl. Fig. S4. total of 51 clusters were identified with the chosen 

cut-off, with the five largest clusters capturing 89% of the conformations. Notably, within 

the first 1.5 µs the protein settled in a local energy minimum and explored conformations 

that all belonged to the largest identified cluster. Its centroid conformation is shown in 

Suppl. Fig. S5. 

2.2. Structure of ORF6 in ER Membrane 

ORF6 is considered a membrane protein [8,15–17], therefore the so obtained structure 

was inserted into a lipid bilayer, modelling an ER membrane, the protein C-terminus 
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being placed at the outer leaflet of the membrane (Suppl. Fig. S6). The thus obtained 

conformation was subjected to a 1.4 µs production MD simulation. 

Throughout the simulation, the ORF6 molecule remained largely organized as an 

α-helical bundle (see secondary structure plot in Suppl. Fig. S7), however the different 

helices underwent some changes in their mutual orientation. Experimental data shows that 

the part of the ORF6 protein that is responsible for its biological activity is its C-terminus, so 

it is expected to be flexible and solvent exposed. Hence, a conformation of interest should 

be one, in which the C-terminal tail of ORF6 is not buried in the membrane, but remains 

freely exposed to the solvent. Initially, the C-terminus (aa 41-61) was partly structured into 

an α-helix, which started to unwind and become disordered after about 1.16 µs as it begun 

to stick up from the lipid bilayer. This is manifested in the secondary structure plot Suppl. 

Fig. S7. The exit of the C-terminus from the membrane is also evident from the evolution 

of the gyration radius of the protein (Suppl. Fig. S8a): after 1.16 µs it almost doubled its 

initial value of 1.15 nm to nearly 2.1 nm at the end of the simulation as the C-terminal tail 

unfolded and started to sway around into the solvent bulk. The RMSF analysis (Suppl. 

Fig. S8b) showed that while the N-terminal part of ORF6 (aa 1-40) remained quite stable, 

the C-terminus is its most flexible part both prior and after its unfolding and sticking out 

into the solvent, when the fluctuations of the positions of its residues doubled. About 

300 ns additional MD simulation was performed after this point to ensure that a stable 

conformational state was achieved with only the C-terminal part of ORF6 outside of the 

membrane and not the whole protein. As evident in the SASA plot (Suppl. Fig. S9), the 

α-helical globular part of the protein (aa 1-40) remained firmly submerged in the membrane 

and not solvent exposed, while the SASA of the C-terminus doubled from about 12.5 

nm2 to about 24.8 nm2 at the end of the simulation. Thus, using molecular modelling 
we showed that it is entirely possible that ORF6 is a membrane-bound and not just a 

membrane-peripheral protein [18]. The final conformation of this simulation was used as 
an input model for studying the interaction of ORF6 and RAE1 (Suppl. Fig. S10).  

2.3. Interaction of RAE1 and ORF6  

RAE1 binding propensity with respect to the SARS-CoV-2 ORF6 protein was probed 

in a simulation with a starting conformation shown in Suppl. Fig. S11. The RAE1 structure 

was completed and simulated for 100 ns MD as described in Sec. 4.3, the generated 

trajectory being subjected to cluster analysis with a 0.25 nm cut-off (Suppl. Fig. S12). The 

centroid of the largest cluster (Suppl. Fig. S12b) was used as an input RAE1 model in the 

interaction simulation. A 630 ns production MD simulation was carried out of this system. 

The C-termini of the ORF6 molecules started to interact with the nearby RAE1 almost 

immediately. Out of the four viral protein molecules, three form close contacts (i.e. heavy 

atoms from the ORF6 molecules are within a cut-off distance of 6 Å to heavy atoms of 

the RAE1 molecule) with the mRNA export factor (Fig. 1). The final conformation in the 

RAE1-ORF6 simulation is presented in Fig. 2. 

In the beginning of the simulation, the total number of RAE1–ORF6 contacts was fully 

determined by the binding of the first ORF6 molecule, represented in blue in Figs. 1 and 

2). ORF6-chain1 bound spontaneously to the RAE1, with some of the binding site residues 

being Ile207–Leu211, Gly239, Ile242-His243, Asn254–Lys258, Trp300, Arg305–Leu308 and Thr310 

(Fig. 3a,b). Recently, two experimental structures of the interaction between the end of the 
ORF6 C-terminus and the RAE1–NUP98 complex became available [9,19]. A comparison 
of the experimentally and computationally obtained RAE1–ORF6 interaction interfaces is 
shown in Fig. 3. The identified in our simulation binding site of the first ORF6 molecule 
and RAE1 agrees excellently with experimentally observed ones. 

Shortly after the interaction with the first protein started, a second ORF6 chain bound 

to the RNA transport protein at residues Phe4–Ser13, Pro49–Thr51, Ser95–Asp97, His135– 

Pro139, Ser142, Ile179-Tyr180, Lys222–Lys227, Pro283–His285, and His325-Asn326. This binding 
surface lay on the entrance of the central tunnel of the RAE1 beta-propeller (Suppl. Fig. 
S13). The binding occurred right on the opposite side of the NUP98 recruitment site of 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 June 2023                   doi:10.20944/preprints202306.0648.v1

https://doi.org/10.20944/preprints202306.0648.v1


Version June 1, 2023 submitted to Int. J. Mol. Sci. 4 of 18 

140 
 

141 

 

142 

 

143 

 

144 

 

145 

 

146 

 

147 

 

148 

 

149 

 

150 

 
 

 

Figure 1. Number of contacts within 6 Å between RAE1 and the four ORF6 molecules. The total 

number of contacts between all ORF6 molecules and RAE1 is shown in black, and contacts with 

individual ORF 6 chains are represented respectively with a, blue, green, and red curves. 
 

(a) (b) 

Figure 2. (b) X- and (b) Y-projections of RAE1, bound to three ORF6 molecules. The RAE1 protein 

is in grey cartoon representation and the four ORF6 are in blue, green, red and yellow cartoon 

representation, respectively. 

 
the RAE1 molecule [9,19–21]. The third ORF6 chain interacted sporadically with RAE1 

residues Thr22-Thr23, Thr35-Ser36, Thr77–Pro79. The contact interfaces between ORF chains 
1 and 2 and RAE1 in the last 100 ns of the simulation are shown in Fig. 4. 

The results of this in silico study clearly demonstrate that ORF6, embedded in the 

membrane of the ER and possibly the Golgi apparatus, interacts with RAE1 and binds to it 

to form a very stable complex. In fact, a single RAE1 molecule is able to simultaneously 
bind to several ORF6 molecules, which completely immobilizes the transport factor on 
the ER/GA membrane. Thus, it is reasonable to explain some of the pathogenic effects of 

SARS-CoV-2 ORF6 by this interaction, which anchors available cytoplasmic RAE1 proteins 
to the ER and/or GA, thereby depleting RAE1 availability in the nucleus and restricting 

mRNA transport. 
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(a) (b) 
 

(c) (d) 

Figure 3. Comparison between the RAE1–ORF6 binding interfaces, (a) and (b) obtained in the last 

100 ns of the simulation in yellow surface representation, and (c) and (d) experimentally in PDB IDs 

7VPH and 7F60 in green surface representation. The RAE1 protein is shown in grey cartoon, and the 

shared binding interface is represented in cyan wireframe surface. 

 
 

 

Figure 4. Contact maps in the last 100 ns of RAE1–ORF6 binding simulation. A contact is considered 

present, if two heavy atoms from the two binding partners are within a cut-off of 6 Å. 

2.4. Co-Localization Between RAE1 and ORF6 

To test experimentally our model, we transfected PC3 and WISH cell lines with a 

plasmid, constitutively expressing ORF6. Confocal microscopy (Fig. 5a and Suppl. Fig.14), 

indicated the formation of the ORF6–RAE1 protein complex in both cell lines, which 

changes RAE1 localization from mainly nuclear to predominantly cytoplasmic. 
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(a) 
 

(b) (c) 

Figure 5. ORF6 colocalizes with RAE1 and alters its subcellular localization. (a) Confocal images 

of cells transfected with the ORF6-expressing plasmid stained with antibodies against RAE1 and 

ORF6. The colocalized pixel map and colocalization scatterplot are given to the right (R=0.57). (b) 

Control (transfected with empty plasmid) and ORF6-overexpressing cells (oeORF6) were stained 

with antibodies against RAE1 and ORF6. Representative images are shown. (c) Nucleus to cytoplasm 

ratio of cells from (b) was calculated after measuring fluorescent intensity of RAE1 staining using 

CellProfiler software. The difference is statistically significant with p-value < 0.0001, estimated using 

Student’s test for two independent samples (two-tailed unpaired student test). 

The analysis of the fluorescence intensity of RAE1 (Fig. 5b and c) in the nuclei and 

the cytoplasm of control and transfected cells showed that the nuclei/cytoplasm ratio of 

the RAE1 signal is significantly reduced in cells overexpressing ORF6. This supports the 

hypothesis that alters the cellular localization of RAE1 by anchoring it in the cytoplasm. 

2.5. Overexpression of SARS-CoV-2 ORF6 Inhibits Cell Cycle Progression 

ORF6 was shown to be the most toxic SARS-CoV-2 protein [12]. However, the mech- 

anism of its toxicity is unknown yet because the findings were relying on an assay that 

quantifies metabolically active cells [12]. To shed light on the processes underlying ORF6 

toxicity, we studied the effect of ORF6 overexpression on DNA replication. To this end, 

ORF6-overexpressing and control cells were labelled with 5-Ethynyl-2’-deoxyuridine (EdU), 

a thymidine analogue, incorporated into DNA during replication [22]. After staining the 

incorporated EdU via “click” chemistry and subjecting cells to flow cytometry, we observed 

a leftward shift of the peak of the ORF6-expressing cells (Fig. 6a). This indicates a weaker 
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incorporation of the thymidine analogue in these cells. To further confirm that ORF6 causes 

replication impairment, we co-stained the EdU labelled control and ORF6-expressing cells 

with AlexaFluor488-azide and an antibody against ORF6 (Fig. 6b). The analysis of the 

mean immunofluorescence intensity of EdU and ORF6 clearly showed that the level of 

incorporation of EdU anticorrelates with the levels of ORF6 (Fig. 6c). This suggests that 

ORF6 impairs DNA replication. 

To further investigate the observed effect, we analysed the cell cycle of ORF6 overex- 

pressing cells by flow cytometry after propidium iodide (PI) staining. The cell cycle profiles 

of the transfected cells (Fig. 6d and e) indicated a significant decrease in the percentage of 

cells in the S- and the G2-phases of the cell cycle. This is an indication that ORF6 impedes 

S-phase entry. 

 

(a) (b) (c) 
 

  
 

(d) 
(e) 

Figure 6. ORF6 overexpression inhibits cell cycle progression. (a) Control and ORF6-expressing cells 

were labelled with EdU and stained with AlexaFluor488-azide by “click”-reaction. Fluorescence 

staining of cells was assessed by flow cytometry. (b) Control and ORF6-expressing cells labelled 

with EdU were co-stained with an antibody against ORF6 and AlexaFluor488-azide. Representative 

images are shown. (c) Dot plot to compare fluorescence intensities of EdU and ORF6 for each cell. Red 

dots- control cells; Green dots – ORF6 overexpressing population. (d) Cell cycle profiles of control 

and ORF6-expressing cells. (e) Cell cycle distribution of cells from (d). 
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(a) 
 

 

(c) (b) 

Figure 7. ORF6 overexpression reduces cyclin E levels and S-phase cells. (a) Quantitative RT-PCR 

analysis of the levels of cyclin E in control and ORF6 overexpressing cells (ORF6 OE). (b) Cell cycle 

profiles of control cells (transfected with empty vector) and cells transfected with plasmids expressing 

ORF6, cyclin E or both simultaneously. To maintain the same expression in single and double plasmid 

transfections, in cyclin E and ORF6 single transfections, half of the plasmid was empty. (c) Cell cycle 

distribution of cells from (b). 

 
2.6. ORF6 Overexpression Inhibits Proliferation by Decreasing Cyclin E Level 

The progression of cells through the different stages of the cell cycle is regulated by 

a family of regulatory proteins, called cyclins. Cyclin E is a limiting factor for G1 phase 

progression and S phase entry [23]. It has been shown that Drosophila melanogaster 

RAE1 is required for normal proliferation. Depletion of dmRAE1 inhibited the progression 

through the G1 phase of the cell cycle and cells failed to enter S-phase due to impaired cyclin 

E expression [24]. As ORF6 forms a complex with RAE1, it could conceivably, sequester 

the latter, mimicking RAE1 depletion, reduce the level of cyclin E and prevent cells from 

entering S-phase. To test this hypothesis, we performed qRT-PCR to monitor the cyclin E 

levels in cells transfected with ORF6. As a result, we observed a tenfold decrease in the 

mRNA levels of cyclin E in cells overexpressing ORF6 (Fig. 7a), which could explain the 

depletion of cells in S-phase. 

To functionally test if cyclin E depletion in causes the cell cycle defect ORF6-expressing 

cells , we checked if it could be rescued by cyclin E overexpression. Cell cycle analysis 

of cells co-transfected with cyclin E and ORF6 showed that cyclin E expression partially 

unblocked cell cycle progression (Fig. 7b and c). This indicates that ORF6-induced seques- 

tration of RAE1 and consequent cyclin E decrease significantly contributes to the defective 

proliferation of cells expressing ORF6. 
 

2.7. ORF6 Overexpression Causes Accumulation of R-loops, Which Impedes Progression of Active 
Replication Forks 

Next, we investigated the effect of ORF6 overexpression on the progression of indi- 

vidual replication forks. To this end, 24 hours after transfection with the ORF6-expressing 

plasmid, cells were subjected to DNA fibre labelling analysis measuring the lengths of 

second label (green) segments of red-green tracks. The data (Fig. 8a and b) indicated that 
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(a) 
 

(b) 
(c)

 

Figure 8. ORF6 reduces replication fork rate as a consequence of R-loop accumulation. (a) DNA fibres 

from control (transfected with empty plasmid), ORF6-expressing plasmid and a plasmid expressing 

ORF6 and RNaseH1 simultaneously. (b) Replication rates cells from (a), The difference is statistically 

significant (*) with p-value < 0.05, estimated using Student’s test for two independent samples (two- 

tailed unpaired student test). (c) FRAP analysis of DsRed-RLB in control and ORF6 overexpressing 

cells. 

 
individual replication fork rates were reduced in cells expressing ORF6. Reduced rate of 

forks could be explained by impediments that stall their progression. 

Defects in mRNA export lead to transcription-dependent genomic instability in yeast 

and metazoans [25–27] as a consequence of the accumulation of cotranscriptional R loops 

which interfere with DNA replication [28], ultimately leading to genomic instability [29–31]. 

Since the interaction of ORF6 with RAE1 disrupts the mRNA transport from the 

nucleus to the cytoplasm, we asked whether R-loops could be the cause of the DNA 

replication defect in ORF6-expressing cells. To functionally test this hypothesis, we co- 

transfected cells with the ORF6-expressing plasmid and a plasmid overexpressing the 

endonuclease RNAse H1, which specifically targets and removes RNA:DNA hybrids from 

the genome.  The assessment of the DNA synthesis rates evaluated using DNA fibre 

labelling indicated that RNAseH1 rescued fork rates in replicating cells (Fig. 8a and b). This 

suggests that R-loops are the likely cause of replication impediments in ORF6 expressing 

cells. To confirm that ORF6 overexpression indeed causes R-loop accumulation, we took 

advantage of a construct expressing the RNA Binding Domain of RNAse H1 fused to 

DsRed (RBD-DsRed). The binding of this artificial protein to R-loops allows assessment of 

their abundance in living cells by FRAP analysis. The result (Fig. 8c) indicated that the rate 

of fluorescence recovery was lower in cells expressing ORF6. The reduction of the mobile 

fraction of RBD-DsRed observed in these cells indicated that they contain more R-loops  

than the controls. 

3. Discussion 

SARS-CoV-2 ORF6 is an excellent target for drug design aimed at reducing the 

pathogenic effects of the virus. Modern rational drug design approaches require detailed 

knowledge of the structure and interactions of the target protein. However, ORF6 remains 
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one of the few SARS-CoV-2 proteins that still lack experimentally resolved 3D structures 

[2]. Currently, there are two entries in the protein data bank (PDB IDs 7VPH and 7F60) that 

provide experimental data on the interaction of the last dozen of C-terminal residues of 

ORF6 and its target protein, the mRNA export factor RAE1 [9,19]. 

Existing data show that ORF6 localizes on cytoplasmic membranes (ER, GA, au- 

tophagosomes, and lysosomes) [6,12,18]. Here, we present a full-length structural model of 

the SARS-CoV-2 ORF6 protein, embedded in a model ER membrane. While the C-terminus 

of the accessory protein comes out of the lipid bilayer and moves around fairly freely into 

the solvent, the N-terminal part of the molecule remains quite stably integrated into the 

membrane. Our results strongly support the hypothesis that ORF6 is a membrane-bound 

rather than a membrane-peripheral protein [18]. 

Numerous studies demonstrated that the protein interferes with the RAE1-NUP98 

complex, a component of the nuclear pore complex [8,9,16,17], altering the localization of 

RAE1, which, consequently impairs mRNA transport [17,32]. Hall et al. [33] showed that 

ORF6 does not interact directly with NUP98 and that mRNA export blockage is dependent 

only on interaction with RAE1. It is noteworthy that other viruses, such as the vesicular 

stomatitis virus (VSV) and the herpesvirus, employ the same strategy to disrupt nuclear 

mRNA export by targeting RAE1 [21,34]. 

Here, the formation of a stable ORF6–RAE1 protein complex was confirmed both in 
silico and in vitro by experiments in transfected PC3 and WISH cell lines. Notably, this 

process caused the RAE1 to localize predominantly in the cytoplasm, instead of in the 

nucleus. 

A model system, containing four ORF6 molecules, embedded in an ER membrane, 
with one RAE1 protein placed in close proximity to them was used to elucidate the molec- 

ular basis of the SARS-CoV-2 ORF6–RAE1 binding and the changes in RAE1 subcellular 
localization by means of MD simulations. They revealed that RAE1 immediately engages 
with at least one ORF6 protein. The contact surface of this interaction coincides to a great 

extend with the binding interface of RAE1 to the M-protein of the VSV [21] (see Suppl. 
Fig. S15). A similar binding mode had been observed for the herpesvirus ORF10 protein 

and mouse RAE1 [34]. This surface groove on the side of its beta-propeller was found to 

actually be the RNA binding site of the RAE1 molecule [20,21]. Importantly, Met58 in the 

C-terminus of ORF6-chain1 interacts with residues Phe255, Phe257, Trp300 and Arg305 that 
lie in a deep side pocket of the RAE1 beta-propeller in a manner, similar to VSV M-protein. 

The M-cavity formed by these residues selects strictly for a methionine residue and favours 
binding of sequences containing a methionine, flanked by acidic residues that form salt- 

bridges with positively charged residues (lysine and arginine) in the RNA-binding groove 
of RAE1 [19]. The same contact interface (239-240, 242, 254-259, 261, 271, 300, 305-312) was 
experimentally found to be the binding site for both the SARS-CoV ORF6 and SARS-CoV-2 

ORF6 C-terminal peptides [9,19]. Thus our modelling results are in excellent agreement 
with the available experimental data. 

In addition to the first ORF6, in our simulation system, RAE1 also interacts with two 

more ORF6 molecules. The second molecule binds the transport protein at the entrance 

of the central tunnel of the RAE1 beta-propeller that is opposite to the NUP98 binding 

site. Occasionally the RAE1 also forms some transient contacts with a third ORF6 C- 

terminus involving residues in its N-terminus that is positioned in close proximity to the 

ER membrane. 

Our in vitro data fully supports the observations from the MD simulations and they 

clearly show the co-localization of ORF6 and RAE1, which leads to significant depletion 

of RAE1 in the nuclei of cells transfected with ORF6. Moreover, our data suggests that 

ORF6 interacts with RAE1 in the cytoplasm fixing it at the surface of the corresponding 

membrane (ER or GA) thus preventing RAE1 from binding to mRNA and possibly to 

NUP98 at the nuclear pores. 

It is very probable that the toxicity of ORF6 – the highest of all SARS-CoV2 proteins 

with a reduction in cell viability of over 50% [12] – is rooted in the observed sequestering 
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of RAE1 into the cytoplasmic membranes. RAE1 sequestration also underlies the effects 

we observed on cell cycle progression and replication fork speeds contributing to ORF6 

cytotoxicity. ORF6 overexpression impairs DNA replication, as evidenced by the weaker in- 

corporation of the thymidine analogue EdU and the correlation between EdU incorporation 

and ORF6 levels. The cell cycle analysis reveals that ORF6 hinders cell cycle progression, 

with a significant decrease in the percentage of cells in the S- and G2-phases, suggesting 

that ORF6 interferes with S-phase entry. 

A possible explanation for ORF6-mediated cell cycle defects lies in its effect on cyclin 

E levels. As cyclin E is a key regulator of G1 phase progression and S phase entry, the 

observed tenfold decrease in mRNA levels of cyclin E in ORF6-overexpressing cells could 

be responsible for the observed depletion of cells in the S-phase. The partial rescue of cell 

cycle progression upon co-transfection of cyclin E and ORF6 supports the hypothesis that 

ORF6-induced sequestration of RAE1 and the resulting decrease in cyclin E underlie the 

defective proliferation of cells expressing ORF6. These data are in line with the report 

by Sitterlin [24] that the presence of dmRAE1 is required for normal proliferation and, 

more importantly, for normal cyclin E expression, suggesting that the human homologue, 

hsRAE1, may also play a similar role during the cell cycle. 

Impaired nuclear export has been linked to accumulation of R-loops [35–37], which 

could stall DNA replication forks [38–40]. The obstruction of RNA export is likely the 

cause of R-loops accumulation, known to cause replication stress, which we observe in  

FRAP experiments as a lower mobile fraction of RBD-DsRed in ORF6-expressing cells. The 

link between R- loops accumulated in ORF6-expressing cells and impeded replication is 

provided by the observation that RNAseH1 overexpression rescued replication fork rates. 

A similar effect has been described in which Kaposi’s sarcoma herpesvirus sequesters 

transcription and export factor TREX, leading to R-loops and genome instability [41]. 

Thus, our study provides evidence for two ways in which SARS-CoV-2 ORF6 protein 

could affect cellular proliferation: by inhibiting cell cycle progression, and by accumulation 

of R-loops. A very recent paper has demonstrated that SARS-CoV-2 proteins ORF6 and 

Nsp13 cause degradation of the DNA damage response kinase CHK1 through proteasome 

and autophagy, respectively. CHK1 loss leads to deoxynucleoside triphosphate shortage, 

causing impaired S-phase progression, DNA damage, pro-inflammatory pathways activa- 

tion and cellular senescence [42]. Using DNA fibre labelling analysis we observed that the 

supplementation of deoxynucleoside triphosphates rescued the progression of replication 

forks in cells overexpressing ORF6 (data not shown) thus confirming the quoted above 

research. These and reported here results indicate the broad range of mechanisms by which 

SARS-CoV-2 influences the cell proliferation and genome integrity. 

4. Materials and Methods 

4.1. MD Simulation Protocol  

All MD simulations were performed using the GROMACS simulation package [43], 

version 2019.6 and later. The CHARMM36 force field was used for parametrerization of the 

proteins and lipids in the membrane [44,45]. All simulations were performed in explicit 

water solvent with a concentration of NaCl of 0.15 mol/l. The energy of the systems was 

minimised using the steepest descent algorithm with a maximum force tolerance of 100 

kJ/(mol.nm). Then, a short 50 ps position-restraint simulations was done to equilibrate the 

solvent, followed by a 10 ns isothermal-isobaric simulation, equilibrating the temperature 

at 310 K and the pressure at 1 atm using the Berendsen thermo- and barostat [46]. For 

production simulations in the NTP ensemble, temperature was maintained constant at 310 

K using v-rescale thermostat [47] with a coupling constant of 0.2 ps, and the pressure – at 

1 atm, using the Parrinello-Rahman barostat [48] with a coupling constant of 2 ps. The 

leap-frog integrator was used with a timestep of 2 fs, allowed for by constraining bonds 

between heavy atoms and hydrogens with the PLINCS algorithm [49]. The PME method 

with a direct cut-off of 1.2 nm was used for calculations of the electrostatic interactions. Van 
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der Waals forces were smoothly switched off from a distance of 1.0 nm and truncated at 1.2 

nm. Neighbourlists were updated every 10 timesteps. 

4.2. Input Structural Models 

4.2.1. SARS-CoV-2 ORF6 Protein 

The 3D structure of the SARS-CoV-2 ORF6 has not yet been resolved. Therefore, we 

used as input a model structure of the protein, developed by the EXCALATE4COV project 

and available in their open access repository [50]. This model was developed using 10 µs 

long MD folding simulations, starting from a molten globule model conformation that 

consisted of three α-helical segments. We further performed additional 7.6 µs of folding 

simulation of this structure using the simulation protocol, described in sec. 4.1. The protein 

was solvated in a cubic box with a 1.2 nm minimal distance to the box walls. Trajectory 

frames were written every nanosecond. 

4.2.2. SARS-CoV-2 ORF6 Embedded in a Model ER Membrane 

As an input structure for the development of this model, the centroid of the largest 
cluster of the trajectory from sec. 4.2 (with a cut-off of 3.8 Å) was embedded in a lipid bilayer 
with the membrane composed of 54% POPC, 20% POPE, 11% POPI and 8% cholesterol, 

as to model the content of endoplasmic reticulum membranes, according to [51] and 
references therein. For the lipid positions generation and ORF6 insertion in the bilayer the 
Membrane/Bilayer Builder module [52] of the CHARMM-GUI server [53] was used. The 

lipid bilayer had an area of 76.3 × 76.3 Å2 and contained 192 molecules in total. A 1.4 µs 
long production MD run was performed, with trajectory frames put out every nanosecond. 

4.3. Modelling the Interaction of SARS-CoV-2 ORF6 and RAE1 

The obtained stable structure of the ORF6 protein in a model ER membrane was 

duplicated in both directions in the plane of the lipid bilayer, which resulted in a membrane 

of size 150 × 150 Å2 containing a total of 769 lipids and four inserted into them ORF6 
molecules. As an input structure for the RAE1 protein we used chain A of the crystal- 
lographic structure with PDB ID 3MMY [20]. The missing loop residues (aa 19-22 and 
264-267) were reconstructed using the macromolecular crystallography and model-building 

toolkit COOT [54]. This RAE1 initial model was simulated for 100 ns. The centroid of the 
largest cluster of the equilibration trajectory was placed at a distance of about 7 Å above 

the ER membrane between the fluttering C-termini of the four ORF6 molecules. A 630 ns 
production MD simulation was carried out, in order to study the interaction of the RNA 
carrier protein and the viral accessory proteins. 

4.4. MD Data Analysis 

The MD trajectories were postprocessed and analysed using the standard GROMACS 

postprocessing and analysis tools for calculations of RMSD, RMSF, SASA, Rg, and cluster 

analysis. Least-square fitting to the initial conformation was performed prior to all analyses 

in order to remove all global translational and rotational movements. The gromos algorithm 

[55] was used for cluster analysis. Secondary structure for the proteins was assigned by 

the STRIDE algorithm [56] as implemented in the visualisation and manipulation package 

VMD [57]. All structural figures were also generated with VMD. 

4.5. Cell culture, Plasmids, and Antibodies 

WISH (ATCC®CCL-25™, ATCC, Manassas, VA, USA) and PC3 (ATCC®CRL-1435™) 

cell lines were propagated in the MEM and DMEM, respectively, supplemented with 10% 

fetal bovine serum (Gibco™, Waltham, MA, USA) and penicillin-streptomycin (10 000 

U/mL, Gibco™, Waltham, MA, USA). Cells were cultured in a humidified incubator at 

37◦C and 5% CO2. 
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For the overexpression of ORF6 SARS-CoV-2 protein, the plasmid pLVX-EF1alpha- 

SARS-CoV-2-orf6-2xStrep-IRES-Puro (Addgene plasmid # 141387 from Nevan Krogan) [15] 

was used. The cyclin E-expressing vector was a gift from Bob Weinberg (Addgene # 8963). 

The RBD-DsRed plasmid was constructed by PCR cloning the HB domain of RNAse 

H1 into the pDsRed-Express-C1 vector (Clontech) as earlier described [58]. 

4.6. Quantitative Real-Time PCR Analysis 

Total RNA from cells, overexpressing ORF6, was extracted by using TRIzol reagent (In- 
vitrogen, Carlsbad, CA). The concentration and purity of extracted RNA were determined 
by Nanodrop-1000 (Thermo Fisher). RNA integrity and quality was assessed using 1% 
agarose gel elestrophoresis in TAE buffer (40 mM Tris-acetate, 1 mM EDTA). Subsequently, 
1 µg total RNA from each sample was subjected to cDNA synthesis by RevertAid H Minus 

First Strand cDNA Synthesis Kit (Thermo Scientific™) according to the manufacturer’s 
recommendations. Relative expression levels of target genes (RAE1 and Cyclin E) were 

assessed by qRT-PCR analysis using the SYBR™ Select Master Mix (Thermo Scientific™). 
Housekeeping gene β-actin was used as an endogenous control to normalize genes expres- 
sion. 

Primer oligonucleotide sequences of the studied genes are listed in Suppl. Table 1. 

The analysis was performed on Rotor-Gene 6000 thermal cycler (Corbett, QIAGEN). Gene 

expression data were analyzed using Rotor-Gene 6000 Software (QIAGEN) and the relative 

expression levels of the genes of interest were normalized to the endogenous control for 

each sample. Each qRT-PCR reaction was performed in at least three replicates in different 

PCR runs. Statistical differences were evaluated using t-test and values at < 0.05 were 

considered as statistically significant. 

4.7. 5-Ethynyl-2’-deoxyuridine (EdU) Labelling 

Cells were incubated with 25 µM EdU for 20 minutes immediately before fixation. 

“Click” reaction was carried out using Click-iT™ EdU AlexaFluor™ 488 kit according to 

the manufacturer’s protocol (Thermo Scientific™). When combined with immunostaining, 
“click” reaction was performed immediately after the secondary antibody incubation.  

4.8. Flow Cytometry 

To analyse cell cycle profiles, approximately 5×105 cells were trypsinized, harvested 
by centrifugation for 10 min at 400 g and fixed in 70% ethanol. Before analysis cells were 

resuspended in 1×PBS, treated with RNAse A (20 µg/ml) and stained with propidium 
iodide (20 µg/ml). Analysis was carried out by a FACScalibur apparatus with Cellquest 
(Becton Dickinson) and FlowJo software. 

4.9. Immunofluorescent Microscopy 

WISH and PC3 cells were cultured on ∅ 12 mm coverslips (Epredia) and transfected 

with plasmids, relevant to the experiment being performed. Cells were fixed with either 
3,7% formaldehyde in 1×PBS for 10 min at room temperature or with methanol for 10 min 

at -20◦C. Fixed cells were permeabilised with 0,5% Triton X-100 in PBS for 5 min and then 
blocked in blocking buffer (5% BSA and 0,1% Tween 20 in 1×PBS) for 1 h. Cells were then 

incubated overnight at 4◦C with primary antibody (in blocking buffer). After washes cells 
were stained with a secondary antibody for 1 h at room temperature. 

The nuclei were counterstained with DAPI (Cell Signaling Technology) to final con- 
centration of 0,5 µg/ml for 2 min at room temperature. The coverslips were washed and 

mounted using ProLong™ Gold Antifade mounting media (Invitrogen). The cells were 
imaged with Zeiss Axiovert 200M fluorescence inverted microscope and images were 
analyzed by CellProfiler software [59]. 
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4.10. Fluorescence Recovery After Photobleaching (FRAP) Analysis 

Cells were transfected with the RBD-DsRed plasmid expressing the RNA Binding 

Domain of RNAse H1 fused to DsRed. FRAP analysis was carried out using Andor 

Revolution XDI spinning disk confocal system, with a heated chamber in CO2-independent 

medium. Imaging was carried out in 1 s intervals for 150 s with the bleaching pulse applied 

at the fifth second. Intensity measurements and analysis were carried out with the CellTool 

software [60]. 

4.11. DNA Fibre Labeling 

DNA fibre analyses were performed following standard protocol [61] with slight 
modifications. Briefly, exponentially growing PC3 cells were first incubated with 25 µM 
chlorodeoxyuridine (CldU) for 10 min and then with 250 µM iododeoxyuridine (IdU) for 

25 min both at 37◦C and 5% CO2. Spreads were prepared from 2500 cells, suspended in 

1×PBS at 1 × 106 cells/ml. Cell lysis was carried out in fibre lysis solution (50 mM EDTA 
and 0.5% SDS in 200 mM Tris-HCl, pH 7.5). DNA fibres were spread by tilting the slides 

./1" 25 until the drop of the fibre solution reached the bottom of the slide and letting it dry. 

Dried slides were immersed in 2.5 M HCl for 80 min, washed in PBS, and blocked for 

40 min in 5% BSA in 1×PBS. Primary antibodies — mouse anti-BrdU antibody (Becton 

Dickinson, cat # 347580) to detect IdU and rat anti-BrdU antibody (Abcam cat # Ab6326) to 

detect CldU — were diluted in blocking buffer and applied overnight. After washes slides 

were incubated with secondary antibodies goat anti-rat DyLight®594 (Abcam 96889) and 

goat anti-mouse DyLight®488 (Abcam, 96879) – for 60 min. Slides were mounted with 

ProLong Gold anti-fade reagent (Invitrogene). Images were acquired with Axiovert 200 M 

microscope (Carl Zeiss) equipped with an Axiocam MR3 camera (Carl Zeiss). Fibre length 

measurements were carried out using the DNA size finder software [62]. 

5. Conclusions 

In this report we studied the interaction of the SARS-CoV-2 ORF6 and the RAE1 

proteins. Our in silico data demonstrate that RAE1 is able to bind simultaneously multiple 

C-termini of ORF6 molecules. These interactions anchor the transport protein to the ER- 

membrane thus sequestering it in the cytoplasm of the host cell and depleting its availability 
in the nucleus, disrupting nucleocytoplasmic trafficking. These results were confirmed 

experimentally by the observed formation of the ORF6–RAE1 protein complex and the 
change in RAE1 localization from mainly nuclear to predominantly cytoplasmic. Our 
results suggest for the first time a mechanisms by which the interaction of ORF6 with 

RAE1 leads to genome instability. Firstly, this complex formation interferes with the cell 
cycle progression. Secondly, R-loops accumulate due to deficient mRNA transportation, 

leading to stalled DNA replication forks and eventually causing replication stress. Both of 
these effects are partially revisable by overexpression of either cyclin E, which helps the 
progression of the cell from G1 to S phase, or RNAse H1 which has the ability to remove 

RNA from the RNA:DNA hybrids. 
This action of the SARS-CoV-2 ORF6 aims at hindering the synthesis of antiviral 

molecules and slowing down the immune response of the host cells, but does not affect 

significantly the viral replication, since coronaviruses do not rely on nuclear export for 

their replication and transcribe their genome in the cytoplasm. Therefore, targeting the 

interaction of the SARS-CoV-2 ORF6 C-terminus and RAE1 can potentially lessen the 

pathogenic effects of the virus, but also facilitate earlier antiviral response, thus reducing 

viral replication in infected host cells. Understanding the multiple ways in which ORF6 

affects DNA replication might also have important implications in clarifying the patho- 

genesis of SARS-CoV-2 and for the development of therapeutic strategies to counteract its 

deleterious effects on host cells. 
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aa amino acids 

CHOL cholesterol 

ER endoplasmic reticulum 

GA Golgi apparatus 

MD molecular dynamics 

NUP98 nucleoporin 98 

oeORF6 ORF6-overexpressing cells 

ORF6 Open reading frame 6 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

POPI 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol   

RAE1 ribonucleic acid export 1 

Rg radius of gyration 
RMSD root mean square deviation 

RMSF root mean square fluctuations 

SASA solvent accessible surface area 
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