
  
 

  
 

1

 

Title: Fatty Acid Synthase inhibitor TVB-3166 prevents S-acylation of the Spike protein of 

human coronaviruses.  

  

  

Authors: Katrina Mekhail1,2†, Minhyoung Lee1,2†, Michael Sugiyama3†, Audrey Astori4, 

Jonathan St-Germain4, Elyse Latreille2,6, Negar Khosraviani2, Kuiru Wei2, Zhijie Li1, James 

Rini1,7, Warren L. Lee1,2,6,8, Costin Antonescu3, Brian Raught4,5 Gregory D. Fairn1,2,9,10*  

  

 

 

Affiliations:  
1Department of Biochemistry, University of Toronto, Toronto, Ontario, Canada  
2Keenan Research Centre, St. Michael’s Hospital, Unity Health Toronto, Toronto, Ontario, 

Canada 
3Department of Chemistry and Biology, Ryerson University, Toronto, Ontario, Canada 
4Princess Margaret Cancer Centre, University Health Network, Ontario, Canada 
5Department of Medical Biophysics, University of Toronto, Ontario, Canada 
6Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Ontario, 

Canada 
7Department of Molecular Genetics, University of Toronto, Ontario, Canada 
8Department of Medicine, University of Toronto, Toronto, Ontario, Canada 
9Department of Surgery, University of Toronto, Toronto, Ontario, Canada 
10Department of Pathology, Dalhousie University, Halifax, Nova Scotia, Canada 

  

*Correspondence should be directed to Gregory D. Fairn (gfairn@dal.ca) 

 
†authors contributed equally to this manuscript.  

 

Running title: Blocking Spike acylation limits CoVs.  

Keywords: S-acylation, ZDHHC, Spike coronavirus, click chemistry, fatty acid synthase 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2022. ; https://doi.org/10.1101/2020.12.20.423603doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.20.423603
http://creativecommons.org/licenses/by-nc-nd/4.0/


  
 

  
 

2

 

 

Abstract: The Spike protein of SARS-CoV2 and other coronaviruses mediate host cell entry and 

are S-acylated on multiple phylogenetically conserved cysteine residues. Multiple protein 

acyltransferase enzymes of the ZDHHC family have been reported to modify Spike proteins 

post-translationally. Using resin-assisted capture mass spectrometry, we demonstrate that the 

Spike protein is S-acylated in SARS-CoV2 infected human and monkey cells. We further show 

that increased abundance of the human acyltransferase ZDHHC5 results in increased S-acylation 

of the SARS-CoV2 Spike protein, whereas ZDHHC5 knockout cells had a 40% reduction in the 

incorporation of an alkynyl-palmitate using click chemistry detection. We also find that the S-

acylation of the Spike protein is not limited to palmitate, as clickable versions of myristate and 

stearate were also found on the immunocaptured protein. Yet, ZDHHC5 was highly selective for 

palmitate, suggesting that other ZDHHC enzymes mediated the incorporation of other fatty acyl 

chains. Thus, since multiple ZDHHC isoforms may modify the Spike protein, we examined the 

ability of the fatty acid synthase inhibitor TVB-3166 to prevent the S-acylation of the Spike 

proteins of SARS-CoV-2 and human CoV-229E. Treating cells with TVB-3166 inhibited S-

acylation of ectopically expressed SARS-CoV2 Spike and attenuated the ability of SARS-CoV2 

and human CoV-229E to spread in vitro. Additionally, treatment of mice with a comparatively 

low dose of TVB-3166 promoted survival from an otherwise fatal murine coronavirus infection. 

Our findings further substantiate the necessity of CoV Spike protein S-acylation and the potential 

use of fatty acid synthase inhibitors. 
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Introduction: Since 2002, coronaviruses (CoV) have resulted in three zoonotic outbreaks: 

SARS in 2002, MERS in 2012, and SARS-CoV2 in December 2019 (1,2). CoVs infect humans 

and animals and cause various diseases targeting different tissues, including respiratory, enteric, 

renal, and hepatic (3,4). The current pandemic highlights the need for effective treatments of this 

family of viruses. There are enormous efforts to develop prophylaxis and therapeutic options for 

SARS-CoV2, including vaccination, protease inhibitors, and soluble decoy receptors (5-7). Many 

putative countermeasures target the Spike protein, which is required to attach the virus to cells 

via binding to the angiotensin-converting enzyme (ACE2) and potentially other host proteins (6). 

Further, Spike protein proteolytic cleavage generates an S2 fragment capable of stimulating viral 

fusion and payload delivery into the cytosol (8). However, the high mutation rates of positive-

sense (+) sense RNA viruses may result in resistance to some of these therapeutic approaches 

(9,10). Additionally, many potential zoonotic coronavirus species in bat and civet populations 

necessitate exploring all available therapies (11,12). Thus, identifying a pan-CoV infection 

therapy that targets a host enzyme is desirable for current and future potential zoonotic 

infections.   

  Although not truly synonymous, S-palmitoylation or S-acylation are often used 

interchangeably to describe the reversible covalent addition of palmitoyl or other fatty acyl 

chains to cysteine (Cys) residues via a thioester bond. This modification can occur spontaneously 

in high concentrations of acyl-CoAs or catalyzed by a family of zinc finger Asp-His-His-Cys-

containing protein acyltransferases or simply ZDHHC enzymes. In the Spring of 2020, Krogan 

and colleagues reported that ZDHHC5 and its binding partner Golga7 interact with the Spike 

protein of SARS-CoV2 using an affinity purification/mass spectrometry approach (13). The 

results suggest that the cytosolic tail of the Spike protein may be post-translationally S-acylated. 

A variety of labs have substantiated this, and collectively, these studies have demonstrated that 

multiple protein acyltransferases, including ZDHHC2, 3, 5, 6, 8, 9, 11, 12, 20, 21 and 24, 

directly or indirectly influence the S-palmitoylation/acylation of the Spike protein depending on 

the cellular context (14-20). These findings likely result from the lack of specificity of some 

ZDHHC enzymes and the promiscuous nature of some substrates. Considering that the Spike 

protein contains ten Cys residues in proximity to the membrane, this would only increase the 

chances of modification by various transferases.   
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Previously, the Spike protein of the murine hepatitis virus (MHV) required S-acylation of 

its C-terminal tail to support virion production (21). Specifically, preventing S-acylation 

prevented the MHV Spike protein from being incorporated into new virions (21). Further, a 

mutant version of Spike unable to be S-palmitoylated displayed a reduced ability to stimulate 

membrane fusion vis-à-vis syncytium formation field (21,22). Additionally, S-acylation of the 

SARS Spike is critical for its ability to catalyze cell-cell fusion (23). Here we aimed to extend 

the findings and investigate the role of ZDHHC5 in Spike S-acylation and its role in the human 

cold virus CoV-229E. Given the large number of ZDHHC enzymes that may potentially S-

acylate the Spike protein, we also sought to examine the ability of the fatty acid synthase 

inhibitor TVB-3166 to limit S-acylation.  

   

Results:  

SARS-CoV2 Spike protein is S-acylated  

Alignment of the C-terminal cytoplasmic tails of several human and murine CoVs reveals 

that the 20 amino acids adjacent to the membrane are highly enriched in Cys residues (Fig. 1A).  

Indeed, in the case of SARS-CoV2 Spike, half of the first 20 amino acids are Cys residues, 

providing ample sites for potential S-acylation. To explore this possibility, we first established a 

model to express and study the SARS-CoV2 Spike protein using ectopic expression of Spike 

tagged at the C-terminus with a C9 epitope (TETSQVAPA) (Fig. 2A) (24,25). Immunoblotting 

of the Spike-C9 revealed numerous reactive bands in transfected cells but none in controls (Fig. 

2B). Consistent with previous reports (25,26), we detected several Spike molecular species, 

including a full-length ~190 kDa and a ~100 kDa fragment compatible with the furin-cleaved S2 

fragment. To determine if the ectopically expressed Spike-C9 protein is acylated, we incubated 

transfected cells with BSA conjugated alkynyl-palmitate (15-hexadecynoic acid; 15-HDYA), a 

“clickable” palmitate analog (27). Spike-C9 immunocaptured using anti-C9 beads was reacted 

with cyanine 5.5 (Cy5.5) – azide using a copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) (28-30). As shown in Fig. 1B, the Spike-C9 from cells incubated with alkynyl-

palmitate and reacted with the Cy5.5-azide generated a similar banding pattern as the anti-C9 

antibody, indicating that the full-length and S2 fragment of the Spike protein are both acylated.  

Considering that the SARS-CoV2 Spike protein cytoplasmic tail contains ten cysteine 

residues, we sought to confirm that the modifications are on Cys residues and the degree of 
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modification. To do this, we used an approach termed acyl-polyethylene glycol (PEG) exchange 

(APE) that involves substituting acyl groups attached to Cys residues with a 5-kDa PEG mass 

tag field (31). The unreacted protein (input) and the protein treated with hydroxylamine to cleave 

the thioester bond and remove the fatty acyl chains, but not reacted with PEG (-PEG), have an 

apparent molecular weight of ~190 kDa (Fig. 1C). Spike-C9 treated with hydroxylamine and 

reacted with a maleimide-functionalized five kDa PEG revealed five distinct bands consistent 

with an unmodified band and four sites of S-acylation. Given the proximity of the ten Cys 

residues within a 20 amino acid stretch, it is unclear if the addition of multiple five kDa PEG 

molecules could be sterically hindered. Another possibility is that the addition of the C9 epitope 

to the C-terminal end of the Spike may result in less or variable acylation. Regardless, these 

results demonstrate that the Spike protein can be modified on numerous sites and that some 

individual proteins are modified with a minimum of four acyl chains.   

Next, we sought to confirm the results obtained using the heterologously expressed 

epitope-tagged Spike with the native Spike in cells infected with the SARS-CoV2 virus. We used 

a strategy termed acyl resin-assisted capture (acyl-RAC) (32). In this workflow, free Cys 

residues are chemically blocked using N-ethylmaleimide. Next acyl-cysteine thioester linkages 

are then cleaved using hydroxylamine, and then treated lysates are incubated with thiol-reactive 

beads allowing for the capture of the previously S-acylated proteins by a mixed disulphide 

exchange reaction. This assay is readily coupled to mass spectrometry (MS) based protein 

detection and quantitation. As shown in Table 1, Table S1, and S2, the Acyl-RAC MS workflow 

can identify numerous host proteins that are known to be S-acylated, including flotillin, calnexin, 

scribble and SNAP23 in both Vero and HEK293 stably expressing both the ACE2 receptor and 

TMPRSS2 protease (or simply HEK A2T2) (33). Analysis of cells infected with SARS-CoV2 

revealed the presence of the Spike protein and that it was one of the most abundant S-acylated 

proteins in both cell types. Furthermore, despite the infection, most of the other host S-acylated 

proteins were unaltered.  These results collectively demonstrate that both the ectopically 

expressed Spike and Spike delivered during SARS-CoV2 infection are S-acylated.     

 

S-acylation of SARS-CoV2 Spike protein is required for membrane fusion   
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The CoV Spike polypeptides are class I viral fusion proteins that mediate membrane fusion 

(34). This function is essential to initiating viral infection. To investigate the role of S-acylation 

of the SARS-CoV-2 Spike protein in this process, we used a site-directed mutagenesis approach 

to mutate all ten Cys residues in the cytoplasmic tail to Ser (termed SpikeC->S) (Fig 2A). Lysates 

of HEK293T cells ectopically expressing Spike-C9 and SpikeC->S-C9 were immunoblotted and 

revealed that the full-length SpikeC->S-C9 was expressed at comparable levels to the wild-type 

protein and that there is also the production of the S2 fragment (Fig. 2B, C). Our studies noticed 

that the relative proportion of full-length compared to the S2 was variable but consistent within 

individual biological replicates. Whether this is due to a cell-autonomous factor, the efficiency of 

transfection, or perhaps even post cell lysis proteolysis was not determined. We next confirmed 

that the SpikeC->S-C9 is not S-acylated by measuring the addition of the 15-HDYA (Fig 2D, E). 

Recent studies have demonstrated that the C-terminal region of Spike interacts with a variety of 

vesicular transport machinery, including COPI and COPII coatomers (35). To determine if loss 

of the S-acylation sites alters the protein delivery to the plasma membrane, we used an antibody 

that detects an extracellular epitope together with immunofluorescence microscopy and flow 

cytometry. We confirmed that comparable amounts of both the Spike-C9 and SpikeC->S-C9 

traffic to the plasma membrane (Fig. 2F, G). Together these results demonstrate that mutagenesis 

of the cytoplasmic Cys residues to Ser and the concomitant loss of S-acylation have minimal 

impact on expression levels and transport to the cell surface. 

Previous studies have demonstrated that the SARS-CoV-2 Spike protein can catalyze 

syncytium formation, provided that neighbouring cells express ACE2 (6). To determine if S-

acylation of the Spike protein is required for syncytium formation, we utilized a co-culture 

strategy where cells co-transfected with plasmids encoding Spike-C9 and soluble mCherry were 

co-cultured with cells co-transfected with plasmids encoding ACE2 and soluble GFP. Co-

cultures containing cells expressing mCherry alone and cells with ACE2/GFP showed no signs 

of cell-cell fusion, as expected (Fig. 3A, B). However, co-cultures with Spike/mCherry and 

ACE2/GFP displayed numerous large syncytia containing soluble GFP and mCherry (Fig. 3 A, 

B). In contrast, HEK293T cells expressing SpikeC->S-C9/mCherry co-cultured with ACE2/GFP 

expressing cells displayed only a few smaller mCherry and GFP double-positive cells (Fig 3A, 

B). These results demonstrate that one or more membrane-proximal cytoplasmic Cys residues 

are required for the Spike protein to facilitate syncytium formation.  
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ZDHHC5 is required for human coronavirus infection  

The human genome encodes a family of 24 ZDHHC (including ZDHHC11B) 

palmitoyltransferases (22). ZHHC5 was reported to interact with the SARS-CoV2 Spike protein 

physically, as shown using IP-MS (13). We confirmed these results using co-

immunoprecipitation and found that Spike-C9 could transiently interact with HA-tagged 

ZDHHC5 (Fig. S1). Given that numerous ZDHHC enzymes have been demonstrated to S-acylate 

the Spike protein, we wanted to determine the relative importance of ZDHHC5. Thus, we 

assessed the contribution of ZDHHC5 to the S-acylation of Spike in parental HEK293T cells and 

genome-edited cells deficient in ZDHHC5 expression (Fig. S2). Spike-C9 was transiently 

expressed in wild-type and ZDHHC5ko cells, incubated with 15-HDYA and subsequently 

processed as in Figure 1 to determine the extent of S-palmitoylation. Notably, the loss of 

ZDHHC5 resulted in nearly a 40% reduction in Spike S-palmitoylation (Fig 4A, B). Thus, even 

though reports demonstrate that upwards of 11 ZDHHC enzymes can modify Spike, our 

experiments with the clickable palmitate suggest ZDHHC5 is responsible for a significant 

fraction of the post-translation modification.   

As mentioned previously, the 15-HDYA experiment doesn’t provide information about 

the number of sites being modified. Furthermore, 15-HDYA does not provide information on 

whether other fatty acids can be attached to the Spike protein. We sought to investigate this using 

complementary approaches. First, cells ectopically expressing Spike-C9 and 3xHA-ZDHHC5 

were processed using the APE assay as in Figure 1C. The increased expression of ZDHHC5 

resulted in a ~3-fold increase in S-acylation as detected by APE, along with the appearance of a 

6th band at a higher molecular weight (Fig 4C, D).  

Unlike the metabolic labelling with clickable fatty acids, the APE assay detects sites of S-

acylation regardless of the source of the acyl chains. Next, we considered whether the Spike 

protein was modified by acyl chains other than palmitate and whether over-expression of the 

ZDHHC5 enhanced this modification. To investigate this possibility, cells were metabolically 

labelled with BSA-conjugated clickable fatty acid analogs of palmitate, stearate and myristate, 

followed by immunocapture and processing as in Figure 1B. As depicted in Fig 4E, F, the 

myristate analog (13-TDYA) and stearate analog (17-ODYA) are covalently attached to the 

Spike-C9 but less abundant. Curiously we also found that over-expression of ZDHHC5 had a 
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modest impact on the labelling of Spike by 15-HDYA compared to control cells (Fig S3). We 

hypothesize that this is likely because either the uptake from the medium and synthesis of the 15-

HDYA-CoA are limiting steps, and in the presence of de novo synthesized palmitoyl-CoA, it is 

inefficiently used to S-acylate proteins. Indeed when we repeat the experiment in the presence of 

the fatty acid synthase inhibitor TVB-3166, we see more efficient incorporation of the clickable 

label (Fig S3). 

As part of the reaction cycle, ZDHHC enzymes are first auto-acylated with the acyl 

chains and subsequently transferred to the substrates (36). To our knowledge, no information is 

available on the fatty acyl specificity of ZDHHC5. Thus, taking advantage of the clickable fatty 

acids and protocol used in Fig 4E, we sought to determine which fatty acids are attached to 

ZDHHC5 as part of the reaction cycle. As shown in Fig 4G and H, ZDHHC5 displays a strong 

preference for 16-carbon acyl chains even compared to the 14- and 18-carbon chains. The results 

suggest that ZDHHC5 is responsible for a substantial amount of the palmitate attached to the 

Spike protein, but that other ZDHHC enzymes attach other fatty acyl chains to the Spike protein.    

 

ZDHHC5 supports human CoV-229E Spike S-acylation and infection  

Next, we sought to investigate if our observations on the Spike protein and ZDHHC5 can be 

extended to another human coronavirus, namely CoV-229E, one of the viruses that cause the 

common cold. Although the Spike protein of CoV-229E recognizes a different host protein, 

CD13 (37), its cytosolic tail is similar to that of SARS-CoV2 (Fig. 1A). We again generated a 

plasmid-borne C9 tagged Spike protein of the 229E virus (229E Spike-C9). Using the APE 

assay, we found that the 229E Spike-C9 protein is S-acylated on multiple sites when ectopically 

expressed in HEK293T cells. Curiously, the pattern obtained was different from that of the 

SARS-CoV2 Spike. First, we found that all the 229E Spike-C9 had at least one PEG attached 

(Fig 5A) and that we could not resolve the individual bands. This raises the possibility that the 

229E Spike is more heavily S-acylated than the SARS-CoV2 Spike. Again, the intensity of the 

PEGylated proteins is enhanced when HA-ZDHHC5 levels are increased (Fig. 5A, B). This 

finding is consistent with the Spike proteins of SARS-CoV2 and likely 229E being substrates of 

ZDHHC5. To our knowledge, the role of other ZDHHC enzymes and the 229E Spike has not 

been investigated. Our results do not rule out the possibility that other ZDHHC enzymes may 

also modify the 229E Spike protein.   
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 To investigate the role of ZDHHC5 in the generation of virulent progeny, we used two 

complementary cell-based assays. First, we used a previously described siRNA to silence 

ZDHHC5 in confluent monolayers of human MRC-5 fibroblasts (Fig. 5C, D) (38). Next, we used 

these conditions and assessed the ability of CoV-229E to form plaques (Fig. 5E, F). Cell 

monolayers transfected with a non-targeting siControl produced an average of ~106 PFU/ml, and 

monolayers transfected with the siZDHHC5 displayed significantly fewer plaques. From the 

plaque assay, it was unclear if the loss of ZDHHC5 impacted the initial infection or the 

subsequent spread to the neighbouring cells in the monolayer. We used a liquid culture assay to 

complement the plaque assay to investigate infection and dissemination. In this assay, cells were 

incubated in the presence of 229E virus at a low multiplicity of infection (MOI = 0.005) for 2 

hours, followed by extensive washing. After 72 hours, cells were processed and stained with an 

antibody directed against the 229E Spike protein (39) and an AlexaFluor 488-conjugated 

secondary antibody. As shown in Fig. 5G and H, ≈50% of the siControl cells were infected as 

determined by immunofluorescence detection of the Spike protein. In contrast, only ≈15% of the 

ZDHHC5 silenced cells were positive for the Spike protein. These results are consistent with the 

notion that ZDHHC5 is required for the generation of virulent progeny and spread in vitro.  

 

De novo fatty acid synthesis is required for CoV infectivity 

 

Based on our data, we sought to determine if ZDHHC5 and other ZDHHC enzymes could 

represent suitable therapeutic targets for treating CoV infections. Unfortunately, no specific 

inhibitor of ZDHHC5 exists. Previously, we found that the fatty acid synthase (FASN) inhibitor 

cerulenin prevented the S-palmitoylation of the ZDHHC5 substrates NOD1 and NOD2 (40). 

This is logical since FASN produces a cytosolic pool of palmitoyl-CoA, the palmitate donor for 

ZDHHCs. However, cerulenin is not suitable therapeutically due to severe weight loss and off-

target effects in murine models (41-43). Fortunately, first-in-class FASN inhibitors have been 

developed by Sagimet Biosciences, formerly 3-V Biosciences (San Mateo, USA). One of these 

inhibitors, TVB-2640, is orally available, well-tolerated, and a highly potent FASN inhibitor in 

clinical trials for cancer (44) and non-alcoholic fatty liver disease (45). A commercially available 

related compound, TVB-3166, previously showed an IC50 in vitro of 42 nM and a cellular IC50 

of 60 nM (46,47). 
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Since we wanted to achieve complete inhibition of FASN, we used higher concentrations of 

TVB-3166. Treating cells with 0.2 μM or 20 μM TVB-3166 did not impact cell viability, nor did 

it alter the expression of Spike-C9 in HEK293T cells (Fig 6A, B). However, treating HEK293T 

cells expressing Spike-C9 with TVB-3166 or 2-bromopalmitate (2BP), a non-specific inhibitor 

of ZDHHC enzymes and other enzymes involved in fatty acid metabolism (48), attenuated the S-

acylation of the Spike protein as determined by the APE assay (Fig. 6 C, D). Additionally, we 

examined whether TVB-3166 is a direct inhibitor of ZDHHC5 by assessing the covalent 

attachment of 15-HDYA on the Spike protein in the presence of TVB-3166. Consistent with Fig 

S3, we find that the exogenously added clickable fatty acid is incorporated more efficiently in the 

presence of the FASN inhibitor (Fig 6E, F), suggesting that there is competition between the 

endogenous acyl-CoAs and exogenous acyl chains. This also brings into question the mode of 

action of 2BP and whether it truly needs to be converted to 2BP-CoA to inhibit ZDHHC 

enzymes. Indeed, a previous study demonstrated that both 2BP and 2BP-CoA could directly 

modify Cys residues of ZDHHC enzymes and that 2BP can also irreversibly block Cys residues 

directly of target proteins such as Spike in our study (48). This further demonstrates the need for 

a better pan-inhibitor of ZDHHC enzymes.  

To evaluate the effect of TVB-3166 on the viral spread, HEK293 A2T2 cells were infected 

with SARS-CoV-2 strain SB3 (49) at a MOI=0.1 and then treated with TVB-3166 6 hrs post-

infection for an additional 18 hours. Then, cells were fixed, permeabilized, stained for the SARS-

CoV-2 nucleocapsid protein, and imaged with confocal microscopy. Notably, a ~70% decrease 

in infection was observed with TVB-3166 treatment (Fig 6 G). These experiments collectively 

suggest that inhibiting de novo lipid synthesis is an efficient way of attenuating S-acylation and 

that this strategy effectively blocks the in vitro spread of the SARS-CoV2.  

 

TVB-3166 mediated inhibition of FASN attenuates human CoV-229E spread and extends 

the survival of mice infected with a murine CoV  

 

We confirmed that TVB-3166 treatment also inhibited the S-acylation of the 229E Spike-C9 

protein. HEK293T cells were transiently transfected with 229E Spike-C9 and treated with TVB-

3166; cell lysates were then subject to the ABE assay and revealed a decrease in the higher 

molecular weight species, thus poly-acylation (Fig. 7A, B). We next measured the ability of 
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229E to form plaques following TVB-3166 treatment. As illustrated in Fig 7 C and D, treatment 

with 0.2 μM TVB-3166 attenuated the spread of 229E by ≈ 85%. Together, these results suggest 

that the TVB-3166 FASN inhibitor block CoV infection at least in part by attenuating Spike S-

acylation.  

    The cellular results demonstrating that TVB-3166 attenuated Spike S-acylation and limited 

spread of the SARS-CoV2 and 229E virus in cell-based assays motivated us to determine if this 

orally available FASN inhibitor could be useful as prophylactic in a mouse model. For this 

juvenile A/J mice were thus infected intranasally with 150,000 tissue culture infectious dose 50% 

of murine hepatitis virus (MHV)-S. In control mice, changes in health were noticed as early as 

two days post-infection; all proceeded to deteriorate as monitored by several health indicators, 

including decreased temperature, body weight, and activity (Fig 7 E-G). By day 5, all control 

mice were sacrificed as per animal care protocols. Previous experiments demonstrated that TVB-

3166 is well tolerated by mice up to 100 mg/kg. As these are juvenile mice and the drug was 

delivered by oral gavage, we used a significantly lower dose of 30 mg/kg so as to not deliver too 

much fluid. Additionally, to help mitigate any putative metabolic issues, we also delivered the 

drug with a bolus of corn oil. In contrast to untreated mice, the animals treated daily with 30 

mg/kg of TVB-3166 showed significantly prolonged survival (Fig 7E), with one animal 

recovering fully in this study. Thus, using a low dose of TVB-3166 at the time of infection, 

similar to a prophylaxis drug regimen, limited the progression of disease caused by MHV-S in 

vivo as marked by reduced clinical symptoms in treated mice. However, further studies are 

required to understand if the TVB compounds undergoing Phase II clinical for other diseases 

(50,51) would be a beneficial treatment for CoV infections.   

   

Discussion: 

We and others have now established that the Spike protein of SARS-CoV2 is S-acylated. 

This modification supports its ability to catalyze membrane fusion and thus the infectivity of the 

SARS-CoV2 virus and experimentally useful pseudovirus (15,18,20). Furthermore, these 

observations are similar to previous findings on MHV and SARS Spike proteins (21,23), 

demonstrating the importance of post-translational lipidation for the function of these fusogenic 

proteins. Collectively, various studies have now found that nearly half of the ZDHHC enzymes 
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have the potential to S-acylate the Spike protein. Yet, there are no ZDHHC inhibitors, broad 

spectrum or selective, in clinical development. However, the findings that FASN inhibitors 

effectively block S-acylation of SARS-CoV2 Spike protein, attenuating the spread of the virus 

and even inhibiting the spread of other respiratory viruses, including respiratory syncytial virus, 

human parainfluenza 3 and rhinovirus (52) make this an area ripe for future investigations.  

Mechanistically, the techniques that require cleavage of the thioester bond to detect sites 

of S-acylation, including acyl-biotin exchange, acyl-PEG exchange, and acyl-RAC, do not 

provide information as to the acyl chain species attached to the Cys residue(s). Using three 

alkyne-containing fatty acid analogs, we find that analogs of palmitate, myristate and stearate are 

attached to the Spike protein with a preference for the 16-carbon analog. We also found that 

ZDHHC5 has a strong preference for palmitoyl-CoA as a substrate and that when expressed in 

ZDHHC5 knockouts, the incorporation of palmitate was reduced by 40%. The recent studies on 

the S-acylation of the Spike protein have relied on a variety of cell lines and techniques to 

examine post-translational lipidation. Therefore, the choice of cell types and different techniques 

may be contributing to the heterogeneity of the collective results. Alternatively, with its ten Cys 

residues, it’s also conceivable that the Spike protein is a promiscuous substrate for ZDHHC 

enzymes.  

 Considering the Spike protein contains ten Cys residues within the C-terminal domain 

and proximal to the transmembrane domain, it is worth considering the critical modification 

sites. A consensus from the various studies is that Cys1235 and 1236 are crucial for the 

infectivity of both the virus and pseudovirus. Additionally, a trend from these studies is that 

Cys1235, 1236, 1240 and 1241 are sites most highly modified by exogenously added 3H-

palmitate or the clickable stearate analog 17-ODYA.  Additionally, the results suggest that 

Cys1235 and 1236 are S-acylated in the endoplasmic reticulum by the ZDHHC20 before 

transiting to the Golgi apparatus and plasma membrane, where it can encounter additional 

ZDHHC isoforms. However, these studies rely on the uptake of fatty acids from the medium. 

The growing body of literature has demonstrated FASN, and not exogenous fatty acids, is the 

primary source of acyl chains for S-acylation (40,46,53-56). Using an alternative approach, Zeng 

et al. replaced all ten Cys with Alanine residues and subsequently re-introduced individual Cys 

residues within the tail and examined the S-acylation using the acyl-biotin exchange. This study 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2022. ; https://doi.org/10.1101/2020.12.20.423603doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.20.423603
http://creativecommons.org/licenses/by-nc-nd/4.0/


  
 

  
 

13

found that the individual Cys1235, 1236, 1240 and 1241 residues were not being S-acylated in 

isolation, yet the other six sites were being modified (18). The significance of this finding is 

currently unclear. Still, it suggests that the recognition of the sites of S-acylation by the ZDHHC 

is more complex than just their proximity to the transmembrane domain. Another possibility is 

that thioesterases may more readily recognize some sites, especially in the absence of the other 

neighbouring S-acylated residue, so their steady-state S-acylation may appear lower. Indeed, 

how a de-acylation/re-acylation cycle may impact the findings of all these studies should be 

considered in the future.  

 This study, our recent studies on the peptidoglycan sensors NOD1 and NOD2 (40), and 

various other studies have demonstrated that the inhibition of FASN greatly attenuates the S-

acylation of proteins even in the presence of exogenous lipids and lipoproteins (53,56,57). This 

observation is somewhat unexpected, although, to our knowledge, the source of fatty acids/fatty 

acyl-CoAs has not been rigorously examined. Treating cells with triacsin C a molecule known to 

block fatty acid uptake, does limit the uptake and incorporation of radiolabeled palmitate or 

clickable fatty acids from the medium (58,59) as well as prevent the formation of lipid droplets. 

However, these studies did not investigate whether the proteins were still S-acylated by an 

independent method like the acyl-biotin exchange. Structurally unrelated FASN inhibitors, 

including the TVB compounds and cerulenin/C75, have comparable results; thus, this is unlikely 

the result of off-target effects. On the contrary, as we show in Fig 6F Fig S3, in the presence of 

TVB-3166, we see a tendency towards greater incorporation of the exogenously added clickable 

ligand.  

One possible explanation is that exogenously added fatty acids are not internalized and 

converted to acyl-CoAs efficiently enough to supply the needs of the ZDHHC enzymes. Another 

possibility is that different acyl-CoA “pools” exist within the cytosol and that these may be 

channeled for further use and metabolism. Considering acyl-CoAs support phospholipid 

metabolism, triglyceride synthesis, protein acylation and can be imported into mitochondria and 

peroxisomes for β-oxidation, it may be difficult to resolve this question. Additionally, 

considering the concentration of CoA in the mitochondria is nearly two orders of magnitude 

higher than the cytosol(60), directly analyzing cytosolic CoA pools is not trivial. Our findings 

that the Spike protein can also be myristoylated and stearoylated (Fig. 4F), yet FASN inhibition 
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abolished S-acylation using the APE assay (Fig. 6C), suggests that the FASN is also critical to 

generating the CoA species used for these reactions. In support of this notion, two recent studies 

have found that FASN generates an array of fatty acyl chains than just 16:0 and that FASN 

supports the generation of myristoyl-CoA and stearoyl-CoA and their subsequent attachment to 

proteins (61,62).  

Does the loss of ZDHHC5 and FASN activity impact the SARS-CoV2 infection cycle by 

other mechanisms? In all likelihood, yes.  First, S-acylation may be important for the function of 

additional viral proteins. For comparison, the Envelope protein of MHV also requires S-acylation 

to assemble virions (63). Although we did not pick up other SARS-CoV-2 with the Acyl-RAC 

mass spectrometry analysis, it does not rule out the possibility that other viral proteins are, in 

fact, S-acylated. Indeed, in a previous study, we found it difficult to detect many of the SARS-

CoV2 proteins, including those that could be potentially S-acylated (64). Second, loss of 

ZDHHC5 will alter S-acylated proteins at the cell surface, including flotillin, and is also known 

to increase the rates of two actin-dependent endocytic processes, phagocytosis and 

macropinocytosis, through an unknown mechanism (38,40). Considering SARS-CoV2 is larger 

than the traditional clathrin-mediated endocytic cargo, other factors such as flotillin or actin 

machinery may play a role and thus be regulated by ZDHHC5. Additionally, since many proteins 

involved in vesicular transport and membrane fusion are S-acylated (65), including SNAP23 and 

SNARE proteins, treatment with FASN inhibitors would also impede these processes and thus 

attenuate the viral replication cycle. Indeed, many small molecules that interfere with 

phosphoinositides in the endocytic pathway and lysosomal pH are also known to disrupt the viral 

replication cycle (66-68).   

    Alterations in lipid metabolism are documented in CoV infections.  Sera from patients 

with COVID19 have altered apolipoproteins and lipid levels (69), while 229E infected cells have 

been shown to have increased levels of free fatty acids (69). Given the fact that CoVs are 

enveloped viruses, they will require host lipids for replication. Indeed, CoV-induced remodeling 

of the cellular lipidome is necessary for robust viral replication. Specifically, recent studies have 

demonstrated that FASN activity is required to support SARS-CoV2 replication and that 

blocking fatty acid absorption using Orlistat reduced illness and symptoms in mice (67,70). 

Additional experiments have demonstrated that the diacylglycerol acyltransferase 1 inhibitor 
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(A922500) attenuates the production of viral progeny (71). This enzyme is critical for lipid 

droplet formation, and the same study found that SARS-CoV2 replications centers are in 

proximity to lipid droplets. Finally, the ectodomain of SARS-CoV2 Spike contains a binding 

pocket for another fatty acid, linoleic acid (72), although the function is not completely clear. 

Thus, further studies on the importance of fatty acids and lipid metabolism are needed to clarify 

these aspects of CoV infections.  

  

Treating cells or mice with TVB-3166 limited the ability of SARS-CoV-2 and 229E to 

produce virulent progeny and spread in cell culture and in initial experiments extended the life of 

mice subjected to a lethal MHV infection. We anticipate that our findings will advance the 

possibility of using the related TVB-2640 that is currently undergoing clinical trials to treat 

COVID-19 or other CoV infections, especially as new variants arise (45,73). Since FASN is a 

host enzyme, the likelihood of viral resistance is low. It would necessitate extensive mutagenesis 

of the Spike protein to bypass the requirement for S-acylation of the cytosolic tail to support 

membrane fusion. Clinically, the identification and approval of an orally available pan-CoV 

treatment or prophylaxis would be beneficial in the short term and against other zoonotic CoVs 

in the future.   
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Experimental procedures:   

 

Reagents: TVB-3166 (SML1694), 2-Bromohexadecanoic acid (238422), EDTA-free protease 

inhibitor (1183617001), TCEP (C4706), tert-butanol (471712) were purchased from Millipore-

Sigma (Oakville, Canada). Phusion polymerase, XhoI and NheI FastDigest restriction enzymes, 

T4 DNA ligase, dithiobissuccinimidyl propionate (DSP), Protein G Sepharose, Lipofectamine 

3000, RNAiMAX, Eagle's Minimum Essential Medium (EMEM), SuperSignal West Pico were 

purchased from Thermo Fisher Scientific (Mississauga, Canada).  Dulbecco's modified Eagle's 

medium (DMEM), Temin’s Modified Eagle Medium (11935046), fetal bovine serum (FBS), 

charcoal stripped FBS, and Trypsin/EDTA were obtained from Wisent Bio Products (St. Bruno, 

Canada). Triton-X100, DMSO and CuSO4 were from BioShop Canada Inc (Burlington, Canada), 

alkynyl-palmitate (Click Chemistry Tools; Scottsdale, AZ), Cy5.5 (tetramethylindo)(di)-

carbocyanines; Cyanine)-azide (Lumiprobe; Hunt Valley, Maryland), Site Counter (Badrilla; 

Leeds, UK), PFA (Electron Microscope Science; Hatfield, PA),  

 

Plasmids:  pcDNA3.1-SARS2-Spike (Addgene plasmid #145032), pCEP4-myc-ACE2 

(Addgene plasmid #141185). PBcmv-229E-wt_WRPE(39), HA-tagged ZDHHC5(40), EGFP-C1 

(Clontech), mCherry-C1 (Clontech). The 229E Spike cDNA was amplified by PCR with the 

forward primer: 5’-TTTTTTGCGGCTAGCATGTTCGTGCTGCTGG and the reverse primer: 

5’-

TTTTTTGCGCTCGAGTCACGCCGGCGCCACCTGGCTGGTTTCGGTCTGGATGTGGATC

TTTTCCA using Phusion polymerase (New England Biolabs) according to manufacturer’s 

instruction. The amplified 229E sequence and SARS-CoV2 S plasmid were incubated with XhoI 

and NheI restriction enzymes at 37°C for 1 hour. The reactions were then heat-inactivated and 

purified with a PCR clean-up kit. The insert and vector were then incubated with T4 DNA ligase 

at 16°C overnight. The ligation mixture was transformed into NEB 5-alpha high-efficiency E. 
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Coli and plated on LB plates with the appropriate antibiotic. Plasmids were then harvested with a 

midi prep kit following the manufacturer's instructions. 

 

Mutagenesis of SARS CoV-2 Spike multi-cysteine to serine: The SARS-CoV-2 Spike protein 

has ten cysteines in its cytosolic tail; C1235, C1236, C1240, C1241, C1243, C1247, C1248, 

C1250, C1253, C1254. In this study, all 10 Cys residues were replaced by Ser. Sequential PCR 

and overlap extension PCR was used for the complete substitution strategy. Using pcDNA3.1 

SARS CoV-2 Spike-C9 as an initial template, two fragments were generated: 5’-and 3’-terminal 

fragments. To amplify the 3’-terminal fragment (containing 10 Cys to Ser mutation), three 

sequential PCR reactions were performed using overlapping forward primers (F2 primer 

overlaps with F1 primers, F3 primer overlaps with F2 primers). As a result, fragment 1 served as 

a DNA template for fragment 2, and fragment two as a template for fragment 3. The fragments 

1,2 and 3 were generated using forward primersF1-5’-

CTCCTCCTCCTCCGGCAGCTCCTCCAAGTTCGATGAGGACGATAG-3', F2- 5’- 

CCTCCTCCTCCAGCTCCCTGAAGGGCTCCTCCTCCTCCGGCAGCT-3’, and F3- 5-

TGATGGTGACCATCATGCTGTCCTCCATGACCTCCTCCTCCAGCTCCCTG-3’, 

respectively, and reverse primer 5’- TCTAGACTCGAGCTAAGCGGGAGC-3’. To amplify the 

5’ DNA fragment, forward primer 5’- CAAGCTGGCTAGCATGTTTGTCTTCC-3’ and reverse 

primer 5’-TCATGGAGGACAGCATGATGGTCACCATCA-3’ were used. The 5’ DNA 

fragment and 3’DNA fragment were annealed together with their complementary overhanging 

by PCR using the primer pairs 5’- CAAGCTGGCTAGCATGTTTGTCTTCC-3’ and 5’- 

TCTAGACTCGAGCTAAGCGGGAGC-3’ to generate full-length DNA. All PCR thermocycler 

conditions were based on Touchdown PCR(74). The multi-site mutated SARS CoV-2 Spike was 

then subcloned into the pcDNA3.1 vector using NheI and XhoI restriction digestion. 

Cell culture: HEK293T cells were cultured in DMEM supplemented with 10% FBS at 37°C and 

5 CO2. MRC-5 cells (ATCC) were cultured in EMEM supplemented with 10% FBS and 1% 

Penicillin/Streptomycin (Gibco). 

Syncytium formation assay: HEK293T cells were seeded in 6-well plates and transfected with 

1. EGFP-C1 vector with myc-ACE2 vector and 2. mCherry-C1 vector with CoV-2 Spike-C9 or 

Spike multi-cysteine to serine mutant. After 16-24 hrs of incubation, cells were lifted by 
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trypsinization and co-cultured overnight. Fluorescent images were acquired through EVOS 

FLoid™ Cell Imaging System.   

Antibodies and antibody-conjugated beads: C9 antibody (Clone 1D4, Santa Cruz, sc-57432), 

anti-C9 agarose bead (Cube Biotech), HA antibody (Abcam, ab9110), SARS-CoV-2 (COVID-

19) Spike RBD antibody (GenTex, HL257), ZDHHC5 antibody (Sigma, HPA014670), 

fluorescent secondary antibodies (Jackson Laboratories, Invitrogen, LI-COR).  

siRNA Transfection: MRC-5 cells seeded on 6-well tissue culture plates were transfected 2X, 

24 hours apart, followed by a 24 to 48-hour recovery before infection with 229E. Cells were 

initially transfected at 50% confluence in 1mL Opti-MEM Reduced-Serum Medium (Gibco). A 

siRNA transfection master mix of Lipofectamine RNAiMAX, siRNA (CTRL or ZDHHC5), and 

Opti-MEM was made according to the manufacturer’s instructions, with a final siRNA 

concentration of 50nM. Cells were transfected with the siRNA master mix for 4 hours, followed 

by a change to growth media. After the last transfection, media was changed to growth media 

and cells were given 24 to 48-hour recovery before the infection, at which point they were at 

100% confluence. Oligo sequences used CTRL non-targeting siRNA: 

CGUACUGCUUGCGAUACGGUU and ZDHHC5 siRNA: 

CUGUGAAGAUCAUGGAUAAUU (38). 

Immunoblotting: SDS polyacrylamide gels were transferred on PVDF membranes by Trans-

blot Turbo System at 25 Volts for 20 min. Membranes were blocked with 5% BSA for 1 hour at 

room temperature and were incubated with primary antibodies diluted in blocking solution at 

4°C overnight (anti-C9 Santa Cruz).  Membranes were washed with TBS-0.1% Tween20 

(TBST) for 5 minutes, three times, and incubated with appropriate secondary antibodies. Blots 

were then washed three times with TBST for 5 minutes each wash. The membranes were treated 

with ECL and imaged with ChemiDoc Imaging System (BioRad).  

 

Co-Immunoprecipitation: HEK293T cells seeded in T25 Flask (25cm2) were grown until 

reaching 70-90% confluency. According to the manufacturer's instruction, cells were transfected 

with 3xHA-zDHHC5 and CoV-2 Spike-C9 plasmids using Lipofectamine 3000 and incubated 

for 16-24hrs. For protein cross-linking, cells were incubated with a 2mM DSP crosslinker in PBS 
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at four °C for 2hrs. DSP was quenched in 20 mM glycine in PBS for 15 min, and cells were 

lysed in NP40 lysis buffer (20mM Tris and adjusted to pH 7.4, 150 mM NaCl, 1% NP40, two 

mM EDTA) supplemented with cOmplete Protease Inhibitor Cocktail tablet, EDTA-Free at a 

constant agitation for 30 min at 4°C. Cell lysates were centrifuged at 12,000xg for 20 min, and 

the supernatant was collected. Samples were pre-cleared by incubating with protein G Sepharose 

beads and were spun at 14,000 xg for 1min to collect the supernatant. Pre-cleared samples were 

incubated with anti-C9 or anti-HA primary antibodies overnight at 4°C. To form a primary 

antibody-bead complex, Protein G beads were added and incubated for 30min. Beads were 

washed in cold wash buffer (20mM Tris, pH 7.4, 350 mM NaCl, 1% NP-40, 2 mM EDTA) 6 

times, and proteins were eluted with SDS Laemmli buffer and heated for 30min at 37°C before 

SDS-PAGE. 

 

Immunofluorescence: Cells were seeded on an 18mm-round coverslip in a 12-well plate. Cells 

expressing Spike-C9 or SpikeC->S-C9 ectopically were washed with PBS and then fixed with 4% 

PFA. The remaining PFA was quenched by 0.15M glycine for 20 min at RT. Cells were blocked 

with 5% BSA in PBS for 1hr and probed with a primary antibody (SARS-CoV-2 Spike RBD, 

GenTex) in 5% BSA for 1hr. Cells were washed with PBS and probed with fluorescently 

labelled secondary antibodies for 1hr. 

 

Confocal Microscopy: Imaging in the St. Michael’s Hospital BioImaging was conducted using 

an Andor Diskcovery multi-modal imaging system provided by Quorum Technology (Guelph, 

Ontario). The system is based on a Leica DMi8 equipped with a 63x/1.47 NA oil objective; 405, 

488, 561, and 637 nm laser lines; 450/50, 525/50, 600/50, 610/75, and 700/75 emission filters. 

Images were acquired using Metamorph software on a Hamamatsu ORCA-Flash 4.0 V2 sCMOS 

camera. Imaging at Ryerson University was performed on the Quorum WaveFX spinning disc 

based on an inverted Leica DMi8 equipped with an Andor Zyla 4.2 sCMOS camera using a 10x 

objective controlled by MetaMorph.    

Metabolic labelling/ on-bead click chemistry assay: HEK293T cells seeded in T25 Flask 

(25cm2) were transfected with pcDNA3.1-SARS CoV-2- Spike-C9 and incubated overnight in 

DMEM supplemented with 10% (v/v) charcoal-stripped FBS with or without 100 μM of 

clickable fatty acid analogs (Click Chemistry Tools, Scottsdale, AZ) coupled to albumin. After 
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18 hours of labelling, cells were washed twice with ice-cold PBS and collected following 

scraping. Cells were lysed in IP buffer (20 mM Tris and adjusted to pH 8.0, 137 mM NaCl, 1% 

NP40, 2 mM EDTA) supplemented with EDTA-free cOmplete Protease Inhibitor Cocktail tablet 

(Roche) and immunoprecipitated using C9-agarose bead (Cube biotech) at 4°C overnight. The 

beads were then washed with ice-cold D-PBS 4 times and incubated in D-PBS supplemented 

with 1 μM Cy5.5-azide (Click Chemistry Tools), 1 mM TCEP (adjusted to pH 7.0), 1 mM 

CuSO4, 0.1 mM TBTA (1:4 v/v DMSO: tert-Butanol) for 2h. The beads were washed 5 times 

with D-PBS, and proteins were eluted with 5X SDS Laemmli buffer. Protein samples were 

resolved by SDS-PAGE and subjected to in-gel fluorescence using the 685-700 nm laser on the 

Li-Cor Odyssey Infrared Imaging System. Gels were later transferred to PVDF membranes for 

immunoblotting, as previously indicated.  

Flow Cytometry: HEK293T cells seeded in T25 Flask (25cm2) were transfected with 

pcDNA3.1 SARS-CoV2 Spike-C9 or pcDNA3.1 SARS-CoV2 Spike-C9C->S and incubated 

overnight in DMEM supplemented with 10% (v/v) FBS. Cells were washed with PBS and then 

gently dethatched with 10mM EDTA (pH=7). Cells were collected by centrifugation at 1,500 

rpm for 5 mins and were then resuspended in flow buffer (PBS supplemented with 2% (v/v) 

FBS). 1x106 cells were then immunolabeled with primary antibody (SARS-CoV-2 Spike RBD, 

GenTex) inflow buffer for 30 mins at 4�. Cells were washed three times with flow buffer and 

then incubated with a secondary antibody. Cells were washed in flow buffer, and DAPI was 

added to cells right before acquisition with the DB LSRFortessaTM X-20 Cell Analyzer. Analysis 

was completed on the FLowJo software (BD Biosciences).  

Acyl-PEG exchange assay: HEK293T cells were seeded in 6 well plates in DMEM +10% FBS 

and were transfected with lipofectamine 3000 reagent. For each well 2.5 mg of either: 229E 

Spike-C9 + HA-ZDHHC5, 229E Spike-C9+ EGFP-C1, SARS-CoV-2 Spike-C9 and HA-

ZDHHC5 or SARS-CoV2 Spike-C9 + EGFP-C1 DNA mixtures were diluted in Opti-mem and 

mixed with Lipofectamine 3000 according to the manufacturer’s instructions. Upon transfection, 

cells were treated with 0.2 μM or 20 μM of TVB-3166 or 50 μM 2-BP. 16 -18 hours post-

transfection, cells were lysed and processed with the SiteCounterTM S-palmitoylated protein kit 

(Badrilla, Leeds, UK) following the manufacturer’s instructions. Samples were subjected to 
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SDS-PAGE by resolving on a 3-8% CriterionTM XT Tris-Acetate gel (Bio-Rad) for 

immunoblotting.  

Propagation of the Human 229E Coronavirus: Human coronavirus 229E (ATCC® VR-740™) 

was purchased from American Type Culture Collection (ATCC), Manassas, VA. Stocks of the 

229E virus were produced by propagation in MRC-5 cells. Briefly, a T75 flask of 90% confluent 

MRC-5 cells was infected with an MOI of 0.01 for 2 hours at 33°C in infection media for viral 

adsorption. Unbound virus was removed by washing cells 2X with infection media, and infected 

cells were returned to the 33°C incubator in 12mL infection media for 72 hours. The virus-

containing supernatant was centrifuged at 1000 xg for 5 minutes to remove cellular debris, and 

single-use aliquots of the virus were frozen at -80°C.  

Human CoV 229E plaque-forming unit assay: PFU assays were used to determine viral titers 

and experiments using protocols adapted from previous publications field(75,76). Briefly, MRC-

5 cells seeded on 6-well tissue culture and grown to 100% confluency in EMEM+ 10% FBS+ 

1% PenStrep. Plates were infected with serially diluted virus in infection media (EMEM+2% 

FBS+ 1% PenStrep) for 1 hour at 33°C in a volume of 300uL with periodic agitation. After virus 

adsorption, the unbound virus was removed by washing with infection media followed by 

agarose overlay with 1X MEM Temin’s modification (Thermo Fisher, 11935046) +0.3% 

agarose. Cells were then returned to the 33°C incubator until they showed obvious signs of 

cytopathic effects (typically 4-7 days post-infection), upon which plates were fixed with 10% 

neutral-buffered formalin for 4 hours, followed by removal of the agarose plug and staining with 

1% crystal violet for 15 minutes. Plaques were counted based on standard protocols for 

determining viral titer.  

Liquid viral infection assay: MRC-5 cells were seeded on glass coverslips and transfected. 

Cells were infected with 229E at an MOI of 0.005 for 2 hours in a total volume of 2mL per well. 

After virus adsorption, cells were washed 2X with infection media and then replaced with 2mL 

infection for incubation at 33°C. After 72 hours, cells were fixed with 4% PFA for 1 hour, 

followed by: 0.15% glycine, 0.1% Triton X-100, and 3% BSA for 15 minutes each. Cells were 

then incubated in a 1:50 dilution of mouse anti-229E Spike protein antibody by inverted drop for 

1 hour at room temperature. After washing, cells were incubated in 1:1000 anti-mouse Alexa 
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Fluor 488 secondary antibody (Jackson ImmunoResearch) and DAPI (1 mg/mL) for 1h at room 

temperature, followed by mounting on slides with DAKO mounting media. Images were 

acquired with the WaveFX system. The total fluorescent signal was quantified with ImageJ. 

SARS-CoV-2 infection and immunofluorescence: 293A2T2 (HEK293 expressing ACE2 and 

TMPRSS2 ectopically) cells were grown in DMEM media supplemented with 10% heat-

inactivated FBS. 20,000 cells were plated on coverslips in a 24-wells plate the day before 

infection and infected with SARS-CoV-2 strain SB3(49) at an MOI of 0.1 in DMEM for 1hr. 

Infectious media was changed with DMEM-FBS2%, and cells were incubated at 37C at 5% 

CO2.  For TVB treatment, at 6h post-infection, the supernatant was replaced with fresh media 

DMEM-FBS2% containing either DMSO or the TVB compound at 0.1 or 1 μM final 

concentration. Cells were incubated for 18h at 37°C, with 5% CO2. After infection, cells were 

fixed with 4% paraformaldehyde (PFA) for 1hour at room temperature. After PFA fixation, cells 

were washed with PBS and permeabilized for 10 min with 0.1% Triton X-100. Cells were 

blocked in 2% bovine serum albumin (BSA) in PBS for 1hour before incubation with the 

primary antibody overnight at 4C. Primary anti-nucleocapsid antibody (SARS-CoV-2 

Nucleocapsid Antibody (HC2003), Cat. No. A02039, GenScript) was used at 1:1000. After 

removing the antibody solution, cells were washed in PBS and incubated for 1hour with 

secondary anti-human FITC (Biolegend) at room temperature. Cells were washed in PBS, and 

coverslips were mounted with Duolink in situ mounting medium with DAPI (Sigma, cat# 

DUO82040). Cells were imaged using UPlan FL 40x/0.75 NA on a Yokogawa CSU-10 

Spinning-disk confocal microscope. Images were processed using the Volocity Viewer v.6. 

 

MHV-S infection of mice: Four-week-old female A/J mice were purchased from Jackson 

Laboratories. Mice were housed in the St. Michael’s Hospital Vivarium on a standard light: dark 

cycle and were given free access to food and water. Before infection, mice were acclimatized for 

one week. Mouse infection experiments were performed in the dedicated BSL-2 room in the 

vivarium in accordance with the St. Michael’s Hospital Animal Care Committee guidelines for 

animal use; approved animal protocol (ACC962, St. Michael’s Hospital). One day prior to 

infection, the necks of mice were shaved, and chemical depilatory cream was used to remove all 

hair to obtain optimal oxygen saturation measurements during the study.  For infection, mice 
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were sedated with 5% isoflurane and infected intranasally with 150,000 units determined using a 

tissue culture infectious dose at 50% (TCID50)/mouse of MHV-S (Cedarlane, VR-766), which is 

known to induce pneumonitis (77). The virus was diluted in PBS to a final volume of 75 μL 

before administration. After infection, mice were allowed to recover for ten minutes in a cage on 

a covered heating pad. On the day of infection, TVB-3166 (Sigma, SML 1694) was reconstituted 

by adding a small volume of DMSO (10% of the final volume) to the vial. The vial was briefly 

vortexed and heated in a 37°C water bath, and then corn oil was added to make a 5mg/mL 

solution for treatments. Following recovery, mice were randomly separated into weight-matched 

groups and immediately received solvent control or TVB-3166 (30 mg/kg) by oral gavage. For 

the remainder of the study, mice were monitored daily and received one dose of TVB-3166 or 

solvent control per day. As previously reported (78), mice were sacrificed if they reached two of 

four endpoints: weight loss of 30% of the initial weight, body temperature below 31°C, oxygen 

saturation below 75% or activity level of 1 (moribund). To measure oxygen saturation on awake 

mice, the Mouse Ox Plus device and software from Starr Life Sciences were used.  

 

Acyl resin-assisted capture (Acyl-RAC) assay: HEK293 A2T2 and African green monkey 

VeroE6 cells were infected with SB3 SARS-CoV-2 for 24 hours at an MOI of 0.5. Cells were 

harvested and lysed (1% Triton X-100, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 

1 % SDS, 0.5 % sodium deoxycholate, 100 µL mammalian protease inhibitor cocktail (Sigma 

#P8340), 5 µL Turbonuclease (BioVision # 9207-50KU), 10 mM N-ethylmaleimide (NEM, 

BioShop #ETM222.5)). Lysates were sonicated and incubated at 4°C on an end-over-end rotator 

for 1 h. Additional NEM was added to a final concentration of 20 mM and samples were 

incubated for an additional hour on an end-over-end rotator at room temperature. Next, NEM 

was removed via methanol chloroform precipitation, and protein pellets were rinsed with 

methanol and air-dried. Pellets were resuspended in Acyl-RAC binding buffer (100 mM Tris-

HCl (pH 7.5), 1 mM EDTA, 1 % SDS) by sonication. Hydroxylamine (NH2OH, 400 mM final 

concentration; or NaCl for control samples) was added before incubation with 30 µL of packed 

acyl-RAC beads (High-Capacity Acyl-RAC S3 beads, Nanocs # AR-S3-1,2) for 2 hours at room 

temperature. Next, beads were washed 3 times with binding buffer and 10 times with NH4HCO3 

(50 mM, pH 8.3). Direct digestion on beads was performed using trypsin/Lys-C (1 µg per sample 

in 50 mM NH4HCO3, pH 8.3) for 5 h at 37 °C on an end-over-end rotator. Beads were rinsed 
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with 50 mM NH4HCO3 (pH 8.3), and supernatant fractions were pooled. Samples were desalted 

and lyophilized before LC-MS analysis. 

 

Liquid Chromatography-Mass Spectrometry: LC-MS analysis was performed as previously 

described (64). Briefly, HPLC was performed on samples reconstituted in HCOOH (0.1%) and 

loaded on a 20 mm pre-column (C18 Acclaim PepMapTM 100, 75 µm x 2 cm, 3 µm, 100Å, 

Thermo Scientific) and separated on a 50 mm analytical column (C18 Acclaim PepMapTM 

RSLC, 75 µm x 50 cm, 3mm, 100Å, Thermo Scientific) over a 2-hour reversed-phase gradient 

(5-30% CH3CN in 0.1% HCOOH) with 250 nl/min flow rate on an EASY-nLC1200 pump in-

line with a Q-Exactive HF mass spectrometer (Thermo Scientific) operated in positive ion mode 

ESI.  MS scans were performed at a resolution of 60,000 (fwhm), followed by up to 20 MS/MS 

scans (HCD, 15,000 fwhm) of the most intense parent ions. Dynamic exclusion (within 10 ppm) 

was set for 5 seconds.  

 

Mass Spectrometry Data Processing: For the sequence database search, Thermo raw files 

(.raw) were converted to the .mzML format using Proteowizard (v3.0.19311), then searched 

using X!Tandem (v2013.06.15.1) and Comet (2014.02 rev. 2) against Chlorocebus sabaeus 

RefSeq (GCF_015252025.1, v102; 61,745 entries) for the VeroE6 samples, or Human RefSeq 

(v104; 36,113 entries) for the HEK293-A2T2 samples. Both databases were supplemented with 

the SARS-CoV-2 proteome (2019-nCoC HKU-SZ-005b7). Search parameters specified a parent 

MS tolerance of 15 ppm and an MS/MS fragment ion tolerance of 0.4 Da, with up to two missed 

cleavages allowed for trypsin/Lys-C. Deamidation (NQ), oxidation (M), acetylation (protein N-

term), N-ethylmaleimide (C), and palmitoylation (C) were set as variable modifications. Search 

results were processed using the trans-proteomic pipeline (TPP v4.7), and proteins with an 

iProphet probability ≥0.9 with at least two unique peptides matched were considered high 

confidence identifications. Bayesian statistics (SAINT)(79) were applied to compare NaCl-

treated samples to hydroxylamine-treated samples in order to identify putative acylated proteins. 

Control (NaCl-treated) and hydroxylamine-treated replicates were compressed to 2 and a BFDR 

cut-off of 1% was used. 
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Data availability: All MS data have been deposited on Mass Spectrometry Interactive Virtual 

Environment (massive.ucsd.edu) under accession MSV000088105. All other data is available 

upon request.  

 

Supporting information 

This article contains supporting information. Three supplementary figures and two 

supplementary tables are included.  
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Tables: 

Table 1. Most abundant S-acylated proteins in control and SARS-CoV2 infected Vero and 

HEK cells expressing Ace2 and TMPRRS2. Proteins identified using Acyl Resin Assisted 

Capture (Acyl-RAC) of control and SARS-CoV2 infected Vero and HEK A2T2 cells. 

Hydroxylamine is used to distinguish S-acylated proteins, whereas NaCl treated samples are 

used for non-specific binding as described in the Experimental Procedures. Full lists are 

available in the Supplemental Tables.  

Figure legends:  

Figure 1. S-Acylation of the SARS-CoV2 Spike protein. (A) Sequence alignment of the 

cytosolic amino acids adjacent to the transmembrane domain of murine and human coronavirus 

Spike proteins. Adapted from ClustalW; (*) residue is wholly conserved, (:) strongly similar 

properties, (.) weakly similar properties conserved. (B) Incorporation of 15-HDYA (ω-terminal 

alkyne containing palmitate analog) on Spike-C9 measured through click chemistry. The 

covalent addition of 15-HDYA to the Spike-C9 is determined following immunocapture using 

anti-C9 beads and a copper-catalyzed cycloaddition between the alkyne group Cy5.5-conjugated 

Azide. Samples were resolved using gel electrophoresis and imaged using an LI-COR Odyssey 

(depicted as in-gel fluorescence and the left). Subsequently, samples were transferred to PVDF 

membrane for immunoblotting with an anti-C9 antibody followed by an HRP-conjugated 

secondary antibody and chemiluminescence (western blot on the right). Omission of either the 

15-HDYA or the Cy5.5-Azide results in loss of specific fluorescence. N =3 biological replicates 

(C) Examination of the number of putative S-acylation sites. Lysates of HEK293T cells 

expressing the Spike-C9 epitope were subjected to the Acyl – polyethylene glycol (PEG) 

exchange assay. Spike-C9 was immunocaptured using anti-C9 beads followed by the blocking of 

free thiol groups, cleavage of the thioester bond with hydroxylamine and the covalent addition of 

the 5 kDa PEG to the freshly liberated thiol residues. Following the acyl-PEG assay samples 

were resolved by electrophoresis and transferred to membranes for blocking and detection. Input: 

unprocessed HEK293T lysate, +PEG: de-acylated and PEG covalent addition, and -PEG: de-

acylated without PEG addition. The inset of the acyl-PEG assay immunoblot (on the right) at low 
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and high exposures demonstrates an unmodified protein and 4 addition bands indicating a 

reaction of the Spike has at least 4 sites of S-acylation, n=3 biological replicates.  

Figure 2. Cytosolic Cysteine Residues are required for the addition of clickable palmitate 

but not transit to the cell surface.  

(A) Schematic representation of the SARS-CoV2 Spike protein and amino acid sequence of the 

cytosolic amino acids adjacent to the transmembrane domain, the all cysteine (Magenta) to serine 

(Cyan) substitution and the location of the C9 epitope in relation to the sites of protein lipidation. 

Arrows depict cleavage sites, NTD: N-terminal domain, RBD: receptor binding domain, FP: 

fusion peptide, CT: C-terminus. (B) Immunoblots of ectopically expressed Spike-C9 and SpikeC-

>S -C9 and GAPDH from total cell lysates of HEK293T cells. Cells were transiently transfected 

for 18h prior to collection and subsequent immunoblotting with the anti-C9 antibody. 

Untransfected cells display no anti-C9 reactive bands whereas cells transfected with Spike-C9, or 

the all Cys-to-Ser mutant have bands equivalent to the full-length protein and a cleaved S2 

fragment. (C) Quantitation of panel ‘B’. Data are means ± SEM of n=3 biological replicates. 

Unpaired t-test with Welch’s corrections, ns = not significant p = 0.85 and * p = 0.02. (D) 

Clickable palmitate is not covalently attached to Spike-C->S.  Cell expressing either Spike-C9 or 

SpikeC->S-C9 were incubated with 15-HDYA and subsequently processed using copper-catalyzed 

cycloaddition of Cy5.5-Azide as in Figure 1B. The degree of protein lipidation was detected by 

in-gel fluorescence of Cy5.5-Azide (exposed at 700 nm; left of the image); corresponding protein 

levels were detected by chemiluminescence (right of the image). (E) Quantitation of panel ‘D’ 

and the labelling by exogenously added 15-HYDA. The abundance is presented as the quotient 

of the intensities of the Cy5.5 signal from the attached fatty acid and the C9 epitope detected by 

immunoblotting. Data are means ± SEM of n=3 biological replicates and analyzed using an 

unpaired t-test with Welch’s correction; **** P<0.0001. (F) Confocal imaging of surface-

exposed and immunostained Spike and SpikeC->S. Immunofluorescence of Spike-C9 and SpikeC-

>S-C9 ectopically expressed and stained with an anti-Receptor Binding Domain (RBD) of Spike 

antibody (red) in non-permeabilized HEK293T cells. Cells were co-transfected with the 

pleckstrin homology domain of phospholipase Cδ (GFP-PH-PLCδ), which delineated the plasma 

membrane, n=3 biological replicates. (G) Flow cytometry of surface-exposed Spike and the S-

acylation deficient mutant as in ‘F’, n=3 biological replicates.  
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Figure 3. S-acylation of the SARS-CoV2 Spike protein is required for cell-cell fusion. (A) 

Confocal images of mCherry and GFP expressing co-culture to assess syncytium formation.  

HEK293T cells expressing mCherry and empty vector, Spike-C9 or SpikeC->S-C9 were plated 

with HEK293T cells expressing soluble GFP and the ACE2 receptor. Representative two-color 

merged micrographs demonstrate that wild-type Spike and ACE2 co-culture form syncytium 

(Orange) indicated with white arrows. (B) Quantitation of panel ‘A’, the number of syncytia per 

microscope field of view were counted, and 10 microscope fields of each condition per 

experiment were analyzed. Data are means ± SEM of n= 3 biological replicates and analyzed by 

one-way ANOVA; **** P<0.0001, n.s P=0.2418 compared to control.  

Figure 4. The acyltransferase ZDHHC5 contributes to the S-acylation of Spike with a 

preference for palmitate. (A) Control and genome-edited ZDHHC5 knockout HEK293T cells 

were incubated with 15-HDYA and processed using a click chemistry reaction (Figure 1B).  

Covalent attachment of the clickable palmitate analog was determined by Cy5.5 in-gel 

fluorescence (exposure 700 nm; left of the image), with the corresponding protein levels 

determined following transfer to membrane and immunoblotting using chemiluminescence (right 

of the image). (B) Quantitation of panel ‘A’. Relative palmitoylation levels were calculated as 

the quotient of the Cy5.5 signal and the C9 chemiluminescence. Data are the means ± SEM of 

n=3 biological replicates and analyzed using an unpaired t-test with Welch’s correction. ** 

P=0.0089. (C) Control cells and cells transiently transfected with 3xHA-ZDHHC5 were 

processed using the Acyl-PEG exchange assay as in Figure 1C. Following the 5-kDa PEG 

substitution, samples were resolved, transferred, and immunoblotted using the anti-C9 antibody. 

(D) Quantitation of panel ‘C’ whereby the shifted PEGylated bands of the 180 kDa Spike are 

normalized to the unmodified band at ~180 kDa; this band migrated to the same position as the 

minus PEG sample. In individual experiments, the value of the control cells was set equal to 1, 

and the relative intensity of the ZDHHC5 over-expressing cells was determined as a relative 

measurement. Data is the mean ± SEM of n=3 biological replicates and analyzed with an 

unpaired t-test with Welch’s correction; **** P<0.0001 compared to controls. (E). Cell co-

expressing Spike-C9 and 3xHA-ZDHHC5 were incubated with alkyne containing clickable 

analogs of myristate (13-TDYA) and palmitate (15-HDYA) and stearate (17-ODYA) for 2 hours. 

The spike protein was immunocaptured and processed as in Figure 1B. In-gel fluorescence of the 
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Cy5.5 (left) and immunoblots of the anti-C9 (right) are shown. (F) Relative lipidation of Spike-

C9 whereby the Cy5.5-azide in-gel fluorescence was normalized to the total Spike-C9 protein 

levels measured by chemiluminescence. Data are the mean ± SEM of n=3 individual trial 

replicates analyzed by multiple t-tests with Welch’s correction; ** P<0.001 compared to 15-

HDYA. (G) Cells ectopically expressing 3xHA-ZDHHC5 were incubated with clickable fatty 

acids as in panel ‘E’. Immunocapture using an anti-HA antibody and Protein A beads were used 

to purify 3xHA-ZDHHC5 from lysates and subjected to click chemistry analysis as in panel ‘E’. 

The results demonstrate that ZDHHC5 cannot undergo auto-acylation with the myristate and 

stearate analogs.  (H) Relative lipidation of 3xHA-ZDHHC5 whereby the Cy5.5-azide in-gel 

fluorescence was normalized to the total 3xHA-ZDHHC5 protein levels measured by 

chemiluminescence. Data are the mean ± SEM of n=3 individual trial replicates analyzed by 

multiple t-tests with Welch’s correction; *** P=0.0007 ** P<0.001 compared to 15-HDYA. 

Figure 5. Increased expression of ZDHHC5 increases S-acylation of human CoV 229E 

Spike and is required for virulence. (A) Acyl-PEG assay as in Figure 1C to examine the S-

acylation of the 229E Spike-C9 in HEK293T cells transiently transfected with either the 3xHA-

ZDHHC5 or empty vector. (B) Quantitation of the acyl-PEG assay in panel ‘A’ where the higher 

molecular weight PEG-modified bands were normalized to the fastest migrating band. All bands 

in the +PEG sample migrated more slowly than the -PEG sample suggestion the 229E Spike is 

more readily and perhaps more highly S-acylated. Data are the mean ± SEM of n=3 biological 

replicates, unpaired t-test with Welch’s correction, **** P<0.0001. (C) MRC-5 cells were 

transfected with siRNA-control or siRNA-ZDHHC5, and lysates were collected and 

immunoblotted to examine the relative expression of ZDHHC5. (D) Quantification of panel ‘C’. 

Data are the mean ± SEM n = 3 biological replicates normalized to GAPDH and analyzed using 

an unpaired t-test with Welch’s correction, **P=0.0063. (E) Representative image of plaques 

observed in MRC-5 cells silenced for ZDHHC5 infected with 229E for 5 days. (F) 

Quantification of 229E PFU/mL in MRC-5 cells silenced for ZDHHC5 as shown in panel ‘E’, 

unpaired t-test, * P=0.0371. Data are mean ± SEM of n=3 biological replicates (E) 

Representative images of MRC-5 cells silenced for ZDHHC5 and infected with 229E at an MOI 

of 0.0005. Images labelled as follows: Spike 229E (green), Dapi (blue) (F) Quantification of 

229E infection assay where each data point represents a 10x magnified field of view where an 
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average of 600 cells were counted in ImageJ, 10 fields of view per condition for n=3 biological 

replicates were analyzed; unpaired t-test, ****p< 0.0001. Data are mean ± SEM. 

Figure 6. Inhibition of fatty acid synthase abolishes S-acylation of Spike and attenuates 

SARS-CoV2 spread in vitro. (A) Immunoblot of ectopically expressed Spike-C9 in HEK293T 

cells treated with DMSO, 0.2 μM or 20 μM TVB-3166 for 16-18 hrs. (B) Quantification of panel 

‘A’. Data are the mean ± SEM n= 3 biological replicates normalized to GAPDH and analyzed 

using an unpaired t-test with Welch’s correction: 0.2 μM P=0.8637 and 20 μM P=0.1243. 

Inhibition of fatty acid synthase does not grossly impact the stability of the Spike protein. (C) 

Acyl-PEG exchange assay of Spike-C9 ectopically expressed in HEK293T treated with 0.2 μM 

or 20 μM TVB-3166 or 50 μM 2- Bromohexadecanoic acid (2-BP) for 16-18hrs. (D) 

Quantification of panel ‘C’ where PEG-modified bands were divided by the unmodified bands at 

~180 kDa, multiple unpaired t-tests with Welch’s correction, *** p=0.0001, ** p=0.0088 relative 

to DMSO control. Data are mean ± SEM of n= 3 biological replicates. (E) In-gel fluorescence 

(left) and immunoblotting (right) of Spike-C9 incubated with 15-HDYA following the treatment 

of DMSO or 20 μM TVB-3166 for 18h. Samples are processed as in Figure 1B. (F) Quantitation 

of panel ‘E’. Data are the mean ± SEM, n=3 replicates and analyzed using an unpaired t-test with 

Welch’s correction, * p=0.0334. (G, H) Representative images and quantification of HEK293T 

A2T2 cells (stably expressing Ace2 and TMPRSS2) infected with SARS-CoV2 (strain SB3, 

MOI of 0.1), treated with either 0.1 μM or 1 μM TVB-3166 6hrs post-infection for 18 hours. 

Data are the mean ± SEM from n = 3 replicates with all microscope fields plotted as individual 

points. Data were analyzed using a one-way ANOVA, **** P<0.0001 relative to DMSO. Scale 

bar = 6 μm. 

Figure 7. FASN inhibitor TVB-3166 attenuates the virulence of human and murine 

coronaviruses in vitro and in vivo. (A) Acyl-PEG exchange assay and quantification of 229E 

Spike ectopically expressed in HEK293T treated with 0.2 μM TVB-3166 for 16-18hrs. (B) 

Analysis of acyl-PEG assay where the PEG-modified bands normalized to unmodified bands at 

~180 kDa, unpaired t-test with Welch’s correction; data are mean ± SEM of n=3 biological 

replicates, **** p<0.0001. (C, D) Plaque assay of MRC-5 cells infected with 229E and treated 

with 0.2 μM TVB-3166 for 4 days, data are mean ± SEM of n=3 biological replicates, unpaired 
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t-test**** P<0.0001. (E) Survival of mice challenged by a lethal dose of MHV-S and treated 

with TVB-3166 (30 mg/kg) following infection (DMSO group: n=7; TVB-3166 group n=7), 

survival curves analyzed using a Gehan-Breslow-Wilcoxon test.  p < 0.005. (F) Bodyweight of 

mice challenged by a lethal dose of MHV-S and treated with TVB-3166 (30 mg/kg) following 

infection (DMSO group: n=7; TVB-3166 group n=7). DMSO treated mice were sacrificed 

around 4 d.p.i as demonstrated in ‘E’. (G) The temperature of mice challenged by a lethal dose 

of MHV-S and treated with TVB-3166 (30 mg/kg) following infection (DMSO group: n=7; 

TVB-3166 group n=7). DMSO treated mice were sacrificed around 4 d.p.i as demonstrated in 

‘E’.  

Supplemental Figures  

 

Supplemental Figure 1. Co-immunoprecipitation of HA-ZDHHC5 and Spike-C9. Co-

immunoprecipitation of SARS-CoV-2 Spike-C9 with 3xHA- ZDHHC5. HEK293T cells co-

transfected with Spike-C9 and 3xHA-ZDHHC5 were immunocaptured and probed. 

Supplemental Figure 2. Generation of the ZDHHC5 knockout HEK293 Cells.  Using the 

gRNA, nearly 50 clones were isolated and validated by sequencing to identify specific deletions 

and frameshifts. Clones containing deletions that result in frameshifts were subjected to 

immunoblotting.   

Supplemental Figure 3. Inhibition of de novo synthesis increases the incorporation of 

clickable palmitate on Spike-C9. (A) In-gel fluorescence (left), a pseudo-coloured heat map 

(center) and anti-C9 immunoblot (right) of control HEK293T cells and cells transiently 

transfected with 3HA-ZDHHC5 with or without TVB-3166 for 18 hrs. Increased abundance of 

ZDHHC5 alone has a modest impact on the incorporation of 15-HDYA onto Spike-C9 while 

simultaneously inhibiting de novo fatty acid synthesis and increasing the attachment of the 

palmitate analog. (B) Quantitation of panel ‘A’, fold increase in Spike palmitoylation was 

determined by normalizing the amount of Cy5.5-Azide fluorescence to the amount of protein. 

Data represent the mean ± SEM, n = 3 biological replicates. Multiple unpaired t-tests, Spike vs. 

Spike + 3xHA-ZDHHC5, full length n.s P=0.977024, n.s P=0.214677, Spike vs Spike-C9+ 

ZDHHC5 +TVB3166; full length: n.s P=0.067377, S2 *** P=0.010351.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2022. ; https://doi.org/10.1101/2020.12.20.423603doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.20.423603
http://creativecommons.org/licenses/by-nc-nd/4.0/


  
 

  
 

38

 

 

Supplemental Table 1.  Complete list of S-acylated proteins in Vero and HEK293T A2T2 

cells 

 

Supplemental Table 2.  Peptide counts and protein info from the acyl-RAC mass 

spectrometry identification.  
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Clone Number Number of Alleles
(frame shift)
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2 2(-13/-14) Knockout
20 2(-13/-17) Partial/unclear
27 1(-13) Knockout
29 (2-13/-28) Knockout
30 2(-13/-14) Knockout
32 2(-4/-10) Knockout
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Supplemental Figure 2. Generation of the ZDHHC5 knockout 
HEK293T Cells.  Using the gRNA nearly 50 clones were isolated and 
validated by sequencing to identify specific deletions and frameshifts. 
Clones containing deletions that result in frameshifts were subjected to 
immunoblotting.  
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Supplemental Figure 3. Inhibition of de novo synthesis increases the incorporation of clickable 
palmitate on Spike-C9. (A) In gel fluorescence (left), a pseudo-colored heat map (center) and anti-C9 
immunoblot (right) of control HEK293T cells and cells transiently transfected with 3HA-ZDHHC5 with 
or without TVB-3166 for 18 hrs. Increased abundance of ZDHHC5 alone has a modest impact on the 
incorporation of 15-HDYA on to Spike-C9 while simultaneously inhibiting de novo fatty acid synthesis 
and increasing the attachment of the palmitate analog. (B) Quantitation of panel ‘A’, fold increase in 
Spike palmitoylation was determined by normalizing the amount of Cy5.5-Azide fluorescence to the 
amount of protein. Data represent the mean ± SEM, n = 3 biological replicates. Multiple unpaired t-
tests, Spike v.s Spike + 3xHA-ZDHHC5, full length n.s P=0.977024, n.s P=0.214677, Spike v.s Spike-
C9+ ZDHHC5 +TVB3166; full length: n.s P=0.067377, S2 *** P=0.010351. 

3xHA-ZDHHC5 - + +
TVB-3166 - - +

3xHA-ZDHHC5 - + +
TVB-3166 - - +

Western Blot
IB: anti-C9

In Gel Fluorescence
Excitation of Cy5.5: 700nm

S2

full length s2
0

1

2

3

4

5

Fo
ld

 C
ha

ng
e

Spike

Spike+ 3xHA-ZDHHC5

Spike+ 3xHA-ZDHHC5+ TVB

full length s2
0

1

2

3

4

5

Fo
ld

 C
ha

ng
e

Spike

Spike+ 3xHA-ZDHHC5

Spike+ 3xHA-ZDHHC5+ TVB

n.s n.s n.s

***

Spike
Spike + 3xHA-DHHC5
Spike + 3xHA-DHHC5+TVB

Full Length

Re
la

tiv
e 

Pa
lm

ito
yl

at
io

n
(C

y5
.5

/C
9 

Si
gn

al
)

180

100

kDa245
180

100

kDa
245

180

100

kDa
245

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2022. ; https://doi.org/10.1101/2020.12.20.423603doi: bioRxiv preprint 

Katrina Mekhail
FIGURE S3

https://doi.org/10.1101/2020.12.20.423603
http://creativecommons.org/licenses/by-nc-nd/4.0/

